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ABSTRACT

There has been an open search for clean/renewable energy and mineral resources for economic gro\
using airborne geophysical surveysghiresolution airborne magnetic and radiometric data, five scenes
of Landsat 8 remote sensing, SP and VES 8ohérger data of parts of Southeastern Nigerian
sedimentary basin weinalysed and interpretedth a view to delineateregimented mineral colonies
andanomalais zones of geothermal gradieReduction to Equator and Vertical Derivative filters were
applied to the airborne magnetic data to centre anomaly peaks over causative bodies, define shapes
edges of magnetic sources and map magnetic lineankasssLinein-sight Atmospheric Analysis for
Spectral ipercube (FLAASH) and subsequent post FLAASH baradhs were applied to the remote
sensing data to generate the surface reflectance data from which ratio composite and lingasngatana
generated. Results showgdminant NESW and EW lineament trends from Landsat and Magnetic data
with subordinate NWSE trend50% overlapping data windows selected for spg¢emnalysis were used

to delineate anomalous geothermal gradiefite vertical, horizontal and NTilt derivative maps were
used to reveal boundaries of mafic intrusives and inclusions which arékalystontrolled by the trends

of deepseated magnetic lineameni&he derivative maps were also ugsedenhance edges of shallow
structures Alteration zones, lithologic/geologlmundaries were revealed kadioelement ratio, ternary

and total count m@s andLandsat ratio magomposites 4/2, 6/5 and 6/7 and PCA pldise Source
Parameter Imaging, 3D Euler Deconvolution and Magnetic Vector Inversion modelling depth estimate
filters establishedepths tpand geometry gsubsurface magnetic structurBsults revealdshallow to
deepseated structures in the depéimge of 80 m asl to >7 km bsl whiotusthave aided development of
veins and hosted lodes of intrusives amd bodies Shallow Curie Point Depth (< 10km), geothermal
gradient > 42°C/km anddat flow > 88mW/rfrom spectral aalysis procedure have been earmarked for
good geothermal reservoir¥ES geoelectric sectionand 2D imaging results beneath two zowoés
anomalougeothermal gradient between 35 to 45 (°C/kondpposedapproximate modelsf geothermal
resources as Hot Dry Rock (HDR) for Alok and gwessured model for Amagunze.
Cylindrical/lenticular sills, inclined dykes, sparse nodules and spheres were identified from probed
windows of the RTETMI map as surface to degeated modelsGroundtruthing thesdindings, field

image anddouble dipole results indicatenineralization of the study aress true hencemaking it a

viable mineral and geothermal prospect environment.

Keywords: Airborng Magnetics Radiometrics, Landsat, Geothelirlaneaments, Mineralization,

XXlii



CHAPTER ONE
1. INTRODUCTION

There has been a quest to search for clean/renewable energy (geothermal energy) and mineral resoul
for economic growth in the recent 2tentury through airborne geophysical surveys whilly pn
variation of physi cal and geochemical propert
magnetic minerals, density, electrical conductivity and radioactive element concentrations and contras
of other forms ofdeposits(Tesfaye, 2004 This search quest is to oust the desirous energy towards the

l iquid black gold (crude o0il) exploration and
entrepreneurial aspect of geophysical exploration for mineral and geothermal enenwgygesdor
economic growth, the sustainability of these resources in Southeastern part of the Lower Benue Trough
the solid mineral and energy sectors, this study was considered. Basically, end products of harness
mineral, oil and gas, aquifer and geetmal reserves e.t.c. are vital parts of our modern life as they have
been of great importance throughout history. For example, without quarry of igneous intrusives, som
states within the study area would not have gotten stones, gravel and sand (eg)gf@gednstruction.
Mineral exploitation is part of the wider extractive induslnytmuch attention is not being paid to it. The
research work suggests that mi ner al resources

exploration which wilbenefit government and private agencies.

1.1Background Information

The area falls within Southeastern sedimentary basin of the Loweud3 Troughpart of the Benue
Tr ough. Beacause of earthdés dynamicity origin:
dynamics), this has resulted to plate movement, causing drift of South American and African Continent
and consequently, formg an aulacogen (failed arm/ Benue Trouglhjs is a major geological formation
extending about 1,000 km northeast from the Bight of Benin to Lake Chad with about 150 km width

(Grant, 1971).The Trough containsabout 6,000m thick Cretacecligrtiary sedirents. It may
1



include those predating the middle Santonian which have been compressionally deformed, faulted, ar
uplifted in several places. The geological processes leading to the formation of the Trough have made
viable for geothanal and mineral resource enrichment. The geology of the area comprises of sedimentan
and basement formations. The tectonic events which are both deformation and orogenic processes, mak
ore genesis of Sedex (Sedimentary Exhalatives) more interestinglenant for mineral exploration in

the area.

The importance of aulacogens or ancient rifts as suitable environments foné&iaseleposits has been
noted bySawkins (1976), Olade (1980) aRdbbbins (1983). The mineralization in the study area falls in
the category of the Benue Valley mineralization which is attributed to connate brines derived from
evaporitic shales of Asu River Group (Orajaka, 1972; Ford, 1981) set into motion by a high geotherma
gradient accompanying continental rifting (Olade & Martd985). The Benue Valleype leadzinc
deposits constitute a distinct category (riftogenic) of sedinmasted mineralization. Rapid cooling either

due to reaction with wall rocks or mixing with meteoric or descending water (atmospheric water from
concknsation and precipitation) of low salinity (Akan&leMucke, 1993) principally activated mineral
deposition by precipitation of ore minerals from chloride and/or sulfide complexes withitekggjHaults

zones. The ore metals are considered to have kaehdd from alkali feldspars of Precambrian origin
within the sediments and/or the Basement Complex as stagijey leadisotope data (Grat®,71), and

the sulphur derived by reduction of sea water sulfate (Olade 1976; Ezepue 1981). The Lower Benu
Troughand the Trough at large, like other Sedimentary Basins in Nigeria is found to be endowed with
mineral resources. Over twenty mineral resources have so far been reported in the Trough by tf
Geological Survey of Nigeria Agency and these inclagdel, leaezinc, barytes, limestone, clay, gypsum,

phosphate, glass sand, fluorspar, salt, ironsioagjum, sulphur, graphite, cassiterite, manganese, mica



and silver(Fatoye & Gideon, 2013) but as to where explorable new fields are, it remains liable for more

resarch.

Knowledge of the temperature inside the Earth is still imprecise, the temperature can only be measured
the I mmediate vicinity of t he Eaditibrséwarmearindeapc e ,
minesand rearsurface temperaturesdrease rapidly with depth by roughly 30 K kifAgricola,1530).

At this rate, linear extrapolation would give a temperature around 200,000 K at the center of the Eartt
Heat flows constantly from its sourcesthin the Earth to the surface. Total heatslé®m the Earth is
estimated at 44.2 TW, mean heat flow is 65 m¥#rer continental crust and 101 m\W/over oceanic

crust and the heat of the Earth is replenished by radioactive decay at a rate of BériwV1898). The

global geothermal flow rateseamore than twice the raté human energy consumption from all primary
sources, hence its relevan@@erry, 1895).

Heat increase in the earth causes temperaharge by an amountT), determined by specific heat at
constant pressure and massaf hrbaserial () (Lowrie, 2007) which explains the geothermal gradient.
Away from tectonic plate boundaries, it is ab@&t’C per km of deptlj1°F per 70 feet of depth) near the
surface in many parts of the worlBdardemore& Cull, 2001). Increased gebermal gradient is a lot
useful in several geological processes such as kerogene maturation, geothermal reserve accumulati
most relevant to this study, in efleid migration, acoetion and mineral precipitatiotncreasing both
temperature and pressutering burial triggers a series of physicleemical reactions and phase changes
that may release water and ions that can become involved in carbonate diagenetic processes in |
subsurface. For example, thengersion of gypsum to anhydrite about lesgshan 1000 m releases
significant water that may become involved in solution, cementation or dolomitization (Kendall, 1984).
Aside this, buildup of high geothermal gradients aid in catagenetic processes and for type Il kerogenes

it leads to the formatioaf coal. Elevated temperatures over extended time periods to sedimentary organic



materials, lead to catagenesis of organic compounds and formation of oil and gas (Tissot & Welte, 1978
Such is seen in Mamu shales of Enugu bearing coal deposits dewwvedeiirestrial organic matter
representing the brackish marsh and fossiliferousdptta facies of the Late Campanigarly
Maastrichtian depositional cycle (Reijers & Nwajide, 1998), around 70 Ma. During this time also, the
Anambra Basin became silted wigh thick vegetation growing in loying marshes on a broad delta fan
deposited by rivers from the interior which became buried under coarse sands afterwards with increas

temperature and pressure, hence the maturation of oil and gas.

This study adoptsitegrated airborne geophysical techniques encompassing remote sensing survey usin
Landsat8, aeromagnetic and aero radiometric data from Federal Ministry ofMines and Steel Developmer
Nigeria, who between 2005 and 2009, engaged the services of Fulgoon&iiSurveys Limited to acquire

high resolution data of 500 m line spacing and 80 m terrain clearance for most parts of Nigeria
Subsequently, these data were generated at ease with the prevalence of high speed and robust comp
programs and were dividg by the Nigerian Geological Survey Agency (NGSA), all in 20Xtese

highly reliable integrated airborne techniques show good results.

Remote Sensing survey is a Gaformatics System which studies objects on earth from Space Satellites
based on eleatmagnetic irradiation from both natural radioactive elements in minerals or other artificial
sources giving colours based on the reflection of certain range of wavelengths by electrons in specifi
state. Also for example, Magnetics and Landsat identi@alimns and structures which are good conduits
for fluid migration and ore accretion and are factors for orientation of these occurrence

1.2 Problem Statement

There is need for a systematic regional mineral exploration using new tools/data such rag airbo
radiometric surveys. Application of airborne radiometric technique to regional geologic mapping and

mineral exploration in most parts of Nigeria have not been fully exploited and this could be due to



unavailability of high resolutiodatain the near pst. The lithologies and geologic features mark the area
a viable zone for mineral and geothermal energy resources. Most mineral exploration works have bee
disjointed andew becauséhere has been no-@wdinated or systematically planned procedurerd laee

gaps in the mineral map (Fig. 1dgcause of unfound deposits and thakes anincomprehensivenap,

Figure 1.1: Mineral Map of the Study Area
(Adapted fom Falade, 2016)



incomplete and not goocghough Several authors in time past had engaged in researching on occurrence
of individual deposits in the southeastern Nigerian sedimentary basin. These include; Tattam (1930
Orajaka (1965), Nwachukwu 9I4), Olade (1976), Ezepue (1984) who investigatedZriPb
mineralization in AbakalikiEtim, Louis, & Maurin (1988), Egboka& Uma (1986),Uma, Onuoha &
Egboka(1990), Uma& Loehnert (1992), Omad&a Echefu(1996), Uma (1998), who studied brines and
Farrington (1952), Olade (1978), Umejgk Can Vachette (1983) who researched on igneous
bodies/intrusive. Recently, Obar&iNwosu, 2013 studied the structural controls cfZPbmineralization

of Enyigba dstrict of Abakaliki andOha, Onuoha, & Dad#2017) studiedthe leadzinc barium
mineralization widely distributed in epigenetic fractaantrolled vein deposits of Albiafuronian

sediments.

Lack of proper catalogue of mineral deposits within the Lower Benue Trough and absence of improve
localized mineral poteral map of the area have created lacunae in preparing an exploration model for

this study area.

1. Aim and Objectives
Theaim of this research work is to generate an improved mineral exploration ofdtelstudy arealro

achieve this, the specific objeats are;

1. To analyze and interprete airborne magnetic, radiometric, landsat, SP and VES data of the study are
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To integrate various digital data sets including satellite imageries, digital elevation models, aeromagneti

airborneradiometric and mineralogurrence data in a Geographical Information System (GIS).

To identify the major structural features of the area and relate these structural fabrics to mineralization.
To estimate curie point depth, geothermal gradient and heat flow regimes in the area.
To propose possible models of the geothermal resources in the area.

To produce an improved mineral potential map for the study area.



1.4 Justification of Study

This study encapsulates the search of mineral and geothermal energy resources. Nige e dsveitinic

over forty (40) industrial minerals such as marble, gypsum, gemstones, gold, lithium, iron ore, talc e.t.c
(Nwegbu, 2014), scattered in more than 450 different locations across the country. Exploration of thes
deposits helps economic developmant diversifies revenue streams of the country. Solid minerals
contribute just 2% of the countryds Gross Dome
are currently being mined while the rest 95% are currently untapped, hence, solid sgnenaheeds

revatalisation which encourages development of entire regions of mineral occurrences within the countn

On the other hand, geothermal energy is a form of renewable energy and renewable energy sourc
constitute over @chyYoday.fAccording tomemdtiahdl EnergylAgeady (IEA), its
share is expected to reach 30% by 2024 (IEA, 2019; McGinn & Schneer, 2019) and this is indeed a pivot
time for renewable energy use. UK has hit an amazing milestone in June 10, 202ndaa bountry

who celebrated two months of running purely on renewable energy for the first time ever and Nigeria cal
follow her lead. These are quite quintessential and have informed the essence of this &stbaticd.
increasing population and impiiog industrialization in Nigeria, the need to reduce the use of fossil fuels
to the barest minimunjystifies the need to search for cléggothermal energy enhanced by power plants,

for generation of electricity and need to revatalise the solid minehastry.

1.5. Description of the Project Environment
1.5.1.Location, Accessibilityand Scope of Study
The Study area is geographically located between Latitude 5° 30' N and 7°00' N and Longitudes 7° 00’

and 9° 00' E and the area extent is 36,308 Whichencompasses environs of Anambra, Enugu, Ebonyi,
Imo, Abia, Akwa Ibom and Cross River Statéhe area is directly bounded by Kogi to the North, Delta
and Edo to the West and Bayelsa and Rivers States to the South and to the East by Camenaas. The a

are linked to each other viagess and primary roads (Fig.L.Zhisresearch work includes detailed



ground truthing to be carried out in areas of knomneralization as well as areas.



Figure 1.2 Topographical Map of the Study Area (@uted fromRy a n , Carbott e, Copl an
Arko, Weissel, Ferrini, GoodwillieNitsche, Bonczkowski & Zemskg2009).



which have hitherto been magapas normmineralization areast will focus mainly at investigating and
delineating the mineralation potential visxvis the geothermal energy resource of the study area using
integrated Geophysical approaches.

1.5.2 Geology of the Study Area

A. Regional Geologic Setting

Nigeria is situated within the PAN African mobile belt and sandwiched leettbe West African Craton

to the West, the Tuareq Shield to the North and the CGngtmn to the southeagtbout half of the total

area of Nigeria landmass is underlain by rocks of the Precambrian age known in the country as th
Basement Complex. The d®ment complex is divided into two provinces. The Western Province and the
Easern province. The Western Province is approximately west of longituBet8pified by NS to NNE

SSW trending schist belts separated from one another by migmatites, gneisses and granites. This trenc
believed to be the result of Pan African orogeny iving collision between the West African Craton and

the Pan African mobile terrain with eastward dipping subduction zone. The schist belts are differently
interpreted as small ocean basins, infilled rift structures or synclinal remnants of an extemaiceustil

cover. The Eastern Province lies approximately east of longitude 8°E and is more neSiy.N#hen
followed eastward into Cameroon, the trend changeNt©&-WSW (e.g Ngaoundere mylonigone and

the schist belts near Batare). The Eastern Pcevoomprisesnainly migmatites, gneisses afatge
masses of PaAfrican granitoids (Older Granites) intruded in Jos plateau, by per alkaline granites. Except
for smaller schist occurrences around Madagali (Hawal Massif), Toungo and Gayam (Adamawa Massif
and Oban Massif in southeast, the Eastern Province is marked by the albseajoe schist belts (Figure

1.3a).



Nigeria is almost equally divided between crystalline basement rocks and Cretaceous to Qsatgimants and
volcanics (Fig.1.8). The baseant complex is commonly described under three lithologic groups, Migmatitie

Gneiss Complex group, Schist belts and Older Granites. Migmatite gneiss complex

10



Figurel.3a

Figurel.2b

Regional GeologyTectonic Setting
Figurel5a Regional Tectonic Setting of Nigeria (Haruna, 201

Figure 1.5bBenue Trough and Related Atlantic Fracture Zone
(After Wrght, 1968).




(MGC) arebelieved to be the oldest rocks of the Nigeria Basement Complex. Much of theegambpélieved to

be reworked older crust (probably Liberian in age) which have been further reworked by later orogenies like the
Eburnean (2000 + 200 Ma) and the Pan African (600+150 Ma) with addition of the granitoids and the schist belts
Although evidece of sedimentation and deformation during Kibaran (430D Ma) have been recognized, no
magmatic event of this age have been recorded. The Kibaran was followed by ages ranging #4660 1960
representing the imprint of the Pan African event which gesesto migmatite, gneisses, Older Granite intrusives
and similar lithologic units. The middle and late Paleozoic age is not represented by any magmatic or sedimentatic
event. The Mesozoic is marked by uplift and intrusion of a series of anorogenlirealkhallow subrolcanic
intrusive known as the Younger Granites which fall within-& Narrow belt in the western part of the Eastern
Province and extends north ward into Niger Republic (Haruna, 2017). The remaining half is covered by Cretaceol
to Qudernarysediments and volcanics (Fig.¢)3The Cretaceous to Recent sediments are preserved in structurally
controlled basins, from the oldest; (Coastal CaldBank, the Benue Trough (seed)3Bida, Chad Basin,
lullemeden/Sokoto Basin, Dahomey Basird adiger Delta). The sedimentary successions in these basins are
broadly divided into basal continental sandstones, siltstones and mudstaftie marine shales and limestones
intercalating with sandstones and siltstonesand continental/paralic uppetosandsquenceThe middle
Cretaceous marked the beginning of sedimentation following the development of early rifts that were initiated in

early Jurassic. Marine transgression marked by the growth

of transcontinental seas and epirogenic movements rasuitehe formation and infilling of the many basins

flanking the basement highs. Periodic sedimentation continued through the Tertiary and Quaternary.

B. Local Geology/Geologic Setting of the Study Area
The 36,300 krharea of study interest encompassesirens of Anambra, Enugu, Ebonyi, Imo, Abia,

Akwa lIbom and Cross River States which occur within Southeastern Sedimentary Basin of the Lower
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Figure 1.8: Geologic Map of Nigeria Showing the Sedimentary Basins and the Basement ComptiamedA

from Taiwo, Towolawi, Olanigan, Olujimi & Arowola2015
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Benue Trough, which is a tensional feature and a rift structure within the Trough. There waidtprgto

of the boundary area between South America and African plates. The rifting staat&ipke R (RRR)
junction, under present day Niger Delta. At that time, Gulf of Guinea, Benue depression, South Atlantic
developed between two of the triple Rs North of the junction, one between South America and along Nige
Delta (Petters, 1978). Contious movement along Atlantic spreading ridge and faults within the ridge
offset resulted to physiographic andustural disposition (see FighB The area covered by present day
Benue valley was also spreading. But separation and sea floor spreadiadBenue Trough seized at

late Cretaceous basin. Lately, activities started along the Cameroon plate which has many embryon
spreading ridge. Intracontinental Benue Trough was initiated during the lower Cretaceous in relation witt

the Atlantic Ocean opemg.

The Benue Trough of Nigeria is a rift basin in central West Africa that extend$ S&W for about 800 km in
length and 150 km in width. The southern limit is the northern boundary of the Niger Delta, while the northern limit
is the southern boatary ofthe Chad Basin (Fig. 1d3. The Trough contains up to 6,000 m of Cretacdmrsiary
sediments of which those predating the 48a&htonian have been compressionally folded, faulted, and uplifted in
several places. Compressional folding during the @&hbnian tectonic episode affected the whole of the Benue
Trough and wa quite intense, producing ovED0 anticlines and synclines (Benkhelil, 1989). Major deformational

structures include the Abakaliki

anticlinorium and the Afikpo syncline in the Lower BenTrough.

A. Southern Benue Trough
The Geodynamical and Tectonic processes within the Trough gave rise to the following formations

contained in the study area. As described, starting from the bottom.

1. ASU River Group
14



Sedimentation in the Lower Benue Troug shallow marine environment, commenced with the marine

Figure 1.8l: Geological Map (Regional Map) of the Benue Trough Showing the Lower, Middle and Upper Benue
Troughs (Adapted from Petters & Ekweozor, 1982)
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Neocomian Albian Asu River Groupvith some pyroclastics of AptianEarly Albian age. The sediments
predominantly comprise of shales with localized sandstones, siltstones and limestones. The oldest roc
are Abakaliki pyroclastics of the ASU River Group comprising of altered base dfsbasaglomerates,

lithic fumes injected during the lower Alptighibian (Obaje 2009). They are sediments of the first
transgressive cycle of massive thickness compacted into the Lower Benue Trough. (Onu, 201&; Fatoye

Gideon, 2013), due to a yieldingtbtom condition.

1. Ezeaku Formation

They are formations believed to have been deposited during the Turonian transgression (Cratchley&Jone
1965). Overlying the Asu River Group is the Cenomadiiaronian Nkalagu formation consisting of a

900 m thick fosgtrich black shales of New Netim Marl, limestones and siltsones and bedded Awgu Shales
with fine-grained carbonaceous limestone beds in close association with subordinate limestone an
calcareous sandstones and interfingering regressive sandstones @gfatheaAd Agbani Formations.
There was also contemporaneous silting sequence of unconformably deposited sandstones, limeston
shales and calcareous sandstones of the Odukpani Formation on the folded basement rocks of the Cale
Flank during the Late Allain. (Onu, 2017). The folding was accompanied by igneous activities leading to
extrusions and intrusions of andesites and igneous magma. There was a hiatus,-teatdemd the
depovalley shifted westwards and it became an area of derivational sediamnentise trough became a
source area to the west of the trough area (Obaje, 2009).

B. Anambra Basin

The Santonian was a period of rdeposition, folding and faulting. The intensive Middbantonian

deformation and magmatism in the Benue Trough disgl#te major depositional axis westward which
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led to the formation of the Anambra Basin. Post deformational sedimentation in the Lower Benue Trough

therefore constitutes the Anambra Bastbd¢ma, Obaje, Omada, Idakwo, & Erbaclag] 3).

1. Nkporo Shales

Sedmentation in the Anambra Basin thus commenced with the Early CamgaaibnMaastrichtian of the Enugu

and Nkporo Formations (lateral equivalents) which overlie a sequence of Awgu shales and mudstone locally wit
sandy shales, thin sandstones and siralystone beds. The shaly facies grade laterally to sandstones of the Owelli
and Afikpo Formations (Obaje, 200Bhe Enugu and the Nkporo Shales represent the brackish marsh and
fossiliferous predelta facies of the Late Camparigaarly Maastrichtian depdginal cycle (Reijers &\wajide,

1998). Deposition of the sediments of the Nkporo/Enugu Formations reflects agbapel shallow marine setting

that graded into channeled lemergy marshes. The best exposure of the NkporoShale is at the village of Leru
(Lopauku), 72 km south of Enugu on the Eniideortharcourt express road, while that of Enugu Shale is at Enugu,

near the OnitshRoad Flyover (Obaje, 2009).
2. Mamu Formation

The coalbearing Mamu Formation and the Ajali Sandstone accumulated during tuk ep overall
regression of the Nkporo cycle. The Mamu Formation occurs as a narrow strip trendirigsottthfrom

the Calabar Flank, swinging west around the Ankpa plateau and terminating at Idah near the River Nige
The Mamu Formation is best exposgdheMiliken Hills in Enugu, with welpreserved secions along the
road cuts from the King Petrol Station up the Miliken Hills and at the left bank of River Ekulu near the
bridge to Onyeama mine (Obaje, 2009).

3. Ajali and Nsukka Formation

The converging libral drift cells governed the sedimentation and are reflected in the tidal sand waves

which are characteristicfor the Ajali Sandstdrne Ajali Formation of cretaceous age consists of red earth
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sands which form the faldeedded sandstones. This in turmsists of great thickness of friable but poorly
sorted sandstones. The Deltaic facies grade laterally into the overlying marginal marine sandstones of t
Ajali and Nsukka Formationsjali andOwelli Formationdie on the Mamu Formation and constitute its
lateral equivalents in most places. The Ajali Sandstone marks the height of the regression at a time whi
the coastline was still concave. Abia State, Ajali Formation spans from Isuochi (Umunneochi LGA)
though Uturu, Eluama and Ovim (Isikwuato LGA) waérnarrows down to South of Nguzu Afikpo area

of Ebonyi State, before running South into Arochukwu L.G.A and it is overlain by Nsukka Formation
(Obaje, 2009).

C. Niger Delta Formation

1. Imo Shales and Ameki Group

The Nsukka Formation and the Imo Shale krthe onset of another transgression in the Anambra Basin
during the Paleocene which are overlain by the tidal Nanka Sandstone of EoceRratage, (bitomi, &
Omada,2014). The Imo formation is the outcrop lithofacies equivalent of the Akata formatithre i
subsurface Niger Delta. (Sh&tStable, 1967; Avbovbo, 1978).

The Nanka sand, Nsugbe and Ameki formations are laterally equivalent (Nwajide, 1979) and they occL
in the Eocene time. Based on faunal content, their depositional environment hasdusestesuto be
ranging from near shore (barrAedge lagoonal complex) to intertidal and subtidal zones of the shelf
environments. (Nwajide, 1976; Arua, 1986). The Eocene Nanka Sands mark the return to regressiy
conditionsThe Nanka Formation offers anallent opportunity to study tidal deposits. WeXposed,
strongly asymmetrical sandwaves suggest the predominance ofiflabdurrents over weak ebbverse
currents. The presence of the latter are only suggested by the bundling of lamine separaadHother

by mud drapes reflecting neap tides. A good outcrop of the Nanka Formation is the Umunya section, 1

km from the Niger Bridge at Onitsha on the EniigDnitsha Expressway (Obaje, 2009).
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2. The Tertiary Units/Proto-Niger Delta Sequence

The Oligaene/Miocene Ogwastiisaba Formation comprises of alternating cogrsened sandstone,
lignite seams and light coloured clays of continental origin (Kogbe, 1976). These Tertiary units constitute
the proteNiger Delta Eocene to Recent sequences in thaidalos (Fatoye & Gideon, 2013)he Ameki

group and the Ogwaskisaba formation are correlative with the Agbada formation in the surface Niger
Delta. (Olajubajeetal., 2018). Shales of OgwasAsaba formation contain significant amount of organic
matter @ad may be a potential source for the hydrocarbons in the northern part of the Niger Delta (Reijer:
& Nwajide, 1998).The Stratigraphic strata of the Southern Sedimentary Basin and Lower Benue Trough
at large ae elaborated below in Figurelaad Table 1.below and the geologic map of the studgaais
represented in Figure 1delow.

1.53 Geomorphology of the Study Area

A. Physiography, Climate and Vegetation

The relief of the study area undulates as seen from the low lying Niger Delta fosmatoomring as much

as up to 150 m, next to it, are varying and increasing elevations of some lithologic units within the
Anambra Basin, from Nkporo shales with elevations as high as 200 m, Mamu formationwith elevations
between 2550 m up to Ajali sandshe as high as 500 m asl. A sharp change in topography occurs
around the shaly, sandstone sediments of the Abakaliki Trough occurring within the AbBkaliid
formations between the Asu River groups and Awgu Shales of the Lower Benue Trough. The cross
sections from profiles tiken across the geologic map (Figd).& indicative of a sharp depression evident
from the elevations ranging between-%60 m in this group. Occuring higher than the adjacent sediments
and volcanics of the Mamfe Basin are the Obad Adamawa massifs of the Ftambrian Basement
Complex whose elevationseaas high as 400 m. Figuresd 8om Shuttle Radar also corroborates the

varying elevation of the Study Area.
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In Nigeria, the climate is tropical, sesiid in the far North angdrogressively rainier southward. There is
rainy season due to African monsoon, which is progressively longer and more intense from North to Soutt
In the South, rainy season goes from March to October, in the central part of Nigeria, it goes from Apri

to October, then ceases in October and in the South East which is the wettest area, rainy season goes fi
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Figure 14: Stratigraphic Successions in the Anambra Basin and Southern Benue Trough, Nigeria
(Modified after Ladipo, 1988Akande, Hoffknecht &Erdtmann 1992 and Nwajide, 2013)
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Table 1.1: Lithostratigraphic Successions of the LBT (Modified after Petters, 1982)

Geologic Age

Pleistocené
Holocene

Oligocene

Pliocene

Oligocene
Pliocene

Eocene

Paleocene

Maastrichtian

Campane
Maastrichtian

Coniacian

Geologic Formatior Lithologic Description

Alluvium and Unconsolidated freshwater sands and gravels with silt an
Quartenary depositsadmixtures.

Beach Ridges Fine grained greyish white sands

Coastal Plain SandsSands Coarse to medium grained unconsolidated sanc
gravels, ferruginous sandstones and clays.

Gritty clays and pebbly sandstones with lignite layer.

OgwashiAsaba

Formation

Bende Ameke Sandstone and shale sequence with bouldery and
Formation limestone.

Imo ShaleGroup

Grey Calcareous shales and siltstones with bands of san
and ironstone.

Nsukka Formation
Alternating sequence of shales and sandstones with coad
(the coal measures).

Ajali sandstones
Mamu Formation

Nkporo Formation Dark grey shales and soft mudstones with occasional thit

of sandstones and limestones.

Awgu-Ndeaboh Shales with thin limestone bands and lenticular sand bou
Shale Group

New Netim Matrl

) Thick Marl unit with intercalations of thin bands of d
Formation

shales.
Amaseri Sandstone
Formation
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Turonian

Cenomanian
Ekenkpon
Albian

Aptian-Neocomian

Ezillo Formation

Ezeaku Formation

Ekenkpon Shale

Asu River Group

Mamfe Formation

Mfamisong
Formation

Awi Sandstone
Formation

Formation highly bioturbated fine to medium grain
calcareous sandstones formation with fossiliferous sha
the base.

Dark grey shales with fine sandstone and silts
intercalations.

Alternating shales, siltstones and limestones with lateral
facies change®tsandstones.

Thick, black and highly fissile shales with intercalations «
marls, calcareous mudstones and shale beds.

Poorly bedded sandy shales with fine to medium grainec
sandstone lenses

Crossbedded coarse to medium grained immature
sandstones withasal conglomerates and arkoses.

Masssive bedded, grey chalky limestones with fossils

Fluvio-deltaic clastics consisting of grits,m&tstones,
mudstones and shales.
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Figure 1.5 Geologic Map of the Study Area {(Digitized from Geologic Map of Nigerigdxian

Geological Survey Agency, 2010)}
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(ii)
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Figures 1.4 (i & ii). Geologic Map with Profile Lines and CreS&ctions Generated Across Profile
Lines

Figure 1.®: Elevation Map of the Study Area

{Adapted from Shuttle Radar Topographiéggion (SRTM)}
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March to November. Annual precipitation ranges between-1800 mm in central Nigeria, exceeds
2,000 mm (80 in) in the South and even exceeds 3000 mm (120 in) in the far South East characteristic
tropic rainforest climates, worldde. The Southern part of Nigeria experiences heavy and abundant
rainfall. These storms are wusually convecti ons:
belt. It also experiences a double rainfall maxima characterized by two high rpedkt, with a short

dry season in the month of August, commonly referred to as August Break and a longer dry season wi
temperatures between 20°C to 40°C, falling between November and February after each peaks. With th
vegetation varies considerablgdause the Savannah is observed in the central part of Nigeria, the
rainforests in the South and the mangroves in the Niger Delta and Coastal areas. Humidity remains high
in the South, because of the influence of the sea, while hot, sunny andatingmenditions return to the
Centraland Northern parts. Figures 1a&b give better explanation of these. The Study area and its
environs have ever green vegetation with eastern prototype mixtures efasgnnah grasslands, forests

and swamps and th&ands it out as a distinctive agrarian area and a good source of type Ill kerogenes

B. Drainage, Soil Type and Superficial Deposits of the Study Area

The study area is well drained by Source Rivers most likely emanating from the Benue Riveygbeg b
dominant North Easterly trend of the dendritic pattern and otherdribstlinked to the Niger Delta
coming from the South Atlantic Ocean. The closest source can also be pointed to the Rivers Niger ar
Northwestern parts of the study areas are tntikely drained by Benue and Nig&enue River
confluences respectively.

Regoliths and soil type of a given area are greatly influenced by the lithology of the area which count:
from migmatite, banded and granite gneisses, schists, gliariies, shale, marls, sandstones, siltstones,
clays, mafics e.t.c. Due to degradational and erosional processes, soils and regoliths are Benue confluel

going by the second trend, whichNorth Westerly (see Figure ).Areas lying as low as 16060 m
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Figure 1.9a

Figure 1.9b

Figure 1.7a&b: Diagrammatic Representation of the Climate Atime Study Area (Adapted from Encarta, Microsoft and archived from 7

Original, 2009)

-N-B: The Study Area generally has >2000 mm annual rainfall which influences the dominant rainforest and woodland/taletrase veg

present.
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appear more drained and discontinued river channels are indicative of elevated areas, eroded riv
channelsr dried river channels devoid of abundant rainfalls during dry seasons. The area is well draine
by Cross River and its tributaries aing tdrainage pattern is dendrifithe soil within the area varies in

a wide range from, clayey, silty, laterishaks /grey sandy clay (hydromorphic soils), sandy or clayey

|l oam soil domi nant around the Abakali ki envirc
other tuber cultivations. Laterites and alluvium are basically the most recognized supsposits in

the study area. Due to erosional processes and leaching away of topmost soils. Laterites directly overl;
weathered bedrocks and are believed to be of pedogenetic origin and alluvia on the other hand are detri

remnants from water bodies atpa fow channel (de Swardt, 1964).
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CHAPTER TWO
2.0 LITERATURE REVIEW

This section makes available useful terms and gives insight to the &igsdeians of the research work,

with the aim of giving a broad picture of the basis of the research by gnaerence to similar results
andunsolved problemwithin the frame of the topjconcept of the basis of the research work, and ideal
chosen tools for the achievement of the research. For ease of convenience, this review is grouped in

three parts; Careptual, Theoretical and Empirical frameworks.

2.1 Conceptuaal Framework

Based on the modxd formation of heintercontinental rift basin/Benue Troudratchley & Jones (1965)
attributes this to sterfrom rifting of African and South American platesdaextension of the original
fracture system which did not open up completely (failed arm). The Trough serves as a containment fo
deformed Cretaceous sediments and intrusives concealing rift boundaries and localized ore bodies whic
constitute a distinctategory (riftogenic) of sedimetiosted mineralizatiofOgundipe & Obasi, 2016)
Geodynamics brings about rift formations such as the Trough, which has been a focus of attention fo
researchers with numerous studies being carried out to understand #& ozades and importance of

the whole lithospheric extensigBenkhelil, 1989)Due to this mode of formation, analysis of the basin
geometry allows for proper identification of possible reserves of hydrocarbon, geothermal occurrences
and mineral deposit§.he importance of aulacogens or ancient rifts as suitable environments for base
metal deposits has been noted by Sawkins (199B)de & Morton (1980) an&Robbins (1983). The
mineralization in the study area falls in the category of the Benue Valleyalmagion which is attributed

to connate brines derived from evaporitic shales of Asu River Group (Orajaka, 1972; Ford, 1981) set intc

motion by a high geothermal gradient accompanying continental rifting (Olade & Morton, 1985).
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The Trough has extensivebeen studied in time past using various geophysical techniques with various
aims of study attache&everal geophysical methods measure different physical parameters of the earth
such as magnetic susceptibility, density, electrical conductivity, radieagment concentrations e.t.c.
(Reeves, 2005 antelford, Geldart, Sherif& Keys, 1990) Geophysical methods are adopted for such
purposes through the identification of structures such as faults/slips, fractures, folds e.t.c on the overlyin
sediments, etermined by the underlying basement signatures which aid in interpret&tomote
sensing/satellite imageries and geophysical prospecting methods (magnetic and gravity) have foun
useful applications in the mapping of potential ore bearing linear gealogirutures Nash, Boshier,
Coupard,Theron &Wilson, 1980; Goetz & Rowan, 1981; Peters, 1983; Drury, 1986, 1993; Rowan &
Bowers, 1995Hoover, Klein & Campell995;Adagunodo, Sunmonu & Adenip015;Akinlalu, Adelusi,
Olayanju, Adiat, Omosuyi, Anifoase & Akeredolu,2018 and Bamidele, 2020)n geothermal
exploration, magnetic measurements also endddasion of regions with reduced magnetization thue

thermal activity (Georgsso2009).

2.2. Theoretical Framework
2.2.1 Magnetic Method

Gao, Ximg, Yu, Zhang, & Wu, 2021 and Sharma, 13®inted out that of all geophysical methods,
magnetic mapping is the oldest, simplest, most reliable and widely used technique for locating hidder
ores Sructures asociated with mineral depositsirie point deths forgeothermal gradient argat flow

studies are estimated using magnetic method (Lawal, 2021; Shaole, Zhixin, Kefa & Jinlin, 2021; Oha,
Onuoha,Nwegbu& Abba, 2016, and Obandé,awal, & Ahmed,2014) The principles of magnetism

help to understand ¢hwvarious modes of responses of earth materials to magnetidiabdif & Savit,
1988).This is so because the Earth acts like a magnet as a result of the ferromagnetic properties of tr

core and mantle. Hence when a magnetic survey is conducted, edetimia exhibit magnetism based
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on their respective magnetic properties/susceptibilities. Anomalies in the local geomagnetic field arising
from magneti zation by earthds magnet i &Robertsel ds
1995). Trends in magtic features most often have semblance to the trend of the overlying sediment as
sedimentary structures are to a large extent controlled by basement tectonics. Most rock forming minera
are effectively magnetic, nevertheless, some rocks contain soffficegnetic minerals to yield abundant

magnetic signatures and buried ferrous objects do same too.

In Nigeria, the application of airborne magnetics to earth studies, have proved alot useful in exploratior
and geotechnics. Ezepue (1984) emphasized on botenic fissures have influenced the loci of
mineralization within the study area and further studies by Ajakaiye (1981) and Ofoegbu (1984, 1985 anc
1988) through ground and airborne geophysical techniques over the study area also have revealed lor
extersive block faulting and basinal structures in the Trougianaba & Ajakaiye(1987) made a
lineament density map of Nigeria using 30 Landsat frames which was done to show evidence of tectoni
control on mineralization in Nigeria from lineament density.yfb@roborated that mineral occurrences

in the country are closely related to the lineaments that are linked to offislregeceanic fracture zones,
becausehe lineament density map compane@ll with primary mineral occurrence map and results
showed good correlation between areas of high lineament density and where there are occurrences C
most primary minerals. This correlation suggests that primary mineralization is tectonically controlled.
Mineralization occurs through conduits in the form of fadissures and lineaments by which magma or
mineralizing fluids get to the surface as intrusives. These deformations (linear structures) are usuall
picked by aeromagnetic maps as surface linear features (Anyawu & Mamah REL8)s from previous

study ly Ugwu, Ezema, & Ezeh2013, reveathat igneous intrusions with large lateratexxs, occurring

more at Southestern parts of the study area accounts for more mineralization, hence the area may no
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hold any significance of hydrocarbon potentials dueigb kemperature that prevailed at the time of ore

genesis.

The study area occurs within Southeastern sedimentary basin which airborne magnetic studies hay
shown that it is tectonicalland structurally controlled, of erosional origin and dontains magetic
deposits from exhalatives/extrusives, intrusives, magnetic sediments or magnetic metamorphic units. |
the magnetic units in the basement occur at the basement surface, depth determinations will indirectl
map the basin floor morphology and so forseweral decades, basement depth estimation has helped
locate sedimentary basins with sigeaint thicknesses of sediments (Gu@f97) Aeromagnetic data

may be high or of low resolution and high resolution. Depth to anomalous bodies, structural
discontinuties, basement structures and depth, overburden thicknesses e.t.c have all been delineate
through the use of airborne magnetic data and have beéundgfiaterest within the past feyears of

which the previous research works below explain some of tMagnetic data when used in mapping
depth to anomalous bodies, invariably maps basin floor, topography, morphology and structure with &
relatively high accuracydnyedim, Awoyemi, Ariybi & Arubayi, 2006), and locates mineralized zones

as well as evaluatdg/drocarbon deposit of the region by calculating sediment thickhets Ugwu, &
Asielue,2017). Either one or more of the physical parameters such as the configuration of the anomalou
zone, magnetic susceptibility contrast as well as the depth amtimealous body yield magnetic anomaly
signature characteristics. Very high gradient on aeromagnetic map is usually indicative of difference in
magnetic susceptibilities such as that between acidic to ultramafic rocks (intrabasement). Variation o
contour gadient on an aeromagnetic map is indicative of suprabasement (Vertical movement) and the
shape of the causative body is considered (Reeves, 2005). Short, medium and long wavelengths contribt
to the varying magnetic field in the Benue Trough at large. dftanges in rock composition within the

basement reflect the broad magnetic closures seen on the total magnetic intensity anomdjghmaps (
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Anyadiegwu & Okeiyi,2018). Depth to basement, faults in the basement surface, and the relief of the
basement stace have direct relevance to the depositional and structural history of the studyramea.
airborne magnetic data obtained over the Benue Trough, long and extensive block faulting revealing
basinal structures in the trough were revealed by the andtysésby Ajakaiye, 1981 and Ofoegbu 1984,
1985 and 1988 on them.

These geological structures are often overlain by sediments whose depositional isopachs and/ or structt
reflect the underlying basement structure. Thus, through the study of the magrestiefttagformation

can be provided on the morphology of the sedimentary basin and its structure. Therefore, source depth
location of anomalies can be interpreted from contoured aeromagneticlstegs, (Oluwaseyi, Akerele

& Adeogun Q020); Dobrin & Sait (1988). Airborne magnetic survey is relevant in displaying spatial
distribution and relative abundance of magnetic andmagnetic minerals in the lithosphere and
accompanying geology and geologic structures wiflbraheem, Haggag & Tezkan (2018Jneous
features which include intrusive plugs, dykes, sills, lava flows and volcanic centres can occur at any stag
of a basi nds eedathny sedimentaryaseation (Dobeirs 8eSawt, 1988Glatizmaier &

Roberts, 1996

Magnetic surveys cabe performed on land, sea and air and airborne magnetic survey data are used ir
this study. Magnetometers working on magnetic induction principles are effective in picking magnetic
responses of minera(&eary, Brooks& Hill, 2002).The speed of operaticand resolution of the data

are very endearing towards the ease of detecting ore deposits that contain magnetic minerals.

2.2.2 Remote Sensing TechniqueLANDSAT VIII

Some authors like, Payamani, Babaei, Dehghan, & Harouni (262Moso, Rui, Lima & €odoro (2021);
Sulemana, QuayBallard, Ntori, Awotwi, Okrah& AsareAnsah @020); Ourhzif, Algouti, AlgoutiHadach

(2019); Rekhibi, Wadi,& Said (2015) andsrauch, Hudson, Minor & Cain€@06) have proposed that remote
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sensing is intensively used novegd in mineral exploration, and some of the most frequently used remote sensing
data for alteration zone mapping and geological extrapolations come from Advanced Space borne Therma
Emission and Reflection Radiometer (ASTER) and Landsat Thematic Mappégr RBM, Zhang, We& Zhang

(2017) have observed tHReémote Sensing ussatellite or aircraftbasel sensor technologies to detant classify

objects on Earth, including on the surface, and in the atmosphere and oceans based dagpsaipetgemagneti
radiation. Rmote Sensing can be active if it sends out their own energy and records reflected pibdioeneirgy
from the earthds surface such as radar i maging sys
electromagnetic radtion or emitted energy from the sun with the useasheras, video recordeasdthermal

infrared detectordmam, 2019) Whether remote sensing systems are active or passive, all detect and record energy
signals from earth surfaces and/or from the aphese (Schowengerdt, 2007). Other more complex sensing
systems includelectronic scanner$inear/area arraydaser scanning systemstc. The electromagnetic spectra
ranges from short wavelengths of high frequency waves to long wavelengths of lomérewaees. In that range,

they include gamma rays;:rays, ultraviolet (UV) radiation, visible light, Infrared (IR) radiation, microwave
radiation and radivaves(Leilesand & Kiefer, 1998 The rainbow of colours occupy the visible spectrum that we

see awisible light (sunlight). This portion of the electromagnetic spectrum has wavelengths between 400 and 700
billionths of a meter (0iD . 7 Altholugh it is a narrow spectrum, the visible spectrum hgeeat utility in

satellite remote sensing and fdretidentification of different objects by their visible colors in photography
(McBratney, Mendocga, & Minasny®003) This electromagnetic radiation, E, travels as packets or in quanta of
energy in the course of being dispersed. The incident energy gsi@itteer transmitted, absorbed or reflected and
same EMRadiation is directly proportional to the fourth power of its absolute tempereiteéarf Boltzman lajv

The Infrared spectrum extends from the visible region to about 1 mm (in wavelength). Theg tather
partitioned into the nedR, mid-IR, and faflIR spectrum, which include thermeddiation. IR radiation can be
measured by using electrordetectors Guo, Sun, Jia, Jiang, Jiang, Wang, Xu, Wang, Tian & 2019).IR

images obtained by whenrs®rs can yield important information on the health of crops and algsualizing

forest fires evenvhen theyare enveloped in an opaque curtain of smékerowave radiation has @avelength

ranging fom approximately 1 mm to 30 cm, thaye emitted 'om earth, objects such as cars and planes, and
35



atmospheréAggarwal, 2004) These microwaves can be detected to prawfitemation, such as titemperature
of the object that emitted the microwave. Because their wavelesugtlse long, the energyailalde is quite small
compared with visible and IR wavelengi{d®seph, 1996)Iherefore, the fieldsf view must be large enough to

detect suffieent energy to record a signal.

Four generations of Landsat instruments (MSS, TM, ETM+ and OLI (and TIRS) Hfarertiband designations.
Landsat Multispectral Scanner (MSS) imagery consist in four spectral bands with 60 meter spatial resolution. Eacl
image covers approximately an area of 170 km (msotith) by 185 km (eastest). Specific band designations

differ from Landsat 43 to Landsat 46 (USGS, 2015)Landsat Thematic Mapper (TM) images are composed by
seven spectral bands with a spatial resolution of 30 meters for Bands 1 to 5 and 7 and for Band 6 (thermal infrare
is 120 meters, but is resampled terB&er pixels. Approximate scene size is 170 km (nsdhth) by 18%m
(eastwest) (USGS, 2015).andsat Enhanced Thematic Mapper Plus (ETM+) imagery consists of eight spectral
bands with a spatial resolution of 30 meters for Bands 1 to 7 and the Band@&@paetic) resolution is 15 meters.

Scene size is approximately 170 km (nesttuth) byl83 km (eastvest) (USGS, 2015

Landsat8 is an American Earth observation Satellite and the eighth satelthe ibandsat program. Its ground
stations are situateih five locations which are Landsatgndstationin South Dakota, Svalbard grountson

in Norway, Alice Springgiround station in AustralidNeustrelitz ground station in Germany and Gilmore Creek
ground station in Alaska. The functions of the grosygtem are to command and control the Landsat 8 observatory
in orbit as well as to manage the data transmitted from the obsen@idwah, RAdzj Ahmad, Mustafapin,

Jalil, Isa, Othman& Zaki, 2019). Landsat 8 was launched frdandenberg Air Force B&, Caliornia, on an
Atlas-V 401rocket.It carried orboard two sensors which are Operational Land Imager (OLI) and Thermal Infrared
Sensor (TIRS) as opposed from priandsat where the thermal andleetive band images were acquired with

the same seps. OLI is

a sensor equipped with a femnirror telescope and a quantization of 12 fitSGS, 2015)
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Aggarwal, 2004 has revealether common types of remote serssavhichare radiometers, multispectral
scanners, spectrometers, and film cargeand hese systems can either be in analog (e.qg., hardcopy aerial
photayraphy) or digital format(e.@ mat ri x of f#Abrightness valueso
measured within an image pixel). Digital remote sensing images may be input direclyst8dor use;
analog data also can be used in GIS through an atwldigital conversion or by scanning (G&909).
These sensors are mounted on moving platforms (e.g. aircrafts and satgkteding in or above the
earthoés at mos pseesngregionslam inphe visibte, reflacted nhedrared, thermal

infrared, and microwave radar regions of the EM spectrum (Abdulrahman, 2010)

2.2.3 Airborne Radiometric Method

Ademila, Akingboye & Ojamomi (2018) opined theddioactivity in geoscigce is based on knowledge

of the physical properties of radiation sources and the ability to detect these sources through the analys
of remotely sensed data. Radiometric surveys detect and map natural radiometric emanations, calle
gamma rays, from rockand soils.Because of radioactivity of minerals, demand for nuclear fuels and
detection of associated neoadioactive deposits, the utility of airborne radiometric is very useful
(Alhumimidi, Aboud, Alguahtani, ABattahien, Saud, RAlquahtani, Aljuhanj Alyousif, & Alyousef,

2021 andDay-Stirrat, Hiller, Nikitin, Hofmann, Mahood & Merteng2021).The standard unit of gamma
radiation is the Roentgen (Rxpressed in UR per hquwhich corresponds to the quantity of radiation

that would produce 2.0830" pairs of ions per cubic metre at standard temperature and pressure
(Milsom, 2003 andcKeary, Brooks & Hill, 2002) Carlsan & Boyet, 2009 and Keary et al., 2002, have
revealed that somelements have isotopes whose nuclei contain an unstable number ohseutd
protons. The instability is most oftdralanced byejection of material from the nucleus. Alpha decay

involves theejection of two protons and two neutronstHdlium (4He) nucleusr alpha particleBeta
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decay occurs through loss of an electromfitbe nucleus, turning a neutron into a proton. Another form
of radioactive decay involves electron capture from those surrounding the nuaieing & proton into
a neutron.The radioactive emissions have very different penetrating propegaesma rag are only
stopped by several centimetres of lead @ardtravekeverahundreds of metras air and so nly gamma
rays can be detected mirborne surveysia gammar ray spectometifMcCay, Harley, Younger,

Sanderson & Cresswe2014)

At least 20 naurally occurring elements are known to be radioactive, all detectable gamma radiation from
earth materials come from natural decay products of only three elements, i.e. uranium, thorium, anc
potassiumlwobodo, Ikeri& Chikeleze, 2020Magill & Jean,2005andTelford et al.,1990. Airborne
radiometrics has extensive use for geological mapping and exploration of economic ntimmetajh
detection of potassic alteration zones associated with hydrothermal alte@tmme(m, El Nabi, Yehia,

& Salem, 2021)geochemical and environmental monitoring and in several fields of sciences (IAEA,
2007, 2003 & 199)1via information on characteristics of soil and its parent rocks, including surface
texture, weathering, leaching, soil depth, moisture, and clay mingrégBoegrwirth, 1997), provided by
radiometric data sets. This is because, most geologic processes such as; Continental Drift, Continent
Rifts which have initiated formation of mineral veins within the Trough, Geodynamics, Paleomagnetism,
Magnetostratignehy, Paleoseismology, Plate Tectonics, e.t.c however, occur on time scales beyond
human experience as much as thousands, millions, and even billions of years. For these, the chronome
of choice is radiometric dating, where the decay of naturally ocguraitioactive elements is translated

into time. (Dickin, 2005; Faure &lensing, 2005)The gammaay spectrometry method is widely used

in diverse fields. Initially developed as uranium exploration tool, the application of the method now
includes geologidamapping (Anderson & Nash, 1997; Graham & Bonhkaarter, 1993;Jaques,

Wellman, Whitaker & Wybori997;Charbonneau, Holma$a Hetu,1997), mineral exploration (Grasty
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& Shives, 1997; Lo & Pitcher, 1996), soil mappi@ppk, Corner, Groves, & Grealish99%; Wilford et
al., 1997), and environmental radiation monitoriglford, Bierwirth, & Craig(1997) demonstrated that
airborne gammaay spectrometry patterns provided important information for soil, regolith, and

geomorphology studies used for land mamagnt and mineral exploration decisions.

2.2.4. Electrical Resistivity Method

Riwayat, Nazri & Abidin, 2018 have statdtht electricatesistivity method of geophysical prospecting,

has over a decade, been in use, to study vertical and horid@utaitinuities in electrical properties of

the earth. The methatle pends on t he property of resistivit
is the resistance in ohms (Y) between two oppc
resistivity contrast of earth materials, electrical resistivigthnd of prospecting makes it a worthy tool

for mineral exploration (Egbelehulu, Mallam, Abdulsalam & Adewumi, 2021). Detected resistivities of
materials in the earthos subsurface are pri ma
response toelectricity, making porosity and fluid saturation a determinant to electrical resistivity
measurements. Fluiilled fractures within crystalline rocks and oxidation reduce resistivities, increase
induration with depth, and heightens resistivity (Patnd#illie, 1950; Keller & Frischknecht, 1966,
Barker, 1975 & Reynolds, 1997). Several geological processes are associated with mineralization such :
supergene enrichments, clay and wall rock alterations, fracturing/shearing, porosity, salt water intrusions
weathering and dissolution (GuSun, Jia, Jiang, Jiang, Wangy, Wang, Tian, & Wu, 2020; Ward,
1990) explained that these geological processes decrease electrical resistivities of earth materials whi
other processes also associated with mineralizagiech as induration, carbonate precipitation and
silicification increase the electrical resistivity of earth materials. Some other factors which control the
resistivity of earth materials include@msity and intergranular permeabilitgmperature andressure

rock type age, éxtureand mineralization (Olorunfemi, 2014; Reynolds, 1997).

39



This geophysical method is a novasive type which utilizes direct or low frequency alternating currents
introduced into the ground through current electrodasa¢@ C,) from an artificial source to reveal
electrical properties of swukurface rocks from resulting potential difference between two potential
electrodes (Pand B), this 1D or 2D resistivity crossection, images the geological subsurfateafyet

al., 2002; Leborgne, Rivett, Wanangwa, Sentenac & Ke2id21).

2.3 Empirical Framework

Mohamed, AZ Naimi, Mgbeojedo & Agoha (2021)sedremote sensing and geographic information
system (GIS) techniques for geological mapping and prospectinglbngneralizatioralong the Red

Sea hills inparts of Hamissana, Northeast Sudarorder to elicidate the geological maps agwhluate
mineral potentials. Different digital image processing technigues asjmage sharpeningontrast
stretching were applied to Landsat 8 Operational Land Imager image in order to increase discriminatiot
between vaious lithological unitsdelineate wall rock alteratisrfortarget zonesf gold mineralization,

and enhance spatial resolution of the images for more detailed information. The prineigadrent
analysis transformatioyielded saturated and interpref@aiimages than the original data. Several ratio
and composite ratio imagesvealed the existence of alteration zones from northeast to southwest in acid
metavolcanic and silica barite rocksidX-ray fluorescence analysesrroboratedgelected samplesdm

wall rock alteration zonessgold-bearing.

Eldosouky, Pour, Hamed, Taha, Gamal, Mahmoud & Pham (20@tpretedRemotesensing (RS) and
aeromagnetic dat revealinformation formineralization potentiality detection of ore deposyithin
Al-Allagi region of the southeasterresrt of Egypt. Severallata processing approaches were
implementedand integrated andesults ofband ratios (BR) and Princip@lomponent Analysis (PCA)
from Landsat8 processing, imaged theydrothermally altered zones arthe structures outlinedy
lithologic contacts, faultsand porphyry features (dykike structures). Lineamentgerewell extracted
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from airborne magnetic datasets wh&T system method was @ped for generating a heat mayp
structural complexity,ikewise CET Porphyry Analysis system, whislasusedto extract likely near
circular paphyry features that revealipgobable site of mineralization and to validate the remote sensing
observations. Integrated outcomes showed that areas of highly comptexctgres, density
(fractures/faults) are consistent with the detectettdthermally altered areas tlaae rivaled with mining

zones in AfAllaqgi region of the Southeastern Desert of Egypt.

Githenya, Mathu, Kariuki &Waita (2021) interpreted Landsat 8/@E the study area to map
hydrothermally altered zones by integrating geology with remote sensing techniques to validate result:
by establishing geological structures and their associated economic mineralization in the rocks of
Mwitika-Makongo area. Bantcbmbinations, band ratios and lineament extraction methods, field mapping
and geochemical analysis, were all integrated techniguesse results were used lithological
discrimination of hydrothermally altered zones. Results showed some iron mineyaizaf
hydrothermally altered zones, especially around Kalima Kathei, they concluded that lineaments contro
drainage patterns in the area. Chemical analysis usiRgyXfluorescence, for mineralized samples,
Pearson correction matrix tife chemical datgave a strongorrelation between Fe203, TiO2 and P205
indicating that their mode of delivery in the area could be similar, with a likely source from hydrothermal
fluids in the area. The results confirmed the findings from remote sensing studies on drgakibth
alteration, hence the integration of research methods, provided a tool for delineating economic

mineralization in the Neoproterozoic rocks.

Franto, Pramumijoyo & Setijadj2021) interpretated scenesl@indsat 8 satellite remote sensing images
to map hydrothermal alteration minerals and to identify primary tin in Gadung village, Toboali sub

district, South Bangka District. They identified the distribution of primary tin based on types and
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alteration mineralogy in the research area by using Landsaad@es by employing a defoliant method
for each mineral: 4/3;2/1 band rafior quartz identification, 4/3;6/5 band ratio for illite iderd#tion,
4/2;7/6 band ratio forchlorite identification, and 4/3;7/6 band ioatfor iron oxide. Further, the
obsenations ofmorphology, lithology and geological structusesre made, using/4; 6/3; 4/2 and 5/3;
6/4; 5/4 composite image combinations respectiveiyrdgraphy, XRay Diffraction (XRD) and XRF
confirmed for the result ofthe satelliteimage interpretatio. Results revealed that th@imary tin
mineralization in the area, is axide mineral characterizedy the presence of wolframit@yrite,
arsenopyrite, and cassiterite, and deposited irpbigmetallic veins, as well adlegedly influenced by
NNW-SSEtrending main geologal structure and associateditton oxide mineral in form of goethite
and hemate. They discovered that the type of timineralizationwithin the area ishe mineralization in
ironstone or gossan units, from supergene process, yehbgcassiterite, and associated withn oxide

minerals.

Osinowo,Gomy & Isseini(2021) analyzed.andsat 8 OLI satellite image data to map geological features and
spatial distribution of hydrothermal alteration zanesownto bein associatiorwith gold mineralization in the

Pala, Mayo Kebbi region of southwestern Chad. Radiometric calibrated, noise filtered and image enhanced Lands
8 OLI data were subjected to colour composite, band rationing and crosta analyses in order to enhance spect
refledance and compositional informatti, create colourful multispgal imageso mapdesired spectral bands into
principal component images for the purpose of accentuating salient informaédful to delineate hydrothermal
alteration zones. The resultsiiaomposite ratios 4/8/7-6/5 indicatel relative spatial distribution ofon-oxide

in the southeast, clays and hydroxyl mineralshe west and northwestern part of the study area. The eigenvectors
and eigenvalues for hydroxyl mineralsdiron-oxidesshowedighest loading of opposite signéich delineate
hydrothermal a#tration zones. Field control revealed that some areas delineated by band rationing as hydrothermg

alteration zones appear to be the resulintdnse weathering, hence remote sensias recommended for
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delineation of hgrothermal alteration zonefollowed up with arelevant groungbbservation based control

procedure.

Rockwell, Gnesda & Hofstr§2021) analyzed multispectral remote sensing data acquired by the Landsat 8
OperationalLand Imager (OLI) sensor using new, automated technigoesGIS software packagde generate

a map of exposed mineral and vegetation groups in the western San Juan Mountains, Colo., and the Four Corne
Region of the United States. Band ratio resukise combined into displayed mineral and vegetajionps using
Boolean algebra with view of usingw analysis logic to exploit the coastal aerosol band in Landsat 8 OLI data
and identify concentrations of iron sulfate minerRlssultdndicatal the presence of naasurface pyrite as a likely
potential nonpoint source of acid rock draindgelso revealedaned occurrences of iron sulfate mineralghie

area andknown sources of pyriteResultsshow high correlation with occurrences of jarosiearig mineral

assemblagefsom airborne imaging spectrometer data and supporting field veidicaurveys.

Tompolidi, Sykioti, Koutroumbas & Parcharidis (2020) interpregehtinel2, Landsa8/OLI, and
ASTER satellite multispectral datasets over soatth pf Lakki plain inside the Nisyros volcano caldera
(Greece), in order to give a detailed description of argillic zone of a hydrothermal field. They developed
a procedure of spectral unmixing by representing hydrbagking alteration with a single gmember

(clays) and three nearly naitered primary volcanic lithologies which are basic and acidic compositions
and loose materials of alluvial/beach deposits, scree, pyroclastic deposits, etc.. Elemental sulfur i
fumarolic vents hosted by active hydretmal craters was represented as well. Resultsdrobination

of spectral unmixing and geological map, provided quantitative estimations of the primayivand

loose material areas affted by alteration. Results from pixels with high abundaneesaif hydroxy

bearing alteration corresponded to mapped areas with strong hydrothermal alteration. They conclude

that the developed methodology is superior to conventional approaches such as alteration spectral ind
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because it could go a step furtherdescribe overall pattern of hydrothermal fields, hence the most

accurate results were taken when applied to ASTER or Segtivié&l data.

Kumar,Veeraswamy, Raghubal&iBalaji (2020) interpreted Landsat 8 OLI satellite data to investigate
geochemical malysis of iron ore and ireanriched mineralised zones and their source identification by
understanding lithological, structural and geomorphological units of Veerapunayunipalle and Pendlimarri
of YSR Kadapa District, AP, India. Subsequently, geocheraitalysis waperformed in the mineralised
zones to know the type and grade of the iron ore. The studglesl that the iron ore in tistudy area is

of haematite ( F©s) type, and its mineralization is confined to lineamemsdmg in EW direction and
araderived from ferruginous quartzites and shales belonging to the Cuddapah Supergroup. Based on tt
geochemical investigation, the overall grade of iron ore in respect of a Fe % in the study area is 39.0
which is commercially considered as lower gradd & useful for cement industry except for some
villages like Chabali (56.76% Fe), Tummaluru (55.53% Fe), Animala (54.19% Fe) which is used for the

steel industry.

Okeke,lbrahim & Echeonwu(2020)interpreted Landsat 8 OLI over the Lower Benue Trougheha,
adopting theTechniquesf band ratiming, Principal Component Analysis (PCA) and Crostamap

coal seam area distributio@omposite image of the three was rendered in RGB format, and Spectral
Angle Mapper (SM) classification was conducted, tmeachine learning techniquegere adopted
alongside remote sensing methtmmap ferric iron and hydroxyl oxide mineral locations amenable to
coal formationsResults were best obtained frd@nosta methoaut of the three, and results from PCA

and band goning, showed twderric iron and hydroxyl oxide image maphkichwere combined to form

a new image. Machine learning method such as Support Vector Machine, Ensemble (AdaBoost an

Gradient Descent) and Neural Network (mlp) were engaged to predictiaedasd contain coal seams
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based on surface feature characteristics. Surface coal mine areas were successfully mapped with SA
classification of the Crosta technique, while other areas suggestive of coal presence were successful

mapped with Madine leaning predictive method.

Ourhzifet al (2019) exploited the multispectral Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) and Landsat 8 Operational Land Imager (OLI) data in order to map lithological
units and structural map in treouth High Atlas of Marrakech. They employed the use principal
component analysis (PCA), band ratios (BR), Minimum noise fraction (MNF) transformation in their
analysis, performed a Support Vector Machine (SVM) classification for joint use of geomogthre$e
textures and multispectral data of the Advanced Spacee Thermal Emission and Reflection
radiometer (ASTER) satellite. Results from SVM , PCA, BR and ground truthing showed a good
correlation with existing geological map of the study area. IR&sm high potential of ASTER and
Landsat 8 OLHdata show good discriminatiaf lithologic units. SVM methods on ASTER and Landsat
satellite data best reveals that these are powerful tools used in exploring and improving lithological
mapping in mountawus senarid. They concluded that the overall classification accuracy of Landsat8
OLI data is 97.28% and the Kappa Coefficient is 0.97. The overall classification accuracy of ASTER

using nine bands (VNHSWIR) is 74.88% and the Kappa Coefficient is 0.71.

Okeke, Ukaegbu, & Egesi (2019) interpretexnlif spectral bandsom Landsat ETMnamely; thermal
infraar ed band (Band 11)twavéitfrared (Band 6), RR715.16 5¢ ng; m;S hnoe a r
(Band 5) 0.85 to 0. 880¢ 7 ot pdRoesd of (StRictunatipphgin 0 . 6
Afikpo environs. They delineated a total of 116 lineaments, which were extfemtethe digital satellite
scene and they were seen to lbencentrated mostly on the sandstoedt in the Northeast, around

Amasiti environs Themdic maps, digital elevation model (DEM3nhanced colour comptss of bands
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7, 5 and 2, wereised to create surface feaumaps, shded relief and slope imagextraction and
delineation of geological structurefResults revealed majdlE-SW to minor EW orientation of
lineaments, of which they concluded tHiseament densityrom regional linearents were of great
importance agdexes for groundwater exploration, mineralization targetks quarrying and structural

interpretation.

Onwubuariri, Mgbeojedo, ANaimi & Agoha Q018 carried out geophysical studies in some gully
erosion sites within Orlu and envirottsdentify tectonic and netectonic features, delineate their trends
and evaluate their effect in gully development angppgation.Detailed geological field mapping was
carried out to estimate the strikes and directional trends of the gaiiescterize the gulliesd thereby
revealing thathe gullies in the area trend approximately in the-S®and NESW directions wit the
NE-SW being preponderarihe nterpreted Lands&TM imagerieelped tadeterminghe lineaments
and their trends, from whicRose diagrams generated frosirikes and lengths ahe interpreted

lineamentsrevealed two structural trends of NBE axd NE-SW with NW-SE being dominant

lieh et.al. (2018) used a digital format of aeromagnetic data and remotely sensed (Landsat ETM+7) for
structural interpretation dhe Awgu area in Enugu StatepuBheastern part of Nigeria. Aeromagnetic
data were angkzed and interpreted using vertical and horizontal gradients, analytical signal, reduction to
pole, tilt depthas well as Euler deconvolution, aritet3D Euler solution of the study arslaoweda
structural index of 1.0 with dyke/fault as the shape ofitifierred geological structur&nalysis and
interpretation of the Landsat ETM+&vealedineament trends and density across the &esmagnetic

and Landsat lineament maps of the study area were summarized from the rose diagrams revealing NI
SW as the mar trend with some secondary trend$N\W-SE, EW and NS directions. Conclusion was

derived that a NESW trend reflects the younger tectonic events, because the younger events are mort
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pronounced and tends to obliterate the older events. Comparisoe @ketbmagnetic and Landsat
lineament extraction of the study area in terms of number of lineaments, directions and total lengtt
oflineaments, the Landsat imagery were found to be more than the number, directions and total length c

the aeromagnetic data.

Amin & Mazlan (2019 presented the applicability of Landshidata for hydrothermal alteration and
lithological mapping of Sar Cheshmeh copper mining district in the southeastern part of the Urumieh
Dokhtar volcanic belt, SE Iran by developing several-Be#nBlue (RGB) color combination images

and specialized band ratios. Band ratios were derived from image spectra (4/2, 6/7, 5 and 10 in RGE
which allowed proper identification of altered rocks, lithological units and vegetation with supportive
fieldwork and laboratory analysis verifying the image processed results. Well suited lithological mapping
was achieved through thermal infrared bands of Landsat 8 significantly improving the quality of
geological mapping from which geologists were encouraged tzeutiandsai8 OLI/TIRS data

forgeological purposes in the future.

Pour & Hashim (2014analyzed Lands&® data, to show the applicability of the technique in delineating
hydrothermal alterations and for the purpose of lithological mapping, for porpbper exploration in

arid and semarid regions, with Sar Cheshmeh copper mining district of southeastern UiDokékar
volcanic belt, Southeast of Iran, selected as a case study. They developgpedd®iue (RGB) color
combination images and spdciad band ratios from image spectra (4/2, 6/7, 5 and 10 in RGB) of the
satellite image.This was to allow the identification of altered rocks, delineate lithological units and
vegetation at a regional scale. They used nalytical imaging and geophysiaspddviei/perspectral
analysis processing methods on Landshands and Mixture Tuned Matched Filtering (MTMF) methods

to identify alteration zone associated with known porphyry copper deposits in the study area. They
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concluded that Lands&tbands bands 24d 4 in visible and neanfrared, 6 and 7 in shortwave infrared,

and 10 in thermal infrared, contain useful spectral information for porphyry copper exploration purposes.

Onyewuchi, Opara, Ahiarakwem & OK8012) made structural and geological intergienhs of Nkalagu
area, Southeastern Nigeria using Airborne Magnetic and Landsat data. This study revealed lineamen
with trend directions in B, NESW, NW-SE and BEW directions with NESW trends being dominant.

A strong relationship between lineamems anineralization in the area was deciphered.

Opar, Ekwe, Okereke, Oha & Nnos{&8012 carried out structural and tectonic analysis of Okposi and
environs, Lower Benue Trough using Landsh data with the aim of revealing a detailed structural
interpreation of the study area by identifying associated lineaments, inferring their effect on the economic
potentials of the area and also determining whether the Okposi Brine lake of the study area is structurall
controlled. Trend analysis revealed structtreds in the BV, N-S, NW-SE and NESW directions with

the NW.SE and NESW directions as the dominant trendiswas further revealed that numerous
lineaments in the study area make the region viable for mineral prospecting and that presence of
lineamen zone around Okposi area may be responsible for the formation of the Okposi Brine Lake
because it is believed that a linear feature must have cut through the basinal brine of the Asu River grou

of the Benue Trough.

Okereke, Onu, Ibe, Selemo, Opara, Ikdbeneme Oha (2012 usedLandsat and Aeromagnetic datddentify
and delineate structures associated Wibtha area of the Upper Benue Trougtends/patterns of such structures
and also infer their relationships with basin formation and dynamicstlitig also determined the thickness of the
basement, basement topography, hydrocarbon potential and groundwater availability of the stiwiygaete
results revealed shallow layer of magnetizationwith an average depth of 0.54%hkmnadeeper layer of

magnetization with an average depth of 2.788km. The dgmiinged the basinviable enoughfor mineral
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prospecting and davourable for hydrocarboexploration andite dominant trenéfom magnetic data is towards

the NE-SW direction whichthe Landsatlatacorroborates.

Away from the study are@kerekeet al (2012) integrated both airborne magnetic and Landsat data and
madetheir analysis in order to mdmear structures around Yobe Area of the Upper Benue Trough
Ologun (2004) also generated and develdptied images and clusters in order to obtain structural and

geologic map of the Jos Plateau.

Ananaba& Ajakaiye (1987) made a lineament density map of Nigeria using 30 Landsat frames. This
work was done to show evidence of tectonic control on mizetadn in Nigeria from lineament density.

They corroborated that mineral occurrences in the country are closely related to the lineaments that al
linked to offshore transceanic fracture zones. The lineament density wegcompared withprimary
mineraloccurrence map and results showedd correlation between the areas of high lineament density
and occurrences of most primary minerals. This correlation suggests that primary mineralization is

tectonically controlled.

Lawal, Omar, Salami, Adewumi, Sund&yFawale (2021) interpreted agnetic dataf parts of Osun
State and its environs, Southwestern Nigeria. They applied enhancement techniques sabftias a
signal, Euler deconvolution,eater for exploration targeting and porphyry analygsigh the aimof
identifying structures concealing mineral depodtssults delineategldges and distribution of magnetic
sources equivalent to concealed mineral deposits, vadiepths tomagnetic source geometriagere
estimatedusing prescribed structural indices0.0, 1.0 and 2.@com Euler deconvolutiorResults from
CET (center for exploration targetipgrid and porphyryrevealedmagnetic lineaments and porphrytic

intrusiveswhich they classified astructuredikely concealing mineral deposits.
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Lawal, Sundg, Fawale,Salami& Adewumi. (2021) updated knowledge about the metallic source
location, subsurface structures and depth information responsible for mineralization in Lafiaji and its
environs,North-central Nigeria, by interpreting and analyzing airbamegnetic data, usingchniques

such asTotal Horizontal DerivativegTHD), Tilt Derivatives (TD) and CET grid analysiguler
Deconvolution (ED), and Fourier technique. Reduction to equator (R&&)ltgevealed various striking
subsurface structurés NE, SW, NWSE, EW directionsThe ED solutions reveadl various structures

as well frombest index with the average depth values of warioetallic sources.dRult from the spectral
analysis ranges from 1.40 knB.50 km.They concluded that thetudy didnot only demonstrate the
usefulness of HRAM data in revealing the nature and extent of subsurface structural featdeggtland
information but also showeithtense tectonic deformation of the basement structures responsible for

mineral exploration.

Ekwok, Akpan, Ebong & Ez¢2021) processed high resolution airborne magnetic data, using standard
euler deconvolution (SED), source parameter imaging (SPI), spectral depth analysis (SDA) and 2C
forward modelling data to determine depth to shallow and deep n@agoatces in some parts of the
Lower Benue Trough and adjoining areas. Their results revealed that the Abakaliki Anticlinorium (AA)
and lkomMamfe Rift regions are dominated by short wavelength magnetic anomalies caused by
extensive tectonic events. SEDows that shallow depths between 1838.3 m and deepeated at
394.35748. 1 m respectively. SPI showed shallow depths between-5%4.2 m and deepeated depths
between 644:5141.6 m. Results from SDA shows deep magnetic basement in the ran§e@6666

m with an average of 3449.

Ishola, Oluwaseyi, Akerele & Adeogu(020) interpreted and analyzed high resolution airborne
magnetic data in order to map subsurface geological structures in Ewekoro, SW Nigeria. RTP image

enhancement routine was ajpplto the data in order to map subsurface geological structures in Ewekoro,
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Southwestern Nigeria. Results showed a good number of delineated lineaments irFSWé diligction,
which indicated fault and fractured zones, from tectonic episodes. Presshed@f and deep magnetic
sources at depth of 0.4R75 km respectively, were identified. They concluded that the deep sources were

indicative of basement rocks underlying the sedimentary cover in the area.

Abdullahi & Kumar (2@0) estimated Curie deptlisom power spectra of 25 equaindow sizes with

50% overlapextracted from higitesolution aeromagnetic anomalies of parts of lower and middle Benue
Trough,Nigeria. Results revealed thatrie depths calculated from the regafrstudy werebetween 11

+2 and 27 = 2 km and that the shallowdspth (11 + 2) kmvas obtained frombakaliki environs while

the deepest deptlascalculated around Otukpa area of Anambra badney suggestd that different
geological structures and magnetic anomalies (i.e. biglow magnetic anomaly) influenced the
calculated Curie depth resulfBhey recorded wrie depths (1418 km) over basement rocks and Curie
depths between 18 an@ &m within zones of volcanoes ahgipothesized presence of underplating in
the crust and ®sibly mantle plume as a result of the MesozBenozoic volcanic magmatism

(magmatic centers) mostly basalts distributed and scattered in the region.

Okpoli (2019) used high resolution aeromagnetic data set of Abakaliki (sheet 303 S) to characterize
subsurface lithostructural features in parts of the Lower Benue Trough. Results of the second vertica
derivative (SVD), tilt angle derivative (TDR) and analytical signal (AS) revealed three major faults: F1,
F2, and F3 in NESW, ENEWSW and NWSE directionsrespectively. Radially averaged power
spectrum and Euler deconvolution revaled depths to the top of magnetic sources as 27 m and 2.46 km f
shallow and deeper sources respectively. He concluded that the structures revealed are very useful

hosting impotant minerals.
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Abraham, ItumohChukwu & Onwe (2019) interpreted high resolution airborne magnetic and gravity
data, with theaim of locating and wgpping regions of shallow Curigoint depths (CPDs), crustal
thickneses and geologic tsucturessupportiveof a geothermal systengpectral analysi®f magnetic
field anomalies and analysis ofagity anomalieswere subjected to a series mfocedures to assess
geological structures. Result reveatlesper CPDs withinemtral andsouthern regions of Okpip#&\fikpo

and Biase towns in aapproximate range of 18.4 to 19.3 km. Shallow CPD& 17.4 km)were also
obtained within Obubra and Abakaliki regions amstireatedcrustal thickness (Moho) rangéetween
26.5 and 35.8 kmTlhey discovered that part of the regiwith shallow CPD correlatasith regions of
shalow Moho depths, particularly iAbakaliki, and deeper Mohdepths coincide with deeper CPD
estimates aAfikpo environs The estimated geothermal gradiant] heat flow values nge between 29.0
and 45.0C/km and52.2' 101.5 mW/n, respectively, ad fall within values evaluatefilom deep wells
drilled for oil exploration within the adjoiningAnambra Basin region. Gravity data evaluations also
reveaed significant subsurface intrusions within Ugbodo, Obularad Abakaliki locations. They

recommended that regions with shallow depths be explorga$sible gedtermal power plant location.

Adewumi & Salako (2018) madeuglitative analysis of aeromagnetic data of paftNasarawa State
with the aim ofdelineaing mineral potential zondResults show that the range of magnettensites
vary betweerb1.2 nT to 110.4 n,Iwith the highs depicting the basements inNleetheaseind Akwanga,
Wamba and Nasarawa Eggoegionsof the Northwestwith promising solid nmnerals of economic
potentials like, gold at Wamba, Tin, Columbitéantalite at Akwangaand ganite rocksof high
radicactive elements, abundaat Nasarawa Eggon. The low magnetic valwese denotativef the
Sout hds sedi ment ar ymaandvKieana whithostsomaindustria minesals lik® o
clay, glass sands and the Salt Brines at Keana. yThevealed that the major high magnetic signatures

trend EW. Lineaments in NESW that coulchost minerals in the study aregre delineated usinfgrst
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and second vertical derivativéddasement structures were revealed from tilt derivative and analytic signal
resultsmnd mineral exploration targets which agréggielythatmost nagnetic minerals are structurally

controlled.

Eze, Mamah, Madu, & Onub&017) made geological and structural interpretation of possible
mineralization zones of parts of Anambra Basin and Southern Benue Trough using airborne geophysic:
data. Nine (9) high resolution aeromagnetic and radiometric data sets of the Southerii®®egh and

the adjacent Anambra basin were used to reveal subsurface geological structure of that area, magne
lineaments, shear zones and shallow faults irSVE EW and NWSE trends. The ternary image from

the evaluated radiometric data shows anrowed version of the geological map of that area by
delineating the lithology of the ASU River Group, Ezeaku formation, Awgu shale, Nkporo shale, Nsukka

formation.

Ikeh, Ugwu & Asielug2017) made structural interpretation of aeromagnetic data o verguldglamale

of the the Lower Benue Trough. Using 2D spectral analysis, he revealed two depth source models witl
Direvealing deep magnetic source bodies of intrabasement discontinuities and faults ranging from 2.1
to 5.25 km while Dwere shallow magnetiosrce bodies in the range of 0.35to 99 km. Results delineate
possible mineralization and existence of a reasonable cretaceous sedimarkaegshiof 3.75 km in the

area.

Ohaet al (2016) digitally processed and analyzed high resolution airborne nadat of parts of the
southern Benue Trough. Results from these procedures show that at least 40% of the sedimentary ba:
contain shallow (<200 m) magmatic bodies, which in most cases are intermediate to mafic intrusive anc
hyperbysal rocks, and may agcas sills, dikes or batholiths. Magnetic lineaments with a predominant

NEi SW trend appear to be more densely distributed around the basement rocks of the Oban Hills an
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metamorphosed rocks around the Workum Hills. 3D standard Euler deconvolution acel Farameter
Imaging (SP™) techniqueswere employed for depth estimation. Results from the two methods show
similar depth estimates. Themaximum depth to basement values for 3D Euler and SPI are 4.40 and 4.¢

km with mean depths 0f0.42 and 0.37 km, respelst

Onyewuchi& Ugwu (2016) dica geological interpretation of the high resolution aeromagnetic data over
Okigwe-Udi area, Southeastern Nigeria which was carried out usiDgsectral inversion and-B
Standard Euler Deconvolution methods. Resulthef2D spectral analysis revealed a two layer depth
model with the shallower magnetic sourcedepth varying from 0.223 to 1.048kmvitfdl an average
depth of 0.641 km while the deepermagnetic source bodipddth varies from 2.659 km to 3.748 km

with an average depth of 3.088 km and predominance e®WErendingstructures within the study area.

Mirianrita, Obiora, Ossai & Okwoli(2015) quantitatively and qualitatively interpretds® aeromagnetic data of
Nsukka area, a part of South Eastern NigeBimndard Euler deconvolution, Source Parameter Imaging (SPI),
Forward and inverse modeling estimated depths and mangnetic susceptibility values which indicated dominanc
of iron rich minerals like limonite, hematite, pyrrhotite and pyrite, and formstlateaps on sandstones. Outcrops

of shallow and deep lying magnetic bodies resulting from lateritic bodies in the outcrops within the study area were
estimated by Euler depths for four different structural indices (S1= 0.5, 1, 2, 3). Theye resdl@&dtthd50 m

depth are good potential water reservoirs for Nsukka and environs and that depths of 1644 to 3082.7 m showe

sufficiently thick sediments suitable for hydrocarbon accumulation.

Opara, Onyewuchi, Onyekuru, Okonkwo, Nwosu, Embarga & No&fl4) made structural
interpretation of Afikpo sulbbasin using evidences from integration of airborne magnetic and Landsat
ETM data to provide quick, fast and c@ftective reconnaissance survey of the afé@ aeromagnetic
and Landsat datavere subjectedo various image and data enhancement and transformation routines.

54



Results of the study revealed that the dominant structural trend direction of the study area isin th
NE-SW direction. Other lineament trend directions are in ti® ad E-W directions. Presence of

high density fracture zoreround Afikpo and EzAlayi, 8km SW of Afikpo from lineament density

map and two layer depth models from spectral analysis were observed. The shallower magnetic sour
with average depthfol.195km as a result of basement roaksuding into thesedimentary rockand

deeper magnetic source bodigth average depth of 2.660knere delineated, which weassociated

with intrabasement discontinuities like faults. Jrmoncludedhat theaverage sedimentary thiclksgeof
2.660km estimated in thstudy area is unfavouske for hydrocarbon generation afavourablefor
quarrying and Pb/Zn exploration basedpogsence ofalerite Sill which has galena as an associated

ore estimated in the study area.

Anyanwu& Mamah (2013jnade structural Interpretation of Abakilikigep using airbornemagnetic and
Landsat Thematic Mapper (TM) Daesults of the -D spectral analysis revealed a two depth models;
the shallower magnetic sourbedies range in depthdfrom 0.035km to 1.285km with an average of
0.656km while the deeper magnetic source bodies range in deptiofd 1.585km to 4.136km with an
average depth of 3.096km. A conclusion was drawn on shallower magnetic anomaltegyrdsel to
basement rocks which intruded into the sedimentary rocks while the deeper magnetic anomalies ar
associated with intrhasement discontinuities associated with faults, and that the average sedimentary
thickness of 3.096km estimated in the stadga may favor hydrocarbon generation. Results from the
study revealed lineaments with trend directions in th®, NNESW, NW-SE and BW directions, with

the NESW trends being dominant. The dominant trend of the magnetic data is {8&/Nihich agrees

with the fault orientation within the Benue Trough.
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Onubaet al.(2013) reviewed the hydrocarbon prospects on the Lower Benue Trough aeromagnetic date
of Afikpo-Ogoja. Geothermal gradients of three zones were delineated. Gradients identified are 16
2 8 e C /fot lemngeothermal gradient, 282 e C / km f or i ntermedi-a8e/ gmo
for zones of high geothermal gradients. They revealed that the ASU river group, Ezeaku, Awgu anc

Nkporo formations which are within intermediate geothermal gréslien

Ugwu et al. (2013 interpreted aeromagnetic data over Okigwe and Afikpo areas of the Lower Benue
Trough, Nigeriaby forward and inverse modelling techniques. Anomalies over their study area were
modelled by spherical or dylie bodies emplaced at naus depths, ranging from 3.0km to 12.7km,
either in the sediment or in the metamorphic basement. Results from the magnetic susceptibilities of mo:
of these bodies indicated that they are igneous intrusions with large lateral extents, occurring more &
Afikpo than Okigwe area which accounts for more mineralization in Afikpo than Okigwe. The
hydrocarbon potential of the area was inferred from the fact that high temperature that prevailed at th
time of formation of these minerals is an indicator that tle&a anight not hold any significance of

hydrocarbon potentials.

Onuba, Anudu, Chiaghanam, & Anakwu{#011) evaluated total field aeromagnetic anomalies over

Okigwe area. The RegionBResidual and slope methods were applied to delineate lineaments and
estimate depth to basement (sedimentary thicknesses). They discovered on the average that deey
magnetic sources ranged from 2 to 4.99km while shallower magnetic sources range from 0.4 to 1.99 kr

depicting depth to preambrian basement and depth to magnetim&lies respectively.

Obi, Okereke, Obei & GeorgR009) interpreted aeromagnetic data over the Lower Benue Trough to
detect the presence of subsurface intrusives and their implications on hydrocarbon evaluation. Thirtee

(13) intrusives were revealeafn subsurface modeling and they were mainly Rhyolites and Basalts. The
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close proximity of the study area to adjacent outcropping Oban massif (basement) influences the
emplacement of this intrusives, and areas with greater sediment thickness had animtiheasg@mber

of intrusive emplacement. They observed that sediment thickness increased fron2 ZKknand the
number of intrusives were more around Nkalagu, Abakaliki, kot Ekpene and Uwet areas while regions
with lower sediment thickness of 0.5kn7km around Udi, Afikpo, and Ugep had few intrusives and low
probability stands in producing thermally mature source rocks, making these areas unfavoratbtefor fur

hydrocarbon investigation.

Onyedim, Awoyemi, Ariyibi & Arubayi (2006 studied the morpholggof the basement beneath
accumulated sediments in parts of the Middle Benue Trough, Nigeria. Their work resulted in the
delineation of the twelve major fault segments which divide the basement rocks into discrete blocks
Thus, they interpreted the bouniéarbetween the segmented basement blocks, as high angle faults, some
of which may be shear zone. They formed Source Parameter Imaging from aeromagnetic data of baseme
rocks and showed that the basement is segmented by faults or blocks whose deptietweegé.O -

4.5 km. Two major grabens or sbhsins were identified with depths from 2%km and 2.5 4 km.
Computed susceptibilities showed that the basement is not homogeneous but consists of three maj

magnetic domains within the range of 0.0 102) 0.02 to 0.04 and 0.04 to 0.06 SI Units respectively.

Bukola, Abbass, Rafiu,Adewuyia, Ejepu, & Adewumi (2021)interpreted airborne magnetic and
radiometric datasetsverBida and Zungeru, Niger State, Nigetiadelineategeological structures such

as faultsfracture folds, joints and geological boundaries that serve as host to gold and associated minerals
within thearea. They engagedathematical algorithgsuch afReduce to the Equat@RTE), Analytical

signal (AS), First Vertical DerivativgFVD) and Centre for Exploration Targeting (CER)magnetic

data processingand Ternary imagindor radiometric dataanalysis.The result of the 1VDshowed
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structural featuresabeled F1 to F8. ihear structure in NE-SW direction were delineated in the
Northwesterraxisof the study arewithin contactof mylonites and amphibolites and the Hgjte meta
sediments located around Katakwo, Gindei, Kwange, Gabas and Akusu villagebn&ment trends
were also delieneatedcross the midegion of the studyraain Kataeregi, SaboiDagan, Kakaki
Minkwoigi, Sunbwagi, Kakaig Sabon dagga, and Boishiri environs where the authors suspect
majority of volcanic activitieso havetaken placeAirborne radiometrigesults displayednobilization
of the immobile thdum Th, synonymous tdydrothermally altered zone#. delineatedincrease in
potassium concentraticand decrease in K/Th relation, diagnosticiydrothermal activities within the
area. Thg concluded thagold mineralisations are found within veiand in the adjacent, highly

deformed host rock located below the Federal University of Technology Minna Campus.

Shah, Ryan, Taylor, Gregory, Walsh & Philli{&)21)analyzedaeromagnetic, aeroradiomet ground
gravity, and samplpetrophysical and geochéal data of he eastern Adirondack Highlands of northern
New Yorkto image and understand these deposits and the geologic framewdrstdbzens of iron
oxide-apatite (IOA) deposits containingagnetite and rare earth elerh@REE)bearing apatite. &sults
from aeromagnetic totdleld datarevealedmagretic leucogranite host rock and magiructures that
likely served as fl conduits for the hydrothermalystem. Bangbass fitering and 3D inversion of
magneticsusceptibilitydata revealednagesof thesedeposits tidepth, allowing the inferenad plunge
directions andelative size. Variations in the surfagedogy, IOA deposits and several large tailjites
containingREE-bearing apatite were revealed from variable €dduivalent Th), K, ad t eTh/K data
sets. Bouguegravity anomalies shosdlimited correspondence to tearface geology, radiometriath,
or magnetic data, but showagproximately 10 km wiel highs in areas where deposits are obseRiad.

forward models of gravity anchagneic data show that d@per, dense material beneath the leucogranite
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The study concluded that geophysical modeling suggests that depositerm in structural, theria,

and chemical traps near ttstal ends of the hydrothermal system

Akinsunmade, Dinh Wojas & TomeckZS u ¢ h(B0dD) interpreted gridded aenoagnetic and
radiometric datasets of Isanlu sheet 225 in order to map geological structures and delineate characteris
lithology and potential mineral ore zones in the area. The Reduced to HiuEE)routine and Analytic

Signal procedures were performed on the the gridded RTE and both enhancement and statistic
operations were performed on the aeroradiometric data. Results from the data sets identified lithologi
zones, such as metasedimentaogkr units, migmatites and igneous rock units occupying varying
proportions within the entire area, some localized potential radioactive and precious metal ore zones
major NWSE deepseated and surface structures. They recommended the obtained inforagation

serving as a valuable database for further prospective research and mineral exploration in the region.

Suleiman, Okeke, Obiora, & Sani (2020) evaluated and reviewedntunetic and radiometric
geophysical data of the country and results of the iryagsdin prompted some recommendations. From
the review, the author revealed maximum deeper depths of 2 km, 4.85 km and 7 km in the Southeastel
part of the country, while the north central part of the country revealed maximum deeper depth range:
between 0.%m, 5.66 km, 3.24 km and 2.4 km. Also, maximum depths of 2.11 km and 1.5 km were
revealed in the Northwest as against 2.8 km and 3.6 km in the southwestern part of the country. The
discovered from the radiometric method that radiogenic heat producticesvia most parts of Nigeria
fallwithintherang of 0 2*0d 35 W#i3Based®mthe overall results obtained from the mean
concentration, internal and external hazards from the Southsouth and southwest of the country, it wa
concluded that the soils in the areas were safe for use in constrawttiong places in the regions but

the coverage of the study area was by no means its entirety for the country, hence the author
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recommended the need to carry out more of geophysical surveys on radiometric method in the
northwestern part of the countegpecially Sokoto Basin. The authors recommended that the paper serve
as a reference and stimulate interests in having more geophysical investigations in integrating the tw

methods with a view to cover some gaps in the field and pay attention to ateasred.

Nwobodoet al. (2020) interpretedhigh resolution aeroradietric data of Wukari and Donga Middle
Benue Trough. fie analysis of radiometric data revealed concentratmusdistribution patern of
primary radioelements such pstassium (K), thaum (Th) and uranium (U). The count rate range of K
(0.11- 2.75%), Th (6.79 27.71 ppm) and U (1.696.21 ppm) were observed within the study area.
Results revealed thtte relative lower values of Uranium abundances in Wukari area are roughly related
to the presence of sedimentary rocks such as carbonates and sandstones while higher values of Urani
abundances in Donga area are roughly related to the presence of metamorphég:rechist.
Concentration of potassium was classifiemninant around sthern and northwestern part@bnga and
Wukari areas respectively, whichof great advantage to agriculture in thesa as showfrom statistics

and map analysig he authors proved that it was possible to map out areadiometric mineralization,
viz-a-viz statistical determination dfireshold values of U, Th and K%. The threshold value for the total
count was estimated as 51 cps andrces of radiatiowith anomaly > 51 cpwere founddominant in
southern part of Donga arednich proves the areaable forradioelement mineralization. The identified
areawas thusonsiderednd recommendddr further detailed ground spectrometric surteydetermine

the radiometric mineralization potentials of the area.

Elkhateeb, Abdellatif& Elkhateeb (20183tudied the localization of probable gofiheralization zones
in a selected part of the cealt Eastern Desert of Egypt interpreting both aeromagnetid

aeroradiometric datasing some enhancemeathniques such as first vertical derivative, analitjnal
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ratio and ternary radiometric mapsd both Center forxploration Targeting (CET) gridnd porphyry.
The results were used to validate litlgology, structures and hydrothermal alteration zarfebe area.
Rsults indicated dominant NW, NNW, NNBYNW, NE, EW and NS structural directions withhé
NW-SE trendconsiderednost important and prefe orientation of ore depositsavorable regions of
ore deposits were mapped and correlated well with kngald occurrences in the study area, known
lithological units based on the concentmatof radioelements and ratios angdrothermal alteration
zonesmapped within younger grangekKnown locations of gold mineralization were investigated and

also new sites were delineated from the resultig\amable locations for mineralization emplacement.

Olorunsola & Aigbogun (2017) prospected for radiogenic heat production in Southern Anambra basin by
assessing aeroradiometric data. High aeroradiometric data from threeeleadents (Uranium,
Potassium andforium) were used. The lithology was delineated while processing elements in each rock
to evaluate radiogenic heat production values. The highest heat produced came from the sedimenta
rocks (shale) of 5.43uWrharound Aimeke and Ogobia. The total airtmrmadiometric count of

radioelements and radiogenic heat maps were produced.

Olorunsola &Aigbogun (2017) interpretetivelve sheets of aeromagnetic and aeroradiometnite
correlatingand mappindhe geothermal and radioactivesat production from Ananmné Basin, Nigeria.
The datawere used toinvestigate heat sourcesing the combination cderomagnetic datep form a
composite majpotalmagnetic intensity (TMI) anomaly mamdradioelement maps. Curie point depth,
geothermal heat flow and magnetic tremeere determined from Fourier transformed residual maps
Radicelementratios were usetb estimate the radioactive heat valaes surface geology of the study
area. Aeromagnetic data results show thlaallow magnetic source ranges from 0.59 to 3.86akth

deeper ones betweéh03 to 19.85 kmCurie point depth values range from 14.64 to 38.62 km and
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geothermal heat flow values rangetween 37.54 and 99.02 m\Wnandresults of the analysis of the
radioactive heat production of tlstudy area range betwee 0. 01 a n . The higl3est bedtm
produced was from the Shale withr aldHecanadutdedtha he

high geothermal heat flow and radioactheat valuesre dominant idimeke and Ogobia.

Adepelumia & Falade (20)7nterpretedintegrated HighResolution Aeromagrie Data (HRAD) and
RadiometricData to delineateeplogical lineaments, depths to the basement, uranium concentrations,
and remobilizatiosin parts of the Upper Benue Trough, Northeastern Nig€he was with a view to
identifying potential zones of uranium occurrence in the #pamalies of interestere accentuateshd
delineateddepths estimagewere obtained betwed®0 1941 mfrom SPI resultsThe results from the
superposition of the horizontataglient magnitude, analytical signal amplitude, first vertical derivative,
and 3D Euler solutions of the HRAD revealed that the study area was dissected by linear structures th:
trend ENEWSW, NE SW, B W, NNEf SSW, WNW ESE, and NWSE; among which the ENEVSW

and NE SW trends dominated. Analyses of radiometric data showed that uranium ores in the study are:
were possibly remobilized epigenetically from the granitic rocks, and were later deposited into
sedimentary rocks (Bima formation). Burashika group @anhills) and Wawa area of the study area
showed veirtype deposits, while the anatectic migmatite in the northeastern region and the uranium rich
Bima formation showed both fault/fracture and contact types of deposition. It was also observed the
northweserly and southeasterly, dominant dip direction, dipping faults dip in the same direction as the
paleocurrent direction (direction of depositions of sediments), and trend in a direction perpendicular to
the hypothetical direction of uranium deposition. Bhedy concluded that the studied area is dissected
by several linear structures and the studied area possibly contains deposits of uraniunichrarev

likely to be found inhie Bima Sandstones of Wade, Shinga, Bima hill, Wuyo, Teli, Bryel, Dali, Barkan
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Gasi, Kunkun, Boragara, Deba, and Gberundi localities; the anatectic migmatite at Kubuku, Whada, an:

Hyama; and the Bongna hills and agglomerates around Burashika, Kawaba, and Galu.

Coker, MustaphaMakinde& Adesodun(2013) usedodium iodide (Nalyletector crystabndCanberra
series 10 plus multicimmel analyser (MCA) to analyseil samplesrom Sagamu (Sedimentary terrain)
and Abeokita (Basement complex) in South Western Nigeria. This was done with videteomine
activity concetrations due toadium, thoriumand potassium so as to delineate between two terrains
using radiometric survey. From the result of #utivity concentrations of the radionuclgieghe mean
value of the activity concentrations ofkd(72+48) insedimentary terraireadhigher than 226Ra (35+
20) and 232Thorium (43 +26espectively. In the basemeramplex, the average value of the activity
concentration of 40k (80 +4@8adhigheralsoin 226Ra (44+18) an@32Thorium (53 + 25) respectively.
The relatively highvalue 40k radionuclide was attributed tperceived variations in the environment
resulting from past activities. Thresults showed that the activitpncentration of the radionuclides is
higher in basement complex than in seentary terrain thus, it was concludedatthn basement

complexesgranites contain high concentratiasfuranium, thorium and potassium

Youssef & Shadia (2013) utilized airborne gamma ray spectrometric data to refine gedtgy of
igneous, metamorphic and sedimentary rocks, detdiactive mineralizatiorand monitor environment

at southeastern Aswan city, South Eastern Desert, Egypt. Apparent surface concentrations of the natural
occurring radioactive elements; potassium (K), egeialranium (eU) and equivalethiorium (eTh)
weredelineated from the radiometric data because they vary measurably and significantly reveals geolog
The composite image technique was used to display simultaneously three parameters of the thre
radioelement concentrations and their three binary ratioesnenimage which had thefficiency in

defining different lithofacies within areas mapped as one continuous lithology. The integration between
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surface geological information and geophysical data led to detailing the surface geology and the contac
betweendifferent rock units.Significant locations or favourable areas for uranium exploration were
defined, where the measurements exceededS), takingX as the arithmetic mean of eU, eU/eTh and
eU/K measurements arfdlas the standard deviation correspondia each variables. The study area
showed the presence of four relatively high uraniferous zones whidotcaeignored and need further
ground followup as recommended by the authours. They also concluded that most of thewsldped
structural linements have NW, NE and ENE trends and that the average radiation dose rates in the stud
area, range from 0.57 to 1.3mSvViaverage, which are calculated from the exposure rate of each rock
unit and whose levels still remain in the safe side to indivedaatl less than the maximum permissible

from the natural gamma radiation sources, except younger granites and ring complex.

Olugbenga (2009Jid apreliminary surveyf the KufenaRing Complex, Northern Nigeriayith a view

of determiningradioelement pentials of thearea andor detailedfollow-up ground investigation. The
studyrevealedsignificantalbite-riebeckite rockso radioactive mineralizatiowithin the areaAreas with

such granite rocks withigh counts wereecommended for grourduthing Resultsrevealed uranium

and thorium enrichments in the albite granites between latitud®s0l@ N and | ongi tud
longitude 81 46 °AB88 E8 whi ch ¢ har 2eYpartofipassbke uranfum miaerakzatiora s
T he aatmospliesc andosmic ray backgrounds have very little effect on the total background

activities measured in the survey aasandicated by the author.

Mbah, Onwuemesi, Aniwetalu & Emmanuel (2015) used the-ZMrtechnique to explore over Ishiagu
area of Abakaliki Bas to determine P&Zn mineralization in the sedimentary bedrock. Conductivity
contrast between the conductive mineralized veins and host rock generated by induction was used

delineate potential PBn mineralization. High ifphase and quadrature readinfiggsm strong EM
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induction were detected in the survey. They discovered that the deep source responses range 4.7%
about 7.6% while shallower source response range froh7818%6, indicating PiZn mineralized bodies

with thich overburden at the Northerarp Current density mineralization also showed th&ZRlveins

in NW-SE directions and their subordinates in th& Wirection. They discovered very sharp VLF tipper
responses at the Central part of the area uncovering shallow depths and broad VIEspuree at the
Northern area, displaying deeper sources. The tipper responses correlate with depth valueZrover Pb
mineralized veins in the range of-18 m in the central and 422 m in the Northern part. They concluded

that the high VLF anomalies de&ated from Ishiagu area, SW of Abakaliki basin yielded high

conductivity contrast to RBn mineralization and geologic information of the area.

Okoyeh, Akpan, Egboka, Okolo & OkeK2015) did geophyical delineation of subsurface fracture
associated withOkpostUburu Salt Lake Southeastern, Nigeusing 10 Vertical Electrical Sunding

(VES) and 2 electrical resistivity tomography (ERWj)ichwere conducted around the vicinity of Okposi

and Uburu salt lakes to delineate the depth of salty groundwatetharfdacture zoa that serve as
conduits recharging the salt lakdgo 5 geoelectric layers were delineated from thepeder interpreted

VES data and thresistivity of the first to the fifth layer range from 82.3 to 39Y18, 1.7 to 97.9%¢ m,

17.3t0 244.¥m, 5.9 to 71.9 m, 42.7 to 95.& m and were interpreted as shalely sand, fractured shale,
shalestone, fracture shale, shalestone respectively. The thickness of the first layer is approximately 3
while the second layer mges from 5 m to 25 and aranomalous low resistivity region was observed
from the ERT image at a depth of 5 m confirming the VES results. The low resistivity unit interpreted as
fractured shale is an irchition of salt water reservoir whielfiso forms ginificant conduits at the base of

the lakes for recharge.
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Ugwu & Ezema (2014) used resistivity imaging and induced polarization (IP) technique to locate buried
iron slag and furnaces at Lejja, Nsukka, southeastern, Nigeria. The inverse resistivityrevaddésl the
presence of relatively high resistivity materials of about D00 Ym buri ed at derg
m at different locations of the survey area. He discovered that inverse chargeability models were
consistent with inverse resistivity mdsglen terms of spatial locations of the buried materials and that
materials of relatively high chargeability values of 2.0209 ms were buried at depth of 2158.70 m.

They interpreted high resistivity materials as iron slag or burnt bricks usedarfi@cé by iron smelting
workers many years ago. He discovered that determination of spatial distribution of buried iron slag anc
furnaces helped to identify most suitable locations outside the region of the buried materials where hant

dug wells can be stl.

Kaura & Mohammed (2017) utilized forfywe (45) Vertical Electrical Soundings (VES) in Awe brine,
Nasarawa State, with aim of providing valuable information on the geology of the area, and delineating
the brine deposits and their subsurface configuma The VES result (curves) obtained showed a
dominant trend of decreasing resistivity with depth which indicates increase in salinity with depth. The
resultalsoreveate f our di stinct geoelectric | ayers; to
282.5 gqm and thickness of 0.276 m to 19m, the
650gm and thickness of 0. 50 2 terpreted oRbZine £ohenwith lowh i r
resistivity between 0.12gm to 97gqm and thickn
confirmed the presence of brine deposits in them. The geoelectric section revealed the occurrence of bri
deposit between theegdth interval of 4 and 38 m in the study area. The fourth layer show resistivity values
which vary between 15 gqm and 34568 gqm and thic
that the layer revealed very high resistivity in most VES locationgteryand some points showed low

resistivity which may be because of infiltration of brine from the upper layer.
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Okonkwoé& Ezeh (2012used an integrated ground geophysical exploration for sulphide ore deposits at
EPL A40 mine field about 5 kinLower Beme Trough, Nigeria which is underlain by two main geologic
units, Abakaliki Shale and the Ezeaku Formation. Self Potential, Resistivity and Electromagnetic method:
were utilized. Data was interpreted using surfer 8 computer software and Ms Excel tasbkKitsitour

maps of Self Potential, Resistivity and Electromagnetic{@NF) values and profile plots for anomaly
variations were constructed. Results showed good anomaly match across Self Potential an
Electromagnetic data sets with a corresponding &pgiarent resistivity values indicative of sulphide ore
deposits and trend orientations of anomaly peaks occurring roughly S®/and NE SW in a cross

cutting stress pattern.

Odoh, Utom & Obini(2012) identified EM 34 electromagnetic anomalies to detee location and
lateral continuity of fractures and to identify hydraulic properties of transmissive fractures in the region
of 180-300 meters (highest electrically conductaremaly) and he also used th(8g/ertical Electrical
Soundings (VES) usin§chlumberger configuration with AB/2 spacing from 3.5 m to 165 m to determine
the formation resistivities and depths to the aquifer. Azimuthal Resistivity Survey (ARS) from graphical
interpretation of Survey dataas usedo map fractue trends generallynithe NorthwesSouthast
direction at depths 0f28.3, 40.0 and 50.0 m with the coefficient of anisotropy ranging from 1.15 to 1.55.
Because of how valuable ground water remains around the environs of the study are&piKnd

Ebonyi State at large amg to lack of surface water reservoir supply facilities maintenance culture and
inconsistencies attributed to various limiting factors, the integrated suite of sgeapkysical methods

was used to characterize the hydrogeology of fractured shaleragtufdy groundwater potential and

conditions in details.The investigation showed effectiveness in the use of combined suites
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identification and evaluation of electrically conductive fracture zones from low resistivity values

associated with fractumones inferring high secondary porosity.

Chukwu, Ekine & Ebenir¢2008 used theself-potential methodo investigate the zones wfineralization within

the Abakaliki High. The survey was done at the left flank of the EAumakaliki expressway using tlome fixed

one movable electrode technique on a grid measuring 2.6km by 2.0km. Sexeptyservations were made within

the grid. It was discovered that more than 70% of the study area recorded high negative SB0a@hes300mv)
indicating a zone ahineralization while some other parts showed zones of little or no mineralization due to their
low SP values. The igpotential map obtained shows a number of elongated centers with maxima béhseen

and-0.9v.

Olowofela, Ajani & Oladunjoy€2007) usedsround Induced Polarization (GIP) survey alongside dipole
dipole array which consisted of three 600 m lines with dipole separations of 30 m kWitdirEction,
covering an area approximately 1kto investigate sulphide ores in Osina area of Benue.ggéhhility
measurements were taken in time domain and Percentage Frequency Effect (PFE) in frequency doma
from 150 data points. The data sets were inverted and plotted as {seetidos were used to get
estimated depth of ore deposit from the surfacee fiésult revealed eight (8) anomalous zones of
mineralization having attributes of galena, sphalerite and pyrite with resistivity betwee® 000 Y m a t
an estimated depth of 50 m. Plots of chargeability along three traverse lines showed consistent 2(
90mVAN over distance of 3000 m along the lines. Bulk resistivity of disseminated body investigated
yielded high anomalies from inverse resistivity models and showed overburden thickness to the baseme!
sulphide to be about 30 m. Conclusion was reached bastniksdhat the sulphide ore in this area is not
economically viable and can be best mined through shafts and tunnels based on various dipping shap

of deposits.
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CHAPTER THREE
3.0 METHODOLOGY
This study is all encompassing of various geophysicahaus, both airborne and ground techniques. The
aerial geophysical techniques include the aeromagnetic andamometric methods while surface
(ground) method include resistivity type and secondary data-difjittzed geologic map of the study
area.
3.1 Airborne Data Acquisition
The need to Hnvigorate solid mineral sector necessitated Federal Government of Nigeria to embark on
provision of quality geosciences through airborne geophysical program. FUGRO Airborne Surveys was
awarded contractto carrybu sur vey i n CGdpleserdirgld% datiopal ao\geragefnthe
Benue Trough, parts of South West, Middle Belt up to parts of North Western regions of the country.
This project was carried out under the supervision of Nigerian Geological SurvagyAgeGSA), a
parastatal of Ministry of Mines and Steel Development (Reford, 2010). After this, World Bank through
Sustainable Management of Mineral Resources Project (SMMRP) also commissioned FUGRO for phas
[lairbornes ur vey t o c ov er asSThédatdl wegeanrmagnétis, radlicanetidc ngravity and
electromagnetic domain which were flown at 500 m line spacing, 80 m terrain clearance generating a tote

of about 2 million linekm (2000 m) data in a NEW direction recorded at 0.1s interval, makina high
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resolution airborne data. These data belong to the phase 1 survey conducted from 2005 to 2007 whic
was also interpreted by FUGRO. The International Geomagnetic Reference Field ah@:5
referenced to 19846s wo tolremovg éhe deerhaignetic gradgent.eTime w
aeromagnetic data was gexferenced to the Universal Transverse Mercator coordinate system, to make
effective comparison with the geological map of the area. Airborne Radiometric and Magnetic data of the
area weresaurced from the Nigerian Geological Survey Agency (NGSAyelve (12)data sheetsf

aeromagnetic data (Fig.3.Nsukka 287, Igumal288, Ejekwe 289, Goja 290, Udi 301, Nkalagu 302,
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Figure 3.1 Data Sheet®or Airborne Magnetic and Radiometric DatbRespective Locations
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Abakaliki 303, Bansara 304, Okigwe 312, iigfo 313, Ugep 314, and lkom 315, as contained in Figure
3.1 below, were used. The gridded radioelement counts (total counts) were obtained from NGSA as wel

all in grid format.

1. Analysis of Airborne Magnetic Data
There were several reductions made on the magnetic data for easy and straight forward interpretatio
These reduction methods employed include filtering, reduction to equator, regsidalal separation,

vertical derivativesestimation of depth of anomalies, analytical signal analysis e.t.c.

1. Filtering

This was conducted on the aeromagnetic anomaseparas signals of different wavelength so as to
isolate and consequently enhance anomalous features with a certain wavgsagioft Oasis Montaj)
using high pass, low pass, band pass;lm@ar filters, convolution filters, Butterworth filter, Gaussian

filter, Susceptibility filter, FFT Multi filter).

2. ReductionTo Equator (RTE)

The RTE map was achieved by reducing thedted aeromagnetic anomalies to the equator and
performing a lowpass filtering procedure on the final outplitis was done on magnetic data because

of Ni ger itathesequater shanrthe potes (N angoks), to minimize polarity effects, because
there could be complications while reducing to the pole especially at magnetic latitudeEorliBis
reduction, parameters of longitude, latitude, inclination, declination and IGRF model were applked.
correctionwith magnetic declination eR.15and inclination of-13.91was conducted othe study area
utilizing the fast Fourier transform operatdheRTE data wersubjected to low pass filteringsing a

cutoff wavenumber of 0.98 km, to remove the effects of topography on the aeromagartimaies.

The point of change of short and long wavenumber segments of the power spectrum of the whole dat

was adoptedRTE was usedo center anomaly peaks over ithgources, and simplifinterpretation
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Anomalies produced depend on the inclination and wmigtdin of the local earth field and alignment of
the body to the magnetic North. Noi@outh alignment of the anomalies of the magnetic data occurs in
the Fast Fourier Transform domain making it unstable.

3. Gridding and obtaining derivatives
The magnetic da in grid format was loaded in a new databasd gridded, with the codinates

extracted.Following the gridding, the -y-z- derivative grids were computed. The first and second
vertical derivatives (FVD and SVD) were generated from FFT1D and sectitmremu of montaj
environment using the MAGMAP.GX environment. The-EBT enabled the application of varieties of
fourier domain filters to oniedimensional (line) potential field and other data. Lineament structures were
extracted from and superimposedtba FVD map as well (see appendix V). The VD was done using
the FFTVDRV. GX while the HD was performed using the FFTHZDRV.GX.

L(¥)" = =« (3.2

Equation 3.1 guidesie VD and HD processes. The whole deconvolution procedure computeg-for x

and zderivative grids and the system derivative grids displayed as grid images from the grid menu.

4. Analytic Signal

The Analytic signal was calculated (egn 3.2) from the MAGMAP imgsing the parameters of input

Asig= T2 U T  (Roestet al,1992) (3.2)

wheredx = horizontal derivativeanddz = vertical derivative, both in (profile units/fidyrid, output analytic

signal grid, the default-Aerivative method which is FFT. Large grid sizes wesed alongside the convolution
method, to save a lot of processing memory and time. The intermediate derivative grids of dx.grd, dy.grd anc
dz.grd were used to speed up subsequent runs of this process and thus, at the defined location, the analytic sig
grids were created.he analytic signal is formed through a combination of horizontal and vertical gradients of a

magnetic anomaly. It is independent on directions of magnetization but on the location of the body.
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5. Standard Euler Deconvolution

This algoritm emplaced on the menu tool box of oasis montaj software was used to model contacts

dykes cylindrical pi pes and spheres, using Eul

(XT X P+ (yT yo)@xz T zo)@’: N(B-T) (Thompson, 1982) (3.3

Where (%, Yo, 20) = the position of the magnetic source whose totdd f{T) is detected at (X,y,z).

The Euler 3D menu shows a dialog box which presents parameters of magnetiedgrigative grid
dx.grd (GRD), yderivative grid dy.grd (GRD) andaerivative grid dz.grd (GRD), solution data base,
solution list,structural indices between?) default maximum depth tolerance of 15 %, window size

3, maximum distance offset from the centre of the search winddwe to¢ation of the source solution,
flight height/survey elevation (depth valueshhese parameters create new group/line in the
Standard_Euler.gdb or the data base of Euler solutions with the chdanreelmagnetic field, contacts
have structural indexfdN=0, narrow D dykésill has a structural index of N=&, vertical pipe, line,
thin bed fault or horizontal cylinder gives N=2 (Thompson, 1982 & Reid, 2007).

6. The Tilt Derivatives

From the MAGMAP menu, the tilt derivative was selected and from the diddegarameter®f the

input grid, output tilt derivative grid (TDR), output horizontal derivative of the TDR-{HIR) and the
default zderivative, were used to create the tilt derivative of a grid. The defdelizative method was
done in the FFT uisg large grids in the convolution process. Equation 3.4 calculates tilt derivative of

the grid and optionally, it calculates the total horizontal derivative of the tilt derivative

TDR=tan — =tan! ———  (Fairheackt al, 2019) (3.4)
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It calculates the total horizontal derivative of the analytic signal for ETilt and the analytic signal with tilt
derivative for the NTiltNTilt is an advanced edgetéetion filter adopted for the delineation of shallow
and deegseated structures, ig the tilt angle of the vertical gradient normalized by the total horizontal

gradient of the analytal signal of the same gradient.

Ny Tilt = tan? 0 ——— (Arisoy & Dikman, 2013). (3.5)

7. Spectral Analysis
The procedures @ddkubo, Graf, Hansen, and Ogawa & 1$085) andlranaka, Okub@& Matsubayashi
(1999)were used for spectral analys& Windowsof 55 x 55 km and 110 x 110 km dimensions, with
50% overlap and respective uncertainties for each window were evaluated for spectral analysis
procedure. The radial average spectrum was performed using the Oasis FFT routine in frequency doma
which convets the data from spatial to frequency domain. For each of the window size/dimension taken,
just half of the window gets probe8huey, Schellinger, Tripp & Alleyl997 and RavatPignatelli,

Nicolosi & Chiappini 2007 gives depth of the spectra as;

Depth d Spectra =— (3.6)

Where L = Length of the window

The region of probe is usually the centre of the window and assuming it was a rectangular window,

to probe the centre, the diagonals of the rectangle have to be taken alongside atsuail ipbénsection

The coordinates of those points are taken for Cartesian but numbers are taken for linear plots. Window
around regions of mixed/active anomaly regions were zeroed in and restricted so as to obtaiA results.
depth solutn wascalculatel for the power spectrum derived from each gridsedocated at the centre

of the window. Overlapping the windows creates a regular, comprehensive set of depth estinhtes

can be automated, with the limitatioof having least squarebestfit straight line segmenalways
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calculated over the same points of the power spectrum, which if performed manually would not

necessarily be the case.
The slope of the spectral plots for thendows taken were used to calculate depth to the top boundary

(Zy) and he centroid of magnetic sources)¥hich in turn was used to estimate the bottom depth/Curie
point depth (&) of the magnetic sourcirom the assumptions that 1) the layer extends infinitely far in all
horizontal directions, 2) the depth to the top lbwh a magnetic source is small compared with the
horizontal scale of a magnetic source, and 3) magnetization M(x; y) is a random function of x and y, the
power density spra of the total field anomaly using the relations (Blak&B95andTanaka, Okubo

& Matsubayashi1999)

Ny (=00 ¥ p Q= (3.7)

A = constant and k wavenumber. For wavelengtless than about twice the thickness of the layer
I iny §3° =1 b-gad (38)

If B = constant, the upper boundary of a magresiarce Zby line of best fit through higivavenumber
part of a radially averaged power spectiurin y S~ .

ny S =6Q%E Qs (ORE (3.9)

where C= constant. At long wavelengths

ny ST =6Q¥E Qe (ORE 6Q s 2530 (3.10)
For 2d thickness of the magnetic source, itlmarconcluded that:
1SS =) Dga (3.11)

D = constant. The centroid of the magnetic sourge/@sestimated by fitting a straighne through the

low-wavenumberpart of the radially weraged frequeneycaled power spectryrh T% . The

geothermal gradient and heat flow were estimagtsdg the equations as given:

GG =— =—(Tanakeet al (1999);Stampolidis, KaneJsokas &Tsourlos 2005;Maden, 2010) (3.12)
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where & = 580UC (Curie Tempe?usinguhe eltion; Est i mat i n
g = K(—) =a— (Turcotte& Schubert, 1982; Tanals al.,1999) (3.13)

where k = 2.5 Wmc! anda= coefficient of themal conductivity.
8.  DSIM3D (3-D MVI)

The magnetic data was used as input td8&M3D routine in OASIS MONTAJ software and the parameters of:
input grid file, output voxel model file, output residuals grid, output voxel Z cell size (m), output Voxel mode
depth in cells, distance from observation plane to the top of the model (m), maximum number of main iterations,
maximum iterations to solve linear system of equations, RMS error limit to terminate iterations, maximum
iterations to solve linear system@duations, RMS error limit to terminate iterations (nT), gridqmeditioning,

initial susceptibility (SI) for all output cells and data noise level (nT), ambient magnetic field strength (nT), ambient
magnetic field inclination (degreesymbient magnetidield declination (degrees), magnetization inclination
(degrees), magnetization declination (degrees) were used to obtain the model image. MVI borders on magnetizatic

distribution which is dependent on both direction and magnitude

@Tif=—a 1 H .1 n——6 dO (Li, 2017) (3.19

¢
where Ji = magnitude andy direction are unknown angi=6 when weak magnetization is assumed for
susceptibiliy magnetization.3D magnitude and its direction of magnetization, are

recovered through magnetic inversion in 3D.

The DSIM3D is a Geosoft GX implementation of an inversion approach (Pilkington, 2009) that determines a 3D
susceptibility distribution from jout magnetic anomaly data. The GX accepts gridded magnetic data as input and

produces a subsurface 3D model of the magnetic susceptibilities of an equally spaced array of dipoles. DSIM3L
provides a rapid, unconstrained 3D inversion of gridded magneticTdaaoriginal inversion software DSIM3D

was written as a FORTRAN codeilkington & Bardossy, 2005
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9. Source Parameter I maging (SPI)
SPI involved an automatic calculation of the source depths from gridded magnetic data and the dept

solutions were saved ia database. These depth results are independent of magnetic inclination and
declination, so it is not necessary to use a pole/eguadioiced input grid. It used the grids of the:
horizontal derivative in the >direction, the horizontal derivative in thé-direction, first vertical
derivative, tilt derivative, local wavenumber, K, horizontal gradient of the tilt derivative and number of
passes of Hanning smoothing filter. SPI assumes agtepsouce mode(GEOSOFT Inc., 2010).

Depth = 1/Kmax, (3.15

whereKmax= pe& value of the local wavenumbe, over the step source.

K= — — (3.16)
The regular and improved source parameter imaging results were gotten using;

SPI=tan! — —  (GEOSOFT Inc., 2010 & Smitét.al.,1998) (3.17)

M = the total magnetic field anomaly grid, (X,yae three orthogonal gradients of the total magnetic
field. SPI.GX first computes Tilt and K. Then it finds peak values Kmax using the Blakely Test (same as
SEDGX. These peak values are used to compute depth solutions, which are saved to a databas
(GEOSOFT Inc., 2010).

10. Magnetic lineament Extraction
The magnetic lineaments were automatically extracted fhenRTETMI data in OASIS MONTAZENvironment.
The CET Gid Analysis system analyzes the filtered texture of the-RWHEimage to detect lineament along ridges
and edges as well as regions of complex structures. The equator reduced data were loaded on MAGMAP and CE

(Centre for Exploration Targeting) Grid Analgysnenus. Texture analysis of lineations and measurement of their

randomness were determihasing the Standard deviation;
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=—B @ * (Oasis montaj guide, 2012 (3.18)

Co

For a window with N cells, whose meanvaluefis he st andar d dev astgivemimegn8.18. o f
This overcomes inherent noise in the data and enhaneasidn detction and smooth representatafrdegree of
randomness. The lineations were vectoriaed skeletonized using a scaliter wavelength andcales and

symmetry of robustness.

The OASIS MONTAJ V. 7.lwas very key in robust airborne magnetitalprocessing

1. Analysis of Airborne Radiometric Data

The mon t-Ghpnel RaBi@metrics Processing extension was used to process and visualize 25¢
channel spectrometer data. This extension is designed specifically for processing raw airborne radiometr
data collected from airborne surveys. In addition to these processing capabilities, this extension provide
1D nonlinear filters to locate and remove data that is recognized as noise. Sophisticated vector postscri
drivers were exported to common graghapplications such asdobe lIllustrator and Corelrdw for a
colourful output and easy selection and editing. Other output formats occur as Geosoft pldidilEs.
nontlinear spikerejection filter was used to remove very short wavelengths but hightaaepfeatures

from data. Short wavelengths from geological and other surficial features were removed using this filter.
The algorithm is nonlinear because it looks at each data point and decides if that data is noise or a val
signal. If the point is nige, it is simply removed and replaced by an estimate based on surrounding data
points. Parts of the data that are not considered noise are not madtiiguocessing extensiamports

raw 256channel data into an array channel, windows full spectruentdatreate channels for K, U, TH,

and TC.The processingarects raw data for instrument deie, appliedilters to average data and

improve statistics, and correcurvey altitude to Standaffemperature and Pressure (STRmoves
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background contbutions from aircraft radioactivity, cosmradiation and atmospheric radomyriects

data by removing spectral overlapping (stripping) and height attenuation effects and converting data t
apparent radioelement concentraticakulates radioelement comteation ratiosResults yield maps of
radioelement composites and ratios, ternary maps, total count and radioelement concentration ratio may
MONTAJ 256CHANNEL RADIOMETRICS in OASIS MONTAJ was employed in radiometric data

processing.

3.2. Landsat DataAcquisition

Five Scenes of Landsat 8 atd which are Landsat 8 Path 187 ROW 55 2019,
Landsat 8 Path 187 56 2019,Landsat 8 Path 189 ROW 55 2019,Landsat 8 Path 187 ROW 56
2019andLandsat_8 Path_188 ROW_55 2019 were downldemedJSGS (United State Geologica

Services)soogleEarth Explorer and opened in an environment for visualizing images (ENVI 5.1).

3.2.1 Analysis of Landsat Data

A. Production of the Surface Reflectance Data

Files were transported from ENVI to ArcGIS in order to assign bearings bdedlidel 5. 1 does
makeprovisions for suchAtmospheric correction was done on the digitized remote sensing data because
some reflections didndét event ual | ythigfastlineinsight h e
atmospheric analysieif spectral hypercube (FLAASH) and subsequent post FLAASH band maths were
applied to generate the surface reflectancrdatcolour composite of the study ar€here was no need

for radiometric correction in Landsat 8 because corrections have beerondhe sensorsAll the
individual scenes making up the extent of the study area were mosaicked together to produce a sing
dataset from which the exact perimeter of the study area was resized and all unwanted parts were filtere
off. This was done by aking and subjecting the required mosaic to sgnoeess involving export of

the mosaic as a TIF file of tltudy area to ENVI environment. The ENVI environment has an existing
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algorithm to compute calculations unlike ArcMap which needs input of fornmdl@@mputation, hence,
atmospheric correction involving radiometric calibration and dark subtraction was done to obtain a

mosaic picture. The sun angle correctigas also conducted on the mosaic:

. 8 8
Sun angle correction = (3.19

The Surface Reflectance Data/ True Colour Compo
material (agregate of top 15cm of the earth). The Red Green Blue (RGB) bands of spectra has 4, 3, -
assigned respectively to the EM spectra because the Landsat scene must be represented in these three
colours (RGB)Other steps wtertaken for data processing werabedded in the atmospheric corrected

data where transformations like edge enhancement, high pass filtering, creation of drainage pattern ar

lineament maps, NDVIs e.t.c were done.

B. Production of Band Ratios and Combinations
Imputation of bands for @ rationing was done in ENhvironment where numerator ashehominator
values were inputted and exported to ARCMap environment for embellishm@mé-duning of finalized

maps, this process was used in the creation of the NEMW the Raster calcuta.

NDV| = ————— (3.20

Colour combination is a typical way for displaying migltiectral imagery by attributing the three primary
colours (redgreenblue) to three chosen bands that are simultaneously combined (Prost, E2&xid})
rationing therefore raccentuatspectral characteristics of certain materials or minerals by rationing their

reflectancéband over their absorption band.

C. Landsat Lineament Extraction
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Lineament extraction in this study is automatic. It involvedtrast stretching of mosaicked scenes of
surface reflectance data, followed by image analysis in MVI and Rockwork environivéiiescreating

the lineament map, RCimage (in &it grey scale with partial resolution of 15 m) were inputted into the
PCI oftware with lineament map, lineament density map, rosette diagram, gotten as output. PC1 wa:
created using ENVI 5.1 from the Gran SchmidtfS&@arpened multispectral image. Automatic extraction
was performed using the PC1 lines on the the Geomatica 20il@le working on the extracted
lineaments, the compound lines are split into simple lines, lineament attributes are edited and exported :
CAD files using ArcMap 10.7. Lineament processing was done in Rockwork 17 to know the trend in the
Rose diagram whitwas further expanded in frequency or in length. The Rose Diagram was imported to
ArcMap 10.7 during embellishment of the lineament map and lineament density map. The whole

processes undertaken in the Landsat analysis procedure are represented inZiplosv3

11. PCA Analysis

The PCA uses the listings of image statistics, eigenvalues which give an indication decreasing varianc
in successive principal coponents and eigen vector loadings which are linear combinations of weighte«
input images in the prcipal components. For a principal component transformation using the covariance
matrix on reflective bands. The transformation is applied to stretched data where each band has bee
given a Gaussiatype stretch, to give all bands approximately equal naeainstandard deviation values
prior to thetransformation. The PCA was used to examine eigen vector loadings to decide which of the
PC images will concentrate information related directly to theoretical spectral signatures of specific targe
materials. Acording to the magnitude and sign of eigenvectors, the technique predicts if the target
material is represented by bright yellow or dark red pixels. The PCA was applied to Landsat 8 imagery
to identify iron and clay materials and map alteration zonestbgriating with geographic information

systembased image classification. Spectral reflectance used on the surface alteration is based on tt
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speactral bands fromand- which occur between-2 and are used to identify surface materials of

alteraton.

The Software packages usen EANDSAT 8 data processing are ENVI 5.1, PCI GEOMATICA 2018,
ROCK WORKS_17, ARCMAP 10.7 and ARCGIS, 10The ENVI 5.1 software package was used to
process the Lands8tdata during the filtering, composite and band rstthges. The program is efficient
in exporting editable files into othgrid-readable software progran®cMAP software was used to map
the LandsaB data by providing cordinate boundaries and map sealehe digital processing of the
Landsat8 scene iad the preliminary lineament mapping were executed usinGIS and Geomatica®
software.The PCl Geomatica software helped to extract lineaments from the L&nhds#h and it

possesses both manual and automatic lineaexgraction toolandArcMap/ArcGISV.10.7 was used
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Figure 3.2 Summary of Landsat Analysis Procedure
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for processed data integration.

3.3. Resistivity Data Acquisition

3.3.1. VES Data Acquisition and Processing

TheohmegdY) terrameter by Allied Associvalthgersadi@s op h
from all sites visited. It has features: dflode for selecting ResistivifylP or SP parametermA for
selecting level of currd to be sent to the electrodes and®o buttonused to send the desired level of
current into the soilOthertoolsused wereutlasses fobush clearing of the traverse paths, Compass and
GPSfor location and hammer for driving electrodes into the ground (see plate 3B Sclumberger

array was used for 2D imaging from two 500 meters perpendicular traverses from areas of high
geothermal gradient at Nnam Alok and Amagunze Gurrent electrode spacings AB/2, were done at 2,

3, 6,9, 15, 25, 40, 50, 75, 100, 150, 200, 300, 400, 500sr&tboth sides from treentre point making

a total of 1 km along both traverses and the potential electrodes spacings (AB/2) were expanded at bo
sides from the centre point as well at 0.5, 2.0, 10 and 20 meters. Repeated mgartBngsne at same
curent electrode spacis@f 9, 75, 300 meters where the potential electrodes were expanded to 2, 10 and
20 meters respectively to allow an increased potential difference to be mebkgyuszl 3.4 below shows

the arrangement of the potential electrodesiwben current electrodes while adopting the configuration

of Schlumberger. The geometric fac(®) is calculated for Schlumberger array:

G= ——— (3.21)
From fig.3.4:

n=c=s=1Ib (3.22)
= b= +b (3.23)
rs=ds=l+b (3.24)
ra=ds=I-b (3.25)
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Plates 3.3(a&b). Instrumentation (c). Features of the ohmega terrameter

Figure 3.4 Electrical configuration of Schlumbergerarray (Modified after Telford, Geldart,
Sheriff & Keys, 1990)
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G =2 (3.26)

cl CO ¢ CO
0w aw

G=——

G=——— (3.27)
Equation3.27 is the geometric factor fdschlumberger array and a product of the G factor and true
resistance gives the apparent resistivity as displayed in the following Chapessigtiviteswere derived

by multiplying resistance with derived geometric factors and plottingaiparentresistivity values
against electrode separation AB/2 (m) on altmggraph sheet witl resultanfield curve produced.
Curve filtering and smoothing wereoge and tentative modelling for determination of resistivity of
suspected layers with their corresponding depths @n)gassu curve matching ruldgesistivity and
thickness parameters from each layer of the field cwareobtained from severally +igerations on the
model softwareSemtqualitative/quantitative approach involves computer assisted processes such as
forward modelling ér plotting of VES curves and-R2 inversion for generation afubsurface images
Resistivity and thickness values of ti@oelectric layers gotten from direct and automated iteration of the

resistivity curves, yielded the image of the subsurface.

3.3.2. Spontaneous Potential (SP) Data Acquisition and Processing
The mode on the terrameter was used for taking SP readingte and thecyclesfor averaging SP

readings obtained (plate 8)3The millivoltmeter was preferably used because of small voltage and its
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preferred requirements af mV resolution £10 volts highinput impedancef 10mega ohmandlow

pass filter greatethan 10hertavith amaximum of 10hertz frequen@iowance The SP survey adopted

the gradient array and the total field/fixed base and leap frog configurations were both used. For the totz
field array, measurement of voltage difference between themponl ar i zi ng el ectr oc
surface was done by connecting the positive voltmeter lead to the leading electrode, to maintain prope
polarity with fixed basedThe base station electrode was fixed permanently and only the lead electrode
was movedKigure 3.5a). Spacing was increased by 10 m as movement was made along 35 points of eac
traverse within the location, causing an increased potential over a total of 350 m traverse. The fixed bas
array however obtained high quality data having high siihabise ratio because of higher potentials
from large electrode spacing which had already eliminated every susceptibility-étestibde contact,
electrode polarization and telluric current. The only challenge was the entanglement of wire in the wood:
of the rainforest vegetation. This array was used in Nsude and Umuobom. The leap frog/gradient arra
was also used in Umuoborfhe lagging and lead electrodes were simultaneously moved at a constant
spacing of 10 m all through the 35 points occupied fige8.5b).Thestation of measurement is midway
between P& P>and when negative was changed to positive, the terminals were changed as well, to avoic
the alteration of polarityAreas of mineralization are depicted by very negative amplitude peaks from
total field array curves and at amplitude crossover points (figs. 3.6 a&b) at origins from gradient array

curves (Olorunfemi. 2014, Adeyemi; IdornigieOlorunfemi, 2006).

The electrical resistivity techniquis very useful in groundwater and mineral exptmn and in
subsurface mapping through surface measurements. The 2D subsurface imaging of the areas of hi
geothermal gradient was done using Vertical Electrical Sounding. The formations of the subsurface
determine the distribution of electric potentia@cause interstitial water containing dissolves ions,

contribute to the conduction of electricity. Since this technique is very efficient at probing greater depths
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by increasing the current electrode spread, it was used to check for underlying matéctatowld have

contributed significantly in increased geothermal gradients.

apo.109|3 pea

0 10 H N on

Figure 3.5a Total field electrode configuration used during the SP Survey
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Figure 3.5k Leap frog electrode configuration used during the SP Survey
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Total Field Array (TFA)/Fixed Base Array

® = Vod (Adeyemiet al.,2006)
Half peak

-ve peak 1= == 0.580
amplitude

(a

Figure 3.6a: Generating depth to anomaly using the half width of the TFA (Adeyenat al, 2006).

HAalf
Tt

® Gradient Array (GA)

Xp =& Vo (Adeyemiet al.,2006)
(I) === 0581)
Vi

Z= ™ ¢

-ve peak amplitude

(b)

Figure 3.6 Generating depth to anomaly using the half width of the GA (Adeyengt al, 2006).
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Having plotted apparent resistiefi against half current electrode spacing onrldgggraphs for each
surveyed sounding stations, depths, thicknesses and apparent resistivity layers determined from cun
matching technigues were used as model parameters in Res2D environment througd itepa@bns

on the software to produce curve models. The VES points wereetprenced using the ARCMap or
ARCGIS software. Matlab and MS Excel 2013 were used to plot the amplitude anomaly curves of SP
datafor delineation of mineralization potentiatSollation of the softwares and applications employed for

resistivity data processing aRes2DINVZOHDY Software Matlab and MS Office Excel, 2013.
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CHAPTER FOUR
4.0 RESULTS AND DISCUSSION

This section presents the results of analyzed datamotithin the study area to eventually relate the

influence of geothermal gradient on ore fluid migration and ore accretion and also reveal the relevance c

geologic structures towards constituting the mineral bearing potential of the study area.

The Landsat 8 data obtainederesubjected to several image enhanceinaad transformation routines.
From the processed Landsat8 data, band ratios, composites, lingaNi2vits and PCIs were obtained.
Thescenesvere chosen due to their near perfect qualit9)(3he virtually norexistent cloud coverage
(0.33/100) and due to the relative |l ow solar
be an impacting facton choosing a satellite sceneower solar elevations are usually preferred f
structural focused studies since they enhance terrain ologyhand structural featuresn@he contrary,

higher solar elevations usually favour étbgical interpretation (Wilsqril997).

4.1.1 Results from Remote Sensing Data

1. Surface Reflectance Rast

All the individual Landsatscenes that make up the extent of the study area were mosaicked together to

produce a single dataset from which the exact perimeter of the study area was Tész8drface
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Reflectance Data/True Colour Compogsitap is a composite ofRed Green Blue bands tbie visible EM
Spectra with 432ssigned respectively to the Specirhis is donéecause the Landsat scene must be

represented in three (3) colours (RGB) i.e. three (3) variable colour composites IFig.
B. Band Combination Result

The most common composites used in geological remote sensing inchbi®e 66-3, 7-5-2, 7-5-3 and
7-6-5 from Landsat 8 band@Rajesh, 2004)A typical way for displaying mukspectral imagery by

attributingthree primary colours (regreenblue) to three chosen bands that are simultaneously combined
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Figure 4.1: True Colour Composite Map
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(Prost, 2014)Vhile undertaking this study, several band combinations gemrerateduch asRGB 432

RGB 753 RGB 576, RGB 754, RGB 567GR 10 11 7 and NDVI composit®rainage patterns and

textures, bare rocks and vegetated areas were enharsieglénband images.

1. Composite 576

Band combination with (band 5: 0.845. 8 85 & m) , a Near I nfra Red (
Infra Red bands (band 7: 2.2@B00e m &and 6:1.56L . 6 6 0 ¢ m) -8 data wasaneatesl,a t
allowing a regionatliscrimination of altered rocks from varyitithologies within the areasn this full

scene image (Fig. 4.Ralteredrocks are depicted by green colour to dark green coPrayudi, Arrofi

& Ali, 2019).

2. Composite 567

Colours were tweaked ama@nd 5671Fig.4.2b)was create@vhich allowed samdiscrimination of altered
rocks in cyan from varying lithologies just as 576. Colour variations of orange brown, brighhtheel

are depictive vegetations, drainage and state boundaries respectively.

3. Composite 543

RGB 543 color combination imad€ig.4.3),was allocated to near infrared (band 5: 0:8458 8 5 & m]
red (band 4:0640. 6 7 e m) and g+0e e5mM Ifgh)saeanhe irBage, &cawedgetation
appears reare soilppears as cyan or light green patchiesdrainage patternportrayed irbluelines

and crystalline units, in thick red colors.

4. Composite 73

RGB 753 (Fig. 4.4) is a naturatolour combination imagevith an atmospheric removal (Butler,2013)

allocated tshort wavelengtinfrared bandstiiand 72.1062 . 3 0 )Qnear infrared (band 5: 0.845885
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€ mandgreen (band 3: 0.530 . 5 9. The meyulting scene from image composite Stx8vsvegetation
in light green to dark green, bare soils in brown with taints of purple colorations, crystalline rock units in

dark gren lines and drainage pattern portrayed in light blue lines.

Figure 4.2aColour Composite (576) Map
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Figure 4.2bColour Composite (567) Map
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Figure 4.3: False Colour Composite Map, RGB 543

98




Figure 4.4: False Colour Composite M&E5B 753
5. Composite 754

RGB 754color combination image was allocateagtmrt wavelengtinfrared bandsifand 72.1062.300

€ M near infrared (band 5: 0.84b. 8 8 Sancerenl)(band:40.641 0.6%& mThe light to dark green
colouration (Fig.4.5), denotes vegetation, brown with taints of purple colourations denote bare soils, dee
violet and dark green colourationseadenotative of varying lithologies and the drainage patterns are
represented by light blue lines just as represented on the topographic map (Fig.1.2).

6. Composite 10 11 7

Figure 4.6 showRGB colair combinatiom image of two thermal infrared bands; bdrd(10.3011.30

em) and band1 (11.501 2 . 50 shor) waee inftaed band, band (2.10023 00 e m) at a
scale Becausesnergymeasured by TIR bands from tRea rstsirface is éunction of temperaturas

well as emissivity of the target, dependent on itsnuistry andtexture TIR bands of Lanskat8 have
improved quality Jhabvala, Choi, Waczynski, & Arug011). In this sceneilicate minerals exhibit
spectral features inthe TIRbecaseé | i ca emi ssi vity cur ve nstdOBWsS s

¢ mminimainblueand 10. 30 maama inpinkp\atarabe & Matsuo, 2003).

C. Band RationingResult

Band ratios help to accentuate spectral characteristics of certain materials or mineaatning their
reflectance bandwer their absorjpon band [mbroane, Melenti & Gorgan, 20070he ratios generated

were studied in detail and information extracted wéashated to the color patterrabserved from the
color compositesThe ratios generated, ¢, -, -, - +) were employed teeduce the effects of shadowing
as well as to enhance the detection of certain featBeesndaryfeatures such as iron stainirgsd clay
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rich sediments ra identified in image ratiosBand rationing technique is capable of emphasizing
alteration zones and it has been proven powerful in discriminating iron oxide rich rocks from host rocks

(Pour& Hashim,2015).

Figure 4.5: RGB 754 Composite Map
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Figure 4.6: RGB 10 11 7 Composite Map

1. Ratio4on?2

The entire extent of iron oxide in thendsat scen@-ig.4.7)was gotten from the standard ratio of.4/2

This is because thenapping of iron oxides is carried out using bands 2 and 4 and also because iron
oxide/hydroxide minerals such as hematite, jarosite and limonite have high reflectamnt® w&Hho 0.69

em and high absor pt. iroo@xidevéomnds bunclerly ih Bhat baod afd. gves it € 1
red appeararmc(Fig.4.7.

2. 5/6 and 5/4 Ratio Map

Both maps were usefdr hydroxyl mineral mapping because hebé(Fig.4.8) and 5/4ni appendix,
delineate hydroxyl alterations in yellow to red becabaed 5 reflects hydroxyl minerah the near
infrared (band 50.8450 . 8 8 5 bamdénifientifies altered rocks but highdlistorted by vegetation and

represents rockbsorption featuresiShort Wave InfraRed regiondue to Al OH, Fe, MgOH, S+O-H
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and CQ, Iron oxide/hydroxide minerals have high reflectamcband 400 . 6 3 t owalelerjths € m
andthesecompositions hence influence higher alterations in yellow to dark red.

3. 6/7 and7/5 Ratio Map

Ratio image of band 6 over bandFig. 4.9)distinguishesltered rocks containing clays and alunite from
unaltered rocks, where pixels are bright réiche clay minerals such as illite, kaolinite and
montmorillonites are discriminated in th@&io images of bands 7 over 5 and 6 ovefhe analysis to

map clay and carbonate minerals masbrporate bands 6 and 7 attributed to high reflectance in the
range of 1.55 to 1.75 em and high &bM+thangstSamln i
7 respectively Areas colored yellow to red are representday minerals such adliie, kaolinite, and
montmorillonite and are discriminated with the ratio image of band 7 over Haras bright pixels.

Fig.4.10).

Figure 4.7: Ratie Iron Oxide Map
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Figure 4.8: RatieHydroxyl Mineral Map
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Figure 4.9: RatieClay Bearing Mineral Map

Figure 4.10: RatieClay Bearing Mineral Map

D. Ratio Composite Results

1. Kaufmann Ratio Composite

Kaufmann band ratio composités, 5/4 & 6/7 reveals lightyanto bright blue coloursvhich represent
basement outops and netasedimentgFig.4.12), their individual composites delineated, have been
described aboveéreas highlighted inight seablue are alsaepreserdtive of denseegetationthe red
zones can be related tgdrothermally altered rockshile blue Ines represent river channels.

2 . SsRatio @dmposite

Sabinds rati o c¢om4gy6/7 dne 6/5 as RGBst tha tekignatdd dahds avere re

rationed as 4/2, 6/5 and @% RGBbecause of neolarity of the map from the initial ratié/5is displayed
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in Fig.4.11 where therelsi gh r ef | e ct a n caed higmabsbrptibroif.8d5) . B .8 AL € anm
delineates iron alteration in reldght green areas highligipossiblenydrothermal alteratiagin outcrop

rocksjust same asred zonesé m Kauf f man rati o, as delineated

1. Principal Component Analysis (PCA)Results

The PCA, as estimated from PCA statistics using the parameters in table 4.1., reveals anomalou

alterations of clay and iron (Figs. 4.144&15 respectively) in red colourations in regions they occur.

F. Lineament Results

The Lineament map shows very dense linear strucinrége range of 0.46 to 1.@htained around the
study area, these dense concentrativese observedn the Catral, Northeastern, Northwestern and
Southwesern partof the Study Areaand in parts of Enugu, Anambra, Imo, Abia, Akwa Ibom, Ebonyi

and Cross River states (Figs. 4.16a, 4.16b & 4.16c). These general trends are displayed in Fig.4.16d.

G. Normalized Difference Vegetative Index (NDVIResults
NDVI resuls (Fig.4.17)yielded the chlorophyll content of vegetative zones withinstihdy areabare
soils and rocksas well, inlighter green colorations. The higher value of NDVI depicts healthy plants

because ofheir high reflectance of infrared (band 5) and relatively low reflectahoed (band 4) light.
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Figure 4.11: RatieFerrous Mineral Map
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Figure 4.12: Kauffman Ratie h-—Composite Map

Table 4.1a: PCA Clay Statistics

Dims: Full Scene (41,232,480 points)PCA Clay Stat
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Basic Stats Min Max Mean Stddev Num Eigenvalue
Band 2 8798 26399 10566.97693 420.800462 1 5909100.006
Band 5 7922 39892 14280.15298 1022.59638 2 1063581.748
Band 6 6179 65535 12414.17626 1778.897195 3 82835.8362
Band 7 5627 65535 9421.885932 1653.656758 4 66314.55236

Covariance Band 2 Band 5 Band 6 Band 7
Band 2 177073.0292 71903.15331 583022.3176 537815.1545
Band 5 71903.15331 1045703.357 472434.0634 123745.6805
Band 6 583022.3176 472434.0634 1778.897195 2801568.203
Band 7 537815.1545 123745.6805 1653.656758 2734580.674

Correlation Band 2 Band 5 Band 6 Band 7
Band 2 1 0.167097 0.778858 0.772879
Band 5 0.167097 1 0.259708 0.073178
Band 6 0.778858 0.259708 1 0.952368
Band 7 0.772879 0.073178 0.952368 1

Eigenvector Band 2 Band 5 Band 6 Band 7
Band 2 0.137625 0.089561 0.726147 0.667644
Band 5 0.000424 -0.966507 -0.098693 0.236906
Band 6 0.074863 0.23861 -0.678601 0.690624
Band 7 0.987651 -0.030151 -0.049705 -0.145484

Table 4.1bPCA Iron Statistics
Dims: Full Scene (41,232,480 points) PCA Iron Stat
Basic Stats Min Max Mean Stdev Num Eigenvalue
Band2 8798 26399 10566.97693 420.800462 1 3928952.293
Band 4 6981 32073 9356.42188 819.795962 2 984827.2078
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Figure 4. 13:=h-Tanpositeap Rat i o

Figure 4.14: PCA Clay Plot
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Figure 4.15: PCA Iron Plot
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Figure 4.16a: Lineament Map of the Study Area

Figure 4.16b: Lineament Density Map of the Study Area
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Figure 4.16¢: Automatically Extractedrigaments and Trends
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Figure 4.16d: Rossette Plot and Summary of Lineament Trend Within the Study Area

Figure 4.17: Normalized Difference Vegetative Index Maps with Varied NDVI Values

4.1.2 Results from Aeromagnetic Data

Both regional and residual magditevaluesmake up the Total Magnetic Field Intensity (TMFI) map
whichcompri ses both the magnitude of Theleomagaetida h 6
anomaly map usually given by NGSA is almost a residual data because of 32000nT or gamacizgubt
from it but the actual otal magnetic field intensity data still has 32000nT or gamma (the regional) not
subtracted from it. The removal of regional fields allows the TMI data easy manipulation and makes it
less cumbersome to the user. The TMI edse¢he magnetic susceptibility of the basement from long
wavelength anomalies, localized bodies and overburden/subsurface sediments, from short waveleng

anomalies which invariably estimates thickness of overlying sediments (Fig.4.18).
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A. The Reduced b the Equator-Total Magnetic Intensity (RTE-TMI) Map

Jain (1988 acceptedhe RTE technique as beimgefaableatlower latitudes. This was so here since the
study areaoccurs at lower latitudesrom the RTETMI map (Fig.4.19), there are various rangesl
corresponding values representing varying degrees of magnetizatibrgsto 14.5 (nT) is denoted by
blue; 14.7 to 51.35 (nT) by green; 54 to 59 (nT) by yellow; 64.5 to 87 (nT) by brown to dark orange; 94.2

to 121.7 (nT) by red and high magnetic resg®denoted by values > 122 nT in purple.

B. Spectral Analysis

Inserted squarg$ig. 4.19)are examples of the 55 x 55 km, 50% overlapping data windows selected for
spectral analysis procedur&pectral plots for 55 x 55 km winds were taken acrossdistudy area and
thedisplay is for the first four windowsut of the 35 windows sampled. From thex55 km window, a

total of 7 sections were made and plots of power spectrum, Ln (power), with frequency values were mad
against wave number in cycles/kwith their depths obtained. Figures 420 (b), (c), and (d) are spectral

plots used to compute depths to the top of magnetic so{D&EE/dz) which is the depth of the second

topmost layer denoting high frequency signals and long wavelenpile figs.4.20(e), (f), (9), and (h)
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Figure 4.18: Aeromagnetic Anomaly (TMI)d&p as obtained from NGSA.
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Figure 4.19RTE Geomagnetic Anomaly &b with inserted squares of 55 x 55 km
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Figure 4.20 (ad): Spectral plots for the 55 x 55 km winds taken across the study avsad to compute depths to the top of magne

sources
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Figure 4.2(0(e-h): Spectral fots utilized to compute depths to the centriod of magnetic sources in the region
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are spectrum utilized to compute depths to the centriod of magoetrces in the regiondjz Table 4.2
provides extended details on computational results for the otheb5%m windows taken across the
region Depths to the tofDTT) of Magnetic sourceswerecomputed from spectranalysis of magnetic
data on &5 x 55 km window(Fig.4.21). The Curie Point Dep{lCPD) was estimated fromoand Z
computationand CPDvarationsare displayed in Fig.22 Figures 4.23 and 4.24 show the variation of
geothermhbgradient and heat flow values estimated from CBjRectral Analysis results were gotten for

6 Windows of 110 x 110 km dimension and 50%erlap as shown in Figure %.2nd the respective
uncertainty of each window was also evaluaidw displayfor the first four windows out o6 windows
sampledvere made as seen in Figures 4.26 (a), (b), (c), and (geesa plots usetb compute depths

to the top of magnetic soces(DDT/dz) which is the depth of the first/topmost layer denoting high
frequency signals and long wavelength from subsurface magnetic soulhdes-igures 4.2¢), (f), (g),

and (h) spectra werdilized to compute depths to the top (Fig.4.27) anctiméd of magnetic sources in

the region(zo). Table4.3 alsoprovides extended details on computational results for the other 110 x 110
km windows taken across the regidtere, a total of 7 sections were obtained from plots of power
spectrum, Ln (powernade against wave number in cycles/km. CPD, geothermal gradient and heat flow

estimations were made and represented on Figs. 4.28, 4.29 and 4.30 respectively.

C. Magnetic LineamentResult

Lineament map shows allzailable trends of the lineamentithin the study area, obtained using CET
Grid Analysis of OASIS Montaj softwar€&igure4.31 shows the various available trends from magnetic
data lineament extract from which is most useful in this Study. Figure 4.32 displays filtered magnetic
lineaments in thedlominant NESW trend.Dip amountof the NESW trends(Fig.4.33) were also

recovered fronthe aeromagnetic datéthin 0 and10 degreesThe Rose diagram showing dominant NE
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I SW trending strikevere also represented on the rose plots (Fig.4.34 above)e@ther hand, the rose

plots of the dip direction when N&W trending lineaments are considered were

Table 4.2 Spectral Analysis results for 35 Windows of 55 x 55 km dimension and 50% overlap. The
respective uncertainty of the each window was alsaiated.

Block

o g A~ W N

10
11
12
13
14
15
16
17
18
19
20
21
22

23

Location

Longitu Latitude

de

()
7.25

7.5

7.75

8.25
8.5
8.75
8.75
8.5

8.25

7.75
7.5
7.25
7.25
7.5

7.75

8.25
8.5
8.75
8.75
8.5

()

5.75
5.75
5.75
5.75
5.75
5.75
5.75

o o o o o

6.25
6.25
6.25
6.25
6.25
6.25
6.25
6.5
6.5

z: (km) Error z (+

1.378
1.889
1.558
1.108
0.69
0.94
0.441
0.824
0.578
0.451
1.377
151
1.28
1.257
1.158
1.185
1.529
1.124
0.997
1.102
1.122
0.712

0.654

km)

0.078
0.318
0.095
0.024
0.073
0.107
0.052
0.081
0.026
0.034
0.069
0.067
0.018
0.062
0.138
0.088
0.015
0.034
0.017
0.063
0.089
0.027
0.016

zo(km) Errorz CPD

7.514
7.257
7.874
6.531
5.974
5.568
4.259
5.708
6.597
4.864
5.271
4.747
5.499
6.334
5.106
5.199
4.296
5.233
7.554
3.626
4.482
4.464

5.609

(£ km)

0.272
0.254
0.256
0.27
0.253
0.238
0.014
0.225
0.281
0.022
0.014
0.019
0.012
0.274
0.021
0.018
0.092
0.133
0.277
0.091
0.199
0.113
0.029

(km)

13.65
12.63
14.19
11.95
11.26
10.2
8.08
10.59
12.62
9.28
9.17
7.98
9.72
11.41
9.06
9.21
7.06
9.34
1411
6.15
7.84
8.22

10.57
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Error

CPD

(£ km)

1.76
3.01
1.79
1.24
2.14
2.03
1.01
1.88
1.64
0.79
0.51
0.42
0.18
1.55
1.15
0.75
0.37
0.76
1.27
0.66
1.32
0.73
0.36

GG(°C/km)

GG*1.8-sed units

GG*2.5igneous uni

18.6908424'33 64351648
22.1224069 39 8033255
17.078548:3) 73293869
24.7355648 44 52401673

27.70976909 46 72710623

33.062745'55 30601743
47.9821782g5 3679208
30.9686496 55 74356941
22.158795539 835831

38.769.66
39.4497273 71 00950927
48.8817042'37 98706767
35.8707818'g4 5674074
27.0326029g 65868536
40.21766007; 39178807
39.175027170 51504885

49.352974/88-83535
38.29850106g 93730193

17.3055988 31 15007797
49.508943089-1161

49.1795918122:949

46.75%1071g4 16729928

31.072280055 93010407

Heat Flow (mW/m2

Geologic
Formation

Agbada shales
Ajali Sand St.
Mamu Fm
Amaseri Sand St.
Migmatite gneiss
Granite gneiss
New netim marl
Awgu shale
Awgu shale
Nkporo shale
Awgu shale
Asu River G
Asu River G
Imo shale

Imo shale
Awgu shale
Ezeaku Shale
Asu River G
Asu River G
Ezeaku Shale
Banded gneiss
Ezeaku Shale

Ezeaku Shale



24
25
26
27
28
29
30
31
32
33
34
35

8.25

7.75
7.5
7.25
7.25
7.5

7.75

8.25
8.5

8.75

Figure 4.21:Depths to the top (DTT) of Magnetic sources computed from spectral analysis of magnetic data on a

6.5
6.5
6.5
6.5
6.5
6.75
6.75
6.75
6.75
6.75
6.75
6.75

0.657
0.584
0.682
1.502
1.849
1.372
1.604
1.098
0.628
0.68
0.698
0.797

0.028
0.037
0.018
0.062
0.118
0.128
0.135
0.022
0.024
0.029
0.023
0.034

4611
4.528
4.001
5.118
5.873
7.137
7.134
6.649
5.466
5.587
5.857
5.079

0.026
0.016
0.175
0.141
0.033
0.073
0.08
0.081
0.037
0.027
0.039
0.026

8.56
8.47
7.32
8.73
9.89
12.9
12.66
12.2
10.3
10.49
11.02
9.36

0.46
0.59
0.83
0.84
0.74
1.47
1.35
0.54
0.53
0.56
0.52
0.5

43.957009379 12261683
44.6769775 g0 41855963
49.4349726/38-98295

42.6375715'76 74762886
34.84509603 72117291
21.1612403 33 99023256

22.013586:39 62445498
23.7409836 43 7337705

32.5106796.5g 5192233

31.490753'56 68335558
28.8315789%51 gogg4211
38.16581196g 59846155

55 x 55 km window.
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Figure 4.22. Map representation of traputel Curie Point Depths (CPDs)
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Figure 4.23Geothermal Gradient (GG) map computed from der@ED data.

Figure 4.24Heat Flow map computed from derd/esults.
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Figure 4.25:RTE Geomagnetic anomaly mdfap (Inserted squares afLO x 110km, 50% ove

lapping data windows selected foethpectral analysis procedures.
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Figure 4.26 (ad): Spectral plots for the 110 x 1kfh windows taken across the study avsad to compute depths to the top of magnetic

sources
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Figure 4.26e-h): Spectral plots for the 110 x 110 km windows taken across the study area were utilized to compute depths to thé centrioc

magnetic sources in the region
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Table4.3: Spectral Analysis results for 6 Windows of 110 Y Xin dimension and 50% overlap as
shown in Figure4.21. The respective uncertainty of the each window was also evaluated.

Block Location z.(km) Errorz:(x z,(km) Errorz(+ CPD  Error CPD Heat Flow
km) km) (xkm) GG(degC/(mw/m?)
Longitude  Latitude (km) km) Formatobns
() ()
1 7.5 6 0.658 0.043 8.324 0.024 15.99 1.15 36.27267! 65.29080¢
42 76 )
Asu River G
2 8 6 0.517 0.009 8.975 0.283 17.43 141 33.27596( 59.89672¢
99 78
Awgu
3 8.5 6 0.395 0.026 7.386 0.196 14.38 1.72 40.33379! 72.60083:
94 49
Awgu
4 8.5 6.5 0.585 0.04 7.019 0.13 13.45 1.41 43.122671 77.62081"
Ezeaku
58 84 -
formation
5 8 6.5 0.432 0.017 6.984 0.053 13.54 0.74 42.83604: 77.10487:
36 45 )
Asu River G
6 75 6.5 0.562 0.019 5.208 0.167 9.85 0.96 58.88324i 105.9898:
73
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Figure 4.27 Map representation of depths to the top (DTT) of magnetic sources using the 110 x 110 km
data window.
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Figure 4.28 Map representation of the computed Curie Point Depths (CPDs) obtained from
computations using windows of 110 x 110 Bimension as represented in Table 4.2.

Figure 4.29 Geothermal Gradient (GG) map computed from ddriveD data.
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Figure 4.30. Heat Flow map of the region computed from GG data from the 110 x 110 km window computations
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Figure 4.31 Lineament map excted from magnetic data showing dahble trends in all directions.
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Figure 4.32 Lineament map extracted from magnetic data showing dominaint3V# trends.

Figure 4.33Dip amountin NEi SW trends reovered from aeromagnetic datéghin O and 10 deges.
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Figure 4.34 Rose diagram showing dominant NESW trending strike extracted from the aeromagnetic
data.

made on figure 4.35. Figure 4.36 shows availableament map of the study regiona NW-SE trend

and this trend wasomputed and extcéed fom the aeromagnetic data as well. The same regions where
NE-SW dominant trends occur have the same occurrence oSHWends. The NWSE trends are
displayed in rose plots in figure 4.3he resultig dip amounts computed from NBE lineamentrends

in the aeromagnetic data fall within 0 and 10 degrees as shown in Fig.4.38 and the rapudtnegttrs

were as well made on a rose plot (Fig.4.39). The rias@gFigure 4.40 displaythe various dip directions

of subsurface geologic structures in thely region. The dip, digirection, and strike weral computed
directly from the geomagtie anomaly data of figure 4.18 and figure 4.41 makes a representation of all
the grike componergderived directly from theamegeomagnetic anomaly datde dp azimuthfrom

figure 4.42 wascomputed directly from geoagnetic anomaly data of Figure 4.18 and it banseen
clearly that thestructures dips within 0 and 10Prom the geomagnetic anomaly map, there was extraction
of lineament map which shows domin&hit W trends as seen in Figures 4.48e dip amount of the E

I W trends recovered fro Figure 443, are displayed in figures 4.44 dnain the plot it can be seethat

the dip amount falls within 0 and 10 degreBse resulting dip directiowhenE-W lineaments in Figure
4.43 are considered, plotted and displayed in figure 4.45. The rose plots of figure 4.46 also represents tl

dominant EW trending stike as displayed in Figure 4.43.

D. 3D Standard Euler Results

The structural indices of 3D Standardileér Deconvolution of aeromagnetic data are established from
past literature for contacts, sills and dykes, horizontal cylinders and pipes and spheres, based on certe
criteria or attributes. Figure 4.4750 show various solution clusters for contaats aills, cluster
solutions with maximum depth range of >2444.2 m were obtalmaadever, bessolution clusters for

contacts with maximum depth range of >244dh2vere obtained with the index of 8olutions were
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obtained with 61 structural indices witkthe rest of 23 showing very poor solution clusters and hence 3

was overlooked.

Figure 4.35Dip direction when NE SW lineaments are considered

120



Figure 4.36 Lineament map of the study region showing abdddNWi SE trends in the region

Figure 4.3: Rose plot displaying NW&E Srike trends
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Figure 4.38 Dip amount computed from NWSE lineament trends in the aeromagnetic data.

122



Figure 4.39 Dip direction when NW SE lineaments are considered

Figure 4.40 Rose Plot displaying the various dipeditions of subsugice geologic structures in the
Study Region.
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Figure 4.41 Strike component derived directly from the geon&tiyz anomaly data of Figurel®.
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Figure 4.42Dip azimuth computed directly from the geagmetic anomaly data of Figure 4.18could
be seen clearly that the structures dips within 0 and 10

Figure 4.43Lineament map extracted from nmagic data showing dominant\l/ trends.
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Figure 4.44Dip amount of the E W trendsof Figure4.43
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Figure 4.45. Dip direction when® lineaments are consded as displayed in Figure 4.43

Figure 4.4: Rose diagram showing dominani BV trending stike as displayed in Figure 4.43
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Figure 4.47 Euler Sdutions from processing magnetic anomaly dagiag a structural indefS1 =0).

Figure 4.48: 3D Euler depths solutions of Figure 4.47 overlain on magnetic anomaly field data
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Figure 4.493D Eulerdepth solution for SI = 1.
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Figure 4.50:Magnetic field anomaly data with superposed Euler solutions (SI=1).

E. Source Paameter Imaging Results
The SPland ISPI (Figs. 4.51 &.52) wereachieved through best structural index of @t observed in
figure 4.51 that 56865% of thestudy area contains sources that are averagelyssgpd to alut a

maximum depth >2.4 km ar®.5 km.

F. Vertical Derivative Result

The vertical derivative maps are represented in Figs. 4.53 and 4.5%a&tirst vertical derivatig result

as shown in Figure 4.58veals most shallow geologicatructuresin the data by enhancing high
wavenumber components of the spectra using additionapéss filter to remove high wave number
noise. The changes in values depict subtle transitions in lithologic changes within different lithologies.
G. Horizontal Derivative Results

This approach estimates various contacts of magnetic materials at depth and beingearha&uigjag
technique as well. The horizontal derivatives{rard y direction (Figs. 4.55a & 4.55b) which are first
two order horizontal derivatives of the greetic field, are not sensitive to noise. The horizontal gradient
magnitude of the TMRTE in Fig.4.55c has varying amplitude gradients > 0.067 nT/m and as high as

0.093 nT/m.

H. Analytic Signal Results

Fig.4.56 shows the second order of the analygoaiwhich will eventually be used in the production of
the NTilt map. here are similaritiebetweenthe HG map (Fig. 4.59@nd the AS map (fig.4.56)hé
locations of the majoshown ENEWSW directions on the HG map are represented also on the AS map
with high maximm amplitude of > 0.067 nT/m (> GYT/km). It exhibits maxima over magnetization
contrasts, independent of ambient magnetic field and source magnetization directions.

l. NTilt Results
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Thevery first phase filter before the production of théilNderivative filter is the tilt derivative.

Figure 4.51 Source Parameter Imaging resatghieved throughte best structural index of 0.5

131



Figure 4.52improved Source Parameter Imaging (SR¥jth SI of 0.5
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Figure 4.53First Vertical Derivéive of the geomagnetic anomaly data
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Figure 4.54a: Second Vertical Derivative of the geomagnetic anomaly data

Figure 4.54b: Second vertical derivative results revealing clearly the different geologic formatismsace
outcrops of Oban hill basemierocks; Bmafics (basaltic/doleritic rocks) outcropping around ObuBranafics
(basaltic rocks D-mafic to ultramafic rocks of outcropping Obudu basement rocksEEand E-parts of
Abakaliki-Ishiagu and AruftAkwanaAzara mineral districts; faear sirface intrusives characterizing Igumale;
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G-surficial CampaniatMaastrichtiarPaleocene carbonaceous shales and ferruginized iron stone cappings; H
Okigwe-Ishiagu mineral districts andférruginized ImeAimeke formations

Figure 4.55aHorizontal derivéives of the geomagnetic anomaly dadth x-directional magnitude
gradient
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Figure 4.55bHorizontal derivatives of the geonmraagic anomaly data with-yirectional magnitude
gradient

The second phase filter is the productionhef &analytic signal or tal gradiet as seen in Figd.55c and

4.56 and represented in equations 3.2 & BdpectivelyThe third phase filter which is the horizontal tilt
angle (TDX) and a balanced horizontal derivative (Fig. 4.58), has a much sharper gradient over the edge
compared to the original tilt derivative of the functimimagnetized bodies and it comes to be by having
the tilt angle introduced to.ift is arctan inverse of the normalized vertical derivative. The analytical
signal is not able to enhandeep and shiaw anomalous sources simultaneously and also enhance weak
magnetic anomaly adjacent to a strong magnetic body, henedanced analytical signal (AS), i.e. the
second ordederivativeof the AS as represented fingure 4.56, thugmtroduces the fourtphase filter.

The fifth phae filter, i.e. the ETilt filter was used to produce the ETilt map in Fig.4t59.the ratio of

the vertical derivative to the total horizontal derivative of the analytic signal (K®).ETilt shows a

clear resolution and adwtage ovethe original tilt derivative, not only in delineating shallow bodies but

136



also deper anomalies. NTilt map (Fig.60) from the final Ntilt filteras represented in equation 3.5
shows edges of anomalous bodies

J. Magnetic Vector Inversion Modeling Results

Geothermal gradient map ofgtre 4.23 shows divisions of two parts A and B as represented in figure
4.61. The window dimensions of A and B were extracted from the geomagnetic anomaly map presente
earlier and used for the Magnetic V@cinversion modeling procedures. Part A of the Geomagnetic
Anomaly Field data covered in the 55 x 55 km window showssstaceimaging results in figure 4.62a
below which is anniversionresult. This inversion result of thigindow dimension is furthedisplayed

with supeimposed aeromagnetic datafigure 4.62b The plot was dom using a 10000m offset with
relief scaled at 50The inversion resulfrom Pat A of the window covered ithe 55 x 55 km window

was alsesupemmposedwith 3D computed geothemhgradient datas represented in Figure 4.62c, and

the plot was done using a 15000m offset and the relief scaled at 550.34.
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Figure 4.55cHorizontal derivatives of the geomagnetic anomaly daitatotal magnitude gradient.
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Figure 4.56 Analytic Signal of the TMHRTE Map with higher order derivative

Figure 4.57Tilt Derivative/ TDR Map of the Study Area
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Figure 4.58: Horizontarilt Angle/ TDX Map of the Study Are
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Figure 4.59ETilt Map of the Study Area

Figure 4.60a: NTilt Map of the Study Area Showing Viable Ore Zones
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Figure 4.60b: NTilt Map of the Study Area
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Figure4.61 Geothermal gradient mapbtained from figure 4.28howing divisions into two parts (A
and B).

Areas of high
GG > 4%C/k

Figure 4.62: Subsurface imaging results from part A of the Geomagnetic Anomaly Field data covered
in the 55 x 55 km result window.
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Figure4.62b: Inversion results from Part A of the window covered in the 55 x 55 km window with
supeimposed aeromagnetic data. The plot was done using a 1000@mawitsthe relief scaled at 50.

Areas of high GG
45°C/kmJ  correspond
with  high  magnetic
susceptibility response
> 3 km depth

Figure4.62c: Inversion results from Part A of the windowvesed in the 55 x 55 km window with
supeimposed 3D computed geothermal gradient data. The plot was done using a 15000m offset and th
relief scaled at 550.34.
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Figure 4.63a shows subsuate imaging or inversion result from Part B of the geomagnetimaly field

data covered in 55 x 55 km result windoWe inversion result was further displayed with superposed
aeromagneticlatain figure 4.63b exaggerated to a height of 19202.65 m in order to accommodate both
plots and thiplot was dae usingan 8000n offset andarelief scaled at 329The nversion results from

Part B of the window covedein 55 x 55 km window further h&2D computed geothermal gradient data
as well superposed on it. Tipkot represented in figure 4.63¢as done usingreBB000m offet and relief
scaled at 328.

Figure4.64a showsubsurface inversion imaging resutfsParts A&Bfrom the 110 x 110 km dimension
windowwhich probes also from 100m ASL to 9000 m depth BSL.Iftersion results from Pa&iA&B

of the window covered in 120110 kmwassupemposedwith aeromagnetic data and tipi®t was done
using 0 offset and the relief scaled at BBere is superposition of aeromagnetic data on inversion results
from Part B and from the result displayed in Fig.4.@4kersion result§from 110 x 110 km window
probed in the computation of CPDinga 110 x 110 km window size waisperposed with 3D computed

geothermal gradient datapresented in Fig.4.64c.

Based on the varying susceptibility contragtsminent anomaly windows W in Fig.4.65 wereaptured
on the geomagnetic anomaly nfapwider and more detailed probe usithgg Magnéc Vector Inversion
modeling.Modédling result from window P in Fig. 4.66a(i), shows models revealed from the magnetic

vector inversion technique. Figue66 a(ii) shows the aeromagnetic anomaly data superimposed on 4.66
a(i).
Q window represented in Figures 4.66 b(i) captures varying shapes of models. Fig. 4.66b(ii) shows

superimposed aeromagnetic anomaly data on the modelling result from Q wiratbdling result from
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window R in Fig. 4.66c(i), shows models revealed from magnetic vector inversion technigue as well and

the aeromagnetic anomaly data superimposed on the modelling result is shown in Fig. 4.66 c(ii).

Figure 4.62&: Subsurface imaging rdsifrom Part B of the Geomagnetic Anomaly Field data covered
in the 55 x 55 km result window. =
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Figure 4.68: Inversion results from Part B of the window covered in the 55 x 55 km window with
supeimposed aeromagnetic data. The plot was done using &mBofiset and the relief scaled at 329.

Figure4.63c:Inversion results from Part B of the window covered in the 55 x 55 km window with
superposed 3D computed geothermal gradiatd. The plot was done using&00m offset and the
relief scaled at 38.
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Figure4.64a: SubsurfaceVersion imaging results frofarts A& B from110 x 110 km dimension
window
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Figure 4.64: Inversion results from Part B of the window covered in the 110 x 110 km window with
superposed aeromagnetic data. The plotdea® using O oftst and the relief scaled at 89.

Figure 4.64: Inversion results from 110 x 110 km window probed in the computation of CPD using a
110 x 110 km window size. The result has been superposed with 3D computed geothermal gradient
data. The |ot was done using a 2000m offset and the relief scaled at 500.
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Figure 4.65 Geomagnetic anomaly map showing prominent anomaly windows captured for wider and
more detailed probe using the Magnetic Vector Inversion modeling. Wadce labelled from PY.
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Figure 4.6@(i): Inversion modeling maults from window P of Figure 4.65

Figure 4.6@ (ii):. Magnetic inversion result of window P with overlaid aeromagnetic anomaly data

Figure 4.66 (i): Inversion modking results fran window Q of Figure 4.65
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Figure 4.66 (ii): Magnetic inversion result of window Q with overlaid aeromagnetic anomaly data
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Figure 4.66 (i): Inversion modking results from window R of Figure 4.65

Figure 4.66 (ii):. Magnetic inversion result of window R with alad aeromagnetic anomaly data

S window in Figures 4.66 d(i) reveals horizontadels with varying MVI values. The aeromagnetic
anomaly data was also superimposed on the inversion modelling result ahttewCorresponding
high magnetic intensity anomalies on the aeromagnetic anomaly map were revealed over the rows of N

S trending horizontal deposits with varying MVI values in Fig.4.66d(ii).

T window represented in Figures 4.66 e (i) reveals a lot deatexd but concentrated clusters on the
subsurface. The aeromagnetic anomaly data directly overlies the models from this window, as reveale

in Fig. 4.66e€(ii).

U window is represented in Figures 4.66f(i) which captures models delineated with varyingfristwje
values. Overlying these models in Fig. 4.66f (ii), is the aeromagnetic anomaly data whose variegated sho

wavelength anomalies correspond with the underlying model.

V is represented in Fig. 4.669(i) which captures inclined to spherical modelsanythg low MVI values
between 0.00031 and 0.00032. The rsg#rerical model has a range of MVI values between 0.00034 to
0.00049. Figure 4.66g(ii) shows superposition of aeromagnetic anomaly data on inversion modeling

results.
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Figure 4.66h(i) shows windoW which captures models of higher intensity and MVI values within the

range of 0.00031 and 0.00053. The inversion models were overlain with the aeromagnetic data as shov

Fig.4.66 hii).

Window X captures models with high MVI values > 0.00038 which evéhose of lower MVI values
<0.00024. in Fig. 4.66I(i). There are various magnetic intensities of the models at the evident from the
varying MVI values of surface outcropping models between 0.00015 to 0.00031 MVI. The aeromagnetic

anomaly data superposed the inversion modeling results, is represented in Fig. 4.66I(ii).

Figure 4.66j(i) shows window Y which captures basically-sutface deposits revealed in this

Figure 4.64@ (i): Inversion modeling re#ts from window S of Figure 4.65
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Figure 4.64@ (ii): Magnetic inversion result of window S with overlaid aeromagnetic anodaddy

Figure 4.6@ (i): Inversion modeling results from window T of Fig4té5

Figure 4.66e (if)Magnetic inwersion result of widow T with overlaid aeromagnetmomaly d&a
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Figure 4.66 (ii): Magnetic inversion result of window U with oraid aeromagnetic anomaly data
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Figure 4.®g (i): Inversion modeling re#is from window V of Figure 4.65

0.00261
0.00220
0.00187
0.00163
0.00138
0.00120
0.00104
0.00092
0.00080
0.00071
0.00063
0.00055
0.00049
0.00044
0.00040
0.00037
0.00034
0.00032
0.00031

MVI
(SN

Figure 4.6@ (ii): Magnetic inversion result of window V with overlaid aeromagnetic anomaly data
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Figure 4.66 (i): Inversion modeling results from window W of Fig4ré5
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Figure 4.66 (ii): Magnetic inversion result of window W with overlaid aeromagnetic anomaly data
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Figure 4.66I(i): Inversion modeling rests from window X of Figure 4.65
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Figure 4.66(ii): Magnetic inversion result of window Y with evlaid aeromagnetic data

window. The depats are almost spherical and nodular and dispersed all through the window area and
the models have equally varying MVI values between 0.00048 to 0.00069. The superimposition of

aeromagnetic anomaly data over the revealed deposits is shown in Figur®.4.66(i

41.3 Result from Airborne Radiometric Data

Information on naturally occurring K, eU, and eTh were collected through a spectrometer. The e(U) anc
e(Th) are designated to represent Uranium and Thorium counts indirectly from their decay products no
more than 30 cm for shallow surface layer of high density and consolidation and a bit more for

unconsolidated sediments.

A. Results from Radioelement Concentrations

The radioelement composite ineagombines data of K in cyaeTh in magenta, and eWw iyellow
(Fig.4.69). The various radioelement concentrations are represented in Figures-/A67{&) and the

total count concentrations in Fig. 4.67(d).

B. Results fromRadioelement Ratio Composites

Theradioelement ratio composite image map showerall spatial distribution of relative radioelement
concentrations. These concentrations reveal lithologic colonies as they distinguish between different roc

type units in the study area which are sedimentary and igneous. The Potassium ratio compbsites
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forms of K/eTh andK/eU are represented in Figures 4.68(a) and 4.68(b) respectively. Uranium ratio
composites of eU/eTh and eU/K are represented in Figures 4.68(c) and 4.68(d) respectively. Uraniun
plots are displayed in Figures 4.68h and 4.68i leviihorium ratio composites; eTh/eU and eTh/K are
represented in Figures 4.68(e) and 4.68(f) respectively. Figure 4.68g shows combination of radioactive
results which was established from combination of each of the three radioelement ratio composites fo

three radioactive elements (combination of three radiometric ragidg;Th eU/K and eTh/K.

C. Results from Ternary Image

Figure 4.69 reveals thernary radioelement maphichis a colar composite imagasually
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Figure 4.67a: Potassium (K) Concextiopn Map of the Radiometric Data
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Figure 4.67c: Uranium (U) Concentration Map of the Radiometric Data

7°15' 7°30 7°45' 8°00" 8°15' 8°30" 8°45' 9°00'
8 3
o o — _
|8 Q
) 2
3 =
© a
3 2
o w
o 3
o (=2}
o =
© a
o (o2}
S e I=}
© Q
i 9
s = 2
Ito) a
N ; o
& b Bl ; f ] $
300000 350000 400000 450000 500000 )
7°15' 7°30' 7°45' 8°00' 8°15' 8°30 8°45' 9°00'
25000 _ 0 25000 50000 TC

metres
WGS 84 / UTM zone 32N

T .

456.7681062.843 1391.333 1603.112 1842.517 2265.864

163




Figure 4.67d: Total Count (TC) Concentration Map of the Radiometric Data
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Figure 4.68a: Potassium Composite Image per Thorium Concentration (K/eTh).
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Figure 4.68b: Potassium Composite Image per Uranium Concentration (K/eU).
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Figure 4.68c: eU/eTh concentration map of the region.
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Figure 4.68d: eU/K concentration map of the ragio
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Figure 4.68e: eTh/eU concentration map of the region.

Figure 4.68f: eTh/K concentration map of the region.
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Figure 4.68g: Combination of radioactive results of radioelématios (eU/eTh + eTh/K +
eU/Kconcentration map of the region).

Figure 468h: — concentration map of the region.
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Figure 4.68i: el(eTh/3.5) concentration map of the region.
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Figure 4.69Ternary imagenapconstructed froncombination of th&kadioelements (K (%)eTh and
el).

generated by modulatinged, gren and blue phosphors of the display device in proportion to the
radioelement concentration values of the K, Th, U and TC grids. The use of red, greeredod K|u
eTh and eU respectivelg usually thestandard for displagig gamma ray spectrometrictdadut cyan,

magenta and yellow were used for K, eTh and eU respectively based on colour variation choice.

4.1.4. Results ofRe-appraising the Trend of Mineral Occurrence Pattern viza-viz Map

Composites

Two to three maps were mergadcomparedn the cairse of haing a broader picture about mineralized

areas.

A. Results from Clay Alteration on Magnetic Lineament Map

Ratio6 on 7which delineates clay alteration regiomas supa@mposed on extracted magnetic lineament
map (Fig.4.70)to showareas likey viable for ore accretion3.he encircled zones are considered likely
viable for ore deposits because they are contact zones where both surface ssehtdek[ineaments
coincide withareas in green to blue denotinch clay mineral regions.

B. Resuts from Magnetic and Landsat Lineament Maps on Iron Oxide Map

Magnetic and Landsat lineament maps were both superimposed on the iron oxide (4 on 2) map (Figs
4.71a & 4.71b respectively).

C. Results fromMagnetic and Landsat Lineament Maps on Mineral Map
The superimposition of the magnetic and Landsat lineaments (Fig. 4.72) show dense lineation of the stuc

area which serves as good conduits for hydrothermal fluid migration, wall rock alteration and ore
precipitation. Mineral map of the study area whweas digitized from updated 2019 mineral map of
Nigeria (Falade, 2016) was superimposed on Figure 4.72 and most minerals correlated with areas of den
lineations, thus the map gives a prediction of prospective mineral occurrences of the study area.

D. Results from Evaluation of Zones Viable for Ore Deposits
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Minerals on NTilt Map (Fig. 4.73) and on geothermal gradient map (Fig.4.75) were used to evaluate the

effect of structures and temperatures on mineral distribution within theFageee 4.74 whichs
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Figure 4.70: Magnetic Lineament Superimposed on Clay Alteration (6 on 7 Ratio) Map
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Figure 4.71bLandsatineament Mapsuperimsed on 4 on 2 ratio map
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Figure 4.72 Predictive mineral potential map of the study area
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Figure 4.73: Comparison of inversion model results to NTilt results
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FIG.4.74: NTILTon Mineral Map

FIG.4.75: Geothermal Gradient on Mineral Map
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