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Abstract
Understanding near-surface groundwater storage, flow patterns, surface and
groundwater interactions in mining areas can assist in making mining more effi-
cient and profitable. This is especially important in opencast mines affected by
water inflows that may negatively affect production and increase mining costs.
We map and characterize the near-surface aquifer zones at the opencast site
of Tharisa Minerals, located in the southwestern region of the Bushveld Com-
plex (South Africa). The main goal is to infer pit water inflow at the mine site
and determine how it may be better controlled. The Bushveld Complex hosts
partially connected and unconfined alluvial, shallow-weathered and crystalline
bedrock aquifers, which are often connected by small-scale permeable zones.
Seismic refraction tomography, multichannel analysis of surface waves, electri-
cal resistivity tomography and borehole data are used to map and understand
the different aquifer zones in the vicinity of the mine, as well as infer their relation
to water inflow in the mine pits. The geophysical surveys map the overburden,
weathered bedrock aquifer zone, and the top of the crystalline aquifer rock zone
reasonably well. They reveal extensive and deep weathering, and possible high
hydraulic conductivity in the vicinity of the mine. The results provide a better
understanding of the mine’s near-surface environment, which could be used to
implement effective and targeted dewatering techniques, thus enabling better
pit inflow water control to improve mine working conditions and production.
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INTRODUCTION

The Paleoproterozoic Bushveld Complex in South Africa
is renowned for its endowment of platinum group met-
als (PGMs), hosting 90% of the world’s reserves (United
States Geological Survey (USGS), 2023). The com-
plex also has extensive reserves of chromium, nickel,
vanadium, copper, tin and cobalt (Zientek et al., 2014).
Both underground and opencast mining are used to
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extract these resources. Locally, mines in the Bushveld
Complex suffer from inflows of groundwater, which may
delay production and increase the complexity and cost
of mining operations. Groundwater inflow rates into the
mines are highly variable and can be derived from mul-
tiple sources. These range from inflows originating from
distinct fracture systems drawing on water from both
local and distant sources, as well as water flowing from
the shallow weathered aquifer zone (Gebrekristos &
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Cheshire, 2012; Titus et al., 2009). The structural envi-
ronment in which mines are located has a considerable
impact on the groundwater inflow rates, and this is espe-
cially true for surface mines (i.e., opencast mines). In
opencast mining, pit flooding commonly occurs when
mining levels are below thewater table and/or weathered
aquifer zone, when rivers and dams overflow, or through
constant influx of water into the pits from extensive
rainfall. Interestingly, groundwater inflows are principally
associated with jointing and small-scale faults rather
than large faults, which are often found to be dry (Titus
et al., 2009).

To understand the conditions in the top 50–100 m (so-
called near-surface) of the crust, different geophysical
methods are commonly applied. Among the geophys-
ical methods, seismic refraction tomography (SRT),
multichannel analysis of surface waves (MASW) and
electrical resistivity tomography (ERT) are very effec-
tive in mapping water-bearing strata, conducting site
investigations, studying esker architecture and mapping
stratigraphic variations (Alcala et al., 2021; Al-Heety
et al., 2021; Ali et al., 2021; Brodic et al., 2018; Gomo
et al., 2023; Hasan et al., 2021; Malehmir et al.,
2018; Salas-Romero et al., 2021; Shankar, 1994). For
hydrological purposes, the geophysical methods can
delineate aquifers (e.g., porous and permeable frac-
ture zones, buried valleys and karst and volcanic cave
aquifers), map groundwater-controlling features and
structures that influence aquifers (e.g., salt domes),
assess groundwater potential and overburden protective
competency of aquifers, and infer groundwater qual-
ity, amongst other uses (Akintoriwa & Olowolafe, 2013;
Gabriel et al., 2003; Malehmir et al., 2018; Poulsen &
Christensen, 1999; Shankar, 1994).

To demonstrate the potential of near-surface geo-
physical methods for hydrological purposes in opencast
mines, we use a combined approach of SRT, MASW,
ERT and borehole data to map the near-surface aquifer
environment at Tharisa Minerals. Tharisa Minerals is
an opencast PGMs and chrome mine situated in the
Marikana section, located in the southwestern portion
of the Bushveld Complex. Currently, mining at Tharisa
Minerals is occurring from surface to depths of about
120 m. The mine is seriously affected by mine fissure
inflows. This study aims to: (1) image and characterize
the near-surface (top ∼35 m) weathered aquifer zone
within the vicinity of the mine; (2) evaluate the nature of
the overburden to infer surface and groundwater inter-
action; and (3) determine how pit water inflow control
can be improved at the mine. Our results demonstrate
that hydrological knowledge gaps can be addressed
using geophysical methods, providing valuable insights
to mines affected by water fissure inflow.

GEOLOGICAL SETTING OF THE STUDY
AREA

The Paleoproterozoic (2.06 Ga) Bushveld Complex
is situated in the northeastern part of South Africa
(Figure 1a; Cawthorn, 2015). The complex contains the
largest continental layered mafic-ultramafic intrusion in
the world, called the Rustenburg Layered Suite (RLS),
covering an area of approximately 65,000 km2 and
hosts stratiform deposits of PGMs, chromium and vana-
dium (Boorman et al., 2004; Cawthorn, 2015; Eales
& Cawthorn, 1996; Hey, 1999; Scoates et al., 2021).
The stratigraphy of the RLS is subdivided into five
zones. From bottom to top: (1) Marginal Zone, consist-
ing of poorly-layered norites and pyroxenites; (2) Lower
Zone, consisting primarily of harzburgite, pyroxenite and
feldspathic pyroxenite; (3) Critical Zone, which is subdi-
vided into the Upper and Lower Critical Zones (based
on where cumulus plagioclase first appears), consist-
ing of layered pyroxenite-norite-anorthosite-chromitite
sequences; (4) Main Zone, consisting of poorly-layered
norite and gabbronorite; and, finally, (5) Upper Zone,
which consists of ferrogabbro-anorthosite-magnetitite-
, and apatite-bearing diorites (Boorman et al., 2004;
Cawthron, 2015; Eales & Cawthorn, 1996; Hey, 1999).
Spatially, the study area is situated in the southern por-
tion of the western limb of the Bushveld Complex and
overlaps rocks from the Lower, Critical and Main Zone
(Figure 2b).

RLS rocks are transected by numerous small-scale
fractures (faults and joints) related to tectonically con-
trolled geomorphic processes. These discontinuities
form complex fracture networks that vary spatially
and over time and act as structural groundwater flow
controls (Roberts & Clark-Mostert, 2010; Twidale &
Romani, 2005;Wilson et al., 2005).The complex fracture
networks, combined with weathered and fresh rocks,
enable the formation of near-surface bedrock aquifers
(intergranular weathered bedrock aquifers) in the weath-
ering zone, as well as deeper (>300 m depth) fractured
aquifers (Fourie et al., 2017; Van Wyk, 2013; Govender,
2019). The Bushveld Complex is known to host three
types of aquifers: (1) alluvial; (2) shallow weathered
bedrock; and (3) a deeper fractured aquifer (Gebrekris-
tos & Cheshire, 2012; Titus et al., 2009). Both the alluvial
and shallow bedrock aquifers are within the weathered
zone (from surface to about 50 m deep, depending
on the locality), whereas the deeper fractured aquifer
is located below the weathered zone and extends to
depths where fractures have been closed by increased
overburden pressure (Lourens, 2013). The alluvial, shal-
low weathered and deeper fractured aquifers are often
connected by structural discontinuities, and, in mining
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 523

FIGURE 1 Location of the western portion of the Bushveld Complex (South Africa), along with the location of Tharisa Minerals and the
stratigraphy of the Critical Zone, in which Tharisa Minerals is situated (modified after Junge et al., 2016). The Critical Zone stratigraphical column
shows the chromitite seams of the Lower Group (LG), Middle Group (MG), Upper Group (UG) and Merensky reef (MR). (b) Local geological
map of Tharisa Minerals, illustrating the survey areas, pit locations and the location of Sterkstroom River and sub-catchments (Cuthbertson,
2022) located around the mine.

areas, the groundwater flow between them is con-
trolled by mine voids and rapid vertical inflow via the
interconnected fracture network and weathered zones
(Gebrekristos & Cheshire, 2012; Titus et al., 2009). On
a regional scale, weathered aquifers may be connected
to river systems, alluvial aquifers and deeper fractured
bedrock aquifer systems.

METHODS AND DATA ACQUISITION

High-resolution, active-source SRT, MASW and ERT
surveys were conducted tomapthe P- and S-wave veloc-
ity, as well as the electrical resistivity distribution in the
top 35 m via 2D profiling (Figure 2). Data were acquired
at three sites located in the vicinity of the mine, next
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524 GOMO ET AL.

FIGURE 2 (a) Sites 1–3 locations (Google Earth image) at Tharisa Minerals. All the sites are located near tailings dam storage facility
tailings storage facilities (TSF) 1, TSF 2 and TSF 3; (b), (c) and (d) show field photos of Sites 1–3, and locations where profiles 1–3 were
acquired.

to three different tailings storage facilities (Figure 2a).
All profiles (i.e., P1, P2 and P3) were acquired on rela-
tively flat ground (Figure 2b–d). Borehole data (spatially
closest-available data) were taken from about 1.5 km
west of the study areas and later integrated in the study
for interpretation purposes.

Seismic refraction tomography (SRT)

The seismic data used for P-wave first arrival tomogra-
phy purposes were acquired using a fixed-spread (Site
1) and an end-on acquisition spread (Sites 2 and 3).
For all sites, a 6 kg sledgehammer was used as a seis-
mic source striking a 20 × 20 × 2 cm aluminium plate.
Five hits were made at each shot point to improve the
signal-to-noise ratio. The data were acquired using a
sampling interval of 1 ms and a recording length of
1000 ms. At Site 1, the acquisition was carried out using
a 48-channel seismograph system with 14 Hz natural
frequency vertical component geophones spaced at 4 m
intervals.The shots were taken at every receiver location
and one offset point, on both sides of the spread. The

P-wave tomograms for Sites 2 and 3 were produced from
the same datasets acquired for MASW purposes (end-
on spread). The MASW data acquisition is presented in
the following section and detailed in Table 1. All shot
and receiver locations were accurately surveyed using
a differential global positioning system (DGPS) with an
accuracy of a few centimetres in both the geodetic
positioning and elevation.
At all sites, P-wave first breaks were manually picked

after adding corresponding geometry to the SEG-Y
trace headers.The travel-time tomography inversion was
done in TomoPlus, a commercial software that uses a
non-linear travel-time inversionmethod, based on invert-
ing travel-time curves rather than travel-times alone, to
deduce the velocity models (Zhang & Toksoz, 1998).Cell
sizes of 1 m in both inline and depth directions were
used to invert the data. Figure 3a shows an example
plot of the travel-time residuals as a function of offset,
obtained after 10 iterations, whereas Figure 3b shows
an example of the distribution of picked P-wave first
arrivals as a function of offset for profile P1. The final P-
wave tomograms are shown in Figure 4a,c,e, and their
corresponding ray-paths in Figure 4b,d,f. Average root
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 525

TABLE 1 Multichannel analysis of surface waves (MASW) and electrical resistivity tomography (ERT) survey acquisition parameters.

MASW parameters Site 1 – Parameters Site 2 – Parameters Site 3 – Parameters

Area Site 1 Site 2 Site 3

Survey type Fixed spread roll-along Fixed spread roll-along Fixed spread roll-along

Data format SEG-2 SEG-2 SEG-2

Number of channels 24 24 24

Seismic source 6 kg sledgehammer 6 kg sledgehammer 6 kg sledgehammer

Stack 5 repeated hits per location 5 repeated hits per location 5 repeated hits per location

No. of shot points 17 23 24

Line length 96 m 88 m 46 m

Geophone frequency 14 Hz 14 Hz 14 Hz

Geophone spacing 3 m 2 m 2 m

Roll along spacing 6 m 4 m 2 m

Source offset 21 m 12 m 12 m

Sampling interval 1 ms 1 ms 1 ms

Record length 1000 ms 1000 ms 1000 ms

Geodetic surveying DGPS DGPS DGPS

ERT parameters Site 1 – Parameters Site 2 – Parameters Site 3 – Parameters

Equipment ARES resistivity metre ARES resistivity metre ARES resistivity metre

Electrode spacing (m) 4 2 2

Line length (m) 160 80 80

Array types used to acquire
data

Schlumberger, Wenner and
Dipole–Dipole

Schlumberger, Wenner and
Dipole–Dipole

Schlumberger

Abbreviation: DGPS, differential global positioning system.

mean square errors after 10 iterations were 3.52, 1.09
and 2.96 ms for profiles P1 (Site 1), P2 (Site 2) and P3
(Site 3) data, respectively.

Multichannel analysis of surface waves
(MASW)

MASW is a non-invasive seismic technique that uses
the dispersive nature of surface waves (Rayleigh waves
or Love waves) to map the shear-wave velocity (Vs)
variation with depth (Park et al., 1999; Socco & Strob-
bia, 2004). In this study, a standard MASW roll-along
technique was applied to acquire the data using a
24-channel seismograph system. Single component
(vertical) geophones with a natural frequency of 14 Hz
and varying geophone interval, source-to-receiver off-
set and roll-along shifts were used to acquire the data
(Table 1).

Figure 5a,b illustrates the typical data quality
obtained, which includes the presence of noisy chan-
nels, non-continuity of events and guided waves.
The shot gathers shown in Figure 5a,b were taken
from data at Sites 3 and 2, respectively. Figure 6a,f
shows typical quality shot gathers acquired at Sites 1
and 3, correspondingly. The acquired field data were

subjected to pre-processing involving the muting of first
breaks and guided waves and eliminating bad traces
(Figure 6b,g) to improve the quality and coherency of
phase velocity-frequency spectra (Figure 6c,h). After
testing different methods, the phase velocity-frequency
spectra (dispersion images) were produced using the
phase-shift method (Park et al., 1999). For every shot
location, the maximum spectral amplitude deemed to
correspond to the fundamental mode was picked to
obtain a dispersion curve (Figure 6d,i). In cases where
the fundamental mode was not clearly visible due to
high ambient noise levels and/or distortions by higher
modes, muting of the effects of these noise sources was
carried out (Figure 6b,g). The picked dispersion curves
were individually inverted to obtain 1D shear-wave (Vs)
velocity profiles (Figure 6e,j) underneath the middle
point of a geophone spread.
The MASW data processing was done in Surfseis

6++. This software adopts a shear-wave inversion algo-
rithm from Xia et al. (1999), which is based on obtaining
shear-wave velocities (S-waves) by inverting the disper-
sive phase velocity of Rayleigh or Love waves. To invert
the data, a 10-layer model with increasing thickness and
density with depth was used. The initial densities used
changed in an orderly increasing manner with depth
and ranged from 1.5 to 2.0 g∕cm3. All the model lay-
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526 GOMO ET AL.

FIGURE 3 Example of seismic and electrical resistivity tomography error assessment plots at Site 1. (a) Travel-time residuals (root mean
square misfit) plots obtained after 10 iterations and (b) its corresponding first picked breaks as a function of offset for seismic refraction
tomography profile P1 (Site 1). The data density, where ‘n’ is the number of points inside a range, is represented by the colour scale used to
depict the data. (c) Electrical resistivity survey measurement stacking error (Dev.) pseudo section for the Schlumberger array electrical resistivity
tomography at Site 1. (d) and (e) Normalized inversion error assessment plots for each data point after an initial resistivity inverse model is
calculated.

ers had an initial Poisson’s ratio of 0.4. The depth of the
half-space used to invert the data was determined from
the longest surface wave wavelength measured from
the obtained dispersion curves. The inversion algorithm
was allowed 10 iterations and an average root-mean-
square error of 0.4% was obtained. Using all generated
1D velocity profiles, 2D shear-wave velocity pseudo-
sections were produced by the bicubic interpolation
method.

Electrical resistivity tomography (ERT)

Electrical resistivity is a volumetric property of a mate-
rial that describes its resistance to electrical current flow
(Rucker et al., 2009; Telford et al., 1990). For this study,
we acquired ERT data using a combination of Schlum-
berger, Wenner and Dipole–Dipole electrode arrays to
obtain good lateral and vertical resolution of the near-
surface along the survey traverse. At Site 1, a spread
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 527

FIGURE 4 Overview of the P-wave first-break tomography models and their corresponding ray paths at Site 1 (a and b), Site 2 (c and d) and
Site 3 (e and f), respectively.

FIGURE 5 Typical quality shot gathers (with their corresponding amplitude spectra) from data collected at Site 3 (a) and Site 2 (b),
respectively. The shot gathers highlight the presence of visible surface wave trends (blue polygons) along with guided waves (red arrow) and
high frequency noise (marked using black double headed arrow).
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528 GOMO ET AL.

FIGURE 6 Surface wave processing workflow example from data gathered at Site 1 (a)–(e) and Site 3 (f)–(j). (a) Raw shot gather from Site
1. (b) Processed (muted) shot gather in (a). (c) Phase velocity-frequency spectra (dispersion image) of the processed shot gather in (b) obtained
via the phase-shift transform method. The illustrated phase velocity-frequency spectra display the fundamental mode. (d) Phase
velocity-frequency spectra illustrating the superimposed picks (dispersion curve) of the fundamental mode. (e) Final Vs profile model deduced
from the dispersion curve in (d). Parts (f)–(j) are the raw shot gather, processed shot gather, phase velocity-frequency spectra, dispersion curve
and final VS profile model for record 1 data collected at Site 3, respectively.

length of 160 m and an electrode spacing of 4 m were
used. At Sites 2 and 3, high-resolution profiles were
acquired using a spread length of 80 m and an electrode
spacing of 2 m. The takeout cables were connected
to stainless steel electrodes hammered firmly into the
ground. Rubber band ties were used to couple the take-
out cables to the electrodes. The length of the acquired
resistivity profiles was restricted by mining activities.
A tape measure was used to deploy the electrodes
along the measurement lines, for positional control, and
a DGPS was used to record the location information

of the survey lines. The data were acquired using an
input current of 10 mA and a contact resistance with
an upper threshold of 3000 ohms. As the top layer in
the study area was dry and compacted in portions prior
to data acquisition, all the electrodes were tested for
contact resistance and erroneous readings. In areas of
high contact resistance, the electrodes were hammered
deeper and water mixed with a conducting solution was
used to decrease the contact resistance, improve the
conductivity of the rock material around the electrode
and improve the electrode coupling. During the acquisi-
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 529

tion phase, the recorded measurements were monitored
throughout. Table 1 gives the parameters and array
types that were used to acquire the resistivity data at all
sites.
The ERT data processing consisted of four steps,

that is: (1) assessing and removing negative- and zero-
voltage values; (2) system error assessment; (3) initial
inversion and post-inversion error assessment; and (4)
final inverse model computation. In resistivity surveys,
negative- and zero-voltages can result due to induced
polarization, geometrical arrangement of electrodes, 3D
current effects caused by the presence of unconfor-
mities, poor electrode contact and damaged cables to
mention a few (Glaser et al., 2021;Guo, 2015;Pain et al.,
2002). The system error/measurement error assess-
ment was evaluated using the stacking error, which
is the coefficient of variation value supplied by ERT
devices. The apparent resistivity data had a stacking
error deviation of less than 0.1% (Figure 3c); thus,
no data points were removed due to a high system
error. After adequate quality assessment, the apparent
resistivity data were inverted to obtain a true resistiv-
ity model of the near-surface. The inverse models were
created using a triangular finite element mesh, which
permits application to more complex geometry (Bin-
ley & Kemna, 2005; Blanchy et al., 2020). Inversion
assessment was conducted after the calculation of the
initial inverse model, and the data were filtered based
on the inversion error. Data points with a normalized
inversion error of <-3 and >3 were removed, and the
inversion was recomputed to obtain a more accurate
true resistivity model. An example of input data before
and after normalized error filtering for P1 is illustrated
in Figure 3d,e, respectively. Only two data points were
removed from P1, and no points were removed from
the P2 and P4 final inverse model computation as all
data points fell within the acceptable normalized error
range.
Data processing and inversion were computed in

ResIPy, an open-source software that inverts data
based on a regularized objective function combined with
weighted least squares (Blanchy et al., 2020).All the cal-
culated resistivity inverse models reached the target root
square mean error of ∼1 in three iterations.

RESULTS AND INTERPRETATIONS

The results of SRT, MASW and ERT data (Figures 7–9)
were interpreted to understand the near-surface weath-
ered zone, its secondary features (e.g. fractures) and
interactions between surface water and groundwater.
At all sites, SRT, MASW and ERT show a com-
plex and variable near-surface. However, the P- and
S-wave velocity and resistivity models are largely
consistent.

Site 1

Figure 7 shows tomography-obtained P-wave (Vp) and
MASW-obtained S-wave (Vs) velocities, their interpreted
conceptual models and electrical resistivity results from
Site 1. Both P-wave tomography and S-wave velocities
illustrate a correlating increase in P- and S-wave veloc-
ity patterns with depth (Figure 7a–c). Additionally, the
tomograms reveal the presence of three main layers,
as depicted in the P- and S-wave conceptual models
of the site (Figure 7d,e). The three main layers identi-
fied correspond to (1) overburden, (2) semi-weathered
bedrock zone, and (3) least-weathered (fresh to mini-
mally weathered crystalline) bedrock zones. The zones
are characterized by P- and S-wave velocities rang-
ing between: (1) <500–1500 and <400–700 m/s for
the overburden; (2) 1500–3500 and 700–1400 m/s for
the semi-weathered bedrock zone; and (3) >4000 and
>1400 m/s for the least-weathered bedrock zones,
respectively. The blue and white dashed lines in the con-
ceptual models (Figure 7d,e) illustrate the depth and
lateral variation in the P- and S-wave velocity layers with
respect to the three identified zones and each other.
Although the P- and S-wave results are similar both
in depth and laterally, additional information is gained
from the S-wave tomogram (Figure 7c). This discrep-
ancy is likely due to the inherent smoothness of the
P-wave first arrival ray-tracing tomography, where the
velocities obtained are a factor of both the smooth-
ness constraints and an average of different ray paths
traversing the individual grid cells (i.e., Tryggvason et al.,
2002), whereas no smoothness is introduced in the
MASW inversion process. The MASW-obtained S-wave
velocities are also able to resolve low-velocity zones
underlying high-velocity zones, unlike the refraction P-
wave results, which overall depict an increase in velocity
with depth (compare Figure 7b,c).

The identified transitions between the overburden and
semi-weathered bedrock zones are apparent in the ERT
data (Schlumberger array, Figure 7f), and both zones
are characterized by very low resistivities (<400 Ω m;
dark blue to red colour zones). The black dashed line in
Figure 7f,g is the depth to investigation (DOI) estimate.
The DOI is a depth after which the anomalies observed
in an inverse model are no longer constrained by the
data and should not be interpreted geologically (Olden-
burg & Li, 1999).A transparent sensitivity map is overlain
from the depth of the DOI estimate to illustrate the
low ERT sensitivity in the region. Figure 7f,g illustrates
a very low resistivity distribution across the surveyed
near-surface zone, varying from ∼13 to 400 Ω m. The
ERT section illustrates a positive correlation with the
S-wave section (compare Figure 7g,h). Overall, both
illustrate increasing resistivity and S-wave velocities with
depth, increasing overburden thickness moving towards
the northern side of the profile and higher resistivity
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530 GOMO ET AL.

FIGURE 7 (a) P-wave first-break travel-time tomography obtained at Site 1. (b) P-wave first-break travel-time tomography along the
multichannel analysis of surface waves (MASW) profile location. The red dashed line between lateral distances 30 and 126 m, in (a), shows the
P-wave profile location corresponding with the MASW profile location. (c) Tomographic pseudo-2D S-wave model derived from the analysis of
surface waves at Site 1. Parts (d) and (e) are interpreted conceptual models for the P-wave tomography and S-wave velocities in (b) and (c),
respectively. The conceptual models show the variation in weathering with depth. The dashed blue lines in (d) show the interpreted
overburden/semi-weathered and semi-weathered/least-weathered boundaries deduced from the tomographic pseudo-2D S-wave model in (c)
and projected onto the P-wave tomography conceptual model, whereas the dashed white line in (e) the P-wave tomography projected onto the
tomographic S-wave conceptual model. (f) Electrical resistivity (Schlumberger array) results along the presented P-wave and S-wave location at

(Continues)
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 531

FIGURE 7 (Continued)

Site 1. (g) Cropped electrical resistivity section correlating with the presented Site 1 P-wave and S-wave sections. The black dashed line in (f)
and (g) is the depth to investigation (DOI) estimate. (h) Cropped Site 1 S-wave velocity section corresponding with (g).

FIGURE 8 (a) P-wave first-break travel-time tomography for Site 2. (b) Tomographic pseudo-2D S-wave model derived from the analysis of
surface waves obtained at Site 2. Parts (c) and (d) are conceptual models for the P-wave tomography and S-wave velocities in (a) and (b),
respectively. The interpreted conceptual models show the variation in weathering with depth. The dashed blue line in (c) illustrates the
interpreted overburden/semi-weathered boundary deduced from the S-wave velocities in (b) and projected onto the P-wave tomography
conceptual model, whereas the dashed white line in (d) the P-wave tomography projected onto the S-wave tomography. (e) Electrical resistivity
(Schlumberger array) pseudosection and (f) is the peudosection in (e) projection in log form. The black dashed line in (f) and (g) is the depth to
investigation (DOI) estimate. (g) Cropped Site 2 S-wave velocities corresponding with (e and f). The white arrows indicate correlating regions of
the electrical resistivity tomography (ERT) and S-wave pseudosections.

and S-wave velocities on the southern side of the pro-
file. Considering that this area consists of crystalline
rocks (i.e., norites and melanorites), which have negli-
gible intergranular porosity, the low resistivities are most
likely due to high conductivity along cracks and fissures,
and the presence of charged particles associated with

weathering of the crystalline rocks. Unfortunately, the
resistivity section appears to rapidly lose sensitivity with
depth, rendering the profile rather smooth at depth.
Overall, the general variation of the overburden/semi-

weathered bedrock transition zone in the ERT, P- and
S- wave sections at this site is correlated moving from
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532 GOMO ET AL.

FIGURE 9 (a) P-wave first-break travel-time tomography obtained at Site 3. (b) Tomographic pseudo-2D S-wave model derived from the
analysis of surface waves obtained at Site 3. Parts (c) and (d) are interpreted conceptual models for the P-wave tomography and S-wave
velocities in (a) and (b), respectively. The conceptual models show the variation in weathering with depth. The dashed blue line in (c) illustrates
the interpreted overburden/semi-weathered boundaries deduced from the tomographic pseudo-2D S-wave model in (b) and projected onto the
P-wave tomographic conceptual model, whereas the dashed white line in (d) the P-wave tomography projected onto the tomographic S-wave
conceptual model. (e) Electrical resistivity (Schlumberger array) pseudosection and (f) is the peudosection in (e) projection in logarithmic scale.
The black dashed line in (e) and (f) is the depth to investigation (DOI) estimate. (g) Cropped Site 3 S-wave velocity section corresponding with (e
and f). The red dashed lines in (e)–(g) illustrate where the profiles overlap. Start indicates the overlap starting point and End indicates the
overlap end point. The white arrows indicate correlating regions of the electrical resistivity tomography (ERT) and S-wave pseudosections.

the south to the north side of the profiles. The obtained
resistivities, P- and S-wave velocities, for the top 20 m
mapped by all methods, are generally low, ranging
between ∼<13 and ∼350 Ω m in the resistivity sec-
tion, ∼<500 and ∼3500 m/s in the P-wave section, and
∼400 and ∼1000 m/s in the S-wave section.Considering
that fresh rocks often have resistivities of around 2000–
3000Ωm, P-wave velocities>3000m/s and shear-wave
velocities greater than >1500 m/s, therefore implies the

presence of possible water saturation, conductive and
less compact sediments (Gomo et al., 2023; Kirsch,
2006).

Site 2

Figure 8 shows the P- and S-wave velocity sections
obtained at Site 2, along with their corresponding
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 533

conceptual models, and the resistivity results. Here, the
P- and S-wave tomograms vary when compared to one
another (compare Figure 8a,b), which is most likely due
to the presence of low S-wave velocity zones (green-
blue zones) below high-velocity zones (yellow-red-black
zones) in the near-surface region (Figure 8b). The P-
wave velocities range between <400 and ∼2300 m/s,
whereas the S-wave velocities range between 200 and
∼700 m/s. Both P- and S-wave velocity ranges are
quite low, indicating deep weathering, with only the over-
burden and semi-weathered bedrock zones resolved
(Figure 8c,d).
Figure 8e,f shows the electrical resistivity (Schlum-

berger array) at the site in linear and logarithmic form,
respectively, whereas Figure 8g illustrates a cropped
S-wave velocity section, corresponding with the resis-
tivity sections in Figure 8e,f. The black dashed line
in Figure 8e,f illustrates the DOI estimate. Figure 8e
illustrates a very low resistivity distribution across the
surveyed near-surface zone. A direct correlation is
observed between the electrical resistivity and S-wave
sections as compared to the P- and S-wave velocity sec-
tions (compare Figure 8f,g). Similar to results obtained
at Site 1, the resistivity and S-wave velocities of the
shallow-seated rocks at Site 2 are overall low, largely
ranging between ∼7 and 570 Ω m, and ∼200 and
700 m/s, respectively. Within the mapped near-surface
zone (i.e., the top ∼12m), there are three zones of higher
resistivity (observed as light green-, yellow-, red- and
black-coloured zones). The first zone, characterized by
the highest resistivity (∼700–4946 Ω m), is located on
the western side of the profile, situated at a lateral dis-
tance of 0 to ∼16 m and extending from the surface
to a depth of ∼3 m. This zone is interpreted to corre-
spond to a zone of boulders (see Gomo et al., 2023).
The second resistivity high zone (∼60–600 Ω m) is situ-
ated at a lateral distance of ∼10 to ∼35 m and extends
from a depth of ∼3 to ∼12 m. The third resistivity high
zone, with similar resistivities to the second high resis-
tivity zone, is observed on the western side of the profile,
at a lateral distance between 35 and 80 m, and at a
depth between ∼2 and 12 m. Both second and third
resistivity high zones are overlain by and enclose a low
resistivity zone (∼12–70 Ω m), which extends to depths
beyond the ERT survey limits. Both the second and
third resistivity high zones and the resistivity low zone
present on the ERT section are closely matched by the
S-wave results (compare Figure 8f,g). The high resis-
tivity and high-velocity S-wave zones likely correspond
to least-weathered and least-water- and salt-saturated
zones.The low resistivity and shear-wave velocity zones
(dark-light blue to greenish coloured zones) separating
the resistivity high zones are interpreted as a highly
weathered zone with a possible high content of conduc-
tive minerals and/or water- and salt-saturation, which

is altogether a zone that is likely highly hydraulically
conductive.

Site 3

Figure 9 shows P- and S-wave tomograms at Site 3,
along with their corresponding conceptual models, and
resistivity results obtained at the site. Similar to the P-
and S-wave sections at previous sites, the tomograms
at this site reveal the presence of two zones, that is
the overburden and semi-weathered bedrock. The over-
burden is characterized by P-wave velocities ranging
from ∼400 to 1500 m/s and S-wave velocities ranging
from 200 to ∼650 m/s. The semi-weathered bedrock
layer is characterized by P-wave velocities ranging from
∼1500 to 3800 m/s and S-waves ranging between ∼650
and 700 m/s. The P- and S-wave results are well cor-
related with each other (compare Figure 9a,b), and,
similar to the other sites, S-wave results demonstrate the
presence of least-weathered zones within the overbur-
den zone and highly-weathered zones, both within the
semi-weathered near-surface zone.
Figure 9e,f shows the electrical resistivity pseudo-

section (Schlumberger arrays) at the site in linear and
logarithmic form, respectively. The black dashed line
in Figure 9e,f is the DOI estimate. Figure 9g illus-
trates a cropped S-wave velocity results, generated from
Figure 9b at Site 3, largely corresponding with the resis-
tivity sections in Figure 9e,f.Notably, the first lateral 30 m
of the resistivity section corresponds with the last 30 m
of the S-wave section, indicated by red dashed lines on
the figure.At the depths resolved by the resistivity survey
(from 0 to ∼11 m below surface), obtained resistivities
and S-wave velocities are generally low, similar to those
at the two previous sites investigated, ranging between
∼3 and ∼1200 Ω m, and ∼200 and ∼700 m/s, respec-
tively. Like at other sites, these results also suggest
extensive weathering, and the presence of conductive
and less compact near-surface sediments. Within the
mapped low-resistivity and S-wave velocity zones, on
the northeastern flank, from a depth of ∼2 to 7 m and
at lateral distances between 0 and ∼45 m on the resis-
tivity section (Figure 9e,f); and from a lateral distance of
18 to 42 m on the S-wave section (Figure 9g), notable
near-surface high resistivity (>400 Ω m, dark red-black
coloured) and S-wave velocity (yellow-red coloured)
zones (>500 m/s) are observed. These zones are inter-
preted as least-weathered dense soils, possibly also
containing boulders. The high resistivity and S-wave
velocity features also exhibit discontinuities, or lower
resistivity and S-wave zones (high hydraulic conductivity
zones), which are likely caused by rock mass fracturing.
At depths around 12 m, the low shear-wave veloc-
ity zone is underlain by a zone of higher shear-wave
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534 GOMO ET AL.

FIGURE 10 (a) Borehole BH-1, taken from approximately 1.5 km west of the study sites. The borehole illustrates the rock types present in
the study area. (b) Conceptual model of the study area, deduced from the knowledge obtained from the acquired data, illustrating variation in
layering/ground strength/weathering. (c) Complex weathering within the overburden and semi-weathered zones. No weathering detail is given
for the least-weathered bedrock zone to avoid over-interpretation.

velocity (>600 m/s), better observed in Figure 9b, likely
corresponding to the semi-weathered bedrock zone.

DISCUSSION AND INTERPRETATION

The P-wave, S-wave and electrical resistivity tomograms
provide a basis for the interpretation of near-surface
characteristics in the study area. In Figure 10, we
propose an interpretative geological cross-section of
the near-surface aquifer zone at the mine, based on
borehole data combined with all geophysical methods
applied at the three sites.

Overburden characteristics

The overburden, which constitutes the top ∼9 m of the
study area, is characterized by low resistivities, and low
P- and S-wave velocities (Figures 7–9). These results
indicate a high electrical conductivity and high weath-
ering within the overburden, in turn suggesting a high

porosity and clay content zone (which can be very con-
ductive in a wetmedium), withmoderate-to-high levels of
moisture held by soil particles and a possible high avail-
ability of nutrients/soluble salts (e.g., sodium, calcium,
magnesium and potassium) (Grisso et al., 2005; Theron
& van Niekerk, 1934). Results from this study align with
the overburden characteristics of the area (Figure 10a).
Specifically, Theron and van Niekerk (1934) detailed that
the region is characterized by black turf soil (heavy clay
soil) that is highly fertile (nutrient-rich) and capable of
retaining moisture. The soil formed from the chemical
weathering of the underlying RLS rocks (i.e., norite and
melanorite in the study area).Black turf soil is readily per-
vious to water (permeable) but has a high water-holding
capacity that reduces leaching, especially in sub-humid
and semi-arid climatic zones.The soil has a highly devel-
oped crumb structure and a clay content that varies from
40% to 60%, and a moisture equivalent commonly rang-
ing between 40% and 50% (Oppermann et al., 2017;
Theron & van Niekerk, 1934). The turf soil overburden
in the western Bushveld Complex varies between ∼1
and 5 m in thickness (De Klerk, 1982; Oppermann et al.,
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GEOPHYSICAL CHARACTERIZATION OF AQUIFER ZONES 535

TABLE 2 Surface wave seismic velocity and electrical resistivity physical property table of rocks (modified after Kirsch, 2006).

Soil profiles
type Rock/soil description

Average S-wave
velocity (m/s) top 30 m Rock type Resistivity (Ω m)

A Hard rock >1500 Gravel, sand (dry) 500–2000

B Rock 760–1500 Gravel, sand (saturated) 40–200

C Very dense soil/soft rock 360–760 Fractured rock 60–2000

D Stiff soil 180–360 Solid rock >2000

E Soft soil <180 Till 30–60

F Special soils requiring
site-specific evaluation

– Clay 10–30

2017). Within the overburden, black turf soils constitute
the A-horizon. The A-horizon progresses into the yellow-
coloured C-horizon, which varies greatly in depth (from
12 to 50 m) and consists of partially weathered mafic
rocks (Titus et al., 2009). The C-horizon is underlain
by the R-horizon, which corresponds to unweathered
bedrock, characterized by norite and melanorite in the
studied area (Figure 10a). Together, the A–AC–C hori-
zons constitute the soil horizon sequence of the study
area (Oppermann et al., 2017; Theron & van Niekerk,
1934).

Near-surface setting and water inflow
implications

The low P- and S-waves velocities, and resistivity zone
at the sites of interest (Figure 2), largely extend from
the surface to depths greater than those resolved by
the P-wave (excluding at Site 1), S-wave and electrical
resistivity surveys (Figures 7–9). The overburden zone,
characterized as a low P-wave, S-wave and electrical
resistivity zone, suggests highly to semi-weathered and
possibly fractured rocks (Table 2). According to avail-
able borehole data, located approximately 1.5 km west
of the study areas, the stratigraphic sequence (up to
54 m) begins with the overburden, characterized as a
highly weathered soil to saprolite zone, extending to
a depth of ∼9 m. With increasing depth, the overbur-
den is underlain by norite (∼9 m) and finally melanorite
(>36 m) (Figure 10a). We observe a good correlation
when comparing the thickness of the identified over-
burden zone from the P-wave, S-wave and resistivity
sections with the borehole data (compare Figures 7–9).
Unfortunately, due to the dipping nature of the RLS rocks
and the distance of the borehole from the studied sites,
the variation of P-waves, S-waves and electrical resis-
tivity sections at depths greater than the overburden
zone could not be determined. Overall, results suggest
that in the studied sites, the variation in the weath-
ered zone (i.e., from overburden to semi-weathered
bedrock in Figure 10b,c) is complex and extends to
a depth greater than that suggested by the borehole
data (compare depths from Figure 10a,b). This is not

surprising, as the western portion of the Bushveld Com-
plex is characterized by deep weathering, extending
approximately 25–40 m deep (Hey, 1999; Junge et al.,
2019).

In the inversion models, roughly where norite appears
in the borehole data (i.e., about 9 m deep), the
P- and S-wave velocities and electrical resistivities
(at Site 1) increase altogether, suggesting a bound-
ary and presence of a semi-weathered bedrock zone
(norite/melanorite) below the overburden zone. This
zone is better observed in both the P- and S-waves
sections (Figures 7–9). The semi-weathered bedrock
zone appears to be highly fractured and possibly water-
and salt-saturated (Table 2; Kirsch, 2006). In the west-
ern portion of the Bushveld Complex, Gebrekristos
and Cheshire (2012) reported that the depth of the
semi-weathered (weathered aquifer) zone extends to
approximately 35 m, similar to the maximum depth of the
semi-weathered bedrock zone mapped at the Tharisa
Minerals (Figures 7). Furthermore, Gebrekristos and
Cheshire (2012) stated that the depth and degree of
weathering (including in this zone) varies across the
Bushveld Complex and is dependent on the underlying
lithologies and site-specific physio-chemical conditions.
Considering that pre-mining studies conducted within
the Tharisa Minerals region established that groundwa-
ter levels were, on average, 10 m below ground level
(mbgl) and had a depth range of 2–30 mbgl (Cuth-
bertson, 2022), it is likely that the overburden zone
forms part of the weathered aquifer zone, which is
characteristic of the Bushveld Complex.
Below the semi-weathered bedrock aquifer zone is the

least-weathered (crystalline) bedrock zone (Figure 7).
The results demonstrate a clear succession from over-
burden (soil-boulder zone) to semi-weathered bedrock
zone (corresponding to the weathered aquifer zone),
to the least-weathered (crystalline) bedrock zone with
increasing depth, as depicted in the conceptual model
of the study area (Figure 10b,c). It is likely that the least-
weathered bedrock zone is fractured and weathered to
depths beyond those mapped by the surveys, as indi-
cated by published reports (Fourie et al., 2017; Goven-
der, 2019; Hey, 1999; Junge et al., 2019; Lourens, 2013;
Van Wyk, 2013). Generally, in the absence of secondary
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536 GOMO ET AL.

fractures, the least-weathered bedrock zone forms poor
aquifers (in fact, aquitards) due to the insignificant poros-
ity of the rocks. In the presence of regional and/or
secondary fractures, high-yielding aquifers can develop
in this crystalline rock zone. The aquifer (i.e., the crys-
talline aquifer) formed in the least-weathered bedrock
zone is often connected with the weathered aquifers and
can extend to depths of about 130–140 m below ground
level (Gebrekristos & Cheshire, 2012).

Our results suggest that, within the near-surface,
water inflow into the pits at Tharisa Minerals is, there-
fore, most probably sourced from both the weathered
and least-weathered (crystalline) aquifers, as mining is
currently happening at depths (currently 120 m) below
and within the water level of these aquifers (i.e., at
120 mbgl). In addition to the weathered and least-
weathered aquifers, there lies a possibility that more
sources contribute to the flow of water inside the mine,
such as the river (Sterkstroom River) cross-cutting the
mine lease area, alluvial aquifers associated with the
river, non-perennial rivers and streams in the area, a
dyke cross-cutting the Sterkstroom River and Tharisa
Minerals pits, and other geological structures present in
the vicinity of the mine, making it a possible combined
effect of both near-surface groundwater and the surface
water flow systems.

Water inflow reduction recommendations

A hydrogeological-geophysical study conducted by Dil-
dar et al. (2023) at Tharisa Minerals illustrated that the
water flooding the opencast pits is coming from multiple
sources: surface water, shallow bedrock aquifer/s and
from deep sources (from which water seeps into the pit,
from beneath the pit floor, via lineaments prevalent in
the crystalline rock zone and those caused by mining
activity). Thus, to reduce the water inflow as mining pro-
gresses to greater depths, a combination of dewatering
techniques could be implemented considering the mul-
tiple sources found in the vicinity of the mine and their
depth ranges. Dewatering techniques mainly assist with
dropping the potentiometric surface in the vicinity of the
mine, which improves pit working conditions, safety, pol-
lution water control, production and associated mining
costs (Preene, 2015; Straskraba, 2014).

CONCLUSION

We used an integrated geophysical approach involving
SRT, MASW and ERT methods to map and characterize
weathered bedrock aquifer systems at Tharisa Miner-
als (Bushveld Complex). The surveys produced complex
but largely correlating and complementary geophysical
results. All three methods mapped zones of increasing

velocities and resistivities quite well, whereas theMASW
and ERT methods mapped low-velocity and resistivity
zones within the near-surface in a satisfactory and com-
plementary manner, demonstrating the advantages of
conducting integrated studies.
Generally, the results reveal the prevalence of exten-

sive and deep weathering, possible high hydraulic
conductivity zones and variable weathering with depth.
Variation of the aforesaid is mainly associated with the
overburden zone, semi-weathered bedrock zone (which
hosts the weathered aquifer) and the crystalline bedrock
zone, where aquifers are associated with joints and frac-
tures. Currently, the pit at Tharisa Minerals is about
120 m deep; consequently, mining activities occur in
both the weathered and crystalline aquifer zones.Water
inflows are produced by the flow of water from surface,
weathered and crystalline aquifers. To mitigate uncon-
trollable block flooding, possibly improving pit working
conditions and increasing production, dewatering tech-
niques targeting to improve water inflow control inside
the pits should be considered.
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