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During the last decade, the desert fringes of the Nile Valley in Egypt witnessed a vast expansion of groundwaterfed reclaimed lands. However, waterlogging and drainage-induced groundwater quality issues started to be of
concern in many locations in these developed areas. In this study, an integrated methodology (landscape anal
ysis, electric geophysical survey, geochemical and isotopic data) was applied to assess the causes of the water
logging and to examine the impact of waterlogging and associated soil salinization on the groundwater quality,
using the area east of the Nile Valley in the El Minia district as a test site. Using eighteen vertical electrical
sounding (VES) measurements, the distribution and thicknesses of the impermeable shale layers, which poten
tially prevent the infiltration of excess irrigation water into the aquifer were delineated. Geochemical and iso
topic data revealed that groundwater is not impacted by subsurface discharge of agricultural drainage water and
it is mainly recharged from occasional rainfall and lateral seepage from the alluvial aquifer, mainly recharged
from the Nile water. Our findings suggested that in addition to the occurrence of shales, the flood irrigation and
non-planned cultivation without considering the natural stream networks as well as the wrong management
decisions by local farmers significantly contributed to develop the waterlogging, which might further be
expanded to impact the adjacent old and low cultivated floodplain lands. Local measures to dispose the excess
irrigation water directly into the subsurface through tube wells were found to be inefficient. Since the geology
and hydrogeology of new developed lands surrounding the Nile Valley are similar to the test site, the applied
methodology can be applicable for all these locations for sustainable agricultural development in Egypt and
similar arid regions.

1. Introduction
Arid regions encompass about 14.6% of the Earth’s land surface and
are characterized by limited productive land and water resources. This
often limits agricultural land use and the provision of irrigation water
for agricultural intensification and expansion of the cultivated land area.
To meet the ever-growing food needs, efforts are being made to expand
the area of agriculture by reclaiming areas of desert soil in arid regions,
i.e., Egypt, Libya, Saudi Arabia, Syria, Kuwait, etc., depending on the

availability of groundwater (Khalil et al., 2015; Al-Murad et al., 2017;
Othman and Abotalib, 2019; Khalil et al., 2021). The introduction of
irrigation in arid environments leads to water table build up and often to
problems of waterlogging and salinization with a degradation and
abandonment of lands as a result (Bradd et al., 1997; Fernández-Cirelli
et al., 2009; Behroozmand et al., 2017; Singh, 2018, 2019). It has been
estimated that about one-third of the world’s irrigated lands have
reduced productivity or even total crop failure due to waterlogging and
salinization (Fernández-Cirelli et al., 2009; Singh, 2015).
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The waterlogging and associated soil salinization is a product of the
dynamic and complex interplay between the soil-plant-atmospherewater table parameters (Liu et al., 2020). This complex interaction im
pedes the proper understanding of the waterlogging problem, where the
waterlogged areas are likely affected by local conditions such as the soil
texture (e.g. clay, silt and sand) and mineralogy (Manik et al., 2019), the
topographic setting (El Bastawesy et al., 2013; Meaza et al., 2017), rates
of evapotranspiration (Mandal et al., 2019) and the water characteristics
(Amer, 2021). Therefore, the waterlogging problem and associated soil
salinization can be ascribed to myriad of natural and anthropogenic
factors. The natural factors include: the extreme precipitation events
and water table elevation (Harrison, et al., 2014), complex soil texture
and lithological sequences (e.g. the occurrence of impermeable layers
underneath the top soil), topographic and hydrological settings (e.g.
lack of natural drainage networks in closed basin settings) (El Bastawesy
et al., 2013). The anthropogenic factors involve the non-planned agri
cultural expansion, excess irrigation water, and deficiency of drainage
systems, which exacerbated the waterlogging and salinity hazards,
particularly in arid regions (Misak et al., 1997; Khalil et al., 2015;
Behroozmand et al., 2017; Singh, 2017; Hegazy et al., 2020). The social
awareness and the cultural heritage are also important factors. For
example, the waterlogging problem has been largely mitigated in the
developed European countries compared to developing Asian and Afri
can countries during the last two decades (Valipour, 2014). Moreover,
since the waterlogging problem is a historical phenomenon, where land
salinization and rising groundwater level problems resulted in the fail
ure of ancient civilizations (Maierhofer, 1962), areas that have been
historically challenged by the waterlogging and soil salinization prob
lems have developed, with time, relevant mitigation measures (Singh,
2018). On the contrary, in other areas such as Egypt, the farmers are
used to cultivate the Nile flood plain with its relatively homogenous soil
profile (Rateb and Abotalib, 2020). This homogenous silty soil profile
with its efficient infiltration capacity reduced the soil submergence and
controlled its salinity providing an ideal soil moisture for crop produc
tivity. Therefore, the waterlogging problem is a relatively new phe
nomenon in Egypt and similar flood plain-based civilizations that has
been associated with the reclamation of desert lands away from the flood
plain. For example, on the eastern desert fringes of the Nile Valley in
Egypt, large areas of newly developed land have already been leveled
and irrigated without adequate drainage systems (El-Saadawy et al.,
2020). It might be thought that the natural drainage capacity of the
desert sandy soil profiles and deep-water table along with continuous
groundwater withdrawals for irrigation are efficient to control rising soil
water tables and salt accumulation. However, that was not the case, and
as a result the percolation from irrigated fields have developed serious
land degradation problems.
Several methods have been used to assess the waterlogging problem
and examine its causal factors. These methods include field-based
methods such as field surveys and hydrological budget models (Gates
et al., 2002; Singh, 2011), empirical methods that includes numerical
simulations of groundwater flow in customized soil profiles (Yin et al.,
2011; Xue et al., 2016), geophysical methods such as electric resistivity
surveys to characterize the structure and composition of the subsurface
beneath irrigated arid lands and identify impermeable layers at shallow
depths that might impede the percolation of excess irrigation water
(Massoud et al., 2016; Attwa and El-Shinawi, 2017; Behroozmand et al.,
2017). Recently, satellite observation-based methods became among the
most efficient methods to assess and examine the waterlogging problem
under different conditions. Examples of these methods include mapping
land-use changes and examine the spatial correlation between the
waterlogged areas and natural drainage networks using multi-temporal
satellite images and digital elevation methods (El Bastawesy and Ali,
2013; Sahu, 2014; Arnous and Green, 2015), using the normalized dif
ference vegetation index (NDVI) for the assessment of the reduction in
crop yield due to waterlogging (Amer, 2021), and implementing timeseries analysis of satellite imagery and land surface models to monitor

waterlogged croplands (Fei et al., 2014; Wang et al., 2020). Most
recently, the application of machine learning and big data analyses using
satellite and field data has been widely used to better understand the
dynamics and the spatial distribution of waterlogging (Tang et al., 2019;
Zhang et al., 2021). Though the application of environmental stable
isotope and groundwater chemical methods is a powerful approach to
understand the subsurface discharge of drainage water and thus pro
vides the necessary data to mitigate waterlogging and groundwater
quality deterioration by investigating the sources of groundwater solutes
and main processes occurring in the aquifer (Farid et al., 2015; Khalil
et al., 2015; Foster et al., 2018; Abotalib et al., 2019; Yousif et al., 2020),
yet a little attention has been paid to these applications to fully under
stand the waterlogging problem in a context of the total environment (Li
and Sugimoto, 2018; Krishan et al., 2021). All the above-mentioned
methods have their pros and cons (Table 1). Therefore, it is likely that
the integration of more than one method would lead to a better
assessment and evaluation of the waterlogging problem and would ul
timately help to reach a proper mitigation of its hazard. Example of these
integration approaches include the integration of remote sensing and
GIS techniques with groundwater flow models for the assessment of
waterlogged areas in North Bihar, India (Kaushik et al., 2019), inte
grated spatial agro-hydro-salinity model that incorporates water level
and salinity data (Singh and Panda, 2012).
Several measures have been developed globally to mitigate and
manage the adverse impacts of the waterlogging and related soil sali
nization. These methods accommodate either engineering (i.e. installa
tion of a drainage system) or biological solutions (i.e. forestry plantation
to take away the excess water as evapo-transpiration) and involve sur
face (i.e. draining the excess water from the land surface before it enters
the vadose zone) and/or subsurface measures (i.e. help to lower the
groundwater table and provide a better aeration in the rootzone (Singh,
2018). Engineering solutions have the advantage of immediate effi
ciency compared to the long-term process of the bio-drainage solutions,
yet the plantation forestry is advantageous in cost effectiveness and
environmental sustainability (Minhas et al., 2020). On the other hands,
surface drainage systems (e.g. relief and interceptor drains), however,
are cheap to install, collect both surface and subsurface surplus water
and can be easily maintained, yet they reduce the cropped area and
impede the field operation (McFarlane et al., 1985). The cons of surface
drainage can be avoided through the installation of subsurface drainage
(e.g. tile, mole and vertical drainage), however these methods are costly
and hard to maintain compared to open drains (Singh et al., 2018). In
Egypt, due to the lack of a proper guidance and a national plan, local
farmers started to dig either horizontal (open ditches) or vertical (tube
wells) drainage systems at the scale of their private farmlands to
enhance the bad drainage conditions. However, it seems that these
drainage systems were not sufficient to drain the newly irrigated lands
and to control the widespread waterlogging hazard.
Given the complex and dynamic nature of the waterlogging problem
and the limitations associated with the different methods used to
examine its causes and spatial distribution, the present study presents an
interdisciplinary approach that integrates satellite images, GIS mapping
and spatial analysis, electric resistivity survey and groundwater
geochemical and isotopic data to examine the causes of the waterlogging
problem and its impact on the groundwater in desert environments,
using the newly developed lands, east of the Nile Valley, El Minia dis
trict, Egypt, as a test site. The study also suggests feasible solutions for
the problem to achieve sustainable irrigated agriculture and ideal crop
productivity.
2. Study area
2.1. Topography, land use, and climate
The study area is a transitional zone between the Nile River flood
plain (≈ 30 m above mean sea level [amsl]) to the west and a low relief
2
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Table 1
Summary of the different methods used for assessment and delineation of the waterlogging problem.
Method used

Advantages

Disadvantages

Relevant case studies

Field-based surveys and
groundwater flow
modeling
Empirical-based methods
and numerical
simulations
Geophysical
measurements

real measurements and observations with accurate
results

Time consuming and costly with limited
spatial coverage

Gates et al., 2002; Singh, 2011

Fast process, cost effective and can be customized to
any setting

Due to the complexity of the waterlogging
problem, it is hard to fully depict the natural
dynamics in a single model
Time consuming, costly, provide only very
spatially limited information and hard to
operate in remote hot desert areas
Requires validation and calibration and needs
for sophisticated algorithms and high
computer processing capabilities
sophisticated algorithms and high computer
processing capabilities
Time consuming and costly with moderate
spatial coverage

Yin et al., 2011; Xue et al., 2016

Avoid the disadvantages of individual methods

Singh and Panda, 2012; Kaushik et al., 2019

Satellite observation
methods
Machine learning and big
data analysis
Geochemical and isotopic
methods
Integrated approaches

Provide valuable information on the subsurface
pattern of the soil moisture and investigate the
lithological control on the waterlogging
Provide large-scale synchronous and continuous
observations at different resolutions
Time-effective, and provides large-scale and
accurate assessments of the waterlogging problem
Provides a deeper insight into the impact of
waterlogging on the water and soil quality and crop
yield
Take advantage of all methods

Massoud et al., 2016; Attwa and El-Shinawi,
2017; Behroozmand et al., 2017
El Bastawesy and Ali, 2013; Sahu, 2014; Fei
et al., 2014; Arnous and Green, 2015; Wang
et al., 2020; Amer, 2021
Tang et al., 2019; Zhang et al., 2021
Li and Sugimoto, 2018; Khalil et al., 2021;
Krishan et al., 2021

plateau (≈ 280 m amsl) to the east. Several E-W and NW-SE wadi sys
tems (e.g., wadi Sharuna, wadi El-Mihasham, and wadi El-Tarfa) dissect
the plateau and drain westward towards the Nile Valley (Fig. 1b). Taking
advantage of the available groundwater resources and proximity to the
Nile Valley, the desert lands were cultivated with crops, vegetables, and
fruit trees by local investors. The land development roughly started 10
years ago in the south (wadi El-Mihasham area) and further extended to
the north of the study area.
As a part of the Eastern Desert, the area is characterized by a hyperarid climate with summer temperatures of up to 40 ◦ C, winter temper
atures that can drop to below zero at night, evaporation rates between
4.8 mm/day in the winter and 12.4 mm/day in the summer and negli
gible rainfall of 2–5 mm/year (EMA, 1996; Harmsen et al., 2014).
However, occasional flash flooding events, such as the events in
November 1994 and March 2020, have been observed (Naim, 1995;
Sultan et al., 2000; Gheith and Sultan, 2002; El-Saadawy et al., 2020).

NW-SE trending faults forming several major grabens and deep wadis
(Said, 1962; Abdeltawab, 1994). The Middle Eocene carbonates can be
described in four formations from base to top; Samalut Formation
(chalky limestone with some marl and claystone interbeds), Maghaga
Formation (open marine limestone and marl), Qarara Formation
(composed of marine shale, marl, sandstone and sandy limestone), and
El Fashn Formation (chalky limestone with chert bands or nodules)
(Klitzsch et al., 1987; Abdeltawab, 1994). Karst features, i.e. caves,
sinkholes, and open fractures, are evident in surface outcrops of Samalut
Formation (Abdeltawab, 1994). The Quaternary deposits comprise wadi
and floodplain deposits. The wadi deposits include clasts of chalk,
limestone, chalky limestones, chert, shale, and marl that were eroded
from the dissected plateau and were deposited downstream in the wadis
(Klitzsch et al., 1987; Sultan et al., 2000). The floodplain deposits cover
the area adjacent to the Nile River and are made up of fine mud and silt
(Klitzsch et al., 1987).

2.2. Geologic setting

2.3. Hydrogeologic setting

The stratigraphic succession is represented by Tertiary and Quater
nary sediments (Fig. 1b). To the east of the Nile, the Tertiary deposits (i.
e. Middle Eocene carbonates) build up the plateau that is dissected by

The Samalut Formation, a karstified Eocene limestone, is the main
aquifer along the eastern desert fringes of the Nile Valley, adjacent to the
El Minia district. The carbonate aquifer is adjacent to the alluvial aquifer

Fig. 1. a) Location map of the study area, east of the Nile Valley, Egypt. b) Geologic map of the study area (modified after Klitzsch et al., 1987). c) Enlargment of the
area outlined by black box in (b) showing the location of VES stations, groundwater, and drainage water samples.
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of the floodplain area and might be underlain by Paleozoic-Mesozoic
Nubian sandstones that host nonrenewable fossil waters under high
pressure across the Eastern Desert (RIGW/IWACO, 1990; Sultan et al.,
2000). However, due to the great depths of the Nubian aquifer, it is
poorly represented in the El Minia area and its eastern extension
(LaMoreaux et al., 2008; Abotalib et al., 2016).
Groundwater in the karstified Eocene limestone aquifer flows under
confined conditions from east to west, following the general topography.
At 220 m depth below the surface, highly fractured and karstic zones are
encountered, resulting in mud loss during the drilling of some wells
(personal communication with local farmers). The groundwater is
recharged by occasional flash floods, the Nile River and local seepage
from the alluvial aquifer (Sultan et al., 2000; Ibrahim and Lyons, 2017).
It is mainly used for irrigation by flooding via channels. Intensive land
reclamation and irrigation without drainage of excess irrigation water
led to water ponding and land degradation problems (Fig. 2 a-d). Local
subsurface drain pipes, open drain ditches, and subsurface vertical
disposal tube wells (50–100 m depth) were installed by farmers to
improve the drainage problems (Fig. 3 a-c). Most of the disposal wells
are clogged and do not drain the excess water (Fig. 3c).

(channel) networks of the study area using the D8 flow direction algo
rithm (O’Callaghan and Mark, 1984) in the ArcHydro tool (ESRI Arc GIS
v.10.3) by applying a small threshold value for the number of cells (i.e.
200 cells) draining toward a downslope cell. The extracted networks
were then superimposed over the DEM and the hillshade images to
better understand the control of the stream networks on the develop
ment of water ponds and waterlogged areas (Fig. 4).
3.2. Water sampling and analysis
Thirty groundwater and four agricultural drainage water samples
were collected from farmlands in February 2019 (Fig. 1 b and c;
Table 2). PH, temperature (T), and electric conductivity (EC) were
measured using portable ADWA AD111 and AD330 meters (Table 2).
General well information, depths of completion and water levels were
obtained from well owners (Table 2). Agricultural drainage water was
sampled from subsurface drain pipes (installed at 1–1.5 m depth from
the irrigated surface), open drain ditches, waterlogged areas (or
drainage ponds), and drainage disposal wells (Fig. 3c). After well
purging and stability of field parameters (T and EC), water samples were
collected, filtered (using 0.45 μm cellulose acetate membrane syringe
filter) and stored in three 50 mL high density polyethylene vials for
cation (preserved with few drops of nitric acid to minimize microbial
degradation), anion, and stable isotope (δ18O and δD) analyses in the
Geochemistry and Hydrogeology laboratory, Institute of Geosciences,
University of Bremen, Germany.
The analyses of cations, anions, and stable isotopes were conducted
using inductively coupled plasma-optical emission spectrometry (ICPOES; Perkin Elmer Optima 7300DV), the ion chromatography (883 Basic
IC plus, Metrohm), and laser-based liquid water isotope analyzer (DLT100, Los Gatos Research, Inc. USA), respectively. The volumetric titra
tion with sulfuric acid was used to analyze HCO−3 . The ionic balance

3. Methodology
3.1. Satellite data analysis
Multi-temporal Landsat 5 and Landsat 8 acquired in 2010, 2013,
2016 and 2019 were utilized to visual interpretation of the development
of groundwater-fed newly reclaimed lands in the study sites. The
Landsat images were georeferenced to a unified projection (WGS 1984:
zone N 36) and were subjected to various preprocessing and corrections
using ENVI v. 4.5. In addition to the available topographic maps, the
digital elevation model (DEM) was analyzed to extract the stream

Fig. 2. Field photos of a) Ponding of water in the low area nearby the irrigated lands. b) Water ponding in the open excavated pits (for quarrying shale). c)
Waterlogging and land degredation of new irrigated lands. d) Difference in elevation between adjacent irrigated lands showing the impact of low lands by excess
irrigation from high elevated and irrigated land.
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Fig. 3. Field photos of a) an irrigated land supplied with a drain tiles, at a prescribed depth (1–1.5 m) in the soil. b) Irrrigated fields with ditches to drain the excess
irrrigation water. c) Tube wells are installed to dispose the drainage water to the subsurface. It was noted that well is stuck and does not drain water. d) Land
preparation for cultivation and irrigation using shale, quarried from nearby outcrops.

error for major ion analysis did not exceed ±5%, except the drainage
water samples that show errors > ±5%. The latter might indicate that
there are one or more ionic species (perhaps due to anthropogenic
pollution) which affect the ion balance (Misstear et al., 2017). The
measurement precision for δ18O and δD was ±0.3‰ and ±1‰, respec
tively, and all isotope ratios are expressed as per mil deviations (‰) from
V-SMOW2 (Vienna Standard Mean Ocean Water).

each VES using the observed data. It was run until a good curve
matching between the observation and the model output with a mini
mum Root Mean Square (RMS) error was achieved. The RMS values
were less than 5% in each VES profile. The initial model was constructed
based on geologic information that was obtained during drilling of wells
in the vicinity of the VES stations. The modeled VES curves, e.g., VES
stations 5 & 9, are shown as examples in Fig. 5 along with the lithology
of the nearby wells.

3.3. Electrical resistivity investigation

4. Results and discussion

The resistivity measurements were collected using the resistivitymeter Syscal pro 48 (IRIS instrument, France). Eighteen vertical elec
trical soundings (VES), using a Schlumberger configuration, were con
ducted in a random pattern depending on the topographic and geologic
conditions in the study area (Fig. 1c). Insufficient electrode contacts
with the ground (e.g., VES stations 7, 11, & 12) were improved by
digging small holes around electrodes and adding saline water to ensure
good contact with the underlying soil and to reduce the noise that arises
from the self-potential differences between electrodes. Most soundings
were measured close to groundwater wells in order to calibrate the VES
data. The VES points were distributed in three short E-W lines, parallel
to the general slope direction, and two long N-S lines, roughly orthog
onal to the short lines (Fig. 1c). The half current electrode spacing (AB/
2) ranged from 300 to 500 m, which was adequate to investigate all the
subsurface layers overlying the aquifer.
The resistivity values were calculated from the field data at each
station and plotted versus the current electrode separations to obtain a
plot of apparent resistivity variation with depth, resistivity curves
(Fig. 5). The IPI2WIN software was used for the quantitative interpre
tation of the resistivity sounding curves in terms of a 1D multi-layer
Earth model. The program is based on performing an automated
approximation (adjusting iteratively) of an initial resistivity model for

4.1. Landscape analysis
Inspection of the multi-temporal Landsat images indicates that the
study sites witnessed significant increase of newly reclaimed areas in the
low laying structurally-controlled wadis (Fig. 6). The cultivation started
in 2010 in the southernmost portion of the study site and thereafter
extended to the northern parts. This is consistent with the abundance
distribution of the waterlogged areas in the southern parts compared to
the northern ones. Inspection of the extracted drainage networks in
dicates that most of the water ponds and waterlogged areas are spatially
controlled by the natural stream networks, while others, e.g., the area
between wadi El-Mihasham and wadi El-Tarfa, did not follow the stream
networks (Fig. 4). The occurrence of most of the waterlogged areas along
natural stream network suggest that a network of integrated surface
open channels can be developed taking advantage of the natural
gradient towards the Nile Valley to drain the surplus water and solve the
waterlogging and related soil salinization in the test site.
4.2. Subsurface characterization (from geoelectric cross-sections)
The 1D inversion results of 18 VES stations and borehole information
5
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Fig. 4. a) Stream networks, water ponds, and waterlogged areas superimposed over the digital elevation model (DEM) and hillshade images. b) Land use map of the
study area showing the distribution of new irrigated lands, east of the Nile Valley (old cultivated lands).

were collated to form five geoelectrical cross-sections that show the
stratigraphy in the study area (Fig. 7). Along the cross-sections, four
geoelectrical layers were recognized with a maximum investigation
depth of 140 m. The first (topsoil) layer showed a wide range of re
sistivity values (0.2–1808 Ω.m) and a maximum thickness of 6.1 m at
sounding no. 10 (cross sections A-A′ , Fig. 7) which correlates with the
surface layer (2–4 m thick) of existing boreholes. Away from the bore
holes, the extent and thickness of the topsoil layer was confirmed from
exposed sections along the open drain ditches and/ or excavated shale
pits. The variation in resistivity of this layer could be attributed to the
moisture conditions and the lithological heterogeneity, corresponding to
dry sand and gravel with clay and limestone fragments. The second layer
had lower resistivity values (1–9 Ω.m) and ranged in thickness from
11.1 m at sounding no. 6 (cross section B-B′ , Fig. 7) to 78.3 m at
sounding no. 3 (cross section C-C′ , Fig. 7). It is correlated to shale, as
indicated from close boreholes, e.g., well nos. 12 and 27, and/or nearby
excavated shale pits (Fig. 2b). Since the shale is largely impermeable, it
serves as a natural barrier to the vertical water flow and consequently
the topsoil is occasionally flooded and waterlogged after irrigation. The
third geoelectric layer was characterized by moderate to high resistivity
values (32–387 Ω.m) which indicated a compacted (dry) limestone. It
was observed in the western and central parts (cross sections A-A′ and BB′ , Fig. 7) and below the second geoelectrical layer (shale) at the
northern and southern parts. It ranged in thickness from 1.4 m (sounding
no. 7, cross-section A-A′ ) to 80 m (sounding no. 15, cross section E-E′ ).
The fourth layer was a saturated limestone which represents the main
aquifer in the study area. This layer was characterized by moderate re
sistivity values (14–95 Ω.m) and a depth range from 45 to 128 m below
surface.
Based on the lateral variation in lithology and resistivity values,
faults can be inferred at specific locations where lateral variation is

abrupt. However, the fault trends are hard to be inferred from the 1D
VES data, it is likely that the trends of the inferred faults will follow the
fault orientations mapped on the surface.
4.3. Stable isotopic composition
The stable isotope ratios of samples from the karstified Eocene
limestone aquifer and agricultural drainage water were plotted in rela
tion to the global meteoric water line (GMWL) (Craig, 1961) (Fig. 8).
Additional data for the Nile water before (Awad et al., 1994) and after
(Sultan et al., 2000; Hamza et al., 2001; Ibrahim and Lyons, 2017) the
High Dam at Aswan, groundwater from the alluvial aquifer in the Nile
floodplain area (Hamza et al., 2001), and paleowaters from the Nubian
aquifer in the Eastern Desert (Sultan et al., 2011; Sherif et al., 2019)
were considered for comparison (Fig. 8). Also, isotopic data for
groundwater from the wadi El-Tarfa alluvial aquifer, containing mostly
evaporated meteoric waters with short residence time (Sultan et al.,
2000), and groundwater from the fractured basement of the Eastern
Desert, dominantly retained the modern rainfall due to steep slopes of
basement outcrops and high conductivity of their fractures (Sultan et al.,
2011; Amer et al., 2012; Abouelmagd et al., 2014; Hussien et al., 2017;
Sherif et al., 2019), was included to represent the modern meteoric
rainfall over the Eastern Desert.
δ2H and δ18O composition of groundwater samples from the Eocene
aquifer ranged from − 12.17 to 8‰ and − 2.06 to 0.49‰, respectively
(Table 2). Samples plotted slightly below and parallel to the GMWL with
isotopic composition more enriched than the paleowater of the Nubian
aquifer but depleted relative to the groundwater from the alluvial
aquifer and the Nile River water after the High Dam (Fig. 8). They also
had δ2H and δ18O values similar to those of groundwater samples from
the fractured basement aquifers and from the wadi El-Tarfa alluvial
6
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Table 2
Physical, chemical, and stable isotopic composition of groundwater and drainage water samples, east of the Nile Valley, Egypt.
ID

water group

Water level (m)

Well Depth (m)

pH

T (◦ C)

EC (µS/cm)

Chemical analysis
Cations (mg/l)

7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
1D
2D
3D
4D

Groundwater

Drainage water

29
160
25
220
28
226
30
25
24
200
25
175
26
225
28
205
30
213
27
200
32
120
31
240
31
210
30
260
32
190
40
230
31
185
30
100
32
190
34
200
34
195
45
200
28
110
22
195
35
185
25
160
26
220
32
235
26
235
31
250
drain ditches
drain tiles
subsurface disposal tube well
surface water ponds

7.7
7.6
7.8
7.7
7.7
7.4
7.4
7.5
7.6
7.6
7.5
7.8
7.7
7.7
7.6
7.5
7.6
7.4
7.5
7.5
7.7
7.4
7.9
7.2
8.1
7.7
7.5
7.6
7.5
7.7
7.9
7.7
7.7
8.3

23
25
25
25
24
25
25
24
25
25
24
23
21
24
24
28
25
24
24
21
26
20
23
25
27
27
24
26
25
25
17
17
17
18

963
1027
1057
1064
1227
1228
1381
2670
1525
1175
895
1623
1204
1344
1254
1618
1494
913
1450
1489
1826
1526
1182
2032
1582
1566
1567
1506
1646
1867
12,840
6150
8460
62,200

δD‰

δ18O‰

− 0.85
− 1.44
− 1.93
− 1.52
0.62
0.14
− 1.62
− 4.28
− 3.76
− 5.83
− 1.11
− 4.31
− 3.52
− 6.73
− 6.42
− 12.17
− 9.53
8.00
− 9.33
− 9.55
− 11.33
− 8.47
− 1.27
− 5.85
− 9.92
− 9.82
− 1.08
− 8.91
− 7.59
− 10.62
1.35
− 2.65
0.82
30.33

− 0.60
− 0.87
− 0.79
− 0.90
− 0.38
− 0.46
− 1.00
− 1.12
− 1.36
− 1.15
− 0.56
− 1.19
− 1.26
− 1.54
− 1.19
− 2.06
− 1.74
0.49
− 1.89
− 1.89
− 2.00
− 1.63
− 0.79
− 0.94
− 1.94
− 1.79
− 0.49
− 1.60
− 1.40
− 1.81
0.37
− 0.92
− 0.37
6.98

Anions (mg/l)

Na+

K+

Ca2+

Mg2+

HCO−3

SO2−
4

Cl−

NO−3

90.63
105.13
106.26
102.66
126.78
124.20
167.92
354.98
180.25
119.15
82.82
197.10
132.18
138.83
135.35
168.68
159.69
80.94
161.02
162.20
214.16
161.45
128.05
274.34
166.93
162.87
170.46
151.39
178.95
199.09
1679.95
458.96
1048.68
1395.95

4.74
5.26
5.27
5.08
5.28
5.13
6.07
8.18
5.67
4.74
4.88
5.76
5.28
4.99
5.48
5.29
5.06
5.01
5.37
5.38
6.86
5.35
4.93
7.89
5.38
5.25
6.13
5.29
5.66
5.78
65.9
25.2
45.16
62.1

43.02
42.85
47.63
42.12
48.86
51.52
60.04
69.08
52.04
44.93
44.24
52.78
48.72
48.21
53.71
62.89
51.71
49.99
60.50
59.08
68.73
58.20
44.03
74.07
63.73
61.52
60.43
56.60
59.74
60.80
645.4
496.24
448.12
94.5

23.83
30.22
30.49
26.43
29.66
28.47
36.05
50.76
32.49
26.71
23.61
32.22
29.20
29.73
32.06
37.50
32.38
24.39
36.19
34.72
39.36
35.62
26.28
52.49
37.44
36.72
35.96
34.60
36.03
39.75
473.15
127.22
246.92
402.05

196
203
202.56
190
202.63
202.62
179
154
173
203.11
205.65
194.94
202.83
207.72
202.38
199.07
199.92
205.49
199.36
199.81
196.42
203.29
202.71
130.00
199.39
199.54
185.00
162.00
194.45
160.00
215.58
158.09
242.12
349.73

52.67
61.1
63.194
69.702
87.64
88.04
140.00
174.34
115.48
68.79
48.23
111.83
81.99
94.24
86.32
124.14
109.84
54.29
111.47
112.49
132.76
112.16
61.82
232.02
119.71
116.43
124.12
110.93
116.48
130.80
3944.25
2829.00
2551.44
15376.40

156.47
179.89
176.74
178.612
221.23
221.60
310.10
644.62
325.68
216.00
138.69
344.03
225.69
260.74
231.82
334.85
294.84
116.34
300.98
302.43
330.43
303.06
243.96
529.57
317.96
315.53
312.61
306.14
338.76
397.20
2979.35
733.20
1627.80
21150.60

6.00
6.37
6.018
6.91
10.22
10.45
14.85
24.72
11.18
7.64
6.79
15.60
7.66
8.01
6.68
5.56
8.06
13.45
5.15
5.43
11.74
5.71
9.58
24.19
5.03
6.50
19.20
6.86
6.55
9.48
74.20
102.20
67.44
192.20
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Fig. 5. Measured apparent resistivity curves, interpreted resistivity lines, and calculated resistivity curves of VES stations 5 and 9 (for location, see Fig. 1c) along with
the groundwater well lithological information.

Fig. 6. Landsat images showing the development of irrigated agricultural lands over the period from 2010 to 2019.

aquifer (Fig. 8), suggesting a significant contribution of modern pre
cipitation to the Eocene aquifer. In addition, it seems that the isotopic
composition of groundwater from the Eocene aquifer and groundwater
from the floodplain alluvial aquifer follow the same trend, with some
overlap for the most enriched and most depleted samples (Fig. 8). The
likely endmember of this trend would be the Nile water. Hence, local
lateral recharge from the Nile water into the alluvial aquifer and then
further into the Eocene aquifer is a possibility. Particularly the many
faults present in the Nile Valley and inferred from resistivity data (Fig. 7)
would enhance flow from the alluvial aquifer into the Eocene aquifer.
The agricultural drainage waters showed a progressive enrichment in
isotopic composition from lighter (subsurface drain pipes; δ2H: − 2.65‰,
δ18O: − 0.92‰) to heavier (drainage ponds; δ2H: 30.33‰, δ18O: 6.98‰)
composition. The drainage waters followed an evaporative trend line
expressed by the equation: δ2H = 4.15 * δ18O + 1.21, which is consistent
with previous studies (Tantawi et al., 1998; Mohammed et al., 2016).

4.4. Water chemistry
As shown in Table 2, most of the samples from the Eocene aquifer
were Na+-Cl− type and only a few samples were Na+–HCO−3 type. The
EC values ranged from 895 to 2,670 µS/cm. Lower EC were generally
found in wells, which contained mainly Na+–HCO−3 waters. Geograph
ically this was observed in the SW portion of the study area, e.g., wells
1–4, 11, and 18. Those wells had water tables lower or within the Nile
River level (31–33 m in the El Minia district), suggesting a possible
occurrence of local lateral recharge from the river or a greater influence
of groundwater from the alluvial aquifer, floodplain area. Drainage
water was composed of Na+(Ca2+)-SO2−
4 waters with EC values ranging
from 6,150 to as high as 62,200 µS/cm. NO−3 concentrations ranged from
5 to 24.7 mg/l in the groundwater from the Eocene aquifer, while the
drainage water had NO−3 values ranging from 74.2 to 192.2 mg/l.
To further understand the different mechanisms governing the
groundwater chemistry and salinization, ionic ratios and the
8
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Fig. 7. Geoelectric cross-sections A-A′ , B-B′ , C-C′ , and D-D′ . For location, see Fig. 1c.

Fig. 8. δ2H vs. δ18O plot for groundwater samples from karstified Eocene limestone and agricultural drainage water from the irrigated lands, east of the Nile Valley.
Also, the Nile water before (Awad et al., 1994) and after (Sultan et al., 2000; Hamza et al., 2001; Ibrahim and Lyons, 2017) the High Dam, groundwaters from wadi
El-Tarfa alluvial aquifer (Sultan et al., 2000), groundwater from the Quaternary aquifer in the Nile floodplain area (Hamza et al., 2001), modern meteoric water in
the fractured basement of the Eastern Desert (Sultan et al., 2011; Amer et al., 2012; Hussien et al., 2017; Sherif et al., 2019), paleowaters of the Nubian aquifer at the
Eastern Desert (Sultan et al., 2011; Hussien et al., 2017; Sherif et al., 2019) and the global meteoric water line (GMWL): δ2H = 8 δ18O + 10 (Craig, 1961) are shown.

relationships between major elements were investigated. Most of the
Na+/Cl− molar ratio of the groundwater samples from the Eocene
aquifer showed lower values (0.76–0.99) and plotted on and slightly

below the seawater dilution line (SWDL) in the Na+–Cl− plot (Fig. 9a),
suggesting marine aerosols to be the source of the groundwater solutes.
The lower Na+/Cl− ratios (Na+ depletion), and the corresponding
9
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−
+
−
2+
2+_
Fig. 9. Na+ (a), Ca2+ (b), Mg2+ (c), and SO2−
HCO−3 _SO2−
4 (d) versus Cl concentrations (in meq/l), and the relation (Na -Cl ) versus (Ca + Mg
4 ) (e) in
groundwater from the Eocene limestone aquifer. The black dashed line represent halite dissolution line (HDL), while the red dashed lines represent seawater dilution
line (SWDL) that was defined using seawater ratios from Vengosh (2014).

enrichment in Ca2+, Mg2+, and SO2−
4 relative to SWDL (Fig. 9 b to d),
might also indicate cation exchange reactions and water rock in
teractions related to dissolution of calcite, dolomite and gypsum. The
strong and positive correlations of Ca2+ and Mg2+ (r2 = 0.85), and Ca2+
2
and SO2−
4 (r = 0.81) could suggest that the dissolution of carbonate
(calcite and dolomite) and gypsum are important processes contributing
to the groundwater mineralization in the study area. This is also corre
sponded to the known lithology of the aquifer, essentially consisting of
carbonates overlain by shale intercalated with gypsum and halite.
However, there was no relationship between Ca2+ and HCO−3 and the
correlation coefficient was not significant (r2 = 0.07). This indicates that
calcite may not be the sole source of Ca2+. Exchange of Na+ and K+ by
Ca2+ and Mg2+ adsorbed on the surface of clay minerals, present as marl
and claystone interbeds in the aquifer unit, could result in a deficit of
Na+ and surplus of Ca2+ (Appelo and Postma, 2005). The cation ex
change is evident by plotting the groundwater samples from the Eocene
aquifer along a straight line (r2 = 0.8) with a slope of − 0.8 in the (Ca2++
+_
−
Mg2+ _ HCO−3 _ SO2−
4 ) versus (Na Cl ) plot (Farid et al., 2015) (Fig. 9e).
+
The Na deficiency could also be explained by the excess of Cl− , as a
result of groundwater mixing with high Cl− water, i.e., agricultural re
turn flows that discharged directly to the subsurface environment by
disposal tube wells (Fig. 3c). The association of δ18O and Cl− , however,

suggested that increases in Cl− concentrations do not correspond with
enrichment of δ18O, which seems to exclude the significant influence
and /or groundwater mixing to highly evaporated drainage water
(Fig. 10). The high nitrate content (>20 mg/l) of some wells, e.g. wells 8
and 24, might be attributed to local seepage of drainage water directly
into the well due to poor or lack of well casing.
4.5. Waterlogging origin, impacts and possible mitigation measures
At least three factors contribute to the waterlogging and salinization
of the irrigated lands in the study area. Firstly, the non-planned culti
vation and extensive irrigation, i.e., flood irrigation, without consid
ering the natural stream networks of the study area. This is manifested in
the upstream parts of wadi Sharuna and El-Mihasham (Fig. 4a). Sec
ondly, the presence of shallow impermeable layers as identified in the
geoelectrical cross section (Fig. 7) that impede the downward percola
tion (infiltration) of the excess irrigation water and thus cause a rise in
soil water levels, eventually developing waterlogging problems. The
distribution and thickness of the shales were mainly controlled by faults,
forming grabens and horsts (Fig. 7). It was noted that shale reached a
considerable thickness (40–70 m thick, cross sections A-A′ , C-C′ , and DD′ in Fig. 7) in grabens, while it is absent in central and western parts of
10
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Fig. 10. Plot of δ18O (‰) vs. Cl− (mg/l) for
groundwater samples from karstified Eocene
limestone and agricultural drainage water
from the irrigated lands, east of the Nile
Valley. Also, the Nile water before (Awad
et al., 1994) and after (Sultan et al., 2000;
Hamza et al., 2001; Ibrahim and Lyons,
2017) the High Dam, groundwaters from
wadi El-Tarfa alluvial aquifer (Sultan et al.,
2000), groundwater from the Quaternary
aquifer in the Nile floodplain area (Hamza
et al., 2001), modern meteoric water in the
fractured basement of the Eastern Desert
(Hussien et al., 2017; Sherif et al., 2019), and
paleowaters of the Nubian aquifer at the
Eastern Desert (Sherif et al., 2019) are
shown.

the area, i.e., horst or upland areas (cross sections A-A′ and D-D, in
Fig. 7). The last factor might be attributed to the difference in elevation
between adjacent farmlands (Fig. 2d) which was caused by adding more
shale, quarried from nearby outcrops (Fig. 3d) or open excavated pits
(Fig. 2b). The purpose being to raise the level of irrigated lands and thus
enhance the surface sandy soil characteristics. However, this resulted in
draining the excess irrigation water to flood the nearby lowlands
(Fig. 2d).
Considering the temporal change in land use (Fig. 6) and field ob
servations, the areas in the southern part, which began irrigation and
cultivation earlier are now the most drainage-impacted and flooded
lands (Fig. 4 a&b) compared to recently developed areas to the north.
Since waterlogging was found upstream of some drainage networks in
the study area (Fig. 4a), it can be expected to reach and develop further
downstream and impact the older cultivated lands along with the
reclamation and irrigation progress. Although agricultural drainage
waters are disposed into the subsurface through tube wells (Fig. 3c),
there seems to be little mixing with groundwater of the Eocene aquifer.
It seems that drainage water was discharged into formations overlying
the aquifer unit, Samalut formation, in the study area. The clogging of
disposal tube wells (Fig. 5c) might be attributed to the swelling of clays
of the Qarrara and/or Maghaga formations. X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) analyses indicated that the Qarrara
Formation clay minerals are mainly composed of kaolinite (29 wt%) and
montmorillonite (20 wt%) (Tantawy and Mohamed, 2017). The pres
ence of montmorillonite increases the clay swelling potential especially
when exposed to concentrated aqueous solutions with large quantities of
divalent cations, like drainage water (Table 2) of the study area, (Zhou,
1995; IAEA, 2013). The nitrate groundwater pollution, however, might
be related to local seepage of agricultural drainage water to the irriga
tion wells due to poor well casing/design.
Two mitigation measures are suggested based on the setting of the
studied site. For the southern parts of the study area especially those
located along the course of natural streams, surface interceptor drains
are highly recommended, which can intercept seepage water moving

down hillsides. For the northern parts of the study sites, especially areas
that have shales in the near surface and started to develop waterlogging,
bio-drainage is a proper measure. Given that the area is not yet heavily
affected by the waterlogging, the relatively long time required for the
plantation forestry will have minimal effects. Trees such as Eucalyptus,
Populus, Casuarina, Dalbergia, Syzigium, Acacia, Prosopis, Leucaena have
high plant consumptive water use and are suitable for arid environments
(Singh and Lal, 2018).
The present study provides an integrated approach that relied on
both readily available data and maps as well as collected field obser
vations, water samples and geophysical measurements. The integration
of these methods can help to overcome the limitations associated with
the implementation of individual methods.
5. Conclusion
An integrated (landscape analysis, electric geophysical survey,
geochemical and isotopic data) approach has been applied to investigate
the origin of waterlogging and salinization of the new irrigated lands,
east of the Nile valley, El Minia district, Egypt. Inspection of satellite
images indicated that the area witnessed extensive increase in the
groundwater-fed reclaimed lands with abundant waterlogged areas
especially in the southernmost parts following the natural stream net
works. Our findings indicated that the causes of waterlogging include
anthropogenic forcing such as non-planned cultivation and extensive
irrigation in addition to wrong management decisions by the local
farmers as well as natural forcing through the occurrence of imperme
able shale bed beneath the topsoil in all waterlogged areas. Instead of
the vertical drainage system, which proved to be inefficient in the study
site, surface interceptor drains in the southern parts and bio-drainage
system in the northern parts of the study area are highly recom
mended. The interdisciplinary approach presented in this study is
transferrable and can be directly applied to similar settings affected by
waterlogging in arid environments.
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