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Abstract

The knowledge that quite many primary deposits of economic minerals in Nigeria are structurally controlled, the principal
of which are faults, folds, shear zones, mylonites and hydrothermal alteration zones among others, has informed the choice
of this study. Although significant success has been recorded in mapping many of the recognized structures, there are yet
many gaps to fill especially in the area of hydrothermal alteration mappings. To provide new insights for mapping altera-
tion zones, the present study integrated two airborne geophysical methods namely magnetic and radiometric methods with
ground geophysical surveys comprising the electrical resistivity tomography (ERT) and very-low-frequency electromagnetic
(VLF-EM) methods. The airborne data were interpreted using standard geophysical techniques such as horizontal gradient
magnitude, radiometric ratio and radiogenic heat production. The results obtained in each case showed that the hydrothermal
zone H3, out of the six suspected hydrothermal alteration zones namely H1, H2, H3, H4 HS5 and H6, has positive prospects
for hydrothermal alteration zone. The length and the average width of 30 km and 5 km respectively of the alteration zone
H3 enabled its detection from airborne surveys. The zone H3 was, thereafter, investigated with ERT and VLF-EM methods.
The results obtained from the ERT showed a fairly deformed homogeneous layer of high electrical resistivity below fairly
weathered heterogeneous formations. The result of the VLF-EM method, on the other hand, showed several weak zones
suspected to be fracture zones that may have aided the circulation of the hydrothermal fluids for subsequent mineral pre-
cipitation in wall rocks.
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Introduction

Hydrothermal alteration is a complex process involving the
interaction of aqueous hot fluids with rocks leading to tex-
tural, mineralogical and chemical changes within the rocks
through which the fluids circulate (Airo 2002; Smith and
Davies 2006; Pirajno 1992; Lentz 1994; Lambert and Sato
1974; Thompson and Thompson 1996). The parts of the
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crust where such alteration process occurred is regarded as
hydrothermal alteration zones. Notably, the style and pat-
tern of hydrothermal alteration depend on the temperature,
pressure and composition of the hydrothermal fluids, and by
extension the nature and composition of the rock through
which the fluids circulate (White et al. 2003; Airo 2002;
Smith and Davies 2006; Eilu et al. 1999; Pirajno 1992;
Lambert and Sato 1974; Meyer and Hemley 1967; Guil-
bert and Park 1986; Burnham 1981). Experimental results
and thermodynamics description of the hydrothermal fluids
formation from upwelling magma, including the minerals
recrystallization in wall rocks by the infiltrating aqueous
hydrothermal fluids, have been discussed in detail by Burn-
ham (1979), Burnham (1997), Holland (1972), Burnham
and Ohmoto (1980) and Mielke et al. (2014) among others.
Hydrothermal alteration zones are very important in explo-
ration geophysics because they allow exploration of ore
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minerals to concentrate on small targets (Eldosouky et al.
2017; Airo 2002; Holden et al. 2011; Thompson and Thomp-
son 1996; Pirajno 1992). To map alteration zones, geophysi-
cists rely on the magnetic and radiometric anomalies that
result from the alteration process. The magnetic method
targets mainly geological formations characterized by low
amplitude magnetic anomalies. This is because hydrother-
mal fluid caused magnetic minerals in rocks through which
they circulate to lose their magnetic property and in the pro-
cess become permanently demagnetized (Gunn and Milligan
1997; Dentith and Mudge 2014). The radiometric method,
on the other hand, targets demagnetized geological forma-
tions exhibiting potassium enrichment and thorium depletion
at places (Lawal 2020; Ohioma et al. 2017). These meth-
ods of diagnosing alteration zones have yielded fairly good
results, and in some cases, lead to the discovery of primary
ore deposits, especially in tropical Africa where weather-
ing greatly affect the physical identification of alteration
formations (Ohioma et al. 2017; Pirajno 1992). However,
many similar but non-hydrothermal alteration zones such
as those resulting from the migration of radioelements are,
sometimes, delineated as hydrothermal alteration zones. The
present study, therefore, represents an attempt to distinguish
alteration zones from many similar but non-hydrothermal
alteration zones. The study will interpret high-resolution aer-
omagnetic data of the target area for possible demagnetized
zones. The aeroradiometric data of the same coverage will
be processed to identify potassium enrichment and thorium
depletion associated with suspected demagnetized zones.
The radiogenic heat distribution for the entire area will be
used to further narrow down the targets. Finally, two ground
geophysical surveys namely electrical resistivity tomogra-
phy and very-low-frequency electromagnetic methods will
be deployed to investigate the mineral prospect of the final
target(s).

Location and geologic setting

The study area is located in the west-central half of Nige-
ria and is underlain by the Precambrian basement com-
plex of Nigeria. It extends from longitude 4° 30" 00" E to
5° 00" 00" E, and latitude 8° 00' 00" to 8° 30' 00" and occu-
pies about 12,100 km?. The basement complex of Nigeria is
generally made up of the migmatite-gneiss complex, meta-
sediment and metavolcanic rocks, older granitoid of the Pan-
African orogeny, post-Pan-African granitic intrusions, and
fragments of silicified quartzite-schist belt that tightly folded
into the basement and consistent with the northeast-south-
west geological strike. The crystalline basement rocks of
the study area display a poly-orogenic sequence of reworked
Archaean migmatite gneisses complex comprising mainly
granite gneiss, migmatite, medium to coarse-grained biotite
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and hornblende-granite, and minor fine-grained flaggy
quartz-biotite-gneiss, porphyritic granite, undifferentiated
schist, banded gneiss, quartz-schist, and fine-grained biotite-
granite (Fig. 1). It is part of the Precambrian basement com-
plex that lies within the Trans-Sahara mobile belt between
the West African Craton; the Gabon-Congo Craton and the
Sahara meta-craton within the framework of the late Protero-
zoic and early Paleozoic Gondwana amalgam (Ajibade et al.
1987; Dada 2008; Salawu et al. 2020; NGSA 2006). The
undifferentiated schist occupies mainly the south-southeast-
ern part of the study area and extends northward through the
eastern part. It is intruded by pegmatite dykes (P) which is
generally discordant with the structural grain of the host for-
mation. The banded gneiss occupies three locations namely
the north, central, south-southwest and the western parts of
the study area. Similarly, the north-northwest and parts of
the north-northeastern study area are predominantly under-
lain by porphyritic granite (Fig. 1).

Data and methods
Data
Aeromagnetic data

The high-resolution aeromagnetic data in this study
extend from longitude 40° 30" E to 5° 00" E and latitude
8° 00’ N to 8° 30’ N and covered about 12,100 km? on land.
The data are part of the nationwide high-resolution airborne
data acquired by Fugro Airborne Surveys on behalf of Nige-
ria in a series of NW-SE trends (NGSA 2007). The flight
line and tie-line spacing for the data acquisition were 500 m
and 2000 m respectively at a regular barometric flight height
of about 80 m. Standard corrections including removal of
international geomagnetic reference field (IGRF) from
the magnetic data were implemented by Fugro Airborne
Surveys.

Aeroradiometric data

Radiometric data in this study also extend from longitude
40° 30" E-5° 00'E and latitude 8° 00’ N-8° 30" N and cov-
ered about 12,100 km? on land. It is part of the airborne
radiometric data acquired at the time of the aeromagnetic
data acquisition. The data were acquired by mounting a high
precision gamma-ray spectrometer with the aircraft that also
carried a proton-precision magnetometer (NGSA 2007). The
original data were corrected for background radiation and
other necessary corrections by Fugro Airborne Surveys
Company.
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Fig. 1 a Simplified geology
map of Nigeria and environ
showing the study location
(Thieblemont 2016; Salawu

et al. 2020). b Geology map of
the study area (NGSA 2006)

0

815"

810"

805"

5000 o] 5000 10000 15000

8°25"

(meters)
W/GS 84/ UTM zone 32N

) Banded Gneiss

) Granite Gneiss
s=f E Migmatite

= Migmatite Gneiss

7] Biotite and Biotite-
*| Hornblende diorite

‘O¢] Medium-Grained
Hornblende Granite
Porphyritic Granite
pl?'g:‘ Porphyroblastic Gneiss
) Hornblende Syenite
E Pegmatite
Quartz and Quartz
2 Veins
Undifferentiated Schist

a°00

Magnetic methods
Reduction to the magnetic equator

Reduction to the magnetic equator (RTE) is a filter used to
center the maxima and gradients of magnetic anomalies over
their sources. It is applied to magnetic data acquired mainly
in the low latitude magnetic hemisphere (Nabighian et al.
2005; Verduzco et al. 2004). Application of reduction to
the magnetic pole (RTP) filter to the low latitude magnetic
data often result in an excessive distortion of the original
data (Nabighian et al. 2005; MacLeod et al. 1993; Salawu
et al. 2019). The RTE transformation, though, very stable
for low latitude magnetic data, it is not without its limita-
tions. Interpreting the shapes of the magnetic structures of
a reduced to the magnetic equator gridded data is difficult
as a result of the dipole nature of magnetic anomalies (Nab-
ighian et al. 2005; Salawu et al. 2019). Similarly, the RTE
phase shift somewhat stretches anomalies in the east—west
direction and suppresses the north-trending subtle anomalies
(Blakely 1995; Salawu et al. 2019).

Horizontal gradient magnitude

Horizontal gradient magnitude (HGM) is the magnitude
of the first-order horizontal derivatives of a potential field

(Cordell and Grauch 1982). Equation 1 is the expression
for HGM interpretation. The magnetic data to interpret
should have been corrected for diurnal variation, interna-
tional geomagnetic reference field (IGRF).

2 2
IHGM(x, )| = (Z—Z) +(‘;—§> . (1)

The gradients ?)—f and ?)—i are the first-order partial deriva-

tives of the residual magnetic intensity field, F in x and y
horizontal directions respectively (Cordell and Grauch
1982). The method is used, generally, to detect linear
structures such as contacts and faults from potential field
data. This is based on the assumptions that the magnetic
field and source magnetization are vertical; the contact is
vertical and; sources are thick (Philips 2000). To satisfy
the first two assumptions, it is necessary to apply a stand-
ard phase shift to the data known as a reduction to the
equator for low latitude magnetic data or to pole for high
latitude magnetic data using a Fourier transform filter. Pro-
vided that the assumptions are satisfied, the method is
effective for mapping the boundary of magnetic source
bodies and magnetic lineaments that may correspond to
basement faults and contacts. The HGM method is less
susceptible to noise in the data (Moritz 2009; Fedi and
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Florio 2001; Adebiyi et al. 2020) and, therefore, very reli-
able for interpreting low latitude magnetic data, especially,
the equatorial data.

Radiometric methods
Radiometric ratios

The relative concentration of radioelements in a given for-
mation can be used as a benchmark for identifying different
lithotypes and for identifying areas of preferential radioele-
ment enrichment or depletion for mapping alteration zones
and minerals precipitated in faults (Dentith and Mudge
2014). Generally, the radiometric measurements are affected
by overburden thickness, vegetation cover, and soil moisture,
while weathering decreases alteration signatures (Dickson
and Scott 1997). The ratio of radiometric concentrations,
therefore, offers the best approach for distinguishing the
different lithological units and for mapping areas of radio-
metric enrichment or depletion than with the radioelements
(Ohioma et al. 2017). Usually, hydrothermal alteration is
identified by high potassium, low thorium while uranium
concentration is fairly affected (Ostrovskiy 1975; Ohioma
et al. 2017; Hafeez et al. 2015; Dentith and Mudge 2014;
Shives et al. 2000). In addition, the zones are often associ-
ated with linear and fairly broad magnetic lows (Gunn and
Milligan 1997; Dentith and Mudge 2014). We can distin-
guish meta-felsic and meta-intermediate rocks by high Th/U
ratio (Boyle 1979).

Radiogenic heat production

The estimation of radiogenic heat is based on the energy
released by the spontaneous disintegration of radioisotopes
in geologic formations (Eq. 2) (Rybach 1976; Birch 1954;
Alistair et al. 2014).

Hg(K.. U, Th.) = p(0.035K, + 0.097U, + 0.026Th.). (2)

The Hjy is the radiogenic heat in uWm™, p is the rock
density in kg/m? (here taken as the average crustal den-
sity), while each of the variables K, U,, Th, represent the
concentration of the measured radioelements namely potas-
sium in percentage (%), uranium, and thorium in part per
million (ppm). The expression in Eq. 2 highlights the heat
contributed to each of the radioelements to the gross radio-
genic heat. The expression shows heat contribution from
uranium to be exclusively high. This shows why granitoid-
dominated formations with high uranium concentration and
fault-controlled hydrothermal zones with exclusively high
potassium and possibly uranium concentrations are zones
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of high radiogenic heat (Alistair et al. 2014; Lee et al. 1984,
Manning et al. 2007).

Ground geophysical methods
Electrical resistivity tomography (ERT) method

Two-dimensional electrical resistivity tomography (ERT)
employs an array of multiple electrodes to infer the 2-D or
3-D image of subsurface structures and lithological bounda-
ries. The configuration employed in the present study is the
dipole—dipole configuration. Measurements were made by
manually changing the connectors due to the non-availabil-
ity of an automatic electrode selector. The survey is based
on the injection of a controlled amount of current into the
ground through the outer electrodes and then measure the
voltage developed from the ground cross-section from the
inner electrodes. The voltage is converted to a resistivity
value that represents the average ground resistivity at the
centre of the inner electrodes. The expansion of the elec-
trode array offset from the central reference point is used
to assess the depth to provide models of vertical variations
in the ground resistivity. The depth probed increases with
wider electrode spacing, resulting in a one-dimensional lay-
ered resistivity model. Composite sections are obtained by
interpolating between depth probes at a regular interval on
a profile (Fig. 2) (Telford et al. 2001). The method has the
advantage of defining transitional boundaries between geo-
logical formations which may be difficult to detect with other
geophysical methods.

Very low-frequency electromagnetic (VLF-EM) method

The very-low-frequency electromagnetic (VLF-EM) method
uses high-powered military radio transmitters which operate
in the range of 15-30 kHz (Milsom 2003; Reynolds 1997). It
measures the induced secondary magnetic field components
with two perpendicular induction coils (Abbas et al. 2012).
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Fig.2 Array of measurements to create a pseudo section using a
computer-controlled multi-electrode survey arrangement (Griffiths
and Barker 1993)
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In such a case, there is no need for ground contact and, as
such allows quick and flexible data acquisition during a field
survey.

The local resultant magnetic field Hy is a consequence
of the superposition of the primary field Hp and second-
ary field H, for which Hp>> Hg. The primary field H, and
the resultant magnetic field H depends on space, time, and
frequency (Bosch and Miiller 2001; Abbas et al. 2012). As
a result of the distant field conditions, the primary field, H,
becomes space independence.

A simplified relationship between Hy, H), and H is rep-
resented in Eqgs. 3, 4, and 5 (these relations are subjected to
vector field resolution)

Hp=H¢+ Hp, 3)
LA
o= i+l

The frequency of the transmitter is of the value f = %

and a is the phase shift between primary and secondary mag-
netic field components (Abbas et al. 2012).
The magnetic field vector components are of the form

0 0 0
H ®Ry | = pr + Hsy 5)
H Rz 0 Hvz

The results of the VLF-EM method are the in-phase (real/
vertical component) and Out-of-phase (imaginary/quadra-
ture/horizontal component) parts of the ratio HRy/HR i.e.

v4

(the ratio of the horizontal resultant magnetic field to the
vertical resultant magnetic field) (Abbas et al. 2012).

Results and discussion
Aeromagnetic maps
Residual magnetic intensity (RMI) map

The residual magnetic intensity (RMI) map of the study area
was derived from the high-resolution aeromagnetic data-
set of the study area using Geosoft Oasis Montaj software
(Geosoft 1999) (Fig. 3). The original dataset was gridded
at 100 m spacing using the minimum curvature gridding
algorithm to make the subtle magnetic signatures visible
(Brigs 1974). The resulting RMI map highlights magnetic
structures with amplitude between -89 nT and 110 nT. The
porphyritic granite of the north-northwestern (NNW) parts
of the study area shows magnetic signatures with amplitude
greater than 70 nT. The banded gneiss and migmatite gneiss

5000 __ 0 5000 10000 15000
C_=_—___=

(meters)
WS 86/ UTH z0ne 320

Fig. 3 Residual magnetic intensity (RMI) map of the study area. The
parts identified on the map are north-northwest (NNW); north-north-
east (NNE); south—southwest (SSW); south—southeast (SSE); central
(C); north (N); south (S); East (E) and west (W)

Fig.4 Reduced to the magnetic equator map (RTE) of the study area

of the central (C) parts exhibit series of linear magnetic
anomalies with amplitudes between 60 and 110 nT in spe-
cific locations. Similarly, the undifferentiated schist of the
south—southeastern (SSE) and the eastern (E) parts exhibit
high amplitude magnetic anomalies at places (Fig. 3).

Reduction to the magnetic equator map

The study area falls within the magnetic low latitude of the
northern hemisphere with an average inclination, declina-
tion, and IGRF intensity of —8.2°, —2.7°, and 33,017 nT
respectively. The RMI anomaly data of the study area were
reduced to the magnetic equator within (Geosoft 1999)
software environment (Fig. 4). The purpose is to centre the
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amplitudes of the magnetic field on the source bodies. Visual
inspection of the RTE map (Fig. 4) shows no appreciable
shift in the maxima of the magnetic field when compared
with the original data (see Fig. 5). This is because of the
proximity of the study area to the magnetic equator. The
purpose of the RTE interpretation in this study, therefore,
is to justify the use of the RMI map (Fig. 3) for other inter-
pretations. The RMI map (Fig. 3) rather than the RTE map
(Fig. 4) was implemented for other interpretations to be sure
that the shape, strike and linear extent of the causative bod-
ies, especially the subtle structures, are not compromised.

Horizontal gradient magnitude

The HGM interpretation was implemented to identify the
contacts and boundaries of magnetic source bodies.
These were identified as magnetic highs or lows in spe-
cific locations in the study area. Geologic contacts such as
faults, joints, shear zones among others can be pathways
through which hydrothermal fluids reach the outer crust
(Misra 2000). They, therefore, represent probable loca-
tions for targeting hydrothermal mineral deposits related
to porphyry, skarn, epithermal, or volcanogenic massive
deposits. The special ability of the HGM to distinctly map
boundaries of magnetic structures from a set of gridded
magnetic data is one of the main standpoints for targeting
hydrothermal zones in the study area. The HGM inter-
pretation was derived from the RMI anomaly data using
Geosoft Oasis Montaj software (Geosoft 1999) since there
was no appreciable transformation with the RTE filter. The
purpose is to avoid losing the north—south subtle structures
or misrepresent the shapes of the source bodies. The HGM

5000

(Fig. 3)RMI Anomaly Map

Fig.5 Comparison of RMI (Fig. 3) and RTE (Fig. 4)
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Fig.6 Horizontal gradient magnitude (HGM) map showing the study
area divided into magnetic (M) and probably non-magnetic hydro-
thermal zones (H)

map highlights clusters and pockets of magnetic structures
M, with amplitudes between 30 nT/km and 350 nT/km
(Fig. 6). Similarly, the map highlights six isolated bodies
here labelled H1, H2, H3, H4, H5, and H6 with amplitude
between 7 nT/km and 20 nT/km (Fig. 6). Considering the
low amplitude magnetic signature of the H-zones (Black
outlines in Fig. 6), these zones, therefore, represent the
initial suspected hydrothermal alteration zones to be inves-
tigated further. The magnetic structures of the M-zones
(white outlines in Fig. 6) may be interpreted as many
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Pan-African igneous rocks rich in magnetic minerals
within the older migmatite-gneiss complex.

Aeroradiometric maps
Radiometric concentration maps

The radiometric maps comprising the Potassium (K), Tho-
rium (eTh), and Uranium (eU) were derived from the aero-
radiometric data of the same coverage as the acromagnetic
data using Geosoft Oasis Montaj software (Geosoft 1999)
(Fig. 7a—c respectively). The data were gridded at 100 m
spacing using the Minimum Curvature gridding algorithm to
make the subtle radiometric signatures visible (Brigs 1974).
The potassium map shows the porphyroblastic gneiss and
porphyritic granite formation in the north northwestern part

4

K concentration map
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of the study area and a small location in the southern part to
exhibit high potassium concentration (Fig. 7a) while each of
the thorium and uranium maps shows the undifferentiated
gneiss and migmatite gneiss of the south southeastern part
of the study area to exhibit a fairly high concentration of the
radioelement (Figs. 7b and c respectively).

Radiometric ratio

The ratio of potassium concentration in % and thorium
concentration in ppm (Fig. 8a) was evaluated using Geo-
soft Oasis Montaj software (Geosoft 1999) to identify areas
of preferential potassium enrichment. The result obtained
shows a very large portion of the north-northwestern seg-
ment to be preferentially rich in potassium (yellow outlines
in Fig. 8a). To further narrow the study area to the most
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eTh concentration map

g o iz0 (€)  eU concentration map
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Fig. 7 a Potassium concentration map; b thorium concentration map; ¢ uranium concentration map
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(b) Superposition of magnetic lows and potassium enriched Zones
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Magnetic highs/Potassium depleted zones

Fig.8 a Map showing zones of potassium enrichment derived from K/Th ratio (outlined in yellow); b an overlay of suspected hydrothermal
zones from HGM interpretation (see Fig. 7) and the potassium-rich zones from the K/Th map (a)

probable hydrothermal alteration zones, the K/Th map
(Fig. 8a) and the HGM anomaly map (see Fig. 6) of the study
area were extracted for correlation. The suspected demag-
netized hydrothermal alteration zones H1, H2, H3, H4, H5
and H6 from the HGM map (black outlines in Fig. 6) and
the potassium-rich zones (yellow outlines in Fig. 8a) were
extracted and superimposed (Fig. 8b). Visual inspection of
Fig. 8b shows H1, H2, H3, HS, and parts of H4 and H6 to
fall within high potassium concentration areas of Fig. 8a.
The potassium-depleted areas from K/Th map (Fig. 8a) also
coincided with the magnetic highs from the HGM map (see
Fig. 6). The result shows the north-northwestern parts of
the study area to be relatively rich in potassium radioele-
ment (Fig. 8a) and host three of the suspected hydrothermal
alteration zones (H1, H2 and H3). Considering the result in
Fig. 8b and the local geologic data (see Fig. 1b), it is pos-
sible that zones H1, H2 and HS are within the porphyritic
granite of the study area. This means that one can easily
assume that the high potassium and low thorium concentra-
tions associated with the H1, H2 and H5 may have resulted
from the local geologic formation. However, the low ampli-
tude magnetic signatures exhibit by these structures (H1,
H2 and H5) is another reason to still believe that they may
be alteration zones, probably, hosted by porphyric granite.
Similarly, the geolocation of H3 regarding the local geologic
data (see Fig. 1b) equally showed that zone H3 is likely
hosted within geological contact between porphyroblas-
tic gneiss and banded gneiss. This implies that, the high
potassium and low thorium concentration may have resulted
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from the hydrothermal alteration of the affected geologic
formation. The H4 falls within the silicified quartz-schist
belt in parts of the study area. The low amplitude and high
potassium concentration in this structure may equally be
attributed to the rock-type hosting the structure.

Radiogenic heat

The fact that fault-controlled hydrothermal alteration zones
can exhibit high radiogenic heat as a result of potassium
and uranium concentrating in faults or joints allows us to
further distinguish the most probable hydrothermal altera-
tion zones out of the six zones identified. The result obtained
after applying the radiogenic heat equation (Eq. 2) shows
the hydrothermal alteration zone H3 to exhibit high radio-
genic heat compared to the other suspected alteration zones
H1, H2, H4, HS and H6 (Fig. 9). This result allowed us to
focus more on zone H3. The widths and length of the H3
zone were measured to see the possibility of detecting it
with airborne survey (see Fig. 8b). Dickson and Scott (1997)
suggested a detectable minimum width of 1 km for the
hydrothermal alteration zone. However, the average width
and length of 5 km and 30 km respectively obtained for
H3 is well above the minimum detectable size. The result
of the radiogenic heat production showed radiogenic heat
well above 2.7 yWm™> for the H3 zone (Fig. 9). The zones
H5 and H6 with similar high radiogenic heat may be attrib-
uted to the undifferentiated schist in affected areas (see the
south-southeastern part of Fig. 9). In contrast, the radiogenic
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Fig.9 An overlay of suspected hydrothermal zones from HGM inter-
pretation on the radiogenic heat map

heat for zones H1, H2 and H4 is nowhere greater than 0.4
uWm™>. Visual inspection of the radiogenic heat map
(Fig. 9) shows a possibility of the radiogenic heat through
zone H3 extending beyond H3 (see the red line in Fig. 9).
This extension suggests that a crustal opening, probably a
major fault is responsible for the alteration zone H3.

Ground geophysical surveys

Considering the results of each of the airborne geophysical
surveys namely HGM, K/Th, especially the radiogenic heat
(see Figs. 6, 8a and 9 accordingly), the suspected hydrother-
mal alteration zones H3 was singled out for ground geophys-
ical surveys to establish the results of the airborne geophysi-
cal surveys and to understand the mineral prospect of the H3
structure. Two ground geophysical surveys namely electrical
resistivity tomography (ERT) and very-low-frequency elec-
tromagnetic (VLF-EM) methods were conducted in part of
zone H3. Figure 10a shows zone H3 in the north—northwest-
ern part of the study area, while Fig. 10b shows the ERT
and VLF-EM profiles in part of the hydrothermal zone H3
where each of the data was acquired. Both profiles cut the
suspected structure in east—west traverses. The ERT profiles
are shown by the red circle while the VLF-EM profiles are
represented by the transect symbol (Fig. 10b).

Electrical resistivity tomography (ERT)

The ERT survey was conducted in part of the hydrother-
mal zone H3 to provide additional insights into the struc-
tural disposition of the complex formation. An array of
dipole—dipole electrodes was established in an east—west
traverse and measurements were made for a profile length
of 50 m. Two tomography sections A—A' and B-B’ (Fig. 11a
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Fig. 10 a Structural map of airborne geophysical surveys showing
suspected hydrothermal alteration zones namely H1, H2, H3, H4, HS
and H6; b base map of the ground geophysical survey showing ERT
and VLF-EM profiles from where the ground geophysical data were
acquired in part of H3

and b) were obtained using RES2DINV software (Geotomo
2000-2007; 2021). The 2-D sections present the subsurface
electrical resistivity distribution up to an approximate depth
of 8.5 m in parts of H3. The suspected hydrothermal altera-
tion zone was identified as a slightly deformed and fairly
homogenous section 5 m below fairly weathered heteroge-
neous geological sections (Fig. 11a and b). The suspected
alteration segments of the ERT pseudo sections (Fig. 11a
and b) exhibit resistivity values between 900 and 1200
Qm. These high resistivity values may be attributed to the
destruction of magnetic minerals in the affected rock(s) as
a result of hydrothermal fluids infiltration. The results of
the ERT survey, though able to delineate the lithological
boundaries in the affected formation, could not provide fur-
ther evidence for the infiltration of the hydrothermal fluids
or possible hosts of economic deposits.

Very low-frequency electromagnetic (VLF-EM)

The VLF-Em survey was undertaken in part of the hydro-
thermal alteration zone H3 in search of structures and con-
duits of hydrothermal fluids. Four east—west profiles were
established and measurements were made at a very close
interval of 5 m. The raw real data acquired for each pro-
file were interpreted using Karous—Hjelt and Fraser filters
(Karous Hjelt 1983; Fraser 1969) within KHFFILT software
(Markku 2004). The Fraser outputs namely filter real and
filter imaginary were plotted over the Karous—Hjelt 2-D
pseudo-sections (Fig. 12a—d). The positive peaks of the filter
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real from the Fraser filter coincided with the low resistivity
parts of the Karous—Hjelt pseudo-sections indicating weak
zones such as faults or joints and are identified as “F” in
affected locations (Fig. 12a—d). Similarly, some small posi-
tive peaks were equally identified on the plots and denoted as
“S” (Fig. 12a—d). They represent subtle signatures that may
have resulted from the crustal structures hosting conduc-
tive minerals such as sulfide minerals which can be one of
the associated minerals in the structures hosting economic
deposits. The faults/joints identified as “F” from the VLF-
EM interpretations (Fig. 12a—d) may represent the main
plumbing system through which hydrothermal fluids were
focused into subsidiary fractures and other structures for
which the interaction of the fluids with suitable wall rocks
caused mineral precipitation. Furthermore, the negative
peaks also coincided with the high resistivity parts of the
VLF-EM pseudo-section (Fig. 12a—d). These structures may
represent wall rocks in affected parts of the alteration zone
H3 (see Fig. 12a—d).

Conclusion

The integration of four geophysical methods namely mag-
netic, radiometric, electrical resistivity tomography (ERT)
and very-low-frequency electromagnetic (VLF-EM) meth-
ods in this study provides new insights for effectively map-
ping hydrothermal alteration zones especially in an area
where the alteration signatures are completely concealed
below the surface. The results presented in this study
(Figs. 4,5,6,7,8,9, 10, 11, 12) showed that hydrother-
mal alteration zone H3, from the list of the other six zones
namely H1, H2, H4, H5 and H6, showed positive prospects
for hydrothermal alteration zone. These features include but
are not limited to the magnetic lows that suggest demagneti-
zation of the host structures (Fig. 6); high potassium con-
centration accompanied by thorium depletion (Fig. 8a); high
radiogenic heat that provides evidence for its geothermal
property (Fig. 9); moderately high electrical resistivity that
implied a non-conductive or possibly a demagnetized for-
mation (Fig. 11a and b); evidence of weak zones in specific
parts that suggest fault/fractures through which hydrother-
mal fluids may have been focused in subsidiary structures for
subsequent minerals precipitation in wall-rocks (Fig. 12a—d).
Finally, the measured average width of 5 km and length of
about 30 km for the hydrothermal alteration zone H3 provide
additional evidence for its detection from the surface.
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