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Abstract

This paper presents an interpretation of airborne magnetic and gamma-ray spectrometry data over a part of the Kushaka
schist belt of Nigeria with a view to assess the sub-surface structural framework and hydrothermal alteration haloes
that are related to orogenic gold mineralization in the study area. The geophysical analyses performed to improve the
quality of the aeromagnetic data for better understanding of the subsurface geology were reduction to the equator,
upward continuation, total horizontal derivative, analytical signal, source edge detection, tilt-angle derivative of total
horizontal derivative. The analyses performed on the airborne gamma-ray spectrometry data were made on K/eTh, F
parameter and deviation of ideal K values (Kd). Deep-seated, brittle-ductile shear/fracture zones with characteristic
depth of 428.0-607.6 m and area extent of 15.5 km by 6.5 km that were delineated in the area coincide with beehive
of artisanal miners exploiting gold deposits. In this study, subsurface geologic structures, specifically dykes/faults, that
trend in the ENE-WSW direction constitute a first-order control on orogenic gold mineralization in the study area. The
hydrothermally altered zones mapped in the area indicated they are structurally controlled and closely associated with
orogenic gold mineralization. Apart from geologic structural evidences that are controlling orogenic gold mineraliza-
tion, this study has indicated that hydrothermal alteration mapping is equally important for a promising orogenic gold
mineralization mapping.

Keywords Structural framework - Orogenic gold mineralization - Hydrothermal alteration - Aeromagnetics -
Aeroradiometrics - Kushaka schist belt

1 Introduction

The Gurara area (Fig. 1), situated in the Kushaka schist belt
of north-central Nigeria, has been reported to be associ-
ated with gold mineralization in stream sediments (allu-
vial), soil sediments (eluvial), and within geologic struc-
tures and quartz veins [1]. Although approximately 90% of
Nigeria’s total gold production is from alluvial and eluvial
deposits [2], it is equally important to consider the oro-
genic gold mineralization in the Kushaka schist belt from
which both the alluvial and eluvial deposits originated.

One of the critical factors controlling orogenic gold
mineralization in the Kushaka schist belt and in some other
schist belts in Nigeria (Maru, Anka, Zuru, Zungeru-Birnin
Gwari, Karaukarau, llesa, Iseyin-Oyan and Egbe-Isanlu
schist belts) is the geologic structure. These structures are
significantly involved in the migration, remobilization and
localization of primary gold deposits [1-4]. Delineation of
these crustal-scale structures such as dykes, faults, shear
zones, folds, joints, and lithological contacts is pivotal in
exploration targeting program. Most often, geologic struc-
tures provide conduits for the migration of deep-occurring
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Fig. 1 Digital ground elevation model of the Gurara area

hydrothermal mineralizing fluids to higher crustal levels
and in the process, fluid-rock interaction for gold thiosul-
fate complex precipitation and localization is enhanced
[3, 5-10]. Structural controls are not only very vital to gold
mineralization but also the hydrothermal alteration pro-
cesses [6,7, 11-14].

Even though geologic structures are critical to orogenic
gold mineralization in the Kushaka schist belt and in other
orogens in the world, it is not all geologic structures that
exist in a geologically permissive field that are mineralized
[15]. The manifestation of hydrothermal alteration haloes
in a genetically endowed setting like the study area is an
indication that auriferous mineralizing fluid has traversed
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through the geologic structures and deposited gold min-
erals [11, 16]. Prospecting for hydrothermal alteration
zones suggests exploring areas with favourable geologic
structural sites within the crustal levels that could pro-
vide conduits for hydrothermal fluids. The hydrothermal
fluids that are composed of water, silica, sulphide and
chlorine compounds, carbonates, and ions of potassium,
sodium, calcium, iron and magnesium [7, 16-21] migrate
through the tectonically deformed rocks to precipitate
precious metal like gold. The hydrothermal fluid constitu-
ents involved in the following alteration types: prophyl-
litic (occurs in form of epidote, i.e. Al,Si,0,,(OH),), potas-
sic (occurs mainly as muscovite, KAl;Si;0,,(OH),), phyllic
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(occurs as sericite, i.e. KAL,(AlSi;0,,) (OH),) alterations and
silicification (occurs in form of amorphous silica or quartz,
i.e. SiO,) are often associated synchronously with orogenic
gold mineralization [14].

The application of airborne geophysical methods such
as airborne magnetic, gravity, electromagnetic and radio-
metric to gold mineralization mapping has been proven to
be efficient and effective in mapping targeting elements
that are related to orogenic gold mineralization [1, 6, 7,
11-13, 22]. The standard processing of geophysical data
can be used to delineate mineralization expressions that
are not commonly visible during surface geological map-
ping due to the presence of dense vegetation cover, thick
soil cover, size of outcrops and non-existence of surficial
manifestations of mineralization footprints [23-30]. Hence,
the integration of appropriate geophysical methods for
mapping geologic structures and hydrothermal altera-
tion haloes in relation to orogenic gold mineralization
can assist in maximizing prospecting benefits [22, 28, 30],
rather than solely relying on field geological mapping.

The potential fields of the earth, most especially aero-
magnetic method, are well known as an important source
of information for studying sub-surface structural frame-
work of basement rocks [6, 8, 22, 30-32]. Aeromagnetic
data is not only limited to delineating structural fabrics of
tectonically deformed basement rocks, but it is also a veri-
table tool in investigating magnetomineralogical changes
that are related to syn-mineralization hydrothermal altera-
tion subsystem [7, 11, 26].

Apart from the magnetic mineralogy changes, identifi-
cation of radioelement concentration changes as a result
of hydrothermal alteration processes is equally important
in mapping auriferous mineralization potential zones. Con-
ventionally, potassium enrichment and thorium impover-
ishment (as a result of thorium geochemical immobility)
are spatially associated with hydrothermal alteration spe-
cifically, prophylitic, phyllic and potassic alterations [16,
19-21, 25, 33-35]. Epidote, a by-product of prophylitic
alteration, contains traceable amounts of rare earth ele-
ments, particularly potassium, thorium (eTh) and uranium
(eV) radioelements [36]. Quartz minerals, that are associ-
ated with silicification, formed at the late magmatic crys-
tallization sequence; hence, they are enriched in potas-
sium (*°K) [4-6]. Airborne gamma-ray spectrometry data
offers a three-element geochemical image of the prospec-
tive area from the red-green-blue (RGB) composition of
potassium (K), thorium (eTh) and uranium (eU) radioele-
ments, and may better reflect structural and hydrothermal
alteration footprints than the field observations [11, 12, 21,
26].Thus, it is possible to provide a realistic guide for future
investments through the mapping of geologic structures
and hydrothermal alteration zones using airborne mag-
netic and radiometric data [1, 7, 20, 21, 29, 30, 371. In this

study, aeromagnetic and airborne radiometric surveys are
used as a veritable tool to map geologic structures and
hydrothermal alteration zones that could promote oro-
genic gold mineralization in the Gurara area.

2 Geologic setting and mineralization

The Gurara area is bounded by latitudes 9° 10" 40" N-9°
30" 00” N and longitudes 6° 59" 48" E-7° 14' 06" E (Fig. 1).
It is situated at the southern border of the Kushaka schist
belt (Fig. 2). The Kushaka schist belt is well explored like
any other schist belts in Nigeria, because it is associated
with economic concentrations of gold and other accessory
minerals [2, 38].

The Kushaka schist belt developed in Neoproterozoic
age is composed mainly of low-grade meta-volcano-
sedimentary rocks and minor granite rocks [38, 40]. The
inference from isotopic dating shows that the schist belt
was developed between 1100 Ma (Kibaran) and 600 Ma
(Pan-African) age [2, 39]. Similarly, the isotopic dating of
the syn-to-late tectonic intrusive granite rocks that are
present in the schist belt matches the window of Pan-
African (750-500 Ma) orogeny event [39]. The emplace-
ment of the orogenic gold mineralization in the area, on
the basis of structural relationships, is considered to occur
at the Late Pan-African (500 Ma) orogeny event [4, 38]. The
time window for orogenic gold mineralization occurred
after granitoid intrusion, regional metamorphism, and
fracturing episodes in the belt. It has been reported that
gold-bearing quartz veins and stockworks in the Kushaka
schist belt are accommodated in greenschist, pyllites and
gneisses, and they often occur with sulphide minerals such
as pyrite, molybdenite, chalcopyrite, galena, covellite and
chalcocite [38]. The passage of hydrothermal-auriferous
fluids in the belt is principally controlled by the conjugate
fault system (i.e. NE-SW dextral transcurrent fault and sub-
sidiary NW-SE faults) [1, 5, 38, 41]. The emergence of the
conjugate fault system in the belt stemmed from the uplift
and ductile-brittle deformation at the Late Pan-African
orogeny (530 Ma) age [1, 38].

The lithological units in the area composed of undiffer-
entiated schist, migmatite gneiss, porphyroblastic gneiss,
granite gneiss, quartz veins, amphibolites, and pegmatites
(Fig. 3). The southeastern flank of the investigated area is
composed of migmatite gneiss, and the wider portion in
the south is underlain by granite gneiss. Porphyroblastic
gneiss occurs predominantly at Gurara, Tuchi, Guralipe and
Murgu and is expressive at diverse locations in the area
[42]. The orientation of most of the lithological units in the
area is in the NE-SW direction. Geologic structures such
as veins, faults, joints, folds, dykes, and foliations prolifer-
ate some of the lithologies in study area [1]. Swarms of
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Fig.2 The geological map showing the Nigerian schist belts (modified after Woakes et al. [83])

dolerite dykes cross-cut some of the outcrops at the north-  deformation events. The gold thiosulfate complexes were
ern part of the study area and are considered conduits  promoted through formation mechanisms such as pyriti-
through which mineralizing fluids traversed to deposit  zation, devolatilization, wall-rock sulfidation, replacement
gold minerals. The manifestations of fracturing that are of ferric ions by auric ions, adsorption, reduction, phase
observed in some of the rocks in the area may be related to immiscibility and precipitation [38, 44-47]. This was later
Late thermo-tectonometamorphic deformational events,  succeeded by the active passage of hot hydrothermal
i.e. the Pan-African Orogeny and secondary deformation  auriferous fluid constituting quartz, gold, and magnetite.
events [4, 43]. As a result of isochemical interactions between the hydro-

Since the Kushaka schist belt exhibits similar geologic ~ thermal mineralizing fluids and the protolith, hematite
setting and ore genesis with the Maru schist belt, the min-  replaced magnetite. The precipitation of gold thiosul-
eral paragenesis of the gold-bearing quartz veins outlined ~ phate complexes at the higher crustal level under favour-
by Oke et al. [40] could provide a better insight to the  able pressure-temperature conditions was promoted by
hydrothermal alteration processes that precipitate gold hydrothermal fluids. Consequently, there was an emer-
minerals in the study area. This encompasses the formation ~ gence of secondary minerals such as amorphous silica,
of protolith by magmatic activity that was subsequently  sericite, epidote, and chlorite forming haloes round the
deformed and reworked by episodic tectonometamorphic  rim of gold-bearing quartz veins, hosted in greenschist,
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Fig.3 Geological map of the study area (modified after NGSA [59])
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phyllites and gneisses in the area. Hence, the main altera-
tion types that are associated with gold mineralization in
the Kushaka schist belt are: potassic, phyllic, prophyllitic
alteration, and silicification [30, 40, 47].

2.1 Formation mechanisms of hydrothermal
alteration subsystem

The mineral systems approach [48-54] can be employed to
better understand hydrothermal alteration subsystem that
is related to orogenic gold mineralization in the study area.
Under dehydration and devolatilization metamorphic
conditions, the presence of iron-rich mineral assemblage
(pyrite, chalcopyrite, covellite, chalcocite, molybdenite,
galena) and metapelitic minerals (chlorite, sericite, quartz,
epidote, albite and calcite) present in phyllites and green-
schists in the study area promoted the formation of meta-
morphic fluids and gold ligand (HS™) [15, 30, 38, 44, 45, 47,
55-58]. Due to melt/magma mixing, crystal segregation,
adsorption, phase immiscibility and sulfur globulization
during granitoid emplacement, the mixing of the oxidized
magmatic fluids with the metamorphic fluids and gold
ligands (HS™) resulted to an increment in oxygen fugac-
ity, thereby promoting the precipitation of orogenic gold
minerals [15, 30, 40,47, 52, 53].

Geologic structures such as faults, shear zones, frac-
tures, and lithological contacts (where rheological contrast
is significant) constitute migration pathways for the deep-
seated hydrothermal fluids comprising of gold thiosulfate
complex [Au(S,0,),]>” to precipitate and localize gold min-
erals at higher crustal [30, 53]. Under suitable tempera-
ture and pressure conditions, the interactions between
metamorphic fluid (composing of auriferous fluid, gold
ligands, water, silica, sulphide and chlorine compounds,
carbonates, and ions of potassium, sodium, calcium, iron
and magnesium) and tectonically deformed rocks led to
the emergence of hydrothermal alteration targeting ele-
ment. Hydrothermal alteration is one of the constituent
processes of a syn-mineralization subsystem, i.e. a chemi-
cal scrubber that promotes the precipitation of potassium,
sulfur, and gold minerals [30, 53]. Consequently, potassic
(KAI5Si;0,,(0OH),), phyllic (KAI,(AISi;0,,) (OH),) and pro-
phylitic (Al,Si,0,,(0OH),) alteration haloes are formed with
orogenic gold mineralization [14, 30].

3 Materials and methods

A digital format of aeromagnetic data (Abuja Sheet),
acquired using 3x Scintrex CS3 Cesium Vapour mag-
netometer mounted on 7 Cessna Caravan fixed-wing air-
crafts and Flux-Adjusting Surface Data Assimilation Sys-
tem (FASDAS) for data acquisition and magnetic counter,
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was gotten from the Nigerian Geological Survey Agency
(NGSA), Abuja. The total magnetic intensity (TMI) data,
which was financed by the Federal Ministry of Mines and
Steel Development, was acquired between 7 December,
2006, and 31 May, 2007, and processed on behalf of NGSA
by Fugro Airborne Surveys in 2009. The magnetic data
was subjected to standard processing procedures such
as diurnal correction, de-culturing, magnetic compensa-
tion, de-spiking, directional filtering, micro-leveling and
geomagnetic correction [59]. The TMI data obtained from
NGSA has been stripped off 32,000 nT, being the Interna-
tional Geomagnetic Reference Field (IGRF) value over the
survey area, during the compilation of the dataset [59].

Likewise, a digital format of high resolution airborne
radiometric data (Abuja sheet), acquired using 512-chan-
nels gamma-ray spectrometers (Nal “Tl” crystals) mounted
on fixed-wing aircraft, was obtained from the Nigerian
Geological Survey Agency (NGSA), Abuja. Nal “Tl” crystal
size of 2" x 2" was used for the airborne gamma-ray spec-
trometry survey [59]. The radiometric data was acquired
and processed into grids (50 m cell size) by Fugro Airborne
surveys between 2002 and 2009. The total magnetic field
and radiometric data were taken at recording intervals of
about 0.1 s with sensor mean terrain clearance of 80 m
above the ground level. The flight line direction was
NW-SE (135°), and the control line was in NE-SW direc-
tion (45°). The flight line spacing of 500 m and control line
spacing of 2000 m were employed [59]. The map projec-
tion used in this study is the Universal Transverse Mercator
(UTM) zone 32 N, by assuming the approximation of Clarke
1880 (Modified) as the reference spheroid ellipsoid and the
World Geodetic System 1984 (WGS'84) as Datum.

In order to achieve seamless data and minimize aliased
artefacts in the data [60], the TMI data was gridded with
grid mesh size of 50 m x50 m by adopting minimum cur-
vature gridding method [61, 62]. The aeromagnetic data
was upward continued to a plane height of 200 m in order
to remove high-frequency anomalies (which are usually
cultural) that stem from sources on or near the ground
surface over the study area and amplify the deep-seated
geologic structures prior further processing [22]. Due to
the proximity of the study area to the equator (i.e. mag-
netic inclination and magnetic declination of —5.40° and
— 1.88°, respectively), reduction to equator transformation
was performed on the TMI data. This transformation was
performed with the intention of removing asymmetry
that is usually associated with magnetic anomalies at low
latitudes, and to reposition the magnetic anomalies over
the magnetic sources as those at the magnetic equator
[63-65].

Regional-residual separation was performed on the de-
noised and RTE transformed data by using upward con-
tinuation filter that is available on Geosoft Oasis Montaj™
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version 6.4.2 (HJ) software. In this study, the reduction-to-
the-pole (RTP) was not performed on the data because,
the study area is at a low magnetic latitude (< 15°) where
the RTP transformation is especially unstable, and domi-
nated by declination line-parallel artefacts and phase
shift [64, 66-68]. After carrying out upward continuation
to an optimum surface height of 500 m by ensuring that
there are no vestiges of residual field, i.e. short-wavelength
anomalies in the data, the resulting regional magnetic field
of the study area emphasizes the deep-seated, long-wave-
length magnetic anomalies. Residualization, as the name
implies, is the estimation of expected residual magnetic
fields by removing the estimated regional field values over
an area or profile from the observed total magnetic field
values [22]. The residualization of the TMI data in this study
assists in accentuating the shallower magnetic effects at
the expense of deeper magnetic sources, which is of prime
interest in mineral exploration. As such, the residual mag-
netic intensity data contains principally information about
the crustal magnetic field effects of the study area, which
is of fundamental interest in this study.

The enhancement techniques applied to the residual
magnetic intensity data for structural mapping of the
study area include analytic signal, total horizontal deriva-
tive, tilt derivative of total horizontal derivative and 3-D
standard Euler deconvolution. Lineaments were extracted
from the results of enhancement filters employed in this
study by considering results that exhibit excellent agree-
ment, most especially with the 3-D standard Euler decon-
volution and the tilt of total horizontal derivative results.
Likewise, PCl Geomatica software, which relies on line
method, was employed for lineament extraction from
Shuttle Radar Topography Mission (https://earthexplorer.
usgs). The extracted lineaments from the Shuttle Radar
Topography Mission (SRTM) were employed to cross-check
the lineaments from the aeromagnetic analysis in order to
produce a reliable structural framework map for the study
area.

3.1 Edge detection techniques
3.1.1 Analytic signal amplitude (ASA)
Analytic signal amplitude can be defined as the root-

square of the squared sum of the vertical and orthogonal
derivatives of the total magnetic field.

Ax,y) = <(g)2+ (%): (%)2> (1)

where A (x,y) is the amplitude of the analytic signal at (x,y)
position, T is the observed magnetic anomaly at (x, y),

0T/dz is the vertical derivative of the total magnetic field
and 9T/0x, 9T/dy are the orthogonal derivatives of the total
magnetic field in the x- and y-planes, respectively.

ASA is independent of the ambient induced magnetic
field and direction of source magnetization vector. It peaks
over magnetic sources, where there is significant magneti-
zation contrast, at the low amgnetic latitudes as if reduc-
tion-to-the pole (RTP) transformation was performed on
the TMI data at higher latitudes (> 15°).

Itis worth noting that, analytic signal technique applied
in this study has the ability to define source positions irre-
spective of Koenigsberger ratio and strike of the magnetic
sources, magnetic declination and inclination of the survey
area. Thus, it is essentially useful in delineating magnetic
sources like geologic structures most especially the shal-
lower magnetic bodies in the subsurface [69].

3.1.2 Total horizontal derivative (THD)

The total horizontal derivative (THD) technique is the fast-
est and more efficient approach in estimating contact loca-
tions of causative bodies at crustal depths. This efficiency
is as a result of its ability to give a peak anomaly over the
magnetic contacts [69-71]. The technique is known for
its low sensitivity to noise in the magnetic data because
it essentially requires the computation of the first-order
horizontal derivatives of the magnetic field in the x- and
y-directions. It is expressed as in Eq. 2:

2 2
THD(x, y) = \/@—I) + <%> 2)

where Tis the magnetic field intensity, dT/0x and oT/dy are
the orthogonal derivatives of the magnetic field intensity.

This function assumes that the regional (i.e. nominal)
field and source of magnetizations are vertical. Likewise,
the magnetic contacts are assumed to be vertical and iso-
lated, and the magnetic sources are substantially thick. The
reduction-to-pole (RTP) transformation being the precur-
sor for THD operations is generally unstable and cannot be
easily derived at the magnetic equatorial locations where
inclination is less than 15° (such as the case of the study
area) [65]. Hence, the THD technique was performed on
the RMA that have been subjected to RTE transformation
by assuming that, the regional and induced magnetization
of the magnetic sources are horizontal.

3.1.3 Tilt derivative of total horizontal derivative (TDR_
THD)

The tilt derivative of the total horizontal derivative (TDR_
THD) is obtained by taking the ratio of arctangent of the
vertical derivative of the total horizontal derivative and
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the modulus of the total horizontal derivative in the x- and
y-planes. It is expressed as in Eq. 3 [71]:

9THD
TDR_THD = tan™"’ e 3)
aTHD \ % aTHD \ ?
\/ (52) +(%52)
Owing to the properties of the arctangent function, the
TDR_THD values range between — 77/2 and +71/2 radians.
The focal characteristics of the TDR_THD are to provide
peak amplitudes over the edges of magnetic sources
and then normalize signals from both shallow and deep
sources.

The approach of Ferreira et al. [71] was employed in this
study by using the already obtained total horizontal deriv-
ative (THD) grid as the input grid for tilt-angle derivative
(TDR) enhancement filter available on MAGMAP program
of the Geosoft’s Oasis Montaj software. Thus, the tilt of
total horizontal derivative proposed by Ferreira et al. [71]
combines the advantages of tilt-angle and total horizontal
derivatives for a better imaging of magnetic edges. There-
fore, TDR_THD filter can provide a useful tool for structural
mapping.

3.1.4 Source edge detection (SED)

The source edge detection (SED) filter works by locating
peaks from TMI data through analyzing the orthogonal
derivatives of the TMI data. Most often, the peaks from
the SED filter correspond to the edges of magnetic sources
that can assist in delineating geological contacts within an
investigated area. SED does this function by estimating the
location of sudden lateral magnetization contrast with the
neighbouring rocks within the crustal levels [72].

The locations and gradient directions of the magnetic
field anomalies are usually displayed as feathery-like black
symbol. The source edge detection was performed on
Oasis Montaj software by inputting THD and RTE residual
magnetic anomaly (RMA) grids into sed.omn available on
Geosoft eXecutable program of Oasis Montaj software.

3.1.5 3-D Euler deconvolution (ED) technique

The 3-D standard Euler deconvolution was used in this
study for the purpose of lineament trend analysis and
depth estimation [73, 74]. The 3-D standard Euler decon-
volution is efficient for boundary finding and depth esti-
mation, as it is capable of estimating source location and
depth of the magnetic anomalies in any geologic setting
[73,74].

Euler deconvolution works on the potential data
directly by generating mathematical solutions, yet without
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a recourse to any geological constraints. Generally, ED is
used in TMI data interpretation because it only requires a
minute or no involvement of prior knowledge about the
magnetic source geometry within a survey area. More
importantly, it requires no information about the mag-
netization vector. The 3-D standard Euler deconvolution
technique utilized in this study is based on solving Euler’s
homogeneity equation (Eq. 4) [74]:

oT oT oT
(X—Xo)a—x‘i' (,V—,Vo)a"' (Z—Zo)a—z =nB-T) (4

where f is the nominal value of the magnetic field and
Xo Yor Zo define the source position, which gives the total
magnetic intensity field T measured at (x, y, z); n, being
the structural index, is the most important parameter. The
geometry and depth of the magnetic field sources can be
estimated by basically varying the structural index, n. Erro-
neous choice of n can cause a diffuse and spurious solu-
tion of magnetic source locations and ultimately results to
a serious bias in the depth estimation of magnetic sources
[74]. A suitable choice of structural index, n, is pivotal to
unbiased lineament trend analysis, depth estimation and
source geometry determination.

Geosoft’s Oasis Montaj™ allows the sampling window
size to be varied from 3 to 20, depending on the wave-
length and size of the sampled anomalies. The best
sampling window size gotten for this study is 15. Since
structural framework is not strictly homogenous, the
right structural index with the best clustering solution is
assumed to represent the geologic model of an area [74].
Structural indices varying from 0 to 3 were experimented,
but structural index of 1 gave good clustering solutions
in this study. Euler solution of n=1, which matches well
with the dyke/fault model was employed to constrain
other derivative results for faults mapping in the investi-
gated area particularly, the tilt of total horizontal derivative
result.

3.2 Hydrothermal alteration indicators

Probing for hydrothermal alteration zones indicates explor-
ing areas with fractures within the crustal levels that can
provide conduits for hydrothermal fluids (temperatures
between 50 and 500 °C) to interact with the tectonically
deformed crustal rocks [7]. It has been established that there
is a proven relationship between potassium enrichment, and
hydrothermal and orogenic gold mineralizing processes [7,
11, 21]. Due to this foregoing reason, regions of potassium
enrichment that are accentuated from the radiometric data
were used to demarcate hydrothermally (such as potassic,
phyllic and prophylitic) altered areas. A good point to note,
thorium is less geochemically mobile than potassium and
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uranium [75]. In this study, thorium (eTh) was used as a litho-
logical background control to define ideal eU and K values.
Thus, the normalization of radiometric data by eTh values
is necessary to overcome the effects of the environment,
leaching, weathering and lithology on K and eU concentra-
tions [16, 76].

In order to solve the problem of separating anomalous
K values (potassium enrichment) related to hydrothermal
alteration from those related to lithology such as leaching,
normal mineralogical composition and bio-chemical weath-
ering effects, ratio of equivalent thorium concentration to
the potassium counts, i.e. eTh/K, F-parameter (i.e. ratio of
the product of potassium (K) counts and equivalent ura-
nium (eU) concentration to the equivalent of thorium (eTh)
concentration) proposed by Efmov [37] and the deviation
from the ideal K values (Kd) proposed by Saunders [16], were
utilized in mapping hydrothermal alteration haloes that are
related to orogenic gold mineralization in the study area.

Galbraith and Saunders [35] showed that thorium impov-
erishment mostly occurs with potassium enrichment during
hydrothermal alteration processes. This hydrothermal altera-
tion syn-mineralization subsystem is normally associated
with various types of volcanic-associated massive-sulfide
(VMS) base-metal and gold deposits [7, 20, 34]. As such, K/
eTh ratio provides an excellent discrimination of hydrother-
mal alteration haloes from ordinary lithological differentia-
tion effects. The F parameter proposed by Efmov [37] was
also applied because it includes two significant relationships,
the richness of K related to eTh/eU ratio and the richness of
eU related to the eTh/K ratio (Eq. 6) [21]:

_KxeU K _eU
~ eTh ~ eh ™~ emh )
el K
Based on the method proposed by Saunders et al. [16]
and Pires [76], the nominal K value (K,)) in relation to the
equivalent thorium (eTh) concentration was extracted
from Eq. 6 [21].

_ < Kmapaverage

* Thmap (6)
Th mapaverage >

n

The values for K map, erage and €Th map,erage Used for
this study as obtained from the statistics of the Kand eTh
grids were 1.81% and 12.53 ppm, respectively. Deviation
from the nominal K values (Kd) was considered to repre-
sent potassium enrichment values due to hydrothermal
alteration processes as obtained by Eq. 7 [21]:

K-K
Kd= K o

7)

n

The hydrothermal alteration map of the study area
was developed from eTh/K (inverted form of K/eTh), F

Table 1 Selected mines/mining pits in the study area

Mining  Location Eastings (mE) Northings Mineral mined
pits/ UTM zone (mN)

mine 32N

1 Nabwi 285,745.108  1,042,137.238 Gold
2 Gwalo 284,159.1509 1,036,528.91 Gold
3 Jipape  294,254.5249 1,038,986.529 Gold
4 Jipape  294,557.006  1,038,721.919 Gold
5 Jipape  295,255.7589 1,038,711.072 Gold
6 Shingere 295,291.0394 1,038,252.463 Gold
7 Buru 286,224.6859 1,030,456.082 Gold
8 Izom 281,179.9878 1,023,294.749 Gold
9 Kwaka 295,361.5872 1,027,034.15 Gold

Table 2 Geochemical sampling points in the study area

Grade of
Gold (ppm)

Geochemical
sample point

Easting (mE)
UTM zone 32N

Northing (mN)

Jibape 294,254.5249 1,038,986.529 6
Jibape 294,557.006 1,038,721.919

Jibape 295,255.7589 1,038,711.072 10
Jibape 295,291.0394 1,038,252.463 6

parameter and Kd results, and field observations in the
area. The spatial locations of existing mine sites (Kwaka,
Shingere, Shakwoi, Buru and Gurara) and the accessi-
ble mining pits dug by artisanal miners to exploit gold
deposits in the area as well as gold grade occurrence map
retrieved from https://www.winockmining.com/gurar
a-gold-project/ on December 19, 2018, were utilized for
the purpose of validating mineralization that is extracted
from the geophysical analyses (Tables 1, 2). The deline-
ated structures and hydrothermal alteration zones were
correlated with the mineral occurrence locations and
field observations in the area to establish the relationship
between the geologic structures, hydrothermal alteration
and orogenic gold mineralization.

4 Results and discussion
4.1 Magneticinterpretation
4.1.1 Residual magnetic anomaly (RMA)

The magnetic intensity of the RMA map ranges between
—70.13 and 69.94 nT (Fig. 4). The heterogenous magnetic
expressions on this map reflect a high level of inhomo-
geneity and geological complexity in the study area. The
variations in the magnetic intensity values of the area
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Fig.4 Residual magnetic anomaly map of the study area

could probably stem from the complexity in the geologic
setting in terms of different rock type distribution, tectonic
history, regime of metamorphism, history of magmatic
activity, hydrothermal alteration history and associated
mineralization. High (positive magnetic intensity) and low
(negative magnetic intensity) amplitude magnetic anoma-
lies in low magnetic latitude areas as in this study area
(Fig. 4) correspond to magnetic effects of subsurface rocks
and geologic materials, having low and high magnetic
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susceptibilities, respectively [65, 77]. Hence, negative mag-
netic intensity values (trough) are expected on magnetic
anomalous body containing ferromagnesian minerals. The
magnetic anomaly distribution on the map could assist to
distinctly zone the study area into four, denoted as zone A,
B, Cand D.The identified zones are based on the magnetic
intensity values and magnetic patterns.

On the RMA map, zone A around Kamarimi and Guna
is characteristically low with magnetic intensity values
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that range between — 70.13 and — 10.69 nT (Fig. 4). This
zone dominates the extreme northern part of the study
area. A careful examination of the RMA map with the
local geology of the study area shows that, dolerite rock,
a mafic rock that contains ferromagnesian minerals in
form of olivine, plagioclase feldspar, pyroxene and mag-
netite in the area coincides with the negative magnetic
intensity (i.e. possesses high magnetic susceptibility val-
ues) response. At this zone, a prominently positive mag-
netic intensity values that coincide with the undifferenti-
ated schist are observed at Shegi (Figs. 3, 4). Phyllites and
silicified, sheared quartz veins are predominant at Shegi
and in some part of Guna; hence, the positive magnetic
intensities on the magnetic map corroborate the local
geology of the study area. The silicified, sheared quartz
veins that run from Guna to Lambata provide hosting for
the gold deposits as some of the mines are located along
the quartz vein intrusion in the area (Fig. 3).

Magnetic zone B exhibits relatively low magnetic
intensity values that range between — 4.83 and 15.06 nT.
Evidences of brittle—ductile deformation around Shak-
pere within zone B are well defined on the RMA map
showing characteristic curved and concordant mag-
netic patterns (Fig. 4). These expressions of brittle—duc-
tile deformation on the RMA map trend approximately
NW-SE with minor ENE-WSW magnetic trend. As a
result of several orogenic events in the area, dolerite
dyke swarms and surficial manifestations of faulting and
reworking on the dolerite rock are predominant at this
zone B (Fig. 4).

Zone C reveals relatively high magnetic intensity val-
ues ranging from 8.20 to 69.94 nT. Peak magnetic anoma-
lies with brittle—ductile magnetic patterns, that trend in
the ENE-WSW direction, are observed around Shakwoi,
Burum, Shingere, Gurara and Sana in the northcentral part
of the study area (Fig. 4). This weakly magnetic intensity
(i.e. high positive magnetic intensity values, having low
magnetic susceptibility) signature observed at zone Cis
related to shearing and severe fracturing at the contact
zone (where rheological contrast is significant) between
the schist and granite bodies. At shear and fracture zones,
introduction of oxidizing hydrothermal fluids through the
tectonically deformed and permeable rocks may result to
demagnetization of magnetite to hematite, and this may
locally reduce the magnetite content of rocks, as observed
in zone C of the study area [11, 78]. Thus, two fractured/
shear zones are suspected at this zone C, where major lith-
ological contact between granite and schist bodies exists
(Figs. 3, 4). These shear zones run approximately 16 km in
the area and many gold mines are found to be closely situ-
ated along these major geologic contacts. This is a strong
indication that the orogenic gold mineralization in the
area is shear-hosted.

Zone D at the southeastern part of the area displays
low magnetic intensity values that range between — 70.13
and — 17.61 nT. It is worth noting that the most prominent
magnetic anomalies at zone D trend ENE-WSW and some
others are trending in the NW-SE direction (Fig. 4). These
magnetic patterns reflect the imprints of Pan-African and
Kibaran orogeny that have taken place in the study area.
Encouragingly, the evidences of polycyclic deformation
events that manifested on the magnetic map are seen
on migmatite gneiss and granite gneiss rocks in the area
(Figs. 3, 4).

4.1.2 Analytic signal map (AS)

Analytic signal is a veritable tool for locating the edge of
magnetized bodies, especially in areas of low magnetic
latitudes like the study area. The analytic signal peaks and
centers over magnetic source(s), among others, include
lithological contacts, faults, fractures, shear zones and
intrusives. The analytic signal map of Gurara area has
amplitudes that range between 0.087 and 0.1904 nT/m
(Fig. 5). Truncated magnetic anomalies are observed
around Gwalo, Shegi, Kamarimi and Guna in the north-
western part of the study area, showing amplitudes in the
range of 0.0498-0.1904 nT/m. These truncated magnetic
anomalies could reflect the imprints of brittle-ductile
deformation in the area and are seen to trend approxi-
mately in the ENE-SW and WNW-SE directions. It is worthy
of note that, an elongated, weakly magnetized body that
is presumably due to shearing is observed around Sana,
Burum, Shingere and Chimbi in the northcentral part the
study area. This expression of weak magnetization marks
the boundary between the schist and granite bodies in
the study area (Figs. 3, 5). The suspected shear zone may
possibly provide a local structural control for gold miner-
alization within the study area.

Izom and Gwachife areas are marked by moder-
ately high AS values that range between 0.0559 and
0.1127 nT/m, where brittle deformations with NW-SE mag-
netic trend are observed. Highly pronounced AS anomaly
with evidences of brittle-ductile deformation is observed
around Pako, Yayape (Fig. 5). The high expression of AS
anomalies can be attributed to the presence of faulted
porphyritic granite/coarse porphyritic biotite and biotite
hornblende rocks, containing high abundance of magnet-
ite in the area. These magnetic anomalies correspond to
geologic structures that can provide migration pathways
for the plumbing of mineralizing fluids and localization of
gold deposits in the area. Also, extremely low AS anoma-
lies are well expressed at the eastern part of the study area.
This form of magnetic signature, at the eastern portion
of the study area, could be attributed to a widespread of
felsic rock suites such as migmatite, migmatite gneiss and
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Fig.5 Analytic signal map of the study area

granite gneiss, showing less evidence of faulting in the
area.

4.1.3 Total horizontal derivative (THD) map

The map of the total horizontal derivative (THD) reflects
structural complexity of the basement rock in the study
area (Fig. 6). On the THD map, peak anomalies are often
observed over geologic contact zones such as fracture,
shear zones and faults [22, 77]. The amplitudes of the
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Hydrothermal Alteration Zones

total horizontal gradient range between 0.0038 and
0.1289 nT/m. Based on these variations on the THD
map, the Gurara area can be vividly demarcated into four
major zones denoted as A, B, Cand D.

As a result of high magnetic susceptibility contrast
between the adjacent magnetized blocks, zone A shows
peaks of high gradient anomalies that correspond to
geological contacts like lithological contacts and frac-
tures. Several distinctive peaks that correspond to dyke
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Fig.6 Total horizontal derivative (THD) map of the study area

swarms are observed on the dolerite rock within this
zone (Figs. 3, 6).

Zone B is marked by weakly magnetized bodies that
trend ENE-WSW. The amplitudes of the THD in this zone
vary between 0.0201 and 0.0725 nT/m, which are typical of
low magnetic susceptibility bodies (Fig. 6). The extremely
low horizontal gradient values observed at this zone B
could be attributed to demagnetization of magnetite to

Hydrothermal Alteration Zones

hematite. The expressions of demagnetization, more often
than not, are associated with shearing and hydrothermal
alteration processes. It is interesting to note that the evi-
dence of shearing and hydrothermal alteration suspected
around Sana, Burum, Shingere is better defined on the
THD map. Also, evidences of hydrothermal alteration pro-
cesses are well expressed around Bonu, Lambata, Tungan
and Kwaka (Fig. 6). The suspected hydrothermal alteration
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haloes on the THD map correspond to areas where pri-
mary gold mineralization is found in the study area. The
hydrothermal alteration haloes observed on the THD
map coincide with rim-like haloes that form round some
of the primary gold mineralization in the area. The primary
gold mineralization was seen to be hosted by large silici-
fied quartz veins that intruded different lithologies, most
especially at the major fracture zone around Buru, Sana,
Tungan, Gwachife and Gurara in southwestern part of the
study area (Figs. 3, 6). The remarkable development of
hydrothermal alteration haloes in form of sericitization,
silicification, prophyllitization and potassic alterations
that are observed on different lithologies, most especially
on granite gneiss, stemmed from hydrothermal alteration
processes on sericite-epidote-quartz mineral assemblage
in the area. These manifestations are observed to princi-
pally trend in the ENE-WSW direction depicting that brit-
tle-ductile deformation, hydrothermal alteration and pri-
mary gold mineralization mineral system can be traced to
Pan-African orogeny in the area.

A careful examination of geological and THD maps of
the study area reveals that the manifestations of low gra-
dient signatures within zone C coincide with areas where
granite gneiss and migmatites show less traces of fault-
ing (Figs. 3, 6). Zone D shows prominent expressions of
peak anomalies which trend principally in the ENE-WSW
direction. The expressions of ENE-WSW faulting that are
observed in the Gurara area are peculiar to many schist
belts in Nigeria (Fig. 6). The ENE-WSW faulting is consid-
ered as the regional structural control on the gold miner-
alization in the study area [4, 5, 41, 44].

4.1.4 Source edge detection (SED) map

SED map benefits principally from the total horizontal
derivative (THD) in delineating abrupt lateral changes in
magnetization. Thus, SED can assist in mapping geologi-
cal features such as lithological contacts, faults, fractures
and shear zone (region of intense deformation), among
others. On the SED map, a major structure (i.e. the sus-
pected shear zone) that trends in the ENE-WSW direction
is well defined in areas around Sana, Burum and Shingere
(Fig. 7). The accentuated geologic structures that trend
in ENE-WSW and NW-SE directions on the THD map
further reflect the effects of Pan-African thermotectonic
events Ca 650 ma+ 150 ma which have taken place in the
Gurara area. Pan-African orogeny, which is characterized
by the emplacement of granitoid bodies, could have sup-
ported granitic intrusion that are seen in the area (Figs. 2,
7). Therefore, granitoid intrusions, most especially gran-
ites and dolerite are likely to play heat engine and metal
source roles in the deposition of gold in the Gurara area
[30].
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4.1.5 Tilt derivative of total horizontal derivative (TDR_
THD) map

Generally, TDR_THD map has a good correlation with
local geology as in the case of this study area; thereby it
serves as an effective tool for a reliable structural mapping
[71]. Continuous, thin and curvilinear magnetic patterns
that are characteristic of lithological contacts and major
geological structures in the study area are better accen-
tuated on the TDR_THD map (Fig. 9). Similarly, magnetic
anomalies on the TDR_THD map trend principally in the
ENE-WSW direction, thus reflecting the footprints of the
Pan-African orogeny in the area.

However, few areas especially around Kamarimi, Shegi
and Shakpere, showcase structural trend in the E-W and
NW-SE directions, which could be from the relics of Libe-
rian and Kibaran orogeny, respectively. It is worthy of
note that, areas around Sana, Burum, Shingere, Gurara,
Buru, Kwaka to mention but a few, have structural trend
of ENE-WSW and these are locations where artisanal min-
ing activities are currently ongoing as at the time of this
study (Fig. 9). Thus, it can be deduced from this standpoint
that ENE-WSW structural trend constitutes a first-order
control on the orogenic gold mineralization in the Gurara
area and possibly in other parts of the Kushaka schist belt
of Nigeria.

4.1.6 3-D standard Euler deconvolution map

The determination of the geometry of magnetic anoma-
lies from 3-D standard Euler deconvolution is a function of
employing an appropriate structural index with good clus-
tering solutions. However, the resolution and wavelength
of magnetic anomalies are dependent on the window size
[74, 79]. The bead-like shape and different colourations
that are usually observed on Euler deconvolution maps
are the reflections of the spatial locations and depth levels
of the delineated magnetic sources.

In this study, the best clustering for Euler solutions was
achieved with SI=1.0, which is diagnostic of thin dyke/
fault model (denoted as D) with large depth/throw ratio
(Fig. 8). It is evident that the clustered Euler solutions of
SI=1 show an excellent correlation with local geology of
the study area and other data enhancement techniques
results in this study, most especially with TDR_THD
(Fig. 9). Also, the window size of 1500 m by 1500 m used
in this map depicts that the wavelength of the delineated
fault/dyke tends to unity. This window size was adopted
because it reliably captures the entire size of the magnetic
anomalies being analysed, with the exclusion of multiple
anomalies (which could be related to noise in the TMI
data). Therefore, a deep-seated, brittle-ductile shear/
fracture zone that has been earlier suspected in this study
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is well accentuated on this map. This shear/fracture zone
occurs around Sana, Burum, Shingere, Gurara and Bonu
in the northcentral part of the map at depths 427.96 m
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and < 607.61 m and aerial extent of 15.5 km by 6.5 km
(Fig. 8). The observed dextrally sensed shearing in part
of the Kushaka schist belt is consistent with the crustal
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movement pattern expected by the Pan-African crustal
thinning [28, 39]. It is widely known that, regions of conti-
nental crustal thinning are most prospective for orogenic
gold mineralization [80]. Interestingly, areas adjoining the
observed shear zones in the study area are the beehive of
artisanal miners due to the endowment of gold deposits.

Around Bonu, Tuchi, Gurara, Buru, a curvilinear, region
of intense deformation, which runs approximately 17 km
across the area in the northcentral part of the study area is
also observed on the Euler map. Similarly, a deep-seated,
oval shaped, region of intense deformation is expressed
on the Euler map around Kwaka, trending in the ENE-WSW
and NW-SE directions (Fig. 9). The conjugate dextrally
and sinistrally sensed fault movements at Kwaka could
be attributed to fault block rotation that have taken place
during Pan-African orogeny cycle [81]. Interestingly, a
notable artisanal gold mine exists at Kwaka and large silici-
fied quartz veins are seen to provide hosting for primary
gold mineralization at this location.

However, a careful examination of local geology and
Euler solutions (SI=1) maps reveals that swarm of dykes
(or faults) with ENE-WSW and NW-SE fault trends are well
expressed on the dolerite rock around Shakpere, Gwalo,
Kamarimi and Shegi in the northern part of the study area
(Figs. 3, 9). Also, several minor faults are well expressed
at many locations in the area such as Gwachife, Izom,
Daku, Guna, Pako to mention but a few. It is imperative
to note that some of the areas where mining activities
are currently ongoing as at the time of this study are spa-
tially related to the brittle deformation zones in the area.
Hence, gold mineralization in the Gurara area is structur-
ally controlled.

The lineaments extracted from the aeromagnetic data
analysis in conjunction with the constraints by the field
observations at the study area reveal the structural frame-
work of the Gurara area (Fig. 10). The rarity of aeromag-
netic-derived lineaments at the eastern part of the area
suggests that there is low level of tectonic deformation
on granite gneiss and migmatites. As such, this eastern
part of the study area might not be a favourable site for
the migration of auriferous fluids and the localization of
gold deposits. The structural styles are as shown by Rose
diagram in Fig. 10, explicitly E-W, ENE-WSW and NW-SE
trends with ENE-WSW structural trend as the most domi-
nant. These different structural styles observed on the
structural framework map showcase that tectonic defor-
mation events in the area were episodic, i.e. polycyclic.

The ENE-WSW trending geologic structures within the
study area cohere with Kalangai-Zungeru-Ifewara fault
system that intruded the Kushaka schist belt. This fault sys-
tem is closely connected to the locally developed NW-SE
subsidiary faults in the area (Fig. 10). This faulting set is
well thought to be a conjugate transcurrent fault system

SN Applied Sciences

A SPRINGER NATURE journal

of Late Pan-African brittle-ductile deformation (~530 Ma)
that host gold mineralization in the Kushaka schist belt [4].

However, Pan-African thermotectonic events Ca 650
ma + 150 ma might have played a major role in the devel-
opment of pathways for the remobilization and locali-
zation of gold deposits, as ninety percent (90%) of the
mines/mining pits in the area are closely associated with
ENE-WSW faults (Fig. 10).

4.2 Hydrothermal alteration map of the study area

Figures 11, 12 and 13 reveal eTh/K ratio, Kd (potassium
anomalies) and F parameter maps of the study area.
Generally, eTh/K ratio, Kd (potassium anomalies) and F
parameter maps are analysed simultaneously to deline-
ate hydrothermal alteration haloes that are closely asso-
ciated with orogenic gold mineralization [16, 21]. It is
observed that anomalously high Kd (0.017-1.654) and F
parameter (0.308-1.037), as well as anomalously low eTh/K
(2.308-3.143) indicate highly fractured and hydrother-
mally altered areas within the study area (Figs. 11,12, 13,
14). These signatures characteristically accentuate potas-
sium enrichment haloes that are related to the orogenic
gold mineralization in the Gurara area.

Based on the characteristic signatures on these maps
(Figs. 11, 12, 13), the study area can be grossly grouped
into two regions, the highly altered region in the south and
the low hydrothermally altered region in the north. The
high flux of hydrothermal-auriferous fluids that migrated
through permeable brittle (faulted) rocks caused the min-
eralizing fluids composing of quartz, gold and magnetite
to interact with the protoliths (parent rocks), i.e. meta-vol-
cano-sedimentary rocks and granites, thereby resulting to
hydrothermal alteration haloes and precipitation of aurif-
erous fluids that are expressed at the north-central and
southern parts of the study area. Adjoining gold-bearing
quartz veins, the host (meta-volcano-sedimentary rocks
and granites) have been hydrothermally altered to seric-
ite—chlorite—epidote assemblages.

A closer look at the geological and potassium enrich-
ment maps (Figs. 3, 11, 12, 13, 14), it is observed that the
major lithological (where rheological contrast is significant
as a result of stress and strain at the shear zone) is hydro-
thermally altered. This shear zone falls on the undifferenti-
ated schist and granites rocks around Shingere, Kushashi,
Gibape at the north-central part of the study area. Since
geologic structures created by tectonic deformation
events provide conduits through which hydrothermal
mineralizing fluids can migrate and precipitate metals like
gold (Figs. 3, 11, 12, 13). Hence, proximal areas to geologic
structures in the north-central and southern parts of the
area are prominently altered by hydrothermal fluids. As
a matter of fact, ninety percent (90%) of the areas where



SN Applied Sciences (2020) 2:1591 | https://doi.org/10.1007/s42452-020-03435-1

Research Article

T°00"E 7"5;0"E T100"E
¥ oKurchi*Kutigwa 9°30°0"N
@ Shakpere —— ? i iG::a _ﬁ}uﬁ-i
e ak.m{a
N Jana 7 AN~ I—  Kwslakon
- @ q\_ J
Sh Gw idad
\ p—— P @
\ / )]nga o’
«  Nabwi \ \- Pajiy
® ..-——'} burad /? Sur o
aburudna ——
. oy ——"
9°250"N ““’ﬂ'"'_%f ~ 9°25°0"N

9°20°0"N

Eal Padax\ 3Tuch1

1 m
Fern ~ =

Gupena
*

N 9°200"N

/ @ —/
N - ik
b —, T *
Ungwan - !\
9°15°0"N > R \\/ 9°15'0"N
. “Tagll g K C'
-~ . awsa
/-:ic“% .
/\:"“- — @ Mine
- /\ o~ Luwa— T — N~
PRk /\ ¢ Towns
‘“"/f-._ - : Yavaﬂ\ - /\ Lineaments
-~ ) ——
= Shear_Zone
T00"E T°50"E

Fig. 10 Structural framework map of the study area

artisanal mining activities are currently active coincide
with zones that are hydrothermally altered (Fig. 14).

It is worth noting that, the high potassium enrichment
zones around Kwaka, Kwamba and Izom coincide with the
signatures of high magnetic susceptibility, showing high
magnetic field intensities reaching up to - 71 nT. Polym-
etallic mineralization occurs at the low magnetic equator
where potassium enrichment values and the negative
total magnetic intensities are greatest (Figs. 4, 11, 12, 13).
The evidence of polymetallic mineralization observed in
part of the schist belt corroborates the results of other
researchers in the belt [44, 56, 82].

Despite the presence of high faulting that are observed
in the northern part of the study area, prominent expres-
sions of extremely low F parameter (<0.308) and Kd
(<0.017) as well as anomalously high eTh/K values are
observed around Kamarimi, Guna, Shakpere and Kabo to

7100"E
0 2

8 12 16
e e e e ilo Mete s

mention but a few places. These insignificant expressions
of syn-mineralization hydrothermal alteration subsystem
in the northern part of the area can be attributed to less
traces of primary gold mineralization (Figs. 10, 11, 12, 13,
14).

The potassium (K) composite image map (Fig. 14) of
the study area combines K (in red) with K/eTh (in green)
and K/eU (in blue). This map reveals the overall surface
distribution of potassium concentrations in the area; thus,
anomalously high concentrations of K can be easily dis-
tinguished on the map. The white colour on the map is
characteristic of felsic rocks, specifically granites. Granites
are often reflected by high concentrations of K, K/eTh and
K/eU (Figs. 3, 14). Black colour is observed on the undiffer-
entiated schist and this corresponds to low concentrations
of K, eTh and eU. Meanwhile, a dramatic change is visibly
evident at the suspected shear zone and it is reflected by
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Fig. 11 Equivalent thorium/potassium (eTh/K, ppm/%) ratio map of the study area

high concentrations of K, eU and low eTh, as displayed in
pink colour (Fig. 14).

On the K composite map, intrusion of quartz vein that
runs from Guna to Lambata is displayed in pink colour
with black hues, indicating that it contains relatively
high concentrations of K, eTh and eU. It is also observed
on the K ternary map that different radiospectrometric
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patterns are expressed on migmatites, as its grade of
metamorphism increases (Figs. 3, 14). Migmatite gneiss
is characterized by high concentrations of K, eTh and
low eU as shown in tint green, whereas migmatite is
outlined by relatively low concentrations of the three
radioelements as shown in smoky green. It is worthy
of note that, as grade of metamorphism of rocks scales



SN Applied Sciences (2020) 2:1591 | https://doi.org/10.1007/542452-020-03435-1 Research Article

7 A S g 7712
3 4 g
a
< =
8 %
£ 9
R g
o
) N
@ ©
T o
a 1 -
< @
= ©
b o o
a 1 -
@ e
\c?. - ] © o773
a -3
o I | | I | | I ;

Qg
i 4 7°g 7712
p— " - Hydrothermal Alteration Zones
[meaters)

WES 84/ UTH zons 320

Fig. 12 Kd of Saunders et al. [16] (potassium anomalies) of the study area

upward, the proportion of radioelements becomes more
random. The distinct relationship between colour hues
or tones and ternary ratio of the three radioelements
allows the ternary map to showcase surface distributions
of the area; thus, unraveling the surface geology, subtle

structural framework and mineralized zones in this study
area (Fig. 14).

As a matter of fact, the hydrothermal alteration maps
(Figs. 11, 12, 13, 14) exhibit an excellent resemblance with
the prevailing geologic trend (i.e. ENE-WSW) within the
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Fig. 13 F-parameter of Efmov [37] of the study area

Kushaka schist belt (Fig. 3). This is an indication that hydro-
thermal alteration processes could have occurred contem-
poraneously with the orogenic gold mineralization in the
area.The hydrothermally altered zones in the Gurara area
are structurally controlled and are mostly associated with
structures that trend in the ENE-WSW direction and at
the same time are spatially associated with some of the
existing mines/mining pits and geochemical anomalies
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(Fig. 14). Even though the size of hydrothermal alteration
haloes might give exaggerated impressions about the eco-
nomic viability of in situ gold resources in the area, it can
still provide exploration vectors for prospector prior core
drilling and gold assaying program.

Although presence of geologic structures constitutes
the first-order control on orogenic gold mineralization
in Nigeria and elsewhere in the world [3, 6-8, 20, 23, 27],
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mapping of hydrothermal alteration haloes is equally
important for a promising orogenic gold mineralization

mapping.

5 Conclusions

This study has showcased the effectiveness of combined
magnetic and radiometric geophysical prospecting meth-
ods in mapping structures and hydrothermal alteration
haloes as related to orogenic gold mineralization in the
Gurara area. The results obtained from different magnetic
enhancement techniques employed in this study revealed
that subsurface geologic structures that are controlling
orogenic mineralization in the Gurara area trend princi-
pally in the ENE-WSW direction; others are trending in
the E-W and NW-SE directions. The conjugate transcur-
rent faulting (i.e. ENE-WSW and NW-SE faults trend) on

046

7712

-—y,
o> Hydrothermal Alteration zones

the structural framework map constitutes a first-order
control on orogenic gold mineralization in the area, as it
is spatially associated with ninety percent (90%) of known
mineralized locations in the Gurara area.

Peak magnetic anomalies with brittle—ductile defor-
mation signatures, that trend in the ENE-WSW direction,
are related to shearing and severe fracturing at the con-
tact zone between the schist and granite bodies in the
northcentral part of the Gurara area. These deep-seated,
brittle-ductile shear/fracture zones with characteristic
depth range of 427.96 m and <607.61 m and aerial extent
of 15.5 km by 6.5 km serve as localizer of gold deposits
within the studied area.

Potassium enrichment haloes related to orogenic gold
mineralization in the Gurara area showed high potassium
anomalies, Kd (0.017-1.654) and F parameter proposed by
Efmov [37] (0.308-1.037), as well as anomalously low eTh/K
(2.308-3.143). These hydrothermally altered zones in the

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1591 | https://doi.org/10.1007/542452-020-03435-1

study area are closely associated with geologic structures
and as well as known auriferous mineralized locations.
The zones of high potassium enrichment around Kwaka,
Kwamba and Izom in the investigated area coincide with
the signatures of high magnetic susceptibility, which
showed high negative total magnetic field intensities
reaching up to - 71 nT. Polymetallic mineralization in the
low magnetic equator latitudes occurs where potassium
enrichment value and total magnetic intensities (trough)
are greatest.

Thus, areas with evidences of faulting and hydrothermal
alteration are potential zones for orogenic gold minerali-
zation within the Kushaka schist belt; petrographic and
X-ray diffraction studies, coring and geochemical explora-
tion program should be focused to these zones mapped
in the study area.
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