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EXECUTIVE SUMMARY

The escalation of wastewater discharge into river bodies, fuelled by lifestyle changes, poses a substantial
threat to human health and aquatic life. This surge in contamination is further exacerbated by the emergence
of new contaminants, with antibiotics being particularly noteworthy among them. Antibiotics are a class of
pharmaceutical agents designed for specific health conditions. They are typically prescribed for a limited
duration and in specific doses. However, studies reveal that the human body metabolises only a fraction of
ingested antibiotics, while the rest is excreted as waste. These remnants enter wastewater treatment plants
through sewer systems and stormwater runoff. The effluent from these treatment plants is then discharged
into receiving water bodies, contributing to widespread contamination. While substantial antibiotic doses offer
health benefits over a short period, the continuous intake of smaller amounts can compromise the immune
system. This becomes particularly significant in South Africa, where a considerable portion of the population
faces compromised immune systems.

To address these concerns, it becomes imperative to investigate the fate of antibiotics in water channels and
prevent their entry into water supply systems. However, existing water quality models face limitations due to
their site-specific nature, operational complexity, and the demand for high-level skills and extensive datasets.
These constraints hinder their application in regions with limited data, including many developing countries like
South Africa. In response to these challenges, this project endeavours to develop a user-friendly and flexible
water quality model explicitly tailored to simulate the movement of antibiotics along water channels. The
envisioned model aims to overcome the limitations of current models and ensure adaptability to South African
rivers. By doing so, it aspires to offer a valuable tool for effectively mitigating the entry of antibiotics into water
supply systems.

AIMS

The following were the aims of the project:
1. To Identify sources and types of antibiotics within the Msunduzi Catchment
To quantify the extent of antibiotic pollution in the study area
To understand the fate and transport of antibiotics in surface water systems
To investigate the presence of antibiotics in wastewater treatment plants
To identify areas or hot spots of high antibiotic discharge into municipal wastewater
To develop a user-friendly, cost-effective, and time-efficient water quality model to predict the fate of
antibiotics in water systems for effective water treatment and efficient water quality management
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METHODOLOGY

The primary research approach for this study comprises scientific experimentation, testing, and modelling,
including sample collection for data generation and quantitative analysis of dependent and independent
variables for training and validating the proposed model. A literature review supported the primary research
method, guiding the selection process of sampling, testing, and experimentation to create a model capable of
tracing and detecting emerging contaminants (ECs), particularly antibiotics, in water bodies. The research
methodology is detailed as follows:

Literature Review

The review analysed previous research on the fate and transport of ECs in water bodies. Subsequently, it
explored the activities within and around the Msunduzi River catchment. The modelling processes and
techniques essential for achieving the research aim were also investigated as a foundation for developing a
model for tracing and simulating ECs in water bodies. A detailed review of the Water Quality Simulation and
Assessment Model (WQSAM) was done to assess the performance of the proposed model. Additionally, the




INWARD tool for GIS/RS application in the study was explored to understand existing models better, identify
their strengths, and pinpoint limitations.

Field Investigation and Experimental Procedure

The study area was identified and subdivided into grid cells using hydrological tools, with a digital elevation
model providing detailed support for the model. Image classification utilised a Maximum Likelihood Algorithm
(MLA), classified Land Use Land Cover (LULC) types, creating a LULC map. An experimental procedure was
developed to explore the fate and transport of Emerging contaminants.

Sampling

Water samples were collected from 16 selected points along the Msunduzi River. All specimens were collected
in sterile containers, stored in Styrofoam boxes with ice, and transported to laboratories for analysis. Sampling
occurred over 12 to 18 months to capture variations in pollutant concentrations during the hydrological year,
considering both dry and rainy seasons.

Sample Analyses

On-site tests included electrical conductivity, pH, and temperature, while pollutant concentrations were
measured using appropriate methods and instruments. The physicochemical analysis included tests such as
dissolved oxygen, TSS, turbidity, nitrates, and phosphorus. Antibiotic residues were quantified using solid-
phase extraction (SPE) and analysed through liquid chromatography (LC-MS).

Motivation for Proposed Model Development

Several mechanisms lead to antibiotic degradation in the environment. Its behaviour depends on its interaction
with environmental conditions, and its exit rate from the environment is far less than the entry rate (Ben et al.,
2019; Chang et al., 2015; Van Boeckel, 2015; Kimmerer, 2009). Antibiotics remain in the water because
standard wastewater treatment plants are not designed to remove these chemicals either in their natural state
or metabolised form (Zhao et al., 2017; Cruzeiro et al., 2016; Ribeiro et al., 2015; Kolpin et al., 2002). Ribeiro
et al. (2015) stated that routine chlorination of wastewater might transform specific pharmaceuticals
(antibiotics) into more toxic compounds. Globally, no set regulations or standard experimental procedures exist
for monitoring or analysing antibiotics or their residues in the environment (Polianciuc, 2020). While much
research has focused primarily on the presence and concentration of antibiotics in WWTPs, surface water,
and the environment, the factors that govern their fate and transport are unknown. Thus, the study of the
hydrodynamics and in-stream pollutant transport processes cannot be ignored. Several water quality models
have been developed to solve water quality challenges and validate water quality management decisions.
However, with ECs, no specific universal model can be used considering varying climatic, geographic, and
anthropogenic conditions (Li et al., 2014; Mamun and Saleh, 2014; Liu et al., 2011). The most frequently used
water quality models are based on robust algorithms (Borah and Bera, 2004: 2003), making them cumbersome
and site-specific, requiring extensive data sets and high-level operational skills. Thus, their use is limited in
regions other than those in which they were developed (Li et al., 2014; Ongley et al., 2010). Moreover, available
models are reasonably challenging to use in areas with limited data sets, as in most developing countries,
including South Africa.

RESULTS AND DISCUSSION

Field- and laboratory experiments showed antibiotic residues and antimicrobial resistance genes in the
Msunduzi River and wastewater treatment plants, including their effluents. The project team formulated a
mathematical mass balance equation to develop a model to simulate the fate and transport of antibiotics in the
River. Utilising the differential equation described in Brown and Barnwell(1987), the model considers steady-




state and varying flow conditions. The Python programming language was used to code and develop the front
and back end of the Water Quality Modelling Tool.

CONCLUSIONS

Antibiotic residues and antimicrobial resistance genes were found in the Msunduzi River, in wastewater
treatment plants and their effluents. A mathematical model is developed to simulate the fate and transport of
antibiotics in the River. The significance of the developed model lies in its process-based nature, a distinctive
feature that sets it apart from other water quality assessment tools. Unlike many traditional models that demand
extensive datasets for operation, this process-based model is designed to be more economical in its data
requirements. This characteristic not only streamlines its usage but also makes it highly adaptable to scenarios
where comprehensive data may be scarce, a common challenge in the context of many developing regions.
The operational aspect of the model is marked by its user-friendly interface. The user interface, constructed
using Python programming, ensures that water quality managers and professionals with varying technical skills
can interact with the tool effortlessly. However, the ease of operation does not compromise the model's
reliability, the integrity of the output, or the accuracy and robustness required for effective water quality
assessment. The urgency of addressing the presence of antibiotics in river systems cannot be overstated,
particularly in the context of their role as contributors to antimicrobial resistance. The model becomes an
essential component in the proactive management of water quality by providing a means to assess and predict
the fate of antibiotics in river systems. The potential impacts of antibiotic residues on human and environmental
health underscore the critical need for tools that enable decision-makers to understand and mitigate these
risks. Therefore, the model becomes a valuable asset for those responsible for safeguarding water resources
and ensuring safe and uncontaminated water for communal use. The developed mathematical model
represents a technical and proactive response to a pressing environmental and public health concern. Its
process-based approach, user-friendly interface, and focus on antibiotic contamination make it an
indispensable tool for water quality managers and professionals providing safe water for communal use.

RECOMMENDATIONS

While this project has made significant strides in understanding the dynamics of water quality variations in the
Msunduzi River, particularly concerning antibiotics, there are avenues for further studies that could enhance
the depth of knowledge in this area. Recommendations for future research include the following:

= Model Validation

= Efficiency of Wastewater Treatment Technologies
=  Multi-Temporal Studies

=  Genomic Analysis

= Additional Emerging Contaminants

= Human Health Impact Assessment

=  Community Engagement and Education

= Policy and Regulatory Assessment

By addressing these recommendations, future studies can contribute to the ongoing efforts to manage
emerging contaminants in water bodies, ensuring sustainable and safe water resources for both human and
environmental well-being.




ACKNOWLEDGEMENTS

The project team wishes to thank the following people for their contributions to the project.

Reference Group

Affiliation

Dr Eunice Ubomba-Jaswa

Water Research Commission (Chairperson)

Ms Penny Jaca

Water Research Commission (Project Administrator)

Prof Babatunde F. Bakare

Mangosuthu University of Technology

Dr Tendai Sawunyama

IUCMA

Mr Marcus Selepe

IUCMA

Prof Abel Ramoelo

University of Pretoria

vi




CONTENTS

EXECUTIVE SUMMNARY ......ooiiicitieirsirerisssssesssssssesssssssesssssssssssssssesssssssssssssssssssssnsesssssnnesssssnnesssssnnesssssnnesssssnnens iiii
ACKNOWLEDGEMENTS .......iiiiiitirininrerisssre s sssss e s ssssss s s ssssss e s ssssss s s assns s sasssns s sasssnsesassnnsesassnnessassnnnssasannessasan Vi
L0 0 1V I O 1 vii
I 0 0 T € 0] X
LI 0 T Y = I Xi
ACRONYMS & ABBREVIATIONS ...... .ot ssssr s s s sssss s s s s s s s s s s e ms e e s snn s sassnn e sassnnnenans xii
DEFINITION OF SYMBOLS AND ABBREVIATIONS FOR THE MODEL........ccccccecemirseerrnseeessssmeesssssmeens xiii
CHAPTER 1: INTRODUCTION ...ttt iss s ssssss s s ssss s ss s s s s sss s s s ssn e e s ssme e s sane s e s s smme s e s snnassssnnass 1
1.1 BACKGROUND .....uuiiiiiiiiie ettt e e ettt e e e tte e e e sta e e e e s taeeeesateeeeesnteeeessntasaesansesaesansasaesansaeeesansenansns 1
1.2 PROUJECT AIMS ...ttt ettt ettt e e ettt e e ettt e e e s te e e e e smte e e e e ambeeeeeambeeeesanteeeesanteeeesanseeaaaas 2
1.3 SCOPE AND LIMITATIONS ...ttt ettt e e ettt e e s st e e e s s e e e sssaeeessnaeeesssaeeesnssaeeeansneeas 3
CHAPTER 2: LITERATURE REVIEW..........ooo it ssss s s e ssn e e mme s s s mnn s 4
2.1 INTRODUGCTION ..ottt ettt ettt e e e et e e e e et e e e e sabeeeeaastaeeeaastaeaeeasteeeeaasteeeeeasseeesasseeesasreeesanses 4
2.2 ANTIBIOTIC CONTAMINANT CONCERNS....... .ot sreee e 4
2.3 GLOBAL OVERVIEW ......iteiie ittt ettt ettt e e et e e s st e e ssae e e e assaeeessseeeesnssaeaeanssaeeeanssaeeeannneeas 5
2.4 ANTIBIOTIC USE IN SOUTH AFRICA ... ..ttt ettt e e et e e e e e eneeas 6

241 Identified antibiotics in the aquatic environment of South Africa ...........oooieiiiii 7
2.5  ANTIBIOTIC DETECTION PROGCESSES ...ttt et et e 7
2.6 ANTIBIOTIC-RESISTANT BACTERIA AND GENES IN WATER SYSTEMS........ccoooiie i, 8
2.7 FATE AND TRANSPORT OF ANTIBIOTICS IN WATER BODIES........ccccotiiiieeiiiee e 8
2.8 WATER QUALITY MODELLING ...ttt ettt e et e e tae e e e estae e e e nntae e e ennteeeeenreeeeeneeas 9

D T T4 F= 1 (= o [U = 11V o (o Yo 1= 9

2.8.2  Water quality systems assessment model (WQSAM) ......cooiiiiiiiiiiiiiiiie e 9

2.8.3 Integrated water resources decision support system (INWARDS)............cooeciiiiieeeeeeeicnnnnenn. 10

2.8.4  Hybrid cells in series model (HCIS) .........ooiiiiiiiiiii e 10

2.8.5 Water quality modelling considering antibiotic resistance ..............evvviiiiiiiiiiiiiiiiiiiieieieieiieees 16
29 LY Y SRR 17

CHAPTER 3: REMOTE SENSING AND Geographic Information Systems APPLICATION IN WATER

QUALITY MONITORING.......coiiieeiiccceeisssnessssssnessssssne s ssssms e s ssssms e s ssssmsessssmsesssssmeeesssaneessssaneessnsnnenssnsnnenssnsnnens 18
3.1 INTRODUGCTION ...eeiiiiitiie ettt ettt e e ettt e e sttt e e e aabe e e e e amteeeeeamtaeeeeamteeeeeamteeeeeanbeeeeeansneeesanseeeaans 18
3.1.1 Pollutant source tracing using remote sensing and GIS.............ccco it 18

3.1.2 Water quality mapping using multispectral and hyperspectral remote sensing.........ccccc......... 19

3.1.2.1 IMAGE rESOIULION ... ..eiiiiiieiee e 19

3.1.2.2. Visible to middle infrared image bands of Landsat multispectral sensors............. 19

3.1.2.3  Satellite SENSOIS. ... et 20

3.1.2.4  Water quality assessment and mapping using Hyperspectral sensors ................ 21

3.1.3 Satellite data processing for water quality assessment............cccccciiiiiiiiiniien 22

3.1.3.1  AMOSPhEriC COITECHION .....cceeiiieeee e e 22

3.1.3.2  Regression @NalYSIS ........c.ueiiiiiiiiiiiiiie et 22




3.2 INVESTIGATING THE SPECTRAL CHARACTERISTICS OF WATER BODIES..........ccoooiiiieeee 22

3.2.1 FieldSpec SpectroradiOmeter ......... oo e e e 23
CHAPTER 4: STUDY AREA, SITE SELECTION AND LAND USE CLASSIFICATION........cccccceevimrrinnnnes 24
4.1 INTRODUGCTION ..oeiiiiitiiiee ittt ettt ettt e e sttt e e e stt e e e e ste e e e e snteeeeesnbaeeeeansseeesanseeeesansaeeesansaneesanseneeans 24
4.2 DESCRIPTION OF STUDY AREA ...ttt ettt ettt e et e e e e st e e e e nbe e e e e nbeeeeenneas 24
4.3 LAND-USE IDENTIFICATION AND CLASSIFICATION.....cciiiiiiee ettt 25

4.3.1 Land-use mapping and Classification..............cooviiiiiiiiiiiiiee e 25
CHAPTER 5: SAMPLE COLLECTION AND LABORATORY ANALYSIS ......ccoocoiierrccmrerrseeesssssneesssnnes 27
5.1 WATER SAMPLING SITE LOCATIONS ...ttt sttt ettt e et e e s snbeeeeennes 27
5.2 SAMPLE COLLECTION ...ttt ettt e e sttt e e e st e e e e st e e e anst e e e s ansseeesensseeeeansseeesannseeesennes 28
5.3 LABORATORY ANALY SIS ... ittt ettt ettt ettt ettt ettt e e sttt e e s sttt e e s sbe e e e sseeeeeansteeeeannnaeeeannneeas 29

5.3.1  Chemicals and REAGENTS ........ccoouiiiiiii e 31

ST TS 1 (o Yo Q=T (U (o] o T PSR 31

ETRC G B T o o] LY = i = Lo (o o S 31

5.3.4  Antibiotic separation and quantification .................coocciiiiii e 32
CHAPTER 6: ANTIBIOTIC RESIDUES IN MSUNDUZI RIVER........cccoiceeriscerersnceeensssmre s s ssmse s sme e ssssnnes 33
6.1 OCCURRENCE AND CONCENTRATION OF DETECTED ANTIBIOTICS.......cccoiiiie e 33
6.2 SPATIAL DISTRIBUTION AND SEASONAL VARIATION OF DETECTED ANTIBIOTICS IN THE

MSUNDUZI RIVER ...ttt ettt ettt ettt e ekttt e e sttt e e sttt e e aanse e e e ansteeeeansseeeesnneeeeeanneneas 35
6.3 ENVIRONMENTAL RISK ASSESSMENT ......utiiiiiiitiie et e sttt siee e e itee e s sstee e s estee e s e nteeesenbeeeeenneas 38
6.4 FATE AND TRANSPORT OF ANTIBIOTICS IN A WASTEWATER TREATMENT PLANT ................ 40

6.4.1  Antibiotic Fate and Impact on Wastewater ... 40
6.5 MATERIALS AND METHODS ... ..ottt ettt e sttt ettt e e e s sttt e e snneeeesnneeeeannneeas 41

6.5.1  Chemicals and REAGENTS ........ccoouiiiiiii e 41

6.5.2 Sample Collection and Preparation ............ccueeiiiii i 41

6.5.2.1 T2 1001 0] (3 0701 | [=Te1 o] o 1SS 41
6.5.2.2  Sample Preparation ............coooiciiiiiiee e a e 43
6.6 ANALYSIS OF RESULTS ... .ottt ittt ettt s ettt e ettt e e s sttt e e e stb e e e e sntaeeessntaeeessnteseesanteeaesanseeenans 43
6.7 ST Y o PSR 46

CHAPTER7: ESTROGENIC ACTIVITY IN RIVER WATER AT SELECTED POINTS OF THE

MSUNDUZI RIVER......cooiiiieiecteeeeete e ssssssessss s e s asssss e s esssss e e esssmn e s e s s smn e e e s s smne e e s smnesassmnenesssmnenassmnesssssnnerssssnnens 47
7.1 INTRODUGCTION ..oeiiiiiiiiiee ettt ettt et e e ettt e e e stte e e e stt e e e e snteeeeesntaeeesansaeeeeanseeeesansseeesansanaesansenanans 47
7.1.1  Sample Collection and ANAIYSIS........couiiiiiiiiiiiiiie e e e a e 47

7.2 ANTIMICROBIAL-RESISTANT GENES........oooiiiiiiiieiiiiee ettt e e st e e e e snsaeeesnneeae s 47
7.2.1  Sample Collection and ANAIYSIS........ccuiiiiiiiiiiiiie e a e a e 47

7211 Estimation of microbial communities. ............cooooiiiiiiiiiiiii, 47

7.2.1.2  Antibiotics susceptibility/resistance testing............ccccvieeiiiiiiiiii e, 48

7.3 ANTIMICROBIAL-RESISTANT GENES........oooiiiitiiieiiiiee ettt ssae e sneee e e snsaeaesnnneeee s 51
CHAPTER 8: MODEL DEVELOPMENT ........cooiiiiirr e ssre s e ms s sms e s sms s s sms e s ssmn s s s smmn s s mnn s 52
8.1 INTRODUGCTION ..ooiiiiiiiee ittt ettt e e ettt e e e sttt e e e ateeeeesnteeeeeantaeeeeansseeeeanseeeesansaeeesansaneesanseneeans 52
8.2 REACTION KINETICS ON SELECTED ANTIBIOTICS .....oiiiiiieeiiee et 52
8.3 MODEL FORMULATION ..ottt ettt ettt ettt s sttt e sttt e e et e e e s st e e sssaeeesssaeeesssseaesnssaeasansnaeeeansnneas 54
8.3.1 Mass balance equation ... 54




8.4 MODELLING OF ANTIBIOTICS ...t s s e 55

8.4.1 Derivation of concentration through the plug flow zone............ccccoiiii i, 56
8.4.2  Derivation of concentration through the first well-mixed zone .........cc.cccooociiieiiii e, 57
8.4.3  Derivation of concentration through the second well-mixed zone .............ccccceoviieiiiniieneennee. 58
8.4.4  MOdel PArameters .....ccoo o 60
S TS I V[ Yo [ =T o] o] o= 11 1] o IS 61
CHAPTER 9: USER INTERFACE FOR DEVELOPED MODEL ........ccccusstminmmininnsnissssss s ssssss e 63
9.1 INTRODUGCTION ...ttt ettt et et e e ettt et e e e eaee e ambe e e ameeeamseeateeeemeeeamseeeseeeamseeeaneeeanneeanes 63
1S Tt I B oo @ o =T -1 (o] o [ SRS 63
9.2 ST o S R 65
CHAPTER 10: CONCLUSIONS & RECOMMENDATIONS ........ccciimminnreninissssssssss s ssss s 66
T0.T  CONCLUSIONS. ...ttt ettt ettt et et e eaee e e mee e e te e e amteeeneeaaseeeemteeeaneeeamseeanseeeanseeanseeanneeeas 66
10.2  LIMITATIONS OF STUDY ...ttt sttt s ettt s bt sae e e st e st et sab e e sneeennne e 66
10.3  RECOMMENDATIONS ... ittt ettt e e e e e sae e e s beeaaaeeeaneeeabeeeanseeanseeaseeeanseeaaseeanneeess 67
L 0 69
APPENDIX A: REMOTE SENSING AND LANDUSE .........ccocooiiiiminiin s ssss s s ssss s ssss s 95
APPENDIX B: FIELD AND LABORATORY WATER QUALITY RESULTS.........cccccimmnmmmmnnininnsmnrsnssnsnees 99
APPENDIX C: ANTIBIOTIC RESIDUES IN MSUNDUZI RIVER........ccocoioiiirinnenies s ssms e s 114
APPENDIX D: ESTROGENIC ACTIVITY IN MSUNDUZI RIVER ......ccccsiiiiiirisrmsrniessss s ssssse e 117
APPENDIX E: MODELLING TOOL .....cccootiiiirinsniisisisssssssssssssssssssssssssssssssss s sssss snsmsssssss ssssssssssssssms snsssssssans 124




LIST OF FIGURES

Figure 2.1 Antibiotics entry into surface water (Monahan et al., 2021). .........cccceceiiiiiiiiieie e 5
Figure 4.1 Location of the study area in KwaZulu-Natal, South Affica..........cccoooeiiiiii 24
Figure 4.2 Land Use Map of the Msunduzi Catchment, KwaZulu-Natal, South Africa...............ccccoeeeieinnins 26
Figure 5.1 Sampling Locations along the Msunduzi River, KwaZulu-Natal, South Africa...........ccccccoecierrnnnn 27
Figure 6.1 Mass extract of the target antibiotics using a mass spectrometer detector.............cccovveeeeeinni. 36
Figure 6.2 Spatial distribution of detected antibiotics along the Msunduzi River from..........ccccccoociiiinnnnn 36
Figure 6.3 Location of Amanzimtoti Wastewater Treatment Plant...............cccovieiiiiiiiiii e 42
Figure 6.4 Amanzimtoti Wastewater Works Process FIow Diagram ..........ccccoooivieiiiiiii i 42
Figure 6.5 Chromatogram for Sample collected at the inlet of the WWTP in Winter .........cc..ccoovviiiiieieennns 43

Figure 7.1 Isolates resistant or susceptible to antibiotics tested irrespective of location of sample collection
(L5 0ot ] 1 [=Tox 1] o) OO PPPRRRN 49

Figure 7.2 Resistance and susceptibility severity (diameter of zone of inhibition, cm) of isolates for
antibiotics irrespective of the location of sample collection (First collection) ...........cccccociiiiiiiiiiiiicieeee e, 49

Figure 7.3 Isolates resistant or susceptible to antibiotics tested irrespective of location of sample collection
(S ITeto aTo Il oto] 1= Tox 1 o] o | IS USRS 50

Figure 7.4 Resistance and susceptibility severity (diameter of zone of inhibition, cm) of isolates for antibiotics

irrespective of the location of sample collection (Second collection) ...........cccvveiiiiiiiiiciie e, 50
Figure 8.1 Model conCeptUAlISAtION ........coiiiiiiii e 54
Figure 9.1 Front face of Antibiotic Modelling 001 .............oeiiiiiiiiie e 63
Figure 9.2 Data INPUL INtEITACE ......cooiiiie e e 64
Figure 9.3 Back-End Database INTErfacCe ...........cooiiiiiiiiiiiiiie ettt e e e e st e e e e e e e e eanes 64
Figure 9.4 GIS integration for Tracing MVEr FOULES ........ccoiuiiiiiiiiii e 65




LIST OF TABLES

Table 2-1 Ten most prescribed antibiotics in South Africa and frequency of prescribing. .........cc.ccooeciviieen... 7
Table 2-2 Summary of Water Quality MOGEIS..........oooiiiiiiii e 11
Table 2-3 Review of environmental antibiotic fate simulation models............cccceiiiiii 14
Table 5-1 Coordinates of sampling sites along the Msunduzi River, South Africa. .........cccccociiiiiiiiiens 28
Table 5-2 Physicochemical characteristics of the Msunduzi River during the sampling. ..........c..ccceccvvveee.... 30
Table 5-3 Targeted antibiotics and their physical and chemical properties. ...........ccccoriiiiiii i 31
Table 5-4 LC-MS parameters and gradient composition used during the quantification of antibiotics. ......... 32

Table 6-1 The concentration of analyzed antibiotics (ng L-1) at each sampling site along the Msunduzi

Table 6-2 Mass detection and separation parameters for the analysis of target analytes. ..................cc.... 37

Table 6-3 Analysis of the levels of antibiotics from this study and earlier investigations reported from other

o0 18] 0114 =T OSSPSR 38
Table 6-4 Risk quotients from the detected concentration of targeted antibiotics in Msunduzi River............ 39
Table 6-5 Results for Samples collected at the inlet of the WWTP in Winter ..............ccceiii, 44
Table 6-6 Results for Samples collected at the inlet of the WWTP in Spring ......cccevveeiiiiiiiiiiiie e, 44
Table 6-7 Results for Samples collected at the Outlet to the Primary Settling Tank/ Inlet to the Aeration

S E=TY 0 IR o) 1 o [ UOPPPPRRN 44
Table 6-8 Results for Samples collected at the Outlet to the Primary Settling Tank/ Inlet to the Aeration

BaSin iN WINTET ... e s s e e s e e e s e e e s n e e e e e e e e e 45
Table 6-9 Results for Samples collected at the WWTP Effluent Point in Winter........................ 45
Table 6-10 Results for Samples collected at the WWTP Effluent Point in Spring...........ccccoovvveiiiiiiciieenen.n. 45
Table 7-1 Diameter of Zone Clearance for Susceptibility Classification ...........cccooeiiiiiiiieee 51

Table 7-2 Pearson correlation between the parameters. 1 indicates a strong or positive correlation, and 0 to

-1 shows a negative or weak correlation between variables. ... 51
Table 7-3 Significance values of the correlation between the parameters............ccccceeeeiviiiiie e, 51
Table 8-1 Antibiotic attenuation PrOCESSES. ... . e e e e e e e eeee e 53
Table 8-2 EQUAtion CONSTANTS ........cciiiiiieiie et e e e e e s e e e e s e et e e e e e e e e s e sannrnneeaaeeas 60
Table 8-3 Reaction constants and calibration parameters. ..o 62

Xi



ACRONYMS & ABBREVIATIONS

ABR Antibacterial Resistance

ACOLITE Atmospheric Correction for OLI ‘Lite’

ADE Advection Dispersion Equation

ADZ Aggregated Dead Zone

AGNPS Agricultural Nonpoint Source Pollution Model

AMG Antimicrobial Resistant Genes

AMR Antimicrobial Resistance

AMZ Aggregated Mixing Zone

ANSWERS Areal Nonpoint Source Watershed Environment Response Simulation Model
ARCHER Airborne Real-Time Cueing Hyperspectral Enhanced Reconnaissance
ASTER Advanced Space-borne Thermal Emission and Reflectance Radiometer
AVIRIS Airborne Visible/Infrared Imaging Spectrometer

CASI Compact Airborne Spectrographic Imager

CDC Center for Disease Control

CHRIS Compact High Resolution Imaging Spectrometer

CIS Cells in Series Model

CzZCs Coastal Zone Colour Scanner

DNs Digital Numbers

DOS Dark Object Subtraction

ECDPC European Centre for Disease Prevention and Control

ECs Emerging Contaminants

EPD-RIV1 One-Dimensional Riverine Hydrodynamic and Water Quality Model

Xii




DEFINITION OF SYMBOLS AND ABBREVIATIONS FOR THE MODEL

Symbols/abbreviations

Definition

A

As

X

t

T1

T2

a
POM
POMs
DOM
DOMs
Kb

Kh

Kp

Kd

Kr

eSS o o o e
Q> gz-3c

SR

2

m

><>: ’Bx

=

2
Q

N

Antibiotic concentration in the water column

Antibiotic concentration in the sediment

Distance/reach

Time

Residence time in the first mixing zone

Residence time in the second mixing zone

Residence time in the plug flow zone

Particulate organic matter in the water column

Particulate organic matter in the sediment
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

Access to safe and clean water is a cornerstone for the survival of ecosystems and human populations.
Unfortunately, contaminated water sources have been identified as significant contributors to severe health
conditions affecting human and aquatic life (Gavrilescu et al., 2015; Deblonde et al., 2011). Factors such as
population dynamics, human migration, socioeconomic development, and lifestyle patterns have led to
increased wastewater generation, introducing a variety of emerging contaminants into water bodies (Murray
et al.,, 2010; Kummerer, 2009; Barcelo and Petrovic, 2007). The escalating pollution of available water
resources due to emerging contaminants is becoming a growing concern. Antibiotics, classified as
pharmaceutical products, have gained attention among these emerging contaminants. Recent global studies,
including investigations in South Africa, have reported the presence of antibiotic residues in water bodies (Ben
et al., 2019; Danner et al., 2019; Chang et al., 2015; Matongo et al., 2015; Agunbiade and Moodley, 2014).
The challenge posed by antibiotics extends beyond their essential role as pharmaceuticals for treating ilinesses
in humans and animals and their contribution to productivity in fish farming. Despite the extensive use of
antibiotics in crop farming since the 1950s, their potential impact on environmental and water contamination
has been underestimated, often attributed to limited data and the perception that the release of antibiotic
residues into the environment from crop farming is minimal (Taylor and Reeder, 2020). As global concerns
about water contamination from emerging contaminants, particularly antibiotics, continue to escalate, it
becomes imperative to recognize and comprehend their presence and impact on effective water quality
management.

Emerging contaminants (ECs) represent diverse substances that emanate from residential, industrial, and
agricultural areas (Phillips et al., 2010; Parrot and Bennie, 2009). Previously, the fate of antibiotics in the
environment received less attention, overshadowed by their perceived benefits (Scheurer et al., 2011; Lindberg
et al., 2007; Fent et al., 2006; Pruden et al., 2006). However, detecting antibiotics in trace concentrations in
water bodies and the alarming rise of drug-resistant bacterial strains have emerged as significant global
concerns (Scheurer et al., 2011; Lindberg et al., 2007). The increasing recognition of antibiotic residues in
water bodies and their potential role in antimicrobial resistance has shifted the narrative, prompting a re-
evaluation of the environmental impact of these pharmaceuticals.

The health benefits of antibiotics are evident when administered in prescribed doses for short durations.
However, prolonged exposure to small quantities, whether through water or other mediums, leads to antibiotic
resistance and compromises the immune systems of consumers (Fouhse et al., 2019; Yang et al., 2017; Truter,
2015; Figueira et al., 2011; Essack, 2006). Antibiotics enter the aquatic environment through multiple pathways
(Manzetti and Ghisi, 2014; Phillips et al., 2010; Parrot and Bennie, 2009). Notably, human and animal waste
contributes to this contamination due to the irrational and excessive use of antibiotics in treating bacterial
infections in humans and livestock. This practice results in significant antibiotic residues entering the
environment (Ben et al., 2019; Hanna et al., 2018; Truter, 2015). When antibiotics are ingested by humans or
livestock, a considerable portion (40 to 90%) of the dose remains unmetabolized and excreted in their active
form. This excretion enters sewer lines and wastewater systems, creating a pathway for antibiotic residues
into water channels (Polianciuc, 2020). The runoff from livestock farming and agricultural lands further
contributes to the transport of antibiotic residues into water bodies (Danner et al., 2019; Benotti et al., 2009;
Cooney, 2009). Another identified pathway is the improper and indiscriminate disposal of unused medicinal
products into sewer and sewage systems (Sharma et al., 2016; Fick et al., 2015; Rizzo et al., 2013; Figueira
et al., 2011). This intricate network of pathways emphasises the complexity of antibiotic entry into aquatic
systems, necessitating comprehensive studies and effective management strategies to address this
environmental concern.




Despite various wastewater treatment methods, the identification of substantial antibiotic concentrations in
wastewater effluents suggests that conventional wastewater treatment plants (WWTPs) may not be efficient
enough to eliminate antibiotics from the wastewater. Li et al. (2008) found elevated concentrations of
Oxytetracycline, reaching 484 ug/L, more than 20 km downstream from a WWTP in the Xiao River, China. The
study involved sampling raw wastewater, WWTP effluents, and Xiao River samples at four sites along the river
for three consecutive days over two years, all during the non-rainy season (Li et al., 2008). Rodriguez-Mozaz
et al. (2015) detected over 13 ug/L of Ciprofloxacin in hospital effluents near the Ter River in Spain, revealing
mean influent antibiotic concentrations of 670 ug/d/inhabitant and a mean effluent concentration of 175
pg/d/inhabitant. Antibiotics in water sources were also identified in rivers in the USA by Gibs et al. (2013) and
Karthikeyan and Meye (2006). Other countries where antibiotic residues in rivers have been observed include
Japan (Murata et al., 2011), Australia (Bruce et al., 2010), and several European countries (Ostman et al.,
2017; Boéckelmann et al., 2009). Furthermore, antibiotic contamination has been detected in various African
countries, including Kenya (Madikizela et al., 2017; K'oreje et al., 2016), Nigeria (Olarinmoye et al., 2016),
Tunisia (Moslah et al., 2018; Tahrani et al., 2016), and South Africa (Matongo et al., 2015; Agunbiade and
Moodley, 2014, 2016). These findings underscore the widespread occurrence of antibiotic residues in water
bodies globally, signalling a pressing environmental and public health concern.

Van Boeckel et al. (2015) estimated global antibiotic consumption, reporting 63,151 tons in 2010. They
projected a 67% increase in antibiotic use by 2030, emphasising that, for some BRICS countries, the
consumption rate could more than double (Van Boeckel et al., 2015; Pruden et al., 2013; Kinsella et al., 2009).
According to the November 2018 report from the National Department of Health on Surveillance for
Antimicrobial Resistance and Consumption of Antibiotics in South Africa, the 2015 estimate of antibiotic usage
in South Africa was 21,149 standard units per 1000/population. This figure is notably higher than many other
countries globally, indicating extensive antibiotic use (Leopold et al., 2014). These statistics are alarming
considering the potential implications of high volumes of unmetabolized antibiotics re-entering the water supply
system. This reintroduction poses significant risks, including the evolution and proliferation of drug-resistant
bacterial strains, compromised immune systems, and associated health implications, as the World Health
Organization emphasised in 2006 (WHO 2006). This situation, therefore, requires the development of a
suitable model for tracing the presence of antibiotic residues in rivers and the water environment in general.

Mathematical models are relation estimators that describe the response of a receiving water body to input
loads or variables with an anticipated water quality output (Teodosiu et al., 2009). The complexity of water
quality modelling comes from the inability to represent the river processes, reactions, and system dynamics
through the flow and input elements. Since flow drives water quality, water quality models rely on flow estimates
from hydrological and systems models (Slaughter, 2018). However, complexities arise with the number of
parameters, variables, modelling techniques, and input data. Hence, the more complex the model, the more
complex and costlier its application for any given purpose, overwhelming water resource management and
monitoring. Water quality managers would require a model that is easy to manoeuvre without tedious data or
manipulation requirements and without compromising output efficiency and accuracy. Various water quality
models and water resources management tools have been developed worldwide, especially in developed
countries. Sometimes, they use specific default values of rate constants that may not be compatible with other
regions. Hence, the models developed are for specific purposes, applicable to particular environments, and
are modified when required for other scenarios.

1.2 PROJECT AIMS

The primary aim of this research is to investigate the fate and transport of antibiotics in surface water systems.
The project seeks to develop a water quality modelling tool capable of predicting the fate of antibiotics in river
systems. This tool is envisioned to enhance water treatment strategies, ultimately leading to more efficient
water quality management. The overarching goal is to advance the understanding of the behaviour of
antibiotics in surface water, with the ultimate aim of developing a practical tool that contributes to effective
water treatment and quality control measures.




The specific objectives of the project include:
1. To Identify sources and types of antibiotics within the Msunduzi Catchment
To quantify the extent of antibiotic contamination in the study area
To understand the fate and transport of antibiotics in surface water systems
To investigate the presence of antibiotics in wastewater treatment plants
To identify areas or hot spots of high antibiotic discharge into municipal wastewater.
To develop a user-friendly, cost-effective, and time-efficient water quality model to predict the fate of
antibiotics in water systems for effective water treatment and efficient water quality management
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1.3 SCOPE AND LIMITATIONS

This project focused on tracing, monitoring, and modelling emerging contaminants in the Msunduzi River, a
vital water resource in the Midlands of KwaZulu-Natal. The river is a tributary of the uMgeni River with
Coordinates 29°37'14"S 30°40'36"E, and flows through Pietermaritzburg, providing water for domestic,
agricultural, and industrial purposes in the Msunduzi Municipality. In response to a prior study revealing
elevated concentrations of pharmaceutical residues in KwaZulu-Natal Rivers, the project specifically targeted
four prevalent antibiotics to develop an effective monitoring tool. Standard water quality testing and analysis
methods were employed to examine samples collected from various locations along the river. Additional
samples from a wastewater treatment plant were analysed to assess the spatial distribution of antibiotic
residues within the plant and their contribution to source water. Genomic studies were conducted to evaluate
antimicrobial-resistant genes in the water system. However, the project faced challenges, including COVID-
related restrictions and delays caused by floods and riots in KwaZulu-Natal. The extraction of antibiotic
residues and Genomic studies proved time-consuming and very expensive, impacting the depth and number
of analyses required; therefore, the planned metagenomic sequencing could not be completed as intended.
Also, obtaining approval for sample collection from the wastewater treatment plant added further delays,
limiting sampling and testing.

While the developed model achieved its intended objectives, and the current focus on simulating water quality
along the river reach provides valuable insights, it is essential to recognise that its applicability may be limited
in scenarios requiring broader catchment-scale analysis. Although Geographic information system (GIS) was
used in generating the land use map, delineating spatio-temporal variations of Water Quality parameters and
Water quality mapping along the Msunduzi River in this project, future research could explore integrating GIS
in the model at a two-dimensional catchment scale to understand variations within catchments better.




CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The issue of water pollution has persisted for centuries and remains a pressing concern. Natural streams and
rivers are essential global resources contributing significantly to utility and economic growth. Rivers are used
as disposal sinks for municipal and industrial wastes, a practice that has become a significant threat to human
lives and the eco-environment (Ramaswamy et al., 2011; Larsson et al., 2007). Over the past decades, the
intentional or unintentional release of pollutants into rivers has compromised the water quality of many natural
water bodies, rendering them unsafe for consumption and general use (Agunbiade and Moodley, 2014; Pal et
al., 2014; Calderon-Preciado et al., 2011; Wintgens et al., 2008). Aquatic pollution due to antibiotics is rising
and capable of causing adverse environmental and health issues. Emerging pollutants (EP) include
substances not regulated by existing monitoring and release regulations (da Silva et al., 2013). Micro-plastics,
pharmaceuticals and personal care products are among the emerging pollutants that enter the environment
through human activities (Bell et al., 2013). A most pressing concern of EPs is the development of antimicrobial
resistance (AMR) and genes (AMG). This situation has taken centre stage globally, with nations seeking out
possible solutions to curbing AMR, considering that continual exposure to antibiotics may not be intentional
but due to the continuous release of antibiotics into the environment from various sources at concentrations
ranging from several ng L' to hundreds of ug L' annually (Yao et al., 2017; Nodler et al., 2012).

2.2 ANTIBIOTIC CONTAMINANT CONCERNS

Antibiotics are prevalent in many water systems in Africa due to the high prevalence of diseases such as
tuberculosis, pneumonia, and diarrhoea due to compromised immunity occasioned by HIV infection, poor
sanitation, and drug abuse (Faleye et al., 2018). Antibiotics have been used since 1928 with the discovery of
Penicillin by Alexander Fleming, and Penicillin resistance was first reported in 1947 from hospital samples.
Antibiotics are widely used antimicrobial substances that assist the immune system in fighting off harmful
bacteria, thus preventing bacterial infections in humans and livestock when used correctly. According to
research by various authors (Kirchelle 2018, 2019; van Bunnik and Woolhouse, 2017; Klein et al., 2017; van
Boeckel et al., 2014, 2015; World Health Organization (WHO) 2011, 2015, 2017; Allen et al., 2010; Davies
and Davies, 2010;), the global annual production of antibiotics is between 100 000-200 000 tons and is
estimated to exceed 350 000 tons per annum by 2030. For several years, antibiotics have proven to be
effective in treating and improving the lives of humans, while in agriculture, it has sustained the growth and
health of poultry and livestock and promoted an increase in aquaculture (Zhang et al., 2013; Kimmerer,
2009). Globally, however, concerns have been raised in medical circles regarding the growing number of
bacterial infections becoming resistant to antibiotics, which, according to Liu et al. (2019), leads to about
700,000 deaths globally. O’Neill (2014) supports this projection, stating that by 2050, antibiotic-resistant
infections will be the leading cause of death globally.

Antimicrobial resistance to Antibiotics (AMR) occurs when microbes evolve and withstand the effects of
antibiotics through several mutations (Lim et al., 2016; Laxminarayan et al., 2013, 2016), making them toxic
and deadly. According to the Center for Disease Control (CDC), the main drivers of AMR are inappropriate,
indiscriminate, and prolonged ingestion and exposure to antibiotics. This claim does not reflect only human
use but also livestock and aquaculture farming due to the increasing demand for animal protein, leading to
enhanced usage of antibiotics for veterinary use (Chollom et al., 2018). According to Sverdrup et al. (2020),
of 167 000 metric tons of antibiotics produced in 2013, 131 000 metric tons were used for agricultural
purposes globally. Recent studies show that the increasing use of antibiotics in human health and Agri and
aquacultural practice translates to an increasing presence in surface water and other environmental matrices.
Due to several factors, including the excretion of unmetabolised and sometimes parent compounds of
antibiotics being released daily into the environment (Polianciuc, 2020).




In their study, Monahan et al. (2021) put the excretion rate of antibiotics in humans within the range of 8-95%
and 17-90% for livestock. These numbers translate to possible elevated amounts of antibiotics released into
wastewater from residential, commercial, and industrial areas, including hotspots of antibiotic use. The most
important pathway of antibiotic residues into the environment, shown in Fig 2.1. is the sewerage and
wastewater treatment plants. Conventional wastewater treatment plants (WWTP) do not remove antibiotic
residues (Ahmed et al., 2015) ), as they are not traditionally designed to remove pharmaceuticals (Bellotindos
et al., 2015; Gothwal and Shashidhar, 2015). Various research has quantified antibiotics in different matrices
that influence their distribution patterns and influx into surface water. Manure from the agricultural sector and
sludge from WWTP (Martinez-Carballo et al., 2007; Chunhui et al., 2016) used as fertilisers provide a potent
source of antibiotics in surface water through surface runoff (Kimmerer, 2009). Other sources include
Hospital wastewater (Lien et al., 2016; Conte., 2017) and river sediments (Kim et al., 2007) through the
hyporheic exchange process between the riverbed sediments and the overflowing river (Adu, 2021).
Antibiotics enter water bodies as the parent compound or metabolite after partial metabolism and excretion
(Gothwal and Shashidhar, 2015; Masse et al., 2014; Harris et al., 2012). Further, some processes within the
WWTP can revert metabolites to their parent form by increasing their chemical concentration (Jelic et al.,
2011). Sulfamethoxazole, the conjugate of N4-acetyl-sulfamethoxazole, is an antibiotic capable of
retransforming into the original drug in water (Garcia-Galan et al., 2008).
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Figure 2.1 Antibiotics entry into surface water (Monahan et al., 2021).

2.3 GLOBAL OVERVIEW

Several studies (Danner et al., 2019; Mirzaei et al., 2019; Hanamoto et al., 2018; Agunbiade and Moodley,
2016; Matongo et al., 2015a; Richardson and Ternes, 2014) report the presence of antibiotic-resistant
bacteria (ARB) in various water sources and the global challenge associated with antibiotic residues in rivers
as the primary driver of ARB. In a 2018 report, the European Centre for Disease Prevention and Control
(ECDPC) attributed 33 000 annual deaths in the EU to infections arising from ARB (Polianciuc et al., 2020;
ECDPC, 2018). Similarly, CDC (2020) posited that antibiotic resistance is a primary challenge to public health
in the U.S., accounting for more than 35 000 deaths annually. Researchers like Danner et al. (2019), Singh
et al. (2019), and Simatovié and Udikovi¢-Koli¢ (2019) raise concerns about rising cases of ARB in countries
like Ireland, Greece, Germany, Netherlands, Norway, Sweden and Russia (Sverdrup et al., 2020). Zhang et
al. (2012) investigated the presence of 13 antibiotics classified under four family groups of antibiotics
(fluoroquinolones, trimethoprim, sulfonamides and macrolides) from ten river discharges into the Laizhou Bay




in China. The results showed high concentrations in hundreds of ng L' for all antibiotics investigated.
Similarly, Li et al. (2016) examined 15 antibiotics belonging to families of chloramphenicol, sulfonamide,
tetracycline and fluoroquinolone in the Gaogiao mangrove area of China. Using LC-MS, antibiotic
concentrations of 0.15 to 198 ng L' and 0.08 to 849 mg kg' were detected in surface water and sediment
samples, respectively. Wang et al. (2017) detected four dominant antibiotics from the 13 antibiotics traced in
the Honghu lake. The antibiotics identified belong to the tetracycline and sulfonamide family of antibiotics.

Research on the occurrence and fate of antibiotics in African rivers remains limited, and studies conducted so
far reveal concerning findings. K'Oreje et al. (2012) conducted a study detecting antibiotics, namely
Trimethoprim, Sulfamethoxazole, and Metronidazole, in Nairobi River water. The results highlighted the
highest concentrations of contaminants, particularly Sulfamethoxazole and Trimethoprim, ranging between 20-
50 ug L. In a subsequent study by K'Oreje et al. (2016), two urban cities in Kenya were investigated by
screening wastewater, surface water, and groundwater for 43 pharmaceutical products, including antibiotics.
The study revealed elevated levels of antibiotics, including Metronidazole, Sulfamethoxazole, and
Trimethoprim, across all the examined sites. Ngumba et al. (2016) extended the research by analysing surface
water samples along the main rivers and tributaries of the Nairobi River basin. The selected sampling sites
were located near recreational areas, wastewater treatment plants (WWTPs), and informal settlements. The
study targeted antibiotics such as Trimethoprim, Sulfamethoxazole, and Ciprofloxacin. The results indicated
variable levels, with Sulfamethoxazole ranging from <LOQ (Limit of Quantification) to 13 800 ng L-'and a
median concentration of 1800 ng L-'. Trimethoprim values varied from <LOQ to 2650 ng L', with a median of
327 ng L', while Ciprofloxacin ranged from <LOQ to 509 ng L', with a median concentration of 129 ng L-'.
These findings underscore the urgent need for more extensive research and proactive measures to address
antibiotic contamination in African rivers.

Other global studies include Australia (Bruce et al., 2010), Canada (Saunders et al., 2016), China (Tang et
al., 2015, Wang et al., 2019, Zhao et al., 2016), England (Lapworth et al., 2015, Wilkinson et al., 2016),
Germany (Launay et al., 2016), India (Archana et al., 2016), Ireland (Monahan et al., 2021), Japan (Murata
etal., 2011), Kenya (Madikizela et al., 2017), Nigeria (Olarinmoye et al., 2016), Russia (Sverdrup et al., 2020),
Spain (Dahane et al., 2013, Gracia-Lor et al., 2012, Gros et al., 2012, Jelic et al., 2011), Tunisia (Moslah et
al., 2018; Tahrani et al., 2016), Turkey (Aydin et al., 2013), USA (Fairbairn et al., 2016, Ferguson et al., 2013,
Gibs et al., 2013, Maruya et al., 2016, Meador et al., 2016) and other European countries (Ostman et al.,
2017; Boéckelmann et al., 2009). Researchers agree that intentional antibiotic misuse is not ARB's primary
driver. Instead, it is unintentional due to environmental antibiotic contamination. In summary, although
antibiotic residues detected in natural rivers are relatively low, the toxic levels from continuous ingestion are
high enough to drive AMR.

2.4 ANTIBIOTIC USE IN SOUTH AFRICA

Essack et al. (2005) investigated the use and resistance of antibiotics in the KwaZulu-Natal public health
system. The data was drawn from pharmacy records of two tertiary, five district and nine regional public
hospitals. Penicillin was the most used antibiotic, with 371.17 divided daily doses per 1000 patient days,
followed by Sulphamethoxazole and Erythromycin. In follow-up research, Essack et al. (2011) studied
antibiotic consumption in private health facilities in South Africa. The data showed that the antibiotics most
used were broad-spectrum oral penicillin, macrolide, penems, and carbapenems.

Katende-Kyende et al. (2006) conducted a comprehensive investigation into the most frequently prescribed
antibiotics across nine random private healthcare clinics in South Africa, utilizing data collected between
January 1 and December 31, 2001, from a study population of 83,655 patients (see Table 2-1). The findings
revealed that the antibiotics most frequently prescribed belonged to the penicillin family group (38.17%),
followed by sulphonamide (22.49%), antiprotozoals (9.88%), and tetracyclines (9.34%). In a subsequent study
in 2015, Truter (2015) explored the trend of prescribing antimicrobial drugs to patients in community
pharmacies across South Africa. The results indicated that a combination of amoxicillin and clavulanic acid
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(54.69%) was the most frequently prescribed, followed by amoxicillin (18.15%), cefpodoxime (11.4%), and
Cefuroxime (9.10%). Despite the limited available data on antibiotic use in South Africa (Essack et al., 2011),
the literature suggests that penicillin is the most prescribed antibiotic, raising the possibility of its higher
occurrence in the environment. Following penicillin, sulphamethoxazole and erythromycin are also noted as
frequently prescribed. Consequently, the widespread usage of these antibiotics underscores the importance
of monitoring their presence in the aquatic environment.

Table 2-1 Ten most prescribed antibiotics in South Africa and frequency of prescribing.

Rank Prescribed Antibiotics Prescribing frequency
n %

1 Amoxicillin 250mg capsules 17368 23.26
2 Co-trimoxazole 480mg tablets 16261 21.77
3 Doxycycline 100mg capsules 8653 11.59
4 Erythromycin 250mg capsules 6511 8.72
5 Metronidazole 200mg tablets 6226 8.34
6 Co-trimoxazole 240mg/5m{ syrup 5322 713
7 Ampicillin 250mg capsules 4432 5.93
8 Amoxycillin 125mg/5mi syrup 3701 4.96
9 Metronidazole 400mg tablets 3589 4.81
10 Phenoxymethyl penicillin 250mg tablets 2619 3.51
Total 74682 100.00

Source: Katende-Kyende et al. (2006)

2.4.1 Identified antibiotics in the aquatic environment of South Africa

Low- and middle-income countries, including South Africa, account for the global increase in antibiotic use due
to the high incidence of diseases (Ndihokubwayo et al., 2013). Discharges from WWTPs and surface waters
have been investigated to establish the presence of antibiotics in South African waters (Faleye et al., 2019;
Fekadu et al., 2018; Matongo et., 2015a) Agunbiade and Moodley (2016) investigated the occurrence of eight
pharmaceuticals from WWTP discharges, surface water and sediments along the Msunduzi River, KwaZulu-
Natal, South Africa. Of the eight pharmaceuticals, three antibiotic drugs, ciprofloxacin, ampicillin, and nalidixic
acid, were investigated. The authors reported ciprofloxacin concentrations of 27 pg L-"and 14 ug L' in both
influent and effluent from the WWTP but recorded minimal traces in the surface water. Matongo et al. (2015b)
reported a high sulfamethoxazole concentration (59.28 pg/L) in the WWTP influent in Durban. As previously
mentioned, Sulfamethoxazole is among the most ubiquitous antibiotics known to revert to its original active
compound. Kanama et al. (2018) tested influent and effluent samples at WWTPs from two hospitals in the
Northwest Province and reported tetracycline concentrations of 45.38 ug L-' and 3.22 ug L. Other antibiotics,
namely azithromycin, ofloxacin, norfloxacin and erythromycin, have been detected in lower concentrations
(<10 yg L' or 10 ng L-*) in WWTPs in South Africa.

2.5 ANTIBIOTIC DETECTION PROCESSES

Detecting antibiotics in the environment poses a challenge due to their low concentrations (ng L' or ug L),
necessitating sensitive analytical methods (Seifrtova et al., 2009). Given the low analyte concentrations in
samples, a preconcentration step is essential before detection analysis (Hao et al., 2007). Solid-phase
extraction (SPE) has emerged as the preferred technique for aqueous sample matrices, replacing the




traditional liquid-liquid extraction (LLE) due to its improved selectivity, ease of operation, specificity,
reproducibility, shorter sample preparation time, and lower organic solvent consumption (Seifrtova et al., 2009).

Following the preconcentration step, hyphenated chromatography methods are commonly employed. Liquid
chromatography-mass spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS) are
widely accepted methods (Moodley et al., 2016; Richardson and Ternes, 2014; Hernandez et al., 2014). LC-
MS and GC-MS have proven effective for quantifying pharmaceutical compounds, with the choice between
them depending on specific use cases. LC-MS is suitable for analysing polar, non-volatile, and acidic
compounds in aqueous matrices, particularly in simpler matrices like tap water (Diaz-Cruz and Barcelo, 2006).
On the other hand, GC-MS is preferred for quantifying trace compounds in more complex matrices, such as
wastewaters and is limited for non-volatile compounds in the aquatic environment (Hao et al., 2007).

Matongo et al. (2005a, b) successfully used LC-MS to quantify pharmaceuticals in wastewater, demonstrating
its effectiveness. While GC-MS is more cost-effective and readily available, it requires the derivatization of less
volatile compounds, making it more time-consuming and expensive (Moodley et al., 2016; Gumbi et al., 2016).
Therefore, the choice between LC-MS and GC-MS depends on the analytes' specific characteristics and the
sample matrix's complexity.

2.6 ANTIBIOTIC-RESISTANT BACTERIA AND GENES IN WATER SYSTEMS

The global surge in antibiotic resistance and the detection of antimicrobial residues and resistant microbes in
aquatic systems emphasise the need to understand the environmental dynamics of antibiotic resistance
(Burgmann et al., 2018). A significant concern arises from antimicrobial-resistant microorganisms from human
and animal waste (Tong and Wei, 2012; Burgmann et al., 2018). As previously mentioned, antibiotics persist
in human and animal excretion, finding their way into wastewater treatment systems, identified as sources of
pathogens and antimicrobial-resistant genes (AMRGs) (Okoh et al., 2007; Bouki et al., 2013).

Various studies have explored the effects of antibiotics on aquatic microorganism populations and the
biogeographical processes within these communities (Yang et al., 2018). The distribution, adsorption, and
degradation potential have also undergone scrutiny. However, despite the implementation of standard
monitoring and preventive measures to address human exposure to specific antimicrobial-resistant pathogens,
water systems are evolving into primary reservoirs for antibiotics, antimicrobial-resistant bacteria (ARB), and
genes (ARGs) (Biyela et al., 2004).

2.7 FATE AND TRANSPORT OF ANTIBIOTICS IN WATER BODIES

Understanding the behaviour of antibiotics in water bodies is crucial for its effective management. Emerging
contaminants, especially organic ones, often undergo adsorption on sediment particles and various transport
processes. Simulation models serve as valuable tools for predicting the fate and transport of these
contaminants, providing an alternative to expensive and time-consuming field and laboratory measurements.
Numerous studies (Adu and Kumarasamy, 2020; Olowe and Kumarasamy, 2017; 2020; Kumarasamy, 2015;
Kumarasamy et al., 2011; Wang and Chen, 1996; Leij and Dane, 1990; Fischer, 1979; Banks, 1974) have
contributed to the development of pollutant transport models that simulate water quality along rivers while
considering diverse pollutant transport processes. Since Mahloch's work in 1974, models have been
developed to study antibiotic-resistant gene transfer using a mass action term at the bacteria and human level
(Webb et al., 2005; Levin et al., 1979). Researchers have emphasized that emerging contaminants undergo
processes such as sorption, dispersion, and decay, influencing their temporal and spatial concentrations (Lee
et al., 2014; Leij and Dane, 1990; Van Genuchten, 1981). Mathematical models have become essential for
decision support, especially in studying the impact of antibacterial drugs in the aquatic environment (Opatowski
et al.,, 2011), prompting further development of models to simulate emerging contaminants, one of such
emerging contaminants being antibiotics.




2.8 WATER QUALITY MODELLING

2.8.1 Water quality models

Water quality models are essential for investigating and understanding the various processes impacting water
quality and facilitating efficient water quality management scenarios (Beer and Young, 1983; Fischer, 1967;
Taylor, 1953; 1954). However, existing models often focus on steady-state 1-D transport of constituents
governed by advection and dispersion processes (Ogata and Banks, 1961). The Fickian-based Advection
Dispersion Equation (ADE) model is commonly used for conservative pollutants, but practical limitations arise
in natural streams due to the model's limited assumptions (Ghosh et al., 2004, 2008; Ghosh, 2001; Van
Genuchten and Jury, 1987; Chatwin and Allen, 1985; Chatwin, 1980; Fischer et al., 1979; Day and Wood,
1976; Sooky, 1969; Fischer, 1967, 1968; Thackston and Krenkel, 1967). Alternative models, such as the Cells-
in-Series (CIS) model (Wang and Chen, 1996; Young and Wallis, 1993; Beven and Young, 1988; Van Ommen,
1985; Yurtsever, 1983; Stefan and Demetracopoulos, 1981; Beltaos, 1980; Banks, 1974; Bear, 1972) and the
Aggregated Dead Zone (ADZ) model (Beer and Young, 1983), incorporate an advective time delay, providing
an improved simulation of solute transport. However, they come with limitations, including inadequate
simulation of the advection component, particularly for longitudinal dispersion (Ghosh et al., 2004, 2008;
Ghosh, 2001; Rutherford, 1994; Stefan and Demetracopoulos, 1981). The Hybrid Cells in Series (HCIS) model
addresses these limitations by incorporating an advective time delay, providing an improved simulation of
solute transport (Ghosh et al., 2004, 2008; Ghosh, 2001). The HCIS model, conceptualized to simulate
advection and dispersion, closely matches the ADE model under certain conditions. However, when dealing
with non-conservative or reactive pollutants, these models may fail to simulate pollutant transport adequately
(Ghosh et al., 2004, 2008; Ghosh, 2001). For pathogenic pollutant transport and antibacterial resistance,
sorption processes need to be considered in addition to advection and dispersion (Cameron and Klute, 1977).

Simulating nonequilibrium sorption processes alongside advection and dispersion is challenging due to the
complexity of adsorption and desorption processes (Ghosh, 2001; Ghosh et al., 2004, 2008). Although the
numerical solution has limitations, the HCIS model proves valuable for simulating the transport of conservative
solutes in rivers (Ghosh, 2001). Several investigators have formulated equations to describe pollutant
transport, considering first-order exchange between different phases of the flow medium (De Smedt et al.,
2005; Worman et al., 2002; Worman, 1998; Runkel, 1998; Czernuszenko and Rowinski, 1997; Runkel and
Chapra, 1993; Runkel and Broshears, 1991; Bencala et al., 1990; Bencala and Walters, 1983; Nordin and
Troutman, 1980; Hays et al., 1966).

The continual evolution of pollutant loading, interaction, mutations, and dynamics in waterways necessitates
ongoing improvements and developments in water quality management tools. Accurate calibration is essential
for using a model with confidence. Although water quality models have made significant contributions, ongoing
research and model development are imperative to tackle the intricate challenges of pollutant transport,
particularly in unique environments such as South Africa. The subsequent section provides more detailed
descriptions of models specifically developed to accommodate the unique characteristics of South African
rivers.

2.8.2 Water quality systems assessment model (WQSAM)

The Water Quality Systems Assessment Model (WQSAM) is a water quality management tool developed to
address the scarcity of models that adequately simulate the variabilities in South African rivers (Slaughter et
al., 2018). Recognized for its simplicity and suitability for data-scarce regions, WQSAM is particularly beneficial
for managing water quality in large river basins. The model utilizes flows generated from the Water Resources
Yield Model (WRYM) or the Water Resources Modelling Platform (WReMP) for water quality simulations
(Slaughter et al., 2018).




WQSAM is structured with a modular design, facilitating the maintenance and updates of its various modules
within other applications (Slaughter et al., 2012). These modules include the in-stream fate module, baseflow
separation module, point and diffuse source modules, reservoir module, and monthly-daily flow disaggregation
module. The operating system of WQSAM caters to southern African regions, with specific system model
setups in place. However, utilising WQSAM for catchments outside of South Africa necessitates interfacing
with other models that link to internationally applied systems models, such as the Water Evaluation and
Planning (WEAP) model. This adaptability enhances WQSAM's applicability beyond its regional focus.

2.8.3 Integrated water resources decision support system (INWARDS)

Association for Water and Rural Development (AWARD) developed the Integrated Water Resources Decision
Support System (INWARDS) specifically for the Olifants River Catchment (ORC) in response to the pressing
water quality management needs in South Africa. INWARDS is a management and response-orientated tool
equipped with features designed to directly or indirectly influence strategic and operational decisions, providing
crucial support for key management stakeholders (Hugo and Sharon, 2019).

The toolset within INWARDS includes a near real-time water quality system, a decision support software
system for water quality and quantity compliance against benchmarks, and early warning system Support. The
real-time water quality components help users access water quality data for dissolved oxygen, electrical
conductivity, pH, and temperature. INWARDS provides a robust, flexible, and 'user-friendly' platform with good
visualisation options. The water quality interface of INWARDS was developed to support DWA's water
management system (WMS). Therefore, to access WMS, users must connect to the DWS gateway. This
makes remote access a challenge for users. (Hugo and Sharon, 2019). However, this reliance on the DWS
gateway presents a challenge for users' remote access (Hugo and Sharon, 2019).

2.8.4 Hybrid cells in series model (HCIS)

The Hybrid Cells in Series (HCIS) model, initially conceptualised by Ghosh (2001), is a mixing cells-based
model designed to describe pure advection with time delay, incorporating dispersion when assuming thorough
mixing within each cell. Initially developed to simulate the fate and transport of point source conservative
pollutants in streams and rivers, the HCIS model has undergone significant enhancements to broaden its
applicability. Kumarasamy et al. (2013; 2011) expanded the model by incorporating pollutant sorption and
decay processes, while Kumarasamy (2015) included de-oxygenation and reaeration components for
simulating dissolved oxygen. Olowe and Kumarasamy (2017) extended the model's capabilities by integrating
the first-order kinetic equation to simulate nutrients such as ammonia, nitrite, and nitrates. Recent
developments by Adu and Kumarasamy (2020a; 2020b) and Adu (2021) have incorporated non-point source
components, reaction kinetics of pollutants, and a hyporheic exchange module for simulating contaminants
from diffuse sources. These developments highlight the HCIS model's flexibility in adopting different scenarios
and modules for water quality simulations.

The validation of any model is demonstrated in its ability to handle diverse scenarios and water quality
variables. However, existing models face challenges when dealing with patterns of pollutant clouds, especially
antibiotics in water bodies. Predicting in-stream solute flux necessitates a model that balances complexity with
data availability, offering simplicity and ease of interpretation (Schoups et al., 2008). Therefore, there is a need
for a model that effectively monitors Emerging Contaminants (ECs) in South Africa's water bodies, considering
factors like adaptability to developing countries, user-friendliness, cost-effectiveness, and time efficiency.
Table 2.2 presents local and international models, elucidating their descriptions, applications, strengths, and
limitations. Itis crucial to emphasise that the choice of a model should hinge on its capacity to address specified
objectives accurately.
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Table 2-2 Summary of Water Quality Models

Model Description Applications Strengths Limitations References
WQSAM -It is a spatially -Physical and -Itis a simple -Microbial quality
distributed model  chemical water decision support simulations are (Slaughter et
-It is run within quality system tool and restricted to point al., 2012)
the SPATSIM -Eutrophication can be used in sources and catchment ~ (Slaughter et
modelling -Microbial water water resource contribution is not al., 2014)
framework quality management included (Slaughter
-The model uses  -Land use/land -lt uses a modular  -It was developed for 2017)
water quantity cover (non-point structure for South African (Slaughter &
(flow data) from sources) and various water catchments Mantel, 2017)
water quantity nutrient loads quality and -Stratification in (Slaughter et
system models, quantity reservoirs is not al., 2017)
i.e. WRYM or components considered Slaughter &
WReMP -It aggregates -Possibility of carry-over  Mantel, 2018)
-The critical monthly data to of errors from the water
process modelled daily time steps, quantity system models,
include uptake of which closely e.g. WRYM
nutrients by algae mimics water -Simulation of non-
and quality as affected  conservative
macrophytes, by transient parameters such as
decomposition, hydrological nutrients (ammonia and
sedimentation events phosphate) is not
and chemical -Disaggregation of  adequately represented
speciation monthly flows to in the model, especially
-Temperature daily flows under extreme
modelling is eliminates the hydrological events
given much necessity of - The CSTR modelling
consideration as simulating daily approach limits the
the key driver of hydrology in the applicability to
processes model and thus catchments, shallow
affecting water reduces reservoirs and lakes
quality computational run  The current version
-Reservoirs are time does not simulate
modelled as -Suitable for data-  dissolved oxygen, a
completely stirred scarce catchments  critical water-quality
tank reactors and thus suitable parameter.
(CSTR) for use in
developing
countries
- It allows for
coupling L-1inking
with other models
- Ability to
separate flow into
surface flow (quick
flow), interflow and
groundwater flow
components
INWARDS -ltis an IWRM -Integrated suite -lt enables sharing  -Currently a platform for  (Retief and
decision support  for water quantity  of information data sharing and Pollard 2019)
system and quality and across analysis and not for
- It was reservoir departments on a modelling
developed and operations common platform -The real-time
applied for IWRM  monitoring and minimises the  monitoring of data
in Olifants River silo (sectoral) requires the installation
Catchment approach to water  of sensors (as is
management currently done) to
-It helps in real- capture water quality
time monitoring of  data
water quality and -It monitors only four
quantity water quality
-The potential for parameters, i.e. DO,
modification to EC, pH and temperature
use remote-
sensed data
HEC-RAS Solves the one- sediment Modelling non- It cannot simulate (Abed et al.,

model dimensional

transport/mobile

prismatic channels

antibiotics

2021) (Bai et
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Model Description Applications Strengths Limitations References
Saint-Venant bed and flow Implementation of the al., 2022)
unsteady flow computations, fluctuation is model requires the (Fan et al.,
equations for and water possible, and support of expert 2009)
hydrodynamic temperature/water computation time The model's result will
modelling, quality modelling is short. contain an error
applies the one- because it uses a
dimensional numerical/approximation
steady-state and method
solves the
dispersion
equation using
numerical
methods (explicit
method) for water
quality
simulation. The
model requires
hydraulic,
geometric, and
water quality
data.

MIKE-11 MIKE 11 is a Used to simulate MIKE-11 allows Representing the model  (Beck, 1988);
one-dimensional  salinity, pollutant  simulating flow is complex, and (Benedini and
model comprised  decay variability or calibration requires Tsakiris,
of rainfall (phosphorus, unsteady flow detailed 2013);
runoff, ammonia), and conditions, as well  data/information. (Zieminska-
hydrodynamic dissolved oxygen  as pollutants in The model also does Stolarska
and advection- (biochemical any surface water, not simulate alkaline, and
dispersion oxygen demand, including pollutant  inorganic carbon, and Skrzypski,
The Model has chemical oxygen transport and antibiotics. MIKE 11 2012)

modules that
simulate water
quality, flow, and
sediment
transport in
rivers, estuaries,
irrigation
systems, and
other water
bodies.

Those modules
can be used in
combination or as
stand-alone.

The advection-
diffusion and
ECOLAB
modules simulate
first-order decays
of pollutants and
water quality
dynamics in
rivers, channels,
and reservoirs.

demand)

metabolism

It can simulate
multiple water
bodies at the same
time or individual
water bodies

does not simulate the
denitrification process in
rivers

Calibration of the model
requires channel cross-
section data to reach
the limits. This requires
a long computational
time to produce the
result.
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Model Description Applications Strengths Limitations References
HCIS -ltisa -Physical and -Adding a plug- -It is a steady-state (Ghosh et al.,
conceptual model chemical water flow component model and thus may not 2004)
that simulates quality helps adequately be suitable for (Kumarasamy
water quality parameters in simulate the simulating dynamic etal., 2011)
parameters rivers advective transport  (unsteady flow) (Kumarasamy
through a series -water quality of solutes. conditions etal.,, 2013)
of cells through porous -Conversion of -Increasing the number ~ (Olowe and
conceptualised in  media second-order PDE  of parameters increases = Kumarasamy
three zones, i.e. to first-order ODE the model complexity 2017)
plug flow and two enables analytical  -Estimation of the model (Kumarasamy
thoroughly mixed solutions to be parameter (dispersion 2015)
reservoir zones. obtained for the coefficient, unit length) (Chabokpour
-It is a process- parameters of can be impacted by a 2019)
based interest and pre-determined (Chabokpour
mechanistic improves its empirical equation that 2020)
model simplicity does not have a specific (Chabokpour
Initially -The model is parameter to and Samadi
developed for flexible and thus incorporate for the 2020)
conservative can accommodate  determination of these (Adu and
contaminants, it the addition of parameters Kumarasamy
has been water quality 2020)
modified to parameters (Adu 2021)
simulate non- -The ability to
conservative incorporate
parameters, e.g. adsorption
DO, BOD and processes in the
nutrients. simulation process
- First-order provides adequate
kinetics is room for modelling
assumed as removal of

appropriate for
non-conservative
pollutants while
incorporating
advection and
dispersion
transport

-The critical
parameters in the
model are
advection time,
residence time,
number of cell
length units and
decay rate

pollutants through
adsorption, which
occurs in natural
streams via
sediments or other
river bed
materials, and
potential for use in
modelling surface
water —
groundwater
interactions

-It requires low
input data
requirements and
is thus suitable for
data-scarce
environments
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Table 2-3 Review of environmental antibiotic fate simulation models

Model ggltlll:(t;:n :Er:\e/:’ric:lr:nn;ent Type ;(::Luet;:; 'E'Sk nent Strengths Limitations Sources
PhATE Point Stream 1D Pharmaceuticals Screen-level Provides a range of load Highly sensitve to WWTP (Aldekoa et al., 2016)
River (antibiotics) risk emission scenario removal efficiency, affecting all
Lakes assessment predictions in the catchment
Reservoir It does not consider in-sewer
removal
Limited geographic scope
Coarse-resolution descript
segment (~16 km)
GREATER Point and Rivers 1D Pharmaceuticals Screen-level It enables the study of potential The laborious pre-processing (Capdevielle et al,
diffuse (antibiotics), risk risk management scenarios steps to set up the database 2008) (Aldekoa et al.,
nutrient assessment It provides a statistical  and fill in the required data for 2016)
distribution of pollutants the parameters (Ldmmchen et al.,
The stochastic simulation Calculates spatially steady- 2021)
enables accounting for state concentrations
uncertainties in the input data susceptible to temporal
Efficient emission/source  fluctuation
calculation Emission pattern calculation
Considers removal of a influenced by the WWTP
compound during sewer bypass flow
transport
QUAL-2E Point and Streams 1D Dissolved oxygen, - Simulation of point and nonpoint Cannot model the temporal (Bai et al., 2022)
diffuse Rivers organic nutrients, source pollutants variability of flow (Zieminska-Stolarska
algal Provides simulation of non- The model gives a good & Skrzypski2012)
concentration, uniform flow simulation of narrow rivers
antibiotics (susceptible to water depth), as
deep rivers have different
stratification and mixing rates.
It cannot simulate the effect of
toxic organic compounds and
heavy metals. It is
inappropriate for waterbodies
exhibiting  significant lateral
variations.
QUAL-2K Point and Streams 1D Pharmaceuticals - Enables to divide the river into It is inappropriate  for  (Aldekoa et al., 2016)
diffuse Rivers (antibiotics), unevenly spaced segments waterbodies exhibiting  (Zhi et al., 2022)
conventional Simulation of the effect of generic  significant lateral variations.
parameters pathogens, total inorganic It does not consider the effect
carbon, and light extinction of sedimentation
Global FATE  Point Rivers 2D/3D Pharmaceuticals - Efficient resolution to represent Cannot simulate flow (Fontetal., 2019)
Lakes (antibiotics) small streams variabilities
Reservoirs Worldwide geographic scope Requires extensive data and
external  hydrological pre-
processing step
WASP Point and Rivers 1D/2D/3D Pharmaceuticals - It enables analysis of the It is challenging to obtain (Han etal., 2022)
diffuse Reservoirs (antibiotics), significance of individual segment/site-specific data to (Wool et al., 2020)
Lakes conventional mechanisms calibrate fate mechanisms. (Noutsopoulos et al.,
Estuaries parameters 2019)
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Pollution

Environment

Pollutant

Risk

Model Source (medium) Type modelled A nent Strengths Limitations Sources
Coastal areas It includes a sediment diagenesis It has a limitation in modelling (Arlos et al., 2014)
Wetlands module for remineralisation concentration gradients in the
It provides a sensitivity analysis mixing zone for wide channels
with poor mixing conditions.
Cannot simulate  high-flow
events
It requires external
hydrodynamic models for flow
information
AQUASIM Point Streams 2D/3D Pharmaceuticals - Efficient vertical mixing It assumes uniform horizontal (Reichert, 1994)
Rivers (antibiotics), representation and temperature mixing in lakes and reservoirs (Nieto-Juarez, 2021)
Lakes conventional profiling
Reservoirs parameters
iISTREEM Point Streams 1D Pharmaceuticals Conservative simplicity of simulation Suitable for simple simulation (Kapo et al., 2016)
Rivers (antibiotics) risk Require pre-processed data (Ferrer and Deleo,
assessment It does not consider in-sewer 2017)
removal
QWASI Point and Lakes Multimedia Pharmaceuticals Screening- Efficient and advanced modelling Result influenced by choice (Wang et al., 2020)
diffuse Fugacity (air, (antibiotics) and level risk  of lake temperature stratification =~ and calculation of fugacity (Chen et al., 2018)
sediment, and organic pollutants assessment Modelling of ice melt in lakes factor (Liu et al., 2017)
water) Depends on uniform mixing (Kim et al., 2017)
condition
Requires exclusive half-life
degradation data
ePiE Point Streams 1D Pharmaceuticals - Ease of application Suitable for narrow rivers (Austin et al., 2022)
Rivers (antibiotics) It does not consider in-sewer (Ragas 2019)
Lakes removal (Oldenkamp et al,
Reservoirs 2018)
Estuaries
EUSES Point Streams Multimedia Organic chemicals  Conservative Simulation in multimedia, Provides steady-state  (Spaniol et al., 2021)
Rivers Fugacity (air, Pharmaceuticals risk including groundwater pollution concentration susceptible to  (Amot et al., 2010)
Marine Watgr, (antibiotics) assessment Simulation qf exposure through temporgl quctuatlon‘ (Berding & Matthies,
Sediment. the food chain Extensive data requirement 2002)
Soil and Allows estimation of media- Intensive pre-processing of
groundwater) specific degradation model parametrization for site- (Kawamoto et al,

specific simulation

2000) (Vermeire et al.,
1999) (Berding &
Schwartz, 1996)
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2.8.5 Water quality modelling considering antibiotic resistance

The primary transport equation is developed from a simple mass balance concept, which is presented in
equation 1 as:

Mg = My —M, £ R [1]

The following partial differential equations were developed to simulate various constituents, including
susceptible and resistant bacteria.

First-order decay:
The organism undergoes degradation, which follows the first-order variation (equation 2).

ac
L 2

Metals:
Metals are utilised by bacterial cells for growth up to a certain quantity, represented by the equation 3.

= —mit §

ot Y lresistant

Where p is the specific growth rate, y is the yield coefficient, n is resistant bacteria culture, and m is mass
reduced due to bacterial growth.

Organic matters:

Dissolved organic matter is an essential parameter in simulating bacteria, and this takes a similar first-order
differential form as metals, which means that the mass reduction of dissolved organic matter depends on
bacterial growth.

Susceptible and Resistant culture:

The primary purpose of this model is to identify the factors that govern the processes involving resistant and
susceptible or sensitive bacteria. Studies (Baker et al., 2016; Liu et al., 2015) considered E. coli in their study.

The following partial differential equations 4 and 5 simulate both sensitive and resistant bacteria cultures.

ONsysceptible ne
= (f U nISusceptible) - kdnSusceptible +71¢ - + ksnsegregation [4]
ot N+Nyesistant

OMNyesistant ne

ot = (f u nlresistant) - kdnresistant + 71t - ksnsegregation [3]

N+Nyesistant

Where fis a factor, kq is the death rate of bacteria, rtis the resistant gene transfer rate, ntis total resistant gene
transfer, and n is susceptible culture.
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Deterministic transport model:

Antibiotic-resistant bacteria cultures in the aquatic environment follow the Fickian-based advection-dispersion
equation with the above parameters for considering bacterial settling, growth and death, segregation, and
genomic transfer processes. A second-order partial differential equation 6 represents this model.

on on 9°n
otrc = —u 7C + DL rC

ot dx axz kanyc + (f unl.c) + 1 L — ksng 6]

n
n+nyc
Where u is flow velocity and D dispersion coefficient, rc represents the resistant culture of bacteria.

Antibacterial resistance development is a significant threat to public health. Simulation of ABR using
mathematical models is beneficial to manage such impacts. Further, the models can present knowledge output
for evaluating the impact of ABR in the aquatic environment. Several elements, including external factors,
present the impact of ABR as a multifactorial problem. Understanding the model’s framework, type, genetic
composition, and host environment is necessary. This is also understood from the review of previous studies.
There is a need to develop further ABR models that consider highly complex and multilevel interactions. This
study currently only focuses on deterministic models, not stochastic ones, as the proposed model is
deterministic. However, the project will also look at stochastic models during model development for
performance evaluation. This project aims to develop a conceptual-based model using the mixing cells
concept.

2.9 SUMMARY

The literature review underscores the pervasive presence of antibiotics in rivers, highlighting their potential
role in fostering bacterial resistance. Recognizing the intricate pathways through which antibacterial resistance
can spread, the study emphasizes the severe threat emerging contaminants pose to water bodies. This
prompts the need for effective water quality management strategies, mainly by applying mathematical models.
Existing water quality models are discussed in detail, examining their complexity, nature, simulation methods,
and consideration of processes and parameters. The review advocates for collective global collaboration to
address the escalating detection of emerging contaminants in water bodies. Overall, the literature review
serves as a foundation for understanding the occurrence, configuration, and impacts of antibiotic residues,
emphasising the importance of water quality models in this context.
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CHAPTER 3: REMOTE SENSING AND GEOGRAPHIC
INFORMATION SYSTEMS APPLICATION IN WATER QUALITY
MONITORING

3.1 INTRODUCTION

Developing a suitable Water resource management model requires continuous and accurate monitoring. The
traditional water quality assessment methods are limited in their spatial and temporal coverages, and as such,
they are time-consuming and costly. In this regard, satellite-observed data provide good spatial and temporal
coverages relevant to water resources assessment and, when adequately undertaken, are time and cost-
effective (Wang and Yang, 2019; Okin, 2011; Landgrebe, 1999). GIS and remote sensing have been used to
map land use and pollutants in surface water bodies for several years (Dunca, 2018; Sheffield et al., 2018;
Fataei, 2011; Wei et al., 2009). The National Aeronautics and Space Administration (NASA) has been
monitoring the Earth’s resources from space with multispectral scanners that collect data sets in about five to
ten bands of relatively large bandwidths (70-400 nm) since the 1960s (Sheffield et al., 2018; Landgrebe, 1999).
These multispectral scanners generated data for suitable land use mapping, but the data has been limited for
adequately evaluating water quality. Since the mid-1980s, multispectral and hyperspectral scanners (both
space and airborne systems) have been deployed to improve the sensors' spectral resolution, allowing water
quality assessment.

There are two critical aspects in water quality assessments using remote sensing: mapping and identifying the
source of pollutants and mapping the surface water quality temporally and spatially. The former is much easier
to map as most satellite products, after proper data analyses, provide land use maps for the catchment that
drains into the target surface water body under investigation (rivers, Lakes, reservoirs and estuaries) and from
which the pollutant source could be identified with some targeted water quality sampling for validation
purposes. However, mapping water quality from satellite products is limited due to the spatial and spectral
resolution of data from the multispectral scanners and, thus, inadequately evaluating water quality until the
mid-1980s (Mbuh et al., 2016; Mbuh, 2019). Development in space and airborne multispectral and
hyperspectral sensors means that the spatial and temporal monitoring of surface water quality is becoming a
reality.

3.1.1 Pollutant source tracing using remote sensing and GIS

A significant difficulty in assessing and modelling surface water quality is identifying the sources of pollutants
and the associated type and concentration of water quality parameters. The different types of land use that
contribute to the pollutant load of a particular surface water body can be mapped using satellite data analyses
and interpretation. For this, several satellite products exist, including, among others, Landsat, Sentinel,
Moderate Resolution Imaging Spectroradiometer (MODIS), Advanced Space-borne Thermal Emission and
Reflectance Radiometer (ASTER), and High-resolution imagery (Gorelick et al., 2017). Landsat 5 Thematic
Mapper (TM), Landsat 7 Enhanced Thematic Mapper Plus (ETM+), and Landsat 8 Operational Land Imager
(OLI) are the latest series of Landsat satellites. Since the operational period for each satellite is different, a
combination of three satellites is usually used. Landsat 5 TM was launched in March 1984 and
decommissioned in June 2013. Landsat 7 ETM+ and Landsat 8 OLI were launched in April 1999 and February
2013 and are still operational (USGS, 2018). The above satellite sensors have 30 m spatial resolution, limiting
the identification of relatively small land uses that are point sources of contaminants.

Satellite images acquired from various sensors are classified to create land-use types for further validation.
Satellite Image classification processes are grouped into supervised and unsupervised image classifications
(Reynolds et al., 2016; Rodriguez-Galiano et al., 2012; Vorovencii, 2012; Richards, 2006). Supervised
classification is the most common method to classify satellite images (Vorovencii, 2012; Richards, 2006).
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Supervised image classification is based on the premise that prior knowledge of the land use classes within
the area of interest is known (Vorovencii, 2012; Richards, 2006). The users determine the land use and cover
types to be investigated, and representative pixels for each type are identified. This process is known as
training, and the training information is obtained either from field surveys or from existing aerial photography,
maps, satellite imagery information or a combination of these (Berhane et al., 2018; Vorovencii, 2012;
Richards, 2006). Once the pixels are trained, a classifier is used to classify the rest of the images. Several
classifiers are available, including the maximum likelihood, minimum likelihood, support vector machine, and
random forest (Li et al., 2014; Mellor et al., 2012; Senf et al., 2012). Training data is an essential component
in the classification and accuracy of remotely sensed data.

The accuracy of classified satellite imagery is assessed using validation techniques based on an error matrix
for each image classified or by comparing it with the latest land use data generated from another high-
resolution satellite data interpretation (NASA, 2018).

3.1.2 Water quality mapping using multispectral and hyperspectral remote sensing

Optical indicators of water quality can improve the ability of scientists and resource managers to monitor water
bodies' quality in a timely and cost-effective manner. The spectral signature changes in the water can be
measured through remote sensing techniques and can be related to a water quality parameter using empirical
or analytical models (Gholizadeh et al., 2016; Shafique et al., 2001, 2002). Thus, surface water quality can be
monitored and mapped based on different water quality parameters and reflectance characteristics. The
potential water quality parameters that may be mapped from spectral characteristics include, among others,
Temperature, Chlorophyll a, total suspended solids, total phosphorus and related nutrients, and turbidity.

3.1.2.1 Image resolution

Remotely sensed images derive valuable information from their spatial, spectral, radiometric, and temporal
components, contributing to the interpretation of surface materials and conditions (Smith, 2012). The resolution
of an image, as produced by the sensor system, is defined by these components. Spatial resolution, defined
as the fineness of spatial detail in an image, is influenced by sensor design and its altitude above the surface
(Campbell and Wynne, 2011; Smith, 2012). A smaller pixel size corresponds to a higher spatial resolution.
Spectral resolution refers to a sensor's ability to measure different wavelength intervals, with its bandwidth
determining sensitivity to various spectral ranges (Smith, 2012). The sensor's capacity to revisit and collect
data from the same scene also contributes to spectral resolution. Images are categorised as panchromatic,
multispectral, and hyperspectral in increasing order of spectral resolution. Radiometric resolution signifies a
sensor's ability to record multiple brightness levels (Campbell and Wynne, 2011). In satellite images,
radiometric resolution is quantified in bits, where a higher number of bits corresponds to a higher radiometric
resolution for a spectral sensor (Campbell and Wynne, 2011; Smith, 2012).

3.1.2.2  Visible to middle infrared image bands of Landsat multispectral sensors

Wavelengths recorded by sensors are termed bands, and their number varies with remote sensing sensors.
However, the display of remotely sensed data is limited to only three bands (Acharya, 2015). The
Landsat program (Landsat 1-8) has been one of the best and most accessible sources for monitoring and
mapping land surface and cover since 1972 (Acharya, 2015). Landsat-7 ETM+ and Landsat-8 Oli are currently
operational Landsat satellites. Landsat-7 ETM+ has 8 bands shown below, of which 7 bands have a 30 m
spatial resolution, and the panchromatic band has a 15 m spatial resolution.

= Blue Band (0.45-0.52 pym):- since this band has a short wavelength, light penetrates deeper than
other bands (Horning, 2004). Thus, this band can fully penetrate shallow water bodies (Smith,
2012).
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= Green Band (0.52-0.60 pm):-this band differentiates yellow and green vegetation as
it provides peak visible reflectance for green vegetation (Smith, 2012).

= Red Band (0.63-0.69 ym):- this band is strongly absorbed by chlorophyll, which gives vegetation a
green colour. Therefore, green vegetation would appear darker in this band compared to other
visible bands. Different plant types can be differentiated based on absorption strength. The band
is also used for the determination of soil colour.

= Near-infrared (0.76-0.90 um): green vegetation is brighter in this band than in any visible
bands (Smith, 2012). Water nearly absorbs all light at wavelength and appears very dark, making
it suitable for defining land/water interface (Horning, 2004).

= Middle infrared (1.55-1.75 um): strongly absorbed by snow, water and ice and reflected by clouds.
It is, therefore, useful when differentiating snow and clouds (Smith, 2012).

= Middle infrared (2.08-2.35 ym): similar to the Middle infrared (1.55-1.75 ym) band but includes an
absorption feature that can be absorbed by only clay minerals, and material consisting of clay
appears darker than in the TM 5 band. The increasing light scattering in water is due to increasing
suspended load (Papoutsa et al., 2013; Han, 1997).

Landsat 8 OLi include all Landsat7 bands and an additional coastal (0.433-0.453 um), Cirrus (1.360-
1.390) and two thermal infrared sensors (TIRS) (10.30-11.30 and 11.50-12.50 ym) bands (Archaya, 2015).
The coastal band is a deep blue band used for coastal water studies, and Cirrus bands improve cirrus cloud
contamination detection (Archaya, 2015). TIRS bands provide improved thermal mapping and soil moisture
estimation.

3.1.2.3 Satellite sensors

Space-borne sensors can be classified based on their spatial resolution into three categories (Abdelmalik,
2016):

= High-resolution sensors like IKONOS, Quickbird, and Worldview Series have less than 10 m spatial
resolution.

» Moderate-resolution sensors include the Landsat series (15-20 m), ASTER (15-90 m), and Sentinel-2
(10-60 m).

= Regional to Global resolution sensors include Terra MODIS (250-1000 m) and SeaWiFS (1130 m).

Satellite sensors characterized by coarse spatial resolution present limitations in mapping smaller water
bodies, as observed with sensors like Sea-viewing Wide-Field-of-View (SeaWiFS) and Coastal Zone Colour
Scanner (CZCS) (Liu et al., 2003). In instances where several features are smaller than the pixel size of a
sensor, such as a narrow river with a width of less than 10 m, a pixel may combine spectral signatures of
multiple features, making it challenging to distinguish between water and the land surface (Sivanpillai and
Miller, 2010; Zou et al., 2006). On the other hand, sensors from the IKONOS, Quickbird, and Worldview series
offer high resolution, ranging from 1 m to 4 m and 1.5-2 m, respectively (Abdelmalik, 2016). These high-
resolution sensors facilitate the detection of lesser features with increased accuracy. However, it is essential
to note that access to these high-resolution images typically involves costs and is not freely available to the
public.

The Landsat series of satellites, which includes the Landsat Thematic Mapper (TM), Landsat Multispectral
Scanner (MSS), and a combination of TM and Enhanced Thematic Mapper (ETM+), has been extensively
utilised for the estimation of surface water quality parameters (Khattab and Merkel, 2014; Nas et al., 2010;
Khorram et al., 1991; Khorram, 1981). These sensors have effectively estimated various surface water quality
parameters across multiple studies. The latest iteration of the Landsat series, Landsat 8 Operational Land
Imager (OLI), offers several improvements, including narrower spectral bands, increased radiometric
resolution from 6 to 12 bits, enhanced geometry precision, improved calibration, and superior signal-to-noise
characteristics (Roy et al., 2016). Landsat 8 OLI exhibits heightened sensitivity to colour, brightness, and
suspended material, with an additional two bands from Landsat-7 ETM providing superior spectral wavelength
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resolution compared to its predecessors. Due to these advancements, Landsat 8 OLI has become the most
popular and widely used Landsat satellite for surface water quality studies (Acharya et al., 2016).

Advanced Space-borne Thermal Emission and Reflection Radiometer (ASTER), an instrument onboard the
TERRA satellite, has 14 spectral bands in total: three in the visible and near-infrared (VNIR) region, six in the
short-wave infrared (SWIR) and five thermal regions (Yamaguchi and Naito, 2000). It can capture images at
higher spatial resolutions, as high as 15 m in the VNIR band. It, therefore, can detect smaller surface
features than Landsat images (Sivanpillai and Miller, 2020); despite being limited to only three spectral bands
in VNIR regions, Sivanpillai and Miller (2020) compared Landsat Thematic Mapper (TM) and ASTER data.
They indicated that ASTER has significantly higher accuracy in identifying clear, green and
turbid surface water bodies than Landsat TM. ASTER sufficiently distinguishes narrow and elongated water
bodies’ spectral values (Sivanpillai and Miller, 2020).

The Sentinel-2A and Sentinel-2b are operational systems launched on 23 June 2015 and 7 March 2017,
respectively. It has a temporal resolution of 5 days and a spatial resolution of 10 m in blue/green/red/NIR
band (490 to 665 nm), which is an improvement from both Landsat 8 and ASTER data based on the temporal
resolution of 16 days and their spatial resolution (Chen et al., 2017). The high spatial resolution of the
Sentinel-2 satellite allows for characterising smaller water bodies with higher accuracy than ASTER and the
Landsat series sensors.

The Sentinel-2 imagery comprises 13 spectral bands, spanning from Visible and Near-Infrared (VNIR) to
Shortwave Infrared (SWIR). Guo et al. (2021) conducted a study on the effectiveness of Sentinel-2 in
estimating water parameters, highlighting that the three bands B3 (559.8-595.8nm), B4 (664-695.6nm) with 10
m spatial resolution, and B5 (704.1-719.1nm) with 20 m spatial resolution were particularly influential in
retrieving total phosphorus, total nitrogen, and chemical oxygen demand. In a comparative study by Bande et
al. (2018) focusing on turbidity and chlorophyll parameters in Vaal Dam, Landsat 8 OLI and Sentinel-2 were
compared, with Sentinel-2 demonstrating superior results for both parameters. It is noteworthy that all the
mentioned satellite sensors provide multispectral imagery.

3.1.2.4 Water quality assessment and mapping using Hyperspectral sensors

Hyperspectral remote sensing, with its higher spectral resolution encompassing up to 224 bands covering
wavelengths from 400 to 2500 nm and spatial resolution of about 30 meters, has become available for earth
sciences applications, including water quality monitoring (Guo et al., 2020; Li et al., 2017; Gitelson et al., 2011;
Brando and Dekker, 2003). Hyperspectral imagery consists of several spectral bands, each less than 10 nm
wide, offering enhanced spectral information for precise water quality analysis. Notable hyperspectral sensors
include FTHSI on MightySat Il, Hyperion on NASA EO-1, airborne visible/infrared imaging spectrometer
(AVIRIS), Airborne Real-Time Cueing Hyperspectral Enhanced Reconnaissance (ARCHER), Hyperspectral
Digital Imagery Collection Experiment (HYDICE), PROBE-1, Compact Airborne Spectrographic Imager
(CASI), and HyMap (Mbuh, 2019; Mbuh et al., 2016; Hadjimitsis and Clayton, 2011). The very high spectral
resolution of hyperspectral sensors provides a significant advantage over multispectral sensors, enabling
exceptional differentiation of objects based on their spectral response in narrow bands (Hadjimitsis and
Clayton, 2011; Landgrebe, 1999). This spectral information has proven valuable in estimating dissolved
organic matter, chlorophyll, and total suspended matter concentrations from optical remote sensing
technologies (Hakvoort, 2002). However, the operation of hyperspectral data is currently limited to airborne
platforms, such as the Airborne Visible Infrared Imaging Spectrometer (AVIRIS), due to the high cost and
limited spatial coverage. Space-borne hyperspectral data, including examples like Hyperion and Compact
High-Resolution Imaging Spectrometer (CHRIS) data, remains experimental (Guo et al., 2020; Halme et al.,
2019; Lunetta et al., 2009). Consequently, comprehensive surface water quality investigation is presently
constrained to the use of multispectral imagery.
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3.1.3 Satellite data processing for water quality assessment

3.1.3.1  Atmospheric Correction

Recorded signals from sensors in the electromagnetic spectrum contain two types of brightness: the brightness
due to atmospheric interference, referred to as noise, and the actual reflectance from surface materials
(Abdelmalik, 2016). For accurate and precise reflectance signatures of surface materials, which are essential
for water quality assessment, atmospheric correction is necessary (Abdelmalik, 2016; Tyagi and Bhosle, 2011;
Chander et al., 2009; Lillesand et al., 2004; Liang et al., 2001).

Various methods have been employed for atmospheric correction of satellite images in inland water quality
studies. These methods include Dark Object Subtraction (DOS) (Gilmore et al., 2015), Fast Line-of-Sight
Atmospheric Analysis of Hypercubes (FLAASH) (Abdelmalik, 2016), Atmospheric Correction for OLI ‘Lite;’
ACOLITE (Yunus et al., 2020), and Provisional Landsat-8 Surface Reflectance Algorithm (L8SR) (Allam et al.,
2020). In a study evaluating different atmospheric correction methods for estimating total suspended matter
concentrations using Landsat 8 OLI, Bernado et al. (2017) found that the L8SR correction exhibited the best
performance. FLAASH produced better estimations of water quality parameters when in-situ atmospheric
conditions were available, while other methods failed to produce accurate results (Bernado et al., 2017).

3.1.3.2 Regression analysis

The estimation of water quality parameters through satellite image interpretations involves correlation and
regression analysis of in-situ measured water quality parameters, field spectrometry, and spectral reflectance
recorded by sensors at the exact location, date, and time of satellite overpass (Nas et al., 2010; Lim and Choi,
2015; Mushtaq and Nee Lala, 2016; Avdan et al., 2019). Initially, the image undergoes radiometric correction
to determine actual surface reflectance by converting digital numbers (DNs) to spectral radiance and then to
reflectance using techniques proposed by USGS (2013) (Mushtag and Nee Lala, 2016; Lu et al., 2002; Yang
and Lo, 2000; Quaidrari and Vermote, 1999; Chavez, 1996; Moran et al., 1992; Markam and Barker, 1986;
Lillesand et al., 1983). The statistical method chosen generates equations for modelling, and the coefficient of
determination between reflectance values and in-situ water quality parameters is calculated (Mushtaq and Nee
Lala, 2016). The selection of the modelling equation considers three factors: the adjusted Square Correction
Coefficient (R?), the probability value (p), where p should be less than 0.05, and the Standard Error Estimation
(SEE), with lower values indicating higher accuracy (Abdelmalik, 2016). Crucial in satellite data analysis is
choosing suitable regression methods and independent variables that result in a high coefficient of
determination (R?) value (Mushtaq and Nee Lala, 2016).

The reflectance data bands, converted from DNs for each station, are typically chosen as independent
variables, while the water quality parameters at the same station serve as dependent variables (Mushtaq and
Nee Lala, 2016; Abdelmalik, 2016; Alparslan et al., 2007). The reflectance band with the highest coefficient
for each parameter is selected for modelling (Abdelmalik, 2016). Various regression models such as Linear,
Logarithmic, Inverse, Quadratic, Cubic, Compound, Power, and growth fits are tried and identified to determine
the best-fitting regression model (Mushtaq and Nee Lala, 2016; Abdelmalik, 2016). The selected best
regression model enables the derivation of equations suitable for each variable, allowing for the estimation of
water quality parameters from reflectance at any point within the studied water body. This approach facilitates
spatial and temporal water quality mapping.

3.2 INVESTIGATING THE SPECTRAL CHARACTERISTICS OF WATER BODIES

Spectral characteristics of water are defined by the amount of scattering determined by light transmittance.
Maximum light transmittance in clear waters occurs from 0.44 ym to 0.54 ym, peaking at 0.48 pm (Campbell
and Wynne, 2011). In the near-infrared region, sunlight in clear water is strongly absorbed and nearly reaches
zero (Malinowski et al., 2015). The presence of sediments or any particulate matter other than chlorophyll
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changes the spectral properties of water, increasing the overall brightness in the visible region and shifting the
maximum reflectance from the blue region towards the green (Campbell and Wynne, 2011;Wezernak et al.,
1976). In the region of 0.4 uym to 0.5 ym, increasing particulates other than chlorophyll has a negligible effect
on the reflectance spectrum. Therefore, suspended solids are generally measured using the red spectral band
(Wezernak et al., 1976). In the near-infrared region, clear waters are completely dark, whereas turbid water
has a spectral response of nearly 5%, making it possible to differentiate between turbid and clear water
(Bartolucci et al., 1977).

3.21 FieldSpec Spectroradiometer

Field spectrometry is the quantitative measurement of the field's radiance, irradiance, reflectance or
transmission. The FieldSpec spectroradiometer is designed explicitly for field environment remote sensing to
acquire visible near-infrared (VNIR) and short-wave infrared (SWIR) spectra. It is a compact, portable, and
precision instrument with a spectral range of 350-2500 nm and a rapid data collection time of 0.1 seconds per
spectrum. It involves the collection of accurate spectra and requires an awareness of the influences of:

= Sources of illumination.

=  Atmospheric characteristics and stability.

=  Winds.

= Instrument field-of-view.

= Sample viewing and illumination geometry.

= Instrument scanning time.

= Spatial and temporal variability of the sample characteristics.

Field spectroscopy measures the reflectance properties of water bodies, providing detailed measurements of
the spectral characteristics in the natural environment, allowing for more precise image analysis and
interpretation, which, through remote sensing, detects a process or material of interest in the water body.
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CHAPTER 4: STUDY AREA, SITE SELECTION AND LAND USE
CLASSIFICATION

41 INTRODUCTION

Defining the study area and land use classification lays the foundation for exploring the environmental
dynamics. The study area captures the diverse natural features, human settlements, and anthropogenic
activities. The rationale behind the selection is crucial in ensuring a representation of the complexities inherent
in the chosen area. Subsequently, site selection becomes paramount, involving identifying specific locations
within the study area that offer comprehensive insights into the varying environmental variables. Finally, land
use classification is a fundamental tool for categorising varied land types to establish the spatial distribution of
human activities. These foundational considerations set the stage for unravelling the intricate relationships
between land use patterns and water quality outcomes, contributing to a holistic understanding of
environmental processes within the chosen region.

4.2 DESCRIPTION OF STUDY AREA

The Msunduzi River, situated in the KwaZulu-Natal (KZN) Province of eastern South Africa (Figure 4.1), is a
significant tributary of the uMgeni River. Stretching from the western KwaZulu-Natal midlands through
Pietermaritzburg, the Msunduzi River is a vital feeder into the uMgeni River. It is a principal water source in
the KwaZulu-Natal region. Spanning a catchment area of 875 km? and a tributary length of 115 km, the
Msunduzi River traverses diverse landscapes, including highly industrialised zones, informal development
areas, forests, wetlands, and agricultural and urban areas. Runoff from these varied surroundings contributes
to the river's recharge. Serving a population of approximately 300,000 people, the Darvil WWTP discharges
its effluents into the Msunduzi River, compounding its pollution loading (Matongo et al., 2015). The catchment
experiences a subtropical climate marked by hot and wet summers and dry and cold winters and is
characterised by seasonal rainfall that occurs between October and March, which contributes 80% of the total
annual rainfall.

30"1:’)'0'5 30’2?‘0'C 30"3?‘0'{ SO’JP'O'E
N

Msunduzi catchment Wéé; -

20°300'
29"3‘0'0'5

20%400'S
L
20°400°S

pashwal
N

N Legend
Cities
——— Msunduzi River
wr il 1 w
Fig Tributaries &
= B
w 9 45 0 9 Kilometers P w
2| - — — [ ] Msunduzi_river_catchment Z
30"100°E 30°200"E 30"300°E 30"400°E

Figure 4.1 Location of the study area in KwaZulu-Natal, South Africa.
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4.3 LAND-USE IDENTIFICATION AND CLASSIFICATION

The presence of pollutants in South African waters is increasing. Identified sources of these pollutants include
medical waste from health facility establishments and Industries, urine and faecal matter, homes, hospices,
WWTPs and rural and informal settlements lacking adequate sanitary facilities (Gumbi et al., 2017). Others
include discharges from wastewater treatment plants and the extensive use of antibiotics for agriculture. As
stated in the preceding sections, the Msunduzi River runs through highly industrialised areas, agricultural
areas, and the discharge point of the Darvill wastewater treatment plant. Further, the river receives runoff from
rural communities and the municipality along its course. Therefore, a land-use map (see Figure 4.2) of the
Msunduzi catchment area was developed to identify land-use activities relating to antibiotic use and
applications within the catchment that would likely serve as a pollution contributor to the river. The Landuse
map was used to establish suitable sample collection sites.

4.3.1 Land-use mapping and classification

Human activities cause changes to the environment and ecosystems. Recent damage to the ecosystem has
been attributed to land use activities, including agriculture, building construction, urban expansion, forest
timber extraction, mining activities, and industrial growth. These activities are driven by human needs and
associated wants (Shende et al., 2015). Determining and mapping the various anthropogenic land-use
activities within a catchment area is imperative to understanding the possible sources and pollution trends of
rivers resulting from surface runoff. Land use maps describe the arrangements and activities within a specified
catchment and input how the land is used and modified due to human activities (Disperati et al., 2015). Image
classification is a remote sensing process for producing Land use maps (Campbell and Wynne, 2011). Several
elements are needed to ensure that the classification process is efficient. The main elements include the user's
knowledge and proficiency of the processes involved, the accuracy of the classification process and the
availability of quality satellite imagery and field observed validation and training information.

4.3.1.1 Mapping sources of contaminants

A relationship between land use and water quality parameters is examined to identify sources of surface water
quality issues. Multivariate statistics and GIS are employed for this analysis (Li et al., 2016). Sources of water
quality parameters are reviewed from literature relevant to the region. For instance, potential sources of
pollutants include WTTPs, hospitals, agricultural regions, animal farming (Martinez, 2009), and urban informal
settlements (Nadimpalli et al., 2020). Transmission routes for these pollutants, such as surface water networks
(Lakes, Estuaries, and rivers), are mapped and analysed using GIS (Chique et al., 2019). Features are
manually identified within Google Earth imagery and batch-exported into ArcMap to create a shapefile of
feature classes (Chique et al., 2019).

Following image classification into land-use categories, land-use data is extracted using GIS spatial analysis
functions and overlaid with the catchment boundary (Wang and Yin, 1997). The percentage of each land use
is calculated. Water quality parameters are statistically compared with spatial variation in land use data, and
the strength of a potential relationship is analysed using Pearson’s correlation, with higher correlation values
serving as a reference for relative importance (Wang and Yin, 1997). Principal component analysis (PCA) is
conducted for further analysis to identify potential sources of environmental stress (Li et al., 2016).

4.3.2 Land use classification of Msunduzi Catchment

Identifying the various land classes within the Msunduzi River catchment is critical to effective land use
classification and mapping. The Intergovernmental Panel on Climate Change (IPCC, 2003) suggests a mixture
of six land classes reasonably mapped using remote sensing. The classes include grassland, forest,
agriculture, human settlement, water bodies and a general group of other lands. The Msunduzi River
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catchment used in this study has been classified into water bodies, settlements, industrial areas, bare land,
agricultural lands, roads, shrubs, and forests. For simplicity, bare land and grassland are grouped as bare
land. The land uses are mapped and classified based on careful processing of the latest cloud-free sentinel-
2B image acquired on 20 October 2021.

4.3.3 Selection of training sites

Supervised image classification was applied using maximum likelihood classification as it is the most used
classification technique and yields good results (Eastman, 2003). Supervised classification requires users to
identify the areas of interest called training sites from existing maps and site visits (Richards and Jia, 2006;
Rwanga and Ndambuki, 2017). The area of each class is calculated relative to the total study area and pixel
count. The three steps used for classification are 1) defining training sites, 2) extracting their signature, and 3)
supervised classification. These steps were followed in the preparation of the Msunduzi River catchment land
use map (Figure 4.2).

4.3.4 Validation
Accuracy assessment and validation of the classification process are essential to ensure the correct pixel
selection and classification of each land-use class. For accuracy assessment, pixels chosen for the

assessment were identified and compared to the area's latest existing land use map and through field
verification
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Figure 4.2 Land Use Map of the Msunduzi Catchment, KwaZulu-Natal, South Africa
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CHAPTER 5: SAMPLE COLLECTION AND LABORATORY
ANALYSIS

5.1 WATER SAMPLING SITE LOCATIONS

Surface water samples were collected from 16 sampling sites (Figure 5.1). The sites were selected to represent
various land use activities, including industrial, agricultural, residential, urban parks, and WWTPs along the
Msunduzi River catchment. Water sampling locations within the catchment were identified and selected using
the produced land use map representing all land use activities. The Global Positioning System (GPS) receiver
(Ramadas and Samantaray, 2018) was used to locate and fix the coordinates of the 16 sampling sites along
the river. Once the coordinates were fixed, a recce exercise was carried out to ascertain the accessibility and
safety of the selected sampling points.
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Figure 5.1 Sampling Locations along the Msunduzi River, KwaZulu-Natal, South Africa.

Samples were collected from surface water along the Msunduzi River and its tributaries, wastewater effluents
from a WWTP, and the imminent injection of the discharge from the WWTP into the river. The coordinates for
each sampling location are presented in Table 5.1.
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Table 5-1 Coordinates of sampling sites along the Msunduzi River, South Africa.

S/No  South East Location Abbreviation Description
1 29.64169 30.25631 Msunduzi Town MT
2 29.64169 3023749 Nqabeni tributary NT
3 29.61837 30.23751 Car wash stream CWS
4 29.64755 30.27233 Below Mabane tributary BMT
5 29.63135 30.35887 PMB Industrial effluent PIE Kwapata and Mvubukazi
streams
6 29.6226  30.375 Camps Drrift CD
7 29.63136 30.36443 Wilgerfontein River WR
8 29.59909 30.44254 River water before effluent BER
release
9 29.59725 30.43886 Darville WWT effluent DWWE
10 29.3549 30.2625 River water after effluent DER 1km downstream of the effluent
release discharge
11 29.61822 30.44724 Gripthorpe GRP Bayne’s Spruit tributary
12 29.60502 30.48338 Kayeni Agricultural area KAA Ashburton Commercial Farm
13 29.65112 30.47177 Mpushini River tributary MRT
14  29.6613 30.63542 Duzi Bridge DB Farm and Informal settlement
15  29.3932 30.3709  Mshwati River tributary MKT Informal settlement
16 29.3932 30.3657 Table mountain B Near the joining of the Umgeni
River

5.2 SAMPLE COLLECTION

Samples were collected from 16 designated sites using sterilized 500 mf amber glass bottles. Before use,
these bottles underwent a thorough cleaning process involving washing with DynaChem soap, rinsing with tap
water and Milli-Q ultra-pure water, and a subsequent wash with acetone to eliminate polar and nonpolar
compounds. To ensure sterility and prevent biotic transformation by microbial and enzymatic activities, the
sample bottles were sterilized in a steam sterilizer at 125°C for 15 minutes, followed by exposure to air steam
laminar flow.

Duplicate samples (n=2) were collected from each site at a depth ranging from 10 to 20 mm below the water
surface. Following collection, each sample bottle was promptly covered with aluminium foil and secured with
bottle caps. To maintain sample integrity, the bottles were stored in ice boxes at appropriate temperatures
during transportation to the laboratory for testing. Subsequently, the samples were stored in a dark, cold room
at 4°C in preparation for the solid phase extraction (SPE) process, which was conducted within a week of
sample collection.

Preliminary sampling was undertaken as a control measure and to establish baseline values for nutrient and
pollutant loading at the selected sites. In situ measurements of selected parameters were performed using a
portable Hanna multi-parameter field probe to maximize data accuracy and ensure data integrity. The physical
and chemical characteristics of the sampling sites during the collection period are detailed in Table 5.2.

Field parameters

During sampling, selected parameters were measured in situ to enhance data accuracy and maintain integrity.
These parameters include temperature, alkalinity, electrical conductivity, Total Dissolved Solids (TDS), pH, Eh
(Redox potential), and Dissolved Oxygen (DO) (Wilde, 2008). All field parameters, excluding alkalinity, were
measured using a portable Hanna multi-parameter field probe. The physical and chemical characteristics of
the sampling sites during the collection period are detailed in Table 5.2.
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An on-site titration method was employed using a 0.02 N HCI solution for alkalinity determination. The titration
process continued until reaching 7 and 4.3 endpoints. This on-site determination of alkalinity adds a
comprehensive dimension to the water quality assessment at the selected sites, providing valuable information
for the overall understanding of environmental conditions.

Transportation and preservation

Cation and anion samples were filtered on-site using a 0.45 um filter. Additionally, cation samples underwent
acidification to achieve a pH below 2, utilizing ultra-pure nitric acid. All collected samples were stored in cooler
boxes to maintain sample integrity during transportation.

For samples sent to external laboratories, an additional precaution was taken. The samples were sealed in
polystyrene cooler boxes containing ice bricks, ensuring they remained at suitable temperatures throughout
transportation. This meticulous approach to sample handling and transportation aims to preserve the quality
and reliability of the analytical data obtained from external laboratories.

5.3 LABORATORY ANALYSIS

Maijor cation, trace metal, and major and minor anion samples underwent analysis. The analysis employed
various techniques: major cations were analysed using an Inductively Coupled Plasma atomic emission
spectrometer (ICP-AES), trace elements were analysed using an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS), and anion samples (including Chloride, Sulphate, Nitrate, Nitrite, Fluoride, Bromide,
Ammonia, and phosphate) underwent analysis using a Dionex lon Chromatography (IC).

The field and laboratory measurement results for various physicochemical parameters are presented in Table
5.2. These parameters exhibit variation along the river flow, with spatial trends complexly influenced by the
catchment's intricate land use and the onset of summer during sampling. Preliminary findings suggest elevated
concentrations of known contaminants associated with land-use settings, such as nitrate, Na, Cl, and certain
trace metals.

The results presented in Table 5.2 played a crucial role in identifying the subsequent sampling location for
antibiotics and nutrients. These findings contribute to a more comprehensive understanding of the water quality
dynamics in the studied environment.
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Table 5-2 Physicochemical characteristics of the Msunduzi River during the sampling.

Parameter MT NT CWS BMT PIE (o0} WR BER DWWE DER GRP KAA MRT DB MKT TB
Spring

PH 7.0 7.7 5.8 6.1 7.7 8.1 7.7 7.7 6.7 7.5 7.6 7.8 7.6 7.9 7.2 7.7
T(°C) 20.4 241 18.8 14.3 16.4 17.9 15.4 159 224 23.3 220 227 245 20.0 289 224
EC (us/cm) 8464.0 2.0 14.0 77.0 88.0 90.0 93.0 151.0 232.0 415.0 236.0 426.0 4150 243.0 2650 586.0
TURB (FNB) 42320 1.0 7.0 38.0 440 450 47.0 75.0 116.0 207.0 118.0 213.0 207.0 121.0 133.0 293.0
ORP (mv) 168.6 293.5 264.6 2335 1959 1919 2054 325 120.2 1426 109.1 139.3 1426 1478 1322 1375
F (ppm) 0.1 0.1 1.1

CI- (ppm) 11.3 44.5 10.7 60.7 234 256 35.5 426  88.0 29.4 413 8.7 1955 10.7 4191 417
NO3- (ppm) 2.0 5.4 3.6 7.5 1.0 1.4 3.3 3.4 3.1 1.9 1.6 1.8 172 7.8
S042- (ppm) 3.1 211 5.5 19.9 20.7 17.0 19.4 241 41.2 15.6 21.8 27 28.7 3.0 111.0 17.9
PO4- (ppm) 0.1

Autumn

PH 7.4 8.3 8.1 8.2 7.6 7.5 7.6 7.6 7.6 8.0 7.8 7.6 7.7 7.6 7.7 7.9
T(°C) 18.1 19.6 23.1 22.7 229 243 24.7 259 277 251 232 234 23.8 23.5 235 2338
EC (us/cm) 70 90.0 96.0 89 96 105 413.0 247.0 547.0 413 253.0 252.0 669.0 253 871.0 230.0
TURB (FNB) 3.1 4.5 5.8 286 493 525 109.7 3234 341 0.0 772 710 161.9 9438 1342 11.5
ORP (mv) 309.0 201.6 2227 2231 2522 2684 66.7 1854 196.5 171.1 180.3 2022 1878 1788 188.1 1956
F (ppm) 0.6

Cl- (ppm) 5.4 8.6 9.8 10.1 197 214 36.0 21.0 638 251 236 246 100.5 294 3295 21.9
NO3- (ppm) 3.0 5.5 5.7 6.2 8.6 6.8 6.5 6.8 4.7 6.5 6.4 7.8 0.3 9.6 3.8 21
S042- (ppm) 23 2.5 2.0 3.5 25 6.8 3.0 2.7 2.7 3.7 3.1 30.7 3.1
PO4- (ppm)

Winter

PH 6.0 7.2 7.0 7.2 6.9 7.0 6.9 7.2 7.6 7.4 6.4 7.0 6.7 6.6 6.9 71
T(°C) 12.2 16.1 15.5 14.3 14.5 16.1 15.5 15.5 16.7 19.6 233 18.0 28.9 26.5 28.0 159
EC (us/cm) 119 110 111 88 90 98 39 229 240 388 234 2458 295 273 274 125
TURB (FNB) 46.2 63.5 29.3 2108 6.0 133.5 82.0 30.4 12.0 17.0 116 2044 605 15.4 9.4 0.0
ORP (mv) 301.0 3447 3279 293.7 346.6 324.0 305.5 280.4 246.6 262.7 2263 2.2 241.3 2732 2549 2442
F (ppm) 0.1 1.2

CI- (ppm) 12.4 111 13.0 14.5 35.1 31.3 48.5 30.7 88.1 41.0 38.0 403 176.9 69.3 4935 458
NO3- (ppm) 7.3 6.0 7.3 6.9 7.9 10.9 16.4 12.8 16.2 15.3 121 11.9 2.7 13.5 227 123
S042- (ppm) 23 2.4 6.0 3.3 15.4 11.9 241 125 409 17.5 18.0 171 31.4 25.2 374 204
PO4- (ppm) 3.1
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5.3.1 Chemicals and Reagents

The selection of antibiotics for investigation was grounded in the consumption patterns observed in South
Africa. Erythromycin (ERY), Sulfathiazole (STZ), and Tetracycline (TTC) emerged as the most frequently used
antibiotics between 2014 and 2020, based on studies by Alabi & Essack (2022) and Mthombeni et al. (2014).
While tetracycline and erythromycin have been previously studied, sulfathiazole and penicillin-G (PNC)
occurrences in South African waste and surface water have not been investigated.

All antibiotic standards used in the study were procured from Merck (South Africa). The solvents, including
HPLC-grade acetic acid (95%), methanol (99.8%), and acetone (98.5%), were obtained from Sigma-Aldrich
(Merck, South Africa). Whatman filter paper with a 0.45-um filter diameter was sourced from Sigma-Aldrich
(Merck, South Africa), and laboratory reagent water was generated using a water purification system (Milli-Q
ultra-pure water, 18Q). Hydrophobic-Lipophilic Balance (HLB) solid phase extraction (SPE) cartridges (Oasis
PRIME HLB 6CC, 20 mmPE, 60 mg, 5 m{) were acquired from Waters Microsep, Pty Ltd (South Africa). The
chemical structures and characteristics of the selected antibiotics are detailed in Table 5.3. The careful
selection of antibiotics, coupled with the use of high-quality standards and analytical reagents, ensures the
accuracy and reliability of the study's findings.

Table 5-3 Targeted antibiotics and their physical and chemical properties.

Log Kow Solubility Molar
Antibiotics (pKa) (mg/L) Structure mass Use
Erythromycin ~ 3.06 (8.89) 4.2 C37H67NO13 734  Treat bacterial infection
Penicillin-G 1.83 (2.74) 210 C16H18N204S 334  Antibacterial
Sulfathiazole 0.05(7.2) 2370 C9HIN302S2 255  Inhibit bacterial infection
Tetracycline  -1.37 (3.30) 231 C22H24N208 444  Antibacterial

5.3.2 Stock solutions

From each therapeutic antibiotic reagent (Tetracycline, Penicillin-G, Sulfathiazole, and Erythromycin), a crystal
weighing 0.01 g was measured. Subsequently, a stock solution with a concentration of 100 mg L' was created
by dissolving the weighed crystal in 10 m{ of methanol and milli-Q water in a 50:50 volume ratio. The resulting
stock solution was stored in a cold, dark room at a temperature of 4°C until extraction.

For calibration purposes, multi-standard solutions at various concentrations were prepared using methanol
and dilution from the previously created stock solution. This meticulous process ensures accurate and
standardized concentrations for calibrating the analytical instrumentation, contributing to the precision and
reliability of subsequent analyses.

5.3.3 Sample extraction

In the sample preparation process, 0.45 ym Whatman filter paper was used for filtration, and extraction of the
targeted analytes was achieved using Oasis HLB SPE cartridges, following established methodologies (Babi¢
et al., 2006; T. Li et al., 2020; Motsoane et al., 2021; Wallace & Aga, 2016). The SPE Supeclo manifold and
HLB SPE cartridges were employed for the extraction process. Cartridges were conditioned with 5 mé
powdered methanol and 5 m{ powdered milli-Q ultra-pure water at a flow rate of 1 mf min-' before loading the
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samples. The pH of the filtered samples was adjusted to 4 using acetic acid, and 400 m¢{ of the pH-adjusted
samples were loaded into the conditioned cartridges.

After loading, the solid phase extract was subjected to 30 minutes of drying under a -70 kPa manifold vacuum.
The analytes were then eluted with 10 m{ of methanol and 5 mf of n-hexane/acetone, each at a flow rate of 2
mf min-'. The elutes were subsequently dried under a manifold vacuum before being reconstituted in 1 m{ of
methanol. This sample preparation process ensures the extraction of targeted analytes with high efficiency
and precision, laying the groundwork for subsequent analytical procedures.

5.3.4 Antibiotic separation and quantification

The quantification of analytes was performed using LC-MS, a technique that has gained prominence in the
detection of antibiotics in the aquatic environment due to its versatility and effectiveness (Na et al., 2013; Patel
et al., 2019; Wu et al., 2022; Yang et al., 2021). LC-MS, renowned for its suitability in analyzing organic
compounds, provides rapid separation and analysis of antibiotics in water samples (Li et al., 2020; Wallace &
Aga, 2016). This robust technique employs the physical and chemical properties of different components in a
sample for separation and analysis, ensuring high sensitivity and selectivity, particularly for trace-level
antibiotics in surface waters, detectable down to parts per billion (ppb).

The liquid chromatography and separation procedures were conducted using the SHIMADZU LC-MS-2020,
with the Shimadzu Shim-Pack GIST-HP 3 ym C18, 4.6 x 150 mm column. Analyte identification and
quantification were performed in both positive and negative ion modes. The mobile phase consisted of 0.1%
formic acid in milli-Q water at 30°C (Mobile phase A) and 0.1% formic acid in acetonitrile (Mobile phase B). A
gradient elution method was employed, and the mobile phase compositions are detailed in Table 5.4. The
column temperature was maintained at 35°C, and a 20 pl injection volume was used. The column was allowed
to calibrate for 5 minutes before each injection. The analysis duration was 40 minutes, with retention times
falling between 10 and 24 minutes for the four detected analytes. This LC-MS methodology ensures accurate
and efficient quantification of antibiotics in the water samples.

Table 5-4 LC-MS parameters and gradient composition used during the quantification of antibiotics.

Chromatograph SHIMADZU LCMS-2020

Column Shim-Pack GIST-HP 3um C18

Injection Volume (ul) 20

Temperature (°C) 30

Flow rate (mf min-1)  0.25

Gradient Composition Time (min) %A %B
0 95 5
25 10 90
27 10 90
32 95 5
37 95 5
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CHAPTER 6: ANTIBIOTIC RESIDUES IN MSUNDUZI RIVER

6.1 OCCURRENCE AND CONCENTRATION OF DETECTED ANTIBIOTICS

All target analytes, including Tetracycline, Sulfathiazole, Penicillin-G, and Erythromycin, were detected in
surface and wastewater effluent samples (Mili¢ et al., 2013). Tetracycline was the most frequently detected,
followed by Sulfathiazole and penicillin-G, while Erythromycin was less frequent. Higher concentrations of
these analytes were observed in samples collected during the spring compared to those collected in autumn
and winter (Mili¢ et al., 2013).

In wastewater effluent samples, the concentrations of the investigated antibiotics were in the range of 138.03-
1756.51 ng L for Tetracycline, <LOQ for Penicillin-G, 120.74-5613.58 ng L-! for Sulfathiazole, and 52.14-
142.63 ng L' for Erythromycin (Mili¢ et al., 2013). Elevated concentrations were mainly observed at the WWTP
effluent point and the discharge into the Msunduzi River. During the spring season, the maximum
concentrations were 5613.58 ng L' for Sulfathiazole, 1756.51 ng L' for Tetracycline, and 142.63 ng L' for
Erythromycin, while Penicillin-G was detected below the limit of quantitation (143.98 ng L) (Mili¢ et al., 2013).
In river water samples, concentrations ranged from 158.42 to 1290.43 ng L' for Tetracycline, 143.98 to 503.30
ng L for Penicillin-G, 112.68 to 1151.25 ng L' for Sulfathiazole, and 52.14 to 106.63 ng L-! for Erythromycin
(Mili¢ et al., 2013). The maximum concentrations were observed 1 km downstream of the WWTP effluent
discharge for Tetracycline (1290.43 ng L") and Sulfathiazole (1151.25 ng L") (Mili¢ et al., 2013). However, the
maximum concentration of Penicillin-G (503.30 ng L") and Erythromycin (106.63 ng L") within the Msunduzi
River water sample was observed in samples collected at its tributaries, namely, Wilgerfontein River (upstream
tributary located in Pietermaritzburg city) and Mshwati River (downstream tributary), respectively (Mili¢ et al.,
2013).

The detection of these antibiotics at relatively higher concentrations is attributed to the characteristics of each
antibiotic and the prevailing human activities and land use practices in the studied catchment. For instance,
Sulfathiazole, widely used in animal husbandry, was frequently detected in areas with significant informal
settlements and commercial livestock farming. Its poor sorption properties and slow degradation rate in WWTP
contribute to its persistence in the environment. Penicillin-G, a commonly used antibiotic in veterinary and
human medicine, exhibited low-level detection in wastewater samples due to its high rate of biodegradation
and hydrolysis. The swift transformation of Penicillin-G in the environment results in its low presence in the
samples. These findings highlight the complex interplay between antibiotic properties, land use practices, and
environmental fate.

The persistence of Sulfathiazole in the environment is attributed to its poor sorption properties, resulting in a
low removal rate in wastewater treatment plants (WWTP) due to low sorption to treatment sludges (Liu et al.,
2019). This antibiotic exhibits a relatively slow degradation process with a half-life of more than 50 days in the
pore water of sediments (Mili¢ et al., 2013). Unlike other antibiotics, such as tetracyclines and macrolides,
sulfathiazole experiences a relatively lower attenuation rate under normal environmental conditions (Tamtam
et al., 2008). This slower degradation risks the aquatic biosystem, contributing to its persistence in the
environment.

Penicillin-G, one of the most influential antibiotic families used in veterinary and human medicine, was detected
in river water within the range of 143.98 to 503.30 ng L-'. However, its detection in treated wastewater effluent
samples was observed below the quantitation limit (Li et al., 2008). Penicillin-G is characterised as a weak
base and hydrophilic, exhibiting poor stability of the B-lactam ring in the aquatic environment (Li et al., 2008).
The B-lactam ring of Penicillin-G is susceptible to hydrolysis under acidic and alkaline conditions, by reaction
with weak nucleophiles such as water or metal ions, or through enzymatic activity, similar to acidic hydrolysis
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(Li et al., 2008). Consequently, Penicillin-G detection in surface water samples is considered a real-time
occurrence due to its vulnerability to environmental conditions.

Moreover, the low-level detection of Penicillin-G in wastewater samples is attributed to its high rate of
biodegradation in various solid matrices and hydrolysis (Li et al., 2008; Pirt, 1990). Hydrolysis, particularly the
hydrolysis of the B-lactam ring, is a dominant attenuation mechanism for Penicillin-G. The unstable structure
of the B-lactam ring is highly influenced by factors such as pH and heat, leading to its conversion into various
by-products, including penicilloic acid, penicilloaldehyde, penicillamine, penicilloic, and isopenillic acid (Yang
et al., 2021). Consequently, the presence of Penicillin-G in environmental samples is low due to its rapid
transformation through the easy hydrolysis of the (3-lactam ring.

Tetracycline, a widely used antibiotic in both human and veterinary applications, serves various purposes,
including pain relief for individuals engaged in high-energy physical activities. Its broad administration,
particularly as feed additives in animal farming, contributes to its prevalence (Mili¢ et al., 2013). The detection
of tetracycline in concentrations ranging from 137.07 to 684.11 ng L-! in tributaries (BMT, PIE, WR, and MRT),
industrial effluent (PIE), and suburban informal settlement areas (MT and DB) underscores the likelihood of its
presence in the water system through wastewater discharge and diffused sources like runoff from informal
settlements. A notably high concentration of tetracycline, 1756.51 ng L', was identified in wastewater effluent
samples during the spring season. This persistence can be attributed to tetracycline's resistance to
conventional wastewater and sludge treatment systems (Oharisi et al., 2023). However, the concentration
decreased to 1290.43 ng L', 1 km downstream of the effluent discharge point, indicating factors such as
dilution, sorption, and hydrolysis that contribute to the removal of antibiotics from the water column (Chen et
al., 2020; Fernandez-Calvifio et al., 2014; Wei et al., 2019). Tetracyclines, being hydrophobic compounds,
tend to sorb into sediments and experience partial degradation through photolysis (Yang et al., 2021). The low
concentrations observed in the surface water of the river at various sampling points can be attributed to the
compound's high affinity for adsorption and lower tendency for desorption from different sediment components
due to its multiple functional groups (Fernandez-Calvifio et al.,, 2015). This complex interplay of factors
highlights tetracycline's intricate fate and transport mechanisms in aquatic environments.

The concentration of Erythromycin in this study ranges from 52.14 to 106.63 ng L' in surface water and is
detected at a concentration of 142.63 ng L' in treated wastewater effluent samples. Erythromycin is observed
in the main Msunduzi River, tributaries (BMT and MRT), and industrial effluent (PIE), suggesting that human
activities, such as medical treatment in hospitals and pharmaceutical production, are significant sources of
Erythromycin along the Msunduzi River. Erythromycin exhibits stability against hydrolysis and sorption but is
sensitive to photodegradation through cladinose ring cleavage; additionally, bacterial species, specifically
Ochrobactrum sp. Strain contributes to Erythromycin degradation (Li et al., 2022; Yang et al., 2021), which
may account for its low-level detection in wastewater samples. Interestingly, Erythromycin is more frequently
observed during winter than in spring (Table 6.1), indicating a role for photolysis in its environmental
occurrence. The observed concentrations of these analytes may not solely be attributed to anthropogenic
activities but could also result from naturally occurring bacteria. The Actinomycetes group and Streptomycetes
have been identified as contributors to the environmental load of B-lactam and tetracycline antibiotics
(Kimmerer, 2009; Mikulik et al., 1983; Pala-Ozkok et al., 2019). Le et al. (2014) demonstrated that polyketide
synthase genes (PKS I/PKSII) are responsible for the natural production of macrolide antibiotics, such as
Erythromycin and Tylosin (Le et al., 2014).

Furthermore, the presence of anions and metallic ions may influence the occurrence and persistence of
antibiotic residues. Cl, NO2, and NOs- abundance may inhibit the photodegradation of Sulfathiazole (Bai et
al., 2021; Tang et al., 2021). NOs- inhibits the indirect photodegradation of Sulfathiazole by reducing the steady-
state concentration of excited reactive intermediates, which are sensitizers for the compound's removal. NO3
acts as a source of Hydroxyl radical Oxidant (HO) photosensitizer. The photolysis of nitrate generates nitrite
ions, which are crucial for masking HO sensitization (Benedict et al., 2017; Zafiriou, 1979).
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On the other hand, Br has been reported to promote the degradation of tetracycline, while CI- may inhibit
tetracycline degradation by scavenging the reactive form of SO42- and forming inactive chlorine species (Zhang
etal., 2022). Tetracyclines are often found at low levels in the aquatic environment due to cations like calcium,
facilitating their precipitation and accumulation in solids/sediments. The concentration of the investigated
antibiotic analytes from both surface and wastewater samples is presented in Table 6-1. All the analytes,
Erythromycin, Sulfathiazole, Penicillin-G, and Tetracycline, were detected at a wavelength of 254 nm and in
the positive ion mode (Figure 6.1). The limit of detection (LOD) and the limit of quantitation (LOQ) were
calculated using 3 and 10 times the signal-to-noise ratio obtained from the chromatographic analysis,
respectively, as shown in Table 6.2.

6.2 SPATIAL DISTRIBUTION AND SEASONAL VARIATION OF DETECTED ANTIBIOTICS IN
THE MSUNDUZI RIVER

The targeted antibiotics were detected more frequently during the spring (36.4%) than in the autumn (30.3%)
and winter (33.3%) seasons. This may be linked to antibiotic detection being enhanced during dry water
periods. The increased detection of antibiotics throughout the spring (dry periods) can be ascribed to antibiotic
persistence due to a lack of dilution by rainfall. Furthermore, antibiotic-persistent sites (e.g. dissolved organic
materials, algae, suspended solids) are more abundant during dry than rainy seasons. Tetracycline and
Sulfathiazole were more frequently detected than Penicillin-G and Erythromycin during both seasons. The
spatial variability of antibiotics from the results shows that anthropogenic activities like industries, aquaculture,
commercial farms, grazing land, and informal settlements have a significant impact on the upper reach of the
Msunduzi River (MT, NT, CWS, BMT, PIE, CD, WR, BER, DWWE, and DER). These human activities
produced a sizable amount of antibiotic residue at the river's upper reach, exhibiting significantly higher
detection and concentration of the targeted antibiotics than the lower reach (Figure 6.2).

Penicillin-G residues were detected at the Mabane tributary streams (BMT) and Wilgerfontein tributary (WR).
Sulfathiazole was also observed in the Mabane tributary (BMT), Wilgerfontein tributary (WR), and Msunduzi
river before Darville WWTP effluent release. Kwapata and Mvubukazi tributary streams and Wilgerfontein
tributaries drain waste from industrial effluents and household waste, contributing antibiotic residue to the
Msunduzi River. Further, MRT, KAA, and MKT drain land that agricultural farms and suburban developments
mainly occupy. Thus, these target antibiotic residues from the tributaries might be related to antibiotic usage,
which could cause continuous antibiotic residual sources in the Msunduzi River.

Antibiotic pollution of the Msunduzi River is primarily caused by the effluent from the Darville WWTP, as shown
in Figure 6.2. Effluent from the Darville Wastewater treatment plant is found to be a hotspot and the primary
source of high antibiotic residual contamination in the river. Therefore, proper treatment and monitoring of
waste discharge releases from industries and municipal wastewater treatment plants are essential.
Additionally, it must be noted that similar to the temporal variations, the location (spatial distribution) is essential
in characterising antibiotic pollution in a river. The comparison is made between the results obtained and
antibiotic concentrations from other countries obtained in the literature (See Table 6.3)
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Table 6-1 The concentration of analyzed antibiotics (ng L-1) at each sampling site along the Msunduzi River.

Antibiotics MT NT CWS BMT PIE CD WR BER DWWE DER GRP KAA MRT DB MKT
Spring

PNC ND ND ND ND ND ND <LOQ <LOQ ND ND ND ND ND ND ND
TTC ND ND ND ND <LOQ 158.42 ND <LOQ 1756.51 1290.43 ND ND <LOQ 577.63 ND
ERY ND ND ND ND ND ND ND ND 142.63 <LOQ ND ND ND ND ND
STz ND ND ND ND 164.64 183.47 ND ND 5613.58 1151.25 ND 162.88 ND ND ND
Autumn

PNC ND ND ND <LOQ ND ND 503.30 ND ND ND ND ND ND ND ND
TTC ND ND ND <LOQ ND ND <LOQ ND 1519.65 720 ND ND ND ND ND
ERY ND ND ND <LOQ <LOQ ND ND ND <LOQ ND ND ND 106.63 ND ND
STZ ND ND ND <LOQ ND ND ND ND <LOQ ND ND ND ND 226.18 ND
Winter

PNC ND ND ND ND ND ND ND ND <LOQ ND <LOQ ND ND ND ND
TTC ND ND ND ND ND <LOQ 684.11 ND 138.03 ND ND ND ND <LOQ ND
ERY ND ND ND 76.3 ND ND ND ND <LOQ ND <LOQ ND ND ND ND
STZ <LOQ ND <LOQ ND ND ND ND <LOQ 120.74 <LOQ ND ND <LOQ ND ND

ND = Not Detected; LOQ = Limit of Quantification

Table 6-2 Mass detection and separation parameters for the analysis of target analytes.

Compound :ai:zzr :?:;t:ntion Precursor ion LOD LoQ R2

Tetracycline 100-10000 18 445[M+H]* 40.22 137.07 0.996
Penicillin-G 10-10000 24 335[M+H]* 43.19 143.98 0.892
Erythromycin 1-100000 21 735[M+H]* 15.64 52.14 0.997
Sulfathiazole 10-10000 18 256[M+H]* 374 112.68 0.961
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Table 6-3 Analysis of the levels of antibiotics from this study and earlier investigations reported
from other countries.

Concentration (ng L)

Antibiotics :ttl:;nt :trj;;::s Country Citation
Wastewater effluent
Tetracycline 1756.51 853 Vietnam (Han et al., 2019)
1420 Korea (Minh et al., 2009)
Erythromycin 142.63 275 Egypt (Abou-Elwafa Abdallah et al., 2019)
1187 Tunisia (Moslah et al., 2018)
2350 Korea (Sim et al., 2011)
48520 Vietnam (Han et al., 2019)
Penicillin G <LOQ 11 Canada (Guerra et al., 2014)
13500 Korea (Sim et al., 2011)
Sulfathiazole 5613.58 350 USA (Karthikeyan and Meyer, 2006)
16 Canada (Guerra et al., 2014)
5000 Korea (Cardoso et al., 2014)
600 Australia (Watkinson et al., 2009)
Surface water
Tetracycline 1290.43 50 Nigeria (Oluwatosin et al., 2016)
138 Tunisia (Moslah et al., 2018)
120 Pakistan (Khan et al., 2013)
138 Vietnam (Han et al., 2019)
430 China (Ju et al., 2023)
Erythromycin 106.63 1000 Nigeria (Oluwatosin et al., 2016)
61 Egypt (Abou-Elwafa Abdallah et al., 2019)
741 Vietnam (Han et al., 2019)
17 China (Ju et al., 2023)
310 Pakistan (Khan et al., 2013)
Penicillin G 503.30 668 China (Zhou et al., 2022)
250 Australia (Watkinson et al., 2009)
Sulfathiazole 1151.25 253 Korea (Jietal., 2010)
4610 Korea (Awad et al., 2014)

6.3 ENVIRONMENTAL RISK ASSESSMENT

A screening-level risk characterisation assesses the likelihood of environmental hazards resulting from a
specific antibiotic in the aquatic ecosystem. This involves comparing the detected concentration of the
antibiotic in the river with the no-effect concentration (threshold level) known as the Predicted No-Effect
Concentration (PNEC). The PNEC represents the concentration at which antibiotics cause no adverse effects
on the environment and non-target aquatic organisms.

The Risk Quotient (RQ) method, per the European Commission technical document (European Commission,
2003), is commonly used to evaluate the ecological risk of antibiotics. The screening-level risk assessment for
the antibiotics analysed in this study was conducted using the RQ formula (equation 7):

MEC
PNEC

RQ = (7]

Here, the predicted or measured environmental concentration (MEC) of the detected antibiotic is divided by
the PNEC values reported for aquatic species (Hu et al., 2018; Manickum and John, 2014; Nieto-Juarez et al.,
2021; Straub et al., 2019). The PNEC is estimated from toxicology test data of aquatic organisms (e.g. algae,
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fish, protozoa, and crustaceans), based on the Minimum Inhibition Concentration (MIC), which includes No-
Observed-Adverse-Effect Level (NOAEL) or Lowest Observed Adverse Effect Level (LOAEL) or ECso in
laboratory studies. ECso is the concentration of the measured antibiotic in the aquatic environment that causes
an effect on 50% of exposed aquatic organisms. The PNEC is usually estimated by applying an Assessment
Factor (AF) to account for variability and uncertainties in the ecotoxicology data, as shown in equation (8):

MIC
PNECaquatiC organism = "o (8]

When the MEC is greater than PNEC, i.e. (MEC/PNEC > 1), a potential risk is suspected, and the observed
antibiotics are considered to have an ecological risk based on the sensitivity of the ecological receptor. In
detail, RQ < 0.1 assumes that the risk is insignificant, 0.1 < RQ = 1 indicates low risk, 1 < RQ = 10 suggests
moderate risk, and RQ > 10 signifies high risk. The PNEC data used in this study is obtained from Mheidli et
al. (2022).

In this study, an ecological risk assessment was conducted for the target antibiotics (see Table 6.4). Using
toxicity thresholds from relevant literature (Chen et al., 2018a; Chen et al., 2018b; Mheidli et al., 2022; Nieto-
Juérez et al., 2021), calculations were based on parameters like No Observed Effect Concentration (NOEC),
Lowest-Observed-Effect-Concentration (LOEC), and the concentration affecting 10% of organisms (EC10)
(Nieto-Juarez et al., 2021). The average antibiotic concentration in surface water served as Minimum Effect
Concentration (MEC), and Minimum Inhibition Concentration (MIC) values were used for algae, fish, and
daphnids, applying assessment factors from Mheidli et al. (2022).

Results indicate that among the investigated antibiotics, only tetracycline poses a high risk for fish but shows
a low risk for algae and daphnids. Erythromycin presents a moderate risk for algae (RQ values of 2.286 and
1.6), while Sulfathiazole and Penicillin G show no immediate observed ecological impact. It is important to note
that even trace levels of these antibiotics in surface water can harm the ecology. Additionally, the sensitivity to
toxicity may vary among species based on genomic characteristics, potentially differing between countries.
Consequently, future studies should include a specific investigation into ecological risk assessment.

Table 6-4 Risk quotients from the detected concentration of targeted antibiotics in Msunduzi River.

Antibiotics :\:I\I;(:-'1) Organism :\:I\I:L'U SF (Pnr:;EI? 1) RQ
TTC 686.118 Algae 50000 (NOEC)? 10 5000 0.114
Fish 500°b 50 11.43
Daphnids 10000° 1000 0.571
503.3 6.51*10100 1000 0.00000
PNG Algae 6.51*106 8
Fish 2.05%101"3b 0
1.32*10"1b 0.00000
Daphnids 4
ERY 91.465 Algae 2000 b-c 50 40 2.286
Fish 1080 2*106 0.00004
Daphnids 220000 b 4400 0.02
STZ 377.684 Algae 1.31*107 (NOEC)2 1000 13100 0.02
Fish 5*108b 500000 0.0007
Daphnids  2.2*108°b 220000 0.0017

@ (Nieto-Juarez et al., 2021)
b (Mheidli et al., 2022)
¢ (H. Chen et al., 2018)
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6.4 FATE AND TRANSPORT OF ANTIBIOTICS IN A WASTEWATER TREATMENT PLANT

6.4.1 Antibiotic Fate and Impact on Wastewater

The widespread use of antibiotics has led to their presence in various environmental compartments, including
wastewater. Discharging antibiotic-contaminated wastewater into the river system poses a significant
environmental and human health challenge. Antibiotics are introduced into wastewater primarily through
multiple pathways, such as domestic sewage, hospital discharges, and industrial effluents, and attributed to
the incomplete metabolism and excretion of these pharmaceuticals by humans and animals. Wastewater from
these sources and more contains various pollutants, including antibiotics. In healthcare settings, the disposal
of expired or unused medications contributes significantly to the presence of antibiotics in wastewater.

Additionally, pharmaceutical manufacturing plants release antibiotics into wastewater during the production
process. The heightened levels of antibiotics in wastewater have raised concerns due to their potential impact
on the environment and public health. The discharge of antibiotic-contaminated wastewater into natural water
bodies can have detrimental effects on aquatic ecosystems. Antibiotics may induce antibiotic resistance in
environmental bacteria, contributing to the global emergence of antibiotic-resistant strains. Furthermore,
antibiotics in surface water may pose risks to human health by consuming contaminated water or aquatic
organisms.

The diverse antibiotics commonly found in wastewater include fluoroquinolones, sulfonamides, tetracyclines,
and macrolides. In understanding the Fate of antibiotics within a wastewater treatment system, a crucial aspect
of investigation involves the collection of samples from the wastewater treatment facilities to detect the
presence of antibiotics at different stages of the treatment process and understand the disparities in
concentrations, along with the contributing factors to these variations. The target antibiotics were penicillin,
tetracycline, erythromycin, and sulfamethoxazole. The methodology incorporated solid-phase extraction as a
sample preparation component, followed by determining the relative concentrations of these antibiotics using
LC-MS. The ensuing sections furnish valuable insights into the antibiotic levels identified in the wastewater
samples and their subsequent Fate within the wastewater treatment system.

Wastewater treatment plants (WWTPs) play a crucial role in reducing the levels of antibiotics in effluents before
their discharge into receiving water bodies. However, despite advancements in wastewater treatment
technologies, challenges remain in effectively eliminating antibiotics from wastewater. The complex nature of
antibiotic mixtures, the potential for the formation of antibiotic-resistant bacteria in treatment plants, and the
persistence of certain antibiotics are ongoing concerns. Conventional treatment processes may not effectively
remove all antibiotics, leading to residual concentrations in the treated effluent. Factors such as the
physicochemical properties of antibiotics, treatment plant design, and operational conditions influence their
fate during wastewater treatment.

While the impact of antibiotics on wastewater treatment efficiency has been acknowledged, there is limited
evidence on how these processes degrade antibiotics and their potential impact on receiving natural water
bodies (Uyak and Toroz, 2014). In the case study conducted by Brown et al. (2006), the identification of regions
with elevated antibiotic concentrations in influent highlights the significance of targeted sampling in sewer lines
that receive hospital influent, as well as strategic points along the sewer line leading to the wastewater
treatment plant (WWTP). The study underscores the necessity of assessing antibiotic concentrations before
undergoing treatment processes within the WWTP and as part of a pollution model applied to a natural water
body.
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6.5 MATERIALS AND METHODS

6.5.1 Chemicals and Reagents

Standards for penicillin, tetracycline, erythromycin and sulfamethoxazole were purchased and stock solutions
of 1 000 ppm, 10 ppm, 1 ppm, 100 ppb, 10 ppb, 1 ppb, 0.10 ppb and 0.01 ppb created from the respective
standards. Preparing stock solutions for penicillin, tetracycline, erythromycin, and sulfamethoxazole involved
a systematic procedure to ensure accurate concentrations for calibrating the LC-MS equipment. The following
method was employed:

= 0.01 g of each antibiotic standard was measured and added into separate flasks.

= 10 m{ of methanol was added to each flask.

= The stopper was secured onto each flask, and the mixture was shaken well.

= The mixture was left to stand for approximately 10 minutes.

= Using a syringe, 1 m{ of each antibiotic was extracted and added to a new 100 m{ flask.

= Methanol was added to the 100 mf mark of the flask, and the mixture was hand-shaken well.

=  The mixture was allowed to stand for 5 minutes.

=  This mixture was the stock solution for the 1 000 ppm mixture. To get the 10 ppm mixture, 1 mf of the
1 000 ppm stock solution was extracted using a syringe and placed into a new 100 m{ flask.

= Methanol was added to the flask, hand-shaken vigorously, and then left to stand for 5 minutes. This
then formed the 10 ppm mixture.

= To getthe 1 ppm mixture, 10 m{ of the 100 £ mixture was extracted using a syringe and placed into a
new 100 m¢ flask.

» Methanol was added to the flask, hand-shaken well, and then left to stand for 5 minutes. This then
formed the 1 ppm mixture.

= The above method was used to obtain solutions for the 100 ppb, 1 ppb, 0.10 ppb and 0.01 ppb
antibiotic standards.

= The solutions were stored in a fridge at 4 °C until required for analysis.

This method ensured the creation of accurately calibrated antibiotic solutions at various concentrations,
facilitating the reliable calibration of the LC-MS equipment for detecting target antibiotics in different sample
matrices.

6.5.2 Sample Collection and Preparation

6.5.2.1 Sample Collection

Wastewater samples were collected by using grab sampling in 0.50 { glass amber bottles from a depth of
approximately 20 mm from the surface of the water. For each of the sampling sites mentioned below, two
samples were collected.

Sampling was conducted at Amanzimtoti Wastewater Works (see Fig 6.3). Liquid samples were collected at
the following positions: the Inlet to the treatment works, the Outlet to the primary settling tanks, the inlet to the
aeration basin and the Final effluent point (See Fig 6.4) for the process flow diagram for Amanzimtoti
Wastewater Works. Once collected, the samples were stored on ice and transported to a laboratory, where
they were stored at 4°C until sample preparation took place.
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Figure 6.4 Amanzimtoti Wastewater Works Process Flow Diagram
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6.5.2.2 Sample Preparation

The methodology for liquid sample preparation followed by Matongo et al. (2015) has been adopted for this

study and used as follows:
1. Wastewater samples were first filtered using Whatman Econofilt reinforced glass fibre filter paper (47

mm diameter).
2. The wastewater samples were then filtered again using Clear Right 0.45 pym filter membrane (47 mm

diameter).
3. Hydrophobic-Lipophilic Balance (HLB) cartridges were prepared with 5 mf methanol and equilibrated

with 5 m¢{ of distilled water adjusted to a pH of 4.20 with acetic acid.
4. 100 m{ of the filtered wastewater sample was added to the cartridge, and the flow rate was maintained

at 4 m{/ minute.
5. The solid phase was then dried, and the analytes eluted ten times with 1 m{ of methanol and five times

with 1,0 m{ of acetone, each with a flow rate of 2 mf / minute.
6. Eluents were then evaporated and reconstituted with 1 m£ of methanol.

6.6 ANALYSIS OF RESULTS

samples were collected in the Winter and Spring seasons from three locations within the Amanzimtoti WWTP.
Furthermore, as mentioned previously, the first point of sample collection is the Inlet to the WWTP line, the
second is the Outlet to the Primary Settling Tank and Inlet to the Aeration Basin, and the third sample collection

point is located at the Final Effluent point of the WWTP.

Sample Point 1: Inlet to Works

Samples were collected at the inlet of the wastewater treatment plant. For samples collected in Winter, the
results yielded 11 peaks, with detection times ranging from 4,496 minutes to 28,626 minutes, as seen in Figure
6-5 and Table 6-5. Peaks were observed from 4,496 min to 7,330 min. At the same time, a wander is observed
between 5 and 6 minutes. A wander can be due to contamination in the carrier gas, column, or injector (All
Chromatograms are presented in Appendix C). Tables 6-5 to 6-10 are presented.
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Figure 6.5 Chromatogram for Sample collected at the inlet of the WWTP in Winter
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Table 6-5 Results for Samples collected at the inlet of the WWTP in Winter
PDA Ch1 254 nm

Peak Number Ret. Time  Area Height Noise S/IN Peak Start Peak End
1 4,496 4923280 92768 61,03 1520,06 3,232 5,664
2 6,563 8520767 257682 61,03 4222,31 5,685 7,221
3 7,330 3901004 47867 61,03 784,34 7,221 9,333
4 9,431 1093081 21177 61,03 346,99 9,333 10,357
5 10,623 871988 16199 61,03 365,43 10,357 11,531
6 11,673 541910 8987 61,03 147,25 11,531 12,960
7 13,077 124197 3367 61,03 55,17 12,960 14,091
8 16,396 18670 678 61,03 11,11 15,947 16,939
9 18,541 12822 328 61,03 5,37 18,251 19,616
10 20,179 9730 283 61,03 4,64 19,883 20,864
11 28,626 7986 231 61,03 3,79 28,288 29,344
Total 20025435 449565

Table 6-6 Results for Samples collected at the inlet of the WWTP in Spring
PDA Ch1 254 nm

Peak Number Ret. Time  Area Height Noise S/IN Peak Start Peak End
1 1,270 8620 284 35,99 7,89 0,939 1,941
2 5,094 1980554 29863 35,99 829,85 3,509 5,707
3 6,510 1788079 53105 35,99 1475,72 5,888 7,776
4 7,346 1276620 28512 35,99 792,31 6,869 8,160
5 7,883 392364 17551 35,99 487,71 7,776 9,120
6 8,534 851940 15891 35,99 441,59 8,160 9,451
7 9,269 235611 11971 35,99 332,65 9,120 10,325
8 9,750 532932 11074 35,99 307,72 9,451 11,072
9 10,661 365123 10347 35,99 287,54 10,325 12,469
10 11,502 270305 5402 35,99 150,11 11,072 13,632
11 13,493 5362 324 35,99 8,99 13,216 14,635
12 13,960 40187 1535 35,99 42,65 13,632 22,485
13 21,841 19703 604 35,99 16,79 21,333

Total 7767399 186463

Sample Point 2: Outlet to Primary Settling Tank and Inlet to Aeration Basin

Table 6-7 Results for Samples collected at the Outlet to the Primary Settling Tank/ Inlet to the

Aeration Basin Spring
PDA Ch1 254 nm

Peak Number Ret. Time Area Height Noise S/N Peak Start Peak End
1 4,595 2969450 44592 40,87 1091,05 3,360 5,696
2 6,487 3473337 113314 40,87 2772,52 5,760 6,955
3 7,347 2006365 37852 40,87 926,15 6,955 8,139
4 8,363 1009201 23732 40,87 580,65 8,139 8,992
5 9,160 347416 16137 40,87 394,84 8,992 9,355
6 9,473 296641 15238 40,87 372,84 9,355 9,685
7 9,892 408213 14441 40,87 353,33 9,685 10,176
8 10,661 767838 15759 40,87 385,58 10,176 11,211
9 11,548 545278 9212 40,87 225,39 11,211 12,395
10 12,663 227499 5305 40,87 129,80 12,395 13,184
11 13,533 96510 3484 40,87 85,24 13,185 13,643
12 13,992 207236 6910 40,87 169,08 13,643 14,773
Total 12355045 305975
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Table 6-8 Results for Samples collected at the Outlet to the Primary Settling Tank/ Inlet to the

Aeration Basin in Winter
PDA Ch1 254 nm

Peak Number Ret. Time  Area Height Noise S/IN Peak Start Peak End
1 4,506 6684378 123683 70,93 1743,83 3,232 5,675
2 6,556 10303080 320512 70,93 4518,94 5717 7,189
3 7,348 2137585 78163 70,93 1102,03 7,189 7,733
4 7,949 1556598 58023 70,93 818,08 7,733 8,224
5 8,383 2592415 47066 70,93 663,59 8,224 9,280
6 9,492 1386467 35196 70,93 496,23 9,280 9,952
7 10,182 856129 34353 70,93 484,34 9,952 10,379
8 10,652 1358128 40437 70,93 570,13 10,379 11,061
9 11,312 1794773 28063 70,93 395,66 11,061 12,395
10 12,563 683070 17518 70,93 246,99 12,395 13,077
11 13,498 601285 21170 70,93 298,47 13,077 13,621
12 13,956 1614836 40383 70,93 569,37 13,621 14,784
13 14,880 668327 12942 70,93 182,47 14,784 15,861
14 16,149 258652 8022 70,93 113,10 15,681 16,405
15 16,514 213554 7611 70,93 107,31 16,405 16,917
16 17,284 324722 6477 70,93 91,32 16,917 17,973
17 18,790 323447 4317 70,93 60,86 17,973 19,936
18 21,888 34297 1420 70,93 20,02 21,280 21,975
19 22,365 89693 2229 70,93 31,42 21,973 23,179
20 24,747 5091 195 70,93 2,75 24,491 25,195
Total 33486526 887779

Sample Point 3: Final Effluent

Table 6-9 Results for Samples collected at the WWTP Effluent Point in Winter
PDA Ch1 254 nm

Peak Number Ret. Time  Area Height Noise S/IN Peak Start Peak End
1 4,549 7818990 153862 70,14 2193,74 2,560 5,685
2 6,555 14187359 368744 70,14 5257,50 5,707 8,085
3 8,355 2952765 69063 70,14 984,70 8,085 9,344
4 9,442 613711 25940 70,14 369,85 9,344 9,760
5 9,883 876628 22492 70,14 320,68 9,760 10,507
6 10,675 840115 15937 70,14 227,22 10,507 11,541
7 11,690 633000 10667 70,14 152,08 11,541 12,949
8 13,077 160765 4209 70,14 60,01 12,949 14,176
9 16,175 72582 2511 70,14 35,80 15,787 16,917
10 17,989 7909 375 70,14 5,35 17,717 18,240
11 18,550 24154 580 70,14 8,28 18,240 19,616
12 20,214 15129 441 70,14 6,29 19,893 20,907
13 28,710 9851 298 70,14 4,25 28,373 29,451
Total 28212959 675119

Table 6-10 Results for Samples collected at the WWTP Effluent Point in Spring
PDA Ch1 254 nm

Peak Number Ret. Time  Area Height Noise S/IN Peak Start Peak End
1 4,581 2566544 36117 52,87 683,16 3,413 5,696

2 6,523 2554100 82815 52,87 1566,46 5,845 6,933

3 7,359 1395442 27537 52,87 520,87 6,933 8,992

4 13,982 14381 699 52,87 13,22 13,675 14,517

5 16,433 4771 186 52,87 3,52 16,181 16,907
Total 6535239 147354
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6.7 SUMMARY

Between Sample Point 1 and 2 collected in Winter, there is an increase of 67.22% while for the samples
collected at the exact sampling locations in Spring, the peak is 59.06%. The increase in respective
concentrations indicates that a source of contamination is present within the treatment works between the inlet
to the works and the inlet to the aeration basin. This source of contamination is assumed to come from the
sludge within the primary settling tank.

Between Sample Points 2 and 3 in Winter, there is a decrease of 15.75%; in spring, the concentration is
47.10%. The decrease in respective concentrations indicates that the treatment processes between Sample
Points 2 and 3 degrade the antibiotic concentrations. Environmental factors, such as UV light and temperature,
could also aid in the degradation of antibiotics.

When considering the variations in the concentrations of antibiotics at Winter from the inlet to the works at
Sample Point 1 to the final effluent discharge at Sample Point 3, there is an increase of 40,89%, which indicates
that the treatment works itself is a source of antibiotic contamination. Conversely, for samples collected in
Spring, there is a decrease in antibiotic concentrations of 15.86% observed between Sample Points 1 and 3.
Further investigations are required into trends of the weather patterns during the testing period to determine if
external factors such as rainfall and photolytic degradation could cause a significant decrease as observed.
These results also need to be corroborated with the statutory testing data of the treatment works to determine
the plant performance at the time of sampling.
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CHAPTER 7: ESTROGENIC ACTIVITY IN RIVER WATER AT
SELECTED POINTS OF THE MSUNDUZI RIVER

7.1 INTRODUCTION

Ubiquitous toxic contaminants in the aquatic environment are of growing concern as they have been implicated
in many chronic diseases with severe adverse effects on human health and the environment. Some of these
contaminants are identified as Endocrine disrupters. Endocrine-disrupting chemicals (EDCs) are released into
surface water and the environment through sewage effluent and from sources such as agricultural and
pharmaceutical activities (Falconer et al., 2006; Slabbert et al., 2008; Burkhardt-Holm, 2010). Further, due to
the prevalence and ease of entry of EDCs in the aquatic environment, EDCs have been detected in raw and
treated water at varying concentrations in several countries. Water treatment processes may not effectively
remove these contaminants from the source water, leading to potential risks to human health and the
environment. With limited information on the estrogenic activity occurring within the water environment, it is
imperative to understand this concept and its associated risks.

711 Sample Collection and Analysis

Sterilised amber bottles were used to collect water samples in triplicates from 16 locations along the Msunduzi
River using the grab sampling method. All standard procedures were followed in collecting the water samples
in 500 m{ bottles. The bottles were filled to the brim, and the covers were lined with foil to avoid sample
contamination. The samples were transported to the laboratory, processed and stored until extraction.

7.2 ANTIMICROBIAL-RESISTANT GENES

7.21 Sample Collection and Analysis

The following processes were followed to analyse and estimate microcontaminants and estrogenic activity in
the water environment.

a. Measurement of Antibiotic Concentrations: The concentrations of antibiotics present in the water samples
were measured to assess their levels and potential impact.

b. Estimation of Microbial Community: The microbial community within the water samples was characterised
to understand the composition and diversity of microorganisms.

c. Antibiotic Susceptibility/Resistance Testing: Bacterial strains isolated from the water samples were tested
for antibiotic susceptibility and resistance. This analysis aimed to determine the response of the bacterial
strains to various antibiotics.

These experiments collectively provided valuable insights into the presence of microcontaminants, the

estrogenic activity, and the interaction between microbial communities and antibiotics in the water
environment.

7.2.1.1 Estimation of microbial communities.

The microbial communities in the water samples collected were measured using the metagenomics approach.
The genomic DNA of the total microbial community was extracted using DNeasy Power water kit (Qiagen, Cat
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No:1490-100NF) following the instructions in the manual. The concentration and quality of the DNA samples
were determined using the nanodrop spectrophotometer and agarose gel electrophoresis, respectively. Fifty
(50) microlitres of 20ng/ul concentration samples were sent to Inqgaba Biotech, Pretoria, for metagenomic16S
long-read sequencing using PacBio system. The raw data obtained was analysed using taxa and genus
assigning tool KRAKEN2 (Wood and Salzberg, 2014)

The analysis of the data resulted in generating a large set of tables and graphs. Most of the taxa were labelled
as unclassified in all the samples. The other taxa were Enterobacterales, Acinetobacter ursingii,
Polynucleobacter, Hyphomicrobiales, Proteobacteria, Gammaproteobacteria, Opitutus terrae, Candidatus
Profftella armature, Roseomonas sp., Streptomyces sviceus, Anaerostipes, Microbacterium chocolatum,
Sphingomonadales and Humisphaera borealis.

Most of the bacteria detected were reported to have virulence effects and may be involved in causing certain
diseases. These bacteria may be adapted as a multidrug resistance strain and hence need to be removed
from the wastewater during treatment before reuse. The data generated will be published as a manuscript in
the highly reputed journal in the research area under the title, “The metagenomic analysis of microbial
community of water samples collected from major rivers in KwaZulu-Natal province of South Africa:
Deciphering the possible cause of Multi drug resistance”.

7.2.1.2 Antibiotics susceptibility/resistance testing.

The susceptibility of bacterial strains to antibiotics was assessed using the disk diffusion technique. Pure
bacterial strains were obtained from water samples through an enrichment process and subculturing on
Nutrient Agar media. Following overnight growth at 30°C, a 100-microlitre culture was spread on Mueller Hinton
agar plates. Antibiotic discs (Ampicillin 10 mcg, Erythromycin 10 mcg, Erythromycin 30 mcg, Tetracycline 30
mcg, and Sulphamethoxazole 25 mcg) were placed on the culture, and the plates were incubated overnight at
30°C. Growth observations were made, and the diameter of the zone of clearance was measured and recorded
in centimetres. Data analysis was conducted using IBM SPSS v29.

108 and 150 bacterial strains were isolated from the first and second batches at 17 locations, respectively,
based on colony size, type, and colour. The isolates exhibited varying sizes of the zone of clearance in the
presence of different antibiotic discs. Figure 7.1 depicts the percentage of resistance and susceptible isolates.
In contrast, Figure 7.2 illustrates the severity of resistance and susceptibility (diameter of the zone of inhibition,
cm) of isolates for antibiotics, regardless of the sample collection location (first collection). Figure 7.3 presents
the percentage of resistant and susceptible isolates, while Figure 7.4 displays the severity of resistance and
susceptibility (diameter of the zone of inhibition, cm) of isolates for antibiotics, irrespective of the sample
collection location (second batch collection).

The Antibiotic resistance was assessed using fixed concentrations of 10 mcg of Ampicillin, 10 mcg of
Erythromycin, 30 mcg of Erythromycin, 30 mcg of Tetracycline, and 25 mcg of Sulphamethoxazole. It is
important to note that strains may exhibit susceptibility below these concentrations. Technically, antibiotic
resistance cannot be reliably determined solely based on threshold concentrations. If a strain is resistant to a
high concentration, it is likely resistant to lower concentrations. Threshold concentrations are primarily used to
gauge susceptibility. The classification into categories such as mild, moderate, serious, and severe was based
on the diameter size of the zone of clearance (cm), as detailed in Table 7.1. Table 7.2 presents the Pearson
correlation results between the antibiotic parameters detected in water samples and the resistance and
susceptibility of the isolates, while Table 7.3 includes the significance values of these correlations.
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Figure 7.1 Isolates resistant or susceptible to antibiotics tested irrespective of location of sample
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Figure 7.2 Resistance and susceptibility severity (diameter of zone of inhibition, cm) of isolates for
antibiotics irrespective of the location of sample collection (First collection)

49



120

100

60
| II II
0 I — -

Penicillin Tetracycline Sulfamethoxazole Erythromyein 10 Erythromyein 30

% of Isolates

&~

(=3
=3

®Resistant W Susceptible

Figure 7.3 Isolates resistant or susceptible to antibiotics tested irrespective of location of sample
collection (Second collection)

100
90
80
70
60
]
=
&4 50
)
et
40
30
20
) I I I I I I
, ElE_ . | =~ 1 L [
Penicillin Tetracycline Sulfamethoxazole Erythromycin 10 Erythromycin 30
H Resistant m Mild Susceptibility ~ ®Moderate Susceptibility ~ W Serious ibility B Severe S ibility

Figure 7.4 Resistance and susceptibility severity (diameter of zone of inhibition, cm) of isolates for
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Table 7-1 Diameter of Zone Clearance for Susceptibility Classification

Diameter of zone of clearance (cm)

Disk Mild Moderate Serious Severe
Antibiotic Conc. Resistant  Susceptibility Susceptibility Susceptibility Susceptibility
Ampicillin 10mcg 0 >0 <1 >1<2 >2<3 >3
Tetracycline 30mcg 0 >0 <1 >1<2 >2<3 >3
Sulphamethoxozole 25mcg 0 >0 <1 >1<2 >2<3 >3
Erythromycin 10mcg 0 >0 <1 >1<2 >2<3 >3
Erythromycin 30mcg 0 >0 <1 >1<2 >2<3 >3

Table 7-2 Pearson correlation between the parameters. 1 indicates a strong or positive correlation,
and 0 to -1 shows a negative or weak correlation between variables.

First Batch Second Batch
Antibiotics PNC ERY10 ERY30 STz TTC PNC ERY10 ERY30 STz TTC
PNC -174 -.331 -.371 =111 .047 106 -.136 -.035 -.128 -.082
TTC -.032 -.015 -.058 -.041 .089 .060 -.121 -.093 -.154 -.056
ERY -.106 -.088 -.135 .090 .085 .004 -.208 -.161 -.160 -.050
STZ -127 -.071 -.037 .048 .069 .325 .150 .222 -.068 11

Table 7-3 Significance values of the correlation between the parameters.
Significance (Chi-square value)

Antibiotics First Batch Second Batch
PNC .060 .293

ERY10 .343 .033*

ERY30 .148 .044*

STZ .748 .692

TTC .340 485

*Significance p<.05

7.3 ANTIMICROBIAL-RESISTANT GENES

The results reveal variations in the size of the zone of clearance in response to different antibiotics, indicating
the susceptibility or resistance of the isolates. In the first batch, a substantial proportion (78%) of isolates
exhibited resistance to Sulphamethoxazole, with only 5% showing resistance to tetracycline. Resistance rates
of 40%, 30%, and 20% were observed for ampicillin, erythromycin 10, and erythromycin 30, respectively
(Figure 7.1).

In the subsequent batch, the trend shifted, with a significant number (73%, 89%, 58%, and 45%) of isolates
demonstrating resistance to ampicillin, Sulphamethoxazole, erythromycin 10, and erythromycin 30,
respectively. Conversely, only 2% of isolates were found to be resistant to tetracycline (Figure 7.3). The
significance values presented in Tables (7.2 and 7.3) suggest that the emergence of resistance in isolates to
antibiotics may be influenced by the source of water discharged into the river.
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CHAPTER 8: MODEL DEVELOPMENT

8.1 INTRODUCTION

A mathematical model for the simulation of the antibiotic contaminants in a river is being developed using the
concept of first-order reaction kinetics and mass balance of set variables. Reaction kinetics, which has a
significant role in the concentration and persistence of antibiotics, is used in the model development. From the
reviewed literature (Chee-Sanford et al., 2009; Tong et al., 2009; Chan et al., 2020), the major in-stream
processes involved in antibiotic fate and transport are first-order photodegradation (Kp), bio-degradation (Kb),
hydrolysis (Kn), and sorption. The reaction kinetics of the instream processes significantly impact the estimation
of antibiotic concentration in a river. However, not all antibiotics experience those reactions.

Photodegradation of any substance is the abiotic degradation of compounds from sunlight absorption.
Biodegradation is the biological breakdown of pharmaceuticals through human and animal metabolism and
breakdown by microorganisms such as bacteria, fungi, microalgae, and protozoa. Microorganisms in the water
and sediment-water interface partially or fully decompose degradable antibiotics into stable (no longer affected
by biodegradation) solutes. Hydrolysis is the conversion, elimination, and solvation of antibiotics by water as
a medium of an agent. Hydrolysis is a critical process in most antibiotics as they can be hydrolysed to form
other compounds by bacterial enzymes. Sorption partitions the availability of pharmaceutical compounds in
the water and sediment phases. The water-sediment portioning coefficient is used to determine the sorption
capacity of sediment. The high concentration of antibiotics in stream beds and suspended matters Is reported
in numerous literatures, with sediments considered a significant sink of antibiotics.

8.2 REACTION KINETICS ON SELECTED ANTIBIOTICS

Antibiotic use for human health, animal husbandry, agriculture, preservation and other purposes is a common
practice in daily living. However, antibiotic residues from their use and application join the aquatic environment
and are transported along rivers or sorbed into sediment and soil (Noutsopoulos et al., 2019; Gothwal and
Thatikonda, 2020). As antibiotics travel downstream natural rivers, they undergo various transformations
(attenuate, degrade, transform, and decompose). The simulation of antibiotics from a process-based reactive
transport model relies on the parameters, especially the critical reaction parameters. Therefore, modelling the
fate of antibiotics in a river must represent the possible processes affecting the transport. However, the
physical representation of the transport process has dynamic, distinct, and complex properties, making
developing a precise quantification mechanism a tough job.

In the water column, the primary attenuation processes of the aqueous concentration of antibiotics are sorption,
biodegradation, photodegradation, and hydrolysis. However, the reaction processes of varying antibiotics differ
and depend on various factors. For instance, the sorption process is more likely to depend on the river's
geological composition and the sediment's organic carbon content. Li and Cui (2020) reported that low
amounts of organic carbon content in sediments result in a higher antibiotic sorption rate. Their study showed
that the hydrolysis of antibiotics is sensitive to the ion strength and the PH value of the reaction, and the
cationic forms of antibiotics are more sensitive to hydrolysis than neutral and anionic forms. The presence of
Nitrites in natural water increases the biodegradability of antibiotics, while the density of microbes and the
presence of carbon play an increased rate of antibiotic degradation. However, the presence of carbon in the
river water is minimal to sediment, sludge, and wastewater, resulting in low biodegradation of antibiotics than
in the other water medium (Li and Cui, 2020). Hence, it is essential to understand the effect of specific transport
kinetics on a particular antibiotic under consideration. A review of the degradation process for the selected
antibiotics is presented in Table 8.1.
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Table 8-1 Antibiotic attenuation processes.

Antibiotics Sorption Biodegradation Photolysis Hydrolysis Citations
Group
Penicillin Penicillin has a low rate B-lactamase Penicillin is aweak (Li etal.,
(B-lactam) of degradation due to enzymes from base and 2008)
adsorption by sediment.  bacteria degrade hydrophilic. Higher  (Yang et
However, with the help penicillin to attenuation of al., 2021)
of zinc chloride, a higher  penicilloic acid by penicillin is related
rate of biodegradation opening the B - to hydrolysis than
can be obtained. lactam ring. the other
attenuation
mechanisms. The
unstable structure
of B -lactam ring is
highly affected by
PH and heat, and it
can be converted
to penicilloic acid,
penicilloaldehyde,
penicillamine,
penicilloic, and
isopenillic acid.
Macrolides Erythromycin can  Erythromycin is Erythromycin is (Yang et
(Erythromycin) be degraded by highly reduced by  used for human al., 2021)
(ETM) bacterial photodegradation  and veterinary
degradation by the applications.
(Ochrobactrum mechanism of Hydrophilic (a
sp. Strain) by the  cladinose ring weak base)
transformation of  cleavage.
depyranosyloxy
Sulfonamides It has poor sorption Sulfathiazole can  Sulfathiazol can Hydrophilic (Weak  (Tamtam et
(Sulfathiazole)  properties and, hence, a be biodegraded to be degraded with  acid) Origins from al., 2008)
(STZ) low removal rate in N4-acetyl by the  the help of veterinary and (Liu et al.,
WWTP (low sorption to mechanism of indirect photolysis  human medicine 2019b)
treatment sludges) acetylation. to form Unlikely to be (Li and Cui,
Has a high acetylation. derived from 2020)
concentration in pore agriculture
water of sediment for Are considered
more than 50 half-life ideal for hydrolysis
It is highly affected by Sulfonamides do
photodegradation > 70% not break down
and, to a lesser extent, under normal
by adsorption. It has a conditions. It
relatively lesser requires a higher
attenuation rate than the temperature and
other antibiotics. higher
concentration of
strong acids or
bases than
encountered in the
environment.
Tetracyclines Tetracycline is highly Tetracycline has Hydrophobic (a (Gothwal
Tetracycline sorbed to the clay and a moderate rate weak base). and
(TC) humic substances and of direct It can be used to Shashidhar,
clay minerals. photodegradation. treat bacterial 2015)
Adsorption of infections in (Yang et
tetracycline is influenced humans and al., 2021)
by pH and ionic animals.

strength.

Tetracycline has a
higher sorption capacity
than any other antibiotic.
Tetracycline has a short
half-life in the water
column as it sorbs into
soils and sediment by
adsorption due to its
hydrophobic properties.
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8.3 MODEL FORMULATION

The conceptualized Hybrid Cells in Series (HCIS) model discretises the river into a series of spatial
segments, each referred to as a hybrid unit. Each hybrid unit comprises three distinct mixing zones: the
plug flow zone, the first thoroughly mixed zone, and the second well-mixed zone. The effluent from the
plug flow zone serves as input for the subsequent first mixing zone, and the effluent from the first mixing
zone becomes influent for the second mixing zone. This sequential process continues, with the effluent
from the second mixing zone of the previous hybrid unit acting as input for the subsequent unit. This
pattern persists until the plume reaches the terminal level, as illustrated in Figure 8.1.

The mixing zones in the model consist of time parameters that enable the prediction of the expected
concentration range, accounting for variations in dispersion and mixing. The exchange within these
zones is characterised by residence times, representing various storage zones. This model structure
aims to comprehensively understand antibiotic transport and dispersion dynamics in the river system.

The model incorporates various physical processes, including advection, dispersion, adsorption,
degradation, settling, resuspension, and diffusion, to describe the transport of antibiotics, suspended
solids, dissolved organic matter, and particulate organic matter. Transformations such as biological
degradation, hydrolysis, and photolysis are accounted for in both the adsorbed phase and the aqueous
phase. However, this model assumes that all transformations occur solely in the aqueous phase for
simplification. The variables are defined based on the total volume and concentrations of contaminants.

The model assumes first-order antibiotic decay and incorporates a point source of contamination. Mass-
balance equations are formulated for each variable, encompassing the system's transport processes,
inputs, outputs, and degradation processes. This approach allows for a comprehensive analysis of
contaminant dynamics within the river system.

1%tunit 279 ynit 3" ynit 4 ynit
| ] [

A(D,t) / / / Dé AlnAX, t)
E— | - - [
o |Be L = J e |be >
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1 I | L
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. ‘l_.
Plug flow cell 1% well 274 well
mixed cell mixed cell

Figure 8.1 Model conceptualisation

8.3.1 Mass balance equation

The partial differential equations are derived by applying mass balance principles to a control volume
(V). The expressions for contaminant concentration are formulated based on the rate of change of mass
of contaminant within the control volume, equating the mass balance of total mass degraded and the
inflow mass. The derivation incorporates considerations for advection, dispersion, settling, diffusion, and
instream reactions, comprehensively representing the modelled system's contaminant transport and
transformation processes.
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8.4 MODELLING OF ANTIBIOTICS

In modelling the presence of antibiotic residues in the riverine system, it is essential to account for
various environmental processes influencing their fate and transport. These processes encompass
dissolution, dispersion, diffusion, aggregation with solids, settling, and interaction with organic and
suspended matter. Hydrolysis, photolysis, biolysis, and sorption, in addition to advection and dispersion,
are identified as pivotal processes in the developed model for this study. Using linear partition
coefficients, the model incorporates the partitioning between freely dissolved, solids-bound, and DOM-
bound phases. Furthermore, the mass balance equation 9 considers the concentration of input from
tributaries, expressed using equation 9a-c as follows:

0A(x,t) _ dA(x,t) Ky Kq Ag q
o = —u I — (K + Ky + KA, D) + T As — 22 (AG 1) - 7) — KA, +25e [9]
_ A(x,t)
Afa = 1+kgomDOM+ Kso1igTSS [9a]
_ AQt) kgomDOM(x,t)
Aq = 1+kgomDOM+ Kso1igTSS [9b]
A(x,t) ksoh-dTSS(x,t)
Ap = 1+kgomDOM+ kgo1igTSS [Sc]

Where A(x,t) and As are the antibiotic concentration in the water column and sediment, respectively; Asw
is the freely dissolved concentration of antibiotics in the water column; A4 is the DOM bounded
concentration of antibiotics in the water column, and Ay is the particulate bounded concentration of
antibiotics in the water column. u is the advection velocity (m s), tis time (day'), Se is the concentration
of antibiotics from external sources (mg L"), h is the depth of river water (m), q is the flow from
wastewater treatment plants and tributaries (m3 s'') and y ratio of water depth to a depth of underlying
movable sediment layer (h/w). The definition of reaction constants, parameters and other terms are
provided in Table 8.2.

Dissolved organic matter

Organic matter in stream water is a mixture of various compounds. It is a chemically active substance
that plays a vital role in the aquatic ecosystem functioning (carbon cycle, nutrient output, and food web
dynamics) and water quality. Dissolved organic matter (DOM) is an abundant substance. It significantly
affects the biogeochemical processes that regulate the momentum of mineral colloids and solute
transport within the aquatic environment. The presence of DOM facilitates the mechanism for
contaminant mobility and transformation in the aqueous phase concentration of antibiotics (Cheng &
Saiers, 2015). DOM forms complexes with metals and organic contaminants, affecting their solubility,
bioavailability, toxicity, and transport properties that change the reactivity of contaminants in the water
column and sediment (Song et al., 2022). In addition, DOM influences the pH level of stream water and
affects light penetration. The quantity of availability of DOM in the water quality plays an essential role
in eliminating organic contaminants such as antibiotics in the aquatic environment. DOM are active sites
for the physical sorption and chemical transformation of antibiotics. Biodegradation of natural organic
matter in natural river water produces the main organic fractions, humic and fluvic acids. Humic and
fluvic acid transfer light energy to other compounds in the water, which facilitates the excited state of
chemical transients and strongly affects the degradation of antibiotics concentration (Makunina et al.,
2015).

Consequently, DOM availability is subjected to various biogeochemical processes, and the metabolism
of algae (respiration and excretion) breaks down plant residue, producing energy and DOM. The
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biogeochemical mechanisms that control the changing rates of supply, mobilization, and retention of
soluble organic matter within, above and below-ground reservoirs of the terrestrial environment
determine the concentrations of DOM in natural river water (Kim et al., 2003). External load (discharge
form point sources) is a major source of DOM. The mass balance of DOM is expressed using equation
10 as:

OMED = —y 22ED _ K DOM (x, 1) + 5L DOM, — (Kprn + K, IDOM (%, £) + K, POM +
Ky q

DOM and DOMs are the dissolved organic matter concentrations in the water column and sediment.

Particulate organic matter

POM is the fraction of total suspended solids and is a source of dissolved organic matter due to
hydrolysis. Algal photosynthesis leads to the transformation of dissolved nutrients into particulate
organic matter. Some of this particulate matter may settle and diffuse to the sediment. Many
contaminants associate with particulate organic matter. Hydrophobic compounds have a strong affinity
to POM and form a complex in the presence of POM. Therefore, the cycle of POM affects their fate and
transport (equation 11).

OPOM(x,t) udPOM(x,t)
at - dx

— K,POM(x,t) — (Kpy + Knw)POM (x, ) + %POMS + Lse [11]

POM and POMs are the particulate organic matter concentrations in the water column and sediment.

Total suspended solids

Total suspended solids (and water turbidity) may influence antibiotic concentration via (1) light
availability, (2) water temperature, and (DO) consumption. High TSS increases the light attenuation
coefficient and reduces the light available for photosynthesis, leading to less DO production. Suspended
particles absorb heat and cause water temperature to increase. The ability of water to hold oxygen is
influenced by temperature and salinity. Since warm water holds less DO than cold water, a temperature
increase causes a reduction in DO concentrations. Total suspended solids often contain significant
organic matter, which attributes active sites to bind antibiotics (equation 12).

aTSS(x,t) u dTSS(x,t)
- dx

= — K,TSS(x,t) + %TSSS — ZKyTSS(x,t) + 2Se [12]

TSS and TSSs are the total suspended solid concentration in the water column and sediment.

8.4.1 Derivation of concentration through the plug flow zone

In the plug flow zone, a control volume (V) of the water column and the underlying sediment, the
concentration of antibiotic contaminant transported downstream with time a to the next control volume
(first mixing zone). The plume of antibiotic contaminant entering the plug flow undergoes pure advection
transport without changing its concentration. During the translation of antibiotic contaminants in the plug
flow zone, a fraction of contaminants might be lost, sources may contribute minimal fractions, and
minimal exchanges between the water column and sediment occur. The initial and boundary conditions
for the mass balance of antibiotics are given as equations 12 (a-c):

A(x,0=0; x>0 [12a]
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A(x,0)=0; t20 [12b]

Aau, t)=0; 0<t>a [12c]

The mass balance equation (9) is solved by applying the boundary conditions where the initial boundary
concentration of antibiotics in the cell changes from Ci to Cr. Taking the Laplace transform and
integration of partial differential equation (9) when A (0, f), wheret=0 at x =0, Cr = Cr +Se and C+t* =
(Cr + Se)/s, the inverse Laplace transform; yields the concentration of antibiotics at the end of the plug
flow zone to the step input Cr valid for t = 0 (equation 13).

A(x,t) = CrU(t — a)e ™ @ — %(U(t —a)e —1) + %e‘kt(U(t —a)-1) [13]

Where, U (t - a) is the step function given as 0 att < 0 and 1 att = 0. Similarly, by applying the Laplace
transform, boundary conditions, and inverse Laplace transform, the concentration at the end of the plug
flow zone is derived for the other variables.

DOM
—k(1=p)
DOM(x,t) = CrU(t - @)e ™ + 2= ((1 - e ™) U (t ~ ) (e — e~Fn)) +
G1(1 - g7t) - LD (poka _ ookt [13a]
POM
-kt
POM(x,t) = CrU(t —@)e ™ =2 (U(t — a@)e ™ — 1) + =—(U(t —a) = 1) [13b]
TSS
TSS(x,t) = CrU(t — a)e™ ™ —EL(U(t — a)e™ @ — 1) + L2 e M (U(t — a) — 1) [13c]

8.4.2 Derivation of concentration through the first well-mixed zone

Antibiotics

The effluent from the plug flow zone enters the first thoroughly mixed zone. Decaying the pollutants also
takes place in this zone. The mass decayed in a duration At equals kiViCM1At, where CM1 is the
effluent concentration from the first plug flow zone, which also equals the concentration within the zone.
The mass balance is then expressed as:

Vy « AA;(x, t) = A(x, t) = Q » At — A, (x, t) * Q * At — kA, (x, )V, At + u,V At [14]

Simplifying equation (14), expressing it in differential form, and integrating antibiotic concentration at the
end of the first mixing zone derives equation (15). By applying a similar procedure, the concentration of
other variables is derived.

_ Crutt-@e ke i (U(t-a)e ke-1) mUt-a)-1e H2Ty
A t) = = kiTy 0 T N 2 14k 0 1l
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CrU(t—-a)e K AWU(t-a)-De k@ A(U(t-a)e ka-1)e"ka w1 (U(t-a)-1)e K

DOM(x,t) =

1+ KTy 0 1 k(14 (u-pH+OTy)) 3 k(1+ (u—p—k)Ty) 4 Kk(1+ KTy) 3
w1 (Ut-a)e k& —1)e ke AyTy w,Ty
k(1+ kTy) A + 77 KTy as + 77 KTy %o [15a]
_ Ccrut-a)e fp* n(U(t—a)e"KT’“—l) 7, (U(t—a)-1)e Kp¥ 7Ty
POM, (x,£) = 1k Qo kp(1+ kpTy) ay + kp(1+ kpT1) az + o7 kpTy o [15Db]
_ Crutt-a)e™*@ g (U(t-a)e *o-1) o (U(t-a)-1)e K& o2T1
TS5 (x, 1) = 1+ kT 0 k(1+kTy) 1 k 2 0 1+kny %o [15¢]

Where,

Tl1+k)(t—a))

1
e —(T—1+k)(t—a))

eu=—p-Kt _ e‘(Tli"k)(t‘“))

Q

4=

1

a; = (e_kT(t“") - e_(T_lJrk)(t_a))
1

(e(u—p)(t—a) _ e—(r—ﬁk)(t—“))

8.4.3 Derivation of concentration through the second well-mixed zone
Antibiotics

The second well-mixed zone has a retention time of T2. The outflow from the first well-mixed zone is the
inflow to the second well-mixed zone. The mass balance in the second well-mixed zone (equation 16)
is formulated considering the sinks and sources. The first term on the right side is the mass inflow from
the first mixing zone. The second term represents the mass leaving the zone, and the third and fourth
terms represent the mass leaving and entering due to degradation and exchange.

Vz * AAz(x, t) = Al(x, t) * Q * At - Az(.x, t) * Q * At - kAz(.x, t)VzAt + M2V2At [16]

Simplifying and expressing equation 16 in differential form and integration yields equation 17, the step
response function for antibiotic concentrations at the end of the first hybrid unit. The step response
functions were derived for DOM, POM and TSS by applying the same procedure.

_ Cru(t-a)e”ka _ 1 (Ut-a)ekx—1) w1 (U(t-a)-1)e Ka U Ty Uz Ty
A0 t) = 1+ kqTy 1 k(1+ kTy) by + Kk bs + 1+ kqTy by 1+ kT, by [17]
_ Cru(t-a)e ke AWU(t-a)-De k@ A(U(t-a)e ka—1)e~ka o (Ut-a)-1)e k@
DOM, (x,6) = 1+ KTy P oka+ w-pr) T* k(1+ (u—p+0Ty)  ° k 6
w, (Ut-a)e~k@-1) ApTy woTy AyT, W, Ty
k(1+ kTy) 1 9t (upt+iOTy 7 T 14k P 14 kT, by + 1+ kT, b [17a]
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cru(t-a)e p* 1y (U(t-a)e ka-1) 11 (U(t-a)-1)e K s+ 20 p 4+ 22 p [17D]

POM, (x,t) = 1+ kpTs 1 (14 kTy) b, + Kk 1+ kiTy 1+ kT

- -ka _ —ka_ —a)—1)e—Ka
TSS, (x, ) = CrU(t-a)e bl_al(u(t ae 1) b2+01(U(t a)-1)e by + 0Ty b, + 02T, b [17¢]

1+ kTy (14 KkTy) k 1+ kT 1+ KT,
Where,
[ - L+k (t—a) 1 1
by = 1-e (75+%) o (e—(T—1+k)(t—¢x)_e—(E+k)(t—a))l
1+ k1T, T -T,
. (L) e
b, = |—— + ¢ (ryfe-o +( L )e_(%”‘)(f—“)]
1+k1T> T —T, 1+ k1T T1—Ty
- 1 1
- —K(t—a) Tle—(.r—1+k)(t—a) (T1+T2)e—(ﬁ+k)(t—a)
37 [a+xr Ty -T, (T1—T2)
- 1
=k (t— —(7=+k)(t—-a)
b, = elH=p=i)(t=a) — ¢ (TZ ) o n (e—(TilHq)(t—a)_e—(%Hq)(t—a))
1+ (u—p)T, T,

[ (—o)t—a —(Ti+kz)(t—a) 1 1
be = e(H=p)(t-a) 4 o \T1 + Ty e_(T_1+k1)(t_a)+e_(§+k1)(t_a)
5 1+ (u—p+K)T, Ti-T,

b = -e—kt —1- T1 (e—(T—11+k1)(t—“)_e—(%*'h)(t—a))]

T, -T,

r 1
_ _ —|7—tky )(t—a)
b, = el —¢ (Tl ? — h (e_(Til+k1)(t—a)_e_(%+k1)(t—a))
7 1+ (u—p+k)T, T, —T,

bg = [e(u—p)(t—a) _ e—(%“(domﬂ(f—a)]

be = [1 _ e—(%wdoml)(t—a)]
. =

Equations 17-17c represent the step response, indicating effluent concentrations, for each variable at
the end of the initial hybrid unit within the water column. The step response (Kvar) characterises the
system's unit response to a unit step input, applicable for t = a. Moreover, the unit pulse response
(6var(n,At)) to the unit impulse perturbation at the end of the first hybrid unit is determined by
differentiating the step response functions of each variable (Kvar) with respect to time 't,’ as shown in
equation 18.

6VAR (n’ At) — KVAR(nAt)_KAV;AR((n_l)At)) [18]

To simulate the fate of the pollutant at a downstream location of the river, the convolution technique by
the discrete kernel is applied for m > 2. Equation (19) produces the pulse response of a variable at the
n" hybrid unit when n = 2 for any number of hybrid units along the river reach.

C(mAx,nAt) = Y7_; A[(m — 1)Ax, nAt]Syr[(n —y + 1), At] [19]
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Table 8-2 Equation Constants

Water Column

Antibiotics
k=k + Kr " ﬁ( 1 kgomDOM ) ( Kso1iaTSS )
a’y h \14+kgomDOM+ kgp1iqTSS = 1+KgomDOM+ Ksp1iaTSS S\ 14kgomDOM+ kgp1iqTSS.
Ky Kg Q1Se
=|—+ —) A +——
M1 (y h S a*uswxh

K. K,
= (Z+-5)4
H (y+h>5

DOM

k = KS - (Kpm + Kp*) - KOY

K Ky Q
w; = TdDOMS + K,POM +-"POM; + < Se
w; = 2 DOM, + K,POM + 7= POM

POM
k =Ky, + KhW+KS+%
_ K Q1
7 = TPOM, + —
Ky
T, = "TPOM,
TSS
k =K, + ZK;
_ Kr Q1
01 = . TSS, + p—

0, = %Tsss

8.4.4 Model parameters

The parameters of the proposed model, the residence time of the hybrid unit, are a, T; and T,. The
parameters are estimated from the following relations (equations 20a-c) by satisfying the condition of
Peclet number, Pe = AxD; > 4 (Ghosh et al., 2001; Kumarasamy et al., 2013), where Ax is the size of
the unit and D, Is the dispersion coefficient.

2
a = 0.04Ax [208]
Dy,
0.05Ax?
T, = [20Db]
Dy,
Ax  0.04Ax?
TZ =" D—L [20c]
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8.4.5 Model application

The proposed model has been applied to the Msunduzi River, South Africa. Msunduzi River passes
through Pietermaritzburg, the capital of KwaZulu-Natal province, draining two-thirds of the metropolitan
region. The watershed is a relatively complex system including numerous discharges, withdrawals and
tributaries. The Msunduzi River is densely populated and affected by various anthropogenic activities
and developments. It comprises a catchment with several grazing animals, poor sanitation, inadequate
wastewater treatment services, industrial pollution, commercial farming sites, and informal settlements.
The River is highly affected by anthropogenic activities and is reported to contribute to significant
antibiotic pollution in the Umgeni River (Agunbiade & Moodley, 2014, 2016; Matongo et al., 2015). The
upstream area is primarily urban and comprises effluents from industries and municipal Wastewater
Treatment Plant (WWTP). The downstream area comprises sub-urban areas and agriculture, mostly
pasture and confined animal feeding operations.

The river reach from the Hanley Dam before its confluence with the Umgeni River and other water quality
sampling points along the river reach were selected for this study. The average inclination of the studied
reach of the river is 0.3%. The river's average discharge is 19.09 m?/s, the average depth is 1 m, with
varying river widths along with river length, and the sediment consists predominantly of clay silt. Ten
sampling sites along the river and six major tributaries, including Darvile WWTP effluent, were proposed
to account for sources from domestic, agricultural, industrial and municipal activities. The WWTP
receives 30% from domestic and 70% from commercial, industrial and hospital effluents.

The Fate, transport, and kinetic rate of various antibiotics differ. As a result, frequently detected
antibiotics such as tetracycline were selected to test the prediction suitability of the developed model.
Appropriate constant values and calibration parameters are chosen from the literature as presented in
Table 8.3

Model parameters were calculated using equations 20 (a-c). The dispersion coefficients along the river
were determined through tracer taste. The simulation was carried out by dividing the river reach into
three. The upstream reach runs through Hanley Dam (HD) to Camps Drift (CD), the middle reach starts
at Camps Drift (CD) to Gripthorpe (GRP), and the downstream reach: Gripthorpe (GRP) to Table
Mountain (TB). The unit size Ax for the upstream, middle and downstream reaches were 600m, 780m,
and 840m, respectively.

The tetracycline residue concentration presented in Table 6-1 was calibrated, as shown in Table 8-3, to
match the field data. Kq, soid was calibrated against water column and sediment bed concentrations. The
values are chosen considering silt and fine-grained sediment bed (sand). Kq, pom is taken as the average
of silt soil and sediment.
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Figure 8.1 Model simulation of tetracycline antibiotics concentration in the water column of the
Msunduzi River from upstream (HD) to Downstream (TB).
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From Figure 8.1, the developed model successfully captures the spatial distribution of Tetracycline,
presenting low concentrations at the catchment heads and higher concentrations at the lower part of the
river. Markedly, concentrations increased at the wastewater treatment plants (WWTP) discharge point.
However, the downstream section showed lower concentrations. It is essential to acknowledge a
discrepancy between the model simulation and the observed curve after the Darville WWTP discharge,
potentially arising from the rapid attenuation of tetracycline in observed concentrations due to dilution
from the higher river flow rate. The correlation coefficient (R?) between observed and simulated
concentrations is 0.87, indicating a substantial reproduction of the observed spatial pattern of
tetracycline in the water column by the model.

The absence of temporal data on antibiotics and organic matters in the studied river has limited the
exploration of correlations between antibiotics and other variables. Future studies should investigate the
correlation between antibiotics, organic matter, and total suspended solids to understand their
interrelationships and dynamics over time.

Table 8-3 Reaction constants and calibration parameters.

Parameter Term Unit Constants Sources
Kphoto Antibiotics photodegradation rate Day-" 0.063 (Yun et al., 2018)
Kbio Antibiotics biodegradation rate Day-" 0.0031
Khy Antibiotics hydrolysis rate Day' (0.0059) (Zhong et al,
0.1488(+0.0072) 2022)
Kaiom Antibiotics  partitioning coefficient L kg 199.526
with DOM
kgolia Antibiotics  partitioning coefficient L kg 15848.932
with TSS
Kd Sorption distribution coefficients Kg L 1147-2370 (Sarmah et al.,
(silt, clay, sandy 2006)
loam)
K, The diffusion constant m/h 0.000208
K, The resuspension constant 1/h 0.00000239
Z constant for hydrolysis (for the 0.0001 (EPA, 1978)
suspended solid)
Kpm Degradation constant for pom 1/hr 0.00471

production from DOM photolysis-
induced transformation

K, Rate constant for dissolved inorganic  1/hr 0.00021
production from DOM
K. The rate constant for hydrolysis of 1/h 0.00208/h (Mackay et al,
POM in the water 2006)
Ky, Rate constnat for biotransfromation 1/h
of POM in the water
Ky The rate constant for the hydrolysis of 1/h 0.000641
POM in the sediment
Ky Rate constnat for biotransfromation 1/h 0.000512
of POM in the sediment
Y The ratio of water depth to the depth
of the underlying movable sediment
layer (h/{)
Mx Metabolism 1/min 0.00019
(0] Porosity 04
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CHAPTER 9: USER INTERFACE FOR DEVELOPED MODEL

9.1 INTRODUCTION

The mathematical model has been translated into an intuitive user interface tool (Figure 9.1) designed
for effortless application. Developed using the Python programming language for both the front and back
end, this interface streamlines the modelling process. A user-friendly layout incorporates slots for
inputting various parameters essential for driving the backend simulations, with the results presented
both graphically and in CSV format (Figure 9.2).

The interface includes a designated slot for entering numerical values representing simulated
concentrations, ensuring precision in result interpretation. Simultaneously, the graphical plot visually
represents antibiotic variations over time and space along the river stretch. The graphical plot can be
conveniently saved and printed for further analysis or documentation. Upon inputting the required
parameters, a simple click on the compute button initiates the calculation process, swiftly generating the
desired results. This user interface enhances accessibility and facilitates efficient utilization of the
mathematical model, catering to a broad spectrum of users.

9.1.1 Tool Operation

The tool features a comprehensive menu structure, including main menus and submenus. Users can
seamlessly open, edit, and save text input files within the File menu, enhancing flexibility in managing
data. The Help menu provides valuable instructions on the tool's utilization and includes informative
content about the developed tool.

A welcome submenu is included for user guidance, offering an operation guideline to ensure a smooth
user experience. This well-organized menu system enhances the user interface, providing clear
pathways for file management and offering support resources for effective tool navigation. The model's
interfaces are visually presented in Figures 9.1 through 9.4, offering a comprehensive view of the diverse
facets of the tool's functionality and design. These figures serve as illustrative guides, clearly depicting
the interfaces and highlighting the user-friendly features integrated into the model.
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Figure 9.1 Front face of Antibiotic Modelling tool
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Figure 9.3 Back-End Database Interface
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Figure 9.4 GIS integration for Tracing river routes

9.2 SUMMARY

The developed model is a process-based tool requiring minimal data input while maintaining operational
simplicity and user-friendliness. Its design prioritizes accessibility without compromising the integrity of
its outputs. This tool is essential for water quality managers and all stakeholders involved in providing
communal water access. The user-friendly nature of the tool ensures its practical utility in water quality
management, emphasizing the need for proactive measures in addressing the presence of antibiotics
in our vital river systems.
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CHAPTER 10: CONCLUSIONS & RECOMMENDATIONS

10.1 CONCLUSIONS

This study identified antibiotic residues and antimicrobial resistance genes in the Msunduzi River, in
wastewater treatment plants and their effluents. The research project has successfully developed a
robust and user-friendly mathematical model specifically designed to assess water quality variations in
the Msunduzi River, with a particular emphasis on tracking antibiotics as a concerning emerging
contaminant. This model represents a significant advancement in water quality management tools,
offering an effective solution for understanding the dynamics of antibiotics within river systems. A
noteworthy aspect of this model is its reliance on a process-based approach, significantly reducing the
amount of data needed for its operation. This ensures the model's practicality in regions where data
availability is often limited, a common scenario in many developing countries, including South Africa.
Developed using Python, the model boasts an intuitive and straightforward user interface. This interface
facilitates the input of parameters and presents results in numerical and graphical formats. The graphical
representations of antibiotic variations over time and space along the river reach provide valuable
insights for water quality managers, aiding their understanding of contamination patterns and enabling
informed decision-making.

The developed model is crucial in managing water quality in the Msunduzi River. Its predictive
capabilities regarding antibiotic behaviour empower decision-makers to implement preventive measures
to curb antibiotic contamination in water systems. Given the increasing threat posed by antibiotics in
river systems, there is an urgent need for proactive and efficient water quality management tools. By
targeting antibiotic contamination, this model contributes to environmental sustainability and the
preservation of public health.

10.2 LIMITATIONS OF STUDY

This project focused on tracing, monitoring, and modelling emerging contaminants in the Msunduzi
River, a vital water resource in the Midlands of KwaZulu-Natal. The river originates from the uMgeni
River at Coordinates 29°37'14"S 30°40'36"E and flows through Pietermaritzburg, providing water for
domestic, agricultural, and industrial purposes in the Msunduzi Municipality. In response to a prior study
revealing elevated concentrations of pharmaceutical residues in KwaZulu-Natal Rivers, the project
specifically targeted the four prevalent antibiotics to develop an effective monitoring tool. Standard water
quality testing and analysis methods were employed to examine samples collected from various
locations along the river. Additional samples from a wastewater treatment plant were analysed to assess
the spatial distribution of antibiotic residues within the plant and their contribution to source water.
Genomic studies were conducted to evaluate antimicrobial-resistant genes in the water system.
However, the project faced challenges, including COVID-related restrictions and delays caused by
floods and riots in KwaZulu-Natal. The extraction of antibiotic residues and Genomic studies proved
time-consuming and very expensive, impacting the depth and number of analyses required; therefore,
the planned metagenomic sequencing could not be completed as intended. Also, obtaining approval for
sample collection from the wastewater treatment plant added further delays, limiting sampling and
testing.

While the developed model achieved its intended objectives, and the current focus on simulating water
quality along the river reach provides valuable insights, it is essential to recognise that its applicability
may be limited in scenarios requiring broader catchment-scale analysis. Although Geographic
information system (GIS) was used in generating the land use map, delineating spatio-temporal
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variations of water quality parameters and water quality mapping along the Msunduzi River in this
project, future research could explore integrating GIS in the model at a two-dimensional catchment scale
to understand variations within catchments better.

10.3 RECOMMENDATIONS

This project has made significant strides in understanding the dynamics of water quality variations in the
Msunduzi River, particularly concerning antibiotics; there are, however, avenues for further studies that
could enhance the depth of knowledge in this area. Further recommendations for future research
include:

Model Validation: Further validation of the model using additional data sets and under different
environmental conditions would enhance its reliability. Continuous refinement and calibration of the
model based on new data will contribute to its accuracy in predicting water quality variations.

Efficiency of Wastewater Treatment Technologies: Investigating the efficiency of different
wastewater treatment technologies in mitigating antibiotic residues before discharge into water bodies
could provide insights into sustainable treatment practices. Comparing the performance of various
treatment methods can guide improvements in wastewater treatment infrastructure.

Multi Temporal Studies: Conducting long-term temporal studies to capture seasonal variations and
trends in antibiotic concentrations could provide a more comprehensive understanding of the dynamic
nature of emerging contaminants. Monitoring the river over an extended period will contribute valuable
data on fluctuations and potential factors influencing antibiotic levels.

Genomic Analysis: Expanding the investigation to include a more in-depth genomic analysis of
microbial communities in the river could offer insights into the genetic basis of antibiotic resistance. This
could involve studying the metagenomic profile of bacterial communities to identify specific resistance
genes and their prevalence.

Additional Emerging Contaminants: Broadening the focus to include other emerging contaminants
beyond antibiotics, such as Antiretrovirals, personal care products, and endocrine-disrupting
compounds, would provide a holistic view of water quality. Understanding multiple contaminants'
interactions and combined effects is essential for comprehensive water management.

Human Health Impact Assessment: Incorporating a human health impact assessment to evaluate the
potential risks posed by antibiotic residues in the water to the surrounding communities would be
beneficial. This could involve assessing exposure pathways' potential health outcomes and establishing
guidelines for safe water consumption.

Community Engagement and Education: Integrating community engagement and education
initiatives into future studies can foster a better understanding of water quality issues among the local
population. This may include awareness campaigns, training programs, and collaborative efforts to
promote responsible water use.

Policy and Regulatory Assessment: Assessing the existing policies and regulations related to water

quality, particularly concerning emerging contaminants and

e Establishing benchmarking thresholds for antibiotics and other emerging contaminants in water
bodies based on scientific evidence and risk assessment.

e Enhancing monitoring programs to detect the presence of emerging contaminants more effectively.

e Strengthening regulations to control the release of antibiotics from various sources, such as
pharmaceutical manufacturing, agriculture, and healthcare facilities.
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e Implementing pollution prevention measures and promoting sustainable practices to reduce the
introduction of antibiotics into the environment.

e Improving public awareness and education on the impacts of emerging contaminants on water
quality and the importance of proper disposal and use of pharmaceuticals.

By addressing these recommendations, future studies can contribute to the ongoing efforts to manage
emerging contaminants in water bodies, ensuring sustainable and safe water resources for both human
and environmental well-being.
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APPENDIX A: REMOTE SENSING AND LANDUSE

A1: Water Quality Parameters

Table A1 Descriptive statistics of Water quality parameters

18-21 October 2021

26-28 May 2022

Min. Max. SD Min. Max. SD
Temp (oC) 16,60 24,71 2,53 14,33 21,20 1,93
pH 7,00 8,56 0,40 6,15 8,16 0,55
ORP (mV) 92,50 257,30 41,01 87,40 248,50 50,43
EC (uS/cm) 64,00 1394,00 369,65 77,00 1136,67 262,56
TDS (ppm) 37,00 754,00 199,39 39,00 568,33 131,27
DO % 2,20 57,00 12,68 87,23 102,43 3,92
DO (ppm) 1,23 5,15 0,94 7,43 9,42 0,49
NO3 0,06 19,22 6,90 1,43 3,87 0,71
NO2 (mg/l) 0,46 3,39 1,07 0,01 1,98 0,48
PO4 0,15 0,52 0,14 0,09 1,53 0,34
sS04 (mg/l) 10,95 107,93 25,81 0,00 70,00 17,85
Turbidity 8,46 149,67 33,34
Mg (mg/1) 7,42 39,32 11,16
K (mg/l) 0,25 24,61 6,41
Ca (mg/l) 13,08 52,57 13,85
Cl (mg/I) 24,08 177,43 50,78
NH4+ (mg/l1) 0,02 2,85 1,18|
Na (mg/I) 22,15 156,30 39,01
F (mg/l) 0,07 1,59 0,43
Fe (ug/l) 4,38 331,64 90,88
Al (ug/l) 3,51 500,27 140,04
Mn (ug/l) 0,54 103,76 29,00

A2: Spatio-Temporal Variation of Water Quality Parameters
= Spatial variability water quality parameters are mainly influenced by land use activities.
*  Runoff from cultivated areas
* Darvill Wastewater Treatment plant
* Industrial areas
* Informal settlements
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A3: Water quality mapping along the Msunduzi River using Remote sensing and GIS
Linear regression between sentinel-2B reflectance values and measured water quality parameters was
undertaken. The resulting regression equation for Turbidity and Dissolved Oxygen is given by equations
A1 and A2, respectively and later mapped along the Msunduzi River for various times using GIS.
Turbidity = -62.403 + 0.167xBand 12 — 0.117xBand 11 + 0.019xBand 8a [A1]
Dissolved Oxygen = 1.673 + 0.001xBand 11 + 0.003xBand 5 — 0.000485xBand 7
[A2]
Where the bands refer to the Sentinel-2B image bands.
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APPENDIX B: FIELD AND LABORATORY WATER QUALITY RESULTS

B1: Continuous Data Collection in Situ for two days

Sample data was continuously collected on-site for a field trip campaign over two days using a handheld Hanna Probe.

Table B1 Select On-Site Water Quality Parameters

RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.59689 30.43909 2023/03/25 10:39:52 16,27 7,13 -7,6 2457 1 1 999999 0 0,00 13,752 27,6 2,53 311
29.64165 30.25633 2023/03/25 11:00:09 19,69 8,51 -87,5 192,2 70 63 14290 35 3,20E-02 13,270 2,6 0,22 1000
29.64157 30.25636 2023/03/25 11:00:16 19,56 8,34 -77,9 201,6 70 63 14290 35 3,20E-02 13,269 1,4 0,12 1000
29.62394 30.23745 2023/03/25 13:00:55 23,14 8,14 -66,9 222,7 89 86 11240 45 4,09E-02 13,266 0,6 0,05 5,8
29.61844 30.23751 2023/03/25 13:24:10 22,73 8,23 -72,0 223,1 96 92 10420 48 0,04 13,236 1,2 0,10 28,6
29.62337 30.25236 2023/03/25 14:19:11 22,88 7,63 -36,9 252,2 105 101 9520 53 4,87E-02 13,310 2,2 0,17 49,3
29.64761 30.29238 2023/03/25 15:15:59 24,30 7,47 -27,9 268,4 117 116 8550 59 5,42E-02 13,592 1,6 0,13 52,5
29.64761 30.29238 2023/03/25 15:15:59 24,30 7,47 -27,9 268,4 117 116 8550 59 5,42E-02 13,592 1,6 0,13 52,5
29.63131 30.35909 2023/03/25 15:51:07 24,72 7,59 -35,1 66,7 213 212 4695 106 9,99E-02 13,702 1,2 0,09 110
29.62227 30.37643 2023/03/25 16:29:56 25,86 7,63 -37,2 185,4 247 251 4049 123 0,12 13,698 1,1 0,08 323
29.63150 30.36436 2023/03/25 17:07:09 27,76 7,48 -28,8 202,6 413 434 2421 206 0,20 13,688 1,5 0,11 30,7
29.63155 30.36439 2023/03/25 17:09:11 26,73 7,57 -34,2 203,0 2 2 500000 1 0,00 13,688 1,5 0,11 0,0
29.63154 30.36436 2023/03/25 17:09:31 27,73 7,52 -30,9 201,2 413 435 2421 207 0,20 13,689 1,5 0,11 18,7
29.63157 30.36434 2023/03/25 17:10:39 27,72 7,57 -33,8 196,5 413 434 2421 206 0,20 13,690 1,4 0,10 34,1
29.59714 30.43886 2023/03/26 10:07:57 25,09 7,96 -56,9 1711 547 548 1828 274 0,26 13,751 3,3 0,26 0,0
29.59690 30.43912 2023/03/26 10:15:49 23,21 7,82 -48,5 182,1 229 221 4367 115 0,11 13,760 3,1 0,25 76,5
29.59693 30.43911 2023/03/26 10:16:07 23,22 7,75 -43,9 183,1 229 221 4367 115 0,11 13,760 3,2 0,26 78,7
29.59691 30.43909 2023/03/26 10:16:18 23,22 7,76 -44.,6 180,3 229 222 4367 115 0,11 13,759 3,2 0,25 77,2
29.59330 30.43359 2023/03/26 11:02:37 23,42 7,92 -53,9 183,4 229 222 4367 114 0,11 13,762 3,3 0,26 70,5
29.59331 30.43359 2023/03/26 11:02:45 23,39 7,67 -39,2 197,6 229 222 4367 115 0,11 13,759 3,3 0,26 69,3
29.59329 30.43360 2023/03/26 11:03:02 23,39 7,55 -32,6 202,2 230 223 4348 115 0,11 13,762 3,3 0,26 71,0
29.59931 30.44318 2023/03/26 11:27:29 23,80 7,70 -41,5 188,5 269 263 3717 135 0,13 13,766 3,1 0,24 158
29.59931 30.44319 2023/03/26 11:27:44 23,81 7,71 -42,1 187,8 269 263 3717 134 0,13 13,770 3,1 0,24 162
29.61821 30.44713 2023/03/26 12:12:59 23,51 7,59 -34,8 182,8 253 245 3953 126 0,12 13,776 3,2 0,26 93,3
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.61820 30.44713 2023/03/26 12:13:07 23,50 7,58 -34,4 181,4 253 246 3953 126 0,12 13,778 3,2 0,26 82,6
29.61821 30.44714 2023/03/26 12:13:24 23,50 7,59 -34,7 178,8 253 246 3953 126 0,12 13,775 3,2 0,25 94,8
29.60505 30.48316 2023/03/26 12:49:15 23,52 7,72 -42,4 187,7 252 245 3968 126 0,12 13,903 3,3 0,27 139
29.60503 30.48314 2023/03/26 12:49:25 23,52 7,72 -42,5 187,8 252 245 3968 126 0,12 13,905 3,3 0,27 142
29.60503 30.48319 2023/03/26 12:49:36 23,52 7,70 -41,4 188,1 253 246 3953 126 0,12 13,906 3,3 0,26 134
29.65115 30.47167 2023/03/26 13:29:50 23,81 7,89 -52,7 194,9 669 654 1495 335 0,32 13,767 3,3 0,26 11,2
29.65113 30.47167 2023/03/26 13:29:59 23,81 7,89 -52,3 195,7 669 653 1495 334 0,32 13,767 3,3 0,26 10,4
29.65112 30.47167 2023/03/26 13:30:08 23,81 7,90 -52,8 195,6 669 654 1495 335 0,33 13,766 3,3 0,26 11,5
29.65113 30.47169 2023/03/26 14:04:53 23,59 8,01 -59,4 205,1 669 651 1495 334 0,32 13,753 3,0 0,24 12,2
29.65114 30.47169 2023/03/26 14:04:58 23,59 8,00 -59,1 205,3 669 651 1495 334 0,32 13,750 3,1 0,24 22,3
29.65114 30.47171 2023/03/26 14:05:03 23,59 8,00 -58,9 205,0 669 651 1495 334 0,32 13,751 3,1 0,24 11,6
29.65114 30.47171 2023/03/26 14:05:08 23,59 8,01 -59,4 204,2 669 651 1495 334 0,32 13,753 3,1 0,24 12,6
29.65116 30.47170 2023/03/26 14:05:13 23,59 8,01 -59,6 203,8 669 651 1495 334 0,32 13,755 3,1 0,25 11,5
29.65116 30.47170 2023/03/26 14:05:18 23,59 8,04 -61,0 202,1 669 651 1495 335 0,33 13,753 3,1 0,25 16,7
29.65116 30.47170 2023/03/26 14:05:23 23,59 8,05 -62,0 200,9 669 651 1495 335 0,33 13,753 3,1 0,25 11,4
29.65116 30.47169 2023/03/26 14:05:28 23,59 8,04 -61,4 201,2 669 651 1495 335 0,33 13,753 3,1 0,25 11,0
29.65116 30.47169 2023/03/26 14:05:33 23,59 8,04 -61,4 200,8 669 651 1495 335 0,33 13,756 3,1 0,25 12,8
29.65116 30.47169 2023/03/26 14:05:38 23,59 8,07 -62,8 199,4 669 651 1495 335 0,33 13,757 3,1 0,25 14,3
29.65116 30.47169 2023/03/26 14:05:43 23,58 8,07 -63,2 199,0 669 652 1495 335 0,33 13,756 3,1 0,25 11,4
29.65116 30.47169 2023/03/26 14:05:48 23,59 8,07 -63,0 199,1 669 651 1495 335 0,33 13,757 3,1 0,25 12,8
29.65115 30.47167 2023/03/26 14:05:53 23,58 8,07 -62,9 198,8 669 651 1495 335 0,33 13,757 3,1 0,25 11,3
29.65114 30.47167 2023/03/26 14:05:58 23,58 8,06 -62,4 199,3 670 652 1493 335 0,33 13,756 3,1 0,25 10,6
29.65114 30.47167 2023/03/26 14:06:03 23,59 8,07 -63,2 198,4 674 656 1484 337 0,33 13,754 3,1 0,25 10,9
29.65114 30.47167 2023/03/26 14:06:08 23,59 8,08 -63,4 198,0 723 703 1383 361 0,35 13,753 3,2 0,25 10,5
29.65114 30.47167 2023/03/26 14:06:13 23,58 8,08 -63,7 196,8 898 874 1114 449 0,44 13,753 3,2 0,25 11,9
29.65116 30.47167 2023/03/26 14:06:18 23,58 8,06 -62,7 196,6 1420 1382 704 710 0,71 13,753 3,2 0,25 12,1
29.65116 30.47167 2023/03/26 14:06:23 23,58 8,09 -64,1 195,5 1542 1501 649 771 0,78 13,752 3,2 0,25 12,6
29.65116 30.47167 2023/03/26 14:06:28 23,58 8,10 -64,9 195,4 1366 1329 732 683 0,68 13,755 3,2 0,25 13,0
29.65116 30.47167 2023/03/26 14:06:33 23,58 8,12 -65,8 195,3 1120 1090 893 560 0,56 13,755 3,2 0,25 12,4
29.65115 30.47167 2023/03/26 14:06:38 23,58 8,11 -65,3 195,3 1085 1055 922 542 0,54 13,755 3,2 0,25 13,0
29.65114 30.47167 2023/03/26 14:06:43 23,58 8,12 -66,0 195,1 942 917 1062 471 0,46 13,753 3,2 0,25 12,7
29.65115 30.47167 2023/03/26 14:06:48 23,58 8,12 -65,9 195,5 834 812 1199 417 0,41 13,756 3,2 0,25 12,5
29.65114 30.47167 2023/03/26 14:06:53 23,58 8,13 -66,4 194,9 784 763 1276 392 0,38 13,755 3,2 0,25 11,9
29.65114 30.47167 2023/03/26 14:06:58 23,58 8,11 -65,3 195,8 735 716 1361 368 0,36 13,754 3,2 0,25 11,0
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.65115 30.47167 2023/03/26 14:07:03 23,58 8,12 -66,2 194,9 729 710 1372 365 0,36 13,756 3,2 0,25 12,4
29.65115 30.47167 2023/03/26 14:07:08 23,58 8,12 -66,1 194,6 709 690 1410 355 0,35 13,754 3,2 0,25 11,9
29.65115 30.47167 2023/03/26 14:07:13 23,58 8,11 -65,2 195,4 695 676 1439 348 0,34 13,755 3,2 0,25 11,9
29.65115 30.47167 2023/03/26 14:07:18 23,58 8,10 -65,0 196,0 685 666 1460 342 0,33 13,753 3,2 0,25 11,9
29.65115 30.47167 2023/03/26 14:07:23 23,58 8,11 -65,3 195,4 681 663 1468 341 0,33 13,754 3,2 0,25 11,9
29.65115 30.47167 2023/03/26 14:07:28 23,58 8,10 -65,0 195,8 677 659 1477 339 0,33 13,755 3,2 0,25 11,6
29.65115 30.47167 2023/03/26 14:07:33 23,58 8,12 -65,8 194,9 678 659 1475 339 0,33 13,752 3,2 0,25 11,7
29.65115 30.47166 2023/03/26 14:07:38 23,58 8,11 -65,5 195,1 677 659 1477 339 0,33 13,752 3,2 0,25 11,2
29.65115 30.47166 2023/03/26 14:07:43 23,58 8,13 -66,6 194,4 677 658 1477 338 0,33 13,753 3,2 0,25 11,3
29.65115 30.47165 2023/03/26 14:07:48 23,58 8,13 -66,3 194,1 674 656 1484 337 0,33 13,754 3,2 0,25 11,0
29.65115 30.47165 2023/03/26 14:07:53 23,58 8,14 -67,0 193,8 676 658 1479 338 0,33 13,752 3,2 0,25 10,9
29.65115 30.47167 2023/03/26 14:07:58 23,58 8,11 -65,4 195,1 672 654 1488 336 0,33 13,753 3,2 0,25 11,3
29.65115 30.47167 2023/03/26 14:08:03 23,58 8,12 -66,2 194,5 673 655 1486 336 0,33 13,754 3,2 0,25 11,0
29.65115 30.47167 2023/03/26 14:08:08 23,58 8,12 -66,1 194,2 672 654 1488 336 0,33 13,752 3,2 0,25 11,5
29.65116 30.47167 2023/03/26 14:08:13 23,58 8,13 -66,7 193,8 672 654 1488 336 0,33 13,752 3,2 0,26 11,8
29.65116 30.47167 2023/03/26 14:08:18 23,58 8,15 -68,0 192,9 672 654 1488 336 0,33 13,754 3,2 0,25 16,8
29.65116 30.47167 2023/03/26 14:08:23 23,58 8,16 -68,5 191,9 672 654 1488 336 0,33 13,750 3,2 0,25 12,2
29.65116 30.47167 2023/03/26 14:08:28 23,58 8,16 -68,4 192,2 672 654 1488 336 0,33 13,751 3,3 0,26 21,1
29.65116 30.47169 2023/03/26 14:08:33 23,58 8,16 -68,0 192,5 673 655 1486 336 0,33 13,752 3,2 0,25 12,2
29.65116 30.47167 2023/03/26 14:08:38 23,58 8,18 -69,2 191,5 674 655 1484 337 0,33 13,753 3,2 0,25 18,0
29.65115 30.47167 2023/03/26 14:08:43 23,58 8,17 -68,6 191,9 673 655 1486 337 0,33 13,751 3,2 0,25 12,4
29.65115 30.47167 2023/03/26 14:08:48 23,58 8,16 -68,2 192,3 673 655 1486 336 0,33 13,751 3,1 0,25 17,7
29.65115 30.47167 2023/03/26 14:08:53 23,58 8,16 -68,4 192,7 672 654 1488 336 0,33 13,752 3,2 0,25 16,6
29.65115 30.47167 2023/03/26 14:08:58 23,58 8,16 -68,1 192,5 672 654 1488 336 0,33 13,753 3,1 0,25 17,5
29.65115 30.47167 2023/03/26 14:09:03 23,58 8,14 -67,4 193,3 672 653 1488 336 0,33 13,752 3,2 0,25 12,3
29.65114 30.47167 2023/03/26 14:09:08 23,57 8,15 -67,9 192,8 671 653 1490 336 0,33 13,753 3,2 0,25 12,3
29.65115 30.47167 2023/03/26 14:09:13 23,57 8,15 -67,4 193,3 671 653 1490 336 0,33 13,755 3,2 0,25 12,5
29.65114 30.47169 2023/03/26 14:09:18 23,57 8,15 -67,7 192,9 671 653 1490 336 0,33 13,757 3,2 0,25 14,4
29.65114 30.47169 2023/03/26 14:09:23 23,57 8,15 -67,7 193,0 671 653 1490 336 0,33 13,754 3,2 0,25 14,6
29.65115 30.47169 2023/03/26 14:09:28 23,57 8,15 -68,0 192,7 671 653 1490 336 0,33 13,752 3,2 0,25 12,8
29.65115 30.47169 2023/03/26 14:09:33 23,57 8,15 -67,8 192,7 671 652 1490 335 0,33 13,755 3,2 0,25 11,1
29.65114 30.47169 2023/03/26 14:09:38 23,57 8,15 -67,6 192,9 671 652 1490 335 0,33 13,754 3,2 0,25 10,4
29.65114 30.47169 2023/03/26 14:09:43 23,57 8,15 -67,9 192,8 670 652 1493 335 0,33 13,755 3,2 0,25 11,4
29.65114 30.47169 2023/03/26 14:09:48 23,57 8,15 -67,5 193,3 671 653 1490 335 0,33 13,755 3,2 0,25 11,3
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.65113 30.47169 2023/03/26 14:09:53 23,57 8,15 -67,9 192,7 671 652 1490 335 0,33 13,757 3,2 0,25 11,4
29.65113 30.47169 2023/03/26 14:09:58 23,57 8,16 -68,3 192,5 670 652 1493 335 0,33 13,757 3,3 0,26 11,7
29.65113 30.47169 2023/03/26 14:10:03 23,57 8,15 -67,8 193,0 670 652 1493 335 0,33 13,757 3,2 0,26 11,3
29.65113 30.47169 2023/03/26 14:10:08 23,57 8,15 -67,7 193,0 670 652 1493 335 0,33 13,756 3,2 0,25 11,1
29.65113 30.47169 2023/03/26 14:10:13 23,56 8,14 -67,4 193,4 670 652 1493 335 0,33 13,756 3,2 0,25 11,7
29.65439 30.61578 2023/03/26 15:17:57 22,99 8,00 -58,7 199,8 233 224 4292 117 0,11 14,117 3,1 0,26 835
29.65439 30.61578 2023/03/26 15:18:05 23,00 7,98 -57,3 201,0 233 225 4292 117 0,11 14,117 3,1 0,26 825
29.65437 30.61577 2023/03/26 15:18:13 22,99 8,00 -58,8 199,2 233 225 4292 117 0,11 14,113 3,2 0,26 832
29.65878 30.61884 2023/03/26 15:40:55 22,30 7,83 -48,5 214,3 871 826 1148 435 0,43 14,118 3,2 0,27 22,5
29.65878 30.61884 2023/03/26 15:41:04 22,32 7,84 -49,5 212,4 1056 1002 947 528 0,52 14,119 3,2 0,27 22,9
29.65878 30.61884 2023/03/26 15:41:13 22,76 7,86 -50,2 211,7 1694 1622 590 847 0,86 14,117 3,2 0,26 24,1
29.66129 30.63539 2023/03/26 16:13:25 22,97 8,11 -65,1 198,1 255 245 3922 127 0,12 14,153 3,1 0,26 1000
29.66131 30.63540 2023/03/26 16:13:33 22,97 8,01 -59,6 203,7 255 245 3922 127 0,12 14,152 3,1 0,26 1000
29.64162 30.25646 2023/05/24 11:19:12 12,19 6,04 54,4 301,0 119 90 8400 60 5,63E-02 13,265 34,3 3,31 46,2
29.64134 30.25626 2023/05/24 11:25:53 11,99 7,29 -16,1 313,9 113 85 8850 56 5,30E-02 13,280 29,8 2,89 471
29.64135 30.25625 2023/05/24 11:26:05 11,85 7,10 -5,9 3271 113 85 8850 56 5,32E-02 13,279 30,0 2,92 36,8
29.62577 30.24697 2023/05/24 11:51:09 16,08 7,16 -8,9 344,7 110 92 9090 55 5,16E-02 13,304 31,8 2,83 63,5
29.62577 30.24697 2023/05/24 11:51:16 16,03 7,18 -10,3 342,8 111 92 9010 56 5,20E-02 13,300 31,4 2,80 62,9
29.62577 30.24697 2023/05/24 11:51:24 16,04 7,18 -10,3 343,3 110 92 9090 55 5,17E-02 13,297 30,9 2,75 62,9
29.62345 30.25253 2023/05/24 12:12:33 15,52 7,01 -0,5 327,9 111 91 9010 55 5,19E-02 13,323 32,0 2,89 29,3
29.62343 30.25253 2023/05/24 12:12:42 15,24 7,07 -4,0 327,8 111 90 9010 55 5,20E-02 13,326 31,3 2,84 27,2
29.62343 30.25253 2023/05/24 12:13:00 15,16 7,13 7.4 329,9 110 90 9090 55 5,18E-02 13,323 31,3 2,84 53,5
29.62387 30.23752 2023/05/24 12:56:12 14,28 7,21 -12,2 293,7 88 70 11360 44 4,08E-02 13,256 31,3 2,89 211
29.62387 30.23753 2023/05/24 12:56:18 14,15 7,07 -3,7 304,0 82 65 12200 41 0,04 13,256 30,5 2,82 26,3
29.62387 30.23751 2023/05/24 12:56:33 14,14 6,98 1,0 310,3 81 64 12350 41 3,76E-02 13,260 30,2 2,80 1000
29.62390 30.23750 2023/05/24 13:10:21 14,26 6,85 8,3 346,3 23 18 43500 11 9,38E-03 13,273 30,4 2,81 369
29.62436 30.23822 2023/05/24 13:23:50 14,45 6,93 4.2 346,6 90 72 11110 45 4,18E-02 13,265 30,3 2,78 6,0
29.62436 30.23822 2023/05/24 13:23:55 14,45 6,95 3,1 3474 90 72 11110 45 4,18E-02 13,266 30,3 2,78 6,2
29.62436 30.23823 2023/05/24 13:24:00 14,45 6,94 3,6 345,8 90 72 11110 45 4,18E-02 13,269 30,3 2,78 54
29.62436 30.23824 2023/05/24 13:24:05 14,46 6,94 3,5 347,0 90 72 11110 45 4,18E-02 13,269 30,3 2,78 6,2
29.62436 30.23824 2023/05/24 13:24:10 14,46 6,97 1,7 345,3 90 72 11110 45 4,19E-02 13,269 30,2 2,78 7,5
29.62436 30.23825 2023/05/24 13:24:15 14,46 6,95 2,6 346,9 90 72 11110 45 4,18E-02 13,269 30,2 2,78 7,5
29.62436 30.23825 2023/05/24 13:24:20 14,46 6,95 3,1 347,7 90 72 11110 45 4,18E-02 13,269 30,2 2,78 6,8
29.62436 30.23824 2023/05/24 13:24:25 14,46 7,00 -0,1 342,7 90 72 11110 45 4,18E-02 13,269 30,2 2,78 6,8
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62436 30.23824 2023/05/24 13:24:30 14,46 6,97 1,6 344.,6 90 72 11110 45 4,19E-02 13,269 30,2 2,77 7,1
29.62436 30.23824 2023/05/24 13:24:35 14,46 6,98 1,2 343,8 90 72 11110 45 4,18E-02 13,267 30,2 2,77 7,6
29.62436 30.23822 2023/05/24 13:24:40 14,46 6,95 2,6 347,2 90 72 11110 45 4,18E-02 13,267 30,2 2,77 7,0
29.62436 30.23822 2023/05/24 13:24:45 14,46 7,02 -1,0 342,7 90 72 11110 45 4,18E-02 13,267 30,1 2,77 8,1
29.62436 30.23821 2023/05/24 13:24:50 14,46 6,99 0,5 343,7 90 72 11110 45 4,18E-02 13,267 30,1 2,76 8,1
29.62436 30.23821 2023/05/24 13:24:55 14,46 7,00 0,2 346,0 90 72 11110 45 4,18E-02 13,265 30,1 2,76 6,9
29.62434 30.23822 2023/05/24 13:25:00 14,46 7,01 -0,5 344,7 90 72 11110 45 4,18E-02 13,269 30,1 2,77 8,3
29.62434 30.23822 2023/05/24 13:25:05 14,47 7,00 0,2 3445 90 72 11110 45 4,18E-02 13,267 30,0 2,76 7,0
29.62434 30.23822 2023/05/24 13:25:10 14,47 7,01 -0,3 346,9 90 72 11110 45 4,18E-02 13,265 30,0 2,76 7,3
29.62433 30.23823 2023/05/24 13:25:15 14,46 7,02 -1,1 3444 90 72 11110 45 0,04 13,265 30,0 2,76 7,1
29.62433 30.23824 2023/05/24 13:25:20 14,47 7,03 -1,5 343,6 90 72 11110 45 4,18E-02 13,265 30,0 2,76 8,0
29.62433 30.23824 2023/05/24 13:25:25 14,47 7,01 -0,3 344,9 90 72 11110 45 4,18E-02 13,270 30,0 2,76 7,2
29.62431 30.23824 2023/05/24 13:25:30 14,47 7,01 -0,7 346,2 90 72 11110 45 4,18E-02 13,269 30,0 2,76 7,5
29.62431 30.23825 2023/05/24 13:25:35 14,47 7,00 0,1 347,8 90 72 11110 45 4,18E-02 13,271 30,0 2,76 6,2
29.62431 30.23825 2023/05/24 13:25:40 14,46 6,98 1,0 346,0 90 72 11110 45 4,18E-02 13,272 30,1 2,76 6,9
29.62431 30.23825 2023/05/24 13:25:45 14,46 7,01 -0,7 3442 90 72 11110 45 4,19E-02 13,270 30,1 2,77 7,6
29.62431 30.23824 2023/05/24 13:25:50 14,47 7,03 -2,0 342,9 90 72 11110 45 4,19E-02 13,271 30,0 2,76 6,9
29.62433 30.23823 2023/05/24 13:25:55 14,47 6,95 2,9 349,2 90 72 11110 45 4,20E-02 13,270 30,0 2,76 7,9
29.62433 30.23823 2023/05/24 13:26:00 14,47 6,95 2,6 348,7 90 72 11110 45 4,18E-02 13,270 30,0 2,76 7,3
29.62433 30.23823 2023/05/24 13:26:05 14,47 6,97 1,4 348,0 90 72 11110 45 4,17E-02 13,272 29,9 2,75 7,2
29.62433 30.23823 2023/05/24 13:26:10 14,47 7,00 0,0 346,6 90 72 11110 45 0,04 13,270 30,0 2,75 7,0
29.62433 30.23823 2023/05/24 13:26:15 14,47 7,01 -0,6 346,6 90 72 11110 45 4,18E-02 13,270 29,9 2,75 7,9
29.62434 30.23822 2023/05/24 13:26:20 14,47 7,05 -3,1 343,4 90 72 11110 45 4,18E-02 13,272 29,9 2,75 7,9
29.62434 30.23822 2023/05/24 13:26:25 14,48 7,01 -0,7 346,0 90 72 11110 45 4,18E-02 13,273 29,9 2,75 7,3
29.62434 30.23822 2023/05/24 13:26:30 14,47 7,07 -3,9 3445 90 72 11110 45 0,04 13,275 29,9 2,75 8,1
29.62434 30.23822 2023/05/24 13:26:35 14,47 7,08 -4,3 3445 90 72 11110 45 4,17E-02 13,271 30,0 2,75 7,6
29.62434 30.23822 2023/05/24 13:26:40 14,47 7,07 -4,2 343,3 90 72 11110 45 0,04 13,270 30,0 2,75 7,5
29.62434 30.23821 2023/05/24 13:26:45 14,47 7,04 2,2 344,7 90 72 11110 45 0,04 13,268 30,0 2,75 6,5
29.62434 30.23821 2023/05/24 13:26:50 14,47 7,08 -4.4 342,2 90 72 11110 45 0,04 13,271 29,9 2,75 6,4
29.62434 30.23821 2023/05/24 13:26:55 14,47 7,06 -3,2 344,5 90 72 11110 45 4,17E-02 13,271 29,9 2,75 7,2
29.62434 30.23821 2023/05/24 13:27:00 14,47 7,04 -2,4 345,0 90 72 11110 45 0,04 13,271 29,9 2,75 7,1
29.62434 30.23822 2023/05/24 13:27:05 14,47 7,09 -5,0 341,7 90 72 11110 45 4,17E-02 13,269 29,9 2,75 7,0
29.62434 30.23822 2023/05/24 13:27:10 14,47 7,03 -1,9 345,3 90 72 11110 45 4,17E-02 13,271 29,9 2,75 6,8
29.62434 30.23822 2023/05/24 13:27:15 14,48 7,08 -4,8 343,0 90 72 11110 45 4,17E-02 13,272 29,9 2,75 6,4
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62434 30.23822 2023/05/24 13:27:20 14,47 7,10 -5,5 342,3 90 72 11110 45 4,17E-02 13,274 29,8 2,74 8,1
29.62433 30.23822 2023/05/24 13:27:25 14,47 7,08 -4,4 344,0 90 72 11110 45 4,17E-02 13,272 29,8 2,74 8,4
29.62433 30.23823 2023/05/24 13:27:30 14,48 7,08 -4,8 342,2 90 72 11110 45 4,17E-02 13,275 29,8 2,74 8,4
29.62433 30.23823 2023/05/24 13:27:35 14,48 7,07 -4,3 343,6 90 72 11110 45 4,17E-02 13,275 29,9 2,74 74
29.62433 30.23823 2023/05/24 13:27:40 14,48 7,09 -5,1 342,5 90 72 11110 45 4,17E-02 13,273 29,9 2,75 6,5
29.62433 30.23823 2023/05/24 13:27:45 14,48 7,07 -3,8 344,0 90 72 11110 45 4,17E-02 13,274 29,9 2,75 6,6
29.62433 30.23823 2023/05/24 13:27:50 14,48 7,10 -5,8 342,4 90 72 11110 45 4,17E-02 13,275 29,9 2,75 6,6
29.62433 30.23822 2023/05/24 13:27:55 14,48 7,12 -7,0 341,9 90 72 11110 45 4,17E-02 13,274 29,9 2,75 6,8
29.62433 30.23822 2023/05/24 13:28:00 14,48 7,06 -3,2 3442 90 72 11110 45 4,17E-02 13,271 29,9 2,75 7,2
29.62433 30.23822 2023/05/24 13:28:05 14,48 7,09 -5,4 342,6 90 72 11110 45 4,17E-02 13,271 29,9 2,75 6,9
29.62433 30.23821 2023/05/24 13:28:10 14,48 7,03 -2,0 3454 90 72 11110 45 4,17E-02 13,270 29,9 2,75 6,6
29.62433 30.23821 2023/05/24 13:28:15 14,49 7,11 -6,3 341,5 90 72 11110 45 4,17E-02 13,273 29,8 2,74 7,0
29.62433 30.23821 2023/05/24 13:28:20 14,48 7,05 -2,8 345,2 90 72 11110 45 4,17E-02 13,273 29,9 2,74 7,0
29.62433 30.23821 2023/05/24 13:28:25 14,48 7,04 -2,5 347,7 90 72 11110 45 4,17E-02 13,274 30,0 2,76 6,9
29.62433 30.23821 2023/05/24 13:28:30 14,48 7,07 -3,8 345,5 90 72 11110 45 4,17E-02 13,274 30,0 2,76 7,0
29.62434 30.23820 2023/05/24 13:28:35 14,48 7,06 -3,3 345,8 90 72 11110 45 4,17E-02 13,270 30,1 2,76 8,6
29.62434 30.23819 2023/05/24 13:28:40 14,49 7,07 -4,2 345,3 90 72 11110 45 4,17E-02 13,271 30,0 2,76 6,7
29.62434 30.23819 2023/05/24 13:28:45 14,49 7,05 -2,9 346,5 90 72 11110 45 4,17E-02 13,272 30,0 2,76 7,6
29.62433 30.23820 2023/05/24 13:28:50 14,49 7,08 -4,3 345,0 90 72 11110 45 4,17E-02 13,271 30,0 2,76 7.4
29.62433 30.23820 2023/05/24 13:28:55 14,49 7,08 -4.4 3444 90 72 11110 45 4,17E-02 13,268 30,0 2,76 5,8
29.62434 30.23820 2023/05/24 13:29:00 14,49 7,09 -4,9 343,8 89 72 11240 45 4,17E-02 13,269 30,0 2,76 5,8
29.62434 30.23820 2023/05/24 13:29:05 14,49 7,08 -4,6 344,0 90 72 11110 45 4,17E-02 13,268 30,0 2,76 5,8
29.62434 30.23820 2023/05/24 13:29:10 14,49 7,09 -5,4 343,1 90 72 11110 45 4,17E-02 13,268 30,0 2,76 7,0
29.62434 30.23820 2023/05/24 13:29:15 14,49 7,09 -5,0 343,3 90 72 11110 45 4,17E-02 13,272 30,1 2,76 8,5
29.62434 30.23820 2023/05/24 13:29:20 14,49 7,10 -5,5 342,8 90 72 11110 45 4,17E-02 13,272 30,1 2,76 7,6
29.62434 30.23820 2023/05/24 13:29:25 14,49 7,09 -5,4 342,4 89 72 11240 45 4,17E-02 13,272 30,1 2,76 6,8
29.62434 30.23819 2023/05/24 13:29:30 14,49 7,10 -5,6 343,1 89 72 11240 45 4,17E-02 13,271 30,1 2,76 57
29.62434 30.23819 2023/05/24 13:29:35 14,49 7,10 -5,6 342,7 90 72 11110 45 4,17E-02 13,272 30,1 2,76 6,0
29.62434 30.23819 2023/05/24 13:29:40 14,49 7,23 -13,4 334,7 90 72 11110 45 4,17E-02 13,271 30,0 2,76 5,9
29.62434 30.23820 2023/05/24 13:29:45 14,49 7,23 -13,1 335,8 90 72 11110 45 4,17E-02 13,272 30,0 2,75 6,0
29.62434 30.23820 2023/05/24 13:29:50 14,49 7,21 -12,1 336,0 89 72 11240 45 0,04 13,271 29,9 2,75 5,8
29.62434 30.23820 2023/05/24 13:29:55 14,49 7,20 -11,4 3374 90 72 11110 45 4,17E-02 13,272 29,8 2,74 6,6
29.62434 30.23821 2023/05/24 13:30:00 14,49 7,28 -16,1 332,4 89 72 11240 45 4,17E-02 13,273 29,8 2,74 5,6
29.62434 30.23821 2023/05/24 13:30:05 14,49 7,22 -12,5 335,8 89 72 11240 45 4,17E-02 13,274 29,8 2,73 6,6
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62434 30.23821 2023/05/24 13:30:10 14,49 7,22 -12,7 337,0 90 72 11110 45 4,17E-02 13,272 29,8 2,74 5,4
29.62434 30.23821 2023/05/24 13:30:15 14,49 7,14 -7,8 341,3 89 72 11240 45 4,17E-02 13,271 29,8 2,74 6,6
29.62434 30.23821 2023/05/24 13:30:20 14,49 7,19 -10,9 336,9 89 72 11240 45 4,17E-02 13,272 29,8 2,74 6,9
29.62434 30.23821 2023/05/24 13:30:25 14,49 7,07 -4,2 347,2 89 72 11240 45 4,17E-02 13,271 29,8 2,74 74
29.62434 30.23821 2023/05/24 13:30:30 14,49 7,09 -53 342,2 89 72 11240 45 4,17E-02 13,272 30,0 2,76 57
29.62434 30.23821 2023/05/24 13:30:35 14,50 7,03 -1,9 3454 89 72 11240 45 4,17E-02 13,274 30,1 2,76 6,8
29.62436 30.23820 2023/05/24 13:30:40 14,49 7,09 -5,3 344.,6 89 72 11240 45 4,17E-02 13,276 30,1 2,77 5,8
29.62436 30.23820 2023/05/24 13:30:45 14,50 7,18 -10,3 337,2 89 72 11240 45 4,17E-02 13,274 30,1 2,77 3,8
29.62436 30.23820 2023/05/24 13:30:50 14,50 7,09 -5,2 343,5 89 72 11240 45 4,17E-02 13,274 30,1 2,77 6,5
29.62436 30.23820 2023/05/24 13:30:55 14,50 7,11 -6,4 341,7 89 72 11240 45 4,16E-02 13,272 30,1 2,77 6,6
29.62436 30.23820 2023/05/24 13:31:00 14,50 7,20 -11,5 341,6 89 72 11240 45 0,04 13,271 30,1 2,77 3,5
29.62436 30.23820 2023/05/24 13:31:05 14,51 7,12 -6,7 341,7 89 72 11240 45 0,04 13,271 30,1 2,76 54
29.62436 30.23820 2023/05/24 13:31:10 14,51 7,10 -5,7 342,0 89 72 11240 45 0,04 13,269 30,1 2,76 4,7
29.62436 30.23820 2023/05/24 13:31:15 14,50 7,26 -14,9 332,7 89 72 11240 45 0,04 13,269 30,1 2,76 5,9
29.62436 30.23820 2023/05/24 13:31:20 14,49 7,26 -14,9 332,9 90 72 11110 45 4,17E-02 13,270 29,8 2,74 5,8
29.62436 30.23820 2023/05/24 13:31:25 14,50 7,24 -13,9 334,5 90 72 11110 45 4,17E-02 13,271 29,8 2,73 6,4
29.62436 30.23822 2023/05/24 13:31:30 14,51 7,08 -4,6 342,9 89 72 11240 45 0,04 13,270 29,9 2,74 5,0
29.62436 30.23822 2023/05/24 13:31:35 14,51 7,18 -10,3 336,4 90 72 11110 45 4,17E-02 13,272 30,0 2,76 5,6
29.62436 30.23822 2023/05/24 13:31:40 14,51 717 -9,6 336,5 90 72 11110 45 4,17E-02 13,268 30,1 2,76 53
29.62436 30.23822 2023/05/24 13:31:45 14,51 7,27 -15,3 331,5 90 72 11110 45 4,17E-02 13,273 30,1 2,76 5,8
29.62436 30.23822 2023/05/24 13:31:50 14,51 7,20 -11,6 336,2 90 72 11110 45 4,18E-02 13,274 30,1 2,76 5,2
29.62436 30.23822 2023/05/24 13:31:55 14,50 7,15 -8,6 338,8 90 72 11110 45 4,18E-02 13,271 29,9 2,75 6,8
29.62436 30.23822 2023/05/24 13:32:00 14,50 7,16 -9,2 337,8 90 72 11110 45 4,18E-02 13,268 30,0 2,76 6,3
29.62436 30.23822 2023/05/24 13:32:05 14,50 7,13 -7,3 338,6 90 72 11110 45 4,20E-02 13,266 30,1 2,76 6,7
29.62436 30.23822 2023/05/24 13:32:10 14,49 7,23 -13,2 334,1 90 72 11110 45 4,20E-02 13,266 30,0 2,76 5,3
29.62436 30.23822 2023/05/24 13:32:15 14,50 7,20 -11,4 335,6 90 72 11110 45 4,21E-02 13,268 30,0 2,75 5,5
29.62436 30.23822 2023/05/24 13:32:20 14,50 7,15 -8,7 337,8 91 73 10990 45 0,04 13,269 30,1 2,76 5,1
29.62436 30.23822 2023/05/24 13:32:25 14,51 7,15 -8,7 337,9 91 73 10990 45 4,24E-02 13,268 30,1 2,77 6,5
29.62436 30.23822 2023/05/24 13:32:30 14,51 7,13 7.4 338,3 91 73 10990 46 4,26E-02 13,267 30,2 2,77 5,6
29.62436 30.23821 2023/05/24 13:32:35 14,50 7,15 -8,4 337,2 91 73 10990 46 0,04 13,265 30,2 2,77 54
29.62436 30.23821 2023/05/24 13:32:40 14,51 7,14 -7,8 338,3 92 74 10870 46 4,28E-02 13,265 30,2 2,77 57
29.62436 30.23822 2023/05/24 13:32:45 14,51 7,19 -11,1 336,7 92 74 10870 46 4,30E-02 13,266 30,2 2,77 5,1
29.62436 30.23822 2023/05/24 13:32:50 14,51 7,17 -9,5 336,5 93 74 10750 46 4,33E-02 13,264 30,2 2,77 5,6
29.62436 30.23822 2023/05/24 13:32:55 14,51 7,09 -4,9 341,4 93 75 10750 47 4,35E-02 13,265 30,2 2,77 57
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62436 30.23822 2023/05/24 13:33:00 14,51 7,09 -5,3 339,7 95 76 10530 47 4,42E-02 13,264 30,2 2,77 6,1
29.62434 30.23822 2023/05/24 13:33:05 14,51 7,11 -6,2 340,0 95 76 10530 48 4,44E-02 13,267 30,2 2,77 5,4
29.62434 30.23822 2023/05/24 13:33:10 14,51 7,18 -10,3 3354 96 77 10420 48 4,47E-02 13,266 30,2 2,77 54
29.62434 30.23822 2023/05/24 13:33:15 14,51 7,18 -10,5 335,1 97 77 10310 48 4,51E-02 13,267 30,2 2,78 54
29.62434 30.23822 2023/05/24 13:33:20 14,51 7,18 -10,1 334,7 98 78 10200 49 4,57E-02 13,267 30,2 2,77 49
29.62433 30.23822 2023/05/24 13:33:25 14,51 7,18 -10,5 335,9 98 79 10200 49 4,59E-02 13,268 30,2 2,78 49
29.62433 30.23822 2023/05/24 13:33:30 14,51 7,18 -10,1 335,3 100 80 10000 50 4,68E-02 13,270 30,2 2,78 5,5
29.62433 30.23822 2023/05/24 13:33:35 14,51 7,18 -10,4 334,2 101 81 9900 50 4,70E-02 13,271 30,2 2,78 6,1
29.62433 30.23823 2023/05/24 13:33:40 14,51 7,23 -13,2 332,0 102 82 9800 51 4,77E-02 13,270 30,2 2,78 6,5
29.62433 30.23823 2023/05/24 13:33:45 14,51 7,18 -10,2 333,9 102 82 9800 51 4,78E-02 13,268 30,2 2,77 5,6
29.62434 30.23822 2023/05/24 13:33:50 14,51 7,19 -10,7 334,6 103 82 9710 51 4,82E-02 13,268 30,1 2,77 57
29.62434 30.23823 2023/05/24 13:33:55 14,52 7,18 -10,2 334,6 105 84 9520 52 0,05 13,268 30,1 2,76 6,0
29.62434 30.23823 2023/05/24 13:34:00 14,52 7,19 -11,1 333,3 106 85 9430 53 4,95E-02 13,270 30,1 2,76 5,0
29.62434 30.23823 2023/05/24 13:34:05 14,52 7,20 -11,1 333,8 106 85 9430 53 4,94E-02 13,269 30,1 2,76 57
29.62434 30.23823 2023/05/24 13:34:10 14,52 7,19 -10,9 333,8 108 86 9260 54 5,06E-02 13,270 30,1 2,76 5,2
29.62436 30.23823 2023/05/24 13:34:15 14,52 7,21 -12,1 332,8 108 86 9260 54 5,05E-02 13,273 30,1 2,76 5,2
29.62436 30.23822 2023/05/24 13:34:20 14,52 7,17 -9,8 334,3 109 88 9170 55 5,13E-02 13,272 30,1 2,76 5,4
29.62436 30.23822 2023/05/24 13:34:25 14,52 7,19 -10,6 334,5 109 88 9170 55 5,13E-02 13,268 30,0 2,76 5,5
29.62436 30.23822 2023/05/24 13:34:30 14,52 7,19 -10,8 335,3 111 89 9010 56 5,21E-02 13,268 30,0 2,76 53
29.62436 30.23822 2023/05/24 13:34:35 14,52 7,19 -10,7 333,6 110 88 9090 55 5,15E-02 13,268 30,1 2,77 5,2
29.62436 30.23822 2023/05/24 13:34:40 14,53 7,08 -4,8 339,5 110 88 9090 55 5,14E-02 13,266 30,2 2,77 5,0
29.62436 30.23822 2023/05/24 13:34:45 14,52 7,10 -5,6 338,5 111 89 9010 56 5,23E-02 13,268 30,2 2,77 4,8
29.62436 30.23822 2023/05/24 13:34:50 14,53 7,15 -8,4 336,5 113 91 8850 57 5,32E-02 13,271 30,2 2,77 5,6
29.62434 30.23822 2023/05/24 13:34:55 14,53 7,15 -8,3 336,5 114 91 8770 57 5,36E-02 13,270 30,2 2,77 6,7
29.62436 30.23823 2023/05/24 13:35:00 14,53 7,18 -10,4 333,8 115 92 8700 57 5,39E-02 13,269 30,2 2,77 5,5
29.62436 30.23824 2023/05/24 13:35:05 14,53 7,20 -11,1 333,6 116 93 8620 58 5,43E-02 13,269 30,1 2,77 6,5
29.62436 30.23824 2023/05/24 13:35:10 14,52 717 9,7 334,7 117 93 8550 58 5,48E-02 13,270 30,1 2,76 5,8
29.62436 30.23824 2023/05/24 13:35:15 14,53 7,19 -11,1 333,2 118 94 8470 59 5,53E-02 13,267 30,1 2,76 5,1
29.62436 30.23825 2023/05/24 13:35:20 14,53 717 -9,8 335,2 118 94 8470 59 0,06 13,267 30,1 2,76 55
29.62434 30.23826 2023/05/24 13:35:25 14,53 7,21 -12,1 332,3 118 95 8470 59 5,55E-02 13,268 30,1 2,76 5,1
29.62434 30.23826 2023/05/24 13:35:30 14,53 7,19 -10,6 334,3 119 96 8400 60 5,61E-02 13,269 30,1 2,76 5,5
29.62434 30.23827 2023/05/24 13:35:35 14,53 7,24 -13,4 331,0 118 95 8470 59 5,567E-02 13,268 30,1 2,76 5,8
29.62434 30.23827 2023/05/24 13:35:40 14,53 7,27 -15,3 329,1 119 95 8400 59 5,58E-02 13,267 30,0 2,75 5,6
29.62434 30.23827 2023/05/24 13:35:45 14,53 7,26 -14,7 329,8 119 95 8400 59 5,59E-02 13,267 29,9 2,74 5,9
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62434 30.23828 2023/05/24 13:35:50 14,53 7,23 -13,3 330,8 120 96 8330 60 0,06 13,265 29,9 2,74 5,6
29.62434 30.23828 2023/05/24 13:35:55 14,53 7,25 -14,2 330,9 119 96 8400 60 5,61E-02 13,267 29,9 2,74 5,5
29.62434 30.23829 2023/05/24 13:36:00 14,53 7,26 -14,9 3294 120 96 8330 60 5,62E-02 13,269 29,8 2,74 5,1
29.62436 30.23829 2023/05/24 13:36:05 14,53 7,26 -15,1 329,8 119 96 8400 60 5,61E-02 13,270 29,8 2,74 5,1
29.62436 30.23829 2023/05/24 13:36:10 14,53 7,25 -14,1 329,9 119 96 8400 60 5,61E-02 13,270 29,8 2,74 6,3
29.62436 30.23828 2023/05/24 13:36:15 14,53 7,26 -14,6 330,4 119 95 8400 60 0,06 13,271 29,8 2,73 54
29.62436 30.23828 2023/05/24 13:36:20 14,53 7,21 -12,1 332,3 119 95 8400 59 5,59E-02 13,269 29,8 2,73 5,3
29.62436 30.23828 2023/05/24 13:36:25 14,53 7,20 -11,7 332,2 119 95 8400 59 5,58E-02 13,271 29,8 2,73 6,0
29.62436 30.23827 2023/05/24 13:36:30 14,53 7,23 -13,2 331,6 119 95 8400 59 5,58E-02 13,270 29,8 2,73 57
29.62436 30.23827 2023/05/24 13:36:35 14,53 7,23 -12,9 331,7 118 95 8470 59 5,567E-02 13,271 29,8 2,74 49
29.62437 30.23827 2023/05/24 13:36:40 14,53 7,23 -12,9 330,9 118 95 8470 59 5,56E-02 13,268 29,8 2,73 5,2
29.62436 30.23826 2023/05/24 13:36:45 14,53 7,23 -13,0 332,3 118 94 8470 59 5,53E-02 13,268 29,8 2,74 54
29.62436 30.23826 2023/05/24 13:36:50 14,53 7,22 -12,5 332,0 117 94 8550 59 5,51E-02 13,265 29,8 2,74 5,9
29.62436 30.23825 2023/05/24 13:36:55 14,54 7,23 -13,0 332,0 117 94 8550 58 5,50E-02 13,267 29,8 2,74 6,1
29.62434 30.23824 2023/05/24 13:37:00 14,54 7,22 -12,6 332,2 117 94 8550 58 5,48E-02 13,269 29,8 2,73 5,4
29.62434 30.23823 2023/05/24 13:37:05 14,54 7,23 -13,4 331,3 116 93 8620 58 5,47E-02 13,271 29,8 2,73 4,2
29.62434 30.23822 2023/05/24 13:37:10 14,54 7,25 -14,4 329,4 116 93 8620 58 5,44E-02 13,270 29,8 2,74 49
29.62434 30.23821 2023/05/24 13:37:15 14,54 7,21 -11,8 332,1 116 93 8620 58 5,43E-02 13,270 29,8 2,74 5,8
29.62434 30.23821 2023/05/24 13:37:20 14,54 7,22 -12,5 331,1 115 92 8700 57 5,39E-02 13,270 29,8 2,74 6,0
29.62434 30.23821 2023/05/24 13:37:25 14,54 7,23 -13,4 330,7 114 92 8770 57 5,37E-02 13,273 29,8 2,73 55
29.62436 30.23821 2023/05/24 13:37:30 14,54 7,21 -12,1 3324 114 91 8770 57 5,35E-02 13,270 29,8 2,73 5,1
29.62436 30.23822 2023/05/24 13:37:35 14,54 7,23 -13,3 330,1 113 91 8850 57 5,32E-02 13,270 29,8 2,73 5,1
29.62436 30.23822 2023/05/24 13:37:40 14,54 7,23 -12,8 331,3 113 91 8850 57 5,31E-02 13,271 29,8 2,73 5,3
29.62436 30.23822 2023/05/24 13:37:45 14,54 7,24 -13,5 331,1 113 90 8850 56 5,29E-02 13,270 29,8 2,73 5,6
29.62436 30.23823 2023/05/24 13:37:50 14,54 7,22 -12,4 331,1 112 90 8930 56 5,27E-02 13,271 29,8 2,73 57
29.62436 30.23822 2023/05/24 13:37:55 14,54 7,22 -12,8 330,6 111 89 9010 56 0,05 13,272 29,8 2,73 4,5
29.62436 30.23823 2023/05/24 13:38:00 14,54 7,20 -11,4 331,9 111 89 9010 55 5,19E-02 13,269 29,8 2,73 54
29.62436 30.23823 2023/05/24 13:38:05 14,54 7,23 -13,2 329,9 110 89 9090 55 5,18E-02 13,268 29,8 2,73 55
29.62436 30.23824 2023/05/24 13:38:10 14,54 7,22 -12,5 330,9 110 88 9090 55 5,17E-02 13,268 29,8 2,73 5,2
29.62438 30.23824 2023/05/24 13:38:15 14,54 7,21 -12,1 331,9 110 88 9090 55 5,15E-02 13,269 29,8 2,74 55
29.62438 30.23824 2023/05/24 13:38:20 14,54 7,21 -12,2 331,8 110 88 9090 55 5,15E-02 13,270 29,9 2,75 5,3
29.62438 30.23824 2023/05/24 13:38:25 14,54 7,19 -10,9 332,5 109 87 9170 54 5,10E-02 13,269 29,9 2,75 6,0
29.62438 30.23823 2023/05/24 13:38:30 14,54 7,20 -11,4 332,2 109 87 9170 54 5,10E-02 13,268 29,9 2,75 5,0
29.62438 30.23822 2023/05/24 13:38:35 14,54 7,21 -11,8 331,8 108 87 9260 54 5,08E-02 13,269 30,0 2,75 5,6
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62438 30.23822 2023/05/24 13:38:40 14,54 7,19 -10,8 332,9 108 86 9260 54 5,05E-02 13,266 30,0 2,75 4,6
29.62438 30.23822 2023/05/24 13:38:45 14,54 7,16 -9,2 333,3 107 86 9350 54 5,04E-02 13,267 29,9 2,75 6,5
29.62438 30.23822 2023/05/24 13:38:50 14,55 7,19 -10,7 333,1 107 86 9350 54 0,05 13,266 29,9 2,75 53
29.62438 30.23822 2023/05/24 13:38:55 14,55 7,23 -13,4 330,4 107 85 9350 53 0,05 13,267 29,9 2,75 5,8
29.62438 30.23822 2023/05/24 13:39:00 14,55 7,15 -8,5 334,9 106 85 9430 53 4,98E-02 13,268 29,9 2,75 54
29.62437 30.23822 2023/05/24 13:39:05 14,55 7,19 -10,7 3324 106 85 9430 53 4,99E-02 13,266 29,9 2,74 5,1
29.62436 30.23821 2023/05/24 13:39:10 14,55 7,18 -10,2 333,0 106 85 9430 53 4,99E-02 13,266 30,0 2,75 6,6
29.62436 30.23822 2023/05/24 13:39:15 14,56 7,21 -11,9 331,2 106 85 9430 53 4,96E-02 13,265 30,0 2,75 4,8
29.62436 30.23822 2023/05/24 13:39:20 14,56 7,18 -10,3 332,8 106 85 9430 53 4,94E-02 13,265 29,9 2,74 6,6
29.62434 30.23822 2023/05/24 13:39:25 14,56 7,18 -10,5 332,1 105 84 9520 53 4,92E-02 13,266 29,9 2,75 5,8
29.62433 30.23822 2023/05/24 13:39:30 14,56 7,22 -12,6 331,0 105 84 9520 52 4,91E-02 13,266 30,0 2,75 53
29.62433 30.23822 2023/05/24 13:39:35 14,56 7,21 -12,1 330,9 105 84 9520 52 0,05 13,268 29,9 2,75 49
29.62433 30.23824 2023/05/24 13:39:40 14,56 7,19 -10,6 3324 104 83 9620 52 4,85E-02 13,267 30,0 2,75 5,1
29.62433 30.23824 2023/05/24 13:39:45 14,56 7,20 -11,4 331,9 103 83 9710 52 4,84E-02 13,269 30,0 2,75 53
29.62430 30.23825 2023/05/24 13:39:50 14,56 7,13 -7,5 336,4 103 83 9710 52 4,83E-02 13,268 30,0 2,75 4,6
29.62430 30.23825 2023/05/24 13:39:55 14,56 7,16 -9,0 334,7 103 83 9710 52 4,82E-02 13,267 30,0 2,76 6,0
29.62430 30.23825 2023/05/24 13:40:00 14,56 7,14 -8,2 334,8 102 82 9800 51 4,79E-02 13,267 30,1 2,76 6,1
29.62430 30.23824 2023/05/24 13:40:05 14,56 7,16 -9,1 334,7 103 82 9710 51 4,81E-02 13,265 30,0 2,75 6,3
29.62430 30.23824 2023/05/24 13:40:10 14,56 717 -9,6 333,7 101 81 9900 51 4,74E-02 13,265 30,1 2,76 5,0
29.62430 30.23824 2023/05/24 13:40:15 14,56 7,13 -7,6 334,7 102 82 9800 51 4,76E-02 13,266 30,0 2,75 4,8
29.62430 30.23824 2023/05/24 13:40:20 14,56 7,15 -8,7 333,8 100 81 10000 50 4,70E-02 13,264 30,1 2,76 54
29.62430 30.23824 2023/05/24 13:40:25 14,56 717 -9,6 332,6 100 80 10000 50 4,68E-02 13,264 30,1 2,76 53
29.62430 30.23824 2023/05/24 13:40:30 14,56 7,16 -9,1 332,8 100 80 10000 50 4,68E-02 13,266 30,1 2,76 5,9
29.62430 30.23824 2023/05/24 13:40:35 14,56 7,15 -8,8 333,44 100 80 10000 50 4,68E-02 13,266 30,1 2,76 5,4
29.62434 30.23823 2023/05/24 13:40:40 14,56 7,17 -9,7 331,9 100 80 10000 50 4,69E-02 13,265 30,1 2,76 6,0
29.62434 30.23823 2023/05/24 13:40:45 14,56 7,16 -9,4 331,4 99 79 10100 49 4,62E-02 13,266 30,1 2,76 5,6
29.62434 30.23823 2023/05/24 13:40:50 14,56 7,16 -9,1 331,2 99 80 10100 50 4,64E-02 13,266 30,1 2,76 5,1
29.62434 30.23823 2023/05/24 13:40:55 14,56 7,19 -11,1 328,9 99 79 10100 49 4,61E-02 13,266 30,1 2,76 53
29.62434 30.23823 2023/05/24 13:41:00 14,56 7,21 -11,7 328,9 98 79 10200 49 4,59E-02 13,264 30,0 2,75 5,6
29.62434 30.23824 2023/05/24 13:41:05 14,56 7,20 -11,4 328,8 99 79 10100 49 4,62E-02 13,263 30,0 2,75 5,9
29.62434 30.23824 2023/05/24 13:41:10 14,56 7,19 -10,8 329,4 98 79 10200 49 4,60E-02 13,262 30,0 2,75 5,5
29.62436 30.23824 2023/05/24 13:41:15 14,57 7,19 -10,6 330,1 99 79 10100 49 0,05 13,263 30,0 2,75 5,0
29.62436 30.23823 2023/05/24 13:41:20 14,57 7,20 -11,6 329,2 98 79 10200 49 4,59E-02 13,264 30,0 2,75 5,9
29.62436 30.23823 2023/05/24 13:41:25 14,57 7,20 -11,5 328,7 98 79 10200 49 4,57E-02 13,264 30,0 2,75 5,8
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62436 30.23822 2023/05/24 13:41:30 14,57 7,21 -12,1 328,4 97 78 10310 49 4,55E-02 13,265 30,0 2,75 57
29.62436 30.23822 2023/05/24 13:41:35 14,57 7,20 -11,7 327,9 98 78 10200 49 4,56E-02 13,264 30,0 2,75 4,6
29.62436 30.23822 2023/05/24 13:41:40 14,57 7,21 -12,1 327,8 97 78 10310 49 4,55E-02 13,265 30,0 2,75 57
29.62436 30.23822 2023/05/24 13:41:45 14,57 7,20 -11,2 328,7 97 78 10310 49 4,54E-02 13,267 30,0 2,75 5,2
29.62436 30.23822 2023/05/24 13:41:50 14,57 7,20 -11,6 328,5 97 78 10310 48 0,05 13,265 30,0 2,75 54
29.62436 30.23822 2023/05/24 13:41:55 14,57 7,21 -12,0 328,1 96 77 10420 48 4,49E-02 13,264 30,0 2,75 5,0
29.62436 30.23822 2023/05/24 13:42:00 14,57 7,18 -10,4 329,6 96 77 10420 48 4,49E-02 13,264 30,0 2,75 49
29.62436 30.23822 2023/05/24 13:42:05 14,57 7,23 -13,3 326,7 96 77 10420 48 4,48E-02 13,263 30,0 2,75 5,2
29.62434 30.23823 2023/05/24 13:42:10 14,57 7,20 -11,5 328,1 97 77 10310 48 4,51E-02 13,263 30,0 2,75 4,7
29.62434 30.23823 2023/05/24 13:42:15 14,57 7,19 -11,0 329,6 96 77 10420 48 4,47E-02 13,261 30,0 2,75 5,1
29.62434 30.23823 2023/05/24 13:42:20 14,57 7,18 -10,4 329,5 96 77 10420 48 4,47E-02 13,263 30,0 2,75 5,9
29.62434 30.23823 2023/05/24 13:42:25 14,57 717 -9,8 329,6 96 77 10420 48 4,48E-02 13,261 30,0 2,75 6,5
29.62434 30.23823 2023/05/24 13:42:30 14,57 7,15 -8,7 3324 96 77 10420 48 4,46E-02 13,262 30,1 2,76 5,6
29.62434 30.23823 2023/05/24 13:42:35 14,57 7,24 -13,5 326,0 95 76 10530 48 4,44E-02 13,263 30,0 2,75 5,9
29.62434 30.23823 2023/05/24 13:42:40 14,57 7,16 -8,9 329,9 95 76 10530 48 4,44E-02 13,264 30,0 2,75 5,0
29.62434 30.23823 2023/05/24 13:42:45 14,57 7,20 -11,4 327,8 95 76 10530 48 4,44E-02 13,263 30,0 2,75 5,9
29.62434 30.23823 2023/05/24 13:42:50 14,57 7,21 -11,7 327,2 95 76 10530 47 4,42E-02 13,262 30,0 2,75 5,5
29.62434 30.23823 2023/05/24 13:42:55 14,57 7,20 -11,4 327,7 95 76 10530 47 4,42E-02 13,264 30,0 2,75 5,0
29.62434 30.23823 2023/05/24 13:43:00 14,57 7,20 -11,1 328,5 95 76 10530 47 4,42E-02 13,263 30,0 2,75 4,5
29.62434 30.23823 2023/05/24 13:43:05 14,57 7,18 -10,4 328,9 95 76 10530 47 0,04 13,260 30,0 2,75 53
29.62434 30.23823 2023/05/24 13:43:10 14,57 7,20 -11,5 327,6 94 76 10640 47 4,40E-02 13,261 30,0 2,75 53
29.62434 30.23824 2023/05/24 13:43:15 14,58 7,19 -10,6 328,3 95 76 10530 47 4,41E-02 13,261 29,9 2,74 5,2
29.62434 30.23823 2023/05/24 13:43:20 14,58 7,22 -12,7 325,9 94 75 10640 47 4,39E-02 13,265 30,0 2,75 7,8
29.62434 30.23823 2023/05/24 13:43:25 14,58 7,20 -11,3 327,9 94 76 10640 47 4,40E-02 13,265 30,0 2,75 5,6
29.62434 30.23824 2023/05/24 13:43:30 14,58 7,18 -10,1 329,4 94 75 10640 47 0,04 13,263 30,0 2,75 5,4
29.62434 30.23824 2023/05/24 13:43:35 14,58 7,21 -12,0 327,4 94 75 10640 47 4,37E-02 13,263 30,0 2,75 6,2
29.62434 30.23824 2023/05/24 13:43:40 14,58 7,21 -11,9 3271 94 75 10640 47 4,39E-02 13,262 30,0 2,75 5,1
29.62434 30.23824 2023/05/24 13:43:45 14,58 7,21 -12,1 327,9 94 75 10640 47 4,37E-02 13,261 30,0 2,75 5,1
29.62436 30.23825 2023/05/24 13:43:50 14,58 7,20 -11,3 327,7 94 75 10640 47 4,37E-02 13,260 30,0 2,75 5,2
29.62436 30.23826 2023/05/24 13:43:55 14,58 7,21 -12,0 3274 94 75 10640 47 4,36E-02 13,261 30,0 2,75 5,2
29.62436 30.23826 2023/05/24 13:44:00 14,58 7,20 -11,4 328,6 93 75 10750 47 4,35E-02 13,261 30,0 2,75 4.4
29.62436 30.23826 2023/05/24 13:44:05 14,58 7,18 -10,3 328,9 93 75 10750 47 4,36E-02 13,260 30,0 2,75 5,2
29.62436 30.23826 2023/05/24 13:44:10 14,58 7,23 -13,1 325,8 93 75 10750 47 4,36E-02 13,261 30,0 2,75 5,1
29.62436 30.23826 2023/05/24 13:44:15 14,58 7,21 -12,1 326,6 93 75 10750 47 4,35E-02 13,263 30,0 2,75 5,2
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.62434 30.23826 2023/05/24 13:44:20 14,58 7,18 -10,5 328,5 93 75 10750 47 0,04 13,264 30,0 2,75 6,9
29.62434 30.23826 2023/05/24 13:44:25 14,58 7,20 -11,3 327,9 93 75 10750 47 4,34E-02 13,262 30,0 2,75 5,3
29.62434 30.23826 2023/05/24 13:44:30 14,58 7,22 -12,5 326,4 93 75 10750 47 4,34E-02 13,259 30,0 2,74 55
29.62434 30.23826 2023/05/24 13:44:35 14,58 7,22 -12,5 327,0 93 75 10750 46 4,33E-02 13,259 30,0 2,74 6,0
29.62434 30.23826 2023/05/24 13:44:40 14,58 7,20 -11,6 326,7 93 74 10750 46 4,33E-02 13,260 30,0 2,75 5,2
29.62436 30.23826 2023/05/24 13:44:45 14,58 7,19 -10,9 328,9 93 75 10750 46 4,33E-02 13,262 30,0 2,75 57
29.62436 30.23827 2023/05/24 13:44:50 14,58 7,17 -10,0 329,5 93 74 10750 46 0,04 13,261 30,0 2,75 5,4
29.62436 30.23827 2023/05/24 13:44:55 14,58 7,20 -11,4 326,8 93 75 10750 46 4,33E-02 13,260 30,0 2,75 5,5
29.62436 30.23826 2023/05/24 13:45:00 14,58 7,19 -11,0 327,9 93 74 10750 46 4,32E-02 13,258 30,0 2,75 5,1
29.62436 30.23827 2023/05/24 13:45:05 14,58 7,17 -9,5 328,7 93 74 10750 46 4,32E-02 13,259 30,0 2,75 57
29.62436 30.23827 2023/05/24 13:45:10 14,58 7,14 -8,0 3314 92 74 10870 46 4,31E-02 13,260 30,0 2,75 54
29.62436 30.23827 2023/05/24 13:45:15 14,59 7,15 -8,5 330,0 92 74 10870 46 4,31E-02 13,261 30,0 2,75 49
29.62436 30.23827 2023/05/24 13:45:20 14,59 7,15 -8,7 330,1 92 74 10870 46 4,30E-02 13,261 30,0 2,75 53
29.61847 30.23751 2023/05/24 13:57:02 16,08 6,96 2,4 324,0 98 81 10200 49 4,56E-02 13,227 30,6 2,71 134
29.61847 30.23752 2023/05/24 13:57:08 15,40 6,88 7,0 332,2 98 80 10200 49 4,58E-02 13,228 30,8 2,76 148
29.61847 30.23753 2023/05/24 13:57:18 15,38 6,82 10,2 338,8 98 80 10200 49 4,58E-02 13,228 30,6 2,75 126
29.64752 30.29236 2023/05/24 14:26:00 15,48 6,92 4,7 305,5 39 32 25600 20 1,72E-02 13,614 32,1 2,97 1000
29.64758 30.29239 2023/05/24 14:27:05 15,17 7,04 -2,1 322,3 46 37 21740 23 2,04E-02 13,613 31,6 2,93 1000
29.64754 30.29250 2023/05/24 14:28:12 15,22 7,11 -6,4 312,6 122 100 8200 61 5,75E-02 13,613 31,5 2,93 24,6
29.64752 30.29249 2023/05/24 14:28:28 15,22 7,14 -8,3 311,9 122 100 8200 61 0,06 13,615 31,5 2,93 24,3
29.64754 30.29245 2023/05/24 14:28:42 15,22 7,18 -10,6 309,8 123 100 8130 61 5,76E-02 13,613 31,4 2,92 25,0
29.63130 30.35910 2023/05/24 15:00:46 15,46 7,16 9,4 280,4 229 188 4367 115 0,11 13,722 31,5 2,93 30,4
29.63124 30.35913 2023/05/24 15:00:53 15,09 7,00 0,1 288,4 232 188 4310 116 0,11 13,718 29,8 2,80 25,3
29.63119 30.35911 2023/05/24 15:01:03 15,07 7,03 -2,0 286,0 232 188 4310 116 0,11 13,719 28,7 2,69 29,6
29.62199 30.37663 2023/05/24 15:24:07 16,74 7,60 -34,5 246,6 240 203 4167 120 0,11 13,718 30,3 2,74 12,0
29.62202 30.37662 2023/05/24 15:24:24 16,86 7,39 -22,6 259,4 240 203 4167 120 0,11 13,718 28,3 2,55 10,8
29.62202 30.37663 2023/05/24 15:24:34 16,81 7,42 -24,2 258,7 240 203 4167 120 0,11 13,722 27,6 2,50 10,7
29.63156 30.36436 2023/05/24 15:39:34 19,64 7,39 -22,5 262,7 388 348 2577 194 0,19 13,716 29,7 2,53 17,0
29.63154 30.36438 2023/05/24 15:39:42 19,57 7,21 -12,4 276,0 390 350 2564 195 0,19 13,715 25,2 2,15 9,8
29.63154 30.36441 2023/05/24 15:39:50 19,56 7,18 -10,7 276,7 390 349 2564 195 0,19 13,716 24,1 2,06 12,1
29.59730 30.43887 2023/05/25 10:18:53 21,80 6,59 23,8 214,8 0 0 999900 0 4,88E-10 13,724 31,9 2,61 0,0
29.59729 30.43888 2023/05/25 10:24:04 23,31 6,36 37,7 219,4 0 0 999900 0 4,75E-10 13,736 31,3 2,49 0,0
29.59690 30.43911 2023/05/25 10:32:02 14,56 7,07 -3,8 226,3 234 188 4274 117 0,11 13,752 30,9 2,94 11,6
29.59687 30.43916 2023/05/25 10:36:35 14,53 7,15 -8,6 242,6 234 188 4274 117 0,11 13,756 29,0 2,76 10,8
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RES

GPS Lat. GPS Long. Temp. mV ORP EC EC Abs. [Ohm- TDS Sal. Press. D.O D.O. Turb.
(S) (E) Date Time [°C] pH [pH] [mV] [uS/cm] [uS/cm] cm] [pPpm] [psu] [psi] .[%] [ppm] FNU
29.59689 30.43911 2023/05/25 10:38:35 16,10 7,15 -8,9 243,7 2 1 500000 1 0,00 13,756 26,6 2,45 141
29.59689 30.43911 2023/05/25 10:38:49 16,19 7,15 -8,4 2442 1 1 999999 1 0,00 13,757 26,4 2,42 150
29.59689 30.43907 2023/05/25 10:40:13 16,36 7,14 -8,0 246,3 1 1 999999 0 0,00 13,758 27,4 2,51 393
29.59716 30.43885 2023/05/25 10:42:35 18,00 6,96 2,2 245,8 7 6 143000 3 1,82E-03 13,750 30,6 2,70 204
29.59718 30.43883 2023/05/25 10:44:21 18,48 7,11 -6,4 243,8 11 9 91000 5 3,63E-03 13,750 29,7 2,60 54,4
29.59932 30.44309 2023/05/25 11:19:58 28,92 6,70 18,0 263,8 - - 13,746 27,4 1,97 0,0
29.59931 30.44309 2023/05/25 11:27:24 16,13 7,55 -31,7 241,3 295 245 3390 148 0,14 13,754 28,9 2,66 60,5
29.61823 30.44687 2023/05/25 11:56:30 21,02 7,03 -1,5 2742 0 0 999999 0 0,00 13,746 33,6 2,80 0,0
29.61825 30.44697 2023/05/25 11:59:45 26,51 6,56 26,2 271,4 0 0 999900 0 6,44E-10 13,744 29,4 2,21 0,0
29.61823 30.44726 2023/05/25 12:01:26 15,34 7,09 -4,9 273,2 273 223 3663 136 0,13 13,755 29,5 2,76 15,4
29.60516 30.48351 2023/05/25 12:34:49 27,34 6,88 7,2 268,8 0 0 999999 0 0,00 13,866 29,3 2,19 112
29.60509 30.48354 2023/05/25 12:35:35 27,95 6,90 6,0 267,4 0 0 999999 0 0,00 13,867 29,1 2,15 104
29.60516 30.48331 2023/05/25 12:39:20 15,42 6,98 1,0 254,9 274 224 3650 137 0,13 13,872 33,4 3,14 9,4
29.60516 30.48333 2023/05/25 12:39:54 15,42 6,97 1,6 266,3 274 225 3650 137 0,13 13,870 32,7 3,08 9,6
29.65116 30.47164 2023/05/25 13:11:14 22,28 6,79 12,2 263,5 0 0 999999 0 0,00 13,747 33,0 2,68 0,0
29.65110 30.47174 2023/05/25 13:14:58 15,87 7,09 -5,3 2442 125 104 8000 63 5,90E-02 13,732 38,0 3,51 0,0
29.65111 30.47169 2023/05/25 13:16:07 15,95 7,31 -17,9 256,4 10 8 100000 5 3,30E-03 13,733 35,1 3,24 0,0
29.65114 30.47169 2023/05/25 13:17:35 18,24 7,21 -12,1 252,6 6 5 167000 3 1,52E-03 13,731 32,1 2,82 0,0
29.65114 30.47165 2023/05/25 13:34:13 21,04 6,94 3,3 237,6 4 4 250000 2 9,26E-04 13,717 29,8 2,47 0,0
29.65401 30.61563 2023/05/25 14:33:07 30,82 6,64 22,0 243,9 1 1 999999 0 0,00 14,026 29,6 2,10 0,0
29.65437 30.61587 2023/05/25 14:37:02 17,74 717 -9,6 2424 2 1 500000 1 0,00 14,044 34,9 3,18 15,6
29.65907 30.61928 2023/05/25 14:50:47 26,41 7,10 -5,7 243,8 1 1 999999 0 0,00 14,040 30,3 2,33 0,0
29.65907 30.61926 2023/05/25 14:51:53 25,51 6,80 11,7 242,9 1 1 999999 0 0,00 14,040 31,3 2,44 0,0
29.66131 30.63543 2023/05/25 15:24:16 19,33 7,23 -13,1 2424 1 1 999999 1 0,00 14,076 34,4 3,03 31,7
29.66130 30.63542 2023/05/25 15:25:05 18,27 7,63 -36,4 237,4 374 327 2674 187 0,18 14,077 35,5 3,20 27,4
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B2: Laboratory Results for Select Water Quality Parameters (2023 CAMPAIGN)

Table B2 Select Water Quality Parameters

Coordinates

Concentrations in ppm

Site GPS GPS

No Lat. (S) Long.(E) Fluoride Chloride Nitrate Sulfate Phosphate Calcium Iron Magnesium Sodium
1 29.64169 30.25631 12,364 7,341 2,341 9,690 9,783 5,806 5,088

2 29.64169 30.23749 11,066 6,032 2,381 4,817 0,031 3,560 7,124
3 29.61837 30.23751 12,959 7,341 5,954 5,060 0,028 3,766 8,035

4 29.64755 30.27233 14,533 6,884 3,349 7,551 0,269 4,773 8,968

5 29.63135 30.35887 35,119 7,946 15,352 12,351 0,682 6,705 19,207
6 29.6226 30.37500 31,324 10,878 11,917 15,213 1,486 8,355 19,614
7 29.631363 30.36443 48,482 16,411 24,07 26,272 0,368 14,717 35,469
8 29.59909 30.44254 30,735 12,822 12,452 14,186 0,127 7,564 19,082
9 29.59725 30.43886 88,096 16,181 40,927 3,093 43,101 6,831 - 57,548
10 29.3549 30.2625 41 15,288 17,491 17,142 0,720 7,624 23,286
11 29.61822 30.44724 37,952 12,094 17,982 15,956 0,418 7,550 22,033
12 29.60502 30.48338 40,28 11,914 17,117 16,374 - 7,763 22,322
13 29.65112 30.47177 0,054 176,862 2,654 31,443 41,875 - 27,139 60,601
14 29.6613 30.63542 69,266 13,472 25,176 16,359 2,157 8,607 23,500
15 29.6588 30.61899 1,152 493,521 22,745 37,442 83,931 0,151 59,284 190,401
16 29.65444 30.61583 45,755 12,255 20,438 15,369 1,605 7,467 20,046
17 29.62342 30.2524 12,317 6,417 2,497 6,913 0,273 4,435 7,520
18 29.62568 30.24701 12,437 6,152 2,67
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B3: SUMMARY OF LABORATORY RESULTS (2022 SAMPLING CAMPAIGN)

Sample data
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APPENDIX C: ANTIBIOTIC RESIDUES IN MSUNDUZI RIVER

C1: Antibiotics Residues in Surface and Wastewater
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Figure C1 Comparison of antibiotic detection during spring, autumn and winter seasons for
wastewater effluent and surface water samples along the Msunduzi River.
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Figure C2 Chromatogram for Sample collected at the inlet of the WWTP in Spring
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Figure C3 Chromatogram for Sample collected at the Outlet to Primary Settling Tank and Inlet
to Aeration Basin of the WWTP in Winter
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Figure C4 Chromatogram for Sample collected at the Outlet to Primary Settling Tank and
Inlet to Aeration Basin of the WWTP in Spring
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Figure C5 Chromatogram for Sample collected at the WWTP Effluent Point in Winter
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Figure C6 Chromatogram for Sample collected WWTP Effluent Point in Spring.
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APPENDIX D: ESTROGENIC ACTIVITY IN MSUNDUZI RIVER

Table D1 AST results for subtypes.

Location AMP E10 E30 SuU TE Antibiotics Resistant Intermediate Susceptible
1-01 A 0 0 0 0 0 Ampicillin 59 1 48

1-01 B 0 0 0 0 0,8 Tetracycline 11 16 81

1-01 C 3,3 3 3,2 0 2.8 Sulphamethoxozole 84 3 21

1-01D 0 0 0 0 0 Erythromycin (10) 48 25 35

1-01 AA 1,1 0 0 0 14 Erythromycin (30) 37 25 46

1-01 AA (2) 0 0 0 0 0,9

1-01 AB 0 0 0 0 0 Location AMP E10 E30 SuU
1-01 AC 0 0 0 0 0 01-01 0 0 0 0
1-01 AD 2 0 0 0 1 02-01 5.4 3,5 3.9 2,6
1-01 E 36 15 1,8 2 3,1 03-01 2,3 1,8 2,1 1,6
2-01A 36 26 3 1,8 3.3 04-01A 0 0 0 0
2-01B 22 2 2,3 1,3 2,7 04-01B 0 1,1 1,7 0
2-01C 0 1,1 1,5 0 3,1 05-01A 1,6 0 1,8 0
2-01 DD 0 27 2,8 0 1,7 05-01B 0 0 0 0
2-01E 26 1,9 2,5 1,5 2,6 06-01 0 0 1,3 0
2-01 EE 1,9 21 2,2 0 2,8 07-01 0,7 2,5 2,7 0
5-01 A 0 0 0 0 2.1 08-01 1,1 2,1 2,5 0
5-01 B 19 0 0 0 23 09-01 1,5 2,5 2,5 0
5-01 D 22 08 1,1 0 2,8 10-01 0 2,5 2,9 0
5-01 E 0 0 0 0 2.8 11-01 3,2 2,3 2.4 1,
3-01A 0 1,3 1,6 0 3 12-01 1 2,6 2,9 0
3-01B 0 0 2,2 0 2,8 13-01 1 2,4 2,8 0
3-01C 14 0 0 0 1 14-01 0 0 1 0
3-01D 0 0 0 0 0 15-01 0,8 2,5 0 0
3-01F 0 2 2,3 1,5 2,6 16-01 1,1 1,7 2,6 0
3-01H 34 12 1,5 2,6 3,2 17-01 0 2,1 2,5 0
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Location AMP E10 E30 Su TE Antibiotics Resistant Intermediate Susceptible
4-01A 0 0 0 0 2,1

4-01B 0 0 0 0 2,5

4-01D 0 0 0 0 29 Resistant Intermediate  Susceptible
6-01 A 16 0 1,1 0 2,4 Ampicillin 14 0 S
6-01 B 0 0 1,4 0 2,6 Tetracycline 2 3 14
7-01 A 0 0 0 0 27 Sulphamethoxozole 16 1 2
7-01B 11 0 0 0 2,6 Erythromycin (10) 7 4 8
8-01 A 34 08 1,1 0 1,5 Erythromycin (30) 6 3 8
8-01B 3,4 0.8 1,1 0 1,5

8-01 BB 3,1 0,9 1,1 0 1,5

8-01C 0,7 2,5 2,8 0 2,8

8-01 CC 0,9 2,5 2,8 0 2,8

8-01F 2,4 2,5 2,5 2,1 3

9-01A 2,4 2,1 2,4 1,9 3

9-01B 1,2 2,4 2,6 0 3

9-01C 0 1,9 2,2 1,7 2,7

9-01D 1,4 2,5 3 0 3

9-01E 0 2 2,2 1,7 2,8

10-01 A 0 2,2 2,5 0 2

10-01 B 3,3 1,8 2,2 0 3,5

10-01 BB 3,1 2 2,5 0 3,3

10-01 C 2,9 2,7 3 0 3

10-01 D 3,3 2 2,5 0 3,2

10-01 E 3 1,4 2 0 3

11-01 A 3,3 2 2,6 0 3,1

11-01B 3,1 2 2,5 0 3

11-01 C 0 0 0 0 2,4

11-01D 0 0 0 0 2,5

12-01 A 0 0,9 1,1 0 2,5

12-01B 0 0 0 0 1,5

12-01C 0 0 0 0 1,6

13-01 A 2,5 2,5 2,7 2,1 3
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Location AMP E10 E30 SuU TE
13-01B 25 1,9 2,2 1,7 3
13-01C 0 1,4 1,7 0 3
14-01 A 0 0 1,4 0 2,6
14-01 B 0,8 2,5 2,7 0 2,2
15-01 A 2,5 2,5 2,6 2,1 3
15-01 B 1,1 2,5 2,7 0 1,9
15-01C 0 1,4 2 0 3,2
16-01 A 1,5 0 0 0 23
16-01 B 0 2,1 2,6 0 2,5
17-01 A 3,7 2,8 3.1 0 1,8
17-01 B 1,1 2,5 2,7 0 3
8-01B 3 0,8 1 0 1,3
13-01 C-B 0 1 1 0 3
13-01 C-C 2,5 1,8 2,1 1,8 2,7
14-01 A-A 2 1,1 1,7 2,8 3.1
14-01 A-B 1 2,5 2,8 0 2,6
15-01 B-B 0,9 2,3 2,5 0 1,6
15-01 B-C 0 1 1,5 0 2,6
15-01 B-X 2,6 2,5 2,8 2,3 3
16-01 C-B 1,6 2,3 2,6 2 29
16-01 C-C 3,1 2,7 3 0 1,6
17-01 A-A 1,1 2,3 2,5 0 3
17-01 A-B 3,4 2,8 3 0 1,7
11-01 D 0 0 0 0 2,5
12-01 A 0 0,9 1,1 0 25
12-01 B 0 0 0 0 1,5
12-01C 0 0 0 0 1,6
13-01 A 2,5 2,5 2,7 2,1 3
13-01 B 2,5 1,9 2,2 1,7 3
13-01C 0 1,4 1,7 0 3
13-01 C-B 0 1 1 0 3
13-01 C-C 2,5 1,8 21 1,8 2,7
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Location AMP E10 E30 SuU TE
14-01 A 0 0 1,4 0 2,6
14-01 A-A 2 11 1,7 2,8 3,1
14-01 A-B 1 2,5 2,8 0 2,6
14-01 B 0,8 2,5 2,7 0 2,2
15-01 A 2,5 2,5 2,6 2,1 3

15-01 B 1,1 2,5 2,7 0 1,9
15-01 B-B 0,9 2,3 2,5 0 1,6
15-01 B-C 0 1 1,5 0 2,6
15-01 B-X 2,6 2,5 2,8 2,3 3

15-01C 0 1,4 2 0 3,2
16-01 A 1,5 0 0 0 23
16-01 B 0 2,1 2,6 0 2,5
16-01 C-B 1,6 2,3 2,6 2 29
16-01 C-C 3,1 2,7 3 0 1,6
17-01 A 3,7 2,8 3.1 0 1,8
17-01 A-A 1,1 2,3 2,5 0 3

17-01 A-B 3,4 2,8 3 0 1,7
17-01 B 1,1 2,5 2,7 0 3
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Table D2 Observed the antibiotic susceptibility test (AST) results

Diameter in Centimetres (LL, IR and TI)

Location AMP E10 E30 RL TE Diameter of zone of inhibition (ZOl)

1-01 A 0 0 0 0 0 Antibiotic Disk Conc. Resistant Intermediate Susceptible
1-01 B 09LL O 0 0 0,8 Ampicillin 10mcg <11 12-13 214
1-01C 3,3 3 3,2 0 2,8 Tetracycline 30mcg <14 15-18 219
1-01D 24LL O 1,5LL 14LL O Sulphamethoxozole 25mcg <10 11-15 216
1-01 AA 1,1 0 09LL O 1.4 Erythromycin 10mcg

1-01 AA (2) 1LL 0 08LL 22LL 0,9 Erythromycin 30mcg

1-01 AB 0 0 0 0 1,8 LL+R Erythromycin 15mcg <13 14-22 223
1-01 AC 25LL O 2LL 0 4 LL

1-01 AD 2 0 0 0 1

1-01 E 3,6 1,5 1,8 2 3,1 (LL=lawn lightening; IR=inhibition and regrowth; TI=total

2-01A 3,6 2,6 3 1,8 3,3 inhibition)

2-01B 2,2 2 23 1,3 2,7 LL means that the area surrounding the antibiotic disc

201 C 0 1.1 1.5 10LL 3.1 reduced the growth density of the bacteria but did not

2-01 DD 3,3IR 2,7 2,8 1,5LL 1,7 inhibit growth.

2-01E 26 1.9 29 19 26 IR means that bacteria around the disc were inhibited by the

2-01 EE 1,9 2,1 2,2 20LL 2,8

5.01 A 0 0 0 0 21 antibiotic but grew back overtime.

5-01 B 1.9 0 08LL 0 23 Tl means the bacteria growth was fully inhibited

5-01D 2,2 0,8 1,1 0 2,8

5-01 E 20LL O 0 12LL 28

3-01A 0 1,3 1,6 14LL 3

3-01B 241R 19IR 22 16IR 28

3-01C 1,4 0 0 0 1

3-01D 3,0IR 2,81IR 3,0IR 10LL 1,8IR

3-01F 241R 2 2,3 1,5 2,6

3-01H 34 1,2 1,5 2,6 3,2

4-01 A 0 0 0 0 2,1

4-01B 1,6 IR 0 1,0LL 14LL 25

4-01D 0 1,3IR 1,6 IR 0 2,9

6-01 A 1,6 0 1,1 30IR 24
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6-01B
7-01A
7-01B
7-01C
8-01A
8-01B
8-01 BB
8-01C
8-01CC
8-01F
9-01 A
9-01B
9-01C
9-01D
9-01E
10-01 A
10-01B
10-01 BB
10-01C
10-01D
10-01 E
11-01 A
11-01B
11-01C
11-01D
12-01A
12-01B
12-01C
13-01 A
13-01B
13-01C
14-01 A
14-01 B

1,0LL 08LL 14
08LL 2,0LL 25LL
1,1 20IR  22IR
NO BACTERIAL GROWTH
3,4 0,8 1,1
34 0,8 1,1
3,1 0,9 1,1
0,7 2,5 2,8
0,9 2,5 2,8
2,4 2,5 2,5
2,4 2,1 2,4
1,2 2,4 2,6
23IR 1,9 2,2
1,4 2,5 3
22IR 2 2,2

0 2,2 2,5
3,3 1,8 2,2
3,1 2 2,5
2,9 2,7 3

3,3 2 2,5

3 1,4 2

3,3 2 2,6
3,1 2 2,5

0 0 0
15IR 0 0,9LL
0 0,9 1,1

0 0 1,5 LL
0 0 0

2,5 2,5 2,7
2,5 1,9 2,2

0 1,4 1,7
19IR 0 1,4
0,8 2,5 2,7

0
0
1,5LL

10LL

21
1,9

1,7

1,7

1,21R

1,4 1R

1,0IR

o O O

1,51R
2,1
1,7
09LL

2,6
27
2,6

1,5
1,5
1,5
2,8
2,8

2,7

2,8

3,5
3,3

3,2

3,1

24
2,5
25
1,5
1,6

2,6
22
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15-01 A
15-01 B
15-01C
16-01 A
16-01 B
17-01 A
17-01B
13-01C-B
13-01 C-C
14-01 A-A
14-01 A-B
15-01 B-B
15-01 B-C
15-01 B-X
16-01 C-B
16-01 C-C
17-01 A-A
17-01 A-B

2,5
1,1

1,5
25LL
3,7
1,1

25

0,9

2,6
1,6
3,1
1,1
3,4

2,5
25
1.4

21
2,8
25

1,8
1,1
2,5
23

25
23
2,7
23
2,8

2,6
2,7

0,9LL
2,6
3,1
27

21
1,7
2,8
2,5
1,5
2,8
2,6

2,5

N

ke
-
=

o 0o

O OO NNOOON-=O 0 OO0 OO0 ON
w

1,9
3,2
2,3
25
1,8

27
3,1
2,6
1,6
2,6

29
1,6

1,7
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APPENDIX E: MODELLING TOOL

E1- Expected Model Output Configurations
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Figure 10 Concentration of antibiotics in the water column in response to unit impulses of
developed model simulated at different hybrid units; first (n=1), second (n=2), third (n=3) and fifth
(n=5); at x equals 200, 400, 600, and 1000 m respectively from the source.
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Figure E2 Simulated peak antibiotic concentration along the reach of the stream at distances of 200,
400, 600, 800 and 1000 m from the source.
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Figure E3 Unit impulse response of the antibiotic model in the water column for multiple external
sources (Se = 0.02 mg/l) where external sources join the stream at x = 400m and x = 800m.
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Figure E4 The unit impulse response of the developed model to simulate peak concentrations due to
the introduction of multiple external sources along the reach of the stream where external sources
join the stream at the second (x = 400m) and fourth (x = 800m) hybrid units.
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