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Abstract

Abstract
Emerging pollutants risk can prevail in groundwater due to application of surface spreading infiltration
with urban wastewater. Thus, emerging pollutants present and future trend in Korba aquifer, Tunisia
was investigated. Emerging pollutants examination followed by physiochemical analysis was performed
using advanced analytical techniques including solid-phase extraction and Reversed-phase hydrophilic
interaction liquid chromatography coupled with mass spectrometry. Based on the detected emerging
pollutants trend originating from the MAR site, conservative solute transport model was set to carry out
a qualitative plume analysis for current and future scenario (the year 2100) using MT3DMS after
adequate groundwater flow modelling and climate data downscaling. Groundwater flow modelling
results showed depression in the central Korba region with the lowest head of -7 m. MAR was seen to
have a minor impact on the groundwater heads as it is 0.4% of the total recharge, playing its role in
reducing saltwater intrusion in the region. According to analytical results, MAR was not observed as a
primary source of emerging pollutants in Korba aquifer. Only carbamazepine and sulfamethoxazole
concentrations were present near the MAR site whereas the rest of the targeted compounds as atenolol,
caffeine and roxithromycin were not detected. Accordingly, conservative solute transport model set for
carbamazepine as a tracer of emerging pollutants showed travelling of plume towards the depression
region. Future scenario (2100 year) prediction displayed the growth of depression area (with a minimum
hydraulic head of -11 m) and the contaminant plume spread along with the saltwater intrusion. These
circumstances are evidences for the governmental organizations to take preventive measures that
involves MAR application on a larger scale with a safe water source which contributes to reduce
salinization and emerging pollutants in groundwater.
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Resumo
O risco de poluentes emergentes pode prevalecer nas águas subterrâneas devido ao uso de aguas
residuais urbanas na aplicação da tecnica de infiltraçaosuperficial . Assim, os poluentes emergentes
presentes e a tendência futura no aquífero Korba, na Tunísia, foram investigados. O exame de
poluentes emergentes seguido de análise físico-química foi realizado usando técnicas analíticas
avançadas, incluindo extração em fase sólida e cromatografia líquida de interação hidrofílica em fase
reversa acoplada à espectrometria de massa. Com base na tendência detectada de poluentes
emergentes originários do local do MAR, foi estabelecido um modelo de transporte conservador de
solutos para realizar uma análise qualitativa da pluma para o cenário atual e futuro (o ano 2100) usando
o MT3DMS após modelagem adequada do fluxo de águas subterrâneas e redução de dados climáticos.
Os resultados da modelagem do fluxo de águas subterrâneas mostraram depressão na região central
de Korba com o nivel minimo de agua de -7 m. O MAR teve um impacto menor nas águas subterrâneas,
uma vez que representa 0,4% da descarga total, desempenhando seu papel na redução da intrusão de
água salgada na região. De acordo com os resultados analíticos, o MAR não foi observado como fonte
primária de poluentes emergentes no aquífero de Korba. Apenas as concentrações de carbamazepina
e sulfametoxazol estavam presentes perto do local da MAR, enquanto o restante dos compostos
analisados como atenolol, cafeína e roxitromicina não foram detectados. Consequentemente, o modelo
conservador de transporte de soluto estabeleendo a carbamazepina como rastreador de poluentes
emergentes mostrou a trajecto da pluma em direção à região da depressão. A previsão do cenário
futuro (2100 anos) mostra o crescimento da área de depressão (com umnivel hidráulico mínimo de -11
m) e a pluma contaminante espalhou-se juntamente com a contaminacao com água salgada. Estas
circunstâncias são evidências para que as organizações governamentais tomem medidas preventivas
que envolvam a aplicação do MAR em maior escala como uma fonte de água segura, o que contribui
para reduzir a salinização e poluentes emergentes nas águas subterrâneas.

Palavras-chave
Aquífero Korba, salinização, bacias de espalhamento, produtos farmacêuticos, modelagem de transporte
de contaminantes, projeção climática
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Chapter 1
Introduction
1 IntrIntroduction
This chapter gives a brief overview of the work.

Before establishing work targets and original

contributions, the scope and motivations are brought up. Important terms and concepts used in the
thesis are explained. At the end of the chapter, the work structure is provided.

1.1. OVERVIEW
Water scarcity and water degradation related issues are prevalent worldwide. According to the World
Health Organization (WHO) report in 2015, 3 out of every ten people globally have no access to safe
and readily available water at homes, which constitute almost 2.1 billion people. Out of these 2.1 billion,
approximately 844 million people did not have the means to essential safe drinking water[1]. Population
expansion, agricultural growth, water pollution and land-use changes are considered critical drivers of
water scarcity [2] [3]. On top of all these factors, climate change contribution to increasing water scarcity
is most dominant, especially in the arid and semiarid regions of the world. As stated by UNCCD, climate
change in some arid and semi-arid areas can displace up to 700 million people by 2030 [4].
Unpredictable temporal and spatial variations in surface runoff due to extreme weather patterns and
decreased surface water quality can make surface water resources less reliable in future. Moreover, the
cost of water diversion to the agricultural areas is high [5]. In this scenario, dependency on the
groundwater resources as a relatively reliable reserve is increasing and will continue to grow in future
[5]. This exploitation is resulting in severe degradation of groundwater in terms of quality and quantity.
IGRAC states groundwater abstraction rate globally has increased three folds in the previous fifty years
with a continuous increase at a rate between 1% and 2% annually [6].
One of the many factors contributing to the extensive groundwater use is intensified agricultural
practices opted to achieve food security for the ever-growing population [3]. Global Report on Food
Crises in 2018 stated that almost 124 million people surveyed in 51 countries are influenced adversely
due to the food crises[7]. These alarming situations urge to increase agriculture activity, which indirectly
put massive pressure on groundwater resources. According to the FAO water report of 2012, agriculture
utilize 70% of world’s freshwater abstractions. Although groundwater use for irrigation has enhanced
livelihood in rural areas and has helped to achieve the food security, it has also increased the risk of
pollution, depletion and saltwater intrusion specifically in the coastal regions [3] [8].
Coastal areas comprise of nearly 37% (within 100 km) of the world’s population that is why the
unsustainable groundwater pumping in coastal areas are becoming a serious concern worldwide. This
not just compromises the water quantity but also water quality because of the salt-water intrusion in
coastal aquifers [9, 10]. The most suitable solution to reverse this shrinkage of the freshwater in coastal
areas is Managed Aquifer Recharge (MAR) [5] [11]
MAR is a technique to enhance groundwater storage intentionally. There are many types of MAR
ranging from the direct well injection, bank infiltration method to spreading basin infiltration method [12].
The application suitability of each MAR type highly depends on aquifer type and characteristics such as
storage capacity, transmissivity and hydraulic conductivity [5]. Among all MAR types, spreading basin
infiltration is quite prominent because it not only improves water storage but also offers water quality
treatment where the unsaturated zone acts as a filter media. This is one of the reasons that reclaimed
wastewater is used to recharge aquifers through spreading basin infiltration in many parts of the world
after adequate treatment. A study conducted in Limassol, Cyprus concluded that recycled wastewater

through managed aquifer recharge is not only a potential resource to fulfil increasing water demands,
but also it is an economically viable and environmentally sound approach [13]. Especially under the
current dilemma of water scarcity and climate change, recycling wastewater to enhance the
sustainability of groundwater resource is the need of hour [14].
Application of MAR, in combination with wastewater, is observed in various places. In Belgium, Torreele
water plant use treated wastewater for the groundwater recharge in St-Andre dune to prevent seawater
intrusion and restore the essential ecological site of Flemish coast [15][16][17]. Belgium considered
treatment technologies for excellent water quality, including membrane filtration, ultrafiltration and
reverse osmosis before infiltrating wastewater as recharge [17]. Similarly, in Israel, approximately
370000 m3/day of wastewater is treated at Shafdan sewage treatment plant and supplied later to
agricultural areas after further treatment through rapid infiltration basins in Yavne. Shafdan soil aquifer
treatment (SAT) system is one of the largest in the world, and it provides 135million m3/ year of drinking
water quality water to the agricultural area in the south of Israel [18][19].
Over history, the wastewater characteristics have been changed drastically, especially after the
industrial revolution. Increase in use of pharmaceuticals, fertilisers, pesticides, surfactants and personal
care products have affected the wastewater composition overall, which has increased the risk to human
health, environment and economy indirectly [20]. However, the development in the wastewater
treatment technology is quite good, but the threat posed by the emerging pollutants (EP) still prevails in
many parts of the world. EP refers to new types of chemical contaminates that does not have a
regulatory structure and might have potential impacts on human health and environment which are not
clear currently [21].
Though, groundwater has relatively low presence of EP than wastewater and surface water nonetheless,
EP are becoming more common in groundwater. One of the reasons is inadequate MAR application
with treated wastewater [22][23][24][25]. Although MAR spreading basin have been an effective and
efficient method for enhancing the groundwater storage, an inadequate setup and insufficient monitoring
could lead to an elevated risk of groundwater contamination if the source water is treated wastewater.
Therefore, along with technological advancement in the wastewater treatment and MAR application
methods, there is a dire need of continuous monitoring and assessment of the established MAR systems
if the focus is to convert wastewater into a resource. Therefore, the present study focuses on the risk of
EP in the groundwater imposed due to MAR using treated wastewater.

1.2. EMERGING POLLUTANTS
EP are defined by NORMAN network (Network of reference laboratories, research centres and related
organisations for monitoring of emerging environmental substances) as synthetic or naturally occurring
chemicals that are not commonly monitored in the environment, but which have the potential to enter
the environment and can cause adverse ecological and (or) human health effects [26]. EP are the
chemical substances that despite being in low concentrations can pose a serious long-term risk to
human health and environment due to their persistent nature. The compound can bioaccumulate and
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biomagnify in multiple areas of the environment and results in severe pollution in the ecosystem [27][22].
Howard et al. (2011) identified 92 out of 275 EP that have the tendency to bioaccumulate in the
environment [23] EP can also have impact on health, can cause cancer and reproductive disorders in
humans [24].
In past decades, emerging pollutants were not monitored and were non-regulated because of their low
concentrations in wastewaters. Nowadays, the increasing concentrations of such contaminants and the
inventions of equipment that allow detection of quite low concentrations of emerging pollutants made it
possible to research in EP domain [27].

1.3. TYPES OF EP
There are various ways of classifying different types of emerging pollutants. Most commonly they are
classified based on use or source.

1.3.1.

Use-based EP classification

Calvo-Flores et al. (2017) identified the main emerging pollutant categories based on use (Table 1)

Table 1 Emerging pollutant use-based categories including the compounds within the categories [28]

Category
Veterinary and human antibiotics
Trimethoprim, erythromycin, sulfamethoxazole,
roxythromycin

Category
Analgesics, anti-inflammatory drugs
Codeine, Ibuprofen acetaminophen,
aspirin

Analgesics, anti-inflammatory drugs
Codeine, Ibuprofen acetaminophen, aspirin

Psychiatric drugs
Diazepam, carbamazepine, lorazepam,
bromazepam
Lipid regulators
Bezafibrate, clofibric acid, fenofibric
acid, atorvastatin
Water disinfectants
2,2,2- trichloroacetamide,
chloroacetaldehyde
Gasoline additives
tert-Butyl methyl ether, dialkyl ethers
Anticorrosive
IH-Benzotriazole
Antifoaming agents
2,4,7,9-tetramethy-5-decyne-4,7-diol
Siloxanes
Cyclic (hexamethylcyclotrisiloxane,
octamethylcyclotetrasiloxane,
decamethylcyclopentasiloxane)
Plasticisers
Bisphenol A
Wood preservatives
2,4-Dinitrophenol
Flame retardants and impurities
Polybrominated diphenyl ethers
(PBDEs), tetrabromobisphenol A
Perflourinated compounds
Perflouroctane sulfonates (PFOS)
Food additives

β- Blockers
Metoprolol, propranolol, timolol
X-ray contrast agent
iopromide, iothalamic acid
Steroids and harmones
Estradiol, estrone, estriol
Drugs of abuse
Cocaine, Morphine
Sunscreen agents, insect repellent
Benzophenone, 3-(4-methybenzylidene) camphor
Fragrances
Nitro, polycyclic, and macrocyclic musks

Biocides
Triclosan, 2-benzyl-4-chlorophenol
Detergents
2-[2-(4-nonylphenoxy) ethoxy] ethanol
Antifouling compounds
Organotins, cybutryne
Antioxidants
2,6 –Di-tert-butylphenol
Nanoparticles
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Limestone, titanium dioxide

Sucralose, tricetin

Pesticides
Organophosphorous pesticides
Sabotage agents
Chloropicrin

Algal toxins
Microcystins

1.3.2.

Source-based EP classification

EP can be divided into three main types based on their sources: 1) Urban; 2) Industrial; 3) Agriculture.
Figure 1 shows the pathways of the EP emerging from the main three sources that end up in water
bodies through various intermediate breaks. Agricultural waste contributes mainly EP used as veterinary
medicines, pesticides, insecticides, fertilisers which can either pass through the soil zone, vadose zone
and reach the groundwater or directly become part of the surface water through runoff. Whereas, urban
sources and industrial waste might include human antibiotics, psychiatric, analgesics and antiinflammatory drugs, illicit drugs, steroids, fragrances and detergents etc.; which through sewage system
after treatment either goes to the soil for recharge of groundwater or is discharged into surface water.
Whereas, sometimes the sewage system leakages or illegal discharges directly pollute the groundwater
and surface water as well [22][23][24].

Figure 1 Possible sources and trajectory of EP in water and soil [22][23][24]

1.4. EP IN WASTEWATER
With the increase of pharmaceutical and personal care products use, presence of EP is becoming very
common in sewage wastewater [29]. A study conducted on the urban sewage treatment plant in Madrid
showed that mainly EP are found along with some of its metabolites. The list includes camphor,
Acetaminophen, Antipyrine, Atenolol, Azithromycin, Bezafibrate, , Caffeine, Carbamazepine,
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Ciprofloxacin, Clofibric acid, Diuron, Erythromycin, Fenofibric acid, Fluoxethine, Furosemide, ,
Ibuprofen, Indomethacine, Ketoprofen, Ketorolac, Mefenamic acid, Metoprolol, Metronidazole, N-acetyl4-amino-antipiryne,

Naproxen,

N-formyl-4-amino-antipiryne,

Nicotine,

Ofloxacin,

Omeprazole,

Paraxanthine, Propanolol, Ranitidine, Sulfamethoxazole, Tonalide and Trimethoprim [30]
A literature review done on the emerging pollutant in urban wastewater identified 50 emerging
contaminants [31]. Some of the EP average removal rate percentages are mentioned in Table 2 It can
be observed that treatment ranges from caffeine with highest removal efficiency in treated wastewater
to carbamazepine with a negative removal efficiency. The study also concluded that on average
removal efficiency of phthalates, antibiotics, bisphenol A is 90%, 50% and 71% respectively while
analgesics, betablockers and anti-inflammatories have a quite lower removal rate on average of 35%
[31].
Table 2 Average removal rate (%) of emerging pollutants mostly found in wastewater [31]

Compounds

Average Removal rate (%)

Clarithromycin

56.4

Ciprofloxacin

62.3

Doxycycline

35.4

Erythromycin

48.8

Carbamazepine

-5.7

Ofloxacin

64.5

Roxithromycin

39.5

Sulfamethoxazole

17.5

Atenolol

56.7

Caffeine

96.9

Tadkaew et al. (2011) concluded that the EP holding electron-donating groups such as hydroxyl groups
and primary amine groups (ibuprofen, sulfamethoxazole, ketoprofen) generally have removal rate higher
than 70%. On the other hand, EP holding electron-withdrawing groups such as chlorine atom or amide
group (Carbamazepine and diclofenac) usually have much lower removal rate than 20% [32].
Due to the persistent nature of EP and use of conventional treatment methods, even after the water
treatment, processed wastewater still contains significant amount of EP´s concentration [33]. Rosal et
al. (2010) showed that the removal efficiency of activated sludge and biofiltration sewage treatment
plants is usually less than 20% for numerous emerging pollutants in the Sewage Treatment Plant [34].
These substances include categories such as beta-blockers (atenolol, metoprolol, propranolol, lipid
regulators (bezafibrate, fenofibric acid), antibiotics (erythromycin, sulfamethoxazole and trimethoprim),
anti-inflammatories (diclofenac, indomethacin, ketoprofen and mefenamic acid), antiepileptics
(carbamazepine) and antiacid (omeprazole) [34].
Activated sludge treatment is also one of the common technique which allows the removal of many
emerging pollutants such as Polychlorobiphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs)
[31] but the efficiency of the removal varies a lot [35]. A batch experiment using secondary treatment by
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activated sludge showed that the adsorption of estrogens (17β-estradiol, estrone, 17α-ethynilestradiol)
on sludge is much higher than the adsorption of pharmaceuticals (bisphenol A, benzophenone, clofibric
acid,

gemfibrozil,

ibuprofen,

fenoprofen,

ketoprofen,

naproxen,

diclofenac,

indomethacin,

propyphenazone and carbamazepine) [36]. A study conducted on antibiotics degradation and
adsorption by activated sludge method concluded that tetracyclines, fluoroquinolones (ofloxacin,
ciprofloxacin), β-Lactams (ampicillin) and macrolides (as roxythromycins) are removed fast mainly due
to adsorption in the sludge treatment with a very less role of biodegradation irrespective of the salt
content in the water. While sulfamethozaxole shows less removal

by adsorption and more by

biodegradation [37]. But sulfamethoxazole being a semiconductor has affinity to degrade in the presence
of natural and artificial sunlight [38][37]. In synthetic field water solutions (with nitrates, bicarbonates,
dissolved organic matter) sulfamethoxazole degrades in around 2.8 ± 0.1 to 6.0 ± 0.6 h while
carbamazepine degrades in 6.0 ± 0.5 to 55 ± 3 h. The longer time for carbamazepine is due to the
indirect photodegradation as compared to sulfamethoxazole removal which is due to direct
photodegradation [39]. In carbamazepine removal, sorption is considered much more evident as
compared to the degradation [40]. The comparison of sorption and degradation of carbamazepine
showed that sorption curve is quite similar to the total removal curve of carbamazepine, which implies
that sorption is quite dominant compared to degradation as it has low solubility in water [41]. A study on
the use of Powdered Activated Carbon (PAC) for the removal of on sulfamethoxazole and
carbamazepine showed that sulfamethoxazole and carbamazepine removal efficiencies increase with
increased dose of PAC (1g/L) from 64%, and insignificant removal rate to 82 % and 92 % respectively.
This further verify the hydrophobic nature of carbamazepine, which causes higher adsorption capacity
toward PAC [42]. A study showed carbamazepine removal efficiency is also highly improved by the
redox environment. It was found that carbamazepine removal rate increased to 68% in anoxic bio
operation with dissolved oxygen concentration of 0.5 mg/L. Another study related to degradation of EP´s
in enriched nitrifier culture deduced that in an enhanced nitrifier culture the degradation of the
carbamazepine along with other EP´s propyphenazone (PPZ), clofibric acid and diclofenac [43].
A study conducted in the seven wastewater treatment plant in Tunis showed that the removal efficiency
for paracetamol, atenolol, caffeine, carbamazepine, erythromycine, sulfamethoxazole and ofloxacin
were 65, 20, 65, -40, -25, -31 and 7%, respectively [44].

1.5. EP IN GROUNDWATER
For groundwater, most evident source of EP are surface water infiltration, sewage leakages and most
prominently agriculture. The EP used as fertilizers and medicine for livestock’s seeps down and become
part of groundwater [45]. Some of EP commonly found in groundwater include [45];
o

pesticides and pesticides metabolites [45],

o

veterinary and human antibiotics (lincomycin, ciprofloxacin, sulfamethoxazole, erythromycin,
tetracycline),

o

drugs (codeine, salbutamol, carbamazepine, paracetamol, ibuprofen, salicylic acid, 5fluorouracil, cyclophosphamide),
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o

iodinated X-ray contrast media (iopromide, iopamidol)[46]

o

illicit drugs (cocaine, amphetamines)[47]

o

daily use compounds (nicotine, caffeine, acesulfame, saccharin, cyclamate, sucralose)

o

•

insect repellent N-diethyl-metatoluamide (DEET)

•

parabens (alkyl esters of p-hydroxybenzoic acid)

•

bacteriocide and antifungal agents (triclosan)

•

polycyclic musks (tonalide, galaxolide)

•

UV filters/sunscreen (benzophenones methoxycinnamates)

•

industrial compounds (phthalates, benzotriazole derivatives, dioxins, dioxane)

food additives (Triethyl citrate, Butylated hydroxyanisole (BHA, camphor, 1,8-cineole
(eucalyptol), citronellal, butylated hydroxytoluene (BHT), citral, cis-3- hexenol, heliotropin,
hexanoic acid, triacetin, phenylethyl alcohol and terpineol)
•

fire retardant (Polybrominated diphenyl ether)

•

surfactants (alkyl phenol ethoxylates (APEs), perfluorooctane sulfonate (PFOS),
perfluorooctanoic acid (PFOA)[46]

A study on the future risk of EP in groundwater associated with the PPCP’s use in agriculture detected
the presence of caffeine and trimethoprim in treated wastewater. Sulfamethoxazole, naproxen,
ofloxacin, and trimethoprim persisted due to low removal efficiency while caffeine persisted due to higher
concentration in influent. But groundwater concentration of PPCP’s were found two folds lower than the
effluent and seasonal influence was less visible in case of groundwater [48]. Another study conducted
in Denmark on contamination of GW from the landfill leachate site in 300 m long cross section identified
fifteen EP. The dominating ones were ethylbenzene, benzene, xylenes and toluene along with some
phenoxy acids. There was no EP detected 60 m away from landfill which indicated the degradation of
EP in anaerobic environment and the considerable natural attenuation capability of the aquifer [49].

1.6. MAR AND EP
In groundwater management, nowadays MAR is becoming a common practice using surface water and
treated wastewater [26][33]. The unsaturated zone considered as natural filter media can attenuate
suspended particles, remove inorganic compounds concentrations, degrade organic matter and
microbes [50]. A study conducted on the antimicrobial residue during bank infiltration found that out of
19 compounds only sulfamethoxazole was found in the groundwater after the infiltration. Clarithromycin,
clindamycin and roxithromycin showed removal affinity more in oxic environment whereas
sulfamethoxazole showed more degradation affinity in anoxic environment [51]. Schmidt et al. (2017)
conducted research on biodegradation of lipid lowering agents, beta blockers, X-ray contrast media and
antiepileptics by electron acceptors (oxygen, iron, manganese, nitrates and sulphates). Regnery et al.
(2015) conducted a research on the ability of MAR to attenuate the EP. The study concluded that MAR
ability to attenuate in oxic environment (70-100% removal) is much higher than the anoxic environment
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(30% removal) [52]. A study on removal kinetics of organic compounds under different redox zone (iron,
manganese, nitrates and oxygen) for MAR concluded that carbamazepine removal is highest in
presence of iron (50%), clarithromycin, trimethoprim and roxithromycin showed high removal of 96%,
>95% and 99% respectively regardless of the redox zone and sulfamethoxazole shows removal rate of
74 and 89 with Mn and Fe redox zones respectively [53]. A study found out that in the presence of
oxygen and nitrates the atenolol degradation is very high with respect to other beta blockers (as
propranolol, metoprolol, sotalol) with first order degradation rate as 0.018 1/day [54][55]. Peterson et al.
2012 conducted a laboratory and field experiments on N-nitrosodimethylamine recharged in Leederville
aquifer conditions. The results showed that the degradation was high in aerobic zone with half-life of
8 ± 2 days whereas in anaerobic zone of the aquifer low biodegradation rates (half-life of 25–150 days)
were observed [56]. Konig et al. (2016) conducted batch experiment to study the process important in
removal of carbamazepine during the bank infiltration. The study finds out that adsorption plays an
important role in removal of carbamazepine especially in the upper part of the unsaturated zone while
moving deeper in the aquifer adsorption of carbamazepine become less dominant and degradation in
anoxic conditions become more prevalent [57].
Although MAR is a method to increase groundwater recharge with improved water quality of the provided
source water, but this removal ability works till a specific source water quality. If the provided water
quality is beyond the MAR filtration capacity than MAR can become a source of pollution. Especially
insufficient treatment of wastewater applied as source water in MAR augments EP concentration in
groundwater [58]. Maceachran et al. (2015) studied the impacts of EP in managed hardwood and pine
forest irrigated by municipal wastewater. The studied inferred the though EP concentration in the
groundwater samples are not high compared to the source water but few EP such as carbamazepine,
cotinine ¼ N,N-diethyl-metatoluamide (DEET), trimethoprim, sulfamethoxazole, estrone, naproxen and
caffeine were found in groundwater with a concentrations in the order of 10ng/L [59]. Gasser et al. (2011)
studied the groundwater contamination due to wastewater recharge basins in Israel. Study concluded
that 2 out of 3 wastewater recharge site, EP concentrations were observed near the recharge basins
which shows the necessity to further investigate the MAR established [60].

1.7. EP AS TRACERS
Though, types of EP found in treated wastewater depends highly on the individual treatment plant
efficiency, still some EP due to their persistent nature or high quantities are found in groundwater.
Caffeine and carbamazepine are good examples, that is why they have been used in past studies as
EP tracers in groundwater [61][62].

1.7.1.

Caffeine

Caffeine degradation is quite high above 90% on average still due to large quantities, it creates a
dynamic equilibrium resulting in its significant concentrations in surface water and groundwater bodies
all over the world [63]. Scientists reported that though caffeine has high degradation rates but its
excessive quantity overcome its degradation [61][62]. A study disclosed that caffeine concentration in
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water bodies is directly proportional to the population of region, which suggests that the source of
caffeine in water is mainly domestic. In addition to this, due to the high mobility of caffeine, it is used as
an anthropogenic marker of the domestic contamination, especially in groundwater [61]. In the case of
soil, caffeine shows extremely high sorption rates with the first-order removal constant of 0.02 1/h [62].
Dvory et al. 2018 estimated degradation rate and linear sorption isotherm distribution coefficient of
caffeine as 0.091 1/d and 0.1 L/kg respectively, which infer its high attenuation ability by sorption and
degradation [62].

1.7.2.

Carbamazepine

Among many EP, carbamazepine is considered one of the most persistent chemicals found most
commonly found in urban wastewater with a retention time of six years [55]. It is an antiepileptic agent
used

for treatment of psychiatric disorders, epilepsy and trigeminal neuralgia [44][64]. However,

unintentional consumption of carbamazepine through drinking water can have harmful effects on human
including nystagmus, tachycardia, ataxia, hypotension, seizure and coma [65]. In the sludge microbial
treatment, this anthropogenic marker is also known for slowing down the microbial activity [66]. The
persistent nature and meager removal rate of carbamazepine i.e. 7% on average is due to low
degradation constant value (Kbiol) <0.1 L/g/d in sludge treatment. This makes it suitable for EP tracing
[66]. Gasser et al. (2011) also concluded in his research that due to low degradation rate,
carbamazepine can be used as pollution tracer in groundwater [60]. Although adsorption occurs but
once carbamazepine reach groundwater, its degradation is difficult. As a study conducted on the
transport and fate of carbamazepine in SAT (Shafdan, Israel), found the upper vadose zone 0-5cm
adsorb carbamazepine but carbamazepine degradation is very negligible once reach the groundwater
[67].

1.8. CONTAMINANT TRANSPORT MODELLING OF EP
Modelling is an effectual way to understand the behaviour and magnitude of the risk posed by EP to the
environmental, economic and social system through the contamination of groundwater. There have
been productive research studies related to EP monitoring in groundwater in various parts of the world,
which has not only contributed to better understanding of emerging pollutants behaviour and fate in
groundwater but also resulted in better planning of the groundwater resources threatened by these
emerging pollutants. Greskowiak et al. (2006) used reactive solute transport modelling to understand
the elements that influence the fate of phenazone residue in groundwater in a recharge site in Berlin.
PHT3D was used for the reactive solute transport modelling which couples PHREEQC-2 geochemical
process model with MT3DMS transport model. The research showed that the EP concentrations in
groundwater is sensitive to the temperature variations as it effects the redox potential and degradation
rates of various pharmaceuticals. For example in case of phenazone, increased temperatures reduces
its degradation by redox process due to variation in oxygen amount [68].
The impact of riverbank infiltration using surface water was studied using MODFLOW for groundwater
flow modelling and later using transport model, an approach of PECgw (predicted environmental
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concentrations in groundwater) with incorporation of sorption and degradation was established which
resulted in better understanding of the behaviour of EP´s in groundwater [69]. Similarly, Sharma et al.
(2015) modelled lindane pesticide plume in the aquifer system of Gujarat, India due to recharge from
the river contaminated with lindane. Projections for the future 50 years were made based on the
transport modelling using MT3DMS. Study showed high risk of lindane contamination in present and
future scenario and recommended establishment of better treatment system [70].
EP have been used as wastewater tracers in many regions. Cantwell et al. (2018) identified sucralose
and caffeine as a tracer for the sewage wastewater leakages [71]. Liu et al. (2014) concluded in his
research that naproxen, carbamazepine, gemfibrozil and artificial sweetener acesulfame can be used
as tracer for identifying the wastewater sources in rivers [72].
In Israel, a study was conducted on the caffeine and carbamazepine as contaminant indicators in the
karstic aquifer to address the transport behaviour of carbamazepine and caffeine in the karstic setting.
Quasi-3D dual permeability model was used for flow and contaminant transport modelling of vadose
zone and groundwater. The results showed that caffeine was degraded in few months after the sewage
discharge while the carbamazepine remained in the vadose zone till the end of th

1.9. WORK STRUCTURE
This thesis is composed of 6 chapters.
•

Chapter 1 – Introduction

•

Chapter 2 – Background problem statement and objectives

•

Chapter 3 – Description of the study area

•

Chapter 4 – Methodology

•

Chapter 5 – Results and discussion

•

Chapter 6 – Conclusions and recommendations
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Chapter 2
Background, problem
statement and objectives
2. Background, problem statement and objectives
This chapter discusses the development of background of the current problem, main issue which is of
the focus, objectives of the study, expected outputs and timeline.
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2.1. Background
Tunisia is the smallest country in North Africa. It shares borders with Algeria and Libya and has a log
coast with the Mediterranean Sea. It covers an area of 162,155km2 with a population of 11.7 million.
According to Koppen Geiger classification, the only upper northern part of Tunisia has a warm
Mediterranean climate whereas, the middle and southern part has mainly semi-arid and desert climate
[73]. Tunisia is considered 33rd most water-stressed country in the world with water share per capita of
450m3/year. In the presence of the current population growth rate (1.1%/year) and increased
urbanisation in combination with impacts of climate change, Tunisia would be facing severe water crises
in the upcoming years. Due to the climate, there is spatial and temporal variation in water availability
which eventually results in the unequal distribution of water resource across the country. Nevertheless,
agriculture one of the significant sources for economic development, nowadays consumes around 80%
of the total freshwater in the country. Tunisia, thus, relies reasonably on groundwater resources to meet
crops water demand [74]. In the context of this existing scenario, water scarcity and spatial water
variability along with a continuous growing water demand, make groundwater resources under pressure
both in terms of quality and quantity [75][76]
The rapid increase in water abstraction of coastal aquifers are not only adversely affecting the water
quantity but also decreasing the water quality due to salt-water intrusion. Similar situation is observed
in Korba aquifer, Tunisia. Korba aquifer is one of the most overexploited aquifers of Tunisia mainly used
to fulfill the agricultural demands. Household and industrial water demands are also redeemed from the
same source [74]. According to Commissariat Régional de Développement Agricole (CRDA) in Nabeul
Tunisia, reported there is an increasing deficit in groundwater recharge due to unsustainable abstraction
rates [74].
This massive disparity between abstraction and recharge rates is resulting in a drop of piezometric
levels, especially in the central part of Korba aquifer. Mekni et al. 2016; compared past studies
conducted on the piezometric level of Korba region of years 1962, 1977, 1988, 1993 and 2000 and
highlighted that the trend of decreasing piezometric level and formation of a depression in the central
part of aquifer as shown in Figure 2 [77]. To overcome the decrease in the hydraulic heads, the saltwater
intrusion from the coastal region started to happen. Mekni et al. (2016); ) compared the increase in
salinity for the years 1963, 1974, 1988 and 1996 and observed a definite increase in the sea-water
intrusion trend over the years as shown in Figure 3 [77].
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Figure 2 Hydraulic head evolution of Korba Aquifer [77]

Figure 3 Salinity evolution of Central Korba Aquifer [77]

Paniconi et al. (2000) examined the salt-water intrusion by using model CODESA-3D (Coupled variable
DEnsity and Saturation) and found out that increasing pumping rate is resulting in a decrease of
piezometric levels and a substantial increase of sea-water intrusion in the aquifer [78]. Kerrou et al.
(2010) also considered saltwater intrusion because of piezometer decline in the coastal area and
concluded that it will take 60 years to recover, if the overexploitation is stopped in 2012. Also he
recommended to establish a MAR site [33][77].

2.1.1. Establishment of MAR site
The literature evidences resulted in wastewater recycling initiative to improve the situation of
deteriorated water quality and quantity due to saline intrusion. Therefore, a recharge site was
established using treated wastewater for replenishment of coastal aquifer in Korba aquifer region [74].
To observe the effectiveness of MAR application, Ouelhazi et al. (2013) analysed the hydrogeological
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condition of Korba Aquifer from December 2008 to December 2012. An increase of piezometric levels
in an area of 90 km2 around the MAR site with the highest rise of 1.5m in piezometric level was observed.
The study also pointed out that this increase in piezometric level worked as resistance against seawater intrusion in the region. Thus, reducing the salinity to some extent in the coastal zone around MAR
[80].

2.2. PROBLEM STATEMENT
Although the MAR improved groundwater quality in term of salinity, the treated wastewater quality was
found not appropriate enough to protect the groundwater from pollutants such as nitrates, sulphates,
microbial contaminants. Ayni et al. (2011) researched the water quality deterioration after recharge by
treated wastewater in Korba aquifer and showed high bacterial contamination supported by the high
values of faecal streptococcus, thermo-tolerant coliforms, total coliforms and E. coli in groundwater.
Besides, potassium and ammonium levels were high with 48.8 mg/L and 60.6 mg/L, respectively, which
indicates contamination from the agricultural activity [81]. Few other research were conducted on heavy
metals, and nitrates spread in groundwater [74][74][82] but almost no research study exist in the region
on the emerging pollutants.
To this date, only one study was conducted to study the impact of MAR in Korba region in 2013. The
study indicated the presence of carbamazepine in the groundwater near the recharge area but did not
show a proper trend [25]. Previously a study was conducted on seven wastewater treatment plants
including Korba treatment plant. It was found that emerging pollutants concentration in influents and
effluents were significantly high [44]. Table 3 shows the EP found in the influent and effluent of Korba
treatment plant which provides water to the recharge site. This implies that these detected EP may also
transfer into the aquifer during the recharge in Korba region.
Table 3 Emerging Pollutant concentration in influent and effluent of Korba water treatment plant (ng/L) [44]

Compounds

Influent (ng/L)

Effluent (ng/L)

Caffeine

25,188

10,07

Atenolol

388

521

Sulfamethoxazole

70

121

Carbamazepine

150

267

Erythromycin

-

315

Ofloxacin

138

190

Based on the scarce information available on EP in water resources of Korba region, it is crucial and
highly relevant to investigate the impact of MAR on the occurrence of EP in Korba aquifer. For this
reason, this research focuses on the assessment of EP compounds in groundwater due to MAR through
the indirect infiltration of secondary treated wastewater.
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2.3.

IDENTIFICATION

OF

HYPOTHESIS,

RESEARCH

QUESTIONS AND OBJECTIVES
2.3.1. Hypothesis
Managed aquifer recharge with treated wastewater can reverse salinity impact on groundwater in Korba
Region. However, it may result in the transfer of EP into the groundwater.
Managed aquifer recharge is posing a potential risk of EP contamination in Korba Aquifer.

2.3.2. Research questions to be answered
To answer the hypothesis, the following questions are identified:
1. What is water-type of central Korba groundwater
2. Which EP and at what concentration are present in Korba groundwater?
3. What are the groundwater flow directions and what is the influence of MAR site in the Korba
region?
4. Is MAR the main source of EP´s in the Korba aquifer?
5. If yes, what will be the impact of wastewater MAR practice in the Korba aquifer for the year 2100
in future?

2.3.3. Objectives
The main objective of this thesis is to assess if MAR is a vital source of EP in the Korba groundwater.
In case the EP are found significant, second objective is to model present and the future plume spread
of EP in Korba aquifer using identified EP as tracers. To achieve the main objective sub-objectives are
formulated as follows:
1. To determine the main water type of central Korba aquifer.
2. To identify present EP contamination in groundwater resulting from aquifer recharge with treated
wastewater.
3. To develop the conceptual model for the Korba groundwater system.
4. To downscale climate projection in Korba region.
5. To model groundwater flow for the aquifer characterisation and for setting later solute transport
model.
6. To identify the influence of MAR on Korba aquifer
7. To carryout conservative solute transport model for scenario prediction based on identified
tracer EP according to objective number 2.
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2.3.4. Scope
The focus of this research study is the Korba phreatic aquifer. In detail, Korba phreatic aquifer will be
considered for groundwater flow modelling and while the central Korba aquifer region will be used for
contaminant transport modelling and EP analysis since the groundwater depression area and MAR lies
in the central Korba region.

2.4. EXPECTED OUTPUTS
Currently, Tunisia is revising and establsihing the water reuse quality standards for agricultural irrigation
and managed aquifer recharge. This research will provide insight and the first proof of potential risk
imposed by EP associated with treated wastewater reuse in MAR. Based on the results, future
recommendations will be provided to stakeholders of the water and water-related sectors. Moreover,
the scientific-based statement of EP will urge to take practical measures towards the safety of Korba
natural resources and better operation of MAR site. This work will be able to raise awareness among
stakeholders and at the same time, will pave avenues for future research to address the identified issues.

2.5. WORK PLAN
2.5.1. Timetable
Table 4 Timetable for the project

Task no.

Task Description

Time Required

1

Literature study

March 2019

2

Research Proposal Submission

31st March, 2019

3

Fieldwork (sampling and parameters) and data acquisition in

March-May, 2019

Tunisia
4

Lab analysis of water samples and data model processing

May 2019

5

Model setup

June 2019

6

Midterm Presentation

10th -14th June 2019

7

Model Calibration and Future Scenario

July - August 2019

8

Data interpretation and thesis write up

August 2019

9

Thesis submission

26th August 2019

10

Final Presentation

2 – 6th September
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Chapter 3
Description of the study area
3. Description of the study area
This chapter describes location, its hydrogeology, geology, hydrology and climate of the study area.

3.1. GENERAL SETTINGS
The study area of this research is coastal Korba aquifer, Tunisia shown in Figure 4. Korba aquifer is in
the northeastern part of Tunisia in Cap Bon peninsula almost at 100 km distance from the east of Tunis
with an area of 475km2. The aquifer is bordered by wadi in the south, North and the west while
Mediterranean Sea in the east. The overall population in Korba region is 100,000 (2013) inhabitants
[83][74][84]. The area does not consist of big cities, but it has many small urban settlements. Some are
mentioned in

Figure 4

as Somaa, Tazerka, Diyar al Hajjaj, Lebna, Taffelloun, Al Middah, Garaat Sessi,

Menzil Hurr with some relatively bigger settlements as Menzil Temim and Korba.

Figure 4 Delineated study area

The elevation of the area shows huge variations from east to west (Figure 5). Being a coastal area, the
elevation is zero near the Mediterranean Sea but within few meters the elevation begins to increase.
The south western region has the highest elevation of almost 230m.

Figure 5 Digital elevation model with 30m resolution
(Black boundary line describes the boundary of the modelled area, yellow to dark purple colour shows a gradient from very high
elevation area to low elevation area)

3.2. CLIMATE
Climate in this region in various research studies is stated as semi-arid with hot and dry summers and
cold and wet winter. According to Koppen classification, Korba aquifer region comes under dry summer
Mediterranean climate category (Csa) [85]. The average rainfall of the region is 450-500mm/year [83].
Most of the precipitation (approximately 65%) occurs in the winter and spring season in a from
November to March [86]. Average temperature in this region is 17°C to 19°C with humidity range
between 68% to 76%. The potential evapotranspiration rates are very high in this region approximately
1300mm/year. Evapotranspiration deficit exists in a total of 10 months, which increases to approximately
160mm in the months of July and August [74][87].

3.3. GEOLOGY AND HYDROGEOLOGY
Geologically, Korba aquifer is divided into three main units: (Figure 6)
1) Marine Quaternary: Quaternary deposits are further distributed into two units: upper Pleistocene
and Holocene deposits. Pleistocene are alluvial deposits composed of the coastal consolidated
dunes. While Tyrrhenian deposits are old consolidated dunes, which makes around 1.2 km width
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stripe all along the coast. They are conglomeratic units overlaid by arenitic limestone with entire
depth between 10 to 50 m. Holocene formation is the alluvial deposits of Oued Chiba.
2) Pliocene: Pliocene formation comprises of marine deposits in Dakhla synclinal towards north of
Korba region and they represent the main aquifer. The lithology differs a lot of this formation
and contains yellow sand along with clay and some sandstone. The depth of this layer is almost
80m in the central part of the aquifer. This pliocene layer is covered by alluvial deposits.
3) Soma: Somas are considered late miocene geological formation that exist in the south western
part of the aquifer. This unit is mainly composed by thick ﬁne sand layers with thick clay lenses
[77][79][88].
Below these geological units, Miocene aquitard lies which contains sandstone and clay.
The hydrogeological setting of Korba aquifer is divided into two units: 1) Late Miocene, 2) PlioQuaternary. The deep Miocene layer consists of late Miocene marls which make the impermeable layer
which extends to 1200m in depth[79]. Plio-Quaternary aquifer is considered very productive. Thickness
of the aquifer shows huge variations spatially, but the average thickness is around 50m. It consists of
further two formations, i.e. Pliocene and Quaternary (Figure 6) [77][79][88].
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a.

b.

Figure 6 Geology and hydrogeology of Korba aquifer, Tunisia
(1. Marine quaternary, 2. Quaternary alluvial deposits, 3. Tyrrhenian sandstone, 4. Pliocene sand, 5. Miocene sand (Somas), 6.
Miocene sandstone with Marls, 7. Sebkas) [79][88].

3.4. HYDROLOGY
Korba aquifer region does not have perennial river but during the rainfall period some wadis emerge
from the western part towards the coastal area [89]. Figure 7 shows wadis of Korba aquifer region.
These wadis include Chiba, Darhouf, Abids, Korba, Lebna, Malah and Tafekhsite. Tafekhsite wadi used
to flow from the northeastern most part of the region towards the Mediterranean. Later in 1964 a dam
was constructed which restricted the flow. Similarly, Chiba and Lebna Wadi in the central Korba region
considered the most important ones, were also dammed in 1963 and 1984 which reduced significantly
their flow. Wadi Korba in the southern part has an annual runoff of 3.7 Mm3, whereas Wadi Darhouf and
Wadi Abids have an annual runoff approximately 2.7 Mm3 and 2 Mm3. Wadi Malah also has an annual
runoff around 2 Mm3 [88].
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Figure 7 Intermittent rivers (Wadis) in Korba aquifer region

3.5. RECHARGE TO AQUIFER
Figure 8 shows the detailed recharge rate map developed by Kerrou et al. (2010) based on soil type,
soil field capacity and thickness. According to his research study on average 20 to 25% of the
precipitations becomes part of recharge.

3.6. GROUNDWATER EXPLOITATION
The main economic activity of the Korba region is agriculture. Some agricultural products include grapes
(13,500 ha), strawberry (270 ha), potatoes (1,010 ha), tomatoes (3,000 ha), pepper (3,000 ha) and some
other vegetables (1200 ha). There are few industries that have been established in the region including
the paper, textile, food processing and dairy industry [83]. But the main demand in the region is for
agriculture. To fulfill this excessive agricultural demand, huge amount of water is abstracted from the
Korba aquifer. Figure 9 shows the pumping well map established by an extensive field survey. It can be
observed that the central part of the Korba region has excessive abstraction rates [89].
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Figure 8 Groundwater recharge through precipitation [79]

Figure 9 Pumping rate of Korba Aquifer [89]

3.7. MAR SITE
Suitable MAR site about 300m north of wastewater treatment plant was established in December 2008
near in the central Korba aquifer region. It is 1.5 km away from the coastline and at an elevation of 15m
above mean sea level. Three infiltration basins each of 1500m2 area were established out of which two
are operated at a specific time. The recharge in the MAR site is not continuous but more in the form of
hydraulic loading cycles. Wastewater is collected from the urban and industrial sectors [77]. It is treated
with an activated sludge process followed by a transfer to maturation tanks for further decomposition of
organic matter in the presence of sunlight. Korba treatment site has the capacity to treat 7500 m 3/day
but treats 5000 m3/day currently. Whereas the capacity of the MAR site to infiltrate is around
1500m3/day. The recharge site functions as soil aquifer treatment (SAT) that allows retention of
suspended solids, oxidation of organic matter and nitrogen, and removal of pathogens [83] (Figure 10).
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Figure 10 Recharge Site of Korba Aquifer [77]
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Chapter 4
Methodology
4. Methodology
This chapter describes the methodology used for water quality, emerging pollutant analysis, climate data
downscaling, groundwater flow and contaminant transport modelling.
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4.1 RESEARCH DESIGN
The research design shows the outline of the methodology which will be used to achieve the objectives
of this master’s thesis. First step is the primary and secondary data collection which includes literature
research, retrieving data from concerned organizations, field experiments and sampling. In data
collection phase, first identification of appropriate sampling wells, then sample collection for the EP
analysis and physicochemical analysis will be done. Piezometer level measurements, riverbed
conductivity measurements and discharge measurements of rivers are also planned. In addition to that,
secondary data will be retrieved for piezometer, borelogs, pumping test and transmissivity. Water quality
analysis and SPE analysis of pharmaceuticals will be carried out in Tunisia.
The next step involves the processing of the obtained data to get a clear understanding of the Korba
aquifer important inputs and outputs resulting in development of a sound conceptual model. Moreover,
all processed data will be converted in a form that can be used in setting a sound groundwater flow
model. Groundwater flow model calibration is planned after setting the model and according to the
resultant hydraulic head, rcp 8.5 scenario for year2100 will be produced. After the groundwater flow
modelling last stage is to develop the contaminant transport model depending on the detected EP. If
results of contaminant concentration calibration will be acceptable, then contaminant transport modelling
for year 2100 based on scenario rcp8.5 is planned. If not just the plume of the contaminant transport will
be studied.
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Figure 11 Research design flow chart
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4.2. PRIMARY DATA COLLECTION AND PROCESSING
4.2.1. Sampling points identification and sample collection
The extent of the study area was chosen based on the MAR site area, years of recharge and
groundwater flow directions derived from the past reported piezometric level and the type of EP. In
total 27 wells were chosen for both water quality and EP analysis. Based on the location of the MAR
site central Korba aquifer was deemed suitable as a groundwater depression is observed in the central
Korba aquifer region previously discussed in section 2.1(Figure 12). It was expected that the water flow
from the MAR site is also diverted towards the central depression area. Therefore, sampling points were
selected starting from the nearest wells to MAR site towards the depression.

Figure 12 Identification of sampling points for water quality and EP data collection
(Black boundary line describes the sampling area, red dot represents MAR site, and white dots represent sampling points)

4.2.2. Water Quality Analysis
27 groundwater samples along with 3 treated wastewater sample were collected from the central Korba
aquifer region. Conventional water quality analysis pH, temperature, electrical conductivity, dissolved
oxygen (DO), cations (Ca+2, Mg+2, Na+, K+) and anions (SO4-2, NO3-, Cl-, HCO3) were measured for
each groundwater samples. In the case of treated wastewater additional parameters of biological
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oxygen demand (BOD), chemical oxygen demand (COD) and total suspended solids (TSS) were also
measured. NO3-, pH, EC, DO were measured on-site while analysis of other parameters was carried
out in the laboratory.
The ion balance error was estimated to check the accuracy of the chemical analysis results using the
following equation in PHREEQC developed by USGS [90];
Ion balance error (%) = (∑cations − ∑anions) ⁄ (∑cations + ∑anions) *100
For the complete water quality analysis, Piper Diagram, Stuyfzand (1989) scheme and correlation were
made. Piper plots are quite common for the quantitative water-type analysis. It is a graphical
representation of the major cations and anions combinations contributing to the identification of main
water types [91].

Stuyfzand method consists of 4 components for the identification of water-type; 1. the chloride content
- Main type, 2. Alkalinity - Type, 3. dominated cation and anion - Subtype, 4. Base Exchange Index
(BEX) – Class (Figure 13). The classification of each sub-component is used in a simplified manner by
assigning signs, symbols and codes.

Figure 13 Classification of four sub-components of Stuyfzyand method for water type identification [92]

Main Type
Main type is developed based on the chloride content in the water. Capital and small alphabets are
assigned based on the main four categories (fresh, brackish, salt, hypersaline) shown in Table 5.
Table 5 Classification of the main type based on the chloride content component of stuyfzand water-type analysis [92]
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Type
Seven types are established based on the alkalinity of the water and numbers are assigned based on
the content from zero to seven in ascending order. In case the alkalinity is very low, (*) sign is used
(Table 6).
Table 6 Classification of type based on the alkalinity component of Stuyfzand water-type analysis [92]

Subtype
Based on the major cations and anions present in the water, the subtype is identified, keeping in view
that the sum of cations and anions should be equal (Figure 14).

Figure 14 Classification of subtype component based on major cation and anion of Stuyfzand water-type analysis [92]
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Class
Considering the sea as a source of chloride, the last element is developed, which focus on the process
of freshening, salinisation and no base exchange. Positive, negative or neutral signs are allocated
based on the three categories: (Table 7)
Table 7 Classification of BEX component of Stuyfzand water-type analysis [92]

4.2.3. Emerging pollutant Analysis
4.2.3.1. Selection of EP
As very scare data was present on the EP residues in Korba region, so mostly first-hand data was
collected from the wells in the central part of the Korba aquifer. Keeping in view, the study area and
financial constraints, 30 samples were considered appropriate. Three for the treated wastewater and
twenty-seven samples were taken from different groundwater wells.
In Tunisia, tons of pharmaceuticals are used each year. Moslah et al. (2017) mentioned some of the
pharmaceuticals widely used in Tunisia that include amoxicillin, ciprofloxacin, doxycycline,
clarithromycin, carbamazepine, atenolol. In the study, sulfamethoxazole, trimethoprim carbamazepine,
erythromycin was also detected along with many EP in wastewater of Tunisia. Moslah et al. (2017)
also studied the presence of EP in Korba treated wastewater discussed previously in

Table 1

1 [44]. A case study on imported medicines in Tunisia mentioned roxithromycin, fluconazole and

atenolol as most widely used medicine in Tunisia [93][94][95]. WHO mentioned the list of medicine used
around the globe including in Tunisia which also included atenolol and ciprofloxacin [94]. Some other
antibiotics studied in Tunisia include vancomycin, penicillin V, doxycycline and

cefotaxime [96].

Because the focus of our study was to know the EP emerging from the urban wastewater, so antibiotics
commonly used for human purposes in Tunisia were given priority. Based on occurrence in Tunisia,
properties,

and

past

literature

studies,

five

main

compounds

(carbamazepine,

caffeine,

sulfamethoxazole and atenolol, roxithromycin) were chosen for quantification and other 14 antibiotics
presence was also studied [25][44][93][94][95]. These 14 antibiotics include clarithromycin, fluconazole,
penicillin V, trimethoprim, ciprofloxacin, levofloxacin, doxycycline, clindamycin, amoxicillin, vancomycin,
azithromycin, cefotaxime, cefuroxime, piperacillin. Table 8 shows the properties of these EP.
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Table 8 Properties of EP selected for analysis
(Log Kow represent log of octanol/water partition coefficient, Log Koc represent extent of sorption of organic chemical, pKa represents negative logarithm of the acid dissociation constant) [97]
[98][99][100][101]

EP Category

Compound

Chemical
Formula

Molecular
Weight

Solubility
(mg/L)

Log KOW

Log KOC
(L/kg)

pKa

β Blockers
Antibiotic
Antiepileptics
Antibiotic
Antibiotic
Antibiotic
Antibiotic
Daily use
Product
Antifungal
Antibiotic
Antibiotic
Antibiotic
Antibiotic
Antibiotic
Antibiotic

Atenolol
Azithromycin
Carbamazepine
Cefotaxime
Cefuroxime
Clarithromycin
Clindamycin
Caffeine

C14H22N2O3
C38H72N2O12
C15H12N2O
C16H17N5O7S2
C16H16N4O8S
C38H69NO13
C18H33ClN2O5S
C8H10N4O2

266
748
236
455
424
748
424
194

9.54*105
514
18
146
145
0.33
30.6
2.16*104

0.16
3.03
2.5
-0.5
-0.16
3.16
2.16
-0.07

1.8
4.25
3.59
0.1

9.6
8.5
13.9
3.18
3.15
8.99
12.41
10.4

Fluconazole
Penicillin V
Piperacillin
Roxithromycin
Sulfamethoxazole
Trimethoprim
Vancomycin

C13H12F2N6O
C16H18N2O5S
C23H27N5O7S
C41H76N2O15
C10H11N3O3S
C14H18N4O3
C66H75Cl2N9O24

306
334
517
837
253
290
1449

1390
210
119
187
610
400
225

0.5
1.83
0.3
1.7
0.89
0.91
-3.1

2.4
2.61
-

Antibiotic
Antibiotic
Antibiotic
Antibiotic

Ciprofloxacin
Levofloxacin
Doxycycline
Amoxicillin

C17H18FN3O3
C18H20FN3O4
C22H24N2O8
C16H19N3O5S

331
361
444
365

3*104
insoluble
50000
3430

0.28
2.1
0.63
0.87

3.78
-

1.76
2.79
3.49
12.45
5.7
7.12
2.99,
9.93
6.09
5.45
3.09
3.23
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4.2.3.2. Solid Phase Extraction
The samples were extracted using Solid Phase Extraction method (SPE). Solid-phase extraction is
considered one of the efficient and effective techniques especially for the extraction of EP. It is
considered to enhance the recovery yield of EP, thus allows successful extraction of analytes [102].
The solid-phase extraction method was used for the EP analysis explained by Gros et al. (2013) [103].
Figure 15 shows the SPE method steps.
Pre-preparations - All apparatus (bottles, flasks, pipettes, beakers) was washed with water, distilled
water and then methanol.
•

Sample preparation - All water samples were filtrated by nylon membrane filter of diameter
0.45 µm. Filtration of the water was around 100mL/duplicate for groundwater sample and
50mL/duplicate for treated wastewater. Treated wastewater samples were filtered twice. 2ml of
Ethylenediaminetetraacetic acid (EDTA) solution (0.1M) as a chelating agent was added for
stabilisation of the heavy metals present in the samples. Adjustment of pH to 2.5 by adding HCl
solution (0.1M/L) was done to improve the retention of EP on the sorbent.

•

Conditioning – Oasis HLB cartridge (60mg, 3ml) was conditioned with 2 x 2.5 ml of methanol,
which was allowed to flow under gravity. Then, the cartridge was washed with 2 x 2.5 ml of HPLC
grade water acidified to pH 2.5 and was allowed to pass through the cartridge under gravity.

One of the most common issues in the emerging pollutant analysis, which needs to be addressed is the
matrix effect. Matrix effect can be defined as the presence of unwanted chemical ions/ metabolites that
reduce the selectivity of the desired EP due to ion suppressions or ion enhancement. These
disturbances can be due to the sampling matrix, interferences from metabolites, and “cross-talk” effects
[104]. The most common method to reduce the matrix effect is the addition of the internal standard in
the sample. Since these internal standards are added in the start of the sample preparation so it can
be used to represent any loss and gain due to matrix effect. If the internal standard was not added, then
the external calibration curves are made to quantify the matrix effect [105]. In our studies internal
standards were added to deal with this problem.
•

Spiking - Lastly, 25 µm of the standard was added to each sample as a spike (Table 9)
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Table 9 Concentration of the deuterated standards used for spiking the samples

Internal Standards

Concentration (ng/L)

Atenolol-d7

25 (groundwater sample)
50 (wastewater sample)

Roxithromycin-d7

25 (groundwater sample)
50 (wastewater sample)

Carbamazepine-d10

25 (groundwater sample)
50 (wastewater sample)

Sulfamethoxazole-d4

25 (groundwater sample)
50 (wastewater sample)

Caffeine-13C3

500 (groundwater sample)
1000 (wastewater sample)

•

Sample Loading - After the conditioning phase, the water samples were passed through the
cartridge at a flow rate of 2mL/min.

•

Rinsing and drying - Lastly, the cartridge was washed with 2 x 2.5ml HPLC grade water and
dried under the vacuum conditions for 15 minutes

Storage - The cartridges were stored in the freezer at -20°C till analysis.
•

Elution – It was performed by using 0.5 mL of methanol, formic acid and water in volumetric
ratio of 90/1/9

The extracted substances were dried gently with mild air stream. Then the extracts were reconstituted
using 250 L of solvent A and B with volumetric ratio as 50/50 for conducting the LC–MS/MS analysis.
Mobile phase solvent A and solvent B were formed using Acetonitrile, 2 mM ammonium acetate solution
and formic with volumetric ratio of 3/97/0.05 and 95/5/0.05 respectively [106].

Sample
Preparation

Cartridge
conditioning

Sample
loading

Spiking

Figure 15 Steps for SPE analysis
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Rinsing and
drying

Eluting

4.2.3.3. Chromatography Analysis
Analysis of samples took place in Germany at TU Dresden Institute of Clinical Pharmacology
Laboratory.
“The EP were analysed by chromatographic separation method using a reversed-phase hydrophilic
interaction liquid chromatography system (RP-HILIC). Synergi HydroRP 4m column (150 mm × 2.0 mm)
was used with a binary gradient (flow rate of 0.4 mL/min). Solvant A and solvent B were used in the
mobile phase gradient (100% (v/v) solvent A in 0–0.2 min; a linear gradient was programmed to 0%
(v/v) solvent A in 0.2–4.2 min; 0% (v/v) solvent A in 1.4 min; a steep linear gradient to 100% (v/v) solvent
A in 5.6–5.8 min; 100% (v/v) solvent A in 5.8–8.5 min). Ciprofloxacin, levofloxacin, amoxicillin and
doxycycline were analysed in a Nucleoshell HILIC 2.7 m column (100 mm x 3.0 mm) with a mobile
phase gradient: (0–1.0 min 0% (v/v) solvent A in 0-1 min; a linear gradient was programmed to 95%
(v/v) solvent A in 1.0–3.0 min; 95% (v/v) solvent A in 1.3 min; a steep linear gradient to 0% (v/v) solvent
A in 4.3–4.5 min; 0% (v/v) solvent A in 4.5–7.5 min). The injected volume was 20l, and the column
temperature was held at 40 ◦C” [106].
“Mass spectrometry An API 4000 tandem mass spectrometer with an electrospray interface in the
positive mode (ESI+) of ion spray voltage of 5 kV was used. Two transitions of every compound were
taken for quantification and qualification. The production transition with the highest intensity was used
for quantification (quantifier), and a second transition was used for confirmation (qualifier). Parameters
of the detection were optimised for every compound by infusion of a standard solution (10 ng/mL) in
solvents A and B (50/50, v/v). To sustain an adequate number of signal points for every analyte during
RP separation, the analytes were measured in chosen time windows using the scheduled technique.
Data acquisition and analysis were performed with Analyst 1.6” [106]. The limits of detection and
quantification of the instrument is given in

Table 10.

Among the 19 compounds (atenolol, azithromycin, carbamazepine, cefuroxime, cefotaxime,
clarithromycin,

clindamycin,

fluconazole,

caffeine,

penicillin,

piperacillin,

roxithromycin,

sulfamethoxazole, vancomycin, ciprofloxacin, levofloxacin, doxycycline, amoxicillin and trimethoprim),
only five (atenolol, carbamazepine, sulfamethoxazole, roxithromycin and caffeine) were quantified. This
quantification was done based on the 1. internal standard concentration added, 2. total area of the EP
spectrum (unknown) and 3. total area of standard spectrum (of known concentrations), as shown in the
following equation:
𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑬𝑷 =

𝑨𝒓𝒆𝒂 𝒐𝒇 𝒕𝒉𝒆 𝒖𝒏𝒌𝒏𝒐𝒘𝒏 𝑬𝑷
∗ 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒌𝒏𝒐𝒘𝒏 𝒔𝒕𝒂𝒏𝒅𝒂𝒓𝒅
𝑨𝒓𝒆𝒂 𝒐𝒇 𝒌𝒏𝒐𝒘𝒏 𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅
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Table 10 Limit of detection (LoQS/N=10), limit of quantification (LoQS/N=10) and linearity range lower limit of detection (LLoQ) and
upper limit of detection (ULoQ)

Compounds

LoDS/N=3 (ng/L)

LoQS/N=10 (ng/L)

Linearity range(ng/L)
LLoQ

ULoQ

Atenolol

10

30

20

20,000

Carbamazepine

0.4

1.2

20

20,000

Caffeine

250

750

500

100,000

Roxithromycin

1.1

3.8

20

20,000

Sulfamethoxazole

5.1

17.1

20

20,000

4.2.4. River discharge and Riverbed conductivity field experiment
River discharge measurements were planned in the field trip but due to non-perennial nature of rivers
and streams, no discharge measurement was possible during the field trip period (spring season).
To estimate hydraulic conductivity of the main two rivers (Lebna and Chiba), riverbed conductivity
experiment was conducted selecting three points in each river, as shown in Figure 16. The process
carried out in the field is shown in Figure 17. The column of 1m was used with the soil column length of
30cm. In the lab the falling head river conductivity experiment was conducted to estimate hydraulic
conductivity using the following equation;
𝑲=

𝑳
𝒉𝟏
∗ 𝒍𝒏
(𝒕𝟏 − 𝒕𝟐 )
𝒉𝟐

Where L is the length of the soil column, t represents time, h represents the head.
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Figure 16 Riverbed conductivity experiment points in two main rivers (Lebna and Chiba)
(Black boundary line describes the modelled area, aqua colour lines represent rivers, and dark blue dots represents the
riverbed column sampling points)
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a

b

c

d

Figure 17 Riverbed conductivity experiment fieldwork (a. Choosing an adequate area on the riverbed for sample collection, b.
Pushing the column in the soil up to 30cm depth, c. Digging from the sides of the column to get the soil sample without digging,
d. Conducting the hydraulic conductivity falling head experiment in the lab)

4.3. SECONDARY DATA COLLECTION AND PROCESSING
4.3.1. Hydrogeological data collection and processing
Secondary data was gathered via a detailed literature review and through cooperation with the
concerned institutions including the Commissariat Regional de Development Agricole in Nabeul
(CRDA), the Department of Rural Engineering and Water Exploitation (DGGREE), Directorate general
for dams and main hydraulic works (DGBGTH) and the Department of Water Resources (DGRE). The
obtained hydrological data related to profiles, river networks, delineation of the aquifer, hydraulic heads,
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abstraction and recharge rate was processed with the help of QGIS (Quantum Geographic information
system) made by Gary Sherman and Surfer developed by Golden software [107][108].

4.3.1.1. Hydrogeological layers
The digital elevation model (DEM) of 30 meters was downloaded from the USGS site to assess the
surface elevation of the region. The processing was done in QGIS including mosaicking, reprojection,
filling sinks, removing spikes and finally clipping the DEM with the aquifer boundary. DEM of the area
is shown in Figure 5.
Hydrogeological layers were decided based on the past literature established on Korba phreatic aquifer
and validated by borelog information obtained from DGGREE. Kerrou et al. (2010) research work on
the hydrogeology of Korba aquifer defined three main layers in the Korba phreatic aquifer system which
was used to develop the model layers. Due to the small areal extend and less thickness of the
quaternary layer, it was combined with the main Pliocene formation to simplify the numerical model.
Underlying the first layer there was impermeable second layer (Miocene) mainly consisting of
impermeable marls and sandstone that extends up to 1200m. This big depth of the impermeable layer
was not important for development of the model, therefore it was excluded.[79].
Three cross-sections available from three different parts of the aquifer was utilised to make the final
aquifer layers (Figure 18).

Figure 18 Hydrogeological cross-section of Korba aquifer [79]
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4.3.1.2. Hydraulic head data
Most of the hydraulic head data were collected from two governmental organisations; Commissariat
Regional de Development Agricole in Nabeul (CRDA) and Department of Water Resources (DGRE).
However, due to incomplete data sets, the data was completed and verified from various past research
studies of Institute National Agronomique de Tunisie (INAT). The time series of 36 years in total, starting
from 1972 to 2008 of 44 wells was used to establish a groundwater flow model shown in Figure 19. The
observation wells’ distribution was reasonable in the central part of the Korba aquifer, but the distribution
on the southwestern and northwestern part was scarce. This is because it is a mountainous region
therefore, this area was less accessible than the other parts.

Figure 19 Spatial distribution of hydraulic head data collected for 44 well points from period 1972 to 2008 (Black boundary line
describes the modelled area; yellow points represents observation wells)

4.3.1.3. Hydraulic conductivity
Hydraulic conductivity of the aquifer was estimated by the pumping test data obtained from the
Department of Water Resources (DGRE). In total, the data of twenty-three pumping tests were obtained
shown in Table 11. Moreover, aquifer media zones were obtained from a past research study shown in
Figure 20 [88]. Hydraulic conductivity zones were created based on the aquifer media type along with
the hydraulic conductivity values obtained from the pumping test.
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Table 11 Hydraulic conductivity (m/s) retrieved from pumping test conducted previously (DGGREE;2019)

Piezometer Id

K (m/s)

Piezometer

K (m/s)

Id
K1

4.22E-06

K13

4.9E-04

K2

1.51E-05

K14

6.00E-05

K3

1.84E-06

K15

3.30E-04

K4

5.03E-05

K16

7.50E-04

K5

8.80E-06

K17

4.75E-04

K6

3.25E-04

K18

2.54E-06

K7

8.50E-06

K19

8.65E-05

K8

3.00E-06

K20

1.52E-04

K9

1.90E-04

K21

6.30E-05

K10

8.00E-05

K22

2.01E-04

K11

6.20E-05

K23

K12

3.00E-04
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3.69E-05

Figure 20 Korba aquifer media [88]

4.3.1.4. Pumping Rate
No record of pumping rates was found in the water resource management organisations except for the
total abstraction rate estimated as 50 Mm3 in 1980 [89] and 59 Mm3 in 2017 [74] Based on this, the
pumping rate till 2008 was estimated using interpolation with 53 Mm3. Only data for pumping rate was
retrieved from the past study conducted by Kerrou et al. (2010). The pumping rate map was developed
based on an extensive survey (Figure 9)

4.3.1.5. Recharge zones
Previously, a detailed recharge zone map was developed by Kerrou et al. (2010), based on the soil
type, climate and effective recharge from precipitation of the Korba region. It was estimated that average
20 to 25% of the total precipitation become part of recharge. The proportion of precipitation for each
area is shown in Figure 10
Recharge from wadis were considered negligible, compared to the precipitation as stated by Kerrou et
al. 2010, Wadi Abids, Wadi Daroufa, Wadi el Malah and Wadi Korba contributed only around
0.8Mm3/year, 0.6Mm3/year, 0.6Mm3/year and 1.1 Mm3/year, respectively. Three dams were constructed
upstream called Chiba, Lebna and M’laabi in 1963, 1984 and 1964 on the Wadi Chiba, Lebna and
Tafekhsite respectively. The data of water discharges of Chiba and Lebna dam retrieved from DGBGTH
also showed that the spills and discharges from the dams were not significant in the region.
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Nevertheless, it is expected that some input is coming from Lebna dam seepage, which was stated as
approximately 7.5Mm3 in 2004 [79]. As drip irrigation is the main irrigation method used in this area, so
its contribution was expected to be negligible recharge to aquifer [84].
Managed aquifer recharge per month data was collected from the CRDA, and an average value of
yearly recharge was estimated shown in Table 12. It can be observed that the given recharge volume
from the MAR accounts for almost 0.2 Mm3 which is approximately 0.4% of the total recharge of the
region. This implies that the MAR contribution does not seems very significant.
Table 12 Volume infiltrated each year from 2009 to 2018 (CRDA Tunis, 2019)

Year

Volume (m3)

2009

201000

2010

373612

2011

282578

2012

360103

2013

269769

2014

203070

2015

122538

2016

145860

2017

244816

2018

244816

4.3.2. Climate Data
Climate data for precipitation, solar radiation, humidity and temperature were obtained from the National
Centre for Environmental Prediction (NCEP) of the past thirty-five years starting from 1979 to 2014.
CFSR provides one of the best estimates of globally high-resolution daily climatic data that incorporate
atmosphere-ocean-land-sea ice system. Moreover, it is suitable for hydrological studies [109]. The
climate data obtained was assessed using the Statistical Down Scaling Model (SDSM) provided by
Christian W Dawson to predict the future trend [110]. SDSM works via a predictant variable selection
(station data e.g. precipitation, temperature etc.) with a predictor variable (atmospheric variable e.g.
wind, humidity etc.) that shows the highest correlation values [111]. Representative concentration
pathways (RCP) 8.5 climate scenario and NCEP predictors were obtained from Climate scenarios of
the Canadian Centre for Climate Services (NCEP1961-2005) [110] based on which the historical and
future climate scenario were downscaled for daily data from 1961 to 2100 were modelled.
In this study, rcp8.5 was chosen for the future scenario. RCP stands for representative concentration
pathway, and 8.5 value indicates the radiative forcing. RCP8.5 is a climate scenario, which assumes
high population growth, low technological changes and high-energy demand indicating high
greenhouse gas emissions in the absence of climate change policies [112]. It accounts for most
greenhouse gas emission compared to all other rcp scenarios. Therefore it allows the prediction of the
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worst scenario [113]. Based on the climate data, potential evapotranspiration (ETP) rates were
calculated using the ETo calculator developed by Land and Water Division of FAO[112]. Future
projection of the ETo calculator was also made using SDSM.

4.3.2.1. Groundwater Flow model Scenario
As total precipitation (P), total evapotranspiration (ETP), Recharge (ΔS) was known for the aquifer, so
runoff (R) was calculated based on a water balance equation;
P = ETP + R + ΔS
Based on the percentage decrease/increase in precipitation and evapotranspiration for the rcp8.5
scenario, the percentage of recharge and runoff was estimated accordingly for the year 2100. Due to
the overall decrease in precipitation, recharge was also decreased. Apart from abstraction, the demand
of agriculture is also fulfilled directly by precipitation. Therefore, the demand was expected to increase
with the proportion precipitation was decreased. To compensate for these increasing demands, overall
abstractions were planned to increase by the factor with which the precipitation was reduced. It was
assumed that the overall demand of the region remains the same as before and it is not affected by the
increased population growth.

4.4. NUMERICAL MODELLING
Numerical Modelling is an essential source for optimisation of water resource management. It can
provide a more holistic approach with the interaction between different water compartments [114].
Numerical models can identify and address emerging issues and help in the decision making process
[115]. Modelling software for the water resource management has been established and advanced over
the years. Mike, HECRAS, SWAT, WMS, MODFLOW, MT3DMS, PHAST, PREEQC, PRMS,
WEBMOD, SWMM etc are some of the software used for the water quality and water quantity modelling.
[116][117].
Among all the water domains, the groundwater modelling is the most crucial and complex as the level
of assumptions and simplifications are quite high. Also, the understanding of the groundwater
parameters and characteristics can never be clear enough, which make the groundwater modelling
more intricate [118]. With the advancement in technology, new and more efficient numerical models are
developed and updated. Modular Three-Dimensional Finite-Difference Groundwater Flow Model
(MODFLOW) and Modular Transport, 3-Dimensional, Multi-Species model (MT3DMS) developed by
USGS are one of the most famous software focused on groundwater flow modelling and contaminant
transport modelling respectively [115][116].

4.4.1. Groundwater flow modelling using MODFLOW
MODFLOW is a USGS developed software appropriate for simulation of complex groundwater systems
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and their interaction with surface water. It provides a numerical model of the real hydrogeological setting
using a finite difference method. The model area is divided into smaller units using rows, columns and
layers, hydrogeological characteristics and boundaries conditions are integrated in the model in efforts
to mimic reality. The resultant hydraulic heads and groundwater flow directions can be obtained along
with the water budget. Chitsazan et al. 2015 researched Gotvand Plain-Iran to analyse the effects of
MAR on hydraulic heads using MODFLOW [119]. Similarly, a research study was conducted to observe
the flow of the groundwater from a CO2 sequestration injection site in the region of Lake Decatur.
MODFLOW was used to determine the groundwater flow directions and the hydraulic heads in the
region [120].
MODFLOW has various interfaces like PM, GMS, Model Muse etc. which not only allow access to
MODFLOW but also allow to integrate other models such as MT3DMS and SEAWAT [121][122][119]
[120].
For the present study, groundwater flow modelling was conducted with the MODFLOW software
whereas; the contaminant transport modelling is carried out using the MT3DMS software in Model Muse
interface.

4.4.1.1. Steady-state groundwater flow modelling
Steady-state groundwater model is based on the law of conversation of mass, which states “Total inputs
of the system are equal to the total output of the system in a given time”. In steady-state, flow direction
and magnitude are constant in time [123].

There are mainly three types of boundary condition which are used in MODFLOW.
1. Specific head boundary
•

Time variant specified head package (CHD) is quite commonly used to determine a constant
head boundary condition, e.g. sea as zero head at each time.

•

Flow and head boundary package (FHD) is suitable for flow and head cells whose properties
are subject to change within a stress period

2. Specific flux boundary
•

•

Recharge package (RCH) is appropriate to depict a specified flux which is scattered all over
the model top. Units assigned to this package is in L/T. Volumetric flux rates are calculated by
multiplying the flux with the area of cells to whom it is designated.
Well package (WEL) is usually used for the well injection or pumping. It is assigned to
individual cells separately. The units are L3/T.

3. Head dependent flux boundary
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•

•

River package (RIV) is used to depict the river network. As it is a head-dependent boundary,
so if the head in a cell decreases below a specific onset than flux from the river is dedicated to
that specific cell and vice versa.
General head Boundary package (GHB) is used to replicate the flux which is dependent on
the hydraulic head at that specific region. This can be used to represent the entities like dams
and reservoirs depending on the model scenario.

Head observation package (HOB) is the package used to input the actual head data of the aquifer
region to compare it with the simulated heads based on which model calibration and model accuracy is
evaluated.

4.4.1.4. Model Calibration and error limits
Model calibration is the most critical step in groundwater flow modelling. Calibration is a method to
adjust aquifer components such as hydraulic conductivity and recharge rates with trial and error method
to minimise the mean error between the simulated and observed heads [124].
There are various ways described to estimate the error between the simulated and the observed head
[125];
•

Mean error (ME) is the difference between summed observed heads and summed simulated
heads. This error is not equal representation of the actual error as the hydraulic heads can be
positive and negative in a region; hence, this sum can minimise the actual error in the area.
𝒏

𝑴𝑬 =

𝟏
∗ ∑(𝒉𝒐 − 𝒉𝒔 )𝒊
𝒏
𝒊=𝟏

In the equation n represent the total number of observations, h o is the observed head, whereas
hs is the simulated head.
•

Mean absolute error (MAE) is a more accurate way to calculate the actual error of the model as
this method takes into account all the differences which were minimised by the simple addition
of (ho-hs) in mean error method due to positive and negative sign differences.
𝒏

𝑴𝑨𝑬 =

𝟏
∗ ∑|(𝒉𝒐 − 𝒉𝒔 )𝒊 |
𝒏
𝒊=𝟏

•

Root mean square error RMSE, which can also be described as the standard deviation of the
model is also a good representation of the squared average residual error.
𝒏

𝟏
𝑹𝑴𝑺𝑬 = √[ ∗ ∑(𝒉𝒐 − 𝒉𝒔 )𝟐𝒊 ]
𝒏
𝒊=𝟏
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•

Another way of computing the error is percentage bias (pbias), which shows the average
inclination of simulated values to be greater or smaller than the observed values. This can be
calculated as
𝑷𝑩𝑰𝑨𝑺 =

∑𝒏𝒊=𝟏(𝒉𝒐 − 𝒉𝒔 )𝒊
∗ 𝟏𝟎𝟎
∑𝒏𝒊=𝟏(𝒉𝒐 )𝒊

All the following methods showed can be considered for the error estimation during the calibration to
set a good model. Error limits acceptable for each established model are highly dependent on the
accuracy of the hydraulic heads data collected [125].

4.5. CONTAMINANT TRANSPORT MODELLING
MT3D conservative solute transport was planned after groundwater flow modelling to simulate the
plume of EP from the MAR site. MT3DMS is three-dimensional solute transport model that incorporates
dispersion, advection and chemical reactions in the model. It is compatible with MODFLOW [121]. There
are many studies which used MT3DMS for contaminant transport modelling. Gaaloul et al. (2012)
conducted a research in the Korba aquifer which used the SEAWAT – a combination of MODFLOW
and MT3D to simulate the 3D- density-driven groundwater flow and also the solute transport by finite
difference technique [84].
In MT3DMS, the partial differential equation explains the fate and transport of contaminants in 3-D
transient groundwater flow systems. It includes four main terms 1. Advection 2. hydrodynamic
dispersion 3. Sink and sources 4. Chemical reaction[126].
1.

Advection is the flow of contaminants with the flow of liquid (groundwater). All miscible liquids
are assumed to have the same groundwater velocity.

2.

Dispersion includes spreading of the contaminant to a larger region apart from the spread by
the groundwater flow velocity vectors. It is a combination of mechanical dispersion (microlevel
groundwater velocities) and molecular diffusion (movement of contaminant due to
concentration gradients). The sum of both is called hydrodynamic dispersion. Most of the
hydrodynamic dispersion is mechanical dispersion while molecular diffusion contribution is
negligible until and unless the groundwater flow is very slow.

3.

The sink and sources term represent where the solute mass (contaminant) enters the system
(source) and leaves the groundwater (sink).

4.

Reaction term indicates the equilibrium sorption, nonequilibrium sorption and first-order
kinetics [126].
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The equation is as follows [126];

𝝏𝛉𝐂 𝒌
𝝏
𝝏𝑪𝒌
𝝏
(𝛉𝐯𝒊 𝑪𝒌 ) + 𝒒𝒔 𝑪𝒌𝒔 + ∑ 𝑹𝒏
=
(𝛉𝑫𝒊𝒋
)−
𝝏𝒕
𝝏𝒙𝒊
𝝏𝒙𝒋
𝝏𝒙𝒊
1

2

3

4

Where, θ is porosity of the aquifer, Ck is dissolved concentration of species k, t is time xi, j is distance
along the respective Cartesian coordinate axis, Dij is hydrodynamic dispersion coefficient tensor, vi is
seepage velocity related to specific discharge, qs is volumetric flow rate per unit volume of aquifer that
represents fluid sources and sinks, 𝐶𝑠𝑘 is the concentration of the source or sink flux for species k, ∑ 𝑅𝑛
represents a chemical reaction term [126].
For the current study, the focus was conservative solute transport, so the reaction term was not
considered. Only advection and hydrodynamic dispersion were taken into account.
The MT3DMS has various packages to perform the tasks of the simulator. Some of the packages which
were used in the model are as follows [126];
•

Basic transport package (BTN) is used to carry out basic tasks which are the requirements of
the overall model such as defining problem, setting a boundary and initial conditions, step size
identification, formulating mass balance information and printing out of the simulation results.

•

Advection package (ADV) solves the concentration changes due to the process of advection.

•

Dispersion package (DSP) solves the concentration changes due to the process of dispersion.

•

Sink and source mixing package (SSM) solves the concentration changes due to source and
sink mixing.

•

General conjugate gradient solver (GCG) solves the matrix equations resulting from the
implicit solution of the transport equation.

The porosity of the aquifer was taken from the literature (for the worst scenario) as 0.10 as the MAR
plume and longitudinal dispersivity value was kept as 400m as reported by Kerrou et al. (2010)[89].

4.5.1. Selection of EP for contaminant transport modelling
With the evidence from the past treated wastewater effluent on concentrations of caffeine and
carbamazepine, both were deemed ideal tracers for contaminant transport modelling. Carbamazepine
being conservative can identify long term pollution pattern. While, caffeine as usually present at high
concentrations despite it is high degradation is suitable to identify recent contamination [61][62].

4.5.2. Plume Spread based on Climate scenario 2100 year
To develop the climate scenario till the year 2100, the quality and quantity of treated wastewater was
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assumed to be the same with a continuous recharge of treated wastewater in MAR site.

Chapter 5
Results and discussions
5. Results and discussions
This chapter will describe the important results found on water quality, emerging pollutants, groundwater
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flow modelling and contaminant transport modelling. Also, discussions would be made on all the
obtained results.

5.1. WATER TYPE IDENTIFICATION AND WATER QUALITY

ANALYSIS
5.1.1. Ionic balance
In the physiochemical analysis of Korba groundwater and treated wastewater, the accuracy of the
chemical analysis was checked by ion balance error estimation. The results showed four (sample ids
12T, 176, 24, 53) out of 30 samples (27wells, 3 replicates of treated wastewater) had error above 10%
which were not acceptable for analysis while the other 26 samples were used for analysis (Figure 21).

Figure 21 Ion balance error estimation of samples

5.1.2. Water Type
Piper plot shown in Figure 22 indicates that the most prominent cation in Korba phreatic groundwater
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was mainly calcium (dominant in 17 samples) with some samples showing sodium (6 samples) and
magnesium dominance (1 sample). The most prominent anion was chloride whose main source is the
seawater intrusion. According to the past Korba groundwater quality analysis near the MAR site, NaCl
was found as the dominating compound whereas present study shows CaCl as the dominating one
[25]. Treated wastewater sample also shows surprisingly high salt content as main cation and anion
were sodium and chloride, which indicates extremely high salt content in the wastewater. This also
implies non-compliance of the industries discharging wastewater in Korba mentioned in Annexe (A1).

Figure 22 Piper plot of all groundwater and treated wastewater samples

By using the Stuyfzand method, water types were identified based on differences in chloride content,
major cation and anion, alkalinity and base exchange indexes. The results of identified spatial
distribution of each Stuyfzand type are shown in Figure 23. B3-CaCl- was the most common type found
in 50% of the samples. Based on major cations and anions, three water types were identified CaCl,
NaCl and MgCl complementing the piper diagram results. Based on alkalinity, only two water classes
were identified as moderate alkalinity (2-4meq/L) and moderately high alkalinity (4-8meq/L). In the major
criteria of the main type, all the samples lie in the brackish water category, which implies the effect of
salinisation is quite dominant. Moreover, the fourth category of base exchange index also confirms that
salinisation is dominant as 92% of the sample showed the salinisation process is happening.
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Table 13 shows the groundwater properties including pH, EC, DO, TDS and stuyfzand watertype. Not
a lot of variations observed in pH as it ranges from 7.4 to 8.4, which confirms the alkalinity in the region.
TDS and electrical conductivity showed a very high correlation (R2=0.96) and their ranges were 2.7 g/L
to 9.95 g/L and 3.5 µS/cm to 12.6 µS/cm, respectively. DO in most of the wells is above 5mg/L in
groundwater which shows relatively oxic environment for an aquifer as stated by Chen et al. (2003)
[127].

Figure 23 Stuyfzand water type distribution
(Black boundary line describes the study area, redpoint depicts the MAR site, yellow points indicate sampling points)
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Table 13 Sample pH, EC, DO, TDS and Stuyfzand water-type

Well ID

pH

DO (mg/L)

Electrical

Total

Stuyfzand

conductivity

Dissolved

Water-type

(µS/cm)

Solids (g/L)

5T

7.60

6.78

3.50

2.70

B3-NaCl+

7T

7.60

8.21

4.01

3.45

B3-CaCl-

10T

7.44

7.90

6.81

5.45

b3-CaCl-

8T

7.60

8.03

6.84

6.22

b3-CaCl-

4T

7.86

7.15

4.16

3.26

B3-NaCl-

3T

7.60

8.71

7.39

5.88

b3-CaCl-

W2

7.72

7.78

2.89

2.32

B3-NaCl+

W1

7.77

8.14

7.44

5.89

b3-CaCl-

S2

7.90

7.76

5.14

4.10

b3-NaCl-

13S

8.00

7.00

5.22

4.30

b3-CaCl

11T

7.63

6.02

7.91

7.25

b3-CaCl-

13T

7.87

7.70

10.32

8.60

b3-CaCl-

15T

8.20

7.13

5.90

5.10

b3-CaCl-

6S

8.40

7.45

4.40

4.05

B3-CaCl-

23

7.88

7.00

8.46

6.02

b3-CaCl-

252

7.66

4.17

12.61

9.95

b3-MgCl-

157

7.83

5.63

10.58

7.58

b3-CaCl-

160

7.93

5.36

8.40

6.12

b2-CaCl-

244

7.94

3.79

6.06

4.52

b3-CaCl-

153

7.94

6.81

9.18

6.85

b3-CaCl-

20TS

8.22

4.41

6.00

3.92

b3-NaCl-

892-8S

8.22

7.24

3.58

3.10

B3-CaCl-

500T

8.03

7.80

4.34

3.15

b3-CaCl-

5.1.3. Treated wastewater quality
The treated wastewater quality results are shown in Table 14 where DO represent dissolved oxygen,
COD represents chemical oxygen demand, BOD represented biological oxygen demand, EC-electrical
conductivity, TDS represents total dissolved solids and TSS represents total suspended solids.
According to the treated wastewater analysis, the nitrates, chlorides and sodium concentrations were
59.8, 1722 and 753mg/L respectively. Whereas, according to the Tunisian standards even the water
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quality required for river discharge should not exceed 50 mg/L of nitrates, 600 mg/L for chloride and
300 mg/L for sodium. Also, chemical oxygen demand (COD), is 101 mgO2/L which is higher than the
Tunisian standard of 90 mgO2/L. High level of nitrates can be expected as urban wastewater can contain
nitrates [128], but extremely high electrical conductivity, chloride content and sodium content are due
to the use of Korba groundwater for household purposes [74].
Table 14 Water quality parameter of Korba Treated wastewater

Parameters

Korba

treated

Tunisian

water

wastewater

quality standards

quality

for river discharge
NT 106.002 (1988)

Temperature (C°)

21.90

<25.0

pH

8.30

6.5-8.5

TSS (mg/L)

22.70

30

DO (mg/L)

9.04

-

COD (mgO2/L)

101.00

90

BOD5 (mgO2/L)

19.80

30

EC (µS/cm)

7.80

-

TDS (g/L)

5.10

-

NO3 mg/L

59.80

50

HCO3 (mg/L)

479.90

-

SO4(mg/L)

439.40

600

Cl(mg/L)

1722.0

600

Ca(mg/L)

218.80

500

Mg(mg/L)

139.70

200

Na (mg/L)

753.00

300

K (mg/L)

24.85
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5.1.4. Gibbs Diagram
Gibbs diagram helps to understand the water quality relationship with the aquifer characteristics,
especially in arid and semi-arid regions of the world [129]. It shows the effect of some main natural
processes such as precipitation, saltwater intrusion/evaporation, rock weathering/dissolution on the
groundwater chemistry. The ratio of Cl/(Cl+HCO3) points out the level of mineralisation happening in
the aquifer whereas the ratio of Na/(Na+Ca) indicates which of the two cations are dominant in the
groundwater [130]. Figure 24 shows the main process dominating the water quality of Korba aquifer is
the seawater intrusion as all the samples are assembled in one place. It can also be inferred that there
are limited effects of other processes, including rock weathering, dissolution and precipitations.
a

b
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Figure 24 Gibbs diagram for identification of the dominant effect of natural processes
(precipitation, saltwater intrusion/evaporation, rock weathering/dissolution) a. TDS Vs Cl/(ClHCO3) b. b) TDS Vs Na/(Na+Ca)
[131]

5.1.5. Correlations
Figure 25 shows the correlation between sodium and chloride with coefficient of determination as 0.87.
The relationship between sodium and chloride is linear and depicts that the Na/Cl ratio is less in most
of the samples indicating that cation exchange is happening in which sodium is becoming part of the
rock matrix, and other cations are taking its place.

Na (meq/l)

1000

100
R² = 0,8695

10

1
1

10

Cl (meq/l)

100

1000

Figure 25 Correlation of Na and Cl
(Blue line represents 1:1 line, x and y axis are in log scale)

The dominant subtype CaCl found also favours the cation exchange from Na with Ca reducing the
Na/Cl ratio. The points of the samples which are on the 1:1 line points out the seawater intrusion
[132][25]. The following equation shows the cation exchange happening between sodium and calcium
where sodium becomes part of the sediment whereas Ca+2 ions are released in the aquifer [25].
𝟏
𝟏
𝑵𝒂+ + 𝑪𝒂 − 𝑿 → 𝑵𝒂 − 𝑿 + 𝑪𝒂+𝟐
𝟐
𝟐
Ca and Cl also showed a linear correlation (R2=0.80) (Figure 26), but the ratio of calcium to chloride
was quite low, which highlights the presence of other cations bonding with chloride as well. Figure 27
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shows a weak exponential correlation (R2=0.62) between magnesium and chloride that implies the ratio
of magnesium vs chloride is very low. This shows that magnesium dissolution is very low, indicating
less dissolution of dolomite minerals.
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Figure 26 Correlation between Ca and Cl

Figure 27 Correlation between Mg and Cl

(x and y axis are in log scale)
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Figure 28 shows a correlation of Ca+Mg with Cl. The coefficient of determination is 0.99 which shows
that Ca+Mg have an overall good correlation with Cl. Figure 29 shows a weak correlation between
sodium and calcium. Sodium concentration was relatively higher than the calcium indicating that the
saltwater intrusion effect is higher than the cation exchange happening in the aquifer system.
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Figure 28 Correlation between Ca+Mg and Cl

Figure 29 Correlation between Ca and Na
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(Blue line indicates 1:1 line between Ca and Na and x and y
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5.1.6. Saturation Index (SI)
Saturation index is a method of investigating whether a specific compound will precipitate out or stay
dissolved in the groundwater [133]. SI are shown in Figure 30 for gypsum, calcite, dolomite and halite.
The SI of gypsum is negative between -1 to 0, SI of calcite is positive between 0.5 to 2, SI of halite is
very negative between -6 to -4 and dolomite SI shows some variation within the groundwater and ranges
between 0.5 to 3. Calcite and dolomite show that the water is supersaturated as the values are positive
(SI is above zero). On the other hand, gypsum and halite shows capacity of dissolution as the SI is
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negative (below zero) so it is undersaturated especially in case of halite the SI is quite negative
compared to gypsum, so its ability of dissolution is much higher. Cary et al. (2013) also concluded that
gypsum dissolution is happening in the Korba groundwater [25].
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Figure 30 SI of a. gypsum, b. calcite, c. dolomite and d. halite

5.2. EP IN TREATED WASTEWATER AND GROUNDWATER
5.2.1. Detected EP
The results showed in Table 15 and Table 16 depicts that penicillin V, piperacillin, vancomycin,
trimethoprim, doxycycline, clindamycin, cefotaxime and cefuroxime were not detected in any sample
including the treated wastewater samples which indicates the treatment for these compounds is quite
effective or they were not present in the urban wastewater. The low logKow values of vancomycin (-3.1),
cefotaxime (-0.5) and cefuroxime (-0.16) shown in table 8 contradicts with their adsorption as they are
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more hydrophilic in nature. So, it might be possible that they were not present in the wastewater. The
removal of Penicillin V, trimethoprim, doxycycline and clarithromycin can be explained by adsorption
due to their hydrophobic nature. There have been other studies that showed that residues of tetracycline
and penicillin are rare to be detected in surface and groundwater mostly due to the adsorption of these
compounds to soil organic and mineral matter [134][135][98]. Whereas, sulfamethoxazole was not
detected in treated wastewater. Ciprofloxacin, atenolol and clarithromycin were only detected in the
treated wastewater samples and no concentration was detected in the groundwater. It might be that the
adsorption or biodegradation from the soil media was dominant enough to prevent their transport to
groundwater [55][53][136][51]. Carbamazepine, caffeine, roxithromycin, fluconazole, levofloxacin,
sulfamethoxazole and azithromycin were detected in groundwater samples 65%, 8%, 4%, 38%, 4%,
54% and 8% respectively (Figure 31).
Among all EP analysed, carbamazepine, fluconazole and sulfamethoxazole were found in wells near
the MAR site which showed some plume spread. Carbamazepine, caffeine, roxithromycin, fluconazole,
sulfamethoxazole and azithromycin were also found in wells far from MAR site. This highlights the
influence of agricultural EP and urban seepage in groundwater as most of the detected points are
nearby urban areas. Another potential reason for human use EP detection away from MAR site is the
leakage of septic tank-based toilets located in close vicinity to the wells. The septic tanks-based toilets
close to the wells were observed as a common practice in Korba region. Despite few detections of EP,
there is still need to study the long-term effect of EP in groundwater because lack of monitoring means
no strategies can be set for future.

Figure 31 Number of pharmaceuticals detected overall in the groundwater samples
(Grey polygons represent urban settlements, orange point indicates MAR site, and other coloured points indicate sampling
points with the no. of pharmaceuticals detected
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Table 15 Detected EP´s in groundwater samples (W1, W2, T3, T5, T10, T8, S2, S13, T11, T12,T13, T15, S6, 892-8S);
(✓) represent detection (–) represents no detection.

ID
W1 W2 T3 T4 T5 T10 T8 S2 S13 T11 T12 T13 T15 S6 892-8S
Atenolol
Azithromycine
✓
Carbamzepine
- ✓
✓
✓ ✓ ✓ ✓
✓ ✓
✓
Cefotaxime
Cefuroxime
Clarithromycin
Clindamycin
Caffeine
- ✓
✓
Fluconazole
- ✓
- ✓
✓
✓
Penicillin V
Piperacillin
Roxithromycin
Sulfamethoxazole
- ✓
- ✓
✓
✓ ✓
✓ ✓
✓
✓
Trimethoprim
Vancomycin
Ciprofloxacin
Levofloxacin
Doxycycline
Amoxicillin
-
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Table 16 Detected EP´s in groundwater samples (20TS, F24, F23, F176, F53, 153, 244, 157, F252, 160, 5T) and treated wastewater (TWW1, TWW2,
TWW3);
(1) represent detection (–) represents no detection

ID
Atenolol
Azithromycine
Carbamzepine
Cefotaxime
Cefuroxime
Clarithromycin
Clindamycin
Caffeine
Fluconazole
Penicillin V
Piperacillin
Roxithromycin
Sulfamethoxazole
Trimethoprim
Vancomycin
Ciprofloxacin
Levofloxacin
Doxycycline
Amoxicillin

20TS
-

F24 F23 F176 F53 153
✓
✓
✓
✓
✓
✓
✓
-

✓
-

✓
-

✓
-

✓
-

✓
-

✓
✓
✓
-

✓
✓
-
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244 157 F252 160 500T
✓
✓
✓
✓
✓
-

TWW1 TWW2 TWW3
✓
✓
✓
-

✓
✓
✓
-

✓
✓
✓
-

✓
-

✓
-

✓
-

✓
✓
-

✓
✓
-

✓
✓
-

✓
-

✓
-

✓
-

✓
✓
-

✓
✓
-

✓

✓

✓
✓
-

5.2.2. Quantified EP
Using the formula described in the methodology, the EP concentration was estimated for the
groundwater and treated wastewater samples. In the overall analysis matrix effect prevailed which was
addressed using the internal standards added in the samples.

5.2.2.1.

Treated wastewater

Results of the treated wastewater samples are given in Table 17. The concentration of Carbamazepine
was detected as the highest with average of 635 ng/L while atenolol showed average concentration of
116.18 ng/L. Sulfamethoxazole was not detected. Caffeine was below the detection limit (250 ng/L)
while roxithromycin was below quantification limit (3.8 ng/L). Past studies in treated wastewater showed
carbamazepine concentrations upto 422 ng/L and 267 ng/L which is relatively lower than the 635 ng/L
on average [25], [44].
Table 17 Concentration calculated for the treated wastewater (ng/L)

Compounds

Maximum

Minimum

Average

Standard Deviation

Atenolol (ng/L)

157.22

92.69

116.18

35.66

Roxythromycin (ng/L)

<LoQ

<LoQ

<LoQ

<LoQ

Carbamazepine (ng/L)

727.9

575.90

635.13

81.33

Caffeine (ng/L)

<LoD

<LoD

<LoD

<LoD

Sulfamethoxazole(ng/L)

ND

ND

ND

ND

In Moslah et al. (2018) research on Korba treated wastewater, caffeine concentration was around 1007
ng/L which was way above the detection limit of 250 ng/L [37]. Despite contradiction from the past
research, low concentration of caffeine can occur due to its low logKOC value (0.1 L/kg) which shows its
ability to adsorb in the activated sludge treatment more efficiently. Low concentration of roxithromycin
might be linked with the adsorption of roxithromycin in effective activated sludge treatment method
because adsorption is dominant process in the removal of roxithromycin as stated by Abegglen et al.
(2009). The solubility of roxithromycin is not very high as indicated by logKOW (1.7) and solubility (187
mg/L) in table 8 so adsorption process is favorable. The research concluded that roxithromycin removal
rate by adsorption can be above 50% [137] [37].
Sulfamethoxazole was not detected in any of the treated wastewater samples. No concentration
detection of sulfamethoxazole and low concentration detection of caffeine contradicts the past
concentrations of 121 ng/L and 1007 ng/L respectively conducted by Moslah et al. (2018) [37]. These
differences of low concentration of caffeine and no detection of sulfamethoxazole from the past literature
might be an indicator that either the treated wastewater quality has changed from past or matrix effect
has underestimated the concentration in analysis [104]. According to INRGREF Tunisia, in 2017,
maturation ponds were divided into sub ponds to increase water quality by organic matter degradation.
Another reason could be that in this study samples were collected from the MAR site whereas in the
study conducted by Moslah et al. (2018) the samples were taken from the Korba treatment site. It might
be possible that during transport and storage in the reservoir, sulfamethoxazole concentration has been

changed due to its high photodissociation nature[38][37]. Sulfamethoxazole photo degradation rate is
around 2.8 ± 0.1 to 6.0 ± 0.6 h. which means that degradation can happen even in few days storage
which is quite normal for the Korba MAR site [39].

5.2.2.2.

Groundwater

Atenolol
Atenolol was not detected in the groundwater which suggests either removal of atenolol through SAT
filtration media, dilution in groundwater or chemical reaction that converted atenolol below the detection
limit. The solubility of atenolol (9.54*105 mg/L) is quite high in water so it is less likely that adsorption
happened as shown Table 8 but degradation through chemical reaction in redox condition can explain
its removal. Schmidt et al. (2017) concluded that the presence of nitrates (approximately 14 mg/L) and
aerobic conditions (DO=4 mg/L) completely degrade atenolol [55]. So, it might be the reason as the
nitrate’s concentration (60 to 390mg/L) along with the DO (mostly above 6mg/L) was overall high in
groundwater and treated wastewater. Thus, it can be inferred that the atenolol degradation through MAR
was likely to be controlled by oxic and nitrate rich environment.

Roxithromycin
As roxithromycin concentration in wastewater was below limit of quantification i.e. 3.8 ng/L , its detection
based on treated wastewater injected in groundwater was not expected. Only in one groundwater well
(ID-F5) roxithromycin was detected but it was even below the limit of detection shown in Figure 32.
Wiese et al. (2011) concluded that roxithromycin removal by MAR is above 95%. This removal is mainly
because of the redox zone in MAR site containing either NO3, O2, Fe2+ or Mn2+[53]. Therefore, presence
of high NO3 concentrations and oxic environment could be the explanation for the complete degradation
in unsaturated zone. Moreover, roxithromycin was detected in well 2 km away from the MAR site which
further clarifies that MAR could not be the source. This contribution might be from the urban area located
close to the sampling point shown in Figure 32.
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Figure 32 Spatial distribution of roxithromycin in central Korba region
(Grey color area represents the urban settlements, Black boundary represent the central Korba sampling area and white poi nts
represents sampling point with no roxithromycin presence and yellow point shows MAR site and red points show the presence
of roxithromycin, <LoD stands for below limit of detection)

Caffeine
Caffeine was found below the limit of detection in total of two groundwater samples ID-S2 and ID-T11
as shown in Figure 33 at a distance of 5.8 km and 2.6 km from the MAR site respectively. The distance
among both detected points were approximately 3.3 km. It was clear that the contributions were not
influenced by MAR infiltration. Caffeine was below the detection limit in treated wastewater samples.
Therefore, its absence in groundwater near the MAR site was expected. Among the two points, one
was near an urban settlement so this suggests that potential source of caffeine could be the urban
sewage leakage than the MAR site. Dvory et al conducted research on the sorption and degradation
capability of caffeine and he concluded that caffeine high coefficient of a linear sorption isotherm (0.1
L/ kg) and degradation rate (0.091 1/day) results in complete attenuation of caffeine while passing
through the aquifer media [62]. This is probably because of high degradation rate and sorption rate that
allowed its attenuation while passing through the saturated zone of filter media [138][62][139].
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Figure 33 Spatial distribution of caffeine in central Korba region
(Grey color area represents the urban settlements, Black boundary represent the central Korba sampling area and white points
represents sampling point with no caffeine presence, yellow point shows MAR site and redpoints shows presence of caffeine,
<LoD stands for below limit of detection)

Sulfamethoxazole
Sulfamethoxazole was found in 14 groundwater samples out of which 4 were below the limit of
quantification (17 ng/L) and 9 were below the limit of detection (5.1 ng/L) as shown in Figure 34. Only
one sample showed concentration 119 ng/L which was far away from the MAR site near an urban area.
In the current study, sulfamethoxazole was not detected in the treated wastewater samples nonetheless
its presence was confirmed near the MAR site. This can be explained by the change in treated
wastewater quality from past two years (due to the treatment plant maturation ponds subdivision) and
therefore sulfamethoxazole presence in groundwater can be linked to prior contamination from treated
wastewater infiltration. The presence of sulfamethoxazole in 14 samples indicates that it is reaching the
groundwater in various parts of the aquifer. According to the water quality analysis it was concluded that
Korba groundwater has a very high nitrates level, therefore sulfamethoxazole biodegradation is less
likely to happen. Underwood et al. (2011) research study states that the sulfamethoxazole present in
groundwater is persistent due to the elimination of the natural attenuation factors such as light for
sulfamethoxazole removal [140]. Drillia et al. (2005) concluded in her research that presence of nitrogen
in the environment can decrease readily the sulfamethoxazole degradation [141][39]. Another reason
that can explain these detected sulfamethoxazole concentrations near and away from MAR site can be
due to the sewage water leakages or agricultural runoff. Sulfamethoxazole is commonly used as
veterinary and human use medicine therefore, its presence in urban wastewater and manure is typical
[142][143]. It can be also observed in Figure 34 that mostly the concentrations are detected near the
urban areas.
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Figure 34 Spatial distribution of sulfamethoxazole in central Korba region
(Grey color area represents the urban settlements, Black boundary represent the central Korba sampling area and white points
represents sampling point with no sulfamethoxazole presence, yellow point indicates MAR site and red points shows presence
of sulfamethoxazole, <LoD stands for below limit of detection, <LoQ stands for below the limit of quantification)

Carbamazepine
Carbamazepine results shows its presence in 17 locations. Out of these 17 groundwater wells, 6 were
below the limit of detection (0.4 ng/L) and 4 were below the limit of quantification (1.2 ng/L). Therefore,
only 7 were quantified. Figure 35 shows the spatial distribution of carbamazepine in central Korba
region. The detection of carbamazepine was higher than all other selected EP. The highest
concentration observed near the MAR site was 35 ng/l. It was certainly expected as carbamazepine has
a lower degradation rate and is considered persistent once reaches groundwater [144]. These
carbamazepine concentration obtained contradict with the past study conducted by Cary et al. (2013)
near the MAR site which showed carbamazepine concentration from 0 ng/L to 900 ng/L [25]. The highest
concentration of 671 ng/L was found around 4.6 km away from the MAR site in an urban settlement
which can only be explained by big sewage leakage. The concentration of carbamazepine also showed
some trend near the MAR site, but this trend was not very clear. Moreover, carbamazepine was also
detected far away from MAR therefore, there is no surety that concentration near the MAR site is only
influenced by the MAR and not by the other urban or agricultural pollution sources. According to Banzhaf
et al. (2012), MAR reduces carbamazepine concentration by 50% through adsorption [145]. Kenny et
al. (2009) studied the adsorption of EP from the soil, and he concluded that most of the carbamazepine
concentration is retained on the soil due to high log Kow value of 2.5 and extremely low solubility in water
of 18 mg/L as mentioned in table 8 [146]. Thus, most of the reduced concentration of carbamazepine
can be linked to the adsorption from soil media that acts as a filter in the MAR site.
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Figure 35 Spatial distribution of carbamazepine in central Korba region
(Grey color area represents the urban settlements, Black boundary represent the central Korba sampling area and white points
represents sampling point with no carbamazepine presence, yellow point indicates MAR site and red points shows presence of
carbamazepine, <LoD stands for below limit of detection, <LoQ stands for below the limit of quantification)

5.3. DOWNSCALING CLIMATE DATA
According to Climate station data reanalysed by NCEP, total average annual precipitation in the region
is approximately 600 mm/year calculated from the data series obtained for the period of 35 years (1979
to 2014). In many previous research studies, the area was referred as a semi-arid region with
precipitation up to 450 to 500 mm/year [32,35,82] but none of the research studies directly calculated
the average precipitation using the first-hand data. In addition to that, the world Koppen classification
classifies Korba region under the hot dry summer Mediterranean climate (Csa) climate group [85].
Moreover, being a coastal and mountainous area, there might be localised influences which are
contributing towards higher rainfall.

Also, the first-hand data obtained from Climate station data

reanalysed by NCEP of past 35 years is more reliable along with the supporting Koppen classification
and geographical aspects than what has been mentioned in the literature. Therefore, estimation of 600
mm/year was used for the groundwater modelling and scenario prediction. The Potential
evapotranspiration calculated for each day of 35 years using ETo calculator was used to estimate the
actual evapotranspiration which is estimated approximately 366 mm/year, forming 61% of total
precipitation. The rest of the 39% is distributed between the runoff and recharge. Recharge estimation
for the region is between 20-25% of precipitation[79], leaving 14% as runoff. Figure 36 shows the
division of precipitation in recharge, evapotranspiration and runoff.
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Figure 36 Division of recharge, evapotranspiration and runoff from the total precipitation

Using SDSM, climate data was modelled. Precipitation predictor variable was selected for precipitation
estimation, which showed the highest correlation of 45% compared to the other parameters. The weak
correlation of precipitation can be explained by the limitation of SDSM to predict the influence of extreme
events and regions with localised climate effects like a monsoon, land/sea breeze[147].
In case of temperature and evapotranspiration, three predictor variables mean temperature, specific
surface humidity and 500 hpa geopotential were chosen with a correlation of 98%, 95% and 85% for
temperature and 75%, 70% and 64% for evapotranspiration respectively. The results can be seen in
Figure 37.
Under the rcp8.5 climate scenario, the future prediction of the climate model was developed until 2100
years in future. The prediction showed that overall precipitation would decrease approximately by 50
mm (8%) on average from the period 2005 to 2100, whereas temperature and evapotranspiration will
increase by 1.5°C (7%) and 158 mm (11%) on average respectively from 2005 to 2100 (Figure 38).
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Figure 37 Precipitation, Evapotranspiration and temperature modelled using SDSM from 1979 to 2004
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Figure 38 Precipitation, Evapotranspiration and temperature modelled using SDSM from 2005 to 2100 based on rcp8.5 scenario

5.3.1. Climate Scenario
Using the percentage of decrease for precipitation (8%) and an increase in evapotranspiration (11%),
the new proportion of runoff, recharge and evapotranspiration was estimated shown in Figure 39. New
estimates show a total 5.5% decrease in recharge. Assuming the agriculture water demands remain the
same till the year 2100, an 8% increase in pumping rates was assigned as decreased precipitation
reduce the share of precipitation that fulfil the agriculture demand in Korba region. The population
increase in the region is assumed to be not affecting the water use as on one side the urbanisation will
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decrease agricultural activity that accounts main share in Korba water demand.
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Figure 39 Division of recharge, evapotranspiration and runoff from precipitation according to rcp8.5 scenario4

5.4. RIVERBED CONDUCTIVITY MEASUREMENTS
The falling head riverbed conductivity experiments conducted on the six soil columns showed no water
flow at all in any of the soil column as the soil was merely a mixture of peat clay and very fine sand. This
led to the conclusion that riverbed conductance is negligible in the region. It also implies that wadis have
no significant contribution in the groundwater recharge.

5.5. CONCEPTUAL MODEL
A simplified version of the phreatic Korba aquifer is depicted in Figure 40 that represents the vital
physical components of the concerned system. The selection of the most significant components of the
Korba Aquifer system was made based on the understanding developed by site survey, literature review,
field experiments and data collected from various water management organisations working on the
Korba aquifer.
The conceptual model shows two main layers of the aquifer system. Firstly, the phreatic aquifer known
locally as Cote Oriental, which is composed of plio-quaternary contains a mixture of sand, sandstone
and clay. The second layer (aquitard) represents the Miocene marls, which acts as a bedrock for the
phreatic aquifer as its thickness extends to 1200 m [79], [148].
Precipitation is the main input in the aquifer system, which usually contributes to runoff (wadis and
rivers), percolation, infiltration and eventually some recharges to the aquifer system. Apart from the
direct recharge from precipitation, Lebna dam and MAR site was also contributing to the recharge of the
aquifer. The recharge from wadis was neglected as it was relatively negligible to the total recharge of
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the aquifer. Also, the riverbed conductivity results support this decision as Chiba and Lebna riverbeds
were found impermeable. Irrigation return flow were also deemed negligible due to the use of drip
irrigation in the area. Evapotranspiration, discharge to the Mediterranean Sea and well abstractions
contributes to water losses from the aquifer system.

Figure 40 Conceptual Model of Korba Groundwater System

5.6. STEADY-STATE GROUNDWATER FLOW MODELLING
5.6.1. Model structure
To represent the aquifer area, adequately a grid cell size of 200 m*200 m with 211 rows and 65 columns
was used for the study area. All the cells inside the aquifer boundary were considered active and outside
the aquifer boundary were considered inactive.
As the study area includes only the phreatic aquifer, so first Plio-quaternary aquifer was considered.
Due to the thickness of the aquitard layer beneath the phreatic aquifer, it was concluded that the confined
aquifer underneath does not interact with a phreatic aquifer, so the model was simplified to one
unconfined aquifer layer.
In the model, DEM was put as a top layer of the phreatic aquifer shown in Figure 5. The transition of 30
m DEM to 200 m grid caused a lot of issues initially due to the abundance of steep slopes in the region
which was addressed using the fitted surface interpolation method for top layer.
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While the bottom layer of the phreatic aquifer was established using the geological contact points
retrieved from the previously developed hydrogeological cross-sections of the Korba region discussed
in methodology. Using this geological contact points, the whole layer was developed using Golden
Surfer software by minimum curvature interpolation method and in Model Muse it was set using the fitted
surface interpolation method. Though there was only one main phreatic aquifer to model, but due to the
uneven thickness of the aquifer which starts at the elevation of >110 m in the western part and goes to
the depth of -80m towards the eastern part (Mediterranean sea) in 11 km approximately from west to
east in the southern part. Due to the huge elevation differences from east to west, the elevated areas
which were located highly elevated (>150 m) with extremely thin aquifer layer (15 to 20 m) were getting
dry. The issue was addressed using upstream wetting package (UWP) with MODFLOW -NWT solver
instead of using the layer property flow package (LPF) with MODFLOW 2005 solver. MODFLOW -NWT
package is better suited to regions with high elevation areas, and MODFLOW-NWT is better to solve
problems related to drying and rewetting nonlinearities for phreatic groundwater flow equations [149].

5.6.2. Model Flow Parameter
The horizontal hydraulic conductivity zones were defined for the upstream wetting package, which was
developed using the pumping test data from DGREE and the aquifer media zones previously established
by Zghihi et al. (2016). Nineteen horizontal hydraulic conductivity zones in total with four main aquifer
media type were created shown in Figure 41. Areas with same aquifer media was allocated similar
hydraulic conductivity values initially. The hydraulic conductivity data was not very certain, so it was
calibrated.
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Figure 41 Hydraulic conductivity zones with values in m/day
(Black boundary line describes the modelled area whereas the different colours refer to different zones formed in the region)

5.6.3. Boundary conditions
According to the data available, a simplified groundwater flow model was built that incorporated;

5.6.3.1.

Specified head boundary

Constant head boundary (CHD) - Time variant specified head package was used to set the constant
zero-head on the eastern coastal boundary of the Korba aquifer.

5.6.3.2.
•

Specified flux boundary

Recharge package (RCH) - Direct recharge rates zones were developed based on the map
developed by Kerrou et al. (2010). Due to the negligible riverbed conductance, recharge from
wadis was eliminated from the model. In total, ten recharge zones were formed in the region
which were established based on 23% of recharge. As recharge values were a rough estimate,
so they were utilised to calibrate the model (Figure 42).

Figure 42 Initial recharge rates allocated for each zone (m3/s)
(Black boundary line describes the modelled area whereas the different colours refer to different zones formed in the region)

•

Well package (WEL) – Pumping well zones were developed instead of putting pumping wells
separately using the previously established map as there are more than 7000 equipped wells in
the region whose locations were not known. Total average pumping rate of the region was taken
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as 53 Mm3 as an average till 2008. Distribution of pumping rates in the region is shown in Figure
43.

Managed aquifer recharge site was put as an injection well with the average estimated

recharge of 0.2 Mm3/year.

Figure 43 Pumping Rates estimated for the region (m3/s)
(Black boundary line describes the modelled area whereas the different colours refer to different zones formed in the region)

5.6.3.3.

Head dependent flux

General head boundary package (GHB) was used to define the input coming from Lebna dam whose
flux depends on the hydraulic head differences. The head was kept based on the DEM of the area, and
the hydraulic conductivity value was initially kept around 0.4 m/day, which was used for calibration of
the model.

5.6.4. Observation
5.6.4.1.

Head Observation Package

The yearly well data for 44 piezometers from 1972 to 2008 was averaged for setting the steady-state
groundwater flow model described in Table 18. During the processing of groundwater head data many
inconsistencies were observed within the data provided by the government institutions and also with the
private research institutions (that collect primary data). These inconsistencies were in altitude and
coordinates of the wells. Nonetheless, after verification from research papers, google satellite and DEM,
the coordinate and altitude uncertainties were addressed.
Table 18 Observation wells with their head value in meter and count
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Well

Altitude

ID

Hydraulic

Count

Well ID

Altitude

head(m)

Hydraulic

Count

head(m)

ob1

41.6

31.8

37

ob23

16.5

-4.2

12

ob2

12.0

2.1

36

ob24

15.5

-4.1

15

ob3

43.0

30.6

33

ob25

15.0

-1.7

17

ob4

42.0

33.8

37

ob26

14.5

-1.2

15

ob5

49.6

39.3

24

ob27

12.5

-2.1

14

ob6

17.9

-2.6

28

ob28

20.5

-11.1

14

ob7

7.0

3.7

37

ob29

10.5

-6.5

12

ob8

97.8

84.8

37

ob30

9.5

-7.5

14

ob9

6.7

4.2

37

ob31

17.8

-4.4

13

ob10

9.2

-0.9

36

ob32

17.7

9.2

31

ob11

20.0

-9.5

12

ob33

18.8

-3.9

25

ob12

84.2

76.7

16

ob34

9.0

0.9

31

ob13

26.8

17.4

14

ob35

17.0

-3.2

31

ob14

10.5

0.0

7

ob36

24.0

-0.9

14

ob15

20.5

8.8

7

ob37

26.6

5.8

31

ob16

21.0

14.0

25

ob38

7.0

3.0

31

ob17

6.5

2.3

16

ob39

5.7

0.8

31

ob18

6.5

2.5

16

ob40

15.5

3.6

28

ob19

5.5

4.4

16

ob41

12.0

-2.7

10

ob20

21.0

6.1

7

ob42

26.0

-2.7

9

ob21

12.5

-2.0

6

ob43

21.0

-0.5

31

ob22

11.5

-4.8

6

ob44

9.6

4.7
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5.6.5. Initial model Run
Steady-state groundwater flow model was run for one year. The model results were analysed to see the
model responses. There was an underestimation of the hydraulic head values in most of the observation
wells (e.g. ob12, ob8, ob23, ob11, ob25 etc.) while in some of the wells the hydraulic heads were also
overestimated (e.g. ob41, ob4, ob3, ob41 etc.). Nevertheless, overall PBIAS indicates the
underestimation of the hydraulic heads in the region. Figure 44 shows the scatter residual plot with
different errors estimated for the groundwater flow model with initial groundwater parameter.
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Figure 44 Scatter plot showing the difference between observed and simulated heads with estimated errors based on the first
model run with initial parameter values

Figure 45 Hydraulic head estimation based on initial model parameters
(Black boundary line describes the modelled area, dotted lines represent the hydraulic headlines, different colours refer to
changes in contour grid, the circular symbol refers to the residual heads, royal blue polygon shows dam and aqua colour
represents the constant head boundary of the sea)

According to the hydraulic head estimations for the region, the depression area in the central part of the
aquifer showed the decrease in hydraulic heads up to -45 m which was a lot more exaggeration of the
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real conditions in the region. The northwestern part of the aquifer showed overestimation of the hydraulic
heads and southwestern part showed an underestimation of hydraulic heads (Figure 45).
The water budget (Table 19) shows that the main contributor in Korba aquifer system is the recharge from
precipitation. Whereas, seawater intrusion and flux from the dam are also significant inputs for the
groundwater recharge. In the outputs, it was observed that pumping rates (abstraction from wells) are
main contribution in the depletion of groundwater. The total recharge and total abstraction in the region
were overestimated as compared to the one estimated for the region using the past literature and
collected data. Also, the dam recharge put as GHB, which was previously estimated as 7.5 Mm3 (2004)
was overestimated to 11.08 Mm3. There was no discrepancy found in the inputs and outputs, but the
hydraulic head underestimation along with dam recharge and well abstractions overestimations required
improvement in the model parameters.
Table 19 Water Budget of first model run with initial parameters values

Flow terms

Input
(m3/sec)

Input
(Mm3/year)

Output
3

(m /sec)

Output
3

(Mm /year)

Input

-

Input

Output

Output

(m3/sec)

(Mm3/year)

Sea

0.38

11.9

0.40

12.50

-0.02

-0.51

Recharge

1.69

53.3

-

-

1.69

53.30

Well

-

-

1.76

55.50

-1.76

-55.47

Dam

0.35

11.08

0.26

8.40

0.085

2.680

Total

2.42

76.37

2.42

76.37

0

0

Discrepancy

0%

-

abstraction

5.6.6. Calibration
5.6.6.1.

Selection of calibration parameters

To improve the groundwater flow model, the main priority parameter for calibration was selected as
hydraulic conductivities because the region shows heterogeneity with the complex spread of main four
aquifer media type contributing to 19 different zones formation. Also, with in the same aquifer media,
the hydraulic conductivity values can vary a lot, but initially same aquifer media zones were assigned
same hydraulic conductivity values where there was no past hydraulic conductivity value was estimated
using pumping test. The second parameter which was altered was the recharge rate zones as previously
it was roughly estimated from the past developed map which was needed to be updated. The dam
hydraulic conductivity value was also adjusted accordingly to allow approximately 7.5 Mm3/year of
groundwater recharge.

5.6.6.2.

New parameter values for the calibrated model

The model calibration was done manually by trial and error method for reduction of discrepancies
between the modelled and observed head values. The hydraulic conductivity values were altered firstly
within the range of 10-4 to 10-7 m/s set by the pumping test hydraulic conductivity estimations. The
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percentage of alteration in the hydraulic conductivity values from the initial set values can be observed
in Figure 46. Most of the hydraulic conductivity zones lie in the value range from 10-4 to 10-5 m/s (Figure
47) which have been reported by Kerrou et al. (2010) and Gaaloul et al. (2012).

Figure 49 shows new recharge rate map with hydraulic conductivity values in m/day. The recharge
rates were also used to calibrate the model where the maximum increase of 60% of the initial value
for recharge zone r10 was carried out while other zones were altered up to maximum 20% of the initial
value (Figure 48). The average recharge rate was estimated as 21.9% of the precipitation, which was
within the range reported by Kerrou et al. (2010) previously.
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k23 k31

Figure 46 Graph showing the percentage of hydraulic conductivity zones values altered from the initial set values for model
calibration
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Figure 47 Hydraulic conductivity values for 19 established zones in m/day after model calibration
(Black boundary line describes the modelled area, different colour in the map represents different zones)
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Figure 48 Graph showing the percentage of recharge zones value altered from the initial set values for model calibration
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Figure 49 Recharge values for 9 established zones in m3/s after model calibration
(Black boundary line describes the modelled area, different colour in the map represents different zones)

The hydraulic conductivity values kept for the dam was also varied to get the upgraded model fit. The
initial value (0.43 m/day) of dam hydraulic conductivity was changed to 0.17 m/day, which resulted in
the contribution of almost 7.5 Mm3 of recharge to the aquifer. This dam recharge was also reported by
Brebbia et al. (2011).

5.6.6.3.

Post-calibration results

Figure 50 shows the scattered residual plot after calibration. The ME error was reduced to 0.05 m which
was the lowest among all error methods as it cancels out the over and underestimated values. The
highest error was RMSE (4.99 m) which depicts the impact of larger errors. There was similarity
observed in MAE and RMSE error, whereas PBIAS and ME values were also similar to each other.
Hydraulic head estimated by the calibrated model is shown in Figure 51. The lowest head observed was
-7 m, whereas the highest observed is 122 m.
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Figure 50 Calibrated Observed and modelled heads with the error estimations based on new parameter values

Figure 51 Hydraulic heads after the model calibration
(Black boundary line describes the modelled area, dotted lines represent the hydraulic headlines, different colours refer to
changes in contour grid, royal blue polygon shows the dam, yellow dots represent observation wells, and aqua colour
represents the constant head boundary of the sea)

5.6.6.4.

Model Uncertainties

Head residual values are shown in Figure 52. Though, the overall error was reduced to less than 5%,
which was considered reasonable based on the observed heads and groundwater flow directions.
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Nevertheless, the existent uncertainty is still quite high in obs5, obs4, obs6, obs28, obs11, obs41, obs13,
obs28, obs29, obs42 and obs8. These high discrepancies between the modelled and observed values
can be explained by multiple factors:
1.

Limited data present in the region

2.

The discrepancy between data provided by governmental and private institutions, and past
literature especially related to altitude and coordinates of observation wells

Conceptual model simplification also increased errors in the model due to the simplification of the aquifer
layer during interpolation. DEM transfer from 30 m DEM to 200 m grid cells is also a major reason in the
model uncertainty because of huge elevation differences that initially led to a non-convergence error
during the model setup stage.

Figure 52 Head residuals map for the calibrated model
(Black boundary line describes the modelled area, the circular symbol refers to the residual heads, royal blue polygon shows
dam and aqua colour represents the constant head boundary of the sea)

Additionally, exclusion of wadis input due to a low river conductivity values and simplified pumping wells
zone can also have impacts on model accuracy. Moreover, Korba aquifer is highly heterogeneous, so
the hydraulic conductivity may also vary within the initially established zones. Recharge map was also
a rough estimation for the region.
Given these limitations, setting a steady-state model is not sufficient to understand the groundwater flow
completely, therefore the development of a transient model can provide better results as most of the
aquifers are not in steady-state [125].
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5.6.7. Water budget
According to the water budget (Table 20), the well abstractions (53Mm3/year), recharge from the dam
(7.5Mm3/year) and % of recharge from precipitation (48.8 Mm3/year) was consistent with Kerrou et al.
(2010) estimations [79]. The total recharge (including dam fluxes) was estimated as 53.8Mm3/year,
which shows 7.6% of deviation from the total recharge reported by DGREE (50Mm3/year) [74]. The
seawater intrusion was observed around 9.80Mm3/year, which further verify the water type identified
and dominant process in Korba aquifer.
Table 20 Water budget of calibrated model

Flow terms

Input
(m3/sec)

Input
(Mm3/year)

Output
3

(m /sec)

Output
3

(Mm /year)

Input

-

Input

-

Output

Output

(m3/sec)

(Mm3/year)

Sea

0.31

9.80

0.33

10.45

-0.02

-0.65

Recharge

1.55

48.82

-

-

1.55

48.82

Well

-

-

1.69

53.18

-1.69

-53.18

Dam

0.24

7.68

8.50E-02

2.68

0.16

5.00

Total

2.10

66.30

2.10

66.30

0

0

Discrepancy

0%

abstraction/
injection

5.6.8. Effect of MAR Site established
MAR site was established using injection well in the model and the model was again run to see the
impact of MAR on the heads and total water budget.
In MAR application, the total amount of recharge 670m3/day was quite less compared to the total
recharge in the region and water coming from the MAR site though travels towards the depression area,
its amount is negligible (0.2 Mm3/year) shown in , orange point represents MAR site

Table 21.

After the MAR application, the minimum head was reduced to -6.9m (Figure 53). There was

very little change in observed heads because the amount of recharge which is coming from the MAR
was nullified by reduced seawater intrusion. Total amount infiltrated in the aquifer was quite less as
compared to the amount of sea water intrusion. The infiltration capacity (1500m3/day) of MAR is double
the amount infiltrated, that is why this capacity should be improved in future for better results [83].
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a.

b.

Figure 53 Difference between the hydraulic heads before and after MAR
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(a, before MAR established b. after MAR established, Black boundary line describes the modelled area, dotted lines represent
the hydraulic headlines, different colours refer to changes in contour grid, royal blue polygon shows the dam and aqua colour
represents the constant head boundary of the sea, orange point represents MAR site

Table 21 Water budget after addition of MAR site

Flow terms

Input

Input

Output

Output

Input

(m3/sec)

(Mm3/year)

(m3/sec)

(Mm3/year)

Output
3

-

Input

-

Output

(m /sec)

(Mm3/year)

Sea

0.30

9.57

0.33

10.45

-0.03

-0.90

Recharge

1.55

48.82

-

-

1.55

48.82

Well

7.76E-03

0.245

1.69

53.18

-1.68

-52.91

Dam

0.24

7.67

8.50E-02

2.68

0.16

4.99

Total

2.10

66.31

2.10

66.31

0

0

Discrepancy

0%

abstraction/
injection

5.6.9. Climate Change Scenario
Climate change scenario according to the predicted changes in temperature, precipitation, runoff and
recharge was set. The recharge rates of the region were decreased by 5.5% whereas the pumping rates
were increased by 8% to estimate the scenario for the 2100 year in future based on rcp8.5. The
assumption was made that water demand remains the same in the region. The result showed that the
central depression area would increase and expand more towards the southern part, the lowest
groundwater head was up to -11m in the central part of Korba aquifer (Figure 54). The saltwater intrusion
will also increase by 3Mm3/year according to the water budget. Thus, further resulting in deterioration of
groundwater quality, which will make the agriculture activity dependence on groundwater more
incompatible in the Korba region.
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Figure 54 Hydraulic heads of the aquifer 100years in future based on the climate change scenario
(Black boundary line describes the modelled area, dotted lines represent the hydraulic headlines, different colours refer to
changes in contour grid, royal blue polygon shows dam and aqua colour represents the constant head boundary of the sea)

5.7. CONSERVATIVE SOLUTE TRANSPORT MODELLING
As caffeine was not detected in the groundwater, so only carbamazepine was used to establish a
groundwater flow model. carbamazepine being the most conservative emerging pollutant was better
suited for the conservative solute transport. To set a conservative solute transport model, MT3DMS
simulator was activated with following packages;
•

Basic transport package

•

Advection package

•

Dispersion package

•

Sink and source mixing package

Complete groundwater flow modelling area was used as the MT3DMS active area. The initial
concentration of the model was assumed as zero in all the aquifer. The layer thickness was kept the
same. The porosity of the region was kept the lowest reported in the literature (to get the worst scenario)
as 0.10 and longitudinal dispersivity value was kept as 400m as reported by Kerrou et al. (2010)[89].
The initial concentration coming from the MAR wastewater injection was set as the average obtained
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from the treatment plant that is 635ng/L with the assumption that wastewater quality is not changing
with time.

5.7.1. Current Scenario
Firstly, the model was run to know the plume spread in 10 years. The results (Figure 55) showed that
the plume covers the area where concentrations were observed and expected to come from the MAR
wastewater injection. The total area of plume spread was approximately 9 km2.The modelled
concentrations of carbamazepine were overestimated than observed carbamazepine concentration in
the groundwater because conservative solute transport does not consider adsorption from the
unsaturated zone. According to the results of the pharmaceutical, adsorption from the unsaturated zone
of carbamazepine accounted for a major portion which cannot be considered in the model as described
in results of carbamazepine. Therefore, the current focus of the research was to observe the plume
spread of carbamazepine rather than the concentration values. The results showed that the plume is
moving towards the central depression located northward along with dispersion.

Figure 55 Current Spread of plume after 10 years of MAR site operation with sampled carbamazepine concentrations
(Black boundary line describes the modelled area, dotted lines represent the hydraulic headlines, royal blue polygon shows
dam, yellow dots represent observation wells with concentrations of

carbamazepine, the black colour indicates no

concentration detected coming from MAR site, purple to yellow colour represent the plume concentration from low to high
respectively and aqua colour line represents the constant head boundary of sea)

5.7.2. Plume of climate scenario for year 2100
The model was then run for the 2100 year based on the climate projection 5.5% decrease in recharge
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and 8% increase in pumping rates along with the assumption that water demand and treated wastewater
quality remains the same. The result is shown in Figure 56. As the depression in the region is predicted
to grow with time, so the plume direction is seen to change accordingly. The spread of the plume is also
expected to be much higher than the current scenario as expected with the continuous injection of
wastewater in MAR site. The total area of plume spread estimated was approximately 16 km 2. This
scenario shows a rough estimate of water quality deterioration in the Korba aquifer not only by the
saltwater intrusion but also from the carbamazepine spread which will make the condition even worse if
no preventive and mitigation measures are taken in future.

Figure 56 Plume spread after 100 years of wastewater infiltration
(Black boundary line describes the modelled area, dotted lines represent the hydraulic headlines, royal blue polygon shows
dam, yellow dots represent observation wells with concentrations of carbamazepine, the black colour indicates no concentration
detected coming from MAR site, purple to yellow colour represent the plume concentration from low to high respectively and
aqua colour line represents the constant head boundary of sea)
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Chapter 6
Conclusions and
Recommendations
6. Conclusions and recommendations
This chapter will describe the important conclusions and recommendations of the study for the
researchers and the stakeholders.
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6.1. CONCLUSIONS
Timely monitoring of the performance of MAR sites is essential to maintain a contaminant-free
groundwater system. In this case study in Korba coastal aquifer, Tunisia, an EP analysis was carried
out to comprehend the potential risk associated with treated wastewater infiltration in Korba MAR site.
According to the EP analysis conducted using SPE-RP/HILIC/MS, carbamazepine, atenolol, caffeine
and roxithromycin were found in treated wastewater but caffeine and roxithromycin were below the
detection limit (250ng/L) and quantification limit (3.8ng/L) respectively. Sulfamethoxazole was not found
in the treated wastewater. Detected groundwater concentrations were overall ten-fold lower than the
treated wastewater concentrations. Among all the prospective EP, Fluconazole, carbamazepine and
sulfamethoxazole were detected to emerge from the MAR site. Sulfamethoxazole concentration present
in groundwater near MAR site gives indication of the past contamination as presently not detected in
MAR source water. EP concentrations in groundwater away from the MAR site gave indications of
sewage leakages and agricultural seepage in the area.
To understand the dominant processes occurring in groundwater, physiochemical analysis was
conducted. Saltwater intrusion was the most dominant process occurring in the aquifer with gypsum and
halite weathering as the main water type (CaCl) shows. Nitrates concentrations were quite high and
relatively oxic conditions (DO>5 mg/L) were observed in the groundwater and treated wastewater which
is believed to facilitate the degradation of roxithromycin and atenolol during the infiltration processes
and in the groundwater as well. While the high nitrates in groundwater is believed to attenuate the
sulfamethoxazole degradation. Carbamazepine removal was due to adsorption from the unsaturated
zone due to its high affinity towards soil media as compared to water whereas caffeine was believed to
be adsorbed as well as biodegraded. Therefore, MAR was not detected as the main source of EP. The
treated wastewater quality provided to the MAR site does have some concentrations of EP, but the
concentrations of EP have a limited transfer to the groundwater.
Steady-state groundwater flow model established as an initial step for the conservative solute transport
modelling showed reasonable groundwater head estimations with RMSE and MAE as 4.99m and 3.44m
respectively. The depression in the central Korba region with the seawater intrusion process occurring
in the aquifer was verified as described in literature. MAR site recharge contributions were not noticeable
in the groundwater heads, and it does not affect the total water balance either. This is because the
amount of volume coming from MAR replaced the part of volume coming from the Mediterranean Sea.
Conservative solute transport model identified the plume spread in the central Korba aquifer towards
the central groundwater depression area. Under the climate projection rcp8.5 the groundwater depletion
increased in severity with growth of the central depression towards the southern part. Following the
development in depression area, the contaminant plume spread is expected to worsen by 2100. In the
carbamazepine conservative solute transport model, the disparity was seen between concentration
modelled and concentration observed. This was due to high adsorption of carbamazepine from the
unsaturated zone, which could not be considered in the model. Thus, in future, reactive solute transport
model should be established.
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It will be more accurate to say that MAR is taking part in the groundwater pollution but it’s not the main
source of pollution in Korba. Overall, the decreasing water quality along with the groundwater depletion
can result in serious consequences in future. Agriculture will be directly affected in terms of crop
production and crop quality not just because of the groundwater deterioration but also due to the
pharmaceuticals storage in soils which seems to be dominant in the region. In future with increased
population growth, this scenario has been shown to be affecting the food security not only of Tunisia but
also the countries who are importing food from Tunisia.

6.2. RECOMMENDATIONS
6.2.1. For future research
Based on the research outcomes, better understanding of the EP sources is very important. A detailed
survey of the area, especially the sanitation system and the septic tank-based toilets in the region along
with the type of pharmaceutical active compounds and veterinary medicines used locally is required.
To set a better groundwater flow model, well-maintained and reliable data source is a primary need.
There should be more monitoring stations established with frequent and timely measurements for better
understanding of the seasonal fluctuations in the groundwater flow model. The data collection and
maintenance should be done by trained staff with adequate knowledge about the purposes for which
data is important and how it should be maintained. Communication between the data collector and data
maintainer is also very essential for further processing. Installation of rain gauges and river discharge
measurements should also be given priority to better understand the role of rivers in the aquifer.
In groundwater flow model, the interpolation of aquifer layers should be considered most sensitive in the
model as the area has huge elevation differences over a distance of few meters. Automatic calibration
tools should be used for better calibration results along with sensitivity analysis to know the model
reaction concerning each zone of different calibrating parameters.
As a next step in the groundwater flow modelling, transient state model should be established as most
of the aquifers are in transient state. This could help to understand the groundwater flow and the
contaminant flow in a more accurate and detailed manner for past, present and future trend but the data
required to establish a transient model is required. In the case of contaminant transport model, reactive
solute transport model should be established which could also consider the adsorption and
biodegradation in the unsaturated zones.

6.2.2. For stakeholders
Based on the results, it can be concluded that MAR does not have a pronounced effect in reversing the
situation of saltwater intrusion or the groundwater depletion as the recharge contribution from the MAR
site is negligible compared to recharge and abstraction and saltwater intrusion. MAR is also not utilised
according to its maximum capacity (i.e. 1500 m3/day). Therefore, it is recommended to optimize the
quantity and quality of the treated wastewater dedicated to recharge at the MAR site. More recharge
sites need to be developed near the coastal area with a better quality of the treated wastewater to
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overcome the current dilemma of over-abstraction, saltwater intrusion and contamination in the region.
The EP results showed some concentrations in regions away from the MAR site especially in well IDW2 and S6, which highlights sewage system leakage from septic tank-based toilets. There is an
immense need to identify the main sources either coming from a point source or non-point source so
that preventive measure can be taken. Therefore, environmental and water institutions should put
special focus on the detailed investigation on the sewage system and septic tank leakages along with
the investigation on major nonpoint source pollution coming from agricultural seepage. In addition to
that, the governmental organizations should take steps to improve the maintenance of the data collected
in the region. There is need to bridge the gap between the data collectors, data processors and the data
users (like researchers) which can be done by adequate training.
Moreover, river discharge stations, observation wells, climatic and hydrogeological data collection need
to be improved in terms of quality and quantity to facilitate research studies in the region. Detailed
surveys from private farmers should be conducted to know the present water abstractions from the
aquifer to update the past established data.
Another major hurdle in data collection which needs to be addressed is data access to the researchers
which leads to repeated data collection making the research process ineffective and inefficient. It is
recommended to improve coordination within the government institutions and with private institutions
and researchers for ease in research.
Based on the evidence that inadequately treated wastewater used in MAR site is adversely affecting the
groundwater quality, additional treatment of the wastewater is suggested. Besides that, proper MAR
guidelines should be established and implemented in the region.
As this research is a preliminary step to more in-depth research for EP, research institutions are
recommended to focus on EP monitoring in future not only in water but also in soils and crops to study
any risk to human health and environment.
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Annex 1
Water quality and emerging
pollutant analysis
Water quality and emerging pollutant analysis
Annexes contains the pictures of the fieldwork, SPE analysis, correlation matrix of water quality,
Tunisian water quality standards

Table 22 Tunisian Water quality standards for discharges in river, sea, canals
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Table 23 Correlation matrix for physio-chemical analysis

Washing equipment

Filtration
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EDTA addition

Adjusting pH 2.5

Cartridge Preconditioning

Spiking samples

Sample loading

Rinsing cartridge
Figure 57 SPE-process
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Table 24 Physiochemical analysis of Korba groundwater
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MAR Site

Pharmaceutical

sample

Physiochemical analysis

Data collections

MAR site sample collection

Data collection

COD analysis

TSS analysis

collection

Sulphate Analysis

Figure 58 Fieldwork Pictures
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