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Abstract

This study examines subsurface structures and their potential for groundwarter exploration using integrated
geophysical datasets, including Magnetic and Vertical Electrical Sounding (VES). In processing the magnetic
data, various filters such as Upward Continuation (UC), First Vertical Derivative (FVD), analytic
signal, and Source Parameter Imaging (SPI) were applied to enbance the structural attributes and estimate
the depths of magnetic structures (basement). The residual and UC maps reveal a strong magnetic high in
the northern and southern regions, potentially linked to lithological variations or an undulated basement.
Specifically, we delineated a prominent NE-SW trending lineament interpreted as a geologic contact zone,
which has never been identified in the area, serving as a pathway for groundwater flow. The depth to the
basement is estimated to vange from approximately 100 to 500 meters, with the deepest regions indicared
around the Army barracks, the northeastern side, and Duste Town. The VES results indicate a deep aquifer
in the Barracks and Northeastern axes, with a corresponding deep crystalline basement at depths that align
with the SPI depth estimates. We identified a thick claystone and compact sandstone at the barracks and
along the contact zone, which may be responsible for the low-yield boreholes. Overall, the decpest aquifer zone
in the region lies between 70 and 100 meters. The study highlights key areas for promising groundwater
exploration, with apparent resistivity (pa) contrasts indicating potential aquifer accumulation. This
information is essential for efficient groundwater exploration and future drilling attempts.

Riassunto

Questo lavoro & finalizzato allo studio delle strutture del sottosuolo e il loro potenziale per la
ricerca di acque sotterranee, utilizzando set di dati geofisici integrati, tra cui la magnetometria ed
i Sondaggi Elettrici Verticali (SEV). Nell’elaborazione dei dati magnetici, sono stati applicati vari
filtri come la Upward Continuation (UC), la Derivata Prima Verticale (FVD), il segnale analitico e
la Source Parameter Imaging (SPI) per migliorare gli attributi strutturali e stimare la profondita
delle strutture magnetiche (basamento). Le mappe delle anomali residue e della UC rivelano
una elevata anomalia magnetica nelle regioni settentrionali e meridionali, potenzialmente legata
a variazioni litologiche o alle ondulazioni del basamento. In particolare, abbiamo delineato
un importante lineamento con direzione NE-SW, interpretato come una zona di contatto
geologico, sino ad oggi non identificato nell’area, che funge da percorso per il flusso delle acque
sotterranee. La profondita del basamento ¢ stimata tra i 100 e i 500 metri circa, con le regioni
pitt profonde indicate intorno alla caserma dell’esercito, al lato nord-orientale e alla citta di Duste.
I risultati dei SEV indicano una falda acquifera profonda in prossimita delle caserme e lungo
l'asse nord-orientale, con un corrispondente basamento cristallino a profondita che si allineano
con le stime prodotte dallo SPI. Abbiamo rilevato una potente argillite e un'arenaria compatta
in corrispondenza della caserma e lungo la zona di contatto, che potrebbe essere responsabile
dei pozzi a bassa produttivita. Nel complesso, la zona acquifera pili profonda della regione si
trova tra i 70 e i 100 metri. Lo studio evidenzia aree chiave per una promettente ricerca delle
acque sotterranee, con contrasti di resistivita apparente (par) che indicano un potenziale accumulo
acquifero. Queste informazioni sono essenziali per un'efficiente ricerca delle acque sotterranee e
per i futuri tentativi di perforazione.
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Introduction

The freshwater resource is under severe pressure globally due
to the alarming population growth, economic development,
and environmental changes such as climate change, global
warming, and others. These factors collectively intensify
water scarcity and strain existing infrastructure, requiring
sustainable management strategies and innovative technologies
to address todays global water challenges. In Nigeria,
most rural population supplies their domestic water from
underground sources such as Wells and Boreholes. As such,
groundwater accessibility, preservation, and conservation are
of paramount importance (Obeta, 2018; Okareh & Priscilla,
2014). Unfortunately, poverty, operational challenges, and
most importantly, the complex geology of the regions pose
significant challenges in identifying productive aquifers,
as traditional exploration methods are often insufficient
for delineating subsurface structures. This complexity
necessitates the use of advanced exploration techniques like
integrated geophysical surveys and hydrogeological modeling
to better understand the subsurface structure and locate
potential water resources.

Dutse region falls within the basement complex with a
complicated aquifer distribution network in the subsurface.
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There are usually large variations in hydrogeological properties
over short distances, resulting in preferential pathways for fluid
flow and reservoirs for accumulation (Day-lewis et al., 2017).
Aquifer distribution and yield are significantly impacted by
geological factors, notably the presence of fractures, faults,
and the degree of weathering (Bello et al., 2024; Bon et
al., 2022), which offer secondary porosity in the absence of
primary porosity that boosts the yield of boreholes. These
factors, when accurately delineated, can serve as precursors for
effective site selection for maximum groundwater extraction.
At the time of writing this paper, over 5 abortive borehole
attempts were recorded at the 26 Armored Battalion Army
Barrack Headquarters under construction in Duste, Jigawa
state alone (Fig. 1). This was due to a lack of comprehensive
information on the hydrology and geology of the region,
resulting in huge financial losses. The urgent need to provide
comprehensive data on the hydrology and geology for possible
site selection for multiple productive boreholes in the Barracks
and other difficult parts, Duste Metropolis, forms the drive
behind this research.

Traditionally, various researchers have used different
methods in exploring the underground for water, either by
directly obtaining information on the potential occurrence of
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Fig. 1 - Location and Geological Map of the study area extracted from Nigeria and Jigawa State.

Fig. 1 - Ubicazione e Carta Geologica dell’area in studio, Jigawa State, Nigeria.
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groundwater using techniques such as drilling, geophysical,
geological, and hydrogeological (Ajayi & Adegoke-Anthony,
1988; Diaz-Alcaide & Martinez-Santos, 2019; Gomo &
Ngobe, 2024; Tlugbo et al., 2023; Kim & Lekic, 2019; Sunkari
et al., 2021; Ugbaja et al., 2021). The geophysics concept is
the cheapest, and it has to do with the applications of laws
of physics to provide information on groundwater potential
and extraction (Okpoli & Akinbulejo, 2022). Different
geophysical methods, such as magnetic (e.g., Hasan & Shang,
2021; Ndikilar et al., 2019), resistivity methods (e.g., Oyeyemi
et al., 2022; Sawayama et al., 2023; Vogelgesang et al., 2019;
Whu et al., 2023), and gravity (Epuh et al., 2020) have been
used for groundwater exploration. These methods can be used
as stand-alone or integrated for effective results. In particular,
the magnetic method of geophysical prospecting is vital in
investigating subsurface geology and identifying anomalous
structures such as lineaments and basement topography
resulting from the magnetic properties of the underlying
rocks. Several studies delineated basement structural patterns
and topography using aeromagnetic data (Emujakporue et al.,
2018; Osinowo et al., 2014; Osinowo & Abdulmumin, 2019).
Information about subsurface geometry, depth, thickness,
and lateral extent of the impermeable crystalline basement
is very crucial for accurate hydrogeological characterization
of a given formation (Epuh et al., 2020; Ndikilar et al., 2019;
Shevchenko & lasky, 1997). The magnetic method integrated
with electrical resistivity can harmoniously locate the
permeable layers, fractures, and estimate their thicknesses,
thereby providing a possible relationship between aquifers
and related features (Awad et al., 2015).

In this research, the complementary advantages of
magnetic and resistivity methods are leveraged to determine
underground water potential zones in a highly problematic site
in Duste, Nigeria. The study region covers the 26 Armored
Battalion Army Barrack Headquarters, Dutse, Jigawa State,
and its surrounding areas. The geology is characterized
primarily by the Precambrian basement complex (Fig. 1),
which consists of granitic and metamorphic rocks, with
notable occurrences of schists and gneisses (Bala et al., 2011;
Ndikilar et al., 2019; Obaje, 2009), particularly around Duste
Metropolis. The area also features a weathered layer that
varies in thickness and composition, significantly influencing
groundwater recharge and availability. The northern part falls
within the Quaternary formation, which generally consists
of low-lying monotonous undulating sand dunes of various
sizes, typical of the sedimentary Chad formation (Hassan et
al., 2017). In Duste Town, outcropped rhyolite/ignimbrites
with intensive jointing all over the exposure at the Turaki
Tower and other places are visible on the surface. Rhyolite/
ignimbrite rock, being an extrusive igneous rock with a high
silica content, often has limited porosity and permeability,
which can make the development of underground water
sources more challenging than in typical granitic formation.
Groundwater may be primarily found in fractures or faults
rather than in large aquifers. Generally, the structural
geology is marked by fractures and contact zones that provide
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pathways for groundwater movement, making it essential
to understand these features for effective groundwater
management. The findings from this research are expected
to provide critical insights into the sustainable management
of groundwater resources in the area and contribute to the
growing body of knowledge on hydrogeological investigations
in Northern Nigeria.

Materials and Methods
Aeromagnetic Data and Processing

The aeromagnetic data used in this study were obtained
from the Nigerian Geological Survey Agency (NGSA). The
data was acquired by flying at a nominal altitude of 80 meters
along north-south flight lines spaced 500 meters apart,
ensuring higher resolution. The acquisition was between
2005 and 2009; hence, the geomagnetic gradient was
corrected using the IGRF 2005 model, a standard method
for accounting for the Earth’s magnetic field variations. The
UTM coordinate system, combined with the WGS 84 datum,
was used for spatial referencing. The processed data were
presented as Total Magnetic Intensity (TMI) maps. Figure 2
presents the TMI map of the study area, highlighting the
intensity variations and wavelengths of local anomalies. These
anomalies offer valuable insights into subsurface structures,
which can be used to infer the geometry, depth, and
boundaries of potential water-bearing formations, aiding in
groundwater exploration. Regions such as the Army Barracks,
Chamo, Dusti, and Jidawa fall within higher TMI values,
typically indicating the presence of magnetic minerals and
features such as igneous intrusions. Conversely, lower TMI
values observed around Magama and Abaya, trending NE-
SW, may correspond to sedimentary basins or contact zones
where significant alteration has occurred.

The TMI data was first reduced to Equator (RTE) to remove
asymmetries in anomalies associated with low magnetic
latitude regions (Fantah et al., 2022; Oni et al., 2020). To
generate the RTE, Geosoft extensions were utilized through
the MAGMAP I-step filtering option in Oasis Montaj.
This involved selecting the appropriate filter settings in
the Magmap Filter Design dialog box, inputting the survey
data, and calculating the necessary fields for reduction to the
equator. The regional and residual separation filter was then
applied to extract the residual magnetic field, also known as
the crustal field.

The application of Upward Continuation (UPC) is essential
for delineating potential aquifer zones, as it enhances the
identification of deeper geological structures while effectively
reducing near-surface noise. This technique is particularly
important in groundwater studies, where understanding
subsurface conditions is critical for identifying viable aquifer
formations. For groundwater investigations, a depth range of
500m to 1000m (1km) is suitable for distinguishing deeper
anomalies that may indicate significant water-bearing zones
(Salem & Ali, 2016). Care is, however, taken not to over-
smooth the data, thereby removing shallow anomalies that
could contribute to shallow aquifer zones. UPC is applied
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Fig. 2 - Total Field Aeromagnetic Map (TMI) of the study Area. The anomalies vary from 32633~ 33100nT as shown by the color bar. Triangles are VES stations and the red

circles, some of the abortive boreholes recorded in the regions.

Fig. 2 - Carta del Campo Magnetico Totale (TMI) dell’area in studio. Le anomalie variano da 32633 a 33100nT come mostrato dalla scala di colore. I triangoli
indicano le stazioni SEV ed i cerchi rossi alcune perforazioni sterili registrate nelle regioni.

to the Reduced-to-Equator (RTE) data prior to computing
different litho-structural magnetic analytic techniques, e.g.,
first vertical derivatives, Lineament maps, and depth to
magnetic sources estimation technique using an appropriate
menu of the Oasis Montaj (Fig. 3). The results retain the
major magnetic anomalies and trends as observed on the
residual map (Fig. 3). The major trends are in an NE-N'W
trending direction,

separated into a high magnetic anomaly in the north and
south, with a low magnetic anomaly in the middle of the
study region.

Another useful operation is the first vertical derivative
(FVD) applied to potential field data to enhance the effects
of shallow features that could easily be overshadowed by
regional anomalies (Fantah et al., 2022; Salem et al., 2014). It
is more responsive to local influences than to regional effects
by highlighting high-frequency features (Fantah et al., 2022).
We calculated the FVD using the UC map in the frequency
domain, with respect to the x, y, and z axes, and their
derivatives dx, dy, and dz. The FVD data were instrumental
in producing the lineament (Fig. 3d), which is critical for

12

identifying structural trends. The sequence of processing was
in the following order: TMI—-RTE—Residual >UPC—FVD
and other analyses such as analytic signal and source parameter
imaging. The analytic signal technique is based on the use of
the first derivative of magnetic anomalies to estimate source
characteristics and to locate positions of geologic boundaries
such as contacts and faults. The amplitude of the Analytic
Signal is defined as the square root of the squared sum of
the vertical and the two horizontal first derivatives of the
magnetic field anomaly T and is given by (Li & Nabighian,

2015):
wo-[Z GG o

Where, . i
A(xy) is the analytic signal, [%j , [ﬂ

o) %]Zare the partial
derivatives of the total magnetic intensity (T) with respect to
the horizontal and vertical coordinates (x, y, z). The analytic
signal allows the identification of anomalies without being

affected by the direction of the magnetic field, and magnetic
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remanence, and thus relates directly with the local geology
(Osinowo et al., 2023), making it particularly useful for
estimating the depth and geometry of subsurface structures,
which is essential in groundwater exploration.

The depth of the crystalline basement is crucial for
delineating potential underground water zones in a basement
complex. In particular, the basement’s depth influences the
extent and characteristics of overlying weathered zones and
fracture networks, which act as conduits and reservoirs for
groundwater. Understanding the basement’s topography
helps in predicting the spatial distribution of these water-
bearing features, thus aiding in water resource exploration
and management. The Source Parameter Imaging (SPI) was
employed to assess the basement depth, aiding in identifying
potential groundwater-bearing formations. It is a semi-
automatic method for estimating the depths of magnetic
sources (Thurston & Smith, 1997). Based on the complex
analytic signal, SPI calculates source parameters from gridded
magnetic data, assuming a 2D sloping contact or a 2D dipping
thin-sheet model (Li & Nabighian, 2015; Thurston & Smith,
1997). Using Oasis Montaj, the depths were determined by
applying first vertical derivatives and horizontal gradients to
the magnetic data (Thurston & Smith, 1997). This method
simplifies the interpretation process, providing accurate
depth estimates for each anomaly, which are then visualized
on a map to better identify groundwater potential zones. The
depth (Z) to the magnetic source is typically calculated using
Equation 2.

1

BIEIE
dx dy

max

7=

Where:
Z. = Depth of the magnetic source; A = tilt derivative;
k—[{dA} J{d*AJ ] , is the local wavenumber over the
dx dy
step-source. SPI algorithm computes for A and K then it finds

maximum values (Meneisy et al., 2021; Thurston & Smith,

1997).

Vertical Electrical Sounding

Vertical Electrical Sounding (VES) is a resistivity method
commonly used in groundwater exploration to measure
ground resistance variations with depth (Yelwa et al., 2015).
It involves injecting current into the ground through a set of
electrodes at different spacings, and the potential difference
is measured with another set of electrodes, from which the
apparent resistivity (pa) values can be calculated (Loke et al.,
2013). VES has several limitations when used as a standalone
method in underground water investigation. Due to the
large variation in subsurface resistivity and the inherent non-
uniqueness of inversion models, the method sometimes leads
to misinterpretation of the layers’ parameters (M. Metwaly,
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2012). It is therefore necessary to interpret the sounding data
using prior information from other geophysical results and
geological data. This underpins an integrated approach using
magnetic and/or gravity data along with VES (M. Metwaly,
2012; Ndikilar et al., 2019; Vogelgesang et al., 2019; Yelwa
et al,, 2015). In a typical basement complex, having prior
knowledge of the structural network of lineaments identified
from magnetic data interpretation and the depth to the top of
the basement can significantly improve the accuracy of VES
model interpretations.

We used the ABEM SAS 1000 Terrameter to collect
subsurface resistivity data to complement the results of the
aeromagnetic data interpretation (Lopez Loera et al., 2015;
Ndikilar et al., 2019). The surveying locations were randomly
selected within the zones of high lineament clustering
(Fig. 3). Several VES points were surveyed, and the apparent
resistivity (pa) values were calculated using the formula:

po=k R 3)

Where k is the geometric factor for the Schlumberger array
configuration employed in this study, and R is the measured
resistance.

k=27{ 1 1)
r r

2

1 1

i — }‘1
1 L “)

ro(n = 1, 2, 3, 4) Is the inter-electrode spacing. The pa
data were qualitatively and quantitatively interpreted using a
modeling technique to estimate the pa distribution and layer
parameters such as layer thicknesses and the overall geological
structure (Sunkari et al., 2021).

Results and Discussion
Magnetic data interpretation

The Residual map displays magnetic intensity ranging from
about -200 nT to 100 nT (Fig. 3a). A strong positive magnetic
anomaly trending in an NE-SW direction is observed on
the Northeastern side covering Magama, Chamo, and on the
southern side of the region in Duste Town and Jidawa. This
corresponds to the elevated granitic mountains located in
Duste, Emir Palace, and other areas of the study area that
may be covered by deposited Chad formation materials. These
anomalies have a deep origin, as observed in the results of
the upward continuation to a depth of 500m (Fig. 3b). The
smoothed anomaly map revealed an enhanced magnetic low
trending in NE-SW between the Northeastern magnetic high
and the southeastern magnetic high. This strong magnetic
variation may indicate a variation in the subsurface geology
and discontinuities in the basement rock (caused by faulting,
fracturing, or jointing). It could also suggest an undulated
basement relief or the degree of alteration (Oni et al., 2020).

To delineate the direction of the underground water flow
path, the trend analysis is important (Meneisy et al., 2021).
The FVD (Fig. 3¢) gives the changes in the magnetic field
with respect to depth, highlighting anomalous variations in
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magnetic susceptibility. The FVD map reveals structural
trends that can be interpreted as geological features such as
faults, ore bodies, basin edges, or simply lineaments. We
extracted the lineaments from the FVD data (Fig. 3d). These
lineaments are indicative of structural elements such as
faults, fractures, and geological contacts that can influence
the movement of groundwater (Lee et al., 2012; Meneisy et
al., 2021). We have grouped the lineaments into four groups
(A, B, C, and D). We observed that B and C are likely
originating from the same geologic structure inferred to be
a contact zone with a NE-SW orientation. Lee et al (2012)
described a geologic lineament as a linear zone of weakness in
the Earth’s crust that may owe its origin to tectonic or glacial
causes and often represents geologic features such as faults,
dykes, lithologic contacts, and structural form lines. Since no
previous studies have mapped a fault zone in our study region,
it is safe to call the trend in our magnetic interpretation a
geologic lineament.
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Generally, the dominant structures comprising the geologic
lineament exhibit an NE-SW trending orientation that aligns
with the trend of the main magnetic anomalies, as highlighted
in the residual and upward continuation maps. The northern
part (Chamo, Magama, and the Army Barracks) falls within
the Quaternary formation, which primarily consists of low-
lying, monotonous, undulating sand dunes characterized by
sandstones and claystone, typical of the sedimentary Chad
formation (Hassan et al., 2017). The contact zone between
the northern sedimentary and the southern magmatic
mountains constitutes the primary subsurface structure
influencing groundwater flow and potential borehole yield
in the region. Secondary trends, such as NW-SE and N-§,
while less significant in our study area, may still contribute
to localized water movement. One important application of
this information is in determining the direction and location
of geophysical field observations for groundwater and mineral
exploration. Geophysical profiling, such as resistivity and

500m

(b) UC =

—200 —150 -100 -50 0 50 100

(d) Llneament

9.3°
Longitude

(nT/m)

-03 -02 -0.1 0.0 0.1 02

@ Abortive boreholes

Fig. 3 - Results of aeromagnetic data processed with different filters (a) residual separation, (b) Upward continuation at 500m, (c) First vertical derivative, and (d) the lineament
map (zebra lines) overlayed on the FVD. The circled regions A, B, C, and D are the interpreted zones of dense lineament clusters suitable for underground water development.

Fig. 3 - Risultati dell’elaborazione dei dati magnetici, tramite fileri differenti (a) separazione delle anomalie residue, (b) Upward continuation a 500m, (c) Derivata
Prima Verticale (FVD) e (d) mappa di lineamenti (linee zebrate) sovrapposte al FVD. Le regioni cerchiate A, B, C e D rappresentano le zone interpretate come a
maggior densita di lineamenti, idonee alla costituzione di risorse idriche sotterranee.
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(b) SPI Depths (m)

Fig. 4 - The Analytical map showing the main regional trends (a) and the Source Parameter Imaging (SPI) depth map of the Study Area (b). Zones of deep basement depth/thick

sedimentary cover are enclosed in the dotted lines.

Fig. 4 - La Mappa Analitica mostra i principali trends regionali (a) e la carta di profondita del Source Parameter Imaging (SPI) dell’area in studio (b). Le zone di
elevata profondita del basamento/potente copertura sedimentaria sono racchiuse nelle linee punteggiate.

seismic, will reveal significant anomalies when performed
in an NN-S8S or NW-SE direction, intersecting the major
geologic lineament, rather than when performed parallel
to the trend. Therefore, drilling along the NE-SW axis is
recommended for optimal groundwater exploration, while
the secondary trends may provide supplementary pathways
for groundwater. We also analyzed the analytic signal map
(Fig. 4a), This highlights strong and distinct NE- SW
trending magnetic signatures that divide the area diagonally
into two halves, with magnetic intensity ranging from- 0.1 to
0.4 nT/m, potentially indicating groundwater- bearing
features interpreted as a contact zone. In contrast, medium to
low analytic signal amplitudes are observed across the N'W/,
SE, and parts of the NE, which may correspond to areas with
less pronounced geological features. The spatial variation
in signal amplitude offers key insights into subsurface
heterogeneity, aiding in more accurate delineation of potential
groundwater reservoirs and geological contacts.

The depth of the magnetic sources is important in
interpreting structures for underground water potentials.
The SPI depth estimates (Fig. 4b) reveal depths that range
from 100 to 500m. This depth can be interpreted to be the
depth to the crystalline basement, which forms the bottom of
the Duste aquifer, and it is observed to be generally shallow
(<300m) in most parts of the study area, except for a few
scattered locations, notably Duste, Jidawa, Barracks, and
Chamo. Generally, the basement depth is not deep except
for locations where the Chad formation cuts into the area,
offering a thick sediment and weathered zone. The variation
in the depth distribution of basement rock highlights
the complexity of the subsurface and provides valuable
information for targeting areas with higher groundwater
potential.

Vertical Electrical Sounding (VES)

Figure 5 illustrates the po data from most of the VES
stations plotted on the same axis. All the curves demonstrate a
gradual increase in pa at shallow depths corresponding to the
overburden material before decreasing at about 10-50 meters,
indicating a transition from a more resistive, unsaturated
layer to conductive, more saturated layers (including aquifer)
with depth. At approximately 50-70 meters, the pa increases
steadily again, marking the transition from the weathered
layer to the fractured and/or crystalline basement layer that
may extend indefinitely. The survey results indicate the
presence of an unconfined aquifer at most locations typical of
basement formation, with an average thickness of 20 meters
comprising the weathered and/or fractured zone, which is
capable of supplying large quantities of groundwater.

VES B1
o VES B2
o o R ———.VESCM
—————— N ———VES Ab
i
Nk s +--VES 3
VES §
+--VES 8
e NERS.
VES 15

Apparent Resistivity (Ohm-m)

1 00 1 1
10° 10! 102
AB/2 (m)

Fig. 5 - A plot of all apparent resistivity curves (Fig. 3c) on the same axis. Most of the
curves have similar shapes, typically four-layered curves.

Fig. 5 - Un insieme di tutte le curve di resistivita apparente (Fig. 3c).
La maggior parte delle curve ha forma simile, tipicamente a 4 strati.
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To quantify aquifer parameters, we processed the pa data by
inverting the field data to obtain the models at each sounding
station. The raw VES data is slightly smoothed or detrended
to remove outliers and then inverted to obtain pa plots
iteratively. This iterative process refines the data for accurate
parameter quantification, as shown in Figure 6 and Table 1.
Typically, the RMS error, which measures the misfit between
the model and the data, is used to determine the adequacy
of the inversion. In most cases, a four-layered model provides
the best fit to the data and the most geologically reasonable
models, supported by the drilling work and previous studies
in the region (Hamza et al., 2016; Ndikilar et al., 2019). In
VES Bl and B2 taken at the 26 Amoured Batalion Military
Barracks, Duste, the pa values increase gently from about
600-1800 Om in the first layer to ~2800-10000\ Om in the
second layer (~2m) before dropping drastically to 23-37 Om in
the 3™ layers at the depths of ~50-70\ m. The fourth layers are
characterized by high pa. values at infinite depth, interpreted
to be fractured and crystalline basement. This is a typical
KH-curve type defined by poy < pay > pag <pay (Patra et
al., 2016; Sunkari et al., 2021). The extremely low pa of the
3™ layer indicates the presence of claystone. Several abortive
boreholes have been drilled in the Barracks recently at depths
of 80-100 m, revealing claystone and compact sandstone.
The successful boreholes in the barracks extend to about
~120-170 m depth with low to moderate yield. Generally,
have low

claystone and associated clayed formations

(a) VES B1
10000

(b) VES B2

10000
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permeability, which limits their capacity to hold and transmit
groundwater. Unless it is fractured or mixed with sand,
boreholes drilled in a clayed formation are abortive or low-
yield. The presence of claystone and compact sandstone at the
barracks is the possible cause of abortive boreholes, especially
when the depth is not reasonably deep enough.

VES CM and VES Ab were taken at the Chamo and Abaya
settlements in the Northeast axis of the study region. This
region coincides with the NE-SW trending magnetic high
observed on the magnetic results, interpreted as a geologic
contact zone. The VES cures are typical K-type curves
defined by a low po topsoil layer that overlies a high-resistive
layer interpreted to be consolidated lateritic stone, followed
by a conductive layer at greater depths. The conductive layers
are interpreted as the aquifer layers that correspond to the
weathered and fractured basement. The thickness is beyond
100m, with the fresh basement not constrained in our VES
measurement. However, the depth to the basement constrained
in the magnetic results is about 500m. The Northeastern
region possibly falls within the depositional part of Duste,
where Chad formation is observed, similar to VES Bl and
B2. Unpublished drilling report of boreholes at Chamo and
Abaya reveals a very high yield, with the aquifer observed to
be coarse sandstone and sandy clays (Table 1). VES CM and
VES Ab were taken at the Chamo and Abaya settlements in
the Northeast axis of the study region. This region coincides
with the NE-SW trending magnetic high observed on the

(¢) VES CM
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Fig. 6 - VES modeled results. The red and
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black curves are the synthetic and the data curves,
respectively. The blue step-wise lines give the
layered model defined for the synthetic and fitted
10 the data.

Fig. 6 - Modelli dei SEV. Le curve rosse
e nere sono rispettivamente i sintetici ed i
dati di campagna. I modelli riferiti ai dati
sintetici che fittano i dati di campagna, sono
rappresentati in blue.
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magnetic results, interpreted as a geologic contact zone. The
VES cures are typical K-type curves defined by a low pa
topsoil layer that overlies a high-resistive layer interpreted to
be consolidated lateritic stone, followed by a conductive layer
at greater depths. The conductive layers are interpreted as the
aquifer layers that correspond to the weathered and fractured
basement. The thickness is beyond 100m, with the fresh
basement not constrained in our VES measurement. However,
the depth to the basement constrained in the magnetic results
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is about 500m. The Northeastern region possibly falls within
the depositional part of Duste, where Chad formation is
observed, similar to VES Bl and B2. Unpublished drilling
report of boreholes at Chamo and Abaya reveals a very high
yield, with the aquifer observed to be coarse sandstone and
sandy clays (Table 1).

The rest of the sounding curves (VES 2, 3, 4, 5, and 8) fall
around Duste Town. The characteristic curves are typically
the KH-type. The top layer is made of low po, which is

Tab. 1 - VES model parameters, corresponding RMS (%) and the inferred lithology/description.
Tab. 1 - Parametri dei modelli SEV, RMS (%) corrispondente e descrizione delle litologie interpretate.

VES Points Model parameters
Number of Layers po. (Qm) | Thickness (m) Depth (m) | RMS (%) Lithology/Description
1 638 0.5 0.5 0.20 Top soil
2 2783 1.83 2.33 Laterite
VES Bl _
3 23.1 70.7 73 Sandy clay (Aquifer)
4 936 ) ) Compact Sandstone
1 1893 0.5 0.5 5 Top soil
2 10000 1.25 1.75 Laterite
VES B2
3 37 52 53.7 Sandy clay (aquifer)
4 6471 oo ) Compact Sandstone
1 713 0.365 0.365 8 Top soil
2 4008 1.89 2.25 Laterite sand
VES CM ,
3 83.9 14.4 16.6 Coarse sandstone (aquifer)
4 5.3 ) ) Clay
1 1080 0.5 0.5 2.5 Top soil
2 S775 1.69 2.19 Laterite sand
VES Ab :
3 81.2 8.53 10.7 Coarse sandstone (aquifer)
4 47 ) ) Sandy Clay (aquifer)
1 785 0.867 0.867 5.3 Top soil
2 2234 1.68 2.55 Laterite sand
VES 2
3 76 17 19.6 Weathered basement
4 3683 o o Granitic basement
1 84 0.55 0.55 5.3 Top soil
2 1788 2 2.56 Laterite sand
VES 3
3 182 6.14 8.7 Weathered basement
4 9189 o oo Granitic basement
1 110 0.56 0.56 6.4 Top soil
VES 4 2 1476 4.31 4.89 Laterite sand
3 131 3 o Weathered basement
1 163 0.5 0.5 3.3 Top soil
2 2382 2.19 2.69 Laterite sand
VES 5
3 98 28.1 30.8 Weathered basement
4 2905 e o Granitic basement
1 40 0.56 0.56 5.6 Top soil
2 768 2.8 3.36 Laterite sand
VES 8
3 54 22.7 26.2 Weathered basement
4 912 o o Fractured basement
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interpreted as sandy clay and depositional materials, with the
second layer dry and unsaturated (Ndikilar et al., 2019). The
average overburden thickness in Duste and its surroundings
is between 0-15m (Hamza et al., 2016; Ndikilar et al.,
2019) and comprises lateritic soil, sand, and sandy clay. The
third layer with a relatively lower pa value is interpreted to
be the weathered basement, with pa that ranges between
54-182 Qm and aquifer depth between 20-30m. Below
it is underlain by a high po material which could be
interpreted as a low fissures basement complex (crystalline).
Porous and permeable rock units, as well as the presence
of thick weathered basement (regolith) and fractured rock
formation, are the targeted formations for underground water
development in the basement complex around Duste Town.
Previous studies and drilling works reveal predominantly
granitic rock with fractures at the depth of ~30m-75m,
which constitute the main aquifer layers (Ndikilar et al.,
2019). Fissures and interconnected fractures at this depth
constitute conduits for groundwater occurrence, storage, and
transmission. Generally, VES points with high pa in the 3™
layer around Duste as observed in VES 3, may not be suitable
for underground water development, since these areas may
have a lower fracture network. In addition, some VES points
may have shallow aquifer depth (VES 2, 3), generally about
20m.

Conclusions

This study combines magnetic and resistivity methods
to offer a clearer picture of the subsurface geology and its
potential for groundwater exploration. The magnetic maps
reveal key structures, such as fractured zones and geologic
contacts, particularly the NE-SW and NW-SE trending
lineaments, indicating possible pathways for groundwater
flow. The strong NE-SW trending magnetic anomaly in
the study area may point contact zone that has yet to be
identified, necessitating further investigation. Circular and
elongated magnetic anomalies around Duste also suggest the
presence of geological formations like intrusions, which are
crucial for understanding how water moves and accumulates
beneath the surface. The depth to the basement is estimated
to range from 100 to 500 meters, with the deepest regions
noted around the Army barracks, Chamo, the northeastern
area, and Duste Town. The resistivity results from the VES
surveys further validate these findings. In particular, the VES
points collected at the Barracks, Chamo, and northeastern side
indicate a deep aquifer that may extend beyond 100 meters,
signifying a deeply seated crystalline basement. Anywhere
else, the depth to the aquifer averages between 70 and 100
meters, suggesting that most boreholes would perform well
between 70 and 100 meters, except in the Army barracks and
along the NE-SW trending lineament, where the basement
is deeply seated. Our integrated geophysical techniques
help pinpoint areas where groundwater is most likely to
be discovered. The low-pa zones at greater depths present
promising targets for drilling, especially along the NE-SW
axis. Abortive boreholes are prevalent in the north due to the
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presence of a thick claystone and compact sandstone identified
using VES at the Barracks. Claystone and associated clay
formations exhibit low permeability, limiting their ability to
retain and transmit groundwater. Unless fractures exist in the
basement that link to the weathered zone, boreholes drilled
in the barracks shallower than 100m will likely be abortive
or have low yields.
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