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Groundwater has a special significance in Akhmim area as it is used mainly in various purposes. However,
groundwater is currently threatened by pollution from different sources. Therefore, detailed field inves-
tigations, in addition to Geographic Information Systems and remote sensing techniques are integrated to
study the main sources of deterioration in groundwater quality and proposing practical solutions for mit-
igation and remediation. Based on the Modified Normalized Difference Water Index (MNDWI) and
physicochemical analysis of groundwater samples, areas that contribute to groundwater deterioration
have been identified. The results showed that the main causes of groundwater deterioration are the
use of sewage rooms and injection wells to get rid of sewage especially in rural areas and scattered set-
tlements, discharging liquid industrial wastes into the ground without proper treatment, the random
exploitation of groundwater, and the use of wastewater in agriculture in a random manner. The results
of the physicochemical analysis of groundwater samples confirmed the sources of deterioration identified
by satellite images and field studies. To avoid groundwater degradation, strict restrictions need to be
applied on the use of untreated or treated wastewater for irrigation, sewage networks have to be estab-
lished in all residential areas, and factories must treat wastewater before discharging it.
� 2021 National Authority for Remote Sensing and Space Sciences. Production and hosting by Elsevier B.
V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

With the speedy population growth and the development of
human activities, the demand for various water resources has
increased, while the per capita share of these resources has
decreased. Because of the scarcity of surface water in many coun-
tries, groundwater is considered an important source for various
activities. So, assessing anthropogenic impacts on groundwater
sources and predicting future threats is an urgent matter (Tang
et al., 2005; Mishra et al., 2014).

Changes in land use are among the most important human-
caused activities that affect groundwater (Calder, 1993). Ground-
water quality depends on a number of factors, such as the interac-
tion of water with rocks and chemicals resulting from human
activities. There are many sources of groundwater pollution in
urban areas such as petrol stations, leaky sewage systems, domes-
tic and industrial effluents, septic tanks, cesspools, and landfill
waste sites (Jeong, 2001; Geriesh et al., 2004; Balogun et al., 2012).

In light of the limited surface water resources in Egypt, ground-
water is an important resource for sustainable development and
economic growth, especially with the increasing demand for fresh
water. Akhmim district is located east of Sohag Governorate where
groundwater is of a great importance. However, it is presently
menaced by pollution from urbanization, agricultural activities
and wastewater used in agriculture (Ahmed and Ali, 2011;
Gedamy, 2015).

In recent years, remote sensing techniques have been widely
used in the sustainable management of groundwater resources
through the actual assessment of the anthropogenic activities
impacts on groundwater degradation. Many studies have assessed
the impacts of human activities and changes in land use on
groundwater quality. Faye et al., 2008, developed a multidisci-
plinary approach that combines Remote Sensing, GIS, hydrogeolog-
ical and sociological techniques for development of regional
groundwater protection plans, policy analysis tools and pollution
source control. Jaganathan et al., 2010, studied the sources of
groundwater degradation and developed practical solutions to
reduce these sources in Chennai City, India, depending on geology,
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water level, geomorphology, soil, drainage, precipitation, and land
use using satellite data. Khan et al., 2011, monitored changes in
land use using multi-spectral satellite imagery and correlated
these changes with groundwater quality in India, where the results
revealed that groundwater deterioration was linked to urban
growth. Balogun et al., 2012, assessed groundwater quality in Nige-
ria, where the results showed that the percentage of non-potable
water samples in rural lands is lower than in urban lands, due to
different land use and urban activities.

Arnous et al., 2015, assessed the environmental land degrada-
tion due to waterlogging and salt-affected soil problems in the East
Nile Delta using satellite image data, hydrochemical analyses and
field studies. The results revealed that the newly cultivated lands
are responsible for this deterioration as a result of the continuous
seepage into the groundwater. Penha et al., 2016, found that phos-
phate, chloride, magnesium and sulfate ions in groundwater are
closely related to land use management.

Elbeih and El-Zeiny, 2018, evaluated groundwater in west of
Sohag, Egypt. The correlation coefficient between land use spectral
indices extracted from remote sensing data and groundwater qual-
ity was calculated in 2008 and 2016. The results showed the pres-
ence of negative effects of urbanization, agriculture and other
human activities on groundwater quality.

Arnous et al., 2020 delineated, assessed and mapped the
Groundwater Potentiality Zones (GWP) in the Tertiary volcanic
aquifer of the IBB basin, Yemen utilizing space-borne data and
GIS weighted overlay method. The integrated model’s results were
classified into three main categories; low, moderate, and high GWP
where the produced model could be used as a preliminary model
to locate the promising wells. El-Rayes et al., 2020, assessed the
groundwater contamination, developed a regional vulnerability
map of the Tertiary Volcanic Aquifer of Ibb basin watershed in
Yemen and delineated the groundwater protection zones around
the vulnerable sensitive areas. Results revealed three protection
zones arranged from very low to very high vulnerability around
the groundwater sources based on different vulnerability indices.

The main objective of the present research is to integrate field
studies with GIS and RS techniques in studying the main sources
of deterioration in groundwater quality by studying types and
sources of pollutants and suggesting practical solutions for mitiga-
tion and remediation.
2. Study area

AkhmimDistrict is located east of the River Nile in Sohag Gover-
norate between longitudes 31�35‘ and 31�55‘ E and latitudes 26�30‘
and 26�38‘ N (Fig. 1). The groundwater has a special importance in
Akhmim District, as it is used mainly in different activities (Youssef
and Abdel Moneim, 2006).

In the lowland desert area south of Akhmim (El-Kola area);
treated wastewater is used in the cultivation of woody trees, but
this area is insufficient to accommodate the wastewater quantities
resulting from the treatment plant. As a result, the wastewater
accumulates on the ground surface forming large pools (Youssef
et al., 2011). In the last few years, many industrial areas were built
in Sohag, where Al- Kawser city is considered one of the most
important areas and is located north of Akhmim District.
2.1. Geological setting

The sedimentary sequence in Akhmim area consists of rock
units that range in age from Lower Eocene to Recent (Fig. 2). The
geology of the studied area can be summarized as follows:
2

� Thebes Formation (Lower Eocene); is composed of massive to
laminated limestone (Said, 1960).

� Muneiha Formation (Early Pliocene); is composed mainly of
clay and muddy sands (Said, 1981) and form the base of the
water-bearing formations in the Nile Valley (Issawi et al., 1978).

� Issawia Formation (Pliocene/Pleistocene); include two interfin-
gered facies: the carbonate facies and clastic facies (Said, 1990).

� Qena Formation (Early Pleistocene); is composed mainly of
quartzitic sand and gravel deposited and represents the main
water-bearing formation in this region of the Nile Valley aquifer
(Said, 1981).

� Dandara Formation (Middle Pleistocene); is composed mainly
of fluviatile fine sand-silt intercalations and accumulated at
low-energy environment (Said, 1975).

� Flood Plain sediments (cultivated lands) and Recent Wadi
Deposits.

2.2. Hydrological conditions

The surface water system in Akhmim area is represented by the
Nile River, irrigation canals and drains. The main canal in the study
area is Nag-Hammadi El Sharqia canal, with a network of drains
that convey water from the main channel for distribution within
the study area.

The main groundwater aquifer in Akhmim area is the Quater-
nary aquifer system where the Pleistocene deposits (Qena Forma-
tion) are the main water-bearing sediments (Fig. 3). On ancient
cultivated lands, the Pleistocene aquifer is a semi-confined aquifer
where the upper member consists of a clay-silt layer while in the
desert fringes it is an unconfined aquifer where the clay-silt layer
is replaced by desert sands (Abdel Moneim, 1999).

The groundwater flows towards the River Nile where the
groundwater level in the study area ranges from 63 m (asl) at
the valley fringes to 53 m (asl) close to the River Nile. The ground-
water in the study area recharges the River Nile, which functions as
a natural drain (Ahmed, 2007).

According to (Abdel Moneim, 1992; Ahmed, 2007), the main
source of groundwater recharge in the study area is return flow
from irrigation (excess irrigation water). The main discharge from
the aquifer system is represented by groundwater extraction by
pumping wells.
3. Methodology

To determine the sources of groundwater deterioration, a field
visit took place to the study area where groundwater and surface
water samples were collected. In addition, satellite imagery and
field verification have been used to identify areas that contribute
to the deterioration of groundwater. Fig. 4 illustrates the flow chart
for the applied methodology used in determining groundwater
deterioration sources in the investigated area.

3.1. Field and laboratory methods

A field trip to the study area took place in April 2019. Thirty two
groundwater samples were collected in addition to four samples
from the drains and irrigation canals and three samples from the
wastewater pools accumulated on the surface in El-Kola area,
where wastewater is used in agriculture (Fig. 5).

The wells were pumped for about 10 min before collecting the
groundwater samples to avoid stagnant water from the borehole.
For heavy metal analysis, 100 ml of samples were filtered using a
0.45 mm filter and acidified with nitric acid (1%).

Samples analyses took place at the Central Laboratory of the
National Water Research Center according to the standard meth-



Fig. 1. Location map of Akhmim area.

Fig. 2. Geological map of Akhmim area (1983).
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Fig. 3. General hydrogeologic section of Sohag area (RIGW 1990).
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ods for examination of water and wastes (APHA, 2012) where TDS,
major ions and soluble heavy metals were identified. The total dis-
solved solids in the collected water samples were determined via
gravimetric method. Major anions such as sulfate (SO4), nitrate
(NO3) were determined in water using ion chromatography (IC)
(model DX-600, USA) according to standard methods. Heavy met-
als (Mn, Pb, Cr & Cd) were measured using the Inductively Coupled
Plasma-Emission spectrometry (ICP-ES).

To explore the spatial distribution of groundwater samples
chemical analysis, spatial analysis tools were used in Arc GIS
V.10.2 software using the Inverse Distance Weighting (IDW) inter-
polation method.

A field reconnaissance was conducted to determine the areas
that are not served by the sewage system, which constitute a direct
source of groundwater pollution, in addition to determining the
percentage of dependence on groundwater in agriculture in Akh-
mim District.
3.2. Mapping urban growth using satellite images

3.2.1. Satellite images and pre-processing
To study urban growth in the study area, two multispectral

Landsat images were used (L.S 4–5 TM and L.S 8 OLI), dated 2nd

of February 1990 and 23rd of April 2019. Except for the thermal
infrared band, all visible and infrared bands were included in the
analysis (Table 1).

For comparison of multi-temporal images, the image data
should be put into a common radiometric scale. Therefore, ENVI
5.1 program was used in processing of the satellite images used
in this study. The radiometric correction procedure consists of
three steps (Meijerink et al., 2007):

1- Conversion of Digital Numbers (DNs) into radiances
2- Conversion of radiances into reflectance
3- Correct atmospheric scattering effects of the atmospheric

gases (Dark object subtraction).
3.2.2. Supervised classification of images:
To perform the land use / cover classification of Akhmim Dis-

trict, a supervised classification method was used applying the
4

Maximum Likelihood Classifier in the ENVI 5.1 Software. The max-
imum likelihood classifier is characterized by high accuracy
because it is based on statistical criteria (Gao and Liu, 2010). To
perform the classification, the spectral signatures of the different
land cover types were extracted from the satellite imagery, by
selecting training samples for each land use / cover type. In addi-
tion, indices such as the Normalized Difference Vegetation Index
(NDVI) and the Modified Normalized Difference Water Index
(MNDWI) have been applied to obtain better classification results.
The accuracy of classification was assessed, using the ENVI pro-
gram, by a classification error matrix based on 214 and 139 points
representing the different land use / cover (LULC) categories for the
region in 2019 and 1990 respectively. Field checkpoints and topo-
graphic maps were used as reference data.
3.2.3. Detection of land use changes
Change detection analysis described and quantified the differ-

ences between images of the same area in multi temporal images.
For performing land use change detection, change detection statis-
tics for images classification was employed in ENVI 5.1 software to
detect urban sprawl and changes in the vegetated areas between
1990 and 2019.
3.3. Mapping cultivated areas using Normalized Difference Vegetation
Index (NDVI)

NDVI is an appropriate measure of the amount of biomass and
vegetation health on the surface. NDVI ranges from �1.0 to + 1.0
where higher values of NDVI indicate greater vigor and amounts
of vegetation, whereas non-vegetated areas and water bodies show
strong negative values (Liang, 2004).NDVI is obtained by the fol-
lowing equation (Rouse et al., 1973);

NDVI ¼ ððqNIR qRÞ = ðqNIRþ qRÞÞ
Where,
qR = reflectance in the Red band, qNIR = reflectance in the near

infrared band.



Fig. 4. Flowchart of materials and method steps.
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3.4. Mapping wastewater pools using Modified Normalized Difference
Water Index (MNDWI).

The use of secondary treated wastewater in agriculture east of
El-Kola area in a random manner led to the formation of many
wastewater pools. Three multispectral Landsat images were used
to study these pools in the years 2005, 2011 and 2019 using the
MNDWI spectral Index (Table 2).

The MNDWI index is considered to be the best for mapping
water bodies from satellite imagery. That is because the area of
water bodies is often overestimated as a result of mixing water
with built-up land noise when using another index (Xu, 2006).

The MNDWI is obtained by the following equation (Xu, 2006);
MNDWI ¼ ððGreen SWIRÞ=ðGreenþ SWIRÞÞ
Where,
SWIR = reflectance in a shortwave infrared band.
Green = reflectance in Green band.
5

MNDWI values range from �1.0 to + 1.0 where vegetation, soil
and built-up lands have negative values while water has positive
values.

4. Results and discussion

4.1. Sources of groundwater deterioration

Several sources of groundwater pollution were observed in
Akhmim area; most resulting from domestic, industrial and agri-
cultural sources.

a) Domestic sources

Land use maps in Akhmim area, using Landsat images between
1990 and 2019, showed that urban areas expanded
from 9,189.9 km2 in 1990 to 13,696.2 km2 in 2019 with an overall
classification accuracy of 93.5 % for 1990 and 95 % for 2019
(Figs. 6 and 7).



Fig. 5. Sampling locations in Akhmim District.

Table 1
Spectral characteristic of the used optical sensors.

Satellite Acquisition Date Sensor Bands Spatial Resolution (meters)

Landsat 8 23–4-2019 Operational Land Imager (OLI) Band 1 30
Band 2
Band 3
Band 4
Band 5
Band 6
Band 7
Band 8 15
Band 9 30
Band 10 100
Band 11

Landsat 4–5 2–2-1990 Thematic Mapper(TM) Band 1 30
Band 2
Band 3
Band 4
Band 5
Band 6
Band 7

Table 2
Spectral characteristics of optical sensors and bands used for MNDWI calculation.

Satellite Aquisition Date Sensor Spatial Resolution (meters) Bands Wavelength (micrometers)

Landsat 8 23–4-2019 Operational Land Imager (OLI) 30 Band 3 - (Green) 0.53–0.59
Band 6 - (SWIR 1) 1.57–1.65

Landsat 4–5 17–4-2011
15–3-2005

Thematic Mapper(TM) 30 Band 2 - (Green) 0.52–0.60
Band 5 - (SWIR 1) 1.55–1.7
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Population growth and urbanization without proper urban
planning in the study area generated random sewerage systems
(sewage rooms and injection wells), as the only way to get rid of
sewage, especially in rural areas and scattered settlements, which
further degrades groundwater. The ‘‘sewage room” is the most
6

common disposal facility in the study area. These rooms are built
in a way that sewage water is allowed to transfer from the walls
and bottoms. The second form of random sewage systems, which
was observed in some areas, is the use of injection wells to dispose
sewage.



Fig. 6. A, B: Land use of Akhmim area in 1990 and 2019.
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b) Industrial sources (Al-Kawser city).

In the last few years, many industrial areas were built in
Sohag Governorate, where Al- Kawser city is considered one
of the most important cities and is located east of the study
area. Al-Kawser city is the main source of industrial contam-
ination, as the factories there lack proper treatment and sew-
7

age systems, which results in severe groundwater
deterioration.

c) Agricultural Activities

In Akhmim area, agricultural activities are the most important
factors that cause groundwater pollution. Agricultural activities



Fig. 7. Changes in built-up area from 1990 to 2019.
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that cause groundwater degradation in the study area include the
following:

1. Excessive use of pesticides and chemical fertilizers to obtain
higher yields:

The improper use of fertilizers, pesticides and surface irrigation
result in non-point sources contamination from irrigation-return
flows.

2. Random exploitation of groundwater and the proximity of
pumping wells to each other:

Because of the lack of surface water especially in the summer,
farmers were forced to use groundwater to meet their water needs.
The average dependence on groundwater is 50–70% of the total
water used for irrigation, which affects the level and quality of
groundwater over time.

3. The improper wastewater disposal at El-Kola area:

Secondary treated wastewater is used for irrigation of woody
farmlands in the desert area east of El-Kola area in an extremely
random manner. The water was used without applying the condi-
tions and rules established by the Food and Agriculture Organiza-
tion (FAO, 2003); therefore, wastewater accumulates on the
ground surface, creating large ponds at the site. More than
28000 m3/day of treated wastewater is currently used in irrigating
these farmlands (Egyptian Ministry of Environment, 2019). Fig. 8
shows a high spatial resolution satellite image showing the east
of El-Kola area on 4–4-2019, in addition to some field images of
the area at the same date, showing wooden farms and wastewater
pools.
8

As a result of the ground surface slope to the west and the pres-
ence of a layer of dense Pliocene clay very close to the surface in
the land applied for wastewater disposal (Youssef et al., 2011),
accumulated water in pools moves towards the groundwater aqui-
fer (Fig. 9A and B).

4.2. Mapping the wastewater pools using Modified Normalized
Difference Water Index (MNDWI) in El-Kola area

The emergence of wastewater pools, inside the lands used for
disposal of wastewater, is an indication of the extent of groundwa-
ter degradation in the area where the pools are a major source of
wastewater seepage into the groundwater. So MNDWI has been
calculated using Landsat imagery to estimate the number and area
of wastewater pools in 2005, 2011 and 2019 in El-Kola area. Fig-
ures (10A,B,and C) show the MNDWI result of the region from
2005 to 2019 where MNDWI for the water pools have a positive
value whereas that of built up land, soils and crops have negative
values.

Fig. 10 D shows the areas of wastewater pools, where the area of
pools increased from 2005 to 2019. The total area of the pools
reached about 20,891 m2 and 314,182 m2 in 2005 and 2019
respectively.

4.3. Hydro-chemical parameters as indicators of pollution

The physicochemical characteristics of surface water samples,
wastewater pool samples, and groundwater samples were used
to compare between them and to determine the sources of ground-
water deterioration. The World Health Organization (WHO) has set
a Maximum Permissible Limit (MPL) for the different elements in
the drinking water (WHO, 2011). In the present study, the amount
of pollution in the groundwater was determined by comparing the



Fig. 8. Land applied for wastewater disposal in 4–4-2019 (Source of images are Google Earth).
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presence of the different elements in the groundwater with the
MPL (Table 3).

a- Total dissolved solids (TDS and Major ions distribution
& Fig. 11 shows the spatial distribution of TDS and major ions in

groundwater. The Spatial distribution maps of TDS, sodium,
chloride, and Sulfate showed that groundwater contains con-
centrations greater than the MPL in the east of the study area.
9

These high concentrations are attributed to seepage of wastew-
ater used in cultivation of tree forests and infiltration of indus-
trial liquid wastes from the factories in Al-Kawser city.

& Nitrates are an unambiguous indicator of household and agricul-
tural pollution because nitrogenousmaterials are rare in the geo-
logical formations. Groundwater containing nitrates greater than
13mg/l is considered polluted due to human activities (Eckhardt
and Stackelberg, 1995; Abdalla et al., 2009; Awad et al., 2015)



Fig. 9. A: Topography of Akhmim area obtained from ASTGDEM. B: Cross-section of El-Kola disposal site based on subsurface data from Youssef et al, 2011.
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Therefore, the study area is highly polluted, as 40% of the ground-
water samples contain nitrate concentrations greater than
13 mg/l, and this is due to excessive use of nitrogen fertilizers
to increase agricultural productivity, use of wastewater in the
cultivation of tree forests and seepage of raw sewage leakage
from septic tanks or through injection wells.
10
& The spatial distribution maps of potassium in the groundwater
showed that the west of the study area has potassium
levels greater than the MPL (10 mg/l), and this is attributed to
the use of potassium fertilizers in agricultural areas and indus-
trial sewage leakage from factories located west of the study
area.



Fig. 10. (A, B and C): MNDWI image of land applied for wastewater disposal in 2005, 2011 and 2019 respectively. D: Areas of sewage pools in 2005, 2011 and 2019.

Table 3
Minimum and maximum values of chemical parameters of the measured samples and their maximum permissible limits (WHO, 2011).

Parameters Units MPL Groundwater samples Surface water samples Wastewater pools samples

Minimum Maximum Minimum Maximum Minimum Maximum

Total dissolved solids (TDS) mg/l 1000 228 3088 247 258 842 1599
Nitrates(NO3) mg/l 50 0.2 125 0.78 0.98 0.91 22.89
Sodium(Na) mg/l 200 17 750 18 37 188 324
Chloride (Cl) mg/l 200 21 1087 18.5 24.3 177.18 409.7
Potassium(K) mg/l 10 3 15.9 5 7 16 28
Sulfate(SO4) mg/l 200 27 493 26.4 36.7 167.1 271.1
Cadmium(Cd) mg/l 0.005 0.002 0.007 <0.002 <0.002 <0.002 <0.002
Lead(Pb) mg/l 0.01 0.004 0.05 <0.007 0.009 <0.007 0.023
Manganese(Mn) mg/l 0.1 0.004 1.3 0.004 0.017 0.018 0.025
Chromium(Cr) mg/l 0.05 0.002 0.02 <0.002 <0.002 0.018 0.032
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b- Heavy metals distribution
& Fig. 12 shows the spatial distribution of heavy metals in

groundwater. According to WHO, 2011, the Maximum Permissi-
ble Limit (MPL) for lead is 0.01 mg/l, so 95% of the groundwater
samples in Akhmim district have lead concentration more than
the MPL. The high pollution of lead in groundwater is due to
11
industrial activities, urbanization, excessive use of chemical fer-
tilizers, agricultural pesticides and sewage leakage (Krishna and
Mohan, 2014).

& The spatial distribution map of manganese in groundwater
shows that groundwater in most of Akhmim district contains
concentrations of manganese greater than the MPL (0.1 mg/l).



Fig. 11. Spatial distribution of TDS and major ions in groundwater.
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The highest concentration of manganese is due to sewage leak-
age, use of pesticides, agricultural fertilizers; landfill filtering,
and various industrial activities, as manganese is used in many
industries (ATSDR, 2012).

� The spatial distribution map of cadmium in groundwater shows
that most of Akhmim district is characterized by low cadmium
concentrations while a local area containing a high percentage
of cadmium was registered to the west of the Akhmim district.
Anthropogenic cadmium inputs into groundwater are fertiliz-
12
ers, metal industry, landfills and sewage sludge (Bigalke et al.,
2017).

� The spatial distribution map of the chromium in the groundwa-
ter shows that the area north of Akhmim area is characterized
by high concentrations of chromium close to the value of the
MPL (0.05 mg/l) and this is attributed to industrial activities
in Al-Kawser city, sewage sludge, and the use of organic fertil-
izers (manure) in agricultural areas (Deutsch, 1997; Saha
et al., 2011).



Fig. 12. Spatial distribution of heavy metals in groundwater.
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5. Conclusions and recommendations

Groundwater has a special significance in Akhmim area as it is
used mainly in agricultural, industrial, and domestic activities.
During dry seasons; groundwater is usually the unique source of
irrigation where the surface water is insufficient and limited. In
January 2019, the Egyptian government launched the initiative of
‘‘Hayah Karima” or ‘‘Decent Life” that targets the development of
Egypt’s countryside in three years where Sohag villages are one
of these targeted areas.

Surface water in canals and drains is supposed to be the major
source for groundwater recharge and the main controller of
groundwater quality in Akhmim area. Recently, other sources have
appeared that contribute to groundwater recharge, which mainly
control the quality of groundwater and led to further deterioration.

The causes of groundwater deterioration, based on field investi-
gations and satellite imagery analysis, include the following:

� The use of septic tanks (sewage rooms) and injection wells to
get rid of sewage, where more than half of the population does
not have sewerage networks.

� Discharging liquid industrial wastes into the ground without
proper treatment in Al- Kawser city.

� Excessive use of pesticides and chemical fertilizers to obtain
higher crop yields.

� Random exploitation of groundwater and the proximity of
pumping wells to each other, which leads to a deterioration in
the quantity and quality of groundwater.
13
� The use of secondary treated wastewater in agriculture east of
El-Kola area in a random manner without applying the condi-
tions and rules established by FAO regarding the use of treated
wastewater in agriculture.

The results of the physicochemical analysis of groundwater
samples confirmed the sources of deterioration identified by satel-
lite imagery and field survey. The spatial distribution maps of
major ions in groundwater showed concentrations higher than
maximum permissible limit for TDS, sodium, chloride, sulfates
and potassium in Akhmim area, in addition to high levels of nitrate
contamination in El-Kola area and the middle of the study area.
The spatial distribution maps also showed that most of the study
area contains concentrations of manganese and lead greater than
the maximum permissible limit. In addition, the area north of Akh-
mim area contains high concentrations of chromium and nickel
due to the industrial activities in Al-Kawser city.

To avoid the deterioration of groundwater in Akhmim area,
the following recommendations should be taken into
consideration:

� Establishing sewerage networks in all residential areas, espe-
cially rural areas to prevent the seepage of wastewater to
groundwater.

� Forcing factories to treat their wastewater to be within the stan-
dard limits for liquid waste disposal before discharging it.

� Controling and reducing the use of pesticides and agricultural
fertilizers.
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� Lining canals and drains, and increasing the amount of water
pumped into them, especially in the summer.

� Controling the distance between wells and reduce over-
pumping to reduce aquifer exhausting.

� Setting strict restrictions on the use of untreated or treated
wastewater for irrigation and selecting the best, safe sites based
on specialized studies and using GIS and RS techniques.
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