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A B S T R A C T

The Eastern Nigerian Basement Terrane hosts significant barite deposits critical for Nigeria’s oil and gas industry, 
yet exploration remains limited to shallow artisanal mining that yield low-quality barite. This study presents a 
novel integration of Landsat-7 ETM + thermal infrared data and Shuttle Radar Topography Mission (SRTM) 
elevation data with the Thermal Generalization Method (TGM), a multichannel algorithm that transforms TIR- 
SRTM data into 3D thermodynamic models. Using algebraic-geometric transformations and algorithms 
including generalization (G), automatic identification of cell-block structure (AICDS), litho-temperature (LT), 
vertical temperature (VT), first/second Vertical Derivatives (IVD, 2VD), the method delineates high-purity barite 
mineralization at depths surpassing typical artisanal operations. Seasonal analysis quantified a 17 % drop in 
mean surface thermal radiation (10.42 to 8.67 W m− 2) and a 37 % rise in mean surface water saturation (0.46 to 
0.63), showing a strong negative correlation (r = –0.72) that confirms seasonal heat-fluid coupling enhances 
mineralization potential at depth. TGM analysis identified two potential barite fields (PBF1 and PBF2) in the 
Mayo-Belwa and Jada-Ganye basement terranes, representing substantial, previously unrecognized high-grade 
targets within Nigeria’s estimated 22 Mt barite reserves. These fields are characterized by dominant NNE-SSW 
lineaments and NW-SE stresses interact, with subordinate NNE-SSW stresses enhancing permeability through 
localized deformation, creating structural/thermochemical fluid pathways. PBF1 (Taso-Tola deposits), hosted in 
a deflection zone dominated by granite-gneisses, shows strong thermal anomalies (∇T > 0.5 K/m; ∂2T/∂z2 < −

0.3 K/m2), indicative of exothermic barite precipitation at temperatures of 60–80 ◦C. Economic mineralization 
occurs along ENE lineaments at 180–300 m depth (ΔT = 1.2 K, signal-to-noise ratio [SNR] 2000:1), with 70–90 
% water saturation. These anomalies exceed Landsat’s thermal resolution threshold by > 3 orders of magnitude, 
providing a robust, deterministic confidence framework. The Taso sector shows sharp thermal boundaries (∂T/∂z 
> 0.6 K/m) along 540 m fractures, whereas Tola’s mineralization persists to 1,200 m (ΔT = 0.3 K, SNR 2700:1) 
beyond optimal mineralization depths. PBF2, hosted in syn- to post-tectonic granites within zones of intense 
uneven uplift, exhibits subdued thermal signatures (40–60 ◦C) and moderate water saturation (50–70 %). NW‒ 
SE compression generates ENE uplift blocks controlling mineralization: Yebbe extends 610–750 m (60–300 m), 
Zeibei is vertically reoriented below 240 m, and Ngurore exhibits propeller geometry (870–780 m). High thermal 
gradients (∇T > 0.7 K) and water saturation (W > 0.3) favour barite deposition at 60–300 m depth, controlled by 
NNW-trending faults, although deeper anomalies (ΔT = 0.08 K at 1,800 m) lie beyond viable exploitable limits. 
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Both systems demonstrate barite deposition controlled by NW-SE compressive stress. TGM-decoded TIR identifies 
barite mineralization at optimal exploitable depths (60–300  m), overcoming artisanal mining limits (<15  m) 
and enabling the targeting of high-purity, API-compliant reserves vital to Nigeria oil and gas sector.

1. Introduction

Barite is critical for oil/gas drilling to stabilize wellbores (Basfar 
et al., 2025; Yang et al., 2025), yet Nigeria’s 22.30 Mt reserves (Afolayan 
et al., 2021; Ebunu et al., 2021; NGSA, 2011) often fail API Spec 13A 
standards due to shallow mining (≤20 m), yielding impure barite 
(3.8–4.1, below the required 4.5 (Ciullo, 1996), necessitating imports 
for its oil/gas industries (O’Driscoll, 2017; Otoijamun et al., 2021). 
High-purity barite typically comes from deeper deposits—e.g., Nevada 
(200–350 m, SG 4.25–4.4; USGS, 2021), Sichuan (300–500 m, SG 
4.3–4.6; Zou et al., 2016), and Morocco (40–500 m; Essalhi et al., 2016), 
where reduced oxidation preserves quality (Hanor, 2000; Yao et al., 

2022; Moles et al., 2024). Thus, transitioning from artisanal shallow 
mining to mechanized deep extraction (>100 m) is essential for Niger
ia’s barite deposits to meet API purity standards. Remote sensing tech
nologies, especially thermal infrared (TIR) and satellite structural 
analysis, effectively map mineral resources by detecting thermal 
anomalies, fluid saturation, and tectonic heat transfer (Wang et al., 
2024; Amraoui et al., 2025; Li et al., 2025). Advances in 
emissivity-corrected land surface temperature (LST) analysis and 
geothermal algorithms have improved mineralization detection at 
regional scales (Mahboob et al., 2024; Madani & Said, 2024; Sary, 2024; 
Zhao et al., 2024). For Nigerian barite exploration, enhanced geospatial 
processing is needed to resolve deep structures and mineral signatures.

Fig. 1. (a) The geodynamic context of the Pan-African orogenic belts (Shellnutt et al., 2017); (b) regional geological map of the Trans-Saharan to Central Africa 
orogenic belts showing the major terranes (modified from Shellnutt et al., 2018). The Tuareg Shield is updated from Liégeois (2019) and includes four mega shear 
zones: the Tilemsi shear zone (TSZ), the Adrar shear zone (ASZ), the Iskel shear zone (ISZ), the Ounane shear zone (OSZ), and the Raghane shear zone (RSZ). The 
Raghane shear zone, which marks the boundary between the Western Nigeria Terrane (WNT) and Eastern Nigeria Terrane (ENT), is considered a potential suture 
zone (Ferré et al. 2002; Toteu et al., 2004). The Benue Trough Shear Zone (BSZ) is a hypothetical transcurrent shear zone buried by the Benue Trough that separates 
the ENT into the West-Eastern Nigeria Terrane (W-ENT) and East-Eastern Nigeria Terrane (E-ENT). The strong positive Bouguer anomaly in Chad is the southern 
extension of the Tcholliré–Banyo shear zone (TBSZ) (Penaye et al., 2006). The Zalbi tectonic zone comprises the Balché shear zone (BSZ) and Zalbi thrust shear zone 
(Pouclet et al., 2006). The Gode–Gormaya shear zone (GGSZ) marks the boundary between the E-ENT domain and NW Cameroon domain (NWCD). LATEA =
Laouni-Azroun’Fad-Tefedest-Egéré-Aleksod, MKD = Mayo Kebbi domain, AYD = Adamawa-Yadé domain, CAR = Central African Republic.
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Fig. 2. (a) Geological map of Nigeria showing the study area within the Eastern Nigerian Basement Terrane (ENT), including the distribution of barite occurrences 
and major Pan-African-aged faults and shear zones (modified from Ngako et al., 2006; Obaje, 2009). The distribution of barite (indicated by blue stars) is from Ebunu 
et al. (2021). The fault and shear zone trends are predominantly NE‒SW, NNE‒SSW, E‒W, ENE‒WSW and NW‒SE.. CCSZ: Central Cameroon Shear Zone (also 
referred to as Foumban Shear Zone); KSZ: Kaltungo Shear Zone; ISZ: Ifewara Shear Zone. Faults/shear zones in Nigeria are compiled from Rahaman et al. (1984), 
Maurin et al. (1986), Ajibade and Wright (1989), Benkhelil (1989), Guiraud et al. (1989), and Ngako et al. (2006), whereas those in Cameroon are from Ngako et al. 
(2006). (b) Satellite image map of the study area. (c) Geological map of Adamawa State showing the distribution of mineral deposits (extracted from the Nigerian 
Geological Survey Agency [NGSA], 2011). The locations of the mineral deposits are from the Ministry of Commerce, Industries and Solid Minerals Development 
(MCISMD, 2004).
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The Nigerian basement complex preserved ~ 3000 Ma polycyclic 
tectonics (Obaje, 2009; Ominigbo, 2022; Dada et al., 2024), which 
reshaped the crust and generated structural pathways for hydrothermal 
mineralization (Kamaunji et al., 2022a). The Eastern Nigerian basement 
terrane (ENT), which is part of the Pan-African Central African Fold Belt, 
experiences multiphase tectonothermal events, shear zones, and granitic 
intrusions (Bute et al., 2022; Ferré et al., 1998, 2002; Halilu et al., 2025; 
Kamaunji et al., 2024, Fig. 1), conditions ideal for TIR-based mineral 
exploration (Mukhamedyarov, 2016; Zuo et al., 2023; Chao et al., 2024). 
Neotectonic activity from the Benue Trough and Cameroon Volcanic 
Line (Adebiyi et al., 2023; Apeh et al., 2024; Owono et al., 2024) en
hances heat flow, pervasive faulting, and hydrothermal circulation, 
creating favourable conditions for barite mineralization (Dora et al., 
2022; Wind et al., 2023; Samaoui et al., 2024).

The Mayo-Belwa (456 km2) and Jada-Ganye (3,500 km2) study 
areas within Nigeria’s Eastern Basement Terrane (Fig. 2a–c) comprise 
Precambrian migmatite-gneiss complexes intruded by Pan-African Older 
granites (Kamaunji et al., 2022a). Situated in the northern Adamawa 
Massif, which extends into the Cameroon Volcanic Line (Figs. 1, 2a, c), 
these areas host barite deposits as basement-hosted veins (Mayo-Belwa 
peneplain) and cavity fillings (Jada highlands). Despite their economic 
potential, development is hindered by insufficient geospatial data and 
exploration frameworks to explore deeper deposit.

To bridge this gap, we present the Thermal Generalization Method 
(TGM), a novel algorithm that transforms thermal infrared data into 2D/ 
3D thermodynamic models using a multichannel framework developed 
by Mukhamedyarov (1993, 2002, 2006, 2008, 2010a,b, 2011, 2012, 
2016). TGM integrates symmetric input systems with algebra-geometric 
structures and advanced algorithms—generalization (G), automatic cell 
block identification (AICDS), vertical derivations (1VD, 2VD), and litho- 
temperature (LT) analysis—to effectively map high-purity barite de
posits at depth (Mukhamedyarov, 2002–2016). The scientific and 
practical novelty of the TGM lies in its use of Earth’s solid-surface 
thermal signals detected through electromagnetic radiation. By ana
lysing both the spatial patterns and temporal dynamics (e.g., seasonal 
thermal variations and heat transfer mechanisms) of these surface 
temperature fields, TGM enables the effective characterization of sub
surface material properties. (Mukhamedyarov, 2002–2016). This novel 
approach transforms passive thermal observations into active pro
specting tools by integrating three key innovations: (1) multitemporal 
discrimination to isolate persistent thermal anomalies from transient 
surface effects, (2) heat transfer modelling to quantify conductive and 
convective processes linking surface signals to subsurface features, and 
(3) depth-resolved interpretation leveraging thermal inertia principles 
to profile material properties with depth (Mukhamedyarov, 1993, 
2002–2016). TGM has proven effective across diverse applications, 
including hydrocarbon exploration in western Egypt (Tumanov and 
Cheban, 2013), identification of geoanthropogenic disturbances in 
Almaty, southeastern Kazakhstan (Mukhamedyarov, 2008), geotech
nical characterization of construction sites on the Sakhalin Island, Russia 
(Bogatkin et al., 2011), and lithostructural mapping of kimberlite, 
basement hydrocarbons, and gold mineralization in eastern Nigeria 
(Mukhamedyarov, 2013).

This study applies high-resolution Landsat-7 ETM + thermal data, 
Shuttle Radar Topography Mission (SRTM) data, field observations, and 
TGM-based multichannel processing to map barite prospectivity in the 
Mayo-Belwa/Jada-Ganye area of the Eastern Nigerian Basement 
Terrane. By integrating thermal derivatives, lithostructural analysis, and 
water saturation thermodynamic modelling, thermally anomalous po
tential barite fields can be identified. The approach aims to characterize 
barite deposits; prioritize drill targets; and bridge remote sensing, 
geophysics, and mineral exploration through a novel, replicable strategy 
for assessing barite resources in complex basement terrains.

2. Geological background and barite mineralization

2.1. Eastern Nigerian terranes basement (ENT)

The Adamawa Massif, together with the Hawal Massif, forms 
Nigeria’s Eastern Basement Terrane (ENT), which is bounded by the 
West Nigeria Terrane (WNT) and Northwestern Cameroon Terrane 
(Fig. 1). The Godé–Gormaya Shear Zone (GGSZ) and Raghane Shear 
Zone (RSZ) demarcate the eastern and western margins, respectively 
(Toteu et al., 2004; Dawaï et al., 2013). These Pan-African terranes 
constitute the Central Africa Fold Belt (CAFB), accreted from the Mayo- 
Kebbi, Adamawa-Yadé, and NW Cameroon domains (Toteu et al., 2004; 
Fig. 1). The WNT comprises Archaean tonalite–trondhjemite–
granodiorite (TTG) suites, amphibolites, and gneisses (Ajibade et al., 
1987), whereas the ENT features granites, diorites, metapelites, and 
migmatites (Onyeagocha and Ekwueme, 1990; Ferré and Caby, 2007; 
Kamaunji et al., 2021). Key contrasts include (1) ENT’s tin mineraliza
tion versus the WNT’s gold endowment (Woakes et al., 1987), and (2) 
ENT’s Eburnean protoliths (linked to W Cameroon) versus WNT’s 
Archaean dominance (Bruguier et al., 1994). The ENT is divided into the 
western ENT (W-ENT) and eastern ENT (E-ENT) by the Benue Trough/ 
basin; an intracontinental rift formed during the Mesozoic as a result of 
the Atlantic Ocean spreading (Benkhelil, 1989) (Figs. 1, 2a). The E-ENT 
exhibits comparable tectonics, where ENE-WSW- and N-S-trending 
extensional fractures control the emplacement of fifty-three anorogenic 
alkaline complexes showing southwards age progression (Kamaunji 
et al., 2020, 2022b, 2023, 2024). The ENE fault system records major 
Pan-African transcurrent shearing (Maurin et al., 1986), with geophys
ical data showing a 20–30 km thick crust containing 6–10 km of mafic 
rocks (Shemang et al., 2001). These findings suggest that the Benue 
Trough overlies a deep Pan-African structure, interpreted as the Benue 
Trough Shear Zone (BTSZ) (Bute et al., 2020).

2.2. Adamawa Massif

The Adamawa Massif constitutes an elongated terrane within the 
Eastern Nigerian Terrane (ENT), bordering the southern Yola Arm of the 
Benue Trough and extending into southeastern Nigeria, where it is 
separated from the Oban Massif by the Lower Benue Trough (Fig. 2a). 
This massif is characterized by Pre-Cambrian migmatite-gneiss base
ment rocks intruded by Pan-African Older granites (Fig. 2a), preserving 
multiple tectono-metamorphic cycles (Ferré et al., 1998, 2002). The 
earliest deformation phase (D1, ca. 638 Ma) involved syn-metamorphic 
low-angle thrusting during early Pan-African nappe tectonics, accom
panied by the intrusion of fayalite monzonites and biotite granites (Dada 
and Respaut, 1989). This event was followed by D2 (ca. 623–605 Ma), 
which was characterized by gently dipping foliations and N–S linear 
structures in two-mica granites and migmatites, reflecting crustal 
thickening (Dada et al., 1993). Subsequent D3 deformation (ca. 
587–577 Ma) comprised ductile dextral wrench faults that reworked 
earlier structures through refolding associated with crustal thinning 
(Ferré et al., 1996, 1998). The final phase (D4, ca. 550 Ma) featured N–S 
mylonites linked to cooling and exhumation along strike-slip faults 
(Ferré et al., 2002).

2.3. Barite mineralization and the local lithostructural framework

2.3.1. Barite mineralization in Nigeria
Barite mineralization in Nigeria occurs across both the Precambrian 

basement complexes and the NE–SW-trending Benue Trough (Fig. 2a), 
exhibiting diverse geological and structural controls that define its styles 
and associated mineral assemblages (Maurin and Benkhelil, 1990; 
Ebunu et al., 2021). Mineralization styles range from stratiform and 
nodular forms within the Abakaliki Basin to epigenetic, structurally 
controlled vein- and cavity-fill deposits that dominate the Benue Trough 
and adjoining basement terranes. In the Yola and Gongola Arms 
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Fig. 3. (a) Geological map of the study area showing lineaments extracted from a digital elevation model (DEM); (b) Migmatitic gneiss outcrop displaying distinct 
banding and clear evidence of a reverse (thrust) fault. The banding reflects the complex metamorphic history of the gneiss, with the fault providing insight into the 
compressional tectonic processes affecting the region. (c) Migmatitic gneiss outcrop displaying clear folding of the rock layers, illustrating the deformation and 
bending of the gneissic bands. This provides insight into the tectonic forces responsible for folding and the region’s complex structural history.
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(Adamawa: 0.332 Mt; Gombe: 0.353 Mt), basement-hosted mineraliza
tion occurs as high-grade vein-type deposits (0.3–4.3 m wide) in granitic 
and migmatitic rocks, with specific gravities of 4.0–5.3 (NGSA, 2011; 
Ebunu et al., 2021). In contrast, sedimentary-hosted deposits in Benue 
(0.308 Mt), Cross River (8.6 Mt), Nasarawa (3.2 Mt), and Taraba (9.0 
Mt) show greater dimensional variability (cm to 5.8 m wide, locally up 
to 150 m in Benue) and lower purity (SG 3.5–4.4) due to abundant 
gangue minerals (Labe et al., 2018; NGSA, 2011).

In the Abakaliki Basin (Lower Benue), barite mineralization is 
expressed as stratabound concordant beds, discordant veins (10 cm–8 m 
wide, average ~ 1 m), and disseminated nodules, hosted within arkosic 
sandstones, fractured shales, and intrusive bodies of the Asu River Group 
(Ene & Okogbue, 2012, 2016). Structural control by NW–SE and N–S 

fractures is well established, with mineralization linked either to 
magmatic-hydrothermal activity associated with intrusives and brine 
ponds (Offodile, 1989), or to expulsion of basinal brines during Cen
omanian tectonism (Akande et al., 1989; Uma, 1998). The paragenesis 
typically includes barite with Pb–Zn sulfides (galena, sphalerite), minor 
copper sulfides, fluorite, and calcite.

Similarly, deposits in Ishiagu, Enyigba–Ameki–Ameri, Wani
kande–Wanakom, and Gabu–Oshina (Andrew-Oha et al., 2017) confirm 
fracture control by Santonian faulting. The mineralogical variations 
reflect host lithologies and fluid composition: Pb–Zn–dominated sulfides 
at Ishiagu and Enyigba; mixed Pb–Zn–barite with dioritic to nepheline 
syenite intrusives at Wanikande–Wanakom; and barite-dominant 
mineralization in Eze-Aku sandstones and doleritic sills at 

Fig. 4. (a) Syn-tectonic outcrop showing persistent NW–SE joints (278◦) continuing across a N60◦E-trending raised block, indicating pre-uplift formation or passive 
accommodation; (b) Late- to post-tectonic granite containing abundant MMEs with sharp, crenulated contacts and ellipsoidal shapes aligned with regional foliation, 
showing weakly foliated fabric without ductile overprinting; (c) NE–SW-oriented rhyolitic dikes and basaltic flows representing the final phase of Pan-African 
orogeny, overlain by Quaternary sediments; (d) Steep–walled barite mine pit in Precambrian migmatite–gneiss, showing quartz–barite veins cutting across folia
tion and partial oxidation along pit walls; (e) Irregular pit morphology following barite vein geometry in migmatite–gneiss, with residual lateritic soils overlying fresh 
bedrock exposures; (f) Massive reddish crystalline barite intergrown with quartz and minor sulfides in mine pit exposure; (g) NE–SW-oriented fracture-controlled 
barite veins in the Benue Trough, demonstrating tectonic–hydrothermal influence on mineralization; (h) NW–SE-trending barite vein system in the Benue 
Trough, showing structural control of.
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Gabu–Oshina (Andrew-Oha et al., 2017). This spatial progression marks 
a transition from Pb–Zn-rich to barite-rich systems northeastward along 
the basin.

Barite from multiple Nigerian deposits shows variable quality and 
gangue (Abraham et al., 2021). Veins and cavity fillings in mudstones, 
shales, limestones, sandstones, and siltstones range from a few cm to ~ 6 
m thick. Ores are dominated by BaSO4, with quartz, hematite, celestite, 
and calcite. SG ranges from 2.9 to 4.3; higher-grade ores (Benue, Taraba) 
meet API standards, lower-grade (Plateau, Nasarawa) require benefici
ation. In the Middle Benue (Arufu, Akwana, Azara), barite is intimately 
associated with Pb–Zn–fluorite veins hosted by Albian–Turonian sedi
ments (Akande et al., 1989). At Azara, barite is particularly abundant, 
whereas Arufu and Akwana display fluorite–barite–calcite–quartz as
semblages. Fluid inclusion studies indicate moderate-temperature 
(95–200 ◦C), saline brines (14–24 wt% NaCl eq.), with isotopic data 
supporting derivation from basinal fluids modified by shales, carbon
ates, and evaporites. Sulfur isotopes reveal thermochemical sulfate 
reduction of Cretaceous evaporites, aided by methane-rich fluids, while 
Sr and Pb isotopes suggest input from the Precambrian basement. These 
features are consistent with a basinal brine expulsion model for hydro
thermal fluid flow.

In Nasarawa and Taraba States (e.g., Azara, Keana, Wuse, Ribi, 
Suani), barite occurs mainly as cavity-filling vein systems localized 
within sandstones and basement rocks, forming tabular to lensoid bodies 
(Otoijamun et al., 2021; Ottan et al., 2022). Veins vary from millimetres 
to > 5 m thick, with lateral continuity of up to 1 km and depths 
exceeding 30 m. The ores, typically intergrown with hematite, quartz, 
siderite, and sulfides (galena, sphalerite), display SG values of 3.9–4.5, 
with many meeting API standards for drilling muds. However, high 
silica, carbonate, and iron oxide contents in some veins necessitate 
beneficiation. Artisanal mining dominates these areas, leading to poor 
recovery and environmental risks from Pb contamination (Ottan et al., 
2022).

Barite in the Mid-Nigerian Benue Trough is structurally controlled, 
correlating with lineament density, ferric alteration, and high K/Th ra
tios (Gajere et al., 2024). Deposits occur in faulted Cretaceous sequences 
as vein-type hydrothermal mineralization, associated with iron oxides 
and silicate gangue. High-potential zones cover ~ 19 % of the area, 
highlighting the importance of structural and geospatial controls in 
exploration. Elsewhere in the Benue Trough and adjoining basement 
terrains, mineralization occurs as epigenetic hydrothermal veins and 
cavity fills, commonly within faulted and brecciated sandstones or 
fractured basement rocks. Examples include the Faya deposit in Plateau 
State, where barite forms veins and pore fillings (100–150 m long, 
1.5–2.5 m wide) with quartz, biotite, pyrite, magnetite, and secondary 
siderite and goethite (Samaila et al., 2025). Across the Benue Valley, 
paragenetic assemblages are dominated by barite, galena, sphalerite, 
fluorite, quartz, calcite, siderite, and iron oxides, with systematic ther
mal and chemical gradients reflecting district-scale fluid evolution 
(Ogundipe, 2017; Sunday et al., 2020).

Overall, Nigerian barite mineralization is best classified as domi
nantly epigenetic vein- and cavity-fill deposits, locally accompanied by 
stratiform and nodular bodies in the Abakaliki Basin. Mineralization 
styles transition from high-grade, small-volume basement-hosted veins 
(Adamawa, Gombe) to more extensive but variable-quality sedimentary- 
hosted systems (Cross River, Nasarawa, Taraba, Benue). Associated 
gangue and accessory minerals include quartz, calcite, dolomite, 
siderite, feldspar, fluorite, galena, sphalerite, chalcopyrite, pyrite, he
matite, and magnetite, reflecting strong structural and hydrothermal 
controls. Reserve distribution also varies: Cross River and Taraba host 
the largest deposits (~8.6–9.0 Mt), while basement terranes (Gombe, 
Adamawa) yield smaller but higher-grade resources. Nationwide, re
serves exceed 22 Mt, underscoring Nigeria’s significance as a barite 
province (NGSA, 2011; MMSD, 2018; Afolayan et al., 2021; Gajere et al., 
2024).

2.3.2. Local lithostructural framework
The study area, covering Mayo-Belwa (456 km2) and Jada-Ganye- 

Toungo (3,500 km2) (Fig. 2b), forms the northern Adamawa Massif in 
the ENT (Fig. 2a) and the southern basement terranes of Adamawa 
Province (Fig. 2c). The area is underlain by migmatite-gneisses, syn
tectonic, and late- to post-tectonic granites (Figs. 2c, 3a), with a domi
nant NNE‒SSW lineament network and prominent NNW‒SSE-oriented 
stresses, indicating significant compressional or shear tectonics that 
reactivated faults and/or formed new fractures (Barton and Angelier, 
2020). The subordinate NNE‒SSW stress direction suggests a secondary, 
localized deformation phase (Fig. 3a).

The migmatite-gneisses display distinct melanocratic-leucocratic 
banding (Figs. 3b, c), recording multiple Precambrian metamorphic 
and deformational phases (Dada, 2008). The structures include (1) steep 
fault zones with offset markers indicating brittle deformation (Fig. 3b) 
and (2) tight asymmetric folds (~60◦ interlimb angle) with axial 
cleavage, showing thickened hinges and thinned limbs from flexural slip 
(Fig. 3c). These features document progressive deformation from early 
ductile folding (D1) to brittle faulting (D2) during exhumation (Augier 
et al., 2013).

The migmatite gneisses are intruded by syntectonic granites forming 
large subcircular outcrops with persistent NW–SE joints (278◦; Fig. 4a) 
and late- to post-tectonic varieties with irregular shapes, abundant 
MMEs (foliation-aligned ellipsoids; Fig. 4b), and weak fabrics indicating 
late-stage emplacement. The Pan-African climax involved faulting, hy
drothermal activity, and mineralization (McCurry, 1971), followed by 
NE‒SW rhyolitic dikes and basaltic flows (Fig. 4c). Quaternary denu
dation reshaped these terrains along structural trends.

2.3.3. Barite mineralization in the area
Barite mineralization in the area is structurally controlled, occurring 

mainly as vein- and cavity-fill deposits along fault and fracture zones. 
The barite mine pits in the basement gneisses display steep, irregular 
geometries mirroring vein orientations in Precambrian migmatite gneiss 
(Figs. 4d, e). Quartz-barite veins (0.5–3 m thick) cut across basement 
foliation and weathered pit walls show oxidized host rocks beneath 
lateritic soils (Figs. 4d, e). The barite occurs as massive reddish crys
talline masses, commonly intergrown with quartz and minor sulfides 
such as galena and sphalerite (Fig. 4f). These features are consistent with 
basement-hosted vein-type barite deposits reported in elsewhere in 
Adamawa and Gombe, where high-grade veins (0.3–4.3 m wide; SG 
4.0–5.3) occur within granitic and migmatitic rocks (NGSA, 2011; 
Ebunu et al., 2021). They are also comparable to vein- and cavity-fill 
deposits in the Abakaliki Basin and Taraba, which also show structural 
and hydrothermal controls (Labe et al., 2018; Abraham et al., 2021). 
These observations confirm that the mineralization style in the area is 
dominantly vein-type, with hydrothermal fluids exploiting structural 
weaknesses in the basement rocks. Artisanal works (10–50 m long, 5–15 
m deep) demonstrate manual extraction along vein systems..

Benue Trough barite deposits form NE‒SW/NW-SE-trending 
fracture-controlled veins (Figs. 4g, h), reflecting tectonic–hydrothermal 
origins. In the Benue Trough, along the basement-sedimentary interface 
in Mayo-Belwa, barite occurs as NE‒SW and NW–SE-trending veins 
typically hosted in sandstones, shales, and siltstones, analogous to de
posits in Nasarawa and Taraba where veins are associated with gangue 
minerals such as quartz, calcite, siderite, and fluorite (NGSA, 2011; 
Gajere et al., 2024). The combination of structural control, host lithol
ogy, and mineral assemblages indicates that these deposits represent 
epigenetic vein-type barite mineralization, formed through tectono- 
hydrothermal processes and commonly associated with gangue min
erals such as quartz, calcite, siderite, and fluorite, analogous to well- 
studied hydrothermal vein systems in the Benue Trough and basement 
terranes, including Adamawa, Gombe, Nasarawa, Taraba, and the 
Abakaliki Basin (NGSA, 2011; Labe et al., 2018; Abraham et al., 2021; 
Ebunu et al., 2021; Gajere et al., 2024).

Although the Nigerian barite deposits are predominantly epigenetic 
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vein- and cavity-fill systems hosted in basement gneisses and Cretaceous 
sediments, their mineralogical and geochemical characteristics show 
notable parallels with hydrothermal barite formation in rift-related 
carbonate sequences, such as those reported along the Dead Sea 
Transform Fault (Dill et al., 2012a). In both settings, barite precipitated 
from hydrothermal fluids, forming mineral assemblages that include Ba- 
rich sulfates, carbonates, and silicates, with crystal morphology influ
enced by fluid chemistry, cation availability, and minor organic or 
detrital phases. While the Nigerian deposits are structurally controlled, 
fracture-hosted veins, the Dead Sea system illustrates barite formation 
under low-temperature hydrothermal conditions in transitional 
subaqueous-to-subaerial environments, highlighting that similar hy
drothermal processes can operate across diverse tectonic and 

depositional contexts. Similarly, the Miesbrunn pegmatite–aplite swarm 
(Dill et al., 2012b) in Germany exhibits structural and hydrothermal 
analogies with the Nigerian barite deposits. In both systems, minerali
zation is localized along reactivated fractures or shear zones, controlled 
by episodic hydrothermal fluid flow, and displays temperature- and 
redox-dependent zoning. Near-surface alteration modifies primary 
mineral assemblages, whether Fe phosphates in MPAS or oxidized sul
fides and intergrown quartz in Nigerian barite, emphasizing the key role 
of tectono-hydrothermal processes in ore localization.

ₙ

∇

ₙ

Fig. 5. Workflow diagram of the integrated Landsat 7 ETM* thermal data processing and barite exploration methodology. The schematic outlines key steps from data 
acquisition (radiometric calibration, atmospheric correction) to advanced processing via the thermal generalization method (TGM) and automated identification of 
cell-block structures (AICDS) algorithm. The critical components include (1) thermal map extraction from TIR Band 6; (2) flux density and water saturation cal
culations; (3) lineament extraction (LESSA) and spectral mapping (SAM); (4) derivative analysis (IVD/2VD) for fluid conduit identification; and (5) 3D prospectivity 
modelling with field validation (XRD, GPS). Threshold refinement (e.g., ΔTn for Layer N = 15) and vertical section prioritization (∇T > 0.5 K/m) guide 
target selection.
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3. Methodology

3.1. Landsat data acquisition and processing

This study utilized four cloud-free Landsat-7 ETM + images 
(Supplementary Fig. 1) processed through atmospheric correction 
(QUAC/MODTRAN), emissivity normalization (NDVI threshold 
method), and topographic correction (SCS + C). SRTM-derived terrain 
data and lineament analysis (LESSA) were integrated with thermal 
anomalies (validated RMSE: ±1.2 ◦C) to map barite prospects. Thermal 
anomalies were identified using Landsat-7 Band 6 data (10.4–12.5 μm) 
calibrated following USGS (2019a) protocols. Potential barite fields 
were detected based on characteristic thermal signatures (~3 μm) and 
validated through field measurements (R2 = 0.89) and ASTER LST 
comparisons (RMSE ± 1.2 ◦C). Detailed methodological descriptions, 
including atmospheric correction and spectral enhancement procedures, 
Shuttle Radar Topography Mission (SRTM) DEM development are pro
vided in Supplementary Material 1, and the methodological workflow is 
illustrated in Fig. 5.

3.2. Thermal generalization method (TGM)

The thermal generalization method (TGM) is an advanced analytical 
framework that processes thermal infrared data to create three- 
dimensional thermodynamic models of Earth’s surface radiation, 
enabling the detection of subtle temperature variations and the char
acterization of subsurface lithology and structural features 
(Mukhamedyarov, 1993, 2002–2016). This method introduces two in
novations: first, it redefines solar energy’s role in heat transfer by 
treating surface-derived thermal energy as a dominant diagnostic signal 
(four orders of magnitude stronger than deep thermal fluxes), trans
forming solar radiation into a powerful tool for mineral system analysis; 
second, it pioneers a systematic approach to differentiate heat-transfer 
mechanisms (convection, conduction, and hybrid processes) through 
quantitative analysis of thermal radiation patterns and their seasonal 
variations, overcoming traditional limitations that dismiss the influence 
of solar energy as noise in crustal heat studies (Mukhamedyarov, 1993, 
2002–2016).

The thermal generalization method (TGM) operationally integrates 
remote sensing and subsurface geophysics through a multichannel 
algorithmic framework. Its core computational modules—Generaliza
tion Algorithm (G), Automatic Identification of Cell-Block Structure 
(AICDS), and Litho-Temperature (LT)—transform 2D thermal infrared 
imagery into 3D models via algebra-geometric transformations 
(Mukhamedyarov, 2002–2016). By synthesizing thermal, hydraulic, and 
structural data, TGM enables high-resolution lithospheric imaging that 
detects anomalous mass‒energy exchange across geological strata. The 
resulting layered thermal models show consistent alignment with mul
tispectral surface imagery, adhere to nonequilibrium dissipative struc
ture principles, and correlate with independent geophysical datasets 
(Mukhamedyarov, 1993, 2002–2016).

Compared with traditional techniques such as borehole temperature 
measurements—which are spatially constrained and impractical for 
regional-scale analysis—TGM offers a cost-effective, scalable solution 
with continuous data coverage. Its ability to resolve subsurface fluid 
pathways and fracture zones with precision comparable to that of 
seismic methods (and in some cases superior for detecting vertical fluid 
dynamics) underscores its transformative potential for mineral explo
ration and Earth system science (Mukhamedyarov, 1993, 2002–2016). 
These algorithms are detailed below:

3.2.1. Generalization algorithm (G)
This algorithm enhances parametric sensitivity (not spatial resolu

tion) through frequency filtering and deeper horizontal penetration, 
enabling continuous depth sensing of thermal anomalies. It employs a 
3D pyramid weighting function to quantify crustal thermal radiation 

contributions to surface elements. The type of generalization is deter
mined by the relation (Mukhamedyarov, 2002–2016). 

(
σx,y

)
= [
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i
∑Ny
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α
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j (Kij • Eij)
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In the particular case where β = α – 1 
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For α = 0, the equation represents the harmonic mean: 
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For α = 1, the equation represents the arithmetic mean: 

φ(εx,y) =

∑Ny
j=1

∑Nx
i=i(Kij • Eij)

NxNy 

The signal received by the i-th receiver is given by:

Eij = A • SλMARCi •
∫λi2

λil
ελT • Ci • λ− 5•(exp(c2/(λ⋅T)) – 1)-1⋅αλidλ,

where A = a coefficient characterizing the optical system; SλMAkCi 
= maximum spectral sensitivity; aλ = relative characteristic of the 
receiver; bλT = the spectral distribution of the radiation energy density: 
bλT = ƐλT ⋅ C1 ⋅ λ-5 (exp (C2/(λ ⋅ T)) – 1)-1; Ɛ λT = the emissivity of the 
object; C1 = 3.7413 ⋅ 10–12 W ⋅ cm2: A constant; C2 = 1.4388 cm ⋅ K: A 
constant; λ = emission wavelength in microns (µm); T = temperature.

In geophysical settings, ɑ and β are fractional, thus permitting the 
selection of values representing the depth of penetration hi at each 
generalization stage N, both in spatial and spectral resolution 
(Mukhamedyarov, 1993), as well as type of generalization, for instance, 
the harmonic mean at β = ɑ-1, ɑ = 0, to sum up the different layers in 
terms of thermal conductivity. Hence, the penetration depth hN at layer 
level N on the ground surface can be calculated via the following 
equation (Mukhamedyarov, 2002, 2013): 

HN =
H2

HT + H

(
Nδ
2

+
N2δ2

4

)

;

where N = number of horizontal layers (generalization stages); hT =

estimated distance from the object of study to the Earth’s surface; H =
distance from the sensor imaging equipment to the Earth’s surface; and 
δ = the angular spatial resolution (in radians) of imaging equipment 
follows the resolvability-limit relationship: δℓΔTp = constant, where δ =
spatial resolution element, ΔTp = radiation temperature noise (charac
terizing thermal imaging parameters), and ℓ = constant (2.5–2.72). This 
reflects a trade-off between resolution and temperature sensitivity. 
Generalization levels are defined by integer series: 1, 2, 3,… 
(Mukhamedyarov, 2002, 2013). The zero layer is a panchromatic image 
based on visible-range reflectance, whereas the first generalization 
layer is a thermal image (7.5–13.5 µm) or derived from equations (1) 
and (5) for N = 1. Its penetration depth (h1) equals half the pixel size: h 
h1 = δx,y/2. Aerospace video thermal imaging is tied to the radiometric 
temperature: TPB =

4√Ɛ ⋅ TTB, where Ɛ = the emissivity of the target 
object; TTB = the thermodynamic temperature; and δ2 × (1, 4, 9, 16, 25, 
etc.) = the area corresponding to each degree of generalization 
(Mukhamedyarov, 2002, 2013).

The land surface emissivity (Ɛ) ranges from 0.8 to 0.97, and the land 
surface is heated during the day and cooled at night. The geothermal 
gradient h Γ(T) = − ∂T

∂h = −
qε
λT quantifies the temperature change with 

depth (h), revealing nonuniform thermal fields. The heat flow density 
(qΣ) combines conduction (qk), convection (qλT), and radiation (qn). 
The second temperature derivative with depth is related to temporal 
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changes and thermal diffusivity, identifying minor inhomogeneities and 
medium thermal capacity. The horizontal gradient G(T) = ∂T

∂h

(

∂Tr
∂L

) maps 

the temperature variation along the horizontal axis L, where T(G) rep
resents the temperature along the horizontal axis L, TΓ = the thermo
dynamic temperature on the horizontal line L, and ∂T/∂h = the rate of 
temperature change with time (Mukhamedyarov, 2002–2010, 2013). 
The generalization algorithm (G) was validated through theoretical 
analysis of its mathematical framework, empirical testing against 
ground measurements, and field benchmarking (Mukhamedyarov, 
2002, 2010–2016), confirming its reliability for thermal analysis 
applications.

3.2.2. The automatic identification of the Cellblock structure (AICDS)
The AICDS is designed to automatically detect and visualize cell- 

block structures, particularly in geological or geophysical contexts. It 
processes thermal data to identify lineaments (linear features) in vertical 
and subhorizontal sections, assessing their severity, contrast, and val
idity. The algorithm begins by calculating the gradient of temperature or 
other geophysical properties (Mukhamedyarov, 1993, 2002, 2013): 

∇T =

(
∂T
∂x,

∂T
∂y,

∂T
∂z

)

,

where T represents the temperature or other geophysical property at 
coordinates (x, y, z). Regions with significant gradient changes are 
identified as potential cell-block boundaries. A weighting function is 
then applied to emphasize significant features: W(x, y, z) = f(∇T, δ), 
where δ is the spatial resolution. The algorithm classifies the severity 
and contrast of lineaments by thresholding: 

Severity =

⎧
⎨

⎩

Highif |∇T| > τ1
Mediumifτ2 < |∇T| ≤ τ1

Lowif |∇T| ≤ τ2 

where τ1 and τ2 are predefined thresholds. The validity of the detected 
features is assessed by comparing them with known geological struc
tures or ground truth data. The final output is a detailed visualization of 
the cell-block structure, highlighting lineaments and their characteris
tics. This algorithm provides a robust tool for analysing subsurface 
structures, optimizing exploration efforts, and supporting applications 
in geological exploration, resource management, and environmental 
monitoring (Mukhamedyarov, 1993, 2002, 2013). The AICDS algorithm 
interprets thermal radiation data to identify features such as high water 
saturation. The dark bands in the image, which are linked to lower 
temperatures or higher thermal inertia, indicate areas with high water 
content due to the high heat capacity of the water. The algorithm uses 
thresholding to correlate these dark bands with high water saturation, 
classifying them on the basis of (x, y) coordinates. 
{

HighWaterSaturation, ifT(x, y) < TthresholdandW(x, y) > Wthreshold
LowWaterSaturation, otherwise 

where T(x,y) represents the thermal radiation field at coordinates (x,y), 
W(x,y) represents the water saturation level at (x,y), and Tthreshold and 
Wthreshold represent predefined thresholds for temperature and water 
saturation, respectively. The algorithm validates interpretations by 
integrating water saturation models for accuracy. The final output vi
sualizes dark bands as cold thermal radiation fields with high water 
saturation and bright bands as warmer, drier regions. This enables the 
automatic detection and visualization of high-water saturation areas, 
offering valuable insights for geological studies. The detected features 
were statistically compared with ground truth data. Thermal radiation 
interpretation (e.g., high-water saturation zones) was verified via water 
saturation models, whereas output visualizations of structures and 
saturation were cross-checked, confirming its reliability for geological/ 
environmental applications monitoring (Mukhamedyarov, 2013).

3.2.3. The algorithm GS (Geological Structure)
The geological structure (GS) algorithm identifies and visualizes 

anomalies in geological data, such as thermal, seismic, or electromag
netic measurements. It generates 2D/3D maps with colour gradients to 
highlight areas of interest, such as fault zones related to barite miner
alization. The algorithm detects anomalies via the equation A(x,y,z) = ∣D 
(x,y,z) − μD∣, where D(x,y,z) represents the geophysical data, μD rep
resents the mean value, and A(x,y,z) represents the anomaly magnitude. 
It then enhances the contrast between anomalies and the background by 
applying the following equation: C(x, y, x) = A(x, y, z)/σD, where σD is 
the standard deviation of the data and C(x,y,z) represents the contrast- 
enhanced anomaly. The algorithm visualizes results by mapping C(x,y, 
z) onto a 2D or 3D grid, using colour gradients to represent anomaly 
intensity. This enables clear identification of geological structures and 
anomalies, making it a valuable tool for exploration and analysis. The 
outputs were compared with known geological structures and ground 
truth data (Mukhamedyarov, 1993, 2002–2013).

3.2.4. Algorithm LT (Litho-temperature)
The Algorithm LT (litho-temperature) is designed to map the density 

of thermal radiation and relative water saturation on horizontal slices at 
specified depth intervals. The algorithm begins by extracting horizontal 
slices of thermal radiation T(x,y,z)T(x,y,z) and water saturation W(x,y, 
z)W(x,y,z) data at specified depths. The thermal radiation density is 
calculated via equations. Td(x, y, z) = ∂T(x, y, z)/∂z, where T(x,y,z) 
represents the thermal radiation at coordinates (x,y,z) and Td(x,y,z) 
represents the thermal radiation density at depth z. The relative water 
saturation is determined by W(x,y,z) =

Vw(x,y,z)
Vp(x,y,z), where Vw(x,y,z) = the 

volume of water at (x,y,z); Vp(x,y,z) = the pore volume at (x,y,z); and W 
(x,y,z) = the relative water saturation. For each depth interval zi, the 
algorithm generates 2D maps of Td(x,y, zi) and W(x,y, zi), providing a 
detailed visualization of the thermal radiation density and water satu
ration across horizontal slices. This approach is particularly useful for 
analysing subsurface thermal properties (Mukhamedyarov, 1993, 
2002–2013).

3.2.5. Algorithm VT (Vertical temperature)
The Algorithm VT (vertical temperature) determines the order of 

construction of the vertical sections of the geothermal field and the 
relative water saturation. The algorithm constructs vertical sections of 
the geothermal field and water saturation, prioritizing sections on the 
basis of data significance or anomaly intensity. The geothermal field 
vertical gradient is calculated via: GT(x, y, z) = ∂T(x, y, z)/∂z, where T(x, 
y,z) = temperature at coordinates (x,y,z) and GT(x,y,z) = the vertical 
temperature gradient. Similarly, the water saturation vertical gradient is 
determined by GW(x, y, z) = ∂W(x, y, z)/∂z, where W(x,y,z) represents 
the relative water saturation at (x,y,z) and GW(x,y,z) represents the 
vertical water saturation gradient. The algorithm ranks vertical sections 
on the basis of anomaly intensity or gradient magnitude via the 
following significance score: Si =

∫ Zmax
zmin

|GT(x, y, z)| + |GW(x, y, z)|dz, 
where Si = the significance score for the ii-th vertical section, and sec
tions with higher Si are prioritized for construction and visualization. 
This approach ensures that the most significant vertical sections are 
highlighted, providing valuable insights into the geothermal field and 
water saturation distribution (Mukhamedyarov, 1993, 2002–2013).

3.2.6. Algorithm 1VD (First vertical Derivation)
Algorithm 1VD (1 Vertical Derivatives) is designed to visualize the 

results of the first derivative of the vertical sections of the geothermal 
field and the field of water saturation. The algorithm computes the first 
derivative of the geothermal field and water saturation along the ver
tical axis via the following equations: first derivative of the geothermal 
field: G (1)T (x, y, z) = ∂T(x, y, z)/∂z, where ∂T(x, y, z) = temperature at 
coordinates (x, y, z); G (1)T (x, y, z) = first derivative of the geothermal 
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Fig. 6. (a) Geometric heat cell classification (Tumanov, 2007) showing six geothermal features: hills (I), terraces (II), pits (IV), stocks (V), and hill bases (VI). The 
vectors indicate the thermal flux direction (red = positive/rising, blue = negative/subsiding). This formal taxonomy distinguishes structural features in rising thermal 
current zones (hills, stocks, terraces) from those in negative flux regions (pits, linear sinks) at 1:100,000–200,000 mapping scales. Contour curvature vector analysis 
of numerical model parameters: (b) plan view and (c) vertical cut showing curvature vectors: red arrows indicate positive curvature (directed from high to low 
values), and blue arrows indicate negative curvature (low to high values). Vectors are plotted at points of maximum contour curvature to identify critical geometric 
features in the digital model. This formal analysis procedure tracks curvature extrema across both horizontal and vertical sections to characterize 3D morphological 
patterns. Comparison of (d) digital elevation model (DEM) and (e) flux density of thermal radiation and (f) flux density of relative water saturation at a depth of 60 m. 
Comparison of surface thermal radiation, water saturation, and elevation at 60 m depth: (d) digital elevation model (DEM) and (e) thermal radiation density show an 
inverse correlation between altitude and temperature, with higher elevations generally cooler. (f) Water saturation is correlated with elevation, with higher areas 
showing greater saturation, particularly in the upper pen plain. The eastern and southeastern regions are more arid. Local water saturation anomalies are analysed in 
subsequent prospecting sections.
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field along the vertical axis. First derivative of the water saturation field: 
G (1)W (x, y, z) = ∂W(x, y, z)/∂z, where ∂W(x,y,z) represents the water 
saturation at coordinates (x,y,z); G (1)W (x,y,z) represents the first deriva
tive of the water saturation field along the vertical axis. The algorithm 
then generates vertical sections of G (1)T (x,y,z) and G (1)W (x,y,z) for visu
alization, providing insights into the rates of change in temperature and 
water saturation with depth (Mukhamedyarov, 1993, 2002–2013).

3.2.7. Algorithm 2VD (2nd Vertical Derivation).
Algorithm 2VD (2 Vertical derivation) visualizes the results of the

second derivative of the vertical sections of the geothermal field and the 
field of water saturation. The algorithm computes the second derivative 
of the geothermal field and water saturation along the vertical axis via 
the following equations: Second derivative of the geothermal field: G (2)T 

(x, y, z) = ∂2T(x, y, z)/∂z2, where G (2)T (x, y, z) = second derivative of the 
geothermal field along the vertical axis. Second derivative of the water 
saturation field: G (2)W (x, y, z) = ∂2W(x, y, z)/∂z2, where G ((2) )/W (x,y,z) 
represents the second derivative of the water saturation field along the 
vertical axis (Mukhamedyarov, 1993, 2002–2013).

4. Results Interpretation: Thermal Imaging Data

4.1. Distribution and characteristics of geothermal structures

Characterizing the Earth’s thermal radiation field is challenging 
because of the lack of standardized terminology for thermal processes. 
To address this, frameworks from geothermal science, hydrogeology and 
tectonics are integrated, although their terms are only approximate 
analogs (Prakash, 2000). The Tumanov (2007) geothermal model in
troduces standardized terms, including heat cell configurations, thermal 
vector patterns, and hierarchical block‒cell relationships, which ac
count for depth-dependent thermal variations and conductive‒convec
tive interactions. This model helps identify localized anomalies, 
large-scale structures, and transitional features, such as geothermal 
hills, negative anomalies, homogeneous geothermal stocks, geothermal 
terraces, linear currents, and transitional saddles (Fig. 6a; Tumanov, 
2007). This technique aids in mapping subsurface heat distribution, 
supporting geothermal exploration by distinguishing heat dis
charge/absorption zones and identifying uniform thermal regions. For 
barite prospectivity mapping, we integrate Tumanov (2007) geothermal 
cell classification with Mukhamedyarov’s multichannel TGM (1993, 
2002–2016).

4.2. Key elements in the numerical models for cross-section construction

This procedure analyses digital and graphical model parameters, 
which are traditionally performed manually, to construct geological 
cross-sections. It involves tracking vectors of positive or negative cur
vature along contour lines in vertical and planned cuts. Positive vectors 
point from high to low values, and negative vectors extend from low to 
high values (Figs. 6b, c). The graphic documents for interpretation 
include vertical sections, horizontal slices from digital models, and 
surface parameters from satellite imagery. The process begins with Al
gorithm VT (vertical temperature), which prioritizes vertical sections on 
the basis of thermal gradient thresholds (e.g., ∇T > 0.5 K/m) and 
anomaly intensity. The thermal flow vectors are analysed on the initial 

sections of the thermal radiation field and transferred to the first and 
second derivative sections via Algorithm 1VD/2VD (Mukhamedyarov, 
2013). The first derivative shows the overall thermal field structure, 
whereas the second derivative provides a more geologically consistent 
view by representing acceleration dynamics in thermal processes 
(Mukhamedyarov, 2013). These analytical results are cross-referenced 
with multiple datasets, including automated cell-block structures from 
Algorithm AICDS, geological and geophysical data, drilling results, and 
geophysical surveys. The workflow integrates Algorithm LT (litho-tem
perature) to map the thermal radiation density and water saturation at 
specific depths. Geothermal anomalies are classified in relation to ver
tical hydrogeological zoning, block-fault structures, and lithological 
complexes, with attention to vector adjustment zones distinguishing 
conductive, convective, and mixed heat-mass transfer mechanisms 
(Mukhamedyarov, 2013, 2016).

For the 3D relative water saturation model, the process involves the 
following steps: (1) Vector selection, (2) second-derivative plotting and 
interpretation, and (3) comparison with automated cell-block structure 
results. This multialgorithm approach, validated with field measure
ments and georeferenced Google Earth imagery, allows precise cross- 
section reconstruction while resolving subsurface stress regimes and 
mineralization controls (Mukhamedyarov, 2013, 2016). The integration 
of these methods often reveals fault tectonic elements in the second 
derivative of thermal radiation sections, with better layering resolution 
than in the original thermal radiation field. The methodology combines 
manual vector analysis with algorithmic processing to (1) identify 
thermal-structural elements through parameter analysis, (2) validate 
findings via multisource data integration, and (3) reconstruct cross- 
sections revealing subsurface mineralization and fluid dynamics. This 
approach provides both detailed parameter identification and practical 
cross-section construction (Mukhamedyarov, 2013, 2016).

4.3. Thermal radiation and water saturation: Contour mapping and 
structural analysis

The surface thermal radiation field (60 m depth) reflects high- 
altitude temperature zoning, revealing an inverse correlation between 
altitude and temperature (Figs. 6d, e). Floodplain watercourses also 
present cool signatures, and while the relationship between water 
saturation and relief is less pronounced, higher elevations generally 
result in greater water saturation (Fig. 6f). The most hydrated areas are 
in the elevated plateau, which is linked to increased precipitation, 
whereas arid regions are found in the east and southeast. The water 
saturation pattern shows local anomalies, which are further explored in 
the mineral prospecting section (Fig. 6f).

To strengthen the summer–winter comparison illustrated in Fig. 6, a 
quantitative analysis of thermal radiation and water saturation param
eters was conducted to assess seasonal variability and its implications 
for barite mineralization (Table 1; Fig. 6e–f). Pixel-based statistics 
computed from the summer and winter thermal datasets reveal distinct 
seasonal contrasts. The mean surface thermal radiation density during 
the dry season (April–May) is 10.42 W m− 2, whereas the wet-season 
(August–September) average decreases to 8.67 W m− 2, representing 
an approximate 17 % reduction associated with increased atmospheric 
moisture and ground wetness. The corresponding standard deviation 
declines from 1.12 W m− 2 to 0.84 W m− 2, indicating more thermally 
uniform conditions under enhanced cloud cover and soil moisture.

Conversely, water saturation parameter values exhibit an opposite 

Table 1 
Quantitative comparison of summer and winter thermal–hydrological parameters in the study area.

Season Mean Thermal Radiation Density (W 
m− 2)

Standard Deviation (W m− 2) Mean Water Saturation Parameter 
(dimensionless)

Correlation r (T(rad) vs WSP)

Dry (April–May) 10.42 1.12 0.46 –0.72
Wet (Aug–Sep) 8.67 0.84 0.63 –0.72
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trend, increasing by about 37 %, from a mean of 0.46 in the dry season to 
0.63 in the wet season, consistent with intensified infiltration and 
reduced radiative heat flux. The strong negative correlation coefficient 
(r = –0.72) quantitatively supports the inverse relationship between 
thermal radiation and water saturation observed in Fig. 6d–f. Spatially, 
the highest dry-season anomalies (> 11.2 W m− 2) coincide with low 
water saturation zones around PBF2 and Ganye, whereas relatively 
cooler and more hydrated zones (> 0.7 WSP) occur across the elevated 
Mayo-Belwa plateau (Fig. 6d–f). These metrics substantiate the seasonal 
contrasts and demonstrate that barite mineralization is preferentially 
associated with stable thermal highs and moderately hydrated terrains. 
At 300 m depth, clear geothermal anomalies with distinct thermal highs 
and lows appear (Fig. 7a), suggesting a uniform heat source or equi
librium in an active hydrothermal system. The thermal highs likely 
correspond to fluid upwelling zones, and the cold vectors indicate fluid 
recharge or cooling. Between 300 and 600 m, thermal anomalies 
simplify, indicating a cooling system or a shift in dominant fluid con
vection zones (Irvine, 1989). Below 1,200 m, surface water signatures 
vanish, suggesting deeper fluid sources. At 1,800 m, distinct deep 
thermal anomalies in the northern sector likely reflect localized heat 
sources or fault-controlled fluid pathways, marking high-priority 
exploration targets (Tumanov, 2007). At 3,000 m, the thermal field 
simplifies with regional patterns of heat transfer, indicating a shift from 
fracture-controlled convection to conduction-dominated heat transfer. 
Exploration should focus on shallow zones for detailed targeting and 
deeper zones for regional resource assessments.The AICDS algorithm 
reveals a depth-dependent thermal architecture, with progressive 
simplification from shallow to deep zones (Fig. 7d–g). At 60–300 m, 
near-surface hydrothermal circulation is active, with fracture-controlled 
fluid pathways and potential mineralization boundaries. Deeper zones 
(300–1,800 m) show diminishing fracture influence, with regional heat 
sources becoming dominant (Sun et al., 2021). At 1,800–2,400 m, the 

thermal field marks a transition to conduction-dominated heat transfer, 
with the algorithm providing a tool for near-surface deposit targeting 
and depth cut-off indicators for hydrothermal viability (Tumanov, 2007; 
Mukhamedyarov, 2013, 2016). The water saturation distribution 
evolves with depth (Fig. 8a–g). At 300–600 m, a NW/SE dichotomy 
emerges, with a humid-to-dry ratio indicating deeper hydrological in
fluences. At 1,200–1,800 m, the water saturation vectors become sparse, 
and at 2,400 m, a NE‒SW humid vector intersects PBF1, suggesting a 
deep fluid conduit. At 3,000 m, the absence of vectors marks the hy
drological base, beyond which conventional exploration may be inef
fective. The 60–300 m water-saturated lineaments, when analysed with 
thermal data, show decoupled heat‒fluid transfer mechanisms, sug
gesting active fluid‒rock interactions and structural controls on 
groundwater circulation. These findings define key depth thresholds for 
mineralization processes and guide exploration strategies.

4.4. Geodynamic schemes and structures

The digital elevation model (DEM) reveals radial geodynamic stress 
patterns radiating from the Benue Trough (BT) toward adjacent cratons, 
particularly the Cameroon Volcanic Line (CVL), generating volcanic-like 
textures near the Congo Craton (Fig. 9a). These stresses form NW–SE- 
trending lineaments that intersect the dominant stress field, creating 
fault and fracture systems influenced by rock resistance and neotectonic 
deformation. Dominant NNE–SSW lineaments (fracture systems) 
and NW–SE stresses interact with subordinate NNE–SSW stresses, 
enhancing permeability through localized deformation and produc
ing structural-thermochemical fluid pathways (Cox, 2020). The linea
ments align with valley axes and include ENE–WSW, NNE–SSW, and 
NE–SW structures, many of which represent reactivated Pan-African 
shear zones. Notably, NE–SW faults now act as sinistral strike-slip 
faults due to Cretaceous deformation (Benkhelil, 1989; Guiraud et al., 

Fig. 7. Depth-dependent thermal radiation flux density distributions: (a) shallow anomalies (300–600 m depth); (b) intermediate depths (1200–1800 m), and (c) 
deep thermal patterns (2400–3000 m). (d) High-resolution block-cell structure of PBF2 at shallow depths (60–300 m), showing thermal field contours (green = cold, 
yellow = warm). (e–g) Block-cell structure of the thermal radiation at depths of (e) 300–600 m, (f) 1200–1800 m, and (g) 2400–3000 m, demonstrating the transition 
from fracture-controlled to conduction-dominated heat transfer.
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1989), with barite mineralization controlled by perpendicular fracture 
sets along these faults (Fig. 9b). Rose diagrams confirm orientations 
consistent with oblique compression and rigid block fracturing, while 
tectonic stresses radiating from the trough shape complex relief and 
mountain chains (Fig. 9b).

The modern topography results from the interplay between litho
logical resistance to weathering and neotectonic deformation, including 
direction, magnitude, and structural contrast. Five principal neotectonic 
zones are defined on the basis of these factors (Table 2, Fig. 9b): (1) a 
deflection zone with extension and linear depressions in recent allu
vium; (2) a low, uniform uplift zone with monoclinal warping of 
Mesozoic sediments; (3) a low, uneven uplift zone with ENE-tilted 
basement blocks; (4) an intense, even uplift zone with volcanic pla
teaus and syntectonic granitic slopes; and (5) an intense, uneven uplift 
zone with NNW-trending compression and relics of paleo-peneplains. 
Surface lithologies, from Cenozoic sediments to Precambrian crystal
line rocks, align with these neotectonic domains, reflecting differential 
weathering and structural forcing (Dada et al., 2024).

Various lineament patterns reflect different geotectonic stress con
ditions, which are influenced by the type and direction of tectonic forces 
(Dobretsov et al., 2013). In the study area, compression in a shift zone is 
marked by narrow fault zones subjected to compressive forces (Fig. 9c) 
(Kamaunji et al., 2022a). Crushing between rigid blocks creates uniform 
directional stress, whereas compression above a dome results in the 
formation of multiple fractures in a circular region (Fig. 9c). Compres
sion above a shaft results in linear fractures above vertical geological 
features (Fig. 9c). Scattered compression shows random stress patterns, 
whereas stretching above a reset zone indicates expansion and tension 
along a reset fault. Oblique compression involves forces acting at an 
angle, causing both horizontal and vertical deformation.

5. Discussion

5.1. Barite mineralization via thermal infrared (TIR) spectroscopy

Thermal infrared data from Landsat-7 ETM + Band 6 highlight key 
features of the barite fields (PBF1 and PBF2) (Fig. 9d). PBF1, located 
between Mayo-Belwa and Jada, shows a distinct thermal anomaly, likely 
due to exothermic barite precipitation, heat retention by barite-rich 
rocks, and possible hydrothermal activity. Its sharp, elliptical shape 
suggests structurally controlled mineralization along fault zones, akin to 
barite-rich epithermal systems in Nevada’s Great Basin (Nash, 1996; 
Calvin et al., 2015), and geothermal-linked barite mineralization in 
Sudan’s Red Sea Hills (Daoud et al., 2025). PBF2 has a weaker thermal 
signal, possibly reflecting lower mineralization temperatures, variable 
barite purity, or thicker overburden, similar to barite-bearing alteration 
zones detected under alluvium in Nigeria’s Benue Trough (Oha et al., 
2021). Thermal imagery reveals structural controls on barite emplace
ment, with anomalies aligned with faults and fractures that channelled 
mineralizing fluids (Schleicher et al., 2009). Similar patterns were 
observed in NW Iran, where ASTER data identified barite veins linked to 
fault zones (Behyari et al., 2019). These thermal signatures also high
light lithologic contacts that may have influenced mineralization. For 
exploration, Landsat-7 Band 6 and Landsat-8 Bands 10–11 help map 
prospective zones, structural controls, and barite deposit types on the 
basis of thermal response (USGS, 2019a; Rani, 2025).

Ground-truth validation of Landsat-7 ETM + TIR data was conducted 
using a calibrated FLIR TG267 infrared thermometer (±1.5 ◦C accuracy, 
8–14 µm range) at 15 sites across barite zones (PBF1, PBF2) and back
ground areas. Measurements (60 m × 60 m, matching Landsat resolu
tion) were synchronized with satellite overpass (10:30 AM local time), 
averaging 3–5 replicates to account for microvariability. The recorded 
temperatures ranged from 28.5 ◦C (background) to 42.3 ◦C (barite 

Fig. 8. Depth-dependent water saturation flux density distributions: (a) shallow anomalies (300–600 m depth); (b) intermediate depths (1200–1800 m), and (c) deep 
thermal patterns (2400–3000 m); (d) high-resolution block-cell structure of PBF2 at shallow depths (60–300 m), showing the field of relative water saturation 
contours (green = moisture, yellowish = dry); (e–g) block-cell structure of the field relative water saturation at depths of (e) 300–600 m; (f) 1200–1800 m, and (g) 
2400–3000 m, demonstrating the transition from fracture-controlled fluid pathways to diffusion-dominated hydrological regimes with increasing depth.
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Fig. 9. (a) Study area location (digital elevation model); (b) Geodynamic zoning scheme showing the following: 1–7 = neotectonic zones/subzones (Table 2), 8–10 
= faults (8: DEM-derived, 9: thermal band 6-derived, 10: water saturation-derived), 11–12 = tectonic displacement and stress directions; (c) Lineament patterns 
resulting from different geotectonic stress situations. The arrows indicate the direction of tectonic stress, which leads to various geological features, such as 
compression zones, stretching, and oblique deformation. (d) Barite reflectance (thermal cold conductive anomalies) overlaid on Band-6 thermal infrared imagery, 
highlighting potential barite fields (PBF).
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zones), reflecting exothermic mineralization and the low thermal con
ductivity of barite. GPS-georeferenced data paired with surface meta
data (lithology, soil type) yielded an RMSE of ± 1.2 ◦C between FLIR 
and Landsat-derived LSTs, confirming satellite reliability. Notably, the 
FLIR peaks (>40 ◦C) aligned with high thermal flux densities (e. 
g., 12,030 W/m2 at PBF4, Fig. 6e), validating the combined point-source 
(thermometer) and areal (Landsat/flux) thermal analysis for barite 
exploration.

5.2. Potential barite fields based on integrated geospatial data

The barite prospects PBF1 and PBF2 exhibit distinct mineralization 
indicators through their thermal and hydrological signatures (Fig. 6d–f). 
PBF1 has strong hydrothermal characteristics (60–80 ◦C subsurface); 
FLIR’s > 40 ◦C surface anomalies in barite zones matches this high 
subsurface estimate. This is consistent with fluid-saturated geothermal 
systems such as China’s Sulu belt (Wang et al., 2016), and follows 
empirical radiation‒temperature relationships (Blackwell et al., 2011). 
In contrast, PBF2 shows lower thermal radiation values (40–60 ◦C), 
comparable to fracture-controlled deposits in Morocco’s Atlas (Samaoui 
et al., 2023) under conductive heat transfer models (Jaupart and Mar
eschal, 2007). Moderate FLIR readings (~35 ◦C) in PBF2 correspond to 
the PBF2′s lower modelled range (40–60 ◦C), suggesting discrete heat 
sources within 25–30 ◦C/km geothermal gradients (Wagner et al., 
2005). PBF1′s high water saturation (70–90 %) facilitates Ba-rich fluid 
deposition (Hanor, 1969; Orywall et al., 2017), whereas PBF2′s mod
erate saturation (50–70 %) indicates fracture-focused mineralization 
(Kronyak et al., 2019). This is similar to paleo-geothermal systems in 
California’s Noble Hills granite (Klee et al., 2021). Notable, the tem
perature estimates (60–80 ◦C for PBF1 and 40–60 ◦C for PBF2) were 
derived by converting the map’s flux thermal radiation values (in W/ 
m2⋅μm⋅sr, cf. Fig. 6e) using established geothermal gradients of 
25–30 ◦C/km (Turcotte and Schubert, 2014).

5.3. Geodynamic zoning and neotectonic controls on barite 
mineralization

The Mayo-Belwa barite fields (PBF1, PBF2) show distinct spatial 
relationships with geodynamic zones and neotectonic structures, as 
revealed by digital elevation models and lineament analysis (Figs. 6d, 
9b; Table 2). These fields occur within different structural domains of 
the Eastern Nigerian Basement that control mineralization. PBF1 oc
cupies a deflection zone with two subzones: Subzone A contains late 
Precambrian post-tectonic granites with schist/amphibolite xenoliths 
deformed by NW–SE compression, forming ENE-trending uplifted blocks 
hosting fracture-controlled barite veins (Fig. 9b; Table 2); Subzone B 

comprises Precambrian syntectonic granites, migmatites and gneisses 
under latitudinal/all-direction compression, creating submeridional 
uplifted blocks that localize mineralization at structural intersections 
(Fig. 9b; Table 2). PBF2 occurs in Zone 6 (Subzone A) of the Intense 
Uneven Uplift domain, comprising late Precambrian post-tectonic 
granites with schist/amphibolite xenoliths (Fig. 9b; Table 2). These 
xenoliths serve dual roles as both brittle fracture conduits and barium 
sources, while their sulfide-rich zones may locally reduce sulfide, 
creating complex mineral assemblages. NW‒SE compression has formed 
ENE-trending uplifted blocks (relict peneplains) that channel fluids 
along reactivated basement structures. Mineralization is fracture- 
controlled, with barite veins concentrated at ENE-trending faults and 
NNW fracture intersections.

The scarcity of barite in Zone 1 (alluvial deflection zone) and Zone 2 
(low uniform uplift) (Fig. 9b) suggests that active sedimentation and 
monoclinal structures hinder barite preservation. Two primary factors 
explain this phenomenon: (1) clastic sedimentation dilutes Ba-rich fluids 
(Hanor, 2000), and (2) reducing conditions convert barite (BaSO4) to 
sulfide (Griffith and Paytan, 2012). While high sedimentation can pre
serve barite (e.g., the Peru margin (Torres et al., 1996), exceptions occur 
in hydrothermal vent-proximal (Guaymas Basin; Kastner and Siever, 
1983; Teske, 2020), or rapidly buried settings (e.g., Black Sea, Henkel 
et al., 2012). Monoclines typically lack fracture density for fluid focusing 
(Tranter et al., 2021), although barite may form where faults disrupt 
them (e.g., High Atlas, Morocco, Nait-Bba et al., 2024). Cold conductive 
signatures (Fig. 10) effectively identify potential barite fields (PBF1- 
PBF2), with violet conductive objects marking barite-associated fracture 
networks in resistive host rocks. While barite (BaSO4) is electrically 
resistive (Hong et al., 2022), its deposition in sulfide–clay-rich altered 
zone creates conductive halos (Melekestseva et al., 2014). These 
anomalies aligned with NE‒SW structural trends, likely highlighting 
Precambrian‒Cenozoic fracture-controlled mineralization.

5.4. Integration of Landsat temperature resolution and confidence 
assessment for barite field thermal anomalies

The thermal anomalies associated with barite fields PBF1 and PBF2, 
as synthesize in Table 3, were interpreted and their reliability assessed 
using a dual-parameter approach that integrates the fundamental 
sensitivity limit of the data with signal robustness metrics. The confi
dence that a detected anomaly represents a genuine geophysical signal, 
rather than system noise, was determined by benchmarking against the 
Landsat temperature resolution threshold (ΔTk). This parameter, which 
defines the minimum detectable temperature contrast for a given pro
cessing layer (N), was calculated using the empirical relationship ΔTn =

0.2/N2⋅5 (Mukhamedyarov, 2016; Table 4), where the layer number is 

Table 2 
Geodynamic zoning and neotectonic characteristics of the study area.

Zone Name Sub 
zone

Surface Lithology Neotectonic 
Regime

Dominant Structures Fig. 9b
Ref.

Cloud Cover 
(%), USGS, 
2019b

Deflection 
Zone

− Modern alluvial deposits Extension-dominated Linear depressions 1 <5%

Low Uniform 
Uplift

− Mesozoic sediments, alluvial and lacustrine deposits Transitional Monoclinal structures (southern 
Benue Trough margin)

2 ~10 %

Low Uneven 
Uplift

− Precambrian basement (gneisses, migmatites, schists, 
amphibolites, granites);Cenozoic sediments (Neogene 
proluvium)

Transitional ENE-tilted plate with low-amplitude 
ridges and ENE-trending valleys

3 <12 %

Intense Even 
Uplift

A Late Cretaceous-Miocene basic/ultrabasic/alkaline 
volcanics

Compression with 
local extension

Elevated volcanic plateau 
(peneplain surface)

4 <8%

​ B Precambrian syntectonic granites, migmatites, gneisses Compression with 
local extension

Steep plateau margins 5 <10 %

Intense 
Uneven 
Uplift

A Late Precambrian post-tectonic granites with schist/ 
amphibolite xenoliths

Strong NW-SE 
compression

ENE-trending uplifted blocks (relict 
peneplain surfaces)

6 <7%

​ B Precambrian syntectonic granites, migmatites, gneisses Latitudinal/all- 
direction compression

Submeridional uplifted blocks 
(preserved peneplain relics)

7 <10 %
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determined by the anomaly’s depth. This established ΔTk serves as a 
deterministic confidence threshold.

The robustness of each anomaly was further quantified by its Signal- 
to-Noise Ratio (SNR), calculated as SNR = ΔT / N, where the noise level 
(N) was derived from the standard deviation of the thermal signal in 
geologically inert background areas. For instance, the robust anomaly of 
1.2 K in PBF1 at 300 m depth (SNR = 2000:1) has a calculated noise 
level of 0.0006 K. To account for potential minor systematic un
certainties in the TGM algorithmic processing, a conservative precision 

estimate of ± 0.05 K was applied across all measurements. Crucially, 
even with this margin, all detected anomalies remain statistically sig
nificant and vastly exceed their detection limits.

The implications derived from this integrated analysis are clear. For 
PBF1 at 300 m (Layer 10, ΔTk = 6.0 × 10− 4 K), the high ΔT (1.2 K) and 
exceptional SNR (2,000:1)—which is three orders of magnitude above 
the sensitivity threshold—confirm it as a Robust target (Table 3), 
consistent with the sharp thermal boundaries and optimal depths 
defined in Table 6. The persistence of a significant anomaly (ΔT = 0.3 K) 

Fig. 10. Spatial distribution of cold conductive anomalies, with violet spots marking discrete conductive objects and violet contours delineating anomaly boundaries. 
The black circles indicate artisanal barite mining sites for field verification.
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with an even higher SNR (2,700:1) at 1,200 m depth (Layers 22–23) 
indicates a Persistent system. For PBF2, the weaker anomalies at 1,800 
m (Layer 30) and 3,000 m (Layer 40), while still possessing strong SNRs 
(2,000:1 and 2,500:1) and clear exceedance of their ΔTk thresholds, 
suggest Lower-T mineralization and a High-risk target that requires 
validation, a finding aligned with PBF2′s subdued thermal markers 
summarized in Table 5.

The finding that all observed thermal signals exceed their layer- 
specific sensitivity thresholds by more than three orders of magnitude 
confirms they are genuine features, robustly distinguishable from sys
tem noise. This validates the TGM’s capability to resolve low-amplitude 
thermal features associated with deep-seated mineralization, a capa
bility further demonstrated by the specific algorithms (e.g., AICDS, VT/ 
IVD/2VD) that successfully mapped the structural and fluid pathways 
for both PBF1 and PBF2, as detailed in Table 5.

5.5. Prospectivity mapping of potential barite fields (PBF)

5.5.1. Potential barite field 1 (PBF1): Taso and Tola deposits
The Taso deposit, hosted in Pre-Cambrian granite‒gneiss and last- to 

post-tectonic granites (Fig. 10, Table 4), shows a strong correlation 

between cold conductive anomalies and high ∇T (dry)/low W zones 
(Fig. 11a). lines mark axial conductive heat zones (dense, dry rocks), 
whereas the dark violet lines indicate cold dry objects linked to barite 
mineralization (Fig. 11a). The GS algorithm improved the anomaly 
contrast by isolating thermal deviations (∣T(x,y,z) − μT∣ > 2σT), espe
cially in granite–gneiss contacts (Fig. 11a). Convective warm (red dotted 
lines) and cold flows (blue lines) follow valleys and slopes, marking fluid 
pathways (Fig. 11a). A potential mineralized body extends to 540 m 
(Fig. 11b). The LT algorithm mapped the thermal radiation density (Td 
(x,y,z)), revealing the low diffusivity (ΔTd < 0.1 W/m2) of barite in the 
central vein.

A cross-section of the object, overlaid on the 2nd derivative of water 
saturation and an autogenerated block-cell structure, is shown in a 
vertical incision of 12 m37 (Fig. 12a). The AICDS algorithm identified a 
probable mineralized vein with a “house-shaped” thermal anomaly 
beneath dry, cold thermal vectors (Fig. 12a). The thermal radiation and 
water saturation thresholds suggest that the entire watershed is viable, 
with an axial zone (dark block-cell lineaments) prospective for barite. 
The VT algorithm prioritized this section because of high thermal gra
dients (GT(x,y,z) > 0.5 K/m), revealing westwards drift of the miner
alized body (Fig. 12a). The Tola deposit, hosted in Pre-Cambrian 
granitoids with metasedimentary xenoliths, exhibits only its eastern 
border (105 m long at 60 m depth) in a mountainous zone (961 m relief) 
(Fig. 12b). Boundaries were delineated by overlaying thermal anomalies 
(ΔT) and low water saturation (W(x,y,z) < 0.2) on Google Earth imagery 
via TGM outputs. At 120 m depth, two zones emerge (east: 345 m; 
central: 300 m), merging into a 1905 m ENE-striking body by 240 m 
(Fig. 12b). The GS algorithm highlights this elongation as a high- 
contrast anomaly (C(x,y,z) > 1.8σT), with lineaments autotraced from 
gradients (∇T > 0.5 K/m) and verified against Landsat trends. These 
align with fracture density (Fig. 12a) and AICDS-classified cell blocks, 
which filter false anomalies via thermal inertia thresholds (ΔT/Δt <
0.05 K/day). Below 300 m, the strike shifts NNE, which correlates with a 
lower fracture density and weaker anomalies (ΔT ≈ 0.08 K).

The 1VD and 2VD algorithms identified sharp thermal boundaries 
(∂T/∂z > 0.6 K/m; ∂2T/∂z2 < -0.3 K/m2) at 180–300 m depths 
(Fig. 12c), confirmed by vertical scaling (0.18–0.3 km Alt. km axis) and 
peak gradients at drillhole 12 m38 (Fig. 12c). The inflection points (∂2T/ 
∂z2 < -0.3 K/m2) marked fluid conduits, with lateral anomaly conti
nuity (2.5–5 km scale) indicating structural controls (Fig. 12c). This 

Table 3 
Synthesis of barite field thermal signatures, showing observed thermal anoma
lies (ΔT) contextualized against the method-specific sensitivity threshold (ΔTk). 
The ΔTk values, derived from Mukhamedyarov (2016), represent the minimum 
detectable temperature contrast for each depth layer and serve as a deterministic 
confidence threshold. All observed signals significantly exceed their corre
sponding sensitivity thresholds, confirming they are robust geophysical features.

Field Depth 
(m)

Observed 
ΔT (K)

Signal-to- 
NoiseRatio  
(SNR)

Sensitivity 
Threshold ΔTk 
(K)

Implication

PBF1 300 1.2 2,000:1 6.0 × 10 − 4 Robust target
PBF1 1,200 0.3 2,700:1 1.1 × 10 − 4 Persistent 

system
PBF2 1,800 0.08 2,000:1 4.05 × 10 − 5 Lower-T 

mineralization
PBF2 3,000 0.05 2,500:1 1.97 × 10 − 5 High-risk, 

needs 
validation

Table 4 
Temperature Sensitivity Resolution in Landsat Layers (Mukhamedyarov, 2016).

N ΔTk (K) N ΔTk (K) N ΔTk (K)

1 0.2 21 9.9 × 10− 5 41 1.85 × 10− 5

2 3.5 × 10− 2 22 8.8 × 10− 5 42 1.74 × 10− 5

3 1.9 × 10− 2 23 7.8 × 10− 5 43 1.64 × 10− 5

4 6.25 × 10− 3 24 7.1 × 10− 5 44 1.55 × 10− 5

5 3.6 × 10− 3 25 6.4 × 10− 5 45 1.47 × 10− 5

6 2.3 × 10− 3 26 5.8 × 10− 5 46 1.39 × 10− 5

7 1.5 × 10− 3 27 5.4 × 10− 5 47 1.32 × 10− 5

8 1.1 × 10− 3 28 4.8 × 10− 5 48 1.25 × 10− 5

9 8.2 × 10− 4 29 4.4 × 10− 5 49 1.18 × 10− 5

10 6.0 × 10− 4 30 4.05 × 10− 5 50 1.13 × 10− 5

11 5.9 × 10− 4 31 3.88 × 10− 5 51 1.07 × 10− 5

12 4.6 × 10− 4 32 3.85 × 10− 5 52 1.002 × 10− 5

13 3.3 × 10− 4 33 3.22 × 10− 5 53 9.7 × 10− ⁶
14 2.7 × 10− 4 34 3.01 × 10− 5 54 9.3 × 10− ⁶
15 2.3 × 10− 4 35 2.75 × 10− 5 55 8.9 × 10− ⁶
16 1.9 × 10− 4 36 2.57 × 10− 5 56 8.5 × 10− ⁶
17 1.7 × 10− 4 37 2.4 × 10− 5 57 8.1 × 10− ⁶
18 1.45 × 10− 4 38 2.24 × 10− 5 58 7.7 × 10− ⁶
19 1.3 × 10− 4 39 2.1 × 10− 5 59 7.4 × 10− ⁶
20 1.1 × 10− 4 40 1.97 × 10− 5 60 7.1 × 10− ⁶

The table lists temperature resolution thresholds (ΔTk) for Landsat layers 1–60, 
derived from ΔTn = (δn/δk)2⋅5 = 0.2/N2⋅5, showing exponentially decreasing 
sensitivity with depth (higher N). These ΔTn values govern vertical resolution, 
with Layer N = 15 (ΔTn = 2.3 × 10− 4◦C) selected as optimal for barite explo
ration (see Section 3.1).

Table 5 
Exploration parameters and algorithms for PBF1 and PBF2.

Parameter PBF1 (Taso & Tola) PBF2 (Yebbe, Zeibei, 
Ngurore)

Optimal 
Depths

180–300 m 60–300 m

Host Rocks Pre-Cambrian granite-gneiss (Taso); 
granitoids with metasedimentary 
xenoliths (Tola). 

Precambrian banded 
granitoids with 
amphibolite xenoliths

Key 
Structures

ENE-striking veins; “house-shaped” 
anomalies 

Propeller-shaped 
(Ngurore); vertical 
reorientation (Zeibei)

Thermal 
Markers

∂T/∂z > 0.6 K/m; ∂2T/∂z2 < − 0.3 
K/m2

∇T > 0.8 K/m (Yebbe); Td 
< 0.08 W/m2 (Ngurore)

Fluid 
Indicators

W < 0.2 (dry zones) W > 0.3 (endogenous 
inflows at 0.8–4 km)

Algorithms 
Applied

​ ​

• AICDS Discriminated mineralization (W 
thresholds)

Identified false anomalies 
(seasonal riverbeds)

• VT/1VD/ 
2VD

Prioritized high-gradient sections 
(GT > 0.5 K/m); mapped boundaries 
(∂2T/∂z2 minima)

Resolved vertical 
reorientation (Zeibei); 
validated fluid conduits

• LT/GS Mapped low-diffusivity barite (ΔTd 
< 0.1 W/m2)

Correlated Td/W 
anomalies (Ngurore base)

Drill 
Programs

2–4/220, 2–5/300 wells (220–300 
m)

205 m holes (Zeibei/ 
Ngurore); 206 m (Yebbe)
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links surface block-cell structures (Fig. 12a) to ENE-striking Tola 
mineralization (Fig. 12b), highlighting the vertical resolution of TGM. 
The vertical orientation of the eastern segment (Fig. 12b) matches the 
tectonic stress patterns (Fig. 9b), as verified by the VT algorithm’s se
lection of high-gradient sections (GT(x,y,z) > 0.4 K/m). The LT algo
rithm detected low water saturation (W(x,y,z) < 0.2) in the NNE 
segment, explaining the anomaly attenuation (Fig. 12d). Drill clusters 
(2–4/220 at 220 m and 2–5/300 at 300 m) and reservoir cross-sections 
appear in Fig. 12d and are aligned with the 12 m38 drill line (Fig. 12c). 
Three key markers define the 220–300 m target: 2–5/295 represents the 
peak thermal anomaly (∇T > 0.8 K/m at 295 m; Fig. 12c), 2–4/220 
represents the mineralized upper boundary (∂T/∂z > 0.6 K/m), and 2–5/ 
300 represents the mineralization base (∂2T/∂z2 < -0.3 K/m2 at 300 m; 
Fig. 12d). PBF1 validation confirmed the accuracy of TGM in resolving 
sub 300 m vein geometries via ’house-shaped’ anomalies and fracture 
patterns (Fig. 12a, c-d).

5.5.2. Potential barite field 2 (PBF2): Yebbe, Zeibei, and Ngurore deposits
The Yebbe–Zebei–Ngurore southern uplands (PBF2) feature moun

tainous terrain (600 m elevation) with NNW-trending faults (Fig. 13a). It 
is hosted by syn-, late- and post-tectonic granites (Fig. 10). Like PBF1, 
the coloured lines denote heat transfer mechanisms at a depth of 300 m 
(Fig. 13b): crimson for dry conductive zones (180–300 m), dark violet 
for barite deposits, blue for cold convective valley flows, and light pink 
for deep warm fluids. Seasonal riverbeds (W(x,y) > 0.3 in March vs. <
0.2 in Oct/Nov) were excluded as false anomalies via the AICDS. The GS 
algorithm identified high-magnitude anomalies (A(x,y,z) > 3σT) in 
dense (>2.69 g/cm3) banded granitoids (drillhole-validated16), with 
ΔT ≈ 0.08–0.12 K in the Landsat B6 data. These features align with 
NNW‒SSE banding and 1800–2400 m elevation breaks at 
11◦59′48.85″N, 9◦35′59.41″E (DigitalGlobe, Fig. 13b).

The Yebbe deposit occurs in Precambrian granitoids (1080–920 m 
ASL) with metasedimentary xenoliths, following ENE structures (35◦

Fig. 11. (a) Heat transfer mechanisms in potential barite field 1 (PBF1) showing (1) water saturation-derived lineaments, (2) deep conductive cold objects (>300 m 
depth), (3) wellheads with site/well numbers (above line) and drift lengths (below line), (4) well bottoms (matching wellhead numbers), (5) surface projections of 
wells, and (6) numbered vertical section lines. (b) Cross section of the Taso ore body (PBF1) showing structural controls on mineralization.
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Fig. 12. (a) Cross-section of the Taso ore body (PBF1) reveals an AICDS-generated “house-shaped” thermal anomaly beneath dry/cold vectors, with block-cell 
lineaments delineating prospective axial zones (∇T > 0.5 K/m). Color-coded vectors indicate thermal properties (red = heat, blue = cold, yellow = aridity, vio
let = water saturation) and faults (pink/black), whereas well data show site/well numbers (above line) and drift lengths (below line). (b) The Tola ore body, hosted in 
Precambrian granitoids, displays progressive development from a 105 m eastern boundary at 60 m depth to a 1905 m ENE-striking body at 240 m depth (C(x,y,z) >
1.8σT), overlain on Google Earth imagery. (c) The 180–300 m high-gradient zone (∂T/∂z > 0.6 K/m) contains drill-confined mineralization boundaries, including a 
peak thermal anomaly at 295 m (∇T > 0.8 K/m) and the base of economic mineralization at 300 m (∂2T/∂z2 < -0.3 K/m2). (d) Optimized well clusters (2–4/220, 2–5/ 
300) target NNE-striking mineralization.
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Fig. 13. (a) Heat transfer mechanisms in potential barite field 2 (PBF2), with symbols consistent with those in Fig. 12. (b) Spatial distribution of the Yebbe ore body 
(60–300 m depth) overlain on Google Earth imagery, showing decoded lineaments: black (Google-derived), crimson (Landsat Band 6 conductive zones), and blue 
(Landsat water-saturated channels). The deposit exhibits ENE-trending mineralization (35◦ WNW dip) within Precambrian granitoids, expanding from 610 m (60 m 
depth) to 2,360 m (180 m depth) before contracting to 750 m (300 m depth); (c) Cross-section highlighting AICDS-decoded fractures and descending dry vectors 
controlling mineralization, with high-gradient zones (|∇T| > 0.8 K/m) at 120 m depth. (d) Recommended drill holes (4–1/140 m, 4–2/200 m, and 4–3/280 m) 
targeting shallow thermal anomalies (ΔT ≈ 0.08 K), fluid influx boundaries (∂W/∂z > 0.1 m− 1), and deep fracture zones (∂2T/∂z2 < − 0.3 K/m2) along NNW- 
oriented faults.
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Fig. 14. (a) Spatial distribution of the Zeibei ore body (PBF2) at depths of 60–300 m, overlaid on Google Earth imagery with decoded lineaments: black (Google- 
derived), crimson (Landsat Band 6 thermal anomalies), and blue (Landsat water-saturated channels). Violet segments mark surface fractures indicative of barite 
mineralization. The deposit evolves from discrete 470 m lineaments (60 m depth; ∇T = 0.52 ± 0.03 K/m) to a 1,590 m ENE-trending body (180 m depth) with a 
central meridian, before contracting vertically to 1,110 m at 300 m depth; (b) Cross-section showing depth-dependent reorientation (NNW → SSE → vertical) 
controlled by steep thermal gradients (∂T/∂z = 0.72 K/m) and endogenous fluid influx (∂2T/∂z2 = -0.43 K/m2); (c) Recommended drillholes (4–4/180 m, 4–5/230 m) 
targeting high-gradient zones (|∇T| > 0.8 K/m) and fluid-saturated fractures (W > 0.3), with confirmatory holes probing vertical structures below 300 m. All align 
with NNW fault trends (800–1300 m ASL).
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WNW dip) that expand from 610 m (60 m depth) to 2,360 m (180 m, 
including the northern branch) and then contract to 750 m (300 m; 
Fig. 13b). Surface expressions are absent, although potential outcrops 
may exist at the watershed crest. Thermodynamic analysis revealed 
control by dry descending vectors and AICDS-mapped fractures 
(Fig. 13c). The VT algorithm prioritized the 120 m slice (|∇T| > 0.8; 
Fig. 13d), revealing ΔT ≈ 0.08 K anomalies (SNR ~ 2,000:1) extending 

to a depth of 1,800 m. The three proposed drillholes (totalling 620 m; 
Fig. 13d) target distinct features: hole 4–1 (140 m depth) investigates 
shallow thermal anomalies (ΔT ≈ 0.08 K), hole 4–2 (200 m) tests the 
mineralized boundary marked by fluid influx indicators (∂W/∂z > 0.1 
m− 1), and hole 4–3 (280 m) probes deep inflection zones (∂2T/∂z2 < −

0.3 K/m2) potentially hosting barite-bearing fractures.
The Yebbe deposit occurs in Precambrian banded granitoids (1080– 

Fig. 15. (a) Spatial distribution of the Ngurore ore body (60–300 m depth) overlain on Google Earth imagery with decoded lineaments: black (Google-derived), 
crimson (Landsat Band 6 thermal anomalies), and blue (Landsat water-saturated channels). The deposit exhibits a propeller-like geometry, expanding from 870 m 
(60 m depth) to 1,000 m (120–180 m depth) before contracting to 780 m (300 m depth), with LT algorithm-detected endogenous fluid signatures (Td < 0.08 W/m2, 
W > 0.3) at depth; (b) cross-section revealing near-vertical mineralization controlled by thermal–hydrological anomalies (∇T > 0.7 K/m) along NNW–SE fractures; 
(c) proposed 410 m drilling program (two 205 m holes) targeting peak gradient zones (180–240 m: ∇T > 0.7 K/m, W > 0.3) and mineralization boundaries (300 m: 
∂T/∂z > 0.8 K/m) to validate the propeller-shaped ore body.
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920 m ASL) with ENE-trending mineralization (35◦ WNW dip) that ex
pands from 610 m (60 m depth) to 1,640 m (120 m) and then contracts 
to 750 m (300 m; Fig. 13b). AICDS-decoded fractures and descending 
dry vectors control veins (Fig. 13c). VT algorithm analysis at 120 m 
depth (|∇T| > 0.8; Fig. 13d) revealed ΔT ≈ 0.08 K anomalies (SNR ~ 
2,000:1) extending to 1,800 m. Three recommended 206 m drillholes 
(Fig. 13d) target: 4–1 (140 m) for shallow ΔT ≈ 0.08 K anomalies, 4–2 
(200 m) for the mineralized boundary (∂W/∂z > 0.1 m− 1), and 4–3 (280 
m) for deep inflection zones (∂2T/∂z2 < -0.3 K/m2). All these faults align 
with NNW faults and 500–1000 m elevation breaks (Fig. 13d).

The Zeibei deposit (1,250 m ASL) occurs in Precambrian granitoids 
with metasedimentary xenoliths, showing surface fractures potentially 
indicating barite (Fig. 14a, violet). AICDS analysis reveals depth- 
dependent evolution: discrete 470 m lineaments at 60 m depth (∇T =
0.52 ± 0.03 K/m; W = 0.18 ± 0.02) merge into a 1,480 m ENE-trending 
body at 120 m depth, expanding to 1,590 m at 180 m with the central 
meridian (Fig. 14a). The VT algorithm prioritized this zone (Si = 1.8) on 
the basis of steep gradients (0.82 K/m) and curvature (− 0.42 K/m2). The 
orientation shifts from NNW-slanted (60–120 m) to SSE-slanted 
(120–180 m), becoming vertical at 240–300 m (1,470 m at 240 m; 
1,110 m at 300 m; Fig. 14b). The 1VD/2VD derivatives confirm vertical 
reorientation at 240 m (∂T/∂z = 0.72 K/m; ∂2T/∂z2 = -0.43 K/m2), 
which coincides with endogenous fluids from depths of 0.8–4 km 
(Fig. 14b). Four production holes (205 m each; 4–4/180, 4–5/230) 
target high-gradient zones (|∇T|>0.8 K/m) and fluid-saturated fractures 
(W > 0.3), whereas two confirmatory holes (410 m total) validate ver
tical structures below 300 m (∂2T/∂z2 < -0.4 K/m2) and ENE minerali
zation, all of which are aligned with NNW faults and 800–1,300 m 
elevation breaks (Fig. 14c).

The Ngurore deposit, adjacent to Zeibei on the western mountain 
flank, formed a compact near-vertical mineralization with a propeller- 
like geometry within Precambrian granitoids. Although surface expres
sions are absent (Fig. 15a), dimensional evolution occurs with depth: 
extending 870 m at 60 m, expanding to 1,000 m at 120 m, maintaining a 
length with an ENE slant at 180 m, and then contracting to 750 m at 240 
m before slight extension to 780 m at 300 m depth (Fig. 15a). The LT 
algorithm detected endogenous fluid signatures at the terrain base, 
which were correlated with low thermal-radiation density (Td < 0.08 
W/m2) and high water saturation (W > 0.3) in deeper zones (Fig. 15a). 
Vertical sections confirm these endogenous inputs near the plain’s 
geological boundary (Fig. 15b), revealing key formation mechanisms. A 
410 m drilling program (two 205 m holes; Fig. 15c) is proposed to 
investigate (1) the 180–240 m interval with peak thermal gradients (∇T 
> 0.7 K/m) and water saturation (W > 0.3) and (2) the 300 m vertical 
transition zone (∂T/∂z > 0.8 K/m) marking mineralization boundaries. 
These holes, which are aligned with NNW–SE fractures, validate both 
the propeller-shaped ore body geometry and its thermal–hydrological 
system (Fig. 15c). This integrated approach demonstrates the effec
tiveness of the multichannel algorithm in characterizing complex de
posits while providing a framework for resource evaluation.

Taken together, PBF1 (Taso/Tola) shows optimal targets at 180–300 
m depths with sharp thermal boundaries (∂T/∂z > 0.6 K/m; ∂2T/∂z2 <

-0.3 K/m2) and fracture-controlled fluids, as confirmed by drillholes 
2–4/220 and 2–5/300 (Table 4). PBF2 (Yebbe/Zeibei/Ngurore) miner
alization occurs at 60–300 m, characterized by high-gradient zones (|∇
T| > 0.8 K/m) and endogenous fluids (W > 0.3), featuring Yebbe’s ENE 
veins (120 m), Zeibei’s vertical reorientation (240 m), and Ngurore’s 
propeller-shaped body (60–300 m). This depth range mirrors global 
analogues, such as the Red Dog (Alaska) and Meggen (Germany) barite 
deposits at 300–500 m depths, controlled by faults and hydrothermal 
processes (Large and Walcher, 1999; Leach et al., 2005). Comparable 
deep systems also include Mississippi Valley-Type (MVT) deposits 
(>500 m, up to ~ 1800 m in California) with fault-driven fluids (Hein 
et al., 2007; Sangster, 1990). Overall, these findings establish a 
depth-stratified model of barite mineralization, reconciling shallow 
fracture-controlled deposits with deeper hydrothermal systems, while 

validating thermal and structural criteria for targeted exploration.

6. Conclusion

This study demonstrates the effectiveness of integrating Landsat-7 
ETM + TIR data, SRTM elevation models, and the Thermal General
ization Method (TGM) for subsurface barite exploration in the Eastern 
Nigerian Basement Terrane. Two previously undefined mineralized 
systems—PBF1 (Taso–Tola) and PBF2 (Jada–Ganye)—were delineated, 
each displaying distinct thermal, hydrological, and structural 
characteristics.

PBF1, hosted in granite–gneiss, is marked by sharp thermal anoma
lies (∇T > 0.5 K/m; ∂2T/∂z2 < –0.3 K/m2), high water saturation (70–90 
%), and robust anomalies at 180–300 m depth (ΔT = 1.2 K; SNR 
2000:1), confirming exothermic barite precipitation at 60–80 ◦C. Its 
mineralization is structurally controlled by ENE lineaments and fracture 
zones up to 540 m, with persistence to ~ 1,200 m, though beyond 
optimal depths. By contrast, PBF2, hosted in syn- to post-tectonic 
granites, exhibits subdued thermal anomalies (40–60 ◦C) and moder
ate water saturation (50–70 %), with mineralization localized at 60–300 
m along NW–SE compressive structures. Despite weaker signals at depth 
(ΔT = 0.08 K at 1,800 m), its geometry—uplift blocks, reoriented zones, 
and propeller structures—highlights structural control on hydrothermal 
fluid pathways.

Collectively, both fields show that barite deposition is strongly 
governed by NW–SE compressive stress and enhanced by heat–fluid 
coupling, with optimal, exploitable mineralization confined to 60–300 
m. Importantly, all anomalies exceeded Landsat’s thermal resolution 
thresholds by over three orders of magnitude, providing a robust con
fidence framework.

This work establishes TGM-decoded TIR as a powerful, non-invasive 
tool for detecting high-purity, API-compliant barite reserves at depths 
far exceeding artisanal mining limits (<15 m). Beyond advancing 
Nigeria’s barite exploration, the approach offers a transferable frame
work for targeting subsurface mineralization in basement and sedi
mentary terranes globally, contributing to more efficient, cost-effective, 
and sustainable resource development.
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Ferré, E.C., Caby, R., Peucat, J.J., Capdevila, R., Monié, P., 1998. Pan-african, post- 
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Liégeois, J.P., 2019. A new synthetic geological map of the Tuareg Shield: An overview of 
its global structure and geological evolution. In: Bendaoud, A., Hamimi, Z., 
Hamoudi, M., Djemai, S., Zoheir, B. (Eds.), The geology of the Arab world-an 
overview. Springer Geology, Switzerland, pp. 83–107.

Madani, A.A., Said, S.M., 2024. Satellite land surface temperature for mapping the 
structurally controlled geothermal anomalies in the cretaceous rift. South Egypt. 
NRIAG J. Astron. Geophys. 13 (1), 141–152.

Mahboob, M.A., Celik, T., Genc, B., 2024. Predictive modelling of mineral prospectivity 
using satellite remote sensing and machine learning algorithms. Remote Sens. Appl.: 
Soc. Environ. 36, 101316.

Maurin, J.C., Benkhelil, J., 1990. Model of Pb/Zn mineralization genesis in the 
cretaceous Benue Trough (Nigeria): Structural, geophysical and geochemical 
constraints. J. Afr. Earth Sc. 11 (3–4), 345–349.

Maurin, J.C., Benkhelil, J., Robineau, B., 1986. Fault rocks of the Kaltungo lineament, NE 
Nigeria, and their relationship with Benue Trough tectonics. J. Geol. Soc. 143 (4), 
587–599.

McCurry, P., 1971. Pan-african orogeny in northern Nigeria. Geol. Soc. Am. Bull. 82 (11), 
3251–3262.

Melekestseva, I.Y., Tret’yakov, G.A., Nimis, P., Yuminov, A.M., Maslennikov, V.V., 
Maslennikova, S.P., Maslennikova, S.P., Kotlyarov, V.A., Beltenev, V.E., 
Danyushevsky, L.V., Large, R., 2014. Barite-rich massive sulfides from the Semenov- 
1 hydrothermal field (Mid-Atlantic Ridge, 13 30.87′ N): evidence for phase 
separation and magmatic input. Mar. Geol. 349, 37–54.

Ministry of Commerce, n.d.. Industries and Solid Minerals Development (MCISMD, 
2004). Geology and Mineral Resources of Adamawa State (Handbook). p. 21p.

Ministry of Mines and Steel Development (MMSD), 2018. www.minesandsteel.gov.ng. 
Nigeria Geological Survey Agency, 2011. Mineral Resources Inventory of Gold. 
Barites, Gypsum and Bentonite. 

Mukhamedyarov, R.D., 1993. Deterministic synthesis of optical-electronic systems with 
symmetric input. Optical Magazine 9, 34–58.

Mukhamedyarov, R.D., 2002. The method of video thermal and generalization of its 
aerospace equipment. Interval 9 (44), 59–62. In Russian. 

Mukhamedyarov, R.D., 2006. “Eye of the Earth”- aerospace monitoring system. 
Aerospace Courier 3 (45), 44–45. In Russian. 

Mukhamedyarov R.D., 2008. Method of video-thermal imaging generalization of 
aerospace surveys for solving geoanthropogenic tasks. Report collection. V 
international science-practical conference (Urgent problems of uranium industry), 
Almaty, 319–334 (In Russian).

Mukhamedyarov, R.D., 2010a. Project “All-Seeing Eye”-an Earth monitoring Aerospace 
System. current issues in Aviation and Aerospace Systems: Processes. Models, 
Experiment. 15 (1). 1(30), 33–40. In Russian. 

Mukhamedyarov, R.D., 2010b. Solution to energy challenges in geointroscopy based on 
video-thermal generalization technology for aerospace and terrestrial imaging. New 
Technologies and Scientific-Technical Developments in Energy. Institute of 
Aerospace Instrumentation 15(1), 30, 17–25. In Russian. 

Mukhamedyarov, R.D., 2011. Solution of Energy Problems of Geointrosopy based on 
Technology Method of Video thermal Generalization of Aerospace and Ground 
Images. Energy of Tartastan 3, 17–25. In Russian. 

Mukhamedyarov, R.D., 2012. Video-thermal generalization method and its 
geotechnogenic significance. Bulletin of KNRTU 1, 60–66. In Russian. 

Mukhamedyarov, R.D., 2013. Final Report Satellite Mineral Survey in Adamawa State 
(contract no. 001) conducted by CJSC “The Institute for Aerospace Instrumentation” 
Russian Federation, 420075, Kazan. Submitted to the Ministry of Mineral Resources, 
Yola, Adamawa State, Nigeria. 313p.

Mukhamedyarov, R.D., 2016. The All-Seeing Eye of Space, in: New Technologies, 
Materials and Equipment of the Russian Air Space Industry–AKTO 2016. Academy of 
Sciences of the Republic of Tatarstan, Kazan, 870–878 (In Russian).

Moles, N.R., Boyce, A.J., Warke, M.R., Claire, M.W., 2024. Syn-sedimentary exhalative or 
diagenetic replacement? Multi-proxy evidence for origin of metamorphosed 
stratiform barite–sulfide deposits near Aberfeldy. Scottish Highlands. Minerals 14 
(9), 865.

Nait-Bba, A., Aabi, A., Samaoui, S., Hejja, Y., Baidder, L., Boujamaoui, M., Jilali, A., 
Rezouki, I., 2024. Tectonic pattern and relative age of Ba-rich veins in front of a 
poly-deformed Precambrian inlier (Saghro, Morocco). J. Iber. Geol. 50 (2), 157–175.

Nash, G.D., 1996. Applications of remote sensing and geographic information systems as 
geothermal exploration tools in the Great Basin, United States of America. The 
University of Utah ProQuest Dissertations & Theses 9639776, 125p.

Ngako, V., Njonfang, E., Aka, F.T., Affaton, P., Nnange, J.M., 2006. The North–South 
Paleozoic to Quaternary trend of alkaline magmatism from Niger–Nigeria to 
Cameroon: complex interaction between hotspots and Precambrian faults. J. Afr. 
Earth Sci. 45 (3), 241–256.

Nigeria Geological Survey Agency (NGSA), 2011. Mineral Resources Inventory of Gold. 
Barites, Gypsum and Bentonite. 

Obaje, N.G., 2009. Geology and Mineral Resources of Nigeria. In: Bhattacharji, S., 
Neugebauer, H.J., Reitner, J., Stüwe, K. (Eds.), Lecture Notes in Earth Sciences, vol 
1. Springer, Berlin, Heidelberg, XIV, p. 221.

O’Driscoll, M.O., 2017. Barite miners in Nigeria receive a government boost; call for 
import ban to be reinstated. Proceedings from the Industrial Mineral Forums and 
Research 21–23.

Offodile, M.E., 1976. A review of geology of the cretaceous of the Benue Valley. In: 
Kogbe, C.A. (Ed.), Geology of Nigeria. Rock View Ltd, Jos, pp. 364–376.

Offodile, M.E., 1989. A Review of the Geology of the Cretaceous Benue Valley. In: 
Kogbe, C.A. (Ed.), Geology of Nigeria. Elizabethan Publishing Co, Lagos. 

Ogundipe, I.E., 2017. Thermal and chemical variations of the Nigerian Benue trough 
lead-zinc-barite-fluorite deposits. J. Afr. Earth Sc. 132, 72–79.

Oha, I.A., Nnebedum, O.D., Okonkwo, I.A., 2021. Alteration mapping for lead-zinc- 
barium mineralization in parts of the Southern Benue Trough, Nigeria, using ASTER 
Multispectral Data. Earth Sci. Res. 10(1), 1–61.Olade, M.A., 1975. Evolution of 
Nigerian Benue Trough (Aulacogen): a tectonic model. Geol. Mag. 112, 575–583.

Ominigbo, O.E., 2022. Evolution of the Nigerian basement complex: current status and 
suggestions for future research. J. Min. Geol. 58 (1), 229–236.

Onyeagocha, A.C., Ekwueme, B.N., 1990. Temperature-pressure distribution patterns in 
metamorphosed rocks of the Nigerian basement complex–a preliminary analysis. 
J. Afr. Earth Sc. 11 (1–2), 83–93.

Orywall, P., Drüppel, K., Kuhn, D., Kohl, T., Zimmermann, M., Eiche, E., 2017. Flow- 
through experiments on the interaction of sandstone with Ba-rich fluids at 
geothermal conditions. Geotherm. Energy 5, 1–24.

Ottan, A.S., Otoijamun, I., Dele, A.A., Onwualu, A.P., 2022. A Review of Exploitation 
Techniques of Barite Deposits of Nasarawa State. Nigeria. Mater. Sci. 4 (2), 1–l0.

Otoijamun, I., Kigozi, M., Adetunji, A.R., Onwualu, P.A., 2021. Characterization and 
suitability of Nigerian barites for different industrial applications. Minerals, 11(4), 
360.Prakash, A., 2000. Thermal remote sensing: concepts, issues and applications. 
Int. Arch. Photogramm. Remote Sens. 33(B1; PART 1), 239-243.

Penaye, J., Kröner, A., Toteu, S.F., Van Schmus, W.R., Doumnang, J.C., 2006. Evolution 
of the Mayo Kebbi region as revealed by zircon dating: an early (ca. 740 Ma) Pan- 
African magmatic arc in southwestern Chad. J. Afr. Earth Sci. 44 (4–5), 530–542.

Pouclet, A., Vidal, M., Doumnang, J.C., Vicat, J.P., Tchameni, R., 2006. Neoproterozoic 
crustal evolution in Southern Chad: Pan-African Ocean basin closing, arc accretion 
and late-to post-orogenic granitic intrusion. J. Afr. Earth Sci. 44 (4–5), 543–560.

Rahaman, M.A., Van Breemen, O., Bowden, P., Bennett, J.N., 1984. Age migrations of 
anorogenic ring complexes in Northern Nigeria. J. Geol. 92 (2), 173–184.

Rani, K., 2025. Mineral Exploration using Remote Sensing. In: Remote Sensing for 
Geophysicists. CRC Press, pp. 79–94.

Samaila, N.K., Ekeleme, I.A., Ajol, F.A., Aga, T., Adelabu, A.P., 2025. Baryte 
Mineralization in Faya Area and Environs, Langtang South, Middle Benue Trough, 
Northcentral Nigeria: Inferences from Geology, Petrography and Trace element 
Geochemistry. J. Afr. Earth Sc. 105714.

Samaoui, S., Aabi, A., Nguidi, M.A., Boushaba, A., Belkasmi, M., Baidder, L., Zehni, A., 
2023. Fault-controlled barite veins of the eastern Anti-Atlas (Ougnat, Morocco), a 
far-field effect of the Central Atlantic opening? Structural analysis and metallogenic 
implications. J. Afr. Earth Sc. 204, 104970.

Samaoui, S., Aabi, A., Boushaba, A., Mohammed, B., Nait Bba, A., Essaifi, A., 
Lamrani, O., 2024. Metallogeny and Genesis of Fault-filling Barite-Sulfide Veins 

V.D. Kamaunji et al.                                                                                                                                                                                                                           Ore Geology Reviews 187 (2025) 106935 

26 

http://refhub.elsevier.com/S0169-1368(25)00495-0/h0250
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0250
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0260
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0260
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0260
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0260
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0265
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0265
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0265
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0265
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0270
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0270
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0270
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0270
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0275
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0275
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0275
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0275
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0280
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0280
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0290
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0290
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0290
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0290
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0295
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0295
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0295
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0295
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0295
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt81QR67dPII
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt81QR67dPII
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt81QR67dPII
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0305
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0305
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0305
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwwbCWLRvBX
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwwbCWLRvBX
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwwbCWLRvBX
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwwbCWLRvBX
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0310
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0310
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0310
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0315
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0315
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0315
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0320
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0320
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0320
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0325
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0325
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0325
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0330
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0330
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0335
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0335
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0335
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0335
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0335
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0340
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0340
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0340
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0345
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0345
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0355
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0355
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0360
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0360
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0370
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0370
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0370
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0375
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0375
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0375
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0375
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0380
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0380
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0380
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0385
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0385
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0400
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0400
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0400
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0400
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0405
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0405
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0405
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0410
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0410
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0410
http://refhub.elsevier.com/S0169-1368(25)00495-0/optvypoQbfA1D
http://refhub.elsevier.com/S0169-1368(25)00495-0/optvypoQbfA1D
http://refhub.elsevier.com/S0169-1368(25)00495-0/optvypoQbfA1D
http://refhub.elsevier.com/S0169-1368(25)00495-0/optvypoQbfA1D
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0415
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0415
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0420
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0420
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0420
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0425
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0425
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0425
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0430
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0430
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt2ghn2r3WU8
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt2ghn2r3WU8
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0435
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0435
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0440
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0440
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0440
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0440
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0445
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0445
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0450
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0450
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0450
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0455
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0455
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0455
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0460
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0460
http://refhub.elsevier.com/S0169-1368(25)00495-0/optHbKuTS47Ik
http://refhub.elsevier.com/S0169-1368(25)00495-0/optHbKuTS47Ik
http://refhub.elsevier.com/S0169-1368(25)00495-0/optHbKuTS47Ik
http://refhub.elsevier.com/S0169-1368(25)00495-0/optuEn3YZQOca
http://refhub.elsevier.com/S0169-1368(25)00495-0/optuEn3YZQOca
http://refhub.elsevier.com/S0169-1368(25)00495-0/optuEn3YZQOca
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0470
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0470
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0475
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0475
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0480
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0480
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0480
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0480
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0485
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0485
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0485
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0485
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0490
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0490


(Ougnat, Morocco): Petrography, Fluid Inclusion, and Sr-S Isotopic Constraints. 
Geosciences 14 (3), 83.

Sangster, D.F., 1990. Mississippi Valley-type and SEDEX lead-zinc deposits: a 
comparative examination: Institution of Mining and Metallurgy. transactions. 
Section b: Appl. Earth Sci. 99, 21–42.

Sary, C.A., 2024. Identification of geothermal potential zone associated with land surface 
temperature derived from Landsat 8 data using split-window algorithm. J. Appl. Res. 
22 (1), 125–137.

Schleicher, A.M., Tourscher, S.N., van der Pluijm, B.A., Warr, L.N., 2009. Constraints on 
mineralization, fluid-rock interaction, and mass transfer during faulting at 2–3 km 
depth from the SAFOD drill hole. J. Geophys. Res. Solid Earth 114 (B4).

Shellnutt, J.G., Pham, N.H.T., Denyszyn, S.W., Yeh, M.W., Lee, T.Y., 2017. Timing of 
collisional and post-collisional Pan-African Orogeny silicic magmatism in south- 
central Chad. Precambrian Res 301, 113–123.

Shellnutt, J.G., Yeh, M.W., Lee, T.Y., Iizuka, Y., Pham, N.H.T., Yang, C.C., 2018. The 
origin of Late Ediacaran post-collisional granites near the Chad Lineament, Saharan 
Metacraton, south-central Chad. Lithos 304, 450–467.

Shemang, E.M., Ajayi, C.O., Jacoby, W.R., 2001. A magmatic failed rift beneath the 
Gongola arm of the upper Benue trough, Nigeria? J. Geodyn. 32 (3), 355–371.

Sunday, O.P., Oluseyi Adunola, B., Thaddeus, I., 2020. Geochemistry, Mineralogy and 
Petrogenesis of the Vein-Type Barites of some Portions of the Benue Trough. Nigeria. 
Lithol. Miner. Resour. 55 (6), 528–537.

Sun, Z., Jiang, C., Wang, X., Zhou, W., Lei, Q., 2021. Combined effects of thermal 
perturbation and in-situ stress on heat transfer in fractured geothermal reservoirs. 
Rock Mech. Rock Eng. 54, 2165–2181.

Teske, A., 2020. Guaymas Basin, a hydrothermal hydrocarbon seep ecosystem. 
Microbiology and Biogeochemistry of a Global Marine Habitat, Marine Hydrocarbon 
Seeps, pp. 43–68.

Torres, M.E., Brumsack, H.J., Bohrmann, G., Emeis, K.C., 1996. Barite fronts in 
continental margin sediments: a new look at barium remobilization in the zone of 
sulfate reduction and formation of heavy barites in diagenetic fronts. Chem. Geol. 
127 (1–3), 125–139.

Toteu, S.F., Penaye, J., Djomani, Y.P., 2004. Geodynamic evolution of the Pan-african 
belt in central Africa with special reference to Cameroon. Can. J. Earth Sci. 41 (1), 
73–85.

Tranter, M., De Lucia, M., Kühn, M., 2021. Barite scaling potential modelled for 
fractured-porous geothermal reservoirs. Minerals 11 (11), 1198.

Tumanov, V., 2007. The video thermal generalization method is one of the promising 
areas of geology research hydrocarbons. Enhanced oil recovery in the late stage of 
development of. In: natural bitumen. Kazan Publishing house “FEN” S, pp. 580–585.

Tumanov, V., Cheban, V.D., 2013. Application of method of video-thermal generalization 
for the estimation of hydrocarbon accumulation in the Western desert of Egypt. Oil 
and Gas Industry of Ukraine 3, 10–16. In Russian. 

Turcotte, D.L., Schubert, G., 2014. Geodynamics, 3rd edn. Cambridge University Press, 
Cambridge, UK, p. 623.

United States Geological Survey (USGS) 2019a. Landsat 7 (L7) Data Users Handbook. 
[Online]. https://prd-wret.s3.us-west 2.amazonaws.com/assets/palladium/produc
tion/atoms/files/LSDS-1927_L7_Data_Users_Handbook-v2.pdf. Accessed 31 May 
2025.

U.S. Geological Survey (USGS) 2019b. Landsat Collection 2 Level-1 Product Definition, 
Data Users’ Handbook. URL: https://www.usgs.gov/landsat-missions/landsat- 
collection-2.

Uma, K.O., 1998. The brine fields of the Benue Trough, Nigeria: a comparative study of 
geomorphic, tectonic and hydrochemical properties. J. Afr. Earth Sc. 26 (2), 
261–275.

United States Geological Survey, (USGS) 2021. U.S. Geological Survey Minerals 
Yearbook, Ed(s) Mcrae, M.E., Barite [Advanced Release], 9.1–9.12.

Wagner, T., Kirnbauer, T., Boyce, A.J., Fallick, A.E., 2005. Barite–pyrite mineralization 
of the Wiesbaden thermal spring system, Germany: a 500-kyr record of geochemical 
evolution. Geofluids 5 (2), 124–139.

Wang, S., Wang, L., Brown, M., Feng, P., 2016. Multi-stage barite crystallization in 
partially melted UHP eclogite from the Sulu belt. China. American Mineralogist 101 
(3), 564–579.

Wang, S., Xu, W., Guo, T., 2024. Advances in thermal infrared remote sensing technology 
for geothermal resource detection. Remote Sens. 16 (10), 1690.

Wind, S.C., Hannington, M.D., Schneider, D.A., Fietzke, J., Kilias, S.P., Bruce 
Gemmell, J., 2023. Origin of Hydrothermal Barite in Polymetallic Veins and 
Carbonate-Hosted Deposits of the Cyclades Continental Back Arc. Econ. Geol. 118 
(8), 1959–1994.

Woakes, M., Rahaman, M.A., Ajibade, A.C., 1987. Some metallogenetic features of the 
Nigerian basement. J. Afr. Earth Sc. 6 (5), 655–664.

Yang, L.L., Wu, Y.P., Liu, Z.Y., Ou, Z.T., Chen, H.Z., Jiang, G.C., Dong, T.F., Yu, C.J., 
Feng, S.J., 2025. Preparation, characterization and application of modified barite 
grafted with lipophilic polymers for oil-based drilling fluids. Geoenergy Sci. Eng. 
251, 213882.

Yao, W., Tsang, M.Y., Wortmann, U.G., 2022. Oxidation of pyrite during barite 
extraction. Chem. Geol. 607, 121011.

Zhao, F., Peng, Z., Qian, J., Chu, C., Zhao, Z., Chao, J., Xu, S., 2024. Detection of 
geothermal potential based on land surface temperature derived from remotely 
sensed and in-situ data. Geo-Spat. Inf. Sci. 27 (4), 1237–1253.

Zou, H., Zhang, S.T., Chen, A.Q., Fang, Y., Zeng, Z.F., 2016. Hydrothermal fluid sources 
of the Fengjia barite–fluorite deposit in Southeast Sichuan, China: evidence from 
fluid inclusions and hydrogen and oxygen isotopes. Resour. Geol. 66 (1), 24–36.

Zuo, L., Wang, G., Carranza, E.J.M., Pang, Z., Ren, H., Cao, K., Gao, M., 2023. Deep 
Vector Exploration via Alteration Footprints and thermal Infrared Scalars for the 
Weilasituo Magmatic–Hydrothermal Li–Sn Polymetallic Deposit, Inner Mongolia. NE 
China. Nat. Resour. Res. 32 (5), 1871–1895.

V.D. Kamaunji et al.                                                                                                                                                                                                                           Ore Geology Reviews 187 (2025) 106935 

27 

http://refhub.elsevier.com/S0169-1368(25)00495-0/h0490
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0490
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0495
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0495
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0495
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0500
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0500
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0500
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0505
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0505
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0505
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt1fJU1cTMCA
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt1fJU1cTMCA
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt1fJU1cTMCA
http://refhub.elsevier.com/S0169-1368(25)00495-0/optfwV2Gaemxv
http://refhub.elsevier.com/S0169-1368(25)00495-0/optfwV2Gaemxv
http://refhub.elsevier.com/S0169-1368(25)00495-0/optfwV2Gaemxv
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0510
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0510
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0515
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0515
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0515
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0520
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0520
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0520
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0525
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0525
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0525
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0530
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0530
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0530
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0530
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0535
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0535
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0535
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0540
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0540
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwDe4h9i4kr
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwDe4h9i4kr
http://refhub.elsevier.com/S0169-1368(25)00495-0/optwDe4h9i4kr
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0545
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0545
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0545
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0550
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0550
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0565
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0565
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0565
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0575
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0575
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0575
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0580
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0580
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0580
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0585
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0585
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0590
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0590
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0590
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0590
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0595
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0595
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0600
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0600
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0600
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0600
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0605
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0605
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0610
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0610
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0610
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt5kLPXYPCy9
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt5kLPXYPCy9
http://refhub.elsevier.com/S0169-1368(25)00495-0/opt5kLPXYPCy9
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0615
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0615
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0615
http://refhub.elsevier.com/S0169-1368(25)00495-0/h0615

	Prospectivity mapping of high-purity barite mineralization in the Eastern Nigerian basement terrane using generalized algor ...
	1 Introduction
	2 Geological background and barite mineralization
	2.1 Eastern Nigerian terranes basement (ENT)
	2.2 Adamawa Massif
	2.3 Barite mineralization and the local lithostructural framework
	2.3.1 Barite mineralization in Nigeria
	2.3.2 Local lithostructural framework
	2.3.3 Barite mineralization in the area


	3 Methodology
	3.1 Landsat data acquisition and processing
	3.2 Thermal generalization method (TGM)
	3.2.1 Generalization algorithm (G)
	3.2.2 The automatic identification of the Cellblock structure (AICDS)
	3.2.3 The algorithm GS (Geological Structure)
	3.2.4 Algorithm LT (Litho-temperature)
	3.2.5 Algorithm VT (Vertical temperature)
	3.2.6 Algorithm 1VD (First vertical Derivation)
	3.2.7 Algorithm 2VD (2nd Vertical Derivation).


	4 Results Interpretation: Thermal Imaging Data
	4.1 Distribution and characteristics of geothermal structures
	4.2 Key elements in the numerical models for cross-section construction
	4.3 Thermal radiation and water saturation: Contour mapping and structural analysis
	4.4 Geodynamic schemes and structures

	5 Discussion
	5.1 Barite mineralization via thermal infrared (TIR) spectroscopy
	5.2 Potential barite fields based on integrated geospatial data
	5.3 Geodynamic zoning and neotectonic controls on barite mineralization
	5.4 Integration of Landsat temperature resolution and confidence assessment for barite field thermal anomalies
	5.5 Prospectivity mapping of potential barite fields (PBF)
	5.5.1 Potential barite field 1 (PBF1): Taso and Tola deposits
	5.5.2 Potential barite field 2 (PBF2): Yebbe, Zeibei, and Ngurore deposits


	6 Conclusion
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


