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Abstract

The global increase in demand for critical minerals necessitates efficient exploration ap-
proaches that reduce environmental impact while maximizing the discovery of potential
mineral deposits. This study aims to (i) delineate magnetic lineaments and lithological
boundaries in the Jabal Gasus area, Central Eastern Desert, Egypt; (ii) estimate magnetic-
source locations and depths under alternative source-geometry assumptions; and (iii) in-
tegrate structural, radiometric, and lithological evidence to delineate and rank zones fa-
vorable for structurally controlled gold-polymetallic and intrusion-related mineralization.
To achieve these objectives, airborne magnetic and radiometric data were analyzed using
Improved Logistic (IL) and Logsigm Function (LSF) edge-detection filters, Euler decon-
volution (EUD), Center for Exploration Targeting (CET) grid and porphyry analyses, and
GIS-based fuzzy logic modeling. The results identify N-S, NW-SE, and NE-SW magnetic
lineaments and structural corridors that are spatially associated with lithological contacts,
intrusive features, and known mineral occurrences. Euler deconvolution provides model-
dependent estimates of source location and depth under alternative assumed source ge-
ometries; these estimates are used as supporting structural constraints rather than as
uniquely resolved fault depths. Radiometric signatures, including high potassium, anom-
alous eU concentrations, and high F-parameter values, primarily reflect lithological con-
trasts and identify areas for follow-up assessment of possible hydrothermal alteration
where supported by independent geological evidence. The integrated fuzzy prospectivity
model provides a knowledge-driven, first-pass ranking of areas for follow-up exploration.
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The highly favorable class covers 62.53% of the area and contains five of seven known
hydrothermal occurrences, indicating regional selectivity. The AUC of 0.733 is an internal
success-rate estimate, without independent testing or spatial cross-validation. This study
presents the first integrated magnetic-radiometric-fuzzy logic mineral system model de-
veloped for the Jabal Gasus district, resolving a depth structural framework and a pro-
spectivity map that were not available from prior investigations of the area. This method-
ology indicates that integrated geophysical investigation helps manage exploration un-
certainty, establishing an applicable workflow for sustainable mineral exploration in the
ENS and similar Precambrian terrains.

Keywords: Jabal Gasus; mineralized granites; aeromagnetic data; radiometric data;
high-precision edge detection; fuzzy logic model

1. Introduction

Increasing worldwide demand for mineral commodities has strengthened the need
for resource-development practices that reconcile supply security with environmental
protection. The Eastern Desert of Egypt hosts a wide spectrum of mineral deposits dis-
tributed over a vast geological domain. From a tectonostratigraphic perspective, the re-
gion constitutes part of the Arabian-Nubian Shield (ANS), a prominent Precambrian ter-
rane characterized by extensive igneous and metamorphic rock assemblages [1]. The ANS
comprises ancient crystalline basement rocks, including granites, gneisses, and schists,
that record a complex history of tectonic deformation, magmatism, and crustal evolution.
During the Neoproterozoic, the region underwent intense volcanic and plutonic activity,
which played a fundamental role in the formation and localization of economically signif-
icant mineralization, notably gold, molybdenum, and other polymetallic (Cu-Pb-Zn) met-
als [1,2].

The evolution of the ANS during the Pan-African Orogeny provides an important
framework for investigating processes related to continental crust formation. The Eastern
Desert of Egypt exposes a Precambrian basement assemblage comprising volcanic, plu-
tonic, and sedimentary rocks. These lithologies record different intensities of deformation
and metamorphic reworking and are separated from the overlying Cretaceous sedimen-
tary succession by an unconformity. The final stages of magmatic activity were marked
by the emplacement of post-orogenic alkali granites and contemporaneous dyke swarms
during episodes of crustal extension that affected large parts of the Eastern Desert and
Central Arabia toward the close of the Pan-African Orogeny [3,4].

In this regional tectonic context, Wadi Gasus is a structurally complex sector in which
ancient mine workings are spatially associated with NE-striking quartz veins that cut bi-
otite granite and metavolcanic country rocks [5]. These mineral assemblages constitute a
significant component of the ANS basement complex [3]. This study addresses the exist-
ing knowledge gap by applying a geophysical processing technique to magnetic and ra-
diometric datasets to delineate the subsurface structural architecture and target areas fa-
vorable for mineralization. The study applies integrated geophysical processing to delin-
eate structural architecture and rank areas that warrant follow-up mineral exploration.
Integrating structural, lithological, and radiometric information may improve early-stage
target prioritization; however, the present study does not quantify reductions in explora-
tion cost, drilling, risk, or environmental disturbance [6,7].

Airborne magnetic surveying is widely recognized as an effective geophysical tech-
nique for mineral exploration because it enables rapid, non-invasive, and cost-efficient
investigation of subsurface features over large areas. The method is particularly valuable
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for detecting concealed mineral deposits, delineating basement architecture, mapping
lithological contacts and structural discontinuities, and identifying magnetic anomalies
associated with mineralization [8-13]. Its utility is especially pronounced in terrains con-
taining magnetite and other magnetic minerals, where variations in the Earth’s magnetic
field can reveal the geometry of magnetic sources and provide important constraints on
the structural controls of ore formation [6,7]. In geologically complex regions, aeromag-
netic data can therefore provide critical subsurface information that may not be resolved
adequately by conventional exploration methods. Nevertheless, interpretation of mag-
netic data may be complicated by overlapping anomalies, variable source depths, and
structurally intricate settings, all of which can introduce uncertainty into geological mod-
els [14,15]. Recent advances in sensor technology, acquisition strategies, high-resolution
datasets, and integrated geological constraints have significantly improved the reliability
and interpretability of airborne magnetic data, thereby enhancing its role in mineral pro-
spectivity assessment and exploration targeting [16-18].

Progress in magnetic-data analysis has improved substantially, leading to the devel-
opment of numerous filtering, modeling, and edge-enhancement techniques. Common
edge detectors, including total gradient amplitude [19], tilt derivative [20], total gradient
[21], and enhanced total gradient [22], are widely applied to delineate geological contacts.
However, they commonly emphasize shallow-source anomalies [23]. To improve the bal-
ance between shallow and deeper responses, additional methods such as theta mapping
[24], the gradient amplitude of the tilt derivative [25], and the normalized horizontal de-
rivative have been introduced [26]. Nevertheless, these filters may still generate spurious
or non-geological lineaments in structural interpretations [23]. In this context, the Center
for Exploration Targeting (CET) grid analysis [27] provides a more robust framework for
integrating magnetic responses with geological information, thereby enhancing the relia-
bility of structural mapping and mineral-prospect targeting [9].

Airborne Radiometric surveying is a robust and widely utilized geophysical tech-
nique essential for mineral exploration, geological mapping, and environmental monitor-
ing [28]. The method operates by quantifying the abundance of naturally occurring potas-
sium (K), equivalent uranium (eU), and equivalent thorium (eTh) based on their distinct
spectral emissions [29]. From a geological perspective, mapping the distribution of these
radioelements provides critical constraints on magmatic evolution, rock petrogenesis, and
crustal geodynamics. It also serves as a powerful vectoring tool in mineral exploration,
helping to delineate hydrothermal alteration and zones of high mineralization potential
[30].

The study area is considered a geologically promising domain for mineral explora-
tion, with previous geological and geophysical investigations documenting the presence
of economically significant mineralization [1-3,31,32]. In this study, high-resolution aero-
magnetic and radiometric data were integrated with advanced processing and interpreta-
tion techniques, including high-precision edge detection, CET-GA grid analysis [27], and
the CET-PA Porphyry approach [33], to delineate previously unresolved structural fabrics
and alteration patterns associated with mineralization. This integrated workflow enabled
the generation of comprehensive structural maps and the identification of prospective
metallogenic targets, particularly within the study area, while also establishing a transfer-
able strategy for prospect-scale exploration in comparable mineralized terranes. In addi-
tion, the Euler deconvolution (EUD) [34] technique was applied to estimate the depths of
causative geological structures, as such methods are widely used in early-stage magnetic
interpretation for providing efficient and practical constraints on subsurface geometry.

Although the aeromagnetic expression of the Gasus area has previously been exam-
ined by Zaki et al. [5], that study relied on qualitative magnetic filtering and two-dimen-
sional forward modeling along discrete profiles to estimate depth to basement, without
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incorporating radiometric data, high-precision edge detection, or a quantitative targeting
product. Nagy and Eldosouky [35] subsequently applied a broadly comparable integrated
geophysical-radiogenic workflow; however, that study addressed pluton-hosted rare-
earth-element mineralization at Jabal Umm Naggat, a mineral system that differs funda-
mentally in commodity, host lithology, and structural setting from the district-scale, struc-
turally controlled polymetallic system examined here. The study targets structurally con-
trolled hydrothermal mineralization of the type that characterizes the Eastern Desert:
shear-zone-hosted (orogenic) gold in quartz and quartz-carbonate veins and associated
polymetallic (Cu-Pb-Zn) vein-type mineralization, formed during the Neoproterozoic
orogeny and controlled by brittle-ductile shear zones of the Najd system and later reac-
tivated structures [3,4]. A secondary, exploratory target is intrusion-related (porphyry-
style) mineralization, represented by the district’s molybdenum and polymetallic occur-
rences [32]. Syn-sedimentary phosphate in the Duwi Formation was excluded from model
evaluation. Following the mineral systems, the evidence layers were selected to represent
(i) fluid pathways and structural architecture, (ii) host rocks and structural or lithological
traps, (iii) intrusive centers as possible heat and fluid sources, and (iv) a possible hydro-
thermal footprint. The present study addresses this gap by (i) jointly integrating aeromag-
netic and aeroradiometric datasets for the Jabal Gasus district for the first time, (ii) apply-
ing a three-index Euler deconvolution (S5 =0, 0.5, and 1) together with CET-GA and CET-
PA analyses to resolve a spatially continuous, depth-structural framework extending be-
low 2 km, and (iii) generating a fuzzy logic prospectivity map for structurally controlled
gold-polymetallic and intrusion-related mineralization, with each evidence layer linked
to a component of the deposit model, not previously available for this district.

2. Geological Setting

The study area is situated south of Port Safaga in the northern segment of the Central
Eastern Desert (Figure 1a,b). The geomorphology of the region is dominated by a series
of mountainous ridges of varying elevations, notably Jabal Gasus (466 m), Jabal Um al
Huweitat (427 m), Jabal Wasif (898 m), and Jabal Weira (621 m). This elevated topography
is intersected by major drainage systems, such as Wadi Safaga, Wadi Gasus, Wadi Wasif,
and Wadi Saqji, which are filled with undifferentiated Quaternary alluvial sediments. The
study area comprises a broad lithological diversity, including igneous, metamorphic, and
sedimentary sequences varying in age from Precambrian to Quaternary (Figure 1c).

The Precambrian basement complex of the Eastern Desert of Egypt has been the sub-
ject of several classification schemes [36-39]. Within the study area, these Precambrian
rocks occupy approximately 70% of the total area (Figure 1c). Lithostratigraphically, the
main basement units, in ascending chronological order, are serpentinite, ophiolitic meta-
gabbro, metagabbro-diorite complex, metavolcanics, Hammamat sediments, metasedi-
ments, gabbroic rocks, older granites, younger granites, Dokhan volcanics, and post-Ham-
mamat felsites. The sedimentary successions in the study area range in age from Creta-
ceous to Quaternary and rest unconformably on Precambrian basement rocks. They in-
clude, in chronological order, the Taref, Duwi, Dakhla, Tarwan, Esna, Thebes, Nakheil,
Umm Gheig, Umm Mahara, and Shagra formations. Of these units, the Duwi Formation
is of particular importance because it is composed mainly of phosphate beds intercalated
with marl, black shale, and oyster limestone. The phosphate deposits have been the sub-
ject of extensive geological and radiometric investigations, many of which have confirmed
the presence of economically valuable uranium concentrations [40—42]. Quaternary sedi-
ments constitute the youngest surficial deposits in the study area and consist of detritus,
sand, gravel, pebbles, cobbles, and boulders. They occur throughout the area and form
the surface cover within the principal drainage channels, including Wadi Gasus, Wadi
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Safaga, and Wadi Saqi. These deposits originated from the weathering and erosion of the
diverse rock units exposed across the region.

Structurally, the Wadi Gasus district occupies the intersection of two contrasting tec-
tonic regimes—the Pan-African, NE-trending Najd-type sinistral shear corridor system
[43] and the younger Oligo-Miocene Red Sea rift —which overprinted the inherited base-
ment fabric with NW-trending normal faults and NNE-trending sinistral transfer zones.
This composite tectonic evolution generated a reactivated, kinematically heterogeneous
brittle-ductile fault network that channeled episodic hydrothermal-fluid flow and pro-
moted polymetallic mineralization [44]. The district is also characterized by phosphate,
gold, molybdenum, and other polymetallic ore deposits [32].
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Figure 1. (a) Regional location of the Arabian—Nubian Shield (ANS). (b) Classification of the Pre-
cambrian basement exposed in Egypt’s Eastern Desert into northeastern, central, and southeastern
sub-provinces. (c) Simplified geological map of the Jabal Gasus district (modified after [45]); black
triangles = gold, red inverted triangles = molybdenum, cyan circle = polymetallic (Cu-Pb-Zn), green

diamonds and crossed hammers = phosphate occurrences and mines.

3. Materials and Methods

3.1. Aeromagnetic Data

The study used processed total magnetic intensity (TMI) data from the regional air-
borne magnetic-radiometric survey conducted by the Aero-Service Division of Western
Geophysical Company of America for the Egyptian General Petroleum Corporation and
the Egyptian Geological Survey and Mining Authority, 1984 [46]. Traverse lines were ori-
ented NE-SW, approximately 45°/225° from true north, whereas tie lines were oriented
NW-SE, approximately 135°/315°, with terrain clearance of 120 m, 10 km tie-line spacing,
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and traverse-line spacing of 1.0 km in different survey blocks. The original regional survey
employed a Varian V-85 proton-precession magnetometer (Varian Associates, Palo Alto,
CA, USA). The present study used the archived processed TMI grid rather than raw flight-
line observations. The survey geometry is given schematically in Supplementary Figure
S1. The TMI grid was transformed by reduction to the pole (RTP) in the Fourier domain
[47]. RTP was calculated using an inducing-field inclination of 32.8° and a declination of
1.9°. The grid was generated with 250 m cells (minimum curvature; WGS 84/UTM Zone
36N) before RTP transformation.

3.1.1. High-Precision Edge Detection

Edge detection approaches have become fundamental tools in geophysical interpre-
tation for defining structural discontinuities, including faults, contacts, dykes, and miner-
alized corridors [9,10,48-51]. The Improved Logistic (IL) [23,52] and Logsigm Function
(LSF) [53] filters were applied to the RTP, 1 km, and 2 km upward-continued grids to
enhance magnetic-source boundaries.

(i) Improved logistic (IL) filter.

The IL method, proposed by Pham et al. [23], applies a logistic transformation to the
analytical signal, following the earlier formulation of Pham et al. [52], to normalize and
enhance contrast among signals of different amplitudes. This approach was further ap-
plied by Eldosouky et al. [9] for high-resolution structural mapping using potential-field
and remote-sensing data. It is expressed as follows:

1
L=
1+ exp(—K(Rrypr — 1) + 1) @)
where
JOTHDR
Rrupr = 9z )
(aTHDR)Z <6THDR)2
dx ady

The improved logistic (IL) filter was applied to the RTP, 1 km upward-continued
RTP, and 2 km upward-continued RTP grids using K = 2.

(if) Logsigm function of the Horizontal Gradient (LSF) filter.

The LSF represents an advanced edge-detection technique that improves the inter-
pretation of potential-field data and the mapping of geological boundaries [53]. The LSF
[53] is expressed as:

1

LSF = (1 + exp(—kernel_R)

)2+Range (3)

where
kernel_R = [K(RTHDR)] _ﬂ.'/‘l' (4)
The parameter K was assigned values between 0.5 and 3, and a value of 3 was

adopted in the present study.

3.1.2. Euler Depth Estimation Method (EUD)

Euler deconvolution [34,54] was applied to the RTP grid to estimate magnetic-source
locations and depths under alternative source-geometry assumptions, using the homoge-
neity equation:

aT ar ar _
3 XX F g Y0 g (2= 20) = SIB - T) )
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In this formulation, SI denotes the structural index, which describes the geometry of
the causative source; B represents the regional or background magnetic field; and T is the
magnetic-field value measured at the coordinates (x, y, z). Euler deconvolution was ap-
plied to the RTP magnetic grid using Oasis Montaj v8.4. Structural indices of 0.0, 0.5, and
1.0 were assigned to contact-like, dyke-like, and fault-like source geometries, respectively.
Calculations used a 10 x 10-cell moving window. Solutions were grouped into five depth
classes (<500 m, 500-1000 m, 1000-1500 m, 1500-2000, and >2000 m) and spatially clus-
tered, retaining only clusters supported by five or more solutions within a 500 m radius,
to reduce the influence of scattered or spurious solutions on the interpreted depth archi-
tecture.

3.1.3. CET Grid Analysis

CET Grid Analysis [27,33,55] was applied using a 5-cell standard-deviation filter.
Ridge features were then extracted via Phase Symmetry detection, configured with a min-
imum filter wavelength of 5 cells, 5 filter scales, and a symmetry robustness parameter of
3; the analysis was constrained to positive-amplitude anomalies only. To convert these
ridges into vector form, we applied Amplitude Thresholding at a cutoff of mean plus two
standard deviations, generating ridges with an output width of 5 cells, and then per-
formed Skeletonization followed by Skeleton-to-Vector conversion under default param-
eter settings. Junction density, used here as a proxy for structural complexity, was calcu-
lated by lowering the contact-voting influence to 3, which sharpens the detection of dis-
crete lineament intersections. Lineament density was subsequently computed from the
combined derived lineament datasets using a line-density algorithm.

3.1.4. CET Porphyry Analysis

CET Porphyry Analysis (CET-PA) [56] was applied to detect circular magnetic fea-
tures. The Circular Feature Transform (CFT) was run with radii ranging from 3 to 21 cells
in increments of 2, using the Mean calculation method and a circularity constraint of 2.0.
We then applied Central Peak Detection over a threshold range of 5 to 15 in 5-unit incre-
ments, using a 6-cell exclusion radius around each detected peak, and restricted the search
to elevation (positive-amplitude) features only. Separately, the Amplitude Contrast
Transform was calculated over radii ranging from 3 to 11 cells in 2-cell increments, using
the Mean Contrast method. These identical parameter settings were replicated across the
RTP, UC-1 km, and UC-2 km grids to ensure consistency in the resulting outputs.

3.2. Airborne Radiometric Data

The radiometric data were acquired in the same airborne program and flight config-
uration as the magnetic data (Section 3.1). Airborne radiometric data support lithological
mapping and regional exploration screening. Elevated potassium may reflect primary K-
bearing minerals or, where independently documented, hydrothermal K addition involv-
ing minerals such as sericite and illite [57]. Alternatively, an RGB ternary image displays
potassium in the red channel, thorium in the green channel, and uranium in the blue chan-
nel to compare their spatial distributions. The F parameter, expressed as Kx (eU/eTh),
combines potassium abundance with the eU/eTh ratio and highlights radiometric con-
trasts that may arise from lithological variation or radioelement redistribution [58,59]. It
is therefore used as a complementary screening indicator rather than as a diagnostic meas-
ure of potassic alteration or mineralization. Alteration-related interpretations require sup-
porting geological, mineralogical, or geochemical evidence beyond radiometric anomalies
and their spatial overlap with magnetic features. Potassium deviation (Kd) was calculated
to express the departure of observed potassium from the potassium value expected for
the local thorium abundance. The Kd is expressed as:
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= (I Caverage . oThMap )
eThgrldaverage

This provides useful insight into subsurface geology by revealing potassium varia-
bility, delineating hydrothermal alteration zones, and pinpointing zones of mineralization
potential, which together assist in identifying viable exploration targets [60].

3.3. Fuzzy Logic Modeling

A GIS-based fuzzy logic model integrated four evidence layers: magnetic lineament
density, the F-parameter, CET circular-feature scores, and lithology. Continuous inputs
were converted to increasing linear membership values (0-1), and lithological units re-
ceived fixed expert-assigned scores (Supplementary Tables S1 and S2). Layers were
equally weighted and combined using the fuzzy gamma operator [61-63]. In the present
study, this fuzzy logic framework was applied to combine multiple thematic layers for
the generation of a mineral prospectivity map.

The methodological framework is structured into three principal stages. First, fuzzi-
fication converts each input layer into fuzzy-membership values using a linear member-
ship function. This procedure places all datasets on a common scale from 0 to 1, allowing
them to be integrated consistently. The resulting fuzzy layers are then combined with a
suitable fuzzy operator to generate a composite map of mineralization potential or hazard
intensity. The gamma operator is frequently selected because it provides a balance be-
tween the restrictive behavior of the fuzzy AND operator and the more permissive behav-
ior of the fuzzy OR operator, making it particularly suitable for prospectivity modeling
[63]. This operator effectively integrates the characteristics of both the fuzzy algebraic
product and the fuzzy algebraic sum into a single output, providing a flexible and mod-
erated aggregation of input evidence. The fuzzy algebraic product typically yields lower
membership values, reflecting a conservative or diminishing response, whereas the fuzzy
algebraic sum produces comparatively higher values, indicative of an amplifying effect.
In the final stage, defuzzification, the aggregated fuzzy output is converted into a single
crisp value, enabling straightforward interpretation and supporting informed decision-
making [63]. A gamma value of 0.90 was selected based on the sensitivity analysis, which
yielded the highest success-rate AUC against the known hydrothermal occurrences
among the tested values (0.70, 0.80, 0.90), rather than on visual assessment. Furthermore,
this selection promotes a smooth transition between high- and low-response zones, im-
proving the model’s sensitivity to mineralization-related signals while minimizing the in-
fluence of noise and less relevant features [62,63]. Magnetic lineament density was con-
verted to fuzzy membership values using a linear function, with the lower bound fixed at
0 m/km? (membership value of 0) and the upper bound fixed at 7.08 m/km? (membership
value of 1). For the F parameter map, we again used an increasing linear membership
function and CFT circular-anomaly grids. The lithology layer was not fuzzified through a
continuous function; instead, it was reclassified into categories based on expert judgment
of established host-rock associations. Once fuzzified, all four evidence layers were as-
signed equal weight and integrated using the fuzzy gamma operator with a gamma value
of 0.90. All evidence layers were standardized to fuzzy memberships from 0 to 1 (Supple-
mentary Table S1). Continuous F-parameter and CET-PA circular-feature inputs were lin-
early rescaled between defined lower and upper limits, whereas nominal geological units
received fixed-based scores (Supplementary Table S2). Supplementary Table S3 summa-
rizes all datasets and derived parameters used in the study, including those used only for
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interpretation, and their roles in the workflow. Dependence among partly correlated al-
teration, structural, and aeromagnetic inputs was addressed by within-group fuzzy-
gamma integration; thus, the final map represents a knowledge-driven favorability rank-
ing, not an independent validation or probability of mineralization.

The ROC curve was constructed by treating the continuous fuzzy-overlay output as
a prospectivity score and the locations of the seven documented hydrothermal (gold, mo-
lybdenum, and polymetallic) occurrences as the “positive” class. Phosphate occurrences
were excluded from the positive class because they are syn-sedimentary and are not the
target of the model. For each of a series of threshold values spanning the full range of
fuzzy scores, cells above the threshold were classified as predicted prospective and cells
below as predicted non-prospective. The true-positive rate (proportion of known occur-
rences correctly falling within predicted-prospective cells) and false-positive rate (propor-
tion of non-occurrence area incorrectly classified as prospective) were computed at each
threshold and plotted against one another to generate the ROC curve. The area under this
curve (AUC) summarizes overall discriminatory performance, with AUC = 1.0 indicating
perfect discrimination and AUC = 0.5 indicating performance no better than random clas-
sification.

4. Results

Regions characterized by structural and lithological complexity are commonly linked
to enhanced mineralization potential, although the nature and strength of this relationship
depend on the prevailing rock types and tectonic setting [6]. This association is clearly
demonstrated in Egypt’s Central Eastern Desert (Figure 1c), a geologically intricate terrain
that serves as a representative example of such mineral prospectivity. The RTP transfor-
mation of the TMI dataset (Figure 2b) generates a magnetic field in which anomalies are
distributed symmetrically with respect to their causative source bodies, thereby facilitat-
ing direct geological interpretation [64,65]. The RTP magnetic map (Figure 2b) reveals a
highly heterogeneous magnetic field characterized by pronounced spatial variability in
anomaly intensity and distribution across the study area. Magnetic values range from
strongly negative anomalies (-338 nT) to high magnetic responses exceeding 1100 nT, in-
dicating significant contrasts in the magnetic properties of the underlying lithologies.
High-amplitude magnetic anomalies (red to pink zones) are predominantly concentrated
in the central, southwestern, and northwestern sectors, particularly around Jabal Gasus,
Wadi Gasus, and east Jabal Abu Qarahish.

In contrast, low magnetic anomalies (blue to cyan zones) are well developed in the
western and southeastern parts of the area, notably around Jabal Weira and Jabal Umm
Zarabit. These zones indicate weakly magnetized lithologies that largely coincide with
metavolcanic, metasedimentary, and ophiolitic domains. A notable spatial correlation is
observed between magnetic anomalies and known mineral occurrences. Gold deposits
(black triangles) are frequently associated with moderate to high magnetic gradients, par-
ticularly along structural corridors near Jabal Gasus and Wadi Abu Agarib. Similarly, mo-
lybdenum and polymetallic occurrences show an affinity with intermediate to high mag-
netic responses, suggesting a genetic link with magnetically susceptible host rocks or in-
trusive systems. Phosphate occurrences, however, tend to coincide with relatively mod-
erate to low magnetic signatures, reflecting their association with less magnetic litholo-
gies.
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Figure 2. Magnetic anomaly maps of the study area: (a) TMI map; (b) RTP map; (c) UC-RTP ata 1
km scale; (d) UC-RTP at a 2 km scale. Mineral occurrence symbols as in Figure 1.

Figure 2c,d present the upward continuation (UC) maps at elevations of 1 km and 2
km, respectively. These transformations were applied to enhance the interpretation of the
depth and structural trends of the basement features. The effective investigation depths
corresponding to these continuation levels are approximately 0.5 km and 1.0 km, respec-
tively. This observation is consistent with the commonly accepted rule that upward con-
tinuation to a height z reflects sources at depths of about z/2 [66-68]. We emphasize that
this is a commonly used approximation rather than a precise depth calculation, and for
quantitative depth attribution, we rely instead on independent depth solutions derived
from Euler deconvolution. The upward continuation maps at 1 km and 2 km reveal a pro-
gressive attenuation of short-wavelength magnetic anomalies and a corresponding en-
hancement of broader regional features. At 1 km continuation, the magnetic map still re-
tains much of the anomaly pattern observed in the RTP data, although several high-fre-
quency anomalies have already been dampened. The main magnetic highs remain prom-
inent in the central, southwestern, and northwestern sectors, particularly around Jabal
Gasus, Wadi Gasus corridor, and east Jabal Abu Qarahish, where strong positive re-
sponses persist. These features suggest the presence of magnetically susceptible bodies at
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moderate depth. In contrast, the western and southeastern sectors continue to exhibit sub-
dued magnetic responses, especially around Jabal Weira and Jabal Umm Zarabit, indicat-
ing weakly magnetized lithologies or altered zones.

At 2 km continuation, the map becomes markedly smoother, and most of the local-
ized anomalies seen in the RTP and 1 km products are significantly reduced. The remain-
ing magnetic pattern is dominated by broad regional highs and lows, indicating that the
deeper magnetic sources exert the primary control on the observed field at this scale. The
central, southwestern, and northwestern high anomaly zone remains well defined,
whereas the western magnetic low persists as a large regional feature. This suggests a
major lithological contrast across the study area, possibly reflecting differences between
magnetic intrusive bodies and less magnetic country rocks. The persistence of these broad
anomalies at the 2 km upward-continuation level indicates that they are generated by
sources with limited near-surface expression, consistent with a structural framework that
is not solely controlled by shallow surficial effects. We do not equate this continuation
height with a specific source depth; depth attribution in this study relies on the independ-
ent Euler deconvolution solutions presented above [69]. Importantly, the spatial associa-
tion between upward-continued magnetic features and known mineral occurrences re-
mains evident. Gold deposits are commonly aligned with magnetic gradients and transi-
tion zones, whereas phosphate occurrences are generally associated with comparatively
lower magnetic responses. The persistence of these relationships after upward continua-
tion indicates that the mineralization pattern is linked not only to shallow heterogeneities
but also to deeper magnetic structures that may have guided fluid flow and emplacement.
Such behavior is typical in mineral prospectivity studies, where upward continuation is
used to distinguish deep-seated geological controls from shallow noise and to improve
the interpretation of regional mineralization patterns [64].

The qualitative interpretation of RTP and UC maps is often challenging and may lead
to ambiguous conclusions. To overcome these limitations, the application of signal en-
hancement techniques is essential to improve image clarity and support more reliable ge-
ological interpretation. To precisely map the margins of both superficial and deep-seated
magnetic anomalies, we processed the RTP and UC datasets using two cutting-edge edge-
detection techniques, the Improved Logistic (IL) and the log-sigmoid function of the Hor-
izontal Gradient (LSF) [8-10,52,66]. Their high-resolution response facilitates clear dis-
crimination of anomalies associated with both high- and low-amplitude magnetic sources
by enhancing subtle signal variations. In contrast, conventional RTP maps often fail to
adequately resolve these differences (Figures 2b and 3).

Figure 3 presents the delineation of magnetic source boundaries as derived from the
IL and LSF edge-detection filters. These advanced methods produce high-resolution and
reliable outputs, supporting a more integrated and refined interpretation of the subsur-
face structural framework across the study area. A major advantage of these filtering
methods is their capacity to sharpen anomaly peaks and better delineate source bounda-
ries. The magnetic field is dominated mainly by positive anomalies, with the principal
structural trends oriented N-S, NW-SE, and NE-SW, while subordinate E-W features are
also present, as illustrated in Figure 3. When the filters are applied to the RTP and up-
ward-continued data at 1 km and 2 km elevations (Figure 2), the number of identifiable
anomalies decreases markedly. This reduction indicates that many of the resolved fea-
tures are controlled by shallow magnetic sources. Figure 4 shows CET-derived structural
maps obtained from processed magnetic data, including upward continuation to 1 and 2
km and subsequent application of the IL and LSF filters. Building on the patterns identi-
fied in Figure 3, these maps provide a more detailed structural framework and enable a
more refined interpretation of the lineament network, thereby strengthening the geologi-
cal basis for preliminary mineral exploration in the area.
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Figure 3. Magnetic edge-detection derivatives: (a—c) improved logistic (IL) outputs for RTP and up-
ward-continuation heights of 1 km and 2 km; and (d—f) logsigm horizontal-gradient (LSF) outputs
for the corresponding grids.
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Figure 4. CET-GA structural maps of (a) IL-RTP; (b) IL-UC at 1 km; (c) IL-UC at 2 km; (d) LSF-RTP;
(e) LSF-UC at 1 km; (f) LSF-UC at 2 km.

The rose diagrams (Figure 5) derived from the IL and LSF edge-detection products
reveal a clear and persistent structural grain within the study area, with the dominant
lineament populations concentrated mainly along N-S, NW-SE, and NE-SW orientations.
This pattern is evident in the RTP-derived diagrams and remains recognizable after up-
ward continuation, indicating that the mapped magnetic fabric reflects not only shallow
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heterogeneities but also more persistent regional tectonic trends. Such directional cluster-

ing is consistent with the interpretation of lineament networks from aeromagnetic data,

where edge-detection filters enhance linear discontinuities associated with faults, con-

tacts, and shear zones.
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In the IL-RTP diagram (Figure 5a), the strongest peaks are centered close to the N-S
axis, with subsidiary maxima in the NW-SE and NE-SW sectors. The corresponding LSF-
RTP plot (Figure 5d) shows a broadly similar trend distribution, although the response is
comparatively more focused, reflecting the selective enhancement of edges by the LSF
filter (Figure 3d). The agreement between the two RTP-based rose diagrams suggests that
the principal magnetic lineaments are stable features of the subsurface architecture rather
than artifacts of a single processing method. This coherence supports the use of multiple
derivative and edge-detection filters to improve confidence in structural interpretation
[52,67]. After upward continuation to 1 km, the IL-UC and LSF-UC rose diagrams become
less noisy and more regionally organized (Figure 5b,e). The reduction in the number of
minor azimuthal peaks indicates that many short-wavelength lineaments are suppressed
at this continuation height, leaving behind the more persistent and deeper structural ele-
ments. The dominant N-S and subordinate oblique trends remain evident, implying that
these orientations correspond to deeper-seated faults or lithological boundaries with re-
gional significance. The 1 km continuation, therefore, acts as an effective filter for distin-
guishing local disturbances from broader tectonic lineaments [67,70].

At 2 km of continuation, the rose diagrams exhibit a smoother directional distribu-
tion, with the N-S trend remaining the most prominent in both IL and LSF outputs (Figure
5c¢,f). The oblique NW-SE and NE-SW components are still present, but their relative con-
tribution is reduced, reflecting the preferential attenuation of shallower structural effects.
The persistence of the same principal orientations across both upward-continuation levels
indicates that the study area is organized by a multiscale fault framework, in which major
basement structures control the magnetic fabric at depth. This is a common outcome in
regional magnetic interpretation, where upward continuation highlights the directional
stability of deep structures and suppresses shallow lineament clustering.

The CET-GA mapping approach clearly delineates zones of structural complexity
and prominent linear magnetic features across the study area (Figure 4). This interpreta-
tion is further supported by the structural lineament density map (Figure 6a), which re-
veals a dense network of magnetic contrasts interpreted as dykes, lithological boundaries,
faults, and shear zones. These structures are predominantly oriented N-S, NW-SE, NE-
SW, and E-W, indicating a well-developed and multi-directional tectonic fabric. This ob-
servation supports their interpretation as regionally important structural or lithological
trends, but it does not independently determine their depth or continuity. The structural
lineament density map (Figure 6a) clearly highlights zones of intense structural complex-
ity and delineates major linear magnetic features across the study area. Lineament density
analysis is a critical step in mineral prospectivity mapping, as regions with high fracture
and fault densities often correspond to pathways of enhanced crustal permeability, which
are essential for the migration and localization of hydrothermal fluids [71,72]. As shown
in Figure 6a, lineament density varies significantly, ranging from 0 to 7.08 m/km?2. The
spatial distribution of these lineaments reveals a highly compartmentalized structural
framework. The highest density zones (indicated by red to orange colors, 4.86-7.08
m/km?) form distinct curvilinear and linear corridors. These high-density corridors are
primarily concentrated in the central and western sectors of the area, notably flanking
Jabal Gasus, traversing near Jabal Weira, and trending along major wadi systems such as
W. Safaga and W. Abu Aqarib. These zones of structural convergence are interpreted as
major deformation zones, shear networks, or complex lithological contacts.

Conversely, areas of low lineament density (dark to light green, 0-2.36 m/km?) are
broadly distributed in the intervening regions, representing structurally intact or massive
lithological blocks with minimal magnetic disruption. These lower-density zones likely
correspond to the unfractured cores of intrusive bodies [73]. A critical observation from
the density map is the strong spatial correlation between zones of high lineament density
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and the known distribution of mineral occurrences. Gold, molybdenum, and polymetallic
occurrences are located within or at the margins of the high-density corridors (4.86-7.08
m/km?). Phosphate occurrences are located in regions of moderate to low lineament den-
sity, at Wadi Abu Aqarib, near Wadi Gasus, and Wadi Abu Safi. This relationship strongly
supports a structurally controlled epigenetic model of mineralization in the region, in

which regional faulting and shearing provided the plumbing systems for ascending ore-
bearing fluids [74].
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Figure 6. (a) Magnetic lineament density map, (b) circular feature transform (CFT) map.

In a complementary analysis, a set of CET-PA algorithms was applied to the RTP
magnetic data from the study area to improve the detection of circular and semicircular
anomalies commonly associated with porphyry-type intrusions. Such features often mark
hydrothermally altered zones that may host significant mineralization (Figure 6b). The
delineated porphyry bodies show a strong spatial association with structurally complex
domains and frequently follow trends comparable to those of mapped lineaments. CET-
PA delineates several circular to semicircular magnetic features, including clusters around
Jabal Gasus, Jabal Weira, Jabal Abu Aqarib, and W. Abu Safi (Figure 6b). They vary in
magnetic contrast and coincide locally with mapped lineaments and magnetic gradients.
Notable clusters occur within the structurally complex corridors around G. Gasus, G.
Weira, G. Abu Aqarib, and W. Abu Safi, where they coincide with major lineament trends
and strong magnetic gradients (Figure 6b). The circular to semicircular geometry of these
features is consistent with intrusive bodies emplaced in a deformational framework and
is commonly regarded as a diagnostic magnetic signature of porphyry systems [56,75].

The detected porphyry-related anomalies vary in size and magnetic intensity, with
many appearing as high-contrast ring-like patterns. Their spatial clustering around areas
of structural intersections suggests that emplacement was strongly controlled by pre-ex-
isting fault and fracture systems. This structural association is significant because
porphyry intrusions are frequently emplaced along zones of enhanced crustal permeabil-
ity and are closely linked to hydrothermal alteration and fluid focusing [56,75,76]. A no-
table outcome of the CET-PA processing is the clear correspondence between the mapped
circular anomalies and known mineral occurrences. Several of the porphyry-like bodies
occur near gold, molybdenum, and polymetallic units, indicating that these structures
may have played a role in channeling mineralizing fluids or localizing alteration halos.
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Although not every anomaly necessarily represents a mineralized intrusion, the repeated
spatial association between the CET-PA signatures and prospective areas increases the
exploration significance of the detected features. Such responses are widely interpreted as
favorable targets in magnetic studies because porphyry intrusions can act as both heat
sources and structural traps for hydrothermal systems [75,76].

Integrating precise depth estimation with edge-enhancement techniques improves
geological interpretation by revealing the spatial distribution and geometry of subsurface
structures in greater detail [77,78]. The EUD method is highly effective at isolating sub-
surface structural boundaries by relating the magnetic field and its gradients to the loca-
tion and depth of the source using a designated structural index (SI) [78]. Euler solutions
were calculated for three assumed structural indices: SI = 0.0 (Figure 7a), 0.5 (Figure 7b),
and 1.0 (Figure 7c). These values represent alternative idealized source geometries and
were used to evaluate the sensitivity of solution locations and depths to source-model
assumptions. Therefore, the three solution maps should not be interpreted as independent
confirmation of discrete contact, dyke, and fault levels, nor as evidence for a uniquely
resolved vertically stratified crustal architecture. Their primary value is to identify zones
where solution clusters recur spatially across plausible geometrical assumptions.

For geological contacts (SI = 0), the solutions (Figure 7a) are dominated by shallow-
depth estimates, with the vast majority of points located at depths less than 500 m (black
dots). These shallow solutions tightly trace the major lithological boundaries and deline-
ate the intricate network of mapped outcropping and near-surface contacts. This agree-
ment supports a contact-related interpretation for some anomalies, but the estimated
depths remain conditional on the SI = 0.0 source model and should not be regarded as
direct measurements of contact depth. The histogram confirms this strong shallow bias,
indicating that the primary lithological contrasts in the region are exposed or lie just be-
neath a thin cover sequence.

When the structural index is increased to SI=0.5 to target dykes (Figure 7b), the depth
distribution shifts significantly deeper. While shallow sources (<500 m) remain abundant,
there is a pronounced increase in solutions within the 500-1000 m range (blue dots), par-
ticularly along the dominant N-S and NW-SE trends. Some solutions also extend into the
1000-1500 m range (green dots). The fault model (SI = 1, Figure 7c) displays the most
depth-extensive distribution of Euler solutions. The map reveals continuous linear fea-
tures that extend from the near-surface (<500 m) down to depths exceeding 1500 m (green
and yellow dots), with isolated solutions reaching beyond 2000 m (red dots) in the north-
eastern sector near W. Gasus. The corresponding histogram illustrates a broad, bell-
shaped distribution peaking between 500 m and 1000 m.

The three Euler models identify several areas where solution clusters, magnetic gra-
dients, mapped lineaments, lithological contacts, and known mineral occurrences coin-
cide. These spatial associations support the interpretation that structural and lithological
discontinuities may have influenced permeability and localized hydrothermal alteration
and mineralization. However, overlap between SI = 0.5 and SI = 1.0 solution clusters is not
treated as independent confirmation of separate dyke and fault levels, because both solu-
tion sets are derived from the same magnetic field under different assumed source geom-
etries. Consequently, the intersection of shallow contacts with deeper fracture networks
identified by the EUD method constitutes a highly prospective setting for epigenetic min-
eralization.

The spatial distributions of potassium (%K), equivalent thorium (eTh), and equiva-
lent uranium (eU) show pronounced regional variability that correlates strongly with the
mapped geological units and structural framework of the study area (Figure 8). The radi-
ometric maps exhibit a clear split division, with generally low radioelement concentra-
tions in the western sector and significantly elevated responses in the central and eastern
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domains. By correlating these patterns with the geological map, the low eTh, eU, and %K
values in the west (around Jabal Weira and Jabal Abu Aqarib) coincide predominantly
with Precambrian metavolcanics (mv), metagabbro to metadiorite (mg), and ophiolitic
serpentinites (sp). These mafic-to-intermediate units inherently have low primary abun-
dances of radioactive elements, and their subdued radiometric signatures are consistent
with their mapped distribution.
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Figure 7. EUD depth solutions (a) SI=0.0, (b) SI = 0.5, (c) SI=1.0 of the study area.
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Figure 8. Radiometric maps of the study area: (a) %K, (b) eTh, and (c) eU.

In contrast, the prominent high-radiometric anomalies in the central and eastern sec-
tors correlate with specific felsic intrusions and younger sedimentary units. The highest
%K and eTh responses are distinctly associated with the Calc-alkaline granite (Younger
Granite, g3) complexes exposed around Jabal Gasus and Jabal Umm Zarabit, as well as
the Dokhan volcanics (vd) and post-Hammamat felsites (vf). The strong potassium and
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thorium signatures are diagnostic of the evolved, potassic nature of these felsic rocks, re-
flecting the abundance of primary K-feldspar and accessory minerals such as zircon and
monazite [79]. The equivalent uranium (eU) distribution is more localized and structur-
ally controlled. While elevated eU generally overlaps with the Younger Granites and felsic
volcanics, anomalous, patchy eU concentrations also occur along major structural contacts
and within the Cretaceous-Tertiary sedimentary successions in the eastern wadi systems
(e.g., W. Gasus and W. Abu Safi). The Duwi Formation (kuw), which hosts the known
phosphate beds and mines, exhibits distinct but highly localized uranium signatures, a
common characteristic of uranium substitution into the carbonate-fluorapatite lattice of
marine phosphorites [80]. Furthermore, some mapped fault corridors, particularly those
trending N-S and NW-SE across metavolcanic and granitic domains, coincide with ele-
vated potassium and uranium responses. These spatial associations identify sites for fol-
low-up, but may also reflect lithological contrasts along the corridors. Possible radioele-
ment redistribution or potassic alteration should therefore be assessed using independent
evidence of fluid-rock interaction rather than inferred directly from the radiometric high
[81]. Anomalous K and eU values accompany N-S and NW-SE fault corridors that cut the
metavolcanic and granitic domains. Gold and polymetallic occurrences are located mainly
in transition zones between the low-radioactivity metavolcanic/ophiolitic rocks and the
high-radioactivity granites, where radiometric and magnetic gradients are sharp.

The spatial distributions of the F-parameter [82] and Kd values [83] show strong lat-
eral variation across the study area (Figure 9). When interpreted together with the geolog-
ical map, both parameters clearly discriminate between mafic—ultramafic, metavolcanic,
felsic, and sedimentary domains. These are radiometric geochemical products and are not
measures of magnetization, magnetic gradients, magnetic-source geometry, or structural
edge sharpness. Structural relationships are evaluated separately using geological map-
ping and magnetic derivatives.

The F-parameter map (Figure 9a) displays broad high-value zones in the central to
eastern parts of the area, especially around Jabal Gasus, Jabal Umm Zarabit, and the W.
Abu Safi corridor. These zones overlap mainly with calc-alkaline granite and felsic vol-
canic rocks on the geological map, consistent with variations in K abundance and the
eU/eTh ratio. High F-parameter values may occur in felsic igheous units or in hydrother-
mally modified rocks, but do not distinguish these alternatives on their own [67]. High F
values identify radiometric geochemical contrasts rather than magnetic-source configura-
tions or magnetic gradients. The central-eastern high-F domain corresponds principally
to K- and eU-enriched felsic and sedimentary units, whereas lower F values in the western
sector correspond to relatively K-, eU-, and eTh-poor metavolcanic, metagabbroic, and
ophiolitic rocks. Thus, the observed separation is interpreted primarily as a lithological
radiometric contrast. Any alteration-related interpretation is restricted to locations where
other independent evidence supports fluid-rock interaction. The Kd map (Figure 9b) rep-
resents the residual between observed K and the K value predicted from the local K—eTh
background relationship. Negative Kd values indicate K depletion relative to the selected
thorium-controlled background; positive Kd values indicate K enrichment relative to that
background. Low or negative Kd values are not evidence of hydrothermal enrichment.
They may reflect K-poor primary lithologies, K loss during alteration, weathering, rego-
lith development, mixed lithologies, or limitations of the local regression model. Positive
Kd values may be compatible with K addition, including potassic alteration, but they may
also reflect K-rich primary lithologies; therefore, neither sign is diagnostic of hydrother-
mal alteration in isolation [28]. Positive Kd values are concentrated in parts of the central—-
eastern domain, where they overlap with felsic intrusive and volcanic units. This distri-
bution may reflect primary K-rich lithologies, such as K-feldspar-bearing granites and fel-
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sic volcanic rocks, and/or localized K addition. The association of some positive-Kd anom-
alies with mapped structures and mineral occurrences makes these sites appropriate tar-
gets for field verification, but it does not establish hydrothermal alteration.
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Figure 9. (a) F-parameter map, (b) potassium deviation (Kd) map. Positive Kd denotes relative K
enrichment and negative Kd denotes relative K depletion with respect to that statistical background.

Neither map independently demonstrates hydrothermal alteration.

The ternary map of radioelements and the K-, eTh-, and eU-composite maps (Figure
10) reveal a pronounced lithological radiometric contrast across the study area. Compari-
son with the geological map indicates generally low radioelement responses over the
western mafic—ultramafic basement and elevated responses over the central and eastern
felsic and sedimentary units. These products display the spatial distribution and relative
contributions of K, eTh, and eU and support comparison with mapped geological units
[28]. The observed regional patterns are interpreted primarily in terms of lithological com-
position. Possible hydrothermal redistribution is considered a local hypothesis requiring
independent supporting evidence, rather than an established explanation for the compo-
site signatures. Figure 10a summarizes the relative radioelement responses; its colors are
not classifications of alteration intensity.

The ternary map (Figure 10a) shows potassium-rich signatures in the central and
eastern sectors, broadly corresponding to calc-alkaline granite, post-Hammamat felsite,
Dokhan volcanics, and sedimentary units. The western sector is dominated by lower ra-
diometric responses over metavolcanics, metagabbro to metadiorite, and ophiolitic ser-
pentinite. The K-composite map (Figure 10b) highlights elevated potassium responses
around Jabal Gasus, Jabal Umm Zarabit, and the W. Abu Safi corridor. Their overlap with
felsic intrusive and volcanic units supports a primary lithological explanation involving
K-bearing minerals. Some high-K responses also coincide with mapped structural linea-
ments, making these locations useful for targeted follow-up. This spatial association alone
does not distinguish primary K enrichment from hydrothermal K addition and does not
establish potassic alteration or sericitization. An alteration interpretation would require
independent evidence of fluid-rock interaction at the corresponding sites.

The eTh-composite map (Figure 10c) shows elevated responses mainly in central and
eastern domains, with broader patterns than those in the K map. Their correspondence
with granite, felsite, and evolved volcanic units is interpreted primarily as a lithological
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signal associated with the distribution of eTh-bearing accessory minerals. Lower eTh re-
sponses over the western mafic—ultramafic domain are consistent with the contrasting
composition of these units. High eTh values are not treated as evidence of hydrothermal
alteration. The eU-composite map (Figure 10d) displays more localized elevated re-
sponses in the central and eastern sectors, some near-lithological contacts, mapped faults,
and wadi corridors. Responses near phosphatic and sedimentary units are evaluated first
in their stratigraphic and lithological context. Secondary uranium redistribution remains
a possible explanation for some local anomalies, but the mapped patterns alone do not
establish its mechanism or a hydrothermal origin. The western basement domain gener-
ally shows lower eU responses, consistent with its predominantly mafic-ultramafic com-
position.

Collectively, the ternary and composite radiometric maps emphasize lithological var-
iation, with stronger responses over central-eastern felsic and sedimentary units and
lower responses over the western mafic—ultramafic western domain. Where radiometric
contrasts coincide with mapped structures and documented mineral occurrences, they
provide complementary criteria for regional target prioritization. These coincidences
identify sites for geological verification rather than confirmed alteration corridors or min-
eralized intrusive centers. Hydrothermal alteration remains a conditional interpretation
to be evaluated using independent geological, mineralogical, and geochemical evidence.
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Figure 10. Radiometric products of the study area: (a) radioelements ternary map, (b) K-composite

map, (c) eTh-composite map, and (d) eU-composite map.

https://doi.org/10.3390/min16111099


https://doi.org/10.3390/min16111099

Minerals 2026, 16, 1099

23 of 36

33°40°

The fuzzy prospectivity map (Figure 11) shows spatially variable scores. At the
adopted class thresholds, the highly favorable class occupies 62.53% of the area and there-
fore represents a broad screening domain rather than a narrowly delineated set of explo-
ration targets. The high fuzzy values are concentrated mainly in the central and eastern
sectors, particularly around Jabal Gasus, W. Abu Safi, Jabal Umm Zarabit, and parts of W.
Abu Agqarib, where they coincide with mapped structural intersections, intrusive contacts,
and radiometric-magnetic anomalies.

The spatial pattern suggests that mineral prospectivity reflects the combined influ-
ence of lithology, deformation, and hydrothermal alteration, consistent with fuzzy-logic
exploration models [62,84]. High-prospectivity zones concentrate along the margins of
calc-alkaline granite, post-Hammamat felsite, and Dokhan volcanics, where fracturing
and alteration may promote fluid flow and mineral precipitation. Gold, molybdenum, and
polymetallic occurrences fall within or close to high-score areas, supporting the model’s
geological relevance. Phosphate occurrences are not part of the evaluation. Near Jabal
Weira, Jabal Gasus, and W. Abu Agqarib, anomalies coincide with major lineaments and
intrusive contacts, suggesting structural control rather than lithological enrichment alone.
The western and southwestern sectors have low scores. Similar spatial correspondence
between fuzzy prospectivity and mineralized corridors has been reported in other
knowledge-driven targeting studies, confirming the utility of fuzzy integration for com-
bining multi-source geoscientific evidence [74,85]. In contrast, the western and southwest-
ern sectors, dominated by metavolcanics, metagabbroic rocks, and ophiolitic serpentinite,
are generally assigned low fuzzy values. These areas are comparatively less prospective
because they lack the strong radiometric enrichment, intrusive association, and structural
complexity observed in the central-eastern part of the map. Their subdued response sug-
gests either limited hydrothermal alteration or lithologies less favorable for the develop-
ment of mineralized systems. The spatial contrast between high- and low-score domains
therefore reflects a clear geological zoning that is consistent with the mapped bedrock
framework.
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Figure 11. Fuzzy overlay mineral prospectivity of the Jabal Gasus area; black triangles = gold, red

inverted triangles = molybdenum, cyan circle = polymetallic (Cu-Pb-Zn), green diamonds and

crossed hammers = phosphate occurrences and mines.
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True Positive Rate

The areas and occurrence statistics of the favorability classes are given in Table 1. The
highly favorable class covers 729.67 km? (62.53% of the study area) and contains 5 of the 7
hydrothermal occurrences (71.43% of the hydrothermal occurrences). The moderately fa-
vorable class covers 12.94 km? (1.10%) and contains none. The poorly favorable class co-
vers 424.24 km? (36.35%) and contains 2 occurrences (28.57%). The occurrence density is
0.69 per 100 km? in the highly favorable class and 0.47 per 100 km? in the poorly favorable
class, and the ratios of occurrence share to area share are 1.14 and 0.79, respectively. Phos-
phate occurrences are excluded from these statistics. The highly favorable class shows
modest enrichment of known occurrences (ratio 1.14 vs. 0.79). Given its broad extent and
two hydrothermal occurrences in the poorly favorable class, the map is suitable only for
regional prioritization. These descriptive statistics do not establish predictive perfor-
mance for undiscovered deposits. Gamma was selected by re-running the overlay for
gamma = 0.70, 0.80, and 0.90 with the evidence layers, membership functions, and equal
weights unchanged. The AUC increased from 0.685 (gamma = 0.70) to 0.707 (gamma =
0.80) and 0.733 (gamma = 0.90) (Table 2; Figure 12), and gamma = 0.90 was adopted. Be-
cause the same seven occurrences guided gamma selection and model assessment, the
AUC values reflect internal success-rate performance rather than independent validation.
With no independent test data or spatial cross-validation and a small sample, the robust-
ness of the assessment is limited. Independent testing with additional occurrences is
needed to confirm predictive capability and targeting effectiveness.

1.0 : : : : ~
-
’r
’l’
’
-
0.8 | e |
’
’
-
-+
-,
F
’l
0.6 P |
[ L
’o"
+
,1
0.4} f el ]
,J
-
’f
0.2 ,,’ 1
.’ == Random guess
— FuzzyOv_(AUC = 0.733)
00 ! 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

Figure 12. ROC curve (AUC =0.733) of the fuzzy overlay prospectivity model (gamma = 0.90), based

on seven hydrothermal occurrences; phosphate occurrences are excluded.
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Table 1. Distribution of mineralization potential in the study area.

Favorabilitv Class Fuzzy Score  Area Area  Number of Hydro- Occur- Occurrences (5-)1::;1:;21:::
y Range (km?) (%) thermal Occurrences rences (%) per 100 km? Share
Highly favorable >[0.6] 729.67  62.53% 5 71.43% 0.69 1.14
Moderately favorable [0.4]-[0.6] 12.94 1.10% - - 0.00 0.00
Poorly favorable <[0.4] 42424  36.35% 2 28.57% 0.47 0.79
Total - 1166.85  100% 7 100% 0.60 1.00
Table 2. Sensitivity of fuzzy model performance to gamma.
h in AUC Rela-
Gamma (y) AUC ¢ a1-1ge in AUC Rela Evidence Layers Membership Functions Layer Weights
tive to v =0.90
0.70 0.685 -0.048 Unchanged Unchanged Unchanged (equal)
0.80 0.707 -0.026 Unchanged Unchanged Unchanged (equal)
0.90 (selected)  0.733 0.000 Unchanged Unchanged Unchanged (equal)

5. Discussion

The accelerated global transition toward renewable energy technologies has height-
ened demand for critical mineral deposits, placing the Egyptian—-Nubian Shield (ENS) and
similar Precambrian terranes at the forefront of exploration frontiers. Yet conventional
exploration models, reliant on comprehensive drilling and ground-based surveys, entail
high economic and environmental costs. The incorporated geophysical framing applied
in the Jabal Gasus region reveals that systematic interpretation of aeromagnetic and aero-
radiometric data can jointly illustrate the structural framework of mineral systems and
provide a potential pathway for unearthing. By synthesizing magnetic and radiometric
data with advanced enhancement strategies, including IL [23] and LSF edge detectors [53],
CET-GA [27,33] and CET-PA [56], EUD [54], and fuzzy logic prospectivity modeling [60-
62], this investigation demonstrates a logical mineral system model that relates the Neo-
proterozoic tectonic evolution of the Central ENS to the locative distribution of polymetal-
lic mineralization. Analysis of aeromagnetic data reveals a structurally complicated but
systematically organized pattern that documents the polyphase tectonic development of
the Jabal Gasus region. The RTP map (Figure 2b) shows pronounced spatial variety, with
high-value anomalies concentrated around east Jabal Abu Qarahish, Wadi Gasus, and
Jabal Gasus. At the same time, low-amplitude parts characterize the southeastern and
western sectors around Jabal Umm Zarabit and Jabal Weira. This magnetic contrast re-
flects fundamental structural and lithological differences that are paramount to under-
standing mineralization regimes. These anomalies may reflect magnetized felsic- to inter-
mediate-composition bodies. Their relationship to mapped contacts and shear zones is
compatible with structural influence on emplacement but does not uniquely establish
source lithology or emplacement history [32,65]. Low magnetic responses may also be
compatible with local demagnetization, although a hydrothermal explanation requires ev-
idence beyond anomaly amplitude.

Applying IL and LSF techniques to RTP and UC data (Figure 3) provides an unprec-
edented explanation of structural lineaments at various depths. Lineament analysis (Fig-
ure 4) and rose diagram (Figure 5) reveal a structural grain controlled by N-5, NW, and
NE directions, with subordinate E-W components. Critically, UC to 2 km suppresses
short-wavelength components and underscores the persistence of the N-S direction,
demonstrating that these systems are deeply rooted and characterize crustal-scale discon-
tinuities that have often been reactivated. This observation aligns with the conclusions of
Eldosouky et al. [86], Abd El-Wahed et al. [87], and Abd El-Wahed and Eldosouky [88],
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who demonstrated a comparable structural framework in the adjoining Safaga—Semna
shear-belt (SS5B), and with those of Zaki et al. [5], who recognized NW as the prevailing
deep-seated direction in the Gasus region.

The value of this structural analysis lies in its role as a plumbing pattern for mineral-
ized fluids. The lineament density map (Figure 6a), with values varying from 0 to 7.08
m/km?, emphasizes distinct linear and curvilinear corridors of highest structural intricacy
in the western and central sectors, specifically the zones where known mineralized occur-
rences are concentrated. Molybdenum occurrences, Gold (black triangles) deposits, and
polymetallic spots are almost exclusively located within or at the margins of these high-
density passageways. This spatial correlation is not a coincidence but reflects the essential
role of crustal permeability in ore deposition and fluid migration. As illustrated by
McCuaig and Hronsky [74] and Groves et al. [71], orogenic gold deposits are localized in
distinctive structural environments that provide both fluid pathways (shear zones and
major faults) and depositional sites (rheological contrasts, fault intersections). The CET-
GA lineament maps (Figure 4) further refine this understanding by delineating regions of
structural complexity that conform to zones of intense shearing and fracturing. The con-
sistency between the IL and LSF outcomes, when applied to both RTP and UC data,
demonstrates that the mapped structural features are strong features of the deep architec-
ture rather than artifacts of a single enhancement filter.

Euler deconvolution contributes a set of model-dependent source-location estimates
that complement the magnetic gradient, CET, and geological interpretations. The SI = 0.0
scenario yields predominantly shallow estimates that broadly coincide with some
mapped lithological boundaries. This correspondence is consistent with contact-like
sources, but it does not uniquely distinguish shallow contacts from other geometries ca-
pable of producing similar magnetic gradients. These contacts, mostly between granitic
intrusions and metavolcanic/ophiolitic successions, describe rheological contrasts that
may have concentrated fluid flow but are themselves not the prior control on mineraliza-
tion. Instead, they act as local traps where fluids ascending along deeper conduits encoun-
ter favorable physical and chemical conditions for ore deposition.

The spatial coincidence of known polymetallic and gold occurrences with zones
where SI = 1.0 solutions cluster at depth is consistent with these structures having acted
as upper-crustal conduits for mineralizing fluids. Because the Euler solutions in this study
are confined to depths of less than ~2 km, they constrain only the shallow-to-intermediate
expression of the fault network and do not provide evidence for fluid sourcing from the
deep crust or mantle; any such origin would require independent geochemical, isotopic,
or deep-geophysical (e.g.,, magnetotelluric or seismic) constraints not available. This
agrees with the determinations of Ghoneim et al. [32], who recorded shallow EUD solu-
tions (0.1-0.2 km) at the Abu-Marawat gold mine, and with the deeper ones (0.2-1.1 km)
determined by Zaki et al. [5] for the sedimentary basins in the Gasus region. The SI = 0.5
solutions provide intermediate depths (0.5-1.5 km), mainly along the prevalent N-S and
NW-SE directions. These estimates may be compatible with intrusive or structural sources
along the dominant trends, but the inferred geometry and depth remain conditional on
the Euler assumptions and do not independently establish a vertically connected fluid
pathway [63,78]. These characteristics likely describe intrusive systems that exploit pre-
existing fractures and may have provided secondary fluid paths. The existence of verti-
cally comprehensive dyke networks is particularly influential for porphyry-style miner-
alization, as reported by the CET-PA (Figure 6b), which recognizes circular to semicircular
anomalies around W. Abu Safi, Jabal Gasus, Jabal Abu Aqarib, and Jabal Weira. The em-
placement of these intrusions presumably generated fracture systems facilitating localized
alteration and hydrothermal fluid flow, a common diagnostic characteristic of porphyry
networks [8,56,76,89]. The integration of UC at 1-2 km (Figure 2¢,d) with EUD provides a
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robust framework that was lacking for the Jabal Gasus region. The current investigation
indicates that the depth to basement in areas with sedimentary cover ranges from 0.15 to
0.75 km, consistent with the 2D modeling results of [5], while providing adequate spatial
resolution of the fault systems that control potential mineralization pathways and basin
geometry.

The radiometric data provide crucial lithological radiometric contrast that comple-
ments the structural system emanated from magnetic data [90]. The spatial distribution of
K, eU, and eTh (Figure 8) indicates a noticeable bipartite pattern: raised responses in the
eastern and central domains (associated with post-Hammamat felsites, Dokhan volcanics,
and calc-alkaline granite) and low concentrations in the western part (overlapping with
ophiolitic serpentinites, metagabbro, and metavolcanics). This pattern agrees with the de-
terminations of El Qassas et al. [45], who demonstrated the highest radiometric values
over the Duwi Formation and younger granites in the neighboring Wadi Queih-Wadi Sa-
faga region.

The radiometric derivatives complement lithological mapping by highlighting con-
trasts for further assessment. The F-parameter map (Figure 9a) shows broad high-value
zones around W. Abu Safi, Jabal Umm Zarabit, and the Jabal Gasus corridor. Although
high F-parameter values may occur in hydrothermally modified rocks [57,82,91], this pa-
rameter combines K abundance and the eU/eTh ratio and is not specific to potassic alter-
ation. Its regional distribution is therefore evaluated first against the mapped felsic and
sedimentary units. Coincidence with lineament concentrations and documented mineral
occurrences strengthens the rationale for field follow-up but does not independently es-
tablish hydrothermal fluid flow or alteration.

The Kd map (Figure 9b) expresses potassium enrichment or depletion relative to the
selected K-eTh background relationship, rather than identifying an alteration assemblage
[28]. Positive Kd values may reflect primary K-rich lithologies or localized K addition;
negative values may reflect K-poor lithologies, K loss, or surface-material effects. Neither
sign alone establishes alteration type or intensity [83,92]. Consequently, sericitization,
chloritization, and potassic alteration are not assigned from Kd values without independ-
ent mineralogical evidence. The localized eU responses in Figure 10d are likewise inter-
preted in their geological context. Anomalies near phosphatic and sedimentary units are
consistent with the previously reported uranium enrichment of Duwi Formation phos-
phorites [45,93], and are not treated as evidence of hydrothermal mineralization [83,92].
Local alignment with faults, contacts, or drainage corridors identifies sites where second-
ary redistribution could be investigated but does not establish its origin. The eU-compo-
site map (Figure 10d) is the most geochemically and structurally variable of the radio-
metric derivatives. U-rich zones arise in the eastern and central sectors, but their distribu-
tion is more locally and patchily aligned with the main wadji, faults, and contact corridors.
This pattern indicates secondary U redistribution by oxidizing fluids along permeable
structural paths, rather than only the primary lithological rule. The nearness of some eU
anomalies to sedimentary and phosphatic units is compatible with the results of Zoheir
and Akawy [93], who reported U enrichment (90-152 ppm) in the Duwi Formation phos-
phorites, and with El Qassas et al. [45], who recognized the Duwi Formation as a high-
radioactivity unit. The radioelements map (Figure 10a) incorporates eU, K, and eTh into
a single visualization that strengthens the performance of composite possible alteration,
lithological, and structural controls. The central-eastern parts are dominated by combined
potassium-rich coloring signatures, suggesting a stronger contribution from altered felsic
lithologies and K-bearing units, whereas the western part is differentiated by darker cyan-
blue-green colors, compatible with low radiometric responses from mafic-ultramafic rock
units. This pattern matches the geological allocation and is additionally supported by the
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petrological description of Luo et al. [65], who noted the calc-alkaline association and is-
land-arc framework of the metavolcanics in the adjoining Abu Marawat region.

The fuzzy mineral prospectivity model (Figure 11), incorporating lithological, radio-
metric, and structural evidence, highlights regional screening domains for follow-up ex-
ploration. The association of high scores with lithological contacts and structural intersec-
tions is compatible with favorable settings for fluid focusing, but does not independently
demonstrate hydrothermal overprinting [62,84]. The most heightened prospectivity val-
ues are concentrated in the eastern and central parts (parts of W. Abu Aqarib, Jabal Gasus,
Jabal Umm Zarabit, and W. Abu Safi), where the mineral system features are optimally
developed. Because phosphate mineralization in the Duwi Formation is of syn-sedimen-
tary, basinal origin rather than epigenetic hydrothermal origin, phosphate occurrences are
excluded from the AUC and success-rate calculations used for internal assessment of the
hydrothermal/structural prospectivity model. Their spatial distribution, concentrated in
areas of low magnetic lineament density and moderate radiometric response (Section 4,
Results), is consistent with a stratigraphic rather than structural control, and their pres-
ence in lower-scoring zones of the fuzzy map should not be interpreted as a model failure.
Where phosphate occurrences do coincide with highly favorable zones, this is considered
a coincidental spatial overlap rather than a validation of the hydrothermal targeting cri-
teria. The model is tailored to hydrothermal styles of structurally controlled gold and in-
trusion-related mineralization, and performs less well for the other mineralization types
of the district. High scores may therefore reflect hydrothermal mineralization styles (e.g.,
gold), and the less favorable occurrences may belong to a style not represented by the four
layers. Classifying the documented occurrences by commodity and deposit style (Table 1)
and refining the layers for each style should follow when more occurrences are available.
The integrated geophysical framework applied in this investigation offers a data-driven,
objective basis for exploration targeting in the Jabal Gasus region and similar terrains
globally. By narrowing the search space to structurally and geochemically favorable cor-
ridors ahead of ground follow-up, this strategy has the potential to reduce exploration
risk and environmental disturbance relative to untargeted or purely grid-based drilling
programs; however, this study does not quantify such reductions, and realizing this ben-
efit would depend on how the ranked targets are incorporated into an actual field explo-
ration program.

A small number of documented occurrences fall within the poorly favorable class (1
= 2, corresponding to 28.57% of total occurrences). These cases may reflect: (i) evidence-
layer resolution limits, since the 250 m TMI grid cell size and the coarse radiometric trav-
erse-line spacing (1.0 km) may not capture narrow, high-grade veins or small intrusive
bodies below the effective resolution of the survey; (ii) occurrences controlled by litholog-
ical or structural factors not captured by the four evidence layers used here (e.g., strati-
graphic or unconformity-related controls not expressed as lineament density, F-parame-
ter, CFT anomalies, or the reclassified lithology layer); (iii) minor positional uncertainty
in the occurrence locations relative to the underlying grids or (iv) occurrences associated
with weakly expressed alteration that falls below the linear membership thresholds
adopted for the F-parameter and CFT layers. These outliers do not invalidate the overall
model performance but indicate that the current evidence layers should be regarded as a
first-pass regional screening tool rather than a guarantee of exhaustive detection at the
individual-deposit scale. The model performed best for gold, as gold occurrences fall in
the highly favorable class. Because this class covers 62.53% of the area, this capture is con-
sistent with a useful but modest targeting performance. The molybdenum and polymetal-
lic occurrences lie mostly near or more than 1 km from the high-score zones. This result is
expected from the choice of evidence layers: lineament density, the F-parameter, lithology,
and, to a lesser extent, the CET-PA circular features represent structurally controlled gold
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in felsic and metavolcanic host rocks, whereas molybdenum in intrusion-related systems
would need evidence of the causative intrusion and its alteration, and the syn-sedimen-
tary phosphate in the Duwi Formation is controlled by stratigraphy and is excluded from
the model. The workflow is therefore tailored to structurally controlled gold and is not a
one-size-fits-all method.

The highly favorable class covers 62.53% of the area and is therefore a broad screen-
ing domain and not a drill-ready target. Its breadth reflects the combined evidence of the
four layers in an area where felsic basement rocks, which receive high lithology scores,
are widespread, and the gamma value of 0.90, which gives high scores to cells with mod-
erate support in several layers. The equal weighting of partly related layers (the F-param-
eter and the lithology layer, and lineament density and the CET-PA score) may also con-
tribute; alternative weights were not tested. The class contains 71.43% of the hydrothermal
occurrences (1.14 times its area share), so its selectivity is modest, and the highest-scoring
part of the class is proposed for first-priority follow-up.

The results of our study contribute to a more comprehensive understanding of the
affinity between structural evolution and mineralization in the ENS and similar collisional
orogens. The history of polyphase deformation, as demonstrated by Eldosouky et al. [86],
provides the structural framework for the evolution of mineral systems. The structural
regime of mineralization is not invariant but changes with tectonic phase. The NW shear
zones, associated with the Najd Fault System [4,10,94,95], control gold quartz veins in
Massaghat, Rodruin, and Semna, while N-S shear zones influence mineralization at Abu
Gaharish, Gidami, Mirinda, and Abu Marawat [86-89,96]. This spatial partitioning indi-
cates that various deformation stages formed distinct structural pathways for fluid flow,
consistent with the statements of Groves et al. [71] regarding the structural architecture of
orogenic gold deposits. The radiometric signatures provide complementary constraints
on lithological variation and identify local anomalies for follow-up assessment. Elevated
K and eU responses in the central-eastern domain are consistent with the distribution of
felsic and sedimentary units, but do not independently establish a magmatic metal source,
hydrothermal convection, or alteration. Uranium enrichment associated with phosphatic
units is considered separately in its sedimentary context [93].

Data Limitations and Uncertainties

The nominal 1 km survey-line spacing is consistent with the regional focus of the
study, while interpolation to a 250 m grid facilitates spatial analysis and visualization
without changing the underlying sampling resolution. Interpretation, therefore, empha-
sizes broader structural patterns, with smaller features requiring higher-resolution fol-
low-up. As the available dataset comprised an archived processed grid rather than the
original flight-line observations and positions, local sampling coverage and potential grid-
ding or levelling effects may influence the assessment of individual small features.

Magnetic lineaments and circular anomalies provide regional-scale constraints on
possible structural boundaries and intrusive features, supporting exploration-target pri-
oritization. Euler-derived source locations and depths complement this framework and
are interpreted in the context of the assumed structural indices, window size, derivative
quality and possible source interference, without implying uniquely resolved fault depths
or deep-crustal connectivity. The study emphasizes regional screening rather than mag-
netic inversion; subsequent constrained inversion could further refine source geometry.
Radiometric patterns principally reflect lithological variation, while the F-parameter and
Kd provide complementary indicators of possible alteration when evaluated alongside
geological and structural evidence.

The fuzzy model provides a knowledge-driven favorability ranking whose results
depend on evidence-layer selection, membership assignments, equal weighting, and class
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thresholds. Some evidence layers capture related geological characteristics, which may
contribute to the spatial extent of elevated scores. The highly favorable class, covering
62.53% of the study area, represents a regional exploration-screening domain within
which the highest-scoring sectors can be prioritized for detailed follow-up. The AUC of
0.733 indicates encouraging agreement between the prospectivity ranking and the seven
documented hydrothermal occurrences. As these occurrences also informed gamma se-
lection, the result represents an internal assessment; additional independent occurrences
would allow further evaluation of predictive performance. The correspondence is strong-
est for gold and does not support successful prediction of molybdenum or phosphate
mineralization. Consequently, the ranked sectors require geological, geochemical, and
ground-geophysical verification, and application to other deposit types requires appro-
priately selected evidence layers and separate evaluation. The highly favorable class co-
vers 62.53% of the area and is therefore a broad screening domain. The AUC (0.733) is
based on seven hydrothermal occurrences and is a success-rate measure because the same
occurrences were used. Five of the seven occurrences fall in the highly favorable class,
whereas the phosphate occurrences lie mostly more than 1 km from the high-score zones,
so the workflow is tailored to structurally controlled gold and is not a one-size-fits-all
method. The map is a first-pass screening ranking that should be combined with mapping,
geochemistry, and ground geophysics before drilling.

6. Conclusions

This study identifies N-S, NW-SE, and NE-SW magnetic lineaments, lithological con-
tacts, and intrusive-related anomalies that are spatially associated with known mineral
occurrences and radiometric indicators. Euler deconvolution under alternative structural-
index assumptions provides supporting, model-dependent estimates of magnetic-source
depth and location. These results are most appropriately used to prioritize structurally
complex corridors for follow-up exploration, rather than to establish unique fault depths,
deep-crustal connectivity, or mantle-derived fluid sources. Integration of high resolution
aeromagnetic and aeroradiometric datasets with IL and LSF edge detection filters, CET
GA/CET PA, Euler deconvolution, and fuzzy logic prospectivity modeling resolves the
structural architecture and delineates discrete, well-defined corridors of high prospectiv-
ity. These corridors coincide with intrusive centers, radiometric anomalies, and docu-
mented gold, polymetallic, and molybdenum occurrences, thereby supporting the min-
eral system interpretation, although this does not constitute independent validation of the
model. Phosphate occurrences are excluded from the model evaluation. Radiometric de-
rivatives and ternary composites identify radioelement contrasts associated principally
with felsic, mafic-ultramafic, volcanic, and sedimentary lithologies. Local F-parameter,
eU, and potassium-deviation anomalies that coincide with favorable structures and doc-
umented occurrences represent prospective sites for follow-up assessment of possible hy-
drothermal alteration. The fuzzy prospectivity model successfully synthesizes structural,
lithological, and radiometric indicators into a knowledge-driven, first-pass ranking sur-
face that highlights central-eastern domains for follow-up. The AUC of 0.733 is an internal
success-rate measure, not independent validation, because the same seven occurrences
guided gamma selection and assessment. The proposed workflow provides a transferable
approach to early-stage target prioritization in Precambrian terranes. The map can sup-
port reconnaissance planning, but the broad, highly favorable class is not a set of drill-
ready targets. Finer-scale prioritization requires geological mapping, geochemistry, alter-
ation studies, and ground geophysics, and independent testing and field follow-up are
needed to confirm exploration efficiency. Application elsewhere would require local cali-
bration. Whether this sequencing reduces drilling or environmental disturbance was not
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measured and would depend on the baseline exploration design, access conditions, target
depth, permitting requirements, and the results of field verification.
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