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Abstract 
Electrical resistivity tomography (ERT) was used to delineate subsurface structures at Siloam hot spring in the 
Soutpansberg Basin of South Africa. The spring water was reported to be hottest in South Africa. Groundwater 
with temperature ranging between 63.3 °C and 67.5°C was observed flowing from the spring. Relatively wet areas 
were noted to the south and north of the spring. Electrical resistivity arrays with Dipole-dipole and Wenner-
Schlumberger configurations were used. Current injection and potential dipole separations of 5 m and 10 m were 
applied across the spring. Inversion results for arrays with the shorter dipole separation of 5 m had better resolution. 
Resistivity sections were generated from inversion of ERT data. The resistivity values for the low and high resistive 
zones were ρa < 10 and ρa > 70 Ωm respectively. Sub-horizontal resistivity zones were obtained from the inversion 
of Wenner-Schlumberger array survey data. High resistivity zones associated with dykes or sills were delineated 
on Dipole-dipole derived depth sections. Near vertical structures associated with water bearing faults or fractures 
were delineated at the Siloam hot spring. 
Keywords: groundwater, hot spring, resistivity, inversion 
1. Introduction 
The focus of the study was to identify subsurface and water bearing structures at the Siloam hot spring in the 
Soutpansberg Basin in the Limpopo Province of South Africa. Hot water was observed flowing from the spring. 
Olivier et al. (2008) reported on the existence of hot springs in the Soutpansberg Basin. The temperature of water 
at the spring was reported to be in the range 63.3 to 67.5 °C (Nyabeze et al., 2010; Shabalala et al. 2015), making 
it the hottest natural spring in South Africa. Nefuri (2013) highlighted an artesian borehole located 280 m southwest 
of the Siloam hot spring at longitude and latitude 30.1925ºE and 22.895367ºS, respectively, that intersected water 
at 18 m and a dyke at 43 m, and presented end of hole, volcanic rock drill chips. Holland and Witthüser (2011) in 
their analysis of borehole productivity in the Limpopo province reported that dykes, although less permeable dykes, 
acted as flow barriers and enhanced the accumulation of water with fissuring. 
A resistivity survey utilising a Wenner array was used to map the Siloam fault near a hot spring in the Soutpansberg 
basin and highlighted a low resistivity zone associated with mud cones (Brandl et al., 2001). Nyabeze et al. (2010) 
reported on the occurrence of a low resistivity zone at the Siloam hot spring, from electrical conductivity surveys. 
Chirindja et al. 2016 applied the ERT to investigate the Urema flood plain in Mozambique and confirmed the 
existence of a semi-confined permeable aquifer confined by a 30 to 40 m clay layer. Chirindja et al. 2017 delineated 
fractured zones in Nampula, Mozambique concluded that the ERT method was better at resolving lateral variations 
in the bedrock. The resistivity method was used to study subsurface structures at Roosevelt hot springs in the USA 
(Ward et al., 1978 and Tripp et al., 1978). Befus et al. (2014) reported that the resistivity method has been used to 
map out the spatial heterogeneity and geological structure. Owen et al. (2006) and Wilkinson et al. (2010) and 
used the ERT method for measuring electrical resistivity of the subsurface. Al-Fares (2016) carried out inversion 
of resistivity data to delineate the 2D realistic vision of the local subsurface structures within the Yarmouk Basin, 
Syria. Sirieix et al. (2014) delineated near vertical low resistivity features due to clay and a confined low resistivity 
zone with values below 562 Ωm below the natural spring. 
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The resistivity method is useful for the determination of subsurface weathered zone, thickness of sediments and 
differences in geology (MacDonald et al., 2008). Electrical geophysical methods can be used for rapid mapping 
of the subsurface soil using a non-destructive approach (Pozdnyakova et al., 2001). Resistivity surveys are useful 
for estimating depth of bedrock structures because different lithological units have differing resistivity values 
(Army, 1998). Orlando (2013) stated that Dipole-dipole arrays gave better resolution for subsurface areas with 
lower resistivity values compared to Schlumberger and Wenner arrays. Loke (2008) further mentioned that the 
Wenner array had the highest signal-to-noise ratio and is more reliable, among the conventional arrays. Tabbagh 
et al. (2007) described inversion as the application of an algorithm to determine unknown quantities that 
correspond to geometrical parameters. The inversion of the apparent resistivity to achieve the actual resistivity is 
based on the Occam inversion technique (Kaminsky et al., 2012). Constable et al. (1987) stated that the goal of 
inversion was to obtain the smoothest model from fitting data to a prescribed tolerance. Sirieix et al. (2014) 
obtained root mean square (RMS) fit errors between 5.9% and 39.3% with the high value from inversion of a 
section that had predominantly highly resistive limestone. Reynolds (2011) stated that the 2-D resistivity depth 
sections from 1-D inversion were based on the amalgamation of spatially averaged smoothness constrained 1-D 
inversions at each station. The modelling in 2-D is achieved using a finite element forward modelling approach 
that involves that comparison of the observed, original data and calculated model and measuring the degree of 
misfit in terms of the percentage Root Mean Square (RMS) error (Reynolds, 2011). 
2. Method 
Electrical resistivity surveys were carried out along a South to North (S-N) oriented profile across the spring 
(Figure 1). The survey profile elevation from South to North was between 830 m and 845 m above sea level. The 
topography value for each station was determined from GPS track files and appended to the field resistivity data. 
The hot water at the Siloam hot spring issues out of a borehole that was drilled into the Siloam hot spring. The 
ERT surveys were carried out in the months of May 2011 and May 2013, to investigate subsurface structures and 
water bearing zones. Two artesian boreholes Bh1 and Bh2, with warm water were observed 120 m and 190 m 
southeast of the hot spring respectively. 
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Figure 1. Location of the ERT profile-oriented south (S) to north (N), surveyed in May 2011 and May 2013, 

showing the location of the Siloam hot spring, Siloam Fault, and artesian boreholes Bh1 and Bh2. 
 
The electrical resistivity tomography (ERT) method was used to record ground resistivity data. Dipole-dipole (DD) 
as well as combined Wenner-Schlumberger (WS) arrays were utilised, applying 5 m and 10 m dipole separations. 
The field deployment of the ERT method involved laying down an array of electrodes that were connected to the 
resistivity meter via a multi-core cable, the data acquisition process is automatic, and software controlled, with the 
ability to select the required array configuration. Resistivity data was recorded using an Iris Syscal Pro-72 multi 
electrode resistivity system. Multicore cables with lengths of 90 m, 180 m, and 360 m were used. Stainless steel 
electrodes, 0.25 m long, were used for injecting current into the ground and for measuring voltages across 
electrodes. The temperature and precipitation data were collected and analysed for understanding the conditions 
of the ground during the ERT surveys. The survey dates, profile directions, profile lengths, and daily maximum 
temperatures, after Makungo 2016 are illustrated in Table 1. 
The raw ERT dataset should be reviewed for data spikes, missing data, poor electrode contact resistances before 
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carrying out the inversion. The profile topography was considered in the generation of the inversion models. The 
1-D results were used to generate 2-D resistivity tomography sections whereas the other models presented in this 
paper were generated from the 2-D inversion of resistivity data. The inversion was carried out using ZondRes2D 
software (Zond, 2012). The inversion process was repeated automatically until the RMS error fell below the 
acceptable target convergence, limit 10%. The inversion process results in the conversion of raw data resistivity 
pseudo-sections with pseudo-depths with modelled to true-resistivity depth sections. 
The apparent resistivity ρa is calculated from the current (I) and voltage (V) values, using Equation 1: 

ρa = K(V/I)        (1) 
In the Wenner array the separation of the potential and current electrodes is equal to separation a and the apparent 
resistivity, ρa is given by Equation 2 (Reynolds, 2011):  

ρa =2πa(V/I)        (2) 
In the Dipole-dipole array, the distance between the current electrode and the potential electrode, na (the dipole 
separation factor) is usually an integer multiple, n, of the distance between the current or potential electrode pair; 
The value of, n, should not exceed six (6) to avoid the recording of noisy data (Loke, 2008). The apparent resistivity, 
ρa, is given by Equation 3 (Reynolds, 2011): 

ρa =πn(n + 1)(n +2)a(V/I)      (3) 
The Schlumberger array is suitable for depth sounding. In the Schlumberger array the separation of potential 
electrodes is extremely smaller compared to the distance between the current injecting electrodes. The Wenner-
Schlumberger array is a combination of the Wenner and Schlumberger. The n factor for the Wenner-Schlumberger 
array is greater than 2 and the apparent resistivity, value for the array is given by Equation 4 (Reynolds, 2011): 

ρa =πn(n + 1)a(V/I)       (4) 
The temperature and precipitation data were collected and analysed for understanding the conditions of the ground 
during the ERT surveys. The survey dates, profile directions, profile lengths, and daily maximum temperatures 
(Makungo 2016), and rainfall data (SAWS, 2016) are illustrated in Table 1. 
 
Table 1. Profile parameters, day temperatures and precipitation data for the ERT surveys 

Date 
(dd-m-yy) 

Dipole 
(metres) 

Stations 
(metres) 

Time 
(hh:mm) 

Temperature Local 
(°C) 

Temperature   
Regional (°C) 

Precipitation 
(mm) 

08-May-11 10 0 to 400 11:26 to 
12:53 

N/A 26.8 0 to 1.5 

04-May-13 5 0 to 265 13:07 to 
13:34 

26.2 to 27.1 29.0 0 

08-May-13 5 80 to 435 15:23 to 
16:43 

22.5 to 23.1 24.8 0 

 
Borehole locations, drilling depth and static water levels for the Siloam area were compiled (DWS, 2017). The 
average depth of the boreholes and static water was 63.56 ± 33.42 m and 2.44 ± 2.72 m, respectively (Table 2). 
 
Table 2. Borehole locations, drilling depth and static water levels for the Siloam area 

Borehole Longitude Latitude Bh Depth (m) Water Level (mbgl) 
Bh51 30.19148 -22.90251 55.10 6.97 
Bh52 30.18981 -22.90028 63.00 6.37 
Bh53 30.18842 -22.90584 115.00 3.60 
Bh138 30.19453 -22.89890 93.50 0.12 
Bh168 30.18759 -22.90417 82.68 2.08 
Bh440 30.19482 -22.89905 65.75 0.34 
Bh441 30.19299 -22.89672 33.42 0.03 
Hs229 30.17875 -22.90595 0.00 0.00 
Average   63.56 2.44 
Std.dev   33.42 2.72 
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3. Results 
3.1 Field Observations 
Weathered volcanic rock blocks roughly 30 to 90 cm wide were observed along the profile. These could be 
indications of weathered volcanic sill or dyke material. Weathered sedimentary rock and fractured quartz was 
observed in a gully adjacent the Siloam hot spring. Hot water was continuously issuing from a standpipe at the 
Siloam hot spring and community members were observed collecting water in 10, 20 and 25 litre plastic containers. 
Two artesian boreholes Bh1 and Bh2 issuing warm water with temperatures above 40° C where identified in the 
survey area. 
3.2 Dipole-Dipole Arrays with 10 m 
The May 2011 resistivity survey was a 10 m, Dipole-dipole array with a length of 400 m, with the spring located 
at station 240 m (Figure 2). The observed and pseudo sections indicated a lower resistivity top layer between 
stations 200 m and 400 m. The 2-D inversion defined a horizontally layered model with a low resistivity zone with 
values of approximately ρa < 13 Ωm and a thickness of 25 m to 50 m. The hot spring at station 240 m occurs 
where the low resistivity zone has a thickness of approximately 25 m. The model shows that the low resistivity 
zone has a thickness of about 50 m at station 200 m. Near vertical zones with resistivity values ρa > 70 Ωm, as 
well as low resistivity, ρa < 13 Ωm sub-horizontal confined zones were delineated on the inversion model. 

Figure 2. ERT 10 m, Dipole-Dipole array results for a May 2011 survey showing the 2-D modelled resistivity 
contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring as well as low and 

high resistivity zones are annotated on the modelled section 
 

The data for May 2011 was subjected to 1-D inversion. 2-D resistivity sections were compiled from the 1-D 
inversion results. The resultant model showed that the borehole at the hot spring was drilled through zone at a 
depth of about 25 m with resistivity values ρa > 13 Ωm and sub-horizontal zones with resistivity values ρa < 10 
Ωm were delineated at depths below 25 m (Figure 3). 
 

Figure 3. ERT 10 m, Dipole-dipole array results for a May 2011 survey showing the 1-D modelled resistivity 
contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring, as well as sub-

horizontal low and high resistivity zones are annotated on the modelled section; The near surface low resistivity 
zones with ρa < 10 Ωm occur below the spring as well as to the south and north of the spring 

 
The RMS fit that was obtained for both the 1-D and 2-D inversion was 6.9% after 10 iterations, indicating that the 
models were a good representation of the real subsurface structure.  The high resistivity zones delineated on the 
1-D and 2-D models had resistivity values ρa > 13 Ωm and ρa > 70 Ωm. The low resistivity values for the 1-D and 
2-D models had values ρa < 10 Ωm and ρa < 13 Ωm. The difference in the base resistivity values for the 1-D and 
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2-D models could be attributed to the equivalence problem that is inherent in the inversion of resistivity data. The 
resistivity models that were generated from 1-D and 2-D inversion, highlighted the presence of lateral variations 
in subsurface, possible sub-horizontal, and sub-vertical structures. Both models showed a resistivity contrast at the 
position of the Siloam Fault at station 275 m. 
3.3 Dipole-Dipole Arrays with 5 m dipoles 
The May 2013, 5 m Dipole-Dipole array survey produced results that showed lateral variation in resistivity along 
the profile (Figure 4). The May 2013 surveys were carried out on May 4th for stations 0 to 265 m and May 8th for 
stations 80 m to 435 m. The 2-D inversion results showed the presence of a near vertical low resistivity zone 
between station 275 m and 300 m with values, ρa < 30 Ωm at the position of the Siloam Fault and he model shows 
that borehole at the hot spring was drilled into a sub-horizontal zone relatively high resistivity values ρa >30 Ωm 
(Figure 4). The Siloam Fault was delineated on the inversion model. 

Figure 4. ERT 5 m, Dipole-dipole array results for a May 2013 survey showing the 2-D modelled resistivity 
contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring, Siloam Fault as 

well as low and high resistivity zones are annotated on the modelled section 
 

The data for May 2013, was filtered to reduce the misfit to 3.3%, after carrying out 1-D inversion. The spring was 
drilled into a confined, low resistivity zone with, resistivity values, ρ < 13 Ωm (Figure 5). The model highlighted 
several near vertical zones with high resistivity values ρa > 35 Ωm that could be fractures dykes. 
 

Figure 5. ERT 5 m Dipole-dipole array results for a May 2013 survey showing the 1-D modelled resistivity 
contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring, as well as near 

vertical low and high resistivity zones are annotated on the modelled section. 
 
3.4 Wenner-Schlumberger Arrays 
ERT results for a 400 m, south to north oriented, 10 m dipole Wenner-Schlumberger array also recorded in May 
2011 have low resistivity zones where, ρa < 20 Ωm (Figure 6). The resistivity model indicated a low resistivity 
top layer with a thickness ranging between 20 m and 25 m that could be associated with a weathered water bearing 
zone. The resistivity zone was sub-horizontal and had values ρa > 30 Ωm. 
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Figure 6. ERT 10 m, Wenner-Schlumberger array results for the May 2011 survey showing the 2-D modelled 

resistivity contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring, as well 
as sub-horizontal low and high resistivity zones are annotated on the modelled section 

 
ERT results for a 435 m south to north oriented, 5 m Wenner-Schlumberger array recorded in May 2013 had low 
resistivity zones where ρa < 20 Ωm (Figure 7). The low resistivity zone with ρa < 20 Ωm was approximately 20 
m thick to the south of the hot spring between stations 75 m and 225 m. 

Figure 7. ERT 5 m, Wenner-Schlumberger array results for a May 2013 survey showing the 2-D modelled 
resistivity contour section with modelled resistivity ρm and elevation Zm; The location of the hot spring, as well 

as sub-horizontal low and high resistivity zones are annotated on the modelled section 
 
The Wenner-Schlumberger, 2-D inversions models for May 2011 and May 2013 surveys highlighted horizontal 
variations in resistivity. The subtle differences in the May 2011 and May 2013 could be attributed to factors such 
as the equivalence problem that is inherent in the inversion of resistivity data. The results showed that the 1.5 mm 
precipitation recorded in May 2011 and the difference in daily temperatures during the survey days did not have a 
noticeable effect on the resultant resistivity models. 
4. Discussion 
Relatively similar structures were resolved by both May 2011 and May 2013 resistivity models. The Dipole-dipole 
array resistivity, 2-D models resolved lateral variations better in the subsurface compared to Wenner-Schlumberger 
array. The sections generated from 1-D inversion results highlighted the presence of near vertical high resistivity 
zones. The 2-D inversion results for Dipole-Dipole array surveys, delineated broader horizontal variations in the 
subsurface.  Results for Wenner-Schlumberger array surveys mapped sub-horizontal layers that could be 
attributed to sills and water bearing sedimentary layers. Al-Fares (2016) in a similar study concluded that lateral 
variations were more defined better using a profiling technique as compared to single 1-D inversion techniques. 
Beard & Morgan (1991) in their assessment of 2-D resistivity structures using 1-D inversion did not find any major 
differences between results of 1-D and 2-D inversions but observed that 2-D surface geometry could be delineated 
with certainty from 1-D inversion. 
The resistivity was found to be increasing from surface from values below 10 Ωm for confined low resistivity 
zones to values above 100 Ωm, for the high resistivity confining zones. According the Army (1998) resistivity 
values for sediments are in the range 20 to 200 Ωm with metamorphic and igneous rocks having high values above 
50 Ωm. Kayode et al. (2016) in their study on crystalline aquifers located in southwestern Nigeria, reported that 
resistivity values in the range 50 to 250 Ωm were associated with weathered material that formed the groundwater 
aquifer. 
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The RMS fit for the 10 m Dipole-Dipole inversion models for both surveys were 5.4 and 6.9 % respectively for 
10 iterations. The RMS error was lower, with values below 5%. for the Wenner-Schlumberger array and the 5 m 
Dipole-Dipole inversion models. Orlando (2013) obtained root mean square errors (RMS) ranging from 1.8 % to 
5.8% for resistivity data iterations in the range of 6 to 7 and these were deemed to be acceptable. 
The depth of weathering inferred from the low resistivity zones ranged from 20 m to 40 m. The occurrence of 
water bearing zones at depths of 10 m to 30 m was based on the observed outflowing spring water, wet zones to 
the south and north of the spring, and the low resistivity zones from the inversion models. DWAS (2017) confirmed 
the occurrence of shallow water depths and boreholes. Muchingami et al. 2013 attributed the reduction of 
subsurface resistivity to almost zero, to water content and solute content above 25%. Shabalala et al. 2015 
confirmed that the water at the springs in the Soutpansberg basin had a relatively high sodium content. Yeh et al. 
2002 observed that the variability of the moisture content influenced the resistivity inversion modelling by 
contributing to higher levels of uncertainty in the interpretation of results. Differential weathering in areas with 
hot springs has been attributed to water infiltration in fault zones (Olivier et al., 2008). Bala & Cichy (2015) 
however noted the contribution of infiltrating conductive mud to the equivalence problem that results in the 
uncertain determinations of layer resistivity and thickness values. 
In the interpretation of delineated subsurface structures, the geology was assumed to be generally homogeneous. 
The near vertical structures that could be associated with faults or fractures and dykes or sills respectively were 
delineated near the Siloam hot spring. Befus et al. 2014 in their analysis of electrical resistivity anomalies 
concluded that the subsurface geology was heterogeneous. Bania & Ćwiklik (2013) stated that single profile ERT 
models were ambiguous in that they did not only define structures under the survey line but were influenced by 
other adjacent objects in the subsurface. 
5. Conclusion 
Subsurface structures were delineated at the Siloam hot spring using results of the ERT technique that were 
obtained in May 2011 and May 2013. Moisture bearing zones characterised by low near surface resistivity values, 
were delineated the south and north of the hot spring. Near vertical structures were better resolved using the Dipole-
Dipole array. Layered structures and horizontal variation in resistivity were defined better using the Wenner-
Schlumberger array inversion results. Lateral and vertical discontinuities in the bedrock that could be due to faults, 
fractures, geological contacts, or drainage channels were delineated. The depth of the water bearing top layer was 
inferred to be between 20 m and 40 m based on the lower resistivity zones on the Wenner-Schlumberger inversion 
models. The interpreted depth to the water bearing zone was comparable to the water strike depth of 20 m at the 
artesian boreholes that were drilled to the south of the hot spring. The research highlighted the uncertainties 
associated with the inversion and interpretation of ERT results. The delineated low resistivity zones are good 
targets for drilling boreholes for groundwater. The Siloam hot spring water, therefore exploits near vertical 
fractures or geological contact zones that were inferred from the ERT inversion models. 
Acknowledgments 
This research project was made possible through funding from Water Research Commission (WRC) K5/1959; 
National Research Foundation (NRF) Grant UID 82443; Mining Qualifications Authority (MQA), Council for 
Geoscience, South Africa Projects: ST-2009-1015, ST-2011-1120, & ST-2013-1169. Geosoft Inc. is thanked for 
providing data analysis, processing, imaging and interpretation software. Zond Software is thanked for providing 
software for resistivity inversion.  
References 
Al-Fares, W. (2016). Using vertical electrical soundings for characterizing hydrogeological and tectonic settings 

in Deir El-Adas area, Yarmouk Basin, Syria. Acta Geophysica, 64(3), 610-632. https://doi.org/10.1515/acgeo-
2016-0025  

Army, U. S. (1998). Geophysical exploration for engineering and environmental investigations. Technical 
engineering and design guides as adapted from the: US Army Corps of Engineers, 23, 204. 

Bała, M., & Cichy, A. (2015). Evaluating Electrical Anisotropy Parameters in Miocene Formations in the Cierpisz 
Deposit. Acta Geophysica, 63(5), 1296-1315. https://doi.org/10.2478/s11600-014-0252-3  

Bania, G., & Ćwiklik, M. (2013). 2D electrical resistivity tomography interpretation ambiguity – example of field 
studies supported with analogue and numerical modelling. J Geol, Geoph Env 39(4), 331–339. 
https://doi.org/10.7494/geol.2013.39.4.331  

Barker, O. B., Brandl, G., Callaghan, C. C., Eriksson, P. G., & van Der Neut, M. (2006). The Soutpansberg and 



jgg.ccsenet.org Journal of Geography and Geology Vol. 10, No. 4; 2018 

27 
 

Waterberg groups and the Blouberg formation. In MR Johnson, MR Anhaeusser and CR Thomas, The geology 
of South Africa, 301-318. 

Beard, L. P., & Morgan, F. D. (1991). Assessment of 2-D resistivity structures using 1-D inversion. Geophysics, 
56(6), 874-883. https://doi.org/10.1190/1.1443106   

Befus, K. M., Cardenas, M. B., Tait, D. R., & Erler, D. V. (2014). Geoelectrical signals of geologic and hydrologic 
processes in a fringing reef lagoon setting. Journal of hydrology, 517, 508-520. 
https://doi.org/10.1016/j.jhydrol.2014.05.070  

Brandl, G. (1981). The geology of the Messina area. Explanation of 1:250 000 sheet 2230, Geological Survey of 
South Africa. Council for Geoscience, Pretoria, South Africa. 

Brandl, G., Mitchev, S. A., Stettler, E. H., Graham, G., & Smit, J. P. (2001). Liquefaction-induced features along 
the Siloam Fault, Soutpansberg: seismic origin or ground water phenomenon? In: 7th SAGA Biennial 
Technical Meeting and Exhibition, October 2012. 

Chirindja, F. J., Dahlin, T., & Juizo, D. (2017). Improving the groundwater-well siting approach in consolidated 
rock in Nampula Province, Mozambique Hydrogeol J (2017) 25: 1423. https://doi.org/10.1007/s10040-017-
1540-1  

Chirindja, F. J., Dahlin, T., Perttu, N., Steinbruch, F., & Owen, R. (2016). Combined electrical resistivity 
tomography and magnetic resonance sounding investigation of the surface-water/groundwater interaction in 
the Urema Graben, Mozambique. Hydrogeology journal, 24(6), 1583-1592. https://doi.org/10.1007/s10040-
016-1422-y   

Constable, S. C., Parker, R. L., & Constable, C. G. (1987). Occam’s inversion: A practical algorithm for generating 
smooth models from electromagnetic sounding data. Geophysics, 52(3), 289-300. 
https://doi.org/10.1190/1.1442303  

DWAS (2017). National Groundwater Archive. Department of Water and Sanitation, Republic of South Africa. 
Accessed September 30, 2017.  

Fox, R. C., Hohmann, G. W., Killpack, T. J. & Rijo, L. (1980). Topographic effects in resistivity and induced-
polarization surveys. Geophysics, 45(1), 75-93. https://doi.org/10.1190/1.1441041    

Holland, M., & Witthüser, K. T. (2011). Evaluation of geologic and geomorphologic influences on borehole 
productivity in crystalline bedrock aquifers of Limpopo Province, South Africa. Hydrogeology Journal, 19(5), 
1065-1083. https://doi.org/10.1007/s10040-011-0730-5  

Kaminsky, A. E., Luhmanov, V. L., & Sakovskaya, A. V. (2012, September). Full Wave Form 2.5 D Inversion of 
Time Domain Induced Polarization. In Near Surface Geoscience 2012–18th European Meeting of 
Environmental and Engineering Geophysics. https://doi.org/10.3997/2214-4609.20143477 

Kayode, J. S., Adelusi, A. O., Nawawi, M. N. M., Bawallah, M. & Olowolafe, T.S. (2016). Geo-electrical 
investigation of near surface conductive structures suitable for groundwater accumulation in a resistive 
crystalline basement environment: A case study of Isuada, southwestern Nigeria. Journal of African Earth 
Sciences, 119, 289-302. https://doi.org/10.1016/j.jafrearsci.2016.04.009  

Loke, M. H. (2008). RES2DINV version 3.54-Rapid 2D resistivity and IP inversion using the least-squares method: 
Geoelectrical Imaging 2-D and 3-D. Geotomo Software, Malaysia, 130p. 

Loke, M. H., Wilkinson, P. B., Tejero-Andrade, A., & Kruse, S. (2015). Optimized Arrays for Resistivity 
Measurements Confined to the Perimeter of a Survey Area. In Near Surface Geoscience 2015-21st European 
Meeting of Environmental and Engineering Geophysics, September 2015. https://doi.org/10.3997/2214-
4609.201413793  

Macdonald, A. M., Davies, J., & Calow, R. C. (2008). African hydrogeology and rural water supply. Applied 
Groundwater Studies in Africa. IAH Selected Papers in Hydrogeology, 13, 127-148. 
https://doi.org/10.1016/j.desal.2008.05.100  

Makungo, R. (2016). Weather station data for Siloam Police Station, Siloam, Un-Published, University of Venda, 
South Africa. 

Muchingami, I., Nel, J., Xu, Y., Steyl, G., & Reynolds, K. (2013). On the use of electrical resistivity methods in 
monitoring infiltration of salt fluxes in dry coal ash dumps in Mpumalanga, South Africa. Water SA, 39(4), 
491-498. https://doi.org/10.4314/WSA.V39I4.7  



jgg.ccsenet.org Journal of Geography and Geology Vol. 10, No. 4; 2018 

28 
 

Nefuri (2013). Oral evidence: Borehole parameters of a drilled artesian borehole west of Siloam hot spring at the 
Nefuri residence, Check-line, oral communication, March 3, 2013, Unpublished.   

Nyabeze, P. K., Venter, J. S., Olivier, J., & Motlakeng, T. R. (2010). Characterization of the thermal aquifer 
associated with the Siloam hot spring in Limpopo, South Africa. In Totolo, O. (Ed). (2010). Water Resource 
Management - 2010, Calgary. https://doi.org/10.2316/P.2010.686-059  

Olivier J., van Niekerk H. J., & van der Walt I. J. (2008). Physical and chemical characteristics of thermal springs 
in the Waterberg area in Limpopo Province, South Africa. Water SA, 34(2), 2008, 166-171. 

Orlando, L. (2013). Some considerations on electrical resistivity imaging for characterization of waterbed 
sediments. Journal of Applied Geophysics, 95, 77-89. https://doi.org/10.1016/j.jappgeo.2013.05  

Owen, R. J., Gwavava, O., & Gwaze, P. (2006). Multi-electrode resistivity survey for groundwater exploration in 
the Harare greenstone belt, Zimbabwe. Hydrogeology Journal, 14(1-2), 244-252. 
https://doi.org/10.1007/s10040-004-0420-7   

Pozdnyakova, L., Pozdnyakov, A., & Zhang, R. (2001). Application of geophysical methods to evaluate hydrology 
and soil properties in urban areas. Urban Water, 3(3), 205-216. https://doi.org/10.1016/S1462-
0758(01)00042-5   

Reynolds, J. M. (2011). An introduction to applied and environmental geophysics. John Wiley and Sons, 2nd (ed.), 
p.696. 

SAWS (2016). South African Weather Service. Temperature and Rainfall data the Thohoyandou Weather Station, 
WO-07236646. 

Shabalala A, Nyabeze PK, Mankayi Z, & Olivier J. (2015) An analysis of the groundwater chemistry of hot springs 
in the Soutpansberg basin in South Africa: Recent data. SA J Geol 118:83-90. 
https://doi.org/10.2113/gssajg.118.1.87  

Sirieix, C., Riss, J., Rey, F., Prétou, F., & Lastennet, R. (2014). Electrical resistivity tomography to characterize a 
karstic Vauclusian spring: Fontaine d’Orbe (Pyrénées, France). Hydrogeology Journal, 22(4), 911-924. 
https://doi.org/10.1007/s10040-013-1095-8  

Tabbagh, J., Samouëlian, A., Tabbagh, A., & Cousin, I. (2007). Numerical modelling of direct current electrical 
resistivity for the characterisation of cracks in soils. Journal of Applied Geophysics, 62(4), 313-323. 
https://doi.org/10.1016/j.jappgeo.2007.01.004  

Telford, W. M., Geldart, L. P., & Sheriff, R. E. (1990). Applied geophysics (Vol. 1). Cambridge University Press, 
p.770. 

Tripp, A. C., Ward, S. H., Sill, W. R., Swift Jr, C. M., & Petrick, W. R. (1978). Electromagnetic and Schlumberger 
resistivity sounding in the Roosevelt Hot Springs KGRA. Geophysics, 43(7), 1450-1469.  
https://doi.org/10.1190/1.1440908  

Ward, S. H., Parry, W. T., Nash, W. P., Sill, W. R., Cook, K. L., Smith, R. B., Chapman, D. S., Brown, F. H., Whelan, 
J. A., & Bowman, J. R. (1978). A summary of the geology, geochemistry, and geophysics of the Roosevelt 
hot springs thermal area, Utah. Geophysics, 43(7), 1515-1542. https://doi.org/10.1190/1.1440912  

Wilkinson, P. B., Meldrum, P. I., Kuras, O., Chambers, J. E., Holyoake, S. J., & Ogilvy, R. D. (2010). High-
resolution electrical resistivity tomography monitoring of a tracer test in a confined aquifer. Journal of 
Applied Geophysics, 70(4), 268-276. https://doi.org/10.1016/j.jappgeo.2009.08.001 

Yeh, T. C. J., Liu, S., Glass, R. J., Baker, K., Brainard, J. R., Alumbaugh, D., & LaBrecque, D. (2002). A 
geostatistically based inverse model for electrical resistivity surveys and its applications to vadose zone 
hydrology. Water Resources Research, 38(12). https://doi.org/10.1029/2001wr001204 

Zond (2012). ZondRes2D program for two-dimensional interpretation of data obtained by resistivity and induced 
polarization methods (land, borehole and marine variants). Zond Geophysical Software, Saint-Petersburg, 
p.70.  

 
Copyrights 
Copyright for this article is retained by the author(s), with first publication rights granted to the journal. 
This is an open-access article distributed under the terms and conditions of the Creative Commons Attribution 
license (http://creativecommons.org/licenses/by/4.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


