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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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1. Introduction
The study area of this research is coastal Korba aquifer, Tunisia shown in Figure 1. 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.
Main economic activity driving the development of Korba region is agriculture therefore water abstraction of the area is
elevated especially in the central part of the Korba region [1]. The rapid increase in water abstraction of Korba coastal
aquifer from the past 50 years has adversely affected water quantity and is now compromising water quality due to the
consequent salt-water intrusion from the sea into the aquifer. 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 [2]. This increasing 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 [3]. Therefore, 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,

Figure 1 Study area
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1988 and 1996 and observed a definite increase in the sea-water intrusion trend over the years [3].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 [4]. Kerrou et al. (2010) also considered excessive groundwater exploitation as a cause for saltwater intrusion because
of piezometer decline in the coastal area and concluded that it will take almost 60 years to recover, if the overexploitation is
stopped in 2012. Also he recommended to establish a MAR site [33][3]. In 2008, MAR site using wastewater was established
to improve the situation of deteriorated water quality and quantity due to saline intrusion [2]. MAR site was built about 300m
north of wastewater treatment plant 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 1500m 2 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.
Ouelhazi et al. (2013) analysed the hydrogeological 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 1.5 m in piezometric level
was observed. The study pointed out that this increase in piezometric level worked as resistance against sea-water intrusion in
the region. Thus, reducing the salinity to some extent in the coastal zone around MAR [6].
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 [7]. Few other research were conducted on heavy metals, and nitrates
spread in groundwater [2][2][8] but almost no research study exist in the region on the emerging pollutants (EP).
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 [9]. 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 [10]. Table 1 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 1 Emerging Pollutant concentration in influent and effluent of Korba water treatment plant (ng/L) [10]
Compounds
Caffeine

Influent (ng/L)
25,188

Effluent (ng/L)
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.
The objectives of the study are:
•
•

Evaluation of effectiveness of MAR in Korba aquifer
Identification of current risks imposed by MAR of EP in Phreatic Korba aquifer

2. Methodology
The research design shows the outline of the methodology which was used to achieve the objectives of this master’s thesis.

2.1. Data collection
First step was the primary and secondary data collection which included literature research, retrieving data from concerned
organizations, field riverbed conductivity experiments and sampling. In data collection phase, first identification of 30
appropriate sampling wells in the central Korba region, then sample collection for the EP analysis and physicochemical
analysis were done for groundwater and treated wastewater. Riverbed conductivity measurements were also planned in three
points each of the two main river Chiba and Lebna. In addition to that, hydrogeological secondary data was retrieved
for
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piezometer, borelogs, pumping test and transmissivity from relevant water organizations and literature. 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.

2.2. Data Processing
All hydrogeological data was processed using QGIS and Surfer to produce hydrogeological maps that can be used in setting a
sound groundwater flow model. 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) [11] based on which the
historical and future climate scenario were downscaled from 1961 to 2100 using statistical downscaling model SDSM. 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 future scenario (year 2100).
Moreover, physiochemical analysis was done to identify the water quality, dominant processes and major water type of the
groundwater. EP quantification analysis was done by Solid phase extraction method (SPE) reversed-phase hydrophilic
interaction liquid chromatography system (RP-HILIC) and mass spectrometery (MS). Among the 19 compounds (atenolol,
azithromycin, carbamazepine, cefuroxime, cefotaxime, clarithromycin, clindamycin, fluconazole, caffeine, penicillin,
piperacillin, roxithromycin, sulfamethoxazole, vancomycin, ciprofloxacin, levofloxacin, doxycycline, amoxicillin and
trimethoprim) studied, only five (atenolol, carbamazepine, sulfamethoxazole, roxithromycin and caffeine) were quantified.

2.3. Groundwater flow modelling
All the Processed hydrogeological and climatic data gave a clear understanding of the Korba aquifer important inputs and
outputs resulting in development of a sound conceptual model. A steady state groundwater flow model was set based on the
conceptual model using Modular Three-Dimensional Finite-Difference Groundwater Flow Model (MODFLOW).
Groundwater flow model calibration was done by trial and error method using hydraulic conductivity data and recharge rates
keeping the error limit of 5m. According to the resultant hydraulic head, rcp 8.5 scenario for year 2100 was produced.

2.4. Contaminant Transport modelling
After the groundwater flow modelling last stage was to develop the conservative solute transport model depending on the
detected EP using Modular Transport, 3-Dimensional, Multi-Species model (MT3DMS). After contaminant concentration
calibration, then contaminant transport modelling for year 2100 based on scenario rcp8.5 was planned.

Figure 2 Research design

3. Results and discussion
3.1. Water Type
Piper plot shown in Figure 3 indicates that the most prominent cation in Korba phreatic groundwater 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
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analysis near the MAR site, NaCl was found as the dominating compound whereas present study shows CaCl as the dominating
one [9]. 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).
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
4. 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.

Figure 3 Piper plot of all groundwater and
treated wastewater samples

Figure 4 Stuyfzand water type distribution

3.2. Treated wastewater quality
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 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 [12], but extremely high electrical conductivity, chloride content and sodium content are due to the use of
Korba groundwater for household purposes [2].

3.3. Gibbs Diagram
Gibbs diagram helps to understand the water quality relationship with the aquifer characteristics, especially in arid and semiarid regions of the world [13]. 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 [14]. Figure 5 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 o ther
processes, including rock weathering, dissolution and precipitations.
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a

b

Figure 5 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) [15]

3.4. Saturation Index (SI)
Saturation index was used to investigate whether a specific compound will precipitate out or stay dissolved in the groundwater
[16]. The SI of gypsum was 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 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 [9].
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Figure 6 SI of a. gypsum, b. calcite, c. dolomite and d. halite

3.5. EP detected in treated wastewater and groundwater
The results showed 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 logK ow values of vancomycin (-3.1),
cefotaxime (-0.5) and cefuroxime (-0.16) contradicts with their adsorption as they are 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 [17][18][19]. 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 [20][21][22][23]. Carbamazepine, caffeine,
roxithromycin,
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fluconazole, levofloxacin, sulfamethoxazole and azithromycin were detected in groundwater samples 65%, 8%, 4%, 38%, 4%,
54% and 8% respectively (Figure 7).
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 needed to study the longterm effect of EP in groundwater because lack of monitoring means no strategies can be set for future.

Figure 7 Number of pharmaceuticals detected overall in the groundwater samples

3.6. EP quantified in treated wastewater
Results of the treated wastewater samples are given in Table 2. 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 [9], [10].
Compounds
Atenolol (ng/L)
Roxythromycin (ng/L)
Carbamazepine (ng/L)
Caffeine (ng/L)
Sulfamethoxazole(ng/L)

Table 2 Concentration calculated for the treated wastewater (ng/L)
Maximum
Minimum
Average
Standard Deviation
157.22
92.69
116.18
35.66
<LoQ
<LoQ
<LoQ
<LoQ
727.9
575.90
635.13
81.33
<LoD
<LoD
<LoD
<LoD
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 logK OW (1.7) and solubility (187 mg/L) so adsorption process
is favorable. The research concluded that roxithromycin removal rate by adsorption can be above 50% [24] [25].
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 [26]. 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[27][25]. 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
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is quite normal for the Korba MAR site [28].

3.7. Emerging pollutant quantified in 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*10 5
mg/L) is quite high in water so it is less likely that adsorption happened 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 [20]. 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. 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+[21]. 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

Caffeine
Caffeine was found below the limit of detection in total of two groundwater samples ID-S2 and ID-T11 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 [29]. This is probably because of high degradation rate and sorption rate that
allowed its attenuation while passing through the saturated zone of filter media [30][29][31].

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 8. 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 [32]. Drillia et al. (2005) concluded in her research that presence of nitrogen in the environment
can decrease readily the sulfamethoxazole degradation [33][28]. 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 [34][35]. It can be also observed in Figure 8 that mostly the concentrations are detected near the urban areas.

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 9 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
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has a lower degradation rate and is considered persistent once reaches groundwater [36]. 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 [9]. 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 [37]. 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/ [38]. 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.

Figure 8 Spatial distribution of sulfamethoxazole in
central Korba region

Figure 9 Spatial distribution of carbamazepine in central
Korba region

3.8. Steady state groundwater flow modelling
Conceptual model
A simplified version of the phreatic Korba aquifer is depicted in Figure 10 that represents the vital inflow and outflow in the
concerned system based on the understanding. Only phreatic plio-quaternary aquifer was considered significant as underlying
miocene layer of impermeable marls and sandstone extends up to 1200m that act as a barrier for interaction betweenphreatic
aquifer and underneath confined aquifers [29],[37]. Precipitation was the main water inflow in the aquifer system, that
recharges the aquifer system. Lebna dam (located on western boundary slightly towards north) and MAR site were also
considered for the recharge to the aquifer. The recharge from wadis was neglected as it was relatively negligible to the to tal
recharge of the aquifer. 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 riverbed was merely a mixture of peat clay and very fine sand. Therefore, rivers
input was deemed negligible in the region. Irrigation return flow were also deemed negligible due to the use of drip irrigation
in the area. Evapotranspiration, discharge to the Mediterranean Sea, recharge to dam and well abstractions were significant
water outflows from the aquifer system.
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Figure 10 Conceptual Model of Korba Groundwater System

Steady state groundwater flow model model setup
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. In the model,
DEM was put as a top layer of the phreatic aquifer. While the bottom layer of the phreatic aquifer was established using the
geological contact points retrieved from the hydrogeological cross-sections of the Korba region. The layer was developed
using Golden Surfer software by minimum curvature interpolation method. 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) and approx. 11 km approximately in the southern part upstream, the wetting package (UWP) together with MODFLOWNWT solver was used.
Model Flow Parameter
The horizontal hydraulic conductivity zones were defined in the upstream wetting package. Hydraulic conductivity zones were
created based on the aquifer media type along with the hydraulic conductivity values (range 10 -4 to 10-6). Nineteen horizontal
hydraulic conductivity zones in total with four main aquifer media type were created. Due to the uncertainty of hydraulic
conductivity data it was calibrated.
Boundary conditions
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. Recharge package (RCH) - 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, the values were used to calibrate
the model. Due to the negligible riverbed conductance, recharge from wadis was eliminated from the model. Well package
(WEL) – Pumping well zones were developed instead of placing pumping wells separately to avoid complications as there
were more than 7000wells in the region. Average pumping rate till 2008 was estimated as 53 Mm 3/year. Managed aquifer
recharge site was put as an injection well with the average estimated recharge of 0.2 Mm 3/year. General head boundary
package (GHB) – It was used to define the input coming from Lebna dam. 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.
Observation
Head Observation Package was 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. The yearly well data for 44 piezometers from 1972
to 2008 was averaged for setting the steady-state groundwater flow model.

Calibration
The hydraulic conductivity values were altered firstly within the range of 10-4 to 10-7 m/s. Most of the hydraulic
conductivity
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zones lie in the value range from 10-4 to 10-5 m/s which have been reported by Kerrou et al. (2010) and Gaaloul et al. (2012).
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. The average recharge rate
was estimated as 23% of the precipitation, which was in agreement with Kerrou et al. (2010) previously. The reservoir bed
conductance was also varied to get the upgraded model fit. The final value of the reservoir bed conductance was 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).
Scattered residual plot (Error! Reference source not found.) shows the relation of simulated and observed hydraulic heads
with the calculated error limited to <5m.The mean error (ME) was reduced to 0.05 m which was the lowest among all error
methods as the summation of positive values (error due to underestimated) and negative values (error due to overestimated)
neutralizes the mean error. The highest error was root mean square error (RMSE) (4.99 m) which define the impact of larger
errors. There was similarity observed in mean absolute error (MAE) and RMSE error, whereas, percentage bias (PBIAS) and
ME values were also similar to each other. Hydraulic head estimated by the calibrated model is shown in Figure 12. The lowest
head observed was -7 m in the central Korba region, whereas the highest observed is 122 m. This indicates that the water is
flowing in the Korba region from higher hydraulic head to lower hydraulic head in the central korba region from west and
east.
100
ME (m)
MAE (m)
RMSE (m)
PBIAS (%)
Variance
Correlation (%)

Simulated heads (m)

80

ob8

0.05
3.44
4.99
0.77
12.49
0.93

ob12

60
ob4

40

ob3
ob13

ob5
ob1

ob16
ob39 ob15
ob32
ob6
ob41
ob20
ob37
ob38
ob18
ob9
ob7
ob19
ob17
ob42
ob2
ob14
ob43
ob35
ob44
ob11
ob29
ob30
ob10
ob28
ob25
ob40
ob36
ob23
ob21
ob26
ob22
ob34
ob33
ob27
ob31
ob24

20

0

-20

0

20

40

60

80

100

Observed heads (m)

-20

Figure 11 Calibrated Observed and modelled
heads with the error estimations based on new
parameter values
Water budget

Figure 12 Hydraulic heads after the model calibration

The calculated water budget (Table 3) shows that the well abstractions is 53 Mm 3/year, recharge from the dam is 7.5 Mm3/year
and recharge from precipitation is 48.8 Mm 3/year with the seawater intrusion about 9.80 Mm3/year. The obtained results were
consistent with Kerrou et al. (2010) estimations [5] nonetheless, the total recharge reported by DGREE (50 Mm3/year) was
less than the total recharge estimated (including dam fluxes) which was 53.8 Mm 3/year. In total there was 7.6 % of deviation
from the total recharge reported by DGREE (50 Mm 3/year) [2]. The results imply that the main input to the aquifer is from the
precipitation (natural recharge) while the main output in the region is the huge abstraction rates but seawater intrusion also has
a significant share.
Flow terms

Input
(m3/sec)

Table 3 Water budget of calibrated model
Input
Output
Output
(Mm3/year)
(m3/sec)
(Mm3/year)

Sea
Recharge
Well
abstraction/
injection
Dam
Total

0.31
1.55
-

9.80
48.82
-

0.33
1.69

10.45
53.18

Input
Output
(m3/sec)
-0.02
1.55
-1.69

0.24
2.10

7.68
66.30

8.50E-02
2.10

2.68
66.30

0.16
0
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-

Input
Output
(Mm3/year)
-0.65
48.82
-53.18

5.00
0

Discrepancy

0%

Effect of MAR Site established
The total amount of recharge 0.2 Mm3/year is quite low compared to the total natural recharge in the region. The minimum
head was increased by 1m (Figure 13). MAR site recharge contributions were not noticeable in the groundwater heads, and
MAR has relatively small effect on the total water balance. This is because the amount of water volume originating from MAR
replaces only part of sea water volume coming from the Mediterranean Sea. Thus, MAR can reduce saltwater input but at the
current stage is only of the order of 3%. The total amount of treated wastewater infiltrated through MAR in the aquifer was
indeed lower than the actual capacity of the MAR site. To effectively reduce salt intrusion significantly the capacity should be
doubled considering that MAR infiltration capacity is 1500m3/day [40].
a. Before MAR established

b. After MAR established

Figure 13 Difference between the hydraulic heads before and after MAR

3.9. Downscaling climate data and future rcp8.5 scenario prediction
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Downscaling of rcp8.5 scenario climatic data showed that predictor variables - mean temperature, specific surface humidity
and 500 hpa geopotential showed highest correlation of 98%, 95% and 85% with historical temperature data and 75%, 70%
and 64% with calculated evapotranspiration data respectively. Precipitation predictor variable showed highest correlation of
45% with historical precipitation data. The weak correlation in precipitation estimation can be explained by the limitation of
SDSM in predicting the influence of extreme events and regions with localised climate effects like a monsoon, land/sea
breeze[41]. Precipitation, evapotranspiration and temperature downscaled using SDSM from year 2005 to 2100 based on
rcp8.5 scenario is shown in .

2015

Precipitation (mm) RCP8.5

2025

2035

2045
2055
Time (Years)

2065

Evapotranspiration (mm) RCP8.5

2075

2085

2095

Temperature (C°)RCP 8.5

Figure 14. The graph shows that the precipitation is expected to decrease by 50 mm in 95 years (2005 to 2100 year), whereas
temperature and evapotranspiration is expected to increase by 1.5°C and 158 mm in 95 years (2005 to 2100year) respectively.
This implies that in Korba region overall precipitation is expected to decrease approximately by 8% from 2005 to 2100,
whereas in temperature and evapotranspiration 7% and 11% increase on average is expected from 2005 to 2100 respectively.
The groundwater hydraulic heads are expected to decrease even further in future with this scenario which will worsen the
groundwater deterioration, hence it will modify the irrigation water quantity and quality adversely affecting the
agriculture
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Figure 14 Precipitation, evapotranspiration and temperature downscaled using SDSM from 2005 to 2100 based on rcp8.5
scenario

3.10.

Stress scenario prediction for groundwater flow modelling

The water balance shows actual evapotranspiration of approximately 366 mm/year, accounts for 61 % of total precipitation.
The remaining 39 % constitutes runoff and recharge. Aquifer recharge estimation for Korba region is found 23 % of
precipitation[5], thus leaving only a 16 % of precipitation as runoff.
The decrease of precipitation (8 %) and the foreseen increase in evapotranspiration (11 %) in future is expected to modify the
runoff, recharge and evapotranspiration for year 2100 as 17.5 %, 12 % and 62.5 % respectively. Based on these estimates it
can be concluded that there will be 5.5 % decrease in groundwater recharge and an 8 % increase in pumping rates. Projections
were made assuming that household and agriculture demands would remain constant. The effect of a decreased precipitation
would be the increased water withdrawal from the Korba aquifer.
Groundwater flow modelling result for future 2100 year showed an increased depression in the central area of the aquifer that
would increasingly expand towards its southern section., The lowest groundwater head was up to -11m in the central part of
Korba aquifer (
Figure 15). The seawater intrusion is also expected to increase by 3 Mm 3/year. This would deteriorate groundwater quality.
The worsening of water quality will make incompatible agriculture production and ecosystem services provided by the Korba
aquifer for the surrounding areas.

12

Figure 15 Hydraulic heads of the aquifer 100years in future based on the climate change scenario

3.11.

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;1) Basic transport package
2) Advection package 3) Dispersion package 4) 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 report ed
by Kerrou et al. (2010)[1]. The initial concentration coming from the MAR wastewater injection was set as the average
obtained from the treatment plant that is 635ng/L with the assumption that wastewater quality is not changing with time.

Current Scenario
Firstly, the model was run to know the plume spread in 10 years. The results (Figure 16) 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 km 2.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.

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 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 17. 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 16 Current Spread of plume after 10 years of
MAR site operation with sampled carbamazepine
concentrations

Figure 17 Plume spread after 100 years of wastewater
infiltration
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4. 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.
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.

5. Recommendations 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.
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