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ABSTRACT 

Major ion distribution maps are very common and they have been previously plotted 
for almost all of the Saudi Arabian aquifers. However, commonly, hydrochemical data is 
prone to instrumental and human errors. So it is very important to look for a consistent 
data set in analyzing an aquifer's hydrochemical setting. In order to get a consistent data 
out of a set for Khobar aquifer's chemical analyses data in Eastern Saudi Arabia, three 
successive screening steps were undertaken. The resultant data set is presented in isocons 
of major cations and anions. 

Major cations in Khobar aquifer show similar patterns. Although they differ in their 
magnitudes below the latitude 20° 30', all the three cations increase downstream (towards 
the Arabian Gulf). The distribution maps of the anions show big differences. Chloride has 
a more or less similar distribution pattern as sodium. Bicarbonate concentration is high in 
the Wadi Al Miyah and Hofuf areas; whereas sulfate shows a stream of low sulfate 
concentration (26° 30' 27° 00') area bordered by two high sulfate areas. 

Generally, Khobar aquifer water shows sulfate/sulfate-chloride type water in the 
upstream, evolving into chloride type water in the discharge area. There are interruptions 
of this general pattern which involve mixing of waters, cation exchange, and localized 
dissolution of, probably, disseminated sulfate minerals. Based on the trilinear plot, there 
are five hydrogeochemical facies in the Khobar aquifer. 
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MAJOR ION DISTRIBUTION IN KHOBAR AQUIFER, EASTERN SAUDI ARABIA 

1. INTRODUCTION 

Most of Saudi Arabian land is an arid desert; however, conspicuously, the aridity of the land is contrasted by the presence 
of vast aquifers of relatively good quality water. One such aquifer is the Khobar aquifer, which is present in the Eastern 
Saudi Arabia. The aquifer is dependable and relatively shallow [1]. Although the Khobar aquifer is no match for the underlying 
Umm Er Radhuma aquifer, its potentiality is undeniable. In short, Khobar aquifer, like many other aquifers in Saudi Arabia, 
is an asset for the future. For proper utilization of the aquifer's resources, a knowledge of its physical, chemical, and 
hydrogeochemical natures are absolutely indispensable. Understandably, most previous studies have focused on the hydraulic 
properties of the aquifer [2, 3] and less attention was given to the chemical and hydrogeochemical properties. Among the 
few researchers who have studied the chemical nature of the aquifer, Naimi [1] in a classic paper discussed the regional 
hydraulic characteristics and general water quality of the aquifer. Job [4] described, near Qatif, the mixing of lower-mineralized 
water from the south with a groundwater stream of highly mineralized waters from the north. Italconsult [5] in their final 
area IV report included hydrochemical distribution maps. 

The evaluation and exploitation of an aquifer needs an integrated study. Among other things, the hydrochemical evaluation 
of an aquifer is essential. It involves basically the studies of areal distribution, ionic strength, evolutionary sequence pattern, 
and saturation indices of the major ions and their compounds. Major ion distribution maps for all the major aquifers of the 
Kingdom of Saudi Arabia were prepared by the Ministry of water and agriculture. So Khobar aquifer and all the other 
Eastern Saudi Arabian aquifers are not new to such maps, however, factors such as human fault and difference in the 
employed laboratory methods could introduce errors. It is nearly impossible to get an error free data set, so the aim should 
be how to get a consistent data set. In this study three successive screening steps were undertaken in order to come up with 
a consistent data set. In addition, the kriging gridding method was employed to reduce further introduction of errors. 

The main objective of this study is to analyze the areal distribution of the major ions in Khobar aquifer in Eastern Saudi 
Arabia (Figure 1) and present them as isocon maps. The distribution maps presented here could serve as a base for further 
hydrochemical evaluations. It could serve also for generating a new random data set. 

2. GEOLOGY AND HYDROGEOLOGY 

The Eocene Dammam Formation in Eastern Saudi Arabia consists of five members (from top to bottom): Alat, Khobar, 
Alveolina Limestone, Midra, and Saila Shale members (Table 1). Alat and Khobar which are mainly carbonate members 
constitute aquifers of regional importance [6]. 

The Khobar Member is subdivided into two units, the lower and upper units. The lower unit consists of light gray to tan 
dolomitic marl, whereas the upper unit consists predominantly oflimestone with subordinate marly layers [7]. The Member 
conformably overlies the Alveolina Limestone Member and bounded at the top by the Alat Member (Table 1). It crops out 
at the south-southwest of Dhahran and on the 'Dammam Dome' around Dhahran (Figure 1). 

In the study area, the Khobar Member is karstfied and fissured, and provides water for domestic and agricultural purposes 
[8]. The aquifer is confined at the top by a lower marly unit of the Alat Member, and it is bounded at the bottom by a set of 
aquitards consisting of the lower three members of the Dammam Formation and the underlying Rus Formation. The aquifer's 
average depth below the ground level is 100 m with the maximum depth being 241 m at Ras Tanura and the minimum being 
zero near Dhahran [5, 9]. 

Khobar aquifer has a transmissivity of 7.06 x 10-3 2.9 X 10-1 m2/s and storativity value of 1.3 x 10-6 7.8 X 10-3 

[1,3,5]. The low storativity reflects the overall confined nature of the aquifer. 

3. HYDROCHEMICAL DATA 

The hydrogeochemical data used for this study were taken from the chemical analyses published by the Ministry of 
Agriculture and Water [10], and Groundwater Development Consultants [9]. The data consisted of 250 wells from MAW 
and 14 wells from GDC. 

Three successive steps were undertaken in order to get a relatively reliable data set. First, out of hundreds of data points 
the samples with less than 5% charge balance error were selected [11]. Secondly, the outliers which were most likely 
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resulted from an artifact were eliminated. Thirdly. the data were declustered by randomly picking up a representative 
sample from a specified grid (1.5 x 1.5 kIn). This method of screening has eliminated the scattered, isolated, and abnormally 
anomalous samples without destroying the overall variability of the data (Figure 2). 
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Figure 1. Location Map ofthe Study Area. 
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4. SPECIES DISTRIBUTION 

The nature, the presence, and the strength of an ion in an aquifer depends mainly on the aquifer's overall setup. Such 
factors include the aquifer host-rock, the type of the aquifer, the overlying and underlying rock units, the water residence 
time and finally the aquifer's groundwater evolutionary sequence pattern. Major ions could enter in an aquifer system in 
different ways and commonly they are the ones that characterize the geochemistry on an aquifer. 

Table 1. Generalized Lithostratigraphic Succession of the Study Area (Modified After [6]). 

AGE FORMATION MEMBER ROCK UNIT GENERALIZED THICKNESS HYDROGEOLOGIC 
LITHOLOGIC DESCRIPTION (m) UNIT 

Quaternary Surficial Gravel, Sand, and Silt 3 - 30 Variable productivity 
Deposits depending on 

recharge 

Hofuf Sandy marl and sandy 0-95 
limestone 

(L) Neogene Aquifer c 
(L) Dam Sandy marls, silty clays, and 0 lOO (Limited
ot) 

0 skeletal limestones productivity) 
(L) 

Z 
Hadrukh Silty marls and shales, sandy 0-90 

limestones 

Alat Limestone Skeletal detrital limestone 0-110 Aquifer 

Marl Dolomitic marls with 0- 35 Aquitard 
limestone intercalations 
(orange color) 
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.•.••••:>« ••··...i.:<>··. ...; ..; ... 

.... S friablelimes~()nes, . 
. .. 

(L) .... .. 

r: (L) S dolomiticJiiliestone 
... 

. .; .. 
c C\l •••< ••• : .. .......... : •.•••< 
(L) 0 
u 
0 Alveolina Limestones interbedded with 0 20 
~ Limestone shales and marls 

Midra and Blue and dark grey, fissile 0-20 
Saila shales shales with gypsiferous Aquitard

lenses 

Rus Chalky limestones; 20 llO 
anhydrite, dolomitic 
limestones & shales 

(L) 
c Umm Partially dolomitized chalky Average 320 Aquifer(L) 
u 

Er Radhuma limestones, detrital, skeletal 0 
(L)

-; limestoneQ.. 

Cretaceous Aruma Variocolored limestone, Poor Aquifer 
subordinate dolomite, and 
shale 
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Bicarbonate in groundwater is nonnally derived from a soil zone and from dissolution of calcite and dolomite. The 
availability of calcite and dolomite, and their rapid dissolution in contact with CO2 makes bicarbonate the dominant anion 
in recharge area. The most common sulfate-bearing minerals are gypsum and anhydrite which dissolve readily in the 
presence of water. Gypsum and anhydrite are more soluble than calcite and dolomite but less soluble than chloride-bearing 
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Figure 2. Location Map ofthe Water Samples and Traverses. 
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minerals. Chloride minerals of sedimentary origin dissolve readily in water. However, they are scarce in sedimentary basins. 
In clastic and carbonate rocks, chloride minerals occur in trace amounts, so chloride dissolution is mainly controlled by the 
process of diffusion. Generally, chloride is the predominant anion in deep groundwater and in discharge areas [11]. 

For the Khobar aquifer, the distributions of major ions are presented in isocon maps. 

4.1. Calcium 

There are two low calcium areas which are Wadi Al Miyah and Hofuf areas (Figure 3). In Wadi Al Miyah the calcium 
concentration is about 10 meq/l whereas calcium drops to less than 6 meq/1 around Hofuf. The calcium concentration is 
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Figure 3. Distribution Map ofCalcium in Khobar Aquifer, Eastern Saudi Arabia. 
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high from Ras Tanura on the north down to Dhahran and all along the southern coastal belt. Southwest of Hofuf shows a 
slfght increase in calcium, however, the southernmost part of the study area shows low calcium values which are increasing 
towards the Arabian Gulf coast. 

4.2. Magnesium 

Magnesium follows the distribution pattern of calcium (Figure 4). The lowest magnesium concentration (less than 
5 meq/l) occurs mainly in the south. However, towards the Arabian Gulf coastal belt the magnesium strength increases 
reaching more than 15 meq/l. Hofuf area has a relatively low magnesium. Also its magnesium concentration is lesser than 
its adjacent Abqaiq area. 

2400 
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Figure 4. Distribution Map ofMagnesium in Khobar Aquifer, Eastern Saudi Arabia. 
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4.3. Sodium 

Sodium is the most abundant cation in the Khobar aquifer. Its concentration varies from 5 meq/l to more than 80 meqll 
(Figure 5). In Wadi Al Miyah area it attains 15 meqll. South of this area, in Dhahran-Ras Tanura, a wedge of high sodium 
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Figure 5. Distribution Map ofSodium in Khobar Aquifer. Eastern Saudi Arabia. 
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concentration protrudes westward. South ofDhahran, along the Arabian Gulf coast, sodium increases tremendously seaward. 
Around Abqaiq and Hofuf, the concentration drops to about 10 meqll, reflecting a reasonably low sodium area. Southwest 
of Hofuf, in a localized area, the concentration reaches up to 40 meqll. The lowest sodium concentration is found in the 
extreme south of the study area. The distribution could be generalized into two low sodium areas which are Wadi Al Miyah 
and Hofuf area accompanied by high sodium concentration area along the southern coastal belt. 

4.4. Bicarbonate 

Khobar aquifer has an average bicarbonate concentration of 3.0 meqll (Figure 6). Bicarbonate is anomalously high in 
Wadi Al Miyah (north) and in Hofuf (south). The highest bicarbonate values of more than 5.0 meqll are located in Hofuf. 
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Figure 6. Distribution Map ofBicarbonate in Khobar Aquifer, Eastern Saudi Arabia. 
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Between the two high values there is an area of 3.0 meqll which extends towards the Arabian Gulf. The southernmost part 
of the study area in contrast with the north and center shows a decrease of bicarbonate concentration towards the sea. This 
is, most likely, due to the normal groundwater evolution. 

4.5. Sulfate 

Sulfate concentration varies from 6 meqll to 30 meqll (Figure 7). In the extreme north the concentration increases seaward. 
Below this area, from Wadi Al Miyah all the way to Jubayl, the sulfate concentration is low. This low sulfate tongue is 
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Figure 7. Distribution Map ofSulfate in Khobar Aquifer, Eastern Saudi Arabia. 
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bordered in the south, Dhahran area, by a very high sulfate area. Hofuf shows relatively low sulfate; however, the concentration 
increases tremendously towards the Arabian Gulf. Most of the Arabian Gulf coastal belt is characterized by high sulfate, 
with the exception of the area between Jubayl and Ras Tanura. 

4.6. Chloride 

The overall chloride distribution pattern in the Khobar aquifer is identical to the sodium distribution, however, there are 
areas where the two differ slightly, such as west of Dhahran (Figure 8). To the west of Dhahran the CIlNa ratio is more than 
1, indicating probably: 

34 
37 
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~ 

2400~__~____________~____________~__________~____ 
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~ Watarwall 

Figure 8. Distribution Map ofChloride in Khobar Aquifer, Eastern Saudi Arabia. 
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(1) The contribution of non NaCl salts to the system; 

(2) The loss of sodium to ion exchange. 

Around Wadi Al Miyah the chloride concentration varies from 15 to 20 meq/l. Chloride increases around Dhahran area 
reaching 50 meqll. In the southwest of Hofuf, the chloride concentration increases to a maximum of 40 meqll. Eastward 
along the Arabian Gulf coastal belt, chloride reaches its maximum value of 60 meqll. 

5. STATISTICAL ANALYSIS 

Sodium and chloride show identical statistics. They have a similar mean values as well as similar variability. The strong 
positive skewness suggests the abundance of the low concentration values over the high values (Figure 9). The slight 
difference between sodium and chloride distributions could be attributed to the susceptibility of sodium to ion exchange. 
The histograms of sodium and chloride could be divided into: (1) a major group (less than 40 meqll) which shows more or 
less a gaussian distribution; and (2) a minor group (more than 40 meqll) which shows a more random behavior. 

The histograms shapes for calcium, magnesium, and sulfate are similar (Figure 9). All the three histograms are unimodal 
and positively skewed. However, they differ in their mean, minimum, and maximum values (Table 2). Bicarbonate too is 
unimodal and positively skewed but it has a very small variance. 

6. SATURATION INDICES 

Saturation index is expressed as: 

lAP 
SI = log-

Kr ' 

where lAP is the ion activity product of the components of the solid or gaseous phase, and Kr is the solid or gaseous phase 
solubility equilibrium product at the specified temperature. The SI value indicates the departure from equilibrium, when it 
is not equal to zero. The solid or gaseous phase is undersaturated and has a thermodynamic potential to dissolve when the SI 
value is less than zero (i.e. negative). When it is greater than zero, the solid or gaseous phase is oversaturated and has the 
potential to precipitate or volatile. Sprinkle [12] mentioned the likeness of dissolution, although slow, when negative saturation 
indices are calculated. This indicates an association of undersaturation with mineral dissolution. However, oversaturation 
does not necessarily mean mineral precipitation. Drever [13] explained other factors such as mineral surface topography, 
surface poisoning, and nucleation energy that may inhibit the formation and growth of mineral. 

A non-generalized aqueous model (WATEQ version) [14] that employs the successive approximation approach is used 
for the hydrochemical eqUilibrium condition analysis. In this study, the Khobar aquifer saturation indices pattern is evaluated 
in five areal sectors: Wadi Al Miyah, Jubayl, Ras Tanura-Dhahran, Abqaiq, and Hofuf areas (Figure 2). Wadi Al Miyah is 
almost oversaturated with respect to calcite and dolomite except in wells 8 and 10 (Figure 10). Well 8 shows undersaturation 
with respect to dolomite and it is in equilibrium with respect to calcite. Well lOis undersaturated with respect to carbonate 
minerals (calcite and dolomite). In Wadi Al Miyah the aquifer is undersaturated with respect to gypsum. Jubayl area is 
oversaturated with respect to carbonate minerals and undersaturated with gypsum, however, well 16 is in a quasi-equilibrium 
condition with gypsum. The third area (Ras Tanura-Dhahran) shows persistent oversaturtion with respect to carbonates and 
undersaturation (with almost constant SI values) with respect to gypsum. There is only one well (well 22) where the dolomite 
saturation drops anomalously. Abqaiq area is characterized by undersaturation with respect to gypsum and oversaturation 
with respect to carbonates (calcite and dolomite). However, the overall carbonate oversaturation of this area is interrupted in 
wells 48 and 54. Hofuf area shows interestingly high variability in the saturation indices. Well 66 is the most undersaturated, 

Table 2. Statistical Parameters of Major Ions in Khobar Aquifer, Eastern Saudi Arabia. 

Parameter Ca Mg Na S04 Cl 

Mean (meqll) . 10.72 6.52 20.60 2.96 11.33 

Std. deviation (meqll) 5.08 3.60 14.12 0.75 6.64 16.73 

Minimum (meq/l) 1.00 0.40 3.70 0.80 4.70 3.60 

Maximum (meq/l) 31.50 23.10 76.30 6.60 45.80 101.60 

Skewness 1.88 2.31 2.31 0.92 2.95 2.50 
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Figure 9. Histograms of Major Ions in Khobar Aquifer, Eastern Saudi Arabia. 
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in the whole aquifer, with respect to the carbonate 
minerals. Similarly, well 70 is the most undersatu
rated with respect to gypsum, meanwhile it has the 
highest oversaturation values with respect to 
dolomite. 

7. HYDROGEOCHEMICAL FACIES 

The trilinear plot (Figure 11) of the Khobar 
aquifer depicts the presence of five hydrogeochem
ical facies (Figure 12): 

(1) Ca-S04Facies 

(2) Na-Ca-SOcCI Facies 

(3) Na-Ca-CI-S04Facies 

(4) Na-Ca-CI Facies 

(5) Na-CI Facies. 

The Ca-S04facies is present at the extreme south 
of the study area (Figure 12). In the trilinear diagram, 
more than 50% of the anions of this water type are 
sulfate and more than 40% of the cations are 
calcium. The second facies (Na-Ca-S04-CI facies) 
is somewhat similar to the third facies 
(Na-Ca-CI-S04facies). Their only differences lie 
on the S04: CI ratio. Combined the two facies make 
up the second largest facies and they occupy south 
of the latitude 25° 30'. The western portion (the 
extrapolated area) of the two facies are not reliable 
due to the lack of data points, however, the kriging 
method used by the contouring software made the 
best realization that could be approximated to the 
actual pattern. The (Na-Ca-CI) facies is the biggest 
facies and occupies almost 50% of the study area. 
Also most of the cities and heavily inhabited areas 
of the study area fall in this facies. Chloride is the 
dominant anion, whereas sodium and calcium with 
varying proportions make up the cations. The fifth 
facies (Na-Cl) occupies two distinct areas, 
Mid-north (Jubayl-Ras Tanura) and southeastern 
coastal belt. The two Na-CI facies are separated by 
a Na-Ca-CI facies tongue. 

8. 	 GROUNDWATER EVOLUTIONARY 
PATTERN 

Total dissolved solids and most of the major ions 
increase when groundwater moves along its flow 
path. Investigations [15,16] have shown that shallow 
ground-water in recharge areas is lower in TDS than 
deeper zone water in the same area; likewise the 
water in recharge areas (geochemically) is different 
than the water in discharge areas. 
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Figure 10, Calcite, Dolomite, and Gypsum Saturation Indices in Khobar 
Aquifer, Eastern Saudi Arabia. 
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Chebotarev [15] in a detailed investigation concluded that groundwater tends to evolve chemically towards the composition 
of sea-water. He indicated that the evolution was normally accompanied by regional change in the proportion of major 
anions along the flow path as shown below: 

Travel along flow path 

Increasing residence time 

~ + ~ 
CI 

CATIONS ANIONS 

Figure 11. Trilinear Diagram ofthe Water Samples. 
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Figure 12. Distribution ofthe Hydrogeochemical Facies. 

June 1998 The Arabian Journal for Science and Engineerinx. Volume 23. Number JC. 83 




Hassan M. Hassan 

Schoeller [16] referred to the above sequence as "Ignatovich and Souline Sequence" in recognition of the fact that two 
hydrogeologists in the former Soviet Union had developed similar generalization independent of the contributions by 
Chebotarev [11, 15]. 

Three parallel traverses (AA', BB', and ee') along the regional flow direction are selected. Due to the nature of the spatial 
data distribution, the traverses are not in an exact geometrical parallelism with the flow direction (Figure 2). The traverses 
are 60-80 kIn apart and 80-110 kIn long. 

8.1. Traverse AA' 

Chloride concentration seems constant with the exception of well 13 and well 16 (Figure 13). In well 13 chloride increases, 
similarly sulfate too increases. The only major cation which increases with chloride and sulfate is sodium. The reaction 
involved seems mixing of different watt:r. Around well 14 and well 15 (which is projected on the traverse) the water 
composition seems somewhat constant. In well 16 the rapid increase of sulfate accompanied by the calcium increase suggests, 
dilution with localized gypsum type water. Along this traverse there is no evident cation exchange. The drop of sodium 
accompanied with chloride drop and calcium increase at well 16 could not be attributed to cation exchange. The overall 
calcium and sulfate concentration, along the whole traverse, appears somewhat related. This suggests that although the 
aquifer skeleton is carbonate some disseminated evaporitic minerals have played a role in contributing to the calcium and 
sulfate concentrations. 

8.2. Traverse BB' 

Major anion evolution is evident along wells 56, 52, 50, and 48 (Figure 14). Sodium increases steadily whereas sulfate 
relatively decreases. This indicates, as shown on Figure 12, that S04-Cl facies water evolves and gives way to a CI facies 
water. The pattern is interrupted at well 43 where the Dammam Formation is exposed (Figure 1) or thinly covered. This 
leads to an interaction with surficial waters that could be affected by sabkha. The composition of well 35 and well 33 
follows the general trend of the flow path. Also, there is no cation exchange. 

8.3. Traverse CC' 

Along this traverse (Figure 15), the water evolves from S04-Cl facies to pure chloride facies. Sulfate and chloride have 
somewhat similar concentrations (less than 10 meq). In well 70 sodium is exchanged with divalent cations (Ca and Mg). 
Most likely this exchange takes place in subsurface argillaceous lenses. The rest of the profile shows a steady increase of 
chloride which becomes the dominant anion. 

9. CONCLUSIONS 

A statistically representative data set was produced from the original raw data by taking three successive screening steps. 
Major cations in the Khobar aquifer show a similar pattern. Although they differ in magnitude below the latitude 26° 30', all 
the three cations increase seaward (down stream). Above 26° 30' there is no clear increase of calcium and magnesium, while 
sodium slightly drops. The chloride distribution is more or less identical to sodium. Bicarbonate is high in Hofuf and Wadi 
AI-Miyah area. There is a stream of low sulfate (26° 30' - 27° 00') area bordered by two high sulfate areas. The statistics of 
the aquifer show positive skewnesses, indicating the prevalence of low concentration values over the higher ones. The 
aquifer is generally oversaturated with respect to carbonate minerals and undersaturated with respect to sulfate minerals. 

In the Wadi Al Miyah-Jubayl area (AA'), there is a mixing of water probably with localized gypsum type water. The 
Abqaiq-Dhahran flow path (BB') shows the evolution of S04- CI facies water into CI facies water. There is an interruption 
of the general pattern where the Dammam formation crops out or is thinly covered. Similarly, the Hofuf flow path (ee') 
shows groundwater evolution ( SO 4-CI ~CI ); it also shows an ion exchange, which involves the replacement of sodium by 
divalent cations (Ca and Mg). 
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Figure 13. Hydrogeochemical Traverse along Wadi Al Miyah-Jubayl Flow Path in the Khobar Aquifer 
(see Figure 2. for the Location ofthe Traverse). 
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Figure 14. Hydrogeochemical Traverse along Abqaiq-Dhahran Flow Path in the Khobar Aquifer 
(see Figure 2. for the Location of the Traverse), 
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Figure 15. Hydrogeochemical Traverse along Hofuf Flow Path in the Khobar Aquifer 

(see Figure 2. for the Location ofthe Traverse). 


June 1998 The Arabian Journal for Science and Engineering. Volume 23. Number 1C. 87 



Hassan M. Hassan 

REFERENCES 


[1] 	 A. I. Naimi, "The Groundwater of North Eastern Saudi Arabia", Fifth Arab Petrol. Congress, Cairo, Egypt, 1965. 

[2] 	 H. Yazicigil, R. I. AI-Layla, and R. L. Dejong, "Numerical Modeling of the Dammam Aquifer in Eastern Saudi Arabia", The 
Arabian Journal for Science and Engineering, 11(4) (1986), pp. 349-362. 

[3] 	 M. Rasheeduddin, "Numerical Modeling of Alat, Khobar and Umm Er Radhuma Aquifer Systems in Eastern Saudi Arabia", M.S. 
Thesis, King F ahd University ofPetroleum & Minerals, Dhahran, Saudi Arabia, 1988. 

[4] 	 C. Job, "Hydrochemical Investigations in the Areas ofAl Qatif and Al Hassa", in Quaternary Period in Saudi Arabia, vol. 1. Wein, 
New York: Springer-Verlag, 1978, pp. 93-119. 

[5] 	 Italconsult, "Water and Agricultural Development Studies for Area IV, Eastern Province, Saudi Arabia", Unpublished Report to the 
Ministry ofAgriculture and Water, Riyadh, Kingdom ofSaudi Arabia, 1969. 

[6] 	 R. W. Powers, L. F. Ramirez, C. D. Redmond, andE. L. Elberg, "Geology ofArabian Peninsula", Professional Paper 560-D, 1-147. 
New York: U.S. Geological Survey, 1966. 

[7] 	 S. S. AI-Sayyari and J. G. Zottle, Quaternary Period in Saudi Arabia, vol. 2. Wein, New York: Springer-Verlag, 1978. 

[8] 	 H. S. Edgell, "Geological Framework of Saudi Arabian Groundwater Resources", The First Saudi Symposium on Earth Sciences, 
special issue. Jeddah: Scientific Pub. Center, King Abdulaziz University, 1990, pp. 278-285. 

[9] 	 Groundwater Development Consultants (GDC), "Umm Er Radhuma Study: Bahrain Assignment", Demeter House, Report to Ministry 
ofAgriculture and Water, Riyadh, Kingdom ofSaudi Arabia, 1980. 

[10] Department of Water Resources Development, "Water Quality Data for the Period 1939-1970. Areas 4,5,6,7 & 9", Division of 
Water Research and Studies, DWRD, Ministry ofAgriculture and Water, Pub. No.2, vol. 2, 1984, pp. 5-79. 

[11] 	 R. A. Freeze and J. A. Cherry, Groundwater. Englewood Cliffs, New Jersey: Prentice-Hall, 1979,604 pp. 

[12] Craig L. Sprinkle, Geochemistry of the Floridan Aquifer System in Florida and Parts of Georgia, South Carolina and Atlanta, 
USGS Professional Paper 1403-/. Washington D.C.: USGS, 1989, 105 pp. 

[13] 	 J. I. Drever, The Geochemistry ofNatural Waters. Englewood Cliffs, New Jersey: Prentice-Hall Inc., 1982,388 pp. 

[14] 	 L. Rollins, Users Guide to DATAGENIPCWATEQ, A Software Manual. 215 Cedar Lane Woodland, Ca. 95695: Shado Ware, 1990. 

[15] 	 I. 1. Chebotarev, "Metamorphism of Natural Waters in the Crust of Weathering", Geochimica Cosmochimica Acta, 8 (1955), 
pp.22-48; 137-170; 198-212. 

[16] 	 H. Schoeller, "Arid Zone Hydrology: Recent Developments", UNESCO Rev. Reicardi, 1959, p. 12. 

Paper Received 20 October 1997; Revised 14 February 1998; Accepted 30 March 1998. 

88 The Arabian Journal for Science and Engineering, Volume 23, Number 1C. 	 June 1998 


