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Abstract: Evaluating water quality indicators is a crucial issue in integrated water resource
management, since potable water is an essential resource for the world’s health and sustainable
development. The current study was developed using a coupled model of MODFLOW and
MT3DMS (Mass Transport 3-Dimension Multi-Species) to integrate two water supply systems, surface
water (polluted drains and canals) and ground water, to identify the contamination process of the
groundwater from drains as fresh water is polluted and the contamination level exceeds the standard
limits. The study was applied to two cases: the first was a hypothetical simulation and the second
was the real case of the Nile Delta Aquifer (NDA). Four different scenarios were simulated to first
identify groundwater contamination by total dissolved solids (TDS), and then select the more efficient
protection process. The first scenario involved changing polluted drain and canal boundary conditions
regarding head and concentration; the second consisted of studying the location of the polluted drain
in a low permeability layer or a confined aquifer; the third was based on installing a cut-off wall in
the polluted drain sides; and the fourth investigated the use of lining materials for polluted drains.
The results reveal that aquifer contamination was decreased by increasing the water head of canals by
50 cm and decreasing the drain head by 50 cm and concentration by 25%, whereby large quantities of
groundwater were protected. The percentages of salt repulsion in the hypothetical case were +10.66,
+12.89, and +24.99%, while in NDA they were +6.29, +8.71, and +25% respectively compared with
the base case. Decreasing the aquifer hydraulic conductivity led to decrease in aquifer contamination,
in which the confined aquifer pollution was less than the unconfined aquifers due to the clay cap,
which plays a significant role in minimizing the solute transport into the groundwater reservoir, and
to reduction of the aquifer salt variation by +19.01% for the hypothetical case. The results indicate
that the cut-off wall is effective for contamination management in shallow aquifers (hypothetical case)
and the reduction in aquifer salt was +28.49%, whereas it had no effect in the deep aquifer (NDA),
where the salt was reduced by just +0.34%. Using the drain lining scenario prevented contamination
from the polluted drains and protected the freshwater in the aquifer, so that the aquifer salt mass
reductions were +91.02 and +70.13% for the hypothetical case and NDA respectively, indicating that
this method is more effective for controlling groundwater contamination. Polluted drains should be
located in a low permeability layer to minimize the water degradation. This study represents a new
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contribution to groundwater protection techniques by changing the boundary conditions, installing a
cut-off wall and using linings for polluted drains, and shows the way forward for the future treatment
of polluted stream networks.

Keywords: surface water; polluted drains; groundwater; cut-off wall; lining; MODFLOW

1. Introduction

Major constraints on arid-region water bodies are water contamination, droughts, and modification
to rivers for irrigation purposes. Contamination of aquatic ecosystems has a substantial impact in
the development of agriculture, municipalities and other sources [1]. The threat of groundwater
contamination is increasing due to rapid increase in industrialization and urbanization [2]. From the
sustainable development perspective, environmental, economic and social impacts are consequences of
water pollution in any region of the world. Thus careful attention should be paid to preserving water
resources [3]. Prevention and remediation strategies for groundwater pollution can be successfully
carried out if the location, concentration, and release history of contaminants can be accurately
identified [4]. The term water contamination refers to water that is degraded by human activities.
The major pollution sources in water bodies are initiated from the collection and discharge of the
waste water from households, industry, agricultural activities that contribute to the groundwater
crises [5]. Soil and water are considered as the main resources which affect agricultural sustainability
efforts and guarantee the yield production. In recent years, the pressure on these resources has grown
extraordinarily. The agriculture drainage was applied to compensate the water scarcity to improve
the cultivated lands and increase the farmer’s social and economic status [6]. Several challenges face
the water sector in Egypt, including limited water resources from the river Nile, which represents
more than 90% of water supply and comes from outside its borders, low rainfall, non-renewable
groundwater, overpopulation, and water quality degradation [7]. The problems of water quality occur
with repeated re-use, disposal into closed basins, injections and percolation into deep wells, which all
lead to the groundwater contamination [8].

The Nile River basin has changed markedly with time; however its historical legacy still affects
present-day geopolitics [9]. Dating from 1959, Egypt and Sudan have a right to respectively 55.0
billion cubic meters (BCM) and 18.5 BCM from 84 BCM of total Nile flow [10]. In 2011, the Ethiopian
government started to build the Grand Ethiopian Renaissance Dam Project (GERDP) on the Blue Nile
River at Guba, 60 kilometers from Sudan, which holds 74 BCM storage capacities [11]. Mulat (2014) [12]
identified the impact of GERDP filling and operation on the performance of High Aswan Dam (HAD)
and showed that the filling period of 6 years had little impact on HAD without additional management
investment. Abd-Elhamied et al., (2018) [13] performed a numerical study to simulate and investigate
the impact of GERDP on water resources in the Nile delta, and their study indicated that the reduction
in Nile flow would impact on groundwater recharge and increase the aquifer salinity. In addition, with
its growth in population, Egypt is expanding its agricultural land and re-use of agricultural drainage
water in irrigation approximately by 405,000 hectares in the Nile delta [14].

The drainage system designs have a great impact on the water quality parameters. The sources of
open drain water are from the sub-surface drains by infiltration of excess irrigation water and seepage
from soils. The drainage water quality depends on contamination substances used in agricultural
activities and other waste disposal in it [15]. The Bahr El-Baqar drain is the most dangerous polluted
drain in the Eastern Nile delta of Egypt [16] with total length 170 km [17]. It passes through a densely
populated area of Qalubyia, Sharkia, Ismailia and Port Said Governorates. In addition, it receives and
carries the greatest loads of waste water at about 3 BCM per year into Manzala Lake [18]. Moreover,
Saad (1997) [19] indicated that the total water of the Bahr El-Baqar drain comes from drainage water
sources: agricultural 58%, industrial 2%, and domestic and commercial 40%, as shown in Figure 1.
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El-Badry (2016) [20] indicated that the industrial activities and agricultural drains are main reasons for
such pollution in Manzala Lake, Egypt.

Contamination of water decreases the quality and quantity of groundwater as well as surface water.
Hydraulic conductivity and water retention properties also affect the groundwater solute transport
model in the vadose zone [21]. The sources of groundwater pollution can be classified as having
either natural or anthropogenic sources. The natural sources are mainly due to geological formations
with shallow groundwater mass (water–rock interaction in cold waters), infiltration from low-quality
surface water bodies (streams, rivers, and lakes), seawater intrusion, and effect of geothermal fluids
(water–rock interaction in hot waters). The anthropogenic sources are generally ascribed to extreme use
of agricultural, pesticides and fertilizers, mining wastes, disposal of industrial wastes, waste disposal
sites, and imperfect well construction [22].

Chen et al. (2016) [23] simulated the groundwater contamination in Tainan City, Taiwan, and the
study revealed that the total mass of pollutants in the aquifer increased by 72% after 10 years. Wang et
al. (2018) [24] studied the groundwater quality of Turfy Swamps in the Changbai Mountain area below
the highway as the related pollutant, and showed a great influence on the groundwater quality of these
wetlands with increasing highway operation time. Paradis et al. (2016) [25] investigated groundwater
nitrate concentration using a number of different groundwater flow and mass transport simulations to
evaluate the potential impact of climate change and agricultural adaptation scenarios on Prince Edward
Island, Canada. According to the simulations for year 2050, the climate and agricultural adaptation
would lead to a 25 to 32 % increase in N-NO3 concentration throughout the Island aquifer system,
while the change in groundwater recharge regime induced by climate change would only contribute
0 to 6 %. Their simulations showed that the study needs to develop and apply better agricultural
management practices to ensure sustainability of long-term groundwater resources. Chintalapudi et
al. (2017) [26] assessed the groundwater quality contamination threat around the industrial cluster
at Rajasthan State Industrial Development and Investment Corporation (RIICO) in Jaipur district of
Rajasthan, India. The potential of industrial activity to be the most dangerous source of pollution of
the groundwater varies depending on the type of industry, the way of disposing of the waste output,
and the contents of heavy elements.

Several simulations have been applied to identify the groundwater contamination in the Nile Delta
aquifer (NDDA) using different field measurements and numerical techniques. Sherif and Al-Rashed
(2001) [27] simulated the groundwater quality in the northern parts of the Delta using the SUTRA
model (Saturated-Unsaturated Variable-Density Ground-Water Flow with Solute or Energy Transport)
and showed that over pumping was the main factor in water pollution, and that future pumping
should be practiced in the middle of the Nile delta and reduced in the eastern and western parts.
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Figure 1. Discharge of (a) domestic sewage, (b) solid waste in water, (c) raw industrial sewage, and 
(d) agricultural sewage in polluted Bahr El-Baker drain, Egypt [28]. 

The environmental impacts of over-abstraction on the migration of contamination from 
industrial and agriculture activities using VISUAL MODFLOW(El-Arabi, 2007; Morsy 2009; Hendy 
2012) [29–31] were simulated and showed changes in the groundwater systems in the north part of 
the eastern Nile delta that led to increases in the groundwater salinity. However, Mabrouk et al (2013) 
[32] investigated the impact of sea level rise on the northeastern Nile Delta, and revealed an increase 
in the extraction rates of brackish water and the salinity of groundwater. Sherif et al. (2012) [33] 
simulated the groundwater salinity using 3-D of FEFLOW (Finite Element subsurface FLOW system) 
in the Nile delta and revealed that the salinity increased with the aquifer depth due to SWI (Sea Water 
Intrusion). Moreover, Abd-Elhamid et al., (2018) [34] investigated and evaluated groundwater 
salinity related to seepage from open drains, considering different pumping schemes in unconfined 
aquifers. Furthermore, Abd-Elaty et al., (2014, 2019 and 2019) [35–37] identified the groundwater level 
and its salinity in the Nile delta for the current status-quo under different scenarios of SLR (Sea Level 
Rise), over abstraction, and shortage in Nile flow, indicating that the future freshwater storage 
capacity will be damaged under these conditions. Hussein et al., (2019) [38] simulated and predicted 
pollutant movements from the polluted industrial zone in 10th of Ramadan city to the Quaternary 
aquifer using MODFLOW-2000 with MT3D code. Their results reveal that the water of oxidation 
ponds should not be used for irrigation purposes without sufficient treatment processes to eliminate 
the high concentration of the predicted pollutants. 

Protection of groundwater from pollution is considered more appropriate to remediation [39]. 
Stefania et al., (2016) [40] simulated remediation scenarios of groundwater pollution by Cr 
(Chromium) (VI) sourced from a steelworks area that affects the Alpine aquifer system in the Aosta 
Plain (N Italy). The first scenario was activation of a hydraulic barrier composed of 5 wells (BW), 
which would drop the Cr(VI) concentrations below 5 µg per liter after 3 years from its start of 
operation. The second was the removal of the pollution sources from the unsaturated zone, which 
would have better results with respect to the activation of the hydraulic barrier where full 
remediation of the Cr (VI) groundwater plume would be obtained after 17 years from the sources 

Figure 1. Discharge of (a) domestic sewage, (b) solid waste in water, (c) raw industrial sewage, and (d)
agricultural sewage in polluted Bahr El-Baker drain, Egypt [28].

The environmental impacts of over-abstraction on the migration of contamination from industrial
and agriculture activities using VISUAL MODFLOW(El-Arabi, 2007; Morsy 2009; Hendy 2012) [29–31]
were simulated and showed changes in the groundwater systems in the north part of the eastern
Nile delta that led to increases in the groundwater salinity. However, Mabrouk et al (2013) [32]
investigated the impact of sea level rise on the northeastern Nile Delta, and revealed an increase
in the extraction rates of brackish water and the salinity of groundwater. Sherif et al. (2012) [33]
simulated the groundwater salinity using 3-D of FEFLOW (Finite Element subsurface FLOW system)
in the Nile delta and revealed that the salinity increased with the aquifer depth due to SWI (Sea Water
Intrusion). Moreover, Abd-Elhamid et al., (2018) [34] investigated and evaluated groundwater salinity
related to seepage from open drains, considering different pumping schemes in unconfined aquifers.
Furthermore, Abd-Elaty et al., (2014, 2019 and 2019) [35–37] identified the groundwater level and its
salinity in the Nile delta for the current status-quo under different scenarios of SLR (Sea Level Rise),
over abstraction, and shortage in Nile flow, indicating that the future freshwater storage capacity will
be damaged under these conditions. Hussein et al., (2019) [38] simulated and predicted pollutant
movements from the polluted industrial zone in 10th of Ramadan city to the Quaternary aquifer using
MODFLOW-2000 with MT3D code. Their results reveal that the water of oxidation ponds should not be
used for irrigation purposes without sufficient treatment processes to eliminate the high concentration
of the predicted pollutants.

Protection of groundwater from pollution is considered more appropriate to remediation [39].
Stefania et al., (2016) [40] simulated remediation scenarios of groundwater pollution by Cr (Chromium)
(VI) sourced from a steelworks area that affects the Alpine aquifer system in the Aosta Plain (N Italy).
The first scenario was activation of a hydraulic barrier composed of 5 wells (BW), which would drop
the Cr(VI) concentrations below 5 µg per liter after 3 years from its start of operation. The second was
the removal of the pollution sources from the unsaturated zone, which would have better results with
respect to the activation of the hydraulic barrier where full remediation of the Cr(VI) groundwater
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plume would be obtained after 17 years from the sources removal, with a fall of 82% in Cr(VI) mass in
the aquifer within the first 6 years. The third was faster remediation in a combination of the previous
two scenarios. Talabi and Kayode (2019) [41], in which the prevention methods included proper waste
disposal, monitoring of hazardous materials, conducting environmental audit periodically, oxygen
sparing, bioremediation, air stripping, chemical oxidation and thermal treatment.

The aim of this study was to use the numerical models of MODFLOW and MT3DMS for solute
transport to integrate the two water supply systems, surface water (polluted drains and canals)
and groundwater, to identify the contamination process of the groundwater from polluted drains.
The scientific significance of this work lies also in developing different techniques for groundwater
protection which will be simulated, including changing canal and drain boundary conditions for
head and concentration to demonstrate the influence of surface water level management and aquifer
hydraulic conductivity to present the effect of confined and unconfined aquifers on groundwater
contamination. A cut-off wall at the drain side was applied to present the role of installing physical
barriers, and using lining materials on polluted drains to show the selection of polluted stream
position. All these techniques will show the way towards the future design of irrigation and drainage
networks. The study is simulated and the model is set up without considering the effect of seawater
intrusion; on the other hand the model analysis is not related to coastal aquifers where the concentration
differences between the Soult transport boundaries are less than 5000 ppm.

2. Materials and Methods

2.1. Description of Coupled Groundwater Flow and Solute Transport Model

The hypothetical model was simulated using the finite difference model of Visual MODFLOW
−2000 [42]. The partial-differential equation of groundwater flow used in MODFLOW [43] is
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The solute transport model was simulated using the 3-D of MT3D model and the partial differential
equation can be written as follows [44]:
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where Kxx, Kyy, and Kzz indicate aquifer conductivity along the x, y and z axes (L T−1), h: flow head
(m), W: sources and/or sink of water (s−1), Ss: specific storage (m−1), t: time (T), C: groundwater
concentration (ML−3), Dij: dispersion tensor (L2 T−1), i,j: represent the cell indices, Vi: seepage velocity
(L T−1), qs: water flux of sources (positive) and sinks (negative) (T−1), θ: media porosity (dimensionless),
Cs: sources or sinks concentration (ML−3), Rk: the rate of solute production or decay in reaction k of N
different reactions (ML−3 T−1).

2.2. Hypothetical Case Study

This case was simulated to investigate the distribution and prevention of contamination in
groundwater from the polluted drains. The model was carried out using a rectangular domain with
ratio 2 to 1; horizontal direction (length L) of 100 m and the vertical direction of 50 m with the study
width of 5 m. The hypothetical study has the drain package located on the left side to simulate the
polluted drain, while the right side consists of the river package, and the bottom domain has the no
flow boundary in it. Figure 2 presents the vertical cross section of the hypothetical study area.
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The model results for head and concentration are presented in Figure 4, which indicates that the 
flow initiated from the high level from canal to drain, while the solute transport is from high 
concentration of drain to canal. The contamination reached 1037.50 ppm at the drain location and 
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2.2.1. Boundary Condition and Data Set

The numerical model MODFLOW was applied in the hypothetical study case study using the
square cell dimension of 25 m2 with 20 columns, 10 layers and one row. Figure 3 shows the flow
boundary condition by assigning the drain to the left side with water stage of (−2.50) below the ground
surface (G.S), width of 5 m and depth of 3 m, while the river was assigned the stage of (−1.50) below
G.S and width of 5 m with a water depth of 3 m. The concentration boundary condition was assigned
a constant concentration of TDS with 5000 ppm in the polluted drain. The initial boundary condition
was set at zero. Moreover, the model hydraulic parameters were set at 60 and 6 m/day for horizontal
and vertical hydraulic conductivity, while the specific yield and specific storage were set at 0.15 and
0.001 respectively. In addition, the effective and total porosity were set at 0.20 and 0.25 respectively.
The longitudinal (αL) and transverse (αT) dispersivity were set at 15 and 1.50 m while the diffusion
coefficient was set at 0.0001 m2 per day.
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The model results for head and concentration are presented in Figure 4, which indicates that
the flow initiated from the high level from canal to drain, while the solute transport is from high
concentration of drain to canal. The contamination reached 1037.50 ppm at the drain location and
decreased in the river direction to reach 20 ppm at river location; also the aquifer salt mass balance was
4.091 × 103 kg.
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The analytical solution was used to develop the groundwater flow for this case study based on
the general solution to Forchheimer’s equation by Bear (1972) [45] as follows:
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where L is the distance between two rivers (L), h0: upstream fixed head (x = 0), hL: downstream fixed
head (x = L), (it is assumed here that hL > h0), h is phreatic surface elevation at distance (x) (L), K:
aquifer hydraulic conductivity (L T−1), and W is the annual average rate of recharge (L T−1).

Figure 5a represents the calibration of flow model between analytical solution and numerical
model using 20 points, so that the maximum and minimum residual was +0.011 and +0.001 m with
mean residual −0.004 m. The root mean square (RMS) is 0.007 m with normalized RMS of 0.707%.
Additionally, the distribution of observation well locations for the hypothetical model is presented in
Figure 5b.
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2.3. Nile Delta Aquifer Case Study

The Nile delta, a large river delta, extends up to 300 km along the coastal line of the Mediterranean
Sea and its length reaches 200 km from north to south. It has an area of 25,000 km2 as shown in
Figure 6 [15], with an average of rainfall of 25 mm per year in the south and middle to 200 mm per year
in the north [46]. Average daily temperature ranges from 17 ◦C in the north to 25 ◦C in the south [47].
Evaporation rates vary between 4 to 7 mm per day from the north to the south [48].
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2.3.1. Numerical Modelling Set-up of Nile Delta

The numerical model was carried out using MODFLOW 2010.10 software over an area of
14,755 km2 using 380 rows and 350 columns for active and inactive cell using cell dimension of
333 m × 333 m as shown in Figure 7a. The model was developed using 10 layers, the first layer
representing clay soil with 20 m thickness [49] and other layers from the second to the tenth are
Quaternary aquifer with equal thickness of 100 m. Figure 7b,c presents the vertical model sections
between the Ismailia canal and Bibles drain for the NDA.

The flow boundary was assigned using a constant head of zero along the Mediterranean shore line
at the north boundary, while the west side was assigned with constant head varying from 16.50 in the
south to zero in the north. The river package was assigned and started at 16.15 m in the south to 7 m in
the east above MSL for Ismailia Canal. The initial values of hydraulic parameters used in the model
were based on [46] reports and other studies (see Table 1). The aquifer recharge rate depends on the
values of water seepage from the canal plus the excess water from the irrigation process and rainfall
values with ranges between 0.25 and 0.80 mm/day; these values were calculated by [50]. Transport of
multiple reactive solutes in groundwater was simulated using package of MT3DMS [51] from Visual
MODFLOW software. The solute transport model was developed based on a calibrated groundwater
flow model. The boundary condition was applied using constant concentration of Total Dissolved
Solid (TDS) set at zero for all boundaries except for 2000 mg/L for the Bahr El-Baker drain. The initial
concentration for the model was assigned as zero mg/L.

http://entroportal.nilebasin.org
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2.3.2. Hydrological and Hydraulic Parameters of Nile Delta

Groundwater bearing formations in the Nile delta are differentiated into two main aquifer systems;
the first is tertiary aquifers including the Miocene, the Oligocene and Eocene aquifers. The second is
quaternary aquifers including the Holocene, composed of silt and sandy clay with thickness ranges
from 10 to 70 m, while the Pleistocene aquifer underlies the clay cap rock to a depth of 1000 m
and consists of graded quartzitic sands with lenses of clay; these findings were consistent with [49].
In addition, 20% of groundwater quality in the Nile delta did not comply with the drinking water
standards, especially at the fringes, which have low thickness of clay protection in the south, and the
coastal zones which suffer from sea water intrusion (SWI), which could impact on food security [15].
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Table 1. Summary of boundary conditions, hydraulic parameters inputs and solution methods for
NDA model.

Item Boundary Conditions and Hydraulic Parameters Value Dimension

Aquifer

Holocene

Horizontal hydraulic
conductivity (Kh) 0.10–0.25 m.day−1

Vertical hydraulic conductivity (KV) 0.01–0.025 m.day−1

Effective porosity (neff) 50 %

Total porosity (nT) 60 %

Specific yield (Sy) 0.10 -

Specific storage (Ss) 1 × 10−7 m−1

Quaternary

Horizontal hydraulic conductivity
(Kh) 5–100 m.day−1

Vertical hydraulic conductivity (KV) 0.50–10 m.day−1

Effective porosity (n) 20 %

Total porosity (n) 30 %

Specific yield (Sy) 0.15 -

Specific storage (Ss) 0.005 m−1

Longitudinal dispersivity (αL) 10 m

Transverse dispersivity (αT) 1 m

Molecular diffusion coefficient(D*) 1 × 10−4 m2 day−1

Model Solution Method

Implicit finite-difference solver with
the upstream-weighting (GCG) -

Number of column (∆x = 333 m) 350 -

Number of raw (∆y = 333 m) 380 -

Initial time step 0.01 day

2.3.3. Calibration Model of Nile Delta Model

The most effective step in groundwater and solute transport modelling is that the differences
between the calculated model head and the measured head from observation wells can be identified.
The numerical model outputs for the flow are presented in Figure 8a, which shows the flow pattern
and the locations of 21 observation wells, whereby the flow direction is from high level in the south
to low level in the north. Figure 8b also presents the groundwater head in NDA, whereby the head
varies from 18 m in the south to zero in the north. On the other hand, the model total inflow and
outflow reached 2,590,833 m3 per day. The results of the calibration displayed agreement between
the calculated and observed head as presented in Figure 9a, showing that the residual range varied
between +0.909 and +0.003 m, with a root mean square (RMS) of 0.396 m, and a normalization RMS of
2.327%.

Moreover, Figure 8c shows the results of solute transport model for the total dissolved solid (TDS)
in the vertical cross section, the pollution spread in horizontal direction and in aquifer depth, while the
model mass balance reached 5.81134 × 1010 kg as shown in Figure 9b.
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The Nile Delta Model (NDM) for flow and solute transport were simulated using different values
of cell dimensions to check their sensitivity. Figure 10 shows the groundwater head with change in grid
size, with the model grid sizes divided between 1000 m × 1000 m, 500 m × 500 m and 250 m × 250 m:
the figure indicates low change in groundwater head with grid change. Moreover, the percentages of
contamination change due to the cell size were +1.19, +0.616 and −0.612% for cell sizes 1000, 500 and
250 m respectively, and these values show that the model is stable for use in future scenarios for cell
dimensions of 333 m.Water 2019, 11, x FOR PEER REVIEW 11 of 23 
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3. Results and Discussions

3.1. Impact of River and Drain Boundary Condition on Groundwater Quality

Three cases for changing boundary conditions; increasing the river stage to a level of (−0.75),
decreasing the drain stage to a level of (−3.25) from ground surface, and decreasing the drain
contamination concentration by 25% to 3750 ppm. The results in Figure 11 show the relation between
the distance from polluted drain to the canal and the contamination extension for the three proposed
scenarios of hypothetical stages and concentrations. The contamination was decreased in the three
cases and reached 865.83, 834.25 and 781.23 ppm at the drain position and 15.31, 14.75 and 9.03 ppm at
the river position respectively. Moreover, decreasing the drain head and its concentration parallel with
increasing the canal head led to decrease in the aquifer pollution in drain direction. This figure revealed
that the contamination decreased in canal direction. Thus the canal and drain stage should be controlled
to decrease the contamination extension. The salt mass balance was 3.6547 × 103, 3.5636 × 103 and
3.0683 × 103 kg compared with 4.091 × 103 kg for the base case.

Three stages of boundary conditions were simulated to identify their impacts on contamination
extension in the aquifer. The first and second scenarios were applied by increasing the river stage
and decreasing drain stage by 50 cm, while the drain concentration was decreased by 25% in the
third scenario. The results indicate that the contamination decreased in the three scenarios, as shown
in Figure 12. Moreover, the total salt mass in the Nile aquifer for the three scenarios decreased to
5.44554 × 1010, 5.30492 × 1010 and 4.35852 × 1010 kg respectively, compared with 5.81134 × 1010 kg.

Thus the head of irrigation and drainage should be managed to protect the freshwater in the
aquifer from contamination. The obtained results agree with the findings of [27,31,36], who simulated
the groundwater quality in the northern parts of the Delta, and showed that lowering of groundwater
levels due to over pumping was the main factor of water pollution. Moreover, the actual measures
in order to change the boundary conditions for head and concentrations in irrigation and drainage
networks can be achieved by means of three measures. The first is re-use of agricultural drainage
water before mixing with domestic-industrial waste water. This water is mixed with fresh water
according to the salinity degree which is needed for water supply systems and lift in irrigation canals
to support the water level in irrigation networks. The second is mitigation of the polluted streams,
which is done by mixing with domestic-industrial wastewater applying the hydraulic method. This
involves using the submerged porous media with light weight that can overlap, flipping the water and
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increasing the dissolved oxygen in it; this method can mitigate the polluted load in these streams. The
third is constructed wetlands (CWs) for sustainable water management in rural and remote areas of
semi-arid regions; these are special systems designed to utilize natural processes within the ecosystem
as well as vegetation-soil microorganisms to achieve wastewater treatment and to secure enough safe
water for agriculture and protect the natural water resources from overexploitation and contamination.
The quality of the treated waste water using this system is within the permissible limits of the Egyptian
standards [52]. The outlet from the system supplied the irrigation canal with 20 m3 per day for
agricultural purposes in the middle of the Delta [53]. The Mega project of the CWs initiated in the
eastern part of Egypt close to the Manzalla Lake and the end of the Main Drain (Bar Elbakr drain)
was intended to treat 25,000 m3 per day of polluted drainage water to make it suitable for irrigation
purposes and to supply the lake with good quality water to protect the ecology of Lake Manzala [54].
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Figure 12. Vertical distribution of TDS in NDM for three scenarios of boundary conditions.
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3.2. Impact on Groundwater Quality of Installing Polluted Drain in Low Permeability Layers

The aquifer hydraulic conductivity for the top layer where the polluted drain is located was
decreased to 0.06 m per day; this value was 0.01% of the vertical hydraulic conductivity for the
hypothetical aquifer, which was 6 m per day. This result shows that the contamination decreased
with reduction in the top layer permeability as shown in Figure 13, which presents the contamination
extension with the distance, whereby the contamination reached 827.91 and 11.76 ppm at the drain
and river positions respectively. Thus the drain should be installed in a confined layer to protect the
groundwater from pollution. Moreover, the salt mass in the aquifer was 3.3135 × 103 kg compared
with the base case.
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Figure 14a shows the two locations of the drain in the vertical section of the Nile delta aquifer;
the first was in the top layer of the Holocene, while the second was in the Quaternary layer.
The distribution of pollution in the aquifer is presented in Figure 14b, which shows how it changed
based on the position of the polluted drain in a confined or an unconfined layer. The model results
indicate that the clay cover for the confined aquifers is effective for minimizing the contamination from
polluted drains more than the unconfined aquifers. Moreover, installing the drain in a low permeability
layer such as clay decreased the contamination more than installing it in a high permeability layer,
such as sand, where there is little or no protective clay cap. From these results it is concluded that the
selection of drain position should be set up in a layer with low conductivity or in a confined aquifer.
These findings are in accord with the approaches of [29–31], who simulated the environmental impacts
of polluted drains on the migration of contamination using the VISUAL MODFLOW.
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distribution of TDS.

3.3. Impact on Groundwater Quality of Installing CutoffWall on Polluted Drain Sides

The cut-off wall was installed at a depth of 20 m from G.S behind the two drain sides for the
hypothetical case, and at 85 m for the Nile aquifer as shown in Figure 15a. The cut-off wall materials
are chemical or cement grout and sheet piling. The results indicate that installing the cut-off wall on
the drain sides led to a decrease in the extension of contamination behind the drain and an increase in
the concentration at the top layers; nevertheless the contamination decreased gradually with depth as
shown in Figure 16. The figure shows contamination extension with the aquifer length according to the
installed cut-off wall on the drain sides for the hypothetical case where the contamination increased to
1091.22 at drain position and started decreasing from a distance of 12.50 m to reach 7.89 ppm at river
position with a value of 2.9272 × 103 for the salt mass.
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The same results were observed for the Nile aquifer in the top layer, while the contamination
increased with the depth, this due to the cut-off walls having no effect in deep aquifers, as presented
in Figure 16b. These results reveal that the cut-off wall can be used to manage the contamination in
shallow aquifers, while it has no effect in deep aquifers such as the deep aquifer of the Nile Delta,
where the total salt mass for the NDA was 5.79137 × 1010 compared with 5.81134 × 1010 kg for the base
case. However, the material cost of cut-off walls should be considered. These results were consistent
with Abd-Elhamid et al., (2015, and 2018) [55,56], who identified the groundwater level and salinity
using a diaphragm wall and cut-off wall to protect the northern coasts of Egypt from rise in sea level.

3.4. Impact on Groundwater Quality of Using Lining Materials for Polluted Streams

This scenario was developed to simulate the impact of lining materials on the groundwater and
surface water contamination. It was carried out by changing the conductance of the polluted drain
using lining made from low permeability material for protecting the aquifer from contamination;
this was applied using geo-membrane material. The permeability of geo-membrane used was
0.58 × 10−9 m per sec (5 × 10−5 m per day). The simulated results for the hypothetical case indicate that
minimizing the drain conductance using low values of permeability led to decrease in the contamination
in the aquifer which had lower values of 71.16 and 0.15 ppm at the drain and river positions respectively,
as shown in Figure 17. That presents the relation between the distances from the polluted drain and
contamination extension. Thus the drain should be fitted with a low conductivity layer to minimize
the water degradation. This was explained in the sense that in the drains the contamination was
practically cut off. The salt mass was reduced to 0.36758 × 103 kg compared with 4.091 × 103 in the
base case. Otherwise, minimizing the river conductance by lining irrigation networks will lead to
increased contamination in the aquifer. This was explained in terms of the river seepage and flow
direction from river to drain, which was decreased by using the lining. This case indicates that the
lining of canals has a negative impact on groundwater quality.
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This scenario was carried out and assigned for the NDA with lining of polluted drains using
geo-membrane with permeability of 5 × 10−5 m/day. Figure 18 indicates that the contamination was
decreased in the aquifer and the total salt mass was 1.73598 × 1010 kg compared with 5.81134 × 1010 kg
in the base case. Thus the results reveal that the drain lining could be used to protect the aquifer and
surface water from polluted drains, and the drains should be fitted with low-permeability linings to
reduce the groundwater and surface water degradation. These results are in agreement with those of
Abd-Elaty et al. (2016) [57], in that the aquifers which have low permeability lead to decrease in the
groundwater salinity using the SEAWAT code.
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3.5. Comparison between the Different Scenarios for Management of Polluted Drains and Its Effect on
Groundwater Quality

The simulation results for the two cases of hypothetical case study and NDA are presented in
the current study. Table 2 presents the results of aquifer salt volume and the aquifer salt variation
(where C0 is the initial salt concentration and C is the salt concentration in the given scenario) for the
two cases including the investigated scenarios; base case, stream boundary conditions, cut-off wall,
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and lining. For the two cases the accumulation salt was calculated to be 4.091 × 103 and 5.81134 × 1010

kg for hypothetical and NDA respectively in the base case. Moreover, changes in the streams boundary
conditions by increasing the canal head, decreasing the drain head and concentration caused the salt to
decrease from 3.6547 × 103, 3.5636 × 103 and 3.0683 × 103 kg with variations in aquifer salt of +10.66,
+12.89 and +24.99% for the hypothetical case. At the same time the salt volumes in NDA reached
5.44554 × 1010, 5.30492 × 1010 and 4.35852 × 1010 kg with aquifer salt variations of +6.29, +8.71 and
+25% respectively. These results reveal the stream boundary conditions effect on the groundwater
contamination. Studying the polluted drain position by changing the hypothetical permeability for the
polluted drain to 0.06 m/day led to salt accumulation by 3.3135 × 103 kg with increase in salt of +19.01%.
For the Nile Delta, the cross-section was carried out in two positions, the first in the clay cap and the
second in sand, in which the value of salt in the base case was 5.81134 × 1010 kg. The protection of the
aquifer from salinity is managed using the cut-off wall and lining, whereby the salt was decreased to
2.9272 × 103 and 0.36758 × 103 respectively for the hypothetical case with salt repulsion of +28.49 and
+91.02%, while in NDA it was decreased to 5.79137 × 1010 with the cut-off wall and 1.73598 × 1010

using lining, with changes in aquifer salt by +0.34 and +70.13% respectively. The obtained results
indicate that the groundwater salinity could be managed using the cut-off wall in the shallow aquifer,
but it has no effect in deep aquifers; nevertheless the lining of polluted drains is an effective method to
manage the groundwater contamination in both shallow and deep aquifers. Moreover, using the lining
for polluted drains is the best compared with the other method, which involves collecting the waste
water in the wetlands for treatment and thus to protect the aquifer from contamination. This method
can be used considering the conditions of geotechnical properties of soil, types of lining materials and
the types of pollutant loads and elements in these drains.

Table 2. Summary of salt mass and percentage salt reduction for different scenarios.

Case
Salt Volume (kg) Salt Repulsion (%)(C0 − C)/C0

Hypothetical
Case

Nile Delta
Aquifer

Hypothetical
Case

Nile Delta
Aquifer

Base case 4.091 × 103 5.81134 × 1010 - -

Boundary
conditions

Increasing river head 3.6547 × 103 5.44554 × 1010 +10.66 +6.29
Decreasing drain head 3.5636 × 103 5.30492 × 1010 +12.89 +8.71
Decreasing drain
contamination 3.0683 × 103 4.35852 × 1010 +24.99 +25

Installing polluted drain in low
permeability layer 3.3135 × 103 5.83873 × 1010 +19.01 -

Installing cut-off wall on polluted drain sides 2.9272 × 103 5.79137 × 1010 +28.49 +0.34

Using lining materials for polluted drains 0.36758 × 103 1.73598 × 1010 +91.02 +70.13

4. Conclusions

Groundwater contamination depends on the integration between the groundwater and surface
water systems of irrigation and drain networks, so that canal and drain alike received their water from
a high head of aquifer while the aquifer is recharged by these networks from a low head. This process
linking the two systems, especially in the case of polluted drains, should be managed to protect the
aquifer freshwater. This study was carried out to simulate and investigate the impact of canal heads and
polluted drain heads and concentrations, aquifer hydraulic parameters, cut-off wall installation and
polluted drain lining on the groundwater quality, using the finite difference model of MODFLOW and
solute transport model. The results of this study reveal that increasing the river head and decreasing
the drain head and concentration led to decrease in the groundwater contamination with positive
salt repulsion of +10.66, +12.89 and +24.99% in the simulation, while it was +6.29, +8.71 and +25%
respectively in NDM, by increasing the water head of canals by 50 cm and decreasing the drain
head by 50 cm and concentration by 25%. The location of drains in sand or clay layers is sensitive,
since the groundwater contamination is reduced in clay layers more than in sand. The variation in
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aquifer salt was +19.01% for the hypothetical case, while in the NDM two different drain locations
were investigated, the first in a clay layer and the second in sand. The protection of the groundwater
from polluted streams was achieved by lining the polluted drains using geo-membrane material and
installing cut-off walls in the drain sides. Using cut-off walls in shallow aquifers is effective and could
control the stream pollution, while in a deep aquifer it has no effect. The shallow aquifer salt repulsion
was +28.49%, with practically no effect in the deep aquifer, where the salt decreased by just +0.34%.
On the other hand, in the case of lining of polluted drains it reached +91.02 and +70.13% for the
hypothetical case and NDM respectively. Thus the comparison of these methods shows that the lining
method is the most effective and the best method for reducing pollutant migration, and this method
can be applied universally, while considering the conditions and geotechnical properties of the soil,
lining material types and the sources of pollutant loads and elements in these drains.
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