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Abstract

As supply risks for cobalt and other critical metals increase, detecting concealed orebodies
in mature mining districts has become increasingly important for resource renewal. The
Ksignal area, located on the margin of the Kambove mining district in the Democratic
Republic of the Congo, lies near the M’sesa-Shangolowe structural system and exhibits
copper geochemical anomalies. Together with the district’s position in the core of the
Central African Copperbelt, these features indicate strong potential for concealed copper—
cobalt mineralization. To investigate this potential, we conducted a semi-airborne transient
electromagnetic survey in the Ksignal area. Because induced polarization effects can distort
transient electromagnetic responses and complicate resistivity interpretation, we account for
these effects and jointly estimate resistivity and chargeability from the observed data. The
resulting resistivity—chargeability framework reveals an electrical discontinuity, which we
interpret as an electrical structural interface in the Ksignal area. By integrating this inferred
interface with borehole constraints and copper geochemical anomalies, we identify and
interpret composite anomalies related to concealed mineralization. The results delineate a
coherent candidate zone east of the inferred electrical structural interface, trending from
near north—south to north-northwest and partly coinciding with the copper geochemical
anomaly. This work provides geophysical evidence for deep and peripheral exploration
in the Kambove mining district and supports the development of multiparameter target-
delineation workflows for brownfield exploration.
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The global transition towards low-carbon and electrified energy systems is intensifying

concerns over the supply security of critical metals such as cobalt [1,2]. Cobalt is an
This article is an open access article

distributed under the terms and important component of cathode materials in high-energy-density lithium-ion batteries.

conditions of the Creative Commons 1t 1S closely linked to battery thermal stability, cycle life and safety, giving it strategic
Attribution (CC BY) license. importance in the new-energy supply chain [3]. The Central African Copperbelt (CACB) is
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one of the world’s most important sediment-hosted copper—cobalt metallogenic provinces
and a core region for global cobalt supply [4-6]. It hosts numerous stratabound, stratiform
and structurally modified copper—cobalt deposits, and long-term mining has formed several
mature mining districts [7-10]. As shallow resources that are easy to identify and mine
become depleted, detecting deep and peripheral concealed orebodies in the CACB and
its mature mining districts is important for improving cobalt resource replacement and
supporting sustained mine development [11,12].

Electromagnetic methods can image subsurface structure by exploiting electrical con-
trasts among orebodies, host rocks and structural zones, making them important tools
for deep exploration of metallic deposits [13-16]. Conventional ground-based controlled
source electromagnetic methods are sensitive to conductive targets, but receiver deploy-
ment is often constrained in areas with complex surface conditions. Open pits, water bodies,
roads, industrial buildings, vegetation and rugged topography can prevent continuous
and high-density observation coverage [17,18]. Conventional airborne electromagnetic
methods offer high operational efficiency and broad regional coverage. However, for small-
scale, low-volume and high-precision exploration in and around mining districts, they
can be costly per line kilometre and less flexible in flight planning, site coordination and
operational windows [19]. The semi-airborne transient electromagnetic method (SATEM)
deploys a high-power transmitter on the ground and carries a lightweight receiver on
an unmanned aerial vehicle (UAV) or other airborne platform, combining strong-source
transmission with rapid mobile acquisition [18,20-25]. This configuration combines the
deep-probing capability of a ground-based source with the high-density sampling advan-
tage of low-altitude flight, providing a more adaptable technical approach for deep and
peripheral exploration in mining districts [26-28].

Copper—cobalt mineralized bodies can exhibit induced polarization (IP) responses
because metallic minerals and associated sulphides promote charge accumulation and
relaxation at mineral-grain, pore-fluid and solid-liquid interfaces [29,30]. This effect is
particularly useful for identifying disseminated and veinlet mineralization. In time-domain
electromagnetic data, IP effects modify the post-turn-off decay curve, commonly producing
slower late-time decay, curve distortion and, in some cases, sign reversal [31-33]. If these
effects are ignored, SATEM inversion based only on a non-polarizable resistivity model may
bias the inferred resistivity structure, anomaly boundaries and target geometry. SATEM
interpretation for copper—cobalt mineralization should therefore not rely solely on resistivity.
Instead, resistivity and chargeability should be jointly extracted to better distinguish
conductive anomalies, polarization-related anomalies and their possible geological causes.

This study focuses on the Ksignal area in the Kambove mining district, Democratic
Republic of the Congo. The area lies on the margin of the Kambove district, close to
the M’sesa-Shangolowe structural system, and contains copper geochemical anomalies,
indicating potential for concealed copper—cobalt mineralization. To address the challenges
of complex surface conditions, restricted ground-based receiver deployment and deep
peripheral exploration, we conducted UAV-based SATEM surveys in the Ksignal area.
Using the SATEM data, we first established the subsurface resistivity-chargeability frame-
work and identified an electrical discontinuity that is interpreted as an electrical structural
interface. We then integrated this inferred interface with copper geochemical anomalies
and borehole constraints to evaluate composite anomalies and delineate a candidate con-
cealed copper—cobalt mineralized zone. This integrated workflow delineates a candidate
concealed mineralized zone in the Ksignal area and provides a reproducible strategy for
interpreting SATEM multiparameter data in deep and peripheral exploration around the
Kambove mining district.
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2. Materials and Methods
2.1. Geological Setting

The Central African Copperbelt (CACB) extends across northern Zambia and southern
Democratic Republic of the Congo. It is one of the world’s major sediment-hosted copper—
cobalt metallogenic provinces and a core region for global cobalt supply [4]. As shown in
Figure 1a, the belt developed within the Neoproterozoic Katanga Basin. Its formation is
closely linked to rift-related sedimentation during the breakup of Rodinia and subsequent
Lufilian orogenesis [34,35]. The Katanga Supergroup is commonly divided into the Roan,
Nguba and Kundelungu groups. Of these, the Roan Group, especially the Mines Subgroup,
hosts the most concentrated copper—cobalt mineralization [6,36]. Assemblages of reduced
carbonate rocks, shale, dolomite and siliceous rocks provided favourable redox interfaces
and storage space for copper—cobalt precipitation [37].
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Figure 1. Regional and local geological setting of the Ksignal survey area in the Kambove mining
district. (a) Regional tectonic framework of southeastern Democratic Republic of the Congo, showing
the location of the Ksignal survey area within the Lufilian fold-and-thrust belt. (b) Simplified
geological map of the Kambove-Shangolowe area, showing the local geological context and the
location of the Ksignal survey area. (Modified after Refs. [38,39]).

Copper—cobalt mineralization in the CACB is jointly controlled by sedimentary archi-
tecture, basin-fluid migration and later structural modification [40]. Metal-rich oxidized
basin brines migrated along faults, permeable strata and structurally weakened zones.
When these fluids encountered organic-rich rocks, sulphides or reduced carbonate rocks,
metal precipitation produced stratabound or stratiform copper—cobalt mineralization [41].
Lufilian orogenesis subsequently folded, thrusted and inverted the original sedimentary
basin, locally transforming mineralized horizons into tectonic slices, breccia bodies or
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lenticular orebodies [42]. Mineralization interpretation in the study area must therefore
consider the superposition of stratigraphic and structural controls [43].

The Kambove mining district lies in the core of the Congolese segment of the CACB.
As shown in Figure 1b, it contains several deposits and mineralized occurrences, including
Kambove, Kambove West, Kamoya, Kabolela, Kamfundwa, Shangolowe and M’sesa. The
district is controlled by the Kambove anticline, the M’sesa-Shangolowe structural zone
and associated subsidiary faults. Breccia windows, tectonic slices, thrust-nappe interfaces
and strike-slip shear zones are locally developed [42]. Known copper—cobalt orebodies are
commonly associated with mineralized horizons of the Roan Group, structurally fractured
zones and breccia systems. Their morphologies include tabular, lenticular, banded and
irregular tectonic-slice forms [42,44].

As shallow oxidized ore resources are progressively depleted, deep primary sulphide
orebodies, concealed orebodies near structural interfaces and peripheral anomaly zones
have become important targets for resource replacement in the district. The Ksignal area
lies on the margin of the Kambove district, close to the M’sesa-Shangolowe structural
system and areas where breccias and tectonic slices are developed. The area also shows
pronounced copper enrichment anomalies. These geological and geochemical features
indicate potential for concealed copper—cobalt mineralization.

2.2. Data Acquisition

The Ksignal area was surveyed using a UAV-based SATEM configuration with a
grounded transmitter and a single-coil airborne receiver. As shown in Figure 2, the survey
lines covered the main copper geochemical anomaly and its surrounding area, and were
arranged approximately parallel to the ground transmitting wire.
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Figure 2. Satellite image and survey layout of the Ksignal area. The yellow parallel lines indicate
the UAV-based semi-airborne transient electromagnetic survey lines, while the white line marks
the position of the grounded transmitting antenna. Red location markers denote the boreholes
used for geological control, and the shaded area outlines the projected extent of the known copper
geochemical anomaly.

Dense survey lines crossed the main anomaly zone, allowing the geometry, burial
depth and continuity of resistivity and polarization responses to be compared across
different profiles. This layout was designed to establish the spatial variation in electrical
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anomalies through multiple near-parallel lines, thereby constraining subsequent prediction
of concealed mineralized bodies.

The distance between the two grounding electrodes was approximately 2 km. The
transmitter delivered a bipolar square-wave current with a base frequency of 25 Hz through
the grounded wire, with a current amplitude of 25 + 0.2 A. Receiver lines were deployed
north of the transmitting wire. A total of 12 lines were acquired, each approximately
parallel to the transmitting wire. Each line was about 1700 m long, with a line spacing of
100 m and a minimum transmitter-receiver offset of about 200 m.

The receiving system consisted of a lightweight receiver and a vertical induction-
coil sensor. The receiver used a 32-bit ADC with a sampling rate of 100 kHz, consumed
approximately 3.4 W, weighed about 620 g and could operate continuously for nearly
10 h on a single charge. The transmitter and receiver were synchronized using GPS-
disciplined oven-controlled crystal oscillators, with a synchronization accuracy of about
100 ns. The vertical induction-coil sensor had a resonant frequency of 52 kHz, a noise level
of approximately 0.1 nT/s and a total weight of about 2.29 kg.

Because the UAV motors and airframe can generate electromagnetic interference, the
induction-coil sensor was not rigidly mounted directly beneath the aircraft. Instead, it
was suspended below the UAV using a flexible connection to reduce platform-related
electromagnetic noise in the recorded signal. Suspended deployment can introduce motion
noise caused by air resistance and attitude variations. This problem can be amplified during
terrain-following flight in areas with pronounced topographic relief, where sensor motion
becomes more complex and both the amplitude and frequency bandwidth of motion noise
may increase. These effects can increase the difficulty of subsequent data processing.

We therefore used constant-altitude flight to keep the sensor motion relatively stable.
Because this flight mode causes the sensor ground clearance to vary among measurement
points, the survey area was first reconstructed in three dimensions using a small aerial-
photography UAV. Surface elevation was then extracted at each measurement point. The
actual sensor ground clearance was calculated as the difference between the sensor GPS
elevation and the corresponding surface elevation, and was used as an auxiliary parameter
in subsequent data processing and inversion interpretation.

2.3. Data Processing and Inversion

UAV-based SATEM observations must be converted from raw time series into win-
dowed decay curves for inversion, and processing quality directly affects interpretation
of deep electrical structure. The raw data from the Ksignal area may be affected by sferic
pulses, power-line and industrial background noise, motion-induced noise from the UAV
platform, and swing or attitude changes in the suspended sensor. Motion-induced noise
and low-frequency drift are especially pronounced at late-time gates, where the response is
closely related to deeper subsurface information. Data processing must therefore suppress
non-geological noise while preserving the continuity and physical form of the transient
decay curves, so that real deep anomalies are not oversmoothed or weakened.

Conventional processing workflows usually address different noise types with sepa-
rate procedures, including removal of abnormal segments, stacking and averaging, filtering,
motion-noise correction and channel-by-channel quality control. These methods have clear
physical meaning, but involve multiple processing steps, and their parameter choices often
depend strongly on operator experience. To improve workflow consistency and automa-
tion, we used a denoising autoencoder (DAE) to suppress multi-source noise in the raw
time series.

The DAE architecture used in this study is shown in Figure 3. Both the input and
output layers contain 1000 sampling points, corresponding to a 10 ms observation window
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at a sampling rate of 100 kHz. The encoder and decoder each consist of four layers, and
the final latent layer contains 100 nodes. ReLU was used as the activation function, and
mean squared error (MSE) was used as the loss function. The encoder extracts the main
features of the time series, and the decoder reconstructs the denoised curve. Compared
with conventional noise-specific processing, this approach suppresses multi-source noise
within a unified data-driven framework while preserving response morphology related to
subsurface electrical structure.
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Figure 3. Schematic architecture of the denoising autoencoder used for transient electromagnetic
data processing.

The DAE training dataset was constructed by combining synthetic SATEM responses
with measured environmental noise. To enhance the generalization capability of the DAE,
the synthetic training dataset was constructed using three-, four-, and five-layer geoelectric
models covering a broad range of electrical and polarization properties. Layer resistivities
were sampled at logarithmically equal intervals between 10'~10* Q-m, and the layer inter-
faces were distributed within a depth range of 0-1500 m. Chargeability values were then
randomly assigned according to the resistivity of each layer. For layers with resistivities
lower than 10? (3-m, chargeability was randomly selected between 65% and 100%. For
resistivities ranging from 102~10® )-m, chargeability was selected between 35% and 70%,
whereas values between 0% and 40% were assigned to layers with resistivities ranging
from 103~10* Q-m. This parameterization allowed the training dataset to include conduc-
tive and strongly polarizable media, moderately polarizable formations, and relatively
resistive backgrounds with weak polarization responses. Measured noise was obtained
from pure-noise flights conducted with the transmitter switched off [45]. The noise records
were superimposed on the synthetic responses to form the network input data, while the
corresponding noise-free synthetic responses were used as the target outputs. Because
transient electromagnetic decay curves have a large dynamic range, amplitude compression
was applied before network input to reduce the contrast between strong early-time signals
and weak late-time signals. The corresponding inverse transformation was then applied
to the network output to recover decay curves in their original physical units. For the
independent synthetic test data, the relative differences between the DAE outputs and
the corresponding noise-free theoretical responses were generally less than 2%. Detailed
descriptions of the network architecture, training strategy, signal-to-noise-ratio evaluation,
and model-validation procedure have been reported in our previous study [46].
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To improve the applicability of the network to the Ksignal survey, additional pure-
noise flight data were collected in the study area and incorporated into the training dataset.
Synthetic models representing the resistivity, chargeability, and burial-depth ranges in-
ferred from the available geological information were also added, after which the network
was retrained. These procedures were intended to reduce the risk that incomplete noise
characteristics or inadequate geological representation in the training dataset would cause
attenuation or distortion of valid geological signals.

The performance of the DAE on the field data was evaluated by comparison with
the traditional processing flow (TPF), as shown in Figure 4. For both conventional decay
responses and responses containing observable induced polarization effects, the two meth-
ods preserve similar overall decay characteristics. Between 1 x 1074~2 x 1073 s, the
mean relative difference between the DAE and TPF results is less than 1%. At later times,
the mean difference increases to approximately 5%, mainly because of the lower signal-
to-noise ratio, whereas the DAE results exhibit better continuity between adjacent time
channels and measurement stations. These comparisons indicate that the network does
not simply attenuate anomalous curves. Instead, it improves late-time data quality while
retaining the main decay characteristics, providing a more stable data basis for subsequent
multiparameter inversion.
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Figure 4. Comparison of representative transient electromagnetic records and the corresponding
denoised decay curves. Panels (a,c) show two raw time-series records. Panels (b,d) compare the
decay curves recovered using the denoising autoencoder (DAE) and the traditional processing flow
(TPF). The close agreement between the two processing results indicates that the DAE preserves
the principal transient-response characteristics during noise suppression. Compared with (b), the
decay curve in (d) exhibits a more pronounced late-time sign reversal, indicating a stronger induced-
polarization response.

Copper—cobalt mineralized bodies commonly have strong electronic conductivity and
can generate interfacial polarization. In time-domain electromagnetic responses, induced
polarization effects modify the decay of the secondary field after current turn-off. These
effects appear as slower late-time decay, curve distortion and, in some cases, local sign
reversal. If the subsurface is simplified as a non-polarizable medium during inversion, the
inferred position, scale and amplitude of resistivity anomalies may be biased [31,32]. To
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characterize both electromagnetic induction and polarization responses, we used the Cole—
Cole complex resistivity model to describe the dispersive behaviour of subsurface media:

— n
r(w) = 0 |1 — 1T (it (1)
where 0 (w) is the complex conductivity, 0w is the high-frequency conductivity, 7 is the
polarization parameter (chargeability), T is the time constant, c is the frequency-dependence
coefficient, w is the angular frequency, and i is the imaginary unit. This model provides the
physical basis for jointly extracting resistivity and polarization parameters from UAV-based
SATEM data.

Because of late-time signal-to-noise limitations and differences in parameter sensitivity,
it is usually difficult to stably invert resistivity, chargeability, time constants and frequency-
dependence coefficients simultaneously. To reduce the non-uniqueness associated with
the four-parameter Cole-Cole inversion, the time constant (7) and frequency-dependence
coefficient (c) were fixed, whereas resistivity and chargeability were treated as the principal
inversion parameters [47]. The time constant was estimated from the observed SATEM
decay curves. A total of 150 stations were randomly selected from the subset of measure-
ment points exhibiting clear induced polarization effects. The decay curves at these stations
were decomposed in the T domain [48]. For each station, the relative contribution of each
time-constant component was calculated, and components with contributions greater than
10% were retained as statistically significant [49]. The resulting time constants were pri-
marily distributed between 1 x 1073~1 x 1072 s. Within this interval, the value occurring
at the largest number of stations was 5 x 1072 s; therefore, T was fixed at 5 x 1073 s in
the subsequent inversion. The frequency-dependence coefficient was fixed at 0.5. This
value corresponds approximately to a Warburg-type response and is commonly considered
representative of induced polarization associated with disseminated metallic minerals [30].
A synthetic sensitivity analysis was subsequently performed to evaluate the influence of
the selected T and c values on the recovered resistivity and chargeability. With all other
parameters held constant, T was varied from 3 x 1073~7 x 1073 s, whereas ¢ was varied
from 0.4 to 0.6. Within the tested ranges, the errors were less than 0.6% for variations in T
and less than 0.5% for variations in c. These results indicate that the recovered resistivity
and chargeability are only weakly affected by moderate variations in the fixed Cole-Cole
parameters under the present survey configuration and geological model. Therefore, fixing
Tat5 x 1073 s and c at 0.5 provides a reasonable simplification that improves inversion
stability while preserving the principal resistivity and chargeability characteristics relevant
to geological interpretation.

The model parameters can be expressed as:

m=[p1,02, -, PN, 1, 2, - - ,77N]T, (2)

where py and 7y are the resistivity and chargeability of the N-th layer, respectively, and N
is the number of layers. The subsurface model was parameterized as a one-dimensional
layered-earth model at each measurement station. The thicknesses of the model layers
were prescribed before inversion and remained fixed throughout the optimization. The
thickness of the first layer was set to 10 m, and the thickness of each subsequent layer
was increased geometrically by a factor of 1.06. This discretization provides relatively fine
resolution in the shallow subsurface, where early-time electromagnetic data contain greater
high-frequency information, while progressively increasing the layer thickness at depth
to account for the decreasing vertical resolution caused by diffusive attenuation of the
electromagnetic field. A total of 35 layers were used, extending the inversion model to a
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depth of approximately 1.2 km. Because the layer geometry was fixed, only the electrical
parameters of the individual layers were updated during inversion. The initial resistivity
model was assigned a uniform value of 500 ()-m. The initial chargeability model was
selected according to the characteristics of the observed decay curve. For stations exhibiting
directly identifiable induced polarization effects, the initial chargeability was set to 0.8,
whereas a lower initial value of 0.2 was used for stations without an evident induced
polarization response. The Cole—Cole time constant and frequency-dependence coefficient
were fixed at 5 x 1072 s and 0.5, respectively, and only resistivity and chargeability were
updated during inversion.
The inversion objective function consists of a data misfit term and a model regulariza-
tion term:
D(m) = ||WalF(m) — dops]|[3 + | [Wyml[3 €)

where d,; is the observed decay curve, F(m) is the forward response, W is the data-
weighting matrix, W, is the model-constraint matrix, and « is the regularization parameter.
Data weights were assigned according to noise level, time-gate stability and curve quality
to reduce the influence of anomalous noisy gates on the inversion. The model-constraint
term suppresses unrealistic oscillations between adjacent layers, allowing the inversion to
fit the data while maintaining the required vertical stability.

The inversion was terminated when either the maximum number of 15 iterations was
reached, or the relative RMS fitting error decreased to 5% or less. If the inversion terminated
with a relative RMS error greater than 10%, the initial resistivity and chargeability models
were adjusted, and the inversion was repeated. Only inversion results with relative RMS
errors of 10% or less were retained for subsequent interpretation. These settings were
adopted to balance data fitting, inversion stability, and computational efficiency.

3. Results

To quantitatively evaluate the performance of the data-processing and inversion
workflow, two representative stations were selected for detailed analysis, as shown in
Figure 5. The two stations are characterized by a conventional transient electromagnetic
decay response and a decay response strongly affected by induced polarization, respectively.
The relative fitting errors of the two stations are approximately 10% and 5%, respectively. At
the station exhibiting a conventional electromagnetic response, the observed decay curve is
generally smooth and continuous, without pronounced late-time distortion. The inversion
recovers a relatively stable resistivity structure and a low-chargeability background. At the
station exhibiting a pronounced induced polarization response, the late-time channels are
characterized by a slower decay rate and localized anomalous variations. The inversion
recovers a distinct high-chargeability layer while maintaining good agreement between
the predicted and observed decay curves. These results indicate that the decay curves
obtained after data processing retain the principal information required for inversion. They
also support the ability of the joint resistivity—chargeability inversion to reproduce both
conventional electromagnetic induction responses and responses containing substantial
induced polarization effects.

The inversion results also show that resistivity and chargeability differ in their sensitiv-
ity to subsurface anomalies. Resistivity mainly reflects conductive structures, stratigraphic
contacts and the geometric boundaries of anomalous bodies. Chargeability is more sensitive
to media with strong interfacial polarization. Because chargeability may provide weaker
constraints on the lower boundaries of deep anomalous bodies than resistivity, subsequent
interpretation used resistivity structure to constrain anomaly geometry and chargeability
to assist in evaluating anomaly properties.
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Figure 5. Inversion results for two representative stations. Panels (a—c) show a station characterized by
a conventional transient electromagnetic decay response, including the measured and predicted decay
curves (a), inverted resistivity model (b), and inverted chargeability model (c). Panels (d—f) show a
station with a pronounced induced-polarization response, including the measured and predicted
decay curves (d), inverted resistivity model (e), and inverted chargeability model (f).

Based on the inversion-quality assessment, the resistivity and chargeability sections
from all survey lines were projected onto the satellite image according to their actual spatial
coordinates to examine the lateral continuity and spatial distribution of the anomalies,
as shown in Figure 6. The resistivity sections exhibit generally good continuity between
adjacent survey lines. The electrical anomalies are not restricted to isolated positions along
individual lines but form relatively consistent spatial zones across the survey area. A pro-
nounced electrical discontinuity, trending approximately north—south to north-northwest,
can be identified from the western to central part of the survey area and traced across multi-
ple survey lines. The chargeability sections further emphasize this boundary. The area west
of the inferred interface is dominated by relatively low chargeability, whereas moderate-
to-high chargeability responses are widely distributed to the east. The spatial coincidence
of the resistivity discontinuity and the chargeability contrast indicates a systematic lateral
change in subsurface electrical and polarization properties.

To provide independent geological evidence for this interpretation, a simplified geo-
logical map covering the survey area was reconstructed from the geological map supplied
by the mining company and compared with the geophysical results. As shown in Figure 6c,
the central part of the survey area is mainly occupied by the Roan Group, which is bounded
by the Kundelungu Group to the west and the Nguba Group to the east. Several mapped
faults occur along or near these lithological boundaries. The inferred geophysical interface
broadly follows the north—south to north-northwest structural trend shown on the geologi-
cal map and is spatially close to the mapped western boundary of the Roan Group. The
general agreement in orientation and regional position supports the interpretation that the
electrical discontinuity is related to a major lithological or structural boundary rather than
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to an isolated geophysical anomaly. A local offset remains between the inferred electrical
interface and the mapped geological boundary, particularly in the southern part of the
survey area closer to the transmitter. The local discrepancy between the inferred geophysi-
cal interface and the mapped geological boundary may be attributed to two main factors.
First, the geophysical interface represents the position of the strongest subsurface electrical
contrast rather than the surface trace of the geological boundary. If the stratigraphic contact
or fault is inclined, its geophysical expression at depth may be laterally displaced relative
to its surface outcrop. Second, in the very short-offset region close to the transmitter,
source-related three-dimensional effects become pronounced, and the electromagnetic field
cannot be adequately represented by a one-dimensional layered-earth approximation.

=
g
2
g
3

Figure 6. Spatial projection of the inversion results and corresponding geological interpretation in
the Ksignal survey area. (a) Inverted resistivity sections. (b) Inverted chargeability sections. The
dashed line indicates the estimated interface separating the relatively resistive and weakly polarizable
western domain from the relatively conductive and highly polarizable eastern domain. (c) Simplified
geological map showing the distribution of the Kundelungu, Roan, and Nguba groups, the fault
structures, and the locations of boreholes JZKT2-1, JZKT2-2, and JZKT2-3.

Therefore, the inferred interface should not be regarded as an exact reproduction of the
mapped geological contact. Instead, it represents a subsurface electrical boundary that is
broadly consistent with the mapped structural and lithological framework. The combined
resistivity and chargeability results suggest that the two sides of the interface differ in
lithological composition, fracture development, groundwater conditions, alteration, or
mineralization-related polarization properties. In the geological context of the Kambove
district, the interface is interpreted as part of the fault- and stratigraphy-controlled struc-
tural framework associated with the Roan Group. Such boundaries may influence the
migration, alteration, and spatial concentration of copper—cobalt mineralization.

After establishing the survey-wide electrical framework, we selected the borehole-
constrained L5 and L6 survey lines for detailed interpretation, with the aim of linking
geophysical anomalies to known mineralization. Borehole data provide local calibration
for assigning geological meaning to resistivity and chargeability anomalies. As shown
in Figure 7, the intersected mineralized intervals do not simply coincide with the lowest-
resistivity zones. Instead, they occur mainly within a relatively stable moderate-to-high
resistivity background and are commonly associated with medium-to-high chargeability
responses. This pattern indicates that chargeability is a useful indicator of mineralization-
related properties. By contrast, low-resistivity anomalies without simultaneous charge-
ability enhancement are more likely to reflect water-bearing fractured zones, shallow
conductive media or other non-mineral factors.
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Figure 7. Inversion sections and borehole constraints for survey lines L5 and Lé6. Panels (a,b) show the
inverted resistivity and chargeability sections along line L5, respectively, whereas panels (c,d) show
the corresponding resistivity and chargeability sections along line L6.

Specifically, the mineralized interval intersected by JZK72-1 corresponds well to zones
with log;,(0) > 2.5 and 7 > 0.45, suggesting that this threshold can partly constrain
favourable mineralized positions in the study area. JZK72-3 lies outside this resistivity
range and does not show a physical-property response consistent with the main mineralized
anomaly. Although no orebody was identified in the deeper part of JZK72-2, this interval
still shows a certain degree of mineralization. Its position near the edge of the log;,(0) > 2.5
and 7 > 0.45 a nomaly suggests a possible relationship between the physical-property
threshold and mineralization. These borehole comparisons indicate that the joint resistivity
and chargeability response provides a more useful local indicator of favourable mineralized
positions than either parameter considered independently.

Owing to the limited number of boreholes available in the survey area, the screening
thresholds were not derived from a formal population-based statistical optimization. In-
stead, they were empirically calibrated using the physical-property responses associated
with the borehole-confirmed mineralized intervals. The lower limit of log;,(p) observed
within the principal mineralized interval was approximately 2.5, while the minimum cor-
responding chargeability was approximately 0.45. These values were therefore adopted
as the baseline resistivity and chargeability thresholds. The elevation threshold of 1100 m
was selected because it approximately corresponds to the lowest elevation of the borehole-
confirmed mineralized intervals. In addition, the sensitivity and vertical resolution of the
chargeability inversion decrease with depth, making the deeper chargeability distribution
less reliably constrained. Consequently, inversion results below an elevation of 1100 m
were not used for target delineation. Based on these observations, the baseline screening
criteria for candidate mineralized zones were defined as log,,(p) > 2.5, 7 > 0.45, and
elevation > 1100 m. To evaluate the dependence of the delineated target on the selected
thresholds, the classification procedure was repeated using two alternative threshold com-
binations. The first test was designed to represent a scenario in which mineralization may
be associated with stronger polarization but relatively lower resistivity than observed in
the borehole-constrained interval. In this case, the resistivity threshold was reduced to
log;(p) > 2.4, while the chargeability threshold was kept at 7 > 0.45. The second test was
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designed to represent a scenario in which mineralization may have weaker polarization
characteristics. In this case, a higher resistivity threshold of log;,(p) > 2.6 was used to-
gether with a lower chargeability threshold of 7 > 0.4. These two threshold-perturbation
tests were used to examine whether the delineated target was sensitive to reasonable
variations in the assumed resistivity—chargeability relationship.

Using the joint screening criteria, the classification results from all survey lines
were projected into three-dimensional space, and anomalies satisfying the resistivity—
chargeability criteria and showing continuity between adjacent lines were delineated.
As shown in Figure 8, the principal composite anomaly is located east of, and locally
adjacent to, the inferred structural interface. It trends approximately north—south to north-
northwest-south-southeast and can be traced across multiple survey lines. The anomaly
exhibits banded, lenticular, and locally irregular geometries rather than a simple tabular
form. To evaluate the influence of threshold selection, the delineation was repeated using
two alternative resistivity—chargeability combinations. Changes in the thresholds mainly
affected the peripheral extent and local continuity of the classified anomalies, whereas the
principal overlapping anomaly remained largely unchanged. This result indicates that the
position of the core candidate mineralized zone is relatively stable.

Figure 8. Distribution and threshold sensitivity of the inferred concealed copper—cobalt mineral-
ized zone. (a) Baseline delineation using log;,(0) > 2.5, 7 > 0.45 and and elevation > 1100 m,
based on the lower resistivity and chargeability limits and the lowest elevation observed within the
borehole-confirmed mineralized intervals. (b) Sensitivity test with a reduced resistivity threshold of
log;(p) > 2.4 and chargeability threshold of 17 > 0.45, representing a scenario of stronger polariza-
tion but relatively lower resistivity. (c) Sensitivity test with log;,(0) > 2.6 and > 0.4, representing a
scenario of weaker polarization characteristics. The elevation threshold is fixed at 1100 m in all cases.

The delineated anomaly also shows a clear spatial relationship with the regional
geological and geochemical framework. The stable core is located mainly within the Roan
Group, east of the inferred electrical structural interface, and lies within or near the margin
of the surface copper geochemical anomaly. This spatial correspondence suggests a possible
relationship between near-surface copper enrichment and the deeper electrical-polarization
response. However, the geochemical and geophysical anomaly boundaries do not coincide
completely, indicating that the surface copper anomaly cannot be used directly to define
the geometry of the concealed mineralized body. By integrating resistivity, chargeability,
borehole constraints, the inferred structural interface, geological-unit distribution, and
copper geochemical information, a candidate concealed mineralized zone was identified
in the Ksignal area. Its continuity across multiple survey lines, stability under moderate
threshold variations, location within the Roan Group, and spatial association with the
copper geochemical anomaly support its designation as a priority target for subsequent
drilling and geological verification.
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These results show that, in geologically complex areas, a single geophysical param-
eter cannot be directly equated with an orebody. Resistivity anomalies may be caused
by mineralization, but they may also reflect water-bearing fractured zones, conductive
cover, clay alteration or surface water. Chargeability anomalies generally indicate strong
interfacial polarization, but they can also be influenced by clay minerals, complex pore
structures, magnetic minerals or mining-related accumulations. We therefore did not use
any single-parameter anomaly as an orebody criterion. Instead, interpretation was con-
strained jointly by resistivity, chargeability, borehole information, structural interfaces and
copper geochemical anomalies.

The relationship between copper geochemical anomalies and geophysical anomalies
is important for interpretation. Areas where the two overlap can be regarded as favourable
zones jointly indicated by near-surface elemental enrichment and deep physical-property
anomalies. Local offsets may reflect weathering, leaching and secondary migration [50].
Copper geochemical anomalies are therefore useful references for evaluating the geological
significance of geophysical anomalies, but should not be used directly to define the bound-
aries of deep orebodies. Multi-line interpretation also reduces the uncertainty associated
with judging anomaly continuity from a single profile, and helps identify the trend and
spatial association of anomalies along structural interfaces.

The target delineation presented in this study should be regarded as a geophysical
interpretation rather than a uniquely resolved geological boundary. The inversion results
remain affected by transmitter geometry, receiver elevation, topographic relief, survey-line
coverage and data noise. The joint resistivity—chargeability interpretation was conserva-
tively restricted to model cells above an elevation of 1100 m. This elevation threshold
represents a conservative interpretation limit. To reduce uncertainties associated with
terrain and receiver height, a high-resolution topographic surface was obtained using
a mapping UAV, while the receiver elevations were determined from the onboard GPS
records. These measured elevations were incorporated into the survey geometry used
for data processing and inversion. The resulting resistivity and chargeability values are
effective physical-property parameters at a given investigation scale and cannot be directly
converted into ore grade, mineral abundance or resource estimates. We therefore describe
the anomaly as an inferred concealed mineralized body or a candidate mineralized zone,
rather than as a verified orebody boundary.

4. Conclusions

This study delineates a candidate concealed copper—cobalt mineralized zone in the
Ksignal area of the Kambove district, Democratic Republic of the Congo, through an
integrated interpretation of UAV-based SATEM data, borehole constraints and copper
geochemical anomalies. The inversion results reveal clear electrical zonation across the
inferred electrical structural interface. West of the interface, the subsurface is generally
characterized by relatively high resistivity and low chargeability, whereas a composite
resistivity—chargeability anomaly occurs to the east. The delineated anomaly is continuous
across multiple survey lines, corresponds spatially with the copper geochemical anomaly,
and trends from near north—south to north-northwest. These features suggest that the
candidate zone is controlled by the inferred electrical structural interface and associated
tectonic slices. The results show that SATEM multiparameter data interpretation can
provide useful constraints for deep and peripheral exploration in mature mining districts.
The delineated zone remains a geophysical target rather than a verified orebody boundary,
and its mineralization significance and spatial extent require further validation by drilling
and rock physical-property testing.
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