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Abstract 
 

The heterogeneity in groundwater systems suggest that not all aquifers are connected in groundwater 

systems. This study is about the interaction between aquifers within groundwater system. Langebaan 

Road and Elandsfontein aquifers in the West Coast groundwater aquifer system were chosen as case 

studies. These units were chosen because the previous studies on groundwater excluded the aspect of 

connectivity between aquifers from methods perspective which is the focus on the current study. The 

second reason for the study area was the present of human activities and ecosystems which are proved to 

be groundwater dependents. Aquifer-aquifer interaction refers to hydraulic connection between two 

aquifers. The interaction is influenced by hydraulic pressure and lithology of geological strata, their 

integrity and spatial continuity. While factors for such connectivity are well known, appropriate 

techniques to establish the extent of connectivity remain poorly understood and hence the need to employ 

various techniques so that the extent of connectivity between the two aquifers is established. 

Understanding the connectivity between aquifers is important because such connectivity explains the 

pathways for the availability of groundwater in each aquifer unit and the associated groundwater quality 

in each unit that supports human activities and sustain ecological systems. 

 

Based on the lack of appropriate techniques to establish the extent of aquifer connectivity, the research 

question for the current study was ―What techniques or methods are appropriate for establishing 

aquifer-aquifer interaction/connectivity? The study argued that some methods that are used to establish 

connection or interaction between aquifer-river, aquifer-wetland, aquifer-lakes, and aquifer-ocean seem 

to be inappropriate for aquifer-aquifer interaction. To answer the research question, the current study 

tried several techniques to identify the appropriate ones and set out the following objectives: 1) 

determined groundwater flow pathways, 2) established the extent of aquifer connectivity using 

geochemical and geophysical data, and 3) designed a conceptual model showing the extent and location 

of aquifer-aquifer interaction. The current study followed quantitative approach where hydrogeochemical 

and geological mapping techniques were used to produce a detailed geological conceptual model to 

describe the groundwater flow direction and aquifer leakage. In addition, hydrochemical tracers were 

used to determine the groundwater flow paths between the two systems. Fluoride (0.2 - 0.92 mg/l) and 

Chloride (95.8 - 306 mg/l) conservative tracers‘ where the concentrations were spatially displayed to 

show potential solute transport of these dissolved ions on a local scale to highlight groundwater flow 

paths. Results showed that Langebaan and Elandsfontein aquifer units have similar chemical signatures 

with pH ranging from 7.4 to 8.2, EC values ranging from 47 to 379 mS/m, and 
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temperature between 24.6°C and 28.0°C. Two water types were identified as Ca-HCO3 indicating 

freshwater type prominent in the unconfined aquifer where direct recharge takes place; and the Cl-Na 

water type which was found in the boreholes closer to the discharge zone where ion exchange and coastal 

influence seem to have affected its salinity condition. Results from the stable isotope signatures as shown 

on the graph δ18O VS δ2H in the result section of the thesis showed a mixing between confined and 

unconfined aquifers. The small variation in isotopic signature (δ18O: -4 to -2 ‰; δ2H in -20 to -10 ‰) 

which was detected indicated connectivity between tow aquifer units and concluding that hydrochemical 

methods are appropriate for establishing interactions or connectivity between aquifer systems. When the 

visualisation techniques through the use of geophysical methods was used, results showed anomalies 

with both the VLF and magnetometer techniques which indicated the presence of geological structures 

which formed potential preferential pathways for the groundwater. Both methods showed that the lower 

aquifer units were linked vertically at site-specific and laterally at the confined units. The vertical leakage 

between the aquifers through the clay layer was more apparent at some areas compared to others. The 

study has showed that hydrochemical and geophysical techniques seem appropriate techniques to show 

the connectivity between aquifer units in the groundwater system. Because only two techniques were 

used, the study recommends using a range of techniques in establishing the interaction between aquifer 

units in a groundwater system. With the well know science of heterogeneity or uncertainty in 

groundwater science overlaid with the challenges of effects of climate variability and change and the 

increasing demand for water use, studies about water availability are more critical than ever. Therefore, 

exploring tools that can used to explain water transfer from one aquifer unit to another are required. The 

spatial analysis on the connectivity of aquifers units was attempted but yielded unsatisfactory findings, 

hence it is recommended that more boreholes that tap from confined and unconfined units need to be 

studied for a comprehensive spatial analysis of aquifer-aquifer interaction. Nevertheless, the current 

study has provided key insight on the methods that can be used for assessing aquifer-aquifer 

interaction/connection. 

 

Key Words: Hydrogeochemistry; Connectivity; Geophysics; Coastal Aquifers 
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Chapter 1: Background 
 

1.1 Introduction 
 

In the semi-arid region, the West Coast South Africa groundwater forms an essential part of freshwater 

supply. The local population in the West Coast District depends on groundwater for domestic, 

agricultural and industrial purposes. With pressure from population growth, recurring droughts and 

climate change, there is increasing urgency to protect this resource. This study is about aquifer-aquifer 

interaction, which is defined as hydraulic interaction between aquifers, and is influenced by the rock 

type, rock porosity and how well pores in the rock are connected. 

 

Groundwater is stored in geological formations called aquifers and is a critical element of the 

hydrological cycle. The varying role of groundwater in the hydrological cycle in different parts of the 

world is to: a) sustains drinking water supply; b) food production; c) support livelihoods of millions of 

people worldwide; and d) play an important role in many groundwater dependent ecosystems. Water 

security is the overarching goal of water resource management. In order to accomplish this, there has to 

be a sustainable water supply. Groundwater supply is largely dependent on the amount of water available 

in the system and the hydrogeological characteristics of the aquifer. 

 

Connectivity between aquifers is affected when the hydrological system is disturbed by activities such as 

extraction. The extraction of water from an aquifer changes water pressure and can alter or cause aquifer 

leakage in some cases. The change in pressure induces a gradient allowing the water to travel through 

preferential flow paths thus increasing the connectivity between aquifers (Welch et al., 2013). This could 

be natural vertical cracks and poorly constructed wells which allow seepage along well casings. Santi et 

al., (2005) added that discontinuities found in the confined layer can increase vertical connectivity 

between two aquifers (Figure 1, p.13). The impacts of aquifer connectivity include but not limited to 1) 

mobilisation of anthropogenic contaminants due to over extraction 2) changes in natural fluxes between 

surface water and groundwater systems 3) mobilisation of natural salts susceptible to seawater intrusion 

which results to deterioration of water quality in the pumped aquifer. Therefore, understanding the extent 

and location of aquifer – aquifer interaction would assist to address issues of groundwater protection and 

sound management of this resource. Therefore, there is a need to understand the methods that can be used 

to establish the connectivity between aquifers. 
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Figure 1: Aquifer connectivity via different pathways 

 

Globally, the methods used to determine connectivity between two aquifers include; reviewing data from 

various sources such as: evaluation of hydrologic and geologic records, seismic-reflection profiles, and 

thermal infrared imagery interpretation (Lewelling et al., 1998). Iverach et al, (2012) found that the use 

of the background groundwater chemistry and mapped geological pathways indicated the hydraulic 

connectivity between aquifers. Qian et al., (2016) used major ion chemistry of groundwater and was 

analysed with a suite of statistical techniques in an effort to understand aquifer connectivity. It was found 

that there was possible infiltration at discrete locations, this may have added to the lower aquifer. It was 

reiterated by (Zhou and Li, 2011) that a good understanding of the extent of induced aquifer leakage in 

terms of the geographic area and water pressure reduction is important for estimating impacts to water 

supply. However, Zuurbier and Stuyfzand (2016) stated that the over abstraction for water supply can 

induce a gradient causing salt water intrusion especially in coastal environments. This may negatively 

impact the water quality that is due for water supply. Studies of this kind are still challenging due to the 

complexity of the results from inter-aquifer groundwater flows. 

 

There are various methods used to establish groundwater and surface water interaction that can be 

adjusted to be applied in an aquifer-aquifer interaction study. In terms of aquifer-aquifer interaction, 

fluxes, geology or hydrochemical tracers are measured to establish the hydraulic connection between the 

aquifers. Fluxes between aquifer systems can be measured by implementing a multiple-well test; where a 

single well is pumped, and effects of pumping is examined on multiple observation wells. This method 

aimed to stress the one aquifer and induce a gradient between the aquifers to allow groundwater to flow 

between the aquifers (Alley and Taylor, 2001; Pauwels and Troch, 2010). Younger (2009) agrees with 

using pumping tests as the most practical and effective way to stress the one aquifer system to induce a 

gradient between two aquifers. Additionally, pumping tests assists to evaluate the degree of hydraulic 

connection, identifying flow regimes and aquifer boundaries. Zlatos (2008); Xie et al. (2013); and Guo et 

al. (2017) used a modern multi-tracer approach where hydrochemistry data was used to determine the 
http://etd.uwc.ac.za/ 
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flow paths of the groundwater. The importance of understanding the flow regime was emphasised by Han 

et al (2012) as it would advance the initial conceptual understanding of the aquifer systems. 
18

O, 
3
H, 

14
C 

and chlorofluorocarbons (CFCs) was used as none reactive tracers to determine groundwater flow paths 

and to prove the degree of mixing between modern and pre-modern waters. In this study, geophysical and 

hydrogeochemical data from Langebaan Road and Elandsfontein aquifer systems will be integrated and 

used to determine the location and extent of aquifer-aquifer interaction in the West Coast region. 

 

1.2 Description of research problem 
 

The study was carried out in West Cost aquifer system which is located in the Western Cape Province of 

South Africa. The study aquifer is one of the most extensive aquifer systems in South Africa and it has 

substantial groundwater supply potential. Over the years, West Coast aquifer system have been 

researched by Timmerman (1988); Woodford (2005); DWAF (2008) and Seyler et al., (2016) and it was 

established that the there is a hydraulic connection between the aquifer units within the system. However, 

the appropriate methods for establishing such aquifer connectivity have not been empirically identified 

with data from recent studies hence the gap that the current study would like to narrow. If current data 

continue to be unavailable for analysing aquifer - aquifer interaction, the quantity and quality of 

groundwater in various aquifer units cannot be explained. The study argued that some methods that are 

used to establish connection or interaction between aquifer-river, aquifer-wetland, aquifer-lakes, and 

aquifer-ocean seem to be inappropriate for aquifer-aquifer interaction.  

 

1.3 Research question and research hypothesis/assumption 
 

What appropriate methods can be used to establish the connectivity between aquifers? In other words, 

what techniques or methods are appropriate for establishing aquifer-aquifer interaction/connectivity? The 

study argued that some methods that are used to establish connection or interaction between aquifer-

river, aquifer-wetland, aquifer-lakes, and aquifer-ocean seem to be inappropriate for aquifer-aquifer 

interaction. In other words, if appropriate methods are not assessed for aquifer-aquifer interaction, the 

connectivity between aquifers cannot be established and the influence of aquifers on each other cannot be 

determined as data might not be available to verify or confirm such connectivity. Testing the validity or 

reliability of such data is beyond the scope of the current study but that will be a requirement for next 

level of study. Nevertheless, the revelation from literature review showing the lack of appropriate 

techniques to establish the extent of aquifer connectivity strengthens the argument for this study. 
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1.4 Research aim and objectives 
 

The aim of this study was to identify and assess appropriate methods that can be used to establish the 

connectivity between aquifers. Such assessment was meant improve the knowledge and understanding of 

interaction between the aquifers. Such improved understanding was meant to form the basis for decision 

making on a feasible interventions on aquifer utilisation and protection. Langebaan Road Aquifer Unit 

(LRAU) and Elandsfontein Aquifer Unit (EAU) were used as a case study. These aquifers exist in semi-

arid area of coastal environment. These aquifers are used for water supply and they are vulnerable to 

natural and anthropogenic influence hence the need to explore feasible interventions for their wellbeing. 

 

In order to achieve the above study aim, following were set: 
 

1. Determine the groundwater flow path and direction between the two aquifers 
 
2. Establish the interaction between the two aquifers 
 
3. Develop a groundwater conceptual model to explain the interaction between aquifers 
 
 

 

1.5 Conceptualisation, scope and nature the study 
 

The current study was conceived during the implementation of the project which was initiated and 

implemented by the Council for Scientific and Industrial Research (CSIR) of South Africa. In that study, 

the CSIR embarked on a project to investigate sustainable exploitation of groundwater resources along 

the West Coast of South Africa. The project has five aims to achieve the application of Managed Aquifer 

Recharge (MAR). The current study falls within the first objective of the CSIR project which about 

conforming the hydrogeological characteristics and dynamics of the Langebaan Road and Elandsfontein 

Aquifers in the West Coast of South Africa. 

 
 

The focus on the present study is aquifer-aquifer interaction in terms of assessing the appropriate 

methods for confirming such interaction. Although the study on aquifer-aquifer interaction can focus on 

many different aspects, the current study focuses on appropriateness of methods that can be used to 

confirm the interaction in addition to focussing on coastal aquifers that are in semi-arid environment and 

in rural setting where agricultural activities are dominant. Such scope has implication for analysing 

evidence from such aquifers in terms of parameters and methods for assessment. 
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In terms of the nature of the study, it followed a quantitative approach whereby various methods will be 

reviewed and the appropriate ones will be identified and then assessed. The study was titled “Using 

multiple tracers and geological techniques to determine the connectivity between aquifer systems in West 

Coast Aquifer System in South Africa”. The study title was based on the selected methods that were 

implemented. The geophysics methods were part of the geological techniques. These methods were 

identified through the analysis of the literature search and the review of records on the previous studies 

that were carried out in the study area. The analysis of the date was more quantitative although to a 

smaller extent a qualitative aspect was tried through field observations and such observations helped in 

providing some of the explanations to hydrochemical and geophysics results. 

 

 

1.6 Significance of the study 
 

Most studies on groundwater-surface water interaction focus on aquifer-river interaction, aquifer-wetland 

interaction, aquifer-lake interact, and aquifer-ocean interact and rarely studies exist on aquifer-aquifer 

interact. This is because of many factors including the difficulty in establishing aquifer units or 

groundwater units. Because of this lack of students on aquifer-aquifer interaction, it means methods that 

are available for assessing interactions are those that have been design for groundwater-surface water 

interaction and not for aquifer-aquifer interactions. The reasons of assessing interaction within 

groundwater system mong aquifer units are many and they include the following: 

 

1. Groundwater supply is critical to support various human activities such as domestic use, industrial and 

agricultural use. The activities have competing demands and such demands need to be assessed, 

monitored and where possible controlled. Groundwater needs to be explored and augment the surface 

water supply to meet the ever increasing demand for water. The groundwater needs to be allocated to 

various users. In addition to water allocation process which is beyond the scope of the current thesis, 

groundwater availability and quality need to be assessed before being allocated. Therefore, studies on 

aquifer-aquifer interaction to establish appropriate methods for assessing quantity and quality of 

groundwater remains fundamental. 

 
2. The sustenance of groundwater dependent ecosystems (GDEs) can only be assured if aquifer 

characteristics are well known in terms of their pressure and closeness to the surface (water table) to 

constantly send water on the surface in addition to their fluxes and quality to sustain the GDEs. With the 

need to improve water security for human activities and ecosystems, the studies on aquifer-aquifer 

interaction remain crucial as surface water source continue to decline due to effects of climate variability 

and change in many places including in semi-arid area of West Coast of South Africa. 
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1.7. Outline of the thesis 
 

Chapter 1 provides the general introductory aspects of the research in terms of scope, rationale, research 

questions, objectives, approach and contribution of the study. Chapter 2 provides a literature review from 

previous studies in a systematic and critical manner i.e. reviewing literature according study objectives 

thereby highlighting the gap that needs to be addressed by the current study. Chapter 3 describes the 

features of the study area where the research objectives were implemented. The description is presented 

in a contextualised manner showing the potential influence of such features on the current research 

findings. Chapter 4 provided the detailed description of the research design and methods that were used 

to generate and analyse data including the research integrity and study limitations. Chapter 5 presents the 

findings of the study followed by the discussion on such results. Chapter 6 summarizes the findings by 

highlighting major insights and recommending actions for practical considerations and for further 

research work in the study catchment and beyond. 
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Chapter 2: Literature review 
 

2.1 Introduction 
 

This section provides a general overview of various methods used by studies to establish aquifer-aquifer 

interaction. The theoretical framework was followed by a briefly discussed literature that is in line with 

the objectives of this study. 

 

2.2 Global context on aquifer connectivity in semi-arid environments 
 

A case study in North-Eastern Pennsylvania by Warner et al., (2013) focused on impacts of shale gas 

development near the deeper aquifer has on the shallow aquifer used for drinking water. The technique 

used hydrogeochemical analyses; major ions and isotropic ratios were used to determine the groundwater 

pathways in order to develop an understanding of the source of the water. Their study concluded that (as 

indicated by brine samples) mixing relationships between shallow groundwater and deep underlying 

formation brine causes groundwater salinization in some locations. Le Borgne et al., (2006) agreed with 

the above study and highlighted that this method was successfully used to determine the groundwater 

flow pathway from high risk of contamination due to anthropogenic activities in shallow aquifers with 

alluvium material that was hydraulic connected to a deeper aquifer. 

 

Smerdon and Turnadge (2015) embarked on a study to investigate aquifer connectivity in the Great 

Artesian Basin (GAB), Australia. It encompasses two aquifers deposited in the Jurassic, and early 

Cretaceous ages. The aim of the study was to determine the potential impact of the development of a coal 

mine. The methods used to meet the objective of the study were hydrochemical and isotopic methods. 

These methods improved the understanding of the inter-aquifer connectivity within and between deep 

aquifers. However, the study recommended that a better understanding of the geological formations and 

hydrogeological relationship between the two deep aquifers systems. 

 

Globally, there is a common understanding between scholars Khan et al. (2016), Larsbo, Koestel and 

Jarvis (2014) when determining the preferential flow pathways of a system, that there needs to be an 

understanding of the scaling effects of the hydraulic properties of the aquifer systems. In dealing with 

coastal aquifers there is little local research done focussing on aquifer - aquifer interaction however, there 

are more global studies being completed on determining the connectivity between aquifer systems. 
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2.3 Local context on aquifer connectivity in the semi-arid environment 
 

A regional groundwater resource assessment was carried out by Timmerman (1988). The assessment 

included a hydrogeological analysis which focused on the geology, hydro-stratigraphy, water quality and 

the delineation of the aquifer system in the West Coast Region. Woodford (2002) carried out an 

assessment of the LRA focussing on how groundwater water levels respond to abstraction. Woodford and 

Fortuin (2002) undertook a detailed investigation to assess the aquifer potential by analysing the aquifer 

characteristics and recharge however, the investigation failed to determine aquifer yields. In 2007, the 

Department of Water and Sanitation (DWS) published a report, on the availability of groundwater. The 

report concluded that the Elandsfontein and Adamboerskraal aquifers were recommended to be viable 

prospects for a pilot abstraction scheme as the aquifer yields were promising. In 2008 DWS developed a 

conceptual and numerical model which aimed to characterize the Elandsfontein aquifer and provide a 

quantitative basis for resource assessment for water supply. Thereafter, a thorough groundwater analysis 

was done on the LRA by Tredoux and Talma (2009) which included environmental isotope and 

hydrogeochemical analysis. This report highlighted uncertainties with respect to possible leakage at 

borehole G46105 taps into the basement of the LRA and recommended that a camera log be completed. 

Boreholes G45633A and G45633 found in the unconfined and confined units of the LRA respectfully. It 

was highlighted that G45633A reacted as the production borehole G45633 was abstracted. This may 

indicate leakage between the upper and lower aquifers. Tredoux and Engelbrecht (2009) later that year 

focused on artificial recharge and resource assessment which contributed toward the hypothesis of the 

hydraulic connectivity between the aquifer systems. This was done by analysing the water level changes 

in response to abstraction and injection during their artificial recharge experiments. Seyler et. al. (2016) 

in collaboration with the Water Research Commission, published a report which focussed on the capture 

principle approach to sustainable groundwater use. This report included the West Coast region as a case 

study explaining the regional groundwater flow paths of the LRAS and EAS. Recent exploration drilling 

has indicated some degree of hydraulic connection between the two aquifers with the confining layer 

between the two aquifers being localized or absent. However, the gap in knowledge is that the 

connectivity between LRA and EA has not been investigated and which methods is appropriate to 

establish the aquifer connectivity. 
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2.4 Hydrogeochemistry to determine aquifer-aquifer interaction 
 

The invention of the mass spectrometer in the 1950‘s made it possible to accurately measure isotope 

ratios. Stable isotopes (δ
18

O and 
2
H) are expressed in delta values(δ) as per thousand, which is written 

"‰" differences relative to an arbitrary standard known as SMOW (standard mean ocean water) (Kaur 

and O'Connor, 2007). In effect, the δ18O value of a substance is the difference in parts per thousand 

between its 
18

O/
16

O ratio and that of the relevant standard (VSMOW). The different isotopes form due 

to the variation of the 
18

O/
16

O ratio compared to the standard VSMOW. If the 
18

O/
16

O ratio is higher 

than VSMOW the substance will have a positive δ value and if the ratio is lower than the standard the 

substance will have a negative δ value. When the substance has a positive value isotopically it is referred 

as being enriched meaning that there is a high relative abundance of δ
18

O in these water samples. When 

the water sample has negative δ values it is referred to as the sample is depleted, meaning that δ
18

O has a 

relatively low abundance. 

 

Different points of the hydrogeological cycle will have a different isotopic signature (González-Trinidad 

et al., 2017). The sampling sites situated close to the coastal area due to the rainout effect the rainfall will 

be more enriched. Rainout effect is when the heavier isotopes fall out first and mostly the lighter isotopes 

exist in the atmosphere. The enriched signature of the rainfall could also be due to evaporation that takes 

place as it has contact with the atmosphere. Groundwater would be depleted as rainwater infiltrates the 

soil surface, and percolates downward to recharge the aquifer, less atmosphere water interactions which 

limits the chances for evaporation to take place. Depleted groundwater is also an indication that 

groundwater has been recharge at another location. However, there are cases that groundwater has a 

slight enriched in 
18

O and 
2
H signature this could be due to the evaporation that occurred just before the 

water percolated into the aquifer. This being, said the confined aquifer should show a distinct signature 

compared to the unconfined. The confined aquifer should be more depleted compared to the unconfined 

aquifer as the confined system has very interaction with the atmosphere. 

 

δ
18

O is part of the water molecule it will move as the water moves this is dependent on mass and 

temperature. When ocean water evaporates water with the lighter isotope evaporate slightly more readily 

than water with a heavier isotope. 
16

O is lighter than 
18

O as it has a higher vibrational energy (Murray, 

2001). This process of favouring a transfer of one isotope compared to another is called fractionation 

(Watkins et al., 2017). This changes the isotope ratio of the atmosphere and ocean. More 16O is 

evaporated and 18O is left behind in the ocean. Water condenses and is released as precipitation; the 

heavier isotope falls first. The process of condensation and precipitation progressively fractionates the 

oxygen isotopes and it further enriches the ocean in the heavier isotope. 
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In deep aquifers temperatures reach to above 50-100°C this can alter stable isotope content in 

groundwater. In shallow groundwater with normal temperature concentrations of isotopes are not 

affected by chemical processes (Murray et al., 2012). 
 

In the case of Tritium 
3
H, isotopes of hydrogen and oxygen are ideal geochemical tracers of water 

because their concentrations are not subject to change by interaction with aquifer material (Gat, 1996). 

On the other hand, carbon compounds in groundwater may interact with aquifer material which 

complicates the interpretation of 
14

C (Carbon 14) data. Tritium is produced in the atmosphere by cosmic 

radiation and a large amount of tritium had been released in thermonuclear tests during 1953. Tritium 

(
3
H or T) is the radioactive isotope of hydrogen that decays with a half-life of 12.43 years to its stable 

daughter 
3
He (Aeschbach-Hertig and Solomon, 2012). 

 

Tritium concentrations give an indication of the turnover of the water within the aquifer system. The 

present-day mean tritium concentrations in the Northern Hemisphere ranges from 7-10 T.U, however, in 

the Southern Hemisphere the values range from 0-2 T.U due the ocean being in abundance compared to 

the land in the Southern Hemisphere (Rumynin, 2011). This fact contributed to the development of the 

isotopic methods aimed to study the dynamic of groundwater flow in hydrogeological systems, in 

particular, groundwater dating. The concentration of tritium in groundwater reflects the tritium levels 

when the water was last in contact with the atmosphere. Groundwater recharge and travel times can be 

estimated using the tritium release date and the point (time) when precipitation took place. This method 

works optimally for young water entering the system. However, a limitation to using tritium signatures 

stems from reduced bomb testing, which causes the tritium concentration to drop near the natural 

background levels (Massoudieh et al., 2012) 

 

For Carbon 14, groundwater, in its natural state, contains environmental isotopes which can be related to 

the origin and or age of water based on their abundance and variation. Radiocarbon isotopes (carbon 14) 

are produced by the reaction of cosmic radiation with nitrogen in the air (Aggarwal et al., 2018). This 

naturally occurring radioactivity exists in all living matter that is in contact with the earth‘s atmosphere. 

However, additional 
14

C has been added to the atmosphere as a result of the testing of thermonuclear 

devices since 1952. 
14

C has a half-life 5730. The 
14

C concentration is expressed as a percent of Modern 

Carbon (pMC). 
 

Radioactive isotopes are of special value in detecting the residence time/age of groundwater, assuming 

no  contamination  of  the  water  has  occurred.  Groundwater  age  tracers  can  provide  more  accurate 

estimates of groundwater flow paths than other traditional hydraulic methods. Hagedorn (2015) stated 

that the interpretation of carbon 14 data should be done with caution as any carbonate mineral weathering  http://etd.uwc.ac.za/ 
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will affect the carbon 14 readings. A large portion of the study area contains interbedded marine deposits, 

which according to Nehyba and Opletal, (2016) causes an excess of carbon as water-sediment interaction 

takes place. This might produce ambiguous data of carbon isotope that is present in the groundwater. 

Another precaution is that dissolved carbon dioxide can pick up further carbon by chemical reactions 

with the aquifer matrix materials. The matrix materials produce a dilution of the original radiocarbon 

content (Hatfield and Patrick, n.d.). 

 

To gain some useful hydrogeological information from this type of data, it is necessary to determine the 

source of inorganic carbon. The major part of carbon enters the groundwater through the infiltration 

process. Before precipitation enters the topsoil, it is exposed to the atmosphere that contains very high 

concentrations of CO2 generated by the biological decomposition of dead organic matter. Dissolution of 

this CO2 produces hydrocarbonic acid which will in turn react with any soil carbonate present until either 

calcite saturation or CaCO3 /CO2 as represented in the equation below. 

 

The most common equations of matrix dilution would be with calcite: 
 

CO2 + CaCO3 + H2O --> 2HCO3
 - + Ca+

  

 

The pH ranges between 6–8, which is common for fresh groundwater, the Dissolved inorganic carbon 

(DIC) consists of HCO3
-
 and CO2. The relative concentration of these components is determined and 

controlled by the partial pressure of CO2 in the topsoil and its temperature (Geyh, 2000). 
 

The 
14

C activity was corrected using δ
13

C which is a naturally occurring stable isotope of carbon, and the 

apparent age of the groundwater samples was calculated using the Pearson‘s model. The carbon-13 value is 

used for the estimation of the carbon dilution factor, leading to a corrected age or “best estimate age.” 

 
 

 

2.5 Groundwater models of aquifer-aquifer interaction 
 

Groundwater is an unseen phenomenon and hydrogeologists use groundwater conceptual models as a 

tool to visualize and grasp an initial understanding of the water system of an area. It represents the 

relationships between systems and the effect of topography, hydraulic head and hydro-stratigraphy on the 

movement of groundwater. There are three types of model which include: a) Conceptual Model b) 

Numerical model and c) Analytical model (Anderson and Woessner 1992). This study will focus on 

developing a conceptual model to explain the concept of aquifer-aquifer interaction. The existing data, 

field observations and expert knowledge provides a platform for the construction of a conceptual model. 

The conceptual understanding of the West Coast area has evolved as data became available. 
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Groundwater interaction between aquifers or between different parts of the same aquifer that are 

separated by an aquitard is often termed inter-aquifer or intra-aquifer leakage. Intra-aquifer connectivity 

is dependent upon the lithology of confined layer and aquifers, their integrity and spatial continuity 

(Moya et al., 2016). Fractures, faults and openings or inadequately-sealed boreholes can form preferential 

flow paths which also affect connectivity (Lin, Lin and Xu, 2014). The extent of connectivity is 

dependent on the ability of water to travel between aquifers which relies heavily on local and regional 

hydraulic pressure and dissolved mineral concentration gradients (Australian Government, 2014). As 

groundwater enters and leaves the system, the gradient constantly changes with time as aquifer systems 

are dynamic in nature (Leketa, 2011). 

 

Groundwater is extensively used across Australia for water supply. A case study by Hentschel et al 

(2016), West of the Surat Basin and East of the Clarence-Moreton Basin in Australia with a coastal semi-

arid setting, aimed to interpret and model the geology of two main aquifers with a transition zone 

separating the units. The transition zone is discontinuous and is clay dominant. This zone was 

investigated using various methods such as interpretation of borehole logs and geophysical data to 

prepare an isopach map showing the thickness of the transition zone. The results display where the 

transition zone is present and where flow between the two formations will be hindered. In places, the 

transition zone is absent due to alluvial sand and gravel sitting directly above the underlying mudstone 

and siltstone; flow is more likely to occur between the two formations at these locations. Relevant 

geologic information from the study was incorporated into the regional geological model that is used in 

the development of the regional groundwater flow model for the catchment area. 

 

Moya et al., (2014) focused on the hydraulic relationships between aquifers and aquitards and assesses 

the geological structures and how they induce connectivity between the formations. The study aimed to 

develop a three-dimensional (3D) geological model of the multi-layer aquifer overlying Eromanga Basin 

in central Queensland, Australia. The primary methods used included borehole log data and seismic 

surfaces. The data used to assess the characteristics of the aquifer units, included aquifer geometry, 

distribution, aquifer thickness, and their relationship to major geological structures. The study concluded 

the faults that occurred locally and regionally, allowed preferential flow paths for groundwater and 

caused the vertical leakage between the aquifers. 

 

In central Tunisia, a coastal country situated North of Africa Hassen et al., (2016) completed a study that 

evaluates the influence of aquifer connectivity and the role of faults and geology in groundwater flow 

within the multilayer Kasserine Aquifer System (KAS). The model was used to quantify the groundwater 

of both aquifer systems. The 3D model was constructed using geostatistical methods and the krigging 
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method of interpolation. The current KAS geological model can be used to guide groundwater managers 

on the best placement for drilling to test and further refine the understanding of the groundwater system, 

including fault connectivity. In conclusion, the 3D geological modelling approach is endorsed as a 

rigorous method for gaining understanding about the geometry of faults. 

 

Mapping groundwater levels has widely been used to establish surface water-groundwater interaction. 

This method was implemented in South-Eastern Australia in the Murray–Darling basin to assess 

groundwater flux and magnitude of this flux (Lamontagne et al., 2013). A water table elevation surface 

was constructed and based on the shape, flux and direction was established. The magnitude of the flux 

was based on the Darcian approach, the extent of hydraulic connectivity was dependent on the difference 

between the head in the river and the water table of the aquifer. This approach is efficient but lack of 

boreholes, poorly defined river beds and near – river evapotranspiration effects hinders the accuracy of 

the direction and magnitude of the flux. In Oregon, the upper Deschutes Basin in the USA, a study (Alley 

and Taylor, 2001) was implemented to support water resource management decisions as new 

developments will be groundwater dependent for water supply. Water level monitoring and contour maps 

was constructed to understand interaction between water bodies. The surveying and mapping of 

groundwater levels was implemented in an aquifer-aquifer interaction scenario in the Surat Basin, 

Australia between the Condamine Alluvium and the Walloon Coal Measures formations (Hentschel et 

al., 2016). The spatial distribution of differences between the groundwater levels between the formations 

was identified. These differences can provide evidence of potential groundwater flow between the two 

formations and vertical connectivity between them. A survey was carried out to collect water level data 

and water samples from the identified boreholes. Data was presented in a groundwater level contour map. 

The study showed that at a regional scale the formations are mostly separated and suggests low 

connectivity. 

 

Hydrochemical composition of water is as important as any other property of water. The chemical 

components of water do not only indicate the quality of water, but also help to infer the geology of the 

area. Ghodbane et al (2015) assessed hydrochemical data of two aquifers separated by a transition zone 

with the aim to determine intermixing of the water between the formations. 3000 groundwater samples 

were taken for hydrochemical analysis. Multivariate principal component and k-means cluster analyses 

was used to determine intermixing and hydrochemical evolution. The results of the statistics display a 

significant difference in the hydrochemistry between the two formations. Based on the results, it was 

concluded that there is very low hydraulic connection between the two systems. This study recommends 
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that isotope analyses should be included in the hydrochemical analysis as an auxiliary parameter to 

investigate. 

 

Hydrochemical analysis is a widely used method to identify preferential flow paths between aquifers 

(Krzeminska et al., 2014). This method was used to determine the chemical composition of the 

groundwater in the confined and unconfined aquifers in Le Super-Sauze (France) and determine whether 

there is significant variation in composition between the different parts of the aquifer. In some areas 

where the confining layer is evident between aquifers, there will be distinct differences between the 

chemical signature and water quality of the two aquifers (Zlatos, 2008). Musgrove et al., (2010) 

emphasised that this method is based on processes such as diffusion, dissolution, and leakage in the 

confined layer which can be analysed in detail. The results; with consideration of the geological and 

sedimentological context; allow further identification of the dominant processes taking place in the 

confined layer. Dogramaci and Herczeg et al., (2002) conducted a case study in Australia using a 

multiple tracer method focusing on major ions and strontium isotopes. The aquifers were characterised in 

order to provide a conceptual understanding of the hydraulic connection between two aquifer systems. 

The lower Renmark Group Sand Aquifer has a relatively higher radiogenic 87Sr/86Sr ratio compared to 

the upper Murray Group Aquifer. A mixing model was developed using the 87Sr/86Sr ratio suggesting 

that there is upward leakage from the underlying aquifer ranging from 15 to 85%. 

 

Groundwater within the coastal aquifer systems of the Daweijia area in North Eastern China is 

characterized by large variations (33–521 mg/L) in NO3 – concentrations. This is mainly due to 

anthropogenic activities. Chemical and stable isotopic (δ
18

O, δ
2
 H) analysis, 

3
 H and CFCs methods 

were applied to determine the flow of groundwater and nitrate transport in the complex coastal aquifer 

systems. Contamination transport between two aquifer systems was established using nitrate 

concentration and stable isotopes as tracers. This method is versatile as it can be adjusted to be used in a 

variety of scenarios (Han et al., 2015). 

 

The hydraulic connectivity between two formations was established using a pumping test by stressing the 

one system and monitoring the response in the other system (Ishii, 2018). In Eastern Australia a case 

study by Tillman et al., (2014) showed that despite the fact that the water was pumped from the lower 

aquifer, pressure responses was measured at multiple levels in the two formations. The pumping test 

aimed to obtain representative vertical hydraulic conductivities of the confining zone and the upper 

aquifer. However, Timms et al., (2016) encourages that supplementary methods such as laboratory 

measurements of permeability and water sampling should also be considered. Additionally, for the 

pumping test to display response on a regional scale, the pumping test should be 30 days or more. 
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2.6 Regional existing conceptual models of groundwater in semi-arid environments 
 

In the West Coast region there were a few models developed with various objectives. The Langebaan 

Road Aquifer is located between the lower Berg River and Saldanha Bay. The initial geological report by 

De la Cruz (1978) provided background information on the Langebaan Road Aquifer. Geophysical 

investigations were done in the study area the results displayed an elongated depression in the bedrock 

extending through the central part of Saldanha Bay. De la Cruz (1978) reports on the climate, flow 

regime and geology of the study area. A groundwater model done by Timmerman (1985) in the West 

Coast was a hydrogeological assessment which included delineation of aquifer units in the West Coast 

regional system. The assessment included exploration drilling and extensive water level measurements 

and preliminary water quality assessment of boreholes in the area. The conceptual understanding at this 

point was that the Langebaan and Elandsfontein paleochannels were weakly defined and due to previous 

geophysics, the basement high (Basement rocks are exposed at the surface) isolated the two 

paleochannels creating what was viewed as separate systems. 

 

A statement by Timmerman (1985) that there could be leakage between the two systems but insufficient 

data to prove hydraulic connection, triggered more studies in the area. Based on this, in 1988 a numerical 

modelling exercise was done to estimate yields of both Langebaan and Elandsfontein aquifer units. The 

inputs of the model were recharge estimates and hydraulic parameters of both units. It was emphasised 

that there were reliable figures that indicated that the West Coast aquifers has the potential to be 
 
exploited to the extent of water supply for the Saldanha district (Du Plessis, 2009). The recommendation 

was to implement an extensive monitoring system for both units as well as surrounding areas if water 

supply intervention is implemented (Bugan et al., 2016). The table 1 represents the key findings of the 

hydrogeology of the study area. 

 
 

Table 1: Description and historical aquifer parameters of the aquifer units  

 
Aquifer Type of Aquifer T value S value Description 
 
LRAU Confined 10-4000 m

2
/day 21.9X10

6
m

3 

LRAU Unconfined  200X10
6
m

3 

EAU Confined 5-250m
2
/day 15.5X10

6
m

3 

EAU Semi-confined 100-  

 & unconfined 1000m
2
/day  

  50-500m
2
/day  

 
Coarse sand and gravel component of the Elandsfontein formation 

Langebaan limestone 
 
Coarse sand and gravel component of the Elandsfontein formation under clayey 

 
Sediments of the Varswater and Bredasdorp formations 
 
 Highest t value is in the Quartzose sand member of the Varswater formation

 Springfontein member of the Bredasdorp formation 

 

 

Note: The Langebaan primary aquifer unit is separated from the Elandsfontein primary aquifer by a 
clayey sediment zone between Langebaan and Hopefield. 
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Woodford et al., 2003 presented a conceptual model for the Langebaan Road Aquifer (LRA) and 

Elandsfontein Aquifer (EA) for possible wellfield water supply for the Saldanha district. This system is 

not modelled explicitly, but only as part of the wider regional flow. The model is based on a pattern of 

bed-rock topography which is a result of fluvial and marine processes. Woodford et al., (2003) defined 

the Southern paleochannel as the Elandsfontein being continuous towards the Langebaan lagoon. The 

Northern paleochannel, the Langebaan Road paleochannel; runs underneath the WCDM wellfield and is 

continuous towards the Saldanha Bay (Figure 3, p.29). These two paleochannels are separated by a 0 to 

20 mamsl (meters above mean sea level) basement high as presented in the basement elevation map 

(Figure 4, p29). Recent drilling exploration G46030 and G46031 has indicated that this basement high is 

either absent or localised (DWAF,2008). A paleochannel may have developed during the early Miocene 

along the granite – shale contact. If so, the lower aquifer systems of both LRAS and EAS are to some 

degree hydraulic connected. A shale - granite contact occurs South-West of the well-field (DWAF,2008). 

The various aquifer systems thicknesses were mapped indicating that the Cenozoic sands reach a 

maximum thickness of >100m at Anyskop. The Elandsfontein formation gravels reach a maximum 

thickness of 60m in the deepest sections of the paleochannels, their overlaying clay (aquitard) reaching a 

maximum thickness of 50 m (Woodford et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3: Two main paleo-channels of the LRAU and EAU (Woodford et al,2003) 
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Figure 4: Basement elevation contour map of the West Coast Woodford et al,2003). 
 

 

In 2008, DWAF undertook a groundwater assessment where a conceptual and numerical model was 

developed, with the aim to characterise the groundwater resource and provide a quantitative basis for 

resource assessment into the future. The model included an illustration or scenario for using 

Elandsfontein aquifer system as a water supply to the West Coast district. The palaeontology is 

representative of ancient fluvial systems that comprise of separate aquifer systems. The geology of the 

Elandsfontein aquifer comprises of three distinct hydro-stratigraphic units including the upper 

unconfined aquifer unit containing the Sandveld formation sediments and the Varswater formation, the 

confining layer which is the Elandsfontyn clay and lastly the basal clay and gravel semi-confined aquifer 

unit. 

 

NGDB (National Groundwater Database) boreholes were drilled 4km away from the coast. These 

intersected the basal clay and gravel of the Elandsfontein formation. This supports the hypothesis that 

both EAU and LRAU flow continuously towards the ocean. The basal gravel is hypothesised to possibly 

run throughout both systems in the lower aquifer units (DWAF,2008). The numerical model results 

confirmed what was assumed in the conceptual model, that the basal gravels have higher hydraulic 
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conductivity than the rest of the aquifer as the model calibrated with higher hydraulic conductivity in the 

basal layer, existing only within paleochannels (DWAF,2008). 

 

Based on the model mentioned above, the basal layer within the paleochannels calibrated with a 

horizontal hydraulic conductivity of 84 m/d. Situated above the high hydraulic conductivity 

paleochannels an area of low horizontal hydraulic conductivity was input to the model, of 0.1 m/d. The 

remainder of the model has a horizontal hydraulic conductivity of 10 m/d. The model calibrated with the 

vertical hydraulic conductivity is less than the horizontal hydraulic conductivity (Seyler and Hay,2008). 

 

The clay layer varies in thickness across the area. There are some areas where the clay layer is localised 

or absent allowing the hydraulic connection between the lower aquifer system and upper aquifer system. 

The connection is prominent of the edging and where the clay layer is less than 5m thick (Seyler et al., 

2008). 

 

Tredoux and Engelbrecht (2009) summarised previous hydrogeological investigations and contributions 

towards the understanding of the hydraulic connectivity between the LAU and UAU with analyses of 

water level response to abstraction. Furthermore, a numerical model was developed with the aim to 

define the sustainable yield of LRAU. Five scenarios were tested to determine the sustainability of 

abstraction and injection (artificial recharge). The model scenarios are assessed only in terms of 

drawdown, and speed of recovery. Studies during the injection tests have shown that the piezometric 

responses and the water qualities are generally similar in the confined aquifer and the underlying bedrock 

(Tredoux et al., 2009). This result eludes to a possible hydraulic connectivity between the confined 

aquifer and the underlying bedrock. 

 

The model by Hay et al., (2010), considered the Langebaan Road Aquifer wellfield. Hay et al., 2010 

concluded that the basement topography had an influence on the flow paths, where a flow regime 

highlighted the presence of preferential flow paths. They describe that groundwater flow velocity 

increases within the paleochannels as groundwater is funnelled into the deep narrow incisions. Two main 

aquifer units were highlighted. Groundwater flow is described to be from the South-East towards the 

Elandsfontein aquifer unit (EAU) and North-West into the Langebaan Road Aquifer Unit (LRAU). The 

model (Hay et al., 2010) concluded that there is large available storage capacity in both units even 

though rainfall varies tremendously along the coast. This storativity as per the calculation based on the 

area and thickness and water level depth. The recharge of these units is likely to be a delayed process, but 

aquifer storage and recovery scenarios were run in the model and the results show that the increase in 

abstraction will have little effect on a regional water balance. It was emphasised that abstractions will 
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have minimal impacts on the Langebaan lagoon and the existing ecosystems, but long-term abstraction 

has the potential to lead to saltwater intrusion (Hay et al., 2010). Recommendations of model testing 

included hydrocensus to be done across the Langebaan aquifer area where water level, borehole use, and 

accurate GPS coordinates needs to be collected. The above model could be improved in terms of 

accuracy by doing additional modelling at smaller scale in order to improve the understanding of the 

hydraulic nature of the aquifers and replicate differing flow directions at different depths. 

 

The Elandsfontein phosphate open pit mine is located on the South-Western coast of South Africa, 8km 

inland from the environmentally sensitive Langebaan Lagoon, and bordering the West Coast National 

Park. SRK (SRK consulting) developed a numerical groundwater model design of the dewatering 

scheme. The South African Department of Water Affairs demanded that all water abstracted should be 

routed through a closed system and re-injected into the aquifer down-gradient (towards the lagoon) to 

mitigate potential reduction of base flow. Challenges included: Considering potential geochemical 

alterations and risks within the closed (but vigorously pumped) dewatering system. Calculating and 

modelling the continually altering flow rates for dewatering and re-injection. Controlling mounding at the 

re-injection site and managing the mounded water that partially flows back to the pit area. 

 

Water balance is a fundamental tool in designing groundwater models (Anderson and Woesner, 1992). In 

a closed system the change of the amount of water stored in an aquifer is the water balance. Lohman, 

introduced a theory of the capture principle where the aquifer pumped at a maintainable rate or induced 

recharge in a new dynamic equilibrium so that the aquifer storage does not deplete. The West Coast 

region has an existing Langebaan wellfield that is used as a water supply in the Saldanha district. Seyler 

et al.,  introduced this principle to the coastal setting and ran five scenarios displayed in numerical 

models to: 

 

 List scenarios of sustainable abstraction of the wellfield over the years


 Simulate the impact of long-term abstraction on the LRAU


 Simulate how it will affect the flow regime of the system.


 Lastly, quantify the relationship between aquifer fluxes and increased fluxes and increased 

abstraction.

 

Abstraction rates were increased in the model to determine how it will affect the drawdown radius in the 

area. The results of the model showed that there is a correlation between abstraction rate, drawdown 

radius and storage of the aquifer. The drawdown simulated in the model increased as the abstraction rate 
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was increased in each scenario, however, in scenario 1-3 the drawdown was within the limit of 

abstraction which show minimal change in storage. According to the scenarios the abstraction volume 

should be between 3.5 million m
3
/a and 5.5 million m

3
/a. This model lacked field data inputs, hence 

verification of the model was not possible. It was based on historical data. Despite the extent of changes 

with respect to number of boreholes drilled etc. early data for hydraulic properties were used. 

 

Based on this information there is a need to develop a conceptual model which include various steps 

(Figure 5, p33). The common practice to develop a model is reviewed with existing models (Betancur et 

al., 2012). The models are developed using this procedure, based on this review, the study will follow a 

similar procedure. In essence the hydrogeological information enables the formation of a hypothesis to 

recognize leakage between aquifers this is translated into a conceptual model. 
 
 

AQUIFER-AQUIFER INTERACTION  
 
 

 

LITERATURE GEOLOGICAL DATA HYDROGEOCHEMICAL DATA 

AVAILABLE DATA: SAMPLING GEOLOGY, BOREHOLE LOGS AND MAJOR IONS 

AND MONITIORING CROSS SECTIONS 
ISOTOPE DATA (SATBLE ,TRITIUM AND C

14
)   

 HYDROGEOLOGICAL UNITS ENVIRONMENTAL TRACERS 

 HYDRAULIC PARAMETERS GROUNDWATER DATING 

ESTABLISH GW FLOW   

DIRECTION   

RECHARGE ZONE GROUNDWATER FLOW 

DISCHARGE ZONE   

GROUNDWATER TYPES   

MIXING BETWEEN AQUIFERS  AQUIFER-AQUIFER INTERACTION 

 GROUNDWATER CONCEPTUAL MODEL 

 

Figure 5 : Steps to develop a groundwater conceptual model. 
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2.7 Theoretical and conceptual framework 
 

Darcy‘s Law is the fundamental law that governs groundwater. It is also known as artificial velocity as it 

assumes the groundwater flows through the entire cross-section (Chapter 7 Basic Principles and 

Fundamental Equations, 1982). The equation defines the rate of flow through a porous medium. This 

depends on a physical property of the medium and is also proportional to the slope of the hydraulic 

gradient. However, in practice the groundwater only occurs through the preferential pathways which 

include connected pore spaces and fractures. An approximation of the actual velocity can be determined 

by dividing the Darcy‘s velocity by the effective porosity. In the studies of interaction between water 

bodies , it is important to quantify the horizontal and vertical flow through the aquifer system. The Darcy 

equation can be used to determine the magnitude of groundwater flow and groundwater travelling from 

high head towards the lower head following the gradient. 

 

This project is based on the concept of aquifer-aquifer interaction. The concept is defined as the rate of 

water that flows between aquifers and is influenced by local and regional hydraulic pressure. There are 

different degrees of interaction that vary from high to low. High degree of interaction means the water 

bodies are hydraulically connected with a high transfer rate of water between them. The interaction in 

this study is based on the movement of one aquifer to another. This movement is influenced by the 

change the gradient – leakage of poor constructed boreholes -geological features that create a preferential 

flow path. 

 

Interaction between aquifers can be measured using a range of methods including: Groundwater level 

monitoring this is to determine the direction and potential rate of groundwater flow. Aquifer test to 

determine aquifer hydraulic parameters, and to detect and analyse responses in adjacent aquifers. 

Geochemistry to identify potential flow paths between aquifers using multiple tracers. Lastly geophysics 

which can either of three methods aerial which uses magnetic fields, surface geophysics that uses seismic 

and down-borehole technique to identify rock properties and geological structures. 

 

The implication of the aquifer-aquifer interaction depends largely on the duration and rate of 

groundwater extraction, and the degree of both lateral and vertical connectivity of local aquifers. Some of 

the impacts of aquifer-aquifer interaction include : 1) increased leakage between aquifers this will allow 

migration of salts from saline to fresh aquifers and flow from water supply aquifers 2) reduced 

groundwater levels in other production bores in the area. 
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2.8 Conceptual framework  
 

Using hydrogeochemistry and geophysical techniques to determine the connectivity between the Langebaan Road (LRAS)and Elandsfontein aquifer 
systems (EAS) 

 

PS: The aquifer- aquifer 

interaction remains 

unexplored. This poses a 

threat of the cross-

aquifer contamination. 
 

 

RQ: To establish the 

connectivity between 

aquifers in West Coast? 
 
 

 

TS: Designing a conceptual 

model illustrating the 

hydraulic connection 

between the LRAS and EAS 

aquifers. The geology and 

hydrogeochemistry of the 

aquifers will be known and 

areas where leakage is prone 

will be highlighted. This 

information will provide 

clarity needed to manage 

this aquifer system in a 

sustainable way. 

 
 

             Context: Sustainable exploitation of 

     OB1:To establish the groundwater flow of the LRAS and    groundwater resources along the West 
        

Coast of South Africa.      

EAS using geochemical data. 
    

          Globally 
              
                      

           

  
Aquifer connectivity improve            

             

management of gw resource. Tracer      
OB2:  To determine the connectivity  between  LRAS and 

  
       methods used to determine 
             

     EAS.        groundwater flow between connected 
           

  aquifers.            

                Local  
             

Sustainable way to use the gw resource      

OB3:   To describe the aquifer-aquifer   interaction by 
  

       for water supply to the West Coast 
     designing groundwater conceptual model.     area. Complex hydrogeological system 
         

that rich in minerals and groundwater.              
           

  Monitoring system developed.            

             Setting: Semi-arid environment & 
             water supply for a community. 

     Situation Analysis       Parameters: Physical and Chemical 

     1. Anthropogenic factor influence the groundwater availability   parameters. 
    

 

in an area 
                

                    

2. over- Abstraction of groundwater in the well-fields of the 

 area affect cross-contamination between aquifers. Hydrogeochemistry: Isotope 
 3. aquifer connectivity influence the management of the signatures, tracer test. This will 
 system. also give an indication of water 
   quality evolution. 
   

Geological mapping: Using 
Key notes 

 
 

previous geological logs to PS=Problem statement  

RQ=Research question  interpolate areas of aquifer 
TS=Thesis statement  

 

leakage OB=Objective  
    

 

Design a groundwater conceptual model representing the geochemical and physical data to  
characterize the hydrogeological integrity (extent of connectivity) of both (LRAS) and (EAS) 
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Chapter 3: Study area description 
 

3.1 Introduction 
 

Chapter one states the research problem, addresses the aims and objectives of the study and poses a 

research question based on the research problem. Chapter two highlights and reviews literature on the 

various methods used to analyse aquifer – aquifer connectivity in semi-arid regions. This section 

describes the physical characteristics of the study area. 

 
 

 

3.2 Study area description  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6: Map of the study area and shows where in South Africa and the Western Cape is the study area. 
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3.3 Location and extent of study area 
 

The study focuses on the Berg River Catchment situated in the Western Cape Province along the West 

Coast shoreline, comprising of 12 quaternary catchments that vary in size. The biggest quaternary 

catchments are located in the drier Western parts of the catchment, with the G10M quaternary catchment 

covering an area 2000km
2
. The Langebaan Road Aquifer Unit (LRAU) is found in the G10M quaternary 

catchment. South of this region, in the G10L quaternary catchment, the Elandsfontein Aquifer Unit 

(EAU) is situated (Figure 6, p.36). Figure 7 shows the regional geology for the study area, catchment 

boundary, and sampling sites (both boreholes and rain gauges) used during the course of the study. 
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Figure 7: Regional geology map with the sampling sites highlighted 
 

http://etd.uwc.ac.za/ 
 



37 
 

 

3.4 Climate variability and groundwater recharge 
 

Climate plays a major role in the assessment of groundwater resources availability (Toure et al., 2016). 

Rainfall and temperature are both essential as it indicates the potential availability of recharge during 

different times of the year. The Berg River Catchment has a Mediterranean climate with warm dry 

summers and cool wet winters (Cobbing et al., 2013). Rainfall occurs during the winter from May to 

August, and rainfall amount decreases from North to South with Atlantis experiencing an average annual 

rainfall of 532mm/a, and Velddrif experiencing an average annual rainfall of 253mm/a (DWAF, 2008). 

The average annual rainfall found in the LRAU and EAU is 310 and 400mm of rainfall per annum, 

respectively (Clark, 2009). Recharge to the upper, unconfined unit of the aquifer is dominated by direct 

infiltration of precipitation (Timmerman, 1985; Weaver & Talma, 2003; Tredoux & Talma, 2009; Seyler 

et al., 2016). Figure 8 illustrates that the West Coast experienced several rainfall seasons between 2007 

and 2011 that lies above the average rainfall for the area. The periods where rainfall is consistently higher 

than the average rainfall shows that recharge potential for the alluvial aquifers should be high (Figure 8, 

p40). The region has experienced below average rainfall since 2013, during this dry period groundwater 

levels are expected to reduce. When the temperature rises, air becomes warmer; more moisture 

evaporates from the land and water bodies into the atmosphere. In such a case, more rainfall can be 

expected. In this study area, there is low rainfall and high temperatures. Areas with low rainfall and high 

evaporation rates often have soil with higher salt content as a result of higher evaporation rates compared 

to areas that experience high rainfall where soil is frequently flushed of its salt load and hence have a low 

salt content (Bugan et al., 2016). The result of such a case is a decrease in water quality. Due to the quick 

evaporation rates, the infiltration processes are retarded causing the formation of stagnant groundwater 

and poor quality (Le Maitre et al., 2009). Regional recharge may also contribute to the Langebaan Road 

and Elandsfontein aquifer systems due to the extent of the West Coast region. Chloride concentrations 

increase from the Agterzberg toward the ocean displayed in Table 2 (Weaver and Talma, 2007). 
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Figure 8: Actual rainfall compared to the average rainfall in the West Coast area. 
 
 

 

Table 2: Representing the distance from the ocean and the chloride concentration (Weaver et al., 2007) 
 

Rain Station Elevation Distance from sea Cl mg/l 
 (mamsl) (km)  

    

Geelbek 10 3 22 
    

Langebaanweg Wellfield 40 20 23 
   

    

Hopefield 50 25 14 
   

    

Withoogte 200 45 13 
   

    

Agter Witzenberg 1000 95 4.6 
   

    

 

3.5 Land use effect on water quality 
 

The area is characterised with low undulating relief dominated by open shrubland and low fynbos. 

Increase in the influx of people in the West Coast area creates a demand for coastal developments, this 

leads to built-up areas consisting of small towns including Saldanha, Langebaan, Velddrif and Hopefield 

(Kornelius et al., 2007). Agricultural land use in the form of large commercial farms occupy the largest 

portion of land (Seyler et al., 2008). The area has been an important mining centre, with its main 

minerals consisting of phosphorites, primarily calcium phosphate. Accounting for the various land use 

activities and their interactions with the water cycle contributes to the understanding of the chemical 

character of the groundwater in the area. 
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3.6 Relationship between the geology and groundwater 
 

The geology of the area is vital in understanding the groundwater flow paths, quality and dynamics of the 

aquifer system. The permeability of the subsurface material affects the groundwater flow paths as 

hydraulic connection between two systems is dependent on this. The groundwater will occur in the 

presence of coarse-grained material, high permeability of the soils and favourable gradients as opposed to 

low permeability in the subsurface material. According to Seyler et al., (2016) a hydraulic connection 

exists between the LRAU and EAU. The extent of the connection between the two systems will be 

further investigated in this study. The LRAU system has unconfined and confined units, with a clay layer 

acting as an aquitard. This clay layer is semi-pervious as water can be transmitted through the layer. The 

clay layer is discontinuous; varies in thickness; and may be very thin or absent at certain areas 

(Woodford, 2005) (Figure 9). Leakage is possible from the upper aquifer to the lower aquifer unit. This is 

likely to occur where the clay layer is the thinnest and movement of groundwater is favourable due to the 

gradient and orientation of the aquifer units (Seyler et al ,2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 9: Thickness of the Elandsfontein Clay Aquitard from Woodford (2005). 
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The area between the aquifers where vertical and lateral hydraulic conditions allow water to flow across 

formations was investigated in this study. There are paleo-channels found in the area made up of coarse 

sandy material along with boulders and pebbles. The boreholes found within the paleo-channels generally 

have higher K and T values as compared to those found outside the paleo-channel (Johnson et al., 2012). 

A study done by Samadder et al., (2011) found that K values within the paleo-channels ranged from 30 

m/day to 75.3 m/day compared to the boreholes found on the alluvial plain which had K values ranging 

from 13.5 m/day to 22.3 m/day. 

 

3.7 Hydrogeology 
 

Groundwater in the LRAU and EAU occurs in two primary aquifers namely the lower confined aquifer 

and the upper unconfined aquifer. The upper aquifer system comprises of the sediments found in the 

Sandveld formation and the lower aquifer consists of the Elandsfontein formation. The aquifer system is 

complex as there are multiple-layers in the unconfined part of the aquifer that varies in permeability. It 

consists of consolidated sands and calcrete with semi-confining peat and clay layers interchangeably. 

 

The Witzand formation covers the study area and comprises of sand dunes. The Elandsfontein aquifer is 

a much thicker system compared to the Langebaan Road aquifer therefore the boreholes in this system 

are deep. The Elandsfontein formation outcrops in the South Eastern part of the study area and has 

eroded and deposited sediments near the Atlantic Ocean (Seyler et al., 2016). The Springfontyn sand 

formation is described as the most permeable zone which has a k value of 20.2m/day and T value of 

237.4 m
2
 /day. The Noordhoek formation has clay and peat lenses with a range of k values of 1.4 - 8.7 

m/day and T value of 23 - 202m
2
/day which give the semi-confine character to the unconfined aquifer 

(Timmerman, 1988). 

 

The Langebaan Road Aquifer Unit (LRAU) and EAU are confined to semi-confined units, made up of 

basal gravels of the Elandsfontein formation (DWAF,2008). The lower aquifer is important as it is the 

most productive. The Elandsfontein gravels reach the maximum thickness of 60m in the deepest sections 

of the paleo-channel (Kornelius et al, 2007). Both LRAU and EAU paleo-channels are continuous 

towards the ocean (Woodford et al., 2003). The paleo-channels are filled with sand and gravel 

interbedded with silty fine sands. The LRAU is bounded by the Berg River, Sout River and has a zero-

flow boundary between Langebaan and Elandsfontein aquifers, Timmerman, (1985). The no-flow 

boundary was based on a 0 mamsl basement rise that exists between the two units. Due to recent 

exploration drilling in the LRAU G46031 and G46030 indicated that the basement is either absent or 

localised. This indicates that the edge of the LRAU paleo-channel developed at the shale-granite contact 

(Seyler and Hay ,2008). http://etd.uwc.ac.za/ 
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The LRAU situated in the G10M quaternary catchment comprises of unconsolidated alluvial deposits and 

reworked marine deposits, classified as a highly permeable formation (Saayman et al., 2004). This 

aquifer is classified as a major aquifer where a well field was established in late 1999. This well field 

comprised of two production and two stand-by boreholes, which tap the LRAU. There are fractures 

found in the Malmesbury basement that allows high yield to exploit in the confined system. 

 

The Elandsfontein formation comprises fluvial deposits which consists of course white sand, gravels, fine 

sandy clays and dark organic-rich peat (Seyler et al., 2008) These sediments are found in the depressions 

of the paleo-channels, which are found extensively in the West Coast region. This type of sediment is 

more susceptible to erosion. The Varswater succession which was deposited above the Elandsfontein 

formation consists of alluvium, sandy calcrete and a quarzitic sand layer. The permeability of this 

formation varies across the study area (Table 3, p. 43). Knowing the geology of the area will give an 

indication of water and rock reactions which will give a further understanding of the hydrogeochemistry 

of the area (Dedzo et al., 2017). Calcrete, which is formed by calcareous materials, is described as one of 

the dominant geological layers found in the study area (Clarke et al., 2016). It is said to have formed due 

to climatic fluctuations in semi-arid regions (Navarro et al., 2008). Rainwater saturated with carbon 

dioxide acts as an acid and dissolves calcite in the groundwater. Carbonate reactions is relevant to 

understand the evolution of groundwater. It is therefore expected that the groundwater will have 

relatively high calcium and bicarbonate contents (Table 4). The stratigraphy (Table 3) translates to a 

complex hydrostratigraphy of sand aquifers. 
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Table 3: Presents the geology formation, stratigraphy and description of the lithology (Seyler et al,2016). 
 

 

Formation Subgroup / Group Lithology  

Witzand  
SANDVLEI 

GROUP 

Calcareous beach dune sand 

Springfontein Sandy soil  

Velddrif Consolidated to unconsolidated marine shelly sand, gravel 

Varswater Consolidated to unconsolidated phosphatic sand, clay and shelly gravel 

  Dolerite 

Clanwilliam  Nardouw  
 

TABLE 
 

MOUNTAIN 
 

GROUP 
 

Thin-bedded quartzose to feldspathic sandstone, shale and siltstone  

Pakhuis & 
Cedarberg 

Winterhoek Shale, siltstone and sandstone  

Peninsula  Thick-bedded quartzose sandstone with minor shale and small-pebble 
conglomerate  

Graafwater  Thin-bedded, red and brown sandstone, subordinate mudrock, small-
pebble conglomerate and grit 

Piekenierskloof  Thin-bedded quartzose sandstone and conglomerate 

Populierbos KLIP-HEUWEL GROUP Maroon to purple shale, arkose, small-pebble conglomerate and grit 

 MALMESBURY GROUP Phyllite, schist, shale, greywacke 
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3.8 Depositional environments in the West Coast 
 

Depositional environments of the respective lithologies as indicated in Timmerman‘s (1988) stratigraphic 

column show that depositional environments between 1.7Ma and 10Ma years ago varied from aeolian to 

marine to fluvial environments on the West Coast. It alternated between Aeolian and marine 

environments, with 10-22 Ma years ago being dominated by the fluvial deposition of the Elandsfontein 

formation. A shallow-marine depositional environment is based upon the long-term movement of the 

shoreline (Rahman et al., 2017). This depositional process is characterised by the presence of limestone, 

carbonaceous sediment and is rich in fossils. In the West Coast region, this depositional environment 

predominates. The area mainly consists of calcareous sands and limestone deposits which cover certain 

portions of the area, while silcrete, marine clays and bottom sediments of small inland water bodies also 

occur (Adelana et al., 2010). The sediments of the Cenozoic Sandveld group overlie the bedrock and 

consist of: the Elandsfontein Formation (middle Miocene); the Varswater Formation (early Pliocene); the 

Springfontyn (Pleistocene), Velddrif and Langebaan Formations; and the Witzand Formation (Holocene) 

(Roberts et al., 2011). The Varswater Formation is a marine formation being highly fossiliferous 

phosphate bearing and is predominantly found in the Langebaan Road Aquifer unit. Figure 10 shows the 

sequence of events in the evolution of the Coastal formations in the Western Cape coastal platform, 

(Roberts and Siegfried, 2014). 
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Figure 10: Evolution of the Coastal formations in the Western Cape coastal platform, (Roberts 

and Siegfried, 2014) 

 

The depositional environment contributes to the understanding of the minerals, rocks and metals in the 

subsurface and how it contributes to the geochemistry of the groundwater (Gadd, 2009). The 

groundwater that is in contact with marine sediments contains an abundance of small shells and shell 

fragments and coarse shelly gravel. As a result, groundwater compositions display higher salinity levels 

compared to the fluvial Elandsfontein Formation and aeolian deposits of the Bredasdorp formation. The 

Elandsfontein Formation consists of angular, fine to coarse grained clayey sands, which is indicative of a 

change between high energy fluvial environments (angular grains) to lower energy fluvial environments 

(finer grained clayey sands) (DWAF,2008). Peat and peaty clay layers are also present in this formation 

and seen in the EAU (Giljam, 2002). Woodford (2002, 2005) gives a good account of the thickness of the 

basement, which relates to thickness of paleo-channels, and consequently the thickness of Cenozoic 

deposits along the coast. Table 4 documents the geologic characteristics of the Langebaan Road and 

Elandsfontein aquifers in the West Coast. 
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Table 4: Geologic characteristics of the Langebaan Road and Elandsfontein aquifers in the West Coast (Seyler H, Witthüser K, Holland 

M.2016, Tredoux, G & Engelbrecht, J F P, 2009, Timmerman, L. R. A. (1988). 
 
 

 
 

 
Epoch 

Geologic 

Unit(s) Member 
 

Sediment type 
 

Mineralogy 
 

Aquifer characteristics 

Cenozoic  
Sandveld 

Formation 
Witzand Calcareous sand dune Calcite [CaCO3], Gypsum [CaSO4·2H2 O], 

T = 125.1 m2/day 
k = 13.7 m/day 

 

  
Langebaan Calcretized limestone Halite [NaCl], Montmorillonite 

T = 17 m2/day 
k = 0.97 m/day 

 

  Velddrif 
Consolidated to unconsolidated marine 

shelly sand and Evaporite deposits 
[(Na, Ca)0.33(Al,Mg)2Si4O10(OH)2·nH2O]  

  
Springfontyn Silica sand and sandy soil Illite [K0.8Al2(Al0.8Si3.2) (OH)2], Quartz [SiO2] 

T = 237.4 m2/day 
k = 20.2 m/day 

 

  
Noordhoek Peaty sand Organic Carbon 

T = 220.3 m2/day 
k = 9.7 m/day 

 

Pliocene 
Varswater 
Formation 

Calcareous 
Calcareous sand and consolidated to 

unconsolidated phosphatic sand. 
Calcite [CaCO3], Gypsum [CaSO4·2H2O], 

T = 177 m2/day 
k = 7.1 m/day 

 

  Duynefontein Peaty sand and siltstone  Halite [NaCl], Montmorillonite 
T = 55.2 m2/day 
k = 4.46 m/day 

 

  Quartzite Quartzite sand Quartz sandstone NaAlSi3O8 
T = 560 m2/day 
k = 24.3 m/day 

 

  Silwerstroom Shelly gravel  
T = 187.2 m2/day 

k = 9.4m/day 
 

Late ‘Miocene’ Saldanha  Gravel Quartz [SiO2]  

Miocene Elandsfontein  Clay Illite [K0.8Al2(Al0.8Si3.2) (OH)2] 
T = 26.3 m2/day 
k = 1.1 m/day 

 

   Sands Quartz, Calcite [CaMg (CO3)2] T = 526.2m2/day 
k = 25.3 m/day 

    Gravel   
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The geological succession in the area comprises of the Sandveld group mostly, and the Elandsfontein 

formation. The table above represents an overview of the regional geology of the West Coast region 

specifically the formations that are found in the LRAU and EAU. 

 

3.9 Description of water levels in the West Coast aquifers 
 

The depth to the water table varies according to factors such as the topography, geology, season and tidal 

effects, and the quantities of water being pumped from the aquifer. The unconfined LRA has shallow 

water levels compare to the EA, which has deeper unconfined water levels. The elevation of the EA is 

higher this evidence supports the statement of the EA to be thicker and pristine environment compared to 

the LRA. The groundwater levels in the LRA confined unit commonly measured between 20 and 40 m. 

Whereas, the water levels of EA confined unit is found to be much deeper ranging between 50m and 64m 

(Table below). Water level does rise in winter months between 1 to 3m especially the LRA unconfined 

unit as these are sandy aquifers which make infiltration of precipitation easier. Whereas the EA 

unconfined unit is overlaid with a layer of calcrete which acts as an impermeable surface therefore the 

water levels of the unconfined EA unit does not variate often between seasons. Regional water levels can 

indicate the groundwater flow path as water moves along a hydraulic gradient. Water level takes 

elevation into consideration. The water level in the Langebaan Road confined aquifer has a North-

Westerly gradient (Tredoux, 2004; Timmerman, 1988). The recharge to the confined part of the LRAS 

occur on the South-Eastern side of the area where there is no clay and where the water levels in the joint 

unconfined and confined aquifer are topographically high enough (Woodford et al., 2003). Seasonal 

changes are less pronounced than expected and is likely to be indicative of the persistent drought 

conditions experienced for the past few years (Hay et al., 2012). Historically artesian boreholes were no 

longer considered artesian; it is suspected that this is as a result of persisting drought conditions (Seyler 

et al., 2016). Long term stress to one aquifer system can influence the adjacent system if a prominent  

hydraulic connection is present (Lin et al., 2014). The Elandsfontein clay layer varies in thickness; 

reaching a maximum thickness of 50m at its deepest point and minimum of 5m or less. Table 5 below 

represents the water level data of the different aquifer units in the study area. 
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Table 5: Water level of confined and unconfined units of the Langebaan Road and Elandsfontein 

aquifers. 

 

 

 BH number Aquifer Aquifer Type Latitude Longitude Depth to water Elevation WL 
         

 G33323 Langebaan Rd Unconfined -32,88549 18.24833333 3.3 10 6.7 

 G46024 Langebaan Rd Unconfined -33,02111 18.26667 7.2 99 91.8 
         

 G46028 Langebaan Rd Unconfined -33,008889 18.177778 9.6 48 38.4 

 G46060 Langebaan Rd Unconfined -32.94883333 18.20377778 4.1 34 29.9 
         

 G46092 Langebaan Rd Unconfined -32,94472 18.03333 1.0 27 26.0 

 G46106 Langebaan Rd Unconfined -33,01389 18.0575 5.4 14 8.6 
         

 BG00137 Langebaan Rd Unconfined -32.98583333 18.18936111 1.8 42 40.3 

         
 BH1A Elandsfontein Unconfined -33.18601667 18.13195 1.2 2 0.8 

 G33316 VL1 Elandsfontein Unconfined -33.13383333 18.19794444 16.0 63 47.0 
         

 G33316 VL2 Elandsfontein Unconfined -33.13383333 18.19794444 15.3 63 47.7 

 G33317 Elandsfontein Unconfined -33.113 18.21738889 15.5 78 62.5 
         

 G33505 Elandsfontein Unconfined -33.09061111 18.19211111 24.9 79 54.1 

         
 G46031 Langebaan Rd Confined -33,034167 18.183889 9.9 59 49.1 

 G46030 Langebaan Rd Confined -33,034167 18.183889 13.6 62 48.4 
         

 G46023 Langebaan Rd Confined -33,020833 18.266111 12.8 89 76.2 

 G46029 Langebaan Rd Confined -33,008889 18.177222 14.8 58 43.2 
         

 G46059 Langebaan Rd Confined -32.94869444 18.20388889 4.6 33 28.4 

 BG00136 Langebaan Rd Confined -32.98577778 18.18941667 15.3 42 26.7 
         

 G46096 Langebaan Rd Confined -33.0432 18.2219 14.0 74 60.0 

 G46064 Langebaan Rd Confined -33.0974 18.2303 30.0 78 48.0 
         

 G46105 Langebaan Rd Basement -32.98577778 18.18908333 13.3 39 25.7 

         
 G33505 B Elandsfontein Confined -33.09096667 18.19235 21.6 85 63.4 

 G33320A Elandsfontein Confined -33.0785 18.22538 13.0 75 62.0 
         

 G33315 Elandsfontein Confined -33.30458 18.22686 17.0 70 53.0 
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Chapter 4: Research design and methodology 
 

4.1 Introduction 
 

This chapter describes and explains the methods that were used to collect and analyse the data, as well as 

describe the research design approach. It also includes the data collection and analysis methods, quality 

assurance, research integrity for the study and finally the limitations of the study. 

 

4.2 Study approach 
 

The West Coast region is nationally known for its significant groundwater resources (Ractliffe, 2007). 

The current study focused on establishing the connectivity between the LRAU and EAU within the 

Lower Berg catchment. This study used a deductive approach, starting with the formulation of a 

hypothesis followed by the collection of data to address the hypothesis. This approach allows the 

hypothesis to be tested with specific data to confirm the original theories. 

 

Groundwater samples were collected with the aim to understand the chemical character and the dominant 

processes that produce the chemical and isotopic compositions of the water in representative aquifers. 

This would allow establishment of groundwater flow paths and mixing of the two aquifers using the 

hydrochemical and geophysical data. Solute transport vertically through a clay layer that separates two 

aquifers tend to move slowly as the dominant process is diffusion in a confined layer. However, the 

integrity and spatial continuity of the confined layer was assessed as groundwater flows through 

preferential pathways (Khan et al., 2016). This was a major factor in determining the inter-aquifer 

transport of solutes. 

 

4.3 Sampling design 
 

The study is intended to provide detailed site-specific or local information about the Langebaan Road 

Aquifer Unit (LRAU) and Elandsfontein Aquifer Unit (EAU) rather than broad characterization of the 

West Coast aquifer systems. This detailed information will include regional hydrogeological processes 

such as recharge manifest in the local aquifer units and a contribution to the groundwater flow paths. An 

extensive field program of groundwater-quality; isotope sampling, and aquifer profiling was completed 

over a period of a year. Groundwater sample collection was focused on public, state and privately-owned 

boreholes and springs within the study area. The collected samples were split into 2 main seasonal 

sampling campaigns: May 2017, August 2017 – considered representative of winter conditions and 

November 2017, February 2018 – representing summer conditions. A total of 29 groundwater samples 

were collected over the course of the study, 15 in LRAU and 14 in EAU (Figure 7). Most boreholes were 

sampled at a depth which ranged from 20 to 110 meters and was spatially distributed along the LRAU http://etd.uwc.ac.za/ 
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and EAU. The deeper boreholes tapped into the bed rock (G46105 and G30925) and 11 boreholes 

penetrated the confined aquifer. The 15 shallow boreholes tap into the unconfined aquifer. Some 

boreholes have screens found in both confined and unconfined aquifers. Boreholes have screens found in 

both confined and unconfined aquifers, these represent sites where the integrity of the confining layer and 

borehole infrastructure is questionable, and leakage and mixing can possible occur (Mitchell, 2013). 

 

4.4 Data requirements and data sources 
 

The field data consisted of both physical (which included water levels, GPS co-ordinates and elevation) 

and physiochemical parameters such as EC, pH, DO and TDS. Secondary data was made available for 

these sites. However, the field data was used to validate the secondary data found on the NGA databases. 

Maps were sourced from previous studies and were used in conjunction with recent geophysical data, 

which will be used to gain an understanding of the complex geology found in both aquifer units. Rainfall 

data was sourced from the DWS as it formed part of their quarterly monitoring programme on all four 

aquifer systems during the project period. 

 

4.5 Research methods 
 

4.5.1 Determining aquifer-aquifer interaction 
 

Aquifer-aquifer interaction is dependent on the ability of water to travel between aquifers vertically and 

horizontally. This relies heavily on local, regional hydraulic pressure and orientation of the aquifer 

systems. As groundwater enters and leaves the system, the gradient constantly changes with time as 

aquifer systems are dynamic in nature. 

 

There are a wide variety of techniques that are feasible and reliable. These techniques provide reasonable 

estimates of hydraulic properties for confined, semi-confined and unconfined aquifers. There are a range 

of methods that can be used to assess the connectivity between aquifers. However, using a single method 

does not allow understanding of aquifer-aquifer interaction. Initially groundwater level monitoring was 

used to determine the direction and potential rate of groundwater flow considering the rock properties. 

Thereafter the analysis of geological logs became a useful method as it is the primary record of the 

geologic formations penetrated by the borehole. This can assist with preliminary understanding porosity, 

degree of fracturing and determining the preferential flow paths within the formations. 

 

Hydraulic methods are those which are conducted in the field. This method records changes to the 

hydraulic head due to natural or artificial stresses applied to a groundwater system. From the data 

collected in the field, mathematical methods may be applied to estimate leakage from confined layers 
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between aquifers and induced gradient between the two systems (Kresic, 2007). There are three main 

field methods which can be used: 

 

1) Single well tests where a stress is applied to and response is recorded in the same well 
 

2) Multiple well tests, where a stress is applied to one well and the response is recorded at one or 

more observation wells 
 

3) Passive tests, where the response to natural stresses can be recorded at multiple wells (Ronayne et 

al., 2008; Illman et al., 2011). 
 

The latter method relies on a naturally occurring stress that is unpredictable and seasonally reliant 

which poses a limitation to using this method. 

 

A multiple well test, provides more information as compared to the single well test. The ideal situation of 

the spatial distribution of the observation boreholes was where they were found in the overlying and 

underlying aquitard and aquifer (Figure 11). Using this method, it was possible to detect leakage from the 

aquitard/aquifer to the tested aquifer, which may be assessed. However, the multi-well test is an 

expensive and time-consuming process and therefore could not be executed in this study. This method 

was recommended to implement for further accuracy as it provides detailed information to determine 

aquifer connectivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: Pumping test example designed to determine characteristics of the tested aquifer, nature of 

the aquitard and possible leakage from the aquitard and overlying unconfined aquifer (Kresic, 2007). 

 

There is vast amount of methods available to determine the horizontal and vertical hydraulic connection 

between two adjacent aquifers. Methods that have been implemented by Alley and Taylor, (2001); 

Lamontagne et al., (2013) and Hassen et al., (2016) to test the flux between the two systems are based on http://etd.uwc.ac.za/ 
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Darcy‘s Law that states groundwater will flow across a gradient from high hydraulic head towards the 

low hydraulic head. The advantages of using this physical method is that with extensive number of 

boreholes that is spatially disturbed an accurate water -level contour map can be constructed. With this, 

groundwater flow can be established and with geological information of the study a conclusion can be 

made with leakage or one system feeding the other system (Ochoa-González et al., 2015). However, the 

physical method relies on the boreholes to be spatially distributed and is a t ime-consuming process. A 

pumping test is also an excellent method to use for this purpose as Ronayne, Gorelick and Caers, (2008); 

Illman, Berg and Alexander, (2011) initially used it to determine the estimated aquifer parameters of the 

two systems. In conjunction, stressing the one aquifer and monitoring the response on the other aquifer 

can indicate leakage between the two systems (Hillier, 2010). This is however not the most feasible 

method and to stress an aquifer at a regional scale will take more than a few weeks. Lastly, the 

geochemical analysis approach incorporates the multiple tracer method. This include the geochemical 

data collected for both aquifer units. This can allow for the determination of the source of groundwater 

and the processes the groundwater went through in order to have that signature. Based on each aquifer 

system having a distinct signature, if mixing between the two systems is present both adjacent aquifers 

will have similar isotope and geochemical signatures (Mant et al., 2016). 

 

Geophysical analysis was conducted using magnetic methods in this study as complementary method to 

hydrochemical analysis. Very Low Frequency (VLF) equipment was used find structures such as faults, 

fractures and lineaments where useful quantities of groundwater can be present. The VLF measurements, 

the use of a remote radio station in this case it was the Rugby in Great Britain transmitting on the VLF 

band (Very Low Frequency of 16 kHz and 750 kW power). These radio waves were disturbed by 

electrically conductive formations in the bedrock. The instrument picks up steeply dipping, water-bearing 

fracture zones (Ismail, 2016). The disturbances or anomalies highlighted using the VLF measurements is 

used to locate the geological structures. 

 

A magnetometer detects fluctuations in the gravitational and magnetic field of the earth and is able to 

detect small changes in the magnetic properties of different rock formations. The proton magnetometer 

uses the principle of Earth Field Nuclear Magnetic Resonance (EFNMR) to measure very small 

variations in the earth‘s magnetic field. It is calibrated in nanotesla with a sensitivity of 0.1 nanotesla. In 

South Africa the strength of the magnetic field varies between 27 000 to 38 000 nanotesla between the 

North and South poles. 
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A magnetometer usually consists of the sensor and the electronic measuring unit, with a digital display 

that shows the earth‘s magnetic field. A direct current flowing in a solenoid creates a strong magnetic 50 

field around a hydrogen rich fluid causing some of the protons to align themselves with that field. The 

current is then interrupted, and as protons realign themselves with the ambient magnetic field, they re-

orientate at a frequency that is directly proportional to the magnetic field. This produces a weak rotating 

magnetic field that is picked up by an inductor, amplified electronically, and fed by a digital frequency 

counter whose output is displayed as field strength (Valenta, 2015). 

 

The proton magnetometer is also able to detect the influence a geological intrusion or fracture zone has 

on the earth‘s magnetic field. Intrusive geological structures or faults that are not vertically orientated 

cause a magnetic field that drops below the average on the opposite side in the direction of the dip / 

plunge of the structure. Based on the time frame, feasibility and meeting the objectives of the study, the 

multiple tracer method in conjunction with geological assessment can be used to achieve the aim of this 

study. 

 

4.5.2 Field procedures 
 

Groundwater samples were collected using the water quality stabilising method. The pump was lowered 

to the appropriate screen depth within the borehole. Groundwater was pumped from the borehole using 

the low-flow purging method. The sampled water was collected in a rinsed 20 litre (L) plastic bucket 

while field parameters were simultaneously being measured using the multi-probe. The stabilization 

method was applied which was based on continuously monitoring groundwater field parameters such as 

EC, Temp and pH during purging until the parameters stabilized within an acceptable range. At this point 

the stagnant water is presumed to be removed and steady-state conditions achieved. When parameter 

stabilization occurs, the sample is presumed to be representative (Johnson et al., 2012). Samples were 

collected in plastic bottles, which were rinsed three times with sample water prior to sampling. A 1 litre 

sample was collected for chemical and tritium; stable isotope in a 50ml bottle; and carbon 14 sample size 

was determined by the field alkalinity which ranged from 50L-100L samples. Care was taken to avoid 

head space in the sample bottles and to prevent the sample having contact with oxygen. Samples were 

stored in cooler boxes where they were kept in ice continuously until refrigeration was available. 

 

The magnetic geophysics was conducted by standing still, press the activation button, and to write down 

or store the readings. The distance between readings was 5 meters and is determined by the thickness of 

the anomalies that are investigated. It must be noted that due to its sensitivity a magnetic object as small 

as a steel pen or watch, can influence the reading if held near the sensor. The WADI (VLF) instrument 
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readings were taken at every 10 meters when the signal was strong. The process was repeated up and 

down the traverse. 

 

4.6 Data analysis methods 
 

4.6.1 Sub-surface mapping and cross-sections 
 

Geological information owned by the Government was accessed using official pathways. The 

Department of Water and Sanitation has the National Groundwater Archive database (NGA) where the 

borehole logs are available. These lithological logs have been extracted and used as the basis for the 

geological cross-sections for this study. The borehole logs were simplified into the different lithological 

layers found and GPS co-ordinates was recorded. This was prepared on an excel spreadsheet and was an 

input for the AutoCAD software. This software is a tool for designing 2-D and 3-D graphical 

representations of the borehole logs. The latest geological map for the West Coast of South Africa was 

used to help interpolate the areas where borehole logs were missing. The wide application and 

acceptability are the most beneficial when applying this software tool. Cross-interpretation of borehole 

logs shows geological profiles. These cross-sections were selected at sites where data of the borehole 

logs were available and, in areas, where criteria and conditions are expected to be favourable for aquifer-

aquifer interaction to take place. The advantage of using computer programmes is such that log profiles 

can be updated in the future when more information becomes available. Logs are visually more appealing 

and legible. Such logs can be adjusted to scale as compared to those completed by hand. 

 

4.6.2 Groundwater flow dynamics: Mapping groundwater flow direction 
 

In order to map groundwater flow direction and rate potentiometric surface maps needs to be generated 

using the surfer programme. This is done by individual measurements of hydraulic head combined with 

water level contour maps. Water level contour map is constructed by subtracting the depth to water level 

from the ground surface elevation (Mohammed et al., (2014). This map indicates the groundwater flow 

towards the lower surface elevation areas which in this case is towards the Atlantic Ocean. This study 

area is coastal zone which is the discharge zone for the area regionally. This study used a combination of 

two methods to fully understand the groundwater flow system in the West Coast area. Groundwater-level 

and geochemical data were used in context with the hydrogeologic framework to assess regional 

groundwater-flow paths, recharge sources, and groundwater mixing and discharge in the study area. 

Investigation and analysis of the 
14

C and tritium levels in the study area will contribute to delineating 

groundwater flow paths and mixing between aquifers. 
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4.6.3. Hydrogeochemistry Analysis 
 

Analysis of the geochemical and isotopic samples provided insights into the chemical characteristics of 

water from different sources and different aquifers. Chemical characteristics of water from different 

sources were used to qualitatively evaluate aquifer interaction, groundwater flow paths, water-rock 

interaction, and mixing of water from different sources and to identify likely source waters and 

geochemical end members (distinct water types). 

 

Laboratory analysis 

 

Major ions 
 

Chemical analysis of all groundwater samples was done at the CSIR laboratory. All samples were kept 

refrigerated in the laboratory between analyses. Alkalinity titrations were performed using an automated 

Titrator operated to deliver 0.1 M HCl incrementally for equivalence point titration. Calibration of the 

HCl solution was performed using Na2CO3 solutions of known concentrations, and the pH probe was 

calibrated using standard pH buffers. Alkalinity is reported in mg/L acid neutralizing capacity (ANC) as 

CaCO3. 

 

Major cations (Ca, K, Mg, and Na) were analysed using an Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). Through this method, the specific wavelengths of a cation‘s emission spectra 

were separated using an echelle polychromator and the intensities were measured using a segmented-

array charge-coupled device (SCD). Detectable wavelengths range between 163 and 403 nm. 
 

Major anions (Cl and HCO3) was analysed separately, chloride analyses were done on the FIA (Flow 

Injection Analyzer). The sample is filtered through a 0.45μm filter using a 20ml syringe into the test-

tube. Chloride reacts with mercuric thiocyanate, which is prepared by dissolve 4.17 g mercuric 

thiocyanate (Hg (SCN)2) in 500 mL methanol, liberating thiocyanate ion by the formation of soluble 

mercuric chloride. In the presence of ferric ion, free thiocyanate ion forms a highly coloured ferric 

complex, and the absorbance is measured at 480 nm. The alkalinity of water is defined as the capacity 

that some substances must take up protons. In other words, to react with an equivalent quantity of strong 

acid, examples of such substances are hydroxide ions and anions of weak acids, e.g. Bicarbonate, 

carbonate, phosphate and silicate. The equivalent quantity of strong acid required to neutralize these ions 

is equal to the total alkalinity. The alkalinity is calculated by titration of known volume of sample to a 

predetermined endpoint, using an auto-titrator. There are two general pH endpoints and the test method 

we use uses the m-Alkalinity endpoint of pH 4.5. 
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Tritium 
 

The samples were distilled and subsequently enriched by electrolysis. The electrolysis cells consist of 

two concentric metal tubes, which are insulated from each other. The outer anode, which is also the 

container, is of stainless steel. The inner cathode is of mild steel with a special surface coating. Some 500 

ml of the water sample, having first been distilled and containing sodium hydroxide, is introduced into 

the cell. A direct current of some 10–20 ampere is then passed through the cell, which is cooled because 

of the heat generation. After several days, the electrolyte volume is reduced to some 20 ml. The volume 

reduction of some 25 times pro-duces a corresponding tritium enrichment factor of about 20. Samples of 

standard known tritium concentration (spikes) are run in one cell of each batch to check on the 

enrichment attained. For liquid scintillation counting samples are prepared by directly distilling the 

enriched water sample from the now highly concentrated electrolyte. 10 ml of the distilled water sample 

is mixed with 11 ml Ultima Gold and placed in a vial in the analyser and counted 2 to 3 cycles of 4 hours. 

Detection limits are 0.2 TU for enriched samples. 

 

Carbon-14 
 

Carbon-14 field sampling is more complex than sampling for stable isotope or tritium. The objective is to 

obtain the minimum amount of Total Dissolved Inorganic Carbon (TDIC) from a water sample that can 

be analysed for 
14

C. The TDIC is precipitated out of 50L-100L water sample by adding NaOH and 

BaCl2 to the solution. An alkalinity titration test is done to determine the amount of carbonate species in 

the water sample. A precipitate is added so that the carbon precipitates out of the sample. This precipitate 

is collected in a 1 L bottle stored in a cooler box which is then couriered to iThemba laboratories in 

Pretoria for analysis. 
 

CO2 is generated by acidification of the field precipitate with phosphoric acid (H3PO4). The CO2 sample 

gas is transferred from the production/purification line into a 1 litre Pyrex flask, the pressure (610 mmHg 

max.) is measured on a manometer and this measuring volume isolated. 10 ml of Carbosorb is pipetted 

into a standard 20 ml low-K glass counting vial that is attached to the system through a vacuum-tight, 

flexible connection. Air is removed by opening the vial briefly to roughing vacuum. The CO2 sample is 

then transferred quantitatively from the measuring volume by freezing with liquid N2 into a small trap 

which forms part of a low-volume (~60 ml) section of the system. The trap is pumped to high vacuum to 

remove residual non-condensable gas. The small volume section is isolated, the tap to the vial opened 

and the CO2 allowed to sublimate whilst the vial is shaken by hand. The rate of CO2 absorption usually 

balances its release from the trap through ambient (~25
o
C) warming, at pressures around 300-400 torr. 

The rate may be controlled when needed by slightly heating the trap or briefly cooling it with liquid N2. 
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Uncooled, the rate of absorption un-der these conditions causes the temperature of the Carbosorb in the 

vial to rise to 70
o
C. This does not seem to have any deleterious effect on the counting characteristics. 

However, the NH4 released by the Carbosorb forms a gas ―blanket‖ over its surface, through which the 

CO2 has to diffuse, the absorption rate dropping to near-zero at an equilibrium pressure of some 150 torr. 

When the vial is kept cool in a water bath, the equilibrium pressure reduces to some 40 torr, implying 

more complete CO2 absorption, due to lower NH4 pressures above the Carbosorb surface. 

 

The counting vial is removed from the vacuum system and 10 ml Permafluor is added. The vial is capped 

tightly, and the cocktail shaken well before counting. Because of a considerable overlap between the β 

pulse height spectrum of 
14

C and the α spectrum of 
222

Rn, samples for radiocarbon analysis need to be 

stored for about three weeks in order to allow 
222

Rn (t1/2 = 3.85 days) to decay to below significant 

levels. The prepared sample cocktails are therefore placed immediately in the cooled and darkened 

sample changing chamber of a Hewlett Packard TriCarb liquid scintillation spectrometer. After the 
222

Rn 

intensity has sufficiently declined, samples are counted four times at four hours duration of each count. 

The results are expressed in percent modern carbon (pMC). 

 

4.6.4 Developing a hydrogeological conceptual model 
 

The initial planning and conceptualizing phase focused on assessing all existing models done in the West 

Coast area. This process included the reviewing of previous methodologies used to establish the 

conceptual understanding of the area. In many cases, aquifer systems assessed to be sustainably 

exploitable are well researched. In this case, the initial step of developing the conceptual model was to 

consolidate the available data. This included a detailed understanding of the various processes such as: 

the occurrence of rainfall; geology; infiltration and discharge and existing flow systems. These processes 

reviewed on a local and regional scale (Edwards et al., 2015). When describing a conceptual model, the 

aquifer geometry should be considered as it comprises of the thickness of the system; the boundary 

conditions; type of aquifer system and lastly the hydraulic parameters which is dependent on the aquifer 

material (Luoma et al., 2016). 

 

The aquifer system in the West Coast is complex, the Langebaan Road Aquifer (LRA) and Elandsfontein 

Aquifer (EA) consist of multiple layered aquifer units. The main aquifers of the LRA and EA are found 

in the Cenozoic sediments overlying the bedrock. The bedrock consists either of Malmesbury Shale or 

Cape Granite. A prevalent clay layer can be found in the area which varies in thickness, extending over a 

large part of the area, and effectively separating the sediments into an unconfined and confined aquifer. 

Fractures in the bedrock do yield water and thus the bedrock itself can also be considered an aquifer 

(Woodford, 2005). http://etd.uwc.ac.za/ 
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When describing a conceptual model for the West Coast area, it should include the geomorphology, 

suitable areas where recharge and discharge are expected, and the analyses of hydrogeological; 

precipitation; and geochemical data, respectively. 

 

Furthermore, a preliminary water balance which indicates whether there is an approximate understanding 

of the flow components needs to be included. The water budget should include a quantitative description 

of the inflows such as recharge, and outflows such as abstractions and discharge. The water budget 

should also focus on both the natural and anthropogenic inputs, including how it may affect the system. 

 

4.6.5 Model requirements 
 

There are inputs needed for a conceptual model to be successful. The more data in line and appropriate to 

answering the aim of the conceptual model, the more accurate the result. The data inputs include 

geological logs, water level records and results of hydrochemical and stable isotope analysis that were 

examined. The geological logs were used as the basis of the geological cross-section. Parallel and 

perpendicular cross- sections were suggested. One cross-section was identified which presented the aim 

of the conceptual model. Water level data was firstly used for groundwater flow paths and secondly, to 

determine if an induced gradient was created as the one system was put under stress. 

 

Geochemical data was used to delineate groundwater flow paths and used as a tracer for solute transport 

and geochemical reactions. These data inputs were used to produce a conceptual hydrogeological model 

which displayed the connectivity between the two aquifer systems. As any conceptual model forms the 

basis to develop a numerical model. All the data sources available; the significant amount of groundwater 

resources in the area; and due to the water scarcity (specifically in a semi-arid environment) this will not 

only be important but necessary and valuable for groundwater modelling in this area. 

 

4.7 Quality assurance 
 

Quality assurance is a set of operating principles which are strictly followed during sample collection and 

analysis, which will produce data of known and defensible quality. Quality assurance involves the use of 

consistent procedures, increasing the validity of data, comparison among sampling locations and events. 

 

According to Tension (2009) besides forming and following the reliable standard operating procedure 

(SOP), many useful alternative quality control measures can be included in analytical routines. These 

include; (1) Routine analysis of duplicate samples, (2) Collecting, handling and storing samples properly 

and document the entire sampling event, (3) Using appropriate purging; sampling equipment and 

procedures; decontaminate and store equipment properly, (4) Occasional analysis of blanks such as 

distilled water which have been subjected to the same range of field and laboratory preparation steps as 
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the real sample. These can assist in determining where contamination entered the analytical process, 

resulting in false positive measurements. CSIR lab was used in this study to analyse the water samples 

collected in the field and is an accredited Accreditation System (SANAS). Lastly, Ion balance errors 

were calculated and examined for each groundwater sample as a quality-assurance check of the chemical 

analyses. This is done to confirm that the data is useable. The ion balance was calculated (in meq/L) as 

the total dissolved-cation concentration subtracted by the total dissolved-anion concentration and divided 

by the total concentration of ions dissolved in solution (Table 3, p. 40). An ion balance error of 5% is 

generally regarded as an acceptable error, data with ion balance error above 5% would thus be outside of 

the acceptable data quality standard. The tools and instruments used to collect the data at various sites 

were calibrated before each field visit and were consistent. This ensured that if error were to be 

introduced, it would be constant. 

 

4.7.1 Quality assurance and statistical analysis 
 

According to the principle of electroneutrality, water cannot carry a positive or negative electrical charge 

but must always be electrically neutral. Given that most dissolved species carry a charge, 

electroneutrality demands that the sum of equivalents of positively charged species matches the sum of 

equivalents of negatively charged species (Younger,2007). This principle can be used to check the 

credibility of the water analysis. This is done by calculating the cation-anion balance (CAB) of the water 

(Younger,2007), which is defined as: 
 
 
 
 
 

 

If a CAB value is less than 5%, then the analysis can be regarded as sufficiently accurate. If the CAB lies 

within the range of 5-15%, the analysis should be used with caution, while those analyses with CAB 

values greater than 15% cannot be regarded as sufficiently reliable to justify using them for serious 

scientific purposes (Younger, 2007) and (Weaver et al., 2007). According to the CAB criteria all 

groundwater samples collected fall within the sufficiently accurate range. All data presented can be used 

confidently to support the research in this study. 
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Table 6: Cation-Anion balance for all groundwater samples. 
 

 

No Borehole ID Anions (meq/L) Cations (meq/L) CAB% 

1 BH1A  14,41 10,94 1,32 

2 G33316 VL1 11,53 8,46 1,36 

3 G33316 VL2 11,23 8,26 1,36 

4 G33317  11,31 8,29 1,36 

5 BG00074 10,52 7,69 1,37 

6 G33320 B 10,99 8,74 1,26 

7 G33502C 12,66 9,46 1,34 

8 G33505  5,93 4,25 1,4 

9 G33323  17,44 16,03 1,09 

10 G46024  5,19 4,3 1,21 

11 G46028  11,17 8,17 1,37 

12 G46060  11,67 8,74 1,33 

13 G46092  37,63 35,54 1,06 

14 BG00137 16,61 13,38 1,24 

15 G46030  8,7 6 1,45 

16 G46023  6,8 5,26 1,29 

17 G46029  9,69 6,71 1,45 

18 G46059  8,7 6,57 1,32 

19 BG00136 5,17 4,78 1,08 

20 G33505 B 7,86 5,35 1,47 

21 BH3  16,52 13,3 1,24 

22 G33315  10,21 7,3 1,4 

23 G33320 A 10,14 8,24 1,23 

24 G33502A 11,85 8,32 1,42 

25 G46106  113,77 109,23 1,04 

26 BH2  1126,22 1119,06 1,01 
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4.8 Research limitations 
 

A few limitations occurred in this study, during the August 2017 field visit electrical problems occurred 

with the pump. This limited the borehole to be purged for the rest of the field visit and samples were then 

collected with a specific depth sampler which extends to the desired screen depth and takes a sample. The 

pump was sent for repairs and was fixed for the next field visit. Accurate completion of objectives was 

met with difficulty due to the vast size of the study area. Although intensive research had already been 

completed in the West Coast area, occurrences of connectivity between the aquifers are widely spread 

this hindered the accuracy of finding out exactly where the connectivity occurs and to what extent it is 

connected. Due to a restricted budget, the field activities could not take place as planned. 

 

4.9 Research integrity 
 

Research integrity is based on four principles: Honesty in all aspects of research, accountability in the 

conduct of research, professional courtesy and fairness in working with others, good stewardship of 

research on behalf of others and professional responsibilities (Resnik and Shamoo, 2011). In this study, 

permission was granted to gain access to data and study sites. There were clear, accurate records of all 

research collected at the various sites. The data and findings were shared openly and promptly to the 

research team. Evidence and report findings of the data underwent critical analysis. The interpretations 

were completed to answer all objects of the proposed research. Stakeholders and farmers were properly 

informed in detail about the proposed study and the significance of the research. Research was conducted 

in an ethical manner and standard environmental procedures were followed to prevent harming the 

environment in any way. All participants were treated with dignity and respect and were truly informed 

of all procedures taking place at their properties. 
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Chapter 5: Results and discussion 
 

5.1 Introduction 
 

The first section of this chapter focuses on quality assurance to assure that the data used for this chapter 

is of a good quality. The chapter highlights the key results and discussion based on the three objectives 

mentioned in chapter one. Geochemical processes and integrated water flow can help identify 

groundwater sources and solute transport in a groundwater system. Results of this study are organized 

based on three analytical approaches: 1) geochemical analysis, 2) isotope analysis and 3) geophysical 

analysis. These will be discussed with relevance to the main objectives of the study. The groundwater 

chemistry analyses results have been used to identify and describe the hydrogeochemical processes 

governing the groundwater evolution and their contribution on the overall groundwater quality. 

 

5.2 Hydrogeochemical data 
 

A complete list of the major and minor ions detected in the groundwater during the monitoring period 

presented in Table 7. The various parameters are presented in the Table 7 and their statistical measures 

such as the maximum and minimum concentrations of major and other important ions, in Table 8. 
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Table 7: Representation of the chemical concentration data of the Langebaan Road and Elandsfontein 

Aquifer Units. 

 

  BH number Aquifer Aquifer Type  K Na Ca Mg SO4 Cl HCO3 EC pH TDS 
                

  BH1A Elandsfontein Unconfined  3,875 118 87,5 16 34 215,25 233,63 122 7,8 781 
                

  G33316 Elandsfontein Unconfined 0,95 95 70 9,65 23,5 161,5 198,25 88 7,8 563 

  VL1              
                

  G33316 Elandsfontein Unconfined  0,8 93,75 67,25 9,6 20,5 158,75 193,37 86 7,95 550,5 
  

VL2 
             

               
                

  G33317 Elandsfontein Unconfined 1,7 104,25 59,5 8,85 9,6 170,5 192,76 87 7,8 556,75 
               

  G33320 B Elandsfontein Unconfined  1,25 111,5 61,5 9,45 29 203 142,74 94 7,75 602 
                

  G33502C Elandsfontein Unconfined 1,7 110,75 65 16,25 22,5 205,25 196,12 104 7,9 665,75 
               

  G33505 Elandsfontein Unconfined  1,86 70,33 14 5,3 0,83 88 104,92 47 8,033 300,66 
                

  G33323 Langebaan Rd Unconfined 4,55 248,25 64,5 22,75 43,25 407,25 155,55 165 7,875 1056 
               

  G46024 Langebaan Rd Unconfined  1,1 54,66 29,66 4,9 23 91,67 65,06 47 7,53 305 
                

  G46028 Langebaan Rd Unconfined 2,175 85,75 71,75 9,6 19,5 156,75 193,98 82 7,85 528 
               

  G46060 Langebaan Rd Unconfined  1,925 113,25 59,75 9,35 25,75 189 177,51 95 7,8 607,75 
                

  G46092 Langebaan Rd Unconfined 12,785 631,45 61,95 55,87 67,75 1085,8 174,34 379 7,44 2425,55 
               

  G46106 Langebaan Rd Unconfined  23,25 1903,25 205,5 187,25 426,25 3251,25 413,58 1075 7,65 6880 
                

  BG00137 Langebaan Rd Unconfined 2,9 163,25 89,5 20,75 60 282 226,92 134 7,875 860,75 
               

  G46030 Langebaan Rd Confined  2,3 81,75 38 5,875 1,05 106,25 173,55 64 8,18 409,75 
                

  G46023 Langebaan Rd Confined 1,25 62,25 43,75 4 13,25 108,5 106,14 58 7,75 371,25 
               

  G46029 Langebaan Rd Confined  2,875 81 47 9,125 1,7 118,5 193,07 70 8,08 448 
                

  G46059 Langebaan Rd Confined 1,3 82,33 48,33 6,5 14,33 137 138,78 71 7,9 457,75 
               

  BG00136 Langebaan Rd Confined  1,2 74,25 23,5 4,15 1,225 147,25 30,81 56 7,65 358,25 
                

  G33505 B Elandsfontein Confined 1,7 79 28 5,625 1 95,75 157,08 58 7,975 371 
               

  BH3 Elandsfontein Confined  3,8 171 88,66 16 33,66 306 220,41 140 7,83 900,33 
                

  G33315 Elandsfontein Confined 1,35 79,5 63,5 7,6 13,5 133,5 188,49 75 7,65 480 
               

  G33320 A Elandsfontein Confined  1,25 109 54 9,25 26,5 199 122 89 7,6 569,5 
                

  G33502A Elandsfontein Confined 1,975 111 57 7,15 1,7 154,25 228,14 86 8,075 553,75 
               

  BG00074 Elandsfontein Confined  1,85 96,75 56,75 7,175 10,1 150,75 185,44 81 7,775 518,5 
                

  BH2 Elandsfontein Unconfined 662,25 19984,25 795,25 2321,25 4990,75 35987,5 346,48 8600 7,4 55040 
                

 
All units are mg/l except EC is µS/m 

 

Geochemical tracers such as major ions, stable and radioactive isotopes are mostly used to characterize 

the aquifers and provide a conceptual understanding of the hydraulic connection between them (Zlatos, 

2008). Groundwater in the overall area generally has moderate to high salinity, with total dissolved 

solids (TDS) ranging from 300 to 2425 mg/l, with an average value of 635 mg/l (median=552 mg/l). 

The pH values are between neutral to moderately alkaline pH ranging from 7.4 to 8.2, with an average 

of 7.8. The groundwater had moderate to high EC values ranging from 470 to 3790 μS/m, temperature 

values ranges between 21.6°C and 28°C (average 24.0 °C). 

 

The DOC values of EAU had average of 3.4 mg/l and LRAU had average 4.8 mg/l. Generally, the 

unconfined aquifer for Elandsfontein and Langebaan Road aquifers has a higher DOC value compared 

to the confined units.  
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The high DOC observed in the unconfined parts of the aquifer can be attributed to the presence of a peat 

layer (Neilson et al., 2018). Peat is a type of sedimentary layer comprised of organic matter. DOC 

concentration is influenced by recharge, abstraction, surface and subsurface processes where organic 

matter is present. The DOC is high in the study area, with an average of 4.7 mg/l which according to 

Saskh2o.ca (2018) and Regan et al (2017) is above the threshold of 2 mg/l. Whilst concentrations above 

4mg/l generally indicate anthropogenic influences and/or contamination issues and can potentially 

compromise water safety (Focazio et al., 2017). DOC conditions in the groundwater suggests that waters 

have retained contact with the decomposed organic material which may partially dissolve (Cartwright et 

al., 2004). Table 8 shows the minimum, maximum and average concentrations of cations and anions in 

solution, with n denoting the number of samples and standard deviation and the coefficient of variance 

also indicated for each borehole. The results obtained showed that the concentration of dissolved major 

cations and anions in the groundwater vary spatially and mass abundance was in the order of Na 
+

 > 

Ca
2+

 > Mg
2+

 >K
+
 for cations and Cl

-
 > HCO3 

-
 > SO4 

2-
 . 

  
Samples were removed from the statistical table 8 as it would cause analytical error. During the quality 

assurance process of the geochemical data the outliers were easily identified. These outliers were 

removed so that the data could reflect the true trends and processes. The values were assumed to be 

outliers due to location of samples or contamination at that borehole. In this case boreholes BH2 and 

G46106 were marked as outliers which are located closest to the ocean and is placed in the discharge 

zone. Tidal influences on the water level and potential chemical interaction (via Saltwater intrusion) in 

the interface zone may influence the salinity causing exaggerated values at these boreholes. 

 

5.3 Summary Statistical Analysis 
 

Table 8: Statistical variation of the various investigated parameters 

 

  K+ Na+ Ca+2 Mg+2 SO4
-2 Cl- HCO3

- 
EC pH TDS 

 N 25 25 25 25 25 25 25 25 25 25 
             

 Maximum 12,8 631,5 89,5 55,9 67,8 1085,8 233,6 3790 8,18 2426 
             

 Minimum 0,8 54,67 14 4 0,8 88 30,8 470 7 300,67 
             

 Average 2,4 126,17 56,27 11,7 20,72 211,31 166,63 990,2 7,83 635,03 
             

 SD 2,4 115,2 19,7 10,7 17,9 200,4 51,2 66,5 0,2 425,3 
             

 CV 0,99 0,91 0,35 0,91 0,86 0, 95 0,31 0,67 0,022 0,67 
             

 
SD: Standard deviation and CV: Coefficient Variation 
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The summary statistics of hydro-chemical compositions of groundwater samples in this study are 

presented in Table 8. The analysis indicates that most of the groundwater samples are dominated by Na
+

 

over other cations, whereas HCO3
−
 and Cl

−
 are the dominant anions. Moreover, all the major ions have 

low coefficients of variations (CV) (Table 8, p.61), indicating that the hydro-chemical compositions of 

the samples show a low variability within the study area. Na
+
 and Cl

−
 exhibit large but similar variations 

between minimum and maximum values, and the standard deviation is lower than the average value. This 

indicates that the geochemistry of the study area is homogenous. This could indicate mixing between the 

EAU and LRAU. A confined aquifer should have a distant hydrochemical signature compared to a 

unconfined aquifer. Both aquifers show similar hydrochemical signatures which indicate leakage 

between the two aquifers. In agreement with previous studies (e.g. Tredoux and Timmerman (1985) 

Engelbrecht (2009), Hay et al., (2010)), the groundwater samples in this study have low SO4
2−

, moderate 

Ca
2+

, Mg
2+

values, and high Na
+
, Cl

−
 and HCO3

−
 . There are two samples BH2 and G46106 were 

excluded from this statistical table as the CV and SD values were skewed and represented extreme values 

in the data set, resulting from special conditions (regarded here as an outlier to the dataset). 

 

 

In this study, a trilinear piper diagram was used to illustrate groundwater composition, dominating ions, 

and groundwater type. The piper diagram is useful for displaying the chemical ratios and relationships 

among groundwater samples in more definite terms (Sadashivaiah et al., 2008). A correlation matrix was 

used to assess the correlation between the hydrochemical parameters (Table 9, p. 63) in the groundwater 

of this multi-layered aquifer system. Isotope analyses, Gibbs plots, and bivariate analyses of the 

compositions were conducted to determine the origins, controlling physical/chemical processes and 

material sources of the groundwater respectively. Based on the understanding of the groundwater origins 

and the controlling processes, the groundwater dynamics were analysed to assess the risk of saltwater 

intrusion into this coastal aquifer system. 
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Table 9: Correlation Matrix Bold values indicate significant correlation 

 

 Cl Na pH Ca Mg Na K HCO3 SO4 Cl F DOC EC (Us/cm) TDS 
               

Cl 1              

Na 0,963 1             

pH -0,159 0,054 1            

Ca 0,665 0,544 -0,311 1           

Mg 0,905 0,858 -0,126 0,758 1          

Na 0,963 1,000 0,054 0,544 0,858 1         

K 0,647 0,736 0,345 0,332 0,649 0,736 1        

HCO3 0,361 0,386 0,205 0,770 0,548 0,386 0,398 1       

SO4 0,790 0,684 -0,371 0,743 0,832 0,684 0,374 0,328 1      

Cl 1,000 0,963 -0,159 0,665 0,905 0,963 0,647 0,361 0,790 1     

F -0,448 -0,284 0,537 -0,575 -0,318 -0,284 -0,017 -0,118 -0,558 -0,448 1    

DOC 0,280 0,227 -0,209 0,072 0,180 0,227 -0,261 -0,230 0,376 0,280 -0,237 1   

EC 0,965 0,930 -0,111 0,799 0,946 0,930 0,676 0,575 0,807 0,965 -0,456 0,174 1  

TDS 0,965 0,930 -0,111 0,799 0,946 0,930 0,676 0,575 0,806 0,965 -0,456 0,174 1,000 1 
               

 

All the cations, Mg
2+

, HCO3
−
 and SO4

2−
 showed a very good positive correlation with Ca

2+
 of (R

2
) 

value 0.758, 0.770 and 0.743, respectively. Calcium and magnesium were the dominant cations and 

bicarbonate was the dominant anion in most of the groundwater samples. The abundance of Ca
2+

 and 

Mg
2+

 in the groundwater could be related to the presence of carbonate rock in the basin, as the 

weathering of carbonate and silicates may contribute Ca
2+

 and Mg
2+

 in the groundwater. Calcium and 

fluoride ratio have a high negative correlation of R
2
 value = -0.575. This can be attributed to weathering 

and leaching of fluoride-bearing minerals in rock formations under alkaline environments which lead to 

the enrichment of fluoride concertation in groundwater. The negative correlation between Ca
2+

 and F
-
 is 

due to decreased calcium concentrations occurring under alkaline conditions, which increases the 

solubility of fluoride-bearing formations thereby increasing fluoride concentrations in groundwater 

(Odiyo and Makungo, 2012). 
 

EC, Na
+
 and TDS showed a good positive correlation with Cl

−
, R

2
 value of 0.965, 0.963 and 0.965, 

respectively (Table 9). The strong correlation between TDS, EC, Na
+
, and Cl

−
 showed that these ions 

could be derived from the same source. Moreover, there was a significant correlation (r
2
 = 0.737; P < 

0.05) between Na
+
 and Cl

−
, which indicated that groundwater salinity in the plain may have originated 

from three sources saltwater intrusion, evaporated deposits, and fossil saline water entrapped in the 

sediments (Sheikhy Narany et al., 2014). The Na
+
 was the dominant cation, while Cl

−
 was the dominant 

anion in both aquifer units. The groundwater samples were classified as Na-Cl type, which represents a 
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saline water type. The dominant ions in this group are Ca
2+

, K
+
, HCO3

−
 and CO

2-
, demonstrating the 

dominance of rock– water interactions as well as the dissolution of carbonate minerals present in the 

aquifer. Carbonate ions are predominantly terrestrial in origin rather than marine dominance. The results 

are intermediate between saline and fresh water origin, this compares favourably with results found by 

Sajil and Kumar (2016). 

 

5.4 Objective 1: Establishing the groundwater flow of the LRAU and EAU using 

geochemistry 
 
Groundwater flows from the recharge area, along a gradient towards the discharge area/s. At the recharge 

area, known as Hopefield (Figure 12, p. 68), the water typically has a Ca/Mg-HCO3 character indicative 

of rainfall composition or minimal interaction with lithological strata. Very few of the samples have this 

chemical composition in the study area. This study is based in a coastal area which is known mostly as a 

discharge zone. As the groundwater travels through leakage or similar mechanisms it is incorporated into 

the underflow regime and through base exchange and adopts a NaHCO3 character. The hydraulic 

gradient plays a vital role with groundwater flow as the water flows from high gradient to low gradient. 

However, in the West Coast at the study area the gradient flattens, and the transmissivity decreases thus 

the longer residence time is introducing more chloride to the water composition. This happens as the 

groundwater flows slowly through the ground and picks up solutes causing it to have saline signature. 

Cation and anion exchange are contributing factors to saline groundwater composition. The process 

involves the exchange of one ion for another, in coastal aquifers it is most likely calcium or magnesium 

in the water, that may be exchanged for sodium from the geology or saline water that comes from a 

different environment (e.g. lagoon, ocean, saline wetlands). Eventually dissolved minerals are carried to 

the sea where these ions form salts (Gardiner, 2009). Upon the groundwaters final approach to the 

discharge zone, an increase in TDS and saturation with NaCl displaces the less soluble carbonates at the 

calcrete line (Levin, 1980). Beyond this line exists halite and gypsum deposits. If the hydraulic gradient 

remains measurable, then the water maintains its SO4 + Cl character, however if the gradient flattens the 

SO4 is lost and the water becomes a brine. The water is brine in some cases in the study area namely 

BH2, G46106 and G46092. There is a definite interface zone between fresh and saline water in the study 

area, the vegetation from the fresh water is different compared to the saline water vegetation which is 

close to Geelbek. The vegetation could be an indication of saline subterranean environments. 
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Figure 12: Map showing rainfall distribution based on average annual rainfall, Vermaak et. al., 2017 
 

Chloride (Cl) is a conservative tracer (Cowie et al., 2014). The tracer was selected as Cl
-
 is not reactive, 

therefore, will not react with the surrounding parameters. The tracers were used to determine the 

groundwater flow of both confined aquifers of the EAU and LRAU. This is to try to determine a possible 

lateral hydraulic connection between the two adjacent systems. 

 

Chloride is a well-known tracer used to establish the groundwater flow of an area (Bruckner, 2018). The 

Chloride map (Figure 13, p. 69) displays a clear groundwater flow from inland recharge areas towards 

the ocean. The chloride concentration increases towards the ocean. Generally, chloride concentration 

found in groundwater increases in concentration the further it travels. Therefore, the higher Cl 

concentration is found in discharge zones. 

 

Major ion analysis of the groundwater confirmed that groundwater flow is towards the ocean. Numerous 

ions indicate an increase in concentration in the boreholes found in close proximity to the ocean. This 

could be an indication of salt-water intrusion or based on the theory of solute transport where parameters 

(F, Cl and Br) in the groundwater travel for long periods of time towards the discharge area where the 

accumulation of ions from resultant reactions along the flow path takes place causing an increase in 

solute concentration. Locally, groundwater flows to springs, streams, or nearby pumping wells.  
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The interception of water at pumping wells causes minor, localized disruptions in the flow path. 

However, geological structures such as faults or fracture zones may act as drains and preferential flow 

paths across structural features. In this instance groundwater will follow the path of least resistance as an 

alternate pathway. Figure 14 shows the spatial distribution of water level across the study area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 13: Shows the spatial distribution of Chloride in groundwater along the West Coast  
 
 
 
 
 
 
 
 
 
 
 

 

Legend 
 

Water Level 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 14: The arrows show the general direction of groundwater movement based on water 

table elevation in the study area 
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Groundwater flows from the Hopefield area predominantly towards the Atlantic Ocean with some flow 

being directed to the Berg River. Groundwater flow in the West Coast area has been described where the 

piezometric level in the confined aquifer has a North-Westerly gradient (Tredoux, 2004; Timmerman, 

1988). According to a conceptual model by Woodford (2005) the recharge to the confined part of the 

LRAU would occur on the South-Eastern side of the aquifer where clay is absent. Further East towards 

the Sout River, which passes through Hopefield, water levels are lower. Groundwater flow in the 

confined portion of the aquifer is below the confining clay layer from the recharge area said to be in 

Hopefield all the way to the well field in Langebaan Road. 

 

The water level data is an indirect way to determine the groundwater flow direction. Groundwater level is 

determined by, measuring the depth to water level either from the top of the casing or the land surface in 

a borehole and subtracting it from the elevation at the site where the depth to water was taken. The 

confined aquifer will generally have deeper water level compared to the unconfined aquifer. In the case 

of the water level data of both aquifers, if the water levels were displayed on one geological map a false 

flow direction would be portrayed (Musekiwa and Majola, 2011). The flow direction is based on a 

physical law that water will move from high hydraulic head to lower hydraulic head (Engesgaard, 2003). 

Based on this theory, using the unconfined water level data the groundwater flow in the study area has 

two distinct directions. Groundwater flow is from Hopefield towards the Berg River and Atlantic Ocean 

(Figure 14). 

 

5.6 Objective 2: Determining the connectivity for LRAU and EAU 
 

The Tri-linear piper diagram below (Figure 15) was used to infer hydrogeochemical facies of the LRAU 

and EAU. These plots include two triangles, one for plotting cations and the other for plotting anions. 

The cation and anion fields are combined to show a single point in a diamond-shaped field, from which 

an inference is drawn based on hydrogeochemical facies concept. Geochemical data of representative 

samples from the study area are presented by plotting them on a Piper diagram for a sampling period of 

one year. Figure 15 shows the piper diagram for the West Coast area. 
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Figure 15: Tri-linear Piper Diagram for the West Coast area 

 

The cations which are present in the greatest concentrations in most groundwater compositions are 

calcium (Ca
2+

), magnesium (Mg
2+

), sodium (Na
+

), and potassium (K
+
). The piper diagram showed that 

Na
+
, Cl

−
, Ca

2+
, HCO3

-
 the dominant ions in most parts of the study area. 

 
Calcium and magnesium in solution are predominantly from the dissolution of carbonate minerals (Morse et 

al, 2007). In a coastal setting the presence of old marine deposits and seashells (CaCO3) typically contribute 

to the Mg/Ca abundance found in the groundwater (Al Omari et al., 2016). Silicate weathering is also a 

common source of dissolved Na
+
 and K

+
 (Dedzo et al., 2017). Na

+
 and K

+
 are both highly soluble, therefore, 

neither of them form carbonate minerals. However, they are abundantly present in the minerals halite (NaCl) 

and sylvite (KCl), which are both common constituents of ancient ―evaporite‖ deposits, formed under hyper 

arid conditions. When such minerals gain access to modern groundwater, they tend to dissolve to such an 

extent that they add thousands of mg/L of Na
+

 and/or K
+

 to solution. The groundwater samples characterized 

by high TDS concentration due to direct salinization, is due to the mixing between fresh groundwater Ca-

HCO3 and sea water Na-Cl. The groundwater mostly consists of Na-Cl type, which represented the saline 

water type. Chloride is one of the none reactive solutes found in groundwater systems, and as such it has very 

few natural mineral sources. In cases with high Cl
−

content, a deep-seated groundwater may reflect: (i) an 

ancient history of evaporation in the near-surface environment; (ii) dissolution of evaporite rocks at depth; 

many ancient groundwater‘s trapped at depth in sedimentary aquifers are notably rich in Cl
−

 (Younger, 2009), 

also the presence of saline (NaCl) lenses deposited in the local geology as seen in areas like Atlantis during 

drilling (Hon, 2005). There are also a small percentage of the samples that fall within the CaMgCl 

mixture type. 
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These diagrams reveal the analogies, dissimilarities and different types of waters in the study area, which 

are identified and listed in Table 4. The lower aquifers of both LRAU and EAU plot similarly on the 

piper diagram these are represented by G46030, G46029 and G33505B, G33502A boreholes. This 

reiterates the lateral basement flow in the lower aquifers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

LRAU unconfined     LRAU confined            EAU unconfined     EAU confined  
 

 

Figure 16: Log-log plots of sodium ion versus chloride ion concentration in mg/l for all waters sampled, 

relative to the mixing line. 

 

Ions such as Na
+
 and Cl

-
 have a definite role in the evaluation of salinization processes in the coastal 

regions (Shammas and Jacks 2007; Sajil Kumar, 2016). Based on this common principle, the Na and Cl 

concentrations were drawn in a bivariate plot with a theoretical mixing line of freshwater and saline 

water (Figure 17, p. 73). This analysis shows that many samples are plotted on or near the mixing line, 

indicating that there is mixing with both aquifers as the confined and unconfined samples plot similarly. 

Very few samples deviated from the general trend, which relates to a strong correlation between Na
+

 and 

Cl
-
, this is expected as it is a coastal setting. 

 

70 

http://etd.uwc.ac.za/ 
 



72 
 

5.6.1 Identification of the hydro-geochemical processes 
 

The hydrogeochemical data are subjected to various conventional graphical plots in order to identify the 

hydrogeochemical processes and mechanism in the aquifer region of the study area. 

 

The sodium versus chloride plot indicates that most of the samples plot slightly above the equiline. The 

excess of Na
+
 is attributed from silicate weathering while the samples plotting below it indicate that 

evaporation may have led to the addition of Cl
-
, due to water level rise which causes more salt 

dissolution from the soil. Na
+
 concentration is also being increased by reverse ion-exchange. Hence the 

Cl
-
 and Na

+
 increases simultaneously. 

 

 
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17:  Sodium ion versus Chloride ion concentration in mg/l for all waters sampled. 
 

The Na concentrations are lower than the Cl
-
 ion concentrations however, the overall trend of the Na

+
 and Cl

-
 

concentrations data are similar and has a positive correlation (R=0.9454). The Cl-plots and Na-plots show 

that the majority of the data plot together with Na
+

 and Cl
-
 converging near 300 mg/L and 125mg/l 

respectively (Figure 16, p. 72). The graph indicates that samples in both aquifers have similar Cl
-
/Na ratios 

and that there is potential mixing within the aquifers. Figure 17 shows mixing of fresh groundwater and 

seawater, and the confined LRAU and EAU have fresh groundwater with lower concentrations for all 

measured cations (Zahid et al., 2014). The samples with higher Na/Cl ratios in the unconfined aquifer 

units are characterized as saline water, as these units are exposed to land use activities and tidal 

influences. Figure 17, p.73 shows clearly that there is mixing between confined and unconfined units of 

both aquifers.  
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The outliers represented in the Cl
-
/Na ratio BH2>G46106>G46092. Boreholes BH2 and G46106 are 

located closest to the ocean with 3.4km and 6.5km respectively. BH2 has a high potential for saltwater 

intrusion and it is found at the discharge of the Elandsfontein paleochannel and potentially fed by the 

Langebaan lagoon (Tredoux et al., 2009). 

 

Groundwater chloride concentration in the West Coast is controlled by the position in the landscape, 

distance from the ocean, land use and seasonality. The regional unconfined aquifer generally has a higher 

chloride concentration in the LRAU due to irrigation return flows associated with agricultural land use 

(Table 7, p. 63). The comparatively lower groundwater chloride concentration for the unconfined aquifer 

in the EAU could be attributed to the pristine nature of the landscape, as no major land use occurs in the 

vicinity where groundwater was sampled (Table 7, p. 63). 

 

A steady increase in the salinity or TDS of most major coastal aquifers being used for water supply in 

coastal regions, particularly in areas under arid and semi-arid conditions, provide evidence of water 

quality deterioration in coastal areas (Bugan et al., 2016). This increase in the mineralization of 

groundwater resources is often due to the inflow of saline dense water during heavy withdrawal of the 

fresh water from coastal aquifers and mobilization of water in saline formations a result of over-

exploitation of the inland aquifer. However, saltwater intrusion is not the only reason of the degradation 

of the water resources. Anthropogenic impacts and mineralization of the bed-rock or lithology in the area 

can also impact on the composition of water (Rezende-Filho et al., 2015). Isotope techniques are 

particularly effective for identifying the source of salinity, which give an indication if salinity is 

occurring naturally of due to anthropogenic effects, and sources of groundwater recharge. Among the 

different approaches, isotope techniques are particularly effective for identifying the source of salinity 

and fresh recharge of groundwater. The trend Na/Cl scatter diagram (Figure 17, p. 73) of the groundwater 

samples show that there is a 1:1 relationship between Na
+
 and Cl

-
, which indicates that evaporation and 

halite dissolution may be the major geochemical process controlling the Na and Cl concentration of 

groundwater. According to the correlation matrix (Table 9, p. 66) the samples indicate an increasing 

trend of Ca
2+

 +Mg
2+

 with salinity indicating that reverse ion exchange is the dominant process. The 

carbonates from various sources may have been dissolved and added to the groundwater system with 

recharging water, water-rock interaction with geology, during irrigation, rainfall or leaching and mixing 

processes. 
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Figure 18: The bivariate plot shows the relationship of Ca2+ +Mg2+ VS SO4
2−+HCO3

− the control 

of carbonate dissolution and ion exchange process in the groundwater of the study area. 

 

In the scatter diagram the points falling along the equiline (1:1) suggest that these ions have resulted from 

weathering of carbonates and silicates (Kozłowski and Komisarek, 2016). The diagram Ca2+ +Mg2+ vs 

SO4
2−+HCO3

− suggest that most of the points are placed in the Ca2+ +Mg2+ over SO4
2−+HCO3

− side, 

indicating that carbonate weathering is the dominant hydro-chemical process (Figure 18). While those 

points placed above the 1:1 are dominant in silicate weathering. 

 

This diagram also suggests that the dissolutions of calcite, dolomite and gypsum are dominant reactions 

in this hydrogeological system. Ion exchange tends to shift the points to an excess of SO4
2−+HCO3

− SO4 

(Embaby et al., 2016). If reverse -ion exchange is the process, it will shift the points to large excess of 

Ca2+
 +Mg2+

 over SO4
2−+HCO3

−. This diagram indicates that most of the groundwater samples are below 

the 1:1 line except a few samples which indicates that reverse -ion exchange is the dominant process with 

these groundwater samples. 

 

High calcium concentration might have originated from calcite and dolomite weathering or silicate rock 

dissolution. Ca
2+

 and Mg
2+

 constitute the possible sources of hardness, which were common in the limestone 

areas like the West Coast. The relationship between (Ca
2+

 +Mg
2+

) and (SO4
2−

+HCO3
−
) verified the different 

ion exchanges. In the water environment dominated by dissolutions of calcite, dolomite and gypsum the 

relationship between Na
+
 and Cl

-
 is to close 1:1(R

2
 = 1). During rock water interactions the excess of 

Ca
2+

 +Mg
2+

 dissolves into solution (Chung et al., 2014). Ca
2+

 and Mg
2+

 contribute to hardness of the 

http://etd.uwc.ac.za/ 
 



75 
 

groundwater this is reflected in the strong correlation with Ca
2+

 and Mg
2+

 (r2 = 0,758), which reflected 

that it originated from the same sources. 

 

In general, the groundwater was found to be slightly acidic with pH values varying from minimum 6.98 

to a maximum of 7.87 especially on areas covered by carbonate rock formations. Naturally, rainwater is 

slightly acidic, due to the reaction with carbon dioxide in the atmosphere. 

 

H2O + CO2 ⟶ H2CO3 (Carbonic Acid) (1) 

The carbonic acid in water breaks down based on (2), producing (HCO3)
- and H+: 

H2CO3 + nH2O⟷HCO3
−+H+HCO3⟷H++HCO3

− (2) 
 

The alkalinity of water is the measure of its capacity for neutralization, which is represented by the 

bicarbonate HCO3 
−
 and CO3

2-
. HCO3 

−
 was the dominant anion, which varied from a minimum of 

65.06 mg/L to a maximum of 226 mg/L in the study area. The concentration of HCO3 
−
 showed spatial 

variation in the study area, this can be owed to the existence of carbonate rock in the area. 

 

The hydrochemical analyses gives insight to the predominant hydrogeochemical processes that produces 

the resultant chemical and isotopic compositions of the groundwater in representative aquifers of the 

West Coast aquifers. These results however are not conclusive evidence of mixing, as the depositional 

environments have similarities. Therefore, further investigation using geophysical techniques and 

isotopic signatures to support the hypothesis of the hydraulic connection between the two systems was 

pursued. 

 

5.6.2 Isotope Analysis 
 

Geochemical and isotopic results indicate that groundwater in the system is likely to be dominated by 

mineralized, regional groundwater flow that probably recharged during the cooler, wetter climates 

(Thomas et al., 2003). The chemical composition of groundwater of the Langebaan and Elandsfontein 

aquifers could result from the mixing of water from multiple sources combined with water-rock 

interaction with various rock types, including siliciclastic, carbonate, evaporite, and igneous rocks 

(Figure 17 and 18, p. 73 and 75). Isotopic compositions will reflect the actual source of the water as well 

as the age along the flow path (Mann et al., 2018). 
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Stable Isotopes 
 

In groundwater flow regimes isotopes are non-reactive and naturally occurring. They have concentrations 

determined by the isotopic composition of the precipitation that falls on the ground surface and on the 

amount of evaporation that occurs before water infiltrates into soil zone. Once water moves below the 

upper part of the soil zone the 
18

O and the 
2
H concentrations become a characteristic property of 

groundwater mass which enables the determination of source areas and mixing patterns. Figure 19 

display the isotope signatures (
18

O and 
2
H) of both Langebaan and Elandsfontein aquifers. 
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Figure 19: The graph represents the relationship between the stable isotopes 
18

O and 
2
H values 

 

Positive values of δ
18

O and δ
2
H indicate enrichment of the sample in δ

18
O and δ

2
H as compared to 

SMOW, whereas negative values imply depletion of these samples relative to the standard (Pelig-Ba, 

2010). The δ
18

O and δ
2
H relationships suggest variations in groundwater recharge mechanisms. Strong 

evaporation during recharge with limited rapid water infiltration is evident in the groundwater of the 

aquifer. The stable isotopic signatures reveal three water groups: non-evaporated waters that indicate 
 

recharge by recent infiltration; evaporated waters that are characterized by relatively enriched δ
18

O and 
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δ
2
H contents this includes the Berg River and BH2; groundwater characterized by their depleted isotopic 

composition (Figure 19, p. 77). However, there is no distinct separation between confined and 

unconfined aquifer isotopic signature, this implies that there is possible mixing between aquifers. The 

confined aquifer should be more depleted compared to the unconfined. The water that recharges the 

aquifer could be evaporated as it is infiltrated into the aquifer. BH2 is circled in the black circle is 

demonstrating that the groundwater experienced the evaporation effect, which produces isotopic 

enrichment of the surface water through the unsaturated zone or on surface before infiltration. 

 

Tritium 
3
H 

 

Table 10: The table represents the tritium values for confined and unconfined aquifers in the study area 
 
 

        Aquifer          Aquifer  

 Borehole ID  Tritium (TU)   Type   Borehole ID  Tritium (TU)   Type  

 G33316 VL2  0 ± 0.2   Unconfined   G33505 B  0.1 ± 0.2   Confined  
 

0.3 ± 0.2 
  

unconfined 
   

0 ± 0.2 
  

Confined 
 

 G33317      G46023     
 

0.7 ± 0.2 
  

Unconfined 
   

0.8 ± 0.2 
  

Confined 
 

 G33323      G46029     
 

0.7 ± 0.2 
  

Unconfined 
   

0.2 ± 0.2 
  

Confined 
 

 

G333505 
     

G46030 
    

          
 

0 ± 0.2 
  

Unconfined 
   

0.2 ± 0.2 
  

Confined 
 

 BH1A      G46059     
 

0 ± 0.2 
  

Unconfined 
   

0.1 ± 0.2 
  

Confined 
 

 BH2      G46092     
 

0.3 ± 0.2 
  

Unconfined 
   

0 ± 0.2 
  

Confined 
 

 G46024      BG00074     
 

0.3 ± 0.2 
  

Unconfined 
   

0 ± 0.2 
  

Confined 
 

 G46028      BG00136     
 

1.2 ± 0.3 
  

Unconfined 
   

0.6 ± 0.2 
  

Confined 
 

 G46060      G33315     
 

0.6 ± 0.2 
  

Unconfined 
   

0.7 ± 0.2 
  

Basement 
 

 G46106      G46105     

 BG00137  0.8 ± 0.2   Unconfined            
 

 

The tritium values in the study area are low with a range of 0-1.2 TU. The unconfined and confined 

aquifer has average readings of 0.45 and 0.27 respectively. Generally, the tritium values of the confined 

aquifer are low (0 - 0.8 TU) which indicate severe dilution or recharge of the system was before the start 

of the nuclear bomb testing period of the 1950‘s. Absence of tritium (0 to 1 TU) at many locations 

indicates long residence time similarly found in a study by Balderer et al., (2006). At these areas 
14

C 

analyses would be a better isotope to use to determine age of the groundwater as it would be older water. 

With regards to mixing of the groundwater there is clear distinction that the confined system has much 

lower values compared to the unconfined system which is theoretically correct, as the water in the 

unconfined system is generally younger this was agreed upon by Bouchaou et al., (2009). Unconfined 

system is exposed to precipitation and different forms of recharge giving it a higher tritium reading as 

this is the way tritium enters groundwater. However, there seems to be an anomaly at borehole G46028 
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(unconfined) and G46029 (Confined) where readings are presented as 0.3 and 0.8 respectively in 

(Table 10). This could indicate that there is leakage between the upper and lower aquifer systems 

at this point. Similarly, with the chemistry data most parameters indicate similar readings (Table 

7, p.59). Table 10 shows the tritium value for the confined and unconfined aquifers. Results show 

tritium values between 0 and 0.2, levels are close to the lowest detection limit, this is indicative 

of groundwater that was recharged before 1952 (Mazor, 1991). However, table 10 does not show 

any regular pattern of both the confined and unconfined parts of the Langebaan and 

Elandsfontein aquifers. 

 

Alkalinity and pH increase with increasing tritium concentrations. This demonstrates that as 

groundwater travels alkaline components from the geological strata or lithologies (e.g. 

bicarbonates and carbonates) leach into the groundwater. Similarly, to 
14

C, 
3
H concentrations 

show a decrease with increasing borehole yields which is evident at boreholes BG00136 and 

BG00137. However, due to the half-life of tritium the ages are not calculated because it has been 

established that the groundwater age exceeds the maximum number of years that can be 

calculated using 
3
H (Atkinson et al., 2014). 

 

Carbon 14 
 

Table 11: The table represents the 
14

C values of confined and unconfined aquifers and the 

calculated ages for each borehole 
 

Borehole ID Sample depth Aquifer type d
13

C (‰) Carbon-14 (pMC) Calculated Age Corrected Age 

       min age max min age max 

G33317 60 Unconfined -16.4 3.2 ± 1.5 -35399.9 -30525.1 -27648.9 -35334.8 -30460 -27583.9 

G33505 30 Unconfined 0.5 39.9 ± 2 10833.27 14731.9 14833.42 10898.32 14796.95 14898.47 

BH1A 10 Unconfined -12.5 22.9 ± 1.8 -12561.8 -12164.1 -11841.3 -12496.8 -12099 -11776.2 

BH2 20 Unconfined -8.8 59.1 ± 2.2 -1979.4 -1824.75 -1825.46 -1914.35 -1759.71 -1760.41 

G46060 11 Unconfined -15.1 39.2 ± 2 -9242.52 -9143.22 -9034.65 -9177.48 -9078.17 -8969.6 

G46106 12 Unconfined -13.9 61.2 ± 2.2 -4868.49 -4878.37 -4889.27 -4803.45 -4813.33 -4824.22 

G33505 B 60 Confined -12.0 4.9 ± 1.5 -27379.6 -24624.3 -22718.6 -27314.6 -24559.2 -22653.6 

G46059 20 Confined -15.9 17.6 ± 1.7 -16673.2 -16181.2 -15721.6 -16608.2 -16116.2 -15656.6 

G46105 80 Basement -15.4 0 ± 1.4   -37184.5   -37119.5 

 
 
 

Table 11 contains the carbon 14 analysis along with the age determination based on the carbon 14 data, 

this serves as groundwater dating. A selection of 14 sites from both confined and unconfined parts of the 

Langebaan and Elandsfontein aquifers were sampled. Groundwater from wells in the study area (well 

depths ranging from 11 to 148 m), have 
14

C values ranging from 3.2 to 59.1 pMC with the exception of a 

sample located in the basement of the LRAU wellfield at a well depth of 148 m having a value of 0 -1.4 

pMC which corresponds with very ancient water. Given the distinct values of 
14

C throughout the study http://etd.uwc.ac.za/ 
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area, sample‘s in the unconfined aquifer (G33317, G33505, BH2, BH1A, G46060 and G46106) relatively 

high values are a likely result of modern‘ surface or precipitation water infiltration.  

 

The boreholes G33505B and G46059) have 
14

C values (4.9 and 17.6 pMC); these wells are both 

found in the confined aquifer at depths of 80 m and 30 m, respectively. 

 

Borehole G46105 which is drilled into the basement of the LRAU is found to be the oldest water in the 

system according to table 11. This indicates that there is no leakage from the basement aquifer upwards 

to the overlaying aquifer units. If there was leakage present the confined aquifers would have much older 

water than displayed on the table. 

 

The results show distinct values for the unconfined and confined aquifers as expected, the younger water 

was found in the unconfined aquifer and confined aquifer has older water. Geological logs and screen 

position (NGA database) of borehole G33317 found in the Elandsfontein aquifer, indicate that this 

borehole penetrates the unconfined aquifer. The age values of this groundwater sample lean towards an 

older water which is characteristic of confined systems. This could be an indication of leakage between 

confined and unconfined aquifers giving the unconfined borehole an older water signature. BH2 and 

BH1A are both found in the Geelbek area which is situated at the discharge area of the Elandsfontein 

paleochannel. There is no Elandsfontein clay present in the geological logs of the two boreholes and the 

location of the boreholes coincides with probable pinching out of the clay layer (Woodford, 2002). These 

unconfined boreholes (BH2 and BH1A) the older signature 22.9 pMC at BH1A was due to discharge of 

the confined system which indicate mixing could be taking place at this site. BH2 displays young water 

as it could be fed by the Langebaan Lagoon which is less than 200m away from the borehole. 
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Figure 20: The graph represents the relationship between the 
13

C and 
14

C values 
 

In certain environments, ground water hydrochemical processes involving total dissolved inorganic 

carbon (TDIC) may alter the radiocarbon concentration. These may be adjusted according to the changes 

in 
13

C. Such processes often become evident in a correlation between 
13

C and 
14

C, where older water 

(lower 
14

C) shows a high level of 
13

C, evidence of ongoing isotope exchange or dilution processes with 

aquifer material. There are no identifiable trends in the plot of 
13

C VS 
14

C for groundwater in the study 

area for the confined, unconfined or basement groundwater samples. The basement aquifer sample show 

older water compared to the unconfined aquifer as the 
14

C value is 0 and 
13

C is -15 indicating that the 

basement has the oldest water (Figure 20). The confined aquifer samples plot within the range of old 

water, however BH2 which is an unconfined borehole plots among the confined points indicating leakage 

or discharge of the confined system. The BH2 borehole has been recharged with older water hence the 

position on the scatter plot. There is a possibility of dilution of 
14

C which will impact the relative ages or 

residence times (Zhao et al., 2018). This is in accord as both the geology of the area as well as observed 

soil conditions have limestones and secondary carbonate deposits (calcrete) present. 
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Figure 21: The graph represents the relationship between the tritium and
14

C values 

The relationship of14C and tritium in groundwater 

Comparing tritium and
14

C results, two water groups was identified in the two aquifer units. Group 1 

(Green Oval) represents groundwater with high tritium (0.6-1.2 TU) and high corrected
14

C activity (40- 

62 pMC); this groundwater type is of short residence time (< 60 years), corresponding to recharge of 

post-bomb precipitation. This group occurs in both shallow and deep groundwater. Group 2 (blue oval) 

represents samples showing low tritium (0 - 0.5 TU) and low corrected
14

C activities (< 30 pMC) (Figure 

21). This groundwater originated from pre-bomb precipitation, and mainly occurs in the confined parts of 

the aquifer. The presence of any measurable tritium in these waters is presumably a result of mixing with 

small amounts of younger water. 

5.7 Aquifer -aquifer interaction in LRAU and EAU 

Hydraulic connection between the LRAU and EAU has been discussed in previous studies done in the 

West Coast (Seyler et al., 2016, Hay et al.,2010, DWAF,2008 and Tredoux et al., 2009). This study aims 

to broaden the understanding of the connection between the two aquifer units. There seems to be a lateral 

and vertical hydraulic connection between the aquifers (Figure 23,24,25 and 27). The lateral hydraulic 

connection is found in the confined systems. According to Timmerman (1988) hydrogeological report it 

was suspected to be a basement high that separates the two lower aquifer systems. According to new 

knowledge and data that has been collected (DWAF,2008) there could be a paleochannel hydraulically 
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connecting the two aquifer systems additional to the shale-granite contact. Exploration drilling of 

boreholes G46030 and G46031 took place in 2008 (DWAF, 2008). According to the report, a shale– 

granite contact was intersected during drilling. This granitic intrusion of the Malmesbury shale represents 

a break/weakness in the formations therefore could be a preferential flow path for groundwater 

movement. The geological logs of G46031 and G46030 contain Elandsfontein clay; there is not much 

Elandsfontein gravel but there are lenses of gravel present. The Elandsfontein section of the paleochannel 

might be linked due to the presence of gravel lenses found in G46030, none of the surrounding boreholes 

were drilled deep enough to determine if the gravel layer extends laterally. The two lower aquifers could 

therefore be linked through the shale-granite contact. 

The upper aquifers have no division between them. Elandsfontein upper aquifer has a far better quality 

than Langebaan road upper aquifer (Du Plessis, 2012). Groundwater recharge occurs at the Elandsfontein 

aquifer side, the upper part of the Elandsfontein is at a higher due to the dunes that formed and has more 

calcrete layers that are still intact. In the Langebaan Road area, most of the calcrete layers have been 

destroyed due to anthropogenic practices such as mining and ploughing. This allows the possibility of 

atmospheric salt making the Langebaan Road aquifer saltier because of the precipitation. Calcrete acts as 

confining layer where it is found at the surface in some areas of the aquifers, which creates a barrier 

allowing the water in EAU to be of a better quality. The Elandsfontein paleochannel is also much deeper 

than the Langebaan road paleochannel, hence infiltration depth is greater. Infiltration through sands can 

be seen as a filtration process removing potential pollutants. The land above the Elandsfontein aquifer is 

also very pristine, with only the phosphate mine being a disturbed area. 

The vertical connection between the two aquifer units is due to the Elandsfontein clay layer separating 

the Upper Aquifer Unit (UAU) and Lower Aquifer Unit (LAU) which is absent and localised in some 

areas. An example of such a borehole in the study area is borehole G33316 which penetrates the confined 

aquifer where the clay layer is thought to be thin. At this site there could be vertical leakage between the 

upper and lower aquifer units. 

The boreholes in the vicinity of G46030 and G46031 do not indicate the basement high mentioned in all 

the available literature (DWAF,2008; Seyler et al., 2016); which promotes the lateral connection between 

the aquifers. The most productive part of the aquifer in the confined layer within the lower aquifers is the 

Elandsfontein gravel where transmissivity is high with a value of t = 526.2 m2/day and k = 25.3 m/day 

which is existing across the bottom few meters of the gravel and sand formation. 

The Langebaan road aquifer unit is a multi-layer aquifer unit with an unconfined portion, a confined 

portion and an aquitard separating the two portions of the Langebaan road aquifer unit. Vertical hydraulichttp://etd.uwc.ac.za/ 
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connection within the LRAU is postulated to occur at areas where the confining unit is absent, while no 

vertical hydraulic connectivity occurs where the aquitard is at its thickest (Cherry and Parker, 2004). A 

site-specific approach was taken to establish the hydraulic connection within and between the units 

vertically and laterally. 

G46028 and G46029 chemistry data according to (Table 7, p.63 ) show as follows: Potassium 2.1 and 2.8 

mg/l, Sodium 85 and 82 mg/l, Magnesium 9.6 and 9.1 mg/l, Bicarbonate 193 and 193 mg/l, TDS 528 and 

448 mg/l, pH 7.8 and 8 and EC 820 and 700 µs/cm. Borehole G46028 has a screen in unconfined and 

G46029 penetrates the confined aquifer and was sampled at 20m and 60m in a clay layer with a hydraulic 

conductivity of k = 1.28 m/day and T = 17 m2/day. According to the lithological log for borehole 

G46029, a thick 40m clay layer is present, this should indicate very distinct chemical signatures between 

the lower LRAU and upper LRAU. However, the results from these two boreholes show very similar 

chemistry, it is expected that the thick clay layer should result in greater/ more distinct variation between 

the two parts of the unit. This suggests the possibility of vertical leakage between the upper and lower 

LRAU at this site. The tritium isotope results (Table 10, p. 78) of these boreholes reflected that the 

confined system has a higher value than expected which indicate that the unconfined is leaking into the 

confined system. This could be because of poor borehole construction as these boreholes are very close 

to each other. So, mixing of the groundwater is evident at this site. 

Boreholes G46059 and G46060 nearby borehole G46062 lies on the thin part of the Elandsfontein clay 

layer between 5-10m thick (Figure 9, p. 41). According to the theory (Timms et al., 2018) (Larroque et 

al., 2013), vertical hydraulic connection should be present where the clay layer is thin, in this case 6m 

thick. G46059 is drilled into the lower LRAU and G46060 is drilled into the upper LRAU, however, the 

chemistry is similar in both systems. Both boreholes are found in the same lithological layer with a high 

T and k value. The sand in this area has k = 20.2 m/day and T = 237.4 m
2
/day which forms a preferential 

flow path for groundwater to travel. The chemistry in both upper and lower LRAUs at this point is the 

same and could be due to the sample taken at the lithological layer. However, the values are very similar 

and, in some cases, identical (Table 7, p. 63). Fluoride is a conservative tracer that could be used to 

determine groundwater flow or indicate mixing between two systems. The fluoride concentrations are 

identical in both systems at that point and major ion chemistry is also similar. There could be vertical 

hydraulic connection between them as the confining layer is thin and, in some areas, mixed with sand. 

However, there are distinct differences in the signatures of(Table 9, p. 66 & Figure 20, p. 81)the isotope 

values as the
14

C show that there is older groundwater found in the confined system and younger water in 
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the unconfined system. This is an indication that the unconfined system has been recharged from 

precipitation as the geology in the area allows rapid infiltration. 

5.8 Geophysics 

The map below highlights the geology and borehole sites where geophysics analyses took place. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Geology map of the study area 

The geophysics conducted at monitoring boreholes G46059, G46060 indicates anomalies indicative of 

localized faulting and fracturing. This was detected between stations 80 m and 115 m and stations 250 m 

and 280 m along the traverse. The anomaly between stations 80 m and 115 m coincides with the location 

of the monitoring boreholes which suggests it is the geological structure into which the boreholes were 

drilled (Figure 23). The relatively low VLF readings between stations 115 m to 140 m and between 

stations 215 m to 250 m indicate that the unconsolidated unit in these areas are electrically more 

conductive which suggests the presence of discontinuous clay lenses. Geochemistry shows that the 

reading is within the same range this could be an indication that at this site the clay layer is thin. The 

geophysics done indicates geological features which present preferential flow paths for groundwater this 

could indicate that vertical leakage is present. Figure 23 is a plot of the geophysical data collected tat 

monitoring boreholes G46059 and G46060 
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Figure 23: Highlights the geophysical anomalies in the traverse 

The magnitude of the vertical hydraulic connection between the upper EAU and lower EAU is explained 

site specially (DWAF,2008). The productive gravel layer in the lower EAU system has a T = 560 m
2
/day 

and k = 24.3 m/day (Timmerman ,1988), in this layer both screens of G333505 and G333505B boreholes 

were found (Table 4, p. 46). G333505 found in the unconfined portion and G333505B in the confined 

portion. According to the chemistry data found in table 4 the two boreholes G333505 and G333505B 

indicate no significant difference in chemistry. This evidence along with the lithological layer the sample 

has been taken from supports hydraulic connection between the two units. At this site a high magnitude 

of connectivity and vertical leakage is present. 

G333502A and G333502C is in close proximity to BG00074 exactly 1.6 km away from 333502C. All of 

these boreholes were sampled at 56-60m and lithological units at those depths are comprised of which 

has high k and t values, this is expected as these boreholes are situated in the paleochannel. Based on the 

analysis done on the lithological log, borehole BG00074 has a clay lens with an approximate thickness of 

12m thickness. However, even with the presence of the clay lens there is still very little variation in the 

chemistry data and t and k values which promote leakage at this site. The water found in borehole 

BG00074 has a fresh water signature as it may lie on the Colenzo fault which is unlike that in the 
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confined system. This compares favourably to results found by Hay et al., (2010) Isotopic data also 

confirms the presence of freshly recharged water at this borehole. 

Geophysics was conducted within the Elandsfontein Nature Reserve at the monitoring boreholes 

G33502A and G33502C (Figure 25, p.88). The traverse was conducted to determine if any clay horizons 

were present in the vicinity of the monitoring wells. The relatively low VLF readings between stations 0 

m to 40 m and between stations 185 m to 215 m indicate that the unconsolidated unit in this area is 

electrically more conductive which suggests the presence of discontinuous clay beds. A geophysical 

anomaly indicative of faulting was detected between stations 70 m and 140 m along the traverse which 

coincides with the location of the monitoring boreholes. Additionally, a traverse was conducted to 

delineate a geological fault (Colenzo Fault) into which it is presumed the monitoring borehole was drilled 

(Figure 24, p.88). A geophysical anomaly associated with a geological contact zone was detected 

between stations 55 m to 65 m, an anomaly associated with faulting was detected between stations 100 m 

to 150 m and an anomaly indicative of localized fracturing was detected at 225 m along the traverse. 

Based on the analysis of the geophysical anomalies detected along traverse GT #4 and GT #5 it is highly 

likely that the monitoring boreholes G33502A&C and BG00074 respectively, are drilled on the same 

geological structure which would suggest that they are geohydrologically linked. Figure 24 and 25 

indicate a geological traverse in the vicinity of the monitoring boreholes G33502 A&C and BG00074. 
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Figure 24: Highlights the geological contact zone and potential fracture zone 

Figure 25: highlights the absent clay layer and potential geophysical features
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The chemistry between these three boreholes BG00074, G33502A and G33502C are similar, and 

lithology is mostly calcareous sand with T= 177 m
2
/day and k = 7.1 m/day which promote leakage 

between the upper and lower Elandsfontein Aquifer. Sandy sediment has pore spaces that allow water to 

flow easily that‘s why leakage could take place. There is also a pinching out of the Elandsfontein clay 

around boreholes BH1A and BH2 making vertical leakage more likely. The behavior of these boreholes 

fit with a subterranean estuary environment where the groundwater and the sea water mixes (Robinson et 

al., 2007). When water enters this reaction zone the chemical reactions of the ocean water with the 

aquifer materials modify the composition of the groundwater (Burnett et al., 2003). 

Salt water intrusion is a dominant factor in the chemical character of many coastal groundwaters 

(Gopinath et al., 2017), this elevates the concentrations of all major ions. Ionic concentrations of 

19984,25 mg/l Na,35987,5 mg/l Cl,8600 µS/cm EC, 55040 mg/l TDS were found at BH2 which is 

indicating that salt water occurs in sandy aquifers of low-lying areas some distance inland through the 

sandy sediments of the West coast national park. BH2 is found less than 3 km away from the ocean. The 

groundwater takes the longest to reach this borehole as many soluble salts were collected as water 

travelled to this site from the recharge area this means that ion exchange is not the only factor 

contributing to the salt water intrusion. The sample was taken at 20 m in the calcrete layer where k values 

are high (k = 13.7 m/day) and t value is T = 125.1 m
2
/day; this is likely to create a preferred flow path for 

groundwater. 

 

http://etd.uwc.ac.za/ 
 



89 
 

5.8 Cross-section 

Figure 26: A regional and local display the location of the cross section 

This cross-section indicates that there could be a possibility that the confined parts of the Langebaan 

Road and Elandsfontein aquifers are linked. According to Timmerman (1988) there could be a basement 

high that separate the two confined aquifers. There is an area between the two aquifer systems that has 

very sparsly located boreholes that vary in depth. Some geological logs of these boreholes indicated that 

the basement high is not to the extent that it completely seperates the confined parts of the two aquifers. 

Ideally, exploration drilling would comfirm this theory, but due to limited budget the geological 

information available from DWS was used (DWAF,2008). The boreholes in the cross-section vary 

tremendously over the short distance. This is an indication that the geology in the area is not uniform. 

The position of the cross section is from G46064 located in the LRAU pass G46096 and up to G33320 

that occurs in the EAU. This cross-section indicated that it is likely that confined aquifers are linked. 

However, due to inadequate depth of the geological logs an idea as to where the formation will carry on 

is not evident. The water level data of these boreholes give an indication of the groundwater flow path 

and direction. The water level for the three boreholes G46064 G46096 and G33320 are 48,60 and 62 

mamsl respectively (Table 5, p. 48) indicate that the groundwater flow is from the Elandsforntein to the 

Langebaan Road aquifer. 
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5.9 Objective 3: Conceptual model of connectivity for lower LRAU and upper EAU 

5.9.1 Conceptual understanding 

A conceptual model was developed to display details of multi-layered aquifer units and aquifer – aquifer 

interaction between the units both lateral and vertical hydraulic connection. Figure 28 is a representation 

of a regional conceptual map indicating the geological features and possible leakage of the study area. 

The groundwater flow in the study area is from the recharge zone towards the discharge zones. The 

Hopefield area is highlighted as the recharge zone with a blue dashed oval and the groundwater flow is 

towards the Atlantic Ocean and Berg River (Figure 14, p.61). Geological features have been highlighted 

in the conceptual model which indicate preferential flow paths for the groundwater. These features 

include a geological contact, lineaments and faults which support connection between the lower aquifer 

units to be (Figure 27, p.91). The paleochannels extending beneath the two aquifer units where the lower 

gravel/sand aquifer may also be linked. 

The clay layer varies in thickness across the area (Woodford, 2003). There are some areas where the clay 

layer is localised or absent allowing the hydraulic connection between the lower aquifer system and 

upper aquifer system (Seyler et al., 2016). The hypothesised hydraulic connection is likely to be 

prominent where the clay layer is less than 5m thick. In this study it was highlighted that over 200 

boreholes penetrate through the clay layer creating the possibility of discontinuities within the clay 

lenses. The confining layer affects the water level, higher water levels have been recorded in areas where 

the clay layer is thin i.e. <5m, and in areas where the clay layer is thicker i.e.>5m lower water levels were 

recorded, this could indicate leakage of the confined aquifer unit feeding the unconfined. Water level 

declines in areas where the clay layer is thicker. The artificial recharge in the confined aquifer can only 

be done where the confining layer is absent and water level elevation allows groundwater to flow into the 

aquifer. Another area where recharge is viable is where boreholes penetrate the clay layer. Poor 

construction of boreholes is a scenario that promotes leakage between systems, in this case, Weaver and 

Fraser (1998) mention that bentonite plugs were not installed when putting in the production boreholes. 

The study indicates that leakage could take place where the unconfined aquifer chemistry more closely 

approaches that of the confined aquifer and leaky boreholes. Also, it is necessary that all the old 

boreholes are located, and their condition checked to plug those that may be leaking for reducing head 

losses and for protecting the water quality in the confined aquifer. 

The freshwater and seawater interface (Figure 28, p.94) is characterized by an abrupt transition from 

freshwater to seawater this happens due to mixing and diffusion processes. Under natural conditions 

fresh groundwater flow is mainly driven by topography, but it is influenced by aquifer hydraulic http://etd.uwc.ac.za/ 
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conductivity. The magnitude of the freshwater influx in the discharge zone alters the position of the 

seawater/freshwater interface. The conceptual model highlights the seawater/freshwater interface where 

all boreholes (BH1A, BH2, BH3 and G46106) that fall on below the interface have seawater character 

and boreholes above the seawater/freshwater interface has freshwater signatures. The conceptual model 

highlights the aquifer -aquifer interaction and the important regional processes that contribute to the 

conceptual model.
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Figure 28: A regional conceptual map indicating the geological features and possible leakage of the 

aquifers.
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5.9.2 Conceptual model 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The conceptual model encampases two aquifers units namely the Elandsfortein and Langebaan Road 

aquifer units both aquifers consist of unconfined and confined units. According to the anaylses of the 

solute transport parameter chloride the dominant groundwater flow direction is towards the Atlantic 

Ocean. The interception of water at pumping wells causes minor, localized disruptions in the flow path. 

However, geological structures such as faults or fracture zones may act as drains and preferential flow 

paths across structural features. In this instance groundwater will follow that pathway as an alternate 

pathway as seen the conceptual model above. 

According to Timmerman (1988) hydrogeological report it was suspected to be a basement high that 

separates the two lower aquifer systems. According to new data that has been collected there could be a 

paleochannel hydraulically connecting the two aquifer systems as seen in the conceptual model. Lateral 

hydraulic connection is dependant mostly geological features which cause preferential pathways as the 

paleochannels does in this case. 

The various lithological layers have their very own hydraulic conductivity and transmissivity which are 

essential aquifer parameters that assist with understanding the hydraulic connection between the aquifers. 

According to the results the vertical hydraulic connection in the aquifer is more likely at areas where clay 

layer is the finest as seen in the conceptual model above.
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The isotope signatures found in this study are indicated that recharge in confined aquifer came 

from another location or regional recharge. These signatures also highlighted that the confined 

aquifer discharge to the unconfined aquifer which indicate mixing of the groundwater. This 

conceptual model gives a pictorial representation of the various processes involved in this study area 

and how these two aquifers interact. 

The conceptual model agrees with previous findings and there is an improvement in the understanding of 

the groundwater flow and various mechanism that promote aquifer-aquifer interaction.

 

http://etd.uwc.ac.za/ 
 



96 
 

Chapter 6: Conclusion and recommendation  

 
6.1 Introduction  

 
This research was identifying and assessing appropriate methods to establish the aquifer-aquifer 

interaction in a semi-arid environment. Hydrogeochemical and geophysical methods were the two 

techniques that were identified and assessed appropriate methods. For example, data were required to 

determine the location and extent of the leakage between the Langebaan Road and Elandsfontein aquifers 

and within the units. This study provided scientific data that can be used during decision-making process 

for identifying methods to exploit groundwater resources for irrigation and domestic supply water supply 

for West Coast region. The literature review on methods highlighted what is currently known about 

aquifer connectivity. When the two identified methods were applied in the study area, results suggested a 

range of methods are required to be used in a combination. Data from various methods are required to 

produce a groundwater conceptual model for this study. The study showed that knowledge and 

understating the groundwater system remain work in progress. Despite such a limitation, the present 

study presents the following key conclusions and recommendations:  

 

6.2 Conclusion  

 
Aquifer connectivity between the Langebaan Road and Elandsfontein aquifer units was analysed using 

geological, hydrological and hydrochemical information. Each aquifer has an upper and lower unit that is 

separated by an aquitard that can reach a thickness of up to 50 m but pinching out toward the Western 

and Eastern parts of the study area. The diffuse inter-aquifer leakage is estimated to be lower aquitard 

(Clay layer) is thick and continuous. Inter -aquifer leakage is higher where the lower aquitard is absent, 

such as in the South-Western part of the study area.  

 

Objective one focussed on establishing the groundwater flow path and direction between aquifers. The 

preferential flow paths in the study area were caused by both natural features i.e. fractures and faults and 

manmade features i.e. boreholes. The Cl concentration was used as natural tracer and the lowest 

concentrations were observed in the regional recharge zone, where the highest effective infiltration 

occurred. Hydrogeochemical data and water level data were interpolated which gave a spatial distribution 

of the water level and tracers. The analysis from the groundwater contour maps showed that the general 

direction of groundwater flow for the unconfined aquifer system was from the South-East Hopefield area 

towards the Berg River and the Atlantic Ocean along the existing paleochannels thereby transporting 

water between the Langebaan Road and Elandsfontein aquifer units. This was expected as described by 

previous studies and the presented study confirmed such findings and interpretation. 
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The second study objective aimed at establishing the interaction between the two aquifers i.e. Langebaan 

Road and Elandsfontein aquifer units. The study found that leakage existed between the two aquifer units 

and the main two factors that contributed to leakage within the aquifer units was due to leaking boreholes 

seals and fractures in the clay layer (aquitard). Multiple tracers were used to establish mixing between the 

aquifers. The stable isotope data revealed that there was clear mixing between groundwater from the 

confined and unconfined aquifer. The groundwater δ18O-δ2H relationship revealed that the groundwater 

was depleted in both lower and upper aquifers which indicated mixing of the water. The radiogenic 

tritium (3H) isotope data indicated significant evolution in the groundwater in terms of old versus recent 

recharge. The general trend of the tritium is the unconfined aquifer has high tritium values compared to 

the lower values in the confined. However, when mixing of the water occurs in the confined had a high 

tritium value which indicates that vertical leakage takes place at these locations. The evidence showed 

inter-aquifer leakage. In one study site, where the lower aquitard was continuous, it was concluded that 

the leakage is due to poor borehole construction or deterioration of existing borehole casing. Considering 

the evidence from hydrochemical and geophysical data on existence of preferential flow at some 

locations, it can be concluded that such features enhanced inter-aquifer leakages.  

 

The third objective of the study was to develop a groundwater conceptual model to explain the 

interaction between aquifers. From the analysis of the developed model, it can be concluded that there 

was a dominant direction of the groundwater flow and a spatial representation of the leakage sites 

between the aquifers. The analysis from the model agreed with the previous findings on connectivity of 

aquifer units in the study area. The argument of the current study was appropriate methods for 

establishing such techniques. The use of hydrochemical, geological and geophysics techniques provided 

key insights on potential of these methods being some of the appropriate ones in assessing aquifer-

aquifer interactions in a groundwater system. The new data on isotope, general chemistry, gel ology and 

geophysics provided key insight on establishing the extent of connectivity between the two aquifers. 

However, the scale issue was not investigated which can impede interpretation of such results. The site 

specific investigations and regional investigations have both prons and cons in interpretations of the 

results that are obtained from either scale focus. The currents study was a site specific study. The current 

study points to the fact that baseline information at a regional scale that can be used prior to increasing 

groundwater abstraction for mining or agricultural activities in the groundwater basin.  
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6.3 Recommendations  
 

1. Findings on the first study objective established the groundwater flow path and direction between 

aquifers where hydrogeochemical data and water level data were interpolated for a spatial analysis of 

aquifer-aquifer interaction, The analysis from the groundwater contour maps showed that the general 

direction of groundwater flow for the unconfined aquifer system was from the South-East Hopefield area 

towards the Berg River and the Atlantic Ocean along the existing paleochannels thereby transporting 

water between the Langebaan Road and Elandsfontein aquifer units. Available knowledge on the local 

topography and regional scale observation, the findings were expected and therefore confirm the existing 

understanding. However, what is lacking include: detailed historical groundwater data (water level data, 

water chemistry data, borehole location data, borehole logs and boreholes construction data); detailed 

historical climate and weather data (Rainfall data, wind data, temperature data, humidity data among 

others); updated information and time series data on groundwater, weather data/climate data including 

data on human activities and population variable in the study area. This recommends collection and 

collation of such information for future studies so that various analysis can be conducted.  

 

2. Using hydrochemistry, geological and geophysics techniques, the second objective provided evidence 

that inter-aquifer leakage existed in the study area. For example, method showed that in some study sites, 

where the lower aquitard was continuous, the leakage was due to poor borehole construction or 

deterioration of existing borehole casing. The methods also showed existence of preferential flow at 

some locations both natural and human features enhanced inter-aquifer leakages. Based on what the three 

methods revealed about aquifer-aquifer interaction, this study recommends to experiments more 

groundwater-surface water techniques on aquifer-aquifer interaction to identify more techniques are can 

be appropriate in assessing the interaction among aquifer units in the groundwater system.  

 

3. The recommendation on the third objective of the study which was to develop a groundwater 

conceptual model to explain the interaction between aquifers is that previous models need to be reviewed 

comprehensively both at site specific and regional scale. Since the current study was a site specific study 

and reviewed and analysed site specific models, models that have been developed for regional scale 

analyses need to be reviewed and analysed to unpack the regional processes that influence site specific 

occurrences to inform the best practices at site specific areas where groundwater abstraction occurs.  
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