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AssTracT. The aim of this research is to assess the groundwater quan-
tity and quality potentials of Wadi Adam as an additional strategic fu-
ture water supply for Makkah Al-Mukarramah area. Wadi Adam is
one of the undeveloped Arabian Shield Wadis, located 50 km south of
Makkah Al-Mukarramah city. This Wadi drains a catchment area of
about 380 km? and receives a moderate amount of rainfall of about
160 mm year_l. Water table map was constructed for the existing un-
confined alluvial aquifer. The hydraulic gradient is about 0.008. Aver-
age transmissivity of 142 m? dayf1 were calculated and the average
storativity value is about 0.1, which indicated that the aquifer in this
area is of moderate potential. The recharge rate to this basin, using
chloride mass-balance method, is about 3 x 106 m3/year. The amount
of the natural discharge into the Red Sea is about 0.9 million m>/year.
The hydrochemical study indicated that the average total dissolved
solids of the groundwater is 1500 mg/l. This means that this ground-
water is suitable for irrigation and non-drinking purposes. Concentra-
tions of trace elements are generally within the normal limits.

Introduction

The development of water resources programs in Saudi Arabia is the essential
target of the government planning. Major wadis in Makkah Al-Mukarramah
area, such as Fatimah, Naaman, and Khulais, have been developed and used for
groundwater supply. The groundwater in these wadis is highly decreasing with
time due to the scarcity of rain, extensive use for irrigation, domestic and in-
dustries. The search for development of new water resources in this area is con-
sidered among the top priorities as the consumption of water is rising with time,
especially in Hajj and Omrah seasons. In the mean time most of water supply
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for Makkah Al-Mukarramah area (more than 90%) is obtained from de-
salination plants on the Red Sea (Sogreah, 1968; El-Khatib, 1980; Sen, 1983;
Fourth and Fifth Development Plan, 1985, 1990).

Wadi Adam comprises a major undeveloped alluvial aquifer near Makkah Al-
Mukarramah city. It is bounded by Latitudes 20°30' and 21°00'N and Longitudes
39°45' and 40°00'E. This wadi is located 50 km south of Makkah Al-Mukarramah
city, Fig. 1. It constitutes a potential strategic water resource. It flows into the Red
Sea after crossing the coastal plain. This wadi drains a part of the Hijaz Mountains
scarp of the Arabian Shield, which extends from north to south parallel to the Red
Sea. This basin drains a moderate area of about 380 km?”. The catchment area is
characterized by moderate amount of annual rainfall of more than 160 mm. Few
farms are distributed along the wadi. Local population activities in the basin are
concentrated on grazing and agriculture. Kotb ef al. (1990) studied the groundwater
quality of Wadi Adam. They collected 23 samples from tributaries of the wadi and
analyzed them for major ions. The dominant salts found were NaCl, CaSO, and
MgSO,. The total dissolved salts ranged between 454 and 32,818 mg/I1. (These very
high saline samples were taken from tributaries which are structurally isolated by
Adam fault zone and do not represent the main channel). Other researchers con-
centrated on geological mapping (Pallister,1986; Matsah et al., 2004).
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Fic. 1. Location map of Wadi Adam and adjacent area (after Subyani et al., 2004).
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This paper aims to study the hydrogeological and hydrochemical features of
the unconfined alluvial aquifer of Wadi Adam. These features include ground-
water occurrence and movement, aquifer hydraulic characteristics, and quan-
titative analysis of groundwater recharge and discharge volumes, quality and
usability.

Geological Setting

Wadi Adam drains part of the Arabian Shield to the Red Sea across the coast-
al plain (Tihamah). The Arabian Shield comprises Precambrian crystalline,
meta-volcanic and meta-sedimentary rocks with their associated plutonic equiv-
alents, together with Tertiary and Quaternary basalt flows and alluvial sedi-
ments which cover part of the Precambian rocks (Al Shanti, 1993). The fol-
lowing is a summary compilation of the geology of the study area based on the
work of Brown et al. (1963); Pallister (1986), Ziab and Ramsay (1986), and
Moore and Al-Rehaili (1989) (Fig. 2).
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Fic. 2. Geologic map of Wadi Adam (after Pallister, 1986).
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Precambrian Rocks

The late Precambrian rocks are classified into layered and intrusive rocks.
The layered rocks consist of volcanic, volcanoclastic, and metamorphic rocks,
which are intruded by igneous bodies.

In the southwest of the study area the oldest layered rocks, Sa’diyah Forma-
tion, consist of quartizite, schist, marble and amphibolite. This formation is
mainly metasedimentary in nature and is located in the southern part of the
study area (Fig. 2.). These rocks are locally interlayered with Baish group, and
probably rank among the oldest units in the area. This formation was meta-
morphosed and suffered multiphase deformation during geological time.

In the eastern part of the study area, a post tectonic intrusive rock suit occurs
and is called Naaman Complex. This complex is a northeast-trending, elongated
granite-gneiss batholith. Most of the Shafa and Hada mountains belong to Naa-
man complex. This batholith intrudes rocks of the oldest layered units.

Abbasah Formation, in western side of Wadi Adam, consists of metamorphic
lavas and associated volcaniclastic rocks that range in composition between ba-
saltic and rhyolitic which are metamorphosed to paragneisses and schists (Smith,
1980). These rocks are isoclinally folded and correlated with Sa’diyah formation
in the south of the study area. Pre-Kamil Suite, in the north of the study area,
consists mainly of diorite to quartz diorite, metagabbro and gabbro rocks.

Tertiary Rocks

Two main rock units of the Tertiary rocks of Wadi Adam are Adam dike
complex and Harrat Adam. Adam dike complex includes alkali basalt, Haw-
aiite, trachyte, dacite, and rhyolite dikes. Most of the dikes are parallel and
mainly trend in the north-south direction. These dikes are also predominant
downstream of the main channel of Wadi Adam, and they may affect the flow
of subsurface water (Kotb ez al., 1990). Harrat Adam is an alkali basalt flow,
which crops out in the northwest of Wadi Adam. It consists of olivine, olivine-
plagioclase, and porphyritic basalt rock fragments. The lava flows are non-
vesicular to moderately vesicular. Harrat Adam unconformably overlies Pre-
cambrian rocks (Fig. 2).

Quaternary Deposits

Quaternary deposits in the study area are bounded by and overlie the Pre-
cambrian rocks in the eastern parts of the study area. They are of continental
origin, while in the alluvial plain these deposits start to overlap and mix with
marine sediments and soils in the coastal zone. There is a general agreement
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among several authors that the coastal plain including both alluvial and marine
deposits belongs to the Quaternary period (Brown et al., 1963; Al Sayari and
Zolt, 1978).

Alluvial deposits consist of unconsolidated sand, silt, and gravel deposited in
the wadi channels and outwashed plains. They also occur as terrace deposits
along Wadi Adam and as fan deposits close to the Red Sea shore as well as at
the foot of the coastal hills. This soil unit is grayish yellow to brown in color,
but has dark bluish color tone on satellite images due to the tarnished gran-
odioritic gravels on the surface. The average thickness of these deposits in-
creases from 2 m in the upstream of the wadi to 20 meters in the downstream
near the main coastal road (Fig. 2).

Geological Structure

The recent geological studies have showed that the Arabian Shield has been
deformed by a series of orogenic episodes and by younger major fault system.
Uplifts and faulting have resulted in steep escarpment faces along the Red Sea
coast through which numerous wadis cut down their valleys with torrents such
as in deep valleys, these eventually move slowly across the coastal plain, and
frequently reach the Red Sea. During the Tertiary time, Adam fault was activat-
ed along the north-western margin in the study area with north-west trend. The
dikes trend mainly in the north-west direction. The eruption of basaltic flows in
the area (Harrat) has occurred mostly along fissures with the dikes previously
mentioned constituting their feeders.

Another faulting event occurred during Oligocene and Miocene which gave
rise to the formation of the Red Sea Graben. The northwest-trending Quaternary
faults are in the form of concealed fault zone parallel to Red Sea, which is related
to Shua'iba fault. This fault has resulted in the formation of the sabkhas and ex-
tensive alluvial gravels in the lower course of wadi system (Matsah et al., 2004).

Rainfall Distribution

Over the study area, rainfall distribution is quite variable both in space and in
time. The rainfall often occurs as thunderstorms of very high intensity during a
local storm followed by dry periods. The rainfall data used in this paper were
collected from the Hydrology division of the Ministry of Water and Electricity.
The available rainfall records cover a period of 15-20 years. Some of the sta-
tions with long enough records of rainfall were chosen based on the following
criteria: (1) that they provide a good spatial coverage of the region; (2) that they
maximize the same monthly precipitation records; (3) that they have continuous
monthly precipitation records; and (4) that they represent all different climatic
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conditions. Generally, rainfall in the study area is located under the influence of
subtropical and orographic conditions.

The mean annual rainfall distribution presented in (Fig. 3), demonstrates the
spatial variation of rainfall which strongly reflects the effect of topography,
where the annual rainfall generally increases with elevation (orographic effect).
Generally, the isohyetal lines passing through Adam basin range from 130 to
210 mm/year with a mean of 150 mm/year, which indicate that these basin ar-
eas receive reasonable amount of annual rainfall (Subyani, 2005).
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Fic. 3. Mean annual rainfall distribution over Adam basin.

Hydrogeological Features

Intensive hydrogeological fieldwork was carried out during the present study.
The field activities covered Adam basin and included a well-point inventory,
pumping tests and a collection of aquifer material samples for laboratory tests.
A total of 16 wells are scattered along the main channel (Fig. 4). Details of the
well inventory are given in Table 1. These wells are grouped into two cat-
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FiG. 4. Water table contour map of Wadi Adam.
TasLe 1. Well-point inventory of Wadi Adam.
Easting | Northing [Elevation | Well | Diam.| Depthto | 10 T
Well no. | E@sting | Northing Elevation | We jiam.| Depth to depth | EC | ph emp.| p o ark
(m) (m) (masl) |type | (m) | water (m) (m) (°C)
1 583376 | 2304430 | 140 L 3 212 25 4300 | 7.48| 33 | Dp, 10hr
2 590892 | 2312509 | 203 L 3 9.46 22 3050 | 7.22 33 | Dp, 10hr
3 591501 | 2312567 | 206 S 0.3 837 184 (2570 [7.3 | 33 | Dp, 10hr
4 591700 | 2312700 | 208 S 0.3 uk uk 2600 [ 7.06 30 | Dp, 10hr
5 591921 | 2312945 [ 208 L 3 uk uk |2530 |72 | 32 |Dp,10hr
6 592047 | 2313128 | 209 S 0.3 7.66 uk 2790 [7.25] 35 | Dp,7hr
7 592162 | 2313431 212 S 0.3 74 uk [2590 [7.22( 26 | Dp, lhr
8 593820 | 2313875 | 226 L 3 6.45 |10.35 | 2260 | 7.55| 33 | Dp, 6hr
9 595053 | 2313812 [ 233 L 3 8.82 14 (2370 74 | 32 | Dp, lhr
10 597235 2316344 | 252 L 3 9.5 15 11690 | 7.1 | 34 | Dp, 6hr
11 597778 | 2316931 [ 268 L 3 10.7 11.73 | 1570 | 7.12| 37 | Dp, 6hr
12 598211 | 2317302 | 272 L 3 uk uk 1533 1 7.24{ 29.8 | Dp, 6hr
13 598778 | 2317942 | 276 L 3 13.3 144 | 1880 [ 7.06| 37 | Dp, 6hr
14 599784 | 2319547 | 292 S 0.3 15 20.7 | 1650 [ 7.44| 35 | Dp, 6hr
15 602503 | 2322909 | 340 L 3 25 27 1280 | 7.89( 39 | Dp, 6hr
16 592953 | 2314303 | 225 S 0.3 8.24 uk P

masl = meters above sea level, L = large-diameter well, S = small-diameter drilled borehole, P8 = pie-
zometers, Uk = unknown, Dp = daily pumping, hrs = hours.
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egories; large-diameter (hand-dug) and small diameter wells. Electrical con-
ductivity, pH and temperature of groundwater were measured in sifu.

Water Table

An adequate number of data points were found along the midstream parts of
the wadi so contours could be drawn with a certain degree of accuracy. The
data points comprise static water levels measured in the wells. It is obvious
from the measured water table contour map of the Wadi Adam that the regional
groundwater flow direction is towards the south-west following the major trend
of the main wadi channel (Fig. 4). The gradient of the water level varies from
one area to another depending on the pumping rates. Along the upper part of the
wadi, the general hydraulic gradient is in the order of 0.01. This gradient de-
creases, however, in downstream of the wadi to 0.005, possibly reflecting an in-
crease in the hydraulic conductivity of the aquifer material. There are no data
points at the outlet of the wadi, which makes it impossible to draw contour lines
beyond that area. The volume of groundwater flowing through any cross-
section of the main channel can be calculated once the transmissivity of the aq-
uifer material is estimated.

Hydraulic Properties of the Aquifer

It is essential in any groundwater study to determine the so-called hydraulic
properties of the aquifer, also called formation constants. The constants that are
involved comprise the hydraulic conductivity (K), transmissivity (T) and the
storage coefficient (S). (T, S and K) appear in almost all text books of ground-
water (Todd, 1980; Kruseman and de Ridder,1989).

Since hydraulic conductivity represents the ability of a porous medium to
transmit water through its interconnected voids, certain relationships are ex-
pected to exist between hydraulic conductivity and statistical parameters that
describe the particle size distribution of the material. Eleven soil samples were
collected from Wadi Adam. Attempts of estimating the hydraulic conductivity
by applying a method developed by Alyamani and Sen (1993) that incorporate
the initial slope and intercept of the grain size distribution curve. The equation
is expressed as:

K = 1300 [T, + 0.025 (dsq — d;()]?

Where K = hydraulic conductivity (m/day); I, = x-intercept of the slope of the
line formed by ds, and d;, of the grain size distribution curve (mm); ds, =
average diameter of grain size (mm); and d,, = effective size (mm).
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The hydraulic conductivity values obtained from the grain-size analysis for
Wadi Adam are given on Table 2. The average hydraulic conductivity value cal-
culated for Wadi Adam is 18 m/day, which is reasonable value for alluvial ma-
terials.

TasLe 2. Effective and mean sizes, uniformity coefficients and hydraulic conductivity calculated
for soil samples from Wadi Adam.

SaIrlr(l)ple Efgecté\r: ni;ze I;/Iea? msrlrzl;e SO"/(; ;irzne) [j:gg;n;;}t, Iy - /Iza
: 10 50 60 (dgo/d ;) y)

S1 0.18 0.36 0.41 2.3 0.12 20.2
S2 0.17 0.36 0.41 2.41 0.1 14.3
S3 0.18 0.36 0.41 2.28 0.1 14.2
S4 0.13 0.45 0.6 4.6 0.08 10.0
S5 0.17 0.33 0.4 2.35 0.07 7.1
S6 0.15 1 1.4 7.8 0.1 19.1
S7 0.25 0.7 1.2 4.8 0.15 33.8
S8 0.21 0.7 1.2 5.71 0.12 22.7
S9 0.17 0.7 1.2 7.06 0.08 11.3
S10 0.26 0.7 1.2 4.62 0.16 38.0
S11 0.15 0.63 0.93 6.2 0.08 11.0

Mean 18.3

The collected samples cannot be considered as real representatives of the aq-
uifer material. Therefore, pumping test procedures may give reasonable results
for aquifer properties (Alyamani and Sen, 1993).

Pumping Tests

Pumping tests were carried out in the study area and there are several meth-
ods available for pumping test data analyses. The choice of a certain method for
a certain test is based mainly on how far the field conditions and aquifer type
are closed to such a method, though almost all field conditions are far from
ideal in the sense used by Theis (1935). Based on the above mentioned boun-
dary conditions the following analytical methods were found most suitable such
as Slope-matching method (Sen, 1986); Large-diameter wells (Papadopulos and
Cooper’s, 1967); Unconfined aquifers (Boulton’s method, 1963); and Theis re-
covery method (1935).
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The basis of each method, analysis of data and its ability to predict aquifer be-
havior can be obtained from the original papers as mentioned in references. Two
tested wells were carried out for pumping and recovery tests. Table 3 shows the
results from different methods, the average transmissivity vary from124 to
142m? day’l. Using the criteria given by Gharghe (1979), it follows that the aq-
uifer in this area is of moderate potential. On the other hand, the average
storativity varies from 0.1 to 0.2, which is typical for unconfined aquifers.

TasLe 3. Transmissivity (mz/day) and storativity values obtained for Wadi Adam.

Slope matching Boulton Papadopulos & Recovery
Well method (Sen.) method copper method  method Average
T T s T S T s T T S
1 - - 118 0.29 130 0.12 - 124 0.21
2 247.7 | 0.11 46.8 0.11 166 0.09 109.4 | 1425 0.1

Groundwater Recharge and Discharge

In arid regions, groundwater recharge is exclusively based on the rainfall, re-
charge determination is usually very difficult, because great changes in the spa-
tial and temporal distribution of the hydrologic inputs and outputs lead to large
uncertainties in determining the recharge either locally or regionally.

However, there is a relatively straightforward way of estimating groundwater
recharge by considering the chloride ion as a tracer, which is concentrated by
evaporation, and it is defined as a chloride mass-balance method (CMB) (Wood
and Imes, 1995; Wood and Sanford., 1995; Flint et al., 2002). It has become a
useful operational tool in determining the amount of recharge. This technique
involves the using of chloride-ion concentration ratio in rainfall to chloride-ion
concentration in groundwater.

In the chloride mass-balance method, recharge is computed from the fol-
lowing relationship:

where q is the recharge (mm/year), R is the effective rainfall (mm/year), Clp
is the average chloride concentration of rainfall (mg/1), and Clgw is the average
chloride concentration of groundwater.

In Adam basin, the average chloride concentration of the rainwater, Cl, = 8
mg/l (this value were taken as an average of six rainfall samples around the
study area) (Subyani et al., 2004). Chloride concentration in groundwater as
shown in Table 4 represents down stream portion of Wadi Adam and does not
meet the conditions of CMB method (Wood, 1999). However, an average of
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five groundwater samples in the mountains area as:, ClgW =100 mg/1 (Bazuhair
et al., 2002; Sharaf et al., 2004). The average annual rainfall over the escarp-
ment or effective rainy area between contour lines 160-200 mm, as shown in
(Fig. 3), is about 180 mm yr!. The recharge rate, therefore, is about 18 mm
yr~!. This represents less than 10% of the annual rainfall, which means that
more than 90% of rainwater is lost either as surface runoff or by evapotranspira-
tion. These calculations are compatible with many studies in arid areas (Baz-
uhair et al., 2002; Edmonds, 2002; Subyani, 2004).

In the study area, the annual recharge volume can be calculated as:
Recharge Volume = Mean annual rainfall x Effective area X Recharge rate

The effective area of the basin is taken as the moderate to high altitude areas
in which most of the year rainfalls (about 45% of the basin). See (Fig. 3).

Hence, for Adam basin, the annual recharge can be calculated as:
Recharge Rate = 180 mm x (380 x 0.45) km® x 0.1 = 3 x 10® m® year™.

Naturally, the groundwater in Wadi Adam is discharged into the Red Sea.
The amount of this discharge volume has been estimated by Darcy’s law to the
portion of the aquifer at cross section. The cross-section extends for 3 km (Fig.
4). Using the average values of both the aquifer transmissivity (133 m? dayfl)
and the hydraulic gradient near the cross section (0.006) yields an estimated
flow rate of about 0.9 million m® annually. Artificial abstraction by pumping all
wells in the Adam basin is about 198,000 m3/year, which is very low compared
to the natural discharge into the Red Sea.

Hydrochemical Features

Hydrochemistry is the subject that relates groundwater and its dissolved ma-
terials with the environment surrounding them, and therefore, it is considered an
essential part of any hydrogeological study. The dissolved constituents in the
groundwater can be very useful in indicating the geological evolution; the mode
of the groundwater origin within the hydrological cycles; soil or rock mass in-
fluences and its influence on the borehole materials such as screen and casing.

During the fieldwork, 15 water samples were taken after intensive pumping
of the wells in order to avoid any local contamination or evaporation. The sam-
ples were analyzed for the major ionic constituents Ca2+, Mg2+, Na', K', CI,
SO%(, HCOj, and for the secondary and trace constituents such as Fe, Mn, Pb,
As and others. The analyses were done in the laboratories of the Faculty of
Earth Sciences using ICP-Optical Emission Spectrometer (OES), Optima 2000
DV, Perkin Elmer Instrument.
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In addition, water temperature, electrical conductivity, and pH were measured
in situ. Partial pressure of carbon dioxide (P-,) and saturation indices for cal-
cite (SI,), dolomite (SI;;), gypsum (Slgyp) and halite (SI; ;) were computed,
using “AquaChem” program developed by Waterloo Hydrogeologic (1999).

Results and Discussion

All the chemical analyses results for the major ions and the field of the
groundwater samples in Wadi Adam were summarized in Table 4. which show
the analysis of major constituents of the groundwater, in addition to the total
dissolved solids (TDS), field electrical conductivity (EC), pH, and temperature.
TDS in groundwater vary from 790 to 2750 mg/l with a mean and a standard
deviation of 1500 and 507 mg/l, respectively. EC of the groundwater varies
from 1280-4300 puS/cm with a mean and a standard deviation of 2311 and 767
uS/cm, respectively. The groundwater tends to be slightly balanced with pH
values ranging from 7.2-7.6. On the other hand, the analysis results indicated
that the chemical composition of the groundwater varies between low to moder-
ate concentrations in most of the chemical constituents. In order to decipher the
water type, the Durov dlagram was used, (Fig. 5). Accordingly, Wadi Adam is
characterized by a Ca* -SO4 water type in its middle part and a Na+-ClI- water
type in its lower part. This simple dissolution or water type change from cal-
cium sulfate to sodium chloride water type distinctly matches the ion exchange
and natural general flow of groundwater. In addition, Fig. 5 shows that there is
systematic change in the major ions within the length of flow along the channel.
This condition might reflect the active recharge area as shown in Fig. 3. (Lloyd
and Heathcote, 1985; Wanielista et al., 1997). Generally, the major ionic con-
centration of the groundwater shows the following general pattern as

Ca?">Na">Mg?" >K" and CI” > SO; >HCO,

The saturation state of minerals in the water can be expressed by the satura-
tion index (SI). When the SI < 1, the minerals will be dissolved; and when the
SI is >1, the minerals will be deposited. SI indices of calcite and dolomite for
the groundwater samples of Wadi Adam are shown in Table 4. All of the sam-
ples have positive calcite and dolomite indices, indicating a slight over-
saturation. For halite and gypsum, all indices are negative, which indicates un-
der-saturation state (Freeze and Cherry 1989).

Within the study area, the dissolution processes for calcite and dolomite
would be considered with a relatively large reservoir of CO,,,, in the surficial
zone. The high P, values (Table 4) provide dissolved CO,. That means the
H,COj; supplies the inputs in the calcite and dolomite dissolution (Freeze and
Cherry 1989; Alyamani 1999). Figure 6 shows the regression line between total
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TaBLE 5. Chemical analysis trace elements of groundwater samples in Wadi Adam (mg/1).

Sample

0 Zn Pb Cd Ni Ba Fe Hg Cr Cu U Al Li

1 10.072 1 0.002 | 0.002 | 0.004 [0.099 [ 0.007 [ 0.197 | 0.003 | 0.017 | 0.004 [0.0001 | 0.011
2 10.009 | 0.003 | 0.001 | 0.003 |0.459 [ 0.009| 0.103 |0.001 | 0.017 | 0.036 [ 0.0001 | 0.01

3 10.05810.009| 0 0.003 {0.52 | 0.007 [ 0.078 |0.001 | 0.016 | 0.03 {0.0012] 0.01

4 [0.005 | 0.002 | 0.001 | 0.003 [0.396 | 0.007{ 0.059 [0.001 [0.016 | 0.031 |0.001 | 0.011
5 10.001 ]0.004] 0 0.003 [0.378 [ 0.008 [ 0.042 | 0.001 | 0.015 | 0.031 {0.001 | 0.008
6 10.001]0.001]0 0.002 [0.506 [ 0.007 [ 0.042 | 0 0.016 | 0.014 | 0.0001 | 0.009
7 10.001 | 0.002 | 0.001 | 0.003 [0.465 [ 0.008 [ 0.022 |0 0.016 | 0.034 0.001 | 0.01
8 10459 {0.006( 0 0.003 {0.339 | 0.006 [ 0.008 |0.001 | 0.008 [ 0.04 {0.0022] 0.01

9 10.05 |0.002] 0.001 {0.003 |0.207 | 0.005| 0.008 |0.001 | 0.012 | 0.035 [ 0.0022 | 0.01
10 ] 0.008 [ 0.011  0.001 | 0.002 |0.347 | 0.007] 0.0006 | 0.003 { 0.01 | 0.02 |0.0046 | 0.004
11 10012 [ 0.014( 0 0.003 {0.291 | 0.007 | 0.0008 | 0.001 | 0.01 | 0.02 {0.0056 | 0.007
12 10.009  0.014( 0 0.003 {0.293 | 0.006 | 0.0008 | 0.002 | 0.011 | 0.031 {0.0062 | 0.008
13 10.013 { 0.012  0.001 [ 0.003 |0.226 | 0.008 | 0.0005 | 0.004 | 0.01 | 0.042 | 0.0036 | 0.09
14 10.076 [ 0.019( 0 0.002 {0.225 | 0.008 | 0.0002 | 0.002 | 0.006 | 0.045 {0.0055 | 0.009

15 10.015 [ 0.005( 0 0.003 [0.134 | 0.007 | 0.0003 | 0.001 | 0.029 | 0.015 [ 0.0081 | 0.008
Mean | 0.053 | 0.007 | 0.0005 | 0.003 |0.33 | 0.007 | 0.037 | 0.001 | 0.014 | 0.031 | 0.0028 |0.0091
STD | 0.115 | 0.005 { 0.0006 | 0.0005 | 0.131 | 0.001 | 0.054 | 0.001 | 0.005 | 0.012 | 0.0025 {0.0020

dissolved solids and electrical conductance for 15 groundwater samples in Wadi
Adam. This line gives the equation:

TDS = 0.65EC
The constant (e.g. A = 0.65) within the normal value in the literatures.

The fifteen groundwater samples were also analyzed for most toxic metals in
milligram per liter and tabulated in Table 5. All of these trace elements con-
centration are generally acceptable within the normal limits according to the In-
ternational and Saudi Standards.

Conclusion

Wadi Adam comprises a major undeveloped groundwater aquifer near Mak-
kah area. This basin constitutes potential strategic water resource for Makkah
Al-Mukarramah area. It drains a small catchment of about 380 km?. This catch-
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Fic. 6. EC-TDS relation of groundwater in Wadi Adam.

ment starts from the Hijaz Escarpment in the east to the Red Sea in the west.
The average annual rainfall exceeds 180 mm in the mountains and decreases to
100 mm in the Red Sea coast.

Subsurface investigation indicated that water-bearing formations consist of
alluvial deposits and top weathered zone of the basement rocks as an un-
confined aquifer. More than 16 wells have been drilled in Wadi Adam ab-
stracting about 550 m? day’l. The Regional groundwater flow is toward the
south and southwest and the average hydraulic gradient along the wadi is in the
order of 0.008 and decreases slightly towards the downstream areas. From
pumping test methods, the average transmissivity value is about 142 m? day_l,
and the storativity is about 0.1, which indicates that the aquifer is of moderate
potential. The recharge rate to this basin, using chloride mass-balance method,
is about 3 x 10° m? year’l. The amount of the natural discharge into the sea is
about 0.9 million m> year’l.

Groundwater quality of Adam basin has been investigated for major cations
and anions, and trace element analysis. Two types of groundwater exist; Cal-
cium sulfate in the upstream and Sodium chloride in the downstream area. TDS
range between 790 to 2750 mg/l. Analysis of trace elements shows that the con-
centration is less than the national and international standard limits.
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