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ARTICLE INFO ABSTRACT

Keywords: The current study integrates remote sensing, machine learning, and physicochemical parameters
Siwa oasis to detect hydrodynamic conditions and groundwater quality deterioration in non-rechargeable
Soil salinization aquifer systems. Fifty-two water samples were collected from all water resources in Siwa Oasis
water quality deterioration and analyzed for physical (pH, T°C, EC, and TDS) chemical (S0%~, HCO3, NO3, CI~, CO3™, SiO,,
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Geochemical modeling

Mg%*, Na*, Ca?*, and K*), and trace metals (AL, Fe, Sr, Ba, B, and Mn). A digital elevation model
supported by machine learning was used to predict the change in the land cover (surface lake
area, soil salinity, and water logging) and its effect on water quality deterioration. The ground-
water circulation and interaction between the deep aquifer (NSSA) and shallow aquifer (TCA)
were detected from the pressure-depth profile of 27 production wells penetrating NSSA. The
chemical facies evolution in the aquifer systems were (Ca-Mg-HCOs3) in the first stage (freshwater
of NSSA) and changed to (Na-Cl) type in the last stage (brackish water of TCA and springs).
Support vector machine successfully predicted the rapid increase of the hypersaline lake area
from 22.6 km? to 60.6 km? within 30 years, which deteriorated a large part of the cultivated land,
reflecting the environmental risk of over-extraction of water for irrigation of agricultural land by
flooding technique and lack of suitable drainage network. The waterlogging in the study was due
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to a reduction in the infiltration rate (low permeability) of the soil and quaternary aquifer. The
cause of this issue could be a complete saturation of agricultural water with chrysotile, calcite,
talc, dolomite, gibbsite, chlorite, Ca-montmorillonite, illite, hematite, kaolinite and K-mica
(saturation index >1), giving the chance of these minerals to precipitate in the pore spaces of the
soil and decrease the infiltration rate. The NSSA is appropriate for irrigation, whereas TCA is
inappropriate due to potential salinity and magnesium risks. The best way to manage water re-
sources in Siwa Oasis could be to use underground drip irrigation and combine water with TCA
and NSSA.

1. Introduction

The world is experiencing an extreme water shortage due to a lack of water supplies and deteriorating water quality. This issue will
likely worsen in dry, densely populated areas and will have a crucial impact on agriculture in the future. To ensure sustainable
agriculture, a holistic approach to managing soil, water, and crops will be necessary [1-8]. This approach will require tailored pre-
ventive measures and management strategies specific to each site and situation. Another challenge related to declining water quality is
the problem of soil salinization [7,9-11]. Maintaining a careful balance between water and salt is crucial for stabilizing oasis-desert
ecosystems that rely on groundwater in salt-affected areas. This is especially important in light of human development activities that
can upset the delicate balance and climate variability that can threaten the sustainability of these systems [12-15]. In recent years,
Egypt has directed considerable attention to expanding its agricultural projects utilizing groundwater resources, particularly in the
western region of the Nile Delta and the New Valley, including Siwa Oasis, due to their soil and groundwater potential. Siwa Oasis
relies solely on groundwater as its irrigation and drinking water source [7,9,16] as noted by Waterlogging, which refers to the
continuous rise in the water table, is the most pressing issue faced by the Siwa Oasis, leading to a decline in the fertility of the soil due to
soil salinization. This phenomenon is mainly attributed to poor management and over-irrigation practices in agriculture and inade-
quate drainage systems [7,9]. Over-irrigation has increased the surface area of salt lakes and soil salinity [17]. The surface lake area
and groundwater salinity increased in different locations within Siwa Oasis, resulting in excessive deterioration of water quality,
rendering it unsuitable for irrigation purposes [7,18].

Surface investigations are considered to be crucial for understanding subsurface conditions. Additionally, the combined use of
remote sensing data, Geographic Information Systems (GIS), and machine learning has proven to be a cost-effective and robust method
for monitoring soil salinization in closed sensitive ecosystems, as demonstrated by previous studies [11,19]. Thus, improving the
evaluation of the environmental concerns regarding Siwa Oasis (e.g., soil salinity, water logging, groundwater salinization, and
changes in land cover and surface salt lakes) requires adequate monitoring of the surface conditions mainly represented by the exposed
land use/land covers. Consequently, it is essential to create reasonable thematic maps to identify LC/LU changes and comprehend
them based on the data collected in the field and our geochemical investigations.

The hydrodynamic characteristics of confined sedimentary basins can be described under pressure or overpressure caused by
geological processes like deposition, erosion, and tectonic compression [20,21]. These abnormal pressure conditions persist over
geological time due to changing geological factors. The overpressure in groundwater flow systems creates excess perpendicular
pressure that prevents vertical leakage from top layers, leading to non-renewable fluids due to geologically prevailing overpressure
conditions [22]. Delineating the boundary between overpressure and gravity-driven systems is crucial for assessing water availability
for drinking and irrigational utilization. While gravity-driven groundwater is regionally renewable on human and geological time-
scales, the overpressure zone is a closed system, and its water content cannot be replenished by precipitation, necessitating reinjection
[23,24].

Groundwater quality changes result from natural processes, such as ion exchange, sorption, dissolution, precipitation of soluble
minerals, acid-base reactions, oxidation-reduction reactions, evapotranspiration, and weathering of minerals [7,9,10,13,16,25-34].
Total dissolved solids, salinity, chlorinity, etc, reflect the overall concentration of solutes in groundwater at a particular time. It is
related to the saturation states of the water samples [35]. Geochemical modeling tools like WATEQF, SOLMNEQ, and PHREEQC can
calculate the saturation state of minerals in water to determine if a water sample has the potential to dissolve or precipitate minerals.
The precipitation of some minerals in the agricultural soil can reduce its porosity, permeability, and rate of infiltration rate [36-38].

The sustainability of irrigation water quality has become an increasingly significant area of research worldwide. Several research
studies have focused on developing hydrochemical indices to assess irrigation water quality comprehensively [39,40]. Among these
indices, the Sodium Absorption Ratio (SAR), Sodium percentage (Na%), Magnesium Hazard (MH), Permeability Index (PS), and
Residual Sodium Carbonate (RSC) are widely applied [31-33,41-44].

1. The aim of the study is environmental risk assessment through (1) change detection of the surface area of the salt lakes, water
logging, cultivated land, and soil salinization in the period from 1990 to 2020 by using remote sensing, GIS, and machine learning,
(2) detecting the effect of excessive abstraction of groundwater on aquifer pressure and hydrodynamic condition in the NSSA to
detect groundwater flow and its vertical component, (3) application of geochemical modeling using PHREEQC to determine the
mineral saturation state and its effect on the soil properties and human health, (4) irrigation water quality assessment and
groundwater salinity monitoring from 1998 to 2022, (5) water management by using subsurface drip irrigation, perforated pipes,
and mixing of water from TCA and NSSA to decrease groundwater quality deterioration and soil salinization.
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2. Site description

Siwa Oasis is a closed depression situated in the northwestern desert of Egypt (Fig. 1). The Oasis fell within latitude and longitude
29°12'N and 25°43'E. The principal activity in the Siwa area is agriculture and industry [45]. The total area of Siwa Oasis is
approximately 1100 km?, with a population of 23546 residents. A severely arid climate characterizes Siwa Oasis [46]. The evaporation
rate in summer is 16.8 mm/d, while in winter, it is about 5.4 mm/d. Rainfall in the Siwa area is negligible, with an annual precipitation
of about 10 mm [47].

2.1. Hydrogeology

The exposed rocks in the depression of the Oasis are divided into several stratigraphic layers. The Quaternary deposits consist of
sand dunes, sabkhas, clay, and silts. The Middle Eocene comprises limestone intercalated with shale [48]. Fig. 2a and b shows the
surface geology and cross-section of Siwa Oasis. Siwa depression’s hydrogeological setting includes five aquifers arranged from top to
base, as follows: Quaternary deposits (shallow aquifer), Miocene, Eocene, Upper Cretaceous (carbonate aquifer), and Nubian sand-
stone aquifer (lower Cretaceous) [49,50]. Fig. 2b demonstrate a Hydrostratigraphic conceptual model and sequence stratigraphy of the
study area.

The Miocene aquifer, located below the Quaternary aquifer and consists of fractured limestone, is the main aquifer in Siwa Oasis
and is used for irrigation. Approximately 100 million m3 of water is discharged or removed annually from such aquifers [31,32]. The
Nubian Aquifer (NSSA) contains high-quality water appropriate for irrigation and drinking, with depths ranging from 950 m to 1200 m
BGL [50,51]. Recently, Siwa Oasis has faced severe problems such as soil salinization and waterlogging. The major lakes in the flat
depression are Zeitoun, Aghormi, Siwa, and Maraqi lakes, arranged east to west (Fig. 2). These salt lakes receive water from different
sources, such as drainage water from agricultural land, dug wells, and springs [52].

3. Material and methods
3.1. Remote sensing

Towards consistent thematic mapping over time series (30 years), four cloud-free Landsat scenes were collected in the same season.
Three Landsat Five or thematic mapper (TM) images were implemented in 1990, 2000, and 2010, while the Landsat 8 or operational
land imager (OLI) scene was adopted in 2020. These datasets (4 scenes) were obtained from the US Geological Survey (USGS).
Theircharacteristics, including the spectral and spatial attributes of the two utilized sensors (TM and OLI), were reported (Table 1s).

Due to the considerable change within the study area, it is a tedious task to create a traditional LU/LC mapping. Thus, objective
mapping using the power of machine learning algorithms is introduced in the current research using the well-known support vector
machine (SVM) algorithm [56]. In the current study, image processing techniques represented by false color combinations constituted
one of the best data inputs that discriminate most of the exposed features within the study area. Thus, and to be more consistent, false
color composites representing the same spectral ranges for the four scenes were selected for visual interpretation, comparing LU/LC
changes. For instance, FCC 7 (Short-wave Infrared) —4 (Near Infrared) - 2(green) in RGB respectively was utilized with Landsat TM
data, and relatively similar spectral regions were utilized with Landsat OLI data represented by FCC 7 (Short-wave Infrared) —5 (Near
Infrared) —2 (blue) in RGB respectively. These FCCs were adopted as a reference map for extracting training and testing data con-
cerning previous maps and our field investigations. Six classes, including lake water, shallow water (wet sabkha), marshes (dry
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Fig. 1. Distribution map of the sampling points from all water resources in the study region.
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Fig. 2. Geological map (a) and Hydrostratigraphic conceptual model of the Oasis (b).

Table 1
The computation methodology of the irrigation indices.
IWQIs Formula References
SAR Na* [[53]
" |x100
(Ca®" +Mg*")/2
Na % + LKt 53
a % . (Ne; +K") « 100 [[531
(Ca* +Mg*") + (Na* +K")
MH [Mg?*/(Mg?" +Ca®")] *100 [54]
PS 2- [55]
a + (SO“ )
2
RSC (HCO; + CO3) — (Ca®* + Mg*") [53]

The IWQIs are determined in meq/L.
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sabkha), cultivated land, Moghra formation, and sand dunes, were outlined after visual overlay analysis of the previously mentioned
FCCs and georeferenced previous maps. Towards unbiased classifications, training and testing data were kept spatially constant (from
the same locations) throughout the whole process. Table 2s summarizes the characteristics of training and testing data. As recom-
mended by several researchers [56-58]The percentages of training and testing data are kept between 70 — 80 % and 30-20 %,
respectively. These training pixels are used to train the classifier over the four main data inputs (the whole number of bands for Landsat
TM and OLI).

3.2. Machine learning model (SVM)

SVM essentially relies on fitting a separating hyperplane that, given a multidimensional feature space, offers the optimum sepa-
ration between classes [59].The decision surface on which the ideal class separation occurs describes this hyperplane. The classifier’s
generalization error is often smaller with the wider the margin (separating the training data). Therefore, the hyperplane is only
constructed using the support vectors, a subset of the training samples, offering wider margin and maximum separation. The current
research adopted RBF as a kernel due to its well-reported results from several previous similar studies [58,60,61]. Additionally, and
concerning previous literature, the algorithm is also given a penalty parameter (was assigned as 100) to account for misclassification
during training.

3.3. Hydrodynamic data and method of calculations

To investigate the water pressure of the NSSA and hydrodynamic conditions in Siwa Oasis, the pressure head, screen depth interval,
ground surface level, water temperature, density, and elevation head were measured in 27 wells (Table 2). The hydraulic head is
proportional to the fluid potential (¢) in a given point of rock framework and represents the amount of mechanical energy contained by
a unit mass of incompressible fluid, as shown in equation (1) [22,62]. The pressure (P) was determined using Equation (2). Elevation
head (Z) is equal to the difference between total head (h) and pressure head (V) (equation (3)), where pressure head (V) is the dif-
ference between total head (h) and elevation head (Z) (equation (4)).

¢=gz+p/p=g/h ®
P=(th-z)xpxg 2)
Table 2

The input data used for the calculation of aquifer pressure in Siwa Oasis.

Samples  Water level Ground level Screen depth Temperature Density Elevation Pressure Total head Pressure (P)
asl (hw) (GL) S) (¢y] p) head (Z) head (¥) (h)

37 87 —1987 —950 40 992.17 1037 1050 2087 10209429.3
46 6.27 —1985 -900 40 992.17 1085 921.27 2006.27 8957753.27
49 8.18 —1994 —835.425 40 992.17 1158.575 849.605 2008.18 8260935.41
45 14.79 —1990 —808.45 37.9 992.93 1181.55 833.24 2014.79 8108020.13
P1 14.82 -1990 —812 41.2 991.78 1178 836.82 2014.82 8133425.13
42 29.46 —1994 —841.225 41.5 991.78 1152.775 876.685 2029.46 8520890.76
P2 30 —2022.5 —656.14 37.8 993.28 1366.36 663.64 2030 6459967.32
47 31.27 —2010 -779 40.5 992.17 1231 800.27 2031.27 7781238.08
52 33.8 -1993 —827 35.5 994.98 1166 867.8 2033.8 8461747.71
P3 36.24 —1990 —764.21 40.5 992.17 1225.79 810.45 2036.24 7880220.93
P4 43.67 -1987.1 —745 37.8 993.28 1242.15 801.52 2043.67 7802111.1

44 52.6 —1991 -922.5 38.5 992.93 1068.5 984.1 2052.6 9575995.65
51 53 —1993 —691.635 37.5 993.28 1301.365 751.635 2053 7316523.33
41 53.6 -1992 —745 37.8 993.28 1247 806.6 2053.6 7851560.55
P5 55.5 —1988 —721.97 41.2 991.78 1266.03 789.47 2055.5 7673209.45
48 55.6 —1994 -762.1 39.5 992.55 1231.9 823.7 2055.6 8012121.66
43 56.6 —1995 —793.5 39.7 992.55 1201.5 855.1 2056.6 8317549.15
P6 57 —1991.7 —764.21 39 992.55 1227.51 829.49 2057 8068440.94
40 58.17 —2044 -920 39 992.55 1124 934.17 2058.17 9086662.25
39 66.38 —2038 —1037.5 41.8 991.39 1000.5 1065.88 2066.38 10355687.2
50 75 —1991.5 —810.59 37.2 993.28 1180.91 894.09 2075 8703200.81
P7 85 -1990 —899.4 40 992.17 1090.6 994.4 2085 9668815.71
38 87.5 —1985 —843.355 38.1 992.93 1141.645 945.855 2087.5 9203844.49
P8 94 —1989 —790 43 991.78 1199 895 2094 8698902.38
36 95 —1991.1 —896.04 41.5 990.99 1095.14 999.86 2095 9710342.36
P9 97.5 —1994.5 —945.42 39 992.55 1049.08 1048.42 2097.5 10197970.9
P10 110 —1999 —927.58 37.9 992.93 1071.42 1038.58 2110 10106124.9

The pressure head fell between 663.6 m and 1065.8. The calculated water pressure in NSSA has a minimum value of 6459967 Pa and a maximum
value of 10355687 Pa. The following results are based on the combined interpretation of p(z) profiles (Fig. 5b), a water potential map (Fig. 5¢), and
the conversion of water level to pressure (Fig. 5d).
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Z=h-V¥ 3)

Y=h - zZ )

Equation (2) can be used to convert pore pressure (p) and hydraulic head (h) data to one another (Fig. 5a), where z denotes the
elevation of the midpoint of the screened depth ranges in the water boreholes, and h and P are the observed values.3.4 Hydro-
geochemical characteristics.

3.4. Groundwater sampling and laboratory analyses

In February 2022, 52 samples were collected from surface and groundwater samples, and various field measurements were per-
formed. The collected water samples were analyzed for chemical composition at the Desert Research Center (DRC) laboratory in Cairo,
Egypt. Portable pH and EC meters were used to measure pH and EC in the field and laboratory immediately after sampling.
Groundwater was collected in polyethylene bottles and subsequently tested for primary ions. (Ca*", Mg?*, Na*, K*, HCO3 ~, CO3 %",
S04 2, CI7) in the laboratory. A flame photometer (Jenway PFP 7) was used to determine Na™ and K*, while standard EDTA pro-
cedures were used for titrimetric determination of total hardness (TH), CaCOs, and Ca®*. Volumetric methods were used to analyze
CO3%~ and HCO3 ~, and Mg?" was calculated from the TH and Ca®" contents. Chloride ion was estimated using AgNO3 (titration
method), while sulfate was determined using turbidity. The levels of heavy and trace metals were determined using ICP. The analytical
precision of the measurements of cations and anions was calculated from the ionic balance error (IBE). The value of IBE did not exceed
+5 %. The Ionic Balance (IB) is a percentage difference in water’s overall concentration of cations and anions (Equation (5)). TC
represents total cations, and TA represents total anions in milliequivalents per liter.

%IBE = ((TC-TA) / (TC+TA)) x 100 (5)
3.5. Geochemical software

DIAGRAMMES software and Excel sheets were used to develop the Piper diagram, Chadha diagram, and irrigation indices for
hydrogeochemical evaluation of surface and groundwater. PHREEQC software models the net geochemical mass-balance reaction
among initial and final waters according to a hydrologic flow path. The amount of reactants (in mmol/kg of H20) that dissolve in the
various water samples and the number of products precipitated from the resulting solution were estimated. The saturation indicator
(SI) is positive when a solution is over-saturated, negative when it is subsaturated, and zero at balance [41-44]. Equation (6) was used
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to compute the saturation state.

Q=IAP/K (6)

Where IAP is the ion activity product and K is the solubility product. If Q < 1, the subsaturating state prevails, while Q > 1 indicates
that the supersaturating state prevails. The saturation index (SI) is given by equation (7);

SI= loglg )

At SI = 0, the constituent minerals and solution are in equilibrium. A negative SI level indicates a sub-saturated state, whereas a
positive SI level indicates a supersaturating state, which causes precipitation and renders the solution unsuitable for dissolving
minerals.

3.6. Irrigation indices (IWQIs) and water quality

The five irrigation indices (Table 1) were calculated using the chemical parameters.
4. Result and discussion
4.1. Change detection with remote sensing data and support vector machine

Through analyzing the spectral characteristics of the exposed targets within the study area, it was found that the best band
combinations that significantly contribute to their discrimination are 7-4-2 in RGB respectively for Landsat TM and 7-5-2 in RGB
respectively for Landsat 8 (Fig. 3). These color composites provide a natural-like performance that is easily differentiated. The FCCs,
band 7 (2.08-2.35 pm) could sharply separate water (strong absorption) from land (strong reflectance) and help identify four main
land covers within the study area (shallow water, lake water, Moghra formation, and sand dunes). Band 4 (0.76-0.90 pm) is an
essential channel as it provides the best spectral range for vegetation (higher NIR reflectance) differentiation (green color). Water is
delineated by its NIR strong absorption (depending on the water depth), and barren lands and urban areas are primarily highlighted in
darker tones. Band 2 (0.52-0.60 pm) is picked out as a third band in our informative combination as it could provide some kind of

Table 3
Descriptive results of the physical parameters, chemical parameters, and heavy metals in surface and groundwater samples.

Type Value pH T°C  EC(uS/ecm) TDS (mg/L) TH (mg/L) Ca®" (mg/L) Mg*" (mg/L) Na' (mg/L) K' (mg/L) Cl” (mg/L)

NSSA min 6.4 355 268 160 63.7 9.8 2.3 18 13 40.6
max 8.8 41.8 642 489 265.05 64.7 56.5 100 23 156.6
average 8 39.1 404 286 133.9 24.5 19.0 46 19 90.1
TCA min 7.47 17.7 7450 6306 1715 98.0 83.3 1016 4 3364
max 8.45 27.7 24250 17880 11160 1116 2033.9 4600 83 11368
average 7.8 24.2 11384.4 8843 3884.5 475.6 644 1876 59 5238.6
Springs  min 7.6 24 8450 6499 1674 297.6 113.0 1400 49 3654.0
max 7.98 251 11790 8885 3887.4 1264.8 583.1 1845 77 5220.0
average 7.7 24.5 10561.6 7680 2892.3 691.3 331.8 1668 67 4403.2
Drains min 7.89 18.8 9180 7306 3255 568.4 406.8 1240 5 4060
max 8.6 20.9 20490 16126 6370 1568.0 888.3 3750 83 9744
average 8.2 20.1 13776.7 10858 4924.9 969.8 650.0 2138 42 6191.5
Lakes min 7.83 17.5 108400 84835 23324 1568.0 4715.2 23750 10 52200
max 8.36 27.1 188800 153589 55664 2508.8 12216.6 39500 18 94250
average 8.15 21.6  150366.7 118895 38089.3 2064.5 8037.2 32042 14 72983.3
Type Value $03 (mg/ HCO3 (mg/ NO; (mg/ SiO, (mg/ Fe (mg/ Mn (mg/ Sr (mg/ B (mg/ Ba (mg/ Al (mg/
L) L) L) L) L) L) L) L) L) L)
NSSA min 1.6 89.7 1.4 2.9 1.25 0.02 0.04 0.06 0.1 0.1
max 73.1 185.3 18.2 19.7 27.65 0.9 0.28 4.4 0.41 23.9
average  19.7 137.2 5.2 10.8 3.15 0.19 0.11 0.6 0.14 2.0
TCA min 85.3 89.7 2.8 0.2 0.4 0.01 2.475 0.1 0.01 0.002
max 992 197.3 29.4 19.3 6.07 0.16 12.35 1.6 0.09 0.561
average  494.9 166.2 8.6 7.8 0.5 0.06 7.2 1.0 0.05 0.21
Springs min 302.9 167.4 6.3 5.2 0.03 0.01 5.97 0.4 0.01 0.1
max 550.0 185.3 13.3 17.2 0.18 0.06 9.97 0.9 0.04 0.4
average  449.2 175.4 9.2 12.8 0.12 0.03 8.25 0.6 0.02 0.2
Drains min 500.0 125.5 1.4 11.5 0.01 0.005 5.8 0.6 0.03 0.1
max 1850.0 269.0 4.2 189 2.07 0.029 16.2 0.7 0.05 0.3
average  995.1 202.3 3.3 15.8 0.72 0.018 10.4 0.7 0.04 0.1
Lakes min 2500.0 167.4 2.8 2.1 0.07 0.07 18.72 7.9 0.043 0.4
max 5348.7 215.2 4.2 9.4 5.24 1.75 30.43 16.9 0.92 45.6
average  3716.9 191.3 3.7 6.2 1.81 0.63 25.745 11.4 0.36 15.5




M.H. Eid et al. Heliyon 10 (2024) e32992

differentiation of water, based mainly on their turbidity level, and highlights barren lands and urban areas in lighter tones. The SVM
classification results for these targets (six classes) are displayed (Fig. 3) and statistically assessed (Table 3s) through confusion matrices
and kappa coefficients (k) as well-known measures for classifiers’ performance and their resultant thematic maps.

4.1.1. Change detection in land cover

Spatio-temporal changes in different landcover classes, which were monitored in the whole area and surrounded the main four
lakes (Table 4s and Fig. 3). The total area of the saltwater bodies (hypersaline lakes) was estimated at 22.6, 42.6, 53.1, and 60.6 km?in
1990, 2000, 2010, and 2020, respectively. Siwa Lake is the largest lake (29 km?) and Aghormi (6.6 km?2) is the smallest. The increase in
surface area is more pronounced concerning the El Maraqi, Siwa, and Aghormi lakes while there is more or less a natural balance for
the Zeituna lake due to evaporation rate nearly equal the inflow rate to the lake or there is seepage from Zeituna lake to the shallow
aquifer.

The findings showed that the surface area of salt lakes increased rapidly from 1990 to 2020, except for the period between 2010 and
2020 when Zeituna Lake’s surface area dropped. The substantial increase in the surface area of Siwa, Aghormi, and El Maraqi Lakes
reflects the effect of access discharge from TCA and NSSA for reclamation of new agricultural lands (Fig. 3).

The decrease in Zeituna Lake surface area from 2010 to 2020 was due to an improved irrigation and drainage system, and the
closure of the poor wells, which contributed to a decreased surface area for the Zeituna Lake [50]. Expanding the surface area of
saltwater lakes is closely related to increasing the cultivated land area, which requires additional pumping wells and agricultural
drainage discharging into the lakes. It was estimated that the cultivated area in Siwa Oasis is 23.9, 34.5, 82.5, and 89 km? in 1990,
2000, 2010, and 2020, respectively, showing an increase in the reclamation of new agricultural land, especially in the central part of
the Oasis. The surface area of the shallow water (wet sabkha) close to the four lakes decreased from 80.2 to 25.3 km? from 1990 to
2010, when a large area changed to dry sabkha due to evaporation. There was a slight increase in shallow water (wet sabkha) from 25.2
to 31.1 km2 from 2010 to 2020 due to new cultivated area and agricultural drainage extended between Aghormi and Zeituna lakes.
The surface area of the dry sabkha or marches increased from 145.6 to 174 km? in the period from 1990 to 2000 due to the evaporation
of shallow water or water logging area leaving behind dry sabkhas. The dry sabkha area started to decrease from 174 to 157.7, and
143.7 km? in 2000, 2010, and 2020. The area of sand dunes decreased with time due to reclamation of new areas for agriculture in the
southern part of Siwa Oasis. In the period from 2010 to 2020, the land cover changed from cultivated area to dry sabkha as a result of
evaporation of water logged in the soil leaving behind salinized soil in the entire study area specifically in the central study area. The
water logging and soil salinization was detected through field observations (Fig. 4). The total area of dry sabkhas decreased due to an
increase in the surface extent of lakes in the study area. a considerable extension of the dry sabkha was intense near the vegetation
cover. A Significant land area became salinized during the period of 2010-2020. This indicates that the salinization rate has accel-
erated since 2010. Most of the depleted vegetation was located close to the saline lake waters, and the wet sabkha.

Increasing the surface area of the Siwa and El Maraqi lakes refers to excessive groundwater extraction, which causes a drop in water
level (cone of depression). The over-abstraction of groundwater from the central part of Siwa Oasis can have a negative effect on the
water pressure of the NSSA and decrease the vertical upward movement to recharge the TCA. The NSSA is limited and non-
rechargeable, and it is the main source of fresh water in the Oasis. Increasing the dry sabkha or soil salinization and waterlogging
over time reflects the poor irrigation water quality and deterioration of soil properties.

4.2. Hydrodynamic condition of the aquifer system

To investigate the water pressure of the NSSA and hydrodynamic conditions in Siwa Oasis, the pressure head, screen depth interval,
ground surface level, water temperature, density, and elevation head were measured (Table 2). The screen depth interval ranges from

Table 4
Statistical analysis and classes of irrigation water quality indices.

Criteria Min Max Mean Range Class Number of Samples (%)

SAR 0.6 90.6 15.3 <10 Excellent 22(42.3 %)
10-18 Good 21(40.4 %)
19-26 Fair Poor 4(7.7 %)
>26 Unsuitable 5(9.6 %)

Na% 24.5 71.3 51.4 <20 % Excellent 0(0 %)
21%-40 % Good 10(19.2 %)
41%-60 % Permissible 29(55.8 %)
61%-80 % Doubtful 13(25 %)
>80 % Unsuitable 0(0 %)

MH 9.1 90.3 61.1 <50 Suitable 7 (13.5 %)
>50 Unsuitable 45(86.5 %)

PS 1.3 2713.5 291.4 <3 Excellent to good 12(23.1 %)
3-5 Good to injurious 5(9.6 %)
>5.0 Injurious to unsatisfactory 35(67.3 %)

RCS 1109.5 1.3 —116.9 <1.25 Good 51(98.1 %)
1.25-2.5 Doubtful 1(1.9 %)
>2.5 Unsuitable 0(0 %)
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Fig. 4. Field observation of the water logging and soil salinization (dry sabkha).
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656.1 m to 1037.5 m below ground level. The water level above sea level had a minimum value of 6.3 m in the central part of Siwa
Oasis and a maximum value of 110 m above sea level in the east part of Siwa Oasis, respectively.

The pressure raised with depth in the direction of the eastern and western parts of Siwa Oasis at a rate greater than hydrostatic
pressure while decreasing in the central and northern parts to hydrostatic pressure. According to the Pressure-Depth curve, 18 samples
fell above the hydrostatic line, indicating an over-hydrostatic pressure zone and upward groundwater movement. In comparison, three
samples fell below the hydrostatic line, indicating that the water contained within the NSSA is under hydrostatic pressure and
downward groundwater movement. The rest fell on the hydrostatic line, indicating that there is no vertical component of groundwater
flow (Fig. 5b). Instead, horizontal groundwater flow dominates this zone. The local groundwater flow in Siwa Oasis has two directions:
SE-NW from the eastern side of the research area and SW-NE from the western side (Fig. 5¢). The eastern and western parts of the Siwa
Oasis represent the recharge zone. In contrast, the middle and northern parts represent the discharge area. The central location of Siwa
Oasis around Siwa lake showed cone of depression in the groundwater level, and the water pressure is under hydrostatic pressure. As
mentioned before, Siwa Lake is the largest lake in the study area as it receives more water from the agricultural drainage. From these
evidences, the water pressure in NSSA has dropped to be under hydrostatic pressure around Siwa lake due to over abstraction of
groundwater in this location. In the current study the pressure gradient changes with distance in the confined aquifer (NSSA) giving
indication of upward groundwater flow from NSSA to TCA through the fault plane. The result showed that the over abstraction of
groundwater for drinking and irrigation could decrease the water pressure in the NSSA which has a risk on the limited water resources
quality and quantity in Siwa Oasis and can be a sign of depletion of groundwater quantity in Nubian aquifer (non-rechargeable). The
extensive irrigation in Siwa by flooding method could waste much water more than the needs of crop production and decrease the
recharge of TCA from NSSA. Decreasing the upward movement of groundwater in the NSSA could decrease the recharge of the TCA by
fresh water from the NSSA, hence decreasing its water pressure. If the pressure in the TCA decreased under hydrostatic pressure, it
would promote downward movement of groundwater, which could raise the diffusion of salt water from the surface lakes and drains,
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seep downward, and deteriorate shallower and deeper aquifers. Increasing the groundwater salinity in the TCA is the main reason for
the soil salinization. The water pressure decreased in the central and northern parts of Siwa Lake under hydrostatic pressure (Fig. 5d),
and the soil salinization increased in the same area from 2010 to 2020 (Fig. 3f-h), which confirms the current interpretation.

4.3. Hydrogeochemical and monitoring processes

The quality of the surface and groundwater was evaluated using physicochemical parameters, trace elements, and heavy metals.
The results, including the minimum, maximum, and average values of the surface water and groundwater, are presented in Table 3.

The average temperature of the water samples in the deep aquifer (NSSA), shallow aquifer (TCA), springs, drains, and lakes was
39.1°C, 24.2°C, 24.5°C, 20.1 °C, and 21.6 °C respectively. The pH averages 8, 7.8, 7.7, 8.2, and 8.15 for the Nubian, tertiary aquifers,
springs, drains, and lakes, referring to the neutral to slightly alkaline conditions of the surface water and groundwater in Siwa Oasis.
The total dissolved solids (TDS) mean value was 286, 8843, 7680, 10858, and 118895 mg/L in the in Nubian and tertiary aquifers,
lakes drain, and springs. It was reported that the water is fresh in NSSA, brackish in TCA and springs, saline in the drains, and
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hypersaline in the lakes, which reveals that all the collected water samples are not suitable for drinking and irrigation except NSSA [63,
64]. The distribution map of the EC in the NSSA and TCA (Fig. 6a and b) revealed that the central area of Siwa Oasis is more vulnerable
to water quality deterioration and soil salinization. A box plot was created to represent the history of the TCA’s groundwater salinity
and integrate the change detection of the cultivated land and water quality in the same period. Monitoring the salinity (EC) of the TCA
from 1998 to 2022 showed rapid deterioration in the groundwater quality due to increasing water salinity (Fig. 6¢). In 1998, the value
of EC ranged from 2400 to 11000 with an average value of 6880 pS/cm, while in 2022, the value of EC fell between 7450 and 24250
with a mean value of 14425 pS/cm. This indicates that the water is not suitable for irrigation purposes. It was noted that water salinity
increased rapidly from 2017 to 2022 compared to the period from 1998 to 2017, resulting from the reclamation of new agricultural
areas and the pumping of more groundwater from TCA. The current water salinity of the TCA could deteriorate the soil properties and
decrease plant production through salt accumulation.

The average value of the total hardness was 133.9, 3902, and 38089 in the NSSA, TCA, and surface water, respectively. The findings
demonstrated that the tested water is soft to moderately hard in NSSA and very hard in TCA and surface water. The dissolution of
minerals like calcite, dolomite, and gypsum minerals releases substantial amounts of Ca?* and Mg?* ions into the water, increasing the
total hardness of the TCA.

The hydrochemical facies of the groundwater samples were categorized using a Piper plot [65] (Fig. 7a). The diamond-shaped plot
classified the samples into four water types. six samples, including four samples of TCA, and two samples of drains belong to Ca-
Mg-SO4 water type (zone 1). The second groundwater category, the third zone (Na—Cl facies), consisted of 19 TCA sample, 3 NSSA
sample, four Salt Lake samples, four spring samples, and two drain samples. The final two classes in zones two and five (mixed
Ca-Mg-Cl-SO, and mixed Na-Ca-HCOj facies) represented the remaining NSSA samples. The salinity index (SO% + Cl~) was higher
than the alkalinity (HCO3 + CO%f), and the alkalis (Nat+K") exceeded the alkaline earth (Ca®" + Mg”), indicating the hydro-
chemistry of the Tertiary carbonate aquifer and NSSA in the study area. The relatively low bicarbonate content of groundwater
suggested that annual recharge was low and that groundwater in the study area was a non-rechargeable resource. The most dominant
geochemical mechanism that governs water chemistry was determined using the Chadha diagram [66] (Fig. 7b). Most of the samples
(59.7 %) including salt lakes, springs, 2 samples of drains,17 samples from TCA, and only 3 samples from NSSA, were plotted in the
field of Na—Cl type, which recommends replacement of Ca?t and Mg?* with Na* through ion exchange process and seepage from the
hypersaline lakes and drains due to cone of depression in the water level and decline in the groundwater pressure. The three samples of
NSSA (43, 49, and 51) with Na—Cl type are situated in the region where the water’s pressure falls below hydrostatic pressure (Fig. 5d).
This indicates that the vertical downward movement of the groundwater in NSSA due to excessive extraction could create a mixing
zone between the water in TCA and NSSA. The water salinity (EC) of samples 43, 49, and 51 are 332, 583, and 642 mg/L, representing
the highest values of EC in NSSA compared to the other samples, which indicates that the water quality in the NSSA will deteriorate
with time from the shallow aquifer.

About 26.9 % of the water samples, including six samples of TCA, and two samples from the drains fell in the reverse ion exchange
zone with Ca-Mg-Cl/SO4 water type, and two samples from NSSA fell within the base ion exchange zone with Na-HCO3 water type.
The remaining 9.6 % of the samples (NSSA samples) fell within the recharge water zone with water type Ca-Mg-HCO3. Chadha’s
diagram showed that the water type changed upward from Ca-Mg-HCO3 in the first stage in the deep aquifer (NSSA) to the Na-Cl type
in the last stage in the shallow aquifer (TCA) and surface water.

4.4. Geochemical simulation and modeling

The current investigation computed minerals or salts in the investigated water and determined the minerals that might precipitate
in soils, reducing permeability and causing water logging. The PHREEQC models were utilized in this research to examine the mineral
accumulations and saturation conditions of significant minerals in every water source in Siwa Oasis, using input parameters including
physical, chemical, and trace elements (Table 3). saturation levels (SI) were determined for Ca-montmorillonite, calcite, kaolinite, K-
mica, gypsum, dolomite, talc, potassium feldspar, chrysotile, chlorite, gibbsite, hematite, anhydrite, and illite. Deposing minerals like
these in soil over time can reduce porosity and infiltration rate, resulting in waterlogged and dry sabkha following shallow water
evaporation. The model also provided the partial pressure of carbon dioxide (CO3) (Fig. 7¢), and it was depleted with a value less than
zero, indicating a decrease in the replenishment quantity of the aquifers. The NSSA’s samples exhibited a salt combinations assemblage
consisting of NaCl, NaySO4, NaHCO3, Ca (HCO3)2, and Mg (HCO3)2, as a consequence of leaching, or terrestrial salt dissolution, and
ion exchange. The cation exchange mechanisms increased the concentration of Na + while lowering the concentrations of magnesium
and calcium in the solution, resulting in a considerable rise in water salinity. Furthermore, the loss of magnesium and calcium
decreased the water saturation level for calcite, anhydrite, gypsum, and dolomite minerals. The saturation statuses for essential
minerals revealed that all investigated samples were under-saturated in terms of anhydrite, gypsum, and halite, indicating that the
groundwater can dissolve substantially more of these minerals, increasing water salinity.

In almost all samples, the SI of chlorite, hematite, kaolinite, and K-mica was positive (supersaturation condition). A significant
number of samples were found to be over-saturated (Saturation index >0) about talc, illite, chrysotile, dolomite, gibbsite, potassium
feldspar, Ca-montmorillonite, and calcite, with minimum values of —6.6, —1.6, —9.1, —513,-0.45, —1.8, —2.7, and —257, and
maximum values of 11.8, 9.5, 8.9, 4.4, 3.6, 3.7, 9, and 1.5, respectively (Fig. 7c). Talc is supersaturated in all water samples except
three samples in NSSA (46, 48, and 52) showed negative value of SI. The supersaturation of calcium montmorillonite in 87 % of
samples might be related to the dissolution of feldspar minerals, which produce ions that react with various minerals in water, forming
montmorillonite. Aluminosilicate minerals weathering such as feldspar or mica can liberate aluminum ions, reacting with hydroxide
ions in groundwater to generate gibbsite. The production of illite, kaolinite, k-mica, and k-feldspar in the two aquifers might be
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attributed to the alteration of other minerals, such as feldspar weathering. Furthermore, hematite could arise from the oxidation of
iron-bearing sediments in the aquifer. The supersaturation of chrysotile in water is related to the geological characteristics of the
aquifers, such as the presence of magnesium silicate minerals. Chlorite could form through the breakdown and alteration of minerals in
the aquifers, such as feldspars and micas. Fig. 8 shows the distribution map of the SI of the minerals in the water samples using the
kriging method. The oversaturation of irrigation water in Siwa Oasis with minerals such as illite, kaolinite, and gibbsite can reduce soil
permeability, decrease the infiltration rate, and increase the waterlogging. Additionally, the precipitation of the supersaturated
minerals in the soil can alter its physical and chemical properties, leading to a decrease in soil fertility and crop productivity. However,
rock minerals like chlorite, K-mica, K-feldspar, and hematite are more typically linked with hydrothermal systems and potentially
indicate the presence of geothermal water at greater depths, but further research is needed. Siwa Oasis is located in a tectonically
active environment with evidence of geothermal activity, such as hot springs and volcanic and metamorphic rocks.

The water temperature of the collected samples does not exceed 41.8 °C with a depth of 1040 m below sea level, which is not
enough to confirm the presence of geothermal water, but the water temperature can be higher in greater depth where the NSSA lies
above basement rocks at depth 3000 m below sea level. Fig. 8 showed the distribution maps of SI of some minerals saturated in the
different groundwater resources in the Oasis. Exposure to the above supersaturated minerals in drinking water can lead to respiratory
issues, skin irritation, digestive problems, and more severe health concerns like lung cancer, ovarian cancer, and other matters if
ingested [67]. Physical and chemical treatment is required before the utilization of groundwater for drinking or irrigation purposes.

4.5. Irrigation water quality indices

To determine the impact of water quality on agricultural soils and the quality of crops, it is essential to study several vital indicators
[68]. These indicators may be individual chemical indicators [69,70] or a group of indicators together [71-73]In the current study,
some irrigation indices, such as SAR, Na%, MH, PS, and RSC, were calculated to evaluate irrigation water (Table 4).

Among all the elements present in the irrigation water, sodium ions have the most significant impact on agricultural soils, as high
concentrations of sodium can decrease filtration rates by causing soil adsorption of sodium and removal of calcium and magnesium
ions. Therefore, to assess water quality for agricultural irrigation, it is required to calculate the sodium adsorption ratio (SAR) and
sodium percentage (Na%) indices based on sodium, calcium, and magnesium concentrations. This allows for the identification of areas
where soil degradation is likely to occur. The water quality, as indicated by the SAR, was divided into four categories (Fig. 9). The
majority of the samples (82.7 %) were classified as good to excellent with SAR values less than 18, including all NSSA samples, 20
samples from TCA, three samples of drain, and 3 samples of spring. On the other hand, the remaining samples (17.3 %) with SAR values
greater than 18 were categorized as fair poor to unsuitable, which included 3 TCA samples, one spring sample, one drain sample, and
all lake samples (Fig. 9). The Na% index values for surface and groundwater samples ranged from 24.5 to 71.3, with a mean value of
51.4. These samples were classified into three categories: 19.2 % were considered good, 55.8 % were permissible, and the rest (25 %)
were considered doubtful. The samples with doubtful quality were found in 4 samples of TCA, four samples from NSSA, 4 samples of
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salt lakes, and one spring sample (Fig. 9).

The TCA samples with high SAR and Na% values were located in the central Siwa Oasis near Aghormi and Siwa Lake, where the
well depths ranged from 30 to 250 m BGL. The high SAR and Na% values in samples 15, 21, and 27, where cone of depression occurred
in water levels, are expected to have an adverse effect on soil and plant production, which is supported by remote sensing and change
detection showing a decrease in agricultural area and an increase in dry sabkha in these locations.

The MH value is an essential indicator of the appropriateness of water for agricultural purposes. High magnesium levels in irri-
gation water can lead to soil degradation, nutrient imbalances, and reduced crop yields, ultimately affecting the economic returns for
farmers. In this study, the groundwater samples showed a mean MH value of 61.1, with 86.5 % of the samples having an MH value
greater than 50 (Fig. 9). This indicates that the soil structure may degrade over time, leading to decreased permeability in the soil and
contributing indirectly to waterlogging problems due to compacted soil.

The precipitation of alkali components such as magnesium and calcium can reduce irrigation water quality. This is a consequence of
an increase in the content of bicarbonates and carbonates relative to magnesium and calcium in agricultural water. The residual
sodium carbonate (RSC) index was estimated to determine water’s appropriateness for irrigation. A significant increase in RSC con-
centration can cause the dissociation of organic matter and loss of soil structural characteristics, resulting in black stains on the soil’s
surface when dried. The RSC indicator’s value was computed to estimate the likelihood of calcium and magnesium ions precipitating
on soil surface particles and being removed from the soil solution. The majority of the water samples (98.1 %) in the study area were
classified as good for irrigation based on the RSC indicator’s results (Fig. 9). Another indicator used to assess the suitability of water for
irrigation is the potential salinity index (PS). Using irrigation water with a high PS can lead to salt accumulation in the soil, resulting in
reduced water availability, plant toxicity, and soil structure degradation, ultimately leading to reduced crop growth, yield, and quality,
and lower economic returns for farmers. The Potential Salinity (PS) index is divided into three categories: Excellent to good (PS < 3.0),
good to injurious (PS = 3.0-5.0), and Injurious to unsatisfactory (PS > 5.0). Results of the PS index indicate that 67.3 % of the water
samples fall under the injurious to unsatisfactory category, including all surface water, springs, and TCA samples (Fig. 9). The rest of
the samples belong to the good to excellent class, which represents all NSSA samples. The PS index value indicates that all water
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samples from TCA can negatively affect soil properties and plant production.

4.6. The recommended plan for sustainable development

4.6.1. Subsurface drip irrigation (SDI)

Subsurface irrigation is watering plants where water is delivered directly to the root zone through buried pipes or porous tubing. In
general, sandy soils with low clay content best suit subsurface irrigation. Loamy soils, which contain a mixture of sand, silt, and clay,
can also work well for subsurface irrigation [74,75]. Fig. 10a illustrates the design of subsurface irrigation. The values of total sand in
the studied area varied from 55.25 to 98.03 % (about 85 % on average). Silt content ranged between 0.02 and 36.23 % (about 8 % in
average). Clay content varied from 1.34 to 22.40 % (about 7 % on average). Consequently, sandy soils are most prevalent in the studied
area; however, small patches of clay soils are distributed in the area. The soil texture is loamy sand. Total carbonates content, rep-
resented as CaCOs, ranged between 1.71 and 59.72 % (about 27 % on average) (Elnaggar et al., 2016). The physical characteristics of
soil in Siwa oasis revealed that subsurface drip irrigation can be effectively applicable to the study area. The required water quantity
for the crop evapotranspiration and the leaching is about 79 Mm?®/year for cultivating 10513 acres [50]. The total wells discharge was
about 130 Mm3/year [50]. The surface lakes receive 22 Mm3 of water annually from the surface drains as an excess water from
agricultural areas.

The SDI can save up to 25 %-50 % of water as compared to surface irrigation by flooding [74,75]. The amount of water in
Mm?>/year (X) that can be saved by applying subsurface drip irrigation was calculated as follows;

X1 = 25*79/100 = 19.75 Mm?®/year
X2 = 50%79/100 = 39.5 Mm®/year

Where X1 represent saving 25 % of total irrigation water (79 Mm?/year) and X2 refers to saving 50 %

The application of subsurface irrigation will have several advantages. First, it will decrease the amount of groundwater abstracted
from TCA and NSSA, which will, hence, come upward of the water table and decrease the drawdown movement that causes deteri-
oration of the water quality. Second, it will decrease the amount of water discharged into the salt lakes, which will, hence, stop
increasing the surface area of the salt lakes. Third, it will prevent the water logging problem.

4.6.2. Removal of water logging by using perforated pipes under the soil

Perforated pipes (Fig. 10) can be used as a drainage system to remove excess water from waterlogged soil. The pipes are buried in
the soil and are designed to allow water to enter the perforations and be transported away from the area through discharge in surface
lining drains or canals. Using perforated pipes involves digging a trench in the affected area and placing the pipes at the bottom of the
trench. The pipes are then covered with gravel or other porous materials, such as sand, to prevent soil from clogging the perforations.

Subsurface drip
irrigation

Perforated pipe
To collect water logged

H

I Shallow water
I St lakes
£ I Cultivated land

Pumping Mixing the P}lmping
well from water of TCA  well from
NSSA and NSSA TCA

Fig. 10. Subsurface drip irrigation, perforated pipes, and mixing shallow water with deep aquifer for salinity reduction and sustainable
development.
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The trench is then filled with soil. As water accumulates in the soil, it enters the perforated pipes and is transported away from the area,
which helps to remove the water logged in the soil.

4.6.3. Treatment of groundwater before irrigation

Groundwater must be treated before irrigation to decrease hardness and reduce the supersaturated minerals that can precipitate in
the soil. The treatment requires aeration to precipitate iron and manganese-rich minerals, filtering to remove impurities and excess
minerals, lime softening to precipitate calcium and magnesium ions, and reverse osmosis softening to reduce hardness.

4.6.4. Mixing the brackish water of TCA with fresh water of NSSA

Mixing the brackish water of TCA with fresh water of NSSA in pipes can decrease the salinity of water abstracted from TCA and
make it suitable for irrigation through the dilution process. In the current study, the amount of freshwater required to mix with fresh
water through pipe on the ground surface was calculated by the following equation;

TDS (mix) = (TDS1 x V1 + TDS2 x V2) / (V1 + V2)

where TDS1 is the TDS of the brackish water in TCA (average TDS = 8843 ppm), V1 is the volume of the brackish water required for
cultivation (79 Mm3/year), TDS2 is the TDS of the fresh water in the NSSA (average = 286 ppm), and V2 is the volume of the fresh
water need to be added. The following equation calculated the volume (V2);

V2 = (TDS1 x V1 - TDS2 x V1) / (TDS2 - TDS (mix))

V2 = (8843 ppm x 79,000,000 rn3/year - 286 ppm x 79,000,000 m3/year)/(286 ppm - TDS (mix))

The desired TDS of the mixture to calculate V2 was proposed to be 1000 ppm in the mixture.

V2 = (8843 ppm x 79,000,000 rn3/year - 286 ppm x 79,000,000 m3/year)/(286 ppm-1000 ppm) = 6,200,723 m3/year.

Therefore, approximately 6.2 million cubic meters of fresh water can be added to 79 million cubic meters of brackish water to
achieve a TDS of 1000 ppm in the mixture. The volume of freshwater from the NSSA that can be saved by using subsurface drip
irrigation can also be used for mixing.

5. Conclusion

The current research investigation assessed several problems endangering Siwa Oasis’s sustainability, such as soil salinization,
deterioration of water quality, water logging, depletion of nonchargeable water sources, and the provision of trustworthy solutions and
water management strategies. The change detection in land cover revealed a substantial growth in the surface area of the saltwater
lakes from 22.6 square kilometers in 1990 to 60.6 square kilometers in 2020. Because of the salinization of the soil and waterlogged
waters, the cultivated land of the Siwa Oasis has transformed into dry sabkha, particularly in the central Siwa. Evaluation of the water
salinity from 1998 to 2022 revealed a dramatic decline in the TCA’s groundwater quality due to increased water withdrawal for
irrigation. The pressure-depth profile demonstrated that the groundwater in NSSA is above hydrostatic pressure in the investigated
area’s eastern and western parts. In contrast, the pressure in the region’s center has decreased to below hydrostatic pressure, indicating
upward groundwater movement in the eastern and western parts. In the center section of the Oasis, the vertical movement altered
downward, which could explain the increase in water salinity in the TCA due to decreased TCA recharging from the NSSA as well as
seepage of water from hypersaline lakes to the shallow aquifer. The Chadha and piper plots revealed that the water type altered
upward from Ca-Mg-HCOs in the deep aquifer (NSSA) to Na—Cl in the shallow aquifer (TCA) and surface water. The irrigation water
has the ability to precipitate the supersaturated minerals in the soil which decreases the permeability of the soil and prevents excess
water from infiltration creating water logging problems. The irrigation indices suggested that NSSA is appropriate for agriculture.
However, TCA is not appropriate for irrigation due to MH and PS. The water quality according to SAR, and Na% range from good to
doubtful while it fell in good category regarding RSC index. Environmental sustainability and management of water resources
necessitate water treatment, underground drip irrigation, a perforated pipeline system, and a mixture of TCA and NSSA water.
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