
Using stable isotopes and hydrochemistry to quantify end-member source 

dynamics in the Berg River of the Franschhoek and Paarl Valley. 

Celine Meyer 

Student Number: 3565009 

A thesis submitted in the fulfilment of the requirements for the degree of 

Master of Science in Environmental and Water Sciences 

Department of Earth Sciences, Faculty of Natural Sciences, 

University of the Western Cape

Supervisor: Dr Sumaya Clarke 

Co-supervisor: Prof. Jodie Miller 

August 2023 

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



i 

Declaration 

I declare that “Using stable isotopes and hydrochemistry to quantify end-member 

source dynamics in the Berg River of the Franschhoek and Paarl Valley” is my own 

work, that it has not been submitted for any degree or examination in any other 

university, and that all the sources I have used or quoted have been indicated and 

acknowledged by complete references. 

Full name: Celine Meyer Date: 09 August 2023 

Signature: 

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



ii 

Acknowledgements 
I would like to thank God for blessing me with the opportunity to study further and 

for providing the daily strength and peace I needed to complete this thesis.  

I am grateful to the National Research Foundation (NRF) for their financial 

assistance that enabled me to conduct my research.  

I am deeply grateful to my Supervisor, Dr Sumaya Clarke, and Co-Supervisor, Prof. 

Jodie Miller, for their unwavering support, encouragement, and expert academic 

guidance throughout the entire process of my thesis. 

My heartfelt appreciation goes to Dr Jared van Rooyen and Dr Andrew Watson of 

Stellenbosch University, for their valued support, encouragement and academic 

guidance during my research.  

I offer my gratitude to the laboratory technicians Dr Janine Colling and Miss 

Volante Moonsamy at the Stellenbosch BIOGRIP Laboratory and Mr Evan 

Swartbooi at the UWC Environmental and Water Science Laboratory for their 

unceasing guidance and support during the analysis of my water samples.  

My special thanks are extended to my colleagues in the UWC Environmental and 

Water Science Department for assisting me during my field work.  

I value the support of Bellville Department of Water and Sanitation, the City of 

Cape Town, and the farmers and business owners in the Berg River catchment for 

enabling me to pursue my research on their property, and Gerhard de Kock from 

Hortec (iLeaf) for his assistance with the meteorological time series data at selected 

weather stations.  

I would like to extend my immense gratitude and appreciation to my loving and 

supportive parents, my family, and friends who have prayed, supported, and 

encouraged me daily.  

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



iii 

Abstract 
The Berg River is a main source of freshwater in South Africa's Franschhoek-Paarl 

valley for domestic use, industry, and agriculture, but climate change or variability 

and poor management threaten its quality and quantity. A theoretical understanding 

of the basin's runoff processes, including the balance between groundwater and 

precipitation inputs in the river system, is crucial for meeting ecological reserve 

requirements and preserving ecosystems. By comprehending the dynamics and 

relationship between the river and its end-member sources by evaluating the 

contributions of groundwater and precipitation to the streamflow and the seasonal 

behaviour of solutes, the ecological health and functioning of the river and its 

associated ecosystems can successfully be managed and maintained. This study 

involved 25 sampling campaigns conducted between 2020 and 2021 along the Berg 

River in the Franschhoek and Paarl valley at 40 locations to sample precipitation 

(n=3), groundwater (n=15), and main river and major tributaries (n=22). The aim 

was to assess the temporal and spatial variations of the isotopic and hydrochemical 

compositions to quantify the river’s end-member source dynamics. Firstly, the 

stable isotopic analysis suggested that movement of local precipitation patterns 

toward the river and subsurface was affected by seasonal changes in sub-cloud 

evaporation and moisture recycling from the soil and surface water. Precipitation 

recharging the river was isotopically modified by physical phase changes along 

surface and subsurface flow paths, whereas the river's isotopic composition 

remained homogenous due to the dams and groundwater sustaining the flow. 

Secondly, hydrochemical techniques were used to assess the seasonal 

hydrochemical behaviour and solute sources influencing the river. The results 

revealed that in the dry season, a Na-Cl water type was dominant in the valley due 

to the leaching of stored regolith salts derived from marine aerosols and irrigation 

runoff. During the wet season, however, the increase in fresh recharge prompted 

the reverse ion exchange process as a dominant mechanism across the river flow 

path, resulting in the increase in Ca2+ and HCO3
-
. The river ion concentrations were 

primarily regulated by a mixed mechanism of rock and precipitation dominance, 

with anthropogenic activities as a secondary influence. Thirdly, the two-component 

isotope mass balance mixing model estimated that during the dry season, 
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precipitation contributed to 23.0% of the runoff in the upper region, 2.0% in the 

middle region, and 17.0 % in the lower region. Groundwater accounted for 77.0%, 

98.0%, and 83.0% of the runoff in the respective regions. In the wet season, 

precipitation contributed to 13.0% in the upper region, 53.0% in the middle region, 

and 30.0% in the lower region, while groundwater accounted for 87.0%, 47.0%, 

and 70.0% of the runoff in those regions. Overall, groundwater discharge was 

revealed as an important seasonal component maintaining the flow of the river, 

while meteorological and land cover parameters dampened the precipitation 

contribution. The recommendation of the study is to expand the monitoring network 

in the valley by increasing the sampling frequency and by sampling other water 

sources with a focus on the soil (interflow) component and runoff between rain 

events. This will improve the understanding of seasonal runoff responses and aid in 

managing and protecting of the catchment’s water sources in a changing climate, 

particularly during transitions from a groundwater-dominated to a precipitation-

dominated river system. 

Keywords: Climate change, Precipitation, Isotopic analysis, Recharge, 

Hydrograph separation 
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Abbreviations and notations 
 BFI Base Flow Index 

BIOGRIP The Biogeochemistry Research Infrastructure Platform 

DWS Department of Water and Sanitation 

GMWL Global Meteoric Water Line 

GPS Global Positioning System 

GPRS General Packet Radio Services 

IAEA International Atomic Energy Agency 

IC Ion Chromatography 

LMWL Local Meteoric Water Line 

LDPE Low Density Polyethylene 

LIMS Laboratory Information Management System 

TDS Total Dissolved Solids 

WRC Water Research Commission 

MG Malmesbury Group 

MCM/a Million Cubic Meters per Annum 

Mm3 Million Cubic Meters 

RMA Reduced Major Axis Regression 

RWL River Water Line 

TMG Table Mountain Group 

USGS United States Geological Survey 

V-SMOW Vienna Standard Mean Ocean Water 

𝜇S/cm Microsiemens per centimetre 

𝜇/m Micrometre 

𝜹 2H Delta Hydrogen  

𝜹 18O Delta Oxygen-18  

𝜹 Delta-notation 

% Percentage 

‰ Parts Per Thousand 

r Correlation Coefficient 

°C Degrees Celsius 

D-excess Deuterium-excess 

mm Millimeter 

mg/L Milligrams per Litre 

m3/s Meters Cubed per Second 

meq. L-1 Milliequivalents per Litre 
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Chapter 1: General Introduction 

1.1 Introduction  
This research aimed to explore methods to assess water sources using their isotopic 

and hydrochemical compositions to understand the Berg River flow regime and 

associated hydrological processes in the Franschhoek-Paarl valley basin. The study 

considered all dominant processes that recharged the river system in both dry and 

wet seasons, including tributaries, groundwater, and precipitation, to understand 

their influences on stream water quantity and quality. 

1.2 Rationale 
River systems are essential components of the hydrological cycle, providing 

freshwater to cities and ecosystems and returning global precipitation to the oceans. 

The scale of discharge and flow regime of a river governs 2.5% of accessible 

freshwater globally (Halder et al., 2015). The flow is influenced by precipitation, 

subsurface sources, and dam release, affecting the rate and quantity of a river's 

movement (Li et al., 2014).  

The river flow regime, described by its mean seasonal behaviour at which water 

flows in a river channel, is expressed in 𝑚3/𝑠𝑒𝑐. The flow of a river is dependent 

on the volume of water present in the system and plays a fundamental role in the 

ecological processes of river habitats. It governs both physical and chemical 

processes, which have a significant impact on the livelihood of natural river 

ecosystems, while also providing a vital source of water for economic and social 

practices (Wang et al., 2016). Natural river flows have declined due to the impact 

of climate change and human activities (Saifullah et al., 2015). This has resulted in 

approximately 22% of the world's rivers showing significant decline in their annual 

runoff due to water source exploitation and diversion (Walling & Fang, 2003).  

Understanding the flow regime of a river is crucial for implementing effective 

management strategies to ensure the sustainable use of its water. The 

characterization of dry and wet seasonal patterns in a catchment is determined by 

the timing of high and low flow patterns, which are influenced by climatic and 

physiographic conditions. The flow patterns, in turn, govern the ecological 
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processes essential for maintaining the health of the river system, making it unique 

from other water systems on Earth (Bunn & Arthington, 2002).  

Precipitation, evaporation, infiltration, runoff, and surface water-groundwater 

interaction, are some of the important processes which conform to a balanced entity, 

of the earth’s hydrological cycle (Huziy & Sushama, 2017). However, the 

accelerating environmental changes caused by anthropogenic and natural factors 

have disrupted this balance, leading to variable climatic conditions that directly 

impact streamflow at both global and regional scales (Cosgrove & Loucks, 2015; 

Bhatt & Mall, 2015).  

According to the Intergovernmental Panel on Climate Change (IPCC; Trenberth 

2007), climate change is characterized by long-term changes in weather patterns 

and average climatic conditions on Earth, where in the last century the surface air 

temperatures have increased by 0.75ºC globally. As a result, water is a key indicator 

of the impacts of climate change, with rivers globally experiencing unpredictable 

recharge patterns from variable precipitation events that result in fluctuating flow 

levels. Hence, this variability in climatic conditions has a direct impact on river 

flows, which, in turn, affects the quality of water in a catchment (Nilsson & 

Renӧfӓlt, 2008).  

South Africa is a semi-arid and water-stressed country that on average experiences 

450 mm of rainfall per annum (Botai et al., 2018). Between 2015 and 2018, the 

Western Cape Province in South Africa endured an extreme drought that coincided 

with the most severe El Niño events recorded in southern Africa (Dube et al., 2022). 

This marked the first occurrence of such intensity in the past 113 years that had 

significant consequences on agriculture, specifically impacting the fruit and wine 

industry, as well as socio-economic activities like tourism and employment. 

(Lakhraj-Govender & Grab, 2019; Smit et al., 2019). The Western Cape Province, 

which is a water-scarce region, had to resort to various water management 

strategies, including water restrictions, desalination plants, and water reclamation, 

to mitigate the effects of the drought and ensure sufficient water supply to its 

residents (Lakhraj-Govender & Grab, 2019). The experience highlighted the need 
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for proactive water management practices and the importance of climate adaptation 

strategies to ensure the sustainability of water resources in South Africa. 

Stable isotope tracers, of 𝛿2H and 𝛿18O have been extensively used in hydrological 

research for more than 60 years. Differences in stable isotopic compositions of 

water bodies can reflect the meteoric processes in the hydrological cycle, which 

defines the formation, migration, circulation, and transformation patterns of water 

sources on a regional to global scale (Sun et al., 2016; Bowen et al., 2019). 

Similarly, the exchange of hydrochemical solutes in a water body is influenced by 

variations in water quantity, and it partially traces the formation, transportation, and 

cyclical evolution of water (Vaughn & Fountain, 2005). Hence, the analysis of both 

stable isotopes and hydrochemical characteristics is essential to draw conclusions 

on variable hydrological issues (Clark & Fritz, 1997; Chen, 2020). The correlation 

between isotope hydrology and hydrochemistry has contributed significantly to 

hydrological research by obtaining river information on the origin of water, 

recharge patterns, major ion sources association, and gaining insight into the 

geochemical evolution in river systems. This integration has value towards the 

management and economic value of water resources at a regional scale (Li et al., 

2020; Shi et al.,2021).  

The quaternary catchments G10A, G10B, and G10C of the Upper Berg River 

catchment are situated in the Franschhoek-Paarl valley region of the Western Cape, 

South Africa. It comprises of a flow regime network that is closely associated with 

groundwater and surface water sources, including dams, rivers, and associated 

tributaries. These water bodies have been important and dependable sources of 

fresh water, contributing significantly to environmental flows to sustain riparian 

development, as well as to domestic and agricultural practices within the catchment 

to increase the economic growth of the area (DAFF,2015; Madlala, 2015).  

1.3 Description of research problem 
The Berg River, which passes through the towns of Franschhoek and Paarl, faces 

several environmental pressures such as climate variability and various land uses. 

As the demand for water in the Western Cape continues to rise, it is essential to 

ensure the sustainable water supply to local farmers, water users, and the ecological 
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reserve of the Berg River. The surrounding ecosystem depends on the flow of the 

Berg River during dry and wet periods to support various physical, chemical, and 

biological interactions among riparian vegetation, animals, and microorganisms. 

Moreover, 65% of farms and wine estates are located in the Berg River catchment, 

which relies on the river's water for irrigation, livestock, and recreational purposes. 

During the 2018 drought outbreak in South Africa, many farmers suffered 

significant losses due to the water shortage from the river to irrigate their crops and 

maintain their land. Therefore, a comprehensive understanding of the interactions 

among various hydrological components and variable processes occurring at both 

spatial and temporal scales is necessary to ensure the sustainable use of the Berg 

River. However, there is limited knowledge regarding the generation of streamflow, 

specifically the balance between groundwater and precipitation inputs, within the 

Berg River system across the valley, studied over a spatiotemporal scale using 

isotope hydrology. Therefore, it was necessary that recent data was obtained to 

identify seasonal variations and threats imposed on the surface water quantity and 

quality.  

1.4 Thesis statement  
The research assumes that the application of complementary methods, specifically 

isotopic and hydrochemical tracers, to evaluate the seasonal variations in source 

water contributions and the processes that govern streamflow and hydrochemistry 

within the Berg River Catchment. The assumption is that distinct variations in river 

stable isotopic ratios and hydrochemical fingerprints will reflect the signature of 

dominant recharge end-member sources, such as precipitation and groundwater. By 

integrating these techniques, the research will provide essential information on the 

catchment's flow regime and mechanisms governing river quantity and quality 

characteristics, enabling water managers and scientists to ensure the sustainable use 

of the river in the context of an ever-changing climate and for the benefit of the 

surrounding ecosystem. 

1.5 Research questions 
1. What are the dominant processes controlling the rivers’ stable isotopic 

composition in the catchment area?  
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2. How does hydrochemical processes control streamflow ionic 

compositions, during dry and wet seasons? 

3. How does the seasonal contribution of groundwater and precipitation, 

influence the runoff, in the catchment area? 

1.6 Research objectives 
The aim of this study was to use a combination of isotopic and hydrochemical 

tracing techniques to identify the seasonal end-member sources and processes that 

sustain the flow regime of the Berg River in the Franschhoek-Paarl valley.  

The specific objectives of the study were to: 

1. To characterize the seasonal mechanisms regulating the isotopic 

composition of the river, groundwater and precipitation resources of the 

catchment area, using stable isotope techniques.  

2. To characterize the seasonal hydrochemical behaviour, controlling factors 

and solute sources influencing the Berg River, using hydrochemical 

techniques.  

3. To identify the proportionate contribution of the dominant end-member 

sources, of the Berg River, during dry and wet seasons using an isotope mass 

balance mixing model. 

1.7 Research significance 
The Berg River, a crucial source of water in the quaternary catchments G10A, B, 

and C, is important for agricultural, domestic, and ecological use, particularly in the 

lower reaches of the catchment where it contributes to small floods (Ractliffe, 

2009). Given the ongoing climate variability and water crisis in the Western Cape, 

it is vital to assess, monitor, and protect this critical surface water resource. 

Effective catchment management and mitigation plans require detailed scientific 

knowledge of the river, including its quantity and quality, flow variability, and 

storage-discharge characteristics necessary to sustain the surrounding ecology. 

Therefore, understanding the seasonal recharge patterns and related streamflow 

responses through simultaneous in-situ monitoring using hydrochemical and 

isotopic techniques can provide additional theoretical support and knowledge on 

the basin’s hydrological runoff processes, addressing water circulation pathways 
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and spatiotemporal geochemical processes in the river system. By monitoring 

streamflow patterns and chemical variations, stakeholders can gain new 

hydrological information to improve the protection, management, maintenance, 

structural development schemes, and optimal level of use to ensure the sustainable 

management of the river resource in the era of climate change. 

1.8 Outline of the thesis 
The present study is structured into seven chapters. Chapter 1 provides an 

introduction to the research problem, including the background, aim, objectives, 

assumptions, research questions, and the significance of the research. It also 

outlines a general overview of the thesis. Chapter 2 presents the literature review, 

which provides the necessary guidance and information on the research objectives 

and methodological approaches required to achieve the proposed objectives and 

overall aim. Chapter 3 describes the study area, including regional hydroclimate, 

hydrogeology, soil, land cover, and sampling sites. The methods and materials used 

in the research to sample, test, and generate results are also discussed. Chapters 4 

to 6 comprise the results generated by the selected methods. Each chapter discusses 

the results relevant to a specific objective and includes figures and tables. In Chapter 

7, the results and discussion of each objective are summarised, and 

recommendations are provided for future research in the catchment.  
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Chapter 2: Literature Review 

2.1 Introduction 
Over the years, rivers in southern Africa have been assessed due to its ongoing 

significant changes in water volume, quality, and flow regime attributed to reduced 

rainfall events and human activities (O’ Keeffe, 1986; Lakhraj-

Govender&Grab,2019). These river systems are essential sources of freshwater, 

necessary for supporting domestic and agricultural services and sustaining 

ecological systems along the river (Li et al., 2014). The streamflow and chemical 

composition of rivers in most environmental settings depend on two prominent 

contributing water sources: surface runoff and baseflow. The equilibrium state 

between these water sources is influenced by the catchment’s geological 

characteristics and, to a marginal extent, the season of the year (Darling et al., 

2003).  

Low and high flows are seasonal patterns that are important components of a river's 

flow regime. In many cases, low flows, originate from discharged water that 

migrates from aquifer units below the river bed during the dry season (Smakhtin, 

2001). High flows are a result of high stream discharge due to the large quantity of 

surface runoff flowing into these systems, which is prominent in the Berg River and 

its tributaries during wet seasonal conditions. The habitual flow regime of a river 

system can be altered either by natural climatic patterns or by human interventions, 

such as dam construction. Wang et al., (2016) assessed the sensitivity of streamflow 

in China to climate change in varying climatic zones and observed that surface 

runoff was highly vulnerable to variations in precipitation and temperature. A 10% 

change in precipitation was estimated to change runoff by 15-25%, while a 

projected 2 degree increase in temperature was estimated to reduce streamflow by 

5-12%. (Lorena et al., 2010; Wang et al., 2016).  

To determine the contribution of water to the flow regime of a river in response to 

rainfall events, it is essential to understand the various runoff processes in relation 

to the drainage basin’s physical terrain, climatic parameters, and human 

modifications that may influence the overall source contributions to the stream 

(Birkel & Soulsby, 2015). In past research, stable isotopes and hydrochemical 
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tracers have shown valuable results on instream hydrological processes influenced 

by the transport of water along various flow paths, the transit time of water, and the 

hydrological connection between water bodies (Congjian et al., 2015; Silva et al., 

2018). In the case of two diverse sub-catchments within the Jonkershoek catchment 

in the Western Cape, of similar rock fractured quarzitic sandstone lithology to the 

Berg River catchment stable isotopes of water (18O, 2H), EC and pH were used to 

analyse seasonal recharge sources and flow pathways during baseflow conditions. 

The findings, as illustrated in Figure 1 by Mokua et al. (2020), revealed that the 

isotopic compositions of the stream water closely resembled those of groundwater 

throughout the dry and wet seasons. This suggested that the stream received slow 

discharge from springs during the dry season, coinciding with reduced rainfall. In 

contrast, the wet season revealed interflow and the contribution of perennial and 

ephemeral springs to the stream's water source (Mokua et al., 2020).  

 

 

 

 

 

 

 

According to Madlala (2015), during baseflow conditions, the Berg River is highly 

dependent on the contribution of groundwater discharge and dam release to sustain 

the streamflow. However, understanding how much water is contributed by all 

water sources, the variation in runoff dynamics during both dry and wet seasons, 

and the solute exchange among the water sources is vital in water resource 

management. 

Figure 1: Seasonal streamflow generation processes in Jonkershoek catchment: A conceptual model 

differentiating mountainous (grey) and foothill (white) zones) Source: Mokua et al., (2020). 
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Chapter 2 reviewed the key literature relevant to the proposed study and the 

methods applied to achieve each research objective. This chapter discussed the 

concept of applying stable isotopes in hydrological studies, the processes that 

modify isotopic signatures among various water sources, the processes and 

mechanisms governing river solute chemistry, and the methods used to partition the 

contribution of water to the streamflow regime. 

2.2 Tracing River recharge through seasonal stable 

isotopic signatures 

Stable isotopes of hydrogen (2H/1H) and oxygen (18O/16O) in water are natural and 

reliable hydrological tracers that vary spatially and temporally in arid and semi-arid 

regions. They can identify patterns and processes at ecological and hydrological 

scales, such as atmospheric processes, water recharge, river flow variations, and 

interactions between surface water and hydrological systems (Clark & Fritz, 1997; 

Congjian et al., 2015). Hence, stable isotopic tracers can delineate seasonal 

contributions of water origins in a river system (Liu et al., 2015). 

Stable isotopes of hydrogen and oxygen are inherent to water molecules and serve 

as unique identifiers. Their isotopic signatures can be modified during various 

stages of the hydrological cycle, such as mixing with different water sources and 

fractionation processes (Clark & Fritz, 1997; Kendall & Caldwell, 1998; 

Shamsuddin et al., 2018). These modified signatures provide insights into the origin 

and evolution of water before it recharges the river (Huang & Wang, 2017; Kong 

et al., 2019). Previous studies have successfully used stable isotopic tracers in both 

groundwater and surface water to identify water exchange and circulation processes 

among varying surface and subsurface water bodies (Mokua et al., 2020; Jung et 

al., 2021). Their non-reactive nature increases the accuracy of hydrological 

analyses, and they have been effective in investigating runoff generation processes 

in small regional watersheds ranging from 0.01km2 to 100km2 (Baskaran et al., 

2009; Klaus & McDonnell, 2013; Bhagat et al., 2021), evaluating a watershed’s 

residence time (McGuire et al., 2005), and estimating contributing water sources 

for river flow (Chen et al., 2020; Bhagat et al., 2021). 
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Isotope fractionation is the separation of isotopes of different mass quantities due 

to hydrological processes such as evaporation and condensation, leading to varying 

isotopic characteristics of water bodies (Clark & Fritz, 1997; Chen et al., 2020). 

The spatial and temporal variation of isotopic signatures in natural water bodies 

provides information on water circulation and transformation processes, making it 

applicable in ungauged catchments (Craig, 1961; Clarke & Fritz, 1997). 

Globally, physical processes like evaporation and moisture recycling can lead to 

isotope fractionation, altering the isotopic signature of rivers and their recharge 

sources (Lambs et al., 2011; Sharma et al., 2017; Gat, 1996). Catchment properties 

control streamflow generation, including dominant flow paths and water transit 

time (Ala-aho et al., 2018; Halder et al., 2015). Large rivers often show light isotope 

enrichment along the flow path due to elevation effect, increased evaporation 

(Ogrinc et al., 2018), and the input of water sources with distinct isotopic 

composition (Kumar et al., 2019). The isotopic variation in rivers is influenced by 

seasonal variation in climatic controls and catchment characteristics governing 

hydrological processes (Gao et al., 2021). 

Daily temperatures >0ºC drive evaporation of water, leading to preferential 

evaporation of lighter isotopes compared to heavier isotopes. This results in residual 

water becoming enriched in heavier isotopes and depleted in d-excess values 

(Dansgaard, 1964; Haiyan et al., 2018; Shi et al., 2019). This phenomenon has been 

used to assess water loss downstream in arid and semi-arid environments (Gibson 

et al., 2002). Under low flow conditions, river water tends to be isotopically 

enriched due to surface water evaporation (Zhou et al., 2017).  

Precipitation to river flow isotopic relation  

All water sources derive from precipitation through various pathways, and the 

characterization of river recharge relies on comparing the distinct isotopic 

signatures of precipitation and rivers (Clarke & Fritz, 1997). Previous studies have 

emphasized the need to analyse the isotopic signature and variation of precipitation 

to determine the origin of water sources and understand their unique input signal 

(Gat et al., 2010; Harris et al., 2010; Guan et al., 2013).  Therefore, characterizing 

how precipitation is stored and discharged as streamflow within a catchment is a 
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fundamental step in hydrology, as noted by Miller et al. (2021). Recharge rates, 

which influence the flow regime of river systems, can vary due to factors such as 

climate, precipitation, land cover, and topography. Given the variability in 

precipitation quantity, intensity, and formation resulting from global warming, 

understanding the Earth's water balance at regional and global scales has become 

crucial (Liu et al., 2013). The 𝛿2H and 𝛿18O isotopic compositions in precipitation 

are linked to climatic and environmental parameters, and comprehending these 

factors is essential for studying the isotopic variation and evolution of precipitation, 

as highlighted in previous hydrological studies (Machavaram et al., 2006; Tweed et 

al., 2020). 

Stable isotopic ratios (2H/1H and 18O/16O) in precipitation can trace atmospheric 

water and provide insights into moisture conveyance and precipitation production 

processes (Adar et al., 1998). Local precipitation can show a specific isotopic 

signature due to varying meteorological dynamics and moisture sources (Peng et 

al., 2010), emphasizing the importance of understanding precipitation sources and 

controls when analysing streamflow processes in river systems. Seasonal isotopic 

variability in precipitation has played a crucial role in previous research, allowing 

for the identification of hydrological processes and drivers of seasonal streamflow 

generation at a regional scale (Kumar et al., 2019). 

Over time, the assessment of isotopic compositions in precipitation has evolved to 

understand the controls governing isotope fractionation at a spatiotemporal scale. 

These controls, including the temperature, amount, continental, latitude and altitude 

effects, govern the enrichment and depletion of isotopic compositions in 

precipitation on a global scale, as described by Dansgaard (1964) and Gat et al. 

(2001). The Rayleigh Fractionation describes the isotopic depletion of a moisture 

cloud along its storm trajectory, resulting in variable meteoric isotopic signatures 

(Clarke & Fritz, 1997). Factors influencing cloud formation and air parcel 

generation can produce distinct raindrop characteristics (Aggarwal et al., 2016), 

while moisture recycling through evapotranspiration can modify atmospheric 

moisture fractions, thus altering the isotopic composition of precipitation (Peng et 
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al., 2011). Understanding these factors is crucial for assessing streamflow processes 

and seasonal streamflow generation (Kumar et al., 2019). 

Dansgaard (1964) proposed the "amount effect," which shows a negative 

correlation between the amount of precipitation and its isotopic composition (δ2H 

and δ18O), and the "temperature effect," which shows a positive correlation between 

temperature and isotopic composition. However, despite experiencing increased 

average rainfall amounts due to its close proximity to Table Mountain, the 12-year 

continuous monthly rainfall dataset collected at UCT in the Western Cape did not 

show a significant correlation between the 𝛿2H and 𝛿18O values with temperature 

and rainfall amount. However, it did show notable seasonal variability (Harris et 

al., 2010). Therefore, the absence of a strong relationship between the isotope 

composition of rain and temperature in the dataset collected aligns with the 

expected pattern for low latitude locations (Rozanski et al. 1993). As air masses rise 

and cool, they gradually deplete the isotopic composition of precipitation with 

increasing altitude, known as the "altitude effect" (Poage et al., 2001). In high-

altitude terrains, the altitude effect is directly detected in river systems dominated 

by rainfall recharge (Jódar et al., 2016). The depletion range accounts for 

approximately -0.15‰ to -0.5‰ for 𝛿18O, and approximately -1 and 4‰ for 𝛿2H 

per 100m (Dansgaard, 1964; Clark & Fritz, 1997). The temperature effect produces 

raindrops of a heavier isotopic composition during condensation at higher 

temperatures (Gat, 2010). The altitude effect is a temperature-associated 

component, and the isotopic composition of precipitation shows a linear 

relationship with altitude in mountainous regions (Yang et al., 2019). 

The "continental effect" describes the gradual depletion of heavy isotopes in 

precipitation as it moves inland from a marine moisture source. This effect is most 

significant in larger continental regions, as the remaining moisture is depleted in 

heavier isotopes during a rainout event. However, smaller regions are less affected, 

as suggested by previous studies (Tazioli et al., 2019). The "latitude effect" is 

observed as a depletion of heavy isotopes with increasing latitude and decreasing 

temperature (Rozanski et al., 1993). While the temperature and amount effects are 
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primarily influenced by local geographical factors, the latitude, continental, and 

altitude effects are typically analysed on a larger spatial scale (Li et al., 2017). 

Runoff is crucial for supplying water to rivers and can be categorized as surface or 

overland runoff, and sub-surface runoff, which includes interflow and baseflow. 

When precipitation infiltrates the subsurface, its isotopic composition may be 

modified. Infiltration varies in degree and can filter and dampen the seasonal 

precipitation signature in streams. The flow path affects the degree of groundwater 

and river recharge, especially in basins with preferential flow (McGuire & 

McDonnell, 2006). Runoff variation depends on catchment characteristics, physical 

processes, and mixing with other water sources. The timing and pathway of 

meteoric water entering a stream may significantly differ from the initial 

precipitation isotopic signature due to these factors (Liu et al., 2013; Gou et al., 

2018). Hence, the variable isotopic composition of meteoric water in streams is 

affected by the circulation and redistribution of water through the catchment by 

surface and subsurface runoff, which eventually integrates into streams to form a 

cohesive isotopic signal (St. Amour et al., 2005). 

Understanding the hydrological processes of a drainage basin requires quantifying 

how water sources like precipitation generate and sustain streamflow (Machavaram 

et al., 2006). Natural and human-induced factors can alter the natural flow regime 

of a river. The amount of water entering a river system from a rainfall event and 

contributing to streamflow depends on the catchment's characteristics, such as 

slope, elevation, land cover, land use practices, soil, and geology (Zhou et al.,2015). 

These factors influence the flow pathways and connectivity between hydrological 

sources and storage entities, creating a spatiotemporal relationship between 

precipitation and river flow (Chiverton et al., 2014). Therefore, precipitation falling 

within a catchment can follow various flow pathways and storage entities before 

contributing to total stream discharge. In the Berg River Catchment's sub-basins, 

three dominant runoff source dynamics influence the isotopic composition of 

streamflow: (a) channel precipitation and overland flow, (b) subsurface discharge, 

and (c) input from dams. 
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Meteoric Water Lines: 

The Global Meteoric Water Line (GMWL), defined by Craig (1961), describes the 

relationship between hydrogen and oxygen isotopic compositions of precipitation 

at a global scale. Local precipitation, however, may deviate from this relationship 

due to control factors as proposed by Dansgaard (1964) and form the LMWL. The 

unique equation for the GMWL is 𝛿2H= 8*𝛿18O+10, with the slope of 8 determined 

by isotope fractionation effects during equilibrium processes and the intercept of 

10 influenced by kinetic isotopic fractionation during non-equilibrium evaporation. 

Evaporation tends to remove lighter isotopes, resulting in higher proportions of 

δ18O and δ2H in the evaporated water source than precipitation. The unique isotopic 

fingerprint formed by mixing water bodies with distinct isotopic signatures can 

identify rainfall-runoff processes (Birkel et al., 2011). 

Rainfall in a region creates a unique Local Meteoric Water Line (LMWL) that can 

be identified by its slope and intercept (Dansgaard, 1964; Clarke & Fritz, 1997). 

The moisture source can be identified by the LMWL equation and precipitation's 

climatic and physical parameters (Guan et al., 2013). In previous research 

conducted in the Western Cape, South Africa, Harris et al. (2010) established a 

LMWL equation: δ2H = 6.41* 𝛿18O+8.66 (R2=0.88) which showed noteworthy 

similarity to the line of best fit derived from the Cape Town Airport dataset 

(IAEA/WMO, 2006): δ2H 6.51* 𝛿18O+ 8.89 (RMA) (Figure 2). Both LMWL 

equations showed a close correlation with the GMWL, but with an intercept of less 

than 10‰, suggesting relatively insignificant equilibrium conditions in relation to 

evaporative processes. In southern Africa the LMWL slope is generally reduced 

relative to the GMWL due to semi-arid climatic conditions and evaporation 

occurring between the source cloud and soil profile, as discussed by Abiye et al. 

(2021).  
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Deuterium excess: 

Dansgaard, (1964) developed the concept of d-excess, represented by the equation 

d = δ2H – 8*δ18O, which is influenced by local meteorological parameters, ambient 

water vapor isotopic composition, and isotopic fractionation processes like sub-

cloud evaporation and moisture recycling (Fan et al., 2016; Sun et al., 2016; Shi et 

al., 2019).  

Higher d-excess values than the global average of 10‰ indicate a higher proportion 

of evaporated moisture, while reduced values suggest the effect of sub-cloud 

secondary evaporative processes (Kendall & Coplen, 2001; Chen et al., 2021). Liu 

et al. (2008) observed that in northwest China, condensed raindrops experience sub-

cloud evaporation during precipitation, causing moisture-generating precipitation 

to mix with locally recycled vapour. This process is regulated by Rayleigh and 

kinetic fractionation. According to Zhou, (2021), found that precipitation 

undergoing kinetic fractionation led to varying fractionation factors between 2H/1H 

and 18O/16O ratios, resulting in periodic lowering of the RWL slope value. 

Surface water and groundwater d-excess values are influenced by moisture sources, 

climatic conditions, evaporation rates, water-rock interaction, and recharge 

Figure 2: Dual-isotope comparison for A) UCT monthly rainfall samples (1995-2008) 

and B) Cape Town International Airport monthly rainfall samples (1961-2013). (Data 

Source: IAEA/GNIP, 2021) 
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processes (Yang et al., 2019). Shi et al. (2019) discovered that local climatic 

conditions, such as evaporation rates and river recharge sources, influenced the d-

excess values of surface waters in the Upper Yellow River in Northwest China. 

They observed that lower d-excess values correlated with higher δ18O 

concentrations, indicating increased evaporation. In addition, the d-excess factor 

has been utilized by Ala-aho et al. (2018) to distinguish between evaporative and 

non-evaporative stream hydrological sources. This approach can be useful in 

identifying the isotopic evolution of source waters based on river d-excess values. 

Groundwater to river flow isotopic relation  

Groundwater and surface water are often connected, and groundwater seeping into 

a river can change its isotopic composition by isotopic exchange (Shamsuddin et 

al., 2018). Additionally, the isotopic composition of groundwater can differ from 

surface water, depending on factors such as the geology of the area and past flow 

paths of water in an aquifer. Hydrogeological processes have been studied for the 

past century, with particular focus on the contribution of groundwater sources to 

river flow during dry and low-flow seasons (Madlala, 2015; Bhagat et al.,2021). 

Understanding the isotopic composition of groundwater can therefore help to 

comprehend the isotopic composition of associated river water.  

The interaction between groundwater and the Berg River has been extensively 

studied, particularly in the headwaters where baseflow maintains the river's 

perennial flow and effluent nature (Clark & Ractliffe, 2007; Madlala, 2015). The 

catchment's aquifer system is replenished by winter rainfall from April to October, 

with discharge rates depending on hydraulic gradients. Groundwater discharge 

sustains river flow during low-flow and baseflow conditions. To maintain the river's 

flow, it's essential to understand how sub-surface and surface water interact over 

time (Miller et al., 2014).  

Stable isotopic ratios, such as 2H/1H and 18O/16O, are ideal for assessing subsurface 

origin and flow processes, including evaporation, lateral flow, downward 

infiltration, and groundwater-surface water interactions (Levy and Xu, 2011). For 

example, environmental isotopes (𝛿18O,𝛿2H and 3H) combined with major ion 

hydrochemistry proved as a valuable approach for understanding the evolution of 
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groundwater salinity in the Sandspruit River catchment, a tributary of the Berg 

River (Naicker,2012). These ratios have been used since the 1970s to gather 

information that was previously difficult to assess using other tracer techniques 

(Adomako et al., 2011). Winter, (2007) observed that substantial groundwater 

contribution to streamflow of the Dismal River, Rocky Ford Creek, and Crow Wing 

River in America maintains permeable groundwater areas, resulting in stable river 

flow conditions regardless of headwaters or stream length. 

Dansgaard, (1964) proposed that isotopic variations in groundwater are influenced 

by climate during recharge and altitude effects along the flow path. Gaining streams 

depend on groundwater and are susceptible to chemical changes due to inflow of 

water with different chemistry (Fetter, 2000). Shallow groundwater has distinct 

isotopic signatures compared to water in deeper aquifers that have longer residence 

times (Ahmed et al., 2011). Aquifer systems can also be replenished by surface 

water sources (Brunner et al., 2010). Groundwater and surface water interaction is 

critical for sustainable water management and ecological protection in Africa, 

particularly in regions with variable rainfall where agriculture is a vital economic 

activity (Siebert et al., 2010; Levy and Xu, 2011). Groundwater-surface water 

interaction is typically classified as connected or disconnected at the river scale. In 

connected systems, groundwater contributes to river flow by discharging through 

the streambed, while in disconnected systems, the unsaturated zone's subsurface 

lithology determines flow discontinuity and has no impact on streamflow (Brunner 

et al., 2010).  

Baseflow is the delayed outflow of groundwater into stream channels between 

storm events (Miller et al., 2014; Price, 2011). It sustains perennial systems during 

dry and wet seasonal flows and riparian ecosystems (Singh et al., 2016; Madlala, 

2015). Increased infiltration, recharge, and subsurface storage result in more 

baseflow, while increased evapotranspiration and surface runoff reduce it (Price, 

2011). Groundwater feeding into streams may reveal marginal isotopic variation in 

regions where the streams drain large permeable subsurface reservoirs. Variability 

in groundwater discharge is more prominent in regions where streams drain 

subsurface reservoirs of reduced permeability or during increased rainfall events 

(Winter, 2007). 
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Artificial storage – river flow isotopic relation  

Large water storage features relative to groundwater inflows can dampen isotopic 

variation in rivers (Jasechko, 2019). In some cases, dams are built to collect and 

store water during wet seasons, but the amount of stored water can affect discharge 

to rivers during dry periods (King et al., 2008). This can have significant impacts 

on runoff generation and regional streamflow in catchments, especially when 

combined with human activities such as urbanization (Woo & Thorne,2003). For 

example, in South Africa, the Berg River Dam is used to store approximately 130 

million m3 of water during high rainfall events, which can be released downstream 

during low flow periods to sustain the catchment's ecological integrity and 

ecological reserve requirements of the National Water Act (Act 36 of 1998). 

However, anthropogenic activities such as land modifications and dam 

embankments have changed the natural flow regime that previously existed in the 

Berg River Catchment (Hughes,2010). Thus, knowledge of the isotopic signature 

and reservoir influence on the Berg River stream network below the dam is still 

inadequate. 

Dams can also affect the environment by changing sediment flux, water quality, 

timing, volume, and temperature, which in turn can have negative impacts on the 

biotic communities in and around the river (Milner et al., 2019). For instance, the 

construction of a dam in China resulted in an increase in water storage time, which 

led to an increase in evaporation and isotopic composition enrichment of heavy 

δ18O and δ2H isotope ratios in the stored water (Wang et al., 2019). The isotopic 

composition of dam water releases depends on factors such as capacity, mean depth, 

and retention time, with longer retention times resulting in more evaporation, 

heavier isotopic composition enrichment, and lower d-excess values. 

2.3 Berg River Solute Evolution Processes 
Land and ocean entities are linked via hydrological networks, such as rivers, which 

facilitate material and energy exchange along the flow path (Meybeck, 1987). The 

hydrochemical composition of a watershed is determined by its flow path, 

emphasizing the importance to assess the basin's ion composition to understand the 

geochemical sources and processes controlling river solutes (Lintern et al., 2017). 
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Ions in surface water can originate from natural sources, such as weathering of 

terrestrial rocks and atmospheric precipitation, as well as anthropogenic sources 

(Khatri & Tyagi, 2015). The origin and ion composition of rivers reflect the 

connectivity between precipitation, groundwater, and the river, which in turn relates 

to the quantity and quality of water in the catchment. Seasonal changes in 

streamflow source contributions result in fluctuations in the composition of solutes 

in stream water (Tao et al., 2021). The concentration of river solutes varies 

seasonally due to end-member sources and reactive processes, and the connectivity 

between rivers and adjacent water sources is essential for managing suitable river 

quality (Kondolf et al., 2006).  

Rivers in arid and semi-arid environments are threatened by reduced recharge and 

deteriorating water quality (Xiao et al., 2016). This can indirectly reduce the 

quantity of available water in the river. The chemical composition of the Berg 

River's streamflow, groundwater, and rainfall can be influenced by natural or 

anthropogenic sources and can vary with changes in water discharge (Torres et al., 

2015). The major ions and physiochemical parameters, including Ca2+, Na+, K+, 

Mg2+, SO4
2-, HCO3

-, Cl-, SiO2, pH, TDS, and EC, are considered natural water 

tracers that, along with stable isotopic tracers, can signal the hydrochemical 

processes that govern runoff chemistry and help identify water flow pathways 

contributing to streamflow (Sferratore et al., 2006).  

Water chemistry in rural and urban areas can be influenced by both natural and 

anthropogenic factors, such as dam construction, poorly treated domestic water 

discharge, urbanization, and irrigation return flow (Khatri & Tyagi, 2015). 

According to Postel, (1998), with more than 50% of available surface water already 

being used for human needs and expected to increase to 70% by 2025. Hence, 

assessing the hydrochemistry of stream water is crucial for understanding the 

dynamics between evaporation, precipitation, and anthropogenic and chemical 

weathering influences (Gibbs, 1970; Meybeck, 1987; Mitchell et al.,2013). 

Understanding how land use and land cover affect streamflow and hydrochemistry 

is essential for river management and ecological restoration (Huang et al., 2013). 

Nonetheless, natural weathering processes may modify the runoff ionic 

composition and recharge a river system, which can significantly impact the river 
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quality, even without substantial anthropogenic pressure (Liu et al., 2019; Han et 

al., 2018).  

Madlala, (2015) conducted an assessment of the Berg River and groundwater 

quality in the Upper Berg River catchment. However, the study did not investigate 

the specific mechanisms governing the ion compositions below the Berg River dam. 

The findings revealed that Na-Cl was the dominant water type, with minor amounts 

of Ca2+ and HCO3
-. This was suggestive of active salinization processes, which 

could be attributed to water-rock interactions or human activities. Monitoring of the 

Berg River's salinity since the 1970s, as established by extensive research 

conducted by Fey and De Clercq (2004), identified dryland salinity as the primary 

contributor to the high salt concentration in the catchment. Dryland salinity is a 

major global concern, particularly in arid and semi-arid regions, where salts 

accumulate in the plant root zone and across the landscape due to varying water 

balance conditions (McFarlane et al., 2016), where rainfall percolation leads to the 

leaching of these ions from rock and soil into rivers (Xiao et al., 2021). In 

agricultural catchments, the major sources of salt accumulation are regulated by 

factors such as rainfall, marine aerosols, wind deposition, sea water intrusion, 

irrigation salinity, rock weathering, evaporation rates, and the geological soil profile 

(De Clercq et al., 2010). Sodium ions in stream and spring water are believed to 

originate from unaltered mineral grains present in the chemically inert TMG 

sediments. These salt mineral grains may have been deposited and accumulated 

within the sediments as impurities of cementing agents or through the evaporation 

of saline water.  

Graphical methods are often used in water quality studies to represent 

hydrochemical data and analyse large datasets to define water chemistry and the 

geochemical processes affecting water quality variation (Aza-Gnandji et al., 2013). 

The most common graphical methods include Piper, Stiff Pattern, Gibb’s, and 

Durov plots (Singh & Kumar, 2015). Among these, Piper diagrams (Piper, 1944) 

are particularly useful as they can represent multiple samples on a single plot and 

enable analysis of water type, mixing, and chemical processes among major 

dissolved constituents (Sharma et al., 2017; Singh & Kumar, 2015). Chemical 

weathering plays a significant role in the composition of river water constituents 
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and is influenced by the weathering of different rocks, climate and streamflow rates 

(Wu et al., 2016). The Gibbs plot, introduced by Gibbs in 1970, is a widely used 

tool to analyse the relationship between TDS values and the molar ratios of 

Na+/(Na++Ca2+) or Cl-/(Cl-+HCO3
-) in surface waters. This plot helps understand 

the mechanisms that affect solute chemistry and the changes in river water 

chemistry over time. The plot identifies three main mechanisms: rock dominance, 

characterized by moderate TDS values and ion ratios <0.5; atmospheric 

precipitation, characterized by low TDS values and ratios >0.5; and evaporation 

dominance, characterized by high TDS values (Jiang et al., 2020).  

Approximately, only 15% of the Earth's surface is currently protected from direct 

human impact (UNEP-WCMC & IUCN, 2018). Studies have shown that irrigation 

increases rock-chemical weathering (Chen, 2006), and damming operations can 

alter rainfall distribution through elevated evaporation and humidity levels (Degu 

et al., 2011), leading to an increase in Cl-, Na+, K+, SO4
2-, HCO3

- concentrations in 

rivers (Chen et al., 2002; Milliman et al., 2011). Hydrochemical and multivariate 

statistical analyses have proven effective in identifying the hydrochemical 

processes influencing natural water sources (Wang et al., 2019; Kou et al., 2019). 

The ion-ratio method is a valuable approach for determining the origin of solute 

concentrations and understanding factors like ion-exchange that affect water 

composition (Wang et al. 2019; Asare-Donkor et al. 2018). By examining the linear 

relationship between Na++K+-Cl- vs. (Ca2+ +Mg2+) -(HCO3
- +SO4

2-) (meq. L-1), a 

slope of -1 and the distribution of water samples on the trendline suggest ion 

exchange as a governing process, while samples close to the x-axis zero origin 

indicate no influence of ion exchange (Jankowski et al., 1998). Cluster Analysis 

and Factor Analysis are effective tools of multivariate statistical analysis that aid in 

reducing and grouping extensive hydrochemical datasets, helping to deduce the 

dominant processes controlling surface water quality (Modie et al., 2022; Asare-

Donkor et al., 2018; Wang et al., 2019; Madlala, 2015). 

Wang et al. (2021) and Madlala (2015) used Principal Component Analysis (PCA) 

to analyse and reduce large hydrochemical datasets and identify factors controlling 

river solutes.  Hierarchical Cluster analysis, a type of unsupervised pattern-
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recognition method, has been widely used in global water quality studies to analyse 

the quality of water and assess hydrological connections between different water 

entities. It has been recognized as an effective statistical tool in ecology and 

geochemistry (Madlala, 2015; Wang et al., 2019; Zhou et al., 2018; Sun et al., 

2016). The "Euclidean" method is commonly used for standard distance 

measurement and the sum of squares of deviations, and the "Ward method" for 

merging clusters (Liu et al., 2019), where the loadings are defined by “strong” 

(>0.75), “moderate” (0.75-0.5) and “weak” (0.5-0.3) (Liu et al., 2003).  

2.4 End-Member Source Separation using Mass Balance 
River resource management is crucial for both ecological and human needs, but in 

many parts of the world, demand for freshwater exceeds supply (Fan et al., 2016). 

Recharge is a key process that influences the hydrological interaction between 

different water entities and modifies the isotopic composition of water in a 

hydrological system (Chen, et al., 2020). Precipitation, groundwater, and surface 

water are all part of the hydrological cycle and share similar hydraulic relationships. 

However, quantifying the seasonal contributions of precipitation and groundwater 

to streamflow is a challenge for resource management and the efficient use of water 

resources in a catchment. 

A catchment's response to direct runoff and groundwater discharge can vary within 

a drainage basin depending on physiographic conditions (Zhou et al.,2015). 

Groundwater discharge may decrease during storm events, while rainfall events 

stimulate perennial rivers through groundwater seepage into the streambed by 

baseflow. The hydrogeological characteristics surrounding a stream influence its 

baseflow conditions, making it highly variable (Singh et al., 2016). To better 

understand source contributions to rivers in regions with variable water sources due 

to changing climatic conditions, separating river flow into dry and wet seasons to 

define groundwater and rainfall components can be useful.  

Hydrograph separation techniques using stable isotopic hydrology or geochemical 

tracers have been effective since the 1970s to quantify pre-event and event runoff 

components during storm events, aiding in streamflow generation at a reach to 

catchment scale (Uhlenbrook and Hoeg, 2003; Machavaram et al., 2005; Li et al., 
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2017; Gou et al., 2018, Fan et al., 2016; Dinçer et al., 1970). According to Klaus & 

McDonnell, (2013) and Shao et al., (2020), a hydrograph separation technique using 

stable isotopes requires a collective group of assumptions to quantify the 

contributions of varying components to streamflow.  

1) Water sources contributing to a river must have distinct isotopic 

compositions or variations that can be accounted for. 

2) The isotopic signatures of studied water sources are generally consistent 

but can account for any showed variation in space and time. 

3) Surface water bodies have a minor contribution to streamflow 

generation. 

Various methods have been developed to separate baseflow including graphical, 

hydrological simulation, tracer-based mass balance, electrical conductivity mass-

balance, and automated baseflow separation using digital filters (Zhang et al., 

2012). The graphical method is easy to implement but time-consuming and 

subjective, while the hydrological simulation method requires continuous time-

series hydrological and climatic data to calibrate accurately (Smakhtin & Masse, 

2000; Zahraei et al., 2021; Shao et al., 2020). Tracer-based mass balance, 

incorporating environmental tracers, has also been employed (Bhagat et al., 2021; 

Chen et al., 2020), as well as electrical conductivity mass-balance (Stewart et al., 

2007), and automated baseflow separation methods using digital filters which was 

used by Madlala, 2015, in the Berg River headwaters. 

Traditional methods such as graphical hydrograph separation and recession analysis 

lack objectivity and physical ground-truthing, making the accuracy of estimates 

questionable (Foks et al., 2019). Automated separation methods such as HYSEP 

and UKIH were found to underestimate baseflow in the semi-arid Hailiutu River 

Basin in China, while RDF-E misidentified quick flow values during dry periods. 

However, when used in combination with tracer-based methods, RDF-E was able 

to accurately identify baseflow (Shao et al., 2020). 

The tracer-based mass balance model is the most objective method for separating 

various streamflow contributors as it relies on continuous monitoring of ion or 

isotopic concentrations in overland runoff, stream water, and groundwater. This 
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method uses steady-state mass balance equations and is capable of identifying and 

separating streamflow components in gauged and ungauged systems. The method 

has been applied in many studies to quantify the relative contributions of various 

water sources to streamflow using a simple batch-mixing model based on the mass 

conservation of stable isotopes (18O, 2H). The method assumes conservative mixing 

between the two sources and has been used in two or three-component mass 

balancing models (Klaus & McDonnell, 2013; Gibson et al., 2000; Gibson et al., 

2016; Li et al., 2017; Trinh et al.,2017; Haiyan et al., 2018). 

The simple mass balance approach, based on distinct isotopic compositions in 

varying natural water bodies, can quantitatively estimate river recharge by 

identifying the contribution of varying end-member sources (Bhagat et al., 2021). 

This approach is founded on the idea that total streamflow is generated by a mixture 

of water source dynamics with varying characteristics (Pinder and Jones, 1969). 

While this method can be laborious and time-consuming, especially in large 

watersheds, it has been found to be an accurate and objective technique for 

separating direct runoff and baseflow and delineating flood events based on water 

constituents (Klaus & McDonnel, 2013; Shao et al., 2020; Trinh et al., 2017). 

The isotopic mass balance model is a widely used and accurate technique for 

identifying and separating various streamflow components based on the isotopic 

compositions of specific water bodies. This approach has been employed in various 

studies have validated the effectiveness of this approach to assess runoff processes 

at different scales (Fan et al., 2016; Trinh et al., 2017; Chen et al., 2020; Shao et al., 

2020; Bhagat et al., 2021). For example, Li et al. (2017) used a two-component 

isotope mass balance model to distinguish headwater sources in China's Loess 

Plateau and the Berg River Catchment in a 60% agricultural watershed. The study 

found that precipitation isotopic composition varied while groundwater was 

constant, validating the mass balance approach. The contribution of each source 

was identified in different seasons, revealing that headwater flow responded quickly 

to rainfall while groundwater was significant in generating flow downstream. For 

example, a two-component isotope mass-balance was applied to assess the 

contribution of surface and subsurface sources to the Sandspruit River in the Berg 

River Catchment using the environmental tracer 𝛿18O and SiO2, which revealed that 
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groundwater was the dominant contributor to the flow and that surface runoff 

contributed during the onset of the storm event (Damons et al., 2018). Despite its 

labour-intensive nature and the need for extensive monitoring data, the isotopic 

mass balance model is objective, quantifiable, and can establish trends in water 

constituents. 

2.5 Summary 
This literature review focused on stable isotopes in water as tracers for 

understanding ecological and hydrological processes. Isotope fractionation reveals 

insights into water circulation and transformation influenced by processes like 

evaporation. Catchment properties control streamflow, while rising temperatures 

enrich residual water isotopes. Stable isotopes help identify hydrological 

characteristics, trace water sources, and detect deviations at different scales. 

Understanding factors influencing river water's isotopic composition is crucial for 

interpreting its signature, with implications for water resource management and 

climate studies. The review also addressed the knowledge gap regarding the impact 

of climate, altitude, and lithology on isotopic variations, as well as the significance 

of groundwater-surface water interaction in the Berg River Catchment. 

In river systems, the land-ocean connection facilitates material and energy 

exchange. Factors like meteorology, water source composition, flow rate, input 

sources, and geological characteristics determine river water quality. Arid and 

semi-arid rivers face challenges from reduced recharge and declining water quality, 

necessitating effective management. The review highlights the knowledge gap 

regarding solute concentrations below the Berg River Dam and emphasizes the 

influence of natural processes and human activities on the chemical composition of 

rivers, which require assessment. Quantifying the contributions of precipitation and 

groundwater to streamflow poses challenges for water resource management. 

Various methods have been developed to separate streamflow source contributions, 

with the tracer-based mass balance model being regarded as the most objective 

approach. Hence, stable isotopic tracers and the analysis of major ions using 

statistical and graphical methods are valuable for understanding hydrochemical 

processes and water flow pathways in rivers. 
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Chapter 3: Research study area, design and 

methodology 

3.1 Introduction 
The following chapter provides the context of the study area with reference to the 

regional climate, hydrogeology, dominant soil and vegetation cover. Thenceforth, 

the research design and methodologies are discussed regarding the collection and 

analysis of the data. Discussing the methodology of the research was pivotal, in 

achieving the study’s objectives. The credibility of the report is established by 

incorporating quality assurance, limitations, and ethical considerations. 

3.2 Description of the study area 
The Franschhoek-Paarl valley is located at 33° 54’ 36.3” S;19° 7’ 33.07” E, and is 

part of the mountainous Berg River sub-catchment. It includes the quaternary 

catchments of G10A, G10B, and G10C, which fall under the jurisdiction of the 

Stellenbosch and Cape Winelands District Municipality in the Western Cape 

Province of South Africa. The streamflow regime within these catchments is 

dependent on: direct precipitation, groundwater discharge, interflow, surface 

runoff, and dam release (Madlala, 2015). 

3.2.2 Regional hydroclimate 

The study area experiences a Mediterranean climate, with warm dry summers 

(November to March) and cold wet winters (April to October). The catchment 

experienced an average monthly temperature that ranged between 13°C to 31°C 

during the dry season (Figure 3). In comparison, during the wet season, 

temperatures varied between 5°C to 28°C. 

The data depicted in Figure 5 represent monthly precipitation levels sourced from 

La Motte, Dwars, and Vinpro Hortec Stations. These data reflect a specific time 

period rather than long-term averages. The observed variations in precipitation 

intensity throughout the hydrological year indicate seasonal fluctuations in rainfall 

patterns. This pattern demonstrated a distinct winter rainfall pattern with high 

precipitation amounts, primarily occurring between May and August. The Western 
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Cape is susceptible to extreme winter rainfall distribution that originates primarily 

from cold fronts of a low-pressure system closely related to mid-latitude cyclones 

moving in an eastward direction across the South Atlantic Ocean (Otto et al., 2018). 

However, when high-pressure systems move further south, this causes dry 

conditions in summer. In the Upper Berg River catchment, the mean annual 

precipitation (MAP) ranges from 700-800 mm/year, with approximately 80% 

falling between April and September (De Clercq, 2006; Belcher et al., 2015; 

Madlala, 2015; Fell, 2017). However, based on the 2020-2021 weather data (Figure 

3), the catchment experienced a MAP of 717.32 mm. The presence of the 

Drakenstein and Franschhoek mountains in the catchment has an orographic 

influence, where mean and annual precipitation amounts can differ significantly 

across the catchment.  

The data provided by La Motte, Dwars, and Vinpro Hortec stations in February 

2021 of Figure 4, had the lowest average Relative Humidity (RH) at 55%, making 

it the driest month, while July 2021 had the highest average RH at 70%, making it 

the wettest month. RH (%) is inversely proportional to the Evapotranspiration 

(ETo,mm) rate, computed by the Penman-Monteith method (Allen et al., 1995). 

Thus, during the dry season when the temperature increased and RH (%) decreased, 

Figure 3: Average monthly precipitation and temperature in Franschhoek-Paarl Valley. 

Meteorological Service Provider: iLeaf (2021) 
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the air became drier and could hold more moisture relative to colder air, leading to 

an increase in ETo (mm) rate. Conversely, in the wet season, as the temperature 

decreased and the surrounding air became moister, reaching saturation, the RH (%) 

increased, resulting in a decrease in the ETo (mm) rate. The annual average ETo 

(1196.49 mm) for the hydrological year was higher than the annual mean 

precipitation (716.32 mm), respectively. 

 

 

 

 

 

 

 

 

 

 

3.2.3 Hydrogeology 

The dominant geology underlying quaternary catchments G10 A, B, and C of the 

Berg River catchment, tabulated in Table 1 comprises a combination of inert 

sandstone from the regional fractured hard rock TMG origin, comprising the 

dominant water-bearing aquifer units, namely the Peninsula and moderately 

mineralized sand, silt and mudstone of the Nardow, and the Franschhoek basement 

formation. Underlying the TMG formations are softer argillaceous rocks such as 

shales and mudstones of the Malmesbury Group (MG). The most prominent unit of 

the MG is composed of grey to purple phyllitic shales and fine-grained greywackes, 

Figure 4: Average monthly Evapotranspiration (ETo, mm) and relative humidity (RH, 

%) for Franschhoek-Paarl valley. Meteorological Service Provider: iLeaf (2021) 
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which are more susceptible to weathering processes. The MG also includes the 

intruded granites of the Cape Granite Suite (Scheepers & Armstrong, 2002). 

Figure 5 and Table 1 data from Theron (1984), Theron et al. (1992), Duah (2010), 

and Pietersen & Parsons (2002) reveals that the Peninsula Aquifer System has the 

largest hydrogeological thickness and represents the largest aquifer unit in the area. 

It is a prominent underground feature beneath the Berg River Dam in the Upper 

Berg River catchment. The aquifer system’s visible layers, which are mostly 

unconfined or semi-confined, sustain rivers and mountainous headwater 

streamflow through interflow and baseflow along the northern and eastern boarders 

of the catchment (Colvin et al., 2009). The secondary fractured aquifer unit is 

associated with the dominant Peninsula formation in the continuous mountain 

ranges of the Western Cape. This exposes the aquifer to elevated recharge and 

rainfall events, while also influencing the presence of rainfall and snow in the area 

due to its resilient orographic effect (Colvin et al., 2009). 
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Table 1: Regional stratigraphy of the Franschhoek-Paarl Valley. 

 

AGE GROUP SUBGROUP FORMATION THICKNESS 
(M) LITHOLOGY 

QUATERNARY 

(1.8-PRESENT) 
 Quaternary Cenozoic deposits Scree, alluvium 

ORDOVIAN-

DEVONIAN (490-

360 MA) 

TMG 

 
 

Nardouw 

 
 

Rietvlei 280 Feldspathic, 
quartz arenite 

Skurweberg 390 Quartz arenite, 
Sandstone 

Goudini 230 Sandstone, 
Siltstone 

 

Cedarberg 120 Silty Shale 
Pakhuis 40 Shale, Diamicite 

Penninsula 1800 
Quartz arenite, 

sandstone  

Graafwater 420 Shale, sandstone 

Piekenierskloof 900 

Quartz arenite, 

conglomerate and 

minor shale 

NAMIBIAN-

CAMBRIAN 

(1000-545 MA) 

Malmesbury Swartland Moorreesburg ±300m 

Shales, 

greywacke, 

phyllite, 

limestone and 

quarzitic 

sandstone. 

Cape Granite 

Suite 
   

Agglomerate and 

basalt; Course 

porphyritic 

granite 
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The TMG aquifer system in the upper catchment area, characterized by fractured, 

secondary porosity and chemically resistant quarzitic rocks, is a significant sub-

surface feature in South Africa (Clark & Ractliffe, 2007). Additionally, the 

catchment area is marked by the presence of alluvial deposits, which contribute to 

the aquifer's heterogeneity deposited by streams. 

Fractured rock formations of the Peninsula and Nardouw aquifer units exhibit 

reduced porosity and a heterogeneous flow path due to folding and faulting in the 

Cape granite suite and TMG Nardouw formations. The geological formations 

present in the catchment show a high level of fracturing, which enables water, 

dissolved geological constituents, and contamination to travel via fracture flow 

within the aquifer and interact with surface water bodies (Madlala, 2015). 

According to Clark & Ractliffe (2007), significant groundwater recharge in the 

Berg River occurs in the upper regions of the catchment near Franschhoek, driven 

by substantial rainfall activity and rugged topography. Alluvial deposits contribute 

to the recharge process by providing pathways for water infiltration into the 

Figure 5: Interconnection of aquifers and TMG material deposition: A cross-section example 

from Velorenvlei Catchment, adjacent to Berg River Catchment (Source: Watson et al., 2018). 
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subsurface. Additionally, fractures within the aquifer lead to the emergence of 

springs and seeps, with alluvial deposits serving as important sources of 

groundwater discharge. 

These sources contribute to the sustenance of groundwater, which in turn supports 

the continuous flow and effluent characteristics of the Berg River. The discharged 

water from the aquifer typically has low dissolved salts, with Cl- and Na- ions being 

dominant (Smart & Tredeoux, 2002). The aquifer, which is primarily composed of 

inert quartzite rocks, is generally characterized by reduced levels of Ca2+ and Mg2+, 

as the ion salts are diluted and flushed out of the system during precipitation 

recharge. (Smart & Tredeoux, 2002). In elevated mountainous terrains, substantial 

groundwater recharge originates from the TMG, where rainfall infiltrates 

geological joints and fractures, percolating as interflow until it reaches the water 

table. This process explains the rapid flow of water from rocky plains following 

rainfall events, to replenish streams along the valley (Duah et al., 2010). 

North of the Berg River Dam and towards the Paarl valley, the underlying geology 

transitions to softer clay minerals, including argillaceous rocks like shale, 

greywacke, and phyllite, alongside formations of quartz, schist, and limestone 

belonging to the Malmesbury group. The area also hosts the Paarl pluton, northwest 

of the Boschenmeer Gold Estate, comprising fine to medium porphyritic granite 

from the Cape Granite Suite (Figure 6), that intruded into the sedimentary 

Malmesbury Formations, with biotite elements.  
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3.2.4 Soil 

The valley's soil characteristics are determined by the geological parent material. 

The aquifer units are concealed by small particles of silt and clay or larger particles 

of sand and gravel, which are abundant in the surrounding mountains. However, the 

catchment’s flat terrain is dominated by quaternary sediment deposits such as scree, 

loamy/sandy soil, gravelly clay, ferricrete, and alluvium (Clark & Ractliffe, 2007). 

The soil composition in the upper Berg regions, resulting from the weathering of 

TMG quartzites and sandstones, is typically characterized by larger particles of 

coarse sand and gravel of larger pore spaces and high permeability, allowing an 

increased infiltration rate and sandy clay texture. It is generally nutrient-poor and 

acidic in nature (de Villiers, 2007). On the other hand, soils derived from weathered 

granite and shale rocks produce soil with a higher clay content of low permeability 

(Mol and Campbell,1976). According to Clark and Ractliffe (2007), the primary 

parent material of the soil in the region plays a significant role in the distribution of 

poor-quality groundwater and the movement of surface runoff. Coarser soils with 

Figure 6: Geological map defining the lithological units, in the Franschhoek-Paarl valley. Source 
Layer Provider: Water Research Commission 2012 (WRC12). 
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larger pore spaces and steeper slopes tend to facilitate faster surface runoff, 

potentially leading to erosion and reduced water quality.  

3.2.5 Hydrology 

The Berg River has its source in the headwaters located 6 km above the Berg River 

Dam, situated in the Jonkershoek and Franschhoek mountains, with elevations 

ranging from 1300 m.a.s.l to 1500 m.a.s.l. The river meanders in a north-easterly 

direction, crossing deeply incised valleys along a moderately steep topographic 

slope of 0.67%. Its bed is dominated by cobbles and boulders, closely tracing the 

fold axes of the synclinal basins (Clark & Ractliffe, 2007). Stretching 

approximately 285 km, it begins in catchment G10A and flows at its mouth in St. 

Helena Bay where it meets the Atlantic Ocean (Clark & Ractliffe, 2007). During 

the study in the Franschhoek-Paarl valley, flow rates ranged from 0.03 to 26.33 

m3/sec in the dry season and 0.04 to 341.22 m3/sec in the wet season (Figure 7). 

In 2007, Ractliffe estimated that the Berg River catchment contributed 931 MCM/a 

of natural runoff, with 45% originating from the three quaternary catchments, 

covering only 7% of the area. In the upper G10A reach, the Berg River supplies 

drinking water to the City of Cape Town via the Wemmershoek and Berg River 

dams. The Wemmershoek Dam, southeast of Paarl, spans 3 km2 with a storage 

capacity of 66 Mm3, while the Berg River Dam covers 5 km2 and holds 130 Mm3 

(Cullis et al., 2019). The Berg River project includes the Berg River Dam, 

Drakenstein abstraction works, and Dasbos pump station, connected by the Dasbos 

tunnel about 10 km downstream from the Berg River Dam (Rossouw, 2008; 

Bosman et al., 2016). During high winter flows, water is diverted from the Berg 

River through a 1.6 m high diversion weir and into an off-channel balancing dam. 

Then, it is pumped back to the Berg River Dam for storage by the Drakenstein pump 

station (Rossouw, 2008; Madlala, 2015).  

The Berg River's surface runoff (Figure 7) mainly originates from its main 

tributaries: the Franschhoek, Wemmershoek, and Dwars Rivers. These perennial 

streams flow parallel to the fracture and fault orientations and perpendicular to the 

fold axes of the underlying TMG lithology (Colvin et al., 2009). They display 

seasonal streamflow patterns, with high-flow events occurring naturally during the 
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wet season and low-flow events being more prevalent during the warmer months 

(Struyf et al., 2012).  The Franschhoek River, originating from the Franschhoek 

mountain range, flows approximately 30 km before joining the Berg River (Adams, 

2011).  The Dwars River, characterized by dense riparian vegetation, originates in 

the Banghoek valley between Stellenbosch and Franschhoek. It flows in a north-

westerly direction, passing through the towns of Johannesdal and Pniël, before 

joining the Berg River. 

 

3.2.6 Land cover 

Vegetation 

The Franschhoek-Paarl valley sustains the indigenous fynbos vegetation of the 

Cape Floral Kingdom (Figure 8), but riparian vegetation along the Berg River is 

limited and localized. This has resulted in a decline in vegetation due to the rapid 

increase of invasive alien species, such as Eucalyptus plants (Adams, 2011; 

Madlala, 2015). The fynbos vegetation, particularly the Sclerophyllous bush types 

in the catchment area, can release organic humic acid into the river, which can lower 

the pH levels in the water (Struyf et al.,2012). However, humic acid can also 
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Figure 7: 2020-2021 daily average riverine volumetric discharge rates (m3/sec) at five gauging 

stations in the Franschhoek-Paarl valley catchment. Data source: DWS (2021).  
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enhance the soil's ability to retain infiltrating rainfall by altering pore spaces and 

soil aeration. 

Land use practices 

 The valley basin surrounded by the Franschhoek and Drakenstein Mountain ranges 

consists of 65% agricultural land cover (Figure 8), which includes irrigation, 

deciduous fruit, sports grounds, urban towns, and vineyard cultivation, contributing 

significantly to the economic growth in the catchment and dry land farming (Struyf 

et al., 2012). These practices rely on the river flow for irrigation, particularly during 

the dry summer months. 

 

Cultivated O rchids

Cultivated Vineyards

Dams

Urban Commercial

Woodlot

Urban School, golf and sports grounds

Thicket/Dense bush: Riparian

Shrubland fynbos

― Road

― Main stem

― Tributary 

Cultivated Vines

Urban sports and golf

:::::::::::Urban Township and Urban residential

Bare rocky mountain-vegetation: Fynbos

Bare mountain rock

Low Shrubland

Wetland seep/ highland

Cultivated Community pivot 

Cultivated Community fie lds

Urban Smallholding (low vegetation)

::::::::::::Urban built up

Grassland

Figure 8: Landcover distribution in the Franschhoek-Paarl valley. Source Layer Provider: Cape 

Nature (2014).   
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3.3 Research design 

To capture the heterogeneity and geographic source areas of the catchment, 

potential end-member sources of the Berg River were considered based on 

meteorological and environmental characteristics such as temperature, rainfall 

amount, geology, land cover, aquifer depth, and land-based activities. This ensured 

that the sampling sites capture the full range of potential influences on streamflow 

dynamics, from natural processes to anthropogenic impacts. To investigate the 

factors influencing streamflow at a seasonal scale, fieldwork and desktop-based 

approaches were integrated. This involved analysing baseline data, physiochemical 

measurements of the river, precipitation, and groundwater sources, as well as 

assessing secondary time series and streamflow data collected over a specific period 

to understand patterns, trends, and variations in streamflow characteristics During 

a reconnaissance visit, the locations of groundwater, surface water, and 

precipitation were recorded using a handheld Garmin etrex 30xTM GPS  and 

corresponding coordinates provided by the Department of Water and Sanitation. 

This helped in evaluating the spatial trend of river water sources and the processes 

that influenced temporal streamflow. Surface water monitoring points were selected 

at various reaches (Upper, Middle, and Lower) downstream of the Berg River dam, 

considering tributaries, land activities in proximity, and their influence on the river. 

Sampling was carried out at multiple locations along the river to evaluate the 

magnitude and variability of flow, accounting for variations along different sections 

of the Berg River. 

In summary, a quantitative research design was incorporated, integrating statistical, 

chemical, and graphical methods to establish relationships between variables. The 

unit of analysis for the research included the Berg River and its end-member 

sources, analysed within the three physiographic regions of the upper, middle, and 

lower valley regions on a bi-weekly basis. The study population consisted of the 

Berg River catchment area itself, including its various geographical features, 

environmental characteristics, and human activities that influence streamflow 

dynamics. Sampling points strategically chosen within this area investigated water 

quantity, quality, flow rates, and land use patterns along the river. 
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3.4 Data collection methods 
To assess the interaction and mixing among various water sources in the catchment 

and the extent of water discharged into the Berg River, the sampling and collection 

of field-based data in the selected quaternary catchments was crucial. A total of 40 

sampling locations were selected along the 30 km mainstream, including 

precipitation (3), groundwater (15), the main river stream, and its major tributaries 

(22). This allowed for investigating the spatiotemporal variations of the isotopic 

and hydrochemical compositions in the Franschhoek and Paarl valley area. A total 

of 25 sampling campaigns were conducted between 2020-2021, on a bi-weekly 

scale, during the dry (November to March) and wet (April to October) seasons. The 

water samples were filtered using a 0.45μm nylon syringe filter for major ion 

analysis and a 0.22μm cellulose acetate filter for isotope analysis. 

To ensure the accuracy of water sampling, several steps were taken before 

collecting the water sample. Firstly, the bucket used for grab sampling, the 

polypropylene Greiner Bio-One conical tube, and the red capped cryogenic tubes 

were rinsed three times with the water to be sampled. This helped the equipment to 

acclimate to the water environment. The water was collected to the brim of the 

bottles, without any entrapped air, and sealed with an inner cap and tightly secure 

outer cap. Additional ParafilmTM tape was used to prevent evaporation. Quality 

control measures were taken by collecting field duplicates and blanks periodically. 

Each sample was labelled with the time, location, and sample identification (ID). 

The samples were stored in the fridge at 4°C until laboratory analysis at the UWC 

Environmental and Water Science Department, and Stellenbosch University 

BIOGRIP Facility. In addition, the in-situ field parameters including temperature 

(˚C), pH, and EC (μS/cm) were measured once stabilised, using a digital Hach 

HQ40D portable multi-meter at each sampling location, and it was calibrated before 

every sampling event. 

1) Precipitation: Precipitation was collected using standard conical rain 

gauges, following the specifications provided by IAEA (2014), at three 

different locations. During the hydrological year from November 2020 to 

October 2021, precipitation samples were collected from a collector located 
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near a meteorological station. A total of 41 rainfall events were recorded at 

RF1, 30 rainfall events at BG00047-RF, and 17 rainfall events at UWC-

RF#1 (see Appendix B). The rain gauge was situated in an open area and 

included a container for measuring precipitation in mm, with reference to 

height by an automatic logger at a given time. To ensure accurate isotopic 

analysis, it was necessary to prevent evaporation, which could alter the 

water's isotopic composition. Water from the gauge was transferred into a 

polyethylene sample bottle for collection after each event, using a staff. To 

avoid fractionation, bulk rainfall was collected immediately after an event 

for isotopic and hydrochemical analysis. The volume-weighted mean of the 

seasonal rainfall isotopic composition in the catchment was used to 

determine the rainfall end-member component in the mass balance analysis, 

which was conducted to assess the seasonal response of the river water to 

rainfall events. 

2) Groundwater: Before collecting groundwater samples, in-situ 

measurements of the depth to water table and shallow borehole depth were 

taken using a Solanist water level meter and tape measure to measure casing 

and collar height. The groundwater was then purged with a pump to obtain 

authentic samples that reflect the conditions of the aquifer. To do this, a low 

flow, WSP-12V-5 stage, submersible tornado pump was used to extract the 

groundwater from monitoring wells. The pump had a 26 m lift capacity-        

27 m cable, crocodile clips with a 50 mm diameter, and LDPE discharge 

tubing. 

3) Surface water: River water was collected mid-stream to ensure that they 

were representative of the river's conditions and not affected by insufficient 

mixing or stagnant water near the river banks. Due to turbulent flow, a grab 

sampling method was employed using an LDPE bucket tied with nylon rope 

to collect the river samples. To prevent cross-contamination, the bucket, 

sample bottles, and sampling equipment were rinsed three times with 

distilled water and the sample water prior to sample collection. 

 

 

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



 

40 
 

3.4.1 Sampling sites 
The sampling sites selected across upper, middle, and lower physiographic zones 

are illustrated in Figures 9-10 and summarized in Tables 2-3, including 22 river 

samples, three rain gauges, and fifteen boreholes. Surface water samples were 

gathered from the main river channel, its tributaries, and specific gauging weirs.  

The upper region: 

The sampling sites for river, groundwater, and rainfall were positioned downstream 

of the Berg River Dam, approximately 6 km west of Franschhoek. The flow of the 

Berg River in these regions was predominantly influenced by dam releases, with 

minimal impact from other human activities. Notably, the Franschhoek River 

(G1H003 and FRANS1) faced significant human-induced disturbances from the 

Langrug informal settlement and surrounding farms along its path before merging 

with the Berg River. Particularly, contamination of the Franschhoek River occurred 

at its confluence with the polluted Stiebeuel River, originating from the Hawequas 

mountains and passing through the Langrug informal settlement. This 

contamination resulted from inadequate sanitation facilities and dysfunctional 

toilets in the area (Winter, 2016; Fell, 2017). Moreover, at site BGR5, the Berg 

River received treated effluent discharged from the Wemmershoek Waste Water 

Treatment Works (WWTW) before converging with the Wemmershoek River at 

site BGR6. However, the flow of the Wemmershoek River was managed and 

directed towards the Wemmershoek Dam by the City of Cape Town (COCT) before 

its confluence with the Berg River at BGR6. 

The middle region: 

The middle region, situated downstream of BGR6, comprised predominantly 

agricultural and recreational land uses. This made the river in this area vulnerable 

to surface runoff carrying fertilizers and pesticides. Further downstream, the Berg 

River merged with the Dwars River at BGR8. Land uses in this region were 

primarily agricultural, with urban and recreational activities as secondary 

components. 
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The lower region:  

 The lower region, situated in northern Paarl, featured a semi-urban and industrial 

landscape. Here, the river flowed through concrete banks and encountered various 

anthropogenic activities such as breweries, shopping malls, vineyards, residential 

estates, food manufacturing, and construction sites, before ultimately reaching the 

G1H020 outlet. This area was heavily developed, with human activities dominating 

land use.

Figure 9: Surface water sample locations in relation to elevation. 
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Table 2: Franschhoek-Paarl valley river and precipitation sample locations. 

 
 

   

Site River 
reach 

location 

Geographical Coordinates Elevation 
(m.a.s.l) 

Stream name Note 
Latitude 

(S°) 
Longitude 

(E°) 
 

Mount.Strm Upper  -33.908306° 
 

19.050778° 
 

220 
 

Mountainous The sampling was 
limited to the wet 

season as it was not 
present during the dry 

flow conditions. 
G1H077 Upper  -33.904944° 

 
19.054806° 

 
196 Berg Berg River Dam outlet 

BGR1 Upper  -33.900220° 19.052390° 189 Berg Main stream 
BGR2 Upper  -33.886875° 19.039472° 157 

 
Berg Main stream 

BG-51 Upper  -33.887056° 
 

19.040528° 
 

167 
 

Berg The sampling was 
limited to the wet 

season as it was not 
present during the dry 

flow conditions. 
G1H003 Upper -33.890639° 19.078917° 203 Franschhoek-Tributary Hydrological Station 
FRANS1 Upper -33.882333° 19.039472° 173 Franschhoek-Tributary Before Berg River 

Confluence 
BGR3 Upper -33.879670° 19.036890° 168 Confluence Main stream 
BGR4 Upper -33.879360° 19.036530° 165 Berg Main stream 
BGR5 Upper -33.876390° 19.030470° 161 Berg Main stream 

G1H080 Upper -33.852306° 
 

19.042556° 189 
 

Wemmershoek-
Tributary 

Hydrological Station 
at the Wemmershoek 

Dam 
WEM1 Upper -33.875889° 19.030167° 158 

 
Wemmershoek-

Tributary 
Before Berg River 

Confluence 
BGR6 Upper -33.876360° 19.030390° 159 Berg Main stream 
BGR7 Middle -33.856190° 18.995690° 147 Berg Main stream 

G1H078 Middle -33.873583° 18.982111° 130 Dwars-Tributary Hydrological Station 
DWARS1 Middle -33.849889° 18.993222° 135 Dwars-Tributary Before Confluence 

BGR8 Middle -33.849360° 18.994090° 136 Confluence Main stream 
BGR9 Middle -33.848920° 18.993830° 138 Berg Main stream 

BGR10 Middle -33.795560° 18.963220° 121 Berg Main stream 
BGR11 Middle -33.767444° 18.977056° 104 Berg Main stream 
BGR12 Middle -33.762890° 18.973990° 107 Berg Main stream 
G1H020 Lower -33.707610° 18.974500° 92 Berg Outlet-Northern Paarl 

BG47-RF  -33.883190° 19.046970° 175  Rainfall Collector 
La-Motte  -33.881300 19.071480° 211  Meteorological Station 

RF1  -33.875530° 18.979470° 179  Rainfall Collector 
Dwars River  -33.875473° 18.979540° 179  Meteorological Station 
UWC-RF#1  -33.769290° 18.976230° 113  Rainfall Collector 

Vinpro 
Hoofkantoor 

 -33.760800° 18.971680° 112  Meteorological Station 
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Figure 10: Borehole sample locations in relation to elevation.  
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Table 3: Franschhoek-Paarl valley groundwater sample locations. 

Site 
Physiographic 
location in the 

valley 

Geographical Coordinates 
Elevation 
(m.a.s.l) 

Borehole 
Depth 

(m.b.g.l) 

Borehole 
Type Latitude 

(S°) WGS 1984 
Longitude 

(E°) WGS1984 
BG00042 Upper -33.90278° 19.04751° 241 43 Monitoring 
BG00043 Upper -33.90106° 19.05033° 191 35 Monitoring 
BG00044 Upper -33.88701° 19.04091° 173 35 Monitoring 
BG00051 Upper -33.88715° 19.04014° 176 10 Monitoring 
BG00040 Upper -33.89273° 19.05359° 187 35 Monitoring 
BG00047 Upper -33.52594° 19.02495° 165 17 Monitoring 
BG00048 Upper -33.88020° 19.03927° 170 17 Monitoring 
BG00049 Upper -33.87953° 19.03126° 164 31 Monitoring 

LFG Upper -33.86706° 19.04694° 206 120 Irrigation 
SD1 Middle -33.86958° 18.98983° 172 150 Irrigation 

FRAAI 1 Middle -33.78276° 18.98499° 128 90 Irrigation 
BRRBH Middle -33.79569° 18.963890° 129 130 Irrigation 
PGE1 Middle -33.759941° 18.981115° 113 150 Irrigation 

BRBBH Lower -33.709611° 18.974194° 105 8 Irrigation 
Mead 1 Lower -33.709806° 18.974806° 112 120 Irrigation 

 

 

3.5 Data processing methods 
3.5.1 Secondary source, extraction 

To perform the climate-stable isotopic analysis, meteorological and hydrological 

data of daily average air temperature, humidity, and rainfall levels, were needed. 

The data were obtained from the nearest weather stations provided by Hortec 

Analytical and iLEAF automated weather station services in Southern Africa. The 

iLEAF platform, accompanied by Stratus 200 4G modelled weather stations, 

integrated GPRS technology to detect and acquire real-time raw weather data, was 

accessible via the iLEAF portal (https://ileafweather.com/LogIn.aspx) using a 

registered username and password. To ensure data quality, the raw weather data 

was checked and verified before being stored in the cloud.  

The river flow data was automatically measured at the hydrological gauging 

stations. The stream gauge in a stilting well measured the discharge passing through 

the stream channel per unit time (Q, m3/s). Streamflow measurements were 

automatically recorded at hourly intervals and collected a daily basis by DWS 

officials who verified and stored the data in their hydrological archive. The stream-
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flow data was obtained electronically from the www.dwa.gov.za/hydrology site 

using the station identification number within the quaternary catchment and then 

sorted in Microsoft ExcelTM. 

3.5.2 Laser Absorption Spectroscopy for Water Isotope Ratio Analysis 

Sample Preparation 

Water samples were analysed for stable water isotope ratios (2H/1H and 18O/16O) 

using the Los Gatos T-LWIA-45-, Triple Liquid Water Isotope Analyser (# 

GLA431-TLWIA, Canada) at the BIOGRIP Node for Soil and Water Analysis at 

Stellenbosch University. Samples with electrical conductivity less than 1000 μS/cm 

underwent filtration through a 0.22 µm FilterBio® cellulose acetate syringe filter 

to remove particulate matter. The filtered samples were then stored in polyethylene 

bottles with caps securely sealed using waterproof parafilm tape to prevent 

atmospheric interaction. Subsequently, 1.9 mL of pre-filtered water was dispensed 

into 2 mL Wheaton® MicroLiter® glass vials, each fitted with PTFE 

(Polytetrafluoroethylene) septum caps to prevent water evaporation. Finally, the 

vials were arranged in an automated sample loading tray according to the specified 

order for analysis. 

Post processing and accuracy of data 

The Los Gatos TLWIA 45-EP instrument was primed with deionized water, 

followed by the introduction of three standards (1E, 3E, and 5E) (Table 4) and ten 

unknown water samples. Each sample underwent up to four repetitions per run, with 

nine injections measured per repetition. The average of the last five injections for 

each sample was calculated to determine the 2H and 18O isotopic ratios. 

 

Table 4: Los Gatos Research (LGR) working standards vs VSMOW. 
Standards δ2H (‰) δ17O (‰) δ18O (‰) 

1E -165.7 ± 0.5 -11.26 ± 0.15 -21.28 ± 0.15 

3E -79.6 ± 0.5 -5.83 ± 0.15 -11.04 ± 0.15 

5E -9.9 ± 0.5 -1.52 ± 0.15 -2.99 ± 0.15 

 

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



 
 

46 
 

 

The Los Gatos TLWIA 45-EP instrument ensured precise and accurate 

measurements by addressing various error sources like memory effect, instrumental 

drift, pressure, and sample volume effects. For the conversion of isotopic ratios into 

delta values, all water samples were calibrated and normalized by utilizing a 

predefined calibration standard relative to V-SMOW.  The instrument consisted of 

a PAL LSI liquid autosampler (model #522870, Switzerland) connected to an 

extended PTFE transfer line (1m), a heated injection port (~100°) covered with a 

PTFE septum (Trajan 6mm HT predrilled, 4mm thick, USA). The autosampler was 

programmed to inject 1μL of liquid using a 1.2 Hamilton microliter syringe (model: 

7701.2N, Romania) into the injection port. After injection, the liquid sample was 

vaporized using a heater injector block (KNF Neuberger model #024675) and 

subjected to laser analysis in a double-mirrored cavity chamber. The interaction of 

vaporized water molecules with a laser resulted in the reflection of light, measured 

by a photodetector.  

The post-processing, normalization, and organization of isotopic ratios were done 

using LIMS for Lasers 2015 software (Coplen and Wassenaar,2015), This software 

allowed for the importation, computation, and assignment of specific sample 

submissions to a particular project. During the post-processing process, quality 

assurance was maintained by validating the raw isotopic data and correcting for 

instrument errors. The analytical uncertainties for the analysis were determined to 

be ±0.15‰ for 𝛿18O and ±0.5‰ for 𝛿2H. The derived isotopic ratio data were 

converted to the conventional δ notation, relative to the standard Vienna Standard 

Mean Ocean Water (VSMOW): 

𝜹=(Rsample/RVSMOW-1) x1000‰   [1] 

The 𝜹 notation refers to the isotopic ratios of 𝛿18O and 𝛿2H, and Rsample and RV-

SMOW refer to the isotopic ratios of 18O/16O for 𝛿18O or 2H/1H for 𝛿2H, respectively, 

in the analysed water samples and the mean seawater of the Vienna Standard Mean 

Ocean Water (V-SMOW). 
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3.5.3 Major Ion Concentration Measurement using Ion 

Chromatography 

Major ion concentrations in mg/L, including Ca2+, Mg2+, Na+, K+, SO4
2-, Cl-, PO4

2-

, and NO3
-, were determined using an IC autosampler instrument at the Stellenbosch 

University, BIOGRIP Central Analytical Facility. The instrument used liquid 

chromatography methods to separate charged particles based on their molecular 

properties and specific ion-exchange processes in the mobile or stationary phase. 

This procedure resulted in the measurement of concentrations for different cations 

and anions found in the water sample, reported in mg/L. The mobile phase is 

responsible for transporting ions through the system, either in a liquid or vaporized 

phase (Figure 11), while the stationary phase consists of a physical structure, such 

as the column. 

 

 

 

The analysis of cation and anion concentrations were analysed in two separate 

systems used in each sample (Table 5).  

Table 5: Cation and Anion Analytical Instruments: A Comparative Overview 

 

 

CATION ANALYTICAL INSTRUMENT ANION ANALYTICAL INSTRUMENT 

• INSTRUMENT: METROHM 930 

COMPACT IC FLEX 

OVEN/DEGASSER 

• COMPONENTS: METROSEP C6 

SEPARATION COLUMN 

(4.0X250MM) INTERCONNECTED TO 

A METROSEP C6 GUARD COLUMN, 

EC DETECTOR 

• APPLICATION: THE DETECTION OF 

CONDUCTIVITY. 

• Instrument: Metrohm 930 Compact IC Flex 

oven/SES/PP/DEG (Metrohm, Herisau, Switzerland). 

• Components: Column oven, MSC and MSM 

module, peristaltic pump, integrated degasser, 

Metrosep A Supp 5 separation column (4.0x100mm) 

interconnected to a Metrosep A, Supp 5 guard 

column, EC detector 

• Application: Sequential suppression by the MSC and 

MSM module and the detection of conductivity by 

the EC detector.  

Figure 11: The sequential process of the mobile phase in the IC system. 

 

Eluent Sample Eluent 
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Preparation and introduction of the Cation and Anion Eluent: 

The cation and anion eluents were prepared separately using high-grade salts (puriss 

p.a) and ultrapure (Type 1) water (resistivity >18.2 MΩ/cm or EC < 0.056μS/cm) 

obtained by the Milli-Q® Direct 16 System (Merck-Millipore, Molsheim, France). 

For the anion eluent, Na2CO3 and NaHCO3 analytical reagent grade chemical 

reagents were used, along with a the MSM suppression solution comprising of 

phosphoric acid (85% H3PO4), while the cation eluent comprised of nitric acid 

(HNO3). After preparation, eluents were stored in 2000 mL Duran glass bottles 

enclosed with a blue Polypropylene (PP) screw cap with an aspiration filter to 

remove impurities, and an adsorption tube consisting of CaHNaO2 (Soda Lime) 

were added to prevent atmospheric contamination and subsequent pH adjustments 

in anion eluent. The prepared eluents were then pumped through the 

chromatography system at controlled flow rates to maintain stability. The cation 

eluent containing 6.5 mM HNO3 was introduced at a flow rate of 0.9 ml per minute, 

while the anion eluent containing 3.0mM Na2CO3, 2.0mM NaHCO3, flow rate was 

set to 0.8 ml per minute.  Any air bubbles were removed using a degassing unit, and 

the system was protected from minute particles and pulsations using filtration units 

and pulsation absorbers, respectively. The MSM module was regenerated using an 

eluent suppression solution with a concentration of 0.2mM H3PO4. 

Sample preparation and system introduction: 

The water sample underwent filtration through a 0.45μm nylon syringe filter before 

being transferred to a 15 ml tube, filled to the brim, and capped to prevent 

atmospheric interaction. The vial caps were later removed before the analytical 

process. After positioning on the Metrohm 858 IC autosampler interchangeable 

rack determined by the sample submission list imported into the MagIC Net 3.3 

software by Metrohm, sample injections were automated to minimize cross-

contamination. Prior to analysis, three blank samples were analysed to ensure 

system accuracy and prevent contamination. The automation of the sample transfer 

rack helped reduce potential cross-over contamination, and the injection was rinsed 

between sample preparations. The sample list was determined based on in-situ pH 

and EC measurements to calculate the dilution factor. All analysed samples had EC 

values below 1000 μS/cm, and no dilution was necessary. Filtration was crucial to 
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prevent instrument damage and blockages, with an additional filtration step using a 

0.22 μm inline cellulose autofiltration cell. During sample preparation, 7.5 ml of 

the sample was extracted for cations and anions analysis using a PEEK material 

autosampler injector needle. For anion analysis, only 20 μl of the sample was 

introduced, while 10 μl was used for cation analysis. The sample was merged 

directly into the eluent stream in the sample loop, facilitating transportation to the 

guard and analytical columns of the stationary phase in the cation and anion system. 

The stationary phase column was kept in an oven chamber, maintaining the anionic 

column at 30°C and the cationic column at 55°C. As the sample passed through the 

guard column, it shielded the analytical ion exchange column where ion separation 

occurred. The anion guard column merged anions using quaternary ammonium 

groups, while the cation column merged cations using sulfonate groups. Then, the 

sample moved to the main analytical column, where ion separation based on charge-

to-size ratio resulted in unique retention times for each ion. Weak ionic bonds aided 

in distributing ions throughout the stationary phase. 

Metrohm Suppressor Unit (MSM): 

The Metrohm Suppressor Unit (MSM) was used to improve the detection of anions 

by reducing the conductivity of the anion eluent while increasing the conductivity 

of the ions of interest. It consisted of a Suppression module and a CO2 suppression 

unit. The Suppression Module reduced the background conductivity caused by the 

anion eluent by exchanging Na+ ions for H+, resulting in lower conductivity (<20 

μS/cm). This process also increased the conductivity of the sample's anions of 

interest. The cartridge contained cation-exchanging resin that replaced cations with 

H+ during suppression. This reduced the background signal of the eluent and 

increased the detection of anionic signals. The CO2 Suppressor Module further 

decreased background conductivity by converting H2CO3 formed during ion 

exchange to CO2 and H2O. This minimized the presence of CO2 in the sample 

matrix, with over 98% eliminated in the continuously flushed degassing chamber 

with CO2-free air. 
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Ion concentration detection and quantification: 

After ion separation on the column, an Electrical Conductivity (EC) detector 

individually detected anionic and cationic ions. This detector measures a solution's 

ability to conduct electrical charge in μS/cm using two energized electrodes. Factors 

like temperature, ionic concentration, and electrical charge influence the sample's 

conductivity, with higher concentrations resulting in greater EC values. By 

analysing a standard of known concentration, the chromatogram (Figure 12) 

produced by MagIC Net 3.3 software records the retention time (RT) for each ion's 

travel through the column to the detection point on the x-axis. The y-axis records 

the response and measured electrical conductivity for each ion, and the peak 

response area on the chromatogram (Figure 12) shows the volume of ions in the 

analysed water sample detected by the EC detector unit. The peak response area on 

the chromatogram reflects the volume of ions detected by the EC detector in the 

water sample. Additionally, a calibration curve, developed using known ion 

concentrations, correlates the EC response area with specific ion concentrations, 

enabling accurate quantification of ion concentrations in the sample. 

 

 

 

 

 

 

 

Alkalinity 

To determine the concentration of alkalinity in the sample collected, the Hach 

digital titrator method (8203) was used, with a concentration range of 10 to 4000 

mg/L as CaCO3 for accuracy. The sample was allowed to reach room temperature 

Figure 12: A chromatogram example detecting individual A) Anion and B) Cation 

concentrations (Source: Stellenbosch University BIOGRIP Central Analytical Facility, 2021). 

A B 
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before analysis, and a sample volume of 50ml was used, along with a titration 

cartridge containing 1.600 N H2SO4, as defined by the range in Table 6. 

Table 6: Sample volumes and associated digit multipliers (Hach Company) 
Range (mg/L as 

CaCO3) 
Sample Volume 

(ml) 
Titration 
Cartridge 

Digit 
Multiplier 

10-40 100 0.1600 N H2SO4 0.1 

40-160 25 0.1600 N H2SO4 0.4 

100-400 100 1.600 N H2SO4 1 

200-800 50 1.600 N H2SO4 2 

500-2000 20 1.600 N H2SO4 5 

1000-4000 10 1.600 N H2SO4 10 

 

The digital titrator was prepared by inserting the 1.600 N H2SO4 cartridge and 

ensuring the delivery tube was free of air. Air within the delivery tube was removed 

by rotating the conveyance node and releasing a few droplets of the titrant. The 

digital counter was reset to zero, and the delivery tip was cleaned before inserting 

it into the sample for analysis. A 50 ml sample was mixed with Phenolphthalein 

Indicator Powder Pillow, resulting in a colourless solution confirming a pH less 

than 8.3. Bromcresol Green-Methyl Red Indicator Powder Pillow was then added, 

and titration occurred until a light pink colour appeared, indicating the endpoint. 

The number of digits on the counter was recorded for concentration calculation 

using Equation 2 with the digit multiplier from Table 6. 

mg/L as CaCO3, total alkalinity= Total digits recorded x digit multiplier [2] 

To determine total alkalinity, titration was performed with a 1.600 N H2SO4 

solution until an endpoint pH of 4.5 was reached. Phenolphthalein indicator was 

used to detect the presence of CO3
2-, but no colour change was observed in any of 

the samples, indicating that none of the samples had a pH greater than 8.3. 

Bromcresol green indicator revealed bicarbonate (HCO3
-) alkalinity, titrated until a 

green-to-pink change at pH 4.5, determining the acid (NH2SO4) required. Total 

alkalinity and bicarbonate concentration were calculated based on the acid and 

sample volume used. 
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Dissolved silica concentration and TDS 

(SiO2, mg/L) ranging from 0.010 to 1.600 mg/L SiO2 was analysed as close to the 

collection date to obtain the most accurate results using the Hach DR 6000 

spectrophotometer in the UWC water quality lab following the Hach (2015), 

Heteropoly Blue Method:8186. The spectrophotometer was warmed up by 

switching it on and initiating the 651 Silica LR program. Calibration with the low-

range Silica standard solution (1.00 mg/L SiO2) was conducted before each analysis 

to validate the test procedure, reagents, and machine. Each analysis required a blank 

sample and an analytical sample. The blank sample was prepared by filling a sample 

vial with 10ml of the specific water sample. For the analytical sample, 10ml of the 

same sample was mixed with 14 drops of Molybdate 3 reagent solution, followed 

by a 4-minute reaction time. Citric acid reagent powder pillow was added and 

swirled for each cell, followed by a 1-minute reaction time. Then, Amino Acid F 

Reagent powder pillow was added and swirled only in the analytical sample. After 

a 2-minute reaction time, a blue discoloration indicated the presence of silica. The 

blank sample vial was cleaned with a microfiber cloth and inserted into the 

spectrophotometer for zeroing. The prepared sample was then placed into the 

spectrophotometer for reading the results in mg/L SiO2. 

TDS is a measure of the volume of various inorganic salts present in water, a 

relative measure of the salinity of water, and a determinant of the salt dispersal 

within a soil profile. The conversion factor(f) of 6.5, was adopted and recommended 

by the South African Water Quality Guidelines (DWAF,1996), enabling estimated 

TDS (mg/L) from a precisely measured EC (mS/cm) by direct linear correlation by 

the conversion Equation 3. TDS (mg/L) is the measure defining the concentration 

of main ions dissolved in the river and a pivotal component in assessing the 

hydrochemistry in any given water resource.  

        EC (mS/m at 25° C) x 6.5 = TDS (mg/L)                 [3] 

3.6 Data analysis methods 
To analyse the temporal isotopic variability in river flows, the data on the 

hydrological regime were grouped into seasons: dry and wet season. The data were 
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grouped spatially according to the valley's prominent land-based practices, as 

Upper, Middle, and Lower physiographic valley regions.  

3.6.1 Tracing River Recharge with Stable Isotopes  
Statistical analysis was performed using IBM® SPSS® Statistics 20 to determine the 

maximum, minimum, and arithmetic mean of the chemical and isotopic 

composition of water samples collected. The isotopic variation observed between 

different seasons was dependent on local meteorological controls. In this study, 

three volume-weighted variables, namely δ18O, δ2H, and d-excess values, were 

examined to explore the nature of their relationship with meteorological parameters 

such as temperature (T), relative humidity (RH), and precipitation amount 

(mm/day). A Shapiro-Wilk normality test (Shapiro and Wilk, 1965) was conducted 

on the extracted data, indicating that it followed a normal distribution (p-value > 

0.001). Therefore, a Pearson's parametric correlation test was employed to assess 

the linear relationship between the two variables. 

Table 7: Strength of Pearson’s correlation classified by Evans, (1996). 

 

Analysing Meteoric Water Lines and GNIP Data for hydrological insight. 

Using Microsoft Excel2010TM, the relationship between the isotope compositions 

(𝛿2H and 𝛿18O) of the main stream and its end-member sources was analysed to 

gain insights into the processes affecting water isotopic composition from 

precipitation to surface water. The isotopic results were plotted on a bivariate plot 

(𝛿18O - 𝛿2H biplot) with reference to global and local meteoric water lines (GMWL 

and LMWL). The GMWL, established by Craig (1961) with the equation 

𝛿2H=8*𝛿18O+10, served as a global reference line based on global-scale 

Pearson’s Correlation Coefficient 
(+or-) 

Interpretation 

0.00-0.10 Very Weak, negligible correlation 

0.10-0.39 

0.40-0.59 

Weak correlation 

Moderate Correlation 

0.60-0.79 Strong Correlation 

0.80-1.00 Very Strong correlation 
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precipitation data. LMWLs, derived from localized precipitation data, were also 

analysed using trendline analysis. The LMWL was defined by annual precipitation 

collected within the GNIP (Global Network of Isotopes in Precipitation). Relevant 

GNIP data for the Cape Town region, obtained from the IAEA website and the 

WISER portal, were used. Rainfall data from the UCT rainfall station (105 m.a.s.l) 

between 1995 and 2008 were gathered. However, the one-year observation period 

for rainfall introduced uncertainty into determining the Local Meteoric Water Line 

(LMWL) due to its limited duration. To address this, the study incorporated the 

LMWL using the Reduced Major Axis Method (RMA) based on a twelve-year 

long-term GNIP monitoring database from the UCT rainfall station located 70 km 

away. Although the monitoring periods did not overlap, the station's similar 

climatological and lithological conditions provided fundamental information about 

typical precipitation variability in the region. The LMWL, constructed using GNIP 

data, aids in understanding processes influencing variable stable isotopic 

composition during rainfall and recharge events. 

Spatiotemporal variations in isotopic composition of valley waters 

To analyse the spatiotemporal variation in the stable isotopic composition (unit: 

parts per thousand) of the main stream and its contributing end-members, samples 

were categorized based on flow conditions and land-based activities. The average 

𝛿18O and 𝛿2H values of the river, groundwater, and precipitation were graphically 

represented using dual-isotope biplots and bar graphs. According to Harris et al. 

(2010), the volume-weighted averages (V.W.A) of rainfall provided a 

comprehensive understanding of recharge significance. Unlike the conventional 

arithmetic mean, this approach considered the isotopic composition of all 

precipitation within a specific year or sampling duration. Thus, the mean weighted 

averages of the isotopic composition of rainwater and precipitation d-excess were 

visually presented alongside the average daily rainfall (mm) volume and daily 

temperature. The volume-weighted averages for rainfall were calculated using 

Equation 4.  

 𝜹WA= ∑(𝑷𝒊𝜹𝒊)

∑ 𝑷𝒊
                                        [4] 
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Where δi represents the measured δ18O and δ2H isotopic composition during the analysed 

precipitation event, and Pi represents the volume of rainfall during the event period 

(Gautam et al., 2017). 

3.6.2 Hydrochemical Analysis  
A bar graph was generated to depict the seasonal averages of pH and EC along the 

stream network, facilitating the analysis of variations in river samples. Statistical 

analyses, including Pearson's Correlation, Hierarchical Cluster Analysis, and 

Principal Component Analysis (PCA) in IBM® SPSS® Statistics 20, were 

conducted. A PCA/FA analysis was conducted on the dataset containing 13 

variables to evaluate important seasonal parameters and sources impacting the 

quality of river water. PCA, a method that reduces the number of variables in a large 

dataset while retaining the most significant information, analysed general 

characteristics of river water and its controlling factors at a seasonal scale. 

Multivariate statistical techniques were applied to the correlation matrix of the river 

hydrochemical dataset to identify major land use sources controlling the chemistry 

in the Berg River network. Using the PCA method with Varimax Rotation and 

Kaiser Normalization, two factors were extracted based on principal eigenvalues 

greater than 1. 

To establish the statistical relationship among river hydrochemical ions, TDS, pH, 

temperature (T), and river elevation, and to identify the sources of dissolved 

substances, Pearson's correlation coefficient (r) and a correlation matrix generated 

in SPSS software were used. The HACA unsupervised pattern recognition interface 

was employed to group river dataset objects with similar associations. Selected 

river parameters included TDS, Ca2+, Mg2+, Na+, K+, HCO3
-, SO4

2-, Cl-, NO3
-, SiO2 

and pH. The method generated a dendrogram using Ward’s method, based on 

standardized data and the squared Euclidean distance approach, facilitating the 

visual interpretation of clustering and complementing the reduction in dataset 

dimensionality. 

The Piper trilinear plot was generated in the Geochemist's Workbench-Community 

EditionTM software to characterize the interaction and hydrochemical evolution in 

the valley among surface, groundwater, and rainfall systems during the dry and wet 
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seasons. The plot has two lower triangles, where the percentage milliequivalent 

(meq/l) defined; of the major ionic species are distributed. The controlling 

dynamics influencing the dissolved ionic species of the rivers in the valley were 

quantitatively analysed and interpreted using the Gibbs plot. Hence, a Gibbs 

Schematic plot was generated in Microsoft Excel 2010(Microsoft Corp., Redmond, 

WA, USA) incorporating TDS vs Na+/ (Na+ + Ca2+) or Cl-/(Cl-+HCO3
-). 

The origin of dominant river ions in the basin and the relationship between 

dissolved ions were further delineated using the solute ion-ratio method and 

bivariate plots of Na+ vs Cl-, Ca2+ +Mg2+ vs HCO3
-, and the level of ion exchange 

between Ca2+, Mg2+ and Na+ as a contributory factor to the hydrochemistry of the 

river was assessed (Ca2+ +Mg2+) -(HCO3
-+SO4

2-) vs Na++K+-Cl-. The origin source 

of weathering products controlling the river ion concentrations delineated by 

Multivariate Statistical Analysis, was assessed by the standard ion-ratio method 

using the molar ratios of major ions with emphasis on carbonates (Ca2+ Mg2+vs 

HCO3
-), silicates, and evaporate (Na+ vs Cl-) weathering.  

3.6.3 Estimating Berg River Flow Contributions with Isotope Mass 

Balance. 
A two-component mixing model was used to derive the quantitative relationship 

between the Berg River and its end-member sources, with the assumption that only 

two sources contributed to streamflow generation; precipitation (surface runoff) and 

baseflow (groundwater). The entirety of each source's contribution was expressed 

as a fraction (f) equal to 1 (Equation 5). To estimate the dry and wet season 

contribution of groundwater and rainfall to the streamflow, a two-component end-

member model was used for the upper, middle, and lower reaches, which extend 

around 30 km from the Berg River Dam outlet to the discharge outlet in Northern 

Paarl. The isotopic mass balance linear equations using the δ18O tracer defined the 

two-component end-member model and fractional proportional estimates. 

 Xp+Xgw=1          [5] 

              𝛿s= Xp. 𝛿p+Xgw. 𝛿gw   [6] 

                     Xp= ( 𝛿s - 𝛿gw)/( 𝛿p- 𝛿gw) *100     [7] 
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                        Xgw= ( 𝛿s – 𝛿p)/( 𝛿gw- 𝛿p) *100   [8] 

The fraction of precipitation (Xp) and groundwater (Xgw) in the stream mixture (δs) were 

estimated using the two-component end-member model. δs, δp, and δgw denote the isotopic 

tracer values for the stream water, precipitation (Source B), and groundwater (Source A), 

respectively, expressed in parts per thousand (‰). Xp and Xgw are expressed as 

percentage values. 

Given the small size of the Franschhoek-Paarl basin, it was assumed that there was 

no spatial variability in precipitation inputs and isotopic values. The precipitation 

end-member contribution component was defined using the precipitation weighted 

average values and estimated using Equation (7), while the groundwater end-

member was estimated using Equation (8) by incorporating bi-weekly groundwater 

datasets. The recharge fractions (%) of precipitation and groundwater contributing 

to river flow at a seasonal scale were tabulated and presented in a bar graph. A time-

series plot was also created to show the river δ18O response to seasonal rainfall-

runoff events within the hydrological year, displaying the temporal evolution and 

correlation with the varying quantity of collected rainfall(mm) per seasonal 

condition and subsequent streamflow (Q, m3/sec). This aimed to observe the 

response of direct recharge and the endurance of baseflow conditions in sustaining 

flow at a seasonal scale in response to the estimated contributing fraction. 

3.7 Quality Assurance 
To ensure the accuracy of the hydrochemical results of the water samples used in 

the study, the quality of the chemical data for each sample was evaluated using the 

Charge Balance Error equation (Equation 9) (Hounslow, 1995). The Cation-Anion 

balance check was used to determine the percentage variance between the total 

positive and negative charges, as defined by Murray & Wade, (1996). The Cation-

Anion balance of all the samples expressed in meq/l was required to fall within the 

established limit range of ±5% to be considered acceptable for use. Six samples 

were found to be outside this range and were therefore not included in the study. 

The cation-anion balance of all samples is tabulated in Appendix A and B. 

CBE= 𝚺𝐜𝐚𝐭𝐢𝐨𝐧𝐬−𝚺𝐚𝐧𝐢𝐨𝐧𝐬

𝚺𝐜𝐚𝐭𝐢𝐨𝐧𝐬+ 𝚺𝐚𝐧𝐢𝐨𝐧
 ×100   [9] 
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3.8 Ethical consideration 
Prior consent was obtained from the Berg River Dam management and the City of 

Cape Town, as well as from the residents and farmers within the catchment, before 

conducting field work at various sampling sites to obtain data. The collected data is 

subject to oversight by DWS and COCT before publication, as agreed upon to 

sample streams and their end-member sources in the Berg River Catchment. 

3.9 Limitations 
Due to the inaccessibility of certain DWS boreholes and gauging systems on private 

property, some proposed sampling events were affected. Furthermore, the outbreak 

of COVID-19 caused delays in the sampling process. Additionally, due to 

limitations in cost, time, and equipment, the interflow component was not included 

in the mixing rate analysis for the Berg River.  
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CHAPTER 4: Seasonal Mechanisms and Recharge 

Sources of the Berg River Isotopic Signature 

4.1 Introduction 
The following chapter presents the main findings of stable isotopic analysis (δ18O 

and δ2H) conducted on precipitation, surface water, and groundwater in the 

catchment area. Different water bodies have distinct isotopic signatures, helping 

identify their sources and trace their flow paths in the watershed. As a result, 

varying hydrological events during the dry and wet seasons produced different 

isotopic responses. Analysing the Berg River and its sources individually revealed 

their origin, hydraulic connections, isotopic mixing, and modification processes 

along various flow paths relative to the LMWL. The river's 30 km flow path was 

divided into three physiographic zone components to assess how hydrological 

processes and land activities affected the river's isotopic compositions and end-

members. 

4.2 Results of stable isotope analysis 
This study aimed to explore the relationship between the isotopic compositions 

(δ2H and δ18O) of various water sources and understand their contribution to 

streamflow. The evolving hydrological relationship between the different water 

entities relative to the meteoric water lines, represented as reference lines, was 

demonstrated using dry season (Figure 13) and wet season (Figure 14) dual-isotope 

plots for all collected water samples. These plots compared the isotopic 

compositions of the Berg River, its sources, and the LMWL (Equation 10) and 

GMWL (Equation 11). 

* LMWL (Harris et al., 2010): 𝜹2H=6.41∗ 𝜹18O+8.66 (R2=0.88)  [10] 

* GMWL (Craig, 1961): 𝜹2H=8∗ 𝜹18O+10 (R2=1)    [11] 
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In Figure 13, the river data is generally positioned slightly above the LMWL. This 

indicates that precipitation is the primary source of recharge for both the river and 

groundwater. The clustering of groundwater samples suggests mixing between 

different groundwater sources with varying water compositions. The proximity of 

groundwater samples to the river samples, while being distant from the Volume 

Weighted Averages (V.W.A) of precipitation, suggests that the river receives 

significant contributions from groundwater during the dry season. Clear seasonal 

variation in the isotopic compositions of precipitation is demonstrated (Figure 13), 

with a higher level of enrichment during warmer, drier periods with infrequent 

rainfall. Due to low flow conditions in the dry season, some river samples deviate 

from the LMWL. Similarly, groundwater samples, like the river samples, show an 

enrichment in heavy isotopes, indicating possible evaporative effects.  

 
Figure 13: Dual-isotope comparison of the dry seasons δ2H and δ18O 
compositions in three Franschhoek-Paarl valley water bodies, relative to 
LMWL and GMWL 

The results presented in Figure 14 show that the groundwater and surface water 

samples form a flattened elliptical shape that aligns with or near the LMWL and 

GMWL. This indicates that both systems were primarily recharged by meteoric 
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waters and suggests a strong correlation between the isotopic compositions among 

the water sources. During cold periods with higher rainfall, a more depleted isotopic 

composition is observed. Water samples located below the GMWL suggest the 

possibility of open-system enrichment through evaporative processes within the 

water system. The groundwater samples show a higher level of enrichment in δ18O, 

indicating the occurrence of evaporative processes. In contrast, the river water 

samples align closely with the V.W.A of rainfall and demonstrate an enriched δ2H 

composition. This suggests that rapid precipitation events are likely responsible for 

recharging the river system. In Figure 14, the precipitation samples cluster along 

the LMWL, indicating the presence of local precipitation recharge during the wet 

season, which leads to a depletion in δ18O.  

Figure 14: Dual-isotope comparison of the wet seasons δ2H and δ18O 
compositions in the Franschhoek-Paarl valley water bodies, relative to LMWL 
and GMWL 
Multiple groundwater samples deviate from the LMWL and instead align with the 

Local Evaporation Line (LEL), indicating potential secondary evaporative 

enrichment. This can happen when recharging waters undergo evaporation before 

replenishing the aquifer. In Figure 14, some groundwater samples lie below the 

GMWL, suggesting evaporation before subsurface recharge or the possibility of 
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receiving recharge from a distant source. However, some groundwater samples 

cluster above the GMWL but near the LMWL, suggesting a potential occurrence of 

evaporative conditions at a reduced rate while still receiving recharge from local 

precipitation. 

The study used isotopic samples from rivers and groundwater, categorized by 

seasonal variations. Two-stage least squares regression analysis was conducted to 

assess seasonal variability, producing seasonal River Water Lines (RWL) and 

Groundwater Lines (GWL) shown in Figure 15. Stream water reveals a mean 

enrichment during the dry season but maintains consistent slopes during both dry 

(4.62) and wet seasons (4.85), indicating predominantly evaporated water entering 

the river system from longer flow paths. The RWL slope and intercept consistently 

remain lower than those of the LMWL and GMWL in both seasons, indicating that 

the rate of evaporation remains relatively consistent in varying seasons. However, 

the dry season's RWL slope is slightly smaller, suggesting groundwater may 

significantly contribute to river flow compared to precipitation and upstream dam 

inflow. 

During the dry season, the GWL is smaller than the RWL, despite having a more 

depleted isotopic composition, as shown by the seasonal mean. The RWL serves as 

the proxy for the Local Evaporation Line (LEL) in all collected river water samples. 

In contrast, in the wet season, the GWL slope is larger than the RWL, indicating 

multiple flow paths for precipitation entering the river, leading to increased 

residence time and evaporation in the Berg River. The GWL slope is smaller than 

both the LMWL and GMWL in both seasons (dry season: 4.57, wet season: 5.21), 

indicating that evaporation affects water before it reaches the saturated zone. The 

intercept values (dry season: 2.51, wet season: 5.24), significantly lower than 10, 

support evaporation presence in groundwater during both seasons. Groundwater 

positioning near or on the GMWL suggests influence from precipitation and 

evaporation during infiltration and is evident by the wet seasonal mean enrichment. 

The study notes seasonal isotopic variations in both groundwater and river water, 

indicating alignment across seasons. 
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Appendix A provides the complete dataset, while Table 8 summarizes the δ2H and 

δ18O values' statistical range for various water entities. In the dry season, river 

water’s mean values show no significant seasonal deviation, unlike the wet season. 

However, during the wet season, there's a wider isotopic range. The mean isotopic 

composition of river water resembles groundwater and exhibits similar seasonal 

variation (Table 8 and Figure 11), suggesting consistent inflow from groundwater 

sources. In contrast, the groundwater's average isotopic signature during the wet 

season (δ18O: -3.12±0.47‰) resembles local precipitation (δ18O: -3.11±1.76‰), 

indicating active subsurface replenishment due to increased rainfall. While river 

water isotopic distribution remains relatively stable, groundwater samples show 

greater deviation, implying variability in sources and circulation pathways of 

groundwater across depths and locations. 

During dry seasons, river water isotopes in Table 8 are slightly more enriched than 

groundwater, while in wet seasons, groundwater shows a slight enrichment. River 

water isotopic compositions are more depleted in δ18O compared to precipitation in 

the catchment area, indicating that the river primarily consists of rainfall from the 

surrounding upstream mountains with minor contribution from the Franschhoek-

Figure 15: Dual plot of RWL and GWL with seasonal means in the Dry (A) and Wet (B) Seasons. 

GWL: 𝜹2H= 5.21𝜹18O+5.24 (R2=0.68, p<0.01, n=200)
RWL: 𝜹2H= 4.85𝜹18O+3.83 (R2=0.70, p<0.01, n=304)
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Paarl valley. In the wet season, river water isotopic composition becomes more 

depleted, resembling precipitation. This suggests that the isotopic composition of 

precipitation is influenced by seasonal conditions, which in turn affects the seasonal 

recharge of the river flow in the valley. 

The d-excess value suggests that both river and groundwater in both dry and wet 

seasons closely align with the d-excess (10‰) of global atmospheric precipitation. 

However, they deviate from the precipitation line, indicating some evaporative 

fractionation during the season. This effect is less pronounced in the wet season, as 

the systems plot closer to the LMWL, suggesting recharge from atmospheric water 

sources. 

Table 8: Seasonal summary of stable isotopes in Franschhoek-Paarl valley's 

river water, groundwater, and precipitation (2020-2021). 

*(± Standard deviation) 

Precipitation Isotopic Composition Characterization 

Table 9 provides statistical information on the isotopic composition of precipitation 

in the valley during the dry and wet seasons. In the dry season (November to 

March), precipitation shows a wide range of isotopic enrichment, with δ18O values 

from -3.25‰ to 4.00‰ (V-SMOW) and δ2H values from -10.40‰ to 34.3‰ (V-

SMOW). The weighted mean values for δ18O and δ2H are -1.86‰ and -2.73‰, 

respectively. In contrast, the wet season displays a more depleted isotopic 

WATER 
RESOURCE 

 

DRY SEASON WET SEASON 

𝜹18O (‰) 
𝜹2H 

(‰) 

d-excess 

(‰) 

𝜹18O 

(‰) 

𝜹2H 

(‰) 

d-excess 

(‰) 

RIVER WATER 

Min -3.43 -15.30 12.32 -4.73 -21.70 6.51 

Max -2.79 -9.40 18.54 -1.84 -3.20 20.49 

Mean -3.28(±0.25) -11.69(±1.37) 14.52(±1.12) -3.22(±0.44) -11.75(±2.56) 14.03(±1.99) 

GROUNDWATER 

Min -4.21 -18.20 9.26 -4.36 -22.46 8.08 

Max -2.52 -8.50 18.48 -1.66 -4.00 19.32 

Mean -3.56(±0.33) -13.74(±1.88) 14.73(±1.60) -3.12(±0.47) -11.04(±2.98) 13.95(±2.16) 

PRECIPITATION 

Min -3.25 -10.90 2.10 -6.95 -51.90 -1.74 

Max 4.00 34.30 15.32 1.25 17.92 26.26 

Mean -0.91(±2.14) 2.96(±14.34) 10.22(±3.52) -3.11(±1.76) -11.27(±13.64) 13.61(±5.58) 
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composition, with δ18O values from -6.95‰ to 1.25‰ (V-SMOW) and δ2H values 

from -51.90‰ to 17.92‰ (V-SMOW). The weighted mean values for δ18O and δ2H 

during the wet season are -3.52‰ and -15.71‰, respectively. Overall, the wet 

season exhibits a more depleted isotopic composition compared to the dry season. 

In the valley during the dry season, d-excess values range from 2.10‰ to 15.32‰ 

(n=17), with an arithmetic mean of 10.22‰. Conversely, in the wet season, d-

excess values range from -1.74‰ to 26.26‰, with an arithmetic mean of 13.61‰. 

It is important to note that the rainfall stations in the valley received limited to no 

precipitation during the dry season, resulting in variable isotopic ratios among the 

stations due to the ongoing influence of evaporation. 

Table 9: Summary of seasonal precipitation isotopic compositions at three 
rainfall stations 

 

 Most seasonal precipitation samples in Figure 16 are positioned above the GMWL 

and the seasonal V.W.A., indicating limited influence from sub-cloud processes on 

the isotopic composition during both seasons. The wet season displays a more 

depleted isotopic composition compared to the dry season. Each rainfall station 

displays a unique pattern between the seasons, highlighting distinct isotopic 

variations under different climatic conditions. 

Rainfall 
station 

Elevation Season Precipitation 
Amount V.W.A (‰) Max (‰) Min (‰) 

(m.a.s.l)  (mm) 𝜹18O 𝜹2H d-
excess 𝜹18O 𝜹2H d-

excess 𝜹18O 𝜹2H d-
excess 

RF1 179 

Dry 
(n=10) 

 
70.2 

 

 
-1.60 

 

 
-0.54 

 
12.29 

 
4.00 

 

 
34.3 

 
15.32 

 
-3.25 

 

 
-10.90 

 
2.10 

Wet 
(n=30) 

 
588.9 

 

 
-3.68 

 

 
-15.92 

 
13.53 

 
1.25 

 

 
17.92 

 
26.26 

 
-6.95 

 

 
-51.90 

 
3.26 

BG47-
RF#1 175 

Dry 
(n=4) 

 
102 

 
-2.55 

 

 
-2.55 

 

 
17.88 

 
-2.14 

 

 
-7.60 

 

 
11.34 

 
-2.68 

 

 
-10.40 

 

 
9.52 

Wet 
(n=27) 

 
400 

 

 
-3.54 

 

 
-15.00 

 

 
13.33 

 
-0.10 

 

 
9.89 

 

 
20.98 

 
-6.69 

 

 
-32.57 

 

 
-1.74 

UWC-
RF#1 113 

Dry 
(n=3) 

 
35.7 

 
-1.49 

 

 
1.81 

 

 
13.74 

 
-1.03 

 

 
3.20 

 

 
14.50 

 
-1.78 

 

 
-5.80 

 

 
8.44 

Wet 
(n=14) 

 
377 

 

 
-3.79 

 
-16.49 

 

 
13.90 

 
-1.38 

 

 
2.20 

 

 
18.94 

 
-5.93 

 

 
-46.40 

 
1.04 
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Figure 16: Correlation between seasonal precipitation isotopes and GMWL 
and LMWL. 

The influence of meteorological factors on Precipitation isotopes 

Table 10 displays correlations between meteorological controls in the basin and 

seasonal precipitation values of δ18O, δ2H, and d-excess at three rainfall stations. In 

the dry season, moderate correlations exist between air temperature (T) and both 

δ18O (r=0.56) and δ2H (r=0.55), while d-excess values show no significant 

influence. Relative humidity correlates with d-excess values (r=0.48) but not with 

δ18O and δ2H. Precipitation amounts have a strong inverse relationship with δ18O 

and δ2H and a strong positive correlation with d-excess. In contrast, in the wet 

season, air temperature weakly influences d-excess values, while its impact on δ18O 

and δ2H lacks significance. Relative humidity has no relationship with any 

variable(p>0.05), while precipitation amount (PA) has a strong to moderate 

influence on the variables throughout the season. To address inconclusive results 

with non-significant p-values (>0.05), establishing a long-term rainfall isotope 

database is crucial. Such a database would offer valuable insights into 

meteorological factors' influence on rainfall isotopic composition in the valley. The 

analysis reveals that the seasonal variation in precipitation δ18O compositions can 

be attributed to variations in precipitation amount (PA), highlighting its significant 

role in shaping the isotopic composition of rainfall. 

GMWL:δ2H = 8xδ18O + 10
R² = 1

LMWL: δ2H= 6.41δ18O + 8.66
R² = 0.88
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Table 10: A summary of seasonal Pearson's correlation coefficients and 
significance levels for the linear relationship between weighted δ18O (‰), δ2H 
(‰), and D-excess (‰) with T, RH, and PA 

* Significant at 0.05 (2-tailed test). 

Seasonal variations in precipitation compositions (Figure 17) illustrates an enriched 

composition during warmer, drier periods with infrequent rainfall and a more 

depleted composition during colder, wetter periods with larger rainout events. 

Enriched δ18O precipitation is generally observed with lower precipitation amounts, 

while depleted signature coincides with higher precipitation amounts, indicating an 

"amount effect" during both dry and wet seasons. Enriched δ2H and δ18O values 

occur in December and January in the dry season, while relatively depleted values 

are recorded in May and August during the wet season. Table 10 data supports the 

"amount effect," showing an inverse relationship between precipitation amount and 

isotopic values in both seasons. Decreased precipitation amounts during the dry 

season led to gradual isotopic enrichment and decreased d-excess values, while 

increased precipitation amounts during the wet season result in gradual isotopic 

depletion and increased d-excess values. Figure 17 highlights seasonal differences 

in precipitation d-excess values, with lower values in the dry season and higher 

values in the wet season. These observations suggest that the isotopic composition 

of valley precipitation is influenced by seasonal precipitation dynamics and 

additional moisture sources, such as increased surficial water bodies, fynbos, and 

agricultural-dominated terrains. 

 

Governing 
meteorological 
controls 

Dry Season Wet Season 

𝜹18O‰ 
 

𝜹2H‰ D-excess‰ 𝜹18O‰ 
 

𝜹2H‰ D-excess‰ 

r p r p r p r p r p r p 

Air temperature 

(T, °C) 
0.56 <0.05** 0.55 <0.05** -0.39 0.12 0.21 0.68 0.06 0.64 -0.29 <0.05** 

Relative 
humidity (RH, 
%) 

-0.31 0.23 0.29 0.26 0.48 <0.05** -0.20 0.11 -0.21 0.09 0.09 0.47 

Precipitation 
Amount (PA, 
mm) 

-0.89 <0.01** -0.71 <0.01** 0.75 <0.01** -0.88 <0.01** -0.78 <0.01** 0.58 <0.01** 
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Figure 17: Temporal valley precipitation variations of δ18O, δ2H, and D-excess 
(‰) in relation to precipitation amount during the dry and wet seasons. 

 

Stream Water Characterization 

Table 11 provides a statistical summary of the δ18O, δ2H, and d-excess data for river 

samples in the catchment area. Under dry-low flow conditions (n=137), the mean 

δ18O and δ2H values are -3.28‰ and -11.69‰, respectively, with ranges of -3.99‰ 

to -2.79‰ for δ18O and -15.30‰ to -9.40‰ for δ2H. During the wet-high flow 

conditions (n=232), mean δ18O and δ2H values are -3.22‰ and -11.75‰, 

respectively, with ranges of -4.73‰ to -1.84‰ for δ18O and -21.70‰ to -3.20‰ 

for δ2H. In the dry seasons, δ18O compositions appear slightly depleted and 
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consistent along the main stream, reflecting decreased precipitation amounts 

(Figure 17). In contrast, the wet seasons show increased river flow associated with 

greater variation and depletion in isotopic values. 

Most river data collected exhibit a narrow range, with more variability during wet 

seasons. This suggests that the isotopic distribution along the main stream and 

tributaries is more depleted during dry seasons and more enriched during wet 

seasons. River isotopic compositions characterized by physiographic zones, with 

the upper region showing the most depleted signature in both seasons, and the 

middle, lower, and upper regions following this pattern during dry and wet seasons, 

respectively. The Franschhoek and Wemmershoek Rivers, draining into the upper 

region, contribute to its more depleted isotopic signature. 

Table 11: Statistical summary of seasonal isotopic values in stream network 

across three physiographic zones in the Franschhoek-Paarl valley basin. 

*Standard Deviation (± SD) 

During the dry season, δ18O and δ2H spatial river compositions (Figure 18) remain 

relatively stable in the upper and middle reaches, with a slight enrichment towards 

the lower reach. The Franschhoek and Wemmershoek Rivers (G1H003, FRANS1, 

G1H080, and WEM1) flow into the Berg River, impacting its isotopic composition 

depending on successive tributary inflow. The Dwars River and the Berg River 

show similar compositions in the dry season, but the tributary's influence 

diminishes in the wet season. Marginal spatial differences between dry and wet 

seasons suggest variations in evaporation and water inflow. Below the Berg River 

 

REGION 
 

 

DRY SEASON WET SEASON 

𝜹18O 

(‰) 

𝜹2H 

(‰) 

d-excess 

(‰) 

𝜹18O 

(‰) 

𝜹2H 

(‰) 

d-excess 

(‰) 

Upper 

Min -3.99 -15.30 12.32 -4.28 -20.34 6.51 

Max -2.79 -9.40 18.02 -1.91 -4.80 19.74 

Average -3.27(±0.25) -11.85(±1.54) 14.30(±1.01) -3.24(±0.44) -12.03(±2.63) 13.92(±2.05) 

Middle 

Min -3.91 -14.20 13.12 -4.73 -21.70 10.28 

Max -2.89 -9.40 18.54 -1.84 -3.20 20.49 

Average -3.31(±0.24) -11.60(±1.13) 14.84(±1.19) -3.20(±0.44) -11.33(±2.27) 14.26(±1.90) 

Lower 

Min -3.43 -12.30 12.50 -4.01 -18.79 10.92 

Max -2.90 -9.60 16.04 -2.52 -5.10 17.37 

Average -3.14(±0.19) -10.85(±0.86) 14.24(±1.07) -3.16(±0.50) -11.82(±3.59) 13.48(±1.76) 
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Dam, river points (G1H077 and BGR1) display homogeneous enriched signatures 

with a reduced d-excess composition. Along the main stream, isotopic fluctuations 

are minimal, except at the Wemmershoek River confluence (BGR6). The lower 

reach in Figure 18 shows higher isotopic variation in the wet season, possibly due 

to increased flow. 

Figure 18: Average River seasonal isotopic variations of A) 𝜹18O and B) 𝜹2H 

in the upper (U), middle (M) and lower (L) reaches. 

During the dry season, the upper reach shows relatively depleted δ18O (-3.99‰) 

and δ2H (-15.3‰) compositions, while both upper and lower reaches show slight 

enrichment in the wet season, likely from rapid precipitation recharge. The Berg 

River's δ18O and δ2H compositions vary significantly across seasons, with more 

fluctuations in the wet season. In Figure 19, the tributaries show depleted isotopic 

signatures relative to the main river, consistent with the observations in Figure 18, 

reflecting similar climatic and catchment influences. The river isotopic signatures 

in dry and wet seasons are similar to those of the groundwater, as indicated by their 

distribution along the groundwater regression line. However, it is evident that the 

wet season δ2H and δ18O compositions plot closer to the LMWL compared to the 

dry season. 
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Figure 19: River dual-isotope plot showing the relationship between δ2H and 
δ18O during the A) dry and B) wet seasons 

To assess the relationship between altitude and δ2H, δ2H was chosen due to its 

sensitivity to environmental changes and linear relationship with δ18O. Figure 20 

shows the negative correlation between river isotopic composition and altitude 

during each seasonal condition. Samples from the dam outlet were excluded due to 

potential evaporation effects. A weak linear relationship between δ2H and river 

altitude is observed in the mountainous region, suggesting limited reliance on 

precipitation, especially at lower altitudes below 150m.a.s.l. Equations 12 and 13 

describe this relationship during the dry and wet seasons. Seasonal analysis reveals 

minimal fluctuations in isotopic composition along the river flow path, indicating 

high spatial consistency, likely due to the gentle topography of the Berg River, with 

a maximum elevation of 220m. Thus, the influence of altitude on the river's isotopic 

composition is considered negligible.  

 

𝛅2H (‰) =-0.014E-9.613(r = -0.51, p<0.05)    [12] 

𝛅2H (‰) =-0.018E-9.170(r = -0.48, p<0.05)    [13] 
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Figure 20: The correlation between 𝛅2H (‰) and varying riverbed elevation. 

Groundwater Characterization  

Table 12 provides statistical summaries of 327 groundwater samples collected from 

14 stations across the upper, middle, and lower valley regions. Samples were taken 

at various depths: shallow (<30mbgl) and deep (>30mbgl). In the dry season, δ18O 

values ranged from -4.21‰ to -2.52‰, with an average of -3.55‰, while δ2H 

values ranged from -18.20‰ to -8.50‰, with an average of -13.69‰. In the wet 

season, δ18O values ranged from -4.36‰ to -1.66‰, with an average of -3.12‰, 

and δ2H values ranged from -22.46‰ to -4.00‰, with an average of -11.00‰. 

Groundwater exhibited higher seasonal variation compared to river sources, with 

slightly enriched average values during the wet season: δ18O increased by 0.43‰ 

and δ2H by 2.69‰ compared to the dry season. 
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Table 12: Seasonal groundwater statistical summary in the valley regions 

*Standard Deviation (± SD) 

Table 13 compares deep (>30mbgl) and shallow groundwater (<30mbgl) isotopes 

during both seasonal conditions. The deep groundwater showed a marginal isotopic 

depletion compared to shallow groundwater. The shallow groundwater showed 

consistent isotopic signatures, suggesting a single recharge source, while deep 

groundwater indicated contributions from multiple recharge sources. 

Table 13: Seasonal isotopic comparison (‰) of deep (>30mbgl) and shallow 
(<30mbgl) groundwater. 

*Standard Deviation (± SD) 

In Figure 21, groundwater isotopic compositions vary between dry and wet seasons. 

Dry season groundwater is depleted, while wet season groundwater is enriched due 

to evaporation. These differences are seen across regions and depths, including deep 

boreholes (>30mbgl), represented by textured bars. This suggests the occurrence of 

different recharge and mixing processes. Deep groundwater in the upper region is 

relatively more depleted compared to the middle to lower areas. Samples from 

REGION 

 DRY SEASON WET SEASON 

𝜹18O 

 (‰) 

𝜹2H 

(‰) 

d-excess 

(‰) 

𝜹18O 

(‰) 

𝜹2H 

(‰) 

d-excess 

(‰) 

Upper  

Min -4.21 -18.20 12.78 -4.36 -22.46 9.08 

Max -2.89 -8.50 18.40 -2.23 -4.00 19.32 

Average -3.69(±0.29) -14.07(±1.99) 15.38(±1.31) -3.25(±0.40) -11.40(±3.00) 14.56(±2.01) 

Middle  

Min -4.21 -18.00 9.26 -4.18 -16.50 8.08 

Max -2.52 -9.80 18.48 -1.66 -4.78 17.15 

Average -3.41(±0.46) -13.41(±2.09) 13.83(±1.96) -2.84(±0.60) -9.91(±2.97) 12.85(±2.20) 

Lower  

Min -3.71 -14.80 11.58 -3.63 -16.30 10.76 

Max -2.91 -11.70 15.76 -2.26 -6.10 17.25 

Average -3.14(±0.20) -10.85(±1.04) 14.09(±1.11) -3.01(±0.34) -10.97(±2.53) 13.12(±1.81) 

BOREHOLE 
DEPTH 

 
DRY WET 

δ18O 
(‰) 

δ2H 
(‰) 

δ18O 
(‰) 

δ2H 
(‰) 

>30MBGL 
Min -4.21 -18.20 -4.36 -22.46 
Max -2.52 -9.80 -1.66 -4.77 

Average -3.59 (±0.39) -13.92(±1.84) -3.15(±0.52) -11.19(±3.16) 

<30MBGL 
Min -3.95 -16.90 -3.86 -16.20 
Max -2.89 -8.50 -2.23 -4.00 

Average -3.47(±0.29) -13.14(±2.04) -3.06(±0.35) -10.56(±2.47) 
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recreational areas (PGE1 and BRRBH) have enriched isotopes, likely due to human 

influences. The upper region is less impacted by human activities. These findings 

show spatial and depth-related differences in groundwater 

Figure 21: Spatial groundwater isotopic distribution by physiographic zones. 

The influence of evaporation on river and groundwater isotopes 

The study investigated the influence of evaporation on river and groundwater 

isotopic composition using d-excess values. Most groundwater samples show low 

d-excess values (≤10‰), indicating minimal evaporation impact. However, some 

sites in the middle to lower valley regions show signs of evaporation. Precipitation 

has higher d-excess values (12.23‰ in dry season, 12.37‰ in wet season) 

compared to the global average. River water exhibits a wider range of d-excess 

values than groundwater, ranging from 12.50‰ to 18.54‰ in dry season and 

6.51‰ to 20.49‰ in wet season. Groundwater d-excess values range from 9.26‰ 

to 18.48‰ in dry season and 8.08‰ to 19.32‰ in wet season.  

Figure 21 shows a moderate correlation between river water and groundwater d-

excess values with δ18O. A decrease in d-excess values aligns with δ18O enrichment, 

especially noticeable in the wet season. Approximately 2% of groundwater samples 

in the dry season and 3% in the wet season fall below the global threshold of 10‰ 

(indicated by the red line in Figure 22). In comparison, approximately 2% of wet 

season river samples exhibit d-excess values below the threshold. 
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Figure 22: The relation between d-excess and δ18O for groundwater and river 
water in the Franschhoek-Paarl valley during the A) dry and B) wet seasons 
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4.3 Discussion: Tracing River recharge through seasonal 

stable isotopic signatures 

Precipitation-river relation 

The Global Meteoric Water Line (GMWL) showed a higher slope and intercept 

compared to the Local Meteoric Water Line (LMWL), indicating the impact of 

increased temperatures and low humidity during the dry season. These conditions 

led to the evaporation of falling precipitation (Harris et al., 2010; Li et al., 2014). 

The catchment’s precipitation was suggestive of similar rainfall patterns to that of 

the Cape Town region, as it plotted on and was adjacent to the Cape Town LMWL. 

In the dry season, rainfall isotopes (Figure 13) became more enriched and deviated 

from the LMWL due to decreased precipitation, higher temperatures, and increased 

evaporation (Friedman, 1962). Conversely, the wet season showed isotopic 

signatures along the LMWL, indicating higher rainfall and less evaporation 

(Dansgaard, 1964). Some seasonal precipitation samples deviated from the LMWL, 

similarly observed in Punjab, India, where additional moisture sources and the 

"reservoir effect" influenced isotopic variation (Krishan et al., 2021). Additionally, 

deviation from the GMWL during the wet season suggested evaporative processes 

altering the isotopic composition after surface contact, resulting in a different 

composition compared to the original moisture (Yao et al., 2018). During the dry 

season, rainfall isotopic signatures are enriched, typical of a Mediterranean climate 

(Diamond, 2014; Halenyane, 2017). This variation is attributed to the seasonal rain-

out effect, influenced by moisture sources, trajectory processes, evaporative 

variability, and local climatic conditions in the warm, semi-arid region.  

The nature and evolution of isotopic signatures in precipitation depended on the 

condensation temperature in clouds and surrounding air temperature (Friedman et 

al., 1964). During the dry season, higher air temperatures moderately enriched 

precipitation isotopic signatures (Table 10). However, in the wet season, δ2H and 

δ18O showed no correlation with local air temperature, suggesting other factors 

related to moisture sources may have obscured the 'temperature effect.' The weak 

relationship between rainfall isotopes and temperature aligns with expectations for 
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low latitude areas (Rozanski et al., 1993; Harris et al., 2010). Large-scale moisture 

sources, as observed in China (Tao et al., 2021), can influence air temperature. In 

the wet season, valley precipitation d-excess showed a negative correlation with air 

temperature (p<0.05), similar to findings in the Hemuqiao watershed of China by 

Gou et al. (2022). Increased air temperatures in these cases led to decreased relative 

humidity and elevated sub-cloud evaporation, enriching the δ18O composition 

relative to precipitation d-excess composition (Wu et al., 2014; Guan et al., 2013), 

particularly evident during the dry season with lighter precipitation.  

The modification of precipitation d-excess values suggested the influence of 

evaporative moisture from inland water or ground surfaces, along with secondary 

evaporation (Deng et al., 2016; Jiang et al., 2018). Primary meteorological factors, 

such as relative humidity (RH, %) and precipitation amount (PA, mm), are 

suggested to control the sub-cloud evaporation effect (Guan et al., 2013). Artificial 

impoundments, with larger surface areas than flowing rivers, expose stored water 

to increased evaporation, altering the microclimate and potentially affecting 

temperature and moisture concentrations (Ahmed et al., 2011). As discussed in 

section 2.2, precipitation isotopic compositions tended to decrease with increasing 

altitude, particularly in high-elevation areas where the decrease was more 

pronounced, typically per 100 meters. However, the study's selected rainfall sites, 

situated in lower elevated regions, posed challenges in assessing the altitude effect 

within the catchment. 

During dry seasons, rivers integrate the isotopic composition of previous rainfall 

events, assuming that the catchment is surrounded by mountainous terrains (Gat, 

2010). In this study, river samples on and adjacent to the LMWL indicated potential 

recharge from the Franschhoek-Drakenstein mountains. The clustering river pattern 

suggested shared water sources among the main river and tributaries, reflecting a 

well-mixed recharge composition of local rainfall and groundwater. The river, 

groundwater, and rainfall association indicated frequent interaction among these 

systems, partially due to the influence of evaporative precipitation that recharged 

the system and induced possible isotopic exchange.     
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In the catchment, rainfall runoff into streams varied due to topography, land 

surfaces, and drainage networks, showing minimal seasonal changes in isotopic 

patterns of surface water bodies. This homogenized pattern resulted from local 

precipitation trends influenced by the "amount effect" and modified evaporation, 

driven by climatic patterns. In the dry season, evaporative enrichment was 

prominent due to reduced precipitation, leading to insignificant influence of 

precipitation-induced isotopic compositions on river signatures. Alternatively, in 

the wet season with increased rainfall, a portion of the isotopic composition closely 

resembled the river isotopic signatures. 

The river closely followed the LMWL, indicating significant recharge from 

precipitation, with deviations suggesting evaporation influence. Meteorological 

parameters and hydrological modifications altered the precipitation isotopic 

composition before entering the river system, such as evaporation at the soil surface 

and during surface runoff, resulting in differences between river water and 

precipitation isotopic compositions. These findings highlighted the role of direct 

runoff in shaping isotopic variation along the stream network and modifying 

precipitation's original isotopic composition. 

Groundwater to river relation 

During the recession period, groundwater discharge dominated river flows, 

influenced by the geological framework and water storage capacity (Bloomfield et 

al., 2009; Klaus & McDonnell, 2013). The valley's fracture network led to 

similarities between river and subsurface water isotopic signatures, indicating 

groundwater dominance. However, groundwater isotopic variations (Figure 20) 

suggested mixing and isotopic exchange processes in the deep unsaturated zone 

over a long residence time (Asoka et al., 2017). This indicated multiple sources 

contributing to the larger isotopic variation in groundwater compared to river water, 

including indirect recharge, anthropogenic drawdown, irrigation return flow, and 

groundwater-surface water interaction. Despite mixing processes at deeper depths, 

the isotopic variations of recharge water were not fully homogenized relative to the 

river waters. 
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Diamond (2014) highlighted the influence of subsurface sources on river isotopic 

patterns, creating a blend of water sources along the river's course. This mixing 

dampened distinct isotopic compositions from specific subsurface sources, 

resulting in an invariable isotopic pattern in river flow. Groundwater showed 

minimal seasonal isotopic variation compared to river sources. In the wet season, 

there was a slight enrichment in average δ2H and δ18O values compared to the dry 

season. The complex flow path, characterized by fractured networks, led to a longer 

residence time and the emergence of seeps or springs contributing to river systems. 

Le Maitre and Colvin (2008) and Diamond (2014) observed a mixture of water 

sources from various groundwater discharges, influencing the isotopic variability 

of the stream in response to precipitation. in isotopic signatures between 

groundwater and rainfall suggested distant groundwater flow from previously 

recharged areas.  

In semi-arid regions, surface water bodies undergo increased evaporation and 

fractionation due to solar radiation and high temperatures, resulting in enriched 

isotopic signatures (Zhu et al., 2016). Contrary to expectations, downstream 

distribution of river isotopic data in the valley showed gradual isotopic changes, 

implying the dominance of a single recharge source and a continuous contribution 

of recharge flow to the river. The slope of the seasonal RWL remained consistent 

during both dry (-4.62) and wet (-4.85) seasons, indicating that seasonal changes 

did not significantly affect the degree of evaporation in the stream water (Simpson 

& Herczeg, 1991). 

In the dry season, reduced precipitation and flow led to heavier isotopic 

compositions in the stream due to evaporation from open water sources, and 

replenished by sub-surface water bodies under baseflow conditions. In contrast, the 

wet season, characterized by increased rainfall and flow velocity, showed enriched 

isotopic compositions. While overall seasonal variation in the river's isotopic 

patterns was marginal, the Franschhoek and Wemmershoek Rivers, originating 

from higher altitudes and with shorter flow paths, displayed depleted isotopic 

compositions compared to the Berg River, resulting in less enrichment in the 

tributaries under both seasonal conditions. 
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Groundwater and dams may have extended a regulatory effect on rainfall runoff 

into streams, suggesting minimal to homogeneous seasonal changes in the river's 

isotopic composition. Chen et al. (2020), Li et al. (2016) and Li et al. (2019) found 

similar results in China, noting that rivers downstream from dams experienced 

reduced isotopic variability seasonally. The Berg River and Wemmershoek Dams 

limit downstream flow, increasing residence time and evaporation, which made 

stored river water isotopically homogeneous. The seasonal degree of evaporation 

in the stream network marginally varied and was more affected compared to 

shallow and deep groundwater, as indicated by Winter et al. (1998). Generally, in 

semi-arid regions during low flow conditions, residual surface waters undergo 

significant isotopic enrichment (> +3‰) due to increased evaporation (Gonfiantini, 

1986), further amplified by dams. This enrichment may drive the recycling of river 

water, resulting in additional isotopic enrichment (Zhou et al., 2021).  

River samples that deviated from the LMWL, suggests increased evaporative 

fractionation due to slow flow rates. Conversely, the weak correlation between river 

altitude and isotopes suggested either a shared recharge area or dampening of the 

altitude effect by hydrological parameters (Wassenaar et al., 2009; Bershaw et al., 

2012). The marginal variation might also be due to significant mixing in fractured 

conduits, with tributaries having more depleted isotopic compositions compared to 

the mainstream under both seasonal conditions. Yeh et al. (2014) studied a 

mountainous catchment in Taiwan and found that tributaries in mountainous areas 

primarily consisted of interflow before merging with the main river. In the lower 

reach of the river (Figure 17), near an industrial outlet, significant fluctuations in 

isotopic signatures were observed, likely influenced by external water sources and 

upstream mixing. The relatively consistent δ18O variation in the river and 

groundwater in comparison to precipitation suggested mixing with stored water 

from the dam and surrounding groundwater during flow through the catchment. 

The d-excess varied along the Berg River, with higher values downstream 

compared to upstream. This variation suggested differences in moisture sources and 

the influence of the two dams, which increased evaporation and isotopic 

enrichment, modifying the d-excess value. Traditionally, d-excess is associated 

with climatic parameters, with warmer seasons typically experiencing stronger 
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evaporation processes (Gat et al., 1994). Despite depleted river δ18O signatures, d-

excess values increased during the dry season, suggesting that factors other than 

evaporation contributed to river d-excess modification (Guo et al., 2017). 

The d-excess and δ18O relationship in wet seasonal groundwater and river water 

samples suggested that d-excess values decreased relative to the enrichment in δ18O, 

indicating pre-recharge evaporation in the water sources (Gupta & Deshpande, 

2005). Approximately, 4.67% of groundwater samples showed reduced d-excess 

values, indicating hydrological changes during their time in the vadose or saturated 

zone. Mixing processes such as rainfall recharge, river interaction, irrigation return 

flow, or dam release altered the isotopic composition. Groundwater samples with 

d-excess values above 10‰ indicated minimal evaporation during recharge. 

Seasonal variations in river water d-excess indicated the influence of precipitation 

on the dominant sources contributing to streamflow (Jung et al., 2020). 

4.4 Summary 
Assessing changes in rainfall isotopes helped understand how seasons affected river 

recharge. Rainwater that was absorbed by plants, seeped into soil, or flowed into 

rivers influenced the river's isotopic signature. Seasonal variations in isotopic 

signatures indicated increased rainfall events during the wet season and more 

enriched rainfall during the dry season. Dry season air temperatures moderately 

enriched precipitation isotopic signatures, while factors related to moisture sources 

generating precipitation obscured the 'temperature effect' during the wet season. 

Evaporation and climatic conditions played a role in the rain-out effect, causing 

variations in precipitation isotopic signatures. The catchment's geological 

framework influenced water storage and flow, with groundwater discharge 

dominating rivers. The river and groundwater showed distinct isotopic variations, 

with the river showing a homogenized isotopic pattern due to the discharge and 

mixing of various subsurface sources. Human activities, such as dam construction 

and irrigation, also impacted the water's isotopic compositions. Analysis of d-

excess values indicated recharge from various moisture sources with minimal 

evaporation. Groundwater and the Berg River showed stable isotopic patterns, 

reflecting consistent environmental conditions. 
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CHAPTER 5: Hydrochemical Characterization and 

Process Detection in River Hydrochemistry 

5.1 Introduction 
This chapter presents the hydrochemical analysis of river water samples and 

recharge sources in the Berg River’s upper, middle, and lower regions. The chapter 

aimed to determine the river’s ion sources, flow path, and natural and anthropogenic 

processes influencing the river’s seasonal variation by using hydrochemical and 

statistical techniques. Methods like Piper and Gibbs diagrams were used to 

characterize the hydrochemistry and understand evolutionary mechanisms 

controlling the river chemistry. The ion-ratio method was used to delineate water-

rock interactions, while Pearson’s correlation and factor analysis identified similar 

physicochemical attributes and processes affecting streamflow quality. 

5.2 Results 

5.2.1 Statistical physicochemical analysis of the valley’s water 

resources.  
Table 14 summarises the physicochemical parameters of surface water, 

groundwater, and precipitation collected during the 2020-2021 sampling campaign. 

The data from Appendix A and B are used to categorise the samples (n) into upper, 

middle, and lower physiographic valley zones. 

Temperature 

The river water temperature in Table 14 varies seasonally from 10.40°C to 28.40°C, 

with a mean value of 17.94°C±4.55°C. During the dry season, with high air 

temperatures and low flow conditions, the river water temperature was highest, 

while it was lowest during the wet season. The upper reach had the highest river 

temperature (28.40°C) during the dry season, while the middle reach had the lowest 

(10.40°C) during the wet season. Groundwater temperatures ranged from 10.20°C 

to 25.40°C, with less variation than surface water. Precipitation in the valley had a 

larger temperature variation, ranging from 6.70°C to 25.30°C. 
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pH 

The pH values range from slightly acidic to alkaline. River water shows an acidic 

pH range between 4.25 to 8.38 (Figure 22), with a mean value of 6.88±0.70, while 

groundwater sources show a range of 2.69 to 8.33, with a mean value of 5.96±1.04. 

Precipitation ranges from 4.75 to 8.79, with a mean value of 6.94±0.71. The pH 

variation in river water was insignificant at a seasonal scale. 

EC  

EC is an indicator of water ion composition and, in this study, the river EC 

concentrations ranges from 16.00 μS/cm to 362.00 μS/cm, with a mean value of 

78.82 μS/cm±30.61. The Franschhoek River, a tributary of the Berg River in the 

upper reach, and BGR5 of the Berg River shows the highest EC levels in the dry 

and wet seasons, as shown in Figure 22. The surface water's EC levels shows a 

marginal fluctuation between the seasons, mostly during the wet season. 

Groundwater's EC values ranged between 34.40μS/cm to 867.00μS/, with a mean 

value of 219.73 μS/cm±175.49μS/cm. As indicated in Table 14, seasonal 

precipitation shows the lowest ionic concentration.  
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Table 14: Summary of Physicochemical and Hydrochemical Data from Berg River Stream Network and Recharge Sources.  
Sampling 

region 

Water type Parameter EC 

(𝝁S/cm) 

TDS 

(mg/L) 

pH T 

(°C) 

Ca2+ 

(mg/L) 

Mg2+ 

(mg/L) 

Na+ 

(mg/L) 

K+ 

(mg/L) 

HCO3- 

(mg/L) 

SO42- 

(mg/L) 

Cl- 

(mg/L) 

SiO2 

(mg/L) 

NO3- 

(mg/L) 
U

pp
er

 r
ea

ch
 River 

Min 16.00 10.40 4.25 11.20 0.30 0.17 2.03 BDL 0.00 BDL 5.61 0.03 BDL 

Max 362.00 235.30 8.31 28.40 17.63 5.55 36.44 5.54 92.72 14.13 43.92 9.44 10.64 

Mean(±SD) 77.74 46.37 6.80 23.29 4.54 1.65 6.67 0.62 15.70 2.23 12.71 2.48 1.23 

Groundwater 

Min 48.50 31.53 3.02 13.30 BDL 0.03 3.68 BDL 0.00 BDL 6.74 0.74 BDL 

Max 202.10 131.37 7.32 22.80 14.70 7.12 32.49 3.02 90.28 26.08 79.40 11.53 10.88 

Mean(±SD) 110.36 71.73 5.31 18.47 4.42 2.51 9.43 0.43 17.67 3.92 14.75 4.75 2.40 

M
id

dl
e 

R
ea

ch
 River 

Min 36.70 23.86 5.56 10.40 0.14 0.59 3.25 BDL 1.22 BDL 6.74 0.59 BDL 

Max 163.80 106.47 8.38 28.10 13.04 4.15 89.13 3.27 90.28 26.08 79.40 7.32 10.88 

Mean(±SD) 84.00 54.41 7.01 18.08 5.45 1.93 8.05 1.12 17.67 3.92 14.75 2.59 2.40 

Groundwater 

 

Min 34.40 22.36 2.69 10.20 3.00 1.68 8.47 BDL 0.00 BDL 10.17 0.84 BDL 

Max 867.00 563.55 8.20 23.60 21.14 26.84 102.02 39.00 140.30 35.17 218.71 16.70 9.82 

Mean(±SD) 359.21 233.49 6.78 18.72 12.09 7.66 43.61 1.50 75.04 10.89 62.18 9.84 2.08 

L
ow

er
 R

ea
ch

 River 

Min 45.00 29.25 6.03 12.20 1.34 0.91 4.34 0.10 3.66 1.46 8.81 0.16 0.31 

Max 153.20 99.58 8.03 27.40 12.26 3.94 14.09 2.64 44.48 8.74 25.28 3.73 4.30 

Mean(±SD) 85.90 55.84 7.28 19.97 5.80 2.21 7.97 1.28 19.28 4.16 14.95 2.04 2.14 

Groundwater 

Min 310.00 186.00 3.86 15.50 4.97 3.21 33.87 0.34 34.16 2.34 60.41 2.43 BDL 

Max 580.00 348.00 8.33 25.40 31.74 9.19 96.96 2.98 169.58 42.33 101.77 17.86 5.98 

Mean(±SD) 450.60 270.36 6.58 21.14 19.74 6.47 54.14 1.77 93.32 12.04 74.98 7.67 0.24 

Precipitation 

 
 

Min 3.00 1.95 4.75 6.70 0.27 0.09 0.24 BDL 1.22 BDL 0.83 BDL BDL 

Max 253.00 164.45 8.79 25.30 8.77 2.29 13.14 4.82 30.50 10.38 26.11 0.26 54.99 

Mean(±SD) 38.38 24.94 6.94 14.97 4.65 1.19 1.95 0.58 16.32 2.55 4.49 0.94 3.38 

*BDL represents Below Detection Limit
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Figure 23: Seasonal averages of (A) pH and (B) electrical conductivity (EC) in the 
upper (U), middle (M), and lower (L) reaches of the Berg River. 

5.2.2 Dominant water types 
Precipitation and groundwater discharge are leading end-member components 

contributing to the Berg River's baseflow. Figures 24 and 25 depict the solute 

signatures of river water, groundwater, and rainfall hydrochemistry using Piper 

diagrams. In Figure 24A, a proportion of the 187 samples of the Berg, 

Wemmershoek, Dwars, and Franschhoek Rivers of the upper region, during the dry 

season, shows three hydrochemical facies of Na-Cl water type (71%), with a 

reduced concentration of Ca2+, Mg2+, and HCO3; and evolves to a mixing water type 

Ca-Mg-Cl (28%) and Ca-Na-HCO3(1%). Figure 24B of the wet season reveal three 

hydrochemical facies with an input of Ca2+, Mg2+, and Cl-, with minor input of 

HCO3
- and Na+. The mixed Ca-Mg-Cl water type (68%) dominates the streamflow, 

where Ca2+ and Mg2+ are in excess of Na+ and K+; however, Ca-HCO3 (17%) water 

type and Na-Cl (15%) water type is less dominant. The mountainous stream 

derivative of the wet seasonal conditions shows a similar chemical composition to 

the rainfall distributed of a Ca-HCO3 water type in Figure 25B, where some 

samples evolve by the contribution of Cl- reflecting a mixed Ca-HCO3-Cl water 

type, and suggesting a fresh recharge of meteoric origin. The seasonal evolution of 

water types in the river reveals that the chemical composition is influenced by 

varying factors. 
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Figure 24: Piper diagram depicting the facies evolution during the A) dry and 
B) wet seasons in the Berg River and its tributaries. 

In Figure 25A, the Piper plot reveals five types of groundwater (GW) facies showed 

by the 122 samples of the dry season: Na-Cl water type (59%), with a reduced ion 

concentration of Ca2+ and Mg2+, mixed Ca-Mg-Cl (23%), Ca-HCO3 (8%), Ca-Na-

HCO3 (8%), and Na-HCO3 (2%). The average concentration of Na+ during the dry 

season is higher in groundwater than in river water, at 26.82 mg/L compared to 

22.99 mg/L, respectively. The dominant anion in groundwater during the dry season 

is Cl, with an average concentration of 44.01 mg/L. In contrast, during the wet 

season, the dominant anion in river water is HCO3
-, with an average concentration 

of 42.92 mg/L. As groundwater migrates from the mountainous areas, samples 

evolve into a mixed Ca-Mg-Cl groundwater type, with slightly higher 

concentrations of Ca2+ and Mg2+ compared to Na+ and K+. The concentration of 

strong acids (SO4
2- and Cl-) significantly exceeds that of weak acids (HCO3

- and 

CO3
2-) in this groundwater type. 

The hydrochemistry of both streamflow and groundwater shows overlapping 

characteristics during different seasonal conditions, indicating that they undergo to 

similar geogenic and anthropogenic processes. Figure 24B shows that during the 

wet season, the valley’s groundwater shows four hydrochemical facies: Ca-Mg-Cl 

(41%), Na-Cl water type (35%), Ca-HCO3 (18%), and Ca-Na-HCO3 (6%). 

Water Type
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Similarly, both river and groundwater samples demonstrate an increase in Ca2+ in a 

small group of samples that form a Ca-Mg-Cl water type. Furthermore, there is an 

enrichment in HCO3- in relation to Cl- reduction, causing samples to plot in 

quadrant 1, which displays a Ca-HCO3 water type. 

In relation to the wet and dry seasonal groundwater and surface water, the 

hydrochemistry of rainfall in Figure 25 is characterized by three facies that 

transition from a Ca-HCO3 (38% and 87%) with reduced Cl- and SO4
2-, mixed Ca-

Mg-Cl (25 % and 8%), and Na-Cl (25 % and 5%). However, during the dry season, 

one precipitation sample shows a Ca-Cl water type. 

Figure 25: Piper diagram depicting the valley’s groundwater and rainfall 

facies evolution during the A) dry and B) wet seasons. 

 

5.2.3 Gibbs Diagram 
In Figure 26, the legend includes symbols representing river components (B.R. - 

Berg River, W.R. - Wemmershoek River, F.R. - Franschhoek River, D.R. - Dwars 

River) and seasonal sampling conditions (D.S. - Dry Season, W.S. - Wet Season). 

The Gibbs diagrams provide insights into the dominant mechanisms governing the 

composition of river solutes along the flow path.  Na+, Cl-, and HCO3
- are the most 
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abundant ions in the river samples regardless of season or location. Particularly, 

Na+ and Cl- strongly influence the river's EC, serving as key indicators for assessing 

ion sources and understanding processes that modify the river's ion composition. 

River water TDS values ranges from 10 to 300 mg/L. During the dry season, the 

Na+/(Na++Ca2+) molar ratio is less than 0.5 in only 2% of the samples, while during 

the wet season, this ratio falls below 0.5 in 39.42% of the samples. These findings 

suggest that during the dry season, most river samples have a high Na+/(Na++Ca2+) 

ratio with moderate TDS, indicating a dominant influence of rocks and strong 

correlation between river hydrochemical composition and local geology. These 

findings are supported by consistent patterns observed in Figure 26A and results 

from the Piper Trilinear Diagram in Figure 24. Additionally, a subgroup of river 

samples falls within the transition zone between rock-water interaction and 

precipitation, indicating a mixing regulation mechanism influenced by both rock-

forming minerals and precipitation recharge. 

During the dry season, 41% of river samples have a Cl-/(Cl-+HCO3-) ratio <0.5, 

while in the wet season, this ratio increases to 75% of samples. Figure 26 illustrates 

that rock-water interactions primarily govern the Berg River and its tributaries' 

hydrochemistry in both seasons. This implies a significant influence of rock-

forming minerals on solute composition in the streamflow. Most samples from the 

Wemmershoek, Franschhoek, and Dwars Rivers exhibit low Na+/ (Na+ + Ca2+) 

ratios and moderate TDS values, highlighting a dominant rock influence. However, 

some Berg River samples in the upper region during the dry season and middle 

region during the wet season show diluted TDS concentrations and increased 

Na+/(Na++Ca2+) ratios, suggesting atmospheric precipitation dominance in shaping 

the river's chemical composition. 

Most samples align with the typical pattern on the Gibbs plot, but some are on the 

outskirts of the characteristic boomerang shape, suggesting a marginal influence of 

anthropogenic activities on solute concentrations in the river. Most samples align 

with the typical pattern on the Gibbs plot, suggesting that cations and anions 

primarily come from atmospheric precipitation, rock weathering, and soil 

dissolution. Some Berg River samples in the upper dry season and middle wet 
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season show lower TDS concentrations, indicating a shift towards precipitation 

dominance.  

 

Figure 26: Gibbs diagram of river samples collected during A) dry and B) wet 

seasons, showing cation and anion ratios 

 

5.2.4 Determining the origin of ions by the ion-ratio method 
Figure 27's bivariate plots reveal the source origin of primary ions in the river basin 

and their relationships. In the dry season, Na+ and Cl- dominate as cation and anion 

solutes, respectively. The wet season sees an increase in Ca2+, Mg2+, and HCO3
- 

concentrations, indicating seasonal variations in the dominant ions and changing 

river water composition. 
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A) Chemical weathering  

Chemical weathering plays a significant role in the presence of major river ions, 

and their molar ratios are used to assess the extent of weathering in the river. The 

bivariate plot in Figure 27A reveals that a Na+ vs. Cl- ratio of 1 indicates silicate 

weathering or cation exchange. However, most of the seasonal river samples fall 

below the 1:1 trend line, where a marginal subgroup of river samples (8% during 

the dry season and 2% during the wet season) show Na+ concentrations above the 

1:1 stoichiometric ratio line, indicating a Na/Cl ratio greater than 1. This implies 

other Na+-bearing salts dissolution or ion exchange influencing the river's Na+ 

composition. 

Elevated levels of Na+ and Cl- in natural water samples often indicate rock salt 

dissolution. However, in Figure 27A only one sample from each season had a 

Na+/Cl- ratio approximately equal to 1 and aligns on the 1:1 trendline, suggesting a 

marginal dominance of river Na+ and Cl- relative to silicate weathering, although 

both weathering processes were relatively low. Overall, 95% of river samples 

deviate below the 1:1 line, indicating chloride ion mobility is more dominant than 

sodium ions. This may be attributed to anthropogenic practices or naturally by the 

second form of ionic exchange.   

Figure 27B shows the molar ratios of alkaline earth elements (Ca2++ Mg2+)/HCO3
-

. Approximately 81% of river samples have a molar ratio >0.5, aligning above the 

2:1 trendline. This suggests that the river is supplied by an excess of alkaline earth’s 

Ca2++ Mg2+ contrary to HCO3
-, revealing that Ca2++ Mg2+ along the river network 

originates from additional sources with carbonate weathering being negligible. In 

contrast, approximately 19% of the river samples fall below the 2:1 line, indicating 

a significant excess of HCO3
- over Ca2+ and Mg2+, with a subsequent decline in 

Ca2+ and Mg2+. 
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Figure 27: Biplots of normalized molar ratios of surface water in the 
Franschhoek-Paarl valley basin A) Na+ vs. Cl- B) Ca2++Mg2+ vs. HCO3-. 

B) Ion exchange 

The occurrence of ion exchange in the river water was assessed using the bivariate 

plot in Figure 27. Among the total river samples, 3% show Na+ enrichment in the 

Berg River waters, indicating the occurrence of cation exchange. The cation 

exchange ratio of (Ca2+ + Mg2+) -(HCO3
- + SO4

2-) (meq. L-1) versus (Na++K+-Cl-) 

(meq. L-1), as depicted in Figure 27, shows that the majority of river samples do not 

align along the y = -x line. Instead, they cluster to the zero margin of the x-axis. 

While some river water samples do show ion exchange behaviour by aligning along 

the trendline, the slope of the best-fit line is close to -1, indicating a moderate 

negative relationship (y = -0.81x + 0.03). This reveals that ion exchange is a 

marginal contributor governing the streamflow solutes. 
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Figure 28: Biplot of surface water normalized molar ratios in the 
Franschhoek-Paarl valley. 

5.2.5 River physicochemical correlation analysis  
Table 15 displays the correlation matrix based on the significance of the level of 

0.01 that illustrates various factors affecting the hydrochemical processes and 

relation between ions along the Berg River's flow path.  

Cl-, a prevalent soluble salt in the river, shows a positive correlation with Na+(0.94), 

Ca2+ (0.64), Mg2+(0.73), TDS (0.81), HCO3
- (0.72), NO3

- (0.64), SO4
2- (0.92) and 

K+ (0.78), implying they come from similar sources. This suggests the leaching of 

secondary salts, weathering of rock minerals, contamination through anthropogenic 

practices and reverse ion exchange. The strong positive correlation between Cl- and 

Na+ suggests that the river is recharged by rich NaCl water.  

The use of fertilisers for agricultural practices in the valley is reflected by the strong 

positive correlation between SO4
2- with Mg2+ (0.72) and K+(0.80). NO3

- has a 

positive moderate correlation with Mg2+(0.61), Na+ (0.60), HCO3
- (0.61), K+(0.72), 

Cl-(0.64) and SO4
2-(0.67), suggesting that river ions originate from similar sources 

signifying a significant agricultural input in the river. Ca2+ shows a strong positive 

correlation between, Mg2+, and HCO3
-, and a moderate correlation (p<0.01, r=0.52) 
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with Na+ suggesting possible Ca/Na ion exchange. A positive, moderate, and 

statistically significant correlation (r<0.67) exists between SiO2 and Ca2+, K+, 

HCO3-, and SO4
2-, suggesting a weathering signature of silicate minerals.  The 

correlation between water temperature (T) and other parameters is negative and 

negligible, suggesting that temperature has an insignificant over the accumulation 

of river ions in the area. The analysis indicates a weak and negative correlation 

between elevation and the studied parameters, implying that elevation does not play 

a significant role in the accumulation and evolution of river ions. The correlation 

analysis indicates that various factors contribute to the hydrochemical evolution of 

river ions and may serve as potential sources for their presence. 

Table 15: Pearson's correlation matrix of major river ions, 2020-2021 
sampling. 

*Note Correlation is significant at **0.01 and *0.05 level, T=Temperature 
 

5.2.6 Hierarchical cluster analysis 
The dendrogram displayed in Figure 29 consists of two clusters that classify the 

river sampling locations based on major cations, anions, and physical parameters. 

It depicts the relationship between the physicochemical attributes of the river water 

along the flow path during the sampling campaign. 

 
Ca2+ Mg2+ Na+ K+ HCO3

- SO4
2- Cl SIO2 NO3

- TDS T pH Elevation 

Ca2+ 1             

Mg2+ 0.78** 1            

Na+ 0.52** 0.61** 1           

K+ 0.68* 0.74* 0.66** 1          

HCO3- 0.88** 0.82** 0.71** 0.72** 1         

SO4
2- 0.65** 0.72** 0.85** 0.80** 0.68** 1        

Cl- 0.64** 0.73** 0.94** 0.78** 0.72** 0.92** 1       

SIO2 0.44** 0.50** 0.62** 0.59** 0.48** 0.67** 0.69** 1      

NO3- 0.55** 0.61** 0.60** 0.72** 0.61** 0.67** 0.64** 0.48** 1     

TDS 0.63** 0.71** 0.69** 0.83** 0.67** 0.77** 0.81** 0.64** 0.66** 1    

T -0.42** -0.38** -0.04 -0.11* -0.31** -0.16** -0.11* 0.04 -0.08 -0.08 1   

pH 0.13** 0.18** 0.13** 0.24** 0.12** 0.24** 0.16** 0.18** 0.22** 0.20** -0.08 1  

Elevation -0.02 -0.09* -0.04 -0.20** 0.04 -0.23** -0.07 0.09* -0.20** -0.06 0.03 -0.34** 1 
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Cluster A includes river samples from the middle to the lower region, affected by 

agricultural, industrial, and urban activities. Notable samples within this cluster 

include BGR10 to BGR12, G1H020, and tributaries G1H078 and Dwars 1. Among 

these, is the upper Franschhoek River (Frans 1 and G1H003), located at higher 

elevation, exhibits higher solute concentrations due to influences from the Langrug 

informal settlement and agricultural activities. This separation of the Franschhoek 

River indicates similar hydrochemical and environmental conditions as the river in 

the lower valley region. Samples within each reach tend to cluster together, 

suggesting variations in hydrochemical characteristics along specific river reaches. 

Cluster B includes G1H077 (Berg River Dam outlet), BGR1 to BGR9, Mount 

Stream, and the Wemmershoek River, along with G1H080 (Wemmershoek Dam 

outlet) and Wem1, situated in the upper and middle regions. The first subgroup in 

Cluster B, located near the Berg River Dam, includes G1H077, BGR1, BGR2, 

Mount Stream (MS), and BG51-Riv, is evident of more pristine conditions with 

lower EC values and reduced mineralization due to reduced point and non-point 

source pollution influence. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 29: Dendrogram of the river physiochemical variations in the 
Franschhoek-Paarl valley.  

Cluster A 

Cluster B 
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5.2.7 Factor analysis  
The multivariate statistical techniques, utilizing the correlation matrix, provide 

insights into the dominant land use sources controlling the river chemistry along 

the Berg River network. The results of Factor Analysis (FA) (Table 16) reveal the 

factors that influenced the chemical variability of water quality in the Berg River. 

During the dry season, two factors accounted for 74.74% of the total variation in 

the river hydrochemical dataset. Factor 1 explained 65.94% of the variance and 

showed strong loadings (≥0.75) for Cl-, SO4
2, Na+, TDS, K+, SiO2, NO3

-, Ca2+, 

HCO3
- and Mg2+, indicating a connection to rock weathering and water salinity. 

Factor 2 showed a strong correlation with water temperature and a moderate 

correlation with pH, suggesting the influence of evaporation, geogenic attributes, 

as well as non-point source pollution from agricultural activities and industrial 

effluents. 

In the wet season, three factors explained 71.11% of the total variation. Factor 1 

alone accounted for 53.99% of the variance and displayed strong correlations with 

Cl-, SO4
2-, Na+, and moderate correlations with TDS, K+, SiO2, NO3

-, HCO3
- and 

Mg2+. Factor 2 showed a moderate correlation between loadings of Ca2+, HCO3
- 

and Mg2+, and a moderate correlation between TDS, K+, NO3
- and pH with Factor 

3. These results suggest additional contributors to the variability in river quality, 

likely influenced by the movement of groundwater into the river. The seasonal 

analysis of Eigenvalues, factor loadings, and hydrochemical parameters indicates 

that Berg River's hydrochemistry is primarily influenced by hydrological variations 

and human activities, rather than geochemical processes. 
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Table 16: Seasonal PCA loadings for physiochemical parameters in 
Franschhoek-Paarl valley rivers 

*Bold values represent strong (≥0.75) and positive factor loadings 
 

 

 

 

 

 

 

 

 

 

 

PARAMETERS PRINCIPAL FACTOR 
COMPONENTS  
DRY SEASON 

PRINCIPAL FACTOR COMPONENTS 
WET SEASON 

PCA 1 PCA2 PCA 1 PCA2 PCA3 
Cl- 0.953 -0.127 0.922 0.217 0.179 

SO42- 0.900 -0.134 0.854 0.250 0.307 
Na+ 0.962 -0.063 0.924 0.105 0.012 
TDS 0.970 -0.042 0.540 0.345 0.600 
K+ 0.941 -0.012 0.505 0.419 0.606 

SiO2 0.793 -0.010 0.738 0.001 0.177 
NO3- 0.800 0.039 0.552 0.190 0.500 
Ph 0.110 0.715 0.109 -0.095 0.722 

PO42- 0.179 -0.238 0.005 0.030 0.435 
WATER TEMPERATURE 0.018 0.793 0.093 -0.830 0.100 

Ca2+ 0.901 -0.057 0.478 0.664 0.256 
HCO3- 0.908 0.058 0.626 0.643 0.130 
Mg2+ 0.926 -0.031 0.521 0.616 0.355 

TOTAL EIGENVALUE 9.23 1.23 7.56 1.30 1.10 
% OF VARIANCE 65.94 8.80 53.99 9.27 7.85 

% OF CUMULATIVE 
VARIANCE 

65.94 74.74 53.99 63.26 71.11 
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5.3 Discussion: Evolutionary transport processes and 

mechanisms influencing the river solute composition 
River solutes are influenced by geological and climatic mechanisms, including rock 

weathering, atmospheric precipitation, evaporation-crystallization, and human 

activities (Gao et al., 2009; Han et al., 2018). The geological layers in a catchment 

area release ions with positive or negative charges, influencing the Electrical 

Conductivity (EC) of water (Olson, 2012). Water mineralization, as indicated by 

EC, rises as water interacts with mineral-rich rocks, resulting in the dissolution of 

minerals and increased salt content (Song et al., 2006).  

It was common for stream temperature to vary in space and time due to factors like 

source temperature, transport time to the stream, and variations in hydrological flow 

and air temperature (Angelier, 2003). Altitude, river vegetation, and channel width 

have also been found to influence stream temperature (Gregory et al., 1991). Water 

pH is crucial for determining water's chemical and biological nature, influenced by 

factors such as rainfall, climate, land cover, geological material, and hydrological 

properties (Bartram & Balance, 1996). Acidic streams have been observed in 

domains subjected to considerable humic acids (Lancaster & Allan, 1995). The 

Western Cape region's rivers and groundwater have reduced pH and an acidic 

nature due to the limited buffering capacity of TMG sandy soils and rich quartz 

sandstone aquifers, against the release of organic humic acid from indigenous 

fynbos vegetation (Struyf et al., 2012). Consequently, pH values increased spatially 

along the river flow path but revealed negligible temporal variation (Figure 23A). 

The flow rate of water crucially affects river solute mineralization. Rapid flow 

restricts rock-water interaction, lowering mineral dissolution and EC levels. The 

surface and subsurface waters in the catchment were all below the background 

concentration range of TMG waters (<100mS/m ≡ <1000μS/cm), as reported by 

previous studies (Struyf et al., 2012; Duah, 2010; Madlala, 2015). However, 

groundwater in the middle to lower regions of the catchment showed elevated 

seasonal EC levels due to possible lithological changes and increased residence 

time compared to the river and precipitation. In contrast, groundwater in the upper 

region showed reduced EC levels and marginal ion concentrations, attributed to the 
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dominant inert quartz geology and lack of human influence, similar to the river in 

this region. The low salt concentrations of TMG waters in the elevated terrains were 

linked to the inert geological systems and precipitation of reduced ionic 

compositions that flushed out the salts in the system (Smart & Tredoux, 2002). 

During the dry season, the solute concentrations of the river in the upper region 

decreased (Figure 23B), indicating a dilution and mixing effect caused by the inflow 

of low ionic groundwater into the stream, along with increased dam release of 

recently stored water. 

The Berg River and its tributaries form interconnected water bodies that channel 

watershed entities downstream. Multivariate statistical analysis revealed spatial 

variations in river solutes along the stream network, possibly influenced by land-

based activities, suggesting diverse recharge processes at a basin scale. 

Consequently, the EC increased downstream from the Berg River dam, particularly 

in the middle to lower discharging region, possibly due to increased saline irrigation 

return flows and increased water abstraction. During the dry season, the 

Franschhoek and Dwars rivers showed the highest seasonal EC variations relative 

to the main stream, likely due to reduced flow and increased human activities. River 

samples clustered based on physicochemical association, reflecting varying levels 

of mineralization and human influence as the river flowed toward the outlet in 

Northern Paarl. 

The Franschhoek River exhibited distinct hydrochemical characteristics, 

particularly elevated Total Dissolved Solids (TDS) concentrations that exceeded 

the global average TDS mean of 120 mg/L, in comparison to the other rivers in the 

catchment (Meybeck, 2003). Previous studies have observed extreme 

anthropogenic pollution in the Franschhoek River due to agricultural activities 

along the flow path and inflow from the contaminated Stiebeuel River, influenced 

by the lack of sanitation services in the Langrug informal settlement (Jackson et al., 

2013; Madlala, 2015). Consequently, the tributary in the upper region displayed 

differences from other sites but showed closer similarities to river samples in the 

middle to lower valley region. The Franschhoek River during the dry season 

showed a loading of HCO3
- irrespective of the absence of carbonate geological 
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material in the basin and the ion concentration may be influenced by discharged 

effluent from the contaminated Stiebeuel River or irrigation return flow. 

In the dry season, the Berg River’s EC decreased from the upper to lower stream 

reaches. However, heavy rains at the beginning of the wet season caused an increase 

in the river's EC, likely due to seasonal fluctuations in runoff. This increase may 

derive from accumulated salts precipitated during the dry season in the surface-

weathering zone, combined with persistent evapotranspiration and low 

precipitation volumes, subsequently mobilized by the river during the wet season. 

Runoff from land-based activities like agriculture and industry may have 

contributed to the high salt accumulation in the Berg River during the wet season. 

Despite increased rainfall during the wet season, there was negligible dilution of 

river solutes, possibly because runoff was diverted into upper region dams, limiting 

the peak inflow of fresh recharge. 

The correlation analysis revealed strong relationships among specific ions across 

the stream network, indicating similar sources of origin and transport mechanisms 

despite varying flow regimes and land-based activities.  Nitrate (NO3
-) and 

potassium (K+) concentrations contributed less than 5% of the total anion 

concentrations, with relatively low K+ concentrations in the main stream, 

suggesting minimal impact of agricultural runoff and wastewater effluents on the 

Berg River. Clark and Ractliffe (2007) reported similar reduced concentrations of 

K+ ions in the Berg River, which are biologically active ions. Asare-Donkor et al. 

(2018) concluded that this reduction could be attributed to the affinity of the ions 

to be immobilized by sediment containing clay minerals, contributing to the 

formation of secondary minerals. A positive correlation was observed between K+ 

and SO4
2-, potentially attributed to the presence of K2SO4, a key potash fertilizer 

used in agriculture (Shuai et al., 2021). Plants absorbing K+ could potentially lead 

to reduced K+ concentration in river water. Increased flow during the wet season 

slightly enriched K+ ions in the river, suggestive of the rapid leaching of ions from 

the topsoil horizons due to intensified storm and flow events (Godsey et al., 2009; 

Scholl et al., 2015).  
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The river solute behaviour under varying seasonal conditions revealed a similar 

seasonal variance. During the dry season, the river flow was dominated by Na-Cl 

and a mixed Ca-Mg-Cl water type, with reduced concentrations of Ca2+, Mg2+ and 

HCO3
-, emulating groundwater observations. Rainfall during both seasons had a 

dominant Ca-HCO3 water type, which suggests that the water quality was more 

pristine. However, the wet season, the surface and groundwater entities revealed 

enrichment in Ca2+ and HCO3
- ions. Water types along the flow path transitioned 

from Ca-HCO3 to mixed Ca-Mg-Cl and Na-Cl. The prevalence of Ca-HCO3 water 

type in the upper river network suggested the presence of fresh recharge water 

unaffected by water-rock interaction. Similar seasonal water types between surface 

and groundwater samples suggested groundwater processes likely controlled river 

solutes, governed by similar hydrological processes. The stream water represented 

a combination of rainfall and groundwater, indicating recharge from both 

precipitation and groundwater. 

The river exhibited an abundance of alkaline earth elements (Ca2++ Mg2+) 

compared to HCO3
-, which suggested that additional sources of Ca2++ Mg2+ were 

balanced by Cl- and SO4
2- (Li et al., 2016). High molar ratios (>0.5) were observed 

in approximately 81% of river samples, and due to the valley being dominated by 

the TMG sandstone and inert quartz, the contribution of river Ca2+ and Mg2+ by 

carbonate dissolution was negligible. As a result, the primary source of these river 

ions possibly originated naturally through the geochemical process of reverse ion 

exchange, by the interaction of water and silicate minerals or runoff of agricultural 

fertilizers (Lakshmanan et al., 2003). According to Madlala (2015), river HCO3
- 

may also be generated through the input of wastewater discharge and the use of 

limestone-based fertilizer concentrated in HCO3
-. In a non-carbonate terrain, the 

formation of bicarbonate ions can occur organically through the mixing of 

precipitation and carbon dioxide within the soil or atmosphere, involving 

photosynthetic fixation in the root or soil zone (Singh et al., 2013).  

The Gibbs and ion-ratio analyses of ion sources in the Berg River network revealed 

that solutes primarily derived from partial silicate weathering, indicating 

groundwater-river interaction. The analysis indicated precipitation resulted in 

marginal dilution of river solutes and decreased TDS values, influenced by a mixed 
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regulation mechanism involving both rainfall and water-rock interactions. 

Additionally, anthropogenic factors acted as a secondary influence on the ion 

compositions. The presence of Na+ and Cl- in both the river and groundwater 

indicated the chemical characteristics of the TMG formation, likely resulted from 

mature groundwater recharge and marine aerosol dissolution due to the basin's 

proximity to the sea. Reduced rainfall during the dry season, coupled with climatic 

processes such as reduced recharge and increased evaporation, could lead to higher 

concentrations of dissolved Na+ in groundwater as less water was available to dilute 

the products of weathering (DeSimone et al., 2014). The strong positive correlation 

between Na+ and Cl- and the seasonal positive loading of Na+, Cl-, and SO4
2- 

suggested a common source, potentially marine aerosols or salinization processes 

from geogenic and anthropogenic sources (De Clercq et al., 2009). This constant 

presence of Na+ and Cl- indicated that the river was consistently recharged with 

water rich in Na-Cl. 

Na+ enrichment in the river could be influenced by other sources, including ion 

exchange processes where Ca2+ is adsorbed onto clay minerals, resulting in the 

release of sodium ions, weathering of Na+-dominated silicates, and anthropogenic 

practices (Meybeck, 1987; Cartwright and Weaver, 2005). Overall, during the dry 

and wet seasons, 9% and 2% of river samples, respectively, were distributed on the 

1:1 trendline line; this indicated that the primary origin of Na+ and Cl- by rock-

weathering, with a marginal influence of silicate weathering. Generally, 95% of the 

total river samples were distributed below the 1:1 line, indicating that the mobility 

of Cl- was more prominent relative to Na+. The excess Cl- over Na+ in the river 

could be attributed by various sources: Cl- dissolution from marine aerosols and 

atmospheric dust in precipitation, silicate mineral weathering, anthropogenic 

inputs, and reverse ion exchange where Na+ is replaced by Ca2+ (Singh et al., 2004; 

Al-Shaibani, 2008). Reverse ion exchange, highlighted in Figure 28, was a 

prominent seasonal form of ion-exchange process, suggesting that cation exchange 

was a marginal factor in controlling streamflow solutes. 

The Franschhoek-Paarl valley, located approximately 60 km from the ocean, 

received significant Cl- contributions through precipitation. However, the 

concentration of Cl- in rainfall decreased with distance, resulting in a marginal 
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contribution (Chen et al., 2002). In the middle and lower valley regions dominated 

by agriculture, higher concentrations of Cl- were observed, where a strong positive 

with HCO3
- (0.72) and K+(0.78) and moderate correlation with NO3

- (0.64) was 

indicative of a possible anthropogenic signature (Eldaw et al., 2021). This could be 

attributed to the possible introduction of unnatural sources of Cl- to the river such 

as irrigation return flow from farms, or the accumulation of organic matter through 

vegetable decomposition or animal manure. Similar observations of unnatural 

sources contributing to river Cl- were noted in the semi-arid Cobras River sub-basin 

of North-eastern Brazil, where local farmers generated and distributed cattle fodder, 

leading to an increase in organic matter and identification of Cl- as a source of river 

Cl- (Lima et al., 2017). 

5.4 Summary 
In summary, the study found that the surface and subsurface movement of water, 

greatly influenced ion distribution in the Berg River watershed. Various factors, 

including rainfall patterns, water-rock interactions, and human activities, mobilized 

these ions, while human activities and land changes disrupted the natural balance 

of water flow and quality. The Berg River and its tributaries revealed varied solute 

distributions shaped by local activities. Electrical Conductivity (EC) increased 

downstream due to factors like increased irrigation runoff and water abstraction. 

During the dry season, Na+ and Cl- dominated both river and groundwater, while in 

the wet season Cl- and HCO3
- became the primary anions, and Na+ and Ca2+ became 

the primary cations. The evolution of river ions was influenced by the mixing of 

varying water sources of varying salinities along the flow path governed by a mixed 

mechanism of rock and precipitation dominance, with anthropogenic activities as a 

secondary influence. The hydrochemical analysis provided valuable insights into 

the migration and evolution of river solutes in the Franschhoek-Paarl valley, 

highlighting heterogeneous hydrochemistry. The composition of river solutes was 

governed by different factors dependent on the source of recharge, climate, and the 

influence of anthropogenic and natural processes in the catchment area. 

Consequently, the rapid dissolution of solutes, influenced by both natural and 

human factors, threatens the river system's quality, emphasizing the need to manage 

excessive fertilization practices.    
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CHAPTER 6: Determining the seasonal river recharge 

two-end-member contribution, using 𝜹18O isotopic tracer 

6.1 Introduction 
This chapter presents the primary results of the study that investigated the end-

member sources contributing to runoff in the Berg River at different temporal and 

spatial scales. The study utilized δ18O as a tracer, which is an ideal constituent of 

the water molecule, as it is inert to water-rock interactions, has a unique fingerprint, 

and is linearly associated with δ2H. The total runoff contributions in the 

Franschhoek-Paarl valley were derived from two main sources: viz. precipitation 

and groundwater. To estimate the fractional contribution of these sources, a two-

component isotope mass balance model was adopted. 

6.2 Results derived by isotope mass balance mixing model. 
Equations 6 and 7 define the average seasonal estimates (%) of precipitation and 

groundwater contributions to the total runoff in the Berg River stream network 

within the three different physiographic domains in the valley basin. The average 

values of the end-members, which are groundwater and precipitation during dry and 

wet seasonal conditions, are presented in Table 17 and illustrated in Figure 30. 

These values are utilized in the mixing model to determine the fractional 

contribution of each end-member source that affects the Berg River flow. 

In Figure 30, the contribution of groundwater and precipitation varies spatially 

across the 30 km reach. The average estimates of groundwater and precipitation 

contribution to the Berg River flows during the dry season are 77.0% and 23.0% in 

the upper region below the Berg River Dam, 98.0% and 2.0% in the middle zone, 

and 83.0% and 17.0% in the urbanized lower region, respectively. Conversely, 

during the wet season, the contribution of groundwater and precipitation generates 

an estimate of 87.0% and 13.0% in the upper region, 47.0% and 53.0% in the middle 

region, and 70.0% and 30.0% in the lower region, respectively.  
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Table 17: Seasonal fractional contribution of groundwater and precipitation 

to the Berg River 

Physiographic 
region 

Component 1 

𝜹Rain (‰) 

Component 2 

𝜹GW (‰) 

Mixture 

𝜹RW 
(‰) 

Mixing 
fraction 

f Rain (‰) 

Mixing 
fraction 

f GW (‰) 

Dry Seasonal Conditions 

Upper -1.86 -3.68 -3.27 0.23 0.77 

Middle -1.86 -3.33 -3.31 0.02 0.98 

Lower -1.86 -3.40 -3.14 0.17 0.83 

Wet Seasonal Conditions 

Upper -3.51 -3.21 -3.25 0.13 0.87 

Middle -3.51 -2.84 -3.20 0.53 0.47 

Lower -3.51 -3.01 -3.16 0.30 0.70 

 

 

Figure 30: Fractional precipitation and groundwater contributions to the river 

The results show that during the dry season, the primary source of recharge in the 

three physiographic domains is groundwater, with precipitation contributing a 

smaller percentage. However, in the wet season, the contribution of precipitation to 

the stream increases, even in the upper region where the contribution of 

precipitation is reduced. The use of the δ18O tracer revealed that different rainfall 

patterns lead to varying levels of precipitation contribution to the stream. The 

proportionate contribution of precipitation increases during the wet season, and this 

relationship between rainfall amount and streamflow is explored in Figure 30 at the 

Berg River outlet hydrological station, G1H020, in the lower region. These findings 
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indicate that the response of the stream to rainfall is influenced by both the amount 

of rainfall and land cover entities. 

Figure 31 illustrates the correlation between the daily average discharge (Q, m3/sec) 

of the Berg River at the hydrological station G1H020 and the average event-based 

rainfall (mm/day) obtained from the Vinpro, Dwars, and La Motte meteorological 

stations. The dry season (November to March) is characterized by low flow (Q, 

m3/sec) conditions and reduced rainfall distribution, leading to negligible 

streamflow variation. Conversely, the wet season is marked by larger and more 

rapid rainfall events, resulting in a gradual increase in rainfall amount (mm/day) 

and discharged flow. This trend is exemplified in June, when the discharge flow 

reached its peak at 339.97 m3/sec, accompanied by a rise in the rainfall amount 

(mm). The annual correlation between the discharging flow at the Northern Paarl 

outlet and the valley’s precipitation amount is weakly significant, with a correlation 

coefficient of 0.36 (p<0.01), suggesting that the natural streamflow has a 

dampening and delayed response to local precipitation.  

Figure 31: A) Streamflow discharge (Q, m3/sec) and precipitation distribution 

from 2020-2021 in Northern Paarl. B) Seasonal correlation between 

precipitation and streamflow. 
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6.3 Discussion: Seasonal response of the Berg River to 

runoff components 
Recharge plays a significant role in facilitating the interaction, migration, and 

chemical modifications of water among different water bodies (Shang et al., 2019). 

The variation in streamflow reflected the difference in runoff generated from 

precipitation and groundwater components in the catchment.  

During the dry season, groundwater was found to be the major contributor to the 

upper (≈77%), middle (≈98%), and lower (≈82%) physiographic zones of the Berg 

River network. The total rainfall during this season was 207.9 mm, accounting for 

approximately 16% of the total flow. However, in the wet season, rapid events 

generated 597.14 mm of rainfall, contributing to approximately 31% of the total 

wet season flow, with dependence, on meteorological parameters and land use 

activities, which increased the runoff production. The temporal variability of the 

river isotopic signatures showed a stronger resemblance to the dry and wet season 

groundwater, indicating that the river was mainly recharged by groundwater flow 

paths. 

It was revealed that groundwater was the dominant source of recharge to the Berg 

River in both the dry and wet seasons, despite an increase in the streamflow's 

responsiveness to precipitation during periods of higher rainfall. It was theoretically 

anticipated that groundwater would be the dominant source of recharge to the Berg 

River during the dry season, established by the hydraulic surface-groundwater 

connection and the permeable-fractured nature of the TMG lithology. In support, 

Madlala (2015) observed in the Upper Berg River Catchment, incorporating base 

flow separation techniques at three hydrological stations (G1H003-Franschhoek 

River, G1H077-Dam outlet, and G1H076-Dam inlet), that the mean BFI value 

between the 2012 to 2014 study period ranged between 7% to 8%. This indicated 

that the discharge from the subsurface dominated the streamflow throughout that 

period.  

In the upper valley region dominated by the Berg and Wemmershoek dams, during 

the dry season, the groundwater contribution was relatively less compared to the 
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contribution during the wet seasonal conditions. Mohammed and Scholz (2016) 

studied the extent of the reservoir effect on the Lower Zab River flow, a tributary 

of the Tigris River in northeast Iraq, during the pre- and post-damming periods. 

Similarly, to the observation of the dry seasonal groundwater contribution to the 

Berg River, they observed a decrease in groundwater contribution during the post-

damming period, which was attributed to the dam releasing water during dry 

seasonal conditions, and conversely reducing the baseflow index (BFI).  

Mountainous terrains have been recognized as crucial sources of freshwater for 

lowland plains, functioning as "water towers" (Viviroli & Weingartner, 2008). This 

study, therefore, anticipated that in the upper region of the wet season, precipitation 

would dominate streamflow due to the recharge of mainstream and tributary 

headwaters originating in the Franschhoek and Drakenstein mountains and that the 

increased rainfall intensity in the mountain range typically increased the 

distribution of surface runoff, owing to the sharp incline. Studies by Chen et al. 

(2018) and Tao et al. (2021) similarly observed that surface runoff was more 

prominent in elevated inclined terrains, where high-intensity impact and minimal 

friction facilitated flow generation in the Loess Plateau, China. However, during 

high runoff events of the wet seasonal conditions in the Franschhoek-Paarl valley, 

surface water from the highlands drained into impoundments along the floodplain, 

increasing the lag time of direct recharge to the river downstream from the dam. 

This caused the Berg River in the upper region to become more reliant on 

groundwater during the wet season, indicating a disconnection between the 

headwater stream and the river below the dam. The dam release of water caused 

fluctuations in the river stage at hourly to seasonal scales, governing the movement 

of water and solute ions between the river and aquifer units (Harvey & Gooseff, 

2015). This was supported by Madlala's (2015) assessment of baseflow contribution 

at the inlet and outlet stations of the Berg River Dam, which showed that the river 

disconnection by diversion and artificial storage of upstream river flow resulted in 

pressure on the major end-member components that generate streamflow. As river 

disconnection reduced flow below the dam, storage and constant water release 

increased the contribution of water originating from the subsurface. 
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The reduced precipitation contribution to the river of the upper region during the 

wet season might have been dampened by the presence of the Berg River and 

Wemmershoek dams, which prompted the downstream river to respond to heavy 

rainfall and runoff in a controlled manner while also promoting baseflow 

conditions. However, water released from the dams has a regulatory effect on 

downstream river flow, leading to a mixing effect that reduces the isotopic signature 

of rainfall in the river. This increased streamflow can also result in channel incision, 

enhancing connectivity with shallow bedrock groundwater aquifers. As a result, a 

distinct reservoir effect on groundwater contribution was observed during both the 

dry and wet seasons. 

During the dry season, the Berg River was a critical water source for farms, 

vineyards, and recreational services dominant in the middle to lower valley regions 

required to sustain irrigation demands. This demand for water may have placed 

pressure on the river system and led to an increase in groundwater contribution as 

illustrated in Figure 30 to support the perennial flow of the main stream, as 

compared to the low inflow from tributaries. Hence, the abundance of crop cover 

in the region improved the soil structure and increased the root networks. As a 

result, the local precipitation recharge may have been intercepted by vegetation, 

infiltrated and stored in soil pores, or even within the prominent subsurface fracture 

network. This could have led to a higher proportion of groundwater discharging 

into the river. This delayed and dampened the response of the river to precipitation 

of the dry season, possibly causing isotope exchange along its flow path before 

reaching the river. 

During the wet season, the groundwater contribution to the Berg River decreased 

in the middle to lower physiographic regions of the valley. This decrease may have 

been caused by active interflow, which was detected by the J2000iso model 

developed by Watson et al. (2022). The model revealed that surface runoff and 

interflow were prominent processes during the wet season, accounting for 30% to 

36% of the total yearly stimulated flows in the catchment. These processes may 

have dampened the groundwater component in the stream. This increased surface 

runoff may have contributed to the rise in precipitation contribution and subsequent 

tributary inflow into the Berg River.  
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The influence of meteorological factors on streamflow during the wet and dry 

seasons was examined by analysing the correlation between precipitation amount 

and river discharge at the G1H020 outlet of the Berg River. This analysis allowed 

for assessing the river's dependency on precipitation input. Dawood et al. (2017) 

utilized a statistical methodology to analyse the variation and trend in rainfall in the 

Hindu Kush region and found a direct effect of rainfall trend on the discharging 

trend of the Swat River. Figure 31 showed a direct relationship between river water 

discharge (Q) and rainfall amount, as expected as high flow conditions in Western 

Cape rivers are typically associated with heavier rainfall events influenced by cold 

front systems. 

The weak correlation (r=0.36, p<0.01) between annual flow and precipitation 

amount suggested that the Berg River's hydrological seasonal regime was 

marginally influenced by the temporal distribution of rainfall. This suggested that 

precipitation accounted for approximately 36% of the observed variability in annual 

streamflow and had marginal influence on the seasonal streamflow dynamics. 

Decreased rainfall events caused by climate variability would directly affect the 

groundwater and overall runoff necessary to sustain the river flow, which was 

crucial for supporting economic and ecological activities in the catchment. The wet 

season’s linear regression slope was larger than the dry season’s slope, indicating 

greater responsiveness of runoff during wet conditions to seasonal rainfall 

variations.  

The study revealed that the groundwater responded rapidly to direct runoff within 

a short time frame, suggestive of a direct preferential pathway and a prominent 

hydrological connection between rainfall-impacted surfaces and the groundwater 

beneath. Consequently, precipitation recharge had a delayed effect on effectively 

recharging the river. The results indicated that subsurface flow paths and 

groundwater storage played a pivotal role in the seasonal hydrology of the Berg 

River in the Franschhoek-Paarl valley. The isotope mass balance analysis 

highlighted the influence of factors such as rainfall intensity, flow paths, and land 

cover on the stream's response to rainfall events and subsequent runoff changes. 
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During the wet season, the runoff generated from rainfall was more pronounced, 

and an increase in rainfall amount led to an increase in streamflow. However, 

reduced precipitation resulted in delayed recharge, and over-abstraction or pollution 

of groundwater sources that would indirectly impact the river resource. Reducing 

the quantity of water could lead to a depletion in quality, emphasizing the 

importance of sustainable groundwater resource management to maintain the health 

and functionality of the river ecosystem. 

6.4 Summary 
The results showed that groundwater was the primary source of discharge in both 

seasons, although there was an increase in the streamflow's responsiveness to 

precipitation during periods of higher rainfall. Land-based activities regulated the 

distribution and flow of runoff into the river system, while diversion and artificial 

storage of upstream river flow caused river disconnection and pressure on the major 

end-member components that generated streamflow. The study also found that the 

dams controlled downstream river flow and caused a mixing effect that reduced 

rainfall isotopic signature in the river below. However, uncertainties existed in 

estimating the contribution of groundwater and precipitation to streamflow, and the 

binary mixing model used was limited to average seasonal climatic conditions in a 

baseline period. The study concluded that groundwater was the primary component 

of runoff, and the seasonal rainfall distribution influenced changes in runoff in the 

Berg River. 
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CHAPTER 7: Conclusions and Recommendations 

7.1 Conclusions 
This study applied a quantitative research approach to characterize the streamflow 

regime of the Berg River in the Franschhoek-Paarl valley during the dry and wet 

seasons. The study employed three methods, including a mass balance model, stable 

isotopic analysis, and hydrochemical analysis, to achieve its objectives.  

The first objective was to characterize the seasonal mechanisms regulating the 

isotopic composition of the river, groundwater and precipitation resources of the 

catchment area, using stable isotope techniques. The results showed that during 

both dry and wet seasons, the mixing of river water and groundwater was prevalent, 

with groundwater discharge dominating the streamflow during dry conditions. The 

isotopic signature of various water sources played a crucial role in identifying 

patterns of hydrological processes, including interactions between water sources, 

mixing, and recharge and discharge sources. 

The statistical analysis of δ2H and δ18O isotopic compositions in precipitation 

showed that the valley's rainfall underwent isotopic enrichment during the dry 

season and depletion during the wet season. The river water showed a more depleted 

isotopic signature relative to the rainfall, indicating recharge from rainfall generated 

in the upper Franschhoek mountainous area and groundwater sources. However, 

the weak linear relationship between δ2H and the altitude of the river water 

suggested that the river flow was marginally dependent on direct recharge from the 

valley's rainfall and more dependent on rainfall originating in the mountainous area 

of higher elevation, with groundwater discharge having a more prominent 

recharging influence. 

The research question answered in the section was “what dominant processes are 

controlling the river stable isotopic composition in the valley?” The dominant 

processes controlling the river stable isotopic composition in the valley were 

isotopic exchange and modifications between varying water sources, which were 

affected by sub-cloud and moisture recycling from soil and open surface water 

sources governed by meteorological parameters. Overall, the groundwater and the 
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Berg River Dam, along with the Wemmershoek dam, maintained the homogenized 

isotopic nature of the river. Understanding the isotopic nature of the Berg River's 

sources of recharge, their mechanisms, and seasonal changes is crucial for 

managing and sustaining the river source for present and future needs in the valley 

basin. 

The second objective of the study was to characterize the seasonal behaviour and 

sources of solutes in the Berg River network using hydrochemical techniques. 

Through multivariate statistical analysis, the river was divided into two distinct 

clusters along its flow path defined by the major cations, anions, and physical 

parameters. This revelation showed that the hydrochemical characteristics of the 

Franschhoek River in the upper region and Dwars River in the middle region, with 

increased loadings of Cl- and HCO3
-, had a distinct relation to the mainstream in the 

lower region of the valley. This indicated that the river solutes behaved differently 

at a spatial scale along the stream network. The analysis using PCA, Piper diagram, 

Gibbs diagram, and bivariate plots revealed a prevalent Na-Cl water type during the 

dry season, influenced by rock-water interactions. In the wet season, there was an 

increase in Ca2+ and HCO3
-, indicating the dominance of Ca-HCO3 and Ca-Mg-Cl 

water types. The absence of carbonate rocks in the valley suggested that the increase 

in ion concentrations resulted from natural geochemical processes such as reverse 

ion exchange and biogeochemical activities involving carbonic acid generation, in 

addition to runoff from anthropogenic sources.  

The research question answered in the section was “how did hydrochemical 

processes control runoff ionic compositions during dry and wet seasonal 

conditions?” The Total Dissolved Solids (TDS) concentration in the Berg River 

remained relatively stable over time, with variations in discharge being more 

significant than variations in ion concentration between seasons. The composition 

of river solutes was influenced by factors such as recharge source, climate, and 

anthropogenic and natural processes in the catchment area. River ion concentrations 

were primarily regulated by a mixed mechanism of rock and precipitation 

dominance, with anthropogenic activities as a secondary influence. The dilution 

effect resulting from increased rainfall of low TDS concentration during the wet 

seasonal conditions was marginal in the river system, suggesting that the geological 
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characteristics of the catchment, leaching of salts, and runoff from land practices, 

masked the dilution signature of the precipitation component in the river. 

The third objective of the study aimed to determine the relative contribution of the 

dominant sources recharging the Berg River during baseflow and wet seasonal 

conditions. To achieve this, the study employed an isotope mass balance mixing 

model that utilized the mean seasonal δ18O isotopic values of surface runoff 

(precipitation) and baseflow (groundwater) resources. The model estimated the 

proportionate contribution of each source to the Berg River at a seasonal scale. 

Groundwater accounted for 77.0%, 98.0%, and 83.0% of the runoff in the respective 

regions. In the wet season, precipitation contributed to 13.0% in the upper region, 

53.0% in the middle region, and 30.0% in the lower region, while groundwater 

accounted for 87.0%, 47.0%, and 70.0% of the runoff in those regions. The study 

found that during the dry season, groundwater was the dominant source of river 

replenishment, while precipitation contributed very little to surface runoff. 

However, during the wet season, an increase in rainfall led to an increase in surface 

runoff recharging the river, with precipitation contributing more to runoff compared 

to the dry season.  

The research question answered in the section was “how did the contribution of 

groundwater and precipitation sources influence the runoff hydrology in the basin?” 

Groundwater was the dominant source of river replenishment during the dry season, 

while rainfall recharge increased surface runoff during the wet season. Groundwater 

discharge was revealed as an important seasonal component maintaining the 

constant flow of the river, while meteorological and land-based practices such as 

impoundments, storm water drains, vegetation, and irrigation return flow, 

spatiotemporally dampened the precipitation contributing signature in the river.  
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7.2 Recommendations 
The seasonal connection between groundwater and surface water in the 

Franschhoek-Paarl valley increases the vulnerability of surface water bodies in the 

basin to changes in groundwater quantity and quality. Consequently, ineffective 

management of groundwater sources and rising climate variability could negatively 

affect the quantity and quality of water needed to maintain the flow of the Berg 

River. 

Given the limitation of a one-year hydrological dataset, the ability to fully assess 

long-term hydrological processes in the basin using isotopic methods, it is 

recommended to expand the monitoring network within the valley basin. This can 

be achieved by increasing sampling frequency and exploring other water sources, 

particularly focusing on the interflow component, to gain deeper insights into 

subsurface flow paths that contribute to streamflow generation. Additionally, 

investigating intra-rainfall runoff events can offer significant insights into valley 

hydrological processes. Future studies should aim to include interflow to assess 

overall mixing rates of the river's three components (groundwater, rainfall, and 

interflow). Despite the potential benefits, interflow was excluded from this study 

due to constraints related to cost and time. 

It would be useful to investigate the fractional contributions of different ion sources 

(i.e., anthropogenic input, atmospheric input, and rock weathering) to the river 

solutes, as this was not the focus of this study. This would provide a better 

understanding of the factors that influence the solute concentration in river sources 

and help with managing and controlling sources that contaminate the river. 
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Appendix 
A. River Water and Groundwater data sheet 
• Ion values are in mg/L 
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B.  Precipitation data sheet 

*CB-Charge Balance *n. d-Not Detected *BD-Below detection 
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