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1 Introduction  

A changing climate encompasses uncertainty about the future. However, although uncertain, it is 

expected more extreme weather events, with dry areas getting dryer, and wet areas getting wetter. At the 

same time, rapid population growth is a generic characteristic of many developing countries. Together, 

this puts people in developing countries at risk of water insecurity, as an increasing water demand is met 

by a stagnant or declining water supply. Managed Aquifer Recharge (MAR) is a counteracting and 

sustainable step towards filling the gap between water supply and demand. 

With karstic aquifers providing 20-25% of the global drinkable water supply (Stevanović 2015), 

MAR is a highly important tool to consider. Depending on site-specific physical landscape characteristics, 

various MAR techniques may be applied (Dillon et al. 2009; Agostinetto, Dalla Venezia, and Gusmaroli 

2013; Jeude 2016). However, although MAR comprises widely researched and implemented techniques, 

there is a lack of knowledge on MAR in karstic regions (Daher et al. 2011; Bakalowicz 2011). 

Consequently, a universally consistent and clear methodology is not found in the literature. This paper 

investigates the potential for MAR in the karstic and semi-arid Ramotswa Transboundary Aquifer Area 

(RTAA) with the use of GIS Multi Criteria Decision Analysis (GIS-MCDA). The objective is to identify 

suitable methods and locations for implementation of MAR in order to better balance water supply and 

demand in the RTAA. The aim of the study is to provide MAR suitability maps that can guide decision-

making for such implementation. This research incorporates methodologies from 21 peer-reviewed 

papers and derives a method for GIS-MCDA in karstic regions. While previous studies have focused 

exclusively on MAR techniques (Xanke et al. 2015, 2016; Daher et al. 2011; Bakalowicz 2011; 

Masciopinto et al. 2012; Escalante et al. 2016; El-Fadel et al. 2016) or MAR suitability mapping 

(Oikonomidis, Dimogianni, and Kazakis 2015; Karami, Bagheri, and Rahimi 2016; Chenini, Mammou, and 

May 2010; Andreo et al. 2008; Rahman et al. 2012; Ioannidou 2016; Kattaa, Al-Fares, and Al Charideh 

2010; Sener, Davraz, and Ozcelik 2005), this study considers both in order to capture linkages and 

feedback effects that affect the final outcome of the MAR suitability map. 

Gale (2005) and IGRAC (2007) defined five main MAR techniques: spreading method, induced 

bank infiltration, well/shaft and borehole recharge, run-off and rainwater harvesting and in-channel 

modifications. Application of MAR schemes in arid and semi-arid regions was exemplified by Steinel 

(2012) and Gale (2005). These applications included: floodwater spreading, leaky dams, check dams, 

injection boreholes, inter-dune filtration, rainwater harvesting, irrigation channels, bank filtration, and 

injection wells. MAR techniques posit interesting possibilities for exploiting groundwater resources in 

karstic aquifers (Daher et al. 2011; Last and Ginn 2011; T.Milanovic 2005) – particularly in Mediterranean 

areas (MARGAT 2008; Stevanovic 2015). However, the techniques have mainly been implemented in 

Australia (Vanderzalm et al. 2009; NWQMS 2009), with a few similar pilot projects in the USA (Dillon et 



al. 2009; Dillon 2005); the sparse implementation of MAR in karstic areas reverberates the current lack 

of knowledge. In line with the aforementioned main MAR technique classification, the most frequent 

recommendations in karstic regions are listed below. 

– Well/shaft and borehole recharge rely on directly induced infiltration, for instance through injection 

wells. This technique may be applied in areas with deep aquifers (Escalante et al. 2016). It does 

however need thorough primary investigation and pre-treatment (Jeude 2016). Advantages 

include minimal evaporation losses (Rambags et al. 2013), applicability in complex geology 

regardless of topography (IGRAC 2007) and low spatial requirements for implementation 

(Steenbergen and Tuinhof 2012). Primary costs are relatively high (Escalante et al. 2014). 

– In-channel modification systems enhance groundwater recharge by retaining surface water and 

controlling releases to facilitate high infiltration rates into the aquifer. This technique may be 

applied to both shallow and deep aquifers in arid climates with ephemeral river streams (Steinel 

2012). Advantages include applicability in forested regions (Escalante et al. 2016)– which is an 

acknowledged constraint for most main MAR techniques – and small-scale, simple construction 

demands (Dynasty and Chinese 2012). However, clogging and sedimentation calls for continuous 

maintenance, challenging economic justification given the short life-span of the systems 

(Escalante et al. 2016; Xanke et al. 2016).  Primary costs range from low to medium (Jeude 

2016).  

– Spreading methods involve distribution of surface water in areas with high infiltration capacity and 

potential for percolation. This technique may be applied to shallow aquifers in areas with sufficient 

surface layers of suitable material (epikarst) and mild slopes (Daher et al. 2011). It may however 

not be used to recharge deep aquifers, and requires large spatial extents for implementation 

(Steinel 2012; Escalante et al. 2016; Jeude 2016). As the oldest and most well-established MAR 

technique, advantages include low prior knowledge requirements and effective water purification 

processes initiated during the phases of infiltration and percolation. Primary costs are low. 

As emphasized by several studies (Bakalowicz 2011; Daher et al. 2011; Brar et al. 2014), the 

selection of the appropriate site for MAR implementation is vital. However, the complexity and 

simultaneous heterogeneity of karstic regions makes it particularly challenging to generalize characteristic 

landscape features that reveal preferable MAR locations. Remote sensing allows for effective data 

extraction in vast or physically inaccessible areas. Such spatial and temporal data is effectively managed 

and analyzed in Geographical Information System (GIS) (Russo, Fisher, and Lockwood 2015); this 

justifies the growing popularity of GIS in MAR suitability analyses. However, trade-offs are inevitably made 

between accuracy, precision and data availability (Van Berkum 2010). Satellite data provide quick and 

useful baseline data on diverse factors directly or indirectly influencing groundwater movement through 

aquifers – soil and rock types, lineament and drainage density, slope, lithology, geology geomorphology 

– with resolutions typically ranging from meters to kilometers. Consequently, GIS proves to be one of 

most effective tools for groundwater studies (Valverde et al. 2016; Krishnamurthy et al. 1996; 

Ghayoumian et al. 2007; Karami, Bagheri, and Rahimi 2016; Rahman et al. 2012). 



Various thematic layers have been considered in MAR suitability mapping. However, there is no 

consistent methodological approach applicable to all conditions; the methodology needs be defined 

according to main objectives, case-specific environmental characteristics, data availability, locally 

available material, socio-economic considerations and so on. Therefore, 21 peer-reviewed papers were 

analyzed to establish scientific grounds for choice of thematic layers in karstic and semi-arid regions with 

respect to MAR suitability mapping.  

Although karstic regions are found on all continents, not all inhibit semi-arid climate; in Europe, 

only the karstic Mediterranean regions portray similarity to semi-arid climate and are hence of relevance 

to this paper, including countries like Portugal (Rahman et al. 2012), Spain (Andreo et al. 2008), Italy 

(Cucchi et al. 2008; Polemio, Casarano, and Limoni 2009), Turkey (Sener, Davraz, and Ozcelik 2005) 

and Greece (Ioannidou 2016; Oikonomidis, Dimogianni, and Kazakis 2015). In Asia and the Middle East, 

karstic and semi-arid regions were investigated in Iran (Karami, Bagheri, and Rahimi 2016; Ghayoumian 

et al. 2007), Jordan (Alraggad and Jasem 2010), Syria (Kattaa, Al-Fares, and Al Charideh 2010), Lebanon 

(Daher et al. 2011), India (Mukherjee, Singh, and Mukherjee 2012; Machiwal, Jha, and Mal 2011; Dutta 

2015; Krishnamurthy et al. 1996) and Bangladesh (Adham et al. 2010; Shahid, Nath, and Roy 2000). In 

Africa, although karstic zones play an important role for water supply in countries like South-Africa, 

Botswana and countries located near the Mediterranean sea, like Tunisia (Chenini, Mammou, and May 

2010), lack of research restricts existence of suitable papers investigating karstic and semi-arid regions; 

however, semi-arid regions in Ghana (Forkuor, Pavelic, and Asare 2013), Ethiopia (Fenta et al. 2015) 

and Nigeria (Fashae et al. 2014) have been studied. Highly cited papers from the American continents 

were also considered (Russo, Fisher, and Lockwood 2015).  

Table 1 – Summarized existed MAR karst methodology with their proposed adjustments. 

MAR Karst Methodology Proposed formula Region 

ARAK1 (ERIK)       Recharge=0.6E+0.2R+0.1I+0.1K Lebanon 

APLIS Recharge=(A+P+3.L+2.I+S)/0.9 Southern Spain 

RISKE Recharge=0.1R+0.5I+0.1S+0.2K+0.2E Syrian 
1 Aquifer Recharge Assessment in Karst and Epikarst 
2 E = Epikarst, R = Rock type, I = Infiltration, K = Degree of karstification, A = Altitude, P = Slope, L = Lithology, S = Slope  

2 Case study 

The Ramotswa Transboundary Aquifer Area (RTAA) is shared between south-eastern districts of 

Botswana and north-eastern parts of South Africa (see Figure X). The Botswanan side is characterized 

by urbanization, development and rapid population growth (Staudt 2003). The South African side, on the 

other hand, is characterized by stabilized economic conditions and rural settlements with unclear water 

demand and supply  (Ramoeli 2010; Staudt 2002). The RTAA is located in a karstic and semi-arid region, 

subject to variation in surface water availability comparable to dryland areas. In such dry areas, rainfall is 

usually low (< 500 mm/yr) and inconsistent (López and Arrúe 1997). This may lead to low water 

productivity and increased risk of water insecurity (Habiba, Abedin, and Shaw 2015). Even if precipitation 

were to be fairly high (500-850mm/yr), high rates of evapotranspiration would  counteractively cause 

significant annual water losses (Alazard et al. 2015; López and Arrúe 1997) – again prescribing risk of 

water insecurity. 



The climate of RTAA ranges from semi-arid in the east to dry in the west, overall classified as a 

semi-aid region (Staudt 2003; Altchenko et al. 2017). Rainfall is strongly seasonally dependent, with 

thunderstorms occurring in the months of October and April. Mean annual rainfall ranges from less than 

100 mm up to 1000 mm and decreases from east to west of RTAA (Altchenko et al. 2017). Although 

uncertain, climate change projections predict a probable increase in rainfall intensity (Altchenko et al. 

2017; Taylor, Stouffer, and Meehl 2009). Mean annual temperature varies from 18 and 20 °C (Staudt 

2003). Maximum and minimum are experienced in January and July, respectively.  

The RTAA presents a complex geology and topography (XRI Holdings 2017). Particularly 

interesting  geological formations are found in the Flight Zone (the boundaries inside of RTAA), where 

mainly dolomite with different portion of chert has been subject to karstification (XRI Holdings 2016). Two 

aquifer systems are considered: the Ramotswa Dolomite and the Lephala Formation, collectively uptaking 

a vast area of the Bushveld Basin. Both aquifers are locally regarded as hydraulically linked through the 

pre-dominant north-south moving fracture zones (Staudt 2003; Altchenko et al. 2017). High fracture 

density is the primary cause of failure of the current system. In the dolomites, the active groundwater 

cycle initiates local karstification through structural lineaments, creating large transmissivities and 

storativities (Altchenko et al. 2017).  

This region suffers from water shortage due to existing erratic rainfall pattern and over-

exploitation of aquifers along with less-managed water resources. The spatial distribution of these 

features is shown in Figure X while a detailed description of the country’s geological formations is given 

elsewhere (Staudt 2003; Altchenko et al. 2016; XRI Holdings 2017). 

The overall objective of this study is to assess the potential of Managed Aquifer Recharge (MAR) 

in the karstic aquifers and semi-arid areas of Ramotswa Transboundary Aquifer Area (RTAA). The use 

of MAR may lead to better-informed decision-making and sustainable water management in this region. 

MAR will directly affect vulnerable people in the region. Moreover, MAR may improve water quality of 

dolomite aquifer as pit-latrine systems made a vulnerable area in facing with Nitrate, reduce flood hazards 

as has been seen before in reports (Staudt 2002, 2003). Prior to this study, it is not known if and where 

MAR can be implemented successfully in the RTAA (XRI Holdings 2017). To identify suitable locations 

for MAR implementation, a MAR suitability map is developed using GIS-MCDA. 

This study uses the methodology proposed by (Rahman et al. 2012; Valverde et al. 2016). The 

MAR suitability map is calculated and displayed at 100 m resolution for the whole RTAA and Flight 

Zone. This map is a first level screening tool that offers as a basis for decision-making where detailed 

investigations should be conducted. The methodology is outlined in the following section. 

3 Material and Methods 

3.1. Geographic Information System Multi-Criteria Decision Analysis (GIS-MCDA) 

GIS-MCDA comprises a collection of methods and tools used to integrate spatially distributed 

geographical data with respect to established preferences and value-judgements, in order to gain key 

information needed in decision-making. GIS allows for automation, interpretation and spatially extensive 

analysis management – whilst MCDA combines criteria of varying units through standardization and 

weight-assignment. GIS-MCDA is applied to classify and rank geographical locations based on decision 



rules that integrates the standardized criteria to a unified scale.  Ranking potential MAR areas can be 

done more thoroughly (Rahman et al. 2012) and at lower cost (Valverde et al. 2016; Yeh et al. 2016; 

Karami, Bagheri, and Rahimi 2016; Oikonomidis, Dimogianni, and Kazakis 2015) by carrying out the 

MCDA in GIS. GIS-MCDA has been applied globally in countries of varying climate, hydro-patterns and 

geology, such as Iran (Karami, Bagheri, and Rahimi 2016), India (Kumar and Gopinath 2007), Jordan 

(Alraggad and Jasem 2010), Spain (Andreo et al. 2008), Greece (Ioannidou 2016), Italy (Cucchi et al. 

2008), Portugal (Rahman et al. 2012), Tunisia (Chenini, Mammou, and May 2010) and the USA (Russo, 

Fisher, and Lockwood 2015). 

MAR suitability analysis consists of four structural components: problem statement, screening 

of suitable areas and suitability mapping (including standardization, weight assignment and layer 

integration) and sensitivity analysis; these steps are subsequently presented below. 

Figure 1: Case study – Ramotswa Transboundary Aquifer Area (RTAA) 

 

Figure 2: Schematic used developed methodology for implementation of GIS-MCDA on karstic region 

 



3.2. Criteria Used in the GIS-MCDA 

Six hydrogeological and spatial parameters as thematic layers are chosen to identify the 

appropriate sites for implementing SM – Spreading method in RTAA and Flight Zone. These are 

lithology, soil, slope, drainage density, lineament and dike density and land use and land cover (LULC). 

The screening suitable areas is applied by means of a Boolean logic through integrating three of these 

chosen criteria: slope, soil and LULC. The rests are not involved restrictive criteria; therefore, they are 

not involved screening map but are applied for suitability analysis. Two scenarios are selected for RTAA 

and Flight Zone due to existing better geological map of Flight Zone. These scenarios can be used for 

validation of results by comparison of the final outcome – as the lithology receives highest rank in final 

integration. Each criterion is explained in the next sections. 

3.3. Data Collection and Preparation 

It is necessary to use high resolution data to increase the validation of the final outcomes. 

Therefore, the used source for those selective criteria obtained from high resolution global and local 

resources in order to decrease the risk of added uncertainty by downscaling or upscaling maps. Table 

2 shows the source of these obtained maps as well as the related resolution. For example open 

available source of Landsat data do not permit land use differentiation on an abstract habitation scale 

more specifically if the structures is taken from local material. GoogleEarth data provides different 

resolutions for each grid section, however can also provide an opinion about temporal land use 

changes. Open accessibility to DEM data with different resolution such 90 X 90 m resolution from the 

Shuttle Radar Topography Mission (STRM) and 30 X 30 m from Advanced Spaceborne Thermal 

Emission and Reflection Radiometer (ASTER) system can be proper choice – ASTER is selected 

further for our analysis due to more precise resolution. Table X provides the summarized information 

for each of criterion including the related source and resolution as well.  

A topographical elevation map was developed by cDigital Elevation Model (DEM) for the study 

area with Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) data. The 

DEM of the study area extracted from the US Geological Survey (USGS) website was unoccupied and 

unaccomplished, and thus, the DEM was neaten up through filling sinks in order to abolish local 

depressions. The slope map of the study area was produced from the DEM using QGIS. For this, the 

DEM was exposed to two directional gradient filters (x-direction and y-direction). In-bulit linear filters 

has been applied in the ILWIS software (Jaiswal et al. 2003). The filtering was done by using in-built 

linear filters (dfdx and dfdy) available in the ILWIS software. Then, the resultant maps were used to 

generate a slope map of the study area by computing slope using following equation:  

𝑆𝑙𝑜𝑝𝑒 = 100 ×
√𝐷𝑥

2 + 𝐷𝑦
2

𝑃𝑖𝑥𝑒𝑙 𝑆𝑖𝑧𝑒 (𝐷𝐸𝑀)
 

Where, DX = filtered DEM with x-gradient filter, DY = filtered DEM with y- gradient filter, and 

Pixel Size (DEM) = pixel size of the DEM. 

In summary, topographic elevation and slope maps were generated through using Shuttle 

Radar Topography Mission (SRTM) data and Advanced Spaceborne Thermal Emission and Reflection 



Radiometer (ASTER), while the rests are generated via considering well-established available datasets 

such as geology, soil, land use and land cover (LULC), drainage density network, and lineament 

network. The lithological of the study area were collected and developed by using two different source: 

SADC Hydrological Map for RTAA and merged simplified geology map provided by XRI-BLUE. In 

addition, LULC has been extracted and developed through using FAO Global Land Use and Land Cover 

Map (FAO Globcover) with the resolution 300 m. Soil Atlas of Africa extracted from European Soil Data 

Centre which has been interpolated and thereafter developed by overlying and combining with the 

Harmonized World Soil Database (HWSD).  

Table 2: The source of these obtained maps as well as the related resolution 

Thematic layers Source Link Resolution 

Slope ASTER Global DEM www.earthexplorer.usgs.gov  

30 X 30 m 

Soil 
Soil Atlas of Africa derived from 

European Soil Data Centre 

Institute for environment and 

sustainability, JRC Ispra 

250 m 

LULC 
FAO Global Land Use and Land Cover 

Map 
FAO GlobCover 

300 X 300 m 

Drainage density Drainage Network from IGRAC http://ggis.un-igrac.org 
100 m 

Lineament and dike 

density 

Lineament and Dike Network from 

IGRAC Inventory 
http://ggis.un-igrac.org 

100 m 

Lithology 
RTAA 

SADC Hydrogeology map IGRAC-GGIS Global Portal 

http://ggis.un-igrac.org 

1 km 

Flight 

Zone 

Simplification (merging of map units) by 

XRI-BLUE 
http://ggis.un-

igrac.org/Ramotswa  

50 m 

4 Results and Discussion 

In this GIS-MCDA, the problem is specified for SM as spreading method is considered more 

suitable with respect to practical aspects of implementation and related costs in RTAA. The main 

outcomes of this research (the suitability map) is proposed in section X.  

4.1 Standardization  

The six thematic layers were standardized to be set it up in WLC. Step-wise functions was 

applied for the lithology, LULC, soil texture; for the terrain slope, a series of linear functions between 

the defined threshold values was applied; and for drainage and lineament density a linear function all 

over the range of criterion values were applied. Figure x reveals the illustration of each standardized 

criterion. A short qualification of each criterion as well as their related threshold are proposed. In addition 

to figure x, table x provides more precise insights into the defined classification of each criterion.  

4.2 Multi-Influencing factor (MIF) 

Based on the MIF methodology, the higher score and weight is specified to a criterion where it 

can play more influence on other criteria and the objective. A total of nine major effects and seven minor 

effects where specified between the criteria (besides between the criteria and the objective) and 

illustrated in the diagram at figure x. The total cumulative score of 12.5 points is proposed in table x as 

well as the assigned calculation of the weights by MIF approach.  

http://www.earthexplorer.usgs.gov/
http://ggis.un-igrac.org/
http://ggis.un-igrac.org/
http://ggis.un-igrac.org/Ramotswa
http://ggis.un-igrac.org/Ramotswa


It is suggested that three more criteria can be selected for karstic region to increase the 

validation of final outcomes, which are: proximity to water bodies, depth to groundwater (GW) and 

rainfall. However, these were neglected in this work. In RTAA, rainfall distribute uniformly over the area, 

ergo, there is no need to be considered. It has been found that there is not high distributed drainage 

density points in the case study, therefore, the use of this criteria might increase the uncertainty of the 

final results. Besides, due to lack of information in related to depth to groundwater, it has been decided 

to do not consider it. Figure x shows MAR suitability diagram considering karstic and semi-arid region.  

The lithology criterion has four major effects: on the soil texture, on the lineament density, on 

the drainage density and on the LULC. The major effect on soil is described as the soil is decisively 

emerged by geologic process (Matsukura, Tanaka, and Wakatsuki 2002; Wakatsuki and Matsukura 

2008) while the major effect on drainage density is due to the observed influence by geologic formation 

on bed of drainage network as well as the development of river network (Nickolas, Segura, and Brooks 

2017). In addition, the major effect on lineament is explained by the effect of geological process in 

development and genesis of formation of faults (Steen and Andresen 1999) while according to 

(Briassoulis 2000), for instance, in the volcanic formation the density of vegetation reduces revealing 

the importance of lithological formation on LULC. The soil has two major effect: on drainage density 

and on LULC. The major effect of soil on LULC is described as soil is origin of land cover, in other word, 

the roots of vegetation grow up in soil (Briassoulis 2000) while soil plays a key role on hydraulic 

conductivity and therefore on recharge process as well as determination of the trace of a river bed 

(Livneh, Kumar, and Samaniego 2015). The LULC has one major effect on drainage density and three 

minor effects on soil, lineament density and slope respectively. The major effect of LULC on drainage 

density is specified as LULC plays a key role in determination of rainfall pattern and therefore drainage 

density in both short and long terms – often the rivers in the semi-arid regions are predominately (Xu 

et al. 2013). In addition, according to University of Minnesota, vegetation is one of the five factors that 

can have direct impact on the soil, the reason is, soils formed under the forests is prone to be more 

weathered because forests grow in higher rainfall areas – therefore more water movements in the root 

zone (John A. Lamb and George W. Rehm 2017). However, this impact is considered as minor effect 

in RTAA due to lack of suitable information regarding existing vegetation types and possible interactions 

in between. The LULC has minor effect on lineament density, according to (Singhal & Gupta 2010 - 

Chapter 2.4.4.3), one of the mentioned recognition of faults is vegetation alignment. The LULC can 

alter the stability of the slope, in other word, vegetation influences directly on slope stability, wind 

throwing, the removal of water and mass of vegetation and mechanical reinforcement of the roots, 

therefore, the minor effect of LULC on slope in RTAA was considered (ref). Slope has a major and a 

minor effect on drainage density and LULC respectively. Romero (2014) showed the effects of slope 

angle and aspect of plant cover with respect to species richness (Nadal-Romero et al. 2014). Besides, 

slope play essential role in genesis of streams (Bansal and Das 2009). 

In case of Lineament effects, it has been considered one major effect on drainage density and 

one minor effect on LULC, the rational used reason is lineament can determine the river beds, in other 

word, river flows along surface depression which can be caused by tectonic forces, Aghai (2008) 

investigated the interaction between water sources and fault for case study Tehran, Iran (Aghai, Miyata, 



and Ghoreishi 2008). For determination of minor effect on LULC, U.S Geological Survey Bulletin at 

page 8 and 9 showed some lineaments that appear as lines of vegetation (Gilpin R. Robinson (Jr.) et 

al. 1983). 

Drainage density can effect on LULC by having direct impact on rainfall pattern, which can be 

concluded in the region with high drainage density it can be expected high vegetation (Riis and Biggs 

2003), as well as drainage network can be as one of recognisition of faults according to Applied 

Hydrogeology of Fractured Rocks’s book (Singhal and Gupta 2010) as well as in our case it has been 

speceified that there is strong relation between groundwater flow and streams and because this region 

formed by kasrtification and lineament played essential role . 

Figure 3: Developed matrix of interaction between defined and chosen criteria for karstic and 

semi-arid region 

 

Table 3: Matrix of interaction showing the way of weight asssignments 

Criterion Score Weights 

Lithology 1 + 1 + 1 + 1 = 4 32 % 

Soil 1 + 1 = 2 16 % 

Land Use and Land Cover (LULC) 1 + 0.5 + 0.5 + 0.5 = 2.5 20 % 

Slope 1 + 0.5 = 1.5 12 % 

Drainage Density 0.5 + 0.5 = 1 8 % 

Lineament Density 1 + 0.5 = 1.5 12 % 

Total 12.5 100 % 

 

Figure 4: MAR suitability criteria with respect to karstic and semi-arid region 

 



Table 4: Simplified table of assigned weight to each sub-layers and definition of each assignation.  

Criteria MAR Class Features W 

    Description  

L
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h
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R
T

A
A

 

Unsuitable  Volcanic rock 0.2 

Low Suitability  Granite, syenite, gabbro, gneiss and migmatites 0.4 

Moderately  Paragneiss, quartize, schist, phylite, and amphibol 0.6 

Suitable  Dolomite and Limestone with moderate yield class 0.8 

Very suitable  Dolomite and Limestone with high yield class 1 
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o
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e 

 
Formation Lithology Description Resistivity 

R.R 

(Ω.m) 
Aq  

U
n

su
it

a
b

le
 

Penge Formation Banded Iron Formation (BIF) and 

Shale 

Very 

conductive 

< 5 

N
o

 

0.2 

Silverton Formation Shales and volcanics Very 

conductive 

< 10 

Duitschland Formation Carbonaceous mudrocks, limestone, 

and dolomite 

Very 

conductive 

< 5 

Igneous Dikes and Sills Dolertie diabases, dikes, and sills Conductive <100 

L
o

w
 S

u
it

a
b

il
it

y
 

Pre-Transvaal Formations Clastic sediments and volcanics Mixed 10-800 

N
o

 

0.4 

Bushveld Igneous 

Complex 

Volcanics and minor shales Mixed 20-1000 

Black Reef Quartzite Quartzite, Conglomerate and shale Resistive, 900 

Ditlojana Shale Shale/siltstone, sandstones and 

conglomerates 

Moderate 

conductive 

< 20 

Sandstone, shales, and 

volcanics 

Sandstone, shales, and volcanics Mixed 50 - 900 

M
o

d
er

a
te

ly
 Waterberg Supergroup Conglomerate, sandstone, shale and 

siltstones 

Resistive 20 - 800 

N
o

 

0.6 Ditlojana Volcanics Andesite Moderate 20-400 

Ditlojana Quartzite Shale/siltstone and sandstone Resistive 1200 

Magliesberg Formation Sandstone Resistive 100-800 

S
u

it
a
b

le
 

Ramotswa Dolomite 

(Oaktree, Littleton, 

Frisco, Malmani 

Chert-free dolomite Electrically 

resistive 

13000 

M
o

d
er

at
e 

0.8 
Rooihoogte Formation 

(Lephala Formation) and 

Timeball Hill Formation 

Conglomerate and shale/siltstone Layered 

variations 

5-500 

V
er

y
 s

u
it

a
b

le
 Ramotswa Dolomite 

(Eccles, Magopane, 

Maholobota , Ramotswa 

formation) 

Chert-rich dolomite Electrically 

resistive 

13000 
G

o
o

d
 

1 

Unconsolidated Surface 

Sediments 

Alluvium Mixed 20-600 

S
o

il
 

 Top-soil ( 0 – 30 cm) Sub-soil ( 30 – 100 cm) Texture Drainage Class  

Unsuitable Clay (light) Clay (heavy) 
Fine Poor 

0
. 2
 

Fine Moderately well 

Low Suitability 
Clay (light) Clay (light) Fine Poor 

0
.4

 

Clay loam No soil cover Medium Imperfectly 

Moderately 
Loam Clay loam Medium Poor 

0
.6

 

Sandy clay loam Clay loam Medium Poor 

Suitable 
Sandy clay loam Sandy clay loam Medium Moderately well 

0
.8

 

Sandy loam Sandy clay loam Medium Moderately well 

Very suitable 

Sandy loam Sandy loam Coarse Somewhat 

excessive 

1
 

Sand Loamy sand Coarse Somewhat 

excessive 

       



Criteria MAR Class Features W 

S
lo

p
e 

 Range (%) Adjusted standardized slope based on WLC method  

Unsuitable > 30 % − 0.034 𝑇𝑆 + 1.425 0.2 

Low Suitability  10 – 30 % − 0.02 𝑇𝑆 + 0.8 0.4 

Moderately 5 – 10 % − 0.04 𝑇𝑆 + 1 0.6 

Suitable 2 – 5 % − 0.0667 𝑇𝑆 + 1.13 0.8 

Very suitable 0 – 2 %              1  1 

D
ra

in
a
g

e 

D
en

si
ty

 

 km / km2 Description  

Unsuitable ≥ 0.31  

High drainage density, less recharge 

0.2 

Low Suitability  [0.24 – 0.31)  0.4 

Moderately [0.17 – 0.24) 0.6 

Suitable [0.10 – 0.17) 0.8 

Very suitable <  0.1 1 

L
in

ea
m

en
t 

a
n

d
 d

ik
e 

D
en

si
ty

 

 km / km2 Description  

Unsuitable < 0.2  

High lineament in karst, more recharge 

0.2 
Low Suitability  [0.2 – 0.4) 0.4 

Moderately [0.4 – 0.6) 0.6 

Suitable [0.6 – 0.8) 0.8 

Very suitable ≥ 0.8 1 

L
a

n
d

 U
se
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n

d
 L

a
n

d
 

C
o
v

er
 

(L
U

L
C
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 LULC suitability classes based on provided FAO LULC classification  

Unsuitable Water bodies and urban areas 0.2 
Low Suitability Evergreen and deciduous forest (> 40 %) 0.4 

Moderately Forest and shurbland (15 – 40 %) 0.6 

Suitable Cropland, grassland, and noncultivated area 0.8 

Very suitable Sparse vegetation and bare lands 1 

 

4.3 Suitable Areas 

WLC is applied in this thesis to overlay the thematic layers in order to determine MAR suitability 

areas by giving a rank to them. Five MAR suitability classification has been identified with different 

ranges for the study area –as shown in Figure 6.36 and 6.37 in case of both scenario for Flight Zone 

and RTAA. The red colour shows unsuitable areas, the oranges indicated the low suitability for 

implementing MAR, the yellow ranges demonstrate moderately regions, and light green shows the 

suitable areas in case of MAR suitability and dark green shows very suitable zones. For a better 

commentary of the determination of appropriate areas for producing the MAR suitability mapping, the 

WLC map was classified into five suitability classes according to the ranking assigned value –the range 

is inside the parenthesis: “very suitable” (1.0–0.8), “suitable” (0.8–0.6), “moderately” (0.6–0.4), “low 

suitability” (0.4–0.2), and “unsuitable” (0.2). 

In case of RTAA, suitable areas located mainly in regions where formed by karstification such 

as dolomite aquifer. Suitable areas included kasrt formation, forest (15-40%) to gross and cropland, 

sandy loam, low drainage density, moderately lineament density and flat areas. In contrary, unsuitable 

areas affected by granite and gneiss areas, water bodies and urban areas, heavy clay, high drainage 

density, low lineament density and also steep to flat areas.  



Figure 5: Showing Integration of six thematic layers in two scenarios which produced final 

MAR suitable map 

 

5 Sensitivity analysis 

For part of sensitivity analysis, it has been used six scenario for each region, in total 12 scenarios with 

different decision rules are obtained. These scenarios is defined based on adding or erasing major 

effect for each criteria and then perform minor effect for other criteria to total percentage become 

equivalent to 100 %. It considers ±10% whisper for one criteria and ∓ 2 % for rest of them (figure6-38). 

It works for examples for scenario 1 (+10%) considered for soil, the percentage which is applied without 

considering sensitivity analysis is equal to 16%, by adding +10 to the soil, we consider major effect on 

the soil, however other criteria should reduce their weights to in total meet 100%, therefore, this extra 

10% split evenly (equal -2%) to compensate adding by major effects. Consequently, in the final 

produced map it can be seen the major effect as the minor changes can neglect it.  

6 Conclusion 

This paper investigated the potential for MAR in the Ramotswa Transboundary Aqifer Area 

(RTAA) with the use of GIS-MCDA. Suggested MAR methodologies were critically chosen based on an 

comprehensive literature review. The developed maps show the potential for MAR based on physical 

characteristics of the landscape, represented through six thematic layers: lithology, soil, slope, drainage 

density, lineament and dike density and land use and land cover (LULC). The MAR potential map does 

show that the area around the Ramotswa village can be identified as a potential suitable location for 

implementing spreading methods. This study provides a first approximation to key unit information for 

decision-making regarding MAR implementation in the RTAA. Findings from the sensitivity analysis 

also points to potential areas of interest for further research. 



Additional emphasis was put on the lithology and lineament and dike density data layers. The 

criteria and weight assignments were specifically developed for a karstic and semi-arid region; this is 

generic and can be used for similar case-studies in karstic and semi-arid areas. While certain MAR 

techniques are more frequently applied in humid to wet climates, no universal criteria based on physical 

landscape characteristics exist for the choice of MAR techniques in semi-arid regions. Criteria that could 

be of interest to identify MAR potential in a semi-arid region include rainfall and proximity to water. 

However, since this research focused on the physical landscape characteristics, criteria related to 

sources of water were not included.  

The research shows that the type of data input very much influences the outcomes of MAR site 

selections. The two different lithology maps used in the analysis provide different outcomes. The 

sensitivity analysis indicates higher uncertainty in the results identifying MAR potential in the northern 

area of the RTAA, as compared to the southern part. This may be specifically related to the lineament 

and dike density data layer, but further research is needed to validate this assumption. As a first 

approximation to MAR suitability site selection, this study concludes that. Future studies may focus 

more extensively on sensitivity analyses of suitability mapping results, for instance by the use if data-

driven modelling. Moreover, the generic findings regarding criteria selection and weight assignation can 

be used for similar studies in karstic and semi-arid regions. Lastly, implementation of suggested MAR 

techniques in the suitable areas identified in this study may need further investigation through local field 

work; this opens for a series of future studies building on the findings of the current research.  
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