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ABSTRACT

Groundwater is becoming an essential water resource in Egypt due to the deficit in water balance. It is planned to
increase withdrawal in 2017 to 7.5 BCM and 3.5 BCM from renewable and non-renewable groundwater aquifers,
respectively. In recent years there have been efforts to protect this water resource. The main objective of this paper
is studying the impacts of reusing treated wastewater in irrigation after natural attenuation through the vadose zone.
Hydrogeological data were collected to characterize the aquifer in Sadat City. A field program was conducted to
identify the saturated hydraulic conductivities of the aquifer and the contaminant concentrations in groundwater.
Field investigations were conducted by drilling five boreholes in the study area and five monitoring wells were
installed. Groundwater flow and solute transport were simulated by VISUAL MODFLOW and MT3D. Four
contaminants of concern were selected for simulation: magnesium, chloride, iron and nitrates. Seven irrigation
scenarios were tested: primary treated wastewater, secondary treated wastewater, oxidation pond wastewater,
tertiary treated wastewater, tertiary for double field water duty, irrigation with two-year rotation (primary treated
wastewater and groundwater) and in the last scenario the study area is divided into 3 zones and irrigated with tertiary
treated wastewater, oxidation pond wastewater and groundwater. The simulation results of the seven scenarios were
presented and compared to the initial concentrations in groundwater. The results show that the contaminants of
concern concentrations depend on initial concentrations in groundwater and the quality of the infiltrated water from
the vadose zone.
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1. INTRODUCTION

The overall objective of this work is to assess the impacts of treated wastewater (TWW) reuse in irrigation on the
groundwater aquifer in the study area in Sadat City after vadose zone attenuation. In this research, groundwater
numerical models were developed to simulate groundwater flow and transport of the contaminants of concern
(COC). Previous vadose zone model results (Abu-Bakr et al. 2015) were used as a basis for MODFLOW recharge
fluxes at the water table and for COC concentrations following natural attenuation in the vadose zone.

Numerous studies discussed the solute transport simulations in groundwater and vadose zone, and reuse of treated
wastewater in irrigation. Pakorajac (2000) developed a numerical groundwater model (GROW) to assess the
problem of high concentration of coliform bacteria in two production wells in Bosnia. The results indicated that the
source of pollution was domestic septic tanks upstream of the well field. The research recommended long term
monitoring and sewerage system construction. Hai long et al. (2006) simulated wastewater transport and attenuation

ENV-625-1



in a soil aquifer on the Chongming island of China using MODFLOW and MT3DMS to assess the soil infiltration
treatment system and interaction between surface water and groundwater. Jovanovic et al., (2008) simulated
nitrogen transport in the unsaturated zone using HYDRUS-2D and in groundwater using VISUAL MODFLOW.
Candela et al., (2007) evaluated the impacts of treated wastewater utilization on soil and groundwater aquifer in
Girona, Spain. The results indicated that the soil and aquifer chemical characteristics of the area were affected by
irrigation water quantity and quality. Bekele et al., (2011) applied a soil aquifer treatment approach on infiltrated
secondary treated wastewater from the Subiaco wastewater treatment plant in Western Australia. They concluded
that the reductions in average concentrations were 30% for phosphorous, 66% for fluoride, 62% for iron and 51%
for total organic carbon with a treated wastewater infiltration rate of 17.5 L/ min and residence times of four days in
the vadose zone and two days in the aquifer.

These studies guide us to understanding the impacts of treated wastewater reuse on groundwater through (1)
developing numerical groundwater models, (2) wastewater transport and attenuation in soil aquifer simulation (3)
interaction between surface water and groundwater and through applying soil aquifer treatment approach and (4) the
reductions in concentrations through the vadose zone.

2. MATERIALS AND METHODS
2.1 Site Description

The study area is located in Sadat City, Egypt and is shown on Figure 1 an area of 49.4 km2. The region includes
oxidation ponds, a wooded area irrigated with treated wastewater from the oxidation pond, another area irrigated
with groundwater and a non-cultivated area.
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Figure 1. Study Area and Location Plan

2.2 Study Area Hydrogeology

The key hydrogeological formation in the study area ranges in age from Tertiary to Quaternary (Shata et al. 1962
and Said 1962). Tertiary is subdivided into Miocene and Pliocene while Quaternary is subdivided into Holocene and
Pleistocene as shown on Figure 2.

There are three main aquifers in the study area; Nile Delta, Moghra and Wadi el Natrun as shown on Figure 3
(RIGW/IWACO 1992). The Nile Delta aquifer is predominantly sand and gravel and can be several hundred meters
thick; this aquifer is highly productive with high permeability values ranging from 35 to 75 m/day. The second main
aquifer is the Moghra aquifer, characterized by coarse sand and gravel. The Moghra aquifer is also highly productive
with permeability values ranging from 15 to 25 m/day. These two aquifers are connected hydraulically to the east of
the Wadi El Natrun depression (RIGW/IWACO, 1992). The Wadi el Natrun aquifer is a Pliocene aquifer consisting
of sand and clay layers. The Wadi el Natrun aquifer is underlain by the Moghra aquifer, separated by clay layers of
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Lower Pliocene age. The aquifer is in hydraulic contact with the overlying Nile Delta aquifer, north of the Wadi el
Natrun depression. Figures 4a and 4b show hydrogeological cross-sections at the Sadat City area.
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Figure 2: Soil classification and surface geology of the study area
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Figure 3: The aquifer system of Sadat City

ENV-625-3



£
&
2
E
E
g
=
]

[ sand gravelly sand and clay (Maghra aquifer) BHI Cosrse sand & Gravel withlLimestone intarbedsd {Low produdtive aquifer)
Graded sand-gravel interclated with clayely lenses {(Moghra aguifer
B g tyely {Mog quifer) [l Gravel & sand (Low productive aguifer) Hydrogeological
- Graded sand-gravel interclatad with elayely lenseas (Nile aquifer} - Lime stone - Semi previous silty clay Cross Sec
Bl Coarse sand & Gravel withLimestone interbeded (Moghra aquifer) Bl shee B2 sasar R cay A-A'
. | . . |
Figure 4.a: Hydrogeological cross-section A-A
B B'

- Sand graelly sand and clay (Moghea agquifier) - Coarge sand & Gravel withLimesions inlerbeded [Lew productive aouiter)
Giraman sand-graval intarciated with claysly lenses (Moghra squiar) ; , "

] BB Grave & sand lLow prosustive amuter) Hydrogealogical

BB Graded sanc-gravel inerclatad with clayely lenses (Nie aquifar Bl umeswone  [E]  Semiprevieus sity clay Cross Sec

Il Cioarse sand & Gravel withLimastone interbeded (Maghra agquifer) Bl shae B Basal B cay B-B'

Figure 4.b: Hydrogeological cross-section B-B'

2.3 Hydrogeological Conceptual Model

A hydrogeological conceptual model (Figure 5) was developed to simulate groundwater flow and solute transport
and to predict impacts of treated wastewater infiltrated from the vadose zone to the groundwater aquifer. January
1992 was chosen to calibrate the model under equilibrium (steady state) conditions and data from years 1992-2014

were chosen to verify the calibrated model under non-equilibrium (transient) conditions.

CONCEPTUAL MODEL:GROUNDWATER FLOW
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Figure 5: Schematic presentation of the conceptual model
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The model domain covers an area of about 49.4 km? The grid size is taken as 250m x 250m. The vertical
discretization (5, 20, 50 and 100m) is shown in Figure 6. The study area is modelled as one hydrogeological layer,
which represents the young quaternary aquifer consisting of graded sand and gravel with thickness ranging from
160m to 200m. At the base of this aquifer is an impervious clay layer. For solute transport, four contaminants of

concern (COC: Mg, ClI, Fe, and NOs) were selected for simulation based on the findings of previous studies (Abu-
Bakr et al. 2015).
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Figure 6: MODFLOW model cross-section showing vertical discretization

2.4 Groundwater Sampling

Five boreholes were drilled and equipped with monitoring wells in the study area. Borehole/monitoring well
locations were selected to provide areal coverage of the three types of irrigated lands (land that was irrigated with
effluent, land that was irrigated with groundwater and land proposed to be irrigated with treated wastewater) as
shown in Figure 7. Groundwater samples were collected to assess the initial condition of groundwater quality. Two
groundwater samples were collected from each borehole in August 2014 and May 2015. The laboratory analysis of
groundwater samples followed the standard methods for the examination of water as described by the American
Public Health Association (1998). Table 1 summarizes the COC average concentrations for the groundwater
samples.

Table 1. COC average concentrations in groundwater (mg/l)

Parameter Mg Cl Fe NO3
Boreholel 17 50 0.7 1
Borehole2 18 43.98 0.964 1
Borehole3 16 60.99 0.5 5
Borehole4 29.25 200 0.36 21.8
Borehole5 37 335.3 0.33 10.1

© -
[] The study area

Figure 7: Borehole location plan
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3. RESULTS AND DISCUSSION
3.1 Groundwater Flow Simulation with VISUAL MODFLOW

A numerical groundwater model constructed and run with VISUAL MODFLOW code is used for flow and solute
transport simulation for the aquifer system. The model is used to evaluate the impacts of reuse of treated wastewater
in irrigation on the groundwater after the vadose zone natural attenuation.

Year 1992 is selected as a steady state year because significant changes in water use in Sadat city began in 1992,
including substantial increases in groundwater withdrawal and decreases in water supplied to agricultural use.
According to 1992 data the groundwater flow direction in steady state is from the northeast to southwest in 1992
(Figure 8). According to 2002 and 2014 data, groundwater flow direction changed slightly over time and was
trending north to south. No flow boundary conditions are considered to exist at the southeastern and northwestern
boundaries of the model domain. The northern boundary is simulated as a variable general head boundary with time
(1992, 2002 and 2014) according to field investigations and groundwater monitoring data. The lower boundary of
the aquifer system is treated as a no flow boundary or aquiclude (impervious clay layer). Finally, the upper boundary
is defined as a recharge boundary which is obtained from HYDRUS-1D simulations as per (Abu-Bakr et al. 2015) as
input in VISUAL MODFLOW. The recharge rates R1, R2 R3, R4 and R5 in areas surrounding the five boreholes
(B1, B2, B3, B4 and B5) are summarized in Table 2.

Table 2. Output bottom flux values obtained with HYDRUS-1D for the period from 1992 to 2042 and used in
VISUAL MODFLOW (mm/yr)

Parameter R1 R2 R3 R4 R5

time=0 to 3650 days 190.0 0.00 100.0 1000 900.0
time=3650 to 8030 days 842.0 667.0 917.0 917.1 708.0
time=8030 to 18250 days 928.6 785.7 928.6 892.9 696.4

According to Abu-Bakr et al. (2015), the values of the coefficient of permeability are measured using a permeability
test for each linear vertical meter along each of the five boreholes. The average values of saturated hydraulic
conductivity are 15, 24, 17, 16 and 32 m/d for boreholes B1, B2, B3, B4 and B5, respectively.

The calibration process relied on a number of observation wells providing head data in the study area. The model is
calibrated against the available average annual groundwater heads in January 1992 under steady state conditions.
The model is then run under transient conditions from 1992 to 2014 using measured heads at 2002 and 2014. Figure
8 shows calculated groundwater levels at 1992 and Figure 9 shows the calibration curve.
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Figure 8: Calculated groundwater levels 1992
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Figure 9: Calculated versus observed heads for years 1992, 2002 and 2014
3.2 Solute Transport Simulation and Irrigation Scenarios

MT3D is used to simulate the transport of the COC (Mg, Cl, Fe and NOgs) for a simulation period of 10220 days
from August 2014 to August 2042. The initial contaminant concentrations in groundwater were assigned according
to groundwater sample analysis results in August 2014. The values of COC concentrations in recharged water were
taken from HYDRUS-1D as per Abu-Bakr et al. (2015).

Seven irrigation scenarios were developed to simulate flow and transport. These scenarios are:

(1) Primary treated wastewater;

(2) Secondary treated wastewater;

(3) Oxidation pond;

(4) Tertiary treated wastewater;

(5) Tertiary treated wastewater for double the field water duty;

(6) Irrigation with two year rotation (primary treated wastewater and groundwater); and,

(7) Dividing the study area to 3 zones and irrigation with tertiary treated wastewater (area surrounding B1&B2),
oxidation pond water (area surrounding B3) and groundwater (area surrounding B4 & B5).

Model simulations have been completed to predict the changes in groundwater quality after irrigation for each
scenario. The predicted COC concentrations were compared to World Health Organization (WHO) drinking water
standards and to Food and Agriculture Organization (FAO) irrigation water standards. The comparison between
COC concentrations in groundwater for the seven scenarios at five locations in the aquifer (i.e., the five boreholes)
in August 2042 with groundwater initial concentrations is summarized in Figure 10 and discussed below.

3.2.1 Magnesium (Mgq)

The highest Mg concentration occurs at the north area surrounding boreholes B3, B4 and B5.
- For B1 concentration decreases for all scenarios except scenarios 6 and 7.
For B2 concentration increases for all scenarios except for scenario 5.
For B3 concentration increases for all scenarios except for scenario 5.
For B4 concentration decreases for all scenarios.
For B5 concentration decreases for all scenarios except for scenario 7.
These results are most likely due to Mg concentrations in the vadose zone bottom flux due to irrigation being less
than the initial Mg concentration in groundwater.

3.2.2 Chloride (CI)

The highest CI concentration occurs at the north area surrounding boreholes B3, B4 and B5.
- For B1, B2, B3 and B4 concentration increases for all scenarios because Cl concentrations in wastewater were
greater than Cl concentrations in groundwater.
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- For B5 concentration decreases for all scenarios except for scenario 7 because the Cl concentration in B5 was
greater than the Cl concentration in wastewater.
These results are most likely due to Cl concentrations in the vadose zone bottom flux due to irrigation being greater
than initial Cl concentration in groundwater except in the area which surrounds B5.

3.2.3 Iron (Fe)

The highest values of Fe concentration occur in proximity to boreholes B1, B4 and B5. Fe concentration increases
with time in all irrigation scenarios except for scenario 3, most likely because Fe concentrations in the vadose zone
bottom flux due to irrigation water were greater than initial Fe concentrations in groundwater.

3.2.4 Nitrate (NOs)

The highest NO3 concentration occurs at the north area surrounding boreholes B3, B4 and B5. NO3 concentration
increases with time, most likely because NO3 concentrations in the vadose zone bottom flux due to irrigation water
were greater than initial NO3z concentrations in groundwater.
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Figure 10.a: Comparison between Mg concentrations in groundwater from GW models results for the seven
scenarios for five boreholes at January 2042 with initial groundwater concentrations, FAO and WHO guidelines
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Figure 10.b: Comparison between Cl concentrations in groundwater from GW models results for the seven scenarios
for five boreholes at January 2042 with initial groundwater concentrations, FAO and WHO guidelines
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Figure 10.c: Comparison between Fe concentrations in groundwater from GW models results for the seven scenarios
for five boreholes at January 2042 with initial groundwater concentrations, FAO and WHO guidelines
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Figure 10.d: Comparison between NO3 concentrations in groundwater from GW models results for the seven
scenarios for five boreholes at January 2042 with initial groundwater concentrations, FAO and WHO guidelines

4. CONCLUSION

This paper presents the feasibility of reusing treated wastewater in irrigation and the impacts on a key groundwater
aquifer for the study area in Sadat City, Egypt. The study area covers 49.4 km?. The region includes oxidation
ponds, a wooded area irrigated with treated wastewater from the oxidation pond, another area irrigated with
groundwater and a non-cultivated area.. Groundwater samples were collected from five boreholes. Four
contaminants of concern (COC) were selected for analysis and simulation: Magnesium (Mg), Chloride (Cl), Iron
(Fe) and Nitrate (NOz). A regional groundwater model was developed using VISUAL MODFLOW and MT3D. The
rate of recharge and COC concentrations in the water percolating into the groundwater aquifer were obtained from
HYDRUS-1D (Abu-Bakr et al. 2015) and used as inputs for VISUAL MODFLOW.

Seven irrigation scenarios were selected to simulate groundwater flow and transport according to quality of
irrigation water and irrigation rate. According to groundwater simulation results, the highest predicted
concentrations of Mg, Cl and NOs concentration in year 2042 are at the north area in close proximity to boreholes
B3, B4 and B5; however, the highest predicted concentrations of Fe occur in close proximity to boreholes B1, B4
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and B5. The results indicate that COC concentrations were highly affected by the initial soil and groundwater
concentrations, irrigation water quality, irrigation rate, bottom flux (and concentration) from the vadose zone, soil
contaminant transport parameters, reaction parameters, longitudinal dispersivity, diffusion coefficients, adsorption
isotherm coefficient, nitrification and denitrification rate constants. Considering WHO and FAO standards and the
irrigation scenario simulation results, the three recommended scenarios are 4: irrigation with tertiary treated
wastewater, 5: irrigation with tertiary treated wastewater doubling the infiltration rate: and 7: zonal irrigation with
tertiary treated wastewater, oxidation pond and by groundwater.
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