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ABSTRACT
The need to ensure groundwater security is vital, particularly in urban areas. Assessing the impact
of land use and climate variables on groundwater quality can help improve sustainable
management. The vulnerability mapping of groundwater contamination identifies high-risk areas.
Using models and technologies that forecast the distribution of contamination risk over time and
place can help prioritize groundwater monitoring. Based on such needs, the Cape Flats aquifer in
Cape Town, South Africa, was chosen as the case study for assessing the potential for groundwater
contamination risk in urban and coastal hydrogeological settings. The Cape Flats aquifer has been
highlighted as an alternate water supply source to augment current supply sources in Cape Town.
However, the shallow aquifer is under pressure from agricultural and industrial activities and long-
term climate variables, among other factors. The study assessed and validated the vulnerability of
the South African coastal aquifer to contamination using an integrated method that included
geospatial spatial modeling, a WorldWater model, a down-scaled GCM to the local scale, and a
DRASTIC model based on the Geographic Information System (GIS). In this thesis, three
approaches are taken: evaluating the effects of changes in key climate variables such as
temperature, precipitation, and sea-level rise on groundwater quality in Cape Flats aquifer systems;
using the DRASTIC index and selected water quality parameters to assess the vulnerability of the
Cape Flats aquifer to groundwater contamination; using a GIS-based model to assess the risk of
groundwater contamination in the Cape Flats aquifer under changing climate and land use.
Groundwater vulnerability maps were created using ArcGIS software. The WaterWorld model
calculates hydrological scenarios for 1950-2000 (baseline) and 2041-2060 using global data at a
resolution of 1 km (impact period). Precipitation will increase until 2041 and then fall until 2060,
according to the simulation. Temperatures were expected to increase by 1.9-2.3 ° C. In the future,
dry climate, will increase evapotranspiration by 45 mm/year (10%) and decrease water balance by
6.8%. The A1B-AIM scenarios were used to simulate precipitation, temperature, and sea-level rise
for two time periods, the 2040s and 2060s, using 20 GCMs integrated into the Greenhouse Gas-
Induced Climatic Variables Model/Regional Climate Scenario Generator
(MAGICC/SCHENGEN). The region's climate change projections say that there will be less
precipitation in the summer and more in the winter, with temperature rises of 1.9 to 2.1 degrees

Celsius. The probability that coastal areas are affected by an increase in sea level rise (17-19 cm)
iv
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and increases in temperature by mid-2060 ranges from 12% to 58%. The DRASTIC model uses
seven layers of hydrogeological data: depth to the water table, net recharge, aquifer media, soil
media, topography, the impact of the vadose zone, and hydraulic conductivity of the aquifer. The
vulnerability index ranges from 109 to 222, with 9% very high, 28% high risk, 46% moderate risk,
and 17% low risk. The study area shows that increasing the DRASTIC model by LU increases the
very high-risk zone by 26% while decreasing the low-risk zone by 52%. In addition to mapping
groundwater vulnerability, the modified DRASTIC method can explain how urban hydrogeology
affects coastal aquifers. The study uses an AHP to determine the weighting value for each
hydrogeological parameter. GIS tools were used to create the GWQI map. The GIS-based model
divides areas at risk of contamination into four categories: very high, high, moderate, and low. The
study area has a moderate risk of groundwater contamination (42%). The southern and central
suburbs of the study area are the most at risk. Based on data on the levels of water quality
parameters in groundwater, the modified DRASTIC vulnerability map is consistent with land use
data. In a correlation of these parameters, climate variability and land-based activities had
significant effects on groundwater quality. A water quality index was calculated using selected
water quality parameters for general quantification and validation. Using chemical water quality
parameters, this thesis created a groundwater quality index that ranged from 56 to 142. The
contamination risk index and the measured groundwater quality values showed a significant and
strong positive correlation (R2 = 0.96). The findings of the study are relevant to the management
of water resources in the Cape Flats catchment and elsewhere in the world, particularly in Africa.
DRASTIC uses GIS to assess groundwater contamination and provide data for better water
resource management. As a result, computer models of contaminant transport can be used to test
the DRASTIC parameters.

Keywords: Aquifer vulnerability; Cape Flats; Cape Town; Climatic variables; DRASTIC;
Geoinformatics; Geographic Information Systems; Groundwater quality index; Hydrologic

Modeling; Hydrogeology; Remote Sensing

\Y

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



The Contribution of the Study

The author (Tesfaye Tessema Gintamo) wrote the contributions (conceptualization, data analysis,
and manuscript preparation) of the published articles and manuscripts under the supervision of Dr.
Thokozani Kanyerere and Dr. Haile Mengistu. The following articles have been published or are
in the process of being published to provide a knowledge contribution through the preparation and

submission of the following manuscripts:

Paper 1: Impact of climate variability on groundwater quality: Validation and down-scaling of the
impact of climate variability on groundwater quality in urban coastal aquifers in South Africa.
Gintamo, T. T., Mengistu, H., and Kanyerere, T. (2021). GIS-based modelling of climate
variability impacts on groundwater quality: Cape Flats aquifer, Cape Town, South Africa.
Groundwater for Sustainable Development, 15, 100663.

Paper 2: Aquifer vulnerability mapping (Risk assessment paper): Using GIS-based modified
DRASTIC modelling of the Cape Flats aquifer to evaluate the vulnerability of coastal aquifers in
urban hydrogeology, South Africa.

Paper 3: Development of a GIS-based integrated madel to increase water security in a modern city
prone to drought, Cape Town, South Africa.

Conference proceedings: (Oral and Poster presentations)

Oral presentation at the 2019 Groundwater Conference: Conservation, Demand, and Surety
(GWD) 2nd Southern African Development Communities (SADC) Groundwater
(https://gwd.org.za/abstracts?keys=andfield_gwd_ year presented value=andfield_gwd_theme t
arget).Conference titled: Groundwater contribution to achievement of Sustainable Development
Goals in the SADC Region: Johannesburg, South Africa, 4-6 September 2019.

Poster presentation at the Presented on 18 WaterNet/WARFSA/GWP-SA Symposium,
Swakopmund, Namibia from 25 — 27 October 2017.

Poster presentation at the 15" Biennial Groundwater Division Conference, 14 October 2017 to
18 October 2017, Cape Town, South Africa.

Lecturer (part-time), Groundwater Processes Course, Bachelor of Science in Environmental and
Water Science, Department of Earth Science, University of Western Cape from 2019 to 2020.

Vi

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


https://gwd.org.za/abstracts?keys=&field_gwd_year_presented_value=&field_gwd_theme_target
https://gwd.org.za/abstracts?keys=&field_gwd_year_presented_value=&field_gwd_theme_target

ACKNOWLEDGEMENTS

First and foremost, | want to express my heartfelt gratitude to Almighty God for His grace and
faithfulness throughout my Ph.D. research. | would like to express my gratitude to several people
for their support during this PhD research work.

Second, | express sincere gratitude to my supervisor, Dr. Thokozani Kanyerere, for giving me the
opportunity to pursue my research within the Environmental and Water Science Program in the
Department of Earth Science at the University of the Western Cape. | greatly appreciate all his
contributions; His thought-provoking questions and criticisms have sharpened my thinking and
kept me on the right track throughout the journey.

| am also grateful to my co-supervisor, Dr. Haile Mengistu, for his patient guidance, enthusiastic
encouragement, ideas, insights, and useful critiques of this research work.

| appreciate my co-supervisor, Professor-Yongxin Xu, and-was able to teach the third year BSC
Environmental and Water Sciences students in the Groundwater Processes course in the
Department of Earth Sciences at the University of Western Cape.

The authors also express their sincere thanks to staff members and students in the Earth Science
Department of the University of the Western Cape. The authors thank Dr. Israel and Mr. Gxokwe
for providing data, insights, and encouragement. Mrs. Mandy Naidoo and Chantal Carnow
provided me with a lot of administrative assistance.

My sincere appreciation goes to my family. I am truly thankful for their patience, moral support,
and encouragement. My sincere appreciation goes to my wife. Words cannot express how grateful
| am for all your efforts on my behalf. The three daughters | have, Abigail Tesfaye, Kalkidan
Tesfaye, and Biruh Tesfaye, are grateful for their father's split attention when they needed him the
most in their early years of life.

Lastly, | want to take this opportunity to thank all of my family and friends. It was great that you

were always there for me when | needed you the most, which helped me achieve my goal and that
you were always there for me when | needed you the most.

vii

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



TABLE OF CONTENTS

DECLARATION. ...ttt sttt sttt e et et et e s beabeesaese e st e stesbesbesaeaseesaeneeneesees I
DEDICATION . ...ttt et s e s et e b e ste et e s b e e beese e st e se st e nbesbeateaneaneeneeneens i
F N = IS 3 G SR RS v
THE CONTRIBUTION OF THE STUDY ...ttt VI
ACKNOWLEDGEMENTS.......coi ittt ettt stesneeneene e Vi
CHAPTER 1: GENERAL INTRODUCTION ......coiiiitiiie sttt 1
1.1  BACKGROUND OF THE STUDY ..ocutiuiiiiietestestestessessenseaeessessessessessessessessessesssessessessessessessensens 1
I O R (00 VoY= Y = PSSR 1
1.1.2 Current scholarly debate on the impact of climate and land use changes on
GroOUNAWALET QUATTEY ....ovveiiee et ieree i iaeres e rrans s frenssf frennse e eeasaesteessessaesseeseesseessaesesneessaeneens 2
1.1.3 Current debate in practice on the effect of climate and land use changes on
GroUNAWALET QUATTEY ....cveee e et e e et s e s e s erde e s are e e et esseesteensestaesteeseessaesteeseeneesrneneans 3
1.2 PROBLEM STATEMENT ...cooctbibeenabtobeneatdibeeabih b ib b 5)
1.2.1 ReSearch ProbIEM ... ..ottt 5
1.2.2 UNITOF @NAIYSIS ...ttt ettt bttt ettt b e bbb 7
1.2.3 Research QUESLION ... g0 % 57 e g B T e 11 4B sgeeeesseesseranssansnsesnsssesnsesseessnsssessnenns 7
1.2.4 ReSearch NYPOLNESIS.........ccciriririeiesiee s et s srenre s 8
1.3 RESEARCH AIMS AND OBJECTIVES. ... it ittt ettt ettt st ene e 8
1.3 1 STUAY @IMS. ittt ettt et e s e st e e beesbesaeesbeean e e be e beeneenraenreenne e 8
1.3.2  StUAY ODJECHIVES ..ottt ettt e e e et e e as e s be e beeneesreenreenee e 8
14 STUDY RATIONALE ...ttt ettt ettt et e ss e she et e e b e e st e sbe e e mb e e b e e asb e e nbeeanbe e beeanneennneanneeaneas 9
1.4.1 Importance Of the STUY .......cooviiiie e e 9
1.4.2 Conceptualisation of the StUAY ..........ccovveiiiiieiiee s 10
1.5 SCOPE AND NATURE OF THE STUDY ...ceutiatieiteeeteesieeeiee et esteesseeasbeesseeaseesseessneessneaseessnsenns 11
1.5.1  SCOPE OF the STUAY.....ccuiiiiiiiiiciieieie e 11
1.5.2  Nature of the STUY ......cc.oiiiiiiiieiee bbb 11
1.6 OUTLINE OF THE THESIS REPORT ...euttetteasteesteeasteesseeatessseeatesssseassessssesnsessssssssesssessnsesssessnns 12
CHAPTER 2: REVIEW OF THE LITERATURE.........cco oottt 14
2.1 INTRODUGCTION ...ttt ettt ettt sttt ettt s st e e sa e e e st e e nab e e e sa e e ekt e e e nab e e e nnbeeenneas 14
2.2  PREVIOUS RESEARCH ON THE EFFECTS OF LAND USE CHANGE AND CLIMATIC VARIABLES ON
GROUNDWATER QUALITY ..utteutttiuttatee sttt eteestee e it e sieeasteesseeasseesseeamseeaseeabeeaaseambeeabeeanbeesbneanbeeanneanneens 14
2.2.1 Global status of the impacts of land use and climatic variables on groundwater quality.
14
viii

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



2.2.2 Regional status concerning the impacts of land use and climatic variables on

GrouNdWALEr QUATTITY ........oiueeie ettt et et e e raenneenee e 15
2.2.3 National status concerning the impacts of land use and climatic variables on
GrOUNAWALET QUAITLY ...t b et 17
2.3 SYNTHESIS OF THE LITERATURE REVIEW ON HOW TO DETERMINE HOW CLIMATIC VARIABLES
WILL AFFECT GROUNDWATER QUALITY . ..tuttiteeteesiesteesteeseessessseessesseessesssessssssesssesssessesssesssessesssesnsens 18
24 SYNTHESIS OF THE REVIEW OF THE LITERATURE ON GROUNDWATER VULNERABILITY
ASSESSMENT IN A COAST AQUIFER .....ccttiieeiitieeeeiittteeesaetteeeessitsaeeesatsesesaasbeseeesaseeeesaasseseessnsseesesans 20
2.5  SYNTHESIS OF THE LITERATURE REVIEW ON MAPPING GROUNDWATER CONTAMINATION
RISKS USING GIS-BASED INTEGRATED MODELLING .....cvvitiestisiiestieiesieesieeie st st sbee s snee e 21
2.6 THEORETICAL AND CONCEPTUAL FRAMEWORKS .....ccutitiriieitiaiesieesteaiessessseessesseesseesessesses 21
2.6.1 Theoretical frameWOIK...........couiiiiiiic e 21
2.6.2  Conceptual FrameWOrK..........ccoiiiiiiiiiiicie et 23
2.7 RESEARCH AND INTERPRETATION FRAMEWORKS ......ciuviiiieiisiiesieeiesieesieesiesne e sse s neas 25
2.8 OVERVIEW OF GAP ANALYSIS.....ouestiimattiarstsensiiiennsse e seesseeessessssesssesssssansessssssssesssssansessssanne 25
CHAPTER 3: DESCRIPTION OF THE STUDY AREA ... i e 27
3.1 LOCATION AND CLIMATE ....[ o e L e L L e e 27
3.2 GEOLOGY AND HYDROGEOLOGY OF THE CAPE FLATS AQUIFER ...vveeeiiitiieeeeitiieeeeeireeee e 29
3.3 TOPOGRAPHY AND DRAINAGE SYSTEM .. ueeeetiuteeeiiiieeetasiseiesiteeesteeesseeessseessssessssseesssnessssness 33
3.4 LAND USE CHANGES .....ceitiiiiit ettt ettt ettt ettt et ettt et e e bt e e be e saeeenbeesbeeanteesaeeenbeeaneeanneeas 35
CHAPTER 4: RESEARCH DESIGN AND METHODOLOGY ......cccooiniiinieiiiie e 38
4.1 INTRODUCTION ....coreuureresdiinssanesstatsasstasdtatss it s s St dodisssis e Soshananasananasanasasasssssnsasasnsnsasnsasssnens 38
4.2 RESEARCH DESIGN...ccutiiiiiiieiiiieesiiieesiieeesiiee s staeeastaeestaeesbeeessbeeesnbe e e snbaeesnbeeessbeesssseeessneeenes 38
4.2.1 RESEAICN DESIGN ..vviiiieiecie ettt ettt nre e 38
4.2.2 Methods for SAmMPIEd DESIGN ........ccveiiieiiiiece et 39
4.2.3 Data Types and TheIT SOUICES .........ciieiiiieie ettt 39
4.3 METHODOLOGICAL APPROACH ......vtiiitiiaitieasttte sttt e sttt e st et e et eesnbe e e snbe e e snbe e e snneeennnee e e 40
4.4 RESEARCH IMETHODS .....eeeeiiitiiteeiitieee e e eitteee e s st e e e s ssate e e e s sstaaeeessseeeeeaanssaeeeanstaeeeesnsneaeeaannneeens 43
4.4.1 Data collection and analysis methods for the evaluation of the impacts of climate
variables on groundwater quality (WaterWorld model)...........ccoocooiiiiiiiniiici e 43
4.4.2 Data collection and analysis methods for groundwater vulnerability assessment (GIS-
Based Modified DRASTIC MOUED) ......ccuiiiiiiiieiee e 44
4.4.3 Data collection and analysis methods for mapping and modelling groundwater
contamination risk (overlay analysis in GIS). ......cccoiiiiiiiiiei e 45
4.4.4 GIS-based techniques for mapping the groundwater quality index (GWQI)................. 45
45 QUALITY ASSURANCE AND QUALITY CONTROL ..uvvtieiiiiieeeiiireeeeeitieeeeestreeeessnneeeesennseeeessnnnns 46
4.5.1 Evidence on the adequacy of the collected data .............cccceevveiiievie i, 46
4.5.2 Evidence on the reliability of the collected data.............ccooceiiiiiiniii 46
IX

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



4.5.3 Evidence on the Validity of the Collected Data ...........c.ccccevveveiieiicie e 47

4.5.4 Theoretical requirements on research INtEGrity........cccccvivververeiieese e 47
4.5.5 Operationalising responsibilities for the ethical conduct of research..............cccce....... 48
4.6 STUDY LIMITATIONS ... uttiitteetee ettt esteesite et e eiee e bt e sseeebeesbeeebeesee e e beesbeeanbeesaeeenbeeabeeenseennneenns 49

CHAPTER 5: IMPACT OF CLIMATE VARIABILITY ON GROUNDWATER QUALITY50

5.1 GIS-BASED MODELLING OF CLIMATE VARIABILITY IMPACTS ON GROUNDWATER QUALITY::

CAPE FLATS AQUIFER, CAPE TOWN, SOUTH AFRICA ..vvviiiiiiiiiiitieieee ettt e e e s ssaabbreees s e s seans 50
T8 00 11 oo 0 Tod o PSR 51
5.1.2 Descriptive and inferential statistical analysis on the impacts of change on
GroundWater QUATTITY ........couv et be et e e e nre e 53
5.1.3 Scenario of climatic variables during (1950 to 2000) and (2041 to 2060) ................... 53

5.1.3.1 TOMPEIALUIE ...ecvvee ittt ettt ettt ettt e st e e st e e snb e e nnb e e e bt e e e nnbe e e nneas 54
TN I 7 o =T ot o] | =L o] o ISR 55
5.1.3.3 Actual EVapotranspIration...... .. e e e eseseeseesieseessaessesssesseessesssesseessesneenns 56
B5.L3ARUNOTT ... L 1t e bt saeesbesaeesae e be e besaeesbe et e saeeane 56
5.1.3.5 Water balance............ o A 57
5.1.4 Effects of Climatic Variables on Groundwater QUality..........cccooeviviiinieriinin e 59
5.1.5 Interpretation of the RESUIS.........coiiiiii s 61
5.1.6 Comparative assessment of the reSUIES ... 61
5.1.7 Implications of the resUlTS ... s 61

5.2 VALIDATION AND DOWNSCALING OF THE IMPACT OF CLIMATE VARIABILITY ON

GROUNDWATER QUALITY IN COASTAL AQUIFERS OF URBAN AREAS IN SOUTH AFRICA. ......cccceenene 62
oI R 1] oo U044 o ST PRSPR 63
5.2.2 Description of the main data and model.............ccoooeiiiiiciiic i 64
5.2.3 Descriptive and Inferential Statistical ANalysiS...........ccccoveviiiiiiiieii i 65
5.2.4 Interpretation Of the RESUILS..........coviiiiiiiice e 71
5.2.5 Validation Of the RESUITS .......cceeiieieiecieeee e 71
5.2.6 Implication of the RESUILS..........ccooiiiii s 72
5.2.7 Conclusions and recoOmMmeNdations ............ccceiuerierieiieeneee e e e se e eee e see e 73

CHAPTER 6: AQUIFER VULNERABILITY MAPPING USING A GIS-BASED OVERLAY
AND INDEX AND THE GROUNDWATER QUALITY INDEX METHODS IN THE CAPE

FLATS AQUIFER, SOUTH AFRICA . ... .ottt et enne e 74
5.1 INTRODUCTION ...t eutteitteeutte ettt ett ettt e bt e s te e e bt e saeeesbe e ahee e st e saeeanbeeahe e e abeesaeeambeeebeeanbeessneenbeeaneeanneens 75

6.1.1 Results of the groundwater vulnerability assessment using the modified GIS-based
DRASTIC MOEL ... ettt ettt neesbeene s 75
6.1.2 Preparation of thematiC MaPS........ccccveiiiiiiiiie e 75
6.1.2.1 Depth to the water table (D)........ccoeiiiiiiieiii e 75
6.1.2.2  NEtreCharge (R) ....oieeiuiiieiie ittt ettt 76

X

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



6.1.2.3  AQUITEr MEIUM (A)...ciiiieiieiiee et e e re e re e e 77

6.1.2.4 SO MEAIUM (S) .riveeiiiieeie ettt re e 78
6.1.2.5  TOPOGIaPNY (T) eeueeieeitiitirieiiietiei ettt bbbt bbb 79
6.1.2.6  Impact of the vadoSe ZONE (1) ....ccueieerieiiiie e e 80
6.1.2.7  Hydraulic CondUCTIVITY (C) ..ooeeeeiieriiie et 81
6.1.2.8  Land Use/Land COVEN (LU) ...cc.ueueieerieeieiiesieeieesieesieeie e 82
6.1.3 Groundwater Vulnerability Mapping.........ccccoviiiiiiiii s 84
6.1.3.1  Drastic Vulnerability INGEX........ccoiuiiiiiiiiiiieeeies e 84
6.1.3.2  Modified DRASTIC INUEX......cciiiriiiiriiriiitisiisieieie ettt 85
6.1.4 Interpretation of the results of the assessment of groundwater vulnerability of coastal
10 U] {=T SO SR 89
6.1.5 Comparative assessment of the results on groundwater vulnerability of coastal aquifers
91
6.1.6 Implication of results in the assessment of groundwater vulnerability of coastal
AGUITEES .. P ..ottt astesresre s e e e et e e e resennnesrnnnnnns 91
6.1.7  RESUILS VAIAALION ... e e s sssssas e e s ssssasssteseebeesseaseesseenseaseeaseenseaneenseenseaneenns 92

CHAPTER 7: USING A GIS-BASED INTEGRATED MODEL TO ASSESS THE RISK OF
GROUNDWATER CONTAMINATION IN THE CAPE FLATS AQUIFER, SOUTH

AFRICA. ... L 96
.1 INTRODUCTION . ... ettt ettt ettt ettt e e e e e e e e e e e e e e e e e eeeeeeeeneeeeees 96
7.2 DESCRIPTIVE AND INFERENTIAL STATISTICAL ANALYSIS OF GROUNDWATER CONTAMINATION
RISK MAPPING AND MODELLING ...t bt iiscaie b et s iebesbasess b feabe s beshssnsnsssssssssssssnnnssesssssessssnnnnsereesseenns 96
7.3 INTERPRETATION OF THE RESULTS: GROUNDWATER CONTAMINATION RISK MODEL ............... 99

7.4. Comparative assessment of the results on mapping and modelling groundwater

CONEAMINALION THSK. ..ottt ettt e e e e e e e e ettt e e e e e e e e et e e e e e e e e e ee e eeaeaeens 99
7.5 IMPLICATIONS OF THE FINDINGS FOR MAPPING AND MODELING THE RISK OF GROUNDWATER
CON T AINIMENT «. ettt e e e e e e e et et e e e e e e e e ee e e e aaaseeeeeeeemene e aeeeeeeeeen s e seseeeeeeenn s asseeeeeensnnnnanseeeeerennns 100
7.0 W ALIDATION . et ettt e e e e et et e e e e e e e e e e et eaeeeeeeeeeee e e e eeeeeeeee e s e eeseeeeeeean s aeseeeeeenennnnnanseeeeeeennns 100

7.6.1 Developing a Groundwater Quality Index (GWQI) Map .......c.ccoovvvviniinieiencieseseias 100
7.2 EVALUATION OF THE STUDY .ntttetee ettt e et e e e e e e e e e e ete e e e e e e e e e e e a e e e e eeeee e e e e e e neeeennnens 107
7.3 SUMMARY CHAPTER ON THE RESULTS AND DISCUSSION .. ..ettteeeteteeeeeeeeeeeeeneeeeseeeeeseennnnnnns 108

CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS ... oot 110
8.5 CON CLUSIONS ...ttt e et e e enenenennnnnnnnn 110
8.2. UNANSWERED QUESTIONS/SURPRISING RESULTS/ RECOMMENDATIONS......ccccveevreeeinreeennen. 112

REFERENCES ... ..o 114

AP P EN D X 130
APPENDIX A LIST OF PUBLICATIONS ..tutttettteetestateesessnsssesssnsssesssnsesesssnsessssssesessntesessnnteresnnreresnn 130

Xi

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



APPENDIX B: DEPTH TO WATER LEVEL ...viiiiiiii ittt sttt sttt 133
APPENDIX C: THE AVERAGE ANNUAL RAINFALL AT THE CAPE TOWN INTERNATIONAL AIRPORT

METEOROLOGICAL STATIONS FOR THE PERIOD 1979 TO 2018.......ccoiiiiiiieieee e 135
APPENDIX D: TEMPERATURE DATA AT CAPE TOWN INTERNATIONAL AIRPORT METEOROLOGICAL

STATIONS FOR THE PERIOD 1979 TO 2018......cc ittt 137
APPENDIX E: MEAN MONTHLY OBSERVED AND SIMULATED TEMPERATURE AT CAPE TOWN BASED

VWATERWORLD MODEL ..eieiiieiiiitititiee e e e e e s e etitttee e e e e e s s ssatbbasessaaassssassbabasseaaesssanssbsseeeeaeesssassnsreneeeeens 138
APPENDIX F: WATER QUALITY DATA ...ttt 139
APPENDIX G: LITHOLOGICAL UNITS ..viiiiiiiiiiiieectiee ettt e st e s tee e st e et eesnte e e sntaeesnvaeesnneeesnnae e e 140
APPENDIX H: LAND COVER (CAPE TOWN FOR VERIFICATION) ...veeivieieiriesieeieseeseeesaesseesseessesneesnas 144
APPENDIX 2 SOIL DATA .ottt et s e e st e e st e e sabe e e sabe e e sabe e s saeeeesnteeenaeeeens 145
APPENDIX K: CAPE FLATS SEAWATER INFILTRATION MONTHLY FLUX ALTERATION .......ccevvene 146

Xii

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



LIST OF FIGURES

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2.1. Framework for testing the research hypotheses..........ccceveiiiiiiniiiicice 24
3.1. Cape Flats map Showing StUdY @r€as ...........ccccerererereriieiieienese e, 27
3.2. Mean annual rainfall derived from the year 197910 2018 ............ccccvvvivrnennen. 28
3.3. Monthly minimum, maximum, and mean temperature (Cape Town International Airport,

recorded from 1979-2018), compared to the WaterWorld model............................ 29
3.4. Geological map of the study area with boreholes and rivers...........c.ccccevenenen. 31
3.5. Seasonal changes in water level fluctuation ..............cccccevi i, 32
3.6. Digital Elevation Model (DEM) and TopographiCc Map ........c.ccccovveriinniennnn, 33
3.7. Delineation of the basin on atopographic MAaP < e, 34
3.8 Land use/ land cover types and area coverage of the study area..........ccccccceuenee. 36

3.9 Land use/cover map of the Elsieskraal and rivers and coverage in the study area (Based on
WEAP watersheds deClination)............cooiiiiiiie e 37

4.1. Flow chart of the groundwater contamination risk mapping methodology applied to the
Cape FIatS aQUITEE .....c.eeieeiccc e e 42

5.1 Annual temperature in the Cape Flats (1950-2000). ........ccccoevveveiiiesienecieenenn 54

5.2 Annual rainfall change baseline projected (1950-2000) (left) and (241-2060) (right). 55
5.3. Actual evapotranspiration for the baseline (1950-2000) and for the period 2041-2060. 56

5.4 Annual runoff in the study area (1950 — 2000) and (241 — 2060). ..........ccceuene.. 57
5.5. Water Balance Map (1950-2000) and Projected Water Balance Map (2041-2060) 58
5.6. Human footprint on contamination index (%) Map......c.cccccevveivievieiieesie e, 59
5.7. Groundwater vulnerability (Human footprint on the water quality Index) ........ 60
5.8. Coverage of the vulnerability index area in the Cape Flats aquifer ................... 60
5.9 Precipitation in the SUMMEr SEASON ........ccceiieiiieiiiiie e 66
5.10 Precipitation in WINTEr SEASON .........ccvriiirrierieiiesie st 66

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



Fig. 5.11 Precipitation in the autumn SEASON ..........cccccverueiieieereie e 67

Fig. 5.12. Precipitation in SPring SEASON .........ccciueiueiereriiriesisieeee et 68

Fig. 5.13 Projected relative sea level rise for the Cape Flats area (relative to the year 1990) 68

Fig. 5.14. The projected relative sea level rise for the Cape Flats catchment (relative to the year
2000) is based on emission scenarios (ranging from A1B to AIM) ..o, 70

Fig. 5.15 Spatial distribution of the mean concentration of nitrate, chloride, and electrical

CONAUCEIVILY IN GrOUNAWALET. ......cveiiieieeie et 72
Fig. 6.1 Map of depth to water level (D) and assigned rates ...........cccoeevevvereeresiesnernenn 76
Fig. 6.2 Recharge map (R) and assigned ratesS...........ccevvieeieerieiiese e 77
Fig. 6.3 Map of the aquifer media (A) and its rates assigned in the study area................ 78
Fig. 6.4 Soil map (S) and rates aSSIGNEO . i i i i i e 79
Fig. 6.5 Topography map (T) and its assigned rates..........oci i, 80
Fig. 6.6 Impact of the map of the vadose zone (1) and the assigned rates .............ccccoeu.... 81
Fig. 6.7. Hydraulic Conductivity (C) Map and Rates Attributed............ccccovevviicivenennn. 82
Fig. 6.8. Land Use/Cover Change Maps (LU/LC) and Aggregated Rates .............c......... 83

Fig. 6.9. Groundwater vulnerability map produced by the conventional DRASTIC model84

Fig. 6.10 Coverage of vulnerability zones (DRASTIC model) .......ccccccvevevveieiieirenee 85

Fig. 6.11 Groundwater vulnerability map produced by the modified DRASTIC model.. 87

Fig. 6.12 Area of groundwater contamination risk Map .........cccceeereriienenenesieeeeen, 88

Fig. 6.13. Land use land cover distribution in the Study Area .........cccccocevvvviieninieeiiennn, 89

Figs. 6.14a-14d Validation of DRASTIC vulnerability using chosen hydrochemical indicators 93

Fig. 6.15. a) Correlation between the DRASTIC index and nitrate concertation and b) the modified

DRASTIC index and nitrate concertation in the Cape Flats aquifer......................... 94

Fig. 7.1. Groundwater Contamination RiSK Map.........ccccccveviiiiiiiiiiiic e 97

Fig. 7.2 Risk map showing an area of groundwater contamination.............c.c.ccceevevvvrnne. 98

Fig. 7.3a- d Validation using chosen hydrochemical parameters (Na, Cl, K) ................ 101
Xiv

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



Fig. 7.4 Risk map showing an area of groundwater contamination...............c.ccceceevennee. 105

Fig. 7.5. represents the relationship between the modified DRASTIC and the groundwater quality

INAEX (GWQI). ettt neeenes 106
LIST OF TABLES
Table 4.1 Data types and their SOUICES .........ccveveieerieiie e 39

Table 5.1. Climatic variables scenarios used in this study for the Cape Flats region....... 54

Table 5.2 Comparison of recharge values in the model with other sources ..................... 61

Table 6.1. Standard and modified weight values are used-in the different DRASTIC models.

Table 6.2 Classification of the modified DRASTIC vulnerability index ..........ccccoovennee. 88
Table 7.1 Classification of the contamination risk index of integrated models based on GIS

Table 7.2 Comparison of vulnerability and contamination risk indeX............c.ccoevevvennn. 99

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

86

98



Chapter 1: General Introduction
1.1 Background of the Study

1.1.1 Study overview

The current study is an attempt to map groundwater vulnerability zones using a geographic
information system (GIS) environment as a tool to assess and analyse potential contamination risks
in the coastal aquifer system in urban areas under changing climate and intensive human activities.
Groundwater is under pressure from agricultural and industrial activities and long-term climate
variables in most developing cities. Changes in temperature and precipitation can potentially modify
hydrological conditions and put cities at increased risk of contamination. In urban areas, groundwater
recharge is dramatically reduced by increasing temperatures and reducing rainfall. In addition, there
are increased levels of nutrient and sediment runoff from industrial and agricultural areas. Rising sea
levels increase groundwater salinity through saltwater intrusion:into the coastal aquifer system. In
Cape Town, the potential of water supply from the Cape Flats aquifer is highlighted as an alternative
means of augmenting current supply sources (Adelana and Xu, 2010). However, a large part of the
Cape Flats catchment is affected by land-based activities such as agriculture, informal settlement,
waste disposal, and industrial activities, all of which have the potential to pollute the aquifers. Based
on this, the Cape Flats aquifer in the city of Cape Town, South Africa, was identified as the focus of
a case study to determine the potential risk of groundwater contamination in the context of urban and
coastal hydrogeology to provide critical information that could lead to more effective water resource
management. The findings of this study are meant to help policymakers better understand how to

protect, monitor, and manage water resources in a long-term way.
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1.1.2 Current scholarly debate on the impact of climate and land use

changes on groundwater quality

Groundwater is known to be the key to improving water security challenges in an era where demand
for water supply is ever increasing, particularly in urban areas. More than 60% of the population
depends on groundwater sources, and the demand for these sources is likely to increase with
increasing extreme events such as drought (FAO-ONU, 2017; Kumar, 2010; Panwar and Chakrapani,
2018). In addition to extreme events, land-based activities such as agriculture and industrialisation
pose additional threats to groundwater resources. Runoff within the urban area increases the loads of
nutrients and sediments from industrial and agricultural areas, and rising sea levels increase the
intrusion of saltwater, especially in‘coastal aquifers.-Ensuring water quality without compromising
the coastal aquifer from climatic variables and human activities is a huge challenge that requires
appropriate protection and monitoring strategies for sustainable management. According to Jun et
al.(2010) and Aizebeokhai (2011), more research is needed to improve understanding and modeling
of land-based activities and the impacts of climate variability on groundwater quality at spatial and
temporal scales relevant to decision making for better groundwater management. Geospatial
hydrological modelling has gained popularity recently and can be used as one possible approach to
simplify climate information and analysis of the likely influences of natural and anthropogenic events
on the aquifer. For example, both Goderniaux et al. (2011) and Pouget et al. (2012) used an integrated
modelling framework that can link a wide range of models, such as hydrological, water quality, and
watershed models for planning and water resource management. Hagemann et al. (2013) argue that
within studies considering hydrological impacts on groundwater, there is still little consideration
given to the quality of the water to support decision-making for sustainable development in the future.
It is highlighted that the key challenge is to thoroughly understand the potential link groundwater
quality may have with land use and climatic variables on a regional scale (Shamir et al., 2015). In
fact, assessing the risk of groundwater pollution is important for protecting groundwater resources

because it shows which areas are vulnerable to contamination on different spatial scales.
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Several studies have been conducted in the last decade to assess how they interact with climatic
variables and groundwater on the issue of water quality (Aizebeokhai et al., 2017). In addition, large-
scale hydrological models have shown better performance and better quantification of the impacts of
human activities and climate variability on water quality. The results of scenario-based modelling
depict future hydrological variations, and the result shows an increase in surface runoff, which has
implications for decision makers to develop better water and land use policies. To support better water
resource management, Mango et al. (2011) demonstrated the impacts of land cover and climatic
variables on the hydrological processes of the upper Mara River Basin in Kenya. The modelling
results indicate that small decreases in precipitation may produce large reductions in runoff due to an
increase in evapotranspiration. Khatami and Khazaei(2014a) determined the benefits of GI1S-based
approaches in hydrological modelling that consider ditferent layers of geographic data and create new
integrated information on hydrological variables. The authors conclude that the evidence is strong for
the application of GIS in hydrological modelling for the management of water resources. They
(Aduah et al., 2017) developed the hydrological model to understand the impact on the water
resources of a lowland rainforest basin in Ghana, West Africa, using the ACRU hydrological model
to develop suitable mitigation strategies for climate and land use changes. In general, modeling

platforms are a good way to solve a problem in long-term water resource management.

1.1.3 Current debate in practice on the effect of climate and land use

changes on groundwater quality

The need to improve groundwater security remains critical, particularly in urban areas where the
demand for groundwater as an alternative source of water supply intensifies after unprecedented
growth in population and economic activity, mainly in agriculture and industrialization (IPCC, 2007).
In Africa, many urban areas rely on groundwater as a fundamental part of their drinking water supply
(Fitch et al., 2016a; Jakeman et al., 2016a). Despite increasing threats, more than half of the West

African population lives in cities and relies on groundwater as their primary source of drinking water
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(Murray-Rust and Fakhruddin, 2014). Based on current climatic variables predictions and land use
practices, hydrological characteristics are likely to change in the future, often entailing uncertain
consequences for aquifer systems (McGill et al., 2019a). Furthermore, South Africa is characterised
by high spatial and temporal variability and is known to have scarce water resources. Cape Town, in
the Western Cape province of South Africa, has been the focus of climatic variables impacts, which
have adamantly secured Cape Town's placement as a city at high risk of water problems for the next
century due to water scarcity. There are not many studies out there that specifically talk about how

climatic variables could affect groundwater quality in urban areas when the climatic variables.

Groundwater constitutes an important source of water supply for domestic, industrial, and agricultural
purposes in South Africa, with a well-documented water scarcity. According to Hansen et al. (2016),
total groundwater use is estimated to be 15% of 65% of the surface area of South Africa. For example,
in the Western Cape, the rapidly growing populations of Cape Town and surrounding towns, as well
as economic growth, are putting an increased strain on the city's water resources. The City of Cape
Town also plans to undertake a feasibility study on large-scale reuse of water. Other city
investigations are underway on the potential for large-scale groundwater development and the use of
the Table Mountain Group aquifer as a sustainable water resource (Ahjum et al., 2015; Srivastava et
al., 2012). However, during this substantial supply-demand, freshwater resources are severely
complicated by a complex climate system that is currently poorly understood within the rapidly
growing City of Cape Town (Climate System Analysis Group, 2014). The main problems with
understanding the regional climate system are that there are not many observations, and there are a

lot of different climate models in the province.

The city of Cape Town, located in the southwest of the Western Cape Province of South Africa, is
facing serious water shortages and drought problems. The increased demands for water in the city of

Cape Town have led the region to opt to use groundwater as an alternative source for domestic,
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agricultural, and industrial purposes. Based on the demand for groundwater as an alternative water
supply in Cape Town, it now needs to be managed. The Cape Flats aquifer is one of the city's critical
sources of water supply. A general concern is that land use and climatic variables pose increasing
groundwater potential contamination risks to the Cape Flats aquifer in the city of Cape Town. Land-
based activities, such as waste disposal sites, industrial activities, and agricultural activities, have the
potential to pollute aquifers. Commercial farmers in the areas surrounding the city have been
suspected to use fertilizers, insecticides, and herbicides, which are likely to contribute to the
degradation of groundwater quality. Continued impacts on groundwater are expected to occur due to
increases in population without adequate management of urban, agricultural, and industrial activities
on a regional scale. This could lead to a decrease in-water quality and a decrease in socio-economic

development.

This study aimed to develop a GIS-based model to highlight the impacts of climatic variables and
human activities on groundwater quality in the Cape Flats aquifer in the city of Cape Town, South
Africa. In this study, a combination of hydrological models (WaterWorld Policy Support System) and
a modified DRASTIC model, coupled with spatial chemical analysis of water quality, was used as an
appropriate tool within a GIS environment to assess groundwater pollution of the Cape Flats aquifer.
The research made a great contribution to the knowledge base and established a way to protect the
effects of changes in climate and land use on groundwater quality in coastal aquifers and ensure that

groundwater is used sustainably in cities.

1.2 Problem Statement

1.2.1 Research Problem

The linkage between climatic variables information, hydrological simulation and human activities is
the key to understanding future changes in the hydrologic cycle and subsequent deterioration of

aquifer systems. Changes in the major climatic variables such as amounts and patterns of
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precipitation, temperature, evapotranspiration, and recharge have made groundwater resources
vulnerable to contamination and other problems. This is a challenge since the hydrological cycle and
its connections with underground water quality are complicated systems. Furthermore, for
groundwater resources, the impacts of climate and land use changes must be fully assessed so that
results-oriented monitoring can be designed and implemented as an intervention. This is necessary
because groundwater resources in many parts of the world do not receive the same attention as surface

water resources.

Water security and sustainability, including groundwater quality, were the focus of this study, which
examines the potential impacts of change in land-use-and climate variability on groundwater quality
in the coastal aquifer in urban areas., Groundwater-is often an-invisible resource, but an integrated
model of the groundwater system and its connections to land use and climatic variables based on GIS
is typically used to highlight areas and levels of vulnerability to potential contamination risk.
Vulnerability mapping is the spatial distribution of the extent to which the natural environment of an
aquifer is protected from potential contamination by human intervention (Saraswat et al., 2019). This
work was specifically inspired by the growing need for such approaches that could be applied to the
Cape Flats catchment in the city of Cape Town, South Africa. Intensive agricultural activities,
urbanization, and industrialization threaten the quality of water in the area. Despite numerous studies
that highlight concerns about groundwater quality degradation in the Cape Flats region, water quality
responses to changes in climate and land use are only partially known (Adelana et al., 2010; Gxokwe
and Xu, 2017; B. Mauck, 2015a). Therefore, to develop scientifically sound management in the study
area, it is urgently necessary to establish strategies for vulnerability and protection against the risks
of contamination of water sources. In this study, a GIS-based index method was used to evaluate
vulnerability zones to human activities and hydrological variables by integrating the groundwater
quality index (GWQ) and hydrogeologic parameters. The GWQ index was used to evaluate

groundwater quality based on the risk of salinity, chloride, and nitrate at high concentrations. To
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evaluate the effects of climate variability on groundwater quality, ensembles of GCM and RCM were
first used to estimate climate variables such as temperature and precipitation using the WaterWorld
model. In the second phase to assess groundwater vulnerability, seven hydrogeological parameters
were considered as the unit of analysis using the DRASTIC model for the Cape Flats aquifer. A
groundwater contamination risk index was also used in a GIS setting to demonstrate how these tools
can be used to learn more about how groundwater and climatic variables interact and how to keep

groundwater safe.

1.2.2 Unit of analysis

This research has analysed the main relationships. between climatic variables, land use, and
groundwater quality, as well as visualising the potential contamination risk and processes of water
quality pollution in the Cape Flats catchment in a GIS environment. The evaluation of the attributes
of climatic variables, land use, and water quality were used to improve understanding of their
interrelated relationships. Climate variables such as temperature and precipitation were used as
indicators of climatic variables analysis. The units of analysis for the data obtained from remote
sensing vulnerability mapping are GIS applications in ArcGIS 10.3 and other geospatial software.
These were used to prepare various thematic maps and overlay analysis in a GIS platform for the

identification of potential groundwater contamination zones.

1.2.3 Research Question

This study seeks to address the following research questions:
I.  How are land-based activities and climate variability posing an increased risk that is likely to
impact groundwater quality in the coastal aquifer in an urban catchment?
Il.  How has the GIS-based model explained the potential impacts regarding land use and climatic
variables, which might have a negative effect on groundwater quality and inform sustainable

management strategies to protect groundwater resources?
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1.2.4 Research hypothesis

The present study argues that a poor understanding of potential groundwater contamination risk zones in
coastal aquifer systems can lead to inadequate groundwater protection and management in urban
catchments. To successfully protect and manage groundwater quality, it is necessary to understand the
vulnerability zones in which contaminants are likely to occur in spatial and temporal variation using the
GIS framework. A better understanding of groundwater quality would serve as the basis for determining

the most effective strategies for monitoring and protecting groundwater resources.

1.3 Research Aims and Objectives

1.3.1 study aims

The goal of this study is to develop a GIS-based model that can measure and predict land use and
effects of climatic variables on groundwater quality in the Cape Flats aquifer. This model can add to
existing knowledge to develop deeper insight to make better decisions about how to manage water

resources in specific climatic variables and land use scenarias.

1.3.2 Study Objectives

The study has three principal objectives:

Objective 1: Determine the changes in key climate variables such as temperature, precipitation, and
sea level rise to understanding the possible future changes in the hydrological regimes and
subsequent deterioration of aquifer systems.

Objective 2: Assess the vulnerability of the Cape Flats aquifer to groundwater using the DRASIC
index method and apply the groundwater quality index method using a few selected water quality
parameters.

Obijective 3: Develop a GIS-based method to quantify the risk of groundwater contamination under

changing climate variables and land use in the Cape Flats aquifer system.
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1.4 Study rationale

1.4.1 Importance of the Study

The research will add to existing knowledge to better understand how hydrology, climate, land use,
and vegetation interact to influence water quality. This knowledge becomes strategic since it
contributes to better informed and more sustainable water resource management. Knowledge
contribution through publication as per the following:

Paper 1: Impact of Climate Variability on Groundwater Quality

Title: Validation and down-scaling of the impact of climate variability on groundwater quality in
coastal aquifers of urban areas in South Africa.

Paper 1: Impact of Climate Variability on Groundwater-Quality

1.1. GIS-based modelling of climate variability impacts on groundwater quality: Cape Flats Aquifer,
Cape Town, South Africa

1.2. Validation and down-scaling of the impact of climate variability on groundwater quality in
coastal aquifers of urban areas in South Africa.

Paper 2: Aquifer vulnerability mapping (Risk assessment paper)

Title: Using GIS-based DRASTIC Modelling of the Cape Flat Aquifer to Improve Understanding
of Potential Contaminants in an Urban Hydrogeology Setting of South African Coastal Aquifers.
Paper 3: Development of a GIS-based integrated model for feasible groundwater monitoring in
coastal aquifers to improve water security in a modern, progressive city prone to drought, such as

Cape Town, South Africa.

Developing practical tools such as contamination risk assessments and vulnerability mapping are
important aspects that need to be considered in the development of sustainable groundwater
management. In general, maps are practical tools that can help as a road map towards sustainable

use and management of groundwater quality in the area. The resulting vulnerability and risk maps
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are simplified forms that can be easily understood. The degree of spatial distribution of water quality
parameters is presented with different colour legends. This helps to better understand the parameters,

as well as their implementation by the local authorities, more easily.

1.4.2 Conceptualisation of the study

The degradation of water quality is becoming one of the greatest threats to sustainability. The aquifers
of agro-industrial cities are among the most vulnerable areas, especially in coastal aquifer systems.
The alteration of the watershed due to urbanization, industrialization, and agricultural activities can
have significant hydrological consequences. Rising temperatures and rising sea levels can increase
saline intrusion into the underlying aquifers. The Cape Flats aquifer is at risk of degradation primarily
due to agricultural, industrial, and other human activities. These results were essentially confirmed
by (2013a) that future development of the aquifer is intended to improve groundwater resource
management and protection, as there is an increasing need and scope for the city of Cape Town.
However, further research should focus on protecting the aquifer and climate variability while
exploiting groundwater in the region, the relationship between land use and aquifer protection,
detailed mapping and delineation of groundwater vulnerability zones, and evaluation of the effects of
groundwater management on the local environment, such as seawater intrusion, to prevent the aquifer
from further deterioration. Recent studies by Gxokwe et al. (2020), Gxokwe and Xu (2017), and
Mauck (2017) examined urban hydrogeology in the context of water-sensitive urban design (WSUD)
and managed groundwater recharge (MAR) to control flooding and supplement urban water supplies.
They concluded that CFA should be considered as a supplemental water source for Cape Town,
particularly due to recent drought conditions. Studies have helped people make better decisions about
managing water systems in Cape Town. The future development of the aquifer should improve the

management and protection of groundwater resources.
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The current study contributes to a detailed assessment of the risk of contamination and protection of
the aquifer, with an emphasis on the use of GIS techniques to map vulnerable zones. First, modeling
in a GIS climate and land use change environment provides the basis for developing water resource
management strategies. Finally, the most important reason is that a GI1S-based model can account for
future changes in climate and land use, which in turn can help identify potential future threats to water
quality. Based on available data that can be used to develop appropriate strategies to ensure
sustainable use, protection and monitoring, a hydrological model based on physical evidence
(WaterWorld) and a DRASTIC model were developed and eventually coupled to better understand
human activities and impacts of climatic variables in the Cape Flats region. The World Health
Organization (South African standard) has standardised the water quality parameters that were
considered in the calculation of the water quality index for the area. A G1S-based model can account
for future changes in climate and land use, which in turn can help identify potential future threats to

water quality.

1.5 Scope and nature of the study

1.5.1 Scope of the study

The scope of the study was limited to the CFA in South Africa. It is a comprehensive study of a GIS
-based modelling approach to contextualise urban groundwater management planning and design that
focuses on integrating hydrological models in a more holistic and comprehensive manner. This allows
for how climatic variables and human activities affect water quality and how integrated groundwater

management works.

1.5.2 Nature of the study

The research design for the present study is an empirical study of a predictive approach using
guantitative methodology. The study was carried out using the following methods: desk study,

existing data analysis, satellite image processing, modelling, and mapping. Most of the data used in
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the study came from remote sensing data and topographic information from maps used to create
different thematic layers. The appropriate weighting was applied to a spatial domain to identify
potential groundwater contamination zones. Once the data are available, an application GIS is used
to create and classify thematic maps that are integrated using a weighted index overlay analysis. The
results obtained are classified into categories such as "poor"”, "low", "moderate”, and "high". To
validate the results, a water quality index (WQI) was calculated for the overall water quality. Selected
water quality parameters (chloride, nitrate, sulfate, phosphate, and electrical conductivity) helped the
study gain a better understanding of the impacts of anthropogenic activities. This study addresses
contamination risk assessment and vulnerability mapping. These are important aspects to consider in

the development of sustainable groundwater management.

1.6 Outline of the thesis report

This thesis is divided into six chapters. Chapter 1 is about the general introduction. It contains the
background, the problem, and the objectives of the study. Continue with the significance of the study,
the design of the study, and finally the outline of the thesis. Review of Chapter 2 of the literature.
Provides a review of the literature on the impacts of land use and climatic variables on the hydrology
of the watershed and the quality of groundwater. The focus is on the methodological approach, the
methods used, the results found, and the setting in which the studies were conducted. The review was
presented in a systematic way with respect to the specific objectives of the current study. Chapter 3
provides a description of the study area. Chapter 4 describes the research design and methodology.
This chapter examines the various research methodologies and research methods used for this study.
It describes the research design used for this study, the research methodology chosen for the study,
the research methods used for data collection and analysis, the quality assurance and quality control
measures taken to ensure the validity and reliability of the research findings, and the research integrity

measures taken to strengthen the reliability of the research findings of a research study. Data
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collection and analysis methods for information systems are discussed. In addition, in this section,
research methods are discussed, as are the types of research methods appropriate for information
systems research. Because secondary data sources were used in this study, a section is included to
explain the differences between the two and the benefits of using secondary data sources for research.
Chapter 5 is a summary of the findings and a discussion of the three research objectives. It contains
the results and discussion of objectives 1 through 3, as presented in Section 1.3 of this chapter,
including a description of key data, data analysis, interpretation of results, comparative analysis,
implications of the results, and evaluation of the study. Chapter 6 presents the conclusions and
recommendations. Conclusions and recommendations are provided for the entire thesis. This chapter

summarises the study and provides suggestions.for future research based on the results.
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Chapter 2: Review of the literature

2.1 Introduction

The first chapter contains a brief general introduction to the study, a statement of the problem, the
objectives of the research, the research question, and the rationale for the study, to name a few.
Previous studies were reviewed to provide a gap analysis related to integrated GI1S-based modelling
and to highlight its importance for groundwater protection and effective management in the context
of coastal aquifers in urban settings. In a GIS setting, the principles, concepts and framework that
govern groundwater quality under the coupled impacts of climatic variables and human activities are
explained in detail. To place this study in the context-of different scales or levels, an overview of a
broad range of important issues is if address climatic variables, land use, and water security at global,
national, and regional scales. The review of the studies conducted is based on key words, a search of
primary works, and a review of the relevant literature. Analysis of the literature looked at investigates

which methods, theories, models, or frameworks are best for the current study.

2.2 Previous research on the effects of land use change and

climatic variables on groundwater quality

2.2.1 Global status of the impacts of land use and climatic variables on

groundwater quality.

In the last decade, extensive research has been conducted to investigate the impacts of land use and
climatic variables on groundwater resources in different countries. For example, Li and Merchant
(2013) demonstrated the vulnerability of groundwater under different climatic variables and land use
scenarios in North Dakota, USA. The authors integrated hydrological models and a groundwater

vulnerability model in a GIS environment to map the risk of groundwater contamination in the study
14

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



area. The GIS-based model was found to provide important information for decision makers in
identifying potential threats to groundwater contamination and supporting measures to protect such
an important resource. In another study by Fan and Shibata (2015), a watershed hydrology and
nutrient model (Soil and Water Assessment Tool, SWAT) was used to assess and understand the
relationships between hydrological mechanisms and water quality at the watershed scale in different
climate and land use situations in Japan. Furthermore, Pervez and Henebry (2015) used an integrated
hydrologic simulation model with downscaled climate and land use projections derived from global
climate models (GCM) to quantify the potential impacts of future climate and land use changes in the
Brahmaputra River basin in South Asia. The authors found that the hydrological systems of the basin
will increase in response to climate variables in-response to climate and land use change scenarios.
Furthermore, Montenegro and Ragah (2012) used an integrated distributed hydrological model to
simulate and better understand changes in the groundwater system in a semi-arid basin in Brazil.
These modeling results show that the effects of climatic variables and land use on water resources

must be considered when planning water resource management.

2.2.2 Regional status concerning the impacts of land use and climatic

variables on groundwater quality

The potential impacts of climate and land use change on groundwater have long been recognised
globally as a factor that negatively affects water quality and the environment. Dwarakish and Ganastri
(2015) addressed the need to integrate land use change models and climatic variables models (GCM
and RCM) with hydrological models to improve the efficiency of hydrological response prediction.
They used a three-step process to determine how changes in land use and climatic variables might
affect water resource management. First, they created a model to determine how change in land use
and climatic variables might affect water resource management. Second, they created a model to find
out how land use changes and climatic variables could affect water resource management, and third,

they created a model to find out how land use changes and climatic variables could affect water
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resource management. Third, they used integrated models as an efficient technique to predict long-
term hydrological variability. In the study by Osei et al. (2019), the hydroclimatic variability resulting
from anthropogenic activities in the Owabi catchment in Ghana was assessed. It was also confirmed
that the SWAT model has proved to be more reliable in modeling the impacts of the hydrology
parameters of the catchment on water quality and pollution, and in helping to manage effective and
efficient water resources. Comte et al. (2016) investigated the hydrogeological heterogeneity of the
coastal environs in East Africa to identify knowledge gaps that needed further research in those areas.
The results illustrate that climate, rising sea levels, and land use increase the potential threats to
freshwater, and most of the deterioration of water quality is due to the intrusion of saltwater by rising

sea levels.

Regardless of the specific techniques used, it has been shown that the best results are obtained with
the integration of climate and hydrology models that are spatially distributed at regional and local
scales. However, to better understand the complex interactions between hydrology and groundwater
chemical parameters, process-based mathematical models remain one of the most powerful and
versatile techniques that can be used. Groundwater hazard maps provide useful information for
monitoring the changing levels of contaminants. Velazquez et al. (2013) further demonstrated the
combined influence of land cover and land use activity management on water quality based on the
role of temporal and spatial scales in a coastal catchment on the southern coast of South Africa in the
Gouritz Water Management Area (WMA). The databases used showed that when the spatial
heterogeneity of the catchment was altered by human impacts, such as agriculture, this was reflected
in changes in water quality. Similarly, Zhu and Ringler (2010) analysed the impact of climatic
variables on water availability in the Limpopo River basin in southern Africa using a linked modelling
system consisting of a semi-distributed global hydrological model and the Water Simulation Module
(WSM) model. The analysis showed that the water resources in the Limpopo River Basin are already

stressed under current climate conditions. However, the study only addresses the impacts of the
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combination of LULC and climatic variables on hydrological processes and groundwater quality on

the basin scale, which is limited.

2.2.3 National status concerning the impacts of land use and climatic

variables on groundwater quality

Various modelling techniques have been used to determine the potential impacts of various land uses
and climatic variables in the Cape Flats watershed. Technological change and increasing knowledge
and understanding are changing perceptions of risk, and priorities for water resource management
must be flexible and adaptable (Duah and Xu, 2013). However, much remains to be done regarding
the coupled impacts of climate variability-and human activities on groundwater quality. Previous
studies by (Adelana et al., 2006a; Mauck, 2017a)-developed-conceptual modelling of the recharge
mechanism and hydrochemical properties in the study area. The results of these analyses show that
anthropogenic and agricultural activities are responsible for the degradation of groundwater quality.
The authors confirmed that an integrated management tool is needed to manage water resources more
effectively in the Greater Cape Town area. There is alack of studies on the coupled effects of climate
variability and change in land use on groundwater quality throughout the Cape Flats region.
Therefore, there is a real need for a tool to study how changes in climate and land use might affect
water resources in the Greater Cape Flats region. This tool would examine how changes in climate
and land use could affect water resources. The objective of this study is to investigate the effects of
land use and climate variability on groundwater quality in the Cape Flats aquifer, South Africa, using
integrated modelling. The results will contribute to a better understanding of the hydrological impacts
of land use and climatic variables to inform better management of water resources in the Cape Flats

and identify methodological issues and gaps in the literature.
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2.3 Synthesis of the literature review on how to determine how

climatic variables will affect groundwater quality.

In recent decades, many scientific studies have been conducted to understand how water resources
can respond to a consequence of climatic variables. Shamir et al. (2015) analyzed the variation of
precipitation for the Upper Santa Cruz River, Arizona, SA using a dynamic downscaled GCM model.
However, the management of water resources in the region faces challenges due to the complex
natural variability of rainfall. To understand the problem, the study used a hydrological framework
to assess the impact of projected climatic variables on regional water resource management. The team
suggested a further study on the application of the model to assess the impact of projected climatic
variables on local water resources in other regions. Following the recommendation, Arnell et al.
(2015) provided strategies for a systematic assessment and protection of water management in
England. However, only a few studies have examined how climatic variables could affect

groundwater quality, although groundwateris important for the security of a country's water supply.

There is increasing concern about groundwater contamination by land-based activities, and climatic
variables are a serious challenge for humans and the environment (Mohammadi Ghaleni and
Ebrahimi, 2015). Fundamentally, sustainable water resource management and socioeconomic
development are entirely based on a thorough understanding of the availability of water resources
and their actual protection. Climatic variables can disrupt many aspects of economic development,
given its impact on agriculture and water supplies (X. I. A. Jun et al., 2010). Under conditions of
climatic variables, this response is likely to be indefensible, especially in those areas that would
experience an increase in drought capacity (Jakeman et al., 2016b). As a result, there is less
precipitation, which causes more water stress and more intense droughts and increases in temperature,

which in turn causes more evapotranspiration, which in turn reduces recharge rates.
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The issues linking climatic variables to groundwater have increasingly become a talking point among
the scientific community in recent years (Fitch et al., 2016b). Groundwater contamination caused by
increases in sea level and changes in precipitation and temperature has been extensively reported to
be most likely caused by climatic variables (Pasini et al., 2012). Although climatic variables
legitimately influence the main hydrological factors, for example, air temperature, precipitation, and
evapotranspiration (Klgve et al., 2014; Kumar, 2010; Panwar and Chakrapani, 2013), the connection
between climatic variables and groundwater quality is more complex and poorly understood. The
IPCC demonstrated that more research is needed to improve the understanding and modeling of
climatic variables related to the hydrological cycle at scales relevant to enable decision-making at all
levels. The connection between climate-change-variables and groundwater quality is more complex
and poorly understood. The IPCC demonstrated that -more research is needed to improve the
understanding and modeling of climatic variables related to the hydrological cycle at scales relevant
to enable decision-making at all levels. Information on the effects of climatic variables on water is

lacking, especially when it comes to groundwater quality (Aizebeokhai, 2011a).

In recent decades, many scientific studies have been conducted to understand how water resources
may respond to the consequences of climate variables. Shamir et al. (2015) analysed precipitation
variation for the Upper Santa Cruz River, Arizona, USA, by using a dynamic downscaled GCM
model. However, the management of water resources in the region faces challenges due to the
complex natural variability of rainfall in that area. To understand the problem, the study used a
hydrological framework to assess the impact of projected climatic variables on regional water
resource management. The team suggested a further study on the application of the model to assess
the impact of projected climatic variables on local water resources in other regions. Following the
recommendation, Arnell et al. (2015) provided strategies for a systematic assessment and protection

of water resources and their management in the water environment in England. However, few studies
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have looked at how climatic variables could affect groundwater quality, although groundwater is

important to any country that relies on it for its water needs.

2.4 Synthesis of the Review of the Literature on Groundwater

Vulnerability Assessment in a Coast Aquifer

Changes in land use and land cover (LULC) affect hydrological processes by altering
evapotranspiration (ET) and surface runoff. Runoff patterns are the result of indicated human activity
that affects evapotranspiration based on the water balance in the hydrological cycle. These findings
indicate that changes in land use induced by human activity in the water cycle should not be ignored.
Furthermore, Peter et al. (2018) demonstrated the combined influence of land cover and land use
activity management on water quality based on the role of temporal and spatial scales in a coastal
catchment on the south coast of South Africa. Human impacts such as agriculture, do indeed affect
water quality, which was spatially heterogeneous in the catchment. In recent years, the change in land
use has emerged as the most important variable among.environmental threats and changes that
ultimately affect groundwater quality. Changes in land use affect a wide range of environmental
characteristics, including water quality and the climate system they influence. Consequently, changes
in land use for agriculture and urban growth are sometimes accompanied by changes in groundwater
recharge and associated groundwater quality. In South Africa, several drivers of increased pollution
risk have been identified, including urbanisation, deforestation, reduction of wetlands, industry,
mining, and agricultural activities. To achieve this objective, moderate-resolution satellite data (30-
m Landsat series imagery) acquired in 1995 and 2016 were used. Overall, the results have discussed
the impacts of the change in land cover in relation to basin hydrology and water resource
management. In particular, the Cape Flats watershed has been under significant pressure over the past
decade. The area has seen strong population and economic growth, as well as new urban development

and agricultural land expansions, and changes in the hydrology of the area.
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2.5 Synthesis of the literature review on mapping groundwater

contamination risks using GIS-based integrated modelling

In recent years, sustainable management of groundwater quality has increasingly relied on geospatial
models. Hydrologic modeling is considered a reliable alternative to other widely used tools for
studying the factors that control the impacts of climatic variables and land use on water resources.
Various tools have been used to describe groundwater quality, allowing informed decision making
for management (Machdar et al., 2018a). According to Li and Merchant (2013), GIS-based
groundwater modelling for contamination risks is critical for protecting groundwater resources. It is
used to identify future potential threats to water quality.In-addition, GIS -based models that account
for future changes in climate and land use form the basis for developing strategies to protect and
sustainably manage water resources. By mapping vulnerable areas, it is possible to determine which
areas are more susceptible to contamination and work to prevent the risk of contamination. This study
focused on the use of modelling techniques to assess groundwater quality and vulnerability to
aquifers. Groundwater quality assessments are relatively complex. However, they can be accurately

modelled using extensive applications of GIS -integrated advanced statistical methods.

2.6 Theoretical and conceptual frameworks

2.6.1 Theoretical framework

In recent years, many models based on geographic information systems (GIS) have been developed
to assess the risk of potential groundwater contamination. GI1S-based modelling is discussed in this
research in relation to land-based activities, climate variability, and groundwater quality. Some
studies address how the climatic variables associated with land-based activities (e.g., irrigation

expansion, industrialization, and urbanisation) poses a threat to groundwater, particularly in urban
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areas of coastal aquifer systems. Integral GIS-based integrated modelling has recently gained
popularity as a potential approach to better understand the interactions between climate variables,
anthropogenic pressures, and the water quality problem. Integrated modelling is also one way to
achieve accurate and reliable hydrological predictions through the use of a single scenario (Dwarakish

and Ganasri, 2015).

Technological advances in recent years have enabled resource management in the coastal watershed
at the urban scale. Advances in integrated modelling approaches should soon provide the ability to
assess the potential impacts of climatic variables on groundwater resources on a regional scale. These
methods have shown a marked improvement in.the quality of results related to land use, and climatic
variables scenarios tend to be coarser in resolution, adding no new meteorological insights beyond
GCM-based changes and thus simplifying the spatial variation of hydrological parameters.
Additionally, GIS-based models have historically excelled in providing an opportunity for spatially
explicit analyses of model results and their representation on maps. Saatsaz et al. (2011) examined
the hierarchy and evolution of climate models using downscaling techniques, general circulation
models (GCMs), and hydrological model development to improve the effectiveness of modeling
approaches used in assessing the impacts of climatic variables on hydrological conditions. The results
indicate that coarse resolution for regional-scale features is important for assessing the impacts of
climatic variables on hydrological regimes, which limits the applicability of hydrological models. A
GIS-based numerical tool facilitates water quality studies by bringing together key data and analytical
components in a GIS to perform overlay and index operations and provides the use of analytical tools
and visualisation capabilities in groundwater modelling. However, the level of protection and the
methods by which these efforts are carried out vary widely across a region. Another example can be
seen in a study by Khan et al.(2011), which applied a G1S-based tool to study the impacts of land use
changes on groundwater quality in a rapidly urbanising area in South India. In general, effective water

resource management relies on comprehensive modeling tools to facilitate an informed decision-
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making process. However, none of these interventions has had a significant impact on the integration
of urban groundwater systems with their surroundings (Cheng et al., 2017; Malik and Shukla, 2019b;
Zhou et al., 2018).

2.6.2 Conceptual Framework

This research was developed primarily within the framework of a GIS-based integrated model
designed to help improve the understanding of the impacts of groundwater quality in an urban
environment. The GIS-based model allows users to effectively run a variety of proven water quality
models within a single GIS format that integrates multiple models. The models generate GIS models,
data analysis, decision making and results analysis. This study is also based on the WaterWorld Policy
Support Tool, which assesses hydrological and water baseline conditions and water risk factors
associated with scenarios for land-based activities (Mulligan, 2015; Van Soesbergen and Mulligan,
2014). The model is linked to a geographic information system (GIS) to enable appropriate generation
and management of model input and output data and advanced visualisation of model results for
effective water resource management under future climatic variables and land use scenarios. Error!
Reference source not found. shows the conceptual framework for this study. It shows how
groundwater quality and climatic variables are linked, as well as the role groundwater storage can

play in adapting to climatic variables, if it can be found.
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Councept map to CIS-based modelling of clisnate and land use change immpacts on groundwater quality in the Cape Flats Aquifer, South Africa

Groundwater quality can significantly deteriorate by a change in hydrological patterns affected through ...
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Fig. 2.1. Framework for testing the research hypotheses
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2.7 Research and Interpretation Frameworks

The review was presented as follows: First, assess the impacts of climate variability on
groundwater quality using a hydrological model in a GIS environment. Second, the DRASTIC
model calculates the vulnerability of the aquifer using geospatial software and hydrogeological
data in a geographic information system (GIS). Furthermore, the evaluation of typical groundwater
hazards and processes that occur in coastal aquifers was discussed based on integrated GIS
techniques. In addition, peer-reviewed academic sources were mentioned that do not focus on the
effects of climate and land use on groundwater quality. Furthermore, the review focused on the
use of an integrated distributed hydrological model and a modified DRASTIC model coupled with
a spatial chemical analysis of water quality in a GIS setting under changing land use and climate
conditions. Finally, this review has shown thatwe still do not know much about how pollution

affects groundwater quality in an urban setting. This study should help fill this gap.

First, it is important to find out how changes in land use and climatic variables could affect water
resources. Second, it is also important to find out how different characteristics of land use and
climatic conditions affect the hydrological response. Finally, integrating different hydrological

models can be a good way to manage water resources more effectively.

2.8 Overview of Gap Analysis

In this chapter, a review of the literature of previous researchers was presented to highlight the
existing knowledge gap in the assessment of groundwater quality risk under changing climatic
conditions and land-based activities. However, most of these studies have been limited to the
spatial variability of factors that control hydrological processes in the basin and their effects on
groundwater quality. More research is needed to better understand and model the effects of
climatic variables on hydrological variables and systems at the spatial and temporal scales that are
important for people to make decisions about what to do.

Climatic variables and land-based activities continue to put more pressure on groundwater

pollution in cities. Unfortunately, research on the problems caused by hydrological variability is
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limited. A conceptual framework is needed to improve understanding and modeling of climatic
variables at spatial and temporal scales relevant to decision making. Information on the impacts of
groundwater resources, climatic variables, and changes in land use affects the provision of more
effective watershed management. However, an aquifer complex presents several challenges in
evaluating an aquifer's susceptibility to pollution. Despite significant progress in the development
of vulnerability assessment methodologies, there are still significant research gaps. Much must be

learned about the difficulties in assessing groundwater vulnerability and risk.

The Cape Flats aquifer is in a low-lying coastal area, which means it is at a continuing (high) risk
of contamination. The future impacts of climatic variables and land-based activities on water
resources are still uncertain and need to be determined and quantified. There is a knowledge gap
in the literature on the coupling of climatic variables and land use change with impacts on Cape
Flats Aquifer water resources. The study aims to build-a GI1S-based integrated model that will help
us better understand the impacts on groundwater quality in-an urban setting. Unlike previous
research, this study reveals spatially distributed hydrological parameters at the basin scale,
providing a better understanding of the critical factors that affect groundwater quality. The method
based on GIS provides the flexibility to address very complex groundwater resource management
problems under the conditions of climatic variables and human activities. The DRASTIC model
is a proven tool to study groundwater vulnerability. VVulnerability maps are made to show which
areas have the highest risk of groundwater contamination. Benefits include mapping vulnerability

and developing and managing groundwater monitoring plans.

In the following chapters, the case study area is presented, and the methodology is discussed based
on its application to the Cape Flats watershed. Furthermore, key findings from vulnerability and
contamination risk maps that were made for the land use and climatic variables scenarios chosen

are looked at to see which areas are at risk from human activities and climatic variables.
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Chapter 3: Description of the study area

3.1 Location and climate

The case study area is in the metropolitan area of Cape Town, South Africa, which is in the western
Cape province. Itis in a low-lying coastal area southeast of the city of Cape Town that lies between
latitudes -33.8125 N to -34.125_S and longitudes 18.375 W to 18.8125 E (Fig. 3.1) The Cape
Flats area straddles Table Bay and False Bay and predominantly connects them. The research area
is defined by a large, steep sandy area that connects the Cape Peninsula's hard rock with the low-
lying coast (Conrad et al., 2004). In particular, a strip of sand extends along the west coast from

Cape Town, Bellville, and up to the Atlantis areas.
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Fig. 3.1. Cape Flats map showing study areas

The Cape Flats area has a generally similar Mediterranean climate with hot, dry summers and cold,
wet winters. It has a semi-arid climate like the Mediterranean, with low rainfall and high

temperatures. Fig. 3.2 shows climate data from meteorological stations at Cape Town International
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Airport, evaluated over a 39-year period (1979-2018), with large rainfall variations ranging from
284 mm to 707 mm. The average annual rainfall is about 511 mm, measured at the Cape Town
International Airport meteorological station for the period 1979-2018. The highest rainfall in Cape
Town was 707 mm in 1976 and the lowest amount was 284 mm in 2017.

Cape Town Annual Precipitation 1979-2018
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Fig. 3.2. Mean annual rainfall derived from the year 1979 to 2018

The average annual values on the basin scale (1979-2018) for temperature: maximum, minimum,
and mean are 29.7°C, 15.7°C, and 22.4°C, respectively (.). The upper middle row indicates the
mean temperature for the periods, and the bottom line shows the minimum temperature change
(°C). The highest temperatures occur in January (29.5°C), while the lowest is in July (15.7°C).
The changes in the mean monthly temperature from 19502000 (left side bars) to 2041-2060 (right
side) show significant increasing trends in temperature, except in the month of May, in both
periods, the annual temperature increased by more than 2.17 ° C in the entire CFA catchment, as
indicated in. In this figure, it can see how the WaterWorld model compares with the temperature
data from Cape Town International Airport over a period (1979-2018).
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Graph of monthly min, max and mean Temperature, Cape Town Airport, 1979-2018, Latitude -33.9631, Longitude 18.6023
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Fig. 3.3. Monthly minimum, maximum, and mean temperature (Cape Town International Airport,
recorded from 1979-2018), compared to the WaterWorld model

3.2 Geology and hydrogeology of the Cape Flats Aquifer

The geological formation of the Cape Flats is depicted in Figure 3.2. The area is made up of
Cenozoic sands that lie on top of the Malmesbury shale (Tredoux et al., 1980). Various sand
formations cover the entire area, resulting in various sand formations. The Langebaan formation
is distinguished by very fine to medium calcareous sands with cross-bedding along the coast
(Hartnady and Rogers, 1990). According to Tredoux et al., the Springfontein formation consists
of angular fine to clayey sands. The Velddrif Formation is a patchy deposit of partially
consolidated lime-rich shell and sand beds with shelly layers (Theron, 1984). The Neogene
deposits of the Western Cape include the Pliocene Varswater Formation. This formation is
underlain by the Saldanha and Elandsfontein Formations from the late and middle Miocene. There

are several other Cenozoic deposits that do not have formal names.

The Cape Flats are part of the "late-tertiary and recent sands™ unit of Dingle (1973) geological
map. They are essentially Quaternary sediments that cover the Neogene deposits, about which
little is known except through boreholes and quarries (Theron et al., 1992). The Sandveld Group's
quaternary deposits are mostly aeolian sand, with minor fluvial to marine deposits thrown in for

good measure (Rogers, 1982). The presence of abundant small shells and shell fragments
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distinguishes the Witzand Formation, which consists of very fine to very coarse calcareous sands.
The Langebaan Formation is a limestone member of the Bredasdorp Group that has been
incorporated into quaternary sediments of the Sandveld Group. The sand body of the Cape Flats
is horizontally stratified, with several lithostratigraphic units identified. The sedimentation process
began in a shallow marine environment, progressed to intermediate beach and wind-blown
deposits, and finally to aeolian and marshy conditions. The bedrock topography shows a
palaeovalley that is more than 40 m below mean sea level in the northeastern part of the area
(Meyer, 1981).

The geological unit of the area includes alluvial sediments of peat, clay, and silt, as well as
unconsolidated deposits in low-lying coastal areas. Geologically, the Cape Flats catchment
comprises sedimentary deposits of the Sandveld Group. It is classified as the Cenozoic age. It
overlies an extensive impervious layer of Malmesbury shale. The underlying bedrock consists of
the Cape Granite Suites west (Fig. 3.4). The geological unit generally includes fluvial, marine, and
aeolian tertiary and quaternary deposits (Adelana, 2010; Umvoto Africa and Ninham Shand
Consulting Services, 2008). Littological depaosits include interbedded sands, clay, clayey sand,
limestone, sandstone, coarse gravel, and peat (Gnandji et al., 2013). The stratigraphic summary
ranges from the oldest to the youngest as follows: First, unconsolidated to semi-consolidated
sediments (sand, calcrete, calcarenite, aeolianite, conglomerate, clay, silcrete, and limestone).
There are two main sources of the sand: quartzite and sandstone from the Malmesbury Formation
and the Table Mountain Series. Second, eolian sand is deposited as dunes on top of the marine
sands. Third, arenite is predominantly composed of arenaceous rocks (sandstone and feldspathic
sandstone). The geology of the area was described in detail by THERON (1984) and is summarized
in Fig. 3.4.
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Fig. 3.4. Geological map of the study area with boreholes and rivers

The hydrogeology of the Cape Flats aquifer consists of porous sedimentary deposits, and it is
bounded to the west by the bay called False Bay. It is a vital source of water for the people of Cape
Town, its metropolitan area, and its local industries. The groundwater basin of the Cape Flats is
made up of highly permeable sand and gravel layers. The low-lying Cape Flats aquifer in Cape
Flats is shallow and unconfined, with the thickness of the quaternary deposits varying from 20 to
30 m. The Quaternary Alluvium aquifer is the most important aquifer in the catchment and is also
the most sensitive to groundwater contamination. Quaternary alluvium is made up of elements
such as clay, silt, sand, and gravel that cover all the other lithological units. The primary aquifer
consists of clean coarse-grained sand and is generally highly productive. The aquifer is made up
of clean and coarse sand and is typically high-yielding. Arenaceous sandstone is the first
significant lithologic unit in the area and exhibits fractures and degrees of weathering. Arenaceous
rocks consist of feldspathic sandstone that occurs as sills and dykes mainly in the limestone-shale-
marl intercalation (Reid, 1991). It is surrounded by the A layer of Malmesbury Shales and Cape
Granite. In many parts of the aquifer, the groundwater level is close to the ground surface and the
water intake wells are located along the coastline, where the groundwater level can often fall below
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the sea level. The groundwater table varies between 2 and 10 m below the ground surface in the
inland area (Adelana et al., 2006). The flow of groundwater is from high-altitude areas to lower-
altitude areas toward the coast. Several wetlands, dams, and streams flow through the Cape Flats
area. Recharge to the aquifer occurs primarily through precipitation falling on its surface (Segun
et al., 2006). The most recent work on recharge estimation was done by Hay et al. (2015) and
Mauck (2017). The main groundwater recharge zones are in the higher elevation mountain areas,
which are in the eastern part of the region. Additionally, the groundwater level fluctuation pattern
in the Cape Flats shows clear seasonal variations due to high evapotranspiration and low
precipitation, as shown in Fig. 3.5. It is an important source of water for the residents of Cape Town
and its metropolitan area and its local industries. However, according to (2010a), based on analysis
of hydrogeologic data and aquifer parameters, the Cape Flats aquifer can store enough water to
support its development as a water source, although-it is very vulnerable to surface contamination

because it is mostly unconfined.
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3.3 Topography and drainage system

Topographic factors play an important role in the regulation of groundwater in the urban coastal
catchment area. Most of the time, topography influences groundwater quality by increasing the
rate at which particulate matter enters a groundwater body and changing the water chemistry. Due
to slow runoff, flat topographic areas get a lot of contaminants. This gives the contaminant more
time to enter the groundwater. However, areas with steep slopes make it easier for runoff to carry
pollutants that come from the ground (Victorine Neh et al., 2015). Nonpoint sources have been
found to be the source of metals, nutrients, and salts in groundwater on Cape Cod, Massachusetts
(Dawes et al., 2012; Report, 2019). The topography of the study area varies between 0 and 1057
m above sea level along the northern ridge, while in the south and southeast, the elevation gradually
decreases to 5 to 7 m above sea level (Fig. 3.6). In the middle, much of the land has a topography
that ranges from 0 to 66 meters, especially along the False Bay coastline. This means that the area
has a wide range of topography, from lowland plains to very rough and mountainous areas at higher
altitudes. Toward the central part, a considerable area of the Cape Flats has topographic elevations
in the range of 0 m (along the False Bay coastline) to 66 m, mainly below 36 m to the south of an
arcuate line connecting False Bay and the northern and western shorelines. The lowland areas of
the Cape Flats usually receive less rain and have higher evapotranspiration rates than the mountain

areas.
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The slopes are steep to the north and west, mountainous to the south, and gentle to flat in the center.
The valley floor appears to be depositional soil of sand dunes and is generally flat. Much of the
valley has faults or steep slopes on both sides. Erosion, deposition, and land use practices all
contribute to the structure. In addition, the research region is part of the western ridge valley, which
has hills, deep and vast valleys with rivers, and narrow, gently sloping plains between them. The
morphology of the research area is complex due to the steep terrain. Mountains in the east that are

higher than the rest of the study area are places where groundwater can be refilled.

The DEM setup, fill, flow accumulation, flow direction, stream order, and computation of subbasin
characteristics were all done using the DEM. The resulting sub-watersheds were then divided into
HRUs using remote sensing and GIS (HRUSs). The subwatersheds were then separated into HRUs
(HRUSs). Most of the data in this study came from DEM and elevation maps of the area. To set up
and fill in the DEM. Sub-basin characteristics and flow accumulation were also calculated. Remote

sensing and GIS were utilized to categorize the sub-watersheds (HRUS).

===
Legend 7 ;
fi LA

(m)

Legend

n

Syesm featres

!
-0 L ] \ Basin tif
| EARRCH 27 e 3
I 166 - 295 I 19-479
| : L [ -7
11 [ ]205.545 [y I 72 - 1,064
545- 1,061 | RECTEEREY)

o - meters -

" "
1 L 1

. Flow direction E

Legend

NG
| HE3
B« s -
B ssw)
| 16 (W) :
- R (N-W) | v
o —p
27 - 128 (NE) g B
0 5 10 20 30 40 a7

[ Gomaters - . " o

8l v T
™ " ™ " " " "

Fig. 3.7. Delineation of the basin on a topographic map
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A risk assessment of groundwater quality can be used to determine the most effective management
actions to improve water quality. The Cape Flats catchment is distinguished by steep slopes to the
north and west, undulating topography in the south, and gentle to flat terrain in the center. The
Cape Flats in South Africa are distinguished by undulating topography, mountainous regions, and
valleys of small and large streams. The general direction of groundwater flow is variable, flowing
in different directions (Fig. 3.7). There are two major rivers in the area: the Elsieskraal River,
which flows from the north-eastern side to the south-western side, and the VVygekrasal River, which
flows from the south to the west.

3.4 Land Use Changes

Based on the land use/cover classifications of 2001 -and 2015, the change in land use and cover
was analyzed in the last 14 years, as was the contribution of farmland, forest, grassland and other
major land use types to runoff. The Cape Flats cover various types of land use, mostly consisting
of industrial areas built up, agricultural, formal, and informal townships, thicker bushland areas,
shrublands, and wetlands.

For land use/ land cover control, runoff and evapotranspiration, identification, and interpretation
of land use patterns of the area were prepared based on satellite images. The Cape Flats catchment
typically covers various land use/ land cover classes described as the following: cultivated land,
bare land, grassland, plantation, shrubland, riparian plantation, woodland, exposed surface, marshy

land, and water bodies (Fig. 3.8).

http://etd .3:,15WC.aC.28/



18 18 18 18
1 1 1 1

A Cape Flats Land use/cover map

Legend

Cape Flats Land cover_Class Name

b |:| Bare Ground

- Cultivated commercial annual crops non-pivot
- Cultivated commercial annual crops pivot

i - Cultivated commercial permanent orchards

=33

Cultivated commercial permanent vines

|: Cultivated subsistence crops

[:] Degraded

|:| Fynbos: bare ground

- Fynbos: forest

I:l Fynbos: grassland

- Fynbos: low shrub

- Fynbos: open bush

|:] Grasslands

- Indigenous Forest

':l Low shrubland

B wvines

5 - E Plantations / Woodlots -

? E Settlements
- Thicket /Dense bush
- Waterbodies

0 225 45 9 135 1 oo [ wetiands

Author: Tesfaye T Gintamo  Date: 5/27/2018 I VWoodian/Open bush
T

T T
18 180 18 18

-33

Fig. 3.8 Land use/ land cover types and area coverage of the study area

In the Cape Flats region, residential and commercial developments could affect the quality of the
water that recharges the Cape Flats aquifer. This may contribute to the increase in salt
concentration in this shallow groundwater. For example, in the modern world, the Philippi area is
at risk from urban farming, as well as socioeconomic development and industry (McGibbon et al.,
2017). The Cape Flats catchment area typically covers various types of land use, consisting mostly
of built-up industrial areas, agricultural, formal and informal townships, areas of thicker bushland

and shrubland, as well as wetlands (Fig. 3.9).
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Fig. 3.9 Land use/cover map of the Elsieskraal and rivers and coverage in the study area (Based

on WEAP watersheds declination)
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Chapter 4: Research design and methodology

4.1 Introduction

Chapter 3 introduced the concepts, goals, and guidelines of data model design and the data model
framework for representing the core classes of the data model. Chapter 4 presents details of the
modelling design and methodology. The first section describes the general components of the data
model and is followed by a detailed description of each component and the different classes in it.
This thesis involved the study of the integration of multiple methods, which can be divided into
four types: 1) climatic variables on groundwater quality modeling with the WaterWorld model; 2)
groundwater vulnerability with the modified DRASTIC model; 3) model within a GIS framework;
and 4) groundwater quality index. This study looked at the effects of climatic variables and rising
sea levels on hydrologic regimes and groundwater-quality in the Cape Flats catchment (the case
study area). It looked at the effects of climatic variables and rising sea levels on hydrologic regimes

and groundwater quality in the Cape Flats catchment (the case study area).

4.2 Research Design

4.2.1 Research Design

This study adopted an experimental design that was used to develop a quantitative model of
concurrent climate and land use processes in the Cape Flats aquifer and to assess impacts on
groundwater quality based on the GIS framework. The study was carried out as follows: desk
study, existing data analysis, satellite image processing, modelling and mapping. Primary data are
obtained from satellite data acquisition and image processing. ArcGIS 10.3 is used to produce
maps and the analysis of various collected data sets. For the validation of the results, the water
quality index is calculated for the overall quantification of the water quality. Vulnerability and risk
maps with hotspots are shown. They can help groundwater managers and planners make better

decisions about how to use groundwater and how to protect it.
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4.2.2 Methods for Sampled Design

The study was carried out as follows: desk study, existing data analysis, satellite image processing,
modeling, and mapping. The data used for processing is collected from different government
agencies, authorised government websites, and previous research projects. Primary data are

obtained from satellite data acquisition and image processing databases.

4.2.3 Data Types and Their Sources

Satellite data was used to determine the topography of the area where the study took place. The
ArcGIS 10.3 software used USGS satellite data with a spatial resolution of 30 meters to obtain
elevation and slope data. The digital elevation model (ASTER-DEM) was used to obtain the data.
(http://earthexplorer.usgs.gov/). This application is useful to understand surface runoff and could

be used in flood management and control systems in the future. The South African Meteorological

Service (http://www.weathers a/) provided meteorological data. For the period from 1979 to

2018, rainfall and temperature data at Cape Town Airport were examined. The data were also used
to validate the WaterWorld model and verify the input data of the model. Furthermore, improper
landfills pollute runoff and contaminate near-surface groundwater. Landfill information is

available on Cape Town's online maps (hiips://cityimaps.capetown.gov.za/EGISViewer/).

Secondary data is obtained from various sources, namely the Council of Scientific and Industrial
Research (CSIR), the Department of Water and Sanitation (DWS), as well as the City of Cape
Town municipality (CoCT). The data collected included the type, geometry, hydraulic parameters,

and inputs that vary in time, as well as the boundary conditions (Table 4.1).

Table 4.1 Data types and their sources

Data Type Detail of the data Format Output layer
Bohole data (water ~ National Groundwater Database Lithology log Depth to the water
table level) (NGDB) of the Department of Water table (D)

Affairs
Average annual DWA, Climate data from the Cape Table Net recharge (R)
rainfall Town International Airport

Hydrological Station
Hydrogeological Hydrogeological map, DWA Map Aquifer medium
map (A)
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http://earthexplorer.usgs.gov/
http://www.weathersa.co.za/
https://citymaps.capetown.gov.za/EGISViewer/

Soil Map Soil, Climate, and Water Institute of  Map Soil type (S)
the Agricultural Research Council

Remote sensing ASTER DEM satellite data Satellite Topography (T)

imagery image

Hydrogeology Hydrogeology map Map Impact of the
vadose zone (1)

Hydraulic Hydrogeology map Pumping test Hydraulic

Conductivity data Conductivity (C)

Land Use Land use and cover maps Map Land use (Lu)

4.3 Methodological Approach

The methodology used is a GIS -integrated approach based on a linear combination of
multiparametric data to assess the risk of groundwater contamination in the Cape Flats catchment.
The index technique is commonly used as a water quality assessment technique based on hazards
that provide the composite influence of-individual parameters on overall water quality for various
purposes (Machiwal et al., 2018a). Based on the methodological flow chart (Fig. 4.1), the point
data-based maps had to be previously converted into area data sets for each parameter. Various
thematic layers of the GWQ index, hydraulic conductivity, and aquifer thickness were prepared

using the geostatistical method.

First, the effects of land use activities, land cover change, and climate variability on water quality
resources were examined using the WaterWorld model in a GIS environment. The WaterWorld
model requires numerous inputs that include a digital elevation model (DEM), land use, soil,
precipitation, temperature, and water quality to facilitate modelling of climate and land use change
and quality. Based on the WaterWorld model, changes in precipitation, temperature, and land use
changes are simulated to assess impacts on groundwater recharge, water balance, and
evapotranspiration (ET). In addition, changes in precipitation, temperature, and the effects of sea
level rise have been simulated using MAGICC and SCENGEN in the TerrSet Geospatial
Monitoring and Modelling System.

In the second stage of this study, the overlay and index methods (DRASTIC) model was used to
determine the extent of the vulnerability of aquifers in a GIS environment. The GIS-based

DRASTIC model is a popular model for assessing groundwater vulnerability because it is
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relatively inexpensive, simple, uses data that are commonly available or estimated, and produces
aresult that is easily interpreted and incorporated into the decision-making process. The DRASTIC
model uses a scoring system based on seven hydrogeological characteristics of a region. Depth to
the water table (D), net recharge (R), aquifer media (A), soil media (S), topography or slope (T),
and hydraulic conductivity (C). The DRASTIC approach consists of three steps: data set selection,
rating, and parameter weighting. Each parameter in a hydrogeological setting is assigned a
numerical rating ranging from 0 to 10, with 0 indicating low vulnerability and 10 indicating high
vulnerability, which is then multiplied by a weighting factor ranging from 1 to 5.

In the third step, an integrated model based on GIS was used to develop risk indicators for
groundwater contamination. GIS based modelling of groundwater sources to verify contamination
potential is critical to protecting groundwater-resources because predicting groundwater
contamination risk is fundamental to identifying potential future threats to water quality. In
addition, GIS -based models that account for future changes in climate and land use provide the
basis for developing strategies to protect and sustainably manage water resources. By mapping
vulnerable areas, it is possible to determine which areas are more susceptible to contamination,
and thus work to avoid contamination risks. The evaluation of the risk assessment index (RI)
provides a probability of groundwater contamination based on potential surface sources. This was
evaluated by integrating information on the groundwater risk index. Low values of the risk index
indicate a much lower probability of groundwater contamination. On the contrary, a higher value
of the vulnerability index indicates a greater likelihood that the aquifer will be affected by the risk

of contamination.

An empirical predictive approach was used to develop an integrated model of the effects of climate
and land use change on water resource quality in the Cape Flats aquifer. GIS-based models
integrated hydrological models, a DRASTIC model, and surface and groundwater water quality
index analyses. The results of an analysis of scenarios of land use/land cover and climatic variables
were used as part of a Global Information System (GIS) study for the CFA. The results were
compared with the groundwater vulnerability index and key groundwater quality parameters to

assess the impact of climate change on water quality (Fig. 4.1).

http://etd .4u1wc.ac.za/



[ Existing Raw Data ]

[ Satellite Data Acquisition ]

v

Geological and, Nonpoint
Sotirees of (‘.rlmmminatpq

[

Water Table, Rainfall, Land Information,
well loas Published Reports, Tansmitivity,

Satellite Data Analvsis ]

[

v

v

Digitisation and

Buildina Tonoloav

GPS Keyboard Entry to
Databhase

|

|

} [ Interpretation and classification

!

Interpolation

SRTM

‘

Thematic Layers (Raster)

)

Thematic

Depth to Water level, Net Recharge,

|

Laver Vector

Slope

|
){
!

DEM
Geo Referencing

Aquifer Media, Soil Media, Slope,
Impact of the Vadose Zone and

v

Water Table Contour

v

Precipitation

to Base Map

J

\

The layers will be created for the different parameters and
converted to raster grids using Spatial Analyst in ArcGIS

1

A 4
Drive Parameter Maps

v v !

v v v

v

Depth of Net Aquifer Soil Media | Slope | Impact of the Hydraulic LU
Water level | Recharge Media Vadose Zone Conductivity
[ Modified DRASTIC Model = WaterWorld Model
r v [ Groundwater Vulnerability Zone, MAP ] )
Rating and Weight index 1 ¢ ¢
Jv, Maps Integration in GIS Groundwater Pollution
GIS Overlay Analysis ¢ Index

v
Multiplying the different parameters with

their weights and addina them toaether

[

Groundwater Quality

Groundwater
Contamination Risk Index

[

Index

|

Fig. 4.1. Flow chart of the groundwater contamination risk mapping methodology applied to the

Cape Flats aquifer

http://etd .4uzwc.ac.za/



4.4 Research Methods

4.4.1 Data collection and analysis methods for the evaluation of the
impacts of climate variables on groundwater quality (WaterWorld
model).

Geospatial hydrological modelling can be used to analyse the likely impacts of climatic variables
on groundwater systems (Dwarakish and Ganasri, 2015). Climate model resolutions are too coarse
for groundwater resource applications and must be downscaled. Downscaling projections of future
climate by global climate models is critical for impact studies (Aizebeokhai, 2011b). Downscaling
allows GCM experiments to be used for regional-scale impact studies. The WaterWorld model
was used to predict the effects of climatic variables-on the hydrological system of the Cape Flats
watershed. First, the effects of changes in land-based activities on water quality are modelled under
current conditions. Then, the same analysis is performed under future climate scenarios. The
annual and monthly variability of precipitation is compared under scenarios of current and future

climatic variables.

There are several tools and information sources for examining GCM estimates of regional change,
among which is the Climatic Variables Adaptation Modeler (CCAM) to model the future climate
and assess its impacts on sea level rise. The gaps between the ability of GCMs and their utility in
hydrological modelling are minimised by downscaling. It has been demonstrated that results with
improved precision are achieved by downscaling GCMs to local-level scales from regional-level
scales to assess the effects of climatic variables on the hydrological cycle (Zhang et al., 2016). The
regional climate models (RCMs) used in this type of downscaling have a very complicated

physics-based structure.

In TerrSet, geospatial modelling and climate generating scenarios (SCENGEN) were used to
estimate changes in global mean temperature and sea level rise. In addition, MAGICC/SCENGEN
allows a user to compare the average change in temperature or precipitation simulated by the
GCMs with their relative inter-model variability. Trend analysis was carried out for the seawater-

level data results with a prediction of a probability of about 0.03 to 0.58 that the coastal areas
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would be affected by sea-level rise at the end of 2060, where areas certain to be underwater are

given values of 1 because of increasing temperature.

4.4.2 Data collection and analysis methods for groundwater
vulnerability assessment (GIS-Based Modified DRASTIC Model)

A groundwater vulnerability map is one of the management and protection tools that will facilitate
the planning of human activities to help reduce adverse impacts on groundwater quality. A
DRASTIC method assesses the contamination potential dependent on the seven hydrogeological
parameters, including the depth of the depth of the depth of the water table. Data from wells and
hydrological data were used to develop the GIS database. GIS software is a powerful tool to
generate different thematic maps, GIS databases, format conversion, overlay maps, and integrate
maps. The DRASTIC parameters were rated and weighted based on the relative probability of
contamination risk on the ground. Each parameter is assigned a weight depending on its relative
importance in influencing the contamination potential. The typical weighting and rating ranges are
considered from 1 to 10 and from 1 to 5, respectively. A rating of 1 relates to the least
contamination potential, and a rating of 5 relates to the highest contamination potential (Aller et
al., 1987). According to Shirazi et al; (2012), maps can;be overlayed to produce vulnerability maps
within a GIS framework. The final index value indicated the comparative amount of groundwater
vulnerability of a specific area. The higher the degree of vulnerability, the greater the risk of
groundwater contamination. The value was calculated for each rating of the parameters and then
multiplied by the weight that was given to each below.

DI=Dr*Dw*Rr*Rw+Ar* Aw+Sr*Sw+Tr* Tw +Ir* lw + Cr * Cw + LUr * LUw.

Where: DI = DRASTIC index, r = rating value for each parameter, w = weighting associated with

each parameter

Based on the above equation, the analysis of all parametric and vulnerability maps was performed
using ArcGIS 10.3 software. The data used for the processing have been collected from different
government agencies, authorised government websites, and previous research projects. These

variables, or parameters, were used to define the hydrogeological setting of a specific area. Each
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range or zone has a rating that shows how important each individual factor is in putting the aquifer

at risk.

4.4.3 Data collection and analysis methods for mapping and modelling
groundwater contamination risk (overlay analysis in GIS).

GIS-based modelling using downscaling techniques was employed to link climate models and
catchment-scale hydrological models. Furthermore, the water quality data from existing wells in
the study area was used to validate the resulting groundwater contamination risk map. The results
of this study will provide important information about the effects of land use and climatic variables
on hydrological regimes and groundwater quality under certain scenarios of climatic variables and
land use. This knowledge is important because it will help us better understand and manage water

resources in a more sustainable way.

4.4.4 GIS-based techniques for mapping the groundwater quality index
(GWQI).

Recently, geographic information system (GIS) technology has been successfully integrated with
advanced statistical and geostatistical methods, providing improved interpretation capabilities for
the assessment of water quality on different spatial scales. (Machiwal et al., 2018b) suggest that
GWAQI based on GIS is a useful criterion to assess the impact of changes in climate and land use

on groundwater quality in a rapidly urbanizing region.

Water quality evaluation is critically important for the protection and sustainable management of
groundwater resources, which remain variably vulnerable to ever increasing human-induced
physical and chemical pressures (eg, aquifer pollution) and to climatic variables/variability.
Previous studies have applied a variety of tools and techniques, ranging from conventional to
modern, for characterisation of groundwater quality worldwide. Recently, geographic information
system (GIS) technology has been successfully integrated with advanced statistical and
geostatistical methods, providing improved interpretation capabilities for the assessment of water

quality on different spatial scales (Machiwal et al., 2018).
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4.5 Quality assurance and quality control

4.5.1 Evidence on the adequacy of the collected data

Empirical studies of the predictive approach using a survey of available data are used to simulate
the effects of land use and climatic variables on the quality of water resources in the CFA based
on a GIS platform. The integrated model based on GIS is a process-based hydrology and water
quality model, designed to estimate the impacts of anthropogenic activities and climatic variables
on water quality in complex catchments. The data used for processing was collected from various
government agencies, authorised websites, and previous remote sensing research. Data sources
included electronic and paper-based (reports) data in various formats. The depth of the water table
in the Cape Flats was determined from the average water level of each well in the National
Groundwater Archive (NGA) of South Africa. Elevation and slope data were extracted from the
digital elevation model (ASTER-DEM) with a spatial resolution of 30 m from USGS satellite data
(downloaded from The United States Geological Survey (USGS) Earth Explorer
(https://earthexplorer.usgs.gov/). Data from the water balance model included in the WaterWorld

model (http://www.policysupport.org/waterworld) are based on globally available data that

support a spatially explicit, physically based global model. Land use and land cover (LULC) data
for the Cape Flats watershed were, obtained in 2015 from the satellite imagery from Landsat 8
thematic mapper. The water quality data from laboratory analyzes of existing wells and the
literature in the study area were mapped to validate the resulting groundwater contamination risk

map.

4.5.2 Evidence on the reliability of the collected data

Remotely detected data combined with GIS yields credible results that can be used for numerous
studies and decision-making purposes. To ensure reliability and validity of the results, the
secondary data was obtained from accredited sources, where one could see if the data being used
was correctly collected and if it was the type of data that was needed. Lastly, the thematic maps
were converted into the same geographical coordinate system before being integrated to ensure

that they cover the same region in the study area.
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4.5.3 Evidence on the Validity of the Collected Data

The data used in this study include recent laboratory analytical results and the literature. Three
variables were selected to serve as indicators of the general state of water quality. The variables
selected are nitrate (NO3), electrical conductivity (EC), and chloride (CI"). Electrical conductivity
(EC) (mS/m) as an indicator of salinity and chloride (CI) (mg/l) to show the effects of agriculture,
wastewater discharges, and industrial wastes. Electrical conductivity (EC) was evaluated to show
temporal changes in water quality. Data from previous water quality studies were used to compare
the results and validate the model against observational data. The chemical analysis of
groundwater in the study area revealed high levels of nitrates and chlorides. These results are
consistent with the studies by Gnandji et al. (2013b). There is a strong correlation between some
characteristics of water quality and the contamination risk index in the study area. The parameters
that show positive correlation are electrical conductivity, chloride, and nitrate. The Pearson
correlation between the contamination risk index and electrical conductivity in the Cape Flats
aquifer shows a strong positive relationship (R? = 0.83). A groundwater quality index (GWQI) was
developed using a geographic information system (GIS). In this study, it was determined that a
GIS technigue can be used to map groundwater quality parameters, which is consistent with the

available laboratory data on point source water guality.

4.5.4 Theoretical requirements on research integrity

A written request was made to the South African Weather Service (SAWS) to obtain the
meteorological data. This comprised an explanation of the use of the data for the intended study
objectives and, for completeness, the principle of justice, so that all parties involved would remain
well informed. Furthermore, the confidentiality of all data was ensured by not sharing them with
third parties and guaranteeing that they would not be used for other purposes other than this
research study. The study was based on previous studies in this field (Lamchin et al., 2018; Tan
and Ab, 2013a; Khan et al., 2010), who applied a GIS-based impact assessment of changes in land
use on groundwater quality due to a rapidly urbanized region. The models represent influences on

hydrological processes that contribute to water resource contamination in the study area.

Permission to access data from the United States Geological Survey (USGS) website was granted

prior to generation. Additionally, the study used more commonly accepted professional, scientific
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guidelines, codes, and norms for the management of water resources security. Furthermore,
research to support new technologies and effective implementation of existing research guidelines
adhered to the University of the Western Cape and international policies alike. On this subject,
there was honesty when acquiring data and objectivity when guided to present the results.
Furthermore, data from this research will provide a scientific basis for the more efficient
implementation of sustainable groundwater resources in the study area. Furthermore, the
knowledge and the resulting model gained will be applied to future studies to study other

groundwater resources.

4.5.5 Operationalising responsibilities for the ethical conduct of
research

Permission to access the Department of Water and Sanitation boreholes and secondary data was
obtained through an agreement between the University of the Western Cape and the Department
of Water and Sanitation. To obtain the climate data, a request was made for permission to use the
South African Weather Service (SAWS) data, which was obtained through an agreement between
the researcher and the institution. This included an explanation of the use of the data and study
objectives to fulfil the principle of justice, so that all parties involved would remain well-informed.
Rainfall and temperature data required confidentiality; therefare, they were kept safe and not
shared or used for any other purpose other than for the purpose of this research. To obtain the
chemistry data, a request was made to the previous CSIR support research laboratory for results in
the study area. This included an explanation of the use of the data and study objectives to fulfil the
principle of justice, so that all parties involved would remain well-informed. Furthermore, all data
would not be shared with third parties, nor used for any other purpose other than for the purposes
of this study of research, to avoid and ensure that no harm was/would be done to humans, animals,

or the environment during this study.

http://etd ﬁwc.ac.za/



4.6 Study Limitations

Most of the data used in this study were secondary data. Therefore, it was of great importance to
download the data that represented and covered the study area in question. The main limitations
of this research project were obtaining reliable data on groundwater levels in well fields and

ensuring data quality.

It is also worth mentioning that most of the input parameters in the present GIS based DRASTIC
models are derived from the literature values and the data used in previous studies in the study
area. However, the results of the modified model DRASTIC can be compared with those of other
(independent) methods under similar hydrogeological conditions. A major limitation of the
DRASTIC model is the way rating and weight parameters. The Analytical Hierarchy Process
(AHP) was used to determine how important each parameter is. This reduces subjectivity in the

evaluation process.

Finally, the main problem with this study is that there are not enough hydrogeological parameters
to use as input for the DRASTIC model because there are not enough people who have them.
Missing data values were statistically replaced by daily averages for the previous years for which
data values already existed by interpolation.

The study examined the potential for groundwater contamination from climatic variables and land
use in urban areas. The first four chapters highlight the way this study was conducted. The present
chapter presents the results obtained following the methods mentioned in Chapter 4. In addition to
this, two sets of publication papers are presented in Chapter 5. The focus of Paper 1 was to assess
the impact of climate variability on groundwater quality in the Cape Flats aquifer (CFA) in South
Africa by using geospatial modelling. Paper 2 highlights the role of the modified GIS-based
DRASTIC model in the evaluation of groundwater vulnerability (section 5.3) as an assessment
tool. Additionally, a combination of GIS-based models highlighted the importance of better
groundwater vulnerability assessment (section 5.4). Finally, the results of the individual chapters

are summarised in a broader perspective.
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Chapter 5: Impact of Climate Variability on Groundwater Quality

5.1 GIS-based modelling of climate variability impacts on
groundwater quality: Cape Flats aquifer, Cape Town,
South Africa

Abstract.

The need to improve groundwater security remains critical, particularly in urban areas.
Groundwater resources in urban areas are still under threat from climatic variables. Assessing the
impact of climatic variables on groundwater quality is a difficult technical challenge. A
Geographical Information System (GIS) is an important tool for the protection and management
of groundwater resources. The primary goal of using GIS was-to simplify climate information for
decision makers to use for practical tasks related to climatic variables. The Cape Flats aquifer in
the South African city of Cape Town was chosen as a case study. The WaterWorld model was
used to simulate hydrological scenarios related to climatic variables and groundwater quality
parameters. Geospatial data were combined using ArcGIS 10.3 to create a vulnerability map of
groundwater. The WaterWorld hydrological model simulated the years 2041-2060. Simulated
precipitation will rise until 2041 and then fall until 2060. Under the future dry climate, water
balance simulations showed a decrease of about 8.6% per year. Temperatures were expected to
increase by 1.9 ° C to 2.3 ° C. Groundwater vulnerability index and electrical conductivity
concentrations showed a strong positive correlation. Using the WaterWorld model in a GIS
environment to simulate hydrological scenarios on climatic variables and groundwater quality
parameters can provide practical and feasible insights for actions to improve groundwater
management.

Keywords: Cape Flats; Cape Town; Climatic variables; Geospatial modelling; Groundwater
quality; WaterWorld model.

This chapter is based on paper 1:
Gintamo, T. T., Mengistu, H., and Kanyerere, T. (2021). GIS-based modelling of climate variability

impacts on groundwater quality: Cape Flats aquifer, Cape Town, South Africa. Groundwater for
Sustainable Development, 15, 100663.
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5.1.1 Introduction

Groundwater is critical to addressing water security challenges. However, climate factors,
including precipitation and temperature, affect the hydrological cycle, which in turn has an effect
on groundwater quality (Abbas et al., 2016). Urban areas are particularly vulnerable to
groundwater contamination. Changes in climate variables can increase urban stormwater runoff
and transport nutrients and sediment loads from industrial and agricultural areas (McGill et al.,
2019b; Miller and Hutchins, 2017; Olivier and Xu, 2019). Assessing the impact of climatic
variables on groundwater quality is a difficult technical challenge (Kumar, 2012a; Ugwu, 2019).
The main problem is the lack of understanding of how groundwater and hydrological processes
interact at different spatial and temporal scales (Salvadore et al., 2015). Because it identifies
vulnerable zones at different spatial scales, GIS is an essential tool for the protection and
management of groundwater resources (Khatami and Khazaei, 2014b; Rawal et al., 2016;
Tsihrintzis et al., 1996). This study attempted to fill some of these knowledge gaps by using GIS-

based hydrological modelling.

Hydrodynamic effects on groundwater have piqued the interest of those attempting to better
understand and interpret climate data for decision makers (Climate System Analysis Group, 2014;
Kumar, 2012b; Rudd et al., 2018). Demlie (2015), Jakeman et al. (2016) and Khatami and Khazaei
(2014) investigated salinity concentrations in near-surface aquifers in central Ethiopia and northern
Tunisia, respectively, to determine how climatic conditions affect the hydrological cycle. Farjad
et al. (2016) offered geographically distributed modeling tools to highlight the complexities of
analyzing the impacts of meteorological change on water resource management. Soesbergen and

Mulligan (2014a) and Nashwan and Shahid (2020) used general circulation models (GCM) to look
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at the effects of climatic variables on groundwater-related basins. In general, the studies show how
to use GIS-based modeling tools to investigate the effects of climate variability on groundwater-

related basins and how to spatially depict climatic variables using remote sensing data.

Groundwater security is becoming a growing concern in South Africa as domestic, agricultural,
and industrial water demands increase. The drought in Cape Town has raised concerns about water
scarcity and pollution. Cape Town is subject to highly variable and uncertain hydrological
conditions, which endanger unconfined aquifers. Changes in climate variables can increase urban
stormwater runoff and transport nutrients and sediment loads from industrial and agricultural areas.
The Cape Flats aquifer (CFA) is a critical groundwater resource in the metropolitan region of Cape
Town. Climatic variables can affect groundwater quality by increasing the loading of nutrients and
sediments in the underlying aquifers. Studies on groundwater risk associated with climate

variability conducted in the Cape Flats catchment are limited.

This study assessed the impact of climate variability on groundwater quality in the Cape Flats
(South Africa) using a hydrological model (the WaterWorld model) and a geographic information
system (GIS). The study focuses on determining temperature and precipitation, as well as the

consequences of changes in hydrologogical conditions and subsequent groundwater quality.
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5.1.2 Descriptive and inferential statistical analysis on the impacts of
change on groundwater quality

Climatic variables are likely to alter the parameters of the hydrologic cycle. Under a wetter future
climate scenario, there would be much more runoff, leading to more flooding. Higher air
temperatures are likely to result in more evapotranspiration, which could lead to less groundwater
recharge. Climatic variables are likely to alter the parameters of the hydrologic cycle. The recharge
of water will be less as the temperature increases and the rainfall decreases. Climatic variables can
also increase pollutant loads from industrial and agricultural land (Hosseini et al., 2017). Higher
levels of nitrogen and phosphorus would indicate more rainfall, especially in fully agricultural
areas (Velazquez et al., 2013). However, an estimation of the total water balance is a substantial
issue for watershed modelling to simulate the major components of the hydrological cycle. Global
atmospheric general circulation models (GCM) have been developed to simulate the current
climate and are used to predict future climate variables to see how groundwater will respond to
spatially varying recharge and subsequent impacts on groundwater quality (Db et al., 2017,
Hagemann et al., 2013). In this context, the distributed, physically- based WaterWorld Policy
Support system was used to simulate the:individual hydrological components of the total water
balance for the Cape Flats catchment area in Cape Town by using geospatial modelling as an
assessment tool. Furthermore, increasing sea levels in the future would cause some parts of the
aquifer to be submerged under sea water, with the associated risk of compromising groundwater

quality.
5.1.3 Scenario of climatic variables during (1950 to 2000) and (2041 to
2060)

Modelling the hydrological consequences of climatic variables has received increasing attention
for scientific studies. In this study, climatic variables simulations were run based on the
WaterWorld model and applied to a multimodal spatial ensemble scenario of the
Intergovernmental Panel on Climatic Variables (IPCC) fifth assessment and Representative

Concentration Pathways (RCP8.5s) emissions for the 2060s. The climatic variables of the 19
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GCMS data were analysed for the scenario created in and are used to assess the potential impacts
of climatic variables in the Cape Flats region at a spatial resolution of 1 km.

Table 5.1. Climatic variables scenarios used in this study for the Cape Flats region

Stack 0 | Variable Value

IPCC Assessment Report cmips

Emissions scenario rcpgs

Downscaled by WorldClim

GCM name CCSM4 National Center for Atmospheric Research
Projection year 2041-2060

Show scenario Show baseline and scenario

5.1.3.1 Temperature

Increased temperatures degrade water quality by increasing evapotranspiration. Increased
evapotranspiration is likely to reduce groundwater recharge, which can lead to higher salt

concentrations. The Cape Flats coastal plain will experience an increase in temperature.
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Fig. 5.1 Annual temperature in the Cape Flats (1950-2000).
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5.1.3.2 Precipitation

Changes in precipitation affect groundwater quality, as urban runoff increases nutrient loading and
can enter aquifers. The climate of Cape Town is influenced by the complex and diverse topography
of the region. Annual precipitation in the central basin ranges from 0 mm to 578 mm. The upper
catchment receives much more precipitation than the lower catchment (Fig. 5.2 a). The precipitation
distribution in mountainous regions is markedly uneven due to elevation differences and
topographic exposure to wind-driven rain. Precipitation in the upper, middle and lower zones
ranges from 728 mm to 1182 mm, 654 mm to 728 mm and 0.012 mm to 654 mm, respectively.
The precipitation projections show a wide range in the catchment, with annual precipitation
ranging from 0 to 1042 mm/year (Fig. 5.2b). Annual precipitation in the central basin ranges from

0 mm to 578 mm.
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Fig. 5.2 Annual rainfall change baseline projected (1950-2000) (left) and (241-2060) (right).
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5.1.3.3 Actual Evapotranspiration

Annual actual evapotranspiration (ActEvap) is lower in the mountain zone (92 to 444 mm/year)
and higher in the plain. According to the results of this study, ActEvap increases by 45 mm (10
%) between 2041 and 2060 compared to the period 1950 to 2000.The average annual actual
evapotranspiration in the Cape Town region is 540 mm per year, which is 29 mm/year more than
the average annual precipitation. There are large differences in the ActEva response across the
basin, with large differences between elevation zones. Actual annual evapotranspiration (ActEvap)

is lower in the mountainous zone (ranging from 203 to 380 mm/year) and higher in the flat area,

ranging from 48 mm/year to 907 mm/year throughout the catchment (Fig. 5.3).
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Fig. 5.3. Actual evapotranspiration for the baseline (1950-2000) and for the period 2041-2060.

5.1.3.4 Runoff

Stormwater runoff is a natural component of the hydrological cycle. Water that seeps into the

ground eventually replenishes groundwater aquifers. Stormwater runoff is the surface flow of
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precipitation that accumulates in and flows through natural or man-made conveyance systems. It
eventually finds its way to groundwater flow. Storms of rivers cause runoff, and storms cause
much more water to flow into rivers (as runoff) as shown in Fig. 5.4. Since some of the runoff is
absorbed into the ground, less water flows into a river during a storm. This makes flooding less
severe. In the event of flooding, for example, wastewater from wastewater treatment plants and

landfills poses a risk of contamination of drinking water.
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Fig. 5.4 Annual runoff in the study area (1950 — 2000) and (241 — 2060).

5.1.3.5 Water balance

Groundwater recharge is calculated using the water balance method as precipitation from grid cells
minus actual evapotranspiration. Fig. 5.5a (left) shows the WaterWorld water balance for the
simulation period (1950-2000) and the projected water balance for the average of 19 GCMs
through 2060. Fig. 5.5b (right) shows the projected water balance in the basin for an average of 19

GCM. Most of the central basin receives between -184 and 204 mm of recharge per year. Accretion
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rates at the base of the mountains are expected to be between 204 and 370 mm/year. Different

zones can be derived from the model results as a result of different levels of rainfall and land area.
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Fig. 5.5. Water Balance Map (1950-2000) and Projected Water Balance Map (2041-2060)

Fig. 5.5b illustrates the projected water balance in the catchment for the mean of 19 GCM by 2060.
The WaterWorld model was applied here to understand the local-level variability in water balance,
and results show significant differences in the catchment. Most of the central watershed receives
about 0 to 184 mm/year recharge. The recharge at the foot of the mountains is expected to receive

rainfalls between 310 and 686 mm/year.
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5.1.4 Effects of Climatic Variables on Groundwater Quality

Climate change is likely to affect areas already stressed by salt and storm water. Meanwhile,
human footprint pollution (HF) increases in some areas, while decreasing in others due to higher

climate variables.

Fig. 5.6 depicts the changes in the pollution index of the human footprint when the WaterWorld

climate scenarios are used.
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Fig. 5.6. Human footprint on contamination index (%) map

Climate change and natural climate variability can be difficult to predict or measure. The GIS
technique enables direct identification of areas at risk of groundwater contamination. Fig.
5.7indicates the changes in the human footprint pollution index with the WaterWorld climate
scenarios implemented. In the mean situation, human footprint pollution increases in some
locations but decreases in most, in line with higher volumes of climatic variables. Areas already
plagued by salinity and storm water are more likely to be affected by climatic variables.
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Fig. 5.7. Groundwater vulnerability (Human footprint on the water quality Index)

Sites with vulnerability ratings of ‘very high' and ‘high' occupied 35% of the total area, while sites
with a hazard rating of ‘moderate’ covered 39% of the total area. The "low" vulnerability

classifications accounted for 26% of the total region (Fig. 5.8).

Area coverage = Low (26%), moderate (39%), high (26%) and very high (9%)

Fig. 5.8. Coverage of the vulnerability index area in the Cape Flats aquifer
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5.1.5 Interpretation of the Results

This part concerns the results of our study on the impact of climatic variables on groundwater
quality. Groundwater vulnerabilities are strongly related to climate variability, primarily due to
extreme weather events. Physically based climate models provide the most accurate data for
forecasting variables such as precipitation and temperature. The study specifically identified areas
that are vulnerable to climate variability. Precipitation, temperature, actual evapotranspiration,
runoff, and recharge are significant factors that determine the factors that cause groundwater
deterioration. Areas that were highly vulnerable to climate variability were characterized by low
or high rainfall, increased surface runoff, and low recharge. The southern and central suburbs of
the study area were more vulnerable to groundwater pollution with low recharge and high surface

runoff.
5.1.6 Comparative assessment of the results

The comparison with previous recharge estimates is shown in Table 5.2.

Table 5.2 Comparison.of recharge values in-the model with other sources

BRBS Chloride Mass

Local studies method GRAII method GRDM Balance (CMB)  WaterWorld
(Gerber, (DWAF (DAWF,2006) method method model (current
1980) ’ (DWAF,2006) (Segunetal., study results)

2002)

2010)

1m1n5] =267 9035mm  67.84mm 7045mm 29 mm (UWC)  0—94 mm
138 — 327 52mm (Mitchells
mm 112.13mm 104.79 mm 110.41 mm Plain) 74 — 184 mm
105-243 mm 55.05mm 48.63 mm 61.91 mm 94 — 277 mm

Source (Umvoto Africa, 2009; Michael et al., 2010).

5.1.7 Implications of the results

The study demonstrated the ability to apply hydrogeological concepts and hydrologic parameters
to groundwater research, particularly in relation to water quality. These findings provided useful
information on the initiatives required to improve groundwater security to mitigate the effects of

climatic variables.
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5.2 Validation and downscaling of the impact of climate
variability on groundwater quality in coastal aquifers of

urban areas in South Africa.

Abstract

Impact of climate variables on coastal aquifers. Changes in precipitation, temperatures, and sea
level affect hydrological processes. There may also be other consequences, such as seawater
intrusion and deterioration of water quality. Changes in precipitation, temperatures, and sea level
affect hydrological processes. This can lead to seawater intrusion and deterioration of water
quality. Accurate predictions of key climate variables are necessary to assess the effects of climate
variables on groundwater resources.- The impact of climate on the Cape Flats catchment in Cape
Town, South Africa was evaluated using downscaled global climate models and TerrSet
Geospatial Monitoring and Modeling Software. TerrSet is a remote sensing and integrated
geographic information system developed by Clark Labs at Clark University. It includes tools for
climate scenario generation using the National Center for Atmospheric Research's (NRC's)
MAGICC and SCENGEN models. This study used a large .ensemble of regional climate models
for the Cape Flats catchment, South Africa: Precipitation, temperature, and sea level rise are
simulated for two time periods, the 2040s and the 2060s for the Cape Flats catchment, South
Africa, using 20 GCMs integrated into the Model for the Assessment of Greenhouse Gas Induced
Climatic Variables under the A1B-AIM scenarios. Results indicated that temperature and
evapotranspiration will increase in all months of future years. Climate change projections for the
Cape Town region predict a decrease in precipitation of 3.3% in summer and 23% in winter,
accompanied by increases in temperature of 1.9 to 2.1 ° C. There is a probability of 0.12 to 0.58
of coastal areas being affected by sea level rise (17-19 cm) at the end of 2060 and increases in
temperatures by mid-2060. Overall, the model results support existing efforts by Cape Town water
resource managers to protect the Cape Flats aquifer. Water managers in South Africa should work
on improving land management practices that help groundwater recharge as part of a plan to deal
with climate change.

Keywords: Cape Flats; Cape Town; Climatic variables; Geospatial modelling; groundwater

quality.
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5.2.1 Introduction

Coastal aquifers at risk of degradation due to climatic variables and rise in sea level. An increase
in temperature and fluctuating precipitation can have significant hydrological consequences.
Increased sea surface temperature due to climatic variables often leads to sea level rise, resulting
in salt intrusion into nearshore aquifers. Water quality is a major concern for water users,
particularly in urban and industrial areas. The Cape Flats aquifer is at risk of being degraded
primarily by agricultural, industrial, and other human activities. Changes in hydrology will have
an indirect impact on the physicochemical quality of water. The intrusion of sea water into low-
lying coastal areas may lead to a deterioration in groundwater quality. Several unsolved hydrology
problems highlight the complexities of extreme hydroclimates. The impact of hydroclimatic
extremes on water resources is still not fully understood, despite the discovery of an increasing
trend in such extremes over the last few-decades. There isaneed to develop strategies for potential
risk management and adaptation in the face of a changing climate. Downscaling global climate
model (GCM) projections of future climate is critical for water resource impact studies. In
Washington, coastal areas south of Point Grenville are the most likely to experience future

problems from sea level rise.

Coastal aquifers in southeast Cape Town could be affected by the rise in sea level caused by global
climatic variables. Some parts of the coastal aquifer would be below sea level, compromising
groundwater quality. The CF area is working on these issues to keep water quality within drinking
water standards. Hydrogeochemistry should be used to confirm seawater intrusion in coastal
aquifers with low-altitude topography. Precipitation in the CF area is expected to increase, as is
the level of the Atlantic and Indian Sea. An increase in rainfall is predicted to increase groundwater
recharge and increase groundwater levels, potentially contributing to groundwater quality
deterioration or flooding in the low-lying aquifer area. contamination of the point source can occur
due to both formal and informal settlements in and around the area. The metropolitan region of
Cape Town is experiencing rapid urbanization. The Cape Flats coastal aquifers are important
sources of fresh groundwater for both humans and the natural environment. Future climatic
variables could lead to an increase in sea level rise and seawater intrusion. Pollution of
groundwater is of particular concern for human and non-human use. Rising sea levels would

submerge some parts of the aquifer beneath the sea, compromising groundwater quality. The rise
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of sea level will cause a saline intrusion into coastal aquifers. Groundwater flooding has become
more likely in parts of South Africa's Cape Flats catchment due to climatic variables and sea level
rises. The study has provided an understanding of the complex groundwater flow systems, which
will aid in future assessment and management of aquifer vulnerability. Integration of PCA and
HCA with conventional groundwater type classification as well as hydrogeochemical data helped

to provide a more complete picture of the region’s groundwater system.

However, global climate models (GCM) are too coarse to provide meaningful information. The
Climatic Variables Adaptation Modeler aims to address the challenge of adapting to a rapidly
changing climate. There are 39 different climate models within CMIP5 that provide estimates of
precipitation change in future time periods. Most members of the ensemble predict increased
winter rainfall along the east coast. Most members of the ensemble also predict minor to significant
increases in winter rainfall over the southern Cape. GIS-based hydrological modeling could help
scientists better understand the effects of climatic variables on aquifer salinization in the Cape
Flats catchment. Future studies will need to better delineate the upcoming sea level rise at the local
scale.

5.2.2 Description of the main data and madel

Climate models have become an important tool for predicting climate variables and assessing their
hydrological impacts. The Intergovernmental Panel on Climatic Variables (IPCC) has examined
several models that project scenarios for global greenhouse gas emissions. General atmospheric
circulation models have been used to predict climate variables. WorldClim is a variable spatial
resolution database that provides historical global climate data. Global climate models (GCMs)
are too coarse to provide meaningful information in time and space. Downscaling methods for
GCM results have been proposed to provide more accurate information. TerrSet's Climatic
Variable Adaptation Modeler uses models from the National Center for Atmospheric Research to
simulate a rapidly changing climate. NCAR's MAGICC and SCENGEN models are used to create
climate scenarios. SCENGEN is a climate scenario modeling tool included in TerrSet's Climatic
Variable Adaptation Modeler. It allows users to select emission scenarios, climate sensitivity, time

scale, and other factors. The SCENGEN component uses MAGICC's global mean temperature
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results to scale the results of 17 GCMs using the A1B- AIM scenario in the Cape Town Cape Flats

aquifer, which is becoming increasingly important.

5.2.3 Descriptive and Inferential Statistical Analysis

It is important that the effects of climate variables and sea level rise on coastal aquifers are accurate
and that they can be downscaled. Global Climate Models (GCMs) are too coarse to provide this
information, and therefore downscaling methods are needed to provide the climatic variables
information at the scale needed to make decisions. In this study, Generate Climatic Variable
Scenarios, constructed according to precipitation projections with reference to seasons for the 1990
and 2060 timeframes, based on IPCC A1B-AIM emission scenarios, were used. Furthermore,
based on these scenarios, seasonal and annual-precipitation, temperature, and sea level rises are
simulated with the ClimGen model. There are 39 different climate models within CMIP5 that
provide estimates of precipitation change in future time periods. This study used a large ensemble
of regional climate models (RCMs) from Regional Climate Downscaling to explore future
precipitation characteristics over the CFA. Annual precipitation c is shown on the maps in average
seasonal rainfall (mm) in the Cape Flats catchment for DJF, MAM, SON, and JJA for the periods
2040-2060 (Fig. 5.9, Fig. 5.10, Fig. 5.11 and Fig. 5.12). The change in annual average precipitation
in the Cape Flats catchment is projected to decrease within a range of a 3.3% decrease and a 23%
increase in both summer and winter seasons, respectively, by 2060 for the A1B-AIM scenarios.
Most ensemble predict increased winter rainfall along the east coast. Most ensemble predict minor
to significant increases in winter rainfall in the south-west Cape, although drying is also possible.
In the far future, the projected rainfall signal appears to be becoming somewhat more established,
with most ensemble members indicate rainfall increases during summer over the summer rainfall
region. An ensemble of downscaling of ten CGCM projections for rainfall over the next few
decades has produced a more consistent signal for each season and time. In the far future, the signal
appears to be becoming somewhat more established, with most ensemble members indicating

increases during summer over the summer rainfall region.
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Fig. 5.10 Precipitation in Winter season
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Fig. 5.11 Precipitation in the autumn season

Multimodal means all changes in precipitation percentages from 1990 to 2060. In the Cape Flats
catchment, a robust decrease in precipitation intensity is projected in both DJF and JJA throughout
the year range. In the CFA catchment, precipitation is projected to decrease significantly (up to 14
mm/day in SON on more than 30% of the land). The climate of Cape Town is controlled, and the
relatively complex topography of the region is considered. The models agree that the

Mediterranean region and southern Africa will have fewer precipitation in the future.
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Fig. 5.12. Precipitation in Spring season

The Cape Flats could see a temperature increase of 1.9 ° Cto 2.3 ° C for the period 2041-2060.
Similarly, Cape Town could see a temperature increase in the range of 1.25to 2.0 ° C between 2046
and 2060 for Cape Town, according to Jack et al. (2016).
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Fig. 5.13 Projected relative sea level rise for the Cape Flats area (relative to the year 1990)

http://etd {Rvc.ac.zal



The sea level rise impact model within the Climatic Variable Adaptation Modeler is an effective
tool for estimating the extent and specific land areas likely to be affected by rising oceans. The
model produces a probability image where areas certain to be underwater are given values of 1,
and areas certain to remain unaffected are given a value of 0. Values between 0 and 1 represent
the probability that any specific pixel will be impacted by an increase in sea level. At the end of
2040, about 12 to 56 % of coastal areas are predicted to be affected by increases in sea level. Fig.
5.14 clearly shows the consequences of an increase in sea level for the Cape Flats region and its
surrounding area. The blue area shows the range of relative sea level rise and the black line shows
the projection that incorporates the global and regional effects of warming oceans, melting land

ice, and vertical land movements.
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Fig. 5.14. Projected change in temperature downscaled for the period (2041- 2060).
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Fig. 5.14. The projected relative sea level rise for the Cape Flats catchment (relative to the year

2000) is based on emission scenarios (ranging from A1B to AIM)

FiguresFlood simulation CFA.mp4

In this study, an increase in the resolution of monthly precipitation images for the Cape Flats region
for the years 2041 and 2060 has been indicated for scenarios A1B and B1 (high and medium
regionalised) for the period 2041-2060, with the baseline 1990. The TerrSet Geospatial Modelling
System shows the local impacts of Intergovernmental Panel on Climatic variables scenarios of
0.19-meter sea level rise, resulting in predictions of a probability of about 0.12 to 0.58 of the
coastal areas being affected by sea levels at the end of 2060, where areas certain to be underwater
are given values of 1 because of increasing temperature. The results show that the hydrological

cycle will become more active in the future in a way that is significant on a yearly basis.

http://etd Bwvec.ac.zal


file:///C:/UWC/Gintamo%20Thesis/Paper%203/Figures/Flood%20simulation%20CFA.mp4

5.2.4 Interpretation of the Results

Downscaling global climate model (GCM) projections of future climate is critical for water
resource impact studies. Precipitation, temperature, and sea level rise are simulated for two time
periods, the 2040s and 2060s. An increase in temperature and fluctuating precipitation can have
significant hydrological consequences. Coastal aquifers in southeast Cape Town could be affected
by the rise in sea level. In the Cape Flats catchment, a robust decrease in precipitation intensity is
projected in both DJF and JJA. The Mediterranean region and southern Africa will have less
precipitation in the future. The general mountainous nature of the Cape Fold Belt results in sharp
climatic variables for the entire area. Coastal aquifers are at risk of degradation due to climatic
variables and a rise in sea level. Rising sea levels would put some parts of the aquifer under water,

which would affect groundwater quality.

5.2.5 Validation of the Resuilts

Hydrogeochemistry should be used to confirm the intrusion of seawater into coastal aquifers with
low-altitude topography. Four variables are selected to be used as indicators of the general state of
water quality. The selected variables are nitrate (NO3-), electrical conductivity (EC), and chloride
(CIN. Electrical conductivity (EC).(mS/m) as an indicator of salinization, and chloride (CI) (mg/l)
for representing agricultural impact, sewage effluent discharge, and industrial waste. Electrical
conductivity (EC) was assessed to highlight temporal changes in water quality. The available
observation water quality data from previous studies were used to compare the results to validate
the model results against the observed data (Adelana et al., 2014; 2010; Davis et al., 2011; Gnandji
et al., 2013). The chemical analysis of the groundwater in the study area revealed high levels of
nitrates and chlorides. The mapping of groundwater quality parameters using the GIS technique
was found to be in close agreement with the available point source water quality laboratory data (
Fig. 5.15).
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Fig. 5.15 Spatial distribution of the mean concentration of nitrate, chloride, and electrical

conductivity in groundwater.

5.2.6 Implication of the Results

In general, the results presented suggest that climate variability likely has a potential impact on
shallow aquifers. Variability in groundwater quality is more strongly correlated with temperature
than with precipitation, but precipitation is more important in increasing surface runoff in shallow
aquifers. The water quality parameters shown in Fig. 5.16 provide evidence that shallow aquifers
are becoming increasingly contaminated, necessitating the design of feasible measures to protect
aquifers, even though not all factors explaining the threat of groundwater contamination were
captured in the analysis. Furthermore, spatiotemporal trends in climate variability and groundwater
quality require long-term monitoring efforts to determine impacts. Hydrologic modeling and
coupling with spatial analysis of chemical water quality in a GIS environment under changing
climate conditions provide important information for more effective water resource management.
The findings could be useful in the development of effective water resource management
strategies. A rise in sea level is likely to cause seawater to enter groundwater resources near the

coast, causing salt water to accumulate. At the end of 2040, about 2.7 to 11% of coastal areas are
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predicted to be affected by sea level rises. More accurately assess the impact of rising sea level on

groundwater resources.

5.2.7 Conclusions and recommendations

Validations of the impact of climatic variables on the seasonality of climate variables in the Cape
Flats catchment in Cape Town, South Africa, were evaluated using down-scaled global climate
models coupled with TerrSet Geospatial Monitoring and Modeling Software in a GIS environment.
TerrSet is a remote sensing and integrated geographic information system developed by Clark
Labs at Clark University for the analysis and display of digital geospatial data. The Climatic
variables Adaptation Modeler is a suite of tools to model the future climate and assess its impacts
on sea level rise. It includes tools for climate scenario generation using the National Center for
Atmospheric Research's MAGICC and SCENGEN- models. Under the A1B and A2 emission
scenarios, precipitation during and after the monsoon is expected to decrease in the Cape Flats
catchment in all seasons. The results indicated that temperature and evapotranspiration will
increase in all months of future years. The area could warm to 2.3 ° C in the 2060s, with an increase
in annual evapotranspiration of up to 10% in the same period. We found a decrease in the
seasonality of precipitation (both a decrease in the wet season and in the dry season). The greatest
seasonal decrease of up to 23% are expected in the 2060s. As a result, decreases in dry season
recharge are expected, with a span of 6.8 % for the highest monthly changes in the 2060s. This is
expected to exacerbate the problem of seasonally uneven distribution of water resources: a pattern
that indicates the possibility of more frequent floods in the wet season and droughts in the dry
season. The rise in temperatures has an impact on the hydrological cycle, as it increases the
evaporation of available water resources. The general mountainous nature of the Cape Fold Belt
results in sharp climatic variables for the entire area. At the end of 2040, about 2.7 to 11% of
coastal areas are predicted to be affected by increases in sea level. There is a probability of about
0.58 coastal areas being affected by the rise of sea level rise (17-19 cm) at the end of 2060, where
areas certain to be underwater are given a value of 1. These findings add substantially to our
understanding of linking groundwater vulnerability with climatic variables on the regional scale
for an accurate assessment of the impacts of climatic variables on seawater intrusion in coastal
groundwater systems. Future studies will need to better delineate the upcoming sea level rise at the

local scale.
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Chapter 6: Aquifer vulnerability mapping using a GIS-based
overlay and index and the groundwater quality index methods in the

Cape Flats aquifer, South Africa.

Manuscript title: Using G1S-based modified DRASTIC modelling of the Cape Flats aquifer to
improve understanding of groundwater vulnerability in the urban hydrogeology setting of
coastal aquifers, South Africa.

Abstract

The assessment of the vulnerability of aquifers to contamination has received new attention due to
population growth and socioeconomic activities-such as agriculture and industrialization, among
others. This study aims to assess the vulnerability-of groundwater using the modified model
DRASTIC based on the Geographic Information System (GIS). The Cape Flats Aquifer in a low-
lying coastal region southeast of Cape Town served as the case study. The DRASTIC GIS model
considers important hydrogeological parameters such as depth of the water table (D), net recharge
(R), aquifer medium (A), soil (S), topography (T), influence of the vadose zone (I) and hydraulic
conductivity (C). Inverse distance weighting (IDW) spatial interpolation and the analytical
hierarchy process (AHP) were used for spatial interpolation of point observation data. A weighted
overlay analysis was used to calculate the index DRASTIC, which ranges from 109 to 222. The
study area is divided into four different groundwater vulnerability zones, very high, high,
moderate, and low, representing 9%, 28%, 46% and 17% of the study area, respectively. The
moderate potential for groundwater contamination is more prevalent in the study area (46%). The
areas with high and very high susceptibility to contamination are mainly concentrated in areas with
lower slopes and the water table. The results for the study area show that after modifying the model
DRASTIC with a factor of LU, the very high-risk zone increases by 26%, while the area under the
low-risk zone decreases by 52%. The results highlight the importance of the DRASTIC model in
the vicinity of GIS to analyze groundwater vulnerability and provide more effective water resource

management.

Keywords: Aquifer vulnerability; Cape Flats; climatic variables; Cape Town; DRASTIC model,
GIS; Water quality index.
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6.1 Introduction

The groundwater resources in coastal areas are under severe pressure due to human activities and
natural processes such as climate change. The complexity of the hydrogeologic conditions makes
it difficult to better understand them. Groundwater vulnerability must be thoroughly mapped.
Many studies have shown that the modified model DRASTIC for assessing vulnerability of
aquifers is more accurate than the traditional overlay and index model models (Mogaji, 2018;
Ramaraju and K. Krishna, 2017; Saatsaz et al., 2011b). These models can be used to manage and
protect groundwater sources in cities across the world, such as Cape Town. Spatial decision
support systems should be developed using state-of-the-art tools and techniques. The main
innovation for vulnerability mapping and visualization is the modified model DRASTIC combined
with the GIS-based method. A study has looked at the vulnerability of groundwater to various
potential threats in shallow coastal aquifers in the Cape Flats catchment in South Africa using the
DRASTIC model and GIS. The results demonstrate the importance of effectively managing

groundwater, including planning, monitoring, and protection for sustainable use.

6.1.1 Results of the groundwater vulnerability assessment using the
modified GIS-based DRASTIC model

6.1.2 Preparation of thematic maps

Thematic layers were created for each of the DRASTIC parameters using ArcGIS 10.3 software
in raster format. First, thematic layers were converted into grid cells with weights of related
elements. Furthermore, these were integrated and analysed using weighted linear combination
techniques. The integrated layer grids were grouped into different zones of potential groundwater
contamination risk to assess groundwater vulnerability to pollution. Data were collected from
existing databases and maps, as well as remote sensing. All these data were managed using GIS
databases. Each data layer listed in (Figs. 5.18 to 5.25) will be briefly described.

6.1.2.1  Depth to the water table (D)

The "depth to the water table” (D) is the level from the ground surface to the saturated zone.

Indicates the thickness of the unsaturated zone through which a contaminant travels before
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reaching the aquifer. The higher the depth of the water table, the lower the chances of groundwater
pollution (Alaween et al., 2013). Although shallow water table levels imply higher contamination
chances. Data for 69 wells located within the Cape Flats catchment were provided by DWS
Groundwater Achieve (GWA) and existing literature was used to form thematic maps. Because
the depth to water level varies between 1 and 36.9 m, the rates vary between 2 and 9 (

Fig. 6.1).
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Fig. 6.1 Map of depth to water level (D) and assigned rates

6.1.2.2  Net recharge (R)

Net recharge (R) represents the amount of water added to the subsurface and serves as a transport
agent for contaminants to groundwater. More recharge leads to greater contamination potential, as
it can cause leaching and transport of contaminants from the ground surface to the water table
(Lathamani et al., 2015). Recharge quantification is relatively complex. However, WaterWorld
Policy Support approaches proposed by (Soesbergen and Mulligan, 2014b), were used in this
research to estimate recharge. The developed map shows the spatial variation of recharge from 67

mm to 1200 mm per year in the study area (Fig. 6.2).
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Fig. 6.2 Recharge map (R) and assigned rates

6.1.2.3  Aquifer medium (A)

Aquifer media (A) mainly discusses the type and properties of the properties of the aquifer material
that control the pollution processes of the saturated zone (Kozlowski and Sojka, 2019b; Mondal et
al., 2017). Determines the attenuation capacity of an aquifer to carry the contaminant based on the
amount, size, and sorting of grains, lowering the grain size (Muhammad et al., 2015b). A large
part of an aquifer is the unconsolidated, unconfined Cape Flats aquifer, followed by low-
permeability shale and fine sedimentary units (Fig. 6.3). Based on the hydrostratigraphic units of
the study, the area rating was assigned. First, sedimentary rocks have a value of 8. Second,
fractured shale receives a value of 7, correlated with the vulnerability rating. In the Cape Flats
catchment, the aquifer medium is mainly composed of permeable sandy units. In the rest of the
catchment, the aquifer is mostly made up of calcrete, calcarenite, aeolianite, conglomerate, clay,

and other rocks.
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Fig. 6.3 Map of the aquifer media (A) and its rates assigned in the study area

6.1.2.4  Soil medium (S)

Soil media (S) is the upper layer and the weathered layer of the ground surface associated with the
increased influence rate on the downward movement of contaminants (Voudouris et al., 2010). In
the presence of fine material, infiltration decreases. Therefore, this presence also decreases the
potential for pollution. Thus, soils with relatively low infiltration rates, such as clay soils, have a
larger runoff component than sandy soils, which have a relatively higher infiltration rate (B.
Mauck, 2015b). The value of variable S (Soil type) was obtained from soil classification maps
produced by the Department of Geosciences of the South African Geological Survey (Musekiwa
and Majola, 2011), and weights and ratings were assigned accordingly. In the study area, the soil
was classified as sandy clay, sandy loam, and sand (Fig. 6.4). Based on the interpretation of the
content of agricultural soil maps, sandy clays and sandy loam developed from sandy materials are

the dominant soils in the area.
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Fig. 6.4 Soil map (S) and rates assigned

6.1.2.5  Topography (T)

Topography (T) refers to the slope. Areas with a slope of a gentle topography and flat areas would
allow more contaminants to move into the shallow groundwater aquifer easily. However, with a
steep slope, contaminants tend to move with runoff and are less likely to infiltrate the vadose zone
and enter groundwater. The slope was determined directly from the Digital Elevation Model
(DEM). The DEM was downloaded from an authorized site (USGS) using the ArcGIS spatial
analysis tool. Topography is specified by the percentage of slope (%) extracted from the DEM of
30 m. The slope in the study area is steep in the western zone and gently to low in the eastern and
northern zones and the central zone, respectively, and varies from 4.9 to 89.9 degrees (Fig. 6.5).
In the present study, the topography was subsequently rated using the DRASTIC, ranging from 1
to 10 (Fig. 6.5).
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Fig. 6.5 Topography map (T) and its assigned rates

6.1.2.6  Impact of the vadose zone (1)

The thickness and properties of the unsaturated zone, among other hydrogeological factors, are
important factors in assessing the likelihood of a contaminant reaching groundwater (Nezar et al.,
2010). In this study, the influence of the unsaturated zone was calculated based on the location of
each well and the dominant material using the AHP adjustment and the depth of the aquifer (Saida
et al., 2017). The impact of the vadose zone map layer was prepared using the lithological
formation of the Cape Flats and has been converted to raster data with a pixel resolution of 300 m.
In the impact map of the vadose zone layer, the gravel and sandy alluvial deposits were assigned
a high rating value of 8. Whereas the clayey gravel deposits and the Mesozoic sandstone were

assigned a moderate score of 6. The low rating values of 2, 3, and 4 were assigned to clay and clay

sand, respectively.
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Fig. 6.6 Impact of the map of the vadose zone (1) and the assigned rates

6.1.2.7 Hydraulic Conductivity (C)

Hydraulic conductivity (C) determines the ability of the aquifer to transmit water (Machdar et al.,
2018b). Aquifers with high conductivity have higher chances of contamination from sources that
can easily move through the aquifer (Aller, 1987, as cited in (Muhammad et al., 2015). For the
present study, hydraulic conductivity was calculated from pump test data and the spatial hydraulic
conductivity map obtained from the hydrogeological analysis of the Cape Flats region by different
scholars. Adelana et al. (2010) found that transmissivity values range from 50 to 650 m2 / day,
with values between 200 and 350 m2/day due to well-sorted and rounded sands of the aquifers. In
general, the defining characteristic of the Cape Flats area is high hydraulic conductivity. Therefore,

a large part of the analysed area was assigned a maximum rating score of 7 (Fig. 6.7).
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Fig. 6.7. Hydraulic Conductivity (C) Map and Rates Attributed

6.1.2.8 Land Use/Land Cover; (Lu)

Land use has a potential impact on groundwater vulnerability and risk mapping, which were
produced due to groundwater contamination. The precision of the DRASTIC technique can be
combined with land use characteristics and other variables (Shrestha and Luo, 2018). The thematic
map of land use/land cover (Lu) was prepared based on visual interpretation and classification of
satellite images (Fig. 3.8). The land use map was divided into five classes, including the built-up
area (60.5%), agriculture (13.6%), water bodies (2%) and vegetation (22.6%) for modified
DRASTIC ratings, and the assumed DRASTIC weight of the land use parameter was 5 (Table 5.3).

In general, each class was classified according to its effect on groundwater vulnerability scales

ranging from 1 to 10 (Fig. 6.8).
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6.1.3 Groundwater Vulnerability Mapping

6.1.3.1 Drastic Vulnerability Index

The vulnerability of groundwater was prepared by overlaying thematic maps using ArcGIS 10.3
software. The DRASTIC index (DI) was calculated as the weighted overlay analysis and the sum
of the parameters. The DI theoretically ranges from 1 to 10. Small values of DI indicate a low
vulnerability potential, while high values are related to a high pollution potential (Abdeslam et al.,
2017). The groundwater vulnerability map was created based on seven hydrogeological parameters
that were evaluated and recommended by the DRASTIC model. The DRASTIC rating index map
of the study area was developed to show values between 117 and 220 (Fig. 6.9). The map compiled

is divided into five vulnerability zones showing high (18%), moderate (28%), and low (54%)

vulnerability zones.
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Fig. 6.10 Coverage of vulnerability zones (DRASTIC model)

Table 6.1 Classification of the DRASTIC vulnerability index

DRASTIC indices DRASTIC range Area (Km?) Percentage
Low 117 -151 366 36
Moderate 151 — 166 435 42
High 166 — 187 159 15
Very high 187 — 220 70 7

6.1.3.2 Modified DRASTIC Index

The original DRASTIC model was modified by adding the parameter that describes the type of
land use, which is important for assessing the vulnerability of shallow groundwater. The land use
parameter used to modify the assumed weight rate of DRASTIC was 5 (Anp, 2019). The types of
land use considered contained the following: wetland, settlement, agriculture, and forest, with
scores of 8, 7, 5, 3, and 2, respectively. The rating was achieved using GIS, the analytical hierarchy
process and spatial interpolation techniques based on inverse distance weighting (IDW) to develop

thematic maps of groundwater contamination. After creating all the necessary layers, the
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vulnerability maps were obtained by overlaying the thematic maps on ArcGIS 10.3, and the DI
was calculated as the weighted sum of the parameters. Overall, the DRASTIC Index (DI) ranges
between 23 and 226 (Koz\lowski and Sojka, 2019), theoretically. The most obvious small values
show a low vulnerability potential, and high values are related to the high contamination potential
of groundwater to allow a better groundwater vulnerability assessment. In Table 6.1 the analytic
hierarchy process was used to determine how important each parameter was when comparing two
things at the same time (AHP).

The primary means of comparing the parameters to determine the contribution to the vulnerability
index is the depth to the water table, which is (mean = 31) and the net recharge, which is (mean =
24). The aquifer and soil media have mean values of 11 and 10, which are the third and fourth
significant parameters. Because the vadose zone and.land use have a mean value of 5, these things

do not play a large role in contaminating the aquifer.

Table 6.1. Standard and modified weight values are used in the different DRASTIC models.

Parameter Weight
Standard Modified Modified DRASTIC
DRASTIC DRASTIC AHP
Depth to water (D) 5 5 0.313
Recharge (R) 4 4 0.244
Aquifer medium (A) 3 3 0.11
Soil medium (S) 2 2 0.099
Topography (T) 1 1 0.093
Impact of the vadose zone (1) 5 5 0.049
Hydraulic conductivity (C) 3 3 0.057
Land use/land cover (Lu) - 5 0.035

Source (After Aller et al., 1987)
The results of this analysis classified the vulnerability map into different ranges of levels, from
low to high vulnerability indices. The results are expressed in the coverage of areas of different

vulnerability zones in percent, including high (12%), moderate (47%), and low (41%). Compared
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to the results obtained using the modified DRASTIC method, the results indicate that the area
described as a zone of high vulnerability has increased by 1%. The application of the modified
DRASTIC method is demonstrated by the vulnerability index, which is between 109 and 222 (Fig.
6.10). These results show on the vulnerability map that a large area is dominated by low- and

moderate-vulnerability zones, followed by a high zone, respectively.
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Fig. 6.12 Area of groundwater contamination risk map

Table 6.2 Classification of the modified DRASTIC vulnerability index

DRASTIC indices DRASTIC range Area (Km2) Percentage
Low 109 — 147 175 17
Moderate 147 - 163 473 46

High 163 - 184 293 28

Very high 184 — 222 89 9

Land use parameters have been added to the DRASTIC method to increase its prediction accuracy.
However, a statistical comparison reveals a 22.5% difference between the modified DRASTIC
vulnerability map and the original DRASTIC model that shows the percentage distribution of the
area that covers the predicted vulnerable zones, namely very high, high, moderate, low and very
low, which are estimated from the groundwater vulnerability prediction maps produced. Fig. 6.12

illustrates that more than 46% of the area is in moderately vulnerable zones.
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An important coastal water catchment's water quality was linked to land cover/use change. When
the spatial heterogeneity of the catchments was altered by human or natural events, this was
reflected in changes in water quality. The Cape Flats catchment in Cape Town was studied using
a spatial and temporal analysis of historical catchment land use change (Fig. 6.13). The
groundwater contamination risk index was examined to determine trends that correlated with
changes in land use activities. In the Cape Flats catchment, chloride and electrical conductivity
concentrations were higher in the cropland, bare land, and coastal vicinity and were correlated with

low recharge.
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Fig. 6.13. Land use land cover distribution in the Study Area

6.1.4 Interpretation of the results of the assessment of groundwater
vulnerability of coastal aquifers

The Cape Flats aquifer is under pressure from population growth, urbanization, industrialization,

and agricultural activities. The study area is characterized by many sources of pollution that
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threaten groundwater quality. The modified DRASTIC model was used to assess the vulnerability
of groundwater to pollution in the Cape Flats aquifer. Low to moderate vulnerability is in the
central part of the study area. Very high vulnerability values are recorded in a large part of the
aquifer and are associated with shallow aquifers without great depth in the vadose zone. Regional
assessment of groundwater vulnerability is a useful tool for groundwater resource management
and protection zoning. The results provide important information, and the vulnerability maps could

be used by local authorities and decision makers alike to make timely policy decisions in this area.

Groundwater vulnerability was prepared by overlaying the thematic maps using ArcGIS 10.3
software. The DRASTIC index (DI) was calculated as a weighted overlay analysis and the sum of
parameters. The DI theoretically ranges from 1 to 10. Small values of DI indicate a low
vulnerability potential, while high values are related-to a high pollution potential (Abdeslam et al.,
2017). The groundwater vulnerability map was created based on seven hydrogeological parameters
that were evaluated and recommended by the DRASTIC model. The DRASTIC rating index map
of the study area was developed to show values between 117 and 220 (Fig. 6.9). The map compiled
is divided into five vulnerability zones showing high (18%), moderate (28%), and low (54%)

vulnerability zones on land.

The results of this analysis classified the vulnerability map into different ranges of levels, from
low to high vulnerability indices. The results are expressed in the coverage of areas with different
vulnerability zones in percent, which included high (12%), moderate (47%), and low (41%).
Compared to the results obtained using the modified DRASTIC method, the results indicate that
the area described as a zone of high vulnerability has increased by 1%. The application of the
modified DRASTIC method demonstrated that the vulnerability index is between 109 and 222
(Fig. 6.11). These results show on the vulnerability map that a large area is dominated by low and

moderate vulnerability zones, followed by a high zone, respectively.
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6.1.5 Comparative assessment of the results on groundwater

vulnerability of coastal aquifers

Compared to the present study, most previous studies were smaller and did not investigate
vulnerability assessment on spatial and temporal scales at the local level. They also discovered
higher levels of chloride concentration in the wells in the study area. Additionally, the findings are
compared to similar areas of research(Table 7.2). Adelana (2010) used the input parameters with
the CALOD model, which include clay layer thickness (C), aquifer media character (A), lateritic
layer thickness (L), overlying layer character (O), and depth to groundwater level (D). According
to (Kaliraj et al., 2015), the results of the DRASTIC groundwater vulnerability assessment show
index values that range from 120 to 159 (intermediate pollution susceptibility) to 160 to 167 (high
susceptibility). Their results confirmed the classification of the assessment of groundwater
vulnerability of the study area into four zones. First, a very low risk zone with a risk index of 120
to 128. Second, a low groundwater vulnerability risk zone with a risk index of 128.1-135. Third,
a moderate groundwater vulnerability risk zone with a risk index of 135.1 to 140. Fourth, there are
high-vulnerability risk zones. In general, the modified DRASTIC model result was also compared
with the result derived from the original DRASTIC method. The optimized-DRASTIC method
thought that there were more catchments in the higher index.range than the original-DRASTIC
method thought there were.

6.1.6 Implication of results in the assessment of groundwater
vulnerability of coastal aquifers

This study indicates that the GIS technique could provide an efficient way to deal with the large
amount of spatial data used in the DRASTIC model. This study demonstrates the use of remote
sensing and GIS to assess the suitability of groundwater development for agricultural, industrial
and domestic purposes. Remote sensing and GIS techniques have been used in the Cape Flats area
to map risk zones of groundwater contamination. These methods are found to be cost-effective and
enable quick decision-making for sustainable water resource management. Satellite data was

combined with rain gauge data to create thematic layers of geology, land cover, slope, and rainfall,
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which were then assigned the appropriate weightage and scale and integrated into the GIS
environment using the weighted index overlay method, which has proven to be very useful in
preparing the groundwater contamination risk zone map for the study area. The results of this study
are relatively unique and comparable to the findings of previous studies conducted in the Cape
Flats catchment in spatial distributions of values of hydrological parameters. Vulnerability and
integrated risk assessments on a larger scale, following a holistic approach, provide effective
strategies to manage groundwater quality on a larger scale under changing environmental and
uncertain future conditions. The results of this study would provide important information about
land use and the effects of climatic variables on hydrological regimes and groundwater quality
under certain scenarios of climatic variables and land use. This knowledge becomes strategic since
it contributes to better informed and more sustainable water resource management. Locations with
a high-risk index are those most vulnerable to contamination and consequently need to be managed

more efficiently.

6.1.7 Results validation

The modified DRASTIC index was calculated, which ranged from 109 to 222. 28% of the study
area was found to be highly vulnerable. Most of the study area is in moderate vulnerability zones,
with index values ranging from 147 to 163. Magsoom et al. (2021) previously conducted a study
in Chitral, northern Pakistan, using a similar technique, which validates the current research. The
modified DRASTIC index has been found to range from 140 to 160 in the moderate vulnerability
class. Another study, Malik and Shukla (2019), estimated the DRASTIC index between 121 and
206 and found that approximately 27.39% were at high risk, which is similar to the current research
result. Furthermore, the findings can be used to validate a previous study that used the WaterWorld
model to model the effects of climate variability on groundwater quality in the study area. Adelana
(2010) used the CALOD model with the following input parameters: clay layer thickness (C),
aquifer nature (A), lateritic layer thickness (L), overlying layer nature (O), and depth of the water
table (D) (D). Most previous studies have not adequately examined the assessment of hazards on

a spatial scale as thoroughly as in the current study.

The water quality data for the research area was plotted using existing borehole laboratory findings
and literature. Four variables (Nitrate (NO3-), electrical conductivity (EC), and chloride (Cl-))
were chosen as indicators of overall water quality. Sulfate (SO42-) is a mining impact indicator
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and chloride (CI) indicates the presence of leaching from the soil due to landfill infiltration and
other anthropogenic activities. Nitrate (NO3-), electrical conductivity (EC) and chloride (Cl-) are
the variables chosen. Electrical conductivity (EC) (mS/m) as an indicator of salinization and
chloride (CI) (mg / 1) to represent agricultural impact, discharge of wastewater effluent, and
industrial waste. Electrical conductivity (EC) was assessed to highlight temporal changes in water
quality. The available observation water quality data from previous studies was used to compare
the results and validate the model results against observed data (Adelana et al., 2014; 2010; Davis
etal., 2011; Gnandji et al., 2013). The chemical analysis of groundwater in the study area revealed
high levels of nitrates and chlorides. It was found that the mapping of groundwater quality
parameters using the GIS technique was in close agreement with the available point source water

quality laboratory data.
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The water quality parameters are shown in Figs. 6.14a-14d to verify the spatial variation of the
risk of contamination. The presence of nitrate in groundwater easily indicates the potential for
contamination of contaminants, as nitrate is generally not present in groundwater under natural
conditions (Jang et al., 2017). Chloride (CI") is an indicator of salinity, with a concentration ranging
from 28 to 397 mg/l in shallow aquifers. Chloride and nitrate concentrations were all above the
target maximum (Adelana and Xu, 2006; Gnandiji et al., 2013b).

Use the Geostatistical Analyst extension of ArcGIS 10.3 software to determine the statistical
relationship between nitrate concentration and groundwater vulnerability. The correlation factor
for the original DRASTIC technique was 0.81, while it was 0.83 for the updated model, as seen in
Fig. 6.15a and b. The vulnerability map developed with the updated DRASTIC approach is more
accurate than the original, according to the results. According to the results, the vulnerability map
made with the updated DRASTIC method is more accurate than that made with the original
DRASTIC method.
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Fig. 6.15. a) Correlation between the DRASTIC index and nitrate concertation and b) the
modified DRASTIC index and nitrate concertation in the Cape Flats aquifer.
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In the Cape Flats aquifer, there is a correlation between the DRASTIC index and nitrate
concertation, as well as a correlation between the modified DRASTIC index and nitrate
concertation. The following factors charts demonstrate the link between the GIS-based integrated

model index and several water quality indicators.
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Figs 16a-d. Correlation plots of data showing the relationship between the GIS based integrated

model index and various water quality parameters.
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Chapter 7: Using a GIS-based integrated model to assess the risk of

groundwater contamination in the Cape Flats aquifer, South Africa.

7.1 Introduction

Groundwater contamination risk assessment is a useful tool for groundwater management. The
third objective was to evaluate the risk of groundwater contamination in coastal aquifers in urban
hydrogeological areas. The research also aims to develop a risk of groundwater contamination
using an integrated method that incorporates geospatial and hydrological modelling techniques.
Value-weighted risk maps were created by overlaying risk and vulnerability maps. Cape Flat
aquifers were classified as high to very high contamination risk 37% of the time. Mostly, the
central portions of Cape Flat were at the highest risk-and had the highest groundwater values.
There was a significant and strong correlation between the contamination risk index and the
measured groundwater quality values. GIS-based analytical tools provide practical and actionable
information on measures that would improve groundwater security in the face of climate variability

and change in land use.

7.2 Descriptive and inferential statistical analysis of
groundwater contamination risk mapping and modelling

The Geographic Information System (GIS) was successfully integrated with hydrological and
hydrogeologic models to provide a better assessment of groundwater quality. Risk assessment of
groundwater contamination is widely used worldwide for sustainable groundwater management.
The study describes a groundwater contamination risk assessment method that integrates a
modified DRASTIC model, GIS, and analytical hierarchy process. First, we evaluate the risk of
contamination from climate variability using a hydrological model in a GIS environment. Second,
to determine groundwater vulnerability using a modified DRASTIC model. Also, an integrated
distributed hydrological model and a modified DRASTIC model were coupled with a spatial
chemical water quality analysis in a GIS environment. The value-weighted risk map was created
by overlaying the base risk map and the groundwater value map. Risk maps represent the

contamination risk based on the integration of different models within a GIS platform (Fig. 7.1).
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The final results are presented on a risk map derived from the overlay of the WaterWorld model
and the hazard map (obtained from the modified model DRASTIC).
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Fig. 7.1. Groundwater Contamination Risk Map
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The western and northern plains were the most vulnerable, with the highest groundwater values,
indicating that they should be the most concerned. Because hazards change over time, thematic
maps should be updated frequently. Also, GIS technology was required to complete the
assessment. An excellent tool for land planning and groundwater management is the assessment
of groundwater contamination risk. The final vulnerability index is required for decision-making.
The GIS platform also allows for easy overlaying of elements and expressing evaluation results. It

was a good place to conduct research, manage data and create maps.

GIS-based integrated model Index
[ 223 (109 -156)

[ 431 (156 -175)

2t Bl 255 (175 - 200)

B 121 (200 - 248)
"

Area coverage = Low (22%), Moderate (42%), High (25%) and Very high (12%)

Fig. 7.2 Risk map showing an area of groundwater contamination

Table 7.1 Classification of the contamination risk index of integrated models based on GIS

DRASTIC indices Index range Area (Km?) Percentage
Low 109 — 156 223 22
Moderate 156 — 175 431 42
High 175 -200 225 25
Very high 200 — 248 121 12
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7.3 Interpretation of the results: Groundwater Contamination Risk

Model

The main outputs of the spatially resolved methodology include GIS-based vulnerability and

groundwater contamination risk maps that are described in the steps of the methodology. These

maps identify protection hotspot areas and provide a basis for groundwater resources for

monitoring and managing pollution within the case study area. The risk index and the vulnerability

factors identified for the case study area are represented in raster GIS layers, which allow the

analysis and visualisation of their spatial distribution in the case study area. Therefore, the outputs

of the risk assessment are raster maps that represent the spatial distribution of the vulnerability and

the risk index.

7.4. Comparative assessment of the results on mapping and modelling

groundwater contamination risk

Table 7.2 Comparison of vulnerability and contamination risk index

Index WaterWorld DRASTIC Modified.  GIS CALOD  Optimized- DRASTIC

ranges model Model DRASTIC. _integrated Index DRASTIC (Voudouris
Model model (Adelana, methods etal.,

2010) (Shresthaand 2010b)
Luo, 2018b)

Very 103 - 110

low.

Low 117-151 109-147 109 - 156 111-128 <100

Moderate 17.6 —33 151-166 147-163 156-175 42-60 129 — 147 100 - 120

High 33-74.9 166 —187 163-184 175-200 147 - 163 120 - 140

Very 187 -220 184-222 200-248 70-76 163 — 193 >140

high
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7.5 Implications of the Findings for Mapping and Modeling the
Risk of Groundwater Containment

The results of this study are comparable to the findings of previous studies conducted in the CFA.
Geospatial-related approaches possess all the relevant functionalities needed for the assessment
and management of coastal issues caused by climatic variables and human activities. The results
of this study would provide important information about the effects of land use and climatic
variables on hydrological regimes and groundwater quality under certain climatic variables and
land use scenarios. This knowledge becomes strategic as it contributes to better informed and more
sustainable water resource management. The high-risk index represents the possible cases that

need to be considered here for more efficient management.

7.6 Validation

7.6.1 Developing a Groundwater Quality Index (GWQI) Map

Deteriorating groundwater quality due to natural and anthropogenic factors has made sustainable
groundwater use difficult. Land use and climate change are commonly highlighted as the key
human-induced factors influencing groundwater. quality. because agriculture, industries,
urbanization, and human settlements affect groundwater degradation. The groundwater quality
index (GWQI) and geostatistics were used to investigate the characteristics and factors that
influence groundwater quality for drinking water supply in shallow aquifers in the coastal Cape
Flats catchment area in Cape Town. Combining hydrochemical studies and GIS with factor

analysis can help people make better decisions about how to keep groundwater clean.

In this study, the water quality parameters are shown in Fig. 7.3a-d to Fig. 7.4a-d were multiplied
with the resultant vulnerability map to verify the spatial variation of the contamination risk.
Chloride (CI") is an indicator of salinity, with a concentration ranging from 28 to 397 mg/l in
shallow aquifers. Nitrate in groundwater indicates the presence of contaminants, as nitrate is not
naturally present in groundwater (Jang et al., 2017). The nitrate content of groundwater is high, at
2.65 mg/l. Lands with a high nitrate content in groundwater, such as farmland, development land,

industry, and mining, have seen extensive misuse of land assets. In some areas, groundwater is
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extremely salinized, containing nitrate and chloride. The vulnerability map shows the highest

concentration zone mostly in the study area’s northern part.

Finally, to validate the model, the arranged guide was compared with a sorted WQI map. The
results show that the zones with higher DRASTIC scores match those with higher WQI estimates.
The maps were spatially correlated with the nitrate (NO3-) concentration records of each well. The
spatial distribution patterns of Na and Cl are comparable, and high chloride levels have been
recorded in coastal wells and wells near the False Bye in the Cape Flats catchment. In the study
area, SO4*- has a spatial distribution like CI, with high concentrations in wells near the coast and

the Cape Flats aquifer.
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Fig. 7.3a- d Validation using chosen hydrochemical parameters (Na, Cl, K)

Studies suggest an increased prevalence of water quality evaluations for the protection and
sustainable management of groundwater resources, which are vulnerable to human and climatic
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variables / variables. Chloride, nitrate, sulfate, phosphate (and electrical conductivity), as well as

the mean annual values of these chemical parameters, were used to group the values of the water

quality index.
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Figs. 7.5a-h. The integrated model index based on GIS and several water quality parameters are

shown in correlation plots.

The correlation graphs depict the relationship between the GIS-based integrated model index and
a number of water quality parameters. There is a substantial association between all chemical water
quality measures, demonstrating deterioration of groundwater quality due to natural and
anthropogenic factors. Land use and climate change are commonly highlighted as the key human-

induced factors that influence groundwater quality because agriculture, industries, urbanization,

and human settlements affect groundwater degradation.
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Around the world, the groundwater quality index (GWQI) is frequently used to monitor water
quality changes. The GWQI is a valuable tool for assessing water quality. In this study, "GWQI"
refers to groundwater quality indices based on selected chemical water quality indicators (EC, P,
Na+, Ca2+, Cl, SO42, HCO3+). GWQI and geostatistics were used to explore the characteristics
and factors influencing groundwater quality for drinking water supply in shallow aquifers in the
coastal Cape Flats catchment area. GIS and factor analysis combined with hydrochemical
investigations can help decision makers manage groundwater quality. For spatial-temporal
comparisons, the WQI coordinates the various water quality parameters. The WQI of the research
area ranges from 56 to 142 (Fig. ). Drinking water quality classes were characterized as excellent
(12 %), good (89%), and low (19%) by the water quality index (GWQI). On the groundwater
quality index, more than 75% of the study region was deemed potable. Overall, the water quality
of the research area was rated as "excellent to good" for potable purposes for the study area.
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Fig. 7.5 Map of the groundwater quality index in the study area.
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The water quality index (WQI) method is widely used throughout the world to assess changes in
water quality over time and space, to help design strategies and protect aquatic resources. It is one

of the best ways to tell if water is polluted and a simple way to classify water (Table ).

B 356-771.
= 77-882
] 88-1013.
3 101-121 4.
B 121-1425.

Water quaiity ciassification into Excellent water (12%), good water (69%) and poor water (19 %)

Fig. 7.4 Risk map showing an area of groundwater contamination

Table 7.3 Water quality classification ranges and types of water based on WQI values (Abbasnia
etal., 2018).

WQI value Area (Km2) Explanation

<50 Excellent Good for human health
50-100 Good Fit for human consumption.
100-200 Poor Water not in good condition
200-300 Very poor. Need attention before use
>300 Inappropriate Need too much attention?

Source (Kumar and James, 2013; Rao and Nageswararao, 2013)
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The correlation between nitrate concentration and groundwater vulnerability was assessed using
linear regression analysis to validate contamination risk based on integrated GIS methods (Fig.
7.5). The contamination risk index and the measured groundwater quality values had a significant
and strong correlation (R2 = 0.96).
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Groundwater quality index (GWQI)

Fig. 7.5. represents the relationship between the-modified DRASTIC and the groundwater
quality index (GWQI).

Integrated predictive modelling within GIS of climate and land use change provides the most
effective means of quantifying contamination, land use, and climate change and are often cited as
the most important human-induced factors affecting groundwater quality. Because groundwater
degradation is influenced by agriculture, industry, urbanization, and human settlements. Based on
the water quality index, it was concluded that groundwater in the Cape Flats aquifer is at an

increasing potential risk of contamination.
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7.2 Evaluation of the study

In this study, the integrated model GIS was developed and applied to assess the vulnerability of
the Cape Flats aquifer and the risk of groundwater contamination. GIS-based modelling using
downscaling techniques was used to link climate models and hydrological models at the watershed
scale. In this study, the WaterWorld model and a modified DRASTIC model were integrated into
a GIS framework to map the potential risk of groundwater contamination in the Cape Flats aquifer
in South Africa. Water quality data from existing wells in the study area was also used to validate
the resulting groundwater contamination risk map. An integrated model based on GIS for the
occurrence of contamination in the study region was briefly developed in the last part of this
chapter. Furthermore, a combination of the modified DRASTIC and the pollution risk map could
provide a useful tool to assess groundwater vulnerability to point source contamination and
seawater intrusion for shallow, unconfined, low-lying coastal aquifers (Section 5.4). The modified
DRASTIC model combined with the GIS based method is the main innovation for vulnerability
mapping and visualization. An analytical hierarchy process (AHP) is used in the study to determine
the weighting value for each of the hydrogeological parameter values. The comparison of water
quality (in the form of a GWQI map) and the DRASTIC index was performed using GIS tools.
The links between the vulnerability map and the underlying nitrate water quality were highlighted
at the local level. In addition, this chapter describes the .groundwater vulnerability model
implementation process and a suite of ArcGIS tools developed to support implementation. The
chapter addresses the problem of limited studies. This finding will help to better understand the
mechanisms affecting groundwater quality due to changes in climate and land use in the Cape Flats
aquifer in the context of coastal aquifers in urban areas. In addition, two papers scheduled for
publication were presented. Consistent land use and land cover classification and mapping was
performed in conjunction with predictive land use transition models to quantify and characterise
the actual land use and land cover changes. Geospatial approaches can be used to solve and solve

problems on the coast caused by climate changes and human activities.

Studies of how groundwater will respond to climatic variables associated with human activities
are limited. The challenges of understanding the effects of climate variables on groundwater are
unique because climate variables can affect hydrogeologic processes and groundwater resources

in complex ways. Physically based climate models provide the most likely estimates of scenarios
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for climatic variables such as precipitation and temperature. It appears that the application of
integrated GIS-based methods generally provides useful advances in the assessment of rare

groundwater quality considering land use and climatic variables.

7.3 Summary chapter on the results and discussion

This doctoral thesis examines the state of the art in evaluating the potential effects of climate
variables and land use on coastal aquifers in urban areas. It was an experimental research study
that examined the effects of changes in climate and land use on groundwater quality, particularly

nearshore aquifer systems in metropolitan areas.

First, this study used climate change simulations- with a geomodel to simulate impacts on
groundwater quality in the Cape Flats aquifer in South Africa. The link between information on
climate variables and hydrological simulations is key to understanding future potential changes in
the hydrological cycle and the resulting degradation of aquifer systems. Second, this work used
GIS -based overlay and index methods to determine the vulnerability of coastal aquifers using the
modified DRASTIC model. Third, this work uses the integrated model based on GIS to analyse
the effects of changes in groundwater quality at the basin scale as a function of climatic variables
and land use. This research was implemented in several evaluation steps (i.e., vulnerability and

risk overlay analysis) to identify potential risks for groundwater contamination.

The results have revealed a new perspective on the spatial distribution of vulnerability throughout
the study area. Groundwater vulnerability and risk assessments on a larger scale using a holistic
approach provide practical strategies for managing groundwater quality on a broad scale under
changing environmental conditions and uncertain future conditions. The results and findings will
be useful to decision makers in formulating appropriate strategies for managing water resources in
social and environmental data to understand the distributional consequences of a changing climate

for people and the environment.

A study concludes that groundwater in the Cape Flats Aquifer (CFA) is at increased potential risk

of contamination. The Pearson correlation between the contamination risk index and the electrical
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conductivity in the CFA showed a strong and positive relationship (R2 = 0.84). Geospatial
approaches have all the relevant functionalities needed to assess and manage coastal problems
caused by climatic variables and human activities. Climate variables can affect hydrogeological
processes and groundwater resources in complex ways. This work examines the potential impacts
of climate variables and land use on coastal aquifers in urban areas. The results will be useful to

decision makers in developing appropriate water resource management strategies.

http://etd?as\)/vc.ac.za/



Chapter 8: CONCLUSIONS AND RECOMMENDATIONS

8.5 CONCLUSIONS

The results and discussion of groundwater contamination risk modelling and assessment in urban
coastal aquifers were presented in Chapters 5, 6 and 7. This chapter concludes the findings and
recommendations of the previous chapters and closes with a hydrological model based on physical
evidence (WorldWater model), a local scale GCM, a modified DRASTIC model, and a
geostatistical water quality index (GWQI) were used to assess the impacts of climate variability
and change in land use on groundwater quality in the Cape Flats catchment, South Africa. The
hydrologic impact of climate variables was assessed using a 1 km2 validated WaterWorld Policy
Support model. Climate scenarios using the NRC-GCM and RCP 8.5 emission scenarios have
rainfall totals between 2041 and 2060 downscaled from-the baseline (1950 to 2000). The results
show an increase in temperatures, but. a decrease in rainfall and recharge. The area's
evapotranspiration is expected to increase by 100%, resulting in an 8.6% decrease in water balance.
The WaterWorld model appears to be well suited to watersheds with sparse data and high
variability in rainfall patterns. It was also used to model future climate changes and their impacts
on sea level rise in TerrSet Geospatial Monitoring and Modelling Software. The region's climate
projections predict seasonal decreases in precipitation and seasonal increases in temperature. The
area could warm by 2.1 ° C by the 2060s. The increase in temperatures affects the hydrological
cycle by increasing evaporation. In the 2060s, the seasonal precipitation decrease will be up to
23%. This will exacerbate the problem of seasonal water distribution. floods in the wet season and
droughts in the dry season. Sea level is expected to increase in 12 to 58% of coastal areas by 2060.
There are many ways to connect local groundwater vulnerability and climate change, but
geospatial modelling seems to be the best way to do it.

The second goal of this thesis was to assess the vulnerability of groundwater using the modified
DRASTIC model (GIS). Zones of very high, high, moderate, and low groundwater vulnerability
were studied. However, 46% of the study area is moderately prone to groundwater contamination.
Modifying the model by LU increases the very high-risk zone by 26% and decreases the low-risk

zone by 52%. High and very high contamination risk areas are concentrated on lower slopes and
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water tables. In addition, shallow coastal aquifers are more vulnerable to depth of water level,
hydraulic conductivity, and aquifer media. A map of aquifers with moderate vulnerability in
relation to highly urbanized and industrialized areas. The inclusion of land use, land cover, and
AHP improved the CFA's depiction of groundwater vulnerability because intensive agricultural
activities and industrial development were classified as more vulnerable. The results highlight the
value of the DRASTIC model in GIS-based groundwater vulnerability analysis. The modified
DRAST IC method maps groundwater vulnerability better. In the Cape Flats, the findings may
help protect and manage groundwater.

The third goal of the thesis was to develop a risk of groundwater contamination using an integrated
method that included GIS-based DRASTIC modelling, land use modification, downscaling of
GCM to local scale, a hydrological modeling technique based physically (WorldWater Model),
and a groundwater quality index (GWQI). This study's main goal is to assess the risk of
groundwater contamination in urban coastal aquifers. The Cape Flats aquifer in South Africa was
used to create thematic maps. The models' results are superimposed on a risk map. Groundwater
resource maps identify high-risk areas for protection and are used to monitor and manage
groundwater resources in the case study area. The overlap of risk and hazard maps created value-
weighted risk maps. The DRASTIC index method was used to assess groundwater vulnerability
using publicly available high-resolution " datasets. 37 percent of Cape Flat's aquifers are
contaminated. Many of these were in the large metropolitan area, on broad plains with hot spots.
GIS produced index-based groundwater risk maps with a 30 m spatial resolution. Due to the low
risk of groundwater contamination, GIS was critical for the evaluation work. The most vulnerable
areas of the Cape Flats plain were found to be the western and northern parts, which had the highest
groundwater values. The contamination risk index and the measured groundwater quality
correlated strongly (R? = 0.99). GIS-based analytical tools can help people improve groundwater

security in the face of climate change and changes in land use.

The GWQI was calculated to quantify overall water quality and validate the resulting groundwater
pollution risk map. Using a geographic information system, the study area's water quality
parameters (GIS) were mapped. The quality of drinking water was classified as excellent (12%),

good (69%) or poor (19%) in the study. Some characteristics of water quality are strongly
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correlated with the contamination risk index. The nearshore aquifer of the Cape Flats watershed is
generally good. Exceeding the drinking water standards (WHO and SA Drinking Water Standards)
indicates contaminants from both anthropogenic and natural sources. The highest concentration
zone is in the northern part of the study area. The findings of this study are in line with previous
research warnings of groundwater contamination. GIS mapping of groundwater quality
parameters was well matched with laboratory data. The results of the integration of the
groundwater vulnerability assessment method provided additional information. There was a strong
and significant relationship between water quality and contamination risk in Cape Flats. These
were electrical conductivity, chloride, and nitrate. Therefore, the study recommends more
monitoring and improvement plans to protect groundwater quality. The study found that spatial

modelling can be used to determine how land use and climate change affect groundwater resources.

8.2. Unanswered Questions/surprising Results/
Recommendations

The findings of this study may help to assess the risk of groundwater contamination in urban
coastal aquifers. Data can also be used to revise management systems to help water resource
managers restore this depleted resource. The modified DRASTIC model, combined with a GIS-
based method, is the main innovation for vulnerability mapping. The study uses an AHP to
determine the weighting value for each hydrogeological parameter. GIS tools were used to
compare water quality (GWQI map) and the DRASTIC index. Locally, the vulnerability map and
water nitrate levels were linked. The results of the DRASTIC method can be applied to the
development of aquifer protection and management plans. If this scenario proves true, the local
agencies responsible for managing groundwater resources will save both time and money. The
GIS-based model was also successful in assessing the hydrology of the Cape Flats watershed.
Long-term, this would improve decision-making and increase water production in the metropolitan
area of Cape Town. The study shows the value of AHP as a spatial decision support tool for future
groundwater vulnerability assessments. To assess groundwater quality, the study applied
hydrogeologic concepts and parameters. The use of GIS-based analytical tools can help improve
urban groundwater security by assessing climate-related impacts at the local level. Using

integrated models as an analytical framework for regional climate change modelling is a good idea
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to demonstrate its effectiveness. The thesis identifies important research areas to improve water
resource protection, management, and adaptability. This work presents a simple and efficient
model for analysing large amounts of spatial data. The findings of this study will help local
officials and decision makers maintain a regulated groundwater management system in the Cape
Flats watershed. In addition, municipal officials could use the findings of the study to develop
effective water quality monitoring measures. The study found that the Cape Flats basin is sensitive

to both climate and human activity.

The nitrate concentration correlated with the DRASTIC vulnerability index. So the modified
DRASTIC method may be more reliable. Including land use in the vulnerability map identifies
areas at risk of groundwater contamination. We developed a new method to predict how hydrologic
processes and water quality will affect future-land.-use and climate. To determine intervention
priorities and long-term adaptation strategies, assessing potential impacts of land use and climate
change on groundwater resourcesis- critical. Anthropogenic-and climate change pressures on
coastal aquifers are studied. It aims to make coastal aquifer vulnerability easier to grasp. A spatially
resolved methodology can identify coastal groundwater-numan interactions. Researchers used
scientific knowledge in land use planning and climate change adaptation policies. Local climate
change impact assessment is required. Water resources and land use planning should consider
future land use and climate change scenarios to protect coastal aquifers. GIS and remote sensing
aid in understanding coastal groundwater contamination risks. A validation study of DRASTIC
parameters and groundwater protection zone mapping is needed. Finally, this research is original,

and all sources used or quoted are cited.

The findings of this study will add to existing knowledge about the Cape Flats watershed and will
have a significant impact on water resource management in similar watersheds around the world.
In data-poor watersheds with highly variable precipitation, the Waterld model's results support
water resource management efforts and provide an evaluation of physically based hydrologic

models.
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Appendix B: Depth to Water Level

Constant Discharge Pumping ‘Test Data Sheet
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DC183 -33.90176 18.64389 22 21
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DC176 -33.92 18.56 7 1
DC180 -33.95 18.67 26 %
DC178 -33.91 18.53 1 2
DC237 -33.91222 18.51191 19 16
DC239 -33.87471 18.56143 10 2
DC276 -33.9675 18.59806 18 1
DC185 -33.93 18.7 19 17 -
Bell well -33.90202 18.6432 0 7 8
UWC 3 -33.93327 18.6219 0 4
Hosp 1 -31.04878 18.563105 0 5
Hosp 2 -34.02547 18.62012 0 0
Hosp 3 -34.02547 18.61596 0 0
Westridge 1 -34.05436 18.60401 0 7
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Appendix C: The average annual rainfall at the Cape

Town International Airport meteorological stations for the
period 1979 to 2018

Year JAN FEM AP M JU JU AU SE O N DE P(mm/
B AR R AY N L G P CT O C \vyean
v
1979 17.9 36 6.6 92 63. 76. 45 40. 27. 80. 2.1 24 408
1 4 9 3 4 8
1980 12.7 15. 06 52. 113 75. 29. 39. 23. 21. 62. 29 477
9 3 4 9 6 6 7 2 7
1981 58.9 03 41. 52. 13. 58. 168 66. 87. 97 14. 12. 585
3 5 8 3. 6 8 8 7 5
1982 6 12. 44, .42 65589l 12. 29 27. 27. 418
2 ety 7 8
1983 10.7 48. 38. 7.8 95165 59. 34 43. 11. 35 75 528
8 6 DTN TORRTIRTIONT 6 5
1984 14 55 31. 22, 133 45. 48. 30. 8. 80 22 70. 571
o 4l B 1B I8 7 LIl o 5
1985 25.4 14, 72. 49. 44 110 132 69. 33. 57 29 94 569
2 5 bk dinasdees e el
1986 11.4 79 37. 31 ’52.0.130 ‘100" 11629. 37. 20. 8.3 584
5 afemigeassgigneiiied 5 5
1987 14.6 18. 14. 36. 121 114 139 ‘103 41. 12. 10 25. 651
3 2 7 1 4 3 7 6 4
1988 0.7 0 33 40. 60. 46. 95 77. 40. 20. 19 7.7 426
4 8 5 3 5 2 7 9
1989 4.7 19. 57. 65. 89. 56. 120 99. 91 47. 29. 3 685
9 7 9 6 2 6 1 7 5
1990 14 31. 0.7 142 69. 110 124 43. 27. 35 18. 18. 603
2 1 2 1 3 8 5 2 8
1991 5.8 10. 10. 25. 89. 151 167 31. 72. 48. 11. 75 632
9 6 4 9 4 6 1 5 3 2
1993 4.7 38 38 178 136 78. 142 63. 91 3.8 23 29. 691
9 9 5 5 2 4
1994 146 07 36 35 39. 229 68. 30. 39. 14. 7.9 34 488
5 4 9 9 5 1
1995 9.9 1 58 17. 68 109 96. 75. 19. 88. 23. 34. 550
9 8 7 1 7 9 1 5
1996 2.2 34. 26. 33 55 131 85 106 100 69. 34 28. 707
7 5 3 4 5 4 2 3
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1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017
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9.7

1.2
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0.5
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Mean P

(mm/mo

nth)

11.8

11. 17.

Appendix D: Temperature data at Cape Town International

Airport meteorological stations for the period 1979 to

2018

CLS_Disclosure.pdf

JAN FEB MAR APR MAY JUN JUL AUG' SEP 'OCT NOV DEC Total Meanannual
T(deg.C)
268 265 24 231 20.7 189 178 184 187 202 242 262 2655 221
26.4 2577 264 225 193 185 199 197 199 22 226 245 2674 223
251 274 254 233 218 17.6 165 17 193 234 236 258 266.2 222
2545 255 246 219 207 175 175 178 211 224 224 235 26035 21.7
258 246 245 244 193 173 ‘18 185 176 219 228 249 2596 216
269 27 265 241 197 192 185 182 193 206 245 233 2678 223
262 263 241 221 21 189 174 196 194 218 266 249 2683 224
263 268 244 23 212 187 176 185 204 215 231 255 267 22.3
247 25 249 227 215 192 183 189 194 216 222 24 262.4 21.9
248 273 25 22 214 186 17.1 188 196 204 24 259 2649 221
27 272 244 231 201 18 175 184 18.8 19.7 231 244 2617 218
258 26.7 257 22 205 164 16.2 176 19.6 209 227 252 2593 21.6
249 25 267 237 222 184 17.1 166 187 205 22 245 2603 21.7
26.7 263 262 214 186 17.7 183 186 19.6 222 247 257 266 22.2
269 28 259 243 193 172 175 181 197 226 235 262 269.2 224
268 278 27 224 209 182 157 173 194 205 237 264 2661 222
274 269 247 247 213 185 16.7 172 173 199 20.7 242 2595 21.6
264 26 251 224 215 16.6 188 175 223 241 232 254 2693 224
26,1 289 255 238 202 181 173 19 19.3 222 232 261 269.7 225
269 276 279 244 208 203 181 194 183 236 244 288 2805 234
284 275 26 241 212 203 179 19 18.7 225 247 244 2747 229
263 28 256 226 206 181 17.9 17 189 218 246 259 2673 223
254 283 269 235 196 165 16.8 188 213 212 227 266 2676 223
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265 273 257 243 212 195 18 168 189 231 247 244 2704 225
276 273 245 228 213 19.2 187 177 20.7 214 246 265 2723 227
273 272 263 233 192 172 19.7 159 195 218 246 25 267 22.3
2717 277 254 228 199 201 169 177 209 224 246 25 271.1 226
28.2 264 265 24 211 178 176 177 198 233 222 263 2709 226
265 266 266 241 214 1/.7 16.7 183 181 22 23.2 25,5 266.7 2272
262 281 269 24 203 18.6 19.7 187 191 23 241 249 2736 2238
26.7 275 268 23 198 186 182 193 20 21.8 23.6 269 2722 227
278 286 268 234 203 17.7 19.1 19 19.2 218 223 243 2703 225
283 26.7 261 23 195 179 173 164 19 211 237 274 2664 222
265 264 262 232 211 176 182 175 173 211 237 27 265.8 222
27 282 24 255 202 18 173 192 202 25 243 258 2747 229
275 263 269 239 211 171 165 184 21 232 245 27 2734 228
29.7 276 256 236 208 182 18 20 20 231 251 265 2782 232
26.7 278 266 266 224 17.7 183 181 212 221 241 265 2781 232
277 279 251 237 214 186 203 173 188 257 248 26 277.3 231
26.7 270 257 234 206 182178 18.2. .19.5-22.0 237 256 224

Appendix E: Mean monthly observed and simulated

temperature at Cape Town based WaterWorld model

month  Max_1950-2000 Mean._.1950-2000 Max . 2041-2060 Mean_ 2041-2060
JAN 24 21 28 24
FEB 25 22 28 24
MAR 23 20 27 23
APR 20 17 23 20
MAY 20 17 20 16
JUN 14 12 17 14
JUL 13 11 16 13
AUG 14 12 18 14
SEP 16 14 20 16
OCT 19 16 23 19
NOV 21 19 25 21
DEC 23 20 27 23
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Water quality

Appendix F: Water Quality Data '#berater data-pdf

Tel  {021) 853-1460

LDEMLAQD gsanas BRI A ERE

WL Deimiah. 0023 =ru E-Pos admini@bemlab.co.za
=
Deel van (R Benare Poshus 534
Somerset Mall, Vat Reg Mo. 4200181414
7437

Report Nr.: WTO0EIID_a DOC jsungement to Test Repod Mo WIDOSI 32000
Danica Camow Date received:  27-05-2016
University of Westem Cape

Sampled by client

Water Analyses Report
Irrigation evaluation
Tngm TGE] pH BBl Na [ R | 2| Mo Te] O Lot o.] B | n | Da=
LN {@ 2] mbim | mon g/ L moh {mgh | mi/t ] mgh |mgn| mgh | mgh | mgh | mgh | tested |
[ 632 T4 aza 1013 169 &7 104 09 128.0 2350 &9 004 <0.0 Unknown E . ;
EK5 G340 69 2952 10651 174 &27 a4 0941210 27200 &6 D0d <0.03 Unknown | 343 4 04  JC3-51 10.5
EL1 a4 74 5.0 ed 734 529 184 0.9 150.0 2910 43 0.0d <0.0F Unknown | 24.9 f2  JC3-s1 108
EK19 6343 73 108.3 1194 134 723 1794 0.4 121.0 2410 81 004 <0.04 Unknown | 30.3 oo o3 10.8
FiEY2 634y T4 102.3 850 107 203 151 01 1120 3087 5 013 <00y Unknown| 37.0 33 03 [C3-31 107
Lentegeur GO0138 | 6344 74 2225 279 24 1323 207 0.4 4850 4710y 54 014 <0.0fUnknown | B0.4 8§ 06 |C3-52 10.3
UWC 3B Gy 78 50.0 164 20 509" 53 .09 250 2000 2 =008 =00YUnknown | 1804 07 04 JC2-51 10.8
Additional Sample 1] 6248 7.3 a1.0 964 74 599 164 09 1320 2820 47 <004 <00y Unknown | 324 34 00 JC3-31 111
LUWC 34 6347 T4 28.5 7 13 451 18 0.9 13.0 15400 14 <008 <0.03 Unknown] 8.4 03 03 G251 11.8
Mom 5580] 700 70.0 1.5 | 1000 150.0 1.00 | 10,00 0.50.5
Method nr. 3136 3135 3132 | 3132] 3132 | 3132 ] 3132] 3138 3132|3132 | 3132

See analyses inferpretation for assistance with interpreting the report and relevance of each analyses.

The classification of the water has the following meaning:
C2: Medium salinity water - Can be used for imigation if a moderate amount of leaching is allowed.
C3: High salinity water - Cannot be used on soils with restricted drainage. Crops with good salt tolerance should be selected.
51: Low sodumm water - Can be used for imigation on almost all sols with litle
52: Medium sodium water - WIprEeﬂanappmaHesnﬁmhazam|nﬁnetext|redsu}5unlessm'psumrspresenlmihesal
Comments:
With sodium concentrations greater tham 200 mgf severe problems with sodium foxicity is expected. The water is not switable for imgation.
With chloride concentrations greater than 150 mg problems could be expected with chlorine toxcity on pome and stone frit. Better results could be oblained with fruit trees such as figs and
concentrations.

olives which can tolerate higher
‘With chloride concentrations greater than 200 mg severe problems with Cl toxicity is expected. The waber is not suitable for imigation.
Langelier index:
WAT2.17.48.2: 3T_adoc Hierdls laboratorum nesm desl zan die Agrilasa gehalte sn 5485 water tosts skema Bladsy 1van 2

http://etd?a%vc.ac.za/



Appendix G: Lithological Units
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Geological logs

Borehole labels
1. Bellville well
2. UWC3
3. UWC TH1
4. Lenteguer Well 1

S. Lenteguer well 2
6. Lenteguer well 3
7. Westridge well
8. Phullipi well 1

9 Phillipi well 2
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Scale 1 : 100
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Appendix H: Land cover (Cape Town for verification)
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Appendix I: Soil Data
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Appendix K: Cape Flats Seawater Infiltration Monthly

Flux Alteration
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