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ABSTRACT

The economic development in Egypt and the rapid growth rate in various development sec-
tors are dependent on the availability of water resources. Surface water is used to supply
approximately 82% of the Egyptian water demand, while the groundwater is used to supply
about 12%. The remaining about 6% comes from the reuse of agriculture drainage water and
treated wastewater. Increasingly, Egypt has turned to use the groundwater to satisfy the
growing demand, at the expense of exceeding the safe yield and overexploiting the aquifer
systems in some areas, such as the western Nile Delta and along the desert fringes in the
Nile Valley. Egypt has launched the Environmental Management of Groundwater Resources
program which include examination of the feasibility of artificial recharge for the augmenta-
tion of groundwater supply. Through this program a detailed study has been carried includ-
ing an investigation of potential sites for an artificial recharge experiment using treated
wastewater. Through this pilot project, a detailed hydrogeological investigation and engi-
neering design were carried out. Many scenarios for the aquifer storage and recovery were
evaluated for technical environmental, economical and regulatory consideration. Results indi-
cated that artificial recharge of the groundwater aquifer using treated wastewater is promis-
ing. However, more detailed studies are needed to assess how aquifer characteristics
influence the recharge with treated wastewater. The health risks associated with wastewater
recharge are a function of the physical and chemical conditions prevailing in the aquifer, the
limited adsorption capacities of the aquifer materials and the rate of microorganisms die off
and toxic pollutants degradation to other toxic compounds.
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1. General background

Where soil and groundwater conditions are favor-
able for artificial recharge of groundwater through

infiltration basins, a high degree of improvement in
water quality can be achieved by allowing partially-
treated sewage effluent to infiltrate into the soil and
move down to the groundwater. The unsaturated or
“vadose” zone acts as a natural filter and can remove
essentially all suspended solids, biodegradable materi-
als, bacteria, viruses, and other microorganisms.
Significant reductions in nitrogen, phosphorus, and
heavy metals concentrations can also be achieved.
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Aquifer storage and recovery (ASR) using treated
sewage effluent (TSE) appears to be a viable option of
both storing and improving the quality of water. Con-
ventional surface disposal of wastewater can cause
significant deterioration in surface water quality.
Direct disposal of TSE into rivers and drains often
leads to eutrophication due to the presence of contam-
inants, such as nitrate and phosphate [1]. A common
indicator of eutrophication is increased phytoplankton
density resulting in green turbid and foul-smelling
water. After such a bloom, the algal biomass is broken
down both chemically and biologically, resulting in
greater chemical and biological oxygen demands
(COD, BOD). Alleviating such a situation requires a
reduction in water-borne nitrate, phosphate and path-
ogenic bacteria in the river or drain water.

ASR was defined by Pyne [2] as “the storage of
water in a suitable aquifer through a well during
times when water is available, and the recovery of the
water from the same well during times when it is
needed.” This definition has been found to be inade-
quate in that the operational requirement for injection
and recovery to be performed using the same well is
overly restrictive. The essential, defining feature of
ASR is that it involves the injection, storage, and
recovery of the same or similar quality water with
perhaps some mixing with regional groundwater. An
alternative modified definition of ASR that captures
the essence of the technology is “the storage of water
in a suitable aquifer through a well during times
when water is available, and the recovery of the same
or similar quality water using a well during times
when it is needed.”

The above definition recognizes that there are dis-
tinctly different types of ASR systems that vary in how
they achieve useful storage of water [3,4] as shown in
Fig. 1. The injection of water into physical storage-type
ASR systems actually increases the amount of water
physically present in the aquifer, as manifested by an
increase in aquifer water levels or pressure. For physi-
cally bound ASR systems, injection and recovery could
be performed at separate locations. Chemically bound
ASR systems store freshwater by displacing poorer
quality (usually saline) water. A third type of ASR sys-
tem, which is referred to as interface management sys-
tems, uses the injection of freshwater to prevent or
reverse the migration of the interface with poorer-qual-
ity water. An interface management system, such as
illustrated in Fig. 1, would allow for the seasonal recov-
ery of freshwater without causing or contributing to the
intrusion of saline water.

Physical storage ASR systems are uncommon
because they require an aquifer of limited areal
extent and the presence of effective confinement on

all sides to prevent the stored water from leaking
out. Brackish-water aquifers are often present in
coastal areas, which may be suitable for use as stor-
age zones for chemically bounded ASR systems. In
aquifers that are prone to saline-water intrusion,
either interface management ASR systems or salinity
barriers are options. A salinity barrier system
involves injection near the saline-water interface in
order to allow for the continued or expanded with-
drawals of freshwater using production wells
located farther inland. ASR systems storing
reclaimed water face the same technical issues as
ASR systems that store other types of water such as
potable water. For chemically bounded ASR systems,
local hydrogeological conditions must be favorable
for the recovery of a high percentage of the injected
water. Clogging (plugging) of the well and aquifer
can also be an important operational issue. Most
ASR wells require periodic back-flushing and more
intensive rehabilitation in order to maintain their
injection and recovery capacity.

ASR systems used to store TSE may also involve
additional regulatory and technical issues related to
the nature of the water. If the ASR system could poten-
tially result in indirect potable reuse, then TSE may
have to be treated to a higher level. The major health
concern associated with indirect potable reuse is the
potential presence of pathogenic microorganisms. The
introduction of nutrients may also promote the growth
of opportunistic pathogens indigenous to the aquifer
[5].

Fig. 1. Schematic diagram of the main ASR system types.
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TSE may contain a variety of microbiological and
chemical contaminants. The contaminants of greatest
concern are pathogenic microorganisms because a
one-time exposure can cause serious illness [6–8].
Microorganisms associated with waterborne disease
are primarily enteric pathogens (i.e. originate within
the intestines of humans or other animals), which
have a fecal-oral or fecal-dermal route of infection
(either human-to-human or animal-to-human) and can
survive in water (National Research Council, 1998).
Chemical contaminants usually exist in TSE at very
low concentrations and prolonged ingestion would be
necessary to produce detrimental effects on human
health. The National Research Council (1998)
recognized three categories of chemical contaminants
that are present in TSE: (1) inorganic chemicals and
natural organic matter that are naturally present in
the water supply, (2) chemicals used or created by
industrial, commercial, and other human activities in
the wastewater service area, and (3) chemicals added
or generated during water and wastewater treatment
and distribution processes.

An important challenge associated with ASR using
TSE is striking a balance between (1) level of treat-
ment and associated costs, (2) potential impacts to
public health and the environment, and (3) potential
uses of the reclaimed water. The balance must address
technical, economic, and sociocultural issues as well
as compliance with the existing regulatory framework.
One solution to the pathogenic and emerging contami-
nant issue for reclaimed water ASR projects is to use
aquifers and locations in which indirect potable reuse
is unlikely. Indirect potable reuse would not be
expected to occur in aquifers that contain brackish
water that is not suitable for direct use for potable
water supply. ASR systems could also be geographi-
cally separated from potable water supply wells in
order to provide long travel times. Coastal barrier
islands may have freshwater aquifers whose capacity
and quality is inadequate for use as potable water
supplies, but may be used for local irrigation. These
aquifers are potential candidates for TSE or storm
water ASR systems. It has also been recognized that
the storage of water in aquifers can actually result in
an improvement in quality. Operational and experi-
mental results indicate that the concentrations of some
contaminants (e.g. disinfection byproducts), nutrients,
and pathogenic microorganisms are decreased during
storage in aquifers by natural inorganic and microbio-
logical processes [4,9,11–14]. This attenuation process
has been referred to as soil aquifer treatment (SAT)
[15]. Water could be stored in an ASR system with the
intended purpose of using SAT to improve water
quality.

Egypt is a hyper-arid country, which has limited
water resources, and less than 3% of the country area
is cultivated. Water resources in Egypt are limited to
the Nile River water which is fixed at 55.5 billion m3/
year by agreement with Sudan in 1959, groundwater
from both renewable and nonrenewable aquifer sys-
tems, which is about 6.20 billion m3/year, and the
reuse of both treated wastewater and agriculture
drainage water, which is about 5.50 billion m3/year as
shown in Fig. 2 [16]. Other non-conventional water
resources, such as desalination of seawater and brack-
ish groundwater, have been given a low priority as
sources of water for economic reasons. The cost of
desalinating either brackish groundwater or seawater
is still high compared with other conventional water
sources. Use of these sources is therefore limited to
water supply for some resorts and tourist areas. Egypt
is now fully utilizing its share of the Nile River flow
and shallow groundwater, and is effectively reusing
drainage water and treated wastewater. Continued
population and economic growth will exert further
pressure on the existing water resources. Major water
quality problems are still limited to a number of hot
spots, but proper attention will have to be given to the
effects of expected socio-economic developments on
water quality. The threat of the available water
resources being insufficient to meet the demands from
all socio-economic sectors requires an adequate and
integrated water resources management [17]. The pres-
ent situation, with limited possibilities for extension of
conventional water supplies and growing demands,
provides new challenges for non-conventional water
resources and new planning. Within the framework of
the Environmental Management of Groundwater
Resources project, Egypt launched a program to exam-
ine the feasibility of aquifer storage and recovery using
surface water and treated wastewater for the augmen-
tation of groundwater supplies [18].

Groundwater is a major source for both rural and
agriculture water supplies in many areas in Egypt,
especially in the desert regions. Over recent years,
increasing abstraction to meet rising demand for
domestic supplies and expansion of reclamation of
desert fringes has raised concerns over the sustainabil-
ity of groundwater resources and the livelihoods it
supports. To address these concerns, considerable
emphasis is being given to the augmentation of natu-
ral recharge by both traditional and modern tech-
niques. Some of these techniques have been employed
for centuries ranging from simple check bunds in gul-
lies to complex diversion and infiltration structures, as
well as injection wells [15]. Recently there have been
considerable effort and investment to maintain and
restore such traditional facilities as well as investigat-
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ing new technologies for aquifer storage and recovery.
However there has been little systematic assessment
of the technical and socio-economic effectiveness of
these schemes.

2. Wastewater in Egypt

2.1. Production

In Egypt, historical reuse of sewage in agriculture,
after primary treatment, has been in practice since
1911 (Gabal Al Asfar farm: 1,260 ha). Yet, experience of
large scale, planned and regulated reuse projects is still
limited. At present, there are some large-scale pilot
reuse projects (70,140 ha) in East Cairo, Abu Rawash,
Sadat City, Luxor, and Ismailia. Currently, most of the
sewage water directed to agricultural drains is actually
reused in one way or another. The total treated waste-
water production from the main cities is about 3.93 bil-
lion m3/y in 2009 as shown in Table 1.

2.2. Wastewater quality

In Egypt, the domestic wastewater in the rural
areas is concentrated with a COD as high as
1,100mg/l, which is almost twice that in the urban
areas [19]. El-sherbiney et al. [20] determined the max-
imum aerobic biodegradability of Egyptian domestic
wastewater and found that the minimum aerobic
effluent COD concentration in rural areas was similar
to the Egyptian effluent standards for COD, whilst in
urban areas it was significantly lower than that of the
Egyptian effluent standards for COD. Ibrahim [21]
evaluated the different technologies used for domestic
wastewater treatment in rural areas of Egypt and
found that the effluent from these systems did not
comply with Egyptian effluent standards for COD.

Using treated wastewater for groundwater aqui-
fer recharge can play an important role in managing

these resources and enhancing the groundwater
quality and quantity. However, recharging ground-
water aquifers with treated wastewater is restricted
by the regulation of the Egyptian Environmental
EEAA, Authority of Tourism, and irrigation laws.
Use of aquifer recharge for wastewater treatment
can be an answer to the various problems that have
arises due to wastewater sanitation in the small new
communities, if it is environmentally safe. The pro-
ject will provide Ministry of Water Resources and
Irrigation with a set of guidelines in applying the
obtained results of the controlled artificial recharge
technique.

3. Artificial recharge technologies

The increasing demand for water has increased
awareness opportunities for the use of artificial
recharge for augmentation of groundwater supplies
all over the world. Stated simply, artificial recharge is
a process by which excess surface water is directed
into the ground to replenish an aquifer either by
spreading on the surface in basins, by using recharge
wells, or by altering natural conditions to increase
infiltration [23]. It refers to the movement of water
through man-made systems from the ground surface
to underground water-bearing strata where it may be
stored for future use. Artificial recharge (sometimes
called planned recharge) is a way to store water
underground in times of water surplus to meet
demand in times of shortage.

Artificial recharge of groundwater by land applica-
tions is achieved by putting surface water in basins,
furrows, ditches, or other facilities where it infiltrates
into the soil and moves downward to recharge aquifers.
Artificial recharge is increasingly used for short- or
long-term underground storage, where it has several
advantages over surface storage, and in water reuse [2].
Open basins are fairly inexpensive to construct and
simple to operate. However, they can be used to
recharge only aquifers that have a direct hydraulic con-
nection with ground surface (phereatic aquifers). Artifi-

Table 1
Wastewater production at major cities

City Treated wastewater production
(billion m3/y)

2000 2009 2017

Cairo 1.40 1.50 1.70

Alexandria 0.60 0.63 0.75

Other areas 1.60 1.80 2.6

Total 3.60 3.93 5.05
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Fig. 2. Water resources in Egypt.
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cial recharge using surface basins requires permeable
surface soils. Where these are not available, trenches or
shafts in the unsaturated zone can be used, or water
can be directly injected into aquifers through wells. The
design of land application requires data on the infiltra-
tion rates of the soil, the hydraulic properties of the
unsaturated zone and underlaying aquifer, and the
location of any soil or groundwater contamination that
may be mobilized by the recharge [24]. The aquifer
should be sufficiently transmissive to avoid excessive
buildup of groundwater mounds.

Water-quality issues must be evaluated, especially
with respect to formation of clogging layers on basin
bottoms or other infiltration surfaces, and to geochem-
ical reactions in the aquifer [25]. Clogging layers are
managed by desilting or other pretreatment of the
water and by remedial techniques in the infiltration
system, such as drying, scraping, disking, ripping, or
other tillage. Recharge wells should be pumped peri-
odically to backwash clogging layers. Table 2 summa-
rizes the major characteristics for various technologies
used for artificial recharge.

Infiltration basins are still the most common
method of recharge and provide excellent versatility
for water resources planning. However, the high cost
of land in some urban areas has provided the motiva-
tion for the development of vadose zone injection
wells. The problem of vadose zone injection wells is
that once they are clogged, they are very difficult to
redevelop. A variety of low-level technologies can be
used to accomplish groundwater recharge with
reclaimed water or other poor quality water sources.

Artificial recharge of groundwater can be expected
to increase worldwide due to rise in population and
increased demand for water, additional freshwater
become no longer available, and sites for surface stor-
age are increasingly difficult to find. Dams can have
significant evaporation losses, particularly in arid
lands. Seasonal or long-term underground storage
(water banking), where possible, is often preferred.
Artificial recharge also plays an important role in water

reuse because it results in water quality improvements
(soil-aquifer treatment) and provides storage opportu-
nities to balance temporal variations in supply and
demand for reclaimed sewage effluent [26].

Where sewage effluent is to be used for potable
purposes, recharge and recovery breaks the toilet-to-
tap connection of water reuse and enables blending,
and hence dilution, with natural groundwater. Com-
bined with soil-aquifer treatment, artificial recharge
may enhance the esthetics and public acceptance of
potable water reuse. Water reuse and storage of
surplus water for use in times of water shortage also
must be increasingly relied upon to cope with
uncertainties in future climates and their effect on
surface and groundwater supplies. Design and man-
agement of artificial recharge systems involves geo-
logical, geochemical, hydrological, and engineering
aspects. Since soils and underground formations are
inherently heterogeneous, planning, design and con-
struction of groundwater recharge schemes must be
staged, first testing for fatal flaws and general feasi-
bility, and then proceeding with pilot and small scale
systems until the complete system can be designed
and constructed. Beneficiaries are water resources
planners and managers, consultants, municipalities,
government agencies, environmentalists, and the
public at large.

4. Selection criteria and preliminary investigation

In order to delineate suitable areas for applying
the artificial recharge technique over Egypt, a regional
study of the factors affecting the feasibility of artificial
recharge has been carried out. The analysis was car-
ried out for the whole of Egypt using a Geological
Information System (GIS) and extensive field data. A
GIS based method is found to be very useful in suit-
ability analysis for artificial recharge sites [27]. For
such analysis the first task was to identify the factors
affecting the feasibility of artificial recharge in Egypt,
which have been classified as shown in Fig. 3. Based

Table 2
Major characteristics of aquifer recharge methodologies

Parameter Recharge basin Vadose zone injection wells Direct injection wells

Aquifer type Unconfined Unconfined Confined/unconfined

Pre-treatment
requirements

Low technology Removal of solids High technology

Capacity 1,000–20,000 m3/ha/day 1,000–3,000 m3/well/day 2000–6,000 m3/well/day

Maintenance
requirements

Drying and scraping Drying and disinfection Disinfection and flow
recovery

Soil-aquifer treatment Vadose zone and saturated
zone

Vadose zone and saturated
zone

Saturated zone
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on the availability of water resources in terms of
quantity and quality, physical and hydrogeological
settings and a preliminary cost analysis, a set of crite-
ria were been designed to demarcate the most suitable
sites for artificial recharge. The thematic information
layers used in this suitability analysis and weighted
indexed overlay model are: (1) geomorphology, (2)
aquifer system and extent, (3) soil classification, (4)
land use, (5) depth to groundwater table, (6) hydraulic
properties of the aquifer system and (7) underground
storage capacity.

Weighted overlay analysis is a simple and
straightforward method for a combined analysis of
multi-class maps. The efficacy of this method is that
human judgment can be incorporated in the analy-
sis. A weight represents the relative importance of a
parameter. The weighted index overlay method
takes into consideration the relative importance of
the parameters and the classes belonging to each
parameter. There is no standard scale for a simple
weighted overlay method. For this purpose, criteria
for the analysis should be defined and each parame-
ter should be assigned importance [28]. Determina-
tion of weighting of each class is the most crucial
component in integrated analysis, as the output is
largely dependent on the assignment of appropriate
weighting. Consideration of relative importance
leads to a better representation of the actual ground
situation [29]. In the weighted index overlay, the
individual thematic layers and also their classes are
given a specified weight as shown in Table 3 on the
basis of their relative effect on the aquifer storage
and recovery.

Using these weighting factors, two sites have been
selected for investigating their potential for aquifer
storage and recovery [30,31]. Fig. 3 shows the sche-
matic diagram for the selection process for the pilot
areas. The first is at Abu Rawash to the northwest of
Cairo City using treated wastewater and the second
site is at El Bustan in the western Nile Delta using the
surface.

5. Abu Rawash case study

In Egypt, the raw wastewater from greater Cairo is
collected to Abu Rawash wastewater treatment plant
at the desert fringes northwest of Cairo. The treated
wastewater is disposed into a lined canal then to Al
Rahawy Drain. To investigate and quantify the aquifer
recharge by treated wastewater under different
hydraulic load conditions using a recharge basin or an
injection well, a square basin with length of about 50m
was constructed.

5.1. Physical and hydrogeological settings

The recharge site is located 30 km northwest of
Cairo City and east of the Cairo-Alexandria desert
road as shown in Fig. 4. The surface is almost flat
and the ground elevation is about 15.0m (amsl).
Detailed hydrogeological investigation of the site
has been carried out including topographical sur-
veying, soil classification, geo-electrical resistivity
survey and the native groundwater levels and qual-
ity. The investigation results indicated that there is
one layer aquifer system which consists of coarse
sand with fine gravel and intercalations of thin silt
and clay layers which promised to be a good pros-
pect for the groundwater recharge. The depth to
groundwater ranges from 4 to 7m below the
ground surface. The pumping test data analysis
indicating that the saturated hydraulic conductivity
for the study area ranges from 15 to 30m/day.
The average effective porosity ranges from 15 to
25%.

5.2. Design of recharge basin

The wastewater is pumped from the lined canal
to a lined basin where fine suspended solids are
allowed to settle and also for aeration using air
jets. This pretreatment process decreases the chemi-
cal and biological load. The BOD and suspended
solids (SS) were measured before and after the pre-
treatment process to assess its efficiency as shown
in Table 4. The efficiency of suspended solid
removal is about 41% and the bacteriological load
decreases by about 25%. The pretreated wastewater
is then pumped to a square recharge basin with a
length of about 50m and a depth of about 1.25m
from the ground surface. An injection well with a
depth of 25m was drilled also in the center of the
basin. A monitoring system was installed to moni-
tor the effect of the recharge process on the
groundwater in terms of quantity and quality.
Fig. 5 shows the general layout for the recharge
basin in Abu Rawash.

5.3. Recharging process and results

The basin was operated under a variable hydraulic
load as well as constant hydraulic head. Variable
hydraulic load involves filling the basin to certain
depth and stop adding wastewater to the basin until
the total volume of wastewater in the basin is fully
infiltrated. The time needed for this process is called a
round. The basin was operated under constant
hydraulic head by keeping the water level in the basin
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constant at a head of 0.65m above the basin floor.
Table 5 summarizes the operation scenarios for
recharging process. During the recharging process the
effect of basin hydraulic head on the recharge rate as
an indicator for basin clogging rate was evaluated. It
was concluded that increasing the basin hydraulic
head resulted in significant increase in the infiltration
rate. The estimated recharge rate during the operation
of the basin with constant hydraulic head ranges from
0.15 to 0.25m/day.

The observed height of groundwater mound at the
center of the basin was 0.60m after four recharge
rounds with variable hydraulic head. After the fifth
recharge round with constant hydraulic head the
height of the mound at the center of the basin was
1.40m [32,33].

5.4. Identification of optimum recharge cycle

To identify the optimum recharge cycle, the Accu-
mulative Average Recharge Cycle (AARC) method
was used. The method is used to calculate for each
periodic measurement of recharge rate, a value repre-
senting the average total recharged volume over the
entire to date recharge cycle including a required dry-
ing period using the following equation:

Vt ¼
Xt

n¼1

QnxDt
tþ d

� �
ð1Þ

where Vt represents the total average daily recharge
at the start of drying cycle (m3/h) at time t (h), Qn is
the periodic measured recharge rate (m3/h), Dt is the

Water Resources Availability

Water Resources Quantity Water Resources Quality

Hydrogeological Setting

1. Aquifer System and Extent
2. Geology
3. Underground Storage
4. Depth to Groundwater Table
5. Hydraulic Properties
6. Groundwater Flow System

Preliminary Selection for 
Alternatives

Cost Analysis

Final Selection for Pilot Areas

Cultural and Social 
Considerations

Physical Setting

1. Land Use
2. Soil Classifications
3. Topography
4. Transmission Characteristics
5. Infrastructure Facilities

Fixed Costs Operational and Maintenance Costs

Fig. 3. Schematic diagram of the selection process.
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duration of measurement period and d is the length
of drying period (h). The optimum drying point
occurs at maximum Vt [34]. Fig. 6 shows the plot of
infiltration rate and AARC with time. From this
graphs it is concluded that the optimal operating cycle
for enhancing the daily recharge rate and restoring
the infiltration rate after drying period is 7 days wet
and 7days dry.

5.5. Groundwater quality evaluation

Recharging of wastewater into an aquifer may
induce geochemical reactions such as mineral precipi-
tation, dissolution, cation exchange and redox
reactions. These reactions have the potential to affect
the adsorption or attenuation of metal or inorganic
contaminants. Aquifer recharge using wastewater with
a high BOD could change groundwater chemistry,
with the potential to cause acidification and the

release of heavy metals from aquifer sediments. To
evaluate the effect of using pretreated wastewater for
recharging the aquifer on the groundwater quality,
the chemical and bacteriological constituents of the
wastewater and groundwater were tested. Total Nitro-
gen, Phosphorus, BOD and Fecal Coliform were tested
as indicators for soil aquifer treatment efficiency.

Operating the recharge basin with wet/dry cycles
is critical to demonstrate hydraulic loading rates and
to create cyclic aerobic/anoxic conditions for simula-
tion of nitrogen removal [35–39]. Wilson [40] has stud-
ied water quality changes and the fate disinfection by-
products at Tucson Sweetwater Recharge site. This
Study demonstrated that nitrogen removal occurred in
the deep vadose zone with approximately 50%
removal and that disinfection by-products were effi-
ciently removed. In Abu Rawash pilot project, the
removal efficiency of total nitrogen at the depth of 1m
in the unsaturated zone was about 10% and it was

Table 3
Weighting of different parameters for the selection of artificial recharge sites

No. Criteria Classes Weights

1 Water Water is available 1

Water is not available 0

2 Aquifer Geology Alluvial deposits (sand, gravel) 3

Alluvial deposits (shale, clay) 1

Sandstone 1

Limestone 0

Hard rock 0

3 Geomorphology Lower alluvial plain 3

Flood plains and alluvial fill 3

Upper undulating alluvial plain 3

Gently to moderately sloping land interspersed with mounds and valleys 2

Moderate to strongly sloping land interspersed with isolated hills 1

Rock outcrops 1

4 Top soil Gravel 4

Sand 3

Silt 2

Clay 1

5 Depth to groundwater 0–5m 1

5–10m 2

10–20m 3

>20m 4

6 Recharge 25–35mm/day 3

25–15mm/day 2

0–15mm/day 1
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about 35% at the base of unsaturated zone. The
increase of in total Nitrogen removal rate with depth
and time is mainly due to the high concentration of
Oxygen in the unsaturated zone. The average removal
rate for phosphorus within the experimental project
was about 5% from the initial concentration of
recharged wastewater. Also, at a depth of 2m in the
unsaturated zone the average bacterial removal rate
was about 65% [41].

During soil aquifer treatment, cyclic flooding/dry-
ing of the basins is necessary for improvement of infil-
tration rates and to control aerobic/anoxic conditions
in the soil. Recharge basins function under wet and

dry cycles, alternately. A clogging layer develops at
the soil surface during flooding due to the combined
effects of algal growth, suspended solids deposition,
and bacterial growth in soil pore spaces and slows
down the infiltration rate. However, infiltration rates
are restored during the drying cycles by allowing the
soil surface to dry and develop cracks. Wet-dry cycle
operations consist of filling the pond to a certain
depth, stopping the inflow (loading) and allowing the
water to infiltrate into the ground. After all the water
has infiltrated into the soil, the pond is left to dry for
a period so that natural aeration can take place. Dur-
ing the drying period, water percolates and the infil-
tration potential for the next application period
increases. When clogging occurs, the recharge basin
can be cleaned and possibly restored to their original
capacity by draining, drying and scraping. Another
method of wet-dry cycle operation is to maintain a
full pond, i.e., the influent water is maintained at a
rate equal to the recharge rate. When the recharge rate
reaches an unacceptable value, the operation is
stopped so that the clogging layer can be removed
[42,43]. Table 6 summarizes the results of the quantita-
tive assessment of groundwater quality for the
recharging process with pretreated wastewater during
the wet-dray cycles.

Fig. 4. Pilot project location map.

Table 4
Measured BOD and SS for wastewater before and after the
pretreatment process

Parameter Average concentration
(mg/l)

Raw
wastewater

Pretreated
wastewater

SS 2,800–2000 1,500–1,300

BOD 400–300 300–200
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The analysis results of collected samples from
the groundwater monitoring network indicated that
SAT systems within the site can handle high BOD-
loadings, and BOD levels are generally reduced to
essentially 5mg/l after percolation through soil at
the well located at the center of the recharge basin
as shown in Fig. 7. However, the final product
water from SAT systems still contains some organic
carbon. This is probably mostly due to humic and
fulvic acids but also to synthetic organic compounds
in the sewage effluent that do not break down in
the underground environment.

The initial COD of raw sewage was about 350mg/
l, and the first treatment is by anaerobic stabilization
pond (recharge basin). The result of the analyzed sam-
ple collected from the basin was 205mg/l. The results
of the analyzed samples collected from the groundwa-

ter monitoring network indicated COD levels are gen-
erally reduced to essentially 10mg/l after percolation
through soil at the well located at the center of the
recharge basin as shown in Fig. 8.

6. Summary and conclusions

Increasing demand for water in Egypt, particularly
in the areas suffering from shortage of surface water,
has shown that the groundwater reservoirs provided
by aquifers are invaluable for water supply and stor-
age. Natural replenishment of this vast supply of
groundwater is very slow. Artificial recharge as a
mean to boost the natural supply of groundwater
aquifers is becoming increasingly important in
groundwater management particularly for non-potable
water reuse.
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Fig. 5. General layout for artificial recharge basin in Abu Rawash.

Table 5
Operation scenarios for the recharging of treated wastewater in Abu Rawash

Round Scenario No. rounds Duration (days)

Wet Dry

1 Recharging the aquifer with raw wastewater
under variable hydraulic head (from 0.75 to 0m)

2 5 7

2 Recharging the aquifer with treated wastewater
under variable hydraulic load (from 0.60 to 0m)

2 2.7 7

3 Recharging the aquifer with treated wastewater
under variable hydraulic load (from 0.75 to 0m)

5 8.7 9

4 Recharging the aquifer with treated wastewater
under variable hydraulic load (from 0.75 to 0m)

5 7.3 9

5 Recharging the aquifer with treated wastewater
under constant hydraulic load (head= 0.65m)

1 13.5 The end
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The objective of this study was to evaluate the
hydrogeological suitability of artificial recharge with
pretreated wastewater in Egypt for augmentation of
groundwater supply and mitigation the negative envi-
ronmental impact of direct illegal reuse of raw waste-
water. Results indicated that artificial recharge of
groundwater with treated wastewater is a promising
method for groundwater aquifer replenishment in
Egypt, that needs more detailed study, especially in
the area of remediation of clogging problems under
intermittent as well as continuous recharge. The results
indicated that the main factors affecting the success of
recharge process are, water availability in terms of
quantity and quality, method of aquifer recharge
(mainly basins and injection wells), clogging, aquifer
extent and boundaries, aquifer hydraulic parameters,

Table 6
Change in groundwater quality during the recharge process

Round Total nitrogen (mg/l) PO4-P (mg/l) Fecal coliform (FUM/100mm)

Initial condition 1.5 3.9 0

1 Wet 2.5 3.7 2,000

Dry 1.8 4.5 1,500

2 Wet 2.7 3.7 1,600

Dry 2.3 4.2 2,350

3 Wet 3.5 3.1 2,100

Dry 1.7 3.9 2,500

4 Wet 3.0 2.9 2,000

Dry 1.8 3.5 2,400

5 Wet 1.7 3.0 2,500

Dry 1.6 3.4 2,300

Fig. 7. BOD values (mg/l) for row wastewater, in the basin
and after recharge.
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hydraulic recharge load, groundwater quality mainte-
nance and economical, social and health issues.

Recharging the aquifer with constant hydraulic
load increased the recharge rate by about 40%. When
using pretreated wastewater, the efficiency of the soil
in removing the pollutants decreases over time due to
the changes in its chemical balance and physical prop-
erties. Therefore, it is recommended that detailed
studies to be carried out on the effect of leaching the
soil by fresh water and the possibility of adding some
chemicals in the recharging basin to activate pollu-
tants removal.

The retrieval of the stored groundwater should be
considered as important as the storage of water. A
well-designed active recovery system for the
recharged pretreated wastewater can be considered as
a protection system that prevents the contaminants
from migration in the native groundwater body. Also
a well designed monitoring system is a vital to evalu-
ate the effects of recharge on the groundwater body in
terms of both quantity and quality.
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