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ABSTRACT.  Groundwater sampling and analysis of 105 wells in the Al-
Madinah Al-Munawarah region, Saudi Arabia was carried out using the
“lumped parameter™ approach. Regression equations are developed for
clectrical conductivity versus other ions, Na '+ K versus other ions, elec-
trical conductivity versus distance (km) from upstream and SO, /CI ratio
versus distance from upstream. The equations developed are easy to use in
determining the groundwater quality of upstream or downstream wells
from a known electrical conductivity value at a specific well, The present
groundwater quality is mostly sulfates and chlorides of calcium and mag-
nesium. and is suitable for domestic use.

The analysts indicates that the ratio of SO, /Cl decreases with the dis-
tance from upstream and electrical conductivity increases with the distance
from upstream. The relationship of number of tributaries and hydraulic gra-
dient with the distance from upstream was poor.

KEy Worps. Deterministic Modelling: Regression Analysis; Al-Madinah
Al-Munawarah Region Groundwater Quality; Electrical
Conductivity; Tributary and Hydraulic Gradient Effect.

Introduction

The physical, chemical and trace elements characteristics of water determine its use-
fulness for industry, agriculture especially the potability of drinking water. The study
of water chemistry gives important indications of the geologic history of the presence
of hidden ore deposits. Waters which are very high in dissolved solids may yield
lithium, potassium, sodium chloride and other chemicals in commercial quantities.
Natural water contains impurities due to its contact with the air, soil, reservoir circu-
lations, and wastewater from communities and treatment plants, agricultural activity
and industrial waste.
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Monitoring of groundwater quality for the Madinah reigon, Saudi Arabia, has
shown that the quality has been deteriorating in the last five years and also, in gen-
eral, upstream reaches have relatively better water quality than the downstream
ones. At present easier and simpler relationships are not available or developed,
which would be useful in determining the quality (chemical compositions) along var-
ious reaches of a groundwater region as well as at a single well, if one or more
parameters are known.

The main objectives of this paper are:

(1) To review some basic geochemical changes occurring in the underground
water;

(2) To review some groundwater classification tools used;

(3) To develop easier deterministic empirical relationships for use in determining
the groundwater composition, quality and its suitability for domestic purposes.

Study Area Description

Location

The study area (Al-Madinah Al-Munawarah Region) lies between 24° 00'-25° 00
longitudes and 39° 00°-39° 45’ latitudes.

Geomorphology

Al-Madinah Al-Munawarah (Madinah Region) is bound by the Harrat Rahat in
the west with deep valleys and in the east pencplains of Cambrian age. The drainage
pattern east of the Madinah Quadrangle is controlled by basaltic lenses. Most of the
wadis in the north flow in the southeast direction and have a dendritic drainage pat-
tern. This region consists of several catchment areas, which drain to the Red Sca. In
contrast to the wadis in the other parts of Saudi Arabia, these wadis are wide at the
upstream end, partly covered by basalts, the downstream reaches however are
evolved into the Precembrian basement rocks as passages. The region has an arid cli-
mate with hot dry summers and cold winters, and evaporation rates are very high.

Hydrogeology

Hydrogeological studies were carried out throughout the region, but especially in
the areas around the edge of the basalt cover. Some zones seem to have a good
groundwater potential and there rapid expansion of the agricultural activity is seen.
The main aquifers of the Al-Madinah Al-Munawarah region are primarily Tertiary
and Quaternary basalts, sub-basaltic alluvium, and recent quaternary alluvial de-
posits. Hydrogeologically the area can be divided under the following headings,
Eastern Harrat at Khaybar area, Wadi Al-Hamd arca, Eastern Harrat Rahat area,
Yatima plane area, and Wadi Mastrah area.
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Groundwater System
Chemical Changes and Classification, Literature Review

General

A groundwater system can be characterized or modelled as deterministic or prob-
abilistic. A deterministic system is one that is defined by definite cause and effect re-
lations. Causc is generally referred to as “excitation™, while the effect refers to “reac-
tion” or “response”. A system is thought to be well understood if the cause and effect
rclations within are understood.

For groundwater systems, the factor relating to cause and effect, invariably the
geology of the system, is missing. For example, the abstract nature of a map shows
pumpage and its distribution (a cause) related to the water level change (an effect) or
water level change (a cause) related to the amount and distribution of land subsi-
dence (an effect). These cause and effect relations will remain abstract in their mean-
ings until they are related to the geology of the system and, unless of course, the geol-
ogy is of the simplest type conceivable.

In deterministic models effects can be related directly to causes. A stochastic or
probabilistic system allows prediction with uncertainty, but many provide expected
values within the limitations of the probability terms which define its behavior. A
random or stochastic variable is a variable quantity with definite values, each one of
which, depending on chance, can be attained with a definite probability. An ex-
peeted value ts the mean value of a random variable.

A lumped parameter system “black box” is a system in which inputs and outputs
can be measured or estimated although the process which interrelates them are not
often observable. Dctailed knowledge of the internal mechanism relating input and
output is not nccessary in the so called “black box” analyses. In this system a space
coordinate system is not required in problem formulation and solution. For example,
arisc in water levels in wells over a certain time interval (a response variable) may be
converted to recharge without any regard to the location of wells in the field or their
spacing (or to the manner in which recharge reaches the water table or even to the
amount of rainfall). In such a systern, parameters are cxpressed in lumped form,
when the total system is regarded as located at a single potnt in space.

The lumped parameter, deterministic performance systems always require perti-
nent variables represented by “averages” over the space of interest. A variety of in-
struments, techniques and empirical formulas (Linsley e af. 1975; Kazmann 1972,
Thornthwaite 1948; Blaney 1952; Penman 1956) have been developed to measure or
cstimate the quantity of water in various components of hydrological cycle.

Groundwater Geochemical Changes

The geochemical cycle (prepared in this study) closely follows the hydrological
cycle and can be illustrated schematically by a diagram that lump the atmosphere,
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land and ocean areas into a single hydrogeochemical component (Fig. .l). The
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FiG. 1. Schematic representation of Geoechemo hydrologic cycele.

(1) Transfer of chlorides and sulfates of sodium, magnesium, calcium and potassium carried by water
vapors to atmosphere.

(2) Condensation of evaporated chemicals.

(3) Precipitation of dissolved oxygen, nitrogen and carbon dioxide.

(4) Transport of evaporated chemicals.

(5) Temporary retention of water with dissolved carbon dioxide, dissolution of Ca, Mg. Na bicarbonates
and sulfates due to the downward movement through soils.

( 6) Evaporation of chemicals from watcr impoundments, lakes and reservoirs with water vipors.

(7) Run-off of precipitation to lakes, streams, rivers and occans,

(8) Infiltration and sub-surface movement of groundwater dissolving soil minerals with carbonic acid to
form soluble bicarbonates; precipitation of colloidal iron, aluminum and silica carbonates as solubil-
ity limits are reached, cation exchange and other chemical changes,

(9) Evapo-Transpiration (ET) of mineral matter largely retained in soil and partly carried off in crop
plants. '

(10) Groundwater movement towards aceans and seas with physical, chernical and biological changes in
water quality, depending on the rock geology, residence time and hydraulic gradients.

geochemical cycle represents quantities and types of mineral matter in solution. The

role of each component is that of chemical or physio-chemical process and transfor-

mation. The transformation is mainly controiled by the movement of natural
. groundwaters and the mobility of chemical elements within the rock units.

The chemical evolution and interpretation of groundwater with position in the
groundwater flow has been studied by various researchers (Chebotarev 1955;
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Schoeller 1962; Back 1961, 1966; Gorreli 1958; Hem 1959, 1970; White 1963;
Goldschmidt 1937; Piper's 1944, Back and Hanshaw 1965). These studies highlight
the following tundamental premises:

(1) The concentration of the dissolved mineral matter is directly proportional to
the length of flow path and to the residence time of water;

{2) The chemical type of groundwater at any point in the system is a function of
both of the chemical composition of rocks at that point and of the antecedent water
quatity. Very few concepts, methods and empirical findings are available which may
help relate the chemical character of the water to the geological environment and
prevailing flow pattern.

(3) Itis notuncommon for the ratio of sulfate to chlorides to decrease in the direc-
tion of flow.

{4) Within a given system, a major recharge area is characterized by water lower
in dissolved solids than in an area where recharge is minor. Similarly recharge areas
may be lcaked of all soluble mineral matter, and the absence of chemical reactions
would prevent the pH of water from becoming higher than that of the rainwater.
Chemical zonations are controlled by depth of circulation, sedimentological zones
and climatic factors (Schoeller 1959, 1962; Chebotarev 1955). Vertical zonations is
influenced by dynamic aspects of water (vetocity of movement, recharge-discharge
relations, intensity of movement with depth and residence time). Salinity increases
as the movement deteriorate with depth, with distance from recharge area, with
ncarness to the sea, and with the duration of contact.

Constituents in solution in groundwater may be viewed as a chemical system, with
cations and anions in equilibrium with cach other (Piper 1944). Studies attempting to
explain the gencsis of the chemical character of groundwater make use of diagrams
(Back 1960; Piper 1953) in combination with the knowledge of the mincralogy of the
cnvironment, the transmissivity of its important component parts, and the distribu-
tion of piczometric head. Back (1966) identified a calcium-magnesium facies in re-
charge arcas underlain by calcarcous clays, and a sodium facies in discharge areas,
the latter a result of ion-exchange and saltwater intrusion. Bicarbonate content is low
in recharge arcas and high in discharge arcas. Toth (1966) reported a gencral ten-
deney for a shift from pure bicarbonate facies in recharge areas to a sulfate facies in
discharge areas, due to utilization of carbon dioxide in the root zone to form bicarbo-
nates in downward moving groundwaters and little addition of bicarbonates thereaf-
ter. With passage into the system, the suifate ion, which is avatlable in the rocks of
the area, becomes a dominant constituent, Hydrochemical data (Feth er al. 1962,
1966) suggested a change from calcium-magnesium-bicarbonate to sodium bicarbo-
nate with distance from recharge area. Sulfate content decrcased in the direction of
flow and bicarbonate increased, because of the sulfate reduction.

Chebotarev (1955), based upon 10,000 chemical analysis, indicated that all
groundwater tend towards the composition of sca-water.
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HCO,— HCO, + CI — I + HCO,— Cl + 80, (orSO, +Cl)—Cl (1)

This can be described in three vertical zonces:

(1) upper most zone (high circulation, HCO, type and low mincralization);

{2) intcrmediate zone (less circulation, high mineralization and water 1s sulfate
type):

(3) lower most zone (stagnant condition, water is chloride type).

The least soluble salts are precipitated first and the most soluble last, with the
order being bicarbonate (calcite), sulfate (gypsum) and cloride (halite).

Maxey and Mifflin (1966) and Miftlin (1969) showed an increase in sodium, potas-
sium, sulfate and chloride with length of flow path.

Groundwater Classification

Geochemical studies often involve synthesis and interpretation of a mass of analyt-
ical data. The objcctives of interpretation may be to avoid any difficultics in the clas-
sification of waters of different geochemical characteristics for utilization purposcs.
solving problems of saline water intrusion or ascertaining various factors on which
the chemical characteristics of water depend.

The classification of hydrochemical facies (Back 1966) can be carried out using
Table 1.

Tanre I, Classitication of Hydrochemical Facies (After Back 1966).

Pereentageof Constituents, epm
Ca'"+ Mg ' | Na' +K |HCO, +CO; | CI +807

Cation facies : .

Calcium-magnesium Y0-100 0 10

Calcium-sodium 50-90 10 50

Sodium-calcium 10-50 50 90

Sodium-potassium 0-10 90-100
Anion facies

Bicarbonate 90-100 0 10

Bicarbonate-chloride-sulfuate 50-90 10 50

Chloride-sulfate-bicarbonate T O10-50 50 90

Chloride-sulfate a-10 90-100)

Several systems of groundwater classification were used based upon the chemical
composition (Ivanov er al. 1968; Altoviski 1962; Alkein 1984; Jetel ef al. 1978) of
groundwalcrs.

The residual sodium ecarbonate, RSC, influences the suitability of a certain
groundwater for irrigation,
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RSC = (HCO, + CO) - (Ca’ "+ Mg' ) (2)
where concentrations arc expressed i epm.

If RSC exceeds 2.5 epm, the water is unsuitable for irrigation, If the value is bet-
ween [.25 to 2.5 epm the water is of marginal quality while less than 1.25 epm indi-
cates that the water is probably safe.

Gorrell (1958). used a simple classification system based on “ranges™ in total dis-
solved solids: (1) fresh water, 0 to 1.000 ppm: (2) brackish water, 1,000 to 10,000
ppm; (3) salty water, 10,000 to 100,000 ppm: (4) brinc, greater than 100,000 ppm.
Hem (1959), however, recognized that an immediate purpose of routine chemical
quality data is to determine whether water is satisfactory for a proposed use.
Whether a given quality is acceptable for a particular use depends on arbitrary stan-
dards of acceptability for that use. Three main uses are recognized: domestic (drink-
ing water), agriculture (irrigation), and industrial. Drinking water standards are de-
scribed by upper limits for bacterial, physical (turbidity, color, etc.) and mineralog-
ical constituents. Agricultural standards are made contingent upon the cffects of
chemical constituents in water on soils and the plant life they support, Industrial stan-
dards vary with the particular industry. In all cases, emphasis is placed on the tact
that the prescribed standards are not applicable to every situation.

Genetic classification systems have been proposed by White (1957a, 1957b) and
encounter various problems concerning the chemical criteria which may be used to
identity a given origin. Genetic terms have been defined as follows:

I, Mecteoric water: Water that has recently been involved in atmospheric circula-
tion; R '

Marine water: Water that has recently invaded rocks along coastlines;
Connate water; Water that was buried with sedimentation;

Metamorphic water: Water associated with rocks during their metamorphism;
Magmatic water: Water derived from a magma;

Volcanic water: Water derived from a magma at shallow depth;

Plutonic water: Water derived from a magma at considerable depth:
Juvenile water: Water that has never been part of the hydrosphere.

PESRCE

* N

Mecteoric water has an isotopic composition similar to surface water; marine water
has an isotopic composition similar to sca water. Of the other types, connate,
metamorphic, and magmatic waters arc isotopically examined on the basis of their

IH! and 0'%/0' ratios,

For flow-system studics, the most useful chemical classification would attempt to
relate water to rock types on the basis of dissolved mineral matter. Ivanov et al.
(1968) classified the minerat waters of earth’s crust into two main groups:

(1) Infiltrating meteoric waters which are characterized by high Na/Cl ratios usu-
ally greater than onc;

(2) Waters of the marinc origin which are characterized by low Na/Cl ratios usu-
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ally less than one. These waters are further classiticd into two subgroups:
(i) The normal marine water of the sedimentary environment;
(i1) The residual strong brines of salt bearing basins,

Chemical composition of groundwater reflects either the primary marine origin or
the meteoric genesis of continental conditions. The gradual removal, mixing and di-
lution of the original marine water between rock pores by the invading metcoric one,
could be traced from one zone to another, or from one arca to another by the identifi-
cation of the water types.

Water of “marine” origin, entrapped between the rock pores is magnesium
chloride type water. Such water has the following chemical compasition.

KCI-NaCl-MgCl, — MgSO,-Ca (HCO),), (3)

Ditution of the original marine water between the rock pores, by the invading
meteoric water, changes the chemical composition of the water to sodium sulphate
type water “mixed water”. Such water has the following composition:

KCI-NaCl-Na,50, - MgSO, — Mg (HCO,), - Ca (HCO,), (4)

With complete removal of the original marine watcr by the invading meteoric
water, the chemical composition changes to sodium bicarbonate water. Such water
has the following composttion:

KCI-NaCl-Na,SO,-NaHCO,-Mg(HCO,), - Ca(HCO,), (5)

Sodium-sulphate type water {mixed), can change to sodiumbicarbonate type
water (metcoric), in the presence of carbon and water, the chemical reaction is as fol-
lows:

Na,SO, + 2C + 2H,0 — 2NaHCO, + H.$ (6)

Alkein (1984), classified water types according to the predominant cations and an-
ions together with certain proportions to the concentration of ions.

The above mentioned literature indicates that most of the groundwater classifica-
tion was carried out using typical analytical procedures but very few cmpirical re-
lationships existed or were developed about how the water quality changed with the
travel distance downwards or the residence time or the natural gradicnt. The main
objective of this paper is to present empirical relationships in determining the chem-
ical nature (quality) of Al-Madinah Al-Munawarah region groundwatcrs.

Data Sampling and Data Collection

For groundwater quality sampling (Rainwater & Thatcher 1960) and analysis 105
wells were sampled in Al-Madinah Al-Munawarah Region (Fig. 2).

The main constituents monitored in the groundwater (105 wells) were calcium,
magnesium, sodium; potassium, sulfates, chlorides and bicarbonates using Standard
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Methods (1989); the physical parameters such as pH, temperature and electrical con-
ductivity measured in-situ with a portable kit; and the trace clements such as cad-
mium, iron and aluminum were mecasured by Atomic Absorption Spectroscopy. The
physical parameters such as distance from upstream and groundwater slopes (Table
2) were used in developing relationships and the general groundwater classification
was carried out using Piper diagram.

TabtLe 2. Chemical Analysis of Major lons and Physical Properties (for 105 Groundwater Samples) of
Al-Madinah Al-Munawarah.

Water Table No. of Distance
Sample Gradient Slope | Tributaries EC 50, /1 (Akm)
Number orat Well or from
(m/km) Wadis Upstream
[ 3.0 | 609 1.0] 375
2 3.0 1 919 (138 .00
3 3.0 i 875 0.71 1.75
4 3.0 | 663 .63 5.50)
5 35 1 951 (.58 14,30
6 3.5 I 686 0.54 18.75
7 3.5 1 504 (.60 11.75
8 35 1 187 (.39 13.50
9 3.5 ! 634 0.36 14.50
10 3.5 1 513 0.71 12.50
11 3.5 1 275 (1.53 11.50
12 35 1 555 0.52 10.00
13 0.0 4 259 0.78 27.50
14 0.0 4 133 0.33 2800
15 4.0 4 309 (1.63 26,25
16 4.0 3 270 0.48 25.00
17 4.0 3 307 (.52 29.00
I8 4.0 3 207 (.36 23.50
19 4.0 3 196 0.25 22.00
20 5.0 3 129 0.25 14.50
21 5.0 3 135 0.26 13.25
22 5.0 3 118 0.75 12.50
23 3.0 3 265 274 10.25
24 8.0 2 144 0.24 9.5
25 8.0 2 213 0,31 R.75
26 5.0 2 217 (.41 10.75
27 8.0 3 164 0.31 9.00
28 8.0 2 133 (.28 8.00)
29 8.0 2 125 0.25 7.75
30 2.7 2 134 0.27 7.00
31 3.7 2 149 0.22 6.00
32 - - 934 0.40 -
33 - - 206 (.41 -
34 - - o659 0.57 -
35 - - 659 1.14 -
36 - - 473 1.05 -
37 - - 550 0.60 -
38 1.3 . 19 1052 (.45 93.50
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Water Table No, of Distance
Sample Gradient Slope [ Tributaries EC * S0, (I (km)
Number or at Well or from
(m/km) Wadis Upstream
39 1.5 19 921 0.51 92.00
40 1.5 18 RE) 0.50 91.00
41 1.5 18 173 0.51 90.00
42 .5 13 534 0.46 88.00
43 1.6 17 784 0.69 88.50
44 1.8 19 786 .38 86.00
45 0.5 7 1392 0.39 79.00
46 4.4 1) 986 0.41 36.00
47 0.5 10 990 0.40 TR
48 0.5 [0 1061 0.38 77.00
49 0.5 4 851 (.35 76.00
S 1.9 4 160 (1,69 28.00
51 1.9 4 462 0.60 29,75
582 1.9 Bl 498 (.35 30.75
53 1.9 4 528 0.73 30.00
54 1.9 4 713 0.17 31.36
35 4.4 7 5410) (+.52 31.50
36 1.9 7 4306 0.42 32.25
57 4.4 7 843 0.33 32.50
S8 4.4 4 701 .51 33.25
39 4.4 4 631 0.55 3311
60 4.4 7 6018 (.59 38.006
6l 4.4 4 763 0.54 35.00
62 4.4 7 1083 0.44 36,80
63 4.4 10 1094 0.36 36,0
04 1.0 10 827 .36 74.00
63 1.0 10 960 0.38 69.00
66 1.0 10 OK3 0.33 66.00
67 1.0 10 1202 0.42 64.00
6R 1.0 10 1052 .42 62.55
6y 1.4 10 888 0.46 61,20
70 1.0 1 771 0.43 7.00
71 1.0 1 674 0.42 5.75
72 1.0 1 722 0.44 3.00
73 1.0 1 668 045 1.25
74 4.0 9 971 042 3.75
75 4.5 9 992 (.51 5.80
76 0.9 9 [346 .69 56,00
77 0.9 ] 1157 (.53 56.00
78 s 8 1020 .55 4970
79 7.5 8 206 0.45 48,50
8 3.5 8 364 0.37 47.75
81 1.5 8 1334 0.17 49.75
82 .5 8 222 0,43 49,50
83 35 8 1863 (.46 47.25
84 0.1 8 1426 .52 46.40
85 0.1 8 027 0.37 45.00
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TaBLE 2. (cont.)

Water Table No. of Distance
Sample Gradient Slope | Tributaries EC SO, /1 (km}
Number orat Well or from
{m/km) Wadis Upstream
86 0.1 8 196 0.22 44.50
87 35 8 225 0.52 46.75
88 0.1 8 1550 0.57 45.50)
8Y 0.1 8 668 0.38 44.00
9() 0.5 5 194 0.21 43.50
91 2.0 8 1128 0.38 41.00
92 8.0 8 680 .68 16.00
93 8.0 8 257 .52 10,50
94 8.0 5 694 1.86 7.30
95 13.0 5 1457 0.33 39.00
96 4.0 3 9318 0.46 38,00
97 4.0 2 657 (.80 36.00
98 2.5 5 1104 0.40 20.00
99 4.0 10 810 0.31 22.50
100 10.0 2 199 (1,34 40.00
101 3.0 2 1062 0.46 19.00
102 7.0 2 984 0.30 15.00
103 5.0 2 539 1.40 28.00
104 6.0 2 107 0.38 26.50
105 7.0 1 137 0.42 24.00

Data Analysis

The experimental data was analyzed using the regression analysis for the following
1wo categorics:
1. The relationship of (Na™ + K") versus.other ions {Table 3).

TabLE 3. Regression Analysis Between (Na' + K') and Other Parameters {CI°, SO, , Ca' ', Mp' ",

EC).
Na' + K*

Description Versus

cr 50, Ca*” Mg*” EC
No. of Data Points 94 93 74 80 96
Standard Error of Estimate 477 20,39 849 19.76 583
Correlation Coefficient (R) 867 796 540 772 807
Coefficient of Determination, R? 57 634 292 596 632
Intercept* (Loga) -1.088 - 1.183 - -3.228
Intercept** (St. Line) - -.082 - -11.3836 -
Slope [.174 2.164 B8Y 3.474 1.045

-

Log Equation : Y = ax
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Tog v = loga+h logx

log a = intereept

b = slope

x = otherions, emp

v = {(Na" + K" Jions.cpm
*7 Straight Line Equation : ¥ = W b by

¥ = (Na' + K')ions, epm

b = slope

x = otherions, epm

a = intercent

2. The relationship of electrical conductivity versus other ions (Table 4).

TanLe 4. Regression Analysis Between Electricatl Conductivity and Other Parameters (Ca’ ™+, Mg ™,
Na'+K'. SO, . (1. HCO,).

Description Ca’ Mg'' | Na +K' 50, cr HCO,
Na. of Data Points 77 83 96 97 96 92
Standard Error of Estimate 435 216 582 347 167 926
Correlation Coctheient (R) 04 906 807 917 972 560
Coeflicient of Determination, R* 06 820 652 840 944 RN
Loga (Intercept)” -.706 -1.550 -3.228 -3.934 —2.061 2.931
Slope (b) 524 650 1046 1.052 0.923 (016
© Model BEguation Y ax” : log v = lopa+ 5 loga

log o = intereept

tog b slope

X - otherions, emp

v - EC. mg/i

Review of the regression analysis coetficients indicate that there is a very strong re-
Jationship between (Na' +K ') and other ions CI', SO, , Mg" ", Electrical Conduc-
tivity as evidenced by the high coefficient of determination (R?) values 0.6 t0 0.8. The
cocfficient of determination (R?) for the Ca’™ 7 is very small, indicating poor relation-
ship. The electrical conductivity seemed to have high positive correlation coefficient
(R) ranging from (.6 to 0.9, with all the ions, except Ca” " and HCO; ™ (Table 4) indi-
cating a good relationship. Thus if clectrical conductivity value of a certain ground-
water well is known, then other ions can be estimated with reasonable accuracy. This
fact was previously documented in another study (Bokhari and Khan 1990} also.

In order to determine the water quality changes in a groundwater region (up-
strcam to downstream), if electrical conductivity is refated to the travel distancc,
slope and other number of contributing tributaries (indircctly a function of the area
of contribution) for the region, then from a known value of electrical conductivity at
one Jocation, other EC values upstream or downstream can easily be estimated. The
estimated clectrical conductivity can be used to determine other ions. Horizontal dis-
tances and slopes from upstream to downstream for each main wadi for its tributary
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containing the sampied wells, were measured and listed against the clectrical conduc-
tivity of each well. The listing of such values is shown in (Table 2).

Regression analysis, electrical conductivity values versus travel distance, hyd-
raulic gradient and the number of tributaries meeting before or at a well, were also
carried out.

The coefficient of determination (R?) vaiues of electrical conductivity with the
hydraulic gradient and the number of tributarics were (.12 and 0,18 respectively.
However, the R? value for the electrical conductivity versus distance (km) from up-
stream, showed a much higher value of 0.25 and the following linear rclationship
model (Fig. 3) was applicable for Al-Madinah Al-Munawarah region :

(X100)
15

12

ELECTRICAL CONDUCTIVITY x100 (mg/l)

DISTANCE (km) FROM UPSTREAM

Fii. 3. Regression analysis of changes of EC with distance (km) from upstream. [ = intercept.
Y = a+ by (7N

Where Intercept = 531.481
Slope = 5.4718
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Y
X

I

Electrical Conductivity Values
Distance from upstreant in km.

A plot and regression of SO, /CI ratio (Fig. 4) with distance (km) showed that his
ratio decreases with distance as indicated in previous studies. The following linear
model was developed with the cocetficient of determination (R?) of .25

ST AL A L O N A
N -
v L N
(-3 i —
~ 2:" —_J
',d’ = —
o - i
73] - -
[T - -—
o - -
t . -—
8 T Confidence limit 95% ]
S Cor}flde_nce limit 99% ]
L - T \-- .- __ . <Slope-2.65942£-3_
= = =
| - - e - i - -_'_-._h-\ﬁ
= . s 1-0.61935!
O}— TR NI A RN S VEN SO S N R
0 20 40 60 80 100

"DISTANCE (km) FROM UPSTREAM

Fii. 4. Regression analysis of changes of SO, /CL ratio with distance (km) from upstream. | = inter-
cept.

Y = a+ bx

(8)
Where  Intercept = 0.619351
Slope = -2.65942E-3
Y = Ratio of SO, /CI'
X = Distance from upstream in km.

The gencral classification of the groundwater quality data for Al-Madinah Al-
Munawarah Region was carricd out using the Piper-diagram plot (Fig. 5). The water
quality, in general, is good and contains chloride and sulfates of Ca” " and Mg* " The -
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water of upstream and wadis away from the human habitants and barren region are

of good quality and usefu! for both residential and irrigation purposcs.
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Conclusion

The conclusions of this study can be summarized as follows :

1. The value of electrical conductivity increases with distance from upstream, in-
dicating poorer quality.

2. The ratio of SO, /Cl decreases with the distance from upstream.

3. The relationship of electrical conductivity with hydraulic gradient and the
number of joining tributaries is poor.

4. The quality of the water in the sampled wells in the Al-Madinah Al-Munawarah
region, at present, is of good quality and mainly chloride and sulfates of Ca™" and
Mg’

=

5. Various relationships developed can be utilized in determining the groundwa-
ter quality (upstream or downstream), if the quality at a certain well is known.
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