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ABSTRACT 

The Benue trough is a rift-related 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 with gravity and magnetic data 

sets has been presented in this research. A new geology map was constructed for the area from 

the existing literature map and remote sensing data sets. Surface to near-surface/shallow 

lineaments and other non-linear geological bodies were mapped from remote sensing, residual 

gravity, and magnetic data sets while deep lineaments interpreted as basement lineaments were 

mapped from regional gravity and magnetic data sets. The study isolated tectonic-related 

lineaments (faults/fractures/shear zones) from non-tectonic (dykes and lithological contacts) 

and non-linear geological bodies (sills, volcanic rocks, plugs, etc.). The tectonic-related 

lineaments were interpreted as faults and grouped into four major types based on their 

orientations: the NE-SW, NW-SE, ENE-WSW, and N-S trending normal faults. This study 

interpreted two main tectonic regimes in the area; the extensional and the compression events. 

The extensional regime involved the formation of the NE-SW, ENE-WSW, NW-SE, and N-S 

trending normal faults during the Early Aptian (142 Ma), Late Aptian (120 Ma), the Albian 

Age (119-101 Ma), and the Maastrichtian (65 Ma) when the regional maximum extensional 

stress fields acted in NNW-SSE, N-S, NE-SW, and ENE-WSW extensional directions, 

respectively. 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 deformation of pre-existing sediments 

which produced several sub-basin, uplifted block, folds, etc.  

The basement is estimated to have a maximum depth of 9 km and a shallowest depth estimate 

of 4 km within the basin based on the pseudo-gravity inversion method, and its morphology 

revealed several areas of basement subsidence and uplift. Four 2D gravity and magnetic model 

profiles were generated in the NW-SE trend direction and three major subsurface depth 

interfaces were identified as basement, Curie, and Moho depth interfaces with an average 

maximum depth of 9.65 km and minimum average depths of 12.50 km and 19.02 km, 

respectively, measured from topography surface. The model showed deepening of the trough 

to a maximum depth of about 10 km and shallowing of Moho to a depth of about 19 km, which 

generally indicated a thinned crust and Moho doming beneath the trough. The study also 

modelled a 3-D variation in density and susceptibility contrasts across the basin and obtained 

Moho interface from gravity data sets and areas of magmatic intrusions from magnetic data 
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sets. The spatial distribution of the Moho interface was modelled and combined with the 3-D 

depth estimate from the pseudo-gravity inversion method to reveal the crustal structure for the 

whole trough. The crust is thinned to about 14 km in the northern part of the area while the 

crust thinned to about 9 km in the south especially at the centre of the trough. This has 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 trough a 

óscissors styleô extensional opening while the rate of extension determined from stretching 

factor estimation increases from the Middle Benue Trough to the Lower Benue Trough. The 

lithosphere (the crust and upper mantle) analysed from the spectral technique has been 

interpreted to be stronger in the Middle Benue Trough with an average Ὕ value of 15 km than 

the Lower Benue Trough with an average Ὕ value of 10 km where Ὕ  acts as a proxy for the 

lithosphere strength. The thermal structure predicted from power spectrum and three-

dimensional magnetic inversion techniques have been interpreted to influence the long-term 

strength of the lithosphere as well in this study. This research has further shown that the 

strength of the lithosphere and the Curie depth with values ranging between 5 km and 32 km, 

are directly related i.e., areas with high values of Ὕȟ are correlated with areas of high Curie 

depth values even if the area is too small to map spatial variation of Ὕ . This study also showed 

that a mantle temperature of 1400  between Aptian and Albian times (125-100 Ma i.e., 25 

Ma) produces about 9 km of magma melts from the lithosphere to be emplaced within the 

trough.  
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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 subsurface. It is very common to find 

researchers applying seismic, gravity, and/or magnetic techniques for basin structural and 

tectonic studies (Mohriak et al., 1995; Stanton et al., 2016; Ali et al., 2017;  Harkin et al., 2020). 

However, in situations where seismic data sets are unavailable, good gravity and magnetic data 

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 al., 

2015). The advent of remote sensing techniques has broadened and improved understanding of 

basin structures and tectonics on local and regional scales. Several scientists have utilized 

remote sensing data for mapping surface geology and structures (Bhagat and Verma, 2006; Shi 

et al., 2012; Paranhos Filho et al., 2013). In the absence of seismic data, the integration of 

remote sensing with gravity and magnetic data sets has 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 Hamra, and the Sirt basins in Libya, the Pedirka Basin in Australia, 

the Muglad and the Melut basins of South Sudan, etc.,  (Boud, 1987; Saadi et al., 2008; Bishop, 

2013; King et al., 2013; Azizi and Saibi, 2015; Chowdari et al., 2017).  

The Benue Trough is an extensional basin filled with about 6 km of Cretaceous rocks and 

bordered on either side by a crystalline Basement located in the western part of Africa 

(Ofoegbu, 1985; Ajayi and Ajakaiye, 1981; Akande et al., 2012). Cenozoic volcanic rocks are 

found within and on the sediments (Fitton, 1980; Benkhelil, 1989). The trough is divided into 

the Lower, Middle, and Upper parts (Obaje, 2009; Akande et al., 2012; Fig. 1.1). The Upper 

Benue part is well studied due to the ease of finding well-exposed rock outcrops while the 

Lower and the Middle parts are characterized by flat undulating topography and fewer outcrops 

and hence are more challenging in geological and structural studies. The Lower and Middle 

Benue Trough has most of its stratigraphy deformed and covered within thick sediments and 

vegetation. The evidence of these episodes of deformation is rarely observed at the surface or 

mapped at the subsurface. However, this challenge presents an opportunity for this study, thus, 

an integrated approach of remote sensing with high resolution aeromagnetic and ground gravity 

data sets are used to proffer solutions to the challenges above. The remote sensing data were 
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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 Nigeria (Fig. 1.2). It is an 

elongated trough that is about 800 km long and 150 km wide, stretching out from the South to 

the North in an NEïSW direction (Ofoegbu, 1985; Obaje, 2009; Akande et al., 2012). It is 

filled with Cretaceous rocks whose ages range from 113 Ma to 65 Ma (Ajayi and Ajakaiye, 

1981; Ofoegbu, 1982;  Obaje, 2009) and with the intrusion of some Cenozoic volcanic rocks 

(Fitton, 1980; Benkhelil, 1989). The trough is bordered by four main high topographic 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 sediments. The trough is to its southern and northern limits bordered by the Niger 

Delta and Chad basins, respectively (Abubakar, 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 topography due to the presence of 

volcanic plugs and outcrops of deformed sandstones (Benkhelil, 1989).  
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Fig. 1. 1: General geological map of Nigeria. Location of Nigeria (in red polygon-left) and Lower and Middle Benue Trough (in green 

polygon) (modified after Onuoha, 1999). Upper Benue Trough is composed of Gongola and Yola troughs. 
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Fig. 1. 2: Political map of Nigeria showing the Benue Trough 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. 
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1.3 Geological setting of the Benue Trough  

The geological setting of the Benue Trough has been reviewed by several authors (Ofoegbu, 

1985; Benkhelil, 1989; Obaje, 2009; Akande et al., 2012). It is generally composed of an 

underlying Precambrian Basement Complex and overlying Cretaceous sedimentary rocks with 

several intra-sedimentary intrusive rocks. The Precambrian Basement Complex is composed 

of two rock series; the less metamorphosed series is made up of mainly gneisses, schists, and 

quartzites, and the highly metamorphosed series of banded and contorted gneisses (Cratchley 

and Jones, 1965; Ofoegbu, 1985; Benkhelil, 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 granites while the younger intrusive types (Younger Granites) are 

made up of granites, pegmatites, diorites, dolerites, and syenites with numerous associated 

dyke-like bodies (Wright, 1968). The Cretaceous sedimentary 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 sub-plates 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 stress-field 

(Delaney and Gartner, 1997; Fossen, 2010; Min and Hou, 2019). The trans-tensional regime of 

Equatorial Atlantic formed as a series of large pull-apart basins bounded by rifted and 

transform segments leading to the creation of large intercontinental basins in West Africa such 

as the Benue Trough during the Aptian ï 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 developing the 

basin structures at different times during the evolution of the basin (Figs. 1.4). 

1.4 The structural setting and stratigraphy of the Benue Trough 

1.4.1 Structural setting  

The Benue Trough is a rifted basin that trends in a major NE-SW direction. Several tectonic 

activities have led to the development of the structural features within the trough (Nwachukwu, 

1972; Agagu and Adighije, 1983) and these occurred mainly during Cenomanian, Santonian, 

Post Maastrichtian and Palaeocene tectonism (Olade, 1975; Ofoegbu, 1985; Fairhead et al., 
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2013). Multiple phases of deformation have been identified (i.e., extensional and 

compressional phases) in carving the geometry as well as the orientation of the trough 

(Fairhead, 1988; Fairhead et al., 2013). Some of the structures prominent are sub-basins, 

uplifts, ridges, volcanic rocks, etc.  

The Upper Benue Trough is characterized by structural features like the Kaltungo inlier, the 

Zambuk and Gombe ridge, the Yola, and Gombe sub-basins, and the Lamurde anticline 

(Benkhelil, 1989) while in the Lower and Middle Benue Trough, there is evidence of faulting 

and compressive folding in general NE-SW, N-S, NW-SE, and ENE-WSW directions with 

several structures observed by field work, gravity, and magnetic methods (Cratchley and Jones, 

1965; Agagu and Adighije, 1983; Ofoegbu, 1985; Anudu et al., 2014). Folding, some faulting 

and upliftment of the basement leading 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 tectonism (Agagu and Adighije, 1983; Benkhelil, 1989; Akande 

et al., 2012). Post-Santonian sediments have been shown not to be affected by these Santonian 

tectonic activities (Cratchley and Jones, 1965; Ofoegbu, 1985; Obaje, 2009; Fatoye and 

Gideon, 2013).  

Intrusive rocks were emplaced within the trough from Mesozoic to Cenozoic times (Ofoegbu, 

1985; Coulon et al., 1996; Fig. 1.4). There are three (3) magmatic activities recognized based 

on Argon age dating: Early to Middle Cretaceous (147-106 Ma), Late Cretaceous (97-81 Ma), 

and Palaeocene-Eocene (68-49 Ma). The northern volcanic intrusions are older than those in 

the south i.e., the dykes in the south are probably 68-49 Ma (Coulon et al., 1996). The igneous 

intrusions are predominantly basaltic composed of tholeiitic and alkaline basalts while very 

few are acidic (Benkhelil, 1987; Ekwueme, 1994; Coulon et al., 1996).  Most of the igneous 

intrusions are in the form of sills, dykes, bosses, plugs, etc., and are found within or across 

folded/unfolded sedimentary rocks indicating that they post-date the deposition of the 

sediments they cut (Cratchley and Jones, 1965; Wright, 1968; Ofoegbu, 1982). The sills are 

mostly dolerites while the dykes trend in NE-SW and NW-SE directions (Anudu et al., 2014; 

Ofoegbu, 1985).  

1.4.2 Stratigraphy  

The trough is divided into the Lower, Middle, and Upper structural and sedimentary domains 

(Benkhelil et al., 1998; Obaje, 2009; Akande et al., 2012, Figs. 1.4). 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 Trough (Cratchley and Jones, 1965), but this study, however, 

focuses on the Lower and the Middle parts of the trough.  

1.4.2.1 Upper Benue Trough 

The Upper Benue Trough is sub-divided into two parts; the Gongola and the Yola Arms 

trending in NNE-SSW and ENE-WSW directions, respectively (Obaje, 2009). The Bima 

sandstone is 113 Ma which overlies the Precambrian Basement Complex and is composed of 

sandstones, intercalated with carbonaceous clays, siltstones, shales, and mudstones. The Yolde 

formation is 100 Ma in age and lies conformably on the Bima sandstones. It was deposited 

within a transitional marine environment and is composed of sandstones, limestones, claystone, 

clays, and shales. The Pindiga formation is found overlying the Yolde formation and is 

composed of dark carbonaceous shales with limestones and intercalation of pale-coloured 

limestones, shales, and minor sandstones. Pindiga formation is marine and 86 Ma in age. The 

Gombe sandstone lies over the Pindiga formation and was deposited in the post-folding period. 

It is aged 72 Ma and composed of intercalations of coal, lignite, and shale. The youngest 

formation in the Upper Benue Trough is the Kerri-Kerri formation which is 66 Ma and 

composed of whitish-grey sandstones, siltstones, and claystone (Fig. 1.4). 

1.4.2.2 Lower and Middle Benue Trough 

The Lower and the Middle part of the Benue Trough is composed of mainly the Asu River 

Group, the Eze-Aku Formation, Makurdi sandstone, Keana-Awe, and Awgu Formations, 

which were deposited between 113 Ma and 90 Ma (Cratchley and Jones, 1965; Nwachukwu, 

1972; Ofoegbu, 1985; Obaje, 2009; Akande et al., 2012; Fig. 1.4). 

Sedimentation in the area started in 113 Ma with the deposition of the Asu River Group (Middle 

Albian to Late Albian age) that is composed of the basal sandstones, dark shales, siltstones, 

fine-grained sandstones, and limestones in the southern and central part of the trough  

(Cratchley and Jones, 1965; Nwachukwu, 1972; Ofoegbu, 1985) while its lateral equivalent in 

Upper Benue Trough is the Albian Bima Formation which lies unconformably on the 

Precambrian Basement (Obaje, 2009). This is overlain by the 100 Ma - 93 Ma formations. In 

the south are the Ezeaku Formation with its lateral equivalent of the Konshisha River Group in 

the Gboko area, Makurdi sandstone at Makurdi-Oturkpo area, and Keana/Awe Formations in 

the Keana area, all within the Middle part of the trough (Nwachukwu, 1972; Offodile, 1976; 
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Ofoegbu, 1985; Obaje, 2009). They generally consist of hard grey and black calcareous shales, 

shelly limestone, and siltstone. In the northern part is the Yolde Formation composed of 

sandstones, limestones, shales, clays, and claystone (Benkhelil, 1989; Obaje, 2009). Overlying 

the formation is the Awgu Formation (94 Ma - 86 Ma) 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 formation (Ofoegbu, 1985; Obaje, 2009; 

Akande et al., 2012). The earlier deposited sediments were folded, faulted, and uplifted to form 

structures like the Abakaliki anticline, the Anambra Basin, Afikpo synclines, the Keana 

anticline, and Awe syncline, during a period of Santonian tectonism (Agagu and Adighije, 

1983; Benkhelil, 1989; Akande et al., 2012). The 83 Ma - 72 Ma sediments or the post-

Santonian sediments overlie the Awgu formation. They include the Lafia Formation in the 

Middle part of the trough (Cratchley and Jones, 1965; Ofoegbu, 1985a; Obaje, 2009) while in 

the south, are the Asata/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 grade laterally to sandstones of the Afikpo sandstones. The sandstones, shales, siltstones, 

and mudstones and the inter-bedded coal seams of the deltaic Mamu Formation is 72 Ma and 

overlies the Asata/Npkoro shales. 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 of coal (Ofoegbu, 1985; Fatoye and Gideon, 

2013). A sequence of shales with sandstone intercalations forms the Imo Shale which is 66 Ma 

and overlying it into the Niger Delta is the Ameki formation and the Ogwashi-Asaba 

Formation.  
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Fig. 1. 3: Structural  setting and location of the study area (a) Cretaceous intracontinental  deformation zones and cratons in Africa  (after 

Pérez-Diaz and Eagles, 2014). BT: Benue Trough;  CARZ:  Central African  Shear Zone; EARS: East African  Rift  System; and WARS: 

West African  Rift  System. (b) Tectonic reconstitution activities showing the position of the study area between West African  and 

Congolese Cratons during the Aptian  and Albian times (after Benkhelil, 1989). 
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Fig. 1. 4: A generalized geology of Benue Trough with  a simplified stratigraphic  succession. The spatial distribution  of intrusive rocks 

(volcanic rocks, dykes, and plugs) is also shown. The four  (4) major  principal  stresses that affected the area over time have been 

identified. The Upper Benue Trough (North)  is bordered by the Bornu Basin while the Lower Benue Trough is by the Niger Delta 

Basin (South) (modified after Olade, 1975; Guiraud et al., 1989; Najime, 2011).  
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1.5 Background for rifting hypotheses for the Benue Trough 

The debate about the evolution of the Benue Trough due to either mantle plume-related or plate 

tectonic rifting hypotheses has been on for many years without definitive and tangible 

agreement. However, this study will apply the knowledge gained from remote sensing, gravity, 

and magnetic data sets analyses to attempt to highlight and give a more robust explanation to 

the evolution of the Benue Trough. Many authors concluded that the Benue Trough originated 

from a series of repeated tectonic activities (Nwachukwu, 1972; Wright, 1976; Fitton, 1980; 

Fairhead and Okereke, 1987; Benkhelil, 1989; Fairhead and Green, 1989; Binks and Fairhead, 

1992; Fairhead et al., 2013; Abubakar, 2014) but failed to agree 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 and two models have been identified to be relevant to 

this study, the mantle plume related, and the plate tectonic rifting models. The mantle plume 

model suggests that rifting was due to the rise of a mantle plume beneath the lithosphere (Olade, 

1975) while the plate tectonic rifting model believes that plate movement caused lithospheric 

stretching leading to rifting (McKenzie, 1978). Ofoegbu (1984) suggested that a combination 

of the two models has been responsible for the evolution of the basin. 

The hypothesis that the mantle plumes rise from the base channel near the core-mantle 

boundary and discharge into the low-viscous asthenosphere with the lithosphere moving over 

the plume creating a hot spot track is believed to be responsible for rifting in many basins 

(Sleep, 1990; Bourgeois et al., 2005; Hoyer et al., 2022; Fig. 1.5). Its geometry consists of 

narrow vertical pipe that supplies hot mantle materials to the lithosphere. Darros de Matos 

(2021) posited that based on the progressive distribution of magmatic events, multiple plume 

systems have been recognized to have caused Cretaceous South Atlantic rifting. He gave 

evidence and demonstrated the trails of these plume heads on continental crust causing rifting. 

Wilson (1992) and Renne 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 i.e., St. Helena and Tristan da Cunha exerted a fundamental control on the 

process of continental break-up at those points. The Trista da Cunha plume is believe to later 

give rise to the Mesozoic Parana volcanism in Brazil (Renne et al., 1992) while St. Helena 

volcanism resulted in the formation of the Benue Trough (Coulon et al., 1996). The hypothesis 

that the Benue trough evolved from the mantle-plume related activities has been supported by 
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many workers (Olade, 1975; Fitton, 1980; Coulon et al., 1996; Shemang et al., 2001). Olade 

(1975) posited that the Benue Trough evolved from doming and rifting associated with the rise 

and cessation of a mantle plume. His 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 magmatic material, sedimentary thickness, uplift and subsidence, and the 

geometry of the basin. Fitton (1980) observed a similarity in shape between the Benue trough 

and the volcanic Cameroon line suggesting that both are related to a common "Y"-shaped hot 

zone origin in the asthenosphere over which the African plate has drifted and as such could 

have formed from mantle-plume rising at the centre of the shape. The magmatism of the 

Cameroon line is believed to have replaced the Mesozoic to early Cenozoic magmatism of the 

Benue trough (Coulon et al., 1996). Shemang et al., (2001) recently modelled the presence of 

large and continuous bodies of mafic rocks within the Benue Trough and suggested that it is 

an old rift formed by mantle-plume related activities. 

The plate tectonic rift hypothesis involves the formation of rifted sedimentary basin by plate 

movements, stretching, and gradual cooling of the lower part of the plate (McKenzie, 1978). 

The opening of the South Atlantic initiated by the separation of Africa and South America 

plates and/or the relative movements of African sub-plates 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 Binks, 1991; Binks and Fairhead, 1992; Fairhead et al., 2013; Fig. 1.6). 

Benkhelil (1989) supported the plate tectonic hypothesis for 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 Guinea.  Fairhead and Green (1989) 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 formation of this rift 

system was formed contemporaneously with the early opening of the South Atlantic during the 

period of plate motion changes (Fairhead and Binks, 1991; Binks and Fairhead, 1992). Fairhead 

et al. (2013) recently gave that the evolution of the Benue Trough is linked to relative 

movements of African plates and sub-plates and to global plate tectonic processes and plate 

interactions.  
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Fig. 1. 5: Mantle plumes tapping magma materials near the core-mantle boundary and 

discharged into the asthenosphere through the vertical pipe-like plume. The 

lithosphere moves over the plume creating a hotspot track  (Sleep, 1990).  
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Fig. 1. 6: Plate tectonic model for  the development of the Benue Trough (a) During the 

Barremian (127Ma) (b) During the Albian  (105 Ma) (c) showing the complete 

formation  of the Benue Trough at the end of Cretaceous time from the opening of the 

Central Equatorial  and South Atlantic  Oceans (Fairhead and Green, 1989; Fairhead 

et al., 2013).  
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1.5.1 Tectonic 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 of doming, rifting, magmatism, and sedimentation. This he 

concluded started during the Aptian to Early Albian times when there 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 the emplacement of felsic and mafic magma 

material. Rifting continued with the deposition of sediments within the rapidly subsiding 

depression due to thermal relaxation to Middle Albian (Fig. 1.7 b). During Cenomanian times, 

there was a cessation of mantle upwelling to create crustal contraction and compressive folding 

of the sediments because of mantle deepening (Fig. 1.7 c). This implies that folding of the 

sediments was passive caused simply by the cessation of rifting. However, this may not be 

feasible as it is not possible for a non-geodynamic model to cause such folding as experienced 

within the Benue Trough. However, mantle upwelling resumed during Turonian times where 

earlier normal faults were reactivated and blocks uplifted (Fig. 1.7 d). But, during the Senonian 

(Santonian), there was a migration of the mantle plume eastwards away from the trough and 

this produced crustal contraction and the collapse of the trough. Also, there was widespread 

compressive deformation affecting all Pre-Santonian rocks to form folds, faults, sub-basins, 

etc. (Fig. 1.7 e).  This aspect of the mantle plume model is controversial in the sense that crustal 

contraction has been recorded to be as a result of far-field compressional stresses causing a 

significant change in the poles of the opening of the North Atlantic that swept across the entire 

African plate leading to folding of the older sediments (Bosworth et al., 1999). 

Ofoegbu (1984) agreed 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 subsidence - far less than what is 

estimated for the Benue Trough. He also argued that the addition of some dyke-like bodies 

within the crust because of the mantle doming for the model could fully explain the evolution 

of the Benue Trough. However, doming of the mantle alone cannot provide sufficient energy 

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

doming as well as igneous rock emplacement (Fairhead et al., 2013).  
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Fig. 1. 7: Tectonic evolution of the Benue Trough (Modified after Olade, 1975). 
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1.5.1.2 Plate tectonic rifting model 

McKenzie (1978) proposed a simple plate/lithospheric extension model for the development 

and evolution of basins (Fig. 1.8). He stated that the process involves stretching of continental 

lithosphere leading to block faulting, the rise of hot mantle materials, and subsidence. This is 

followed by lithospheric thickening through cooling by heat conduction to the surface, which 

causes further continued thermal subsidence without active faulting. The basin continues to 

subside, and the lithosphere is not stretched although its depth still increases significantly. This 

thermal subsidence is due to the gradual cooling and contraction of mantle rocks over a long 

period of time. The downward movement of the lithosphere-asthenosphere boundary (LAB) is 

agreed to be partly due to subsidence (which is downward movement) and partly change of 

phase due to cooling. Fairhead and Green (1989) and Fairhead et al. (2013) accepted the 

McKenzie model in the development of the Benue Trough. They agreed that the basin evolution 

was initiated during the opening of the South Atlantic in the Early Cretaceous (Albian - 105 

Ma) and internal African plate deformation or interaction (Barremian - 127 Ma) (Fig. 1.6). The 

process of rifting continued leading 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 

Cenomanian-Turonian (100 ï 85 Ma) which closely followed expectations based on the 

McKenzie model. During the Santonian, there was a change in the regional stress field that 

resulted in basin inversion that involved basin uplift, folding, and subsidence through 

reactivation of old basin normal faults. This age marked the end of the rift basin development. 

However, minor rifting continued from the Eocene through to the Recent thereby shaping the 

basin geometry (Ofoegbu, 1985a; Fairhead 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 events that included rifting, the rise of a 

mantle plume, emplacement of igneous rocks, crustal stretching, and thinning. These events 

can be repeated in a cyclic manner with structural deformation occurring during any two cycles. 

The sequence of these events that lead to the final architecture of the Benue Trough is what is 

debatable and controversial. The findings from this study based on the analyses and 

interpretations of satellite remote sensing, gravity and magnetics will attempt to elaborate on 

the two tectonic models discussed and propose the best model that will explain the evolution 

of the trough and try to give a possible sequence of events based on structural models.  
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Fig. 1. 8: Simple lithospheric extension model for  the development of a basin (McKenzie, 

1978). 
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1.6 Geophysical studies of the Benue Trough 

Seismic, gravity, and magnetic methods form the most used geophysical methods in basin 

structural analyses. Seismological investigations have few references and no available data sets 

within the area. Stuart et al.  (1985) recorded the refractions and 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 thick. Akpan et al. (2016) used P-wave receiver functions from eleven 

seismological stations and estimated the thickness of the crust beneath the Benue Trough also 

to be 23 km. However, results obtained from the use of gravity and magnetic techniques form 

the main background that led to the understanding of its structural 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 features, etc. 

(Cratchley and Jones, 1965; Ajakaiye, 1975; Adighije, 1978; Okereke, 1984). A compilation 

of the ground gravity survey shows the good data coverage of the Benue Trough has been 

achieved over the years (Fig. 1.9). Many authors reported a general central positive anomaly 

flanked by negative anomalies at the margins of the trough (Cratchley and Jones, 1965; Ajayi, 

1979; Adighije, 1981a; Adighije, 1981b; Ajayi and Ajakaiye, 1981). They attributed the 

positive anomalies 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 

sediments. Adighije, (1981b) observed that the broad positive gravity anomaly is due to the 

uplift of the Moho interface while the axial negative anomaly is due to the infill of sedimentary 

and post deformational sediments. Also, Fairhead and Okereke (1987) defined the positive 

anomaly to have a high amplitude value 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 anomalies.  An interpretation of extensional rifting 

is supported by gravity evidence of crustal thinning beneath the trough (Scheidegger and 

Ajakaiye, 1985; Fairhead and Okereke, 1987). The crustal structure and the Moho interface of 

the Benue Trough have been studied extensively using gravity data (Adighije, 1981b; Fairhead 

and Okereke, 1990; Fairhead et al., 1991; Okiwelu et al., 2009; Ugbor and Okeke, 2010;  Obasi 

et al., 2018; Mukaila et al., 2019). However, deep structural analyses such as 3D spatial 

distribution of the Moho, crustal structure, and the long-term 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 aeromagnetic data sets for the Benue Trough were acquired in 1965 surveyed along E-

W profiles with about 2 km spacing,  tie-line spacing of 20 km, and a mean flight elevation of 

200 m above the surface (Ofoegbu, 1982; Ajakaiye et al., 1991; Ofoegbu and Onuoha, 1991). 

This low-resolution magnetic dataset covering the trough was usually provided in the form of 

a contour map of scale 1:100, 000. Another magnetic dataset was generated from digitizing 

contour maps of earlier surveys as part of the African Magnetic Mapping Project (AMMP) 

from 1989 to 1992 (Fairhead et al., 1997; Esuene, 2012).  The data measures a 1 x 1-degree 

grid sheet (1:250, 000 scales) at 150 m mean terrain clearance, 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), in which the resolution is also low for detailed study. Fugro Airborne Surveys 

recently acquired high-resolution aeromagnetic data on behalf of the Nigerian Geological 

Survey Agency (NGSA) covering the Benue Trough between 2003 and 2009 (Fig. 1.10). The 

survey employed 3 x Scintrex CS3 Cesium Vapour magnetometers that were flown along a 

series of NW-SE (135°) flight lines perpendicular to the general regional structural trend. A tie 

line trend and spacing of 45 degrees and 5 000 metres were used, respectively. The data sets 

with 80 m mean terrain clearance was stored as 1 X 1-degree sheets making the resolution 

better than earlier available high-altitude data (Reford et al., 2010; Anudu et al., 2014). These 

are the aeromagnetic data sets used for the research in this thesis. 

Many researchers studied various geologic features of the Benue Trough using aeromagnetic 

data at different times with different data resolutions (Ofoegbu, 1982; Scheidegger and 

Ajakaiye, 1985; Ofoegbu, 1984; Ofoegbu, 1986; Onwuemesi and Egboka, 1989; Ajakaiye et 

al., 1991; Ofoegbu and Onuoha, 1991; Abbass and Mallam, 2013; Anudu et al., 2014; Nwosu, 

2014; Oha et al., 2016; Ugwu et al., 2018; Abdullahi et al., 2019; Osinowo and Taiwo, 2020) 

and mostly focussed on small parts of the trough. Low-resolution aeromagnetic data sets have 

been used to carry out 2D-modelling of intrusive rocks for depths, thickness and magnetization 

polarity (Ofoegbu, 1982; Ofoegbu, 1984; Ofoegbu, 1985b; Ofoegbu, 1986; Ofoegbu and 

Onuoha, 1991). High-resolution aeromagnetic data have also been used over the years to 

delineate several near-surface geologic features and structures within different parts of the 

trough and general NE-SW, NW-SE, and ESE-WNW with minor ENE-WSW and N-S 

structural trends have been observed (Anudu et al., 2014; Oha et al., 2016; Abdullahi et al., 

2019). It has also been employed to estimate the depth to the magnetic basement so as to know 
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sedimentary thickness (Abbass and Mallam, 2013; Nwosu, 2014; Oha et al., 2016; Ugwu et al., 

2018; Abdullahi, et al., 2019a; Abdullahi, et al., 2019b; Anudu et al., 2020). Osinowo and 

Taiwo (2020) recently analysed the high-resolution aeromagnetic data of lower Benue Trough 

and delineated areas with basement in more than 3 km depth to be suitable for the generation 

of oil and gas. In all the depth estimates above, the authors did not consider the influences of 

volcanic rocks, vertical limit to anomalous sources, and the effect of gridding techniques, of 

all which may lead to depth underestimation and basement framework misrepresentation. 

Aeromagnetic data sets of the Benue Trough have not been fully utilized in understanding the 

subsurface structures of the area. In this research, an expanded application and interpretation 

of the high resolution aeromagnetic from 2- and 3-D magnetic models, finite depth and 

inversion estimation techniques, Curie depths, etc., will be used to obtain a more robust result 

and interpretation strategy for the trough. 
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Fig. 1. 9: Gravity  data covering the Benue Trough. The data collected in different  years 

overlap to cover the area. 



53 
 

 

Fig. 1. 10: Aeromagnetic data covering the Benue Trough. The data coverage spans 100 

km x 100 km for each square. 
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1.7 Remote sensing of the Benue Trough 

Remote sensing techniques provide the means to map the spatial distributions of large 

geological features/structures on the surface of the earth, which may not be recognized by other 

small-scale exploration methods. There are very few detailed works involving the application 

of remote sensing in the Benue Trough.  Chukwu-Ike (1977) used Landsat 1 and 2 images to 

extensively map and interpret en-echelon lineaments, shear, and fractures zones within the 

Benue Trough. He identified three significant structural trends (N-S, NE-SW, and NW-SE) 

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., 2014;  Omo-Irabor et al., 

2014; Ogunmola et al., 2016). Major tectonic events interpreted from remote sensing mapping 

techniques have have proved to be influential in mineral and oil resource distribution (Boud, 

1987). The presence of vegetation and the resolution of the data play key roles in achieving 

good results. Abubakar et al. (2018) employed Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER) and Hyperion data to map hydrothermal alteration zones 

related to geothermal systems in the Upper part of the trough. This study combines several 

multispectral data sets (ASTER, Landsat 8, Shuttle Radar Topographic Mission -SRTM, etc.) 

for lithology and structural mapping with the aim of updating the existing geology map of the 

area. 

1.8 Rationale for the Research 

There are several motivations that prompted this research on the structural modelling. The 

study is of great interest to structural, geological, and resource explorations. The availability of 

quality remote sensing, gravity, and magnetic data sets covering the area make the research 

unique and suitable for building more robust structural models to understand the subsurface 

processes that led to the development of the trough. These subsurface processes to a very large 

extent control the geometry, accumulation pattern, and resource potential of the area. 

The recent discovery of commercial accumulations of hydrocarbon in intracontinental rift 

zones in the republic of Sudan and Chad, which have comparable structural and stratigraphical 

characteristics with the Benue Trough, is another motivation that led to the development of this 

work (Obaje et al., 2004; Akande et al., 2012; Habib and Xie, 2012).  The Doba basin South-

West Chad, the Muglad Basin in Sudan, and the Benue Trough in Nigeria all lie within the 
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Central African Rift System (CARS) and West African Rift System (WARS) with related 

evolution history (Fig. 1.11). The discoveries of hydrocarbons in the Benue Troughôs 

neighbouring inland basins, with their similar geological and structural settings serve as a boost 

to encourage this study. 

Exploration for hydrocarbon in the Benue Trough is still in its early stages but three and one 

exploratory wells were drilled in the Upper and Lower (Anambra Basin) Parts of the Benue 

Trough, respectively. Nigeria Exploration and Production Company (SNEPCo) drilled the 

Kolmani River-1 well to a depth of 3 km in 1999 and discovered about 935 million m3 of gas 

with an unspecified amount of oil (Obaje et al., 2004; Obaje, 2009) while in 1999, Elf 

Petroleum Nigeria Limited (TotalFinaElf) drilled the Kuzari-1 well to a depth of 1.7 km and 

reported dry oil and gas. Also, Chevron Nigeria Limited (ChevronTexaco) reported a dry well 

at Nasara-1, which was drilled to a depth of 1.5 km in 2000 (Obaje, 2009). In 2012, Orient oil 

petroleum resources plc. discovered commercial quantities of hydrocarbons in the Lower 

Benue Trough (Anambra Basin) (Habib and Xie, 2012). The Middle part of the trough has been 

inadequately studied due to its very difficult terrain, unknown geology, and the over-

dependence on the prolific fields in the Niger Delta basin. These interesting preliminary 

findings prompted the need to further study the structural features that may likely be 

responsible for the accumulation of hydrocarbons in 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 Nile Delta in North Africa (Wright, 1985). Gravity and magnetic data 

imaged this transcontinental megastructure entering the Benue Trough at the southwestern end, 

beneath the thick sediments of the Niger Delta (Fairhead et al., 2013; Figs. 1.3 and 1.12). It is 

agreed to have controlled significantly the deep-seated oil-bearing structures in the Niger delta 

and the neighbouring Benue Trough (ZboŚil et al., 1986; Wu et al., 2015). This structure is 

covered within the Cretaceous sedimentary strata and deeply seated within the crust (Ajayi and 

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 architecture of the trough is observed to have been 

influenced by the activities of the Atlantic Ocean fractures triggering crustal deformation 

(Fairhead and Green, 1989). This study, therefore, seeks to find out, model, and characterize 

the geometry of the structures at all depths. 
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Fig. 1. 11: Regional tectonic map of the Western and Central African  r ift  system showing 

the relationship of the Benue Trough with Chad and the Sudan Republic Basins 

(Modified after Fairhead and Binks, 1991; Obaje, 2009). 

 

Fig. 1. 12: (a) Gravity  field (b) Total magnetic intensity (TMI)  field. White arrows indicate 

the trend of oceanic fractures i.e., the presence of Chain and Charcot fractures 

beneath the Niger Delta at the base of the Benue Trough (Fairhead et al., 2013). 
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1.9 Aim and Objectives 

To date, there has been no integrated application of high-resolution aeromagnetic data, gravity, 

and remote sensing data for the study of Middle and Lower Benue Trough. Recent studies only 

show the application of low-resolution data sets and/or one geophysical data set in limited 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 evolution of the basin and its relationship with 

resource occurrences. Therefore, the research is aimed at understanding the tectonic and non-

tectonic development framework of the trough through modelling of surface and subsurface 

structures using combined gravity/magnetics and remote sensing techniques. 

The following objectives will assist in achieving the above aim. 

i. Apply multispectral analysis to construct and update a geological map and combine 

gravity/magnetic data sets with the multispectral images to map surface and near-

surface geological bodies and lineaments. 

ii. Delineate deeper structures by mapping basement lineaments and estimating the depth 

to the basement for basement morphology/geometry studies. Analysing tectonic 

lineaments for interpreting tectonic models of the area. 

iii.  2- and 3-Dimensional modelling of the trough from gravity and magnetic data sets to 

understand the various processes involved in crustal structural architectures, 

rate/amount of extension, amount of heat, etc. 

iv. Use spectral modelling methods to estimate the effective elastic thickness of the 

lithosphere as a proxy for determining the long-term strength of the lithosphere and 

infer the influence of thermal structure on the lithosphere strength. 

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 organized as follows and describes the various contents of each chapter. 

Chapter one (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 Benue Trough. Remote 
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sensing, gravity, and magnetic data sets available for the study and previous works done are 

discussed. The chapter ends with a statement for the main aim of the study and the objectives 

to achieve them and a summary of the structure of the thesis. 

Chapter two (2) describes process of suppressing the effect of vegetation and enhancing 

multispectral data sets for lithology mapping. It also re-assessed published geology maps and 

compare with the lithology map. The techniques for processing and analysing remote sensing 

data sets are well discussed.  The chapter discusses the processes of mapping surface 

lineaments from SRTM and Landsat data sets. The result at the end of the chapter are maps of 

geology and lineaments obtained from multispectral data sets. 

Chapter three (3) describe procedures for processing both gravity and magnetic data sets 

especially the 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 

residual-regional separation of gravity and magnetic data sets and mapping of near-surface 

lineaments and geological bodies.  

Chapter four (4) begins with the description of uncertainties involved in surface/shallow 

lineaments extraction and the processes of isolating tectonic-related lineaments from non-

tectonic and non-linear geological bodies. The result at the end of the chapter is an updated 

geological and structural map of the Lower and Middle Benue Trough based on remote sensing, 

gravity, and magnetic data sets. 

Chapter five (5) presents method for mapping and modelling deep structures of the trough in 

2- and 3-dimensions. The techniques for basement lineament mapping and basement depth 

estimates are discussed. It also involves discussions on the uncertainties associated with deep 

lineament extraction, the nature of the lineaments and geological bodies, and the technique 

involved in the separation of tectonic and non-tectonic lineaments. Basement and Moho depths 

are calculated using 2D gravity/magnetic models across four profiles. This chapter also 

investigates and models 3-D density and magnetic susceptibility structures of the area. It 

concludes by examining the crustal structure, the amount of crustal extension, and the rate of 

extension estimated in terms of stretching factor. 

Chapter six (6) introduces isostasy and the methods for estimating the effective elastic 

thickness of the lithosphere, which is a proxy for understanding the long-term strength of the 

lithosphere as it affects the trough. It also presents the methods involved in the calculation of 
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Curie depth, geothermal gradient, and heat flow. The chapter compares the results of (spectral 

and 3D inversion) methods for estimating Curie depth and finally relates the Curie depth points 

and the heat flow estimated using it with the strength of the lithosphere as it affects the troughôs 

isostasy equilibrium.  

Chapter seven (7) discusses the relationship between geologic lineaments (faults and dykes) 

and stress fields in understanding and predicting the evolutionary pattern of the basin and 

predicting the sources of magmatic intrusions. The chapter then tries to express the time span 

of rifting and the amount of heat energy needed to cause melting. The basin tectonic model 

based on fault kinematics and its relationship with magmatic emplacement is studied. The 

chapter then combines all results and proposes a tectonic model which is presented in plan-

view and in 2D depth slices. Finally, the implication of hydrocarbons to the study is discussed.  

Chapter eight (8) summarizes the main points obtained from previous chapters and give main 

conclusions from the study as well as recommendations 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 chapter focuses on the processes of mapping lithology and delineating surface 

lineaments from remote sensing data sets. The main targets are to update the knowledge of the 

existing geology map of the area using satellite remote sensing interpretations and map out the 

structures necessary to understand the tectonic processes that led to the current basin 

morphology. The data sets used for the study are ASTER, SRTM, Landsat 8. 

The first stage presents methods of mapping lithology to infer the geology of the area. This 

process involved applying and finding solutions to the main problem of the vegetation cover 

by the application of vegetation suppression technique. Colour composite, spectral band ratio 

and principal component analyses (PCA) techniques were used to enhance signals of diagnostic 

minerals related to geology. Spectral angle mapping (SAM) was used to classify the various 

lithologies and their boundaries were manually traced for geological map construction. Then, 

a new geological map based on existing maps and remote sensing interpretation was generated. 

The second step in this chapter presents the procedure for mapping surface geological 

lineaments. Directional and non-directional filters were applied to SRTM and Landsat 8 data 

sets to enhance their spectral differences for better lineament extraction and surface lineament 

interpretation.  

Finally, an updated geo-structural map of the area is presented with the lineament orientations 

used in analysing and understanding the trough. This chapter gives a clearer preliminary 

understanding and provides a basis for deep structural mapping in subsequent chapters.  

2.1.1 Remote sensing background and methods 

Remote sensing is the science of acquiring, processing, and interpreting images and data sets 

from a distance that 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 above absolute zero (greater than 0 K) may radiate EM energy due to the 

movement of the molecules (Bakker et al., 2004). Sensors measure reflected sunlight, or the 
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amount of energy emitted by the earthôs materials modelled in the form of either waves or 

particles called photons. 

In the wave model, EM is characterized by the equation 

╬  ⱳ  ⱦ ééééé(2. 1) 

ὧ is the speed of light (3.0 x 108 m/s), ‡ is the frequency (cycles per second, Hz), ‗ is the 

wavelength (m). 

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

╠ ▐  ⱳ ééééé(2. 2) 

where ὗ is the energy of a photon (J), Ὤ is Planckôs constant (6.6262 ×10ī34 J s), and ‡ is the 

frequency (Hz).  

The total range of wavelengths that is radiated by a material on the earthôs surface is called the 

electromagnetic spectrum (Fig. 2.1) whose characteristics are measured by remote sensors 

(Richards and 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 eyes can capture but remote sensors see beyond this EM bands. 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

Energy interaction with the Earthôs surface due to reflected radiation from the target earth 

materials gives information about the make-up and characteristics of surface materials (Bakker 

et al., 2004; Richards and Jia, 2006). The energy that reaches such a surface is called irradiance 

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. These reflectance 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 the spectral libraries. The spectral library is a large stores collection of spectral 

curves (Kalinowski and Oliver, 2004). The images captured by the sensors are processed and 

stored in band layers. The wavelengths in these bands are represented in digital number 

characterized by numerical values of between 0 ï 255 values (Yamaguchi and Naito, 2003).  

2.2 Data processing of Landsat 8, ASTER and SRTM data sets 

The Landsat 8, ASTER and SRTM DEM data sets were downloaded from NASA's LPDAAC 

choosing imagery with minimal cloud cover. Landsat 8 deploys OLI and TIRS for recording 

spectral signatures. Each scene acquired is composed of four visible spectral bands, three 

near/shortwave infrared channels, two thermal bands, and a panchromatic channel (U.S 

Geological Survey, 2015; Table 2.1). The ASTER scene is made up of three visible and one 

near-infrared bands, six shortwave infrared bands, and five thermal infrared bands (Table 2.1). 

While ASTER is downloaded pre-processed i.e. already corrected, calibrated, and registered 

at-sensor radiance, the Landsat data sets were subjected to atmospheric correction in ENVI 

software by dark pixel subtraction to remove the effects of atmospheric scattering and additive 

radiance represented by negative and zero digital numbers, and then pan-sharpened to increase 

their spatial low resolution of 30 m to high resolution of 15 m using panchromatic band 8 

(Crippen and Blom, 2001; Yu et al., 2011). A total of eleven and seventy-eight scenes of 

Landsat 8 and ASTER data sets, respectively, were 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, and colour scale differences were eliminated using 

ENVI software (Yu et al., 2011) making it suitable for further image analyses. The results 

covering the area were displayed as colour composites (Fig. 2.2 and 2.3). The processed 

Landsat and ASTER data sets were employed for mapping geology of the study area. The red 

and green pixels 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 a digital elevation model acquired by the Shuttle Radar Topographic 

Mission sensor with 30 m spatial resolution (1 Arc-Second) and was downloaded with voids 

filled and pre-processed (Rodríguez et al., 2013). In the study, the SRTM DEM shows high 

and low elevations with the low elevations found within the trough signifying a sedimentary 

environment while high elevations bound the trough in the north and east indicating basement 

complexes (Fig. 2.4). The Landsat 8 OLI bands were further transformed 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 image (Solomon and Ghebreab, 2006). The three best PCs (PC 1, PC 2, 

and PC 3), which have the greatest information for the area, were filtered for lineament 

extraction. A colour composite of PC 1, PC 2 and PC 3 enabled the successful extraction of 

lineaments (Fig. 2.5). The SRTM DEM was preferred to the ASTER DEM because its data 

features are more accurate in terrain mapping (Isioye and Yang, 2013; Forkuor and Maathuis, 

2012; Elkhrachy, 2018). The two processed data sets (SRTM and Landsat 8 PCA) were used 

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

(OLI/TIRS)  

 

 

 

 

 

 

 

 

 

 

 

Band Wavelength (µm) Resolution (m) Bands Wavelength (µm) Resolution (m)

1ðCoastal/aerosol0.435ï0.451 30

2ðVisible blue0.452ï0.51230

1ðVisible green0.520ï0.60015  3ðVisible green 0.533ï0.590 30

2ðVisible red 0.630ï0.690 15 4ðVisible red 0.636ï0.673 30

3NðNIR 0.760ï0.860 15 5ðNIR 0.851ï0.879 30

3BðNIR 0.760ï0.86015

8ðPanchromatic 0.503ï0.676 15

9ðCirrus 1.363ï1.384 30

4ðSWIR 1.600ï1.700 30 6ðSWIR 1.566ï1.651 30

5ðSWIR 2.145ï2.185 30

6ðSWIR 2.185ï2.225 30

7ðSWIR 2.235ï2.285 30 7ðSWIR 2.107ï2.294 30

8ðSWIR 2.295ï2.365 30

9ðSWIR 2.360ï2.43030

10ðTIR  8.125ï8.475 90

11ðTIR 8.475ï8.825 90

12ðTIR 8.925ï9.275 90

13ðTIR 10.250ï10.950 90 10ðTIR 10.60ï11.19100

14ðTIR 10.40ï12.50 90 11ðTIR 11.50ï12.51100

Landsat-8 (OLI/TIRS) ASTER
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Fig. 2. 2: A total of 78 ASTER scenes processed and mosaiced into a single seamless raster 

to cover the area of study. A colour combination of Band 1 in blue, Band 2 in green, 

and Band 3 in red where the red patches represent vegetation  

 

Fig. 2. 3: Eleven haze-reduced Landsat scenes mosaiced and combined into a true colour 

composite (TCC) with band 1 in blue, band 2 in green, and band 3 in red to cover the 

area of study.  
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Fig. 2. 4: Shuttle Radar Topographic Mission (SRTM) of the study area showing low 

elevations with in the basin surrounded by high elevations indicative of exposed 

basement. 

 

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 data sets 

Geological mapping can be done using remote sensing which has the advantage of low cost, 

regional-scale, and speed, when compared to other mapping methods (Boud, 1987). Landsat 8 

and ASTER data sets were used for mapping lithologies at the surface in the basin. These data 

provide suitable spectral and spatial band coverage and integrating the two data sets gives a 

more robust result than using either one of them (Zhang et al., 2016; Pour et al., 2017). 

The methodology is designed to effectively differentiate the varying spectral information 

related to the geology of the area (Fig. 2.6). The approach involved first reducing the influence 

of vegetation cover on the data sets by masking and suppression. The result is added to the 

unmasked raster to form the processed raster map of the area. Colour composite, spectral band 

ratioing, and principal component analyses (PCA) were then used to discriminate different 

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

2.3.1 Masking and vegetation suppression  

The presence of vegetation cover acts as a strong barrier, damping the effective record of 

radiance by remote sensors. The normalized difference vegetation index (NDVI) estimate was 

used to calculate and understand the spatial amount of vegetation in the area (Grebby et al., 

2014). NDVI is obtained by subtracting the red reflectance (R) values from the near infra-red 

(NIR) and then dividing the result by the sum of the near-infrared and the red bands (Yu et al., 

2011). The NDVI is given by. 

ἚἎἤἓ Ἒἓἠἠ Ἒἓἠἠϳ 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.  The minimum value of 0 is represented by dark patches signifying the non-vegetated 

part of the area while the highest value of 255 is indicated by white patches showing the 

presence of vegetation (Appendix A1). The NDVI results for the two data sets show an increase 

in vegetation in the southern part of the study area. A mask data range was built such that two 

threshold ranges were obtained from the vegetation index calculation after rescaling the image 

to values between 0 and 255, i.e., 0-244- and 245-255-pixel values for vegetation and non-

vegetation covers, respectively. The threshold range values of 0-244 were applied to mask out 

areas lacking vegetation cover aimed at preserving the original spectral information of the area 

while the value range 245-255-pixel values were used to mask out areas of vegetation cover 
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(Crippen and Blom, 2001; Yu et al., 2011; Yao et al., 2017). The process of vegetation 

suppression was applied to the vegetated masked raster using the forced invariance method in 

ENVI that subdues the expression of vegetation and enhances the expression of underlying 

lithology (Crippen and Blom, 2001). This technique quantified, segregated, and suppressed the 

spectral contributions from the vegetation. The suppressed vegetation was then added to the 

unsuppressed raster for further analyses (Figs. 2.7 and 2.8).  
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Fig. 2. 6: Methodology for  mapping lithology using Landsat 8 and ASTER 
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Fig. 2. 7: ASTER vegetation suppressed map where the red patches (seen in fig. 2.1) that 

represent vegetation have been reduced. 

 

Fig. 2. 8: Vegetation suppressed true colour composite (TCC). The amount of vegetation 

in green (seen in fig. 2.2) has been grossly suppressed after 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, 1999; Testa et al., 2018). ASTER and Landsat data sets usually have several bands 

with varying wavelengths and the processes of combining the bands to form the best possible 

colour composite for interpretations may be time-consuming and difficult. However, the OIF 

has been employed in most instances to carry out such combinations for easy lithology 

detection. The OIF is a statistical value that is aimed at quantitatively identifying the best three-

band combinations with the highest spectral information (Chavez et al., 1982; Mokhtari et al., 

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

   

Ἒ
 

ἚȦ

ȦzἚ Ȧ
  ééééééééé.(2. 4) 

Where ὔ is the total number of bands in a scene and for each combination of three bands, the 

OIF is calculated as: 

Ἓἓἐ
ἱ ἲ  ἳ 

 ἱȟἲ  ἱȟἳ  ἲȟἳ 
 éééééé.(2. 5) 

Where ‏ȟ ‏ȟ ‏  are the standard deviations of digital numbers of bands Ὥ, Ὦȟ Ὧȟ respectively, 

and ‎ȟȟ‎ȟȟ‎ȟ   are the correlational coefficients of bands i &  j, i &  k, j &  k respectively. 

OIF values for the ASTER and Landsat bands were estimated, and the six highest OIF index 

values each are presented (Table 2.2). The VNIR and SWIR were used in the OIF estimations. 

Landsat band 1 was not involved in the calculation due to its strong propensity to detect 

aerosol/cloud cover, which, would give high variance during calculations and so may result in 

a wrong estimation. Based on the OIF calculation, the combinations with the highest OIF 

values are bands 3, 4, and 8 (RGB); and 2, 5 and 7 (RGB) in the ASTER and Landsat images, 

respectively. However, other ranked OIF values were tested and compared with the chosen 

band composites. The best colour composite shows more clearly iron/water-bearing minerals 

(Figs. 2.9 and 2.10). 

The VNIR bands will detect naturally occurring features with iron, water and OH bearing group 

minerals while SWIR tends to capture mostly clay minerals (Hunt, 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 minerals (Jain et al., 2018). 

The ASTER colour composite 3-8-4 (RGB) in fig. 2.9 (a) shows areas with light to deep green 

colours that may signify the presence of clay minerals. ASTER TIR is responsive to heat 

signature and can also be combined as a false colour composite in 13, 12, 10 as RGB (Appendix 

A2). The colour composite shows highly correlated pixels, and this can be resolved by 

decorrelation stretching (Kalinowski and Oliver, 2004). Fig. 2.9 (b) shows the ASTER 

decorrelation stretch of colour composite with quartz mineral highlighted in different parts of 

the map as red colour. Landsat band 7 image also shows absorption by clay minerals with 

minimal reflectance, while their reflectance is high on band 5 (Sultan et al., 1987; Sabins, 1999; 

Jain et al., 2018). The 7-5-2 (RGB) Landsat 8 colour composite in fig. 2.10 show areas as 

magenta colour stains that are diagnostic for clay minerals and alunite. The colour composite 

from the area shows the spatial variation in hydrothermally altered minerals (mostly clay 

minerals) in light-deep green in ASTER and Magenta colour in Landsat 8. These intensely 

altered minerals (dark green and magenta) are concentrated within the sedimentary area and 

around the fringes of basement rocks. However, this method of mapping lithology has not 

helped in differentiating the various types of clay minerals as well as the iron-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 

Landsat 8 Band 2, 5, 7 2, 5, 6     2, 4,5  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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Fig. 2. 9: ASTER false colour composite (a) Best SWIR bands in 3, 8, 4 (RGB) showing 

main hydrothermally  altered zones in dark and light green colour (b) Decorrelation 

stretched TIR  in 13, 12, 10 (RGB) showing the presence of quartz minerals in red 

colour. 
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Fig. 2. 10: Best Landsat 8 colour composite in 7, 5, 2 (RGB) showing clay minerals in 

magenta colour stains. 
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2.3.3 Principal Component Analyses 

The PCA is a linear transformation process that adjusts the variance in a multispectral band 

image into a new set of uncorrelated linear combinations (Richards and Jia, 2006). 

Multispectral data are normally highly correlated and the PCA transformation produces 

uncorrelated output bands suitable for lithological boundary mapping. This statistical method 

is employed to subdue the effects of irradiance dominating all bands and enhance the spectral 

reflectance related to surface materials such as rocks, soils, and vegetation, hence, improving 

the appearance of geological features (Loughlin, 1991; Testa et al., 2018). PCs are products of 

PCA that contain the target spectral information obtained by considering the highest 

eigenvector loadings from the multispectral bands, coinciding with the targetôs most diagnostic 

features (Loughlin, 1991; CŘosta et al., 2003). This establishes the relationship between the 

spectral response of target materials and numeric values from the PCA eigenvector matrix and 

this has been used to map iron oxide and hydroxide in soils related to geology (CŘosta et al., 

2003). The technique is called FPCS or CŘosta technique. It helps in selectively mapping 

hydrothermal minerals more effectively (Loughlin, 1991; CŘosta et al., 2003; Testa et al., 

2018). FPCS depends on understanding the relationship between the spectral signature from 

specific materials and the PC images (CŘosta et al., 2003).  In this technique and case, the PCA 

of four bands were analysed such that one mineral type such as iron-oxide is avoided while 

hydroxyl-bearing minerals are detected in the SWIR if only one input band is from the visible 

spectrum. Also, to detect iron-oxide minerals in the VNIR spectrum, one band from the SWIR 

is used while the remaining three bands are used from the VNIR spectrum (Loughlin, 1991). 

The FPCS technique was applied to the Landsat and ASTER data to examine the PCA 

eigenvector weighting to predict which of the principal component images will concentrate 

information directly associated with hydrothermal minerals of the area. 

2.3.3.1 Landsat data 

The FPCS method was applied on bands 2, 5, 6, and 7; and 2, 4, 5, and 6 to map the possible 

presence of hydroxyl and iron oxide minerals, respectively. Band 2 can also be substituted by 

bands 3 and 4 of the VNIR and bands 7, 8 and 9 for band 6 during the analyses (Loughlin, 

1991). The PC transformation for detecting hydroxyl minerals with bands 2, 5, 6, and 7 show 

four PCs (Table 2.3). PC1 represents brightness or albedo even though it has the highest 

eigenvalues (98.8%), PC2 describes more of the contrast between infrared and visible bands 

while PC3 could have some amounts of vegetation that have not been completely suppressed. 

Hydroxyl-bearing minerals are detected in PC4 as represented by dark pixels negative values 
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(Appendix A 3a). The anomalous concentration of the image was enhanced by calculating the 

negative of the image to highlight hydroxyl minerals (Fig. 2.11). This shows the hydroxyl 

mineral concentration represented by the brightest pixel value. Three distinct areas have been 

density sliced with different colours to mark areas of high hydroxyl minerals concentrations 

with lithology boundary identified and delineated as well (Fig. 2.12). The boundaries were 

obtained by tracing edges of lithologies that show distinct visual differences in contact with 

another lithology.     

The PCs transformation on Landsat 8 bands 2, 4, 5, and 6 of the area (Table 2.3) show that PC1 

has the highest eigenvalue of 98.8%, dominated by brightness or albedo, while PC2 describes 

more components of the infrared and visible spectrum. Vegetation pixels that have not been 

successfully suppressed are evident in PC3. However, iron-oxide is presented in PC4 as dark 

pixels (Appendix A 3b). The amount of iron-oxide was observed when the negative of PC4 

was calculated, so that the brightest pixels show the amount of iron-oxide (Fig. 2.13). Fig. 2.14 

shows density sliced portions of the iron-oxide images that tend to describe the lithology 

boundary too. The red circular polygon highlighted in the figure in pink may be a volcanic rock 

that has been altered and contains a considerable amount of iron oxide. 

Hydroxyl-containing minerals are found to spread all over the area mostly within the basin 

while the spread of iron oxide is mostly found around the basement areas with few deposits in 

the basin. The ability of Landsat 8 to map altered minerals is limited to just two SWIR 

wavelengths i.e., bands 6 and 7 (Zhang et al., 2016).  
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Table 2. 3: Principal  Component Analysis 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: Negated principal  component 4 for  bands 2, 5, 6 and 7 (Hydroxyl  image). The 

bright  zones represent areas with anomalous concentrations of hydroxyl -bearing 

minerals. 

 

 

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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Fig. 2. 13: Iron -oxide image where the brightest pixels marks iron-oxide bearing minerals 

(calculated from the negation of PC4) 

 

Fig. 2. 14: Iron -oxide image density slices where the brightest pixels mark  iron-oxide 

bearing minerals. Lithology boundaries are delineated within the area. 
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2.3.3.2 ASTER SWIR data sets 

ASTER-SWIR bands help in discriminating and identifying surface vegetation and 

hydrothermal alteration minerals better than Landsat due to ASTERôs broad wavelength range 

(Ninomiya et al., 2005; Pour and Hashim, 2011; Hewson et al., 2015). This dataset is limited 

though by cross-talking, which is a situation where stray light from other bands leaks into 

nearby bands as additive noise signals making interpretation difficult (Hewson et al., 2015). 

The PCA transformation is designed to eradicate such problems. ASTER with six SWIR bands 

can discriminate and identify mineral assemblages such as phyllosilicates, sulphates, and 

carbonates, which have diagnostic spectral signatures or spectral curves ( CŘosta et al., 2003; 

Ninomiya, 2004). Bands 4 and 2 can be ratioed to enhance the display of gossan (Iron sulphide 

mineral deposits) formed due to the oxidation or alteration of iron sulphides (Hewson et al., 

2001, 2004a; Volesky et al., 2003; Rowan and Mars, 2003) and at the same time, techniques 

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

FPCS was applied to ASTER VNIR and SWIR bands by selectively analysing and examining 

PCA eigenvector loadings to predict which of the principal component images will concentrate 

information directly associated with mineral occurrence within the area (Loughlin, 1991; Testa 

et al., 2018). The wavelength ranges selected for the analyses are diagnostic due to the 

characteristics of specific alteration mineral end members such as 0.520ï 0.600, 0.760ï0.860, 

1.600ï1.700, 2.145ï2.185, 2.185ï 2.225, and 2.235ï2.285 for bands 1, 3, 4, 5, 6, and 7 

respectively (Fig. 2.15). Fig. 2.15 shows high reflectance for the VNIR band i.e., 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, smectite. Hydroxyl minerals such as kaolinite 

and alunite have absorption at ASTER SWIR bands 5 and 6 (Ninomiya, 2004; Testa et al., 

2018). Alunite is a sulphate hydroxyl bearing mineral with a unique sharp spectral feature 

absorption at band 8. 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 

respectively (CŘosta 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), 

and high 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 (Appendix A 4a). This was visualized by multiplying all pixels with -1 (or 

simply negated) so that the dark pixels for alunite are displayed as bright pixels in the image 

(Fig. 2.16). 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 show an eigenvector that highlighted the presence 

of illite. There is high reflectance in band 1 and high absorbance in bands 3, 5 and 6 (Fig. 2.15). 

Thus, the PCA analyses show the amount of illite from bands 5 and 6 and as such PCs 3 and 4 

have high eigenvectors of 0.9996 and 0.9999, respectively (Table 2.4). PC 3 displays the most 

possible abundance of illite due to combined amounts of bands 5 and 6 (0.9996 and 0.0044, 

respectively) while PC 4 shows a reduced amount in band 5. PC 3 discriminates illite better 

than the other PCs (Fig. 2.17). 

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 (Fig. 2.15); while the PCA 

eigenvector statistics of these bands (Table 2.4) indicate that PC3 has high and negative loading 

values for band 6 (-0.9987). This shows that pixels likely to contain kaolinite are observed by 

low and dark digital number values (Appendix A4 b), and visualized as bright pixel values, the 

whole image was additively inverted by multiplying with -1. The kaolinite abundance image 

was then displayed as bright pixels as green in colour density slice (Fig. 2.18). 

A colour density slice composite shows the abundance for alunite, illite, and kaolinite and their 

spatial distributions within the area (Fig. 2.19). Alunite has been detected mostly along the 

river channels while illite is mapped in the southern part. 
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Fig. 2. 15: Spectral library  showing the three diagnostic alteration minerals of Kaolinite, 

Illite  and Alunite, and their percentage reflectance and absorbance (After  CŘosta et 

al., 2003). 
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Table 2. 4: Eigenvector statistics for ASTER bands for mapping alteration minerals. 

Highlighted values were used to identify  spectral responses from alunite, illite  and 

kaolinite. 

Alunite 

Eigenvector    Band 1    Band 3    Band 5    Band 7   Eigenvalue (%) 

     PC 1 0.9990 -0.0393 0.0234 -0.0013 93.0250 

    PC 2 -0.0396 -0.9991 0.0131 -0.0023 4.1189 

    PC 3 0.0229 -0.0140 -0.9996 0.0072 2.2184 

    PC 4 0.0011 -0.0022 0.0072 1.0000 0.6376 

Illite  

Eigenvector    Band 1    Band 3    Band 5    Band 6   Eigenvalue (%) 

     PC 1 -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    Band 4    Band 6    Band 7   Eigenvalue (%) 

     PC 1 -0.9982 0.0531 0.0269 -0.0047 95.9337 

     PC 2 0.0533 0.9985 0.0053 -0.0087 2.6858 

     PC 3 -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 abundance colour density sliced from ASTER bands 1, 3, 5, 7 

 

Fig. 2. 17: Raster colour slice showing illite  mineral stains from ASTER bands 1, 3, 5, 6 


























































































































































































































































































































































































































































































































































































