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ABSTRACT  

Many recent studies have shown that some of the greatest water needs occur in areas 

underlain by crystalline rocks with complex hydrogeology. Crystalline basement rocks 

underlie over 60% of the South African surface, and the Limpopo Province of South Africa 

is no exception. Previous attempts to develop the lithologies of Limpopo for groundwater 

abstraction without the use of sound scientific methodologies resulted in low yielding 

boreholes and a higher rate of borehole failure. The complexity of the lithologies in the 

region necessitates the use of sound scientific methodologies for the delineation of 

promising groundwater potential zones. Therefore, the principal objective of the present 

study was to delineate groundwater potential zones through an integrated approach of 

remote sensing, geophysics, as well as the use of ancillary datasets. 

The area of focus is located in the northeastern section of Limpopo province, covering an 

area of about 16 800km2. Geologically, it is underlain by three Lithostratigraphic domains 

comprised of Archean-aged basement rocks, Soutpansberg volcano-sedimentary 

succession and subsidiary basins of the main Karoo young sedimentary cover.  In 

general, the groundwater potential of a region is a function of factors such as lithology, 

lineaments, slope, climate and land use/ land cover. Thus, the present study used 

parameters such as lineaments, lithologies, slope, and land use/ land cover to produce a 

groundwater potential zone map. The thematic layers were prepared from raw datasets, 

which include; LANDSAT 8 OLI, ASTER-DEM, aeromagnetic data, geological maps, and 

land use/land cover data, which were overlaid in a GIS environment.  

The resultant groundwater map revealed the presence of five distinct classes of 

groundwater potential zones, which were categorised into excellent, good, moderate, 

low and very low. Interpretation of the results shows that the study area is dominated by 

areas that may be regarded as moderate water potential zones, covering about 52% of 

the total area. On the other hand, low and good groundwater potential zones occur in 

almost equal proportions of 19.52 % and 24 % respectively. The results obtained were 

validated using GRIP borehole dataset, and a number of follow-up geophysical surveys.  
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Overlaying of the boreholes dataset on the map showed positive correlation between 

borehole yields groundwater potential zones. On the other hand, follow-up Vertical 

Electrical Sounding surveys revealed the presence of conductive layers in some 

selected target areas. The groundwater potential zone map and validation results 

provided a meaningful regional assessment of groundwater distribution in the study 

area. Thus, the results of this study can be used as a guideline for future groundwater 

exploration projects. 

Keywords: Archean, Borehole dataset, Geophysics, GIS, Groundwater, Karoo, 

lithologies, Potential zones, remote sensing.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

According to Vegter (2001), adequate water supply is crucial mainly for the social and 

economic development of areas exposed to arid and semi-arid climatic conditions in 

South Africa. Water is a requisite resource for the survival of all living organisms. Rosen 

and Vincent (1999) indicated that about 67% of the populations in most developing 

countries have no access to safe drinking water. Most people in these regions tend to rely 

heavily on surface water bodies such as rivers, lakes and natural ponds.   

Due to the diminishing quality and quantity of surface water resources, people are 

increasingly becoming dependent on groundwater. Over the past few years, groundwater 

has received much attention as one of the major sources of water supply for industrial, 

agricultural and domestic purposes. Contrary to surface water resources, access to 

groundwater requires adequate knowledge of the hydrogeological framework in which 

groundwater occurs. South Africa is a classic example of one of the developing countries 

where groundwater has received much attention over the past few years. 

According to Titus et al. (2009), crystalline basement rocks underlie approximately 55% 

of the South African land area. Most aquifers in South Africa have little water storage 

capacity due to lack of primary porosity and permeability. Thus, groundwater occurrence 

in these regions is confined to the weathered and fractured zones. Due to the complex 

nature of the hydrogeology in this region, scientific techniques are required to locate the 

groundwater controlling structures. According to Sami (1992), some of the greatest water 

needs occur in areas underlain by crystalline basement rocks with complex hydrogeology. 

Previous attempts to develop Southern African basement aquifers without a systematic 

approach have resulted in low yielding boreholes and a high rate of borehole failure.  

Limpopo has been listed as one of the provinces in South Africa having limited 

groundwater and surface water resources. The availability of water in the region is a direct 

consequence of an interplay between unrelated variables such as climate, geology and 

topography (Holland, 2011). The area is characterized by subtropical climatic conditions, 

although much of the area tends to be semi-arid to arid.  
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In addition, a significant proportion of Limpopo Province experiences frequent droughts 

particularly in the northern districts. According to DWA (2013), groundwater is an 

extremely vital resource in rural Limpopo province where it provides over 60% of the rural 

domestic water supplies. However, this resource occurs in varying quantities and qualities 

throughout the region depending upon the underlying aquifer conditions. As mentioned 

earlier, the geology of the Limpopo Province is in general very complex and diverse. 

Recent studies conducted in the area revealed that the underlying geology plays a huge 

role in the distribution and occurrence of groundwater in the province (Holland, 2011; 

Vegter 2001). Thus, a comprehensive understanding of the underlying geology is 

necessary for a proper understanding of groundwater occurrence in the area. 

Assessment of recent studies by GRIP Limpopo (2015) shows that a higher groundwater 

potential is found in areas underlain by gravels and unconsolidated deposits. On the 

contrary, areas underlain by crystalline basement rocks have very little groundwater 

potential. The Limpopo Province is predominantly crystalline in nature, and groundwater 

exploitation in the region remains minimal due to a poor understanding of the 

hydrogeological framework within which groundwater occurs. The occurrence of 

groundwater in much of Limpopo is controlled by secondary porosity and permeability 

resulting from rock fracturing and weathering. Therefore, it is highly imperative that sound 

scientific methodologies are employed for groundwater exploration in these regions. 

The present study aims to adopt an integrated approach using remotely sensed imagery 

and combined geophysical techniques to delineate groundwater potential zones in the 

complex lithologies of the Limpopo Province. The use of remotely sensed imagery, 

ground magnetic data and electrical resistivity methods for groundwater exploration is 

highly effective in such areas where groundwater occurrence is mainly controlled by 

geologic structures. 
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1.2 Statement of the problem 

Groundwater plays a vital role in rural water supply to a significant proportion of the 

communities in Limpopo Province as explained in section 1.1. However, as also explained 

in section 1.1, much of these areas are underlain by crystalline basement aquifers where 

groundwater occurrence is controlled by geologic structures. Thus, the distribution and 

occurrence of this strategic resource is dependent on the complexity of the underlying 

hydrogeology. In addition, the northern region of Limpopo province is exposed to semi-

arid conditions, with a minimal annual precipitation that recharge groundwater resources. 

These conditions pose challenges to water resources availability and hence result in 

acute water shortage in some of the rural communities where the majority of households 

rely on groundwater.  

Many recent studies conducted in Limpopo Province reported declining borehole yields 

coupled with higher rates of borehole failure. According to Petzer (2009), a borehole is 

considered successful if it yields greater than 0,1 l/s, which is not the case for most 

boreholes drilled in the study area. Only few boreholes drilled into the rocks of the 

Limpopo mobile belt have been found to yield more than 0,1 l/s. The use of inappropriate 

groundwater exploration techniques in this geologically complex setting is cited as the 

major reason behind the higher rate of borehole failure in the area. 

The development of crystalline basement aquifers for groundwater abstraction is very 

complex due to their intrinsic low permeability and porosity. As mentioned in section 1.1, 

these types of aquifers make up about 55% of the study area. Thus, a comprehensive 

understanding of the movement, recharge, and occurrence of groundwater is required for 

the development of sustainable boreholes. The problems of acute water shortage and 

declining borehole yields is also evident in the southern regions of Limpopo Province 

where alluvium and gravel deposits predominate. However, most of the boreholes drilled 

in these geological settings appear to provide relatively greater yields. This calls for an 

integrated approach to groundwater exploration using remotely sensed imagery and 

combined geophysical techniques. 
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1.3 The significance or motivation of the study 

The significance of the study lies in the fact that sustainable boreholes cannot be 

developed in the complex lithologies around Limpopo if drilling sites are selected on a 

random basis. Most water service authorities in these regions have been randomly 

developing new boreholes with limited success rates (DWA, 2013). Despite all the vast 

amount of literature on the geology of Limpopo, little is known about the hydrogeology of 

the area. Recent studies by GRIP (2015) demonstrated that significant quantities of 

groundwater can be abstracted if drilling sites are selected based on sound scientific 

methodologies.  

As part of the Integrated Development Planning, water service authorities in these 

communities aim to drill and equip more than 60 boreholes by 2018 (Vhembe IDP, 2015). 

This initiative was aimed at halving the proportion of people who still do not have access 

to safe drinking water in these areas. In addition, the mining industry, agricultural 

activities, and the expanding settlements increase the pressure on the available water 

resources. Thus, it is highly imperative that studies are conducted in these regions to 

identify potential zones where sustainable boreholes can be sited.   

The use of remote sensing and geophysical techniques for groundwater exploration will 

help delineate the potential zones for siting boreholes in the area. These zones will be 

presented on a map that will be used as a guide for water practitioners. Therefore, the 

outcome of this study will assist in minimising the chances of borehole failure and low 

yielding boreholes in the area. Furthermore, it will alleviate the common challenges of 

water scarcity in the area. 

1.4 The general and specific research objectives 

1.4.1 The broad objective  

The primary objective of this study is to delineate groundwater potential zones in the 

complex basement aquifers around Limpopo province through an integrated approach of 

remote sensing and integrated geophysical techniques. 
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1.4.2 The specific objectives 

The specific objectives of this study are: 

1. To identify structural lineaments and suitable areas for detailed geophysical exploration 

of groundwater. 

2. To delineate geological structures that control groundwater occurrence in the study 

area using the magnetic method. 

3. To determine the groundwater-bearing potential of the geological structures in the area. 

4. Develop a prospective guide map for groundwater exploration.  

5. Improve the borehole success rates by recommending suitable zones for siting 

boreholes 

1.5 The research questions 

The following research questions were generated in order to assist in the accomplishment 

of the objectives of this study: 

1. Are the geological structures in the study area identifiable on remotely sensed 

imagery? 

2. Is the magnetic method a valuable technique in delineating geological structures in 

areas with a complex hydrogeology? 

3. What geological structures are potential sources of groundwater supply? 

4. Is the resistivity method effective in determining the groundwater potential of these 

structures? 

1.6 Characteristics of the study area 

1.6.1 Location 

This section provides a general description of the area under investigation and the 

historical development of groundwater in the area. The study area lies within the latitudes 

22°12’27’’S and 23°05’05’’S, and longitudes 29°06’41’’E and 31°03’29’’E respectively.  

Geologically, it covers three distinct geological domains that are highly variable and 

complex (figure 1.1).   
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Amongst some of the dominant lithologies found in the study area, include rocks of the 

Limpopo mobile belt, Soutpansberg group and the Karoo Supergroup in varying 

proportions. It is, however, worth noting that a considerable proportion of the study area 

is underlain by rocks of the Limpopo mobile belt particularly in the northern part, and minor 

portions of the Soutpansberg group and Karoo Supergroup on the southern parts.    

 

Figure 1.1: Geographic location of the study area (Modified from Chinoda et al., 2009) 

1.6.2 Geology 

Geologically, the study area is underlain by crystalline rocks of Archean age, 

Soutpansberg volcano-sedimentary succession and Karoo sedimentary basins. Archean 

rocks in the area encompasses the complexly deformed metamorphic rocks of the 

Limpopo mobile belt, while the Karoo sedimentary rocks are found in the Tshipise and 

Tuli Sedimentary basins (Chinoda et al., 2009; Malaza, 2013). The Soutpansberg 

succession represents an elongated succession that is comprised of igneous, 

metamorphic, and sedimentary rocks in varying proportions (Brandl, 1999).  
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1.6.3 Climate 

The general climatic conditions in the study area can be described as semi-arid 

subtropical. Vhembe IDP (2015) described the winters in the area as typically mild and 

moist, while summers are often warmer. The average annual rainfall in the area ranges 

from 300mm to 600mm, and much of this rain is experienced during summer in the 

months from October to March.  

It has been noted that rainfall occurrence in the region is largely due to the orographic 

effect of the Drakensberg escarpment joining the Soutpansberg at right angle (Vhembe 

IDP, 2015). Thus, rainfall tends to vary across the district, decreasing from east to the 

west of the study area. The annual temperature ranges from a minimum of 10°C during 

winter to a maximum of 40°C during summer (Vhembe IDP, 2015). Nonetheless, winter 

temperatures can be quite high in the area, with average maximum daily temperatures of 

27°C. The northern parts of the study area experiences frequent droughts, particularly in 

areas around Mutale and Musina local Municipalities, which are predominantly semi-arid.  

1.6.4 Vegetation 

The study area is characterized by a very rich biodiversity of flora and fauna. The rich 

biodiversity is a direct consequence of the area’s climatic conditions, biogeographical 

location and diverse topography (Vhembe IDP, 2015). Thus, due to the semiarid and 

subtropical climate in the study area, the area is predominantly characterized by the 

greater savanna biome, which is commonly known as the Bushveld. However, some 

small pockets of grassland and forest biomes can be found in the area. 

The Savanna biome in the area is characterized by such plant species as Mopani scrub 

(Colophospermum Mopane), Baobab (Adonsonia digitata), and Wild fig (Fycus 

sycomorus) (DAFF, 2012). Other parts of the area is characterized by sacred forests and 

mountain fynbos. In summary, all the veld types in the area can be broadly classified into 

bushveld, grassland and forest biomes. The high variability and distribution of vegetation 

in the area is a direct consequence of an interplay between multiple unrelated factors. 

Amongst these include the large diversity of geological formations, altitudinal ranges and 

the variation in climatic conditions (Africon and Environomics, 2004). 
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CHAPTER 2: LITERATURE REVIEW 

2.0 Introduction  

This section presents a review of the available literature concerning the application of 

remote sensing and geophysics to groundwater exploration, particularly in a hard rock 

terrain. The present literature review will briefly discuss the concept of remote sensing 

and its applications to groundwater exploration, lineament mapping and Geophysical 

exploration of groundwater, particularly using the Magnetic and Electrical resistivity 

methods.  

2.1 Regional Geology of the study area. 

Geologically, the study area is sandwiched between two major crustal blocks, the 

Zimbabwean craton and Kaapvaal craton in the south, as shown in figure 2.1. However, 

a significant portion of the study area consists of a sequence of high-grade metamorphic 

rocks that cover quite an extensive area in the northern parts of Limpopo (Van Reenen 

et al., 1992). This is an ENE-trending granulite-grade metamorphic belt known as 

Limpopo mobile belt. Three zones exist within the belt with distinct lithological and 

structural characteristics namely: Northern Marginal Zone, Central Zone and the Southern 

Marginal Zone. The study area is underlain by rocks of the Central zone in varying 

proportions.     

The Southern border of the study area is underlain by rocks of the Soutpansberg Group. 

The Soutpansberg Group represents an east to west trending volcano-sedimentary 

succession that is divided into seven formations based on the proportions of lava and 

sedimentary rocks. These formations include Tshifhefhe Formation, Wyllie’s Poort 

Formation, Stayt Formation, Sibasa basalt Formation, Nzhelele Formation, and Fundudzi 

Formation. A very small portion of the study area is covered by the northern margin of the 

Karoo Supergroup. The contact between the Karoo Supergroup and Soutpansberg Group 

is marked by Klein Tshipise regional fault. 
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The northeastern margin of the study area comprises rocks of the Karoo Supergroup, 

particularly those occurring in subsidiary basins. The Karoo Supergroup across Africa 

encompasses lithologies that were deposited in a wide variety of environments, ranging 

from glacial, lacustrine, aeolian, fluvial, deep and shallow marine environments (Mtimkulu, 

2009). Most of the strata range in age from the late Carboniferous to the early Jurassic 

(Johnson et al., 1996).  

In Southern Africa, it extends over a large area as the main Karoo and Kalahari basins, 

as well as a number of subsidiary basins. However, in Limpopo province, the Karoo 

system occurs as a narrow band along the northern margin of the Soutpansberg Group, 

and the eastern border of the Limpopo mobile belt (Africon and Environomics, 2004). The 

main basins occurring in the study area include Tshipise and Tuli basins, which will be 

further discussed in more details in later chapters. The following sections will provide a 

general description of the Karoo rocks in Limpopo province.   

 

Figure 2.1: Regional map of the study area showing all the lithologies (Adapted from 

Borshoff et al., 2006). 
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 2.2 Local Geology 

2.2.1 Limpopo Mobile Belt 

The northern margin of the study area covers the highly metamorphosed rocks of the 

central zone of the Limpopo mobile belt. The central zone in the study area consists of a 

variety of granitic para and ortho-gneisses which tend to form basements in certain areas 

(Sohnge et al., 1948). According to Fripp et al. (1983), most basement gneisses in this 

zone appear to be poorly banded, grey in color are transected by mafic and granitic dykes. 

In terms of mineralogy, these rocks are grano-dioritic where most of them contain quartz, 

microcline, andesine, biotite and often have chlorite and epidote as common products of 

alteration (Fripp 1981; 1983).   

The supracrustals found in the Central zone are collectively termed the Beitbridge 

complex. However, most of these assemblages tend to contain garnets as opposed to 

the underlying basement rocks. A variety of rocks are found in the Beitbridge complex, 

and these include; leucocratic quartzo-felspathic gneisses, para-gneisses, marble, calc-

silicate rocks, quartzite, and magnetite quartzite (Van Reenen et al., 1992).  

2.2.2 Structural Geology of the Central zone 

Some of the most distinctive structural features of the study area include the complex 

folding, faulting, bedding and banding of the metamorphosed lithologies (Chinoda et al., 

2009). Most of the rocks in the central zone of the belt are strongly foliated, and this 

foliation appears in the form of banding and bedding. The majority of the developed folds 

in these rocks are steeply dipping to near vertical in attitude (Chinoda et al., 2009). In 

addition, the central zone is characterized by a number of prominent shear zones and 

faults that appear to be trending in an almost similar direction (Horrocks, 1983).  

The prominent E-W trending Dowe-Tokwe fault passes through the immediate south of 

Messina with a considerable displacement particularly along the Musina layered intrusion 

and other rocks (Chinoda et al., 2009). In the western side of Musina, this fault branches 

out and trends in a northeasterly direction as Messina fault. The prominent Messina fault 

transects the gneiss banding and bedding at an angle of approximately 90° and displaces 

it by 80 to 100 m.  
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A number of subsidiary fractures and fissures also branch out from the main faults in a 

complex manner (Barker et al., 1992). The ENE-WSW trending Bosbokpoort fault located 

further south of Messina marks the contact between the metamorphic rocks of the central 

zone and the younger sedimentary cover of the Karoo Supergroup. 

2.2.3 Soutpansberg Group  

The southern margin of the study area consists of all the lithologies of the Soutpansberg 

Group. The volcano-sedimentary succession of the Soutpansberg Group rests 

unconformably on the east-south-east trending graben within the gneisses of the Limpopo 

Mobile Belt (Bristow, 1986). Geological mapping of this group led to the recognition of 

various formations that are divided based on the proportions of lava and sedimentary 

rocks in each (Brandl, 1981).  

Tshifhefhe Formation 

The Tshifhefhe Formation is just a few meters thick and distinct lithological unit that 

contains no volcanic rocks. It is predominantly comprised of clastic sedimentary rocks 

such as greywacke, conglomerate and shale (Brandl, 1981). The Tshifhefhe Formation 

may be regarded as a member of the Sibasa basalt Formation although the latter 

Formation consists mainly of basaltic and other volcanic rocks; there are also minor beds 

of quartzite. The base of this Formation consist of coarser-grained sedimentary rocks up 

to conglomerates (Visser et al., 1989). 

Nzhelele Formation 

The Nzhelele Formation, like many other formations, represents some of the most well 

preserved units from erosion in the central Soutpansberg where it occurs within down-

faulted blocks. Barton et al. (1979) showed that Nzhelele Formation is well developed in 

the Northeastern part of the Soutpansberg around Mutale region. Despite the presence 

of well-preserved rocks, the Formation does not extend into the western part of the 

Soutpansberg and the Blouberg probably due to non-deposition or removal by faulting 

(Visser at al., 1989). 
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Sibasa and Fundudzi Formation 

The Sibasa Basalt and Fundudzi Formation are lithologically similar except that the former 

is predominantly volcanic, while the latter comprises mainly sedimentary rocks (Kent, 

1949). Prevailing igneous rocks within the Sibasa Formation include basalt with some 

minor pyroclastic rocks. On the other hand, Fundudzi Formation consists of argillaceous 

and arenaceous sediments with a few thin pyroclastic horizons (Brandl, 1981). 

Stayt Formation 

This formation comprises some of the far northern lithological units of the Soutpansberg 

Group. The Stayt Formation has a maximum thickness of about 1800 m and it is bound 

by two prominent faults. This consists of a succession of lava and sediments overlying 

the basement complex in the area between Stayt and Hardevlakte (Visser et al., 1989). 

This localized volcano-sedimentary succession comprises 1 to 2 m of sandstone followed 

by some 1500 m of lava, 200m of reddish purple-brown shale, and finally 60 m of quartzite 

with interbedded pebble beds (Barker et al., 2006). 

Mabilingwe Formation 

This is a confined succession of sediments with no volcanic rocks that is found at 

Mabilingwe village, east of the Limpopo River. This Formation consists mainly of 

conglomerate lying directly on the complex basement, followed by reddish brown 

tuffaceous and sandy shale, and finally quartzite and sandstone (Kent, 1949). The 

exposed rocks along both banks of the Limpopo River have a thickness of about 50 m 

(Bristow, 1986).  

2.2.4 The structural Geology of the Soutpansberg Group. 

Rocks of the Soutpansberg Group are truncated by a number of extensional fault systems 

(Brandl, 1981). Most of these fault systems are composed of faults that trend in an almost 

similar direction. Two prominent intersecting fault systems can be recognized in the 

Soutpansberg basin (Malaza, 2013). The first dominant system is comprised of faults 

trending East-North-East direction, almost parallel to the regional strike direction of the 

lithologies.  
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Malaza (2013) noted that this recognized fault system is characterized by vertical 

displacements not exceeding 500 m. The main prominent faults representing this system 

include Tshipise, regional Klein Tshipise and Bosbokpoort fault. The dominant regional 

Klein Tshipise fault is an east-west trending fault that marks the contact between rocks of 

the Soutpansberg Group and the Karoo Supergroup in the north. The second system is 

comprised of faults trending West-North-West at very low inclinations to the general strike 

of the strata. Faults of this nature include the prominent Siloam fault. The majority of the 

faults in the Soutpansberg Group are believed to have been developed prior to the 

deposition of the Karoo rocks or during the Soutpansberg times (Brandl, 1981). 

2.2.5 The Karoo Supergroup 

The study area covers mainly the northern subsidiary basins of the Karoo Supergroup. 

Amongst these, include the young sedimentary cover of the Tshipise and Tuli basins. The 

Tshipise basin represents an ENE-WSW trending lithological unit located south of the 

Limpopo River and northern edge of the Soutpansberg group (Africon and Environomics, 

2004). It is a fault bounded subsidiary basin, with the regional Klein Tshipise fault in the 

south, and the prominent Bosbokpoort in the north (Nyabeze at al., 2013; Mtimkulu, 

2009).  

Rocks of the Karoo Supergroup in Limpopo can be subdivided into a number of groups 

and formations, based on their lithological and chronological characteristics (Malaza, 

2013). According to Malaza (2013), rocks of the Karoo system in Limpopo can be 

assigned to three chronological units, and these include the Permian, Triassic and 

Jurassic periods. The Permian period in the area consists mainly of the Fripp, 

Madzaringwe, and Mikambeni Formations. The Solitude, Kloppperfontein and 

Bosbokpoort Formations can be assigned to the Triassic period. On the other hand, the 

Jurassic period consists mainly of the Jonzini and Letaba Formations (Malaza, 2013).   

In terms of lithological characteristics, Madzaringwe Formation is an approximately 200m 

thick unit comprised of alternating layers of sandstone, shale and siltstone. The 

Mikambeni Formation has a thickness of about 150m, and it is comprised mainly of black 

shales and mudstones. It has however been discovered that both these sandstone-rich 

Formations contain some appreciable amounts of coal. 
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On the other hand, the Fripp Formation is predominantly sandstone with a thickness of 

up to 110m. This formation can be correlated to the Beaufort group of the main basin. 

The solitude Formation, which may be assigned to the Triassic period, is comprised 

mainly of purple to grey mudstones (Johnson et al., 2006). The distinctive Bosbokpoort 

Formation consists mainly of reddish mudstones and sandstones with very fine grains 

(Mtimkulu, 2009). Furthermore, the Klopperfontein Formation is a 20m thick unit 

comprised of cross-bedded feldspathic sandstones.  

The Klopperfontein Formation is followed by the Claren Formation, which has a thickness 

of up to 300 m. However, this unit has been divided into the Red Rocks Member and 

Tshipise sandstone Member based on its lithological characteristics. All these Members 

are predominantly comprised of sandstones that slightly differ in terms of their physical 

properties. The Red Rocks Member, as the name suggests, consists primarily of 

alternating layers of reddish argillaceous sandstone and cream-colored sandstone. On 

the other hand, the Tshipise Member consists mainly of a light-colored argillaceous 

sandstone (Brandl, 1981; Malaza, 2013).  

Amongst the units belonging to the Jurassic period involves the Letaba and Jonzini 

Formations. The Letaba Formation is composed of up to 380 m thick basaltic lava, with 

some minor proportions of tuffs, rhyolite flows and andesite. According to Malaza (2013), 

the Jonzini Formation consists of pink to reddish rhyolite. 

2.2.6 Local Geological and hydrogeological settings 

The study area is geologically underlain by complexly deformed Archean rocks of the 

Limpopo mobile belt, volcano-sedimentary succession of the Soutpansberg and the 

young sedimentary cover of the Tshipise and Tuli basins. Only the central and southern 

marginal zones of the Limpopo mobile belt fall within the area. 

Due to the complexity and variability of the local geological setting, groundwater 

resources in the study area are not evenly distributed. Thus, the resources in the study 

area can be classified as major, minor and poor depending on the yields of the major 

boreholes drilled in the region (Africon and Environomics, 2004).  
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According to Africon and Environomics (2004), major groundwater resources are found 

in the southern and the northern parts of the area. The larger concentration of 

groundwater resources in the southern margins of the study area may be attributed to the 

occurrence of alluvium aquifers. On the other hand, the central and northern margins are 

predominantly comprised of fractured and weathered aquifers. 

2.3 REMOTE SENSING 

Remote sensing is the science, art or technology of acquiring reliable information about 

a physical object and the environment using sensors located at a distant location from the 

feature of interest. Sensors are used to measure the amount of electromagnetic energy 

emitted from an object or geographic area at a distance. Aircrafts and Satellites are 

generally used as the main platforms for remote sensing of the earth. The recording 

device onboard the satellite or aircraft is equipped with various sensors that record energy 

emitted or reflected from the Earth surface in various parts of the electromagnetic 

spectrum (Meijerink et al., 2007).  

2.3.1 History of remote sensing  

Historically, the process of remote sensing commenced around the 1850’s when balloons 

were used as platforms for acquiring photographs (Mauger, 2014). By 1903, pigeons were 

used with the first light camera, which could collect photos every 30 seconds during the 

bird flight (Aggarwal, 2013). It was during world war one when airplanes were used for 

large scale photo reconnaissance, consequently replacing pigeons and balloons as 

remote sensing platforms. Contrary to balloons and pigeons, these platforms proved to 

be more reliable and stable for earth data collection (Mauger, 2014). 

During this period, the collected aerial photographs were mainly used in disciplines such 

as agriculture, forestry, geology and cartography (Aggarwal, 2013). Some of the most 

profound improvements in the use of aerial photography took place during world war two. 

These advancements included the development of much improved cameras, films, and 

interpretation equipment. At the same time, other imaging systems, such as radar, 

thermal sensors and near-infrared photography were successfully developed (Mauger, 

2014).  
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In 1972, NASA launched the first Earth Resources Technology Satellite (ERTS-1) as an 

experiment to determine the feasibility of collecting data from an unmanned platform 

(Natural Resources Canada, 2016). Equally important, this highly successful program 

provided voluminous multi-spectral earth observation data from around the world at a 

good spatial resolution. The acquired multi-spectral data led to an improved 

understanding of planet earth. The name of this program was later changed to LANDSAT-

1, which means land and satellite. Recent years have seen some profound improvements 

in LANDSAT technology (Natural Resources Canada, 2016). 

2.3.2 Principles of remote sensing  

The process of remote sensing is based on the principle that surface materials or objects 

reflect or emit varying amounts of incident radiation in different parts of the 

electromagnetic spectrum (Aggarwal, 2013). The amount of energy reflected, absorbed 

or transmitted depend upon the surface properties of the material, wavelength of the 

energy and the condition of the feature (Meijerink et al., 2007).  

In brief, different objects have a unique spectral signature, which allows them to be 

detected and discriminated from other materials. The following sections will provide a 

comprehensive description of remote sensing in sequential order. The first requirement 

for remote sensing is a source of electromagnetic energy to illuminate the target of 

investigation (Aggarwal, 2013). The transmitted energy interacts with the atmosphere as 

it travels from the source to the target of investigation. Oftentimes, this interaction leads 

to a slight attenuation of the energy due to scattering and absorption of certain 

wavelengths by atmospheric particulate matter.  

The energy that finally reaches the target may be reflected, absorbed or transmitted 

depending on the properties of the target and the radiation (Mauger, 2014). Secondly, 

remote sensors are required to detect and measure the amount of energy reflected off 

the surface of the material.  The sensors commonly used in remote sensing can classified 

into two broad categories, namely; Passive and Active sensors. 
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(i) Active Sensors 

Active sensors are all those remote sensing systems that provide their own energy to 

illuminate the target of interest. The amount of energy reflected or emitted from the 

surface of the material is detected and measured by the sensor. The main advantages of 

these systems is in their ability to acquire information at any time, regardless of the 

season and time of the day (Natural Resources Canada, 2016).  

However, the use of these sensors require the generation of a fairly large amount of 

energy necessary to illuminate the target. For these reasons, active sensors are not 

widely used for remote sensing of large areas. 

(ii) Passive sensors 

On the other hand, passive sensors measure the energy that is naturally available. The 

sun provides much of the electromagnetic energy required for remote sensing of the 

environment (Mauger, 2014). Thus, for all reflected energy, these systems can only 

record data when the sun is illuminating the earth (i.e. during the day). Similarly, only the 

naturally emitted energy such as thermal infrared can be detected at either night or day 

by passive sensing systems. Passive remote sensing systems are widely used for the 

collection of voluminous earth observation data. 

The electromagnetic energy registered by the sensors has to be transmitted to receiving 

stations on the ground where processing is carried out. At the stations, raw remote 

sensing data is processed into either a hardcopy or digital imagery that is ready for use. 

Afterwards, the processed image is subjected to a number of interpretation techniques to 

extract information about the target of interest. Finally, the objective of remote sensing is 

accomplished when the extracted information is applied to better understand the target 

or solve a particular problem. 

2.3.3 Remote sensing imagery processing  

Image processing is an essential element of remote sensing which is mainly concerned 

with four basic operations, namely; image restoration (pre-processing), image 

enhancement, image classification and image transformation (Kumar and Singh, 2013).  
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Image pre-processing is an initial operation that often precedes any further analysis of 

remotely sensed imagery for a variety of applications (Natural Resources Canada, 2016). 

Pre-processing is often followed by enhancement operations, which are carried out to 

optimize the visual quality of images for feature extraction. On the other hand, image 

classification involves the digital classification and identification of pixels in remotely 

sensed data. Each pixel is assigned to a specific theme based on the statistical 

characteristics of its digital number (Kumar and Singh, 2013). Finally, image 

transformation involves the application of mathematical algorithms to combine and 

transform multispectral data into new images. The following sections provide a 

comprehensive description of the aforementioned processing operations. 

2.3.3.1 Pre-processing 

Image pre-processing is an initial operation in feature extraction that often precedes any 

further manipulation or analysis of data. A number of distortions and data registration 

errors incurred during acquisition (Santos et al., 2011) often characterizes raw image 

data. These errors and distortions result from a complex synthesis of multiple factors. 

Thus, the ultimate aim of image pre-processing operations is to account for data 

registration errors by eliminating any distortions, hence improving the quality of feature 

extraction (Milkovic, 2009). There are various techniques adopted during image pre-

processing, the most common ones will be presented in the following sections: 

(a) Geometric corrections  

Geometric correction is a prerequisite procedure that must be performed particularly 

when remote sensing images are to be used for mapping purposes (Milkovic, 2009). This 

procedure is highly imperative since a number of unrelated complex factors during data 

acquisition often lead to geometric distortions of varying degrees. For example, during 

the acquisition of satellite imagery, the high elevation of the sensors often leads to minimal 

image displacements (Jensen, 2004). Moreover, recent evidence suggests that an 

attempt to represent the 3-dimensional surface of the earth as a 2-dimensional image is 

also one of the leading causes of these distortions (Natural Resources Canada, 2016). 

With this in mind, a number of corrections should be applied to improve the geometrical 

properties of images prior to utilization for any purpose.  
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Geometric corrections may be executed in a GIS environment where the content of 

remotely sensed imagery is assigned a spatial coordinate system (i.e. geographic latitude 

and longitude) (Ballhorn, 2007). This procedure allows remotely sensed images to be 

processed with other data or maps due to their similar reference system. 

(b) Radiometric correction 

Radiometric corrections are often applied to account for the distortions in the magnitude 

of electromagnetic radiation registered by the satellite sensor (Rao, 2014). The most 

common agents responsible for radiometric distortions include atmospheric conditions, 

changes in illumination, viewing geometry and the instrument response characteristics 

(Milkovic, 2009). Recent years have seen an increase in the number of procedures 

designed to minimize the influence of these effects on image data.  

Haze compensation is one of the most commonly applied radiometric corrections that aim 

to minimize the influence of atmospheric conditions on image data (Rao, 2014). In some 

instances, the digital numbers of each pixel are systematically computed to account for 

illumination changes that often accompany the seasonal changes in the position of the 

sun relative to the earth. It is worth noting that the type of correction performed for each 

distortion is largely determined by the application in question. 

(c) Noise Removal 

Noise refers to any unwanted signals and disturbances in image data that can reduce the 

radiometric information content (Natural Resources Canada, 2016). The various agents 

that lead to image data registration errors include atmospheric conditions during the time 

of acquisition, periodic drift and malfunctioning of the satellite sensors (Rao, 2014). Noise 

filtering is an operation that often precedes any subsequent enhancement for feature 

extraction. The ultimate aim of this operation is to remove noise without modifying the 

underlying image characteristics. Most image processing software package is equipped 

with various filters to suppress noise from images.  

According to Santos et al. (2011), the type of method adopted to eliminate noise from 

image data depends to a large extent on the type of noise present. For example, random 

noise is often removed using rank or median filters (Rao, 2014).  
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However, the most commonly used filters in image processing are the so-called high and 

low pass filters. The pre-processing techniques are often followed by image enhancement 

operations that aim to improve the quality of feature extraction (Kumar and Singh, 2013). 

In order to improve the visibility of features of interest, remote sensing images are 

subjected to several image enhancement operations using computer-based remote 

sensing software package. 

2.3.3.2 Image enhancement  

Image enhancement techniques are applied to ensure that features of interest are 

extracted in an enhanced manner. The principal aim of this operation is to improve the 

visibility of features for visual interpretation (Kumar and Singh, 2013). There is a broad 

range of enhancement techniques. Thus, the following sections will provide a brief 

overview of the techniques commonly adopted for enhancing the visibility of features. 

(i) Linear Contrast stretching 

Linear contrast stretching, also known as histogram equalization, is an image 

enhancement technique used to improve the visibility of features of interest that only 

appear vaguely on an overall image (Meijerink et al., 2007). The technique involves the 

alteration of the grey levels in an image. Most images have grey levels that range from 0 

to 256; however, the human eye cannot distinguish small variation in grey tones. 

Therefore, the narrow range of grey values in an image is stretched to the full brightness 

value of the output unit. The principal aim of this technique is to provide optimal variations 

in color and contrast of an image. The result of this operation is an improved visual 

contrast of two different features of uniform density (Natural Resources Canada, 2016).  

(ii) Edge enhancement filter 

The edge enhancement filters, also known as high pass or sharpening filters, is a useful 

image enhancement technique for the extraction of lineaments from satellite images 

(Meijerink et al., 2007). The principal aim of this technique is to highlight points and lines 

in an image and suppress smooth varying regions. Directional filters may be applied to 

sharpen features that are oriented in a particular direction.  
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Furthermore, non-directional filters are applied if the orientation of the features is not 

clearly visible (Meijerink et al., 2013). The enhanced image has linear features with 

sharpened edges.  

2.3.3.3 Image transformation 

This operation involves the use of mathematical algorithms to modify multispectral images 

into new images that contain more details (Kumar and Singh, 2013). New images that 

better display certain features in an image are created from the original bands by 

performing some arithmetic computations (i.e. Addition, Subtraction, Multiplication, 

division). The most commonly adopted image transformation operations include principal 

component analysis and band rationing (Meijerink et al., 2013). These will be discussed 

in the following sections: 

(i) Principal component analysis 

Principal component transformation is a mathematical transformation that involves the 

correlation of multispectral data from one band to the other. It is based on the logic that 

the level of a pixel in one band can to some degree be predicted from the level of that 

pixel in another band (Sebastia et al., 2013). The main aim of this operation is to reduce 

the information contained in multi-spectral bands into few new images (Gupta et al., 

2013). The principal component images describe data more efficiently than the original 

bands. Principal component transform does not lead to any loss of information content 

from the original bands. This technique is more appropriate in situations where little 

background information about the area of interest is available (Gupta et al., 2013). 

(ii) Band rationing 

This represents some of the most common transformation operation performed on 

remotely sensed images. Spectral rationing is an operation that is aimed at highlighting 

the slight variations in the spectral signatures of various surface materials (Natural 

Resources Canada, 2016). In this method, the image analysist creates a ratio image from 

raw image data by determining the ratio between two spectral bands (Meijerink et al., 

2007).  
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The resultant image displays a very huge variation in terms of the spectral response of 

various features. Thus allowing the analyst to make a fine discrimination between various 

features displayed on the image. 

(iii) Normalized Difference Vegetation Index (NDVI) transform. 

NDVI is the most common index utilized by users of remotely sensed data to quantify 

vegetation density. The index quantifies vegetation by measuring the difference between 

near-infrared and red light. This is based on the logic that green vegetation reflects much 

solar radiation in the near infrared band but less in the red-visible band. Mathematically, 

the simplest NDVI can be expressed as follows: 

                                                      NDVI =  
NIR−RED

NIR+RED
                                                                   (2.1) 

NDVI values always range from -1 to +1, and from these, high NDVI values are 

representative of dense vegetation, while low NDVI values correspond to poor vegetation 

cover (Meijerink et al., 2007). On a grayscale NDVI Image, pixels representing dense 

vegetation appear as whitish tones while pixels for poor or no vegetation may appear as 

grey to black tones (Tessema et al., 2014). Interpretation of an NDVI image can be 

summarized under the following table: 

Table 2. 1: Typical results and interpretation of NDVI images. 

NDVI Index 

Value 

Colour on a grayscale image   Vegetation cover 

  -1  Black  Poor or no vegetation cover 

  0  Grey  Moderate cover 

  1  White Dense vegetation cover 

 

In hydrogeological studies, NDVI aids as a tool for detecting groundwater-bearing 

fractures, assuming vegetation responds to the presence and absence of groundwater. 

Furthermore, NDVI evaluation is more crucial in those areas where groundwater 

availability is often controlled by periodic fluctuations in the water table.  
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2.3.3.4 Image classification 

Image classification is the task of extracting classes of information in an image by 

identifying a group of homogenous pixels representing features of interest (Natural 

Resource Canada, 2016).  In this procedure, an attempt is made by the analyst to classify 

each pixel into a particular class or theme by using the spectral information provided in 

each pixel. The classification procedure relies upon the detection of spectral responses 

of various feature classes. It is a procedure that is performed in a GIS environment where 

raster data is used to create thematic maps (Meijerink et al., 2007).   

Classes in this operation can be further subdivided into information and spectral classes. 

Information classes refers to those categories of interest that the analysist is trying to 

detect in an image, while spectral classes are those groups of pixels characterized by 

almost similar brightness values on image data (Sebastia et al., 2013). There are two 

generic approaches often used in image classification depending on how the 

classification operation is performed: 

(i) Supervised Classification 

In this procedure, homogenous representative samples are selected by the analyst to 

represent different information classes of interest (e.g. forest types or tree species). The 

samples chosen are known as training samples. Moreover, the choice of appropriate 

training samples depends upon the analyst’s knowledge of the actual features portrayed 

in the image. Therefore, the image analyst is responsible for directing the classification of 

various feature classes in a multispectral image data.  

The operation relies solely on the statistical characteristics of the pixel’s brightness values 

in different bands to spectrally recognize similar areas for each class. Modern computer-

based image processing software is equipped with a special program to recognize the 

spectrally similar areas in an image. To sum it up, supervised classification is based on 

the selection of information classes that are later used to determine the spectral classes 

they represent in an image. 
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(ii) Unsupervised Classification 

Contrary to supervised classification, this procedure involves the grouping of spectral 

classes first, which are then matched to the information classes (Kumar and Singh, 2013). 

Spectral classes are chosen by the computer without the analyst’s intervention where the 

selection process is based solely on numerical information in the data (Natural Resources 

Canada, 2016). Various computers are equipped with special programs called clustering 

algorithms, which are used to determine the natural groupings in image data. However, 

the number of clusters sought by the computer are predetermined by analyst. Hence, 

unsupervised classification process is not completely without human supervision.    

2.3.4 Interpretation of Remote sensing images 

The art of image interpretation involves recognizing targets and extracting information 

from images that can be used to solve a particular problem. Much interpretation of remote 

sensing imagery is carried out either visually or manually (Meijerink et al., 2007). 

Recently, visual interpretation has been carried out by examining a digital imagery 

displayed on a computer screen. Nonetheless, every image interpretation process must 

be preceded by pre-processing techniques to enhance the quality of the data.  

The various elements of image interpretation include tone, texture, size, shape, shadow 

and association (Natural Resources Canada, 2016). These elements enable the 

interpreter to make a fine discrimination between various targets and their backgrounds 

on images, hence extracting valuable information from the images that can be applied to 

solve various problems. Interpretation can be made from a variety of spectral band 

combinations, which include the following: 

(i) Natural Color Composite Image 

A natural color composite image is produced by combining the bands representing the 

three primary colors (i.e. Red, Green and Blue). When these colors are combined in 

varying proportions, they produce the different colors of the visible band. Features on a 

natural color composite image are portrayed exactly as we see them in the natural world 

(figure 2.2). For instance, trees appear green, snow and clouds are white while water is 

often represented in various shades of blue. 
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Figure 2.2: True-color composite satellite image (Adapted from: NASA Earth Observatory, 

2013). 

In a typical Landsat 8 OLI image, a natural color composite image is accomplished by 

combining bands 2, 3 and 4, which are representative of the blue, green and red bands. 

(ii) False Color Composite Image 

The principal advantage of using multispectral remotely-sensed imagery lies on their 

capability to provide information inside and outside the visible spectrum. This capability 

allows users of remotely-sensed data to produce an unconventional image using a 

combination of visible and at least one non-visible band. The resulting image shows 

features in colors that do not have any resemblance to their natural colors. For instance, 

vegetation may appear in various shades of red and buildings in various shades of blue. 

An image of this nature is referred to as a false-color composite image. A false-color 

composite image enables data visualizers to easily detect features on an image that may 

not be easily discernable when presented using a true-color combination. 
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2.3.5 Hydrogeological applications of remote sensing data. 

In the past few decades, remote sensing data has been widely used for the extraction of 

information of hydro-geologic relevance prior to actual fieldwork (Magowe and Carr, 

1999). Assessment of previous studies by (Contes et al., 2008) revealed that pre-field 

image interpretation makes fieldwork more efficient. Aerial photographs and satellite 

images depicting the terrain of interest are widely used to obtain baseline information 

about an area of interest.  

Data extraction for general and hydro-geologic purposes is usually made from images 

recorded in the visible and near infrared band of the electromagnetic spectrum (Meijerink 

et al., 2007). In hard rock terrains, groundwater occurrence is often controlled by the 

development of secondary porosity and permeability from rock fracturing and weathering 

(Tessema et al., 2011; Muchingami et al., 2012). Groundwater flow and storage in these 

regions is controlled by such structures as faults, fractures, and joints.  

Thus, groundwater exploration in this geological setting requires the delineation and 

mapping of structural and lithological units. The successful abstraction of groundwater in 

a hard rock terrain requires that the drilled borehole intercept a system of interconnected 

fractures, faults and joints (Titus et al., 2009). These geologic structures are sometimes 

visible as linear features called lineaments on aerial photographs and satellite images. In 

the middle of the twentieth century, geologists discovered that most lineaments on images 

are surface indicators of underlying zones of weakness in the earth’s crust (Prabu and 

Rajagopalan, 2013). Previous studies by Sander (1997) revealed that lineament 

interpretation for groundwater studies improved the success rate of groundwater 

exploration programs from 50% to 70%.  

Structural lineaments can be extracted from aerial and satellite images using visual or 

computer-assisted lineament extraction methods. Satellite images commonly used for 

lineament mapping include ASTER and LANDSAT TM-ETM images of various bands 

(Meijerink et al., 2007). The use of remotely sensed imagery is often adopted for large-

scale mapping of geological structures.  
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2.3.6 Extraction of Lineaments from Satellite imageries 

Visual interpretation of lineaments by manual tracing is very effective in the identification 

of geological lineaments. However, the operation can be subjective and erroneous if the 

interpreter has no prior knowledge of the geology in place. Visual interpretation of images 

for lineament extraction involves the analysis of parameters such as the direction, density, 

length, orientation and the intersection frequency of lineaments (Omosanya et al., 2012). 

In some instances, automated lineament extraction maybe performed to extract 

lineaments from images without human intervention. However, the automated lineaments 

extraction methods tend to be more subjective since non-geological lineaments are also 

detected (Meijerink et al., 2007)). 

2.3.7 Lineament analysis 

Lineaments extracted from satellites are often presented in a form of maps and rose 

diagrams showing the spatial distribution and general trends of lineaments respectively 

(Prabo and Rajagopalan, 2013). From these maps, statistical analysis methods are 

performed to determine parameters such as Lineament Density (LD), Lineament 

Intersection (LI) and Lineament Frequency (LF). Most of these tasks involves complex 

mathematical computations to determine the statistical characteristics of lineaments of 

remote sensing images. The thematic maps of structural lineaments are used as a guide 

for further geophysical exploration of groundwater.  

2.4 Concepts of Groundwater. 

Hiscock (2005) defined groundwater as the water found in the subsurface below the water 

table occupying all the pore spaces of soil particles, sediments and rock fractures. The 

occurrence of groundwater in a particular region is controlled mainly by the availability of 

recharge sources, regional geology and geomorphology of landforms. It makes up about 

0.61 % of the water on the earth (UNESCO, 1999). Groundwater is replenished by 

precipitation that percolates or moves downwards through the pore spaces in soils and 

rocks, as shown in figure 2.3 (Moore, 2012).  
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Figure 2.3: Nature of groundwater occurrence and recharge (Adapted from: Chilton and 

Seiler, 2006) 

Although precipitation is significant for groundwater recharge, the underlying geology 

plays a huge role on the occurrence and quantity of groundwater in a particular region. 

Thus, groundwater occurrence and distribution is restricted to certain geologic formations 

and structures. The geologic formation that stores and transmits sufficient quantities of 

water is termed an aquifer.  

2.4.1 Aquifers 

An aquifer is a saturated geological formation or stratum that is sufficiently porous to store 

and permeable to transmit sufficient quantities of water. The amount of water to be yielded 

by an aquifer depends largely on parameters such as the porosity and permeability of a 

rock (Nonner, 2012). The transmission and storage properties of a rock are primarily 

controlled by geological factors that determine the volume, size and interconnectedness 

of the pore spaces (Younger, 2007). Porosity of a rock refers to the proportion of a given 

volume of rock that is occupied by pores while permeability refers to its ability to transmit 

water.  
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Examples of geological units that form good aquifers include sandstone, sand and gravel 

deposits, limestones, and fractured and weathered crystalline rocks. Sedimentary rocks 

such as Sandstones and Conglomerate tend to be sufficiently porous and permeable than 

crystalline rocks such as igneous and metamorphic rocks. Therefore, sedimentary rocks 

tend to store and transmit large quantities of water between the individual pore spaces.  

Most Igneous and Metamorphic rocks are crystalline in nature; therefore, they are 

characterized by little or no porosity (Artinaid, 2013). As a result, the occurrence of 

groundwater in crystalline rocks is highly dependent on the development of secondary 

porosity and permeability from rock fracturing and weathering. Aquifers are usually 

classified based on their texture, lithology, structure, hydraulic performance, and on the 

mobility of their water (Artinaid, 2013). However, aquifers may be classified as Confined 

or Unconfined depending on the presence or absence of the water table (Nonner, 2012). 

2.4.1.1 Unconfined aquifer 

Unconfined aquifer is one in which the groundwater level is marked by the undulating 

level of the water table, as shown in figure 2.5. Groundwater recharge usually occurs in 

a form of direct infiltration from precipitation. Consequently, the position of the water table 

varies depending on the rainy or dry seasons (Artinaid, 2013). The fluctuation of the water 

table corresponds to the changes in water volume in an unconfined aquifer.  

2.4.1.2 Confined aquifer  

A confined aquifer is one that is overlain by a confining bed of relatively low permeability, 

which tends to restrict the upward movement of water. These types of aquifers are 

characterized by the accumulation of water in a permeable stratum that is sandwiched 

between two impermeable rocks (figure 2.4). Groundwater in a confined aquifer is 

subjected to pressure greater than atmospheric, and completely saturates the geological 

formation.  
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Figure 2.4: Schematic cross-sectional diagram of different types of Aquifers (Adapted 

from National Groundwater Association, 2007)). 

2.4.1.3 Perched aquifer 

This type of aquifer occurs where groundwater accumulates above a relatively 

impermeable stratum of small areal extent, which separates the small water body from 

the main groundwater (Moore, 2012). This is similar to an unconfined aquifer in that, the 

groundwater level is marked by the undulating surface of the water table. In sedimentary 

deposits, clay lenses represent a classic example of perched aquifers (Younger, 2007).  

2.5 Background of Geophysics 

Geophysics is a multidisciplinary science that uses the principles of physics, mathematics 

and chemistry to investigate the nature of the earth and its surrounding atmosphere 

(Milson & Erikson, 2011; Telford et al., 1990). “It is a science that seeks to investigate the 

dynamics of the internal structure of the earth, by measuring the physical properties of 

the earth’s materials (i.e. rocks, air and water masses) such as density, elasticity, 

magnetization, electrical conductivity and resistivity” (Telford et al., 1990).  



31 
 

The field of geophysics is divided into two main aspects, namely: Pure and Applied 

Geophysics. Pure geophysics studies the physical phenomena associated with the earth, 

such as the geomagnetic field, heat flow and force of gravity in order to infer the earth’s 

internal and physical properties. On the other hand, applied geophysics deals with the 

search for shallow subsurface features presumed to exist within the earth’s crust by 

making measurements at or near the earth surface (Parasnis, 1997). Thus, applied 

geophysics is of economic significance since it deals with the exploration for vital 

resources such as mineral deposits.  

In the search for minerals and other resources, applied geophysics can be divided into 

the following methods of exploration: Electrical, Electromagnetic, Seismic, Gravitational, 

Radioactivity, Magnetic and well logging (Telford et al., 1990). However, geophysical 

exploration techniques can be further grouped into Dynamic (active) and Static (passive) 

methods depending on the source of the signal measured during the survey. Dynamic 

geophysical techniques involve the transmission of an artificially generated signal into the 

earth and then recording the changes in the transmitted signal.  

Examples of active geophysical techniques include seismic refraction and reflection 

methods, induced polarization, electrical resistivity, and Electromagnetic methods. On the 

contrary, passive geophysical methods measure the spatial variations in naturally 

occurring fields associated with the earth. These techniques have the advantage of 

providing detailed information from greater depths within the earth’s interior (Somiah, 

2011). Examples of these methods include magnetic, gravity and self-potential methods.  

Geophysical exploration methods involve those techniques used to collect subsurface 

information related to the physical properties of the earth’s materials. These techniques 

depend on the measurement of bodies with contrasting physical properties, such as 

magnetic susceptibility, density, heat conductivity, conductivity, radioactivity and elastic 

constants (Telford et al., 1990). The methods of data acquisition in geophysics can be 

classified into surface and subsurface methods. Surface geophysical techniques seek to 

derive information about the subsurface by conducting measurements on or near the 

surface of the earth. On the contrary, subsurface methods involves the drilling of 

boreholes to collect information about the subsurface.   
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According to Zohdy et al. (1990), not all geophysical techniques are practical to 

groundwater studies. Only an individual who knows the capabilities and limitations of 

various geophysical techniques can make this determination. Due to the limitations 

associated with various geophysical techniques, geophysicists often use more than one 

geophysical technique to improve the accuracy of geophysical data (Barker, 1992; 

Burazer et al., 2012).  

Most geophysical techniques have been used in groundwater investigations with some 

proving to be more effective than others are. The principal geophysical techniques used 

in groundwater investigations include the electromagnetic, electrical resistivity, magnetic, 

and nuclear magnetic resonance method. However, only the magnetic and resistivity 

methods will be extensively reviewed in the following sections. 

2.5.1 The Magnetic method 

2.5.1.1 Historical Overview of the magnetic method 

The magnetic method as an exploration tool was employed earlier than all other 

geophysical techniques (Nabighian et al., 2005). The first scientific investigation of the 

earth’s magnetism was made by Sir William Gilbert, who showed that the earth’s 

magnetic field closely corresponds to that which would be generated by a bar magnet 

located at the center of the earth along its rotational axis (Telford et al., 1990). 

Karl Frederick Gauss conducted follow up studies of the terrestrial magnetism through 

mathematical analysis methods that later confirmed Gilbert’s observations. He showed 

that the earth’s magnetic field is entirely due to a source located within the earth, rather 

than external sources (Telford et al., 1990). In 1843, Von Wrede used the variations in 

the earth’s magnetic field at various points to locate magnetic ore deposits (Nabighian et 

al., 2005). During this period, measurements of the earth’s magnetic field were made 

using a magnetic balance, which only measured the vertical component of the field 

(Telford et al., 1990). The magnetic method blossomed after the advent of high 

performance personal computers and digital data processing algorithms.  
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A major improvement in instrumentation took place during World War ΙΙ when a fluxgate 

magnetometer was developed to detect submarines from an aircraft (Likkason, 2014; 

Nabighian et al., 2005). The portability and accuracy of this instrument marked the 

beginning of aeromagnetic surveys. Subsequently, proton-precession magnetometer was 

developed in the 1950s, which offered more reliability, simplicity and rapid data 

acquisition. In 1962, an optical pump Alkali Vapor magnetometer was developed and 

employed to acquire much accurate magnetic observations (Telford et al., 1990). 

2.5.1.2 Basic theory of the magnetic method. 

Geologic formations are made up of tiny particles called grains, some of which are 

magnetic in nature. The susceptibilities of these magnetic materials determine their 

magnetic response. Thus, every magnetic grain resembles a dipole that consist of two 

poles, 𝑃1  and 𝑃2 of opposite signs, separated by a distance. Charles Augustin de 

Coulomb indicated that the force of attraction or repulsion experienced between two 

magnetic monopoles also obeys an inverse square law like that derived for gravity by 

newton (Likkason, 2014). 

The magnetic force, 𝐹𝑚 experienced between two magnetic poles is given by the following 

mathematical expression:   

                                              𝐹𝑚  =  
1

µ
 
𝑃1 𝑃2 

𝑟2
                                                                     (2.2) 

Where µ is the magnetic permeability, while  𝑃1  and 𝑃2 are pole strengths, and 𝑟 the 

distance between the poles. 

The expression for magnetic force in equation (2.2) is similar to the gravitational force 

expression given by: 

                                  𝐹𝐺 = 𝐺
𝑚1 𝑚2

𝑟2
                                                (2.3) 

In equation (2.3), 𝑚1 and 𝑚2 are masses, and 𝐺 is the gravitational constant. However, 

contrary to the gravitational constant(𝐺), the magnetic permeability, µ is the property of 

the material where the poles are situated.  
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When magnetizable geologic formations are placed in a magnetic field, they produce their 

own magnetization, a phenomenon known as magnetic induction. The strength of the 

magnetic field produced by the magnetizing field on the material is called the intensity of 

magnetization, given by the following expression:  

                                                    𝐽 = 𝑘𝑇                                                                           (2.4) 

Where 𝐽 is the intensity of magnetization, 𝑘 the magnetic susceptibility, and 𝑇 is the 

strength of the inducing field.  

The fundamental material property whose spatial distribution is measured during a 

magnetic survey is called magnetic susceptibility, which determines the degree to which 

a rock can be magnetized in the presence of a magnetic field.  

2.5.1.3 Sources of the Earth’s magnetism 

In exploration geophysics, the total geomagnetic field is decomposed into three 

components namely; the main field, crustal field and the external field (Telford et al., 

1990). The main field is believed to originate from sources inside the earth, which 

accounts for approximately 90% of the earth’s magnetic field. The remaining 10% of the 

geomagnetic field originates from both crustal rocks and the upper atmosphere. A 

comprehensive description of these sources is provided in the following sections: 

(i) Main field  

This is the largest component of the total geomagnetic field, which is believed to be 

generated from convection of liquid iron in the earth’s outer core. The earth’s outer core 

is an approximately 2000 km thick layer presumably composed of both iron and nickel, 

both good electrical conductors (Nabighian et al., 2005). The convection process in the 

outer core is a consequence of variation in pressure, temperature, and composition of the 

earth’s outer core (Telford et al., 1990). The variation in these parameters causes cool, 

dense materials to sink while warm, less dense materials rise. This process generates 

Eddie currents which give rise to a dipolar magnetic field similar to that which would be 

generated by a bar magnet located at the center of the earth closely aligned with the 

earth’s rotational axis. The average magnitude of the earth’s magnetic field is about 50 

000 nT.  
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(ii) Crustal Field 

This is a component of the earth’s magnetic field associated with crustal rocks, particularly 

where temperatures are below the Curie point (Likkason, 2014). In practice, all crustal 

rocks are placed within the earth’s magnetic field, which serves as the inducing field. 

Thus, the crustal field is a resultant effect of both induced and remanent magnetization of 

magnetically susceptible rocks. Variation in the concentration of magnetic minerals in the 

crust causes local disturbances in the main field of the earth. These magnetically 

susceptible rocks are the primary targets during a magnetic survey (Telford et al., 1990).  

As mentioned earlier, the magnetism of crustal rocks can be further decomposed into 

both induced and remanent magnetization. Induced magnetization as the name implies, 

only exist when a magnetizable object is placed within an inducing magnetic field, which 

causes the magnetic body to produce its own magnetic field (Likkason, 2014). In practice, 

the induced magnetization appears to be a consequence of parallel alignment of a series 

of magnetic dipoles located within the magnetic material (Likkason, 2014). This 

component of magnetization is a result of the magnetic body being located within an 

inducing field. Therefore, if the inducing field could be turned off, induced magnetization 

would disappear depending on the magnetic properties of the material.  

On the other hand, remanent magnetization refers to the permanent magnetization 

acquired by rocks particularly during their formation. This component of magnetism can 

be acquired through a variety of rock forming processes. For example, as igneous rock 

cools past the Curie temperature, it records the strength and direction of the earth’s 

magnetic field at that particular time through the process of magnetic induction. As the 

geomagnetic field changes over time, a portion of the induced field in the rock remains 

fixed in a direction and strength indicative of the earth’s magnetic field during the 

formation of the rock. 

(iii) External field 

This source constitutes a very small portion of the total geomagnetic field. The external 

source field is presumably a direct consequence of the interaction between the solar wind 

and the ionized layers of the upper atmosphere (Campbell, 1997).  



36 
 

Contrary to other sources, this field tends to change rapidly over a period of a day or few 

hours probably due to enhanced sunspot activity. However, these diurnal variations can 

be accounted for by establishing a base station magnetometer during a survey. In the 

event of a magnetic storm, the survey must be discontinued. 

2.5.1.4 The Magnetic properties of rocks and minerals 

Interpretation of magnetic data for geologic purposes requires a good understanding of 

the magnetic properties of rocks. A rock can be defined as a naturally occurring aggregate 

of one or more minerals. The magnetic properties of rocks are often described using terms 

such as magnetic susceptibility and remanent magnetization. However, several studies 

have shown that the knowledge of susceptibility alone is inadequate to determine the rock 

type (Amigun and Adelusi, 2013; Rivas, 2009). This is because there is a wide range of 

susceptibilities not only between varying rocks, but also within the same rock types. Thus, 

the magnetic properties of rocks are influenced by a wide range of factors, some of which 

may not be related to the physical properties of the rock itself.   

In recent years, there has been an increasing amount of literature on the magnetic 

properties of rocks and minerals. However, rock magnetism remains a subject of 

considerable complexity. It is worth noting that the magnetic properties of crustal rocks 

only exist at temperatures below the Curie point (Likkason, 2014). This temperature 

slightly differs in various rocks; however, it is in the range of 550°C to 600°C. Lowrie 

(2007) indicated that the magnetic susceptibilities of various rocks depends to a large 

extent upon the bulk concentration of magnetic minerals. According to Telford et al. 

(1990), the most common magnetic minerals responsible for local magnetic anomalies 

are magnetite and pyrrhotite.  

Thus far, a number of studies have demonstrated the huge variation in susceptibilities 

between different rock types. It is now well established from a variety of studies that basic 

igneous rocks have a higher average susceptibility and sedimentary rocks have the 

lowest (Kayode at al., 2010; Telford et al., 1990). As mentioned earlier, every magnetic 

grain resembles a dipole.  
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Data from several studies suggest that the nature of magnetization of the constituent 

mineral grains is governed by their atomic properties such as the number of electrons in 

various shells around the nucleus, the spin of the electrons and rotation of the electrons 

in various shells around the nucleus (Telford et al., 1990). From the above discussions, it 

can be concluded that a relationship exists between rock magnetism and the atomic 

properties of the constituent minerals. Substances are in general classified based on their 

atomic properties and response to an external magnetic field.  

(i) Diamagnetic 

A substance is termed diamagnetic if it has orbital electrons that are oriented to oppose 

an applied magnetic field, which give rise to a negative susceptibility. Diamagnetism is a 

property exhibited by materials made up of atoms with completely filled electron shells. 

The most common diamagnetic earth materials include halite, quartz, marble and 

graphite.  

(ii) Paramagnetic  

Para-magnetism is often observed in materials with unpaired electrons in incomplete 

electron shells. This is a situation characteristic of materials with an odd number of orbital 

electrons in outer electron shells (Telford et al., 1990). In the presence of an applied 

magnetic field, paramagnetic substances give rise to a small but positive susceptibility. 

However, paramagnetic materials lose magnetization upon removal of the magnetizing 

field, and it only exists at temperatures below the Curie point.   

(iii) Ferromagnetic 

Ferromagnetic materials are those, which experience an almost perfect alignment of 

electron spin directions in regions of the materials known as domains (hyperphysics.phy-

astr.gsu.edu). In the presence of an externally applied field, the magnetic domains line 

up with each other, hence magnetizing the material. Most ferromagnets have the 

tendency to retain a fraction of the induced magnetism upon removal of the magnetizing 

field. This phenomenon, like paramagnetism, is only observed at temperatures below the 

Curie point. Common ferromagnetic materials include iron, cobalt and nickel. 
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2.5.1.5 Measurement procedures of the magnetic method 

The aim of the magnetic method is to detect the horizontal variations in the magnetic 

susceptibilities of crustal rocks (Gadallah and Fisher, 2009). This method is based on the 

logic that the magnetic susceptibilities of rocks are extremely variable depending upon 

their mineral composition and internal structure (Zohdy et al., 1990). Thus, the magnetic 

method is a valuable tool in delineating contacts of magnetically contrasting lithologies 

and geological structures (Telford et al., 1990).  

In exploration, the magnetic method investigates the subsurface by measuring the 

intensity, direction and gradient of the earth’s magnetic field (Zohdy et al., 1990). 

However, for exploration purposes, the fundamental parameter of interest measured 

during the survey is usually the relative strength of the earth’s magnetic field over the 

area of investigation. The detection of a target depends on the amount of magnetic 

material present, which give rise to an anomaly.  

A magnetic anomaly is a distortion in the earth’s magnetic field produced by the presence 

of a magnetic material in the earth’s crust (Zohdy et al., 1990). Magnetic observations are 

collected using an instrument known as a magnetometer. Proton-precession and optical 

pumping magnetometers are the most commonly used instruments in modern magnetic 

surveys (Nabighian et al., 2005).  

There are three modes of acquiring magnetic observations, which include airborne, 

shipborne and ground-based magnetic surveys. Airborne magnetic surveys are 

commonly conducted by towing a magnetometer behind an aircraft. Likkason (2014) 

indicated that these surveys are often carried out in parallel lines spaced 2-4 km apart at 

elevations ranging from 200 to 500 m above the earth surface. 

Contrary to aeromagnetic surveys, ground magnetic surveys are often carried out either 

by mounting the magnetometer on the researcher or towing it by a research vessel 

(Likkason, 2014). These surveys are more practical when the target of interest requires 

more closely spaced readings. Ground magnetic observations may be collected along 

straight profiles or gridded networks (figure 2.5), at intervals ranging from 50m – 100m 

between survey stations. It is imperative to establish a base station in order to account 

for diurnal variations in the earth’s magnetic field. 
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 Figure 2.5: Profile design for a typical magnetic survey (Scitrex, 1996). 

2.5.1.6 Processing and Interpretation of Magnetic data 

Likkason (2014) defined data processing as everything done to magnetic data from 

acquisition to presentation in an interpretable form. In simple terms, it is the process of 

converting raw magnetic data into useful information in order to make sound geologic 

decisions. An important aspect of processing includes the application of corrections to the 

magnetic observations in order to account for a number of distortions inherent in most 

magnetic surveys. A common practice is to transfer the data from the magnetometer into 

a computer software where processing is carried out. It is highly imperative that the 

recorded magnetic data is corrected for diurnal variations (Gadallah and Fisher, 2009). A 

detailed description of the common corrections applied to magnetic data is provided in 

the following sections. 

(i) Data editing/ checking.  

Studies have found that cultural influences such as fences, power lines and railroads tend 

to distort the collected magnetic observations (Likkason, 2014). This distortion is often 

apparent in the form of spurious signals and spikes in the recorded magnetic data.  
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For an accurate anomaly map, it is highly imperative that these spurious signals are 

eliminated from the acquired data. Interference from cultural features should be noted on 

the field logbook during the survey (Rivas, 2009)). In some instances, the operator may 

represent a potent source of noise. The presence of pocketknives, compasses, and belt 

buckles near a magnetometer can distort the data. Therefore, as a precaution, the 

operator must remove any metallic substances before conducting a magnetic survey. 

Rivas (2009) suggested that these metallic substances should be kept at least 3 m away 

from the magnetometer. 

(ii) Diurnal Correction 

As mentioned earlier, the earth’s magnetic field is not always constant, but varies with 

time. The effect of these temporal variations in the earth’s magnetic field should be taken 

into consideration in every magnetic survey. Many recent studies have reported that 

normal diurnal variations in the earth’s field are a few tens of nT (Likkason, 2014; Rivas, 

2009).  

However, in the unlikely event of a magnetic storm these changes can be a few hundreds 

of nT. Diurnal variations are often accounted for by establishing a base station during a 

magnetic survey. There is however a variety of techniques employed to minimize the 

effect of temporal variations of the earth’s magnetic field. For instance, if the survey is 

conducted using two magnetometers, one may be placed at the base station to 

continuously record the variations at specific time intervals, while the other is used to 

collect observations related to the survey. However, if a single magnetometer is used, 

diurnal corrections are made by reoccupying a base station, particularly at intervals of 

less than an hour (Rivas, 2009). The correction is made by subtracting the time-

synchronized reading at the stationary base station from the readings collected at each 

survey station.  

(iii) Geomagnetic corrections 

Geomagnetic correction is applied to account for the effect of the main geomagnetic field 

on the recorded magnetic observations. The International Geomagnetic Reference Field 

is commonly used for these purposes.  
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The procedure involves the subtraction of the theoretical values of magnetic field strength 

for the survey area in order to obtain the residual field values. The result of this correction 

is a portion of the magnetic field that cannot be attributed to the earth’s main field. 

2.5.1.7 Application of filters to enhance magnetic anomaly contrasts 

As part of data processing, several mathematical filters are often applied to magnetic 

observations. The reasons for applying filters vary depending upon the objectives of the 

survey and expected outcomes. However, the general reason for applying filters to 

magnetic data is to enhance the contrasts of anomalies of interest or to derive some 

preliminary information on causative bodies (Telford et al., 1990). The most common 

applied filters will be highlighted in the following section: 

(i) Application of derivatives of different order or gradients  

Magnetic observations are often subjected to first and second order derivatives, which 

may be computed in either the frequency or space domain (Nabighian et al., 2005).  

The role of derivatives is to sharpen the edges of magnetic anomalies and to enhance 

shallow features. However, the application of these operators tend to exacerbate the 

problem of high frequency noise in the data. There some techniques developed to control 

the amplification of high frequency noise. The importance of first vertical derivative is to 

emphasize shallower subsurface features, while second vertical derivatives are applied 

to sharpen the edges of target zones (Telford et al., 1990).  

(ii) Upward or downward continuation regarding the anomaly 

In this procedure, magnetic observations acquired from a given plane can be transformed 

into data collected from either a lower or higher elevation, thereby attenuating the details 

of the anomaly (Nabighian et al., 2005). This filter-based analysis is particularly relevant 

when the data consists of measurements that were made at different elevations. In 

downward continuation, mathematical algorithms are used to calculate the magnetic field 

at a lower elevation. Since magnetic anomalies detected by ground surveys tend to have 

a high amplitude and short spatial wavelength, this procedure emphasizes shorter 

wavelengths. On the contrary, upward continuation is a procedure that computes the 

magnetic field at higher elevation. Therefore, this process emphasizes the longer spatial 

wavelengths.     
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(iii) Reduction to the pole 

Reduction to the pole is a procedure that involves the use of mathematical algorithms to 

simplify the shape of an anomaly for ease of interpretation. The shapes of most 

geophysical anomalies rely largely on the geometry of the causative body (Nabighian et 

al., 2005). However, recent studies have shown that the shape of a magnetic anomaly is 

determined by factors other than the geometry of the causative body. Amongst some of 

the factors include; the inclination and declination of the local magnetic field, orientation 

of the body with respect to the magnetic north, and the inclination and declination of the 

body’s magnetization (Likkason, 2014).  

Magnetic anomalies tend to have a simpler shape when the inclination of the magnetizing 

field is equal to 90°. Thus, reduction to the pole is a technique that uses mathematical 

algorithms to compute the shape of an anomaly that would be observed if the inclination 

of the magnetizing field was vertical (i.e. 90°) (Baranov, 1957). The computed anomaly 

shape corresponds to that which would arise if the measurements were made in the North 

Pole, which has a simpler shape. Therefore, the ultimate aim of this procedure is to 

simplify the shape of an anomaly for ease of interpretation.  

2.5.1.8 Presentation and Interpretation of Magnetic data 

Recent evidence suggests that some of the significant improvements in the use of 

magnetic methods have been made in the domain of data presentation (Pilkington and 

Keating, 2010). Processed magnetic observations are often presented in the form of 

profiles and contour maps (Mariita, 2007). However, magnetic profiles are the most 

common way of displaying magnetic data acquired from any form of traverse 

configuration (i.e. grid-like traverses or parallel lines).  

Magnetic data presented on profiles and contour maps provides information on the 

surface and subsurface distribution of magnetic materials (Mariita, 2007). Thus, 

interpretation of magnetic data is a procedure that consists of studying the presented data 

in order to make sound geological decisions. The ultimate goal of interpretation is to 

develop a picture of possible subsurface geologic features that give rise to the magnetic 

anomalies. Conclusions about the location and nature of subsurface features can be 

drawn from the magnetic anomaly characteristics (i.e. shape, amplitude and frequency). 
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The following sections will provide a brief overview of the interpretation techniques 

commonly adopted for magnetic data.  

2.5.1.9 Applications of the magnetic method. 

Contrary to other geophysical techniques, the magnetic method offers an advantage of 

relatively cheap, easy and rapid data acquisition and processing. In exploration, this 

technique is often coupled with other geophysical techniques such the electrical resistivity 

and electromagnetic methods. 

Magnetic survey at both local and regional scale is an effective tool in the exploration for 

a diversity of commodities, such as iron, base and precious metals, molybdenum and 

titanium (Keary et al., 2002). On rare occasions, the magnetic method had been utilized 

to locate buried tanks, drums, foundations and fire pits for archaeological studies. 

Aeromagnetic data has been widely in the reconnaissance stage of exploration, where 

geological structures are delineated for further exploration using other geophysical 

techniques.  

When magnetic data is used for mapping structures, it is often integrated with other 

datasets to improve the quality of the results. Nabighian et al. (2005) noted that some of 

the most significant improvement in the use of magnetic data has been made in the realm 

of data integration with other datasets. A number of recent studies have successfully 

integrated magnetic with remote sensing data for the delineation of geologic structures 

(Ahmed et al., 2010). Although some earth materials do not have a magnetic signature, 

they can be detected indirectly using the magnetic method due to their association with 

magnetic materials.  

For example, non-magnetic minerals such as asbestos have been successfully located 

using the magnetic methods due to their occurrence in ultramafic rocks. The prime 

objective of employing the magnetic method in geothermal exploration is to establish the 

relationship between geothermal activity and the tectonic stratigraphy of the area from 

interpretation of the anomaly profiles and maps (Zohdy et al., 1990). 

 

  



44 
 

2.5.1.10 Advantages and Disadvantages of the magnetic method 

Advantages of the magnetic method 

• Relatively cheap, rapid and easy data acquisition. 

• Effective tool for reconnaissance studies of large areas. 

• When used in conjunction with other geophysical techniques, the magnetic method can 

successfully identify a wide range metalliferous mineral deposits at greater depths below 

the earth surface.  

• Magnetic data can be collected using aircraft over inaccessible areas. 

Disadvantages 

• Magnetic observations are susceptible to noise from cultural features such as 

powerlines and railway lines. 

• Interpretation of magnetic data can be very ambiguous.  

2.6 The Resistivity method: Historical overview 

There are only a few studies in literature that deal with the historical development of 

electrical methods as a tool for exploration. As a result, the early chronology of 

applications of electrical methods is scarcely documented in many geophysical papers. It 

has been indicated that the first attempt to employ the electrical methods in exploration 

dates back to 1830 (Kunetz, 1966). During this period, it was discovered that chemical 

reactions in vein deposits were mainly responsible for electrical currents flowing in copper 

mines (Fox, 1830). This fascinating discovery led to the development of self-potential 

method as an exploration tool, particularly in the search for sulfide ore bodies.  

The first attempt to determine the variations in earth resistivity associated with ore 

deposits was made by Williams and Daft in 1891 (Van Nostrand and Cook, 1966). 

However, it was the pioneering work of Conrad Schlumberger in the period from 1912 to 

1914 that provided an in depth understanding of the electrical resistivity method as an 

exploration tool (Dobrin, 1960). In addition, it was during this period that the direct-current 

equipotential line method was developed by Conrad Schlumberger (Schlumberger, 

1920).  



45 
 

Schlumberger’s pioneering work marked the foundation of the development of application 

theories and principles of the electrical resistivity methods. However, the main application 

of the electrical resistivity method as a tool for groundwater exploration began during 

World War II (Breusse, 1956).  

For approximately the next 60 years, the use of conventional sounding surveys has 

become a common geophysical practice. The rapid advances in computer software 

recently has dramatically improved the applicability of the electrical resistivity methods 

(Jatau et al., 2013). Thus, recently, these methods have been widely used in such 

applications as the detection of subsurface cavities and fractures, monitoring pollution 

and delineating archaeological features.  

2.6.1 Electrical resistivities of earth materials  

Rocks and minerals are characterized by electrical properties that may be used to 

distinguish them from others. These electrical properties of various earth materials are 

controlled by multiple unrelated factors. Therefore, a number of earth materials display 

an enormous range of electrical properties. Various geophysical techniques have been 

developed for the detection and measurement of the electrical properties of geologic 

materials. Amongst some of the most commonly measured electrical properties of earth 

materials include the resistivity and conductivity. 

The upper portion of the earth’s crust consists primarily of silicates, which are inherently 

poor conductors of electricity. Therefore, the resistivities of these materials would be 

extremely large if it were not for the fact that they are porous and permeable, with most 

of the pores filled with water. Amongst the most cited factors controlling the electrical 

properties of rocks, include the water content of the rock, water distribution in the rock 

and the salinity of the water. Sedimentary rocks such as sandstones tend to have lower 

resistivity values due to their porous nature, while crystalline rocks such as basalt possess 

little or no primary intragranular porosity; therefore, they are characterized by high 

resistivity values (Table 2.2). Low resistivity values may be recorded in crystalline rocks 

if they have water-filled fractures and voids.   
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Table 2. 2: The resistivity values of some common rocks, soils and other materials are 

shown in the table below (Telford et al., 1990). 

Materials  Resistivity values  

Groundwater 10-100 

Natural water (Igneous rocks) 0.5-150 

Granite (Weathered) 300-500 

Sandstones 200-5000 

Clays 1-100 

Gravels (Saturated) 1-1 500 

Mudstones 20-120 

Siltstone 20-150 

Lateritic soil 120-750 

Sandy soil 80-1050 

Basalt 1000-1000000 

 

It has been shown that the conductivity and resistivity of a porous medium is to some 

extent dependent upon the volume and arrangement of the pores, and the conductivity 

and amount of contained water (Somiah, 2013). Archie (1942) has empirically shown that: 

                                                    𝑃𝑒 = 𝑎∅−𝑚𝑆−𝑛𝑝𝑤                                                             (2.5) 

Where ∅ is the fractional pore volume (porosity), 𝑆 is the proportion of the pore spaces 

containing water, 𝑃𝑤 is the resistivity of water, n = 2, and  𝑎, 𝑚 are constants. 

2.6.2 Basic resistivity theory 

In exploration, the electrical resistivity method utilizes direct currents or low frequency 

alternating currents to investigate the subsurface resistivity distribution. Loke (2011) 

noted that the subsurface resistivity distribution is primarily controlled by various 

geological parameters such as the porosity, fluid content and degree water saturation in 

the underlying geologic material.  
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A practical way of measuring the resistivity of the ground is to introduce current into the 

ground through a pair of electrodes, and measuring the resulting potential difference 

using another pair of electrodes as shown in figure 2.6.  

 

Figure 2.6: Distribution of current and potential electrodes on the ground (Adapted from 

Yadav et al., 1997) 

The basic equation upon which the resistivity of the ground is computed is derived from 

Ohm’s law, which governs the flow of electrical current in the ground: 

                                                                    𝑉 = 𝐼𝑅                                                                                   (2.6)   

Where 𝑉 is the potential difference (in volts), 𝐼 is current (in amperes), and 𝑅 is resistance 

in Ohms. However, the resistance of a material to the flow of current is given by the 

following expression: 

                                                     𝑅 =  
𝑉

𝐼
                                                                               (2.7) 

The above expressions do not include the geometrical properties of the medium in 

question. However, it has been conclusively shown that the resistance (𝑅) of a medium 

is controlled by parameters such as the length (𝐿), area (𝐴) and resistivity (𝜌) of the 

material (figure 2.7). Thus, the above expression can further be rewritten as: 

                                                   R =  ρ 
L

A
                                                                         (2.8) 
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Figure 2.7: Segment of a conducting cylindrical material. Source: (Boundless physics, 

2015). 

Now for an area, 𝐴 (2𝜋𝑟2), equation (3) could be rewritten in terms of Voltage (𝑉) as 

follows: 

                                                            𝑉 =  
𝜌𝐼

2𝜋𝑟
                                                                  

Hence                                                   𝜌 =
𝑉2𝜋𝑟

𝐼
                                                              (2.8) 

Telford et al (1990) has shown that the potential at a point in the ground is equal to the 

sum of the potentials for the two electrodes, see figure 2.4.  

                                                          𝑉𝑃 =  𝑉𝑁 + 𝑉𝑀                                                           (2.9) 

Furthermore, a single electrode expression can be used to represent the potential 

electrodes at M and N: 

                                        𝑉𝑀 =
𝜌

2𝜋
(

1

𝐴𝑀
−

1

𝑀𝐵
) ; 𝑉𝑁 =

𝜌

2𝜋
(

1

𝐴𝑁
−

1

𝑁𝐵
)                           (2.10) 
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Since we measure the potential difference between M and N, the voltage change is 

therefore given by: 

                          ∆𝑉 = 𝑉𝑀 − 𝑉𝑁 =
𝜌

2𝜋
[(

1

𝐴𝑀
−

1

𝑀𝐵
−

1

𝐴𝑁
−

1

𝑁𝐵
)]                           (2.11)                                   

Therefore, the resistivity of the ground is given by the following expression: 

                                                               𝜌𝑎 =
∆𝑉

𝐼
𝐾                                                             (2.12)  

Where 𝜌𝑎 is the apparent resistivity and 𝐾 is the geometric factor for a particular electrode 

configuration. From equation (8), the expression for 𝐾 is as follows: 

                                            𝐾 = 2𝜋 [(
1

𝐴𝑀
−

1

𝑀𝐵
−

1

𝐴𝑁
+

1

𝑁𝐵
)]

−1
                             (2.13)                 

Each electrode configuration used during a resistivity survey has a unique geometric 

factor that is determined by the arrangements of the electrodes. Therefore, apparent 

resistivity of the ground is determined by multiplying the measured resistance with the 

geometric factor calculated for that particular array employed during the survey. 

2.6.3 Electrode arrays 

Telford et al. (1990) indicated that prior to the 1960s, the most commonly used electrode 

arrays were mainly the Schlumberger, the Wenner and Lee-partitioning array. Thus far, 

various electrode arrays have been discovered and used in several electrical resistivity 

exploration surveys. According to Loke (2015), the choice of an electrode array in 

exploration is primarily determined by the type of structure to be mapped, the background 

noise levels and the sensitivity of the resistivity meter. Recently, the most commonly used 

electrode configurations include the Wenner, Schlumberger, dipole-dipole, Pole-pole and 

pole-dipole arrays. The following sections will provide a description of the common 

spreads employed in most surveys. Each electrode configuration is suited for a particular 

geological application. 
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(i) Wenner array 

This is one of the most popular arrays in geophysical prospecting initially proposed by 

Wenner (1916). It is a robust arrangement that gained recognition following the pioneering 

work undertaken by the University of Birmingham research team (Loke, 2015). In the field, 

the array consists of four electrodes, two current electrodes labelled A and B, and two 

potential electrodes labelled M and N as shown in figure 2.8. These electrodes are spread 

along a straight line and uniformly spaced so that AM=MN=NB=a.  

 

Figure 2.8: Illustrative sketch of the Wenner electrode spread (Yadav et al., 1997). 

For depth probing, the electrodes are spread about a fixed center, while systematically 

increasing the separation along the line. In lateral mapping, however, the spacing 

between the electrodes is kept constant as they are moved along the survey line. The 

constant separation traversing is an ideal mode of resistivity data collection for the 

detection of anomalies. In spite of the relatively simple geometry, the Wenner array is 

often not preferred for most exploration work due to several factors.  

The movement of all the electrodes during the survey makes this procedure more suitable 

for use with low sensitivity meters. However, this also makes it necessary to have long 

cables, which may be too expensive. One of the major drawbacks in using the Wenner 

array is the tedium associated with moving all the four electrodes attached to long cables. 
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(ii) Schlumberger electrode configuration 

The Schlumberger array also uses four electrodes that are spread along the survey line. 

However, in the Schlumberger array, the spacing between the potential electrodes (M 

and N) is less than the spacing between the current electrodes (i.e. A and B) (Figure 2.9). 

In simple terms, the current electrodes are spaced much further than the potential 

electrodes. Thus during a resistivity survey, the potential electrodes are kept fixed at the 

center, while the current electrodes are moved further apart in symmetrical steps. This is 

however, a procedure commonly adopted for vertical electrical sounding in order to detect 

the variations of subsurface resistivity with depth. 

The expansion of current electrodes allows current to penetrate into deeper layers. In 

practice, this procedure often leads to a gradual decrease in the amount of measurable 

potential difference between the potential electrodes. Thus for large values of S, it may 

be imperative to expand the spacing between the potential electrodes in order to maintain 

a detectable potential (Telford et al., 1990).   

Contrary to Wenner array, this configuration is more rapid and convenient in the field 

since only two electrodes need to be moved. Furthermore, maintaining a fixed separation 

between the potential electrodes minimizes the effects of shallow subsurface resistivity 

variations. One major drawback of using the schlumberger spread is the requirement for 

a more sensitive voltmeter, and the procedure can be more confusing in the field. 

 

Figure 2.9: An illustrative sketch of the Schlumberger array (Anomohanran, 2013). 
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(iii) Dipole-Dipole array 

Like other common electrode arrays, the Dipole-Dipole consists of four electrodes that 

are spread along a straight line. However, in this arrangement the potential electrodes 

(P1-P2) are closely spaced, as well as the current electrodes (C1-C2) (figure 2.10). The 

distance between the potential electrodes pair (P1 and P2) is marked ‘a”, which is the 

same as the separation between the current electrodes pair (C1 and C2).  

The individual electrode pairs are separated from each other by a distance denoted by 

‘’na’’. Furthermore, this configuration is characterized by a factor denoted by ‘’n’’, which 

is the ratio of the distance between the C1 and P1 electrodes, to the C1-C2 (or P1-P2) 

electrode spacing.  

  

 

 

 

  

Figure 2.10: Illustrative sketch of the Dipole-Dipole spread (Loke, 2015). 

The survey procedure with the Dipole-Dipole array begins with a separation of ‘’1a’’ 

between the C1-C2 electrodes, and this also applies to the P1-P2 electrodes (Loke, 

2015).  During the first series of measurements, the ‘’n’’ factor is kept at a value of 1, while 

maintaining the C1-C2 electrode spacing fixed at ‘’1a’’. In the subsequent measurements, 

the ‘’n’’ factor is gradually increased from 1 until up to about 6 in order to increase the 

probing depth (Loke, 1997). The spacing between the current electrode pair may be 

increased later in order to increase the depth of probing. 

The Dipole-Dipole array is also commonly used in resistivity and IP surveys due to its 

high sensitivity to subsurface resistivity variations directly below each electrode pair 

(Ewusi, 2006). In addition, the array is very sensitive to horizontal variations in subsurface 

resistivity.  
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Thus, it is mostly preferred for mapping vertical structures such as cavities and dykes. 

One of the major drawbacks to this spread is the limited depth of probing; it comparatively 

probes to shallower depths.  

(iv) Pole-Pole Array 

Contrary to the Wenner, Schlumberger and Dipole-Dipole array, the pole-pole array is 

less commonly used in conventional resistivity surveys. From a theoretical perspective, 

the conventional pole-pole array consists of one current and one potential electrode, with 

the other two electrodes located at infinite distances as shown in figure 2.11 (Ahzegbobor, 

2010). However, in practice, the pole-pole array with one current and one potential 

electrode is almost impossible to setup in the field.  

 

   C1 

 

 

 

Figure 2.11: Illustrative sketch of the Pole-Pole electrode configuration. 

According to Loke (2015), the pole-pole array is best approximated by placing the second 

current and potential electrodes at distances more than 20 times the maximum separation 

between the C1 and P1 electrodes. Difficulties arise, however, when trying to find suitable 

locations for the second current and potential electrodes (Ewusi, 2006). In addition, a 

larger spacing between the potential electrodes makes the array more susceptible to 

telluric noise that may distort the quality of the resistivity observations (Loke, 2015). Thus, 

this array is often adopted for surveys where small inter-electrode spacing is required, 

such as archeological studies. One of the principal advantages of the pole-pole array 

includes a wider horizontal coverage and the increased depth of probing. 
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(v) Pole-Dipole array 

Similar to other conventional arrays, the pole-dipole array involves the use of four 

collinear electrodes. However, one of the current electrodes (C2) is placed sufficiently far 

from the actual survey line, while the other current electrode is aligned with the two 

potential electrodes.  (Loke, 2015). Thus the electrodes are asymmetrically spread along 

the survey line (figure 2.12). According to Loke (2015), the pole-dipole array has a 

relatively good horizontal coverage and signal strength. 

 

    cc CC 

 

 

 

Figure 2.12: An illustrative sketch of the pole-dipole array. 

2.6.4 Measurement or field procedures in the electrical resistivity method 

In spite of the variety of electrode configurations in resistivity surveys, there are only two 

fundamental measurement procedures in resistivity work (Telford et al., 1990). The most 

commonly utilized procedures include the Vertical Electrical Sounding and lateral 

profiling.  

In traditional surveys, the former is often adopted for measurement of resistivity variations 

with depth, while the latter is used for the measurement of lateral variations in subsurface 

resistivity. The choice of a particular measurement procedure is dependent upon the 

objectives of the resistivity survey and geometry of the target under investigation. 

2.6.4.1 Vertical electrical sounding 

In conventional sounding surveys, the central electrodes remain fixed while the spacing 

between the current electrodes is gradually increased to probe to greater depths below 

the surface (Telford et al., 1990).  

C1                                                         P1                                        P2 

                              na                                                  a 
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Numerous geophysical studies have empirically proven that the depth of investigation 

depends on the separation between the current electrodes (Zohdy et al., 1990; Telford et 

al., 1990). Thus, the electrical sounding technique is based on the logic that the depth of 

probing is largely increased when the current electrodes are placed farther away from the 

potential electrodes (McDowell et al., 2002). This technique is often adopted for 

quantitative interpretation purposes where a one-dimensional model of the subsurface is 

utilized for interpretation. Useful interpretation is based on the assumption that the 

subsurface resistivity only changes with depth, and not in the lateral direction.  

However, in practice the subsurface consists of anisotropic and heterogeneous materials 

whose resistivity values are independent of the geometry. Subsurface resistivity may vary 

in both lateral and vertical direction. Thus, one major limitation of this procedure is that 

lateral variations in subsurface resistivity are often sampled (Loke, 2014). These 

horizontal resistivity variations are frequently misinterpreted as changes with depth.  

2.6.4.2 Lateral Mapping or Profiling 

Lateral profiling is another form of classical resistivity survey technique carried out to 

determine horizontal variations in subsurface resistivity. During survey, the entire array is 

moved along the survey line while maintaining a fixed spacing between the electrodes. 

Contrary to the electrical sounding technique, lateral profiling is a comparatively slow 

procedure since all electrodes have to be moved for every measurement made. This 

technique provides useful information on the lateral changes in subsurface resistivity, but 

fails to detect changes with depth.  

It is best suited for the detection of geological structures such as dikes and contacts of 

steeply dipping bodies. Just like the electrical sounding technique, the measurement may 

be carried out using most of the available electrode configurations including the 

Schlumberger array. 

2.6.5 Presentation and interpretation of resistivity data    

The results obtained from a resistivity survey are often plotted as profiles or contoured on 

maps, and areas displaying anomalously high or low values are identified. The mode of 

interpretation for profiles, maps and pseudo-sections varies quite significantly.  
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Equally important, the proper interpretation of resistivity data is generally guided by the 

available knowledge of the local geology. In resistivity profiles, the results are displayed 

as curves of apparent resistivity versus current electrode spacing.  

The qualitative inspection of a resistivity curve enables the interpreter to postulate the 

number of geoelectric layers that would give rise to a curve of that particular geometry 

(Parasnis, 2007). During the interpretation of a resistivity curve, the number of discernable 

turning points are assumed to correspond to the number of detectable layers. For 

instance, the curve in figure 2.13 suggests that the first layer must be underlain by a layer 

of low resistivity as the curve is descending in the beginning, which is then followed by a 

layer of higher resistivity. 

 

Figure 2.13: A typical curve of apparent resistivity versus current electrode spacing 

(Zohdy et al., 1990). 

The major interpretation challenge is to ascertain the thicknesses and resistivities of the 

underlying geoelectric layers by matching the produced curves with curves calculated for 

various models of a layered earth (Telford et al., 1990).  
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In the case of a two-layered ground, this curve matching procedure was done using 

master diagrams, which involved comparing the obtained curve with a set of theoretically 

calculated master curves. Recently however, this task is performed using computer 

programs.  

If the subsurface consists of three layers of resistivities ρ1, ρ2 and ρ3, the sounding 

curves may be described according to the relation between ρ1, ρ2 and ρ3. Possible 

variations in resistivity curves exist for a three-layered ground, the most common curve 

types include the ones shown in figure 2.14.  The advent of computer technology recently 

has made the curve matching procedure much simple and quick to perform.  

 

 Figure 2.14: Common resistivity curves for a three-layered ground (Zohdy et al., 1990). 

Moreover, if the ground consists of more than three layers of resistivities ρ1, ρ2 ρ3 and 

ρ4, the sounding curves are described according to the relationships between the 

resistivities of the layers (Telford et al., 1990). The letter A, K, H and Q are used in 

combination to describe the variations of resistivity with depth. There are eight possible 

combinations for a four-layered ground and this include the following:  
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• ρ1>ρ2<ρ3<ρ4----------HA-type curve  

• ρ1>ρ2<ρ3>ρ4----------HK-type curve  

• ρ1<ρ2<ρ3<ρ4----------AA-type curve  

• ρ1<ρ2<ρ3>ρ4----------AK-type curve  

• ρ1>ρ2>ρ3>ρ4----------QQ-type curve  

• ρ1>ρ2>ρ3<ρ4----------QH-type curve  

• ρ1<ρ2>ρ3>ρ4-----------KQ-type curve  

• ρ1<ρ2>ρ3<ρ4----------KH-type curve  

The development of a pseudo-section is essential when quantitative interpretation of the 

measurements is mandatory. Moreover, a pseudo-section is useful as a way of presenting 

the recorded measurements in pictorial form. By convention, the use of a pseudo-section 

to present measurements is more practical when data is acquired from a grid-like pattern. 

There are however some major benefits and drawbacks from using a pseudo-section.  

It has been demonstrated that a pseudo-section provides an approximate picture of the 

true subsurface resistivity distribution (Telford et al., 1990). In contrast, Loke (2015) 

concluded that a pseudo-section provides a distorted picture of the subsurface because 

the shape of the contours depends on the type of array used and the true subsurface 

resistivity. Optimum benefits from a resistivity survey are obtained by correlating the 

results with the geological succession of the area under investigation. This however 

requires the interpreter to have a sufficient knowledge of the local geology. The typical 

resistivity values of common earth materials have been documented in various 

geophysics literature.  

2.6.6 Applications of the electrical resistivity methods. 

The resistivity methods have been widely applied to problems of environmental nature for 

many decades. Amongst some of the common disciplines where electrical resistivity 

methods are often utilized include archeology, mining, geotechnical and hydrogeological 

studies.  
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In hydrogeological studies, electrical resistivity methods are often used to detect 

groundwater contamination caused by leaching of polluted water from waste dump. 

Recently, the electrical resistivity method has been widely used for groundwater 

exploration in both sedimentary terrains and areas underlain by crystalline basement 

rocks.  

In the investigation of groundwater, subsurface structural and rock variations, evidence 

has shown that the resistivity method is the most accurate and reliable means of all 

surveying methods (Emenike, 2001). Other widespread applications of these methods 

include mapping of geological structures, estimating depths to bedrock, and outlining 

aggregate deposits for quarry operation. 
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CHAPTER THREE: MATERIALS AND METHODS.  

3.0 Introduction 

This chapter outlines the research methods that were followed in this study. The present 

study involved an integrated use of various datasets to achieve the objectives of the study. 

The datasets used in the present study include remotely-sensed imagery, regional 

aeromagnetic data, geological map; ASTER-DEM, land use/ land cover data, and 

resistivity data. All the datasets were processed in terms of surface and subsurface 

factors that have an influence on groundwater availability in a region.  

Groundwater-controlling properties extracted from the datasets include structural 

lineaments, lithology, land use/land cover and topography. Consequently, the thematic 

layers created from the datasets were integrated in a GIS environment for the production 

of a groundwater potential zone map. The methodology used in this study was divided 

into three main categories: preliminary studies that involved reconnaissance and desktop 

studies; data processing of available secondary data (aeromagnetic data, remotely-

sensed imagery, and GRIP data), and resistivity data acquired during the period of study. 

The procedures and methodology adopted in the study are summarized in a form of a 

flow chart in figure 3.1.   

3.1 Desktop studies 

An extensive desk study was carried out in order to collect and analyze relevant 

information related to the present study. The information for this preliminary study was 

obtained from geological maps, topographic maps and previous geologic reports and 

articles. The overall outcome was an improved understanding of the geology, topography, 

land uses, and the general trends and distribution of geological structures in the study 

area.  
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Figure 3.1: Methodology flow chart 
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3.2 Reconnaissance survey 

Since the study area is extensive, reconnaissance survey was only conducted in some 

selected parts of the study area. The survey was carried out following desktop studies in 

order to explore site conditions and gather information on several groundwater-controlling 

environmental parameters. During the survey, information on vegetation and topography 

was gathered and recorded on a survey log book. Furthermore, the survey gathered 

information on features such as road networks, drainage systems and land use. The 

ultimate aim of this survey was mainly to get a general feel of groundwater potential zones 

derived from the desktop studies.  

3.3 Groundwater Potential Mapping 

3.3.1 Lineament Mapping from Remotely-Sensed Imagery (Landsat 8 OLI). 

According to Meijerink et al. (2007), lineaments are simple mappable linear features on 

an image whose parts align in a rectilinear or slightly curvilinear relationship, and may 

differ from the patterns of adjacent features. In geology, these features are indicative of 

discontinuities and other zones of weakness in the ground. ERDAS Imagine software was 

used to manually trace lineaments from satellite images. 

The mapping of structural lineaments in the entire study area was carried out from three 

scenes of LANDSAT 8 OLI (Operational Land Imager) images downloaded from the 

United States Geological Survey website. Landsat 8 OLI represents the new generation 

of the series of Landsat satellites, and it was launched in 2013. The satellite carries two 

push-broom sensors namely OLI (Operational Land Imager) and Thermal Infrared Sensor 

(TIRS).  

The OLI is characterized by 9 spectral bands, 4 in the visible spectrum (0.43 – 0.67 mm), 

1 band of the near infrared (0.85 – 0.88), 2 bands of the Shortwave Infrared (1.57 – 2.29 

mm), and 1 band of cirrus (1.36 -1.38), all in 30 m spatial resolution. In addition, it has a 

high spatial resolution (i.e. 15 m) panchromatic band operating between 0.50 – 0.68 mm. 

On the other hand, the TIRS consists of 2 bands with 100 m spatial resolution, operating 

between 10.60 -11.19 mm and 11.50 -12.51 mm respectively.  
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The scenes of Landsat 8 used in the current study are for path 169 and 170, and rows 75 

and 76 respectively. Each satellite image covers a wide area of about 170 KM (North to 

South) by 183 KM (East to West), with a spatial resolution of 30 meters for bands 1-7 and 

9, and a resolution of 15 meters for band 8 (panchromatic). All the scenes are supplied 

as 11 separate GeoTiff files that are referenced to some location on earth. In the present 

study only bands 2, 3, 4, 5, and 8 were used, since band 1 and 9 are intended for aerosol 

studies and mapping of cirrus clouds (USGS, 2018).  

A wide array of software packages was used for satellite image processing and 

subsequent map production operations. The software packages used include ERDAS 

Imagine 2014, Rockworks and ArcMap 10.2.1. A number of operations were carried out 

in successive steps using ERDAS Imagine to prepare the images for further processing 

operations. The following operations were carried out to prepare the imagery for 

lineament extraction: 

3.3.2 Layer stacking and Principal Component Pansharpening 

Landsat images are often available for download in a form of separate GeoTiff format 

files. GeoTiff is a standard format for georeferenced raster imagery, and each file 

represents a separate band of the electromagnetic spectrum. It is a common practice 

when using remotely-sensed imagery to select certain band combinations to meet the 

objectives of the study (USGS, 2017).  

In this study, the main objective was to map geological lineaments from the Landsat 

imagery; therefore, bands 2,3,4,5 and 8 were chosen to achieve this objective. Previous 

studies have shown that these chosen band combinations are of potential significance to 

the extraction of geological lineaments, and lithological boundaries (Tessema et al., 2014; 

Mwaniki et al., 2015).  

As explained in section 3.3.1, bands 2, 3, 4 and 5 are characterized by a coarse spatial 

resolution of 30 m. It was therefore deemed necessary to resample the spatial resolution 

of the aforementioned bands to 15 m using the panchromatic band 8 to enhance the 

overall spatial resolution.  
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Pan-sharpening tool of ERDAS Imagine 2014 was used to resample the four bands to a 

15m spatial resolution in order to enhance the overall spatial resolution of the resultant 

composite image. The technique uses algorithms to inject the spatial detail of the 

panchromatic image to a multispectral image data (Jelenek et al., 2016). The resultant 

image has a spatial resolution of 15 m, with an enhanced visual quality of various features.  

3.3.3 Mosaicking scenes of LANDSAT 8 OLI 

The area of interest is approximately 16000 KM2 in size, a single Landsat scene is not 

large enough to portray the entire study area. Thus, the three partially processed images 

were merged together into a large cohesive image using ERDAS Imagine MosaicPro 

feature (figure A-3.1 in appendix A). Initially, the input images were color-balanced and 

their histograms adjusted in order to account for the color and contrast variations in the 

individual images. Equally important, the application of the aforementioned 

enhancements led to the production of a smoother image devoid of shadowy areas and 

bright patches. This operation led to the production of a large image portraying the entire 

study area along with parts of adjacent regions. 

3.3.4 Creating a Subset image 

Since a mosaicked image often represents a very large area, it was imperative to crop 

out the area of interest from it. Therefore, a subset image was created by cutting out an 

area of interest from the larger image area. An inquire tool in ERDAS Imagine was used 

to define the four geographic (i.e. x, y) coordinates making up the study area and cropping 

the defined area out of the large mosaicked composite image. Further enhancement 

operations were conducted on the subset image to improve the visibility of features of 

interest. 

3.3.5 Image enhancement 

In order to fulfill the objectives of the present study, only certain enhancement operations 

were applied to delineate the linear features. The image was initially contrast-stretched in 

order to linearly distribute the range of pixel values across the entire image. Contrast 

stretching improved the contrast of various features in the image, thus enabling easy 

feature extraction.  
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A 3 × 3 edge-sharpening filter developed by ERDAS Imagine was applied to sharpen 

linear features in the image. This was followed by a non-directional edge enhancement 

filter to enhance the edges of all linear features regardless of their orientation. The 

resulting contrast-stretched image produced prominent linear features that were readily 

discernable. 

3.3.6 Extraction of Lineaments from Landsat 8 OLI Imagery. 

Lineaments were readily identified using the elements of photo interpretation such as 

color, tone, brightness, shape and contrast. The identified linear structures were finally 

digitized so that the image could be used in ArcGIS. In order to facilitate the digitization 

process, Easy-Trace tool option in ERDAS Imagine was used to manually trace the 

lineaments. The digitized lineaments were saved as a vector layer suitable for further 

processing using ArcMap 10.2.1 software. The lineaments were presented in a form of 

lineament map depicting their positions and azimuths of the geological lineaments. 

3.4 AEROMAGNETIC DATA  

The regional aeromagnetic data was downloaded from Council for Geoscience South 

Africa website. The acquired data was downloaded in a grid format. These aeromagnetic 

data were recorded during a survey flown in 2009 along 1 km separated N-S traverse 

lines. A proton precession magnetometer was used for data recording at an average flight 

elevation of about 100-150 m above the earth surface. The aeromagnetic data were 

gridded with a cell size of 25 m using a minimum curvature gridding algorithm. A number 

of reduction processes and the removal of unwanted signals and spurious noise were 

conducted before interpretation of the data.  

The data reduction included the diurnal variations corrections, calculation and removal of 

the geomagnetic field, altitude variation, aircraft and navigational effects, reduction to the 

pole. After the data reductions, the data was further subjected to a number of filters to 

improve the magnetic response of causative bodies. The application of filters normally is 

carried out for the enhancement anomalies. 
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3.4.1 Reduction to the pole. 

Geosoft Oasis Montaj software package V6.4.2 was used for pole reduction on the 

magnetic data. Reduction to the pole uses mathematical algorithms to transform a 

magnetic anomaly measured at low latitudes into an anomaly that would be observed if 

the source was located at the pole, where the inclination of the earth’s magnetic field is 

equal to 90°. The principal aim of this operation is to shift the detected magnetic 

anomalies to lie directly over their causative bodies. This helps in making the 

interpretations of magnetic data much easier since anomalies tend to have a simpler 

shape when the inclination of the magnetizing field is vertical. In the present study, 

reduction to the pole led to the production of maps that can be more readily correlated to 

geology. 

3.4.2 Application of filters to enhance the anomaly 

A high pass filter was applied to the reduced-to-pole grid data to enhance the magnetic 

response of shallow magnetic features (i.e. less 5 KM below the earth surface). A high 

pass filter is applied to enhance short wavelength anomalies while suppressing long 

wavelength components arising from deep-seated features. Features of interest in the 

present study include dykes and lithological boundaries, which are relevant for 

groundwater investigation (Tessema et al., 2014). 

In Oasis Montaj, a new tabular form database was created by drawing a line cutting 

across the magnetic features in the study area. This task automatically loads values on 

the database showing the X and Y positions of survey points and the corresponding 

magnetic intensity values. From the table, a plotted profile showing the anomaly 

distribution of the grid data was constructed. The resulting profile depicted various 

anomaly patterns depending on the magnetic signature of the causative bodies. Long 

spatial wavelength anomalies were therefore discarded from the profile using Magmap 

tool in Oasis Montaj. The application of vertical derivatives led to the creation of an 

apparent noisy grid that was difficult to interpret, thus this operation was aborted to simply 

interpretation. 
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3.4.3 Manual digitizing of lineaments from Aeromagnetic data. 

Magnetic lineaments were digitized following the linear trends from the reduced gridded 

magnetic data. These features are often characterized by prominent high magnetic 

signature, which distinguishes them from adjacent features. Previous works have shown 

that magnetic lineaments often represent features such as dykes and lithological 

boundaries (Sakala et al., 2014). These lineaments were digitized in Oasis Montaj 

software and later exported as a shapefile compatible for overlay in ArcMap. 

3.5 Integration of Lineaments 

The lineaments derived from satellite imagery and aeromagnetic data were superimposed 

over one another in a GIS Environment. A layer of structural geological features from a 

geological map was then superimposed over the two layers to integrate the three layers 

to produce a lineament map of the study area. The density distribution of the lineaments 

produced from ArcMap was then used to select target areas for follow-up surveys using 

electrical resistivity surveys. A total of 3 follow-up areas were selected based on the 

density of the lineaments from the lineament density map, and proximity of such areas to 

existing settlements so that those areas could be recommended for drilling to supply 

groundwater to the communities  

3.6 Geological dataset. 

The underlying bedrock geology determines to a larger extent the hydrogeological 

framework upon which groundwater occurs. The geological dataset was derived from the 

digital geological map of South Africa obtained from the council for Geosciences of South 

Africa. On the map, geological formations were represented as polygons using different 

color codes. Prior to processing, the study area was cropped from the larger map using 

the clipping tool of ArcMap.  ArcMap shapefile of the study area was then produced for 

processing in a GIS environment.  This operation was followed by the rasterization for 

reclassification and subsequent overlaying operation. All the lithologies were reclassified 

based on their lithological and hydrogeological attributes, as well as their ability to develop 

secondary porosity and permeability due to weathering and fracturing. 
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3.7 Topography 

Topography has an influence on hydrogeological properties of an area (McFarlane et al., 

1992; Mabee, 1999; Holland, 2011; Tessema et al., 2014). In this study, an ASTER-

derived Digital Elevation Model was used to construct a topographic model of the study 

area. A hill-shade effect was applied in a GIS environment to provide an almost 3-

dimensional view of the topography to create a hill-shaded relief of the study area (figure 

A-3.3 in appendix A). The shapefiles of the topographic map were produced for overlaying 

with other datasets. 

In order to determine the influence of elevation on groundwater, the slope percentage of 

the study area was computed using ArcGIS. Based on the topographic relief, the slope of 

the study area was reclassified into five categories: which include, flat, gentle, moderate, 

steep and very steep slope. 

3.8 Land use and Land cover data 

According to Schulze (2013), the term Land cover refers to the biophysical state of the 

earth surface, which may be subdivided into categories such as forests, open water, 

grasslands and settlements. On the other hand, Land use refers to the physical state of 

the land as a result of human activities. Often, land cover is transformed into land use by 

anthropogenic activities such as agricultural production, settlement or other activities.  

The land use/land cover data used in the present study was downloaded from the 

Department of Environmental affairs South Africa website. The data contains a number 

of rural and urban settlements, waterbodies, wetlands, forest plantation, cultivated farms, 

bare land, and some randomly distributed vegetation of the Savanna Biome. The 

downloaded land use/land cover map was then reclassified into five categories based on 

the potential of the features to influence groundwater recharge and storage. The land use/ 

land cover categories include barren land, settlement, vegetated areas, water bodies, and 

cultivated land. 
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3.9 Integration of various thematic layers 

The thematic layers obtained were integrated in a GIS environment in order to construct 

a groundwater potential zone map. Prior to integration, the five thematic layers were 

converted to a raster format for compatibility purposes. All four thematic layers comprising 

of lineaments, lithological types and properties, topography and Land use/ Land cover 

were imported into a GIS environment for weighted overlay analysis. As expected, each 

theme will have varying degree of influence on groundwater occurrence, and thus 

different weights were assigned to each thematic layer. 

The assignment of weights to each thematic layer was done using Analytical Hierarchy 

Process (AHP) adopted from Saaty (1980). Analytical Hierarchy Process is a multi-

decision-making method used to assign weights to inter-related thematic layers as well 

as the attributes within each layer.  

The technique has successfully been utilized in a number of hydrogeological and GIS 

studies to measure the consistency of judgments made by an analyst (Shamuyarari, 

2017). It simplifies the weighting of each thematic layer and involves systematic checks 

on the consistency of judgements (Chowdhury et al., 2009). The AHP Method was carried 

out in three sequential steps, which were pairwise comparison, matrix normalization and 

ranking, and consistency checks.  

(a) Pairwise Comparison of thematic layers 

The prepared thematic layers’ influence on groundwater occurrence were relatively 

compared on a pairwise basis. A pairwise comparison of the relative importance between 

two thematic layers is achieved using Saaty’s nine-point scale of relative importance. 

Using the scale, the thematic layers can be categorized as less important, equally 

important and more important. In the scale below, a score of 1 indicates equal importance 

between two themes, and a score of 9 indicates extreme importance of one layer relative 

to the other (table 3.1). During a pairwise comparison of more than two layers, only two 

layers can be compared in a given time. 
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Table 3. 1: Saaty’s pairwise comparison scale (Saaty, 1980) 

 Less Important Equally 

Important 

 More Important  

Extremely Very 

strongly 

Strongly Moderately Equal Moderately Strongly Very 

Strongly 

Extremely 

0.111 0.143 0.200 0.333      1 3 5 7 9 

  

A pairwise comparison matrix is derived through a relative comparison of themes in a row 

to those in a column (table 3.2). The following table shows an example of a pairwise 

comparison matrix derived using four themes. The score of 1 in the first column 

represents equal importance between lithology themes in the row and in the column. On 

the other hand, a score of 2 in the second column shows that lithology is twice as 

important as the fracture density.  

Table 3. 2: Example of pairwise comparison matrix. 

Theme Lithology Fracture density Land-use/ Land cover Topography 

Lithology 1 2 3 3 

Fracture density 0.5 1 3 3 

Land-use/ Land cover 0.33 0.33 1 1 

Topography 0.33 0.33 1 1 

          

 ∑ of column matrix 2.16 3.66 8 8 

 

A pairwise comparison is followed by normalization of the matrix, which is conducted to 

minimize subjectivity associated with the assigned weights of the thematic layers and 

their accompanying features/classes. Normalization is performed by dividing each 

element of the matrix by the sum of its column (Shamuyarari, 2017). 
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Table 3. 3: Example of normalized matrix. 

 Lithology Fracture 

Density 

Land 

use/ 

Land 

cover 

Topography ∑ (Total) Average/ 

Normalized 

% 

Influence 

Lithology 
0.46 0.55 0.38 0.38 1.76 0.44 

 
44% 

Fracture 

Density 
0.23 0.27 0.38 0.38 1.25 0.32 

 
 

32% 

Land 

use/Land 

cover 
0.15 0.09 0.13 0.13 0.49 0.12 

 
 
 

12% 

Topography 
0.15 0.09 0.13 0.13 0.49 0.12 

 
12% 

        

 

Consequently, the total of the rows were determined, which was further used to derive 

the average/normalized weights (table 4.3). The normalized weights are then converted 

to a percentage, which corresponds to the degree of influence of each theme. 

(b) Consistency checks 

The consistency of the pair-wise comparison and normalized weights of thematic features 

were checked as recommended by Saaty (1980). Saaty (1980) recommended the 

calculation of consistency ratio for this purpose. Computation of the consistency ratio is 

achieved by the following steps: 

Step 1: Calculation of the Principal Eigen Value (𝜆𝑚𝑎𝑥) using the Eigen Vector technique. 

Step 2: The consistency index (CI) was computed from the equation 3.1 as follows: 

                                              𝐶𝐼 =  
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
                                                  (3.1)                                                                                                  

Where(𝐶𝐼) is the consistency index, 𝜆𝑚𝑎𝑥 is the Principal Eigen value of the pairwise 

comparison matrix, and 𝑛 is the number of factors. 
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Step 3: The consistency ratio (CR) is thus computed using equation 3.2 as follows: 

                                                             𝐶𝑅 =  
𝐶𝐼

𝑅𝐶𝐼
                                                        3.2 

Where (𝐶𝑅) is the consistency ratio, and  𝑅𝐶𝐼 is the random consistency ratio.   

The value of the random consistency ratio is derived from Saaty’s table of random index 

values.  

The Consistency Ratio should be equal to 0.1 (i.e. 10%) or less for all consistent weights, 

otherwise the corresponding weights should be reevaluated for inconsistency (Saaty, 

1980). Consistency Ratios greater that exceed 0.1 are too inconsistent and hence 

unreliable.  

The features of each theme were further assigned a knowledge-based hierarchy ranking 

of 5 classes based on their degree of influence to groundwater occurrence. The most 

influential attribute in the theme was placed in class 5, and the least influential attribute 

placed in class 1. The ranking of parameters in all four themes were conducted whilst 

considering the works carried out by researchers such as (Tessema et al., 2014; Palaka 

and Sankar, 2015).  

3.10 Groundwater potential zone map 

The groundwater potential zone map of the study area was produced using weighted 

overlay of spatial analyst extension tool in ArcGIS 10.2.1. Weighted overlay analysis 

allows for an integrated analysis of diverse themes through the application of a common 

measurement scale of values (Palaka and Sankar, 2015). The overall map output is a 

result of accumulating the assigned weightage factors for all themes influencing 

groundwater potentiality of the study area, figure 3.6.  
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Figure 3.2: Schematic representation of the overlaying process (Modified from Geo-world, 

2003) 

3.11 Validating the Groundwater Potential Zone Model 

3.11.1 GRIP Borehole dataset 

Validation of the groundwater potential zone map was done by comparing the resultant 

map with GRIP borehole drilling information as well as the results of follow-up resistivity 

surveys. GRIP borehole database contain significant information on boreholes drilled by 

the municipality as well as private boreholes. The dataset come in tabular form as a 

spreadsheet file showing parameters such as the geographic position, discharge rate, 

water level, borehole depth and operational status of the boreholes. Therefore, the X, Y 

data was used to make a plot in ArcMap to show the spatial distribution of low and high 

yielding boreholes across the study area. Subsequently, a shapefile was created and 

superimposed on the potential zone map to assess the relationship between the borehole 

yields and groundwater potential zones. 
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Validation of the final map will involve a comparative analysis of the frequency of 

occurrence of successful and unsuccessful boreholes in various groundwater potential 

zones. In this case, the map will be considered reasonable if a high frequency of high 

yielding boreholes (> 0.5 l/s) occur in moderate-high groundwater potential zones. In 

addition, the frequency of occurrence of low yielding boreholes in poor groundwater 

potential zones will be analyzed and used for validation. 

3.11.2 Follow-up Geophysical Surveys 

From the detailed structural maps that were produced from the combined interpretation 

of satellite imagery, aeromagnetic data and published geological maps, target areas were 

delineated for follow up using ground electrical resistivity surveys (figure B-4.4 in 

appendix B). In general, all the surveys were conducted in close proximity to settlements 

to ensure that the results benefit the surrounding water-stressed communities. 

3.11.2.1 Electrical Resistivity survey 

Electrical resistivity survey profiles were selected based on the interpretation of the 

integrated lineament map and groundwater potential zone map. Areas with major and 

minor lineaments were chosen in order to infer the mode of groundwater occurrence in 

areas with cross-cutting structures. The survey profiles were mainly designed to cut 

across the geological structures. 

3.11.2.2 Survey Instrumentation  

The resistivity survey was carried out using the Ares-G v5.0 Resistivity and IP imaging 

instrument. This resistivity-measuring instrument is equipped with 12 volts onboard 

rechargeable battery used as a current source, four separate cables, and four stainless 

steel metal stakes used as electrodes. A 12-channel GPS receiver was used to determine 

the location in terms of coordinates and elevations of the sounding points. A hammer was 

used to implant the electrodes into the ground, and the lateral extent of the survey as well 

as the spacing between the electrodes were determined using a measuring tape. Vertical 

Electrical Sounding method with Schlumberger electrode configuration was used in this 

study.   
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3.11.2.3 VES data acquisition 

Measurements were carried out by introducing current into the ground through the current 

electrodes and measuring the resulting potential difference through a pair of potential 

electrodes (Anomohanran, 2013). At each measurement, the resistivity meter displayed 

all the necessary subsurface parameters, which included the apparent resistivity, induced 

polarization, potential difference, and the amount of transmitted current. All these 

parameters were recorded automatically and saved in the device. The parameter of 

interest in this case was the resistivity of the ground, which is controlled primarily by the 

porosity, and water content of the underlying media (Bernard, 2003). These recorded 

resistivity values were used to compute the apparent resistivity of the ground, using a 

geometric factor for schlumberger array used in this study. 

3.11.2.4 Data processing and presentation. 

The recorded VES data was downloaded from the resistivity meter using surfer, a 

computer software that automatically converts the data into a readable format. The 

converted data was then imported into excel format and later into IP2WIN where it was 

used to plot the curve of apparent resistivity versus current electrode spacing (the VES 

curve) and resistivity sections.  

3.11.2.5 VES data interpretation 

The interpretation of the resulting resistivity curves was based on the assumption that the 

subsurface consist of horizontal layers. In this case, the subsurface resistivity only 

changes with depth, but does not change in the lateral direction. The curve will show the 

number of underlying geoelectric layers as well as their corresponding resistivity values, 

depth and thicknesses. These parameters allow for the identification of conductive layers 

that may be saturated with groundwater. A simplified pictorial form of the subsurface 

resistivity distribution is often provided by a resistivity-section constructed using resistivity 

data acquired from two nearly parallel profiles. The resistivity curves and resistivity 

sections were then used for interpretation. 
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CHAPTER FOUR: DATA PRESENTATION, INTERPRETATION AND DISCUSSION OF 

RESULTS.  

This chapter presents the analysis, results, interpretations and discussions of the 

collected data. In addition, a brief summary of the preparation and processing of the 

datasets is outlined prior to presentation of the results; refer to chapter three for detailed 

description of data preparation techniques.  

4.0 Introduction 

Detailed groundwater exploration using geological, hydrogeological and geophysical field 

mapping are costly and time consuming and not practical for a large region such as the 

present study area. The use of existing data (e.g. geology, airborne geophysics, 

topography, etc.) covering large areas has become increasingly useful for groundwater 

potential mapping (Teeuw, 1995). In addition, for effective groundwater exploration, it is 

important to analyze the different parameters from the available dataset in an integrated 

approach. The integration of multiple dataset with various indications of groundwater 

availability can decrease the uncertainty and lead to successful results (Sander, 1996; 

Tessema et al., 2014; Chidhauri at al., 2018).   

In the past few decades, there has been an increase in a number of hydrogeological 

investigations conducted on the complex crystalline basement rocks in Limpopo Province 

using this approach (Vegter, 2001; Nyabeze at al., 2013; Shamuyarira, 2017). Most of 

these studies however, narrowed their focus on a single or two types of lithological units. 

Studies conducted by Holland (2011), Sakala et al. (2014), and Petzer (2009) focused 

mainly on developing an understanding of groundwater occurrence, flow and behavior in 

crystalline rocks. It has been noted that only a limited number of studies ever attempted 

to comparatively investigate the groundwater potential of all the three lithological types 

(i.e. sedimentary, metamorphic and igneous rocks) in the region. The present study aims 

to delineate groundwater potential zones in various lithological rocks comprising the 

region, which consists of sedimentary basins, volcano-sedimentary successions and 

crystalline basement rocks of Archean age. 
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Previous works have shown that groundwater distribution is influenced by multiple factors 

such as the geology, topography, climate, land use or land cover and other related factors 

(Tessema et al., 2014; Shamuyarira, 2017). Amongst these factors, geology has been 

cited by numerous authors as the major influential factor governing the distribution of 

groundwater (Chuma et al., 2013; Shamuyarira, 2017). The geology of a region 

encompasses a wide range of features including but not limited to; rock types, structural 

features and soil types. Thus, an in-depth assessment of geology in relation to other 

factors that have an influence on groundwater occurrence is imperative in groundwater 

exploration projects.  

Vegter (2001) described the geology of the northern part of Limpopo as highly variable 

and complex. The complexity of the geology can lead to the development of diverse 

hydrogeological regions in an area. As explained in section 2.1, the study area is 

underlain by crystalline rocks of Archean age, Soutpansberg volcano-sedimentary 

succession and Karoo sedimentary basins. Archean rocks in the area encompasses the 

complexly deformed metamorphic rocks of the Limpopo mobile belt, while the Karoo 

sedimentary rocks are found in the Tshipise and Tuli Sedimentary basins (Chinoda et al., 

2009; Malaza, 2013). The Soutpansberg succession represents an elongated succession 

that is comprised of igneous, metamorphic, and sedimentary rocks in varying proportions 

(Brandl, 1999).  

In areas with such type of geological complexities, there is a need to integrate multiple 

datasets in order to extract information of hydrogeological significance for groundwater 

assessment (Tessema et al., 2011). An integration of multiple datasets will give a better 

understanding of the hydrogeological framework as well as the surface controls on 

groundwater. In the present study, remote-sensing data, aeromagnetic data, ASTER-

derived DEM, land use/ land cover, geology and resistivity data were used to extract the 

hydrogeological factors controlling groundwater occurrences and distribution in the study 

area. The groundwater-controlling parameters extracted from the datasets include 

geological lineaments, lithological types and boundaries, topography, and land use/ land 

cover. 
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The area of study is largely barren with little vegetation cover which makes the use of 

remote satellite images ideal for mapping lineaments, morphological features, landforms, 

folded structures and lithological boundaries that are essential for characterization of 

groundwater potential (Drury, 1987). Geological structures often appear on remotely 

sensed imagery and magnetic maps as persistent linear features extending over a broad 

area. Features of this nature are often referred to as lineaments and they represent 

geological structures such as dykes, joints, fissures, shear zones and faults (Meijerink et 

al., 2007; Tessema et al., 2014). Aeromagnetic data has also the capability of delineating 

lineaments in the study area. Therefore, the airborne magnetic data and Landsat 8 

imagery were used to extract lineaments. Thematic layers were produced from these 

datasets for data integration in a GIS environment to produce a groundwater potential 

map of the study area. 

4.1 PREPARATION OF THEMATIC LAYERS 

A groundwater potential map of the study area was produced based on integration of four 

thematic layers. Each layer was processed in terms of a set of physical properties that 

characterize groundwater flow and storage. The layers include lithology, lineament, 

topography, and land use/ land cover. Below is a description of the data processing, 

analysis, interpretation and discussion of the multi-data used in the integration of thematic 

layers for mapping groundwater potential zones. 

4.1.1 Lineament Extraction 

In this study, the term lineament refers to a mappable feature of a surface whose parts 

are aligned in a rectilinear or slightly curvilinear relationship and differs from the patterns 

of adjacent features, presumably reflecting some subsurface phenomena (Hobbs, 1904; 

O’ Leary et al., 1976; Meijerink et al., 2007). The above definition was chosen due to its 

practical applicability to remote sensing image interpretation. Lineaments may represent 

a variety of features, including geomorphologic consequences (Corgne et al., 2010), 

alignment of geological structures (Holland, 2011), structural weaknesses (Masoud and 

Koike, 2006), and valleys (Lacina, 1996; Hung et al., 2005). 
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The lineaments were extracted from remotely sensed imagery (Landsat 8 OLI Image) and 

aeromagnetic data. In groundwater studies, lineaments are associated with high yields 

as they play an important role in ground water movement. Lineaments indicate the 

presence of secondary porosity, which are responsible for groundwater reserves in 

crystalline basement rocks (Madiwana, 2004). If they are interconnected, they will 

increase the permeability of the rock units.  

Previous studies have revealed a close relationship between lineaments and groundwater 

flow and yield (Lattman and Parizek, 1964; Mabee et al., 1994; Magowe and Carr, 1999; 

Fernandes and Rudolph, 2001). Generally, lineaments are underlain by zones of localized 

weathering and increased permeability and porosity due to fracturing. Lineaments 

analysis provides information about the fracturing and fracture patterns in a rock unit i.e. 

fracture analysis. The aim of the fracture analysis was to correlate the groundwater 

potential zones with the lineaments. This was validated by borehole yields from the 

existing boreholes and ground electrical survey data. 

4.1.1.1 Lineaments from Satellite Imagery (Landsat 8 OLI) 

Three (3) Scenes of Landsat 8 OLI Image were required to create a mosaicked image in 

order for the study area to be covered fully (figure A-3.1 in appendix A). A subset of the 

mosaicked image covering the study area was then extracted from the mosaic image, 

which was subjected to data processing and image enhancements for interpretation as 

fully discussed in section 3.2.2. The choice of LANDSAT 8 was influenced by the fairly 

high spatial, spectral and radiometric resolution of Landsat 8 images.  

Comparative studies of Landsat 8 OLI, ASTER, SPOT images have shown that the use 

of the high resolution panchromatic band (i.e. Band 8) of Landsat 8 OLI images often 

improves their spatial resolution, which in turn enhances the quality of feature extractions 

from the image (Ibrahim and Mutua., 2012; Mwaniki et al., 2015). It has also been 

conclusively shown that ASTER band color combination (731) is an equivalent of Landsat 

(742), and these band combinations are better suited to outlining lithological units as well 

as structural and morphological features (Mwaniki et al., 2015). Thus, a careful selection 

of band combination in Landsat images enhances the quality of feature extraction 

equivalent to ASTER that is known to have high resolution compared to Landsat 8. 
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(a) Natural-color composite 

The present study used bands 2, 3, 4, 5, 6 and 8 to create a composite image using layer-

stacking tool in ERDAS Imagine 2014 software. The selected bands are of potential 

significance to lineament extraction (Tessema et al., 2011; Barsi et al., 2014). Bands 2, 

3, and 4 belong to the visible spectrum, while 5 and 6 belong to the infrared portion and 

have a spatial resolution of 30 m while band 8 is a panchromatic band with a 15m spatial 

resolution.  

All the 30 m spatial resolution bands were resampled to 15 m spatial resolution using the 

pansharpening tool in ERDAS Imagine. The red, green and blue (RGB) of 4:3:2 band 

combination ratio was defined to produce a natural color display (figure 4.1). 

 

Figure 4.1: Natural-color multispectral image of the study area. 
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The geological lineaments in the image were identified based on key attributes such as 

color, brightness, shape, size and tonal contrasts. The natural-color composite shows 

prominent linear features extending over hundreds of kilometers (figure 4.1 as indicated 

by yellow arrows). Most of these lineaments are characterized by a distinctive darker 

spectral signature on the original natural-color composite image, and are therefore easily 

discernable (figure 4.1).  

The majority of them are trending in the NE-SW and NW-SE directions. These features 

are presumably the major shear zones separating the major lithological units in the region. 

It is however worth noting that only few regional scale lineaments were readily discernable 

from the natural-color multispectral image (figure 4.1). Subsidiary/secondary structures 

are not clearly visible on the natural-color composite map. The significance of secondary 

structures in controlling groundwater occurrence has been demonstrated in a vast array 

of literature (Haridas et al., 1998; Chuma et al., 2013). According to these authors, 

secondary structures and minor joints also serve as important groundwater conduits.   

Due to the difficulty involved in identifying minor or secondary structures on the natural-

color image, it was deemed necessary to manipulate the band combinations on the 

monitor display. As a result, a false-color composite image was created using a 

combination of bands within and outside the visible region of the electromagnetic 

spectrum. 

(b) False-color Composite image 

In order to optimize the overall interpretability of the image for lineament extraction, it was 

deemed necessary to create a false-color combination image of band ratio RGB 5:3:2 

(figure 4.2). Previous studies have shown that False-color image combinations improve 

the interpretability of images for manual lineament extraction (Sarp and Toprak, 2007; 

Mwaniki et al., 2015).  

The created false-color composite image appeared to darken the spectral signature of 

linear features, hence enhancing visual contrast between lineaments and surrounding 

features. In addition, secondary structures are much more clearly visible on the false-

color image than on the natural-color image.  
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The northern sections of the image are characterized by an overall bluish color, which 

makes lineaments to clearly stick out in reddish tones. The southern sections on the other 

hand are characterized by reddish tones and lineaments appear in grey to black tones 

(figure 4.2). 

 

Figure 4.2: A false-color combination image of the study area. 

In certain areas, continuous linear features appeared to be subdued under thick 

vegetation cover as shown in various shades of red. Vegetated areas render the 

identification of lineaments a very tedious and time-consuming undertaking (Meijerink et 

al., 2007). In order obtain information on vegetated linear features; a normalized 

difference vegetation index (NDVI) image of the study area was generated using ERDAS 

Imagine software. 
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(c) Normalized Difference Vegetation Index 

An NDVI image was created in ERDAS Imagine software using the near infrared and red 

bands (figure 4.3). Computation of the vegetation index in the software is carried out using 

formula 1 described in section 2.6.3.3. Traditionally, NDVI image aids in the discrimination 

of vegetated from non-vegetated areas (Wang et al., 2003). However, in hydrogeological 

studies, NDVI images are useful for checking whether lineaments have vegetation, which 

could be a useful indicator of groundwater (Meijerink et al., 2007; Bruning, 2008). This is 

because natural vegetation alignment often occurs in areas of locally enhanced soil 

moisture due to geologic structures (USRA, 2012). The significance of NDVI images in 

mapping groundwater bearing faults and fractures, due to vegetation response has been 

shown by many authors (Boyer and McQueen, 1964; Bruning, 2008; Sakala et al., 2014). 

On a typical NDVI image, pixels of dense vegetation appear in whitish tones, and pixels 

of poor or no vegetation cover appear in grey to black tones (Meijerink et al., 2007; Sakala 

et al., 2014).  

The figure 4.3 (image) shows lineaments with NDVI values in the range of -0.99 to 0.99, 

represented in various shades of grey to white tones. In terms of orientation, they have a 

similar NE-SW and NW-SE trend as the lineaments identified in figure 4.1 and 4.2. In 

addition, the image clearly outlines patterns of drainage systems, which appear as thick 

and meandering features, indicated by a red arrow. Most of these features are 

characterized by whitish tones, suggesting the growth of vegetation along the major river 

courses, as well as on their tributaries.  

The central part of the study area (i.e. area demarcated in a rectangle) shows a number 

of NW-SE trending lineaments in whitish tones. These structures appear to be crosscut 

by a number of minor structures. The high NDVI value is indicative of the presence of 

vegetation growing along these structures, which presumably corresponds to the 

presence of groundwater. Only few structures in these sections have grayish tones or low 

NDVI values. In general, the southern and northern sections of the image are 

characterized by a huge tonal variation. The northern section is represented in various 

shades of grey to black tones, while the southern sections are shown in whitish tones. 
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The observed tonal contrast is a result of differences in vegetation cover across the study 

area. 

 

Figure 4.3: NDVI map of the study area. 

Limited vegetation response can be observed in the northern parts of the study area, 

shown as grey to darker tones. Nonetheless, lineaments in whitish tones are clearly 

visible in these regions. Thus, despite the semi-arid climatic conditions in the northern 

parts of Limpopo, most geological structures are water bearing and support vegetation 

growth (due to whitish colour indicative of vegetation. The growth of vegetation along 

these structures may be favored by episodic infiltration due to seasonal rainfall. The 

southeastern section on the other hand is predominantly characterized by whitish tones, 

which is an indication of good vegetation response.  
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Despite the overall white background, lineaments are clearly visible in various shades of 

grey to black tones, with some exhibiting whitish tones. In general, a large number of the 

lineaments observed on the above image are characterized by whitish tones. It can 

therefore be concluded that most fractures and faults support vegetation growth, 

suggesting the presence of groundwater in most of these structures. 

(d) On-screen digitization of lineaments 

Lineaments were manually extracted from the false-color composite and NDVI image 

through on-screen visual digitization method suggested by Meijerink et al., 2007. This 

method involves extracting of geological lineaments based on their spectral signature, 

tone, color and shape. Manual on-screen visual digitization extraction was preferred over 

automated extraction methods due to the subjective nature of automated lineament 

extraction techniques. According to Meijerink et al. (2007), automated lineament 

extraction methods tend to detect non-geological linear features, while failing to 

differentiate between dykes and faults.  In addition, the operation leads to the production 

of numerous minor lineaments, and therefore not always recommended for geological 

studies (Sedrette and Rebai, 2016). 

The extracted lineaments shown in the lineament map (figure 4.4) shows linear structures 

in different sizes, which represent major and minor linear structures. However, some of 

these linear features represent drainage patterns in the area. In general, it is evident that 

the regional tectonic framework of the study area is comprised of NE-SW and NW-SE 

trending lineaments (figure 4.4). 
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Figure 4.4: Major and Minor digitized lineaments derived from Landsat 8 OLI Satellite 

image. 

Two main distinct regional scale structures can be recognized, both extending over 

hundreds of kilometers from the northeastern to the southwestern margin of the study 

area. These structures are consistent with documented shear zones marking the 

boundaries between various lithological units in the study area. From their locations, 

strikes and areal extent, these features correspond to the prominent Tshipise and Dowe-

Tokwe (figure 4.10). The former marks the boundary between the Soutpansberg 

succession and Karoo young sedimentary cover, while the latter marks the contact 

between rocks of Tshipise basin and the central zone of the Limpopo mobile belt. The 

major structures appear to be crosscut by a number of subsidiary shorter fractures 

trending NW-SE. These shorter linear structures correspond to a set of fracture networks 

associated with the Soutpansberg mountain ranges. Jansen (1978) described the 

extensive faulting in the Soutpansberg as evidence of continuous evolution of the 

succession due to contemporaneous sedimentation and volcanism.  
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Crosscutting structures have a significant implication on groundwater prospecting. 

Tessema et al. (2011) noted that the intersection points of these structures are often 

favorable groundwater conduits. 

In figure 4.4 extensive fracturing is observed in the central part of the study area. There 

is a higher density of lineaments extending from the central towards the eastern border 

of the study area. This phenomenon (a higher density of lineaments) often enhances the 

water-bearing capacity of various lithologies in an area. A vast amount of literature 

supports the significance of crosscutting structures in improving the water-bearing 

properties of crystalline rocks (Petzer, 2009; Tessema et al., 2011). Thus, features of this 

nature are often considered potential targets for groundwater abstraction. Due to the 

prevalence of crystalline rocks in the region, crosscutting network of structures will serve 

as targets for detailed geophysical exploration using resistivity methods. 

4.1.1.2 Aeromagnetic Data 

The aeromagnetic data used in this study was collected by the Council for Geosciences 

South Africa whose survey was flown in 2009. The measurements were recorded using 

a cesium vapor magnetometer at an average flight elevation of 150 m above the earth 

surface. The data was gridded using a maximum curvature gridding algorithm. An IGRF-

removed total magnetic intensity map of the study area was prepared using Geosoft 

Oasis Montaj (figure 4.5). Total magnetic intensity refers to the absolute measurements 

obtained after a model of the earth’s magnetic field is removed from magnetic 

observations.  

Total magnetic intensity is a reflection of the average magnetic susceptibility values of the 

broad large-scale geologic features in a region (Muthamiselvan et al., 2017). Total 

magnetic intensity maps have been in geological and structural interpretation (Tessema 

et al., 2014; Muthamiselvan et al., 2017). The results by these authors found a positive 

correlation between magnetic data and field geology. 
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(a) Lithological Character and Boundaries 

The map in figure 4.5 shows the distribution of magnetic intensity values over the study 

area, which is comprised of very low to moderate and high values. This range of values 

is a reflection of the average susceptibilities of various geological materials in the study 

area. The geology of the study area is well documented in a vast array of literature, and 

will therefore be used as a basis for interpreting the aeromagnetic map. 

The magnetic response of the geology observed on the map is consistent with the 

complex nature of the regional geological setting of the study area. High magnetic 

signatures extend in the form of elongated bodies from the northeastern margin to the 

central region of the study area. These signatures correspond to the presence of swarms 

of dykes and dolerite sills in varying proportions in the far northeastern parts of Limpopo 

province (figure 4.5). 

 

Figure 4.5: Total Magnetic intensity map of the study area showing all the magnetic 

features. 
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An elongated ENE-WSW low magnetic can be observed in the far northeastern part of 

the study area (Figure 4.5). This signature represents the young strata of the Tshipise 

sedimentary basin, a remnant of the larger Karoo basin of South Africa. Tshipise basin is 

an ENE-WSW fault-bounded basin comprising of predominantly of various types of 

sandstones (Luyt, 2017). The strata are bounded to the north by the Bosbokpoort fault 

and to the south by the regional Klein Tshipise fault (Figure 4.10). For detailed analysis 

of the magnetic response of the study area, the study area was divided into three sections 

as discussed below. 

In section A, low magnetic signature of Karoo sediments appears to be juxtaposed 

against an elongated high magnetic signature feature (figure 4.6). This finding is in 

agreement with the work of Luyt (2017), who indicated that the Karoo intrusions are 

oriented parallel to the sedimentary rocks. The observed elongated low magnetic 

signature on the northeastern margin corresponds with the Karoo sandstone formations, 

whereas the adjacent high signature is consistent with the Letaba basalt formation (figure 

B-4.1 in Appendix B).  

The parallelism of these features suggests that they were laid down along pre-existing 

geological structures. These may play a big role in groundwater storage and movement 

in the study area. Apart from the geological structures, water-bearing formations in the 

region include the Karoo sandstone formations and the Letaba basalt formations (Vegter 

2001).  
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Figure 4.6: Detailed magnetic signature of the northeastern (Section A) section of the 

study area. 

In section B (southeastern section of the study area), low and high magnetic signatures 

can be observed (figure 4.7). This combination of high and low magnetic signatures 

emanates from the lithologies of the Soutpansberg Supergroup. The Soutpansberg 

represents a volcano-sedimentary succession that rests unconformably on metamorphic 

rocks of the Limpopo Mobile Belt. It forms prominent wedge-shaped mountain ranges on 

the central part of the study area that are clearly visible on the geological map in figure 

B-4.1 of Appendix B. 
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Figure 4.7: Detailed Magnetic signature of the southeastern part (Section B) of the study 

area. 

Extrusive rocks in the Soutpansberg comprises of massive and amygdaloidal basalts, 

which are responsible for the strong magnetic signature observed on the map. Brandl 

(1999) identified 50 m thick layers of epidotised basalt near the top of the Soutpansberg 

succession belonging to the Fundudzi Formation. Basaltic rocks are regarded as the most 

productive aquifers in volcanic rocks (USGS, 2016). This is attributed to the common 

development of columnar joints in basaltic flows that create passageways for groundwater 

movement (USGS, 2016). Thus, areas comprised predominantly of basalt are worth 

investigating for groundwater occurrence using ground geophysical techniques. 

Sedimentary rocks in the Soutpansberg encompasses a widely distributed array of clastic 

rocks ranging from shales, sandstones, greywacke and conglomerates (Malaza et al., 

2013). These rocks are characterized by very low magnetic signatures that appear to be 

juxtaposed against high signatures in this section (section B).  
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Water-bearing units in the area include sandstones of the Wyllies-Poort formation, which 

represents intergranular aquifers of appreciable porosity and permeability (Du Toit et al., 

2011). 

Section C of the study area shows highly complex magnetic signatures as evident on the 

map spreading from the middle to the western margin of the study area (figure 4.8). The 

observed signature is characterized by a blend of high-moderate-low magnetic intensities. 

Highly magnetized bodies can be observed in the northeastern parts as well as near the 

southern margin of the study area. These high signatures are indicative of the presence 

of mafic-ultramafic complexes in the central zone of the Limpopo Mobile Belt. The mafic-

ultramafic complexes in the Central zone can be categorized into pyroxenite-serpentinite 

suite and the arnothorsite-gabbro suite (Chinoda et al., 2009). All of these units are 

crystalline in nature with negligible porosity and permeability. 

 

Figure 4.8: Detailed magnetic signature of the western part (Section C) of the study area. 
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It is evident that most of the high intensity magnetic anomalies on the above map occur 

as linear bodies, which may be inferred as dolerite dykes. The prominent signature 

corresponding to these structures suggests that they were not severely affected by 

weathering processes (Tessema et al., 2011).  

A significant proportion of this section appear to be dominated by intermediate magnetic 

values interspersed within sporadically spread high and low magnetic signatures. These 

prominent intermediate signatures were interpreted as a response from a variety of 

basement gneisses forming part of the central zone of the Limpopo Mobile belt. Gneiss 

is a crystalline high-grade metamorphic rock that is often characterized by low 

permeability and porosity.  

The prominent low magnetic signatures observed on the map correspond to the presence 

of metasediments in the region. Most of these rocks had their groundwater-bearing 

properties destroyed as a result of extreme metamorphism and deformation. 

Metamorphism presumably closed or welded some structures that might have been 

favorable water conduits in the area (Westhuizen, 1983; Holland 2011). The siting of 

boreholes in these sections should be based on the identification of weathered and 

fractured zones. 

Studies such as Bristow (1986), Brandl (1999) and Chinoda et al. (2009) identified the 

presence of basement gneisses, metasediments and some mafic to ultramafic complexes 

in this area. These complex lithological entities correspond to the highly deformed rocks 

of the Central zone of the Limpopo Mobile Belt. The Limpopo Mobile Belt, as described 

in section 2, is a suite of high-grade metamorphic rocks formed from the collision of the 

Kaapvaal Craton to the south and the Zimbabwean craton to the north (Burke et al., 1986). 

This resulted into intense deformation and metamorphism resulting into the observed 

metamorphic rocks in the area.  

Previous groundwater studies conducted on these rocks discovered a huge variability in 

yields of operational boreholes (Westhuizen, 1983; Holland, 2011). Higher yields in 

excess of 5 l/s have been encountered in certain parts of the area. On the contrary, 

numerous low yielding or dry boreholes were also encountered in certain parts of the 

area.  
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Most high yielding boreholes have been found to be sited in zones of extensive fracturing 

and weathering (Westhuizen, 1983). 

(b) Magnetic Lineaments. 

Lineaments in the study area were inferred from aeromagnetic data from the observed 

persistent linear features based on their magnetic signature (figure 4.9). Mapping of 

lineaments from aeromagnetic map has been an integral part of most groundwater 

exploration projects (Holland, 2011; Tessema et al., 2011). Most lineaments observed on 

aeromagnetic maps are often associated with features such as dykes, lithological 

boundaries and faults (Stettler et al., 1989; Okereke et al., 2011). The unique magnetic 

signatures of these features makes magnetic data ideal for their mapping.  

The present study used oasis montaj software to digitize lineaments from gridded 

magnetic intensity data in the study area. It is evident from the map (figure 4.9) that most 

of the magnetic lineaments are characterized by high magnetic signatures. The general 

strike of these features appear to be NE-SW, however, a fewer ENE-WNW trending 

features are evident as well. Based on their orientation and magnetic signatures, these 

structures have been interpreted as the extensive dykes and sills in the study area. 
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Figure 4.9: Digitized magnetic lineaments (black lines) of the study area. 

Previous studies have confirmed the occurrence of dolerite and diabase dykes in the 

study area (Holland, 2011). Prominent swarms of dykes in the northern Limpopo Province 

include the Save-Limpopo and Lebombo dyke swarms, which occur on the northeastern 

margin of the Kaapvaal craton (Titus et al., 2009; Luyt, 2017). The basaltic and dolerite 

swarms of dykes represent some of the major intrusions in the northern parts of Limpopo. 

The relationship between dolerite/diabase dykes and groundwater occurrence has been 

established in a vast amount of literature (Westhuizen, 1983; Vegter, 2001; Titus et al., 

2009; Holland, 2011). It has been conclusively shown that boreholes intersecting dykes 

are poor targets, while boreholes drilled few meters away from the dykes seem to be 

promising (Titus at al., 2009; Holland, 2011).  
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Dykes may act as either conduits or barriers to groundwater flow, depending on their 

permeability and orientation (Holland and Witthüser, 2011). During intrusion, ascending 

magma creates spaces by exerting a significant amount of pressure on the country rocks, 

hence creating space for magma to rise (USGS, 2016). This phenomenon often improves 

the water-bearing properties of the country rocks. Thus, areas adjacent to igneous bodies 

may be regarded as potential targets for groundwater exploration and development. 

Vegter (2001) noted that the water-bearing properties of dykes and formational contacts 

is often enhanced by such processes as weathering and brittle fracturing. 

4.1.1.3 Lineaments from structural geological map. 

The structural geological map used in this study was prepared from a 2016 online 

geological map sheet prepared by the Council for Geosciences SA. The map was 

downloaded in electronic format from minddat.org.za website, and georeferenced in 

ArcMap using four known ground control points. Figure 4.10 presents the resultant 

structural map showing faults, fractures and dykes in the study area. 

The structural geology map (figure 4.10) shows a number of major and minor lineaments 

denoted using both black and green lines. These features represent a number of faults 

and dykes mapped in the study area. A number of almost-parallel major lineaments are 

clearly evident trending diagonally across the study area. In addition, the map reveals 

evidence of intense fracturing across the central parts of the study area. The northwestern 

section appears to be devoid of any discernable geological structures. 
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Figure 4.10: Structural geological map of the study area. Data source: Council for 

Geosciences SA. 

The observed major structures represent the faults separating the major lithologic units 

in the area. Amongst the most common and prominent structures include; Dowe-tokwe 

fault, Messina fault, Bosbokpoort fault and Tshipise faults. The higher degree of fracturing 

observed in the central and northeastern parts is associated with lithologies of the 

Soutpansberg volcano-sedimentary sequence. The northwestern parts which are 

underlain by lithologies of the Limpopo mobile belt exhibit little fracturing. 

Dykes on the other hand, appear to be more prevalent towards the northeastern sections 

of the study area. In general, most of the geological structures appear to follow a similar 

NE-SW and SE-NW trend observed from the satellite imagery and aeromagnetic maps. 

All the lineaments were digitized from the map, and superimposed on layers of lineaments 

derived from Landsat imagery and aeromagnetic data. 
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4.1.1.4 Integration of Lineaments. 

An integration of three thematic layers of lineaments was conducted in a GIS 

environment. Themes of lineaments derived from LANDSAT imagery, aeromagnetic data, 

and structural geological maps were superimposed over one another to produce an 

integrated lineament map of the study area (figure 4.11). An integration of lineaments 

from various datasets is necessary to provide a true picture of the structural framework 

of the study area.  

The LANDSAT-derived lineaments mainly reflect features such as faults, fracture zones, 

and linear branches of drainage systems. On the other hand, the lineaments derived from 

aeromagnetic data and structural geological maps represent mainly faults, dykes and 

lithological boundaries.  

 

Figure 4.11: Integrated lineaments from aeromagnetic data (red lines), LANDSAT 8 

images (blue lines), and structural geological maps (green and black lines). 
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The integrated lineament map portrays a detailed picture of the study area’s tectonic 

framework. All the datasets revealed a high concentration of lineaments along the central 

and northeastern margins of the study area.  

It is however worth noting that satellite imagery allowed for the extraction of many 

lineaments than in any of the datasets. The geological map and aeromagnetic data 

provided more major lineaments than the satellite imagery. However, all the lineaments 

portrayed in the integrated map are dominantly characterized by NE-SW and SE-NW 

trends. Lineaments from all the datasets were merged into a single theme in order to 

compute statistical parameters such as lineament density, directions and lengths. 

4.1.1.5 Lineament density and orientations 

Important parameters such as lineament length, density and orientation are often taken 

into consideration during the analysis of lineaments from a lineament map. The present 

study used line density tool in ArcGIS to compute the lineament densities. The tool 

calculates the magnitude per unit area from polyline features that fall within a pre-defined 

radius around each cell. Units of the search radius depends on the linear unit of the output 

spatial reference (ESRI, 2018). Linear units of the input data (i.e. integrated lineament 

map) in this study were expressed in meters, thus the search radius was set to be equal 

to 1500 m (i.e. 1.5 Km). The set radius allowed the tool to count all lineaments occurring 

within a 1500 m neighborhood. The lineament densities were further expressed as length 

per unit area in units of kilometers per square kilometer (km/km2).  

In this study, the minimum lineament density was found to be in the range of 0 – 12 

km/km2, while the maximum density was 0.91 – 1.7 km/km2 (figure 4.12). The main 

purpose of a lineament density map is to show the concentrations of lineaments per unit 

area. A higher density of lineaments may be indicative of interconnected fracture 

networks. According to Tessema et al. (2014), interconnected fracture networks have an 

important suggestion from a groundwater exploration perspective, as these zones are 

often characterized by productive aquifers. 
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Figure 4.12: Lineament density map of the study area. 

The map (figure 4.12) shows a higher concentration of lineaments in the northeastern 

and central parts of the study area. These high lineament densities observed in these 

regions were evident in all the thematic layers used to construct the integrated lineament 

map. These features may be attributed to the occurrence of major faults, swarms of 

dykes, lithological boundaries and some minor fractures in large numbers in the 

northeastern parts of the study area.  

The strike directions of the derived lineaments were plotted on a rose diagram (figure 

4.12). The rose diagram depicts two general sets of lineament directions, the NE- SW 

and NW-SE (figure 4.12). Only a few lineaments in the area seem to be trending in a N-

S direction. The NE-SW trend is indicative of the influence of lithological boundaries on 

the tectonic network of an area, particularly on the major structures.  
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A previous study has shown that the major lithological units in the study area have a 

general NE-SW strike direction, and are separated by large-scale shear zones (Chinoda 

et al., 2009). The prominent linear structures in NE-SW direction represents these large-

scale shear zones. 

 

Figure 4.13: Rose diagram derived from the strike directions of the integrated lineaments. 

For the purpose of ranking and weighted overlay analysis, the derived categories of 

lineament densities were classified into very high, high, moderate, low, and very low 

lineament densities (figure 4.14). A numerical ranking of 1 to 5 was assigned to each 

class. The highest rank of 5 was assigned to the highest interval (0.91 – 1.7 km/km2) of 

lineament density, while the lowest rank of 1 was given to the minimum interval (0 – 0.12 

km/km2). The classified lineament density map shows a clear gradual transition from 

areas of very high lineament densities to areas of very low lineament densities.  
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Figure 4.14: Classified lineament density map of the study area. 

4.1.2 Geological Formations 

The underlying bedrock geology controls the flow and storage of groundwater in the 

regional hydrogeological setting of an area (Titus et al., 2009; Pascal et al., 2013). 

According to these authors, the bedrock geology provides the conduit system for water 

movement, which controls the amount, rates, patterns and distribution of groundwater.   

As described in section 2.1, geologically, the study area can be broadly subdivided into 3 

subgroups of lithological units, and these include crystalline basement rocks of Archean 

age, sedimentary rocks in the Tshipise and Tuli sedimentary basins, which are two 

subsidiary basins of the main Karoo, and Soutpansberg volcano-sedimentary succession. 

Crystalline basement rocks in the study area comprise of complexly deformed gneisses 

and granites, metamorphosed sedimentary rocks, dykes and sills, basalts and lava flows 

of the Karoo and Soutpansberg (figure B-4.1 in appendix B).  



103 
 

These types of formations are often characterized by an intrinsically low porosity and 

permeability. Nonetheless, over the course of geological period, these rocks can develop 

secondary porosity and permeability as a result of various tectonic forces that may cause 

the release of confining pressure or compression resulting in deformation and fracturing, 

and also the rock may undergo weathering processes, which can then serve as water-

bearing openings. Secondary porosity in crystalline rocks is manifested as fractures and 

zones of intense weathering which are often the main targets in groundwater exploration.  

Karoo sedimentary rocks in the study area comprises of the young sedimentary covers 

of the Tshipise and Tuli basins. Geologically, both basins are dominated by sandstones 

and mudstones in varying proportions. In addition, minor proportions of conglomerates, 

calcium-silicate and carbonate rocks are also widely distributed across the basins. 

Groundwater is therefore expected to occur in the intergranular pore spaces of pyroclastic 

sedimentary rocks and some alluvial deposits. 

The Soutpansberg represents an elongated volcano-sedimentary sequence consisting of 

a mix of all rocks types (i.e. Sedimentary, metamorphic and igneous rocks). Previous 

hydrogeological studies conducted on the rocks of the Soutpansberg have revealed the 

occurrence of various aquifers types; and these include, unconsolidated to consolidated 

intergranular aquifers, fractured and weathered aquifers, and karstic aquifers.  

In general, rock types in a region can provide useful hydrological information of the area. 

Based on the information gathered a hydrogeologist can classify the rocks based on their 

porosity and permeability, broadly being unconsolidated or consolidated, which defines 

how water can be stored or move freely within the pore spaces between grains or through 

fractures (Chilton and Seiler, 2006). In order to characterize the study area’s 

hydrogeology, the geology was then classified into five categories.  

The classification of the available geology in the study area involved the ranking of the 

rock units based on the lithological and hydrogeological attributes that they have that 

control the flow and storage of water in the different lithologies.  
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The ranking used in present study was adopted from the rankings from previous studies 

in and around the study area (Vegter, 2001; Tessema et al., 2014; Waikar et al., 2014; 

Shekar and Pandey, 2015).  

In the previous studies, the lithologies were classified by each class assigned different 

weighting factors or rankings. In those studies, the sedimentary rocks, calcium-silicates 

and carbonates were assigned higher weighting factors than igneous and metamorphic 

rocks. The carbonate rocks for example were assigned higher weighting factor due to the 

tendency to develop caverns and sinkholes that can store large quantities of water. In 

terms of ranking, the carbonates were followed by sandstones, which were ranked 

second due to their inherent primary porosity and permeability. Lastly, Mudrocks were 

assigned a lower weight of all the sedimentary rocks due to their high storage but low 

transmitting capacity (Chilton and Seiler, 2007). 

In those previous studies, the crystalline rocks were classified and assigned weighting 

factors based on their ability to develop primary porosity and permeability during 

formation, as well as their susceptibility to fracturing and weathering. Among the 

crystalline rocks, gneisses and basalts were assigned a slightly higher weight as 

compared to the granites, dykes and quartzite. In support of these rankings, some 

previous studies have reported high yielding boreholes drilled through the basaltic and 

gneissic aquifers in the study area (Westhuizen, 1983; Vegter 2001). These authors 

observed that the high susceptibility to weathering and fracturing by the basalt and gneiss 

is responsible for the observed high yielding boreholes. On the other hand, numerous low 

yielding boreholes have been reported on the granites, dykes and quartzite (Vegter, 2001; 

Holland, 2011). In this study, lithological classes were ranked from 1 to 5. The carbonates 

were assigned a ranking score of 5, sandstones 4, mudrocks 3, gneiss and basalt 2, and 

granite 1. The reclassified map of the local geology is shown in figure 4.15. 

On the map in figure 4.15, it is observed that a significant proportion of the study area is 

comprised of the second rank, consisting mainly of gneiss, basalt and other basic volcanic 

rocks. These observed lithologies belong to the central and southern marginal zone of 

the Limpopo mobile belt.  
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Chinoda et al. (2009) described these stratigraphic units as consisting predominantly of 

a variety of ortho-gneisses and para-gneisses, many of which have a granitoid 

composition. The middle section on the other hand appears to be comprised of a variety 

of sandstones and mafic rocks of the Soutpansberg Supergroup. Carbonates and 

Mudrocks form small clusters particularly in the north western and northeastern margins 

of the study area. These sections are underlain by young sedimentary covers of the Tuli 

and Tshipise basins. The rocks underlying them are the carbonates, sandstones and 

Mudrocks that have high rankings and weighting factors (figure 4.15). 

 

Figure 4.15: Classified Geological map of the study area.  

4.1.3 Topography. 

The relationship between topography and groundwater occurrence has been investigated 

by many authors (McFarlane et al., 1992; Mabee, 1999; Holland, 2011; Tessema et al., 

2014). According to these authors, topography controls the energy necessary to divide 

rainwater into runoff and infiltration, hence influencing groundwater distribution. 
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Rainwater flows more rapidly on steeper slopes with less infiltration into the ground. On 

the contrary, rainwater received on flat areas and valleys have sufficient residence time 

to infiltrate into the ground (Tessema et al., 2014). Previous studies have shown that 

boreholes located on flat areas and valleys show generally higher yields compared to 

boreholes located on steeper slopes (Titus et al., 2009; Holland 2011). This makes the 

understanding of the topography is an imperative in groundwater exploration projects. 

The present study used an ASTER-Derived digital elevation model to construct a hill-

shaded relief map in a GIS environment (figure 4.2 in appendix B). 

Visual assessment of the topographic model of the study area reveals zones of prominent 

topographic highs interspersed within flat areas. The observed features have elevation 

values in the range of 200 m in the eastern parts to 2000 m in the central to western 

margins of the study area. Previous studies have established a positive correlation 

between the topography and underlying geology of these regions (Luyt, 2017). Thus, 

interpretation of the topographic model was conducted whilst taking into consideration the 

geological setting of the area.  

The middle-section of the study area is characterized by a wedge-shaped elevated 

topographic high shown in red color (figure 4.2 in appendix B). This feature appears to 

stretch diagonally from the northeastern margin to the southwestern section of the study 

area. Despite the higher elevations in the central parts, some valleys and topographic 

lows are clearly evident. On the other hand, the northern half of the study area is 

characterized mainly by low elevation, consisting of flat to gently sloping topography. Low 

elevated areas are also visible in the southeastern portion of the study area. The 

southwestern section on the other hand is characterized by moderate elevation, which 

appears to increase towards the central part of the study area. 

The observed topographic high in the central parts may be attributed to the basaltic 

intrusions and resistant pink quartzite of the Soutpansberg succession (Brandl, 1999 and 

Vegter, 2001). Highly elevated areas favor the formation of runoff with little infiltration 

during precipitation. These type of conditions often minimize the groundwater recharge 

potential of an area. Thus, groundwater potentiality is expected to be low in these regions 

owing to the nature of the topography.  
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The lower elevations observed in the northern sections are underlain by sediments and 

basalts of the Karoo sedimentary basin. Basalts of the Letaba Formation are currently 

deeply weathered to form flat areas of iron-rich fertile soil (Luyt, 2017). The local 

landscape in these areas appears to be devoid of any prominent topographic high 

features, and previous studies discovered the presence of well-developed thick soils in 

these zones. Groundwater potentiality is expected to be moderate to high in these areas 

except for those regions where extensive weathering has produced clayey material 

extending to the bedrock (Vegter, 2001).  

The flat and gently sloping areas in the northwestern sections of the study area rests on 

the lithologies of the central zone of the Limpopo Mobile belt. These lithologies are also 

responsible for the low elevations in the southeastern section of the study area. In 

conclusion, the topography in the area varies from zones of flat slopes in the northern 

parts, through zones of high elevations in the central and southwestern parts, to zones of 

low elevation in the southeastern parts.   

The hill-shaded relief was further used to compute the slope percentage for classification 

and overlaying purposes. The DEM used in the present study was in raster format; hence, 

the slope was calculated as the maximum rate of change over each cell and its eight 

neighbors (ESRI, 2018). Slope percentage map identifies the steepest downhill or uphill 

slope for a location on a surface. The output slope map expresses the slope in a form of 

values (percentages). The lower the slope value, the flatter the terrain, the higher the 

slope value, the steeper the terrain (figure B-4.5 in appendix B). The derived slope values 

were then classified into five classes that include very steep slope, steep slope, moderate 

slope, gentle and flat slopes (figure 4.16).  
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Figure 4.16: Classified slope map of the study area. 

4.1.4 Land use and Land cover data. 

According to Schulze (2003), the term Land cover refers to the biophysical state of the 

earth surface, which may be subdivided into categories such as forests, open water, 

grasslands and settlements. On the other hand, Land use refers to the physical state of 

the land as a result of human activities. Oftentimes land cover is transformed into land 

use by anthropogenic activities such as agricultural production, settlement or other 

activities.  

The significance of land use and land cover in hydrogeological studies lies on the fact 

that these factors tend to control watershed hydrology (Schulze, 2003). For instance, the 

formation of surface runoff and infiltration of water into an aquifer is largely controlled by 

the type of land cover and land use in a particular region.  
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Thus, Land use and Land cover dataset was found to be imperative in the present study 

as it facilitates the assessment of the relationship between anthropogenic activities and 

groundwater distribution. In addition, the dataset is necessary to facilitate the 

determination of the proximity of settlements with respect to the groundwater potential 

zones. An ultimate goal of the study was to delineate groundwater potential zones for use 

by communities.  

Agricultural activities such as ploughing often loosens compact soils, hence enhancing 

their textural properties to favor infiltration while minimizing the formation of runoff. For 

instance, Bromley et al. (2002) noted that infiltration is often higher beneath cultivated 

lands due to the increased permeability of loose soils. On the other hand, anthropogenic 

activities such as surface paving with impermeable concrete blocks often minimizes 

infiltration capacity while facilitating the formation of runoff. Therefore, changes in land 

cover or land use of a region is often accompanied by fluctuations in groundwater 

recharge and storage potential of a region. 

The land use/land cover data used in the present study was downloaded from the 

Department of Environmental affairs South Africa website. The data shows a number of 

rural and urban settlements, waterbodies, wetlands, forest plantation, cultivated farms, 

bare land, and some randomly distributed vegetation of the Savanna Biome (figure 4.3 in 

appendix B).  

The land use/land cover types were classified into five categories based on their potential 

to influence groundwater recharge and storage. The derived categories on the 

reclassified land use/ land cover map include; bare land, settlement, vegetated areas, 

wetlands/ water bodies, and cultivated land (figure 4.17). 
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Figure 4.17: Classified land use map of the study area. 

4.2 Integration of various thematic layers for groundwater potential zones 

Groundwater potential zone map was created based on the integration of the four 

thematic layers of factors known to influence the occurrence of groundwater. The four 

layers were geological information, lineament density (derived from integrated 

lineaments), land cover/land use, and topography. Prior to integration, the layers were 

weighted, and each parameter within the layers was given a knowledge-based hierarchy 

ranking of 1 to 5. The present study employed the Analytical Hierarchy process of Saaty 

(1980) to derive the weights for each thematic layer. Analytic Hierarchy Process is a 

structured technique based on mathematics and psychology, and was developed for 

organizing and analyzing complex decisions. The technique has been used in a number 

of groundwater studies for an integrated analysis of multiple factors controlling 

groundwater occurrence (Palaka and Sankar, 2015; Shamuyarira, 2017). In all cases, 

AHP provided an objective judgment and weightage of the thematic layers. 
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4.2.1 Deriving the weights using Analytical Hierarchy Process (AHP) 

A pair-wise comparison for the identified themes controlling groundwater was carried out 

using Saaty’s scale of relative importance (table 4.1). On the scale, the thematic layers 

can be categorized as less important, equally important and more important. On the scale 

below, a score of 1 indicates equal importance between two themes, and a score of 9 

indicates extreme importance of one layer relative to the other (Saaty, 1980). 

Table 4. 1: Saaty’s scale of relative importance (Saaty, 1980).  

Less Important Equally 

Important 

 More Important  

Extremely Very 

strongly 

Strongly Moderately Equal Moderately Strongly Very 

Strongly 

Extremely 

0.111 0.143 0.200 0.333      1 3 5 7 9 

 

A pairwise comparison matrix was based on the nine-point scale of relative importance 

of the different themes on controlling groundwater occurrence, namely geology, 

lineaments, land use/land cover and slope. Since the study used four thematic layers, a 

4 by 4 matrix was created (table 4.2). In table 4.2, the element matrix values of the 

different weights for the four themes are presented. In the table, the theme in the row is 

compared to the theme in the column. For example, in table 4.2, geology is equally 

important to geology (since it is 1); geology is twice as important to lineament density 

(since the value is 2); geology is 3 times important to slope and land cover (since the 

value is 3) etc. 

Table 4. 2: A Pair-wise comparison matrix 

Theme Geology Lineament Density  Land-use/ Land cover Slope 

Geology 1 2 3 3 

Lineament density 0.5 1 3 3 

Land-use/ Land cover 0.33 0.33 1 1 

Slope 0.33 0.33 1 1 

          

 ∑ of column matrix 2.16 3.66 8 8 
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To reduce possible bias in the results, usually pair-wise comparison matrix is normalized 

by dividing each element of the matrix by the sum of its column, as suggested by Saaty 

(1980). Consequently, the total of the rows were determined, and the principal 

eigenvector /normalized weights is determined by averaging across all the rows as shown 

in table 4.3. This average/ normalized weights were then converted into percentage to 

give the overall percentage influence of each parameter. From the results, it is observed 

that geology has a total influence on the hydrological properties of 44%, and lineament 

density 32%, while slope and land cover have 12% each. 

Table 4. 3: Normalized matrix (Saaty, 1980). 

 Geology Lineament 

Density 

Land 

use/ 

Land 

cover 

Slope ∑ 

(Total) 

Average/ 

Normalized 

(Principal 

Eigenvector) 

% 

Influence 

Geology 
0.46 0.55 0.38 0.38 1.76 0.44 

 
44% 

Lineament 

density 
0.23 0.27 0.38 0.38 1.25 0.32 

 
 

32% 

Land 
use/Land 
cover 

0.15 0.09 0.13 0.13 0.49 0.12 

 
 
 

12% 

Slope 
0.15 0.09 0.13 0.13 0.49 0.12 

 
12% 

 

Analytical Hierarchy Process (AHP) captures the idea of uncertainty in judgments through 

the principal eigenvalue and the consistency index (Saaty 2004). Principal Eigen value 

(𝜆𝑚𝑎𝑥) is calculated by summing up the products between each element of Eigen vector 

and the sum of columns of the pairwise matrix (table 4.4).  
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Table 4. 4: Computation of principal Eigenvalue (𝛌𝐦𝐚𝐱).  

Thematic Layer ∑ of Column matrix 

(1) 

Eigen Vector 

(2) 

Products of column (1) and (2) 

[(1) x (2)] 

Geology 2.16 0.44 0.95 

Lineament 

density 

3.66 0.32 1.17 

Land use/ Land 

cover 

8.00 0.12 0.96 

Slope 8.00 0.12 0.96 

                                  Principal Eigenvalue (𝜆𝑚𝑎𝑥)                                                                𝛌𝐦𝐚𝐱 = (0.95+1.17+0.96+0.96) 

          = 4.04 

 

Saaty also provided a measure of Consistency, which is called a Consistency Index (CI). 

Consistency Index is a measure of the degree of consistency in the pairwise comparison 

matrix, and is calculated using equation 4.1 as follows: 

                                       CI =  
λmax−n

n−1
                                            (4.1)                                                              

Where 𝜆𝑚𝑎𝑥 is the principal Eigenvalue of the pairwise matrix and was computed in table 

4.4 above and n is the number of thematic layers being compared. Four thematic layers 

were compared in this study, therefore n = 4.  

The consistency index was therefore computed using equation 4.2 as follows: 

                          𝐶𝐼 =
λmax−n

n−1
 =  

4.04−4

4−1
= 0.013                          (4.2) 

Since the elements of the pairwise matrix are obtained from an individual’s preferences 

and judgments, some inconsistencies are expected and allowed in Analytical Hierarchy 

Process. In order to determine whether the degree of inconsistencies are within the 

acceptable range, Saaty (1980) recommended the calculation of the consistency ratio 

(CR).  
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The consistency ratio (CR) is determined by comparing the consistency of the matrix in 

question (the one with our judgments), versus the consistency index of a random-like 

matrix. A random matrix is one where the judgments have been entered randomly and 

therefore it is expected to be highly inconsistent (Brunelli, 2015). Saaty (2012) provides 

the calculated random index (RI) values for random matrices of different sizes as shown 

in Table 2.5.  

Table 4. 5: Saaty’s table of random index for different (n) values 

N 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.89 1.12 1.24 1.32 1.41 1.45 1.49 

 

It should be noted that the value of the Random Index depends on the number (n) of 

thematic layers being compared. Since four layers were compared in this study, the 

random index RI = 0.89. Therefore, the consistency ratio was calculated using equation 

4.3 follows: 

CR= CI/RI                                                                                                                             (4.3) 

= (0.013)/ (0.89)  

= 0.015 or 1.5% 

Saaty (2012) has shown that a consistency ratio (CR) of 0.10 or less is acceptable to 

continue the analysis of the thematic layers. If the consistency ratio is greater than 0.10, 

it is necessary to revise the judgments to locate the cause of the inconsistency and correct 

it.  

The calculated Consistency Ratio of the analyst in this study was 0.015 (i.e. 1.5 %), which 

is within the acceptable range of 0 – 0.10, hence it is acceptable.  

Having confirmed that the consistency ratio was within the acceptable limits, the different 

classes generated were then ranked from 1 to 5 based on their significance in controlling 

groundwater potentiality, where a rank of 1 represents lower potentiality, and 5 represents 

higher groundwater prospects (table 4.6). The table 4.6 shows the thematic layers, the 

weights, classes, rank and groundwater potential for each thematic layer.  
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In table 4.6, weights represent the percentage of influence on controlling groundwater 

occurrence and storage as derived in table 4.3. The classes represent the defined classes 

whereas the rank represents the assigned rank on the scale of 1 to 5 for each class. A 

scale of 1 being very poor and 5 being very good groundwater potential. 

Table 4. 6: Ranks and weights for different parameters influencing groundwater 

potentiality. (Adopted from: Tessema et al., 2014; Palaka and Sankar, 2015; Shekar and 

Pandey, 2015). 

Thematic Layer Weights Classes Rank Groundwater Potential 

Geology/ 

Lithology 

 

    44% 

 

Carbonates/Marbles 

Sandstones/ Granulestone 

Mudrocks  

Basalt/Gneiss 

Granites/Dolerite/Diabase 

dykes/Metaquartzites 

5 

4 

3 

2 

1 

 

Very Good 

Good 

Moderate 

Poor  

Very Poor 

Lineament Density        

    32% 

Very high density 

High density 

Moderate 

Low density 

Very low/ No lineaments 

5 

4 

3 

2 

1 

Very Good 

Good 

Moderate 

Poor 

Very poor 

 

Slope 

    

    12% 

Flat 

Gentle 

Moderate 

Steep 

Very steep 

5 

4 

3 

2 

1 

Very Good  

Good 

Moderate 

Poor 

Very Poor 

Land Cover/ Land 

use data 

 

    12% 

Cultivated land 

Wetlands/ water Body 

Vegetated areas 

Settlements 

Barren land 

5 

4 

3 

2 

1 

Very Good 

Good 

Moderate 

Poor 

Very Poor 
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4.2.2 Overlaying of thematic layers 

The classified thematic maps were integrated using the weighted overlay operation of 

Spatial Analyst tool in ArcMap. Weighted overlay analysis is an operation where a 

common measurement scale is applied to diverse inputs for an integrated analysis 

(Shekar and Padney, 2014; Palaka and Sankar, 2015). All the classified thematic layers 

were superimposed over one another in a GIS environment. This resulted into 

groundwater potential zone map from the cumulative weightage of all the classified 

thematic layers (figure 4.18). 

 

Figure 4.18: Groundwater potential zone map of the study area. 

The resultant groundwater potential zone map depicts five distinct classes of groundwater 

potential zones randomly distributed across the study area. These five groundwater 

zones can be categorized as very low, low, moderate, good and excellent groundwater 

potential zones.  
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To describe the spatial variation of groundwater in the area, the groundwater potential 

zones were analyzed based on their areal coverage. The areal coverage of each zone 

was derived from the potential zone map using zonal geometry tool in ArcMap. The zonal 

geometry tool aggregates raster data in each areal zone and computes their areas based 

on the (x, y) dimensions of each pixel comprising the raster image. Table 4.7 and figure 

4.19 present the computed areal coverage and their percentages. The total area of the 

study was computed as 16 889 square Kilometers (Km2) and therefore percentage of 

each groundwater potential zone was computed as a ratio to this total area (of study 

area). 

Table 4. 7: Areas in square kilometers (Km2) and percentage (%) for each potential zone.  

Groundwater Potential Zones  Areal coverage in Km2 Percentage (%) 

1. Very low  70.93  0.42  

2. Low  4002.69  23.70 

3. Moderate  9523.40  56.40 

4. High  3192.02  18.90 

5. Very High 104.71  0.62 

 

 

Figure 4.19: Areal distribution of groundwater potential zones in the study area.  
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The observed random distribution of groundwater potential zones can be interpreted 

based on the significance of an interplay between multiple factors controlling groundwater 

distribution from the thematic layers. The strong influence of lithology and lineaments on 

groundwater distribution is evident throughout the entire study area. Elongated high 

potential zones comprising a total area of 3192 Km2 are distributed across the study area. 

As shown in figure 4.18, the groundwater potential zones follow a similar NE-SW and 

NW-SE trend as the general geology. However, these favorable zones are more 

prominent in the mid-eastern section towards the northern margin of the study area. 

Very high or excellent groundwater potential zones are evident as small clusters in the 

upper middle-section of the map, comprising an area of about 104.71 Km2. These regions 

are characterized by a combination of flat topography, high lineament density and 

severely weathered and fractured gneisses of the Limpopo Mobile belt (Vegter, 2001; 

Petzer, 2009). A combination of these factors in a region seemingly facilitates 

groundwater recharge and storage mechanisms. Geologically, these areas are underlain 

by intergranular sedimentary rocks of the Tshipise basin and Archean basement rocks of 

the Limpopo mobile belt, while transected by a number of dykes and shear zones. 

Previous works in the area by Petzer (2009) and Holland (2011) revealed the significance 

of fractures, dykes and shear zones in controlling the distribution of groundwater, 

particularly in crystalline rocks with negligible primary porosity and permeability. 

A significant proportion of the study area is characterized by a moderate groundwater 

potential making up a total area of about 9523 Km2. These zones are randomly distributed 

across the entire study area, probably marking a transition between areas of low and high 

groundwater potential zones. Furthermore, the moderate zones are found in all types of 

geology, topography, and land use/cover types.  

Low groundwater potential zones appear to comprise about 4002.79 Km2 (23.7 %) of the 

total area, slightly greater than the high potential zones. A large fraction of these zones 

occurs near the southern margin of the study area. Analysis of the thematic layers reveals 

that these areas consist of crystalline gneisses and granites of the Southern Marginal 

Zone.  
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Equally important, these zones also show signs of little or no fracturing on lineament 

maps, despite being located on flat and gentle slopes. Thus, the lower groundwater 

potential may be due to a combination of the aforementioned conditions.  

4.3 VALIDATION OF THE GROUNDWATER POTENTIAL ZONE MAP. 

The present study used GRIP borehole dataset and two follow-up electrical resistivity 

surveys to validate the results of the groundwater potential zone map. Only pump-tested 

boreholes with detailed information from GRIP data were used for validation of the map. 

At the same time, follow-up electrical resistivity surveys were conducted in two different 

areas with varying groundwater potential (i.e. low and high potential zones).  

4.3.1 GRIP Borehole dataset. 

The discharge rate in the study area from existing boreholes is in the range of 1.1 to 11 

l/s across the entire study area. To validate the groundwater potential zones, the 

boreholes were classified into three classes based on their rate of discharge; and these 

include low (< 1.3 l/s), moderate (1.3 -4.4 l/s) and high (4.4-11.0 l/s) yielding boreholes 

(figure 4.20). It is however worth noting that most of these boreholes were drilled in 

residential areas, hence they appear to be clustered in the eastern section of the study 

area where communities in the study area reside (figure 4.20). 
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Figure 4.20: Boreholes yield superimposed over the groundwater potential zone map. 
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It can be observed from figure 4.18 that the majority of the drilled boreholes have yields 

less than 1.3 l/s. This can on average be regarded as low yielding. Amongst these low 

yielding boreholes, a significant proportion falls on areas that are depicted as moderate, 

low to very low groundwater potential zones. The positive correlation between low yielding 

boreholes and low groundwater potential zones is much more pronounced near the 

southeastern margin of the study area. However, only a handful of low yielding boreholes 

can be observed in areas depicted as high groundwater potential zones. 

Moderate yielding boreholes represent the second abundant class with discharge rates 

ranging from 1.3 to 4.4 l/s. The majority of these boreholes fall on areas categorized as 

moderate groundwater potential zones, with only few falling on low and high groundwater 

water potential zones. High yielding boreholes (i.e. 4.4 ≥ 11 l/s) comprise the smallest 

class, with less than 20 boreholes scattered throughout the study area.  

A number of these boreholes fall on areas represented as moderate zones, while others 

fall on good to excellent groundwater potential zones. It can therefore be concluded that 

there is a positive correlation between the existing borehole yields and groundwater 

potential zones evaluated in this study. 

4.3.2 VERTICAL ELECTRICAL SOUNDING SURVEYS. 

Follow-up vertical electrical sounding surveys were carried out in two zones with different 

groundwater potential (i.e. low and high groundwater potential zone). The target areas 

were delineated from the combined interpretation of integrated lineament map and 

groundwater potential zone map (figure B-4.4 in appendix B). The surveys were carried 

out to resolve the hydrogeological parameters associated with various potential zones, 

as well as the geological structures. In general, all the surveys were conducted in close 

proximity to settlements to ensure that the results benefit the surrounding water-stressed 

communities. 

The present study used ARES GF V5.0.1 resistivity and IP imaging instrument to collect 

resistivity data. A 12-channel GPS receiver was used to determine the location in terms 

of the coordinates and elevation of the sounding points. Two profiles with electrode 

spreads of 240 m were covered using Schlumberger electrode configuration in each 

location.  



122 
 

4.3.2.1 VES results for station AB 

VES station AB is located at Masea village, which is depicted as a good groundwater 

potential zone, transected by a number of geological structures (figure B-4.4 in Appendix 

B). Measurements were made using schlumberger electrode array from two nearly 

parallel profiles. The readings were downloaded to a computer for further processing and 

interpretation. 

The apparent resistivity values were plotted against half the current electrode spacing 

(AB/2) using IP2WIN software as shown in figure 4.21 (a) and (b). Using the software, 

resistivity-sounding curves are interpreted using curve matching techniques.  

The final model is obtained by comparing the theoretical layered earth model with the 

measured resistivities and modifying the initial model until the difference between the 

calculated and the measured resistivities fall below a 5% root-mean-square set-off value.  

 

Figure 4.21 (a): Resistivity curve for the first profile of Masea village. 
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Figure 4.21 (b): Resistivity curve for the second profile of Masea village. 

The curve matching operation led to the production of four-layered electrical resistivity 

curves. Consequently, the results obtained from the two parallel E-W profiles spaced 60 

m apart were further used to construct a resistivity cross-section for an integrated analysis 

of the curves (figure 4.22).  

A resistivity cross-section provides a better means of inferring the spatial distribution of 

subsurface resistivity in various geoelectric layers (Porsani et al., 2000). 

 

Figure 4.22: Resistivity section for station CD. 

The above resistivity cross-section reveals the presence of four-layered resistivity models 

underlying profiles 1 and 2. The first layer on the resistivity section is characterized by 

apparent resistivity values in the range of 160 to190 Ω-m.  
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The observed range of apparent resistivity values is characteristic of top unsaturated soil. 

This top soil layer has a thickness in the range of 5 – 8 m, which may be due to varying 

elevations and extent of weathering below the two survey stations. The second layer on 

the resistivity section occurs at a depth of about 6 m below the earth surface with a low 

resistivity range of 4-6 Ω-m, and a varying thickness of 3 to 9 meters across the two 

profiles. This layer was interpreted as a saturated weathered layer underlying the topsoil. 

The resistivity and thickness of this layer makes it a potential drilling target for 

groundwater abstraction.  

The third geoelectric layer is approximately 4 m thick, with apparent resistivity values in 

the range of 6 to 30 Ω-m. The range of apparent resistivity values and thickness of this 

layer is indicative of a fractured bedrock saturated with water. Both the thickness and 12 

m depth of occurrence of this layer make it a potential aquifer that can be tapped using 

shallow wells. The fourth layer is presumed to be the bedrock layer with high resistivity 

values of 14000 Ω-m and infinite thickness. It can therefore be deduced from the 

resistivity-section that groundwater is mainly hosted in both weathered and fractured 

layers with an overall thickness of 10 to 12 m.  

It has been shown in a vast amount of previous literature that the majority of the boreholes 

drilled in Limpopo are exploiting a composite weathered-fractured aquifer system (Titus 

et al., 2009; Holland, 2011).  

4.3.2.2 VES results for site BC. 

VES site BC is situated in Siloam area, which is depicted as a predominantly low 

groundwater potential zone (figure B-4.4 in Appendix B). The site of the survey is 

characterized by steep slopes with few discernable geological structures. Measurements 

were taken from two profiles spaced 60 m apart using the schlumberger electrode 

configuration at a gently sloping site. All the datasets were processed and plotted for AB/2 

versus apparent resistivity on a bi-logarithmic scale.  

The resulting curves were interpreted in terms of layer parameters i.e. thickness and 

resistivity of individual layers. Figures 4.23 (a) and (b) present the results obtained from 

site BC.  
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Figure 4.23 (a): Resistivity curve for profile one in Siloam. 

 

Figure 4.23 (b): Resistivity curve for profile two in Siloam. 

Ip2win software program was further used to construct a resistivity cross-section of profile 

one and two (figure 4.24). The cross-section will form a basis for interpretation of the 

obtained results. Note that the geoelectric layers for the two profiles are misaligned due 

to lateral inhomogeneity of geoelectric layers as well as varying elevations of profile one 

and two. The first profile was located at an elevation of 1.5 m higher than that of profile 

two. 
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Figure 4.24: Resistivity-section for site BC 

Results from figure 4.24 reveals the presence of a four-layered resistivity model 

underlying the VES points.  

The model in figure 4.24 is characterized by a top layer with a thickness that varies from 

0.75 - 09 m, with an apparent resistivity variation of 429 to 737 Ω-m, a value characteristic 

of top dry sandy-loam soil. The thickness variation of the first layer from the two profiles 

is indicative of variations in top soil thickness on sloping and gently sloping areas. 

The second layer is characterized by resistivity values in the range of 189 to 195 Ω-m, 

and corresponding thickness of 8 to 13 m. The apparent resistivity value and thickness of 

the second layer were interpreted as a weathered dry clay-rich overburden material 

derived from the chemical weathering of basalt (Telford et al., 1990).  

The third layer has the lowest apparent resistivity values in the range of 104 to 114 Ω-m, 

which were interpreted as a partly saturated fractured zone. The observed lower resistivity 

values could be due to the leaching of clay minerals from the weathered during rainfall.  

The fourth layer occurs at a depth of 25 m beneath the surface, with an apparent resistivity 

range of 21315 to 26761 Ω-m and an infinite thickness.  

These observed parameters are representative of an underlying intact bedrock layer, 

possibly basalt of the Soutpansberg Supergroup. The highest and lowest apparent 

resistivity values were 26 761 Ω-m and 104 Ω-m respectively. This observed set of 

apparent resistivity values are representative of a partly saturated ground.  
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Based on field observations, the following factors may be responsible for the obtained 

geoelectric parameters and low groundwater potential of the site: Firstly, the steep slopes 

of the surveyed area appear to encourage runoff while minimizing infiltration. Secondly, 

clay soils are often characterized by low permeability, which may be limiting the infiltration 

of rainwater into the ground. A combination of the aforementioned conditions in a region 

often inhibits groundwater recharge potential.  

Comparison of the geoelectric parameters obtained from both site AB and BC reveals 

some similarity in the mode of groundwater occurrence between the two sites. Both sites 

are characterized by four layers of varying geoelectric parameters. The groundwater is 

found in weathered and fractured rocks. These results are common in crystalline 

basement aquifers where groundwater often occurs in a weathered-fractured aquifer 

system. However, due to topographic effects and other related factors, site BC appears 

to have a low groundwater potential than site AB.  
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS. 

5.0 Introduction 

In the previous chapter, various techniques were employed to delineate the groundwater 

potential of the study area, and all the relevant results were presented and discussed in 

more details. This chapter presents a summary of the key findings, conclusions and 

recommendations to future water practitioners and researchers. 

5.1 Summary of the key findings  

Historically, groundwater exploration projects in the area have always targeted the 

weathered and fractured zones (Holland, 2011). It is clear that the role of factors such 

as topography and land use in controlling groundwater distribution has been overlooked 

in various groundwater exploration projects. However, the integration of various datasets 

in the present study led to the successful delineation of groundwater potential zones. 

The results obtained confirms the significance of multiple factors such as topography, 

lineaments, lithology and land use/land cover in controlling groundwater occurrence.  In 

addition, the most influential factors have been isolated and identified through visual 

assessment of the groundwater potential zone map and the corresponding borehole 

yields patterns.  

In general, lithology type and lineament density have been found to have a huge 

influence on groundwater occurrence and subsequent borehole yields. The influence of 

lithology is mainly dominant in the northeastern section of the study area, which consists 

mainly of sedimentary rocks intercalated within igneous bodies. This finding is confirmed 

by the prevalence of  moderate to high yielding (i.e. 4.4 ≥ 11 l/s) boreholes near the 

northern boundary of the study area (figure 4.20). Furthermore, the results are consistent 

with the findings of Van Eenden et al. (1955), who indicated that out of the 64 tested 

boreholes in the Karoo rocks, only 18.75 % are dry, while the rest are characterized by 

appreciable daily yields. The presence of intergranular sedimentary rocks with primary 

porosity and permeability in the Karoo basin favours the overall productivity of the drilled 

boreholes. However, boreholes drilled in crystalline rocks are characterized by relatively 

low yields, unless they intercept a network of crosscutting structures.  
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As opposed to lithology, the influence of lineament density is much more pronounced in 

the western portion of the study area, comprised predominantly of hard rocks such as 

Archean granites and gneisses. A number of moderate to high yielding boreholes can 

be observed particularly near the south margin, which is characterized by high lineament 

density and flat topography.  

Previous works conducted by Holland (2011) in the immediate south of the study area 

discovered that boreholes drilled along and within 25 m of lineaments have higher mean 

transmissivities than the boreholes drilled further than 150 m from lineaments. This 

finding is supported by the works of Petzer (2009) who indicated that the structural 

controls on groundwater in granitic aquifers is not totally negligible, although intensive 

local scale investigations may better identify the relationship between structures and 

groundwater. In the present study, a detailed lineament map from combined 

interpretation of satellite imagery, aeromagnetic data, published geological maps, and 

borehole dataset allowed the establishment of the relationship between lineaments 

density and groundwater occurrence. As expected, boreholes located in areas with a 

high lineament density show slightly higher yields than those located in areas without 

lineaments (as evidenced from the GRIP borehole dataset).  

The influence of topography on groundwater occurrence is much more pronounced in 

the northern and southern margin of the study area, which are both characterized by flat 

to gentle slopes. On the contrary, the highly elevated mid-section of the study area is 

characterized by low yielding boreholes, particularly in areas falling on the Soutpansberg 

mountain ranges. However, it has been noted that the topography setting is largely 

controlled by the underlying geology, hence cannot be regarded as an independent 

factor. The effect of land cover/ land use is barely noticeable due to the sheer size of the 

study area, and the small number of boreholes in non-residential areas. 

The superimposed borehole yields on the groundwater potential zone map confirms the 

results derived from weighted overlay analysis, whereby a significant proportion of the 

moderate to high yielding boreholes fall within areas depicted as moderate to high 

groundwater potential zones.  
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In addition, follow-up vertical electrical sounding surveys confirmed the presence of 

conductive geoelectric layers in some area, which were presumed to be saturated with 

groundwater. 

5.2 Conclusions  

The present study delineated the groundwater potential of the Archean basement 

aquifers and Karoo sedimentary cover through an integrated use of remote-sensing and 

geophysical techniques. An integrated analysis of important parameters such as 

lineaments, geology, topography, and land use/ land cover allowed for the 

accomplishment of the objectives of this study. In addition, the use of GRIP borehole 

dataset and follow-up resistivity surveys aided in the confirmation of the obtained results. 

Based on the final results obtained, the following conclusions can be drawn: 

In general, the study area is dominated by areas that may be regarded as moderate 

water potential zones, covering about 52% of the total area. Low and good groundwater 

potential zones occur in an almost equal proportion of 19.52 % and 24 % respectively. 

The groundwater potential of the study area is highly variable owing to the complexity of 

the geology, as well as the complex interplay between multiple factors hypothesized to 

have some form of control on groundwater occurrence.  

Despite this, geology and lineaments still have a higher degree of influence on 

groundwater occurrence as may be observed on the groundwater potential zone map. 

The observed groundwater potential zones appear to follow a similar trend as the 

general strike of the lithologies and major lineaments. The zones of high groundwater 

potential on crystalline basement rocks coincides with areas where lineament density is 

also high. This finding supports the significance of interconnected crosscutting structures 

in regulating groundwater flow in crystalline rocks. The correlation between structures 

and groundwater potential is however negligible in sedimentary rock units. 

An integrated use of remote sensing and geophysics for groundwater exploration can 

be regarded as an effective approach for understanding the distribution of groundwater 

resources. The resultant groundwater potential zone map provides a meaningful 

regional assessment of groundwater distribution in the study area. Thus, the results of 
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this study can be used as a guideline for future groundwater exploration projects. 

Boreholes should be sited in areas depicted as moderate, high and very high 

groundwater potential zones. 

5.3 Recommendations and suggestions for future investigations 

It has been shown in the present study that the combination of remote sensing and 

geophysics are effective tools for regional groundwater investigation. The methodology 

applied in this study can be applied in other groundwater related studies such as the 

regional assessment of groundwater recharge potential. Furthermore, these techniques 

can be recommended for use in future studies that aim to assess the possibility for 

artificial recharge to ensure a sustainable groundwater use. 

The present study however recommends site-specific studies for a better understanding 

of the hydrogeological framework within which groundwater occurs in complex 

lithologies. For example, field mapping of geological structures coupled with an 

assessment of borehole productivity at a local scale can better determine the role of 

lineaments in groundwater occurrence. Alternatively, future studies can employ ground 

geophysical methods such as the electrical resistivity tomography (ERT) and ground 

magnetic surveys for an in-depth understanding of the role of structures in groundwater 

occurrence. Targets identified using these non-destructive geophysical surveys can be 

followed-up through comprehensive drilling programs. 

If budget allows it, the present study recommends the use of high spatial resolution 

satellite images such as ASTER and SPOT for the extraction of preliminary information. 

Such images have proven useful in the extraction of features such as drainage patterns, 

land use/land cover, and major and minor lineaments, as compared to the freely 

available 30 m spatial resolution images. Results from previous studies, as well as the 

present study revealed the high frequency of occurrence of dolerite dyke swarms in the 

area. However, the role of dykes in groundwater occurrence is poorly understood in the 

region. Therefore, the present study further recommends hydrological investigations on 

dykes to infer the hydrogeological parameters that could be associated with the 

prominent dolerite dyke swarms in the study area.  
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APPENDICES 

Appendix A 

Figure A-3.1: Mosaicked image of the study area. 
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Figure A-3.2: An aeromagnetic map of South Africa. Data Source: Council for 

geoscience SA)  
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Figure A-3.3: Geological map of South Africa showing Lithostratigraphic units. 

Data source: Council for Geosciences (SA). 
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Figure A-3.4: ASTER-derived DEM map of Limpopo Province.  
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APPENDIX B 

Figure B-4.1: Geological map of the study area. Data source: Council for 

geosciences (SA). 
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Figure B-4.2: Hill-shaded relief map of the study area.  
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Figure B-4.3: Land use/ land cover map of the study area. Data source: Department 

of Environmental affairs (SA). 
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Figure B-4.4: Target zones for follow-up resistivity surveys. 
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Figure B-4.5: The slope percentage map showing the change of slope in the study 

area.  
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Table B-4.1: Resistivity data for profile one in Masea Village (Site AB). 

 

 

 

 

 

 

 

 

 

 

 

Station 

[m]  

C1 

[m]  

C2 

[m]  

P1 

[m]  

P2 

[m]  

Current 

[mA]  

Voltage 

[mV]  

Geometric 

factor (k)  

Resistance  

(R)  

App Res  

Ρa  

1  -1.5  1.5  -0.5  0.5  114.87 1424.09 3.142857  12.39740576 38.9278541 

2  -2.1  2.1  -0.5  0.5  337.1 1259.03 6.537143  3.734885791 24.39328608 

3  -3  3  -0.5  0.5  202.36 364.1 13.75  1.79926863 24.71745281 

4  -4.4  4.4  -0.5  0.5  138.88 155.22 30.03  1.11765553 33.53268357 

5  -6.3  6.3  -0.5  0.5  39.48 30.92 61.97714  0.783181358 48.49521621 

6  -9.1  9.1  -0.5  0.5  389.01 177.42 129.7371  0.456080821 59.11683109 

7  -13.2  13.2  -0.5  0.5  211.88 72.4 273.4129  0.341702851 93.34102001 

8  -13.2  13.2  -2.5  2.5  158.31 41.83 52.79686  0.264228413 13.93774754 

9  -19  19  -2.5  2.5  182.91 33.41 111.4929  0.182658138 20.34656397 

10  -27.5  27.5  -2.5  2.5  181.94 26.08 235.7143  0.14334396 33.75750247 

11  -40  40  -2.5  2.5  16.85 17.02 500.8929  1.010089021 505.4864243 

12  -58  58  -2.5  2.5  38.91 23.27 1055.293  0.598046775 630.540749 

13  -58  58  -5  5  214.12 89.58 524.7  0.418363534 219.3157871 

14  -83  83  -5  5  167.81 50.8 1078.629  0.302723318 326.2291782 

15  -100  100  -5  5  55.53 11.63 1567.5  0.209436341 327.9930173 

16  -120  120  -5  5  14.57 21.11 2258.929  1.448867536 3269.91292 
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Table B-4.2: Resistivity data for profile two in Masea Village (Site AB). 

 

 

 

 

 

 

 

 

 

 

Station 

[m]  

C1 

[m]  

C2 

[m]  

P1 

[m]  

P2 

[m]  

Current 

[mA]  

Voltage 

[mV]  

Geometric 

factor (k)  

Resistance  

(R)  

App Res  

Ρa  

1  -1.5  1.5  -0.5  0.5  119.7 9.94 3.142857  12.04225352 165.4304577 

2  -2.1  2.1  -0.5  0.5  13.06 5.68 6.537143  2.299295775 129.0537236 

3  -3  3  -0.5  0.5  10.77 12.84 13.75  0.838785047 106.3390713 

4  -4.4  4.4  -0.5  0.5  22.89 62.03 30.03  0.369014993 83.28207118 

5  -6.3  6.3  -0.5  0.5  15.98 76.59 61.97714  0.208643426 73.6213977 

6  -9.1  9.1  -0.5  0.5  17.27 154.81 129.7371  0.111556101 70.01344568 

7  -13.2  13.2  -0.5  0.5  13.2 188.71 273.4129  0.069948598 14.56020879 

8  -13.2  13.2  -2.5  2.5  11.71 250.64 52.79686  0.046720396 15.22644952 

9  -19  19  -2.5  2.5  7.57 314.48 111.4929  0.024071483 11.30932436 

10  -27.5  27.5  -2.5  2.5  3.85 258.72 235.7143  0.014880952 12.44279514 

11  -40  40  -2.5  2.5  23.99 268.37 500.8929  0.089391512 116.848636 

12  -58  58  -2.5  2.5  11.5 219.37 1055.293  0.052422847 20.37020787 

13  -58  58  -5  5  6.3 193.66 524.7  0.03253124 18.25897191 

14  -83  83  -5  5  5.23 236.42 1078.629  0.022121648 22.14100436 

15  -100  100  -5  5  7.23 119.2 1567.5  0.060654362 94.98928062 

16  -120  120  -5  5  10.56 132.01 2258.929  0.07999394 180.536323 
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Table B-4.3: Resistivity data for profile one in Siloam (Site BC). 

  

 

 

 

 

 

 

 

 

Station 

[m]  

C1 

[m]  

C2 

[m]  

P1 

[m]  

P2 

[m]  

Current 

[mA]  

Voltage 

[mV]  

Geometric 

factor (k)  

Resistance  

(R)  

App Res  

(ρa) 

1  -1.5  1.5  -0.5  0.5  3.14 12.75 3.142857  4.060509554 12.75 

2  -2.1  2.1  -0.5  0.5  14.92 16.91 6.537143  1.133378016 7.402318499 

3  -3  3  -0.5  0.5  32.52 13.33 13.75  0.409901599 5.631023216 

4  -4.4  4.4  -0.5  0.5  75.09 13.46 30.03  0.179251565 4.432443068 

5  -6.3  6.3  -0.5  0.5  29.46 2.87 61.97714  0.097420231 6.032338629 

6  -9.1  9.1  -0.5  0.5  72.28 4.38 129.7371  0.060597676 7.854622247 

7  -13.2  13.2  -0.5  0.5  83 2.76 273.4129  0.033253012 9.083535759 

8  -13.2  13.2  -2.5  2.5  81.39 14.99 52.79686  0.18417496 9.715019184 

9  -19  19  -2.5  2.5  98.05 93.11 111.4929  0.949617542 105.8756136 

10  -27.5  27.5  -2.5  2.5  107.31 185.32 235.7143  1.726959276 407.0689970 

11  -40  40  -2.5  2.5  178.8 205.62 500.8929  1.152315125 576.0268350 

12  -58  58  -2.5  2.5  124.99 136.25 1055.293  1.090087207 1150.361398 

13  -58  58  -5  5  123.97 118.26 524.7  0.953940469 500.5325643 

14  -83  83  -5  5  117.49 165.23 1078.629  1.406332453 1516.953132 

15  -100  100  -5  5  126.69 189.25 1567.5  1.493803773 2341.537414 

16  -120  120  -5  5  135.94 145.62 2258.929  1.071207885 2419.782558 
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Table B-4.4 Resistivity data for Profile two in Siloam (Site BC). 

 

Station 

[m]  

C1 

[m]  

C2 

[m]  

P1 

[m]  

P2 

[m]  

Current 

[mA]  

Voltage 

[mV]  

Geometric 

factor (k)  

Resistance  

(R)  

App Res  

Ρa  

1  -1.5  1.5  -0.5  0.5  4.38 22.95 3.142857  4.38 16.45273973 

2  -2.1  2.1  -0.5  0.5  15.59 29.17 6.537143  15.59 12.22034022 

3  -3  3  -0.5  0.5  24.79 16.92 13.75  24.79 9.376300928 

4  -4.4  4.4  -0.5  0.5  37.53 10.47 30.03  37.53 6.898399281 

5  -6.3  6.3  -0.5  0.5  108.51 14.49 61.97714  108.51 8.268660879 

6  -9.1  9.1  -0.5  0.5  59.19 3.9 129.7371  59.19 8.540545362 

7  -13.2  13.2  -0.5  0.5  61.54 2.03 273.4129  61.54 9.010782077 

8  -13.2  13.2  -2.5  2.5  57.99 10.14 52.79686  57.99 9.223546136 

9  -19  19  -2.5  2.5  38.06 3.64 111.4929  38.06 10.65331214 

10  -27.5  27.5  -2.5  2.5  101.85 115.64 235.7143  1.14 267.6288821 

11  -40  40  -2.5  2.5  23.48 32.25 500.8929  1.37 687.9810913 

12  -58  58  -2.5  2.5  29.21 31.2 1055.293  1.07 1127.187319 

13  -58  58  -5  5  26.93 32.15 524.7  1.19 626.4056813 

14  -83  83  -5  5  77.02 84.56 1078.629  1.10 1184.223165 

15  -100  100  -5  5  169.84 286.37 1567.5  1.69 2642.987370 

16  -120  120  -5  5  204.99 255.03 2258.929  1.244 2810.354958 


