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ABSTRACT

The Benue trough is a rifelated basin associated with interesting geological and structural
features, but these features are barely observed on the surface due to sediment and vegetation
cover. An integrated approach of combining remote sensing withtyyend magneticlata

setshas been presented in this research. A new geology map was constructed for the area from
the existing literature map and remote sengiatp setsSurface to neasurface/shallow
lineaments and other ndimear geological bodiesere mapped from remote sensing, residual
gravity, and magnetidata setsvhile deep lineaments interpreted as basement lineaments were
mapped from regional gravity and magnediata setsThe study isolated tectonrelated
lineaments (faults/fracturesisar zones) from netectonic (dykes and lithological contacts)

and nonrlinear geological bodies (sills, volcanic rocks, plugs, etc.). The teetelaited
lineaments were interpreted as faults and grouped into four major types based on their
orientationsithe NESW, NW-SE, ENEWSW, and NS trending normal faultsThis study
interpreted two main tectonic regimes in the area; the extensional and the compression events.
The extensional regime involved the formation of e SW, ENE-WSW, NW-SE, andN-S

trendng normalfaults during the Early Aptian (42 Ma), Late Aptian (120 Ma), th&lbian

Age (119101 Ma), and the Maastrichtian (65 Ma) when tbgionalmaximumextensional
stressfields acted in NNW-SSE, N-S, NE-SW, and ENE-WSW extensionaldirections,
respetively. The compressional regimes are characterized by the reversal in the stress field
which occurred mainly during the Late Santonian (84 Ma). It is interpreted as responsible for
basin inversion, fault reactivation, shortening, and the deformatiore@xsting sediments

which produced several sitasin, uplifted block, folds, etc.

The basement is estimated to have a maximum depth of 9 kmshiatl@vestdepthestimate

of 4 km within the basitbased on th@seudegravity inversion methqdand its morphology
reveakdseveral areas of basement subsidence and Waliit. 2D gravity and magnetic model
profiles were generated in the NBE trend direction anthree major subsurface depth
interfaces were identified as basement, Curie, and Miapth interfacesvith an average
maximum depth of 9.65 km and minimum average depths of 12.5@ridn19.02 km,
respectively measured from topography surfagé@e model showed deepening of the trough
to a maximum depth of about 10 km and shallowing of Moho to a depth of Eblomt which
generally indicated a thinned crust and Moho doming beneath the trohghstudy also
modelled a D variation in densityand susceptibility contrasts across the basith obtained

Moho interface from gravitglata set@nd areas of magmatic intrusions from magnesita
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sets The spatial distribution of the Moho interface was modelled and combined witkCthe 3
depth estimatéom the pseudgravity inversion method to reveal the crustal structure for the
whole trough. The crust is thinnéd about 14 km in theorthern part of the area while the

crust thinned to about 9 km in tkeuth especially at the centre of the troughisThas been
interpreted to be because of the crustal extension during rifting. The amount of crustal
extension varies between 93 km in the north and 142 km in the south giving the d@rough
0scissors styled extensi on adterminpgdefrom strgtchimgh i | e
factor estimation increases from the Middle Benue Trough to the Lower Benue Trough. The
lithosphere(the crust and upper mantle) analysedfrom the spectraltechniquehas been
interpretedo be strongeiin the Middle BenueTroughwith anaverageY valueof 15 km than

the Lower BenueTroughwith anaverageYvalueof 10 km where”Y actsasa proxy for the
lithosphere strength. The thermal structure predicted from power spectrumand three
dimensionalmagneticinversiontechniqueshave beeninterpretedto influencethe long-term
strengthof the lithosphereas well in this study. This researchhas further shownthat the
strengthof thelithosphereandthe Curie degh with valuesrangingbetweert km and32 km,
aredirectly related i.e.areas with high values 6Yyare correlated with areas of high Curie
depth values even if the area is too small to map spatial variati¥n Dhis study also showed
that a mantle temperature of 14Q4@ Maieb2bt ween
Ma) produces about 9 knf snagma melts from the lithosphere to be emplaced within the

trough.
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Fig. 2. 25: Falsecolour composite mineral indices for ASTER image where QI (Quartz
index), Cl (Carbonate Index) and MI (Mafic Index) are represented as red, green,

and blue, respectively. Lithological boundaries were manually delineated.......... 93
Fig. 2. 26: Principle of image classification using the spectral angle mapper (SAM).
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Fig. 2. 27: (a) Landsat lithology mapping using SAM. The process of mosaicking the edges
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Fig. 2. 28: (a)Lithology mapping from ASTER SWIR data using SAM with a threshold
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Fig. 2. 29: (a) Combined lithological map from ASTER SWIR and TIR data using
spectral angle mapper (SAM) (b) Compiled lithological boundary map extracted
when there is distinct spectral differences between lithologies......................... 100

Fig. 2. 30: Interpreted geological map from remote sensing (ASTER and Landsat)101
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minimum values highlightsS...........c.oi e 105
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Fig. 2. 35 Lineaments draped over from SRTM using the directional filtering technique
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Fig. 2. 38: Sobel filter with lineaments overlaid on Landsat 8 PCA.......................... 109

Fig. 2. 39: (a) Lineaments extracted from Landsat 8 analyses PCA (Directional and Sobel
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Fig. 2. 40:(a) Interpreted lineaments from remote sensing (SRTM andlandsat) (b) rose
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Fig. 3. 2: Total Magnetic Intensity (TMI) map that has been colour filled and histogram
equalised. The purple to red colours show areas of high magnetic values while the
blue colours signify areas of low magnetic values............ccccooeveiiiiieiniineeeennnnnn. 119

Fig. 3. 3: Results of Differential Reduction to the Equator transformation of TMI data.
Black arrows show anomalies that have been significantly transformed and
positioned vertically over their SOUICES. ...........oviiiiiiiiiiieeee e 119

Fig. 3. 4 RTP operator in the wavenumber domain at low latitudes becomes unstable in
a wedgeshaped segment (purple lines) centrckalong the direction of the magnetic
declination. The threshold angle, is relative to an azimuth of D90 Mo di f i e d
Lo, 20008, e 121

Fig. 3. 5 Reduced to the pole (RTP) magnetic anomalies showing extreme distortion in
N-S direction leading to distortion of anomalies. This makes geologidaterpretation
Very diffICUIL. ... e 121

Fig. 3. 6: Differential reduction to the pole TMI. The N-S blown-up structures have been
substantially reduced and many magnetic anomalies enhanced and placed vertically
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Fig. 3. 7 Azimuth filtered RT P. A threshold angle value of 3Dwas applied to the RTP to
suppress the NS strips that make interpretation difficult. There are small strips of
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Fig. 3. 8 Nonlinear threshold RTP (NRTP) obtained using 20 maximum amplitude
threshold, 0.5 exponential functions constant,and 0.3 low pass filter (the
wavenumber larger than the 0.3 times the Nyquist frequencies are suppressedR6

Fig. 3. 9: (a) Theradially symmetric power spectrum of the DRTE data sets matching
four-layer equivalent sources (b) The matched bandpass filters corresponding to the
four equivalent layers. Solid and dashed lines are amplitude and Wiener filtersl29

Fig. 3. 10: Filtered aeromagnetic data (a) Bandpass 1 corresponding to an equivalent
dipole layer at 56.9 m containing wavelengths dominated by surfacgeology and
cultural noise. (b) Bandpass 2 corresponds to an equivalent dipole layer at 350 m
which contains the intermediate wavelengths relatable to shallow geologic and some
cultural features (c) Bandpass 3 corresponds to an equivalent dipole layer Bf54 m
which contains shallow geologic features with less noise. (d) Bandpass 4 corresponds
to the deepest equivalent layer at magnetic half space at 8312 m which is due to
basement anomaly and other deep crustal geologic features...............cc.......... 130

Fig. 3. 11: A power spectrum analyses of DRTP anomaly map matching three distinct
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Fig. 3. 12: Aeromagnetic data (a) Differential eduction to the role (DRTP) anomaly map
(b) Depth slice 1 corresponding to shallow depth anomalies dominated by surface
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deepest equivalent layer at magnetic half space at 7.8 km which could as a result of

basement anomaly and other deep crustal geologic features........................... 134
Fig. 3. 13: A power spectrum analyses of azimuthal filtered RTP data sets matching three
distinct pseudodepth SHCES.......c..oiiiiii e 136

Fig. 3. 14: Aeromagnetic data (a) Azimuthal filtered RTP anomaly map (b) Depth slice 1
corresponding to shallow depth anomalies dominated by surface and cultural noise.
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(c) Depth slice 2 corresponds to the interediate wavelengths of the shallow geologic
and some cultural features (d) Depth slice 3 corresponds to the deepest equivalent
layer - magnetic half space at 7.8 km which could relate to basement anomaly and

other deep crustal geologiC fEAtUIES. ..........coovuviii i 137
3. 15: Gravity point data contributions covering the Lower and Middle Benue
THOUGN et 140
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3. 18: A power spectrum analysis for Bouguer gravitanomaly complation. Three
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3. 19: Gravity data grid (a) Bouguer anomaly (b) Depth slice 1 corresponding to
shallow anomalies at an average depth of 3 km (c) Depth slice 2 corresponding to the
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Depth slice 3 corresponding to the deepest equivalent layer at an average depth of
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3. 20 Residual magnetic map from DRTE processed at 0.4 km mean depth (a) Second
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3. 21 Residual DRTE magnetic map processed at 2 km mean depth (a) Horizontal
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3. 22: Geologic structural trends derived from the residual magnetic and draped over
the DRTE TMI anomaly map. The outlines of the volcanic rocks might mark centres
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3. 23: An equalarea rose diagram colourcoded by segment strike with a major NE
SW and a minor NW-SW trend direction. The mean vector azimuthal direction is 80
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3. 24 (a) Vertical derivative and (b) Analytic signal of 0.245 km depth slice 1 in DRTP
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(d) from the upper 532 m depth slice 2 with the white lines delineating lineaments,
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Fig. 3. 34 Rose diagam of lineaments with major NESW and ENEWSW and minor
NNE-SSW and NWSE structural trends with 40-degree vector mean direction166

Fig. 4. 1: (a) Lineaments from remote sensing (Landsat and SRTM) (b) Rose diagram
showing no distinct lineament orientation due tahe presence of geologic and nen
[oT=To] (o]0 [l [T g =TT 1 T=T o) S 172
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Fig. 4. 10: Combined tectonic map of the area representing the spailtidistribution of
faults/shear zones that are produced. The netectonic geologic lineaments have been
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Fig. 4. 11 The spatial distribution of intrusive rocks (volcanic rocks, sills, and plugs)
obtained from mapping analytic signal and constrained to the eastern part of the
trough. The polygons shapes define areas of intrusive rock emplacement. Window 1
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Fig. 4. 12: Depth estimates of major intrusive roc areas presented after terrain clearance
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Fig. 4. 13: Updated gesestructural map of Lower and Middle Benue Trough processed
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trends than the mapped lithologies. This maps more volcanic rocks than in Fig. 4.13.

Fig. 4. 14: A generalized geology of Benue Trough with a simplified stratigraphic
succession.The spatial distribution of intrusive rocks (volcanic rocks, dykes, and
plugs) is less than those in (a). The four (4) major principal stresses that affected the
area over time have been identified.............coouuiiiiiiiiii 187
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Fig.5.22.Basement | i neame ndgienal ®RTP r(ad darizordal gradientn  r
with maxima (black dots) overlaid to show the edges of structures (b) Zero of tilt
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Basement lineaments map with three main structural trends............................ 192

Fig.5.3:Basement | i neame ran azimahaltfilteeed regeodal mhap @m
Horizontal gradient with maxima (black dots) overlaid on it (b) theta map with
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of lineaments (d) Basement lineaments map with three main structural treds... 193
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Fig. 5. 6: (a) Calculated pseudaravity map on the differential reduction to the equator
(DRTE) product (b) Maxima of horizontal gradient magnitude of pseudegravity.
The peaks are delineated as lineaments in black dats............cc..ccooviiieeennenn. 199
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5. 7 (a) Calculated Pseudegravity on the differential reduction to the pole (DRTP)
product (b) Maxima of horizontal gradient magnitude of pseudegravity. The peaks
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5. 8 (a) Calculated pseudegravity on the azimuthal filter product (AZ) (b) Maxima
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5.9 (a) Combined lineament map from the horizontal gradients of pseudgravity
on DRTE, DRTP and azmuthal filter products (b) Basement lineaments extracted
from the horizontal magnitude gradient of pseudegravity of DRTP, DRTE, and AZ
with three main structural trends obtained.................ooooiii s 200

5. 10: Regional gravity lineament mapping (a) Maxima of the horizontal gradient
indicating lineaments (b) Zero of tilt map showing the edges of the lineaments (c)
Maxima of local wavenumber marking the edges of lineaments (d) Basement
lineament map extracted from a combination of (a), (b) and (C)-.........ccevvvvnnnnn. 203

5. 11 Gravity 3D Euler deconvolution using a 10 km x 10 km window, maximum
depth tolerance of 12 % and maximum acceptance depth of 20 km (a) Depth solutions
for a structural index of 0 (b) Depth solutions for a structural index of 1............ 204

5. 12 Delineated basement lineaments traced from gravity Euler deconvolution
technique showing four major structural trends............ccooveviiiiiiiinieiee i 204

5. 13 Basement lineaments overlain on positive tilt angle obtained from the regional
DRTP. The bob-heads show the direction of lower magnetisusceptibility (possible
downthrown sides of the lineaments) from the delineated structural edges......207

5. 14 Basement linementsfrom magnetic data setg(@) interpreted lineaments in
different colour codes (b) a rose diagram showing the trends of lineaments with
major NE-SW, NW-SE, and ENEWSW orientations...........cccccoevvviieevviiieeeeennnn. 207

5. 15 Basement gravity structures (lineaments) overlain on a positive tilt angle. The
bob-heads show the direction of lower density contrasts (possible downthrown sides
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5. 16 Basement gravity structures (a) interpreted structures (lineamets) with
different colour codes (b) a rose diagram showing the structural trends of lineaments
with major NE-SW and minor but significant NW-SE, EW, and NNE-SSW
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5. 17: Basement fault map of the trough after removal of lithological contacts and
dykes from (a) deep magnetic data sets (b) deep gravity data sets. These are
interpreted to be as a result of tectoni@ctivities induced by plate motion/ far field
stress transmission from mantle CONVECHION...............uviieiiiiiiiiiiiie e 210

5. 18:Combined basement faulimap of the area from regional gravity and magnetic
anomalies. The results from the two data sets correlate well indicating that the
contrasts between basement density and magnetic susceptibility are coherent211

5. 19 (a) Infinite tilt depth map showing strips of basement depth estimates
constrained to a 15 km bottom depth (b) Mob depth interface from the Crust 1.0
model as a proxy for the depth to the magnetic bottom since the depth of the Curie
isotherm could not be directly determined for the area..................ccoeeiiinnnnn..o. 214

5. 20Q Finite tilt -depth map from regional DRTE magnetic anomaly map showing
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Fig. 5. 2t Finite local wavenumber method depth estimates by minimum curvature
gridding to cover the whole of the study area with blackdots representing the
maxima of the local wavenumber grid for the points at which the depth was initially
estimated and superimposed on the local wavenumber..................coovivivennnnnn. 217

Fig. 5. 22 (a) DRTP magnetic anomaly map produced from TMI transformation (b)
Pseudagravity map derived from the DRTP with the control point depth overlaid
for the estimation of susceptibility contrast of the area for 3Drniversion. The circles
are carefully picked from the local wavenumber depth estimates. The picks are made
outside the basin (on the basement) as such depths easily relate to the true closest
value Of SUSCEPTIDIILY........ueieiiiiii et 221

Fig. 5. 23 Plot showing the relation between the control point depths from finite local
wavenumber estimate and the pseudo gravity data. The slope of the plot is @02
and the intercept is 0.01193 which is subtracted from the data before inversion
(arising from the vertical integral constant). The R square value is high showing a
strong correlation of the plotted parameters............cooveviiiiiiiiceen e 221

Fig. 5. 24 Adjusted pseudo gravity grid used for the 3D basement depth inversion after
the grid values have been modified so that all values are less than or equakeyo.

Fig. 5. 25 Depth to the basement of Middle and Lower Benue Trough from 3D inversion
of pseudagravity data. Mean terrain clearance of 80 m has been removed......222

Fig. 5. 26 Basement morphology map showing basement faults, highs (uplift), andws
(subsidence). The basement highs (uplifts), and lows (stasins) are faultbounded.
The sub-basins are suitable centres for the deposition and accumulation of sediments
(depocentres) while the basement highs exhibit high magnetic susceptibility fronD3
magnetic inversion (this study). The sub-basins are bounded by two opposite down
throw direction faults and the basement highs are sandvitched by two opposite
upthrown direction faullS. ..........coooiiii e 224

Fig. 5. 27:DRTE magnetic profile lines perpendicular to the general strike of the trough.

Fig. 5. 28: Bouguer anomaly Gravity) profile lines perpendicular to the general strike of
TNE ITOUGN. .. 228
Fig. 5. 29: 2D gravity and magnetic modelling crossection MBT1N of total profile length
of 350 km. The top section shows observed and calculated magnetic and gravity
anomalies from the geologic section model located at the bottom. D is densitygiicc
and S is the susceptibility in SI. VE represents the vertical scale exaggeration229
Fig. 5. 30: 2D gravity and magnetic mdelling crosssection MBT2N of profile length of
560 km. The top, middle and bottom sections show observed and calculated magnetic
and gravity anomalies, and the geologic model, respectively. D, S and VE are density
(g/cc), susceptibility (S1), and vertichexaggeration, respectively...................... 230
Fig. 5. 31: 2D gravity and magnetic modelling crossection MBT3N of profile length of
626 km. The top, middle, and bottom sections are magnetic and gravity anomalies,
and the geologic model, respectively while D, S, and VE are density (g/cc),
susceptibility (SI), and vertical exaggeration, respectively. The double peak at the
right side of the profile is due to a volcanic pipe and crater with lower density
materials (volcaniclastics and local sediments) acting as a conduit through which
magmatic materials are emplaced. The magma chamber (black polygon) may be
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empty or contains volcanic ash that is ratively lower in density than its surrounding
(V{0 (o= o1 [ o Tox -SRI 231
Fig. 5. 32: 2D gravity and magnetic modellingrosssection for MBT4N of profile length
436 km. The top, middle and bottom sections show observed and calculated magnetic
and gravity anomalies, and the geologic model, respectively. D, S and VE are density
(g/cc), susceptibility (SI), and vertical exageration, respectively. Basement depth,
Crustal thickness variation, Moho geometry, Curie depth and suibasin mapped.
The profile has been constrained by the basement depth estimate, the intrusive rocks
and basement fault maps produced from this study............ccccoevviiiiiiiiienerennnnnn. 232
Fig. 5. 33 Average density measured in deep drilled wells (exponential densitiepth
models) from the Bornu-Chad basin, East Nigerift Basin, and Niger Delta. Density
contrast is assumed based on the assumption that the country rock density is 2.67

9/cmP( BE 0.7501 AN0B 8.44)......oeieeeieeeeeee e, 237
Fig. 5. 34 Sedimentary gravity effect model constrained by the basement depth estimate
obtained from this study via the pseudo gravity anomaly map............cccccceeeee.. 238

Fig. 5. 35 Sedimentary stripped gravity anomaly map (a) representing top of basement
gravity anomaly response (b) upwardcontinued by 18 km to remove mostly

supracrustal intrusive effects of the area..............ooeuiiiiiiiiiiiiii s 238
Fig. 5. 36 Moho depth interface showing theopographic variation from the 3D inversion
after filtering and considering the density contrast of 0.17...............ccccevvvvnnnnnnn. 239

Fig. 5. 37 Calculated gravity map forward model from the estimated Moho depth
interface. The difference between the input gravity map and the one due to the
calculated interface ranges between 0.46hd 0.42mGal. ...........cccceieiviiiiieeviennn. 239

Fig. 5. 38: Mesh constructed in cubes with each cube or cell measuring 10 km x 10 km X
0.1 km. The total number of cells is 50 x 50 x 351 with a total@sh dimension of 500
km x 500 km x 35.1 km. The blue dotted points on the mesh show the basement
sedimentary boundary of the ar€a...........cc.ccoeveviiii i 243

Fig. 5. 39:The reference density anomaly model showing imposed starting 0 g/cc density
contrast below the top of the basement to allow for an inversion of the Moho
QL] 1 = T PSPPSRI 243

Fig. 5. 40:3D inverted density structural model block for Moho depth mapping showing
four profiles across the major structural trend of the basin. The inveron of the
density structure is from Grav3D software indicating the presence of the crust and
the UPPer MANTIE....... oo e 244

Fig. 5. 41 2D depth slice along profile LXL2 showing the crust, Moho interface, and the
upper mantle. The Moho interface is uplifted within the basin.......................... 244

Fig. 5. 42 2D depth slice along profile L3L4 showing slight uplift of Moho under the
basin with gentle Moho slope at both ends of the basin.................................. 245

Fig. 5. 43 2D depth slice along profile L5L6 showing the crust, Moho, and the upper
mantle. The Moho is not well elevated with the basin because of the opening of the
Bida basin toWwards L5...........uiiiiiiiiiiii e 245

Fig. 5. 44 2D depth slice along profile LZL8 with slight uplift of the Moho interface over
the Lower BENUE TroUQN.........ooiii e 246

Fig. 5. 45:3D density anomaly model block for Moho depth mapping with the crust and
sedimentary effect removed (Density contrast of 0.135 g/CC)u...ccvvvivinneiinnnnnn.. 246
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Fig. 5. 46: (a) Plan view ofMoho depth surface showing thetopography variation
obtained from 3D block inversion of the Bouguer anomaly (bPredicted gavity
anomaly map obtained from the estimated Moho depth interface.................... 247

Fig. 5. 47:A Cross-plot of Moho depth (Parker-Oldenburg inversion) against Moho depth
(Li-Oldenburg inversion). The two depth estimates show a high correlation with
about 99% R-squared value observed between 20 km and 38 km (Mark in red dotted
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Fig. 5. 48: Magnetic data (a) TMI map (b) Total amplitude (TA) map showing reduced
extrema and enhancing nomegative magnetic values................ccoevvviiniinneeeenns 251

Fig. 5. 49: VP model showing the study area hosted within the regional model prior to
inversion. The model cell size measures 25 km x 25 km X 13 km in depifhe depth
is half-spaced to 6.5 km i.e., the total model depth is 13 km, but available depth
involved in the inversion is 6.5 km and heterogenous divided into 1 km each. The
sedimentary component is assumed to be nanagnetic.............ccccoooviiiiiiiennnn. 251
Fig. 5. 50: (a) 3D magnetic susceptibility block inverted from TA (b) Magnetic
susceptibility of crustal materials of the area clip at greater than 0.003 Sl values

Fig. 5. 51: Five subset windows A, B, C, D, and E with high total anomaly values within
the area to beinverted for calculating the magnetic susceptibility of the basement.

Fig. 5. 52 3D magnetic inversion (a) Inverted total ananaly source body A (b) Located
anomalous magnetic body A with magnetic susceptibility greater than 0.0125 Sl at a
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CHAPTER ONE

GENERAL INTRODUCTION
1.1 Background

Rift-related basins are usually characterized by interesting geological and structural features
which may be exposed at the surface or buried in the subsultfé&Eeery common to find
researchers apphyg seismic, gravity, and/or magnetic techniques asin structural and
tectonic studie@Mohriak et al., 1995; Stanton et al., 20M;et al., 2017 Harkin et al., 2020)
However, in situations where seisnd@ta setare unavailable, goodavity and magnetidata

sets have successfully yielded accurate and reliable surface and subsurface basin results
(Onwuemesi and Egboka, 1989; Maden et al., 2015; Spampinato et al., 2015; Welford et a
2015) The advent of remote sensing techniques has broadened and improved understanding of
basin structures and tectonics on local and regional scales. Sesierdlstshave utilized

remote sensing data for mapping surface geology and stru@@nagat and Verma, 2006hi

et al., 2012; Paranhos Filho et al., 20118) the absence of seismic data, the integration of
remote sensing with gravity and magnetata setdias proven effective in the structural and
tectonic modelling and evaluation of many basins e.g., the South Rewa Gondwana basin in
India, the Al Hamada al Hamrand the Sirt basins in Liby#e Pedirka Basin in Australia,

the Muglad and the Melut basiotSouth Sudaretc, (Boud, 1987 Saadi et al., 2008; Bishop,

2013; King et al., 2013; Azizi and Saibi, 20T5howdari et al., 2017)

The Benue Trough isnaextensionabasin filled with about 6 km of Cretaceous rocks and
bordered on either side by a crystalline Basentecated in the western part of Africa
(Ofoegbu, 1985Ajayi and Ajakaiye, 1981Akande et al., 2012 Cenozoic volcanic rocks are
found within and on the sedimer{i&tton, 1980 Benkhelil, 1989) The trough is divided into

the Lower, Middle, and Uger parts Qbaje, 2009Akande et al., 201 Zig. 1.1).The Upper

Benue part is well studied due to the ease of finding-esgbsed rock outcrops while the
Lower and the Middle parts are charaizted by flat undulating topography and fewer outcrops
and hence are more challenging in geological and structural stlilied.ower and Middle
Benue Trough has most of its stratigraphy deformed and covered within thick sediments and
vegetation. The evidee of these episodes of deformationaigy observed at the surface or
mapped athe subsurfacéHowever, this challenge presents an opportunity for this study, thus,
an integrated approach of remote sensing with high resolution aeromagnetic and ground gravity

data setsre used to proffer solutions the challenges abov&he remote sensing data wer
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used for surface lithology and lineament mapping while the magnetic and gravity data were

employed in subsurface structural modelling/studies and interpretations.

1.2 Geography of Benue Trough

The Benue Trough is in the Western part of Africa located within NigErea 1.2) It is an
elongated trough that &bout 800 km long and 150 km widgretching out from the South to

the Northin an NEi SW direction(Ofoegbu, 1985; Obaje, 2008kande et al., 2012)t is

filled with Cretaceous rocks whose ages range ftd® Mato 65 Ma(Ajayi and Ajakaiye,
1981;0Ofoegbu, 1982;0baje, 2009pnd with the intrusion of some Cenozoic volcanic rocks
(Fitton, 1980 Benkhelil, 1989)The trough is bordered by four main higipograpic massifs:
Northern Nigeria massif, the West Africa Massif, the Adamawa Massif, and the Oban Massif
(Benkhelil, 1989) These Massifs form the Precambrian Basement Complex that surrounds the
low-lying sedimentsThetrough isto its southern and northern limits bordered by the Niger
Delta and Chad basins, respectiveéioubakar, 2014)The southern and central parts of the
trough are recognized by flat undulating topography with few hills making it prone to flooding
while the northern part is marked by high and rugged topograpbaytal the presence of

volcanic plugs and outcrops of deformed sandst@Beskhelil, 1989)

32



12°0'0"E 15°0

300.‘0nE _ ood’ouE goofonE

%
— =7 K K X X X X K X
XK R OHiH X X KeX

® K

E XKKK}(XXXE}(“XXXXX':

B oMM MK X M oM MM KX M MK
B

XXXKKXKKKXXXK'X{X“X'XXX

12°0'0"N

){NK}{XKKKXX}{}(XXKK%,}('_){K
xxxxxxxxxxxxxx’x\(xxxxf
><><xxxxxxxxxtxxxxxxxj"xxr.
B 30 % X X X X X X X X X PR X' X ® X XX oW %

g HOMOH OO M NURARH K X X K K X R
% xNortheri NigeriaMassif x x x
SRR S S
A T X oK oK oMK

*®

T
10°0°0"S

il oM oM oM oM oM X
= X X X X X X' X L. =
-:c H oM X X X X X X -Q_
o MMM M M K M o
o ]
(<]
MO oM oM M M M oM oM M M M M K . ®oM oMo
XK X X XX X oX ¥ X K X X X pgc//xé\,g;xxxx
i’x % % % ox ox ox
JQTH K o® oW N K K
> X X X X X X
O O
x X
I
Legend =z
L__i Lower and Middle Benue Trough g
I volcanics o
[%i7 Cenozoic
[(==] Cretaceous

[ Basement Complex

A5 o s I River
6°0'0"E 9°0'0"E 12°0'0"E

0 60 120 240 Km
I T T Y T T I

3°0'0"E

Fig. 1. 1. General geologicalmap of Nigeria. Location of Nigeria (in red polygon-left) and Lower and Middle Benue Trough (in green
polygon) (modified after Onuoha, 1999) Upper BenueTrough is composedof Gongolaand Yola troughs.

33



8°00°E 10°00°E

12°00'N 140
12°0'0"N

10°0'0"N

:] State Boundary
D Benue Trough

| River

SRTM

Elevat:‘on (feet)

igh : 2421
-
B w37

6°0'0"N

4°0°0"E S’O'AOE 8°0°0"E 10°0'0"E 12°0'0"E 14°0'0"E

Fig. 1. 2: Political map of Nigeria showingthe BenueTrough overlain on Shuttle Radar
Topographic Mission (SRTM) topography. 1, 2, 3 and 4 represent the Northern
Nigeria, the West Africa, the Adamawa, and the Oban Massifs.

34



1.3 Gedogical settingof the Benue Trough

The geological setting of the Benue Trough has been reviewed by several é@btbegbu,

1985; Benkhelil, 1989;0baje, 2009 Akande et al., 2012)Iit is generally composed of an
underlying PrecambriaBasemenComplex ad overlying Cretaceous sedimentary rocks with
several intresedimentary intrusive rocks. The Precambrian Basement Complex is composed
of two rock series; the less metamorphosed s&ri@esde up of mainly gneisses, schists, and
guartzites, and the highlymetamorphosed series of banded and contorted gné€asdshley

and Jones, 196®foegbu, 1985Benkhelil, 1989) In each of the series are many major and
minor intrusive rocks separated into younger and older rock types. The older intrusive rocks
(Older Granites) are largely grigas while the younger intrusive types (Younger Granites) are
made up of granites, pegmatites, diorites, dolerites, and syenites with numerous associated
dykelike bodies(Wright, 1968) The Cretaceous sedimntary rocks form a major part of the
trough and overlie the Precambrian basement rock with intrusive rocks embedded within them.

Tectonic stress fields control the formation and geometry of structures either by far or near
fields (Min and Hou, 2019)Movements of the African sytlates during the breakup of the
continent in the Early Cretaceous have been recognized to be the main cause of regional stress
field in controlling the geometry of basin structures in Africa (Lowell, 1995 and Fairhead et
al.,, 2013; Fig. 1.3) while mantle plume uplift is the main contributor of local stieds
(Delaney and Gartner, 1997; Fossen, 204i&;and Hou, 2019)Thetranstensional regime of
Equatorial Atlantic formed as a series of large japlrt basins bounded by rifted and
transform segments leading the creation of large intercontinental basins in West Afucd

as theBenue Trough during the Aptiain Albian (Benkhelil, 1989; Fig. 1.3)In this study,
however, both stress fields are believed to have influenced the structural evolution of the basin.
Four different stress field orientations have been observed to be responsible for devieéoping

basin structureat different times during the evolution of the ba$tigs. 14).

1.4The structural setting and stratigraphy of the Benue Trough

1.4.1 Structural setting

The Benue Trough is @dfted basinthat trends in a majddE-SW direction Several tectonic
activities have led to the development of the structural features within the {fwgbhukwu,
1972 Agagu and Adighije, 1983nd these occurred mainly duri@@nomanian, Santonian,
Post Maastrichtian andaReocene tectonisi®lade, 1975; Ofoegbu, 198Fairheadet al,
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2013) Multiple phases ofdeformation have been idgified (i.e., extensional and
compressional phases) in carving the geometry as well as the orientation of the trough
(Fairhead, 1988Fairhead et al., 20135o0me of the structures prominent adxbasins,

uplifts, ridges, volcanic rocketc

The Upper Benue Trough is characterized by structural features like the Kaltungo inlier, the
Zambuk and Gombe ridge, the Yola, and Gombebsasdins, and the Lamurde anticline
(Benkhelil, 1989)while in the Lower and Middle Benue Trough, there is evidendauiting

and compressive folding in general }8V, N-S, NWLSE, and ENBNSW directions with
several structures observiegfield work, gravity, and magnetic metlsy€ratchley and Jones,
1965;Agagu and Adighije, 1983)foegbu, 1985Anuduet al.,2014. Folding,some faulting

and upliftment of the basemdatading to the formation of structural features like the Abakaliki
anticline, the Anambra Basin, Afikpo synclines, the Keana anticline, and Awe syncline, etc.
occurred during the Santonian tectonigkgagu and Adighije, 1988Benkhelil, 1989; Akande
etal., 2012). PosBantonian sedimenksave been showmot to beaffected bytheseSantonian
tectonic activities(Cratchley and Jones, 1965foegbu, 1985; Obaje, 200Batoye and
Gideon, 2013)

Intrusive rocksvereemplaced within th&roughfrom Mesozoic to Cenozoic times (Ofoegbu,
1985;Coulon et al., 1996-ig. 14). There are three (3) magmatic activities recognized based
on Argon age dating: Early to Middle Cretaceous (188 Ma), Late Cretaceous (81 Ma),

and Palaeocergocene (6819 Ma). The northern volcanic intrusions are older than those in
the south.e., thedykesin the southareprobably 6849 Ma(Coulon et al., 1996 Theigneous
intrusions ae predominantlybasaltic composed of tholeiitic and alkaline basalts wieley

few areacidc (Benkhelil, 1987; Ekwueme, 199€oulon et al., 1996 Most of theigneous
intrusions are in the form of sills, dykes, bosses, plugs, etc., and ackdtinm or across
folded/unfolded sedimentary rocks indicatiigat they postiate the deposition of the
sediments they cyCratchley and Jones, 1968/right, 1968;0foegbu, $82). The sills are
mostly dolerites while the dykes trend in %V and NW-SE directiors (Anudu et al., 2014;
Ofoegbu, 1985)

1.4.2 Stratigraphy

The trough is divided intthe Lower, Middle, and Upper structural and sedimentary domains
(Benkhelil et al., 1998Dbaje, 2009Akande et al., 201, Figs. 14). The stratigraphy of the
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trough was established based on the continuous correlation in the stratigraphy between the
Upper and the Lower Benue Trou@@ratchley and Jones, 196%ut thisstudy, however,
focuses on the Lower and the Middle parts of the trough.

1.4.2.1 Upper Benue Trough

The Upper Benue Trough is sdivided into two parts; the Gongola and the Yola Arms
trending in NNESSW and ENBNSW directions, respectivelfObaje, 2009) The Bima
sandstonés 113 Ma whichoverlies the Precambrian Basement Complex and is composed of
sandstones, intercalated with carbonaceous clays, siltstones, shales, and mUdsofuwde
formation is100 Main age and lies conformably on the Bima sandstones. It was deposited
within atransitional marine environmeand iscomposed of sandstones, limestones, claystone,
clays, and shales. The Pindiga formation is found overlyireg Yolde formation and is
composed of dark carbonaceous shales with limestones and intercalation-cdlpated
limestones, shales, and minor sandstoResligaformation is marine an6 Main age The
Gombe sandstone lies over the Pindiga formation and was deposited in tfudddogtperiod.

It is aged72 Maand composed of intercalations of coal, lignite, and shale.ydbhagest
formation in the Upper Benue Trough is the Ké&erri formation which is 66 Ma and

composed of whitislgrey sandstones, siltstones, and claystone (FHy. 1.
1.4.2.2 Lower and Middle Benue Trough

The Lower and the Middle part of the Benue Troigbomposed of mainly the AsRiver
Group, the Ez&ku FormationMakurdi sandstond{eanaAwe, and Awgu Formations,
which were deposited betwedri3 Maand90 Ma(Cratchley and Jones, 19@Sywachukwu,
1972;0foegbu, 19850baje, 2009Akande efal., 2012 Fig. 14).

Sedimentation in the area started 8 Mawith the deposition of the Adiver Group (Middle

Albian to Late Albian agedhat iscomposedf the basal sandstonetark shales, siltstones,
fine-grained sandstonesnd limestones in the southern and central part of the trough
(Cratchley and Jones, 198%wachukwu, 19720foegbu, 1985vhile its lateral equivalent in
Upper Benue Trough is the Bian Bima Formation which lies unconformably on the
Precambrian Baseme(®baje, 2009)This is overlain by th&00 Ma- 93 Maformations. In

the south are the Ezeaku Formation with its lateral equivalent of the Konshisha River Group in
the Gboko area, Makurdi sandstone at Mak@tlirkpo area, and éana/Awe Formations in

the Keana area, all within the Middle part of the tro(igtvachukwu, 1972; Offodile, 1976;
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Ofoegbu, 1985; Obaje, 2009)hey generally consist of hard grey and black calcareous shales,
shelly limestone, and siltstone. In the northern part is the Yolde Formetimposed of
sandstones, limestones, shales, clays, and clay@®enkhelil, 1989; Obaje, 2009pverlying

the formation is the Awgu FormatioA4 Ma- 86 Mg consisting of marine fossiliferous, grey
bluish shales, limestones, and calcareous sandstone usually in the southern and central part of
the trough while towards the north is the Pindiga formafofoegbu, 1985; Obaje, 2009;
Akandeet al, 2012) The earlier deposited sediments were folded, faulted, and updiftedn
structures like the Abakaliki anticline, the Anambra Basin, Afikpo synclines, the Keana
anticline, and Awe synclineduring a period oSantonian tectonisrfAgagu and Adighije,

1983; Benkhelil, 1989 Akandeet al, 2012) The 83 Ma- 72 Ma sediments or the past
Santonian sediments overlie the Awgu formationeyfimclude the Lafia Formation in the
Middle part of the troughGratchley and Jones, 1965foegbu, 1985a0baje, 2009while in

the south, are thAsata/Nkporo Shales consisting of a sequence of bluish to dark grey shale
and mudstone locally with sandy shales, thin sandstones, and shelly limestone beds. The shaly
facies gradéaterally to sandstones of the Afikpo sandstones. The sandstones, shales, siltstones,
and mudstones and the intezdded coal seams of the deltaic Mamu Formasiat2 Ma and
overlies the Asata/Npkorghales. The deltaic facies grade laterally into the overlying marginal
marine sandstones of the Ajali and Nsukka Formations. The Nsukka Formation consists of
carbonaceous shales, sandstones, and seams ofCfoabbu, 1985fatoye and Gideon,

2013) A sequence of shales with sandstone intercalataynssthe Imo Shalevhich is 66 Ma

and overlyng it into the Niger Delta is the Ameki formatioand the Ogwashkhsaba

Formation
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1.5 Background for rifting hypotheses for the Benue Trough

The debate about the evolution of the Benue Tralughtoeithermantleplumerelated or plate
tectonic rifting hypotheses has been on for many years without definitive and tangible
agreement-However, this study will applthe knowledge gainefdom remotesensing, gravity,

and magnetic data sedsalyses to attempd highlightandgive a more robust explanation to
theevolution of the Benue TrougMany authorsoncludedhat the Benue Trough originated
from a series of repeated tectonic activifjdsvachukwu, 1972Wright, 1976 Fitton, 1980;
Farrhead and Okereke, 198enkhelil, 1989 Fairhead and Green, 198inks and Fairhead,
1992 Fairheadet al, 2013 Abubakar, 2014)put failed to agee on one best evolutionary
model. Several tectonic models have been put forward over the years to explain the processes
that led to the development of the trough andrvealelshave been identified to be relevant to
this study, the mantle plunrelated and theplate tectonic riftingnodels. The mantlplume
modelsuggests that rifting was due to the rise of a mantle plume beneath the lith@¢Sihaee
1975)while theplate tectonic riftingnodelbelieves that plate movement caused lithospheric
stretching leading to riftingMcKenzig 1978) Ofoegbu(1984)suggested that a combination

of the two models has been respblesfor the evolution of the basin.

The hypothess that the mantle plumesse fromthe bae channel near theoremantle
boundary and discharge into the lewgcousasthenospherwith the lithosphere mamg over

the plume creating a hot spot traiskbelieved to be responsible for rifting in many basins
(Sleep, 1990Bourgeois et al., 2009Hoyer et al., 2022Fig. 1.5. Its geometryconsists of
narrow vertical pipehat supplies hoimantle mateials to the lithosphereDarros de Matos
(2021) posited that based on the progressive distribution of magmatic events, multiple plume
systems have been recognizedhave causefretaceous South Atlantic riftindde gave
evidenceand demonstrated the trails of these plume heads on continentalaxrsisiy rifting

Wilson (1992 andRenne et al(1992 believed that the initial stages of rifting between Africa
and South America as well as the opening of the South Atlantic Ocean are related to superplume
tectonic activities. In fact, they agreed that two main mantle plumes of contrasting
characteristics.e., St. Helena and Tristan da Cunha exerted a fundamental control on the
process of continental brealp at those pointsThe Trista da Cunha pluni believe to later

give rise to the Mesozoic Parana volcanism in BréRiénne et al., 1992)vhile St. Helena
volcanism resulted in the formation of the Benue Tro@bulon et al., 1996) he hypothess

that the Benue trough evolved from the maptlane related activities has been supported by
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many workergOlade, 1975; Fitton, 1980; Coulon et al., 1996; Shemang et al.,.20Gte

(1975 posited thathe Benuélroughevolvedfrom doming and riftingassociated with the rise

and cessatioof a mantle plumeHis model appears to be the most accepted for the mantle
plume related hypotheses as it seems to address most of the issues with this hypothesis such as
the presence of magitic material, sedimentary thickness, uplift and subsidence, and the
geometry of thdasin Fitton (1980)observed a similarity innepe between the Benue trough

and the volcanic Cameroon line suggesting that both are related to a comnsirapéd hot

zone origin in the asthenosphere over which the African plate has drifted and as such could
have formed from mantlplume rising at thecentre of the shapd8he magmatism of the
Cameroon line is believed to have replaced the Mestaearly Cenozoic magmatism of the
Benue trougl{Coulon et al., 1996 5hemang et al., (200t¢cently modelled the presence of
large and continuous bodies of mafic rogkthin the Benue Tough andsuggesd that it is

an old riftformed bymantleplumerelated activities.

The pate tectonic rifthypothesisgnvolves the formation of rifted sedimentary basin by plate
movements, stretching, and gradual cooling of the lower part of the(pakenzie, 1978)

The opening of the South Atlantic initiated by teparation of Africa and South America
plates and/or the relative movements of Africangiabes are believed to be the major tectonic
activities that led to the formation of the Benue Trough (Benkhelil, 1989; Fairhead and Green,
1989; Fairhead and Bink4991; Binks and Fairhead, 1992; Fairhead et al., ;2053 16).
Benkhelil (1989) supported the plate tectoriypothesidor evolution of the Benue Trough
based on sinistral wrenching of the continental plates that occurred during the early stages of
the opening of the Gulf of Guine&airhead and Gregt989)noted that regional plate tectonic
processes and more localized mechanical anisotropy processes within the African lithosphere
have influenced rifting leading to the formation of the rift basins. The formafidhis rift

system was formed contemporaneously with the early opening of the South Atlaimtgthe

period of plate motion chang@ésairhead and Binks, 199Rinks ard Fairhead, 1992Fairhead

et al. (2013) recently gave thathe evolution of theBenue Troughis linked to reléive
movements of Africarplates andsubplates and to global plate tectonic processes and plate

interactions.
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1.5.1Tectonic evolution models of the Benue Trough
1.5.1.1 Mantle plume upwelling model

Olade (1975)proposed the tectonic model involving the rising and the relaxation of mantle
plumes with resulting patterns dbming, rifting, magmatism, and sedimentation. This he
concludedstarted during the Aptian to Early Albian timetenthere was mantle upwelling
underneath the Niger Delta resulting in doming and rifting, and the development of-the rift
rift-rift (RRR) triple plate junction involving the Benue Trough, South Atlantic, and the
Equatorial Atlantic(Fig. 1.7 a). There was also tlemplacement of felsic and mafic magma
material Rifting continued with the deposition of sediments within the rapidly subsiding
depressiomue to thermal relaxaticilw Middle Albian (Fig. 17 b). During Cenomanian times,
there was a cessation of mantle upwelling to create crustal contraction anessivgpfolding

of the sedimentbecause of mantle deepeniffgjg. 1.7 c). This implies thaffolding of the
sediments was passivaused simply by the cessation of riftingowever, this may not be
feasible as it im0t possible foa non-geodynamic model to causachfolding as experienced
within the Benue TrouglHowever, mantle upwelling resumed during Turonian times where
earlier normal faults were reactivataald blocks uplifted (Fig. I.d). But, during the Senonian
(Santonian), therwas a migration of the mantle plume eastwards away from the trough and
this produced crustal contraction and the collapse of thehrdAigo, there was widespread
compressive deformation affecting all F8antonian rocks to form folds, faults, sodsirs,

etc. (Fig. 17 e). This aspect of the mantle plumedel is controversial in the sense that crustal
contraction has been recorded to be as a restidtr-field compressional stresseausinga
significant change in the polesthieopening of the North Atlantic that swept across the entire

African plate leading to folding of the older sedime@esworth et al., 1999)

Ofoegbu (1984pgreed with the tectonic model above but added that a sequence of events
above possibly occurred in a repeated cycle of activities. He also observed that the large stresses
resulting from the domal uplift can only produce 200 m subsiderfiae less tharwhat is
estimated for the Benue Trough. Hiso argued thahe addition of some dykée bodies

within the crusbecause of the mantle domifag the modekouldfully explain the evolution

of the Benue TroughtHowever, doming of the mantle alone canpuaivide sufficient energy

to intrude the crust but doming is easier when the crust is stretched allowing mantle materials

doming as well as igneous rock emplacen{Eatrhead et al., 2013)
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Fig. 1. 7: Tectonicevolution of the BenueTrough (Modified after Olade, 1975).
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1.5.1.2 Plate tectonic rifting model

McKenzie (1978)proposed a simplplatelithospheric extension model for the development
and evolution of basins (Fig.8). He stated that the process involves stretching of continental
lithosphere leading to block faultintherise of hot mantle materialand subsidece.This is
followed by lithospheric thickening througiooling byheat conduction to the surfaaehich
causedurther continued thermal subsideneéhout active faulting The basincontinues to
subside, and the lithosphere is not stretched althibsigbpth still increases significantiyhis
thermalsubsidence is due to the gradual cooling and contractioranfle rockover a long
period of time. The downward movementlo¢ lithosphereaghenosphere boundary (LAB) is
agreedto be partly due to subsidence (which is downward movement) and partly change of
phase due to coolindg=airhead and Greerl989) and Fairhead et al. (2013 ccepted the
McKenzie model in the development of the Benue Trougby &reedhatthebasin evolution

was initiated during the opening of the South Atlantic in the Early Cretaceous (Alb@th

Ma) and internal African plate deformation or interaction (Barremifv Ma) (Fig. 16). The
process of rifting continued legud) to the formation of the Benue Trough with a sinistral strike
slip movement. The rate of subsidence decreased, hence, there was thermal relaxation by the
CenomaniasTuronian (1007 85 Ma) which closely followedexpectations based dahe
McKenzie modelDuring the Santonian, there was a change in the regional stress field that
resulted in basin inversion thatvolved basin uplift, folding, and subsidence through
reactivation of old basin normal faults. This age marked the end of the rift basin devdlopmen
However, minor rifting continued from the Eocene through to the Recent thereby shaping the
basin geometryOfoegbu, 1985d-airhead et al., 2013)

1.5.1.3 Relationship between the tectonic models

Generally, it can be deduced from the two tectonic models that both elucidated the crucial fact
that the evolution of the basin involved a series of evibraisincluded rifting, the rise of a

mantle plume, emplacement of igneagosks crustal stretchingand thinning. These events

can be repeated in a cyclic manner with structural deformation occdtrimgany two cycles.

The sequence of these events that lead to the final architecture of the Benue Trough is what is
debatable and controversial. The diimgs from this studybased on the analyses and
interpretations of satellite remote sensing, gravity and magmeiticattempt to elaborate on

the twotectonicmodels discussed and propose the best ntbdelwill explainthe evolution

of thetrough andny to give a possible sequence of events based on structural models.
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1.6 Geophysical studies of the Benue Trough

Seismic, gravity, and magnetic methods form ihest usedyeophysical methods in basin
structural analyseSeismological investigations have few references and no avadlataesets

within thearea Stuart et al. (1985kcorded the refractisand reflections from quarry blasts

for crustal structure study of part of the Benue trough (Yola arm) and concluded that the crust
is thinned to about 23 km thickkpan et al. (20168)sed Pwave receiver functions fromexen
seismological stations and estimatbdthickness of the crust beneath the Benue Tralgh

to be 23 km. However, results obtained from the use of gravity and magnetic techniques form
the main background that led to the understandintg sfructural framework

1.6.1 Gravity study

Ground gravity surveys have been carried out to investigate the Benue Trough and understand
the mode of formation, evolutionary pattern, nature of geologic structures and feetcires
(Cratchley and Jones, 1965; Ajakaiye, 1975; Adighije, 1978; Oket&i8dl) A compilation

of the ground gravity survegshows thegood data coverage of the Benue Trobgis been
achievedover the year¢Fig. 19). Many authors reported a general central positive anomaly
flanked by negative anomalies at the margins of the tr@@ghtchley and Jones, 1965ayi,

1979 Adighije, 1981a;Adighije, 1981b;Ajayi and Ajakaiye, 1981)They attributed the
positive anomiges at the centre to the shallow granitic basement and/or igneous intrusion and
uplift of the Moho, while the negative anomalies were associated with thick deposits of
sedimentsAdighije, (1981b)observed that the broad positive gravity anomslgue to the
uplift of the Moho interface while the axial negative anomaly is due to the infill of sedimentary
and post deformational sediments. Alsairhead and Okereke (198@gfined the positive
anomaly to have a high amplitedalue of 90 mGal and with a broad wavelength of 400 km
correlating well with the topographic expression of the trough while the sedimentary infill is
associated with short wavelength negative anomahesinterpretationof extensionatifting

is suppoted by gravity evidence afrustal thinning beneath the trou¢Bcheidegger and
Ajakaiye, 1985; Fairhead and Okereke, 198He crustal structure and the Mohtenfiace of

the Benue Trough e been studied extensively using gravity datdighije, 1981bfairhead

and Okereke, 199Fairhead et al., 1990kiwelu et al., 2009Ugbor and Okeke, 201@basi

et al., 2018 Mukaila et al., 201p However, deep structural analyses such as 3D spatial
distribution ofthe Moho, crustal structure, and the letegm strength of the lithosphere, etc.

have not been well studied and this research will attempt to study them.
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1.6.2 Magnetic study

Earlier aeromagnetidata set$or the Benue Trough were acquired in 1965 surveyed aleng E
W profiles with about 2 km spacing, {iee spacing of 20 km, and a mean flight elevation of
200 m above the surfa¢®foegbu, 1982Ajakaiye et al., 1991Qfoegbu and Onuoha, 1991)
This lowresolution magnetic dataset covering the trough was usually provided in the form of
a contour map of scale 1:100, 000. Another magnetic dataset wasiggel from digiting
contour maps of earlier surveys as part of Affrtican Magnetic Mapping Project (AMMP)
from 1989 to 199ZFairhead et al., 199 Esuene, 2012) The data measures a 1 xldgree

grid sheet (1:250, 000 scales) at 150 m meaainectearance, 2 km flight line spacing, with
NNW-SSE survey flight line direction and varying tie line spacings between 10 km and 20 km
(Esuene, 2012)n whichthe resolution is also low for detailed stuéygro Airborne Surveys
recently acquired higkresolution aeromagnetic data behalf of the Nigerian Geological
Survey Agency (NGSAgovering the Benue Trough between 2003 and 2B@P 110). The
survey employed 3 x Scintrex CS3 Cesium Vapour magnetontbtansere flown along a
series of NWSE (138) flight lines perpendicular to the general regional structural tr&rick

line trend and spacing of 45 degrees and 5 000 metres were used, respddivdbta sets

with 80 m mean terrain clearane@sstored asl X 1-degree sheets making the resolution
better than earlier available higittitude datgReford et al., 2010Anudu et al., 2014)These

are the aeromagnetic dasgtsused for the researdh this thesis

Many researchers studied various geologic features of the Benue Trough using aeromagnetic
data at different times with different data resolutiq@foegbu, 1982;Scheidegger and
Ajakaiye, 1985; Ofoegbu, 198@Qfoegbu, 19860Onwuemesi and Egboka, 198%akaiye et

al., 1991;0foegbu and Onuoha, 1991; Abbass and Mallam, 2013; Aetalu,2014; Nwosu,

2014; Oheet al, 2016;Ugwu et al., 2018; Abdullalet al.,2019 Osinowo and Taiwo, 2020)

and mostlyfocussed orsmall parts of the troughow-resolution aeromagnetaata sethiave

been used to carry out 2Dodelling of intrusive rocks for depths, thickness and magnetization
polarity (Ofoegbu, 19820foegbu, 1984 0foegbu, 1985p0foegbu, 19860foegbu and
Onuoha, 1991)High-resolution aeromagnetic data have also been used over the years to
delineateseveral neasurface geologic features and structures withifedéht parts of the
trough and general NBW, NWSE, and ESBVNW with minor ENEWSW and NS
structural trends have been obsergadudu et al., 20140ha et al., 2016Abdullahi et al.,

2019) It has also been gfoyed to estimate the depth to the magnetic basement so as to know
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sedimentary thicknesé\pbass and Mallam, 201Bwosu, 20140ha et al., 2016; Ugwu et al.,
2018; Abdullahi, et al., 2019&bdullahi, et al., 2019bAnudu et al., 2020)Osinowo and
Taiwo (2020)ecentlyanalysedthe high-resolution aeromagnetic data of lower Benue Trough
and delineated areasth basement imore than 3 km depth to be suitable for the generation
of oil and gas. In all the depth estimates abtive,authors did natonsider the influenseof
volcanic rocks, vertical limit to anomalous sources, and the effect of gridding techrofues
all which may lead to depth underestimation and basement framework misrepresentation.

Aeromagnetiadata set®f the Benue Trough have not been fully utilizedinderstanding the
subsurface structures of the area. In this research, an expanded application and interpretation
of the high resolution aeromagnetic from &d 3D magnetic models, finite depth and
inversion estimation techniques, Curie depths, ®iitl. be used to obtain a more robust result

and interpretation strategy for the trough.
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1.7 Remote sensing of the Benue Trough

Remote sensing technigugsovide the means to map ttepatial distributions of large
geological features/structures on the surface of the earth, which may not be recognized by other
smallscale exploration methods. There are very few detailed works involving the application
of remote sensing in the Benue Troug@hukwulke (1977)used Landsat 1 and 2 images to
extensively ma@and interpretenechelon lineaments, shear, and fractures zones within the
Benue Trough. He identified three signént structural trends €8, NESW, and NWSE)

that are associated with the basement structural fabrics. Others employed remote sensing to
effectively study and interpret regional scale geology, features, and structure in the Benue
Trough (Nkono et al. 2009; Jatau and Abu, 2013; Ogunmola et al., 2@¢ho-lrabor et al.,

2014, Ogunmola et al.,@16) Major tectonic eventsiterpretedrom remote sensing mapping
techniques havbhave proved to be influential mineral and oil resourcdistribution (Boud,

1987) Thepresence of vegetation and the resolution of the data play keyinaehieving

good resultsAbubakar et al. (2018 mployed Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) and Hyperion data to map hydrotdealteration zones
related to geothermal systems in the Upper part of the trough. This study combines several
multispectraldata set$ASTER, Landsat 8, Shuttle Radar Topographic Miss®RTM, etc.)

for lithology and structural mappingith the aim of pdating the existing geology mapthe

area
1.8 Rationale for the Research

There are several motivatiotisat promptedhis researclon thestructural modellingThe
study is of great interest structural, geologicabnd resource explorationBhe availability of
guality remote sensing, gravitgand magnetidata setxovering the aremakethe research
unique andsuitable forbuilding more robust structurahodels tounderstandhe subsurface
processes that led toetlilevelopment of the trough. These subsurface processes tdargery

extent control the geometry, accumulation paftena resource potential of the area.

The recent discovery of commercial accumulations of hydrocarbamtreccontinental rift
zones in the republic udan and Chad, whidtave comparable structural and stratigraphical
characteristics with the Benue Troughanother motivation th&d to the development of this
work (Obaje et al., 2004; Akande et al., 20H2bib and Xie, 2012) The Doba basin South
West Chad, théMuglad Basin in Sudanand the Benue Trough in Nigeria all lie within the
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Central African Rift System (CARS) and West African R#gstem (WARS) with related
evolution history (Fig. 1L1). The discoveries of hydrocarbons in tBee nue Tr oughdd
neighbouring inland basinith their similar geological and structural settings serve as a boost

to encourage this study.

Explorationfor hydrocarbon in the Benue Trough is still in its early stdgé three and one
exploratory wells were drilled in the Upper and Lower (Anambra Basin) Parts of the Benue
Trough, respectivelyNigeria Exploration and Production Company (SNEP@uljed the
Kolmani Riverl well to a depth of 3 km in 1999 and discovered about 935 millitof gas
with an unspecified amount of o{Obaje et al., 2004Qbaje, 2009)while in 1999, EIf
Petroleum Nigeria Limited (TotalFinaElfrilled the Kuzari1 well to a depth of 1.7 km and
reported dry oil and gas. Also, Chevron Nigeria Limited (ChevronTexaco) reatgavell

at Nasarél, which wadrilled to a depth of 1.5 km in 20@@baje, 2009)In 2012, Orient oil
petroleum resources plc. discovered commercial quantities abdgubons in the Lower
Benue Trough (Anambra Basi(hlabib and Xie, 2012)The Middle part of the trough has been
inadequately studiedlue to its very difficult terrain, unknown geology, atite over
dependence on the prolific fields in the Niger Delta basin. These intergsghminary
findings prompted the need to further study #teuctural features that may likely be

responsible for the accumulationtofdrocarbonsn the Middle and Lower Benue Trough

There is evidence of a mega structural link between oceanic fracture zones (Chain and Charcot
fracture zones) and the continental West and Central African Rift System (WCARS) through
the Benue Trough to the Nil2eltain North Africa(Wright, 1985) Gravity and magnetic data
imaged tlis transcontinental megastructure entering the Benue Trough at the southwestern end,
beneath the thick sediments of the Niger Défairhead et al., 201Figs. 1.3 andl.12). It is

agreedo have controlled significantly the despated otbearing structures in the Niger delta

and the neighbouring Benue TroughiZ b o Si | :&Mu etaal., 2015)Thi® Srécture is
covered within the Cretaceous sedimentary strata and deeply seated within ttA§ayuand
Ajakaiye, 1981;Benkhelil, 1989 Fairhead et al., 2013)it is difficult to establish the
relationship between basement fabric most especially as it might have been covered extensively
by Tertiary to Recent sediments, but the architecof the troughs observedo have been
influenced by the activities of the Atlantic Ocean fractures triggering crustal deformation
(Fairhead and Green, 1989)his study, therefore, seeks to find authdel and characterize

the geometry of the structures at all depths.
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1.9 Aim and Objectives

To date, lherehas been no integrated application of higholution aeromagnetic data, gravity,

and remote sensing data for the study of Middle and Lower Benue Trough. Recent studies only
show the application of lowesolution data sets and/or one geophysical daia ls@ited parts

of the basin leading to inadequate investigation of the trough. It is a good opportunity to apply
an integrated approach to obtain surface and subsurface structural information, which is
significant in understanding the tectonic evolutiohthe basin and strelaionship with
resource occurrences. Therefore, the research is aimed at understanding theatedtoorc
tectonicdevelopment framework of the trough through modelling of surface and subsurface
structures using combined gravitydgnetics and remote sensing techniques.

The following objectives will assist in achieving the above aim.

I. Apply multispectral analysis to construct and updaigeological ma@nd combine
gravity/magneticdata setswith the multispectral images to map surface and-near
surface geological bodies alideaments

il. Delineate deeper structures by mapping baselmaatments and estimating the depth
to the basement for basememorphologygeometry studiesAnalysing tectoro
lineaments for interpreting tectonic moslef the area.

iii. 2- and 3Dimensional modéihg of the troughfrom gravity and magnetidata setso
understandthe various processes involved icrustal structuasl architectues
rateamount ofextensionamount of heatetc.

iv. Use spectral modelling methods to estimate the effective elastic thickness of the
lithosphere as a proxy for determining the ldagn strength of the lithosphere and
infer the influence of thermal structure on the lithosptatrength.

V. Understand the tectonic framework and its significance in defining the evolution pattern

of the trough as well as its effect.

1.10 Thesis Summary
This research is orgam@d as follows and describes the various contents of each chapter.

Chapterone (1), which is this chapter, is the general introduction chapter that summarizes the
literature background for the study, the geography, the geological settings, the stratigraphy,

and structural settings as well as tectonic evolution models of the Beough. Remote
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sensing, gravity, and magnetlata setsvailable for the study and previous works done are
discussed. The chapter ends with a statement for the main #hwastiidy and the objectives
to achieethem and a summary of the structure ofttiesis.

Chaptertwo (2) describesprocess of suppressing the effect of vegetation and enhancing
multispectraldata setsor lithology mapping. It alsee-assessegdublishedgeology map and

compare with the lithology maghe techniques for processing and analysamgotesensing

data sets are well discussed. The chapter discusses the processes of mapping surface
lineamentdrom SRTM and Landsat dasets The result at the end of the chaeemayps of

geology andineamentsobtainedirom multispectral data sets

Chapterthree (3) describeprocedures foprocessing both gravity and magnetic data sets
especially lhe techniques for analysing magnetic data sets at or near the magnetic equator i.e.,
reduction to the equator and reduction to the pole. The chapter also discusses the processes of
residualregional separation of gravity and magnetata setsand mappingdf nearsurface
lineaments and geological bodies.

Chapterfour (4) beginswith the descrption of uncertainties involved irsurface/shallow
lineaments extraction and the processes of isolating teatelaked lineaments from nen
tectonic and notinear geological bodiesThe result at the end of the chapter is an updated
gedogical andstructural map of the Lower and Middle Benue Trough based on remote sensing,

gravity, and magnetidata sets

Chapterfive (5) presents method for mapping and modelling deep structures of the trough in
2- and 3dimensions. The techniques for basement lineament mapping and basement depth
estimates are discussétlalso involvesdiscusfons onthe uncertainties associated witeep
lineament extractionthe nature of the lineaments and geological bodied thetechnique
involved in the separation of tectonic and fieatonic lineament8asement and Moho depths

are calculatedusing 2D gravity/magnetic models across fquofiles. This chapter also
investigates and models3 density and magnetic susceptibility structures of the area. It
concludes by examining the crustal structure, the amount of crustal extemsiaihe rate of

extensiorestimatedn terms ofstretchingfactor.

Chaptersix (6) introduces isostasy and the methods for estimating the effective elastic
thickness of the lithospherehich is a proxy for understanding the letagm strength of the

lithosphere as it affects the trough. It also presents theoaheihvolved in the calculation of
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Curie depth, geothermal gradient, and heat flow. The cheptepareshe resultsof (spectral
and 3D inversiopmethods for estimatinGuriedepthandfinally relateshe Curie depth points
and the heat flowestimated using with the strength of the lithosphere as it affects the trough

isostasyequilibrium.

Chapterseven(7) discusseshe relationshipbetweengeologiclineamentgfaults and dykes)
and stressfields in understandingand predictingthe evolutionarypatternof the basinand
predicing the sourca of magmatidntrusions.The chapterthentriesto expresghe time span
of rifting andthe amount ofheat energyeeded to cause melting. Thasintectonicmodel
basedon fault kinematicsand its relationshipwith magmaticemplacements studied.The
chapterthen combines all resultsand proposes a tectonicmodelwhich is presentedn plan
view andin 2D depthslices.Finally, theimplicationof hydrocarbongo the studyis discussé.

Chaptereight (8) summarizes the mapointsobtained fronprevious chapterandgive main

conclusions from the studys well agecommendations suggested for future work
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CHAPTER TWO
REMOTE SENSING DATA SETS AND METHODS
2.1 Introduction

The area of study is part of the Benue Trough comprising of the Lower and Middle Benue
Trough. This chapterfocuses on the processes of mapgitigology and delineating surface
lineamentgrom remote sensindatasets The main targetareto updatehe knowledge othe
existing geologymapof the areaisingsatelliteremote sensingterpretationgnd map out the
structuresnecessaryto understand the tectonic processkat led to the current basin
morphology The dataetsused for the study aldSTER SRTM,Landsat 8

The first stage presenimethods of mapping lithology to infer the geology of the area. This
process involved applying and finding solutdo the main problem ahe vegetation cover

by the application of vegetation suppression technique. Colour composite, spectral band ratio
and principal component analyses (PCA) techniques were used to eslgradsof diagnostic
minerals related to geology. Spectral anglgpping (SAM) was used to classify the various
lithologies and their boundari@geremanually traced for geolagal mapconstruction Then,

a new geoloigal map based on existing maps and remote seirgi@igpretationvas generated.

The second step in this chapter presehe procedure for mapping surfageological
lineamentsDirectional andhon-directional filters were applied to SRTM and Land3alata
setsto enhance thespectral differences for bettlneamentextraction andgurfaceineament

interpretation

Finally, an updated gestructural map of the area is presented witHitteamentorientatiors
usedin analysng and understading the trough This chapter gives a cleargreliminary

understanding and providadasis fordeep structural mapping subsequenthaptes.

2.1.1 Remote sensingackground and methods

Remote sensing is the science of acquiring, processing, and interpreting images and data sets
from a distancethat measure the interaction between matter and electromagnetic energy
(Sabins, 1999)The principle of remote sensing depends on the measurement of EM energy.
The source of EM energy at the surface of the Earth is the sun, however, all matter with a
temperature abovabsolute zero (greater than 0 K) may radiate EM energy due to the

movement of the moleculéBakker et &, 2004) Sensorsneasure reflected sunlight, or the

60



amount of energy emitted by the earthds mat
particles called photons.

In the wave model, EM is characterized by the equation

= w fééeeéé (2

wis the speed of light (3.0 x 4@n/s), t is the frequency (cycles per second, Hz the

wavelength (m).

while the particle model is defined by the amount of energy of photon wavelength as

] weéeéeé (22
whered is the energy of a photon (isP| anckds ¢ ox@3% Jash andisthe 6 2 6 2
frequency (Hz).

The total range of wavelengths that is radia
electromagnetic spectrum (Fig.1) whose characteristics are measured by remote sensors
(Richards ad Jia, 2006) Remote sensing operates in several regions of the electromagnetic

spectrum
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Fig. 2. 1. Electromagnetic spectrum (after Bakker et al., 2004) The visible EM range is
what human eyescan capture but remote sensorsseebeyord this EM bands.
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Energy interaction with the Earthoés surface

materials gives information about the maleand characteristics of surface materiBkskker

et al., 2004Richards and Jia, 20Q6lhe energy that reaches such a surface isidatbdiance

while the energy reflected by the surface is radiance. The radiance from any specific material
is described by the reflectance curve which indicates the fraction of the incident radiation that
is reflected as a function of wavelength. Thedlectance curves are very specific for different
materials. The reflectance curves for materials can be measured in a laboratory or in the field
using a field spectrometer or by satellites sensors, and these curves can be compared with
typical curves in th spectral libraries. The spectral library is a large stores collection of spectral
curves(Kalinowski and Oliver, 200). The image capturedoy the sensa are processed and
storedin bandlayers. The wavelengths in these bands are representdiditad number

characterized by numerical values of betweé&r265 valuegYamaguchi and Naito, 2003)

2.2 Data processing of Landsat 8, ASTER and SRTM dataets

The Landsat SASTERand SRTMDEM data setsveredownloaded from NASA's LPDAAC
choosing imageryvith minimal cloud cover. Landsat 8 deploys OLI and TIRS for recording
spectral signature€ach scene acquired is composed of four visgigectral bands, three
near/shortwave infrared channels, two thermal bands, and a panchromatic dhhBnel
Geological Survey, 2019 able2.1). The ASTER scene is made up of three visible and one
nearinfrared bands, six shortwave infrareahlds, and fivéhermal infrared bands (Takel).

While ASTER is downloaded pigrocessed i.e. already corrected, calibrated, and registered
at-sensor radianceghe Landsat dataets were subjected to atmospheric correction in ENVI
software by dark pixedubtraction to remove the effects of atmospheric scattering and additive
radiance represented by negative and zero digital numbers, and therapaened to increase
their spatial low resolution of 30 m to high resolution of 15using panchromatic band 8
(Crippen and Blom, 2001; Yu et al., 2018 total of eleven and sevengight scenes of
Landsat 8 and ASTERata setsiespectivelywere individually layer stacked. In each case, a
single raster was seamlessly mosaiced, colour balanced with histogram matching, seamlessly
feathered for the entire area to smoothen,@idur scale differencesere eliminated using

ENVI software(Yu et al., 2011) making it suitable for further image analyses. The results
covering the areavere displayedas colour composites (Fig. 2.and 23). The processed
Landsat and ASTER data sets were employed for mapping geology of the studyhare=d

and greenpixels on the ASTER and Landsat data respectively show the presence and

distribution of vegetation cover within the area of study.
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The SRTM DEM is adigital elevation model acquired by the Shuttle Radar Topographic
Mission sensor with 30 m spatial resolution (1 A®cond) and was downloadetth voids

filled and pe-processeqRodriguez et al., 2013 the study, the&SRTM DEM shows high

and low elevations with the low elevations found within the trough signifgisgdimentary
environment while high elevations bound the trough in the north and east indicating basement
complexes (Fig. ). TheLandsat 8LI bands weréurthertransformed using PCA technique

PCA helped in segregating the noise components and reducing the correlation of the spectral
signatures of different materials thereby providing maximum spectral information in a single
colour combination imagéSolomon and Ghebreab, 2008hethreebestPCs(PC 1, PC 2,

and PC 3)which have thegreatestinformation for the areawere filtered for lineament
extraction. A ctour composite of PC 1, PC 2 and PC 3 enabled the successful extraction of
lineaments (Fig. 3). The SRTM DEM was preferred to the ASTER DEM because its data
features are more accurate in terrain mapping (Isioye and Yang, 2013; Forkiaathdis,

2012; Elkhrachy, 2018) he two processediata set¢SRTM andLandsat 8 CA) were used

to map lineaments of the study area.
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Table 2. 1: Sensorsand spectral band characteristic for ASTER and Landsat-8

(OLI/TIRS)
ASTER Landsat-8 (OLI/TIRS)
Band Wavelength (um) Resolution (m) Bands Wavelength (um) Resolution (m)

10Coastal DbadB68 01 45 30

20Visib|eOd.bdauzi 0. 5120

16VisiblleOgs2@inQd. 6006 30Visible. §B88efQ. 5980

20Visib|] e.r6e3d0i1 0. 69 05 40Visib|] e.r6e3c67 . 67 30

3N&dNIR| 0. 76071 (0. 8605 50 NI R 0.851i (0. 87890
3BONIR| 0.760171 0. 8616

80Panchrionab508i 0. 67 &5

90Cirrpsli. 3637 1. 38230

40SWIR| 1.6007 1. 7080 60SWI Rl 1.5661 1. 653230
56 SWI R 2.14571 2. 1880
60SWI R 2. 18571 2. 2280

70SWI Rl 2.23571 2. 2880 70SWIR|[ 2.1077i1 2. 29280
80SWIR| 2.2957 2. 3680
90SWIR| 2.36071 2. 438
100TI R 8. 1251i|8. 498k
116TIR| 8. 47571 8. 8280
128TI Rl 8.92571 9. 27890

138TI R/ 10. 2501 10. 990 1083TI Rl 10.607 11. 1190

140TI R 10. 407 1J2. 500 110TI R 11. 507 12. 5100
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N Band 3 (0.76-0.86)
9 Band 2 (0.63-0.69)
W Band 1 (0.52-0.60)

Fig. 2.2: A total of 7B ASTER scenegrocessedand mosaicednto a singleseamlessaster
to coverthe areaof study. A colour combination of Band 1 in blue, Band 2 in green,
and Band 3 in red where the red patchesrepresentvegetation
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Fig. 2. 3: ElevenhazereducedLandsat scenesnosaicedand combinedinto atrue colour

composite(TCC) with band 1 in blue, band 2 in green,and band 3 in redto coverthe
area of study.
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Fig. 2. 4: Shuttle Radar Topographic Mission (SRTM) of the study area showing low
elevations within the basin surrounded by high elevations indicative of exposed

basement.

Legend

* Major Town
i_JStudy Area
PCA
Bl Red: PC1
[ Green: PC2
N Blue: PC3

Fig. 2.5: Landsat 8 PCA colour composite(PC 1: R, PC 2: G, PC 3: B).
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2.3 Methods for geological mapping using remote sensing datgets

Geological mapping can be done using remote sensing which has the advantage of low cost,
regionalscale, angpeed, when compared to other mapping metf®olsd, 1987) Landsat 8

and ASTERdata setsvere used for mappinghologies at the surface the basin. These data
provide suitable spectral and spatial band coverage and integrating the tvgetdgiees a

more robust result than usiegher one of thenzhang et al., 201&our et al., 2017)

The methodology is designed to effectivelifferentiatethe varyingspectral information
related tahegeologyof the aredFig. 26). Theapproachnvolved first reducing the influence
of vegetationcover on thedata setvy maskng andsuppression. The result is added to the
unmasked rasteo form theprocessedastermap of the areaColour composite, spectral band
ratioing, and principal compont analyses (PCAyerethenused to discriminate different

mineral components that act as end members for further image classification.

2.3.1Masking and vegetationsuppression

The presence ofegetation coverncts as a strong barrjedamping the effective record of
radiance byemotesensorsThe normalized difference vegetation index (NDVI) estimate was
used to calculate and understand gpatial amounbf vegetationin the aregGrebby et al.,
2014) NDVI is obtained by subtracting the red reflectance (R) values from the nearadfra
(NIR) and then dividing the result by the sum of the fieftared and the red ban¥u et al.,
2011) The NDVI is given by.

"EWE TEENN] EENAN ééé .é.(2.3)
The values of NDVI in the Landsat and ASTER data were estimated using ENVI software to
fall between-1 and 0 but were linearly rescaled and presented in integer values in the range of
0- 255 Theminimum value of O isepresented bgtark patches signifyinghe nonvegetated
part of the areavhile the highest value of 258 indicated bywhite patcheshowing the
presence ofegetatioAppendk Al). The NDVI results for the twdata setshow an increase
in vegetation in the southern part of the study akaaask data range was built such that two
threshold rangewereobtained from the vegetation index calculation after rescalingrthge
to valuesbetween 0 and 25%¢., 0-244 and 245255-pixel values for vegetation and ron
vegetation covers, respectively. The threshold range value24t Gereapplied to mask out
area lacking vegetation cover aimed at preserving the original spectral infomudtthe area

while the value range 24%5pixel valueswereused to mask out areas of vegetation cover
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(Crippen and Blom, 2001Yu et al., 2011 Yao et al.,, 2017)The process ofregetation
suppressionvasapplied to the vegetated masked raggngtheforced invariance methadd
ENVI that subdues the expression of vegetation andneekahe expression of underlying
lithology (Crippen and Blom, 2001Y his techniquguantiied, segregatedind suppressdte
spectral contributionffom thevegetation.The sugressed vegetation was thadded tahe
unsuppressed raster for further analy$egs. 27 and 28).
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Fig. 2. 6: Methodology for mapping lithology using Landsat 8 and ASTER
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* Major Town
I.="JLower and Middle benue Trough
ASTER Vegetation Suppressed
RGB
B Band 3 (0.76-0.86)
[ Band 2 (0.63-0.69)
N Band 1 (0.52-0.60)

Fig. 2. 7. ASTER vegetationsuppressednap where the red patches(seenin fig. 2.1) that
representvegetationhavebeenreduced.

%

&

'-3:“.‘9“ Afikpo o ~ | « Major Town

X : ,; |Cil.owor and Middle Benue Trough
Vegetation Suppressed TCC
RGB
. Band 4 (0.636-0.673)
I Band 3 (0.533-0.590)
W Band 2 (0.452-0.512)

Fig. 2. 8: Vegetationsuppressedtrue colour composite(TCC). The amount of vegetation
in green(seenin fig. 2.2) hasbeengrossly suppressedafter mask addition.
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2.3.2 Band composite

Band composite provides a method of detecting lithological and hydrothermal alteration units
and can be obtained by combining three bands or ratio images in red, green, and blue colours
(Sabins, 19997 estaet al., 2018) ASTER and Landsatata setsisually have several bands

with varying wavelengths and the processes of combining the bands to form the best possible
colour composite for interpretations maytbmee-consumingand difficult. However, the OIF

has been employed in most instances to carry out such combinations for easy lithology
detectionThe OIF is a statistical value that is aimed at quantitatively identifying the best three
band combinations with the highegtectrainformation(Chavez et al., 198jlokhtari et al.,

2015) Normally, an expected number of combinations can be determined by using the formula.

AE

Where0 is the total number of bands in a scene anédémh combination of three bands, the

OIF is calculated as:

T
Wherg H § are the standard deviations difjital numbers obandsQ§(respectively

andT f hr 5 hr  are the correlational coefficiestf bands & j, i & k, j & krespectively.

OIF values for the ASTER and Landsdiands werestimated, anthe six highest OIF index
values each are presented (Tabl®). TheVNIR and SWIR were used in the OIF estimations.
Landsat band 1 was not involved in the calculation duiststrongpropensity to detect
aerosol/cloud covewmyhich, would give high variance during calculations awmay result in

a wrong estimation. Based on the OIF calculation, the combinations with the highest OIF
values are bands 3, dnd 8 (RGB); and 2, 5 and 7 (RGB)tie ASTER and Landsat images,
respectively. Howver, other ranked Ol#alueswere tested and compared with the chosen
band compositesThe best colour composite shows more clearly iron/wagaring minera

(Figs. 29 and 210).

The VNIR bands will detect naturally occurring featuséth iron, water and OH bearing group
minerals while SWIR tergto capture mostly clay mineraldunt, 1977) ASTER SWIR band

8 image highlights clay minerals and alunite due to distinctive mineral absorption features with
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minimum reflectance while band 3 has higher reflectance for the miri@aaiset al., 2018)
The ASTERcolour composite-8-4 (RGB)in fig. 29 (a) shows areas witHight to deepgreen
coloursthat may signify thegresence of clay mineral&ASTER TIRis responsive to heat
signature andanalsobe combined asfalse colour composite i3, 12, 10 as RGBAppendix
A2). The colour composite shows highly correlated pixels, and this can be resolved by
decorrelation stretchingKalinowski and Oliver, 2004) Fig. 29 (b) showsthe ASTER
decorrelation stretch of colour compositgh quartz minerahighlighted in different parts of
the mapas red colourLandsat band 7 imagaso shows absorption bglay minerals with
minimalreflectancewhile theirreflectance is high on banqSultan et al., 198Babins, 1999;
Jain et al., 2018)The #5-2 (RGB) Landsat &olour compositen fig. 2.10 show areass
magentacolour stains that ardagnostic forclay minerals and alunit&@he colour composite
from the area shosvthe spatial variation in hydrothermally altered minerétsostly clay
minerals)in light-deep green in ASTER and Magenta colour in Lan8sdtheseintensely
alteredminerals(dark greerand magenjaare concentrated within the sedimentary aned
aroundthe fringes of basement rackHowever, this method of mapping lithology has not
helped indifferentiatingthe various types of clay minesaswell as theron-bearing and OH

group minerals.
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Table 2. 2: OIF ranking

OIF Ranking 1 2 3 4 5 6

ASTER Band 3,4,8| 1,3,8|2,3,8|1,3,4| 2,3,4| 1,4,8

OIF Value 92.79 | 92.57 | 92.06 | 91.09 | 90.84 | 88.99

Landsat8Band | 2,5,7| 2,5,6| 2,45 | 3,5,7| 2,6,7| 3,5,6

OIF Value 107.57| 106.79| 103.62| 102.13| 101.58| 100.84
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Legend

* Major Town
= ILower and Middie benue Trough
ASTER Band Combination

Legend

Fig. 2. 9: ASTER false colour composite(a) Best SWIR bandsin 3, 8, 4 (RGB) showing
main hydrothermally altered zonesin dark and light green colour (b) Decorrelation
stretched TIR in 13,12, 10 (RGB) showingthe presenceof quartz minerals in red
colour.
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* Major Town
L"5Lower and Middle Benue Trough
Landsat Band Combination
RGB

| M Band 7
£ IBand §
| M Band 2

-

Fig. 2. 10: Best Landsat 8 colour compositein 7, 5, 2 (RGB) showing clay minerals in
magentacolour stains
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2.3.3Principal Component Analyses

The PCAIs alinear transformation process that adjusts the variance in a multispectral band
image into a new set of uncorrelated linear combinatiRehards and Jia, 2006)
Multispectral data are normally highly correlated and the PCA transformation produces
uncorrelated output bands suitable for lithatadjboundary mappindr his statistical method

is employed to subdue the effects of irradiance dominating all lzarttsnhance the spectral
reflectancaelated to surface materials such as rocks, soils, and vegetation, hence, improving
theappearance ajeologicalfeaturegLoughlin, 1991 Testa et al., 2018PCsare products of

PCA that contain the target spectral informati@btained byconsidering the highest
eigenvector loadings from timeultispectrabands, coincidingviththet ar get 6 s most di
features(Loughlin, 1991;C Ro st a e tThisektabliskesth® @latipnship betweeime
spectral response of target mé&tls and numeric values frothe PCA eigenvector matriand

this has been used to map iron oxated hydroxidein soils related to geology CRo st a et
2003) The technique is called FPor C R o sethiaique It helps inselectivelymapping
hydrothermal minerals moreffectively (Loughlin, 1991;CRo st a e tTestalt.al.,, 200 3
2018) FPCS depends on understanding the relationship bettheespectral signature from
specific materials and the PCimage€ Ro s t a elh thisitéchnjque 2utl @36, the PCA

of four bandswvere analysedsuch that one mineral type such as ioxide is avoided while
hydroxytbearing mineralaredetected in the SWIR if only one input band is from the visible
spectrum. Also, to detect iresxide minerals in the VNIR spectrum, one band from the SWIR

is used while the remaining three bands are used from the VNIR spdtivughlin, 1991)

The FPCStechniquewas applied to the.andsat and ASTER dat®m examine the PCA
eigenvetor weightingto predict which of the principal component images will cormabat

information directly associataslith hydrothermal minerals of the area

2.3.3.1Landsat data

The FPCS method was applied on bands 2, &né 7 and 2, 4, 5, and t mapthe possible
presence ofiydroxyl and iron oxide mineralsespectivelyBand 2 can also be substituted by
bands 3 and 4f the VNIR and bandg, 8 and 9 for band @uring the analyse@d.oughlin,
1991) The PCtransformation fodetecting hydroxyl minerals with bangés5, 6, and7 show
four PCs(Table 2.3). PC1representdrightness or albedo evehough it has the highest
eigenvalues (98.8%), PC2 dabes more of theontrast beteen nfrared and visibldands
while PC3 cald have som@amountsof vegetatiorthat have not been completely suppressed

Hydroxyl-bearing mineralgsredetected in PCdsrepresented bglark pixelsnegative values
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(AppendixA 3a). Theanomalousoncentration of the image was enhanceddgulating the
negative of the image to highlight dinpxyl minerals(Fig. 2.11). This shows thehydroxyl
mineral concentratiorepresented by therightestpixel value Three distinct area have been
density sliced with different colours to mark areasigh hydroxylmineralsconcentrations
with lithology boundary identified and delineatad well(Fig. 2.12). The boundaies were
obtainedby tracingedges oflithologiesthat showdistinct visualdifferences in contaavith

another lithology.

ThePCstransformation on Landsatfnds?, 4, 5, and 6 of the area (TaRl&) show thaPC1
has the highest eigenvalo€98.8% dominatedoy brightness or albedevhile PC2 desibes
more components ofhe infrared and visiblespectrum. Vegetation pixels that have nagérbe
successfully supressed arevidentin PC3 However,iron-oxide is presentedn PC4as dark
pixels (AppendixA 3b). The amount ofrion-oxide was observed when the negative of PC4
wascalculatedso thathe brightest pixels show the amount of imxde (Fig.2.13). Fig. 2.14
shows density sliced portions die iron-oxide imags that tend to describe the lithology
boundarytoo. Theredcircularpolygonhighlighted in the figure in pinkay beavolcanic rock

that ha been altered ancbntainsa considerable amount @Pbn oxide.

Hydroxyl-containing minerals are found to spread all over the area mostlin il basin
while the spread of iron oxide is mostly found around the basement areas witbgesis in
the basin.The ability of Landsat 8to mapaltered minens is limited to just two SWIR
wavelengths i.e., bands 6 and(Zhang et al., 2016)
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Table 2. 3: Principal ComponentAnalysis for Hydroxyl -bearing and iron-oxide bearing

mineral mapping

Principal component analyses for Hydroxyl mapping

Eigenvectors| Band 2 Band 5 Band 6 Band 7 | Eigenvalues (%)
PC1 0.999 0.002 -0.014 0.030 91.498
PC2 0.006 -0.980 0.197 -0.019 4.320
PC3 0.014 0.198 0.980 -0.014 3.880
PC4 0.029 0.016 -0.018 -0.999 0.302

Principal component analyses for Iron oxide mapping

Eigenvectors| Band 2 Band 4 Band 5 Band 6 | Eigenvalues (%)
PC1 0.999 -0.004 0.018 -0.032 91.907
PC2 -0.005 -0.998 0.068 -0.006 4.597
PC3 0.019 -0.069 -0.996 0.050 2.669
PC4 -0.031 0.002 -0.051 -0.998 0.828
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Fig. 2. 11: Negatedprincipal component4 for bands2, 5, 6 and 7 (Hydroxyl image). The
bright zonesrepresent areas with anomalous concentrations of hydroxyl-bearing
minerals.

Legend
A4 @ Major Town
Hydroxy! Mineral

PC4
High : 265
Low:0

Fig. 2. 12: Brightest pixels have been colour density sliced to highlight areas of high
concentration of the hydroxyl-bearing minerals with some lithology boundaries
delineated
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—_Lower and Middle Benue Trough
PC4 (Negatad)
High : 255

Fig. 2.13 Iron -oxideimagewherethe brightest pixels marks iron-oxide bearing minerals
(calculatedfrom the negationof PC4)

Fig. 2. 14: Iron -oxide image density slices where the brightest pixels mark iron-oxide
bearing minerals. Lithology boundariesare delineatedwithin the area.
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2.3.3.2ASTER SWIR data sets

ASTERSWIR bands help in discriminating and identifying surface vegetation and
hydrothermal alteration minerals better than Landsat dAeSdl' E Rrb6asl wavelength range
(Ninomiya & al., 2005;Pour and Hashim, 2011; Hewson et al., 20T%)s dataset is limited
though by crossalking, which is a situation where stray light from other bands leaks into
nearby bands as additive noise signals making interpretation diffiteNtson et al., 2015)
The PCA transformation is designed to eradicate such prebdmER with six SWIR bands
can discriminate and identify mineral assemblagesh asphyllosilicates, sulphates, and
carbonates, which have diagnostic spectral signatures or smectrai(CRost a et al
Ninomiya, 2004)Bands 4 and 2 can batioed to enhance the display of gosdaon(sulphide
mineral deposs) formed due to the oxidation or alteration of iron sulphi@¢swson et al.,
2001, 2004a; Volesky et al., 2003; Rowan and Mars, 2808)at the saménte, techniques

such as FPCS can be applied to give a more robust discrimination result.

FPCS was applied to ASTER VNIR and SWIR babgiselectively analysing and examining

PCA eigenvector loadings to predict which of the principal component imagesmgkistrate
information directly associated with mineral occurrence within the(aceaghlin, 1991Testa

et al., 2018) The wavelength ranges selected for the analyses are diagnostic due to the
characteristics of specific alteration mineral end members such ag @520, 0.7600.860,
1.6001.700, 2.1452.185, 2.18b 2.225, and 2.23%.285 for bands 1, 3, 4, 5, 6, and 7
respectively (Fig. 45). Fig. 215 shows high reflectance for the VNIR bairel, low spectral
absorbance while as the wavelengths increase to the SWIR bands, the percentage of
electromagnetic spectrum absorbed increases making it suitable for the measurement of
alteration minerals like alunite, illite, kaolinite, smectitsdroxyl minerals such as kaolinite

and alunite have absorption at ASTER SWIR bands 5 afNin®dmiya, 2004;Testa et al.,

2018) Alunite is a sulphate hydroxyl bearing mineral with a unique shargtrapéeature
absorption at band ASTER band combinations (1, 3, 5, 7); (1, 3, 5, 6) and (1, 4, 6, 7) have
been used to identify diagnostic spectral responses for alunite, illite, and kaolinite minerals
respectivelf CRosta et al ., 2003)

The PC produced from 1, 3, 5, and 7 estimation contains the expected spectral information for
alunite. The eigenvector statistics show high reflectance in band 1 (0.999) and band 7 (1.00),
andhigh absorbance in bands 3 and 5 (Table 2.4). PC 3 has a high and negative loading from

band 5 {0.999) which indicates that the pixels likely to contain alunite are represented by low
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(dark) DN values (AppendiA 4a). This was visualized by multiplyingl @lixels with-1 (or
simply negated) so that the dark pixels for alunite are displayed as bright pixels in the image
(Fig. 216). Raster colour slice has been used to identify the areas that alunite is found

The analyses of bands 1, 3, 5, and 6 for PCA simosigenvector that highlighted the presence
of illite. There is high reflectance in band 1 and high absorbance in bands 3, 5 and @%Fig. 2.
Thus, the PCA analyses show the amount of illite from bara&l% and as such PCs 3 and 4
have high eigenvectspf 0.9996 and 0.999%espectively (Table 2.4). PC 3 displays the most
possible abundance of illite due to combined amounts of bands 5 a@6q and 0.0044,
respectively) while PC 4 shovesreducedamount in band 5. PC 3 discriminates illite better
than the other PCs (Fig.1Z).

The calculated PCA selected bands 1, 4, 6, 7 shows high reflectance values in ASTER bands 4
and 7, and high absorbance 1 and 6 powerfully in bands 1 and 6 (Bg.v#hile the PCA
eigenvector statistics of these bands (Table 2.4) indicate that PGighasd negative loading
valuesfor band 6 {0.9987%. This shows that pixels likely to contain kaolinite are observed by

low and dark digital number values (Appendi# b), and visualized as bright pixel values, the
whole image wasdditively invertedoy multiplying with-1. The kaolinite abundance image

was then displayed as bright pixels as green in colour density slice (Ey. 2.

A colour density slice composite@ws the abundance for alunite, illite, and kaolinite and their
spatial distributions within the area (Figl9). Alunite has been detected mostly along the

river channels while illite is mapped in the southern part.
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Fig. 2. 15 Spectrallibrary showingthe three diagnosticalteration minerals of Kaolinite,
lllite and Alunite, and their percentagereflectanceand absorbance(After CR o ®tt a
al., 2003)
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Table 2. 4: Eigenvector statistics for ASTER bands for mapping alteration minerals.
Highlighted valueswere usedto identify spectral response from alunite, illite and

kaolinite.
Alunite
Eigenvector| Band 1 Band 3| Band5| Band 7| Eigenvalue (%)
PC1 0.9990 | -0.0393 | 0.0234 | -0.0013 93.0250
PC 2 -0.0396 | -0.9991 | 0.0131 | -0.0023 4.1189
PC3 0.0229 | -0.0140 | -0.9996 | 0.0072 2.2184
PC4 0.0011 | -0.0022 | 0.0072 | 1.0000 0.6376
lllite
Eigenvector| Band 1 Band 3| Band5| Band 6| Eigenvalue (%)
PC1 -0.9985 | 0.0481 | -0.0247 | -0.0123 93.3876
PC 2 0.0486 0.9987 | -0.0153 | -0.0079 4.0008
PC 3 -0.0240 | 0.0165 | 0.9996 | 0.0044 2.2165
PC 4 -0.0118 | 0.0084 | -0.0048 | 0.9999 0.3950
Kaolinite
Eigenvector| Band 1 Band4| Band 6| Band 7| Eigenvalue (%)
PC1 -0.9982 | 0.0531 | 0.0269 | -0.0047 95.9337
PC 2 0.0533 0.9985 | 0.0053 | -0.0087 2.6858
PC3 -0.0264 | 0.0063 | -0.9987 | -0.0432 0.9574
PC 4 -0.0054 | 0.0092 | -0.0430 | 0.9990 0.4231
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Fig. 2. 16: Alunite mineral abundancecolour density slicedfrom ASTER bands1, 3,5, 7

Fig. 2. 17: Raster colour sliceshowingillite mineral stainsfrom ASTER bandsl, 3,5, 6
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