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Abstract

The main objective of this study is to evaluate the distributions of selective ions in Makkah wells
using GIS. The present study focuses on the presence and accumulation of several ions in the
ground water of Makkah City. This study exhibits selected measurements of the levels and distri-
bution of 4 ions (nitrate, nitrite, chloride and sulphate) in wells water using the Geographical In-
formation System (GIS). The study covered 27 areas of Makkah City and its environs. Two layers
were made using the Arc-Map program: the first layer was called internal wells (Central Makkabh,
urban) and the second layer was called external wells (rural). The total number of wells covered
by this study was 145, and the samples were collected in different seasons. The samples were
analyzed following standard procedures and compared with local and international standards.
The results showed that the relative abundance of the major ions in the ground water was S0, >
Cl-1 > NO3 > NO;, with the presence of SO4 being dominant.
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1. Introduction

Makkah (Mecca) is located in the western region of Saudi Arabia called Al-Hijaz. The city is situated between
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the Red Sea, 75 kilometers from the west (Jeddah), and Taif City, 68 kilometers from the east [1]. Taif City is
located in part of the Sarawat Mountains, 1700 meters above sea level, while Makkah is 300 meters above sea
level. Makkah is situated in Abraham Valley, and its coordinates are: 21°25'0"N, 39°49'0"E (World Geodetic
System, WGS84). The importance of Makkah, as the Holy City for Muslims, leads to the arrival of millions of
pilgrims and visitors annually to offer Hajj and Umrah. These millions of visitors, as well as residents of the city,
constitute a burden on water sources. However, the government has covered most of the water demands with
desalination water, while the rest of the shortage of water for Makkah (urban and rural) is secured from wells
[2].

Water is a crucial resource for all components of life on earth. Groundwater is generally assumed to be non-
contaminated for human consumption, and an accessible source for drinking water. The main natural resources
of water include surface water and groundwater [3] [4]. Groundwater is considered to be the most important
source of drinking water of the four main water resources: surface water, groundwater, desalinated seawater and
treated wastewater in the Kingdom of Saudi Arabia [5] [6]. Groundwater originates in shallow renewable aqui-
fers and deep nonrenewable aquifers. The shallow aquifers consist of surface runoff and a renewable water
stream preserved by surface runoff and rainfall. The rain seasons and heavy rain have an extreme impact on rock
erosion which leads to dissolve elements and groups of chemical in aquifers [7]. Water trapped in sedimentary
rocks results in the formation of reservoirs, such as limestone and sandstone in the deep aquifers [8].

For the present study, the wells were selected from the southern Hijaz region and west-central Arabian Shield
of Makkah. Fundamentally, the groundwater is runoff which permeates from metamorphic igneous rocks
through the Wadi sediment to the aquifers. These areas are dominated by the three main rock types: igneous,
metamorphic and sedimentary rocks from the Precambrian and Lower Paleozoic eras. In addition to the three
main rock types, the selected area consists of subordinate sedimentary rocks and basaltic lava flow from the ter-
tiary and quaternary periods. The Makkah area is mainly covered with Precambrian intrusive rocks and interme-
diate rocks, ranging in composition from diorite to tonalite. The three major phases of Precambrian deformation
and tertiary faulting are the dominant structural trend towards northeast of the Makkah area [9].

The main sources of groundwater pollution are agricultural practices, localized industrial activities and in-
adequate or improper disposal of wastewater and solid waste [10] [11]. Nitrate and nitrite ions are taking place
naturally. Nitrite ion (NO,) is an intermediate and unstable ion because of oxidation state, which oxides to con-
vert nitrite to nitrate (NOs). However, Nitrate (NOs) could also be reduced by some microbial agents [12] [13].

The pollution of ground water due to nitrate is a worldwide problematic issue due to point and nonpoint
sources [14]-[16]. Its solubility and negative charge increase the mobility and potential for loss from the unsatu-
rated zone by leaching [17]. Elevated levels of nitrite and nitrate in drinking water could lead to methemoglobi-
nemia or blue baby syndrome in infants, and thyroid and reproductive problems in adults [18]-[20]. Sulphate is a
ubiquitous component of groundwater, being derived from a variety of sources; naturally, it arises from several
minerals, such as epsomite (MgSO47H,0), gypsum (CaSO42H,0) and barite (BaSO,) [21]. Residential, at-
mospheric, industrial and agricultural wastes are the main anthropogenic sources of sulphate [22]. Sodium, po-
tassium and magnesium sulphate are all very soluble in water, whereas calcium and barium sulphates are less
soluble [23] [24]. Sulphate is generally considered to be non-toxic; nevertheless, the consumption of drinking
water containing high concentrations of magnesium or sodium sulphate may result in intestinal discomfort, di-
arrhea and consequent dehydration. The laxative result could happen because of high concentration of sulphate
specially when conjoined with the calcium and magnesium, which also cause water hardness [25] [26]. Sul-
phate-reducing bacteria are often encountered in water supplies; these bacteria produce hydrogen sulphide which
causes an unpleasant taste and odor [27].

Sources of chloride in groundwater are both natural and manmade [28]. Water is a very good solvent which
completely dissolves the chloride from topsoil and deeper soil layers [29] [30]. It is an essential element in hu-
mans for maintaining the proper osmotic pressure and water balance in tissues. It is non-toxic to humans, but
when the concentration of chloride reaches 250 mg/L or above, it can be detected in the taste of the water [31].
Chloride ions usually react with the metal composition in the water lines made from metals or metals alloyed;
the corrosion effect could be increasing because of the increasing in chloride concentration that leads to leaching
the metals in water [32].

In this work, the concentrations of CI"', SO,, NO, and NO; were determined and the distributions of these
ions in Makkah water wells were evaluated using Geographical Information System (GIS).
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2. Materials and Methods
2.1. Well Locations Using GPS

In this study 27 districts in Makkah were cover (21°25'N, 39°49'E). Table 1, illustrates the central location of
each district enclosed in this work. The locations mostly from nonrenewable sources; frequent runoff water from
metamorphic igneous rocks that seeps through the valley sediment to aquifers. Each well was located using
Global Positioning System (GPS). The total number of wells covered was 145 as shown in Figure 1.

2.2. Chemicals and Instruments

The stock solutions (1000 ppm) of sulphate, chloride, nitrate and nitrite were prepared from their original salts
by dissolving the appropriate weight in 1 liter volumetric flasks, and then several dilutions were carried out to
prepare the standard solutions. All solutions were prepared using deionized water (18 MQ-cm). The samples

Table 1. Selected locations and number of wells in Makkah City.
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Figure 1. Satellite image of the whole area covered in this study, including internal and external wells.

were analyzed using the Dionex 1CS-2100 Ion Chromatograph coupled with an lonPacAG18 and AS18 column.
The analytes were detected using a conductivity detector. The eluent was sodium carbonate and bicarbonate in
different molar ratios, the flow rate of the eluent was 2.0 ml/min, and the injection volume was 10 pl. The Gar-
min GPSMAP276C was utilized to locate the geographical coordinates for each well. ESRI® ArcMap version 10
was used to build up the database and layers.

2.3. Sample Collection, Times and Locations

The samples were collected from 145 wells which included 27 areas of Makkah City and its environs. The sam-
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ples were collected during April, May, June and July. The sampling was once per month during the three years
of investigation 2007-2009. Standard methods were followed for sample collection, transportation and analysis.
All precautionary steps were taken in to account to avoid any cross-contamination. Water samples were col-
lected in high density polyethylene bottle, which labeled and rinsed with 10% HCI, and then rinsed with deio-
nized water 3 times until the pH of the rinsed water was around 7 and then left to dry at room temperature. Each
sample was collected after 10 minutes of water flow from the tube well pump. The samples were sent to the la-
boratory immediately for analysis. In the cases of the samples collected late in the day, the samples were then
kept in the refrigerator at 4°C for stabilization until the next day for analysis.

3. Results and Discussion

The distribution of the average concentrations of the four ions studied; nitrate (NO;), nitrite (NO,), chloride
(C1'") and sulphate (SO,) is illustrated in Figure 2. The order of the relative abundance of the major ions in the
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Figure 2. Distribution of chlorides, nitrate, nitrite and sulphate in Makkah wells.
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groundwater was SOy > CI™' > NO; >NO,, with the presence of SO, being dominant, as shown in Table 2. The
wide range of the chemical composition of the ground water suggests that it arises from the source and circula-
tion of the water itself into the aquifer media, whereas geology imposes the chemistry on the groundwater com-
position [33].

The nitrate concentrations ranged between 23 and 700 mg/l, with an average value of 213.4 mg/1 (Figure 3).
Based on the Saudi Arabian Standard Organization (SASO, 1984) and European Union (EU, 1998) drinking
water quality standards, 130 wells (89.6%) were found to be above the permissible limit. According to the En-
vironmental Protection Agency (2011) and World Health Organization (WHO, 2010), the standards in only 126
wells (86.9%) fell above the permissible limits. The wide variation in nitrate levels among the wells could

Table 2. Average concentration of ions detected in the wells of Makkah.

Locations Nitrate Nitrite Chloride Sulphate
A 188.88 0.01 286.38 436.71
B 109.60 0.02 284.20 432.50
C 510.00 0.03 611.20 980.00
D 56.08 0.02 120.47 173.88
E 190.83 0.03 443.00 396.33
F 247.83 0.02 527.50 629.95
G 57.33 0.16 284.00 318.00
H 194.83 0.01 211.33 293.67
I 236.00 0.09 377.00 681.00
J 175.25 0.04 215.50 280.00
K 70.10 0.03 137.50 110.00
L 258.33 0.04 298.67 431.17
M 404.25 0.01 344.50 565.50
N 152.18 0.05 374.25 599.63
(6] 300.00 0.03 535.00 1147.00
P 132.76 0.08 191.48 355.67
Q 55.10 0.03 143.68 276.00
R 700.00 0.04 1389.00 1000.00
S 266.00 0.01 258.00 467.50
X 319.71 0.07 490.57 793.29
Y 47.00 0.00 89.00 120.00
V4 235.00 0.06 377.00 271.75

MS 47.97 0.02 102.00 171.00
MN 206.40 0.17 92.00 130.84
NZ 175.00 0.04 167.17 239.00
BH 145.93 0.23 237.67 228.33
SH 162.33 0.01 684.33 687.33
SASO 45 3 600 400
WHO 50 3 250 500
EPA 50 1 250 250

EU 45 0.5 250 250
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Figure 3. Average concentration of nitrate in studded locations.

be attributed to the extent of the depth of wells. Some studies have indicated that a significant reciprocal rela-
tionship could be established between well depth and nitrate content [34]. However, in the other regions of
Saudi Arabia, lower concentrations of nitrate were found when compared to our study [35]-[37]. The probability
of higher nitrate content in the present study is attributed to the natural nitrate accumulation due to precipitation,
irrigation using groundwater containing nitrogen, dry deposition and pollution due to anthropogenic sources,
such as municipal waste disposal, pesticides, etc. The distribution of the average concentrations is illustrated in
Figure 4, and the intensity of the concentration is shown in the contour map in the top right corner.

The nitrite levels obtained in all the wells investigated were quiet low, and ranged from 0 to 0.3 mg/l (mean
0.04) as shown in Figure 5. Considering the local and international drinking water quality standards, 100% of
the well water in the Makkah region was found to be good water with respect to the nitrite content. The maxi-
mum nitrite concentration (0.38 mg/l) was detected inside Makkah City, in wells 3 and 5 of Al-Twndibawi and
well 1 of Batha Qurash. However, nitrite was not detected in wells 17 and 20 of Wadi Noman and 2 of
Al-Omrah. The concentrations of nitrite and nitrate have no statistic relationship, because nitrite is an intermedi-
ate unstable compound in the microbial nitrogen cycle, so it could be absent or present in small concentrations.
The intensity of the concentration for nitrite is shown in the contour map in the top right corner in Figure 6.

The average sulphate concentrations are shown in Figure 7, and ranged between 8.6 and 1400 mg/l, with an
average concentration of 452 mg/l. In the total of 145 well water samples, 38.6% were found to fall above the
SASO (1984) standard limits, 41% above the WHO (2010) and 65.5% above the EPA (2011) and EU (1998)
standards. Naturally, sulphate occurs in many water sources coming in contact with particular rock strata and
mineral deposits. The average sulphate concentration in this study is less than that in the studies conducted in the
groundwater samples of Mushait, Aseer, Saudi Arabia (524.20 mg/l) [35], and higher than in the reports of the
hydrochemistry of the aquifer system at Wadi An Numan, Makkah Al Mukarramah, Saudi Arabia (262 mg/l)
[33]. The highest sulphate concentration of 30 - 400 mg/l indicated the taste threshold level (Viessman and
Hammer, 1985). According to the EPA (2011), sulphate has a secondary maximum contaminant level (SMCL)
of 250 mg/L based on aesthetic effects (taste and odour). The intensity of the concentration for sulphate is
shown in Figure 8, and in the contour map in the upper right corner.

The chloride concentration varied from 25 to 1389 mg/l, with an average value of 334 mg/l (Figure 9). The
SASO (1984) states that the optimum value of the concentration of the chloride content in a water sample is 200
mg/l, and that the maximum permissible limit is 600 mg/l. Using these standards, 90% of the water samples
were of the best quality water with respect to chloride content; whereas, 67% of the water samples over reach
the maximum limit recommended by the EPA;, WHO and European Union. The WHO guidelines for the pres-
ence of chloride were based on taste rather than on health, therefore, higher values can be tolerated (WHO,
2003). In previous studies carried out in Saudi Arabia on well water samples taken from Makkah and South-
western Saudi Arabia, the average chloride concentrations were found to be 205 and 206 mg/1, respectively [35].
However, in the Al Gassim region, the mean chloride values of 363 mg/l were found to be very close to those in
our study [36]. The minimum concentration (25 mg/l) was found in Wadi Noman. The presence of higher amounts
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Figure 4. Distribution of nitrate in Makkah well water.

of chloride, as noted in the present study, may be due to natural processes such as the passage of water through
the natural salt formation in the earth. The intensities of the concentrations of chloride are shown in Figure 10,
and on the contour map in the upper right corner.
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Figure 6. Distribution of nitrite in Makkah well water.
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Figure 8. Distribution of sulphate in Makkah well water.
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The wells with the maximum and minimum concentrations of four ions found in different locations are shown
in Table 3 and Table 4. The maximum concentrations of all ions exceeded the local and international standards,
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Table 3. Maximum levels of ions detected in Makkah wells.

0,
Parameter Max. e 0 e Area name and well code Relationship to standard
(mg/1) well well
- AL-Twndibawi MN 3, MN 5, o
Nitrite 0.38 3 2.1 Batha Quraysh BH 1 Within standards
Nitrate 700 1 0.7 Al-Fihah, R1 Exceeds all standards
Chloride 1389 2 1.4 Al-Fihah R1, Al-Hajj Road SH 1 Exceeds all standards
Sulphate 1400 1 0.7 Al-Shumaisi F2 Exceeds all standards
Table 4. Minimum levels of ions detected in Makkah wells.
Parameters Min. (mg/1) No. of well % No. of well Area and location
Nitrite 0 3 2.1 Wadi Noman P 17, 20 and Al-Omrah Z2
Nitrate 23 1 0.7 Al-Jamoom B8
Chloride 25 1 0.7 Wadi Noman P3
Sulphate 8.6 1 0.7 Al-Shumaisi F1

with the exception of nitrite. The maximum nitrite concentration (0.38 mg/l) was detected inside Makkah City,
in wells 3 and 5 of Al-Twndibawi and well 1 of Batha Qurash. However, nitrite was not detected in wells 17 and
20 of Wadi Noman and well 2 of Al-Omrah. The maximum NO; and CI”' concentrations were found in wells 1
(0.7%) and 2 (1.4%) distributed inside the city. The minimum and maximum concentrations of sulphate were
found in the wells outside the city; the maximum (1400 mg/l) and minimum (8.6 mg/l) were found in wells 2
and 1, respectively, in the Al-Shumaisi region. The highest nitrate and chloride levels were detected in the Al-
Fihah area in well number 1 and high chloride levels were also found in well 1 on Al-Hajj Road. The minimum
concentrations were observed in Al-Jamoom 8 and Wadi Noman 3, respectively. The high levels of nitrate, sul-
phate and chloride could be due to anthropogenic contamination, such as industrial waste, municipal waste and
contamination due to the composition of the rock, which has an impact on the water quality.

4. Conclusion

With regard to the presence of four ions studied in the well water of Makkah City and the surrounding area, ni-
trate was found to be the most accumulated ion based on national and international standards. The water con-
taining high nitrate levels is unsuitable for drinking without proper treatment. Chloride and sulphate were also
present in the water samples. The regular monitoring of ground water quality and the introduction of modern
waste disposal facilities are some of the best options to reduce this contamination. This work provides a building
block for future research using GIS for monitoring water contamination and shows the distribution of four dif-
ferent ions (SO4, Cl, NO; and NO,) in 27 areas of Makkah City. Further study is going on to evaluate heavy
metals and other health related ions using GIS Technique.
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