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Abstract

The impacts of Geo-hazard events are main obstacles to the use of land in numerous arid and semi-arid provinces
of the World. Furthermore, the various activities of industrial communities, such as Egypt’s 10th Ramadan Industrial
Region (10th RIR), are the most dangerous examples of waste’s impact on soil, surface water, and groundwater. The
current study uses image processing and GIS tools to identify, delineate, monitor, and assess some of the environ-
mental hazards caused by both human and natural activities in the 10th RIR. The findings revealed that there are

rapid changes in land cover, which could be attributed to both anthropogenic and natural activities. Furthermore, the
results revealed that waterlogging, salt-affected soils, water pollution, and flash floods were the most serious environ-
mental threats to the 10th RIR. The obtained geo-hazard map showed that the 10th RIR has high flash flood hazards
zones that are geospatially distributed in the southern parts of the Wadi Gafra basin and the western parts of 10th of
Ramadan City. Furthermore, salinized soil zones are viewed as geospatially restricted zone in the eastern portion of
10th of Ramadan City and/or near the oxidation ponds. Additionally, vast areas of highly contaminated groundwater
exist beneath industrial, urban, and oxidation pond zones. The current work provides decision-makers with numerous
mitigation measures and recommendations required to minimize the impacts of geo-environmental hazards endan-

gering the 10th RIR.
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Introduction

Today economic progress produces a large-scale con-
struction, weighty development projects, and devel-
opment of new land which revitalized undesired
consequences and led to new ones not identified before
in the environmental status. These developments have
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become keystones of the mainly new environmental
impact problems of the protection and sustainable use of
natural resources. Consequently, difficulties encountered
have been due to new conceptualizations of the environ-
ment. To develop an applicable sustainable plan for a
desert area development, a precise geo-environmental
assessment of the considered area would be an important
step.

Geo-environmental assessment is based on two things;
these are the resource inventory and the hazards mitiga-
tion measures (Arnous 2004, Arnous and Green 2011,
Arnous et al. 2011). Egypt has undergone several eco-
nomic and social periods. Egypt’s economic crisis is the
export—-import unbalance, or in other words an increase
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in consumption with a decrease in production. The social
problem can be summarized by the high rate of popula-
tion growth, the shortage of job opportunities and the
absence of applicable development planning for the
vast desert areas surrounding the Nile Valley and Delta
(Arnous 2004).

The natural and man-made geo-hazard assessments
are required for the accurate planning and management
of future environmental hazards impacts (Arnous et al.
2011, Arnous and Green 2011, El-Rayes et al. 2015).
Every year, geo-hazards destroy lives and hard-won pro-
gress in communities, and may require a long time to
recover from the consequences of geo-hazards. However,
good policy and planning can prevent losses in the first
place (Sandler and Schwab 2022).

Geo-environmental hazards such as waterlogging, flash
flooding, soil salinization, water pollution, seismic activ-
ity, rock fall, sand dune encroachment, and landslides
constitute the main natural threats. These threats are
impacted the socio-economic and environmental settings
such as loss of life, damage of the infrastructure, build-
ings, industrial projects and private businesses inhabiting
the affected zones (El-Rayes et al. 2015; Elbeih et al. 2021;
Moubarak et al. 2021; Omran et al. 2021). Because of this,
hazard management decisions must to be taken based on
availability of scientific databases (Arnous 2011). Various
hazards assessment integration models have been devel-
oped to assess the probability of each hazard level (Lin
et al. 2020, 2022; Lyu et al. 2019; Chen et al. 2022; Yan
et al. 2022). Today, the land-use/land-cover changes are
quick, active and affect the socio-economic situations,
specifically nearby the main urban areas, industrial com-
munities, agricultural and tourist regions (Arnous et al.
2017).

The 10th of Ramadan Industrial Region (10th RIR)
is located near to the Nile delta and its valley. It is rich
in natural resources and surrounded by Suez, Ismailia,
Greater Cairo, and Sharkiya Governorates. In 1984 the
Egyptian Government initiates the first stage of the urban
invasion of the desert by establishing of the 10th RIR as a
new industrial center. The development of this area can
help to solve both the economic and social problems of
Egypt as a new industrial community (Arnous 2004). The
Greater Cairo zone has had the chief share of urban inva-
sion into the Egyptian desert lands. The population den-
sity of the target area expected to be increased to nearly
the double of its current inhabitance by 2050 (Sims 2010).
Greater Cairo zone offers the premier chance of a growth
in employment opportunities in Egypt due to the crea-
tion of new industrial units and farms nearby the target
area. Recently, the northeastern sector of Cairo, in which
numerous new-found industrial units were established,
like the 10th RIR, is threatened by obvious environmental
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deteriorations. These environmental threats were mainly
resulted by the human activities impacting the natural
resources. Water resources are essential to any sustain-
able industrial development. During the last three dec-
ades, the 10th RIR experiences a rapid development in
various types of activities like agricultural, industrial,
urban, and developing projects especially nearby the
water sources. Then, the wastewater drainage of the 10th
RIR activities impacted the shallow aquifer and surface
soil (Hefny et al. 1980, Gad 1995, Embaby and El Haddad
2007, Abu El Ela 2008, Elnemr et al. 2015, Hussien et al.
2017, Hussein et al. 2019, Gouda 2019). Therefore, land
use/ land cover mapping (LULC) is an essential factor to
understand the impacts of the human and natural activi-
ties on the environment. Subsequently, it is crucial for
monitoring and detecting the environmental alterations
to conserve the sustainable environment. Numerous
studies utilize remote sensing and GIS tools in conjunc-
tion with fieldwork and hydrogeological examinations to
identify, assess, and map the geo-environmental hazards
for sustainable development planning all over the world
(Mejfa-Navarro et al. 1994, Bell and Culshaw 1998, Ram-
kumar 2009, Arnous and El-Rayes 2013, Ghodeif et al.
2013, Arnous and Green 2015, Cigna et al. 2015, Arnous
et al. 2015, Hadian et al. 2016, El-Rayes et al. 2017, Sun
et al. 2017, Dobrescu et al. 2017, Lyu et al. 2018, Arnous
and Omar 2018).

The 10th RIR has experienced some challenging
changes in the hydrogeological and environmental condi-
tions as a result of the expanding population and indus-
trial projects (Embaby and El Haddad 2007, Abu El Ela
2008, El-Sayed et al. 2012, Attwa et al. 2013, Elnemr et al.
2015, Hussien et al. 2017, Gouda 2019, Hussein et al.
2019, Elbeih 2021). Land degradation and various geo-
hazards are two ways that the challenging changes are
expressed. Waterlogging, industrial wastewater reser-
voirs (oxidation ponds), soil salinization, flash floods, and
various types of pollution are the most prevalent geo-
hazards that endanger the natural resources of the 10th
RIR (Additional file 1: Fig. S1). The degradation of natural
resources, such as soil, water, and air, is thought to be one
of the most dangerous effects of industrial activity. These
resources are particularly vulnerable to contamination by
heavy metals produced by the disposal of industrial waste
(Gad 1995, Arnous and El-Rayes 2013, Chintalapudi et al.
2017, Hussein et al. 2019).

The current study aims to identify, delineate, monitor,
and assess the most prominent geo-hazards produced
by human and natural activities, including flash floods,
groundwater pollution, and land degradation in the 10th
RIR. This study is unique from earlier studies in this
particular field as it is the first to perform an extensive
evaluation of all potential hazards that arise from human
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or natural activities, influencing the 10th RIR. The mor-
phometric analysis approach, the hydrogeochemical
data, and the digital image processing of multi-temporal
satellite data are used in the typical standard sequence
to achieve the main objective of the work. It also entails
creating various LULC and thematic maps, using GIS
modeling to create geo-hazard maps by integrating the-
matic maps and other ancillary geological data. Finally,
mitigation strategies would be developed in the 10th RIR
to reduce or prevent the negative impacts of common
geo-hazards.

The study area

The 10th RIR is situated along the Cairo—Ismailia Desert
Highway, 46 km from Cairo between longitudes 31°36'
and 32°00’E and latitudes 30°00" and 30°24’N and cov-
ers an area of about 2850 km? (Fig. 1B). It is bounded to
the north by the Ismailia fresh water canal, to the south
by the Cairo—Suez desert road to the east by Gabal (G.)
Umm Raqam and G. Hafa, to the west by G. Umm Qamer
and G. El-Hamza (Fig. 1C). The study area is crossed by
the Cairo—Ismailia high way and is accessible by a four-
wheel drive car through well-maintained desert tracks
and asphalt roads. It is also accessible by paved roads
such as the Belbeis-10th Ramadan and Cairo-Suez desert
roads as well as several tracks. Generally, the majority of
the study area forming a semi-flat landscape. Numerous
wadis (valleys) of various trends dissect the study area
such as, Wadi (W.) Gafra, W. El-Hamza and W. Sakran
(Fig. 1C). The 10th RIR is bounded by a chain of ridges
and scarps originating in the Oligocene, Miocene, Plio-
cene age and Holocene Age (El-Fayoumy 1968, El-Shazly
et al. 1975, Arnous 2004). The ground elevation of the
10th RIR increases from 12 m+ msl in the northern areas,
to about 80 m+msl in the southern areas with common
slopes in the direction of the northern and northeastern.

The weather in the city of 10th of Ramadan is referred
to as a desert climate, with hot, dry summers and mild,
rainy winters. The difference in precipitation between
the wettest and driest months is 5 mm. June is the driest
month with 0 mm of precipitation. In January, the pre-
cipitation reaches its peak, with an average of 5 mm.

The annual precipitation total is about 20 mm. The
annual average temperature is 21.2 °C. August is the
warmest month, with an average temperature of 28.3 °C.
January is the coldest month of the year, with an aver-
age temperature of 12.9 °C. The highest relative humidity
index is 55.17% in December. May has the lowest rela-
tive humidity (39.53%) of any month (Climate-Data.org.
2013).

Evaporation is highest from April to July (14 mm/day
at Cairo metrological station) and lowest in Decem-
ber (4.3 mm/day at Belbies metrological station). The
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evaporation pattern is determined by the relative humid-
ity values in the study area. The high evaporation rate and
low precipitation intensity have a significant impact on
groundwater recharge and water quality at the 10th RIR.

Geology of the 10th RIR

The 10th RIR is sited at the southeastern portion of East
Nile Delta, Egypt. It's mostly occupied by sedimentary
rocks of Tertiary and Quaternary period (Said 1990). The
lithological map shows that Pleistocene sediments cover
almost 85% of the map, primarily in the northern and
eastern sectors (Fig. 2). They are primarily composed of
aeolian sands and fluvial deposits intercalated with gravel
and clay, and they superimpose the Tertiary deposits
unconformably. The Pliocene sediments, composed of
fossiliferous dark clay, have limited exposures along the
study area’s southern boundary (Fig. 2). They are also
found in the subsurface units of the surrounding area
(Khalaf and Gad 2015). The Miocene rocks cover about
15% of the map and are mostly composed of sands and
clays from shallow marine sources (Said 1981). The Oli-
gocene sediments are well cropped out at G. El-Hamza
and G. Um El-Qamar, where they unconformably super-
imposed the Upper Eocene deposits. The wadi-filling
sediments, which are mostly sands, flints, and quartzite
cobbles, occupy the bottoms of the main streams in the
mapped area.

Hydrogeology of the 10th RIR

Groundwater and aquifers distributions of the 10th RIR

The aquifers of the 10th RIR are hydrogeologically
derived from the Nile aquifer, which forms a complex
aquifer system. The Nile aquifer is made up of a leaky
Pleistocene formation overlain by a leaky Holocene aqui-
tard unit and underlain by an impervious Miocene aqui-
clude unit (Fig. 3). The bottom boundary of the deltaic
sediments is a thick clay stratum that functions as an
aquiclude border, defining the aquifer geometry (Sherif
1999).

The main sources of aquifer recharge are Nile River
seepage water, canals, drains, and returned-flow irriga-
tion water. While some of the aquifer’s storage is dis-
charged into the Ismailia canal along a portion of its
course (Geriesh et al. 2008), it may also be discharged as
effluent to the drainage system to the northern part of the
10th RIR. The aquifer base slopes generally northeast-
ward, controlled by the dominant faulting system in the
study area (El-Dairy 1980). In general, groundwater flows
from south to north and northwest (Fig. 4); however,
groundwater flow with local discharge sites may be redi-
rected to the east via the Suez Canal (Ismael 2007; Elewa
etal. 2013).
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Fig. 1 Key (A) and location (B) maps of the 10th RIR illustrating primary roadways, and the physiographic map of the 10th RIR (C) displaying the

major topographic summits and wadis (Arnous 2004)
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Fig. 3 An E-W hydrogeological cross-section of the 10th RIR describing the lateral variations of Quaternary and Miocene aquifers (Ibrahim et al.

2005)

Wells in the Pleistocene aquifer unit in the 10th RIR
region were used for obtaining groundwater samples.
Water level measurements have been made in only a
few of the wells in the 10th RIR, despite the fact that the
bulk of them have been totally sealed and have pumps
attached to them, making it challenging to measure their
water levels (Table 1).

Surface water of the 10th RIR

Surface water bodies spread, sparsely as waterlogging and
extensively as oxidation ponds, along the ground surface
of thelOth RIR. The waterlogged part is the water held
in the ground near to the surface as a result of irrigation
practices of cultivated lands. The waterlogged bodies are
extensively subjected to evaporation in arid regions, and
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Fig. 4 Water table contour map of selected groundwater wells in the 10th RIR and neighboring areas in December 2005, displaying regional flow
(from south to northwest) and local flow (from west to east) directions (Gad et al. 2015)

Table 1 Hydrogeological field data for several of the accessible water wells in the 10th RIR

Parameter Well no

w24 w23 w25 w1 w28
Lat 30°18/0.216N 30°17/0.914N 30°18/0.822N 30°19’0410N 30°190.458N
Long 31°47'0.540F 31°48'.543E 31°47'0.920E 31°47'0.847E 31°40'0.586E
Ground Elevation (m+msl) 102 106 102 96 94
Source Aquifer Quaternary Quaternary Quaternary Quaternary Quaternary
Aquifer type Leaky Leaky Leaky Leaky Leaky
Total Depth (m) 120 120 100 70 80
Depth to Water (m) 80 80 45 35 40m
Temperature (°C) 285 283 30.8 289 285
pH 8.7 89 8.2 7.73 7.69
Ec (mS/cm) 6.37 6.12 26 2.05 258
TDS (mg/l) 5900 5720 3240 1880 2250

subsequently raising their salinity. The industrial sew-
age water from the factories of the 10th RIR, as well as
the municipal sewage water from the urban zone, are
discharged directly into three unlined oxidation ponds
to the east of the mapped area (Fig. 5). The domestic
wastewater from the urban areas is drained into oxida-
tion pond No. 1, which estimated by volume of about
14.000 m*/day. In addition, the domestic and industrial
wastewater with an average flow of about 13.000 m?/day
is normally drained into oxidation pond No. 2. The drain-
age water of the heavy industries at the 10th RIR reaches
the oxidation pond No. 3 with an average flow of about
25.000 m®/day (Taha et al. 2004). Usually, all oxidation
ponds are completely filled with wastewater, which is

continuously overflows and drained to Wadi El-Watan.
These effluents accumulate in the lowlands and are ille-
gally used to irrigate newly reclaimed lands. The oxida-
tion ponds at the 10th RIR contain untreated industrial
and municipal sewage, causing recurring water pollution
issues and being extremely polluting sources.

Materials and methods

Remote sensing and GIS data

The data employed in this study are generally in three
formats: digital, non-digital, and descriptive data. The
available digital data for constructing multi-temporal LU/
LC thematic maps are the multi-temporal satellite images
including Landsat 5 Thematic Mapper (TM), Landsat 7
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Enhanced Thematic Mapper (ETM 7+), and Landsat 8
Landsat operational land imager (OLI) dated 1984, 2000,
2006 and 2017, respectively (Fig. 6). In addition, ASTER
GDEM data was utilized to implement the terrain anal-
ysis and extract the drainage network to perform and
calculate the qualitative and quantitative morphometric
analysis of the flash flood hazards.

In the current study, all remotely sensed data were
atmospherically, radiometrically, and geometrically
corrected. To generate various kinds of LU/LC the-
matic maps, they used a range of image processing and
enhancement techniques such as data fusion, indices,
spatial filtering, contrast stretching, principal component
analysis, image classification, and change detection. The
Dark-Object Subtraction approach was used for atmos-
pheric correction (Chavez 1996). RS techniques, such as
selecting the best spectral reflectance bands to compare

with other spectral wavelengths, were put to use in order
to identify the best results for monitoring and assess-
ing land degradation and hazard indicators. Addition-
ally, the ideal digital image processing techniques are
implemented to demarcate, appraise and map the multi-
temporal RS data. To acquire primary data on LC and
indicators of waterlogging and salt-affected soil hazards,
spectral response arrays are used with multi-temporal
and multi-spectral data of various LU classes. Further-
more, image enhancements, including best band com-
bination, band rationing, principal component analysis
(PCA), change detection, and the Maximum Likelihood
Classification are implemented. These are utilized to cre-
ate the extremely spectral resolution images required for
diagnosing and monitoring waterlogging, soil saliniza-
tion, and other environmental hazards between 1984 and
2017 (Fig. 7). The most appropriate band combination
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of the enhanced multi-temporal satellite data gives high
contrast among LU/LC selected classes. To produce the
spectral response curves of the specified main classes, RS
data are presented and the spectrally homogenous zones
of the different LU categories of 10th RIR are recognized.
All image processing and constructed digital thematic
maps were treated utilizing the ERDAS Imagine, ENVI,
and ArcGIS software.

The non-digital data includes various kinds and scales
of maps covering the study area including four topo-
graphic contour maps (namely; Belbeis, Enshas, El-
Robaiky and Gabal El- Anqabiya sheets) for the Eastern
Nile Delta of scale 1:50,000 (Egyptian Military Survey
1987) and the geologic map of Northeastern sheet of
Egypt of scale (1:1,000,000) (Remote sensing Center,
Academy of Scientific Research and Technology, Egypt,
1980).

Descriptive and fieldwork data
Many types of descriptive and fieldwork data were col-
lected and inserted as attribute layers in the GIS such as,

meteorological, hydrogeological, hydrological, and geo-
logic data of the 10th RIR.

Estimation of morphometric parameters and flood hazard
modeling

GIS tools have been shown to be useful for delineating
and extracting stream networks, as well as assessing and
managing the 10th RIR’s flash flood hazard. Applying the
Arc Hydro functions tools in ArcGIS Spatial Analyst in
the current study enables mapping the drainage system
of the 10th RIR as well as estimation of morphometric
parameters (Table 2). It contains the output of a num-
ber of mathematical functions in ARC Hydro (Maidment
2002, Kumar et al. 2000, Zhang et al. 2009, Omran 2011,
Rai et al. 2014, Arnous 2016, Arnous and Omer 2018,
Arnous et al. 2020).

To assess the flood hazards ranking, hydrological, mor-
phometric, and rainfall analyses were performed on the
10th RIR watershed. The DEM analyses are carried out
using Arc Hydro functions in ArcGIS software to delin-
eate the drainage network of the 10th RIR watershed
and extract the morphometric parameters in order to
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Table 2 Morphometric parameters and their mathematical formula

Morphometric parameters Formula References
Stream frequency (F) F=Ny/A Horton (1945)
Stream density (D) km/km? D=L/A Horton (1945)

Basin area (A) km?
Circularity ratio (R) R.=4nA/P?
Weighted mean R, (Ry,,,)
Overland Flow (OLF)
Basin relief (H)

Basin length (L) km

Mean Gradient (MG)

OLF=1/2D

MG=H/L,

GIS software Analysis

Row=S[Rot: U+ T* (N, + N, /SN

H= HMa>< - Hmin
GIS software Analysis

Schumm (1956)

Strahler (1964), Miller (1953)
Strahler (1952)

Horton (1945)

Hadley and Schumm (1961)
Schumm (1956)

Strahler (1964)

estimate the flash flood hazards levels for the 10th RIR
area. The morphometric parameters were estimated by
analyzing various quantitative and qualitative aspects of
the 10th RIR, such as stream order, stream frequency,
bifurcation ratio, weighted mean bifurcation ratio, drain-
age density, drainage segment lengths, basin area and

perimeter, basin ratio, basin elongation and circularity
(Kumar et al. 2000, Arnous et al. 2011, Mondal and Gupta
2015, Arnous and Omer 2018). Finally, the weighted mor-
phometric parameters for the basin data were statistically
analyzed. By integrating the parameters of all scored the-
matic layers with GIS functions, an overlay operation was
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used to evaluate the overlapped areas in order to deline-
ate the flash flood vulnerable zones (Flash flood hazard
model). The obtained integrated map is categorized into
three flash flood hazard zones: high, moderate, and low.

Geo-hazards modeling and field verification

In order to create the integrated geo-hazards model of
the 10th RIR, the current study uses GIS analysis and
data integration to correlate the spatial distribution map-
ping of heavy metal pollution indicators in groundwater
with the flood hazards zonation in the W. Gafra basin.
To confirm the processed satellite data and determine
the causes of land deterioration, a field survey was con-
ducted. This survey included a sampling of water as well
as GPS projection. Additionally, field checks have been
carried out on the enhanced RS data.

Surface and groundwater data

On October 7, 2017, the samples were collected during
a field excursion to the research area (Fig. 5). Chemi-
cal analyses are performed on samples of the available
groundwater and surface water sources in the 10th RIR
to identify their susceptibility to contamination by indus-
trial wastewater discharges. Waters from wells, drains,
and ponds in the 10th RIR were collected in acid-cleaned,
tightly sealed polyethylene bottles, and then quickly
transported to the Water Laboratory of the College of
Agriculture, Suez Canal University, for vitro chemi-
cal examination. Waters were chemically examined for
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major ions and some trace element constituents follow-
ing standard methods (APHA 1971). Major ions, Ca",
Mg**, CI~, HCO3, and CO?, were analyzed by volumet-
ric titration using a standard analytical method. The ions
K+and Na+were measured using a flame photometer,
whereas SO were measured using a spectrophotometer.
Atomic absorption was used to identify the trace ele-
ments, which included Fe, Ni, Mn, Zn, Pb, Cu, and Co.
Physico-chemical parameters, such as temperature, elec-
tric conductivity (Ec), and pH values, were measured in-
situ using a thermometer, an Ec-meter, and a pH-Hanna
pocket meter, respectively.The innovative aspect of this
study is not the development of a novel methodology,
but rather the approach for utilizing several tools in the
data integration process to produce the final geo-hazards
model. This concept is well represented by the flow chart
(Fig. 8), which summarizes the approach and data uti-
lized in the current analysis of the 10th RIR.

Results and discussion

LU/LC thematic datasets are significant sources for
numerous applications, for instance socioeconomic stud-
ies, and environmental land degradation management
and planning, and environmental impact appraisal. In the
10th RIR, the increasing population and economic activi-
ties growth have resulted in rapid industrial, agricultural
and urban expansion in the last three decades. Conse-
quently, timely and accurate mapping of LU/LC activities
is often necessary to identify, monitor, analyze, and assess
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the environmental land degradation in the 10th RIR. Sev-
eral methods for image processing and classification have
been developed and applied in this study to construct
multi-temporal LU/LC thematic maps for the 10th RIR
complex landscape based on classified multi-temporal
satellite observatory data.

Land use/land cover and land degradation analyses

The current study examines changes in the 10th RIR’s
land use/land cover classes caused by natural and anthro-
pogenic activities using landscape metrics and envi-
ronmental indicators of land degradation. Seven major
classes; including vegetation, salt-crust, waterlogged, oxi-
dation pond, urban zone, industrial zone and bare-land;
are delineated. Additionally, fieldwork and verification
are conducted for the chosen training spots to clarify the
reasons for land degradation caused on by waterlogging,
soil salinization, and other environmental hazards (Addi-
tional file 1: Fig. S1). The spectral pattern variations for
waterlogged, salt-affected, vegetation and urban classes
are extracted from satellite data and then normalized to
the near infra-red (NIR) band in order to provide a vis-
ual comparison of class variation with time (Arnous and
Green 2015; Arnous et al. 2015). The LU/LC thematic
maps were prepared for the years 1984, 2000, 2006 and
2017. The different areas of each class reflect the evo-
lutional changes in the LU/LC classes during 33 years
(Fig. 9A-D).

The LU/LC class areas for each year are displayed in
(Table 3). The classification results show that the main
LU/LC classes in the years 1984, 2000, 2006, and 2017
in the 10th RIR were: the bare lands (85.44%, 61.99%,
53.29%, and 0.27); the bedrocks unit (66.41%, 11.9%,
4.06%, and 1.7%); and the W. Gafra (15.54%, 8.33%, 5.68%,
and 1.68%); however, these classes have consistently
decreased from 1984 to 2017. The salt areas increased
from 1984 to 2017 by 0% to 0.72% respectively, the veg-
etation areas increased from 1984 to 2017 by 0.65% to
24.24%, and the industrial area increased by 7.6-13.9%
during the period from year 1984 to 2017. The oxidation
ponds, urban and waterlogged areas were increased (0.5—
3.61%), (5.6—-28.35%) and (0-2.04%) respectively during
the period from 1984 to 2017.

When identifying and delineating the environmen-
tally impacted sites in the 10th RIR, RS data and GIS
tools offer an excellent substitute for traditional mapping
techniques. LU/LC variations in the 10th RIR are iden-
tified through the analysis of multi-temporal data using
GIS tools (Jensen 2004, Arnous and Green 2015, Arnous

(See figure on next page.)
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et al. 2017). The change detection analysis is used to track
changes in the LU/LC classes of the 10th RIR from 1984
to 2017 (Table 3). The findings revealed that the 10th
RIR is threatened by rapid and growing changes in LU/
LC engendered by both natural and anthropogenic activi-
ties. The visual interpretation of the enhanced Landsat
images showed that a number of factors, including popu-
lation growth, developments in agriculture and economic
sustainability, and hydrogeological and geological attrib-
utes, all had a significant influence on changes in LU/LC
within the 10th RIR. The 10th RIR’s natural resources are
particularly susceptible to degradation as a result of these
multiple functions.

Change detection of LU/LC can be classified as
increasing or decreasing based on the impact of change
and the criteria of land degradation hazards (Table 4).
Agricultural activity changes (approximately 68.52 km?)
increased at a rate of+2.07km?/year from 1984 to 2017.
This is due to agricultural development and an increase
in population growth rate. Waterlogging areas are
expanding at a rate of 0.16 km?/year, covering approxi-
mately 5.4 km?. The oxidation ponds grew by 0.27 km?/
year, totaling 9.19 km?. Additionally, urban and industrial
areas make up about 89.7 km? of the changes in residen-
tial LU. According to the annual rate of change, the LC of
the 10th RIR landscape is significantly impacted by these
activities in the study area.

The complicated hydrogeological setting brought about
by the low hydraulic conductivity of top soils and the dis-
persion of surface industrial effluents, as well as LU mis-
planning and an inefficient strategy of industrial and land
reclamation developments, particularly in desert fringe
areas, are primarily responsible for spreading of soil deg-
radation features in the 10th RIR landscape.

Identification of water pollution hazards

The pollution hazard expresses the impact of anthropo-
genic activities on groundwater quality, based not only
on the extent of vulnerability, but also on the presence of
potential pollution sources, which are dynamic factors.
The severity of the impact is determined by the aquifer’s
vulnerability to contamination, the frequency of contam-
ination, and the importance of groundwater resources
(Lobo-Ferreira and Oliveira 1997).

Surface water geochemistry

Industrial sewage usually contains specific chemical
compounds related to the nature of the industrial pro-
cess. Most of the surface water examined, specifically

Fig.9 Land use and land cover classes in the 10th RIR, displaying the areal distribution and the percentage of each LU/LC class in 1984 (A), 2000 (B),

2006 (C), and 2017 (D)
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Table 3 The areas of LU/LC classes during 1984, 2000, 2006 and 2017 of 10th RIR

LU/LC classes 1984 2000 2006 2017
Km? % Km? % Km? % Km? %
Bare land 208.9 854 157.0 62.0 162.0 533 785 03
Oxidation pond 13 0.5 1.8 0.6 6.1 2.1 10.5 3.6
Urban area 13.7 56 27.3 10.8 289 10.1 82.0 284
Industrial area 18.7 76 26.7 74 322 113 40.5 139
Waterlogging 0.2 0.0 34 14 39 14 56 20
Vegetation 16 0.7 364 14.3 604 21.2 70.1 24.2
Salinization 02 0.0 0.7 02 1.7 0.6 2.1 0.7
Wadi Gafra 380 155 21.1 83 16.2 57 49 1.7
Bed rocks unit 162.4 66.4 30.2 11.9 11.7 4.1 52 1.7
Table 4 The change detection statistics of the LU/LC classes in 1984, 2000, 2006 and 2017 of 10th RIR
LU/LC classes 1984-2017 2000-2006 1984-2000 2006-2017
Changein Rate of change Change in Rate of change Changein Rate of change Changein Rate of
area (Km?)  (Km?/year) area (Km?)  (Km?/year) area (Km?)  (Km?/year) area (Km?)  change
(Km?/year)
Bare land —130.5 -39 -50 -038 -519 —34 — 836 —-75
Oxidation pond +9.2 +03 +44 +0.7 +05 +0.0 +43 +04
Urban area +68.3 +2.1 +16 +03 +136 +0.8 +53.1 +4.8
Industrial area +21.8 +06 +55 +09 +9.0 +0.5 +83 +0.7
Waterlogging +54 +0.2 +0.5 +0.1 +33 +0.2 +17 +0.1
Vegetation +685 +2.1 +240 +40 +3438 +22 +9.7 +038
Salinization +19 +0.1 +1.1 +0.2 +05 +0.1 +04 +0.0
Wadi Gafra — 331 -10 —49 -08 — 168 -10 -113 -08
Bed rocks — 1572 —-4.7 — 185 —-31 — 1322 —-83 - 6.5 - 1.1

in the oxidation ponds, has high trace elements con-
tents (Table 5). They have serious impacts on human
health; therefore, the present work paid more attention
to defining the impact of oxidation ponds seepage into
the adjoining groundwater bodies.

The hydrochemical analyses of the water samples col-
lected from oxidation ponds and logged waters show
wide variability from site to site due the interferences
of several factors including: the source of industrial
wastewater, the stagnant residence time, recharge rate
to these water bodies, the influence of evaporation and
the type of soil draining the water bodies.

The TDS values of the surface water have slightly
increased from 220 mg/] to 2872 mg/l (Table 5). The
high concentration of dissolved solids in the surface
water of the 10th RIR is associated with high sodium
content (Fig. 10), implying that evaporation directly
impacts water salinity.

Calcium and Magnesium contents in surface water
have similar distribution revealing the same behavior of

both elements. They varied from 31 mg/l to 111 mg/l
and from 10.9 mg/l to 43.7 mg/l, respectively (Table 5).

Sodium and chloride in surface water have the same
rising content revealing the same behavior for both ele-
ments. They ranged from 27 mg/I to 1000 mg/1 and from
27.9 mg/1 to 1000.7 mg/l, revealing the effect of the evap-
oration process on surface water bodies in such an arid
environment (Table 5).

The sulphate content of surface water ranged from
12 to 190 mg/I (Table 5). The dissolved detergents used
in washing processes may be the source of sulphate in
industrial wastewater.

The bicarbonate content of the 10th RIR’s surface water
ranged from 151.7 mg/l to 1215 mg/1 (Table 5). The oxi-
dation of organic matter enriching the industrial waste
water may be the source of bicarbonate in the waste
water.

Table 5 reveals that the pH, TDS, Ca, Na, K, HCO,,
Cl, Ni, Cu, and Fe of surface water exceeded the WHO
(1996) permissible level. The maximum estimated
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Table 5 Summary of chemical analyses of surface waters in 10th RIR

Parameter Number of samples Min Max Average Standard deviation Permissible
ranges (WHO
1996)

pH Value 14 6.5 89 7.8 0.7 6.5-8.5

TDS (ma/l) 14 2200 2872.0 936.1 8225 1000

Ca (mg/l) 14 31.8 1111 67.6 284 75

Mg (mg/l) 14 109 437 20.3 9.5 150

Na (mg/l) 14 27.0 1000.0 267.8 300.5 200

K (mg/l) 14 30 720 185 193 12

HCO; (mg/l) 14 151.7 12151 486.9 3093 500

SO, (mg/) 14 12.0 190.0 929 61.1 250

Cl (mg/N) 14 279 1006.5 2554 3108 250

Ni (ug/1) 14 04 1335 34.8 40.5 20

Co (ug/N) 14 04 6.2 26 19 50

Pb (ug/l) 14 14 332 158 89 50

Cd (ug/l) 10 03 05 03 0.1 3

Cu (ug/N) 14 0.4 448 189 16.2 5

Zn (ug/l) 14 20 4173 104.0 136.6 3000

Mn (ug/)) 14 4.2 349.7 98.6 108.2 500

Fe (ug/)) 14 312 4168.0 887.5 12929 300

concentrations for TDS (2892 mg/L), Ca (111 mg/l),
Na (1000 mg/l), K (72 mg/l), HCO; (1215 mg/l), Cl
(1007 mg/1), Ni (134 pg/1), Cu (45 pg/l), and Fe (4168 ug/l)
surpassed the WHO (1996) acceptable limit. While the
highest concentrations of Mg (44 mg/l), SO, (190 mg/l),
Co (6.2 pg/l), Pb (33.2 pg/l), Cd (0.5 pg/l), Zn (417 pg/l),
and Mn (350 ug/1) were found in the permissible range.

Cluster analysis is useful for categorizing water chem-
istry and characterizing the hydrochemical groups of
specific populations that may be relevant in the environ-
mental context (Suk and Lee 1999, Farnham et al.2000,
Swanson et al. 2001). The R-mode dendrogram of trace
metal variables in water from oxidation ponds in the 10th
RIR is interpreted and statistically classified into two
main clusters. The first cluster group (G1) contains only
Fe, indicating its importance as a component of the Earth
system (Fig. 11). The Fe content of surface water ranged
from 31.2 g/l to 4168 g/l (Table 5). The second cluster
group (G2) contains Mn, Zn, Co, Cu, Pb, and Ni, illumi-
nating the source of industrial contamination.

Groundwater geochemistry of 10th RIR

Recently, industrial and agricultural activities, as well as
natural processes, have had a significant impact on the
geochemistry of groundwater in the 10th RIR. The 10th
RIR fully recognizes three major LU classes: oxidation
ponds to the east, cultivated lands to the northwest, and
the urban areas and surrounding bare lands in the middle
of the mapped area (Fig. 9D). Groundwater beneath each

of the aforementioned LU classes has a distinct chemical
pattern that reflects the impact of past activities and/or
natural processes.

The oxidation ponds in the northeastern zone serve
as a surface reservoir for industrial waste water drained
from various factories in the industrial sector of the 10th
RIR. Because of the rapid increase in industrial activities
and the associated resident population growth, pollutants
may have a severe impact on groundwater (El-Sayed et al.
2012). Previous geophysical surveys show a decrease in
resistivity values around the oxidation ponds, indicating
wastewater infiltration down to 15 m depth (Attwa et al.
2013). The stored wastewater is likely to infiltrate down-
ward and contaminate the shallow aquifer, resulting in
geochemical changes in the composition of groundwater.
Seepage from oxidation ponds and the expansion of culti-
vated lands that have been watered with wastewater both
produce dangerous environmental threats (Khalaf and
Gad 2015). Groundwater beneath both oxidation ponds
and irrigated lands by untreated sewage water in the
northeastern zone has high TDS values and is enriched
in Na, SO,, and ClI (Fig. 12).

The pH of the groundwater in the 10th RIR ranged
from 7.3 to 8.9, with an average of 8.03 (Table 6). In gen-
eral, the pH values gradually increase towards the north-
western cultivated zone of the mapped area. The local
farmers illegally use the industrial wastewater of the 10th
RIR in irrigation practices. A significant decrease in pH
values is recorded in the northeastern zone of the study
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area, which may be attributed to the impact of oxidation
pond reservoir leakage into the undelaying shallow aqui-

fer (Fig. 12).

Groundwater TDS levels in the 10th RIR ranged from
128 mg/l to 6700 mg/l, with an average of 2290 mg/l
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(Table 6). TDS values increase in the northwestern and
middle zones of the mapped area and decrease in the
northeastern zone (Fig. 12). The groundwater flows from
south to north and northwest (Fig. 4), which may con-
firm that TDS increases throughout the flow path. The
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Fig. 11 Grouping discrimination in the cluster analysis of trace metal contents in surface water and oxidation ponds at the 10th RIR

Pleistocene leaky aquifer at the northwestern end of the
flow path, which entirely supplies the irrigated lands in
the northwestern and middle zones, may be principally
responsible for the excessive TDS levels in those zones.
The existence of oxidation ponds throughout the regional
flow path suggests that industrial wastewater leak-
age from oxidation ponds has increased the salinity of
groundwater in the middle zone.

The sodium content of groundwater in the 10th RIR
varies greatly, ranging from 240 mg/l to 1850 mg/l
(Table 6). The northwestern section of the study area
has higher Na values due to the impact of high sodium
returned flow irrigation water and washing of the salin-
ized sodic soils (Fig. 12).

Calcium levels in the study area’s groundwater ranged
from 22.2 to 533.3 mg/l (Table 5). Ca values rise in the
northwestern zone toward cultivated areas and fall in the
northeastern zone (Fig. 12).

Mg levels in the study area’s groundwater range from
2.5 to 527 mg/l (Table 6). Mg concentrations rise in the
west around the cultivated area and fall in the south of
the 10th RIR (Fig. 12).

Cl levels in the study area’s groundwater range from
113 to 3593.17 mg/] (Table 6). Because of soil saliniza-
tion and returned flow irrigation wastewater, the Cl value
rises in the northwest zone (Fig. 12).

In the 10th RIR, SO, levels in groundwater range
from 12 to 1027 mg/l (Table 6). The SO, value in the
northeastern cultivated zone rises due to the impact of

returned flow irrigation wastewater and leakage from
nearby oxidation ponds, respectively (Fig. 12).

The bicarbonate content of groundwater in the study
area ranges from 106 mg/l to 556 mg/l (Table 6). The
bicarbonate value rises in the study area’s northwestern
corner (Fig. 12). The anomalous HCO, content at this
location could be attributed to the impact of cultivation
processes caused by the oxidation of organic matter
enriching agricultural soils.

Table 6 reveals that the maximum estimated con-
centrations for TDS (6700 mg/l), Ca (2250 mg/l),
Mg (528 mg/l) Na (1850 mg/l), K (78 mg/l), HCO,
(1037 mg/l), SO, (1028 mg/l), Cl (3593 mg/l), Ni
(265 ug/l), Co (265 ug/l), Cd (31 pg/l) and Fe (490 pg/l)
surpassed the WHO (1996) permissible limit. While
the highest concentrations of Pb (31 pg/l), Cu (3.8 pg/l),
Zn (99 pg/l), and Mn (14 pg/l) were found in the per-
missible range.

Factor analysis is used to categorize the likely pollu-
tion variables affecting the groundwater in the 10th RIR
area. The R-mode dendrogram of trace metal variables in
groundwater from the 10th of Ramadan area is divided
into three major clusters (Fig. 13). The first cluster (G1)
has Fe as a main component; the second cluster (G2) has
Ni; and the third cluster has Mn, Zn, Pb, Cu, and Co,
which may indicate the impact of industrial wastewater.
The presence of Ni in a single group may indicate that it
has a higher mobility along the groundwater flow path
than the other trace element components.
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Table 6 Summary of chemical analyses of groundwater in 10th RIR

Parameter Number of samples Min Max Average Standard deviation Permissible
ranges (WHO
1996)

pH Value 32 73 89 8.0 04 6.5-85

TDS (ma/l) 32 1283 6701.0 2289.6 1837.5 1000

Ca (mg/l) 32 10.0 2250.0 191.0 1544 75

Mg (mg/l) 32 25 5279 71.3 67.8 150

Na (mg/l) 32 188.0 1850.0 618.2 4621 200

K (mg/l) 32 1.0 782 16.7 189 12

HCO; (mg/l) 32 88.0 10371 269.9 196.3 500

SO, (mg/1) 32 12.0 1027.8 419.2 3182 250

Cl (mg/1) 32 102.6 3593.1 9194 1001.4 250

Ni (ug/1) 19 04 265.0 29.2 83.1 20

Co (ug/) 19 04 265.0 15.8 60.4 50

Pb (ug/l) 20 2.7 30.8 9.0 7.5 50

Cd (ug/l) 15 03 30.8 6.4 100 3

Cu (ug/) 15 04 38 09 1.1 5

Zn (ug/)) 20 06 98.6 159 228 3000

Mn (ug/1) 20 06 13.7 35 34 500

Fe (ug/l) 20 1.0 4904 1313 156.4 300

The movement of trace metals is primarily governed by
their relative mobility through the unsaturated zone. The
majority of trace metals in groundwater travel as complex
compounds with major ions. As a result, elements that
are incapable of forming dissolvable complex compounds
are extremely difficult to move in water (Shvartsev et al.
1975). Ren et al. (1989) stated that in arid environments,
Cu, Pb, Ag, Mn, and Zn have relatively high immobil-
ity and thus have a low ability to migrate in water sys-
tems. El-Rayes (2010) asserts that while Mo, Ni, and Zn
are highly mobile, Fe, Pb, Cr, and Mn are stationary ele-
ments. The movement of trace metal leachate through
the unsaturated zone revealed that Sr leached faster than
Fe along the soil profile (Hussien et al. 2017).

The mean average nickel content in the groundwater of
the 10th RIR is within normal limits, with the exception
of three samples taken beneath the cultivated zone in the
northwest, where nickel levels are higher than allowed
(Fig. 14). The primary source of nickel in the northwest-
ern parts of the study area could be the returned flow
irrigation wastewater. Chemical analyses of groundwater
in the study area show that Co values rise in the eastern
and southeastern parts of the study area, closer to the
oxidation ponds and industrial zone (Fig. 14). Zn val-
ues increase in central parts and decreases towards the
northern part of the 10th RIR (Fig. 14). Mn content varies
between 0.6 and 13.7 ug/l (Table 6). Mn value increases
via the eastern zone toward the oxidation ponds due to
seepage of industrial effluent into groundwater (Fig. 14).

Lead content in groundwater varied between 2.7 and
30.8 pg/l (Table 6). Lead value increases in north-
eastern part due to seepage from oxidation pond and
decreases via southern zone (Fig. 14). Copper content
varies between 0.4 and 3.8 pg/l (Table 6). Copper values
increase at the central and eastern parts toward indus-
trial and oxidation ponds zones due to seepage of indus-
trial effluent (Fig. 14). Cadmium content varies between
0.3 and 30.8 pg/l (Table 6). Cadmium values rise in the
northeastern and northwestern parts of the 10th RIR
while falling in the south (Fig. 14). Cadmium in ground-
water in the study area could be attributed to agricultural
activities such as the use of cadmium-rich phosphorus
fertilizers, and also seepage from oxidation ponds.3.2.3
Groundwater pollution hazards mapping of 10th RIR.
Because of the high population growth rate and large
amounts of industrial wastewater discharge, the ground-
water of the 10th RIR’s shallow aquifer is highly vulner-
able to pollution. The multivariate pollution weighted
maps for each heavy metal are combined and classified
based on the maximum allowable level of heavy metals
in water. Thematic maps are created and then converted
to raster or vector format so that they can be easily com-
bined with ArcGIS’ Spatial Analyst tool (Krishnamurthy
et al. 1996, Saraf and Choudhury 1998, Srinivasa Rao and
Jugran 2003, Naghibi et al. 2015, Arnous and El-Rayes
2013, Arnous 2016, El-Rayes et al. 2017). Furthermore,
various GIS tools such as visualization, spatial query,
integration, analysis, and predictions were used to create
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distribution maps of various chemical species affecting
the pollution hazard. The groundwater pollution poten-
tiality maps.are combined with the arithmetic overlay
to identify areas most susceptible to pollution. The pol-
lution risk map produced shows that the groundwater
of the 10th RIR is highly vulnerable to pollution induced
by oxidation pond and industrial wastewater leakage
(Fig. 15). The resulting integrated potential pollution risk
map is an excellent tool for decision makers concerned
with groundwater protection and development. The pre-
sent work entails creating a digital database for the 10th
RIR.

Flash flood hazards mapping of 10th RIR.

When it rains heavily, flash flooding occurs on saturated
or dry soil with low permeability. Climate fluctuations
and extreme weather events are signs of climate change
manifestation. In Egypt, there were severe weather events
such as the recurrence of flash floods in the Fifth Settle-
ment of East Cairo as a result of heavy rainfall in April
2018 (Kotb 2019), February and March 2020, and Octo-
ber 2022. Flash floods are among the natural disasters
that cause the most human deaths and property destruc-
tion. Runoff accumulates in gullies and streams, and
when they join to form larger volumes, they frequently
form a fast-flowing front of water and debris. The pur-
pose of this research is to estimate the flash flood hazards
rank of the 10th RIR.

The W. Gafra basin drains the 10th RIR watershed
and cuts through the main industrial and urban exten-
sion of 10th Ramadan city. Ten variables are represented
as layers in the flood hazards model. Basin area, stream
frequency, drainage density, basin circularity, weighted
mean bifurcation ratio, overland flow, mean gradient,
rainfall, infiltration, and circularity ratio are all contrib-
uting factors (Table 7). Based on the contributing fac-
tors related to geometry and morphometric parameters
of the included basins, a general flood hazards model has
been outlined. The drainage network characterization of
the 10th RIR basins is quantitatively analyzed in terms of
stream order, stream number, and stream length, length
of overland flow, and bifurcation ratio, as described by
Horton (1932, 1945), Strahler (1952, 1958), and Schumm
(1956). These characteristics include basin shape, stream
frequency, relief ratio, and drainage density. The flash
flood hazards are primarily related to parameter values
that are statistically analyzed using a simple statistical
method (Arnous et al. 2011, Arnous and Green 2011,
Arnous and Omar 2018). Based on the attributes of mor-
phometric parameters and their potential level of haz-
ard, each parameter is classified into three categories.
The parameters are then divided into three hazards-level
intervals. Various scaled scores regarding their signifi-
cance to flood hazards are given in order to estimate the
flood hazard rank (Table 8). An overlay process evaluates
the crossed areas using score summation, resulting in a
score degree for each area.
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Fig. 14 Spatial distributions of trace metals abundances in groundwater from the 10th RIR
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To create a perfect map, the results are classified into
three flood hazard susceptibility categories: low, moder-
ate, and high ranks. The 10th RIR’s final map of flood
risk ranks (Fig. 16) demonstrates that sub-basins 1, 4,
and 5 have high ranks of flooding risk, while sub-basins
2,7, and 8 are thought to have moderate ranks of flood-
ing risk. However, the rank of flooding is low in sub-
basins Nos. 3, 9, and 10. The obtained results suggest
that the 10th RIR is susceptible to high rank flash floods.
Therefore, it is strongly advised to implement some mit-
igation strategies in order to lessen the severe effects of
flash hazards on the current industrial and urban infra-
structure and conserve floodwater for local uses.

Integrated geo-hazards mapping of 10th RIR.

The mapping, analysis, and integration of geospatial data
to support environmental decision-making are the most
significant applications of geospatial tools. To identify
the most likely locations for groundwater contamina-
tion (Fig. 15) and flash flood hazards in the 10th RIR
(Fig. 16), the present work uses GIS analysis and data
integration to correlate the spatial distribution mapping
of heavy metal pollution indicators in groundwater with
the flood hazard zonation in the W. Gafra basin. This
results in the creation of the geo-hazards risk map of
the 10th RIR (Fig. 17). The 10th RIR’s geo-hazards map
was divided into three hazards categories, including high
flash flood hazardous areas that are geospatially distrib-
uted in the southern parts of the W. Gafra basin and the
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Table 7 Data of morphometric parameters of Wadi Gafra basin, 10th RIR
BasinNo u N, L,(Km) R,, R, A(Km>) F D OLF P ML(Km) R. R, H MG Rf(m’y) R, R,
(m)
1 6 1604 11070 42 42 423.0 38 23 12 166.0 405 02 00 1715 42 621.0 42 10730
2 6 1028 7700 40 40 2980 34 22 11 700 295 08 03 8385 30 635.0 30 4990
3 7 1518 1091.0 46 46 419.0 36 23 12 790 330 08 00 1745 52 882.0 53 14
4 4 53 420 36 37 123 43 25 12 20.0 53 04 01 240 45 1320.0 4.5 12.0
5 4 30 17.0 29 30 7.1 42 25 12 16.0 35 03 02 13.0 3.7 15000 3.7 0.6
6 4 64 41.0 37 38 171 37 23 12 270 8.8 03 0.1 315 35 1700.0 3.6 36.0
7 4 110 740 44 44 29.0 38 23 12 360 95 03 0.1 425 45 688.0 45 36.7
8 4 29 209 28 29 82 35 23 11 14.0 5.1 05 02 275 54 700.0 54 03
9 5 217 14.3 37 38 54.5 40 24 12 480 143 03 0.1 450 31 747.0 3.1 18.0
10 5 167 113.3 37 37 438 38 23 12 460 129 03 0.1 480 3.7 882.0 3.7 114
GafraMain 7 5098 43770 42 42 14910 34 22 12 3630 784 01 01 2235 28 29

u: Stream order, N,;: Total number of streams of order u, L : Total length of stream, R,,,: Weighted mean, R,, — R,: Bifurcation ratio, A: Basin area, F: Stream frequency, D:
Stream density, OLF: Overland flow, P: Basin perimeter, ML: Basin maximum length, R: Basin circularity ratio, R,: Basin elongation, H: Difference in elevation, MG: Mean

gradient, Rf: Rainfall

Table 8 Flash flood hazard weight numbers of the studied drainage basins, 10th RIR
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western parts of the 10th of Ramadan City. Additionally,
the salinized soil zones are seen as geospatially restricted
areas, especially in the eastern zone of the 10th of Rama-
dan City and/or near the oxidation ponds. Furthermore,
vast areas of highly polluted groundwater exist beneath
industrial, urban, and oxidation pond zones. The created
geo-hazards map will be helpful for the decision-makers
to avoid the prevalent hazards that endanger the long-
term development of the 10th RIR.

Mitigation measures for sustainable development of 10th
RIR.

The application of geological engineering principles to
reduce or avoid the effects of naturally occurring geo-
hazards is known as geo-hazard mitigation. However,
geo-hazards continue to have a significant impact on
the economy and society. If they are identified, they may
be avoided or prevented to varying degrees. The high

flash flood hazard zone is located in the southwestern
part of the 10th RIR, while the high groundwater pollu-
tion hazard zones are located in the northern part of the
10th RIR. The polluted hazard zone is primarily located
near industrial and urbanized zones, which are the heart
of economic development for the 10th RIR. As a result,
priority should be given in these zones to reducing or
controlling the rate of groundwater pollution through
conservation planning. The conservation planning
should take into account preventing industrial wastewa-
ter leakage into the underlying shallow aquifer. Both oxi-
dation ponds and returned flow irrigation water are the
main sources of that kind of leakage.

Mitigation measures can be used to protect industrial
and urban zones from the severe impact of flash flood-
ing. In management planning, priority should be given
to implementing flash flood protection tools, such as
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Fig. 16 Integrated flood hazard risk map based on morphometric indicators of the Wadi Gafra basin with risk rankings in the 10th RIR

low-cost flood control techniques, along the sub-basins
of high flooding hazards rank.

The current study advised decision makers to imple-
ment the following mitigation measures to avoid the
hazardous consequence of the present environmental
difficulties within the 10th RIR for any future sustainable
development planning activities:

— Land use planning should be done by adopting sus-
tainable scenarios and policies in order to avoid the
negative effects of humans and nature on the envi-

like storage dams, cisterns, and retardation dams
along the sub-basins with a high rank of flooding is
extremely important (Fig. 17).

Priority should be given to conservation planning in
order to slow down or stop the rate of groundwater
pollution. Groundwater can be protected from pollu-
tion by lining oxidation pond bottoms with impervi-
ous material such as clay layer and treating irrigation
wastewater before application as well.

ronment. Conclusions

— Using some mitigation techniques to lessen the The results of the current study indicate that leaks from
effects of flash hazards on the existing industrial oxidation ponds and irrigation water returned-flow that
and urban infrastructure and to keep floodwater for  is supplied by industrial wastewater as a source are very
local use. The construction of hydraulic structures likely to contaminate the groundwater of the 10th RIR.
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Fig. 17 The final geo-hazards risk map from the 10th RIR, including risk categories and distribution of controlling system (Storage and retardation

dams) to mitigate the risk of flooding

The flood hazard map for the Wadi Gafra basin shows
that sub-basins 1, 4, and 5 are at a high rank of flooding
risk; sub-basins 2, 7, and 8 are at a moderate rank; and
sub-basins 3, 9, and 10 are at a low rank.

The 10th RIR’s integrated geo-hazards map shows that
the high flash flood rank sub-basins are geospatially dis-
tributed in the southern parts of W. Gafra. Furthermore,
the high groundwater-pollution zone is visible as geospa-
tially distributed distinct areas, particularly in the north-
ern zone of the 10th RIR and/or close to the oxidation
ponds.

In summary, the study’s findings reveal the impacts
of flash floods on industrial facilities and the urban

neighborhood in the 10th RIR and recommend miti-
gating actions. Based on the results of the current
research, mitigation strategies should place an empha-
sis on low-cost hydraulic infrastructures, such as stor-
age and retardation dams, in order to reduce the risk of
flood damage and utilize the water for local consump-
tion, which will help ensure the long-term sustainabil-
ity of the 10th RIR. The results also revealed that the
primary contributors to groundwater pollution in the
10th RIR were the leakage from nearby oxidation ponds
and the consequences of returned flow irrigation waste-
water. Groundwater can be prevented from contamina-
tion by lining oxidation pond bottoms with impervious
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material like clay layer and purifying irrigation waste-
water before practice as well.

The industrial wastewater from the 10th RIR is being
illegally used in irrigation practices by surrounding farms.
Future studies are needed to better understand how
using industrial effluent for irrigation influences crops
and those who eat them, especially regarding whether
the crop products are healthy for human consumption.
Such evidence is required if decision-makers and indus-
trial owners are to be convinced to reduce and control
environmental pollution. National and local efforts are
required to change the situation. Legislation is required
to enforce safety rules and prohibit dangerous chemicals,
and pollutants in industrial discharges into groundwater.
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