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4.1 Introduction 

The quality of ground water is of vital importance in 
arid and semi-arid areas where ground water forms the 

major'sources for municipal, agricultural and domestic 

water supplies. The quality of ground water in the 

area under study is of almost equal importance as the 

quantity. 

The study of water'' chemistry involves a'description of 
the occurrence of the various constituents in ground 
water and the relation of these constituents to the 
aquifer material since-the aquifer is the major source 
of solutes in water. The way in which solutes are taken 
up or precipitated, and the amounts present in solution 
in the ground water are influenced by several factors, 

especially the composition of water-bearing materials, 
biochemical activities associated with life cycles of plants 
animals, both microscopic and macroscopic and other 
environmental factors like climate, geological structure 
and position of. aquifers. 

Ground water quality data provides important clues to the 

geological conditions of the aquifer, water-rock inter- 

actions as well as giving indications of ground water 

recharge, discharge, movements, and storage. 

Field determinations of approximate chemical characters 
of water are often useful. These include determination 

of specific electrical conductance, simple chemical tests 

for chloride, hardness, and alkalinity, hydrogen ion 

activity (pH) and colorimetric determination of some 

constituents like nitrates. Physical measurements in the 

field are also useful such as water temperature, color, 
taste, clarity and odour However, field testing is 

inherently less accurate than work done in a laboratory. 
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The general chemical analysis of'ground water includes 

the determination of the concentrations of the major 
inorganic constituents dissolved in water. This includes 

the major cations, (positively charged ions) and anions 

(negatively charged ions) present in natural water. 
Biological analyses generally consist of tests in 

connection with water suitability for domestic use, 

pollution signs and bacterial population. The bacterial 

analysis generally consists of tests to detect the 

presence of the different colifovm organisms. However, 

some bacterial analysis is also useful for an understanding 

of the biochemical conditions in the thermal and mineral 

waters associated with economic mineral deposits. Dissolved 

gases like CO21 H2S and 02 are also reported in some 

ground water analysis together with some radionuclides.. 

Minor chemical constituents in ground water are useful for 

the study of tracer elements and for the understanding of 

solute sources. All the chemical constituents excluding 
IICO 30 C1-, S04 . Cat+, Mgt+, Na+ K+ and N03 are considered ., 
as minor in their occurrence due to their low concentration 
in relation to the other constituents dissolved in the 

natural water. 

4.2. Collection and analysis of water samples 

Ground water sampling technique is different from surface 

water sampling and far more important in the study of 

water chemistry in relation to the aquifer. With surface 

water sampling, location of sample and source can easily 
be defined while with ground water sampling the source of 

water could be from any of the different horizons 

penetrated by the same well. This makes ground water 

sampling more critical and could be a major source of 
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error in the whole process of obtaining water-quality 
information, especially when the sampling locations are 
limited to a few sites. The sampling of a major homo- 

geneous aquifer is a simple matter, and the sampling 
locations could be far apart. Because most water-bearing 

materials are not homogeneous horizontally and vertically, 

obtaining truly representative samples depends to a great 
degree upon the sampling technique. 

Ground-water sampling was carried out within the period 

of field work. Water was collected from various springs, 

and wells for detailed chemical analysis, and at the same 

time, temperature, pH and electrical conductivity of the 

water were measured at the site, as well as subsequently 
in the laboratory. Special samples were taken for 

determination of dissolved H2S and for bacterial counting 

from the Lower Fars aquifers. I12S sample bottles of 100 

ml. capacity were provided with a solution of 4 ml. 20 per- 

cent zinc acetate (Zn (CH3CO)2) and 1 ml sodium, hydroxide 

(NaOH). These absorbents prevented the escape of H2S 

from the water until the analysis was carried out in the 

laboratory. 

Polythene bottles of one litre capacity were used for 

sampling. The majority of these bottles are without 
internal sealing caps which has produced air bubbles that 

might have affected the stability of the carbon or 

bicarbonate in the sample and hence the pil of water. All 

the samples collected within the period of field work were 

analysed in the analytical laboratory of the Institute 

of Applied Research on Natural-Resources (IARNR) in Baghdad. 

The techniques used for water analysis are the standard 

methods of water analysis as specified by the American 

Public Health Association and others (1955). A total of 
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191 samples were collected from different wells, springs 
kahrez and water bodies. The locations of the sample 
points are shown in Figure 47. 

The distribution of the sampled points in the area were 
selected according to the field information. The northern 

parts of south Sinjar plain is relatively more populated 
than the southern Jezira and so is the density of wells. 
Not all the visited locations were sampled. At every new 
location, the water temperature, specific electric 

conductance and well depth were considered for the selection 

of a new sample. If the new location was similar to the 

preceding, the second area was considered identical and no 

sample taken. Similarly, a new sample was collected in 

case of any differences in the physical characteristics 
of water or if the distance from the preceding sample 
exceeds five kilometres. 

The details of chemical constituents and trace elements 
may differ in waters of similar temperature and specific 
electric conductance, but-the aim of this study was to 

understand the overall picture of ground water chemistry 
and to identify the different waters. Also the time and 
expenses allocated for this study did not allow for any 
further detailed sampling or analysis. 

In some locations two sampling points were selected from 

each of an adjacent pair of deep well and shallow hand dug 

wells. In other locations sample spacing was up to 30 km., 

especially in the absence-of wells or water sources. A 

net of sites was selected for a second sampling in order to 

study seasonal variations in water quality. Fifty two 

such samples were collected and analysed by the IARNR in 
March 1975. 

The analyses done by the Ingra Consulting Department was 
also used for this study; 37 analyses were used taken 
from 21 drilled wells, and in 16 wells two analyses are 

available. 
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The samples collected by the Ground Water Department in 

Mosul on the completion of each new well were analysed in 

private laboratories in Baghdad. 27 such analyses were 

used from the drilled wells in the area of study over a 

period of about ten years, 1965-1975. 

About 20 analyses of water taken from the Lower Fars 

formation were also used for, this study. These water 

samples were collected by the author for the study of the 

thermal and mineral water in relation to the economic 
sulphur deposits in the area. Some selected analyses 
were taken from the mine field of Mishraq sulphur mine 
together with the analyses of the river Tigris water 
flowing across the structure. All the analyses done 
in the laboratories include the. determination of the major 
elements in water together with its specific electric 

conductance, pH and physical properties. The major elements 

analysed in the laboratory includes the cations,, Ca2+, Mg2+ 

Na+, and K+ and the anions, HCO3 , Cl and SO4 ." 

4.3 Interpretation of ground water analysis data: 

All the available analyses including the new and old records 

were given equal value for the study of the source of 

mineralization and the classification of the different 

waters. The old records represent the results of analyses 

of waters collected at different times of the year over a 

period of about ten years-. These samples' collected within 

the period of field work represent the quality of water 

after the end of the wet season while most of the samples 

collected from the south Sinjar plain were taken within the 

period May to July 1974. They probably represent the 

water quality of the aquifer being recharged after the wet 

seasons of winter and spring. 
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Owing to the vast number at samples which need to be 

. studied in detail, the. Interpretation was helped by the 

use of a computer. A . detailed -program was prepared to 

cover all the aspects of ground water interpretation 

which would otherwise have been tedious. An attempt has 

been made to distinguish the waters type collected from 

all the sites accoriiing to the main water-bearing 

materials from which. they were derived. This. problem 

was approached on both a geological and computer basis 

and the . 
final 

. results were correlated . a. ccording to the 

different water facies,, developed over the area. 

Of, the 335 analyses . of. water samples in the, area, only 
10 analyses, -In which the cation-anion imbalance was 
greater than 10 percent,, were ignored. Five of the 
ignored analyses were.. from the results obtained-from the 
IAIWR, while 4 were provided. by the Ground 'Water 
Department and one from Msishraq sulphur mine. A total of 
104 analyses were available. for the concentration of 
nitrates in ground water, 53 of these were analysed by 

the IA1INIt, 37 by " Ingr. Consulting Department, and 14 by 

the Ground Water Department-In Mosul. 

The dissolved 1I2S gas and-free'C02 were determined for 

selected samples from over thirty locations in the Lower 

Fars formation. In some springs" located in the northern 

and eastern parts of the area, the total available bacteria 

and the organic matters in water were analysed by. the 
. 
IARNit. 

These results were used for the study of the origin of the 

thermal and mineral waters in the area. 

The-only available hydrochemical study covering the whole 

of south Sinjar plain was the work done by Ralph It. Parsons 

Co. (1954) in their detailed report- Although their detailed 

" chemical analyses were not available, the bydrochemical map 
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which shows the isoconcentration contours for the shallow 

and deep aquifers was reproduced as shown in Figure 48. 

This map was found very valuable for the comparison of 

water quality between the years of 1954 and the new 
analyses of 1974. 

t 

4.3.1. Computer interpretation *of water analyses: 

Two programs were devised by the author and a colleague 

from the Institute of Applied Research on Natural Resources, 
Mr Ramzi M. Haddad, to interpret and classify all the 

available water analyses from the area; both programs are 
listed in Appendix 3. The first program deals with the 

tabulation and interpretations, of the different constituents 
in water, while the second program deals with the classificat- 
ion of ground water according to the ratio of various 
determined constituents. The preparation and application of 

these programs are explained below. 

A The first computer program 

The imput data are the concentrations of cations and anions 
in milliequivalent per litre as supplied from the analytical 
laboratory. The output of the program consists of four 

tables: - 

1) Table 1, is the tabulation of 326 analyses. All the 
ion concentrations are in milliequivalent per litre. The 

sample number (SNO) does not have any relation to field or 
analysis number. The reference number (RI'NO) of each sample 
indicates its analysis number in the laboratory, the type of 

source of water and the water bearing materials were allocated 

numbers for each character as follows': Ex. RFNO. 10.25; 
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10 is the analysis number or the sample location number 
in the field. The number 2 indicates the source of water. 
It could be from 1 to 5 as follows: - 1= Hand dug well, 
2= Drilled well, 3= Spring, 4= Kahrez and 5= River. 
Number 5 indicates the water bearing material for which 
the following numbers were allocated: - 1= Alluvium 

aquifer and river water, 2= Upper Fars aquifer, 
3= Lower Fars aquifer, 4= Reworked Upper Fars and 
5= Mixed source and limestone aquifer. 

The number 0.0 under NO3 indicates that analyses for NO3 

were not carried out; the EC is the specific electric 

conductance measured in the laboratory in millimhos per 

centimeter at 25°C; CO2 is the free carbon dioxide gas 

measured from water in milligram per litre; pI1 is the 

hydrogen ion concentration measured in the laboratory; 

TEMP is the field temperature of water in degrees 

centigrade` "", 0.0 indicates that no measurement has been 

made; DATE is the data of analyses. In fact the 

analyses of water samples collected in the field were 

carried out within a period of about two months but 

the majority of the water samples were analysed in June 
1974, and March 1975. 

The sample numbers (SNO) 1 to 243, Figrre 48, were analysed 
by the IARNR, 191 of which were analysed in summer 1974 

and 52 in March 1975. Samples 244 to 280 are the analyses 

obtained from Ingra Consulting Department report. The 

reference number (RFNO) opposite these analyses indicate 

Ingra well number together with the type of water-bearing 

materials. Samples 281 to 307 are the analyses made by 

the Ground Water Department in Mosul. The reference 

number opposite these samples indicate the number used 

by the above Department for their own record. 
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Samples 308 to 325 are the analyses of the thermal 

and mineral water from the Lower Fars aquifers. The 

reference number given for these analyses will be 

discussed in the Hydrogeochemistry chapter. Sample 

number 326 is the average of 44 analyses of water 
taken from the River Tigris at Mishraq sulphur mine. 

2) Table 2 gives the cation concentrations in parts 

per million (PPM) and the percentage of each ion 

relative to the total cations in milliequivalent per litre. 

The total cations in milliequivalent per litre is shown 

under TOTAL CATION and the total soluble salt in water 
calculated from the result of analyses is shown under 
TSS in parts per million. 

3) Table 3 provides the anion concentrations in parts 

per million (PPM) together with the percentage of each 
ion relative to the total anions in milliequivalent per 
litre. The total cations in milliequivalent per litre 

is shown under TOTAL ANIONS and the imbalance between 

the total cations and total anions. is shown as percentage 

of error under % ERROR. The negative sign indicates that 

the total cations is less than the total anions. 

4) Table 4 is the ratio and ionic strength tabulated as 
follows: - 

TII is the total hardness calculated using the formula 

approved by the American Public Health Association 

(A. P. H. A., 1971) as shown in the statement 0034 of the 

program. All the ratios are in milliequivalent per litre. 

The ionic strength was calculated from the formula given 
by Hem (1970) as shown in the statement 0044 in the program. 
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The sodium adsorption ratio was calculated from the 
formula given by the U. S. Department of Agriculture 
Salinity Laboratory (1954) as stated in the statement 
0035 in the program. All the results are tabulated 

under SAR column. 

B Classification of ground water, second computer 

program: 

The data cards of the first computer program were used 

as input data for this second program. lt includes all 
the cations and anions expressed in milliequivalent per 
litre. Extensions of the concept of ion ratios to 

provide comprehensive classification of ground water over 
the whole area was made possible by the use of computer. 

The complete program and the output tables are shown in 

Appendix 3. The purpose of this program is the quantitative 

study of the relationship among ions in terms of mathematical 

ratios to establish chemical similarities among tbi 

different waters. Fixed rules regarding selection of the 

most significant values to compare by ratios cannot be 

given, but some knowledge as to the types of aquifers, 

source of ions and the chemical behavious of. water can aid 
in this selection. Water contamination with salt (sodium 

chloride) can be studied from the ratio of chloride to 

other ions. The predominant cations and anions in the 

Lower Fars water are different from the ions in the water 

of the Upper Fars or the alluvium. 

The logarithm to the base 10, is taken for each of the 

cations and anions and the ratios were calculated by 
dividing the values of logarithmsr. of each cation and 
anion. This is made to avoid dividing by zero which is 
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invalid in the computer. For this reason, all the values 
of cations and anions which are equal to zero (or not 
analysed) were given a value of 0.001. 

The result of each of the seven selected ratios shown in 

the program was given a number which indicates if it were 
less than one, one or more than one. The procedure used 
to combine the seven ratios together in one code or group 

number is as follows: - 

The results of the first ratio of Ca/Mg can be expressed 
as number 1,2 or 3 

1 indicates that the ratio is less than 1 
2 it it of It equal to 1 

3 of of of " more than 1 

The following six ratios were expressed by multiplying the 

allocated result by ten for each successive ratio, ' i. e. 
the second ratio of dig/ (Na+K) indicated by either 10 (if 

it were less than 1), 20 (if it were equal to one) or 30 

(if it were more than 1) and the third ratio of C«/(Na+K) 

indicated by 100,200 or 300. The final results of the 

seven ratios are then addsd to form the group number for the 

sample. 

The following example shows the procedure followed by the 

computer to name each sample: - 

The sample collected from Shaikh Ibrahim spring, SN. 50 

represents a typical example of Lower Fars water. The 

concentration of the cations and anions in this sample can 
be expressed in the following simplified way: - 

Ca> Mgý (Na + K) , SO4 > äC03) Cl 
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The results of the seven different ratios were interpreted 
by computer in the following sequence: - 

1 Ca/Mg =3 
2 Mg/(Na+K) 30 

3' Ca/(Na+K) 
: = 300 

4 (Na+K)/C1 = 2000 
5 C1/SO 10000 
6 S04/HCO3 = 300000 
7 C1/HCO 3 1000000 

Total 1312333 

The final group number given for this sample is the sum 
of the seven results. For this reason, the first number 
from the left in the code represents the seventh ratio and 
the seventh number represents the first ratio. The results 
of all the ratios and the group number are shown in Table 1 

of the second computer program. 

The final grouping of samples was made by correlating each 

of the group numbers through use of the second computer 

program. The similar groups were tabulated separately 

under Table 2A35then the average concentration of each of 
the cations and anions were tabulated opposite their group 

calculated in milliequivalent per litre and finally the 

average total dissolved salt were also tabulated under 
AV. TSS. 

P-957 
The final results which appear in Table 24represent 36 

different types of water. However, the main groups which 

represent most of the analyses are clearly identified. The 

minor groups represent waters in which slight deviation from 

the main group occur. This could either. be due to a sudden 

181. 
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change in lithology or due to natural chemical reaction 
which takes place in ground water e. g. oxidation, reduction 
or ionic exchange. 

Regrouping of the results providdd by the computer is 

made to combine the minor groups with the major ones. The 

different types of water which show great similarity in 

their ionic constituents are grouped together. This is 

made by taking into consideration the similarities in the 

ratios of main ionic constituents, sample location and, 

where known, the lithology of the water-bearing materials. 

The. final number of groups which represent different waters 
in the-area are shown in Table 12. Six main groups were 

clearly identified from the analyses. They are all shown 
in Table 12, as A, B, C, D, E and F, The groups A, B, C, 

and E represent waters from reworked Upper Fars, Lower 

Fars, Upper Fars and Alluvial aquifers respectively, while 
the groups D and F-represent mixed waters. The origin of 
ionic constituents, gas contents, temperature and pI1 of 

ground water, together with the classification of water into 

different facies will be discussed in detail later in this 

chapter. 

In general, the different groups of water can be represented 
in the same order as in the seven ratios used to identify each 

of them as follows: - 

1) Group A, Reworked Upper Fars Water (99 analyses): 
No. 3313313 

Ca> AIg ((Na+K)ý Cl . 
<S04 I1C03 

Ca> (Na+K) Cl) HCO3 
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Table 12: Computer grouping of groundwater analyses. 

Serial 
No. 

Group number Tötal 
No. 

Group Water 
Source 

Prominent Salt 
& Remarks 

1 3313313 57 "A RUF CaS04, NaCl 
2 1313333 48 B LF CaSO4 
3 3313333 37 C UF CaSO4, CaC12 
4 3313113 31 A RUF NaCl, Ca SO4 
5 3313111 22 D Mixed NaCl, Na2SO4 (B+C) 
6 1113333 15 E Alv. Ca (IIC03)2 
7 1312333 14 B LF CaSO4 
8 3331113. 8 F M NaCl, CaSO4 (B+E) 
9 3313131 8 C OF MgSO41NaCI 

10 3333113 8 F M NaCl 
11 3311333 6 C UF CaSO4, CaC12 
12 3313331 6 C OF MgC12 
13 1313111 6 D M CaSO4, Ca (HC03)2 

14 3331111 6 F M Na2SO4, NaCl (B+E) 
15 1122323 6 E Alv Ca(HCO3)2 

'16 3311313 5 A RUF CaSO4 
17 1311333 5 B LF CaSO4 
18 1313313 5 A RUF CaSO4 
19 1112333 4 E Alv. Ca (HCO 3)2 
20 3333111 3 D M NaCl (B+C) 

21 2313333 3 C OF CaSO4 
22 1113313 3 E Alv. Ca (HCO3)2 
23 3311331 3 C UF Mg S04 
24 3331331 3 F M MgC12 (B+E) 
25 1313113 2 D M Na2SO4 (B+C) 
26 3331313 2 F it CaC12 (B+E) 

27 3331112 1 F M NaCl (B+E) 

28 1133213 1 B DF Ca(11C03)2, NaHC03 

29 3331333 1 C UF CaCl2 

30 3133113 1 F M NaCl (B+E) 
31 3311113 1 A RUF Na2SO4, NaC1 

32 1111333 1 E Alv. Ca(HCO3)2 

33 1313131 1 B LF MgSO4 

34 1113331 1 E Alv. Mg(IICO 3)2 
35 1131313 1 A+, B M Ca (HCO3)2, CaCl2 

36 1133113 1 A+E M NaHCO3... 



N 

2) Group B, Lower Fars Water (69 analyses): No. 1313333 
183. 

Ca> Mg > (Na+K) > Cl < SO4 > 11C03 
Ca> (Na+K) Cl<HC03 

3) Group C, Upper Fars Water (64 analyses): No. 3313333 

Ca , Mg > (Na+K) > Cl < SO4 > HCO3 

Ca > (Na+K) 
, C1 > HCO3 

4) Group D, Mixed water of Lower and Upper Fars(33 analyses): 
No. 3313111 

Ca < Mg < (Na+K) > Cl < 304> HC03 
Ca ( (Na+K) Cl > HCO3 

5) Group E,. Alluvial water (29 analyses): No. 1113333 

' Ca> Mg > (Na+K) > C1 < SO4 < HCO3 
Ca > (Na+K) C1 (HCO3 

Far 
6) Group F, Mixed alluvial and Lower waters (29 analyses): 

No. 3331113 

Ca > Mg < (Na+K) > C1> SO 4> HCO 3 
Ca < (Na+K) C1> HCO3 

4.3.2. Hydrochemical facies based on computer interpretation: 

The classification of ground water into different facies is' 

shown in Figure 49.243 analyses representing the recent 
samples analysed by the Institute of Applied Research on 
Natural Resources for the years'1974 -1975 were used in this 

classification. The results of computer interpretation shown 
in Table 2P 

357 
Aof the second program were used in Figure 49 

after being finalized into six groups as in Table 12. 

The quality of water in the different facies reflects the 

lithology of the water-bearing materials. The facies of 
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the recent alluvial deposit (E) represent the distribution 

to the alluvium South of Jabal Sinjar. The facies of the 

Lower Fars formation (B) represents the extent of the 

formation over the area, while the extended tongues to the 

south represent the quality of water contributed from this 

formation. It mixes with the fresh water of the alluvial 

aquifer in the area between Balad Sinjar and the plunging 

zone of Sinjar anticline. This is represented by the 

facies F in Figure 49. 

The presence of the B facies in the middle of Al-Ajij basin, 

within the Upper Fars facies (where no Lower Fars exists) 

could be due to the removal of the impermeable horizons 

within the Upper Fars formation in this area. The drilling 

in many deep wells proves the presence of thick alluvial 
deposits in this'are a. It indicates the extensive erosion 

of the Upper Fars by channelling and the deposition of 
locally thick alluvium which could have caused the inter- 

connection between the Upper and Lower Fars and the mixing 

of their waters by leakage. The possible deposition of the 

erosional products of the Lower Fars formation from the 

central parts of. the Sinjar anticline in this area could also 

cause its water to be similar to the ground water of the 

Lower Fars formation. 

The area surrounding Sunaisala basin to the west indicates 

the presence of Lower Fars type. of water. The Lower Fars 

formation is exposed in this area over the hills marking the 

surface watershed. 

The ground water of facies C and A indicates the rough 

boundary between the Upper Fars and the reworked Upper Fars. 

The main difference in these waters is the excess salt 

(NaCl) in the shallow aquifers of the reworked Upper Fars. 

In fact most of the samples collected from the area of 
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f acies A were from shallow hand dug wells. For this reason, 
the deeper ground water could be similar to the surrounding 
fresher water of the. facies C of Upper Fars aquifer. This 

has been proved in the area of Ba'aj and Blaij where deeper 

water is fresher than the shallower one. The water of the 

area of Lower Fars Hills to the west of the river. Tigris 

shows some similarity with the reworked Upper Fars water. 
There is no indication of the existence of this material 
in thi$ area but the type of water here shows this" 

similarity due to the biochemical reaction which led to the 

reduction of sulphate and the domination of sodium and calcium 
bicarbonate. The detailed process concerning such change 

will be discussed in more detail in the next chapter. 

The presence of the facies F within the facies of C and B. 

of the Fars water indicates the mixing-of the two waters and 
the formation of different quality water. There is a strong 
indication of ionic exchange in this area which will be 

discussed in more detail in the next chapter. 

4.3.3. Hydrochemical facies based on Geological Interpretation: 

In most of the hand dug wells and the, deep drilled wells in 

the area under study, the water-bearing materials or aquifers 

are known, i. e. the lithology of the aquifer is known. In 

other deep wells however, the well penetrates several water 
bearing horizons having different lithology. In the 

vicinity of Sinjar anticline, the deep wells penetrate the 

alluvial and the Upper Fars aquifers, while further to the 

south near Blaij or Ba'aj, the deep wells penetrate both 

the reworked Upper Fars materials and the Upper Fars 

aquifers. 
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An attempt has been made to classify the ground water into 

different f acies on'the basis of geology, i. e. the 

lithology of the water-bearing materials. The source of 

water in such wells or springs is tabulated under RFNO in 

the first table of the first computer program (see 4.3.1). 

Five different sources of water were distinguished in the 

area. The main four are the Upper Fars, Lower Fars, 

Alluvial and reworked Upper Fars materials, while the 

fifth is the mixed type of water. All the different types 

of water are plotted on Figure 50 and a distinctive f acies 

was developed for each group of water. These groups are 

similar to the groups discussed under the previous 

classification with the exception of the mixed water. 

The main differences between the computer classification 
and the present geological classifi: ation can be seen by 

correlating Figures 49 and 50 as follows: - 

1) - the Upper Pars aquifer water extends further to 

the east of Al-Tharthar basin and to its central 

parts as in Figure 49 while it is limited to the 

western parts of Al-Tharthar basin in Figure 50. 

2) - no facies of the Upper Fars were distinguished 

over the Lower Fars facies on the hilly area of 

Lower Fars structures. 

3) - the zone of mixing (F) between the fresh alluvial 

aquifer water and the mineralized Lower Fars water 
is much smaller in Figure 50. 

4) - In Figure 50, the zone of mixing between the 

alluvial aquifer water and the Upper Fars water 
(Facies D) is partly represented by the facies (F) 
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of Figure 49. However, this facies does not 

represent the facies D of Figure 49. 

4.3.4. Classification of water based on Piper's trilinear 
diagram. 

Piper (1944) developed a graphical procedure which appears 
to be an effective method of segregating analytical data 
for the study of ground water quality with respect to 
sources of the dissolved constituents in waters, changes 
in water quality with flow and the related geochemical 
problems. 

The procedure is based on a multiplo-trilinear diagram as 
shown in Figure 51. The two trilinear fields to the left 

and right of the diamond-shaped field are for plotting the 

percentage of the sum of each cation and anion present in 

water calculated in milliequivalents per litre. The 
intervening diamond-shaped field is for general interpretat- 

ion of water quality. The position of the different types 

of waters in this field can be distinguished and classified 

according to the different subdivisions shown in Figure 51. 

The following explanation of each sub-division is based on 
Piper's work as follows: Area 1, alkaline earths, exceed 

alkalies; Area 2, alkalies exceed alkaline earths; 
Area 3, weak acids exceed strong acids; Area 4, strong 

acids exceed weak acids; Area 5, carbonate hardness 
("Secondary alkalinity") is dominant; Area 6, non-carbonate 
hardness (Secondary salinity") dominates; Area 7, non 

carbonate alkali ("Primary salinity") dominates; Area 8, 

carbonate alkali ("Primary alkalinity") dominates, and in 

Area 9, no one cation anion pair exceeds 50 per cent. 

This method has been used to interpret most of the analyses 
made for the study area. The diamond-shaped field illustrates 

and explains the following: - 
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1) - the correlation of the different waters of the Upper 
Fars aquifers and the water from the reworked Upper 
Fars materials 

2) - the correlation of waters from the deep aquifers with 
that taken from shallow aquifers, i. e. bore-holes 

waters and dug wells waters 
3) - indication of the different types of waters in the 

springs of the area 
4) - comparison of the fresh water taken from the alluvial 

squifers with the mineralized waters taken from the 
Lower Fars aquifers 

5) - changes of water quality with flow along several 
traverses across the area. 

The general correlation of waters from the dug wells and 
drilled wells is shown in Figure 52. The segre, ation of 
the majority of analyses of the dug well waters in the 

top right part of the diamond-Shaped field indicates its 

richness with CaSO4 and NaCl in comparison with the waters 

of the deep aquifers taken from the drilled wells. 

The relation between the different waters of the alluvial 

and Lower Fars aquifers is shown in Figure 53, where the 

gradual mineralization of the fresh alluvial aquifer is 

demonstrated by the direction of the arrow in the upper 
left area of the diamond-shaped field. This change is 

taking place due to dissolution as water flows across the 

aquifer. The highly mineralized waters of the Lower Fars 

aquifers indicate a gradual change towards decreasing 

mineralization after being saturated with sulphate. This 

could take place by. the biochemical reduction of sulphate 

and other constituents in water. 

The correlation of the waters of Upper Fars aquifers with 
those of the reworked Upper Fars materials is shown in 
Figure 54. Both of these waters occupy the same area, 
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Figure 54: Triliniear diagram of water samples from the 

Upper Fars (UF) and reworked Upper Fars (RUF) 
aquifers. 



195. 

classified by Piper where strong acids exceed the weak 

acids and the secondary salinity dominates; however, 

the majority of analyses taken from the reworked Upper 

Fars materials show higher percentage of dissolved CaSO4 

and NaCl in comparison with the analyses taken from the 

Upper Fars aquifers. 

The analyses of waters taken from the different springs 
in the area is represented in-Figure 55. The five separate 

groupings demonstrate the great difference in the quality 

of water of the alluvial aquifers and the Lower Fars 

aquifer, and also show the substantial variation in water 

quality of the Lower Fars aquifer at the different 

localities. 

The changes that take place in water quality in the 

direction of ground water flow for the deep and shallow 

aquifers are demonstrated in the diamond-shaped field. 

Several traverses are selected in the direction of ground 

water flow along the lines shown in Figure 47. In general, 

water gains mineralization, mainly sodium chloride and 

calcium sulphate, as it flows southward. This is 

demonstrated by the following traverses: - 

1) - lines AB and AC in Figure 56 represent waters from 
deep aquifers taken from the drilled wells shown in Figure 47. 
The changes in water mineralization, total dissolved salts 
(TDS) and the percentage of each ion is demonstrated by 
circles whose diameter represents the TDS in water. The 
direction of the arrow in Figure 56 is taken in the same 
direction as the ground water flow. 

The sodium adsorption ratio (SAR) of water was defined by the 
U. S. Department of Agriculture Salinity Laboratory (1954), 
as 

SAR = 
..... (Na}) 

. (Ca2+). +. (Mg2+) 

2 
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Where ion concentrations are expressed in milliequivalents 
per litre. The value of SAR is significant for irrigation 
water. The cation-exchange reactions in soil can be 
predicted from SAR. High values for SAR imply a hazard of 
sodium replacing adsorbed calcium and magnesium. The 
replacement is expected in areas where sodium chloride salt 
is rich in the aquifer materials (ex. reworked Upper Fars 
and Lower Fars) or when salt concentration increases in the 
shallow aquifer due to evapotranspiration. Therefore, the 
SAR index can indicate the changes in ground water quality. 
The distances covered by ground water flow are also shown 
in relation to SAR: 

The SAR of the different waters is shown along each traverse 
taken along the direction of ground water flow, and increases 
from less than 1 to 6 along the. line AB and to 9 along the 
line AC. 

2).. 7 lines DE and DF are located in the Tharthar basin and 
shown in Figure 57. The increase in water mineralization 
towards well 57 could be due to the mixing of the alluvial 
and the Lower Fars waters as demonstrated in Figure 49. The 
change of water quality towards calcium sulphate type of 
water is almost certainly due to mixing with Lower Fars type 
waters, though the changes in analyses 37 and 126 is towards 
sodium chloride rather than calcium sulphate type of water. 
This could be due to ionic exchange as demonstrated by the 
increase in the SAR in the same direction. 

3) - lines GH and GI in Figure 58 represent a classical 
example of ground water quality which has been affected by 
ionic exchange. The fresh water of Sinjar mountain area 
represented by analyses 22 and 24 changes in t'vo major 
directions affected by the aquifer lithology and the amount 
of mixing between the different waters. The-changes in the 
direction GI are due to the ionic exchange of calcium and 
magnesium by sodium, and are demonstrated by the increase in 
the SAR in analyses 26. While the changes in the direction 
Gil is due to the dissolution of calcium sulphate towards 
analyses 30. 

4) - line A' B' in Figure 59 represents waters from the 
shallow aquifers. The sudden increase in mineralization 
between location 23 and 237 is due to dissolution of 
gypsum from. the uppermost parts of the Upper Fars formation. 
The ionic exchange of calcium for sodium takes place in the 
southern direction as'water flows within the sodium chloride 
rich deposits of the reworked Upper Fars as shown by analyses 
34 and 103 and confirmed by the increase in the SAR in the 
same direction. 
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deep aquifers along the lines DE & DF 

compared with the sodium adsorption ratio (SAR). 
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Figure 59: Trilinear diagram of water from shallow aquifers 
along the line AB. Compared with its Sodium 
adsorption ratio (SAR). 
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5) - line C'D' in Figure 60 represents the changes which 
could take place when water from Al-Ajij basin flows 
towards Sunaisala basin. The major changes in water 
quality are the exchange of calcium sulphate by sodium 
chloride and the increase in the total mineralization of 
water. The ionic exchange represented by the increase of 
SAR from less than 1 to more than 60 takes place as 
water flows towards the salt playa of Sunaisal a. Evaporation 
could be the main reason for this increase in salinity. 

6) - line E'F!. in Figure 61 represents 
water flowing from Jabal Sinjar towards 
same trends of change are taking place 
aquifer along the traverse AC in Figure 
exception that the total mineralization 
shallow aquifer. 

shallow ground- 
the south. The 

as in the deep 
56 with the 
is higher in the 

7) --. line G'H' in Figure 62 represents the flow of shallow 
ground water towards Wadi Al-Tharthar. The mineralization 
increases in the direction of flow as water passes through 
the reworked Upper Fars materials. The significant increase 
in mineralization could be due to the concentration of 
water by evapotranspiration. The depth of water in the 
shallow aquifers in this region is less than 5 metres. 

4.3.5. Total'dissolved salts in ground water 

The concentration of the total dissolved salts in the 

shallow'and deep ground waters are shown in Figure 63. It 

was not possible to distinguish between the waters of the 

shallow and deeper aquifers over most of the studied area. 
The map representing the hydrochemistry of the area for 
July 1974 is shown in Figure 63 represented in grams per 
litre. The fresh water of the limestone and alluvial 
aquifers around Jabal Sinjar gradually become more saline 
as it flows towards the south. In some localities 

exceptionally high mineralization is due to the localisation 

of water-within lenses of sodium chloride or calcium 
sulphate rich materials of the reworked Upper Fars. 
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Figure 62: Trilinear diagram compared with sodium adsorption 

ratio along the line GIi. 
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In Wadi Al-Tharthar, the mineralization of water increases 

from less than 0.5 gm/l to over 5 gm/l as water flows from 

Jabal Sinjar towards the southeast. In Wadi Al-Ajij, the 

mineralization of ground water similarly increases towards 

the southwest as it flows towards Syria. While in Sunaisala 

basin, the increase in water salinity reaches a maximum in 

the central part of, the basin. It increases from about 
5 gm/l at the basin periphery, to over 100 gm/l in its centre. 
Thick deposition of sodium chloride salts is taking place in 

this basin due to evaporation. 

The distribution of fresh water of less than 1.0 gm/l total 
dissolved salts in tongue-like patterns confirms the general 
conclusions drawn from the maps of aquifer transmissibility, 

specific capacity, and hy. drochemical facies. 

4.4 Annual variations in ground water quality 

The analyses of ground water samples collected in the period 

of the field work and analysed in June, July and August 1974 

represent the period when the general ground-water-levels 
began to decline. The replenishment of ground water from 

the surface decreases in May and June and dimished 'in July 

each year. For this reason the map in Figure 63 represen- 
ting the hydrochemistry of ground water in July 1974 is 

thought to represent the end of the period of recharge to the 

aquifers. While the map in Figure 64, interpreted from the 

second set of samples represents the period when the rePlen- 
ishm. ent takes place in the wet season. However, March 1975 

cannot represent the period of minimum ground water levels 

in the aquifers. Some recharge had already reached the 

shallow aquifers in March but the total amount of replenish- 

ment took place in April and June due to the increase in 

precipitation and decrease in the soil moisture deficit. 
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In general the mineralization of ground water in July was 
found lower than in March in those drilled wells penetra- 
ting the deep aquifer, while. it is higher in the shallow 
aquifers. 

The following conclusions were drawn by, comparing the two 
maps of Figure 63 and 64. 

1) - it-was possible to draw isoconcentration contours 
for the deep aquifers in the period of March 1975. 
This shows that the deeper ground water is less 
mineralized than the shallow ground water. It 
ranges between less than 0.5 gm/litre near the 
mountain to over 3 gm/litre in the central parts of 
"Ajij basin. Also the changes in deep ground water 
mineralization is gradual and represented by smoother 
contours. 

2) * the extent of fresh water (less than 1 gm/litre'TDS) 
to the south of Jabal Sinjar is wider in July than 
in March 1975. This could be due to the delayed 
replenishment which is derived from the alluvial 
deposits over and around the mountain. 

3) - the mineralization of the shallow aquifer waters in 
Wadi Al-Ajij is lower in March 1975 than in July 1974. 
This indicates that recharge to the shallow aquifers 
can take place within one or two months of the rainy 
season. Also the mineralization of the shallow aquifers 
around Sunaisala basin. reflects the same picture. 

4) - the mineralization of ground water around the area of 
Jabal Zimbar and Tel Afar is lower in July 1974 than 
In March 1975 and could be due to the replenishment 
of aquifers towards the end of the wet season, April 
and May. 

The long term variation in ground water quality can be seen 
by comparing the mineralization of water sampled in the year 
1954 and represented in Figure 48 with that analysed in July 
1974 and March 1975. Though these are only few isoconcentrat- 

ion contours appear in Figure 48, there appears to be a 



210. 

tendency for an increase in mineralization of the shallow 

aquifers. This could be due to the increase in the number 

of drilled wells in the area which has led to higher 

abstraction and subsequently higher infiltration due to 
losses from irrigation water. The continuous evaporation 
from the shallow and surface water can increase the 

mineralization of the infiltrating water. 

4.5 Relation of specific conductance of water to total 

dissolved salts and other constituents: 

Specific electrical conductance (EC) is the conductance of 
a body of unit length and unit cross section at a specified 
temperature. The American Society for testing and Materials 

(1964, p. 383) has defined electrical conductivity of 
water as the "reciprocal of the resistance in ohms measured 
between opposite faces of a centimeter cube of an aqueous 
solution at a specified temperature". Because conductance 
is the reciprocal of resistance, the units in which specific 

conductance is reported are reciprocal ohms, or mhos. 

All the measurements made in the field for the specific 

conductance of water were reported in micromhos, All the 

measurements made in the laboratory for the analysed samples 

appear in Table 1 of the first computer program (Appendix 

3) under EC, reported in millimhos per centimeter. 

Pure liquid water has a very low EC, for the presence of 

charged ionic species in solution makes it conductive. The 

measurement of conductance provides some indication of ion 

concentration in water. 

The relationship between ionic concentration in water and 
its' conductance is fairly simple in dilute solution of 

single salts. But the complexity of ionic constituents in 

natural water make this relationship more complicated. 
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Since every different ionic constituent has different 

electrical charges,. their effect on specific conductance 

of water is directly related to the concentration of each 
ion. Furthermore, natural waters may contain a variety 

of both ionic and undissociated species, and the amounts 
and proportions of each may range widely. 

If 

Figure 65 is a plot of the TDS of the ground waters of 
the area against EC. Those points which do not lie on 
the mean curve are waters with dominating sodium chloride 
or calcium sulphate salts. For this reason, the dotted 
lines-are prepared separately to be used when the type of 
dominating salt in water is known. 

A reasonably well-defined relationship is indicated for 
the range; so that for any given conductance value the TDS 

can be estimated from the relationship: - KA =S where 
K is conductance in micromhos, S is dissolved solids in 

milligrams per litre, and A-the conversion factor. It is 

apparent from Figure 65 that the above relationship is 

valid and can provide a good estimation of the TDS from 

the measurement of conductance. 

For the analyses of natural waters given in this thesis, 

the range of A is about 0.56 to 0.98. The higher value 

of A is associated with waters high iii sulphate concent- 

ration while the low values are associated with waters 

high in sodium chloride. The values of A for waters 
dominated by sodium or sulphates are measured separately 

and tabulated as shown in Table 13 : below: - 

No. 
EC 

(micromhos/cm) 
TDS(ppm) 
S04-rich 

TDS(ppm) 
Na-rich 

A 
S04-rich 

A 
Na-rich 

1 500 430 280 0.86 0.56 

2 1,000 880 . 610 0.88 0.61 

3 3,000, 2,700 2,050 0.9 0.68 

4 5,000 4,550 3,550 . 914 0.71 
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No. 
EC 

(micromhos/cm) 
TDS(ppm) 
S04-rich 

TDS(ppm) 
Na-rich 

A 
S04-rich 

A 
Na-rich 

5 7,000 6,400 5,100 0.91 0.73 

6 10,000 9,300 7,600 0.93 0.76 

7 15,000 ' 14,300 12,000 0". 95 0.8 

8 50,000 49,000 44,000 0.98 0.88 

Table 13: Relation of water conductivity to total dissolved salts. 

Figure 66 shows the relationship of specific conductance to 

sulphate and chloride concentration for the same set of 

analyses used in Figure 65. A remarkable difference appears 
in Figure 66 between the relationship of sulphate and chloride 
to water conductance. These sources would be useful for 

estimating or extrapolating the ionic concentration in water 

when the general characteristics of the water are already 
known. Figure 67 shows the relationship of specific 

conductance to sodium concentration for the same set of 

analyses previously used. The general relationship is close 
to the relation of conductance and total dissolved solids. The 

slope of the straight portion of the curve extends to about 
8,000 micromhos conductance then decreases slightly up to 

11,000 micromhos. It tends to straighten again above 11,000. 

micromhos conductance, but with a more gentle slope. 

The measurements of specific conductance were corrected to 

a standard temperature of 25°C. The'response of the conductance 

value to temperature change is somewhat different for different 

salts and different concentrations, but in dilute solutions 
for most ions an increase of 1°C increases conductance by 

about 2 percent, Hem (1970). 

4.6 Relation of water quality to depth: 

The solubility of the different salts in ground water can 

be affected by the flow of water, its temperature, and the 
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presence of other d-issolved salts which may affect the 

mobility of the ions in water. The main control of total 

dissolved salts in ground water is the lithology of the 

water-bearing materials and the speed of ground-water flow. 

In most cases, the flow of ground water is slow in the 

deeper horizons compared with its flow at shallow levels. 

This is attributed to a decrease of hydraulic conductivity 

with depth and also the decrease of water circulation in 

the aquifer. The shallow aquifers receive more recharge 

of fresh water than deeper aquifers. The relation between 
flow and salt solubility is rather complicated, but it is 

generally agreed that the solution effect increase with time, 

i. e. solution effect of slowly moving ground water is higher 

than in the faster flowing water and hence its total dissolved 

salt content is expected to be higher. 

In the area under study, the lithology of the water bearing 

materials prove to be the major control on ground water 

quality. The mineralization of ground water may be increased 

or decreased in relation to depth. This is made clear by the 

examples shown in Table 14. In the first four locations, the 

mineralization of ground water decreases with depth. The 

high salinity of the shallow water may be due to one or more 

of the following factors: - 

1) - excessive evaporation in the soil and subsoil 
2) - localization of reworked materials rich in sodium 

chloride or calcium sulphate. Such areas like 
buried salt playas can locally carry waters of 
very high salinity though in most cases such areas 

are disconnected from the main aquifer. 

The waters compared in the first four locations were collected 
from drilled wells and nearby hand-dug wells. In examples 5 

and 6, water samples were collected from the same well at 
different depths. The samples were collected as drilling 

progressed, i. e. the second sample could be contaminated 
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with water from the first aquifer and so might the third 

sample. In these two localities, the salinity of ground- 
water increases with depth. The well at locality 5 
(Aldabona) penetrates thin alluvial deposits overlying the 

Lower Fars formation. The increase of water conductivity 
from 2700 micromhos per centimeter in the shallow aquifers 
to 69,615 micromhos per centimeter at 200 m. depth indicates 

the presence of halite within the Lower Fars formation. The 

well at locality 6 (Botha Al-Sharqiya) shows a gradual 
increase in the ground water mineralization. The first water- 
bearing horizon was located at 8 to 22 m. below surface. 
It represents the water of the reworked Upper Fars materials 
in which the total dissolved salts was 6306 ppm. The second 
water bearing materials were at a depth of 37 to 39 m. in 

which the water has 14,178 ppm. TDS, while the third water 
bearing materials were penetrated at a depth of 77 to 80 m. 

and the salinity of water in this horizon was found to be 

very high (27,210 ppm. TDS). 

In general, the mineralization of groundwater is found to 
increase or decrease in the different locations as follows: - 

1) - when the alluvial deposits overlie Upper Fars or Lower 
Fars aquifer, it usually carries fresher water, i. e. 
water mineralization increases with depth, e. g. recent 
alluvial aquifer south of Jabal Sinjar. 

2) - when the reworked Upper Fars materials overlies the 
Upper Fars aquifers, the salinity of ground water 
decreases with. depth. 

3) - the common situation with the Lower Fars aquifers is 
for increased mineralization with depth, with the 
exception of'areas where reduction is taking place. 
These will be discussed in the next chapter. 

4) - the mineralization of ground water in the Upper Fars 
aquifer generally increases with depth, especially if 
a connection exists with the underlying Lower Fars 
saline ground water. 
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4.7 Corrosion protection of well structures: 

Most natural waters are either corrosive or encrusting 

The two effects can occur together, but the rate at 

which they take place depends on several factors such 

as the pI1 of water, presence or absence of oxidation 

agents, flow of solutions over corroded areas, electric 

effects, formation of coating films or protective 
deposits and temperature of the corrosive reaction. 

For a detailed understanding of the fundamental conditions 

under which corrosion occurs,. the reader is referred to 

Johnson-UQP (1972). The ground water of the Pars aquifer 
is mineralized over most of the area and it is known that 

dissolved minerals in ground water increase its electrical 

conductivity. The chance of corrosion damage to the well 

structure is greater where the ground water carries large 

amounts of minerals in solution. Wells of 1000 to 5,000 

ppm, TDS should be protected by anti-corrosive devices. 

Particular attention should be given to wells with salinity 

of 2500-5,000 ppm. 

Cathodes and anodes are used to develop galvanic members 

in some of the wells drilled and constructed by Ingra 

Consulting Department. Zinc and Magnesium electrodes 

are set into the wells. These electrodes have very 

high electro-chemical potential. Their electrochemical 

potential is more negative than the potential of the 

well metallic construction. Such electrodes play the 

role of anodes with themselves'dissolving (wearing out) 

instead of the metal of well pipe and pump The life 

time of the electrodes depend on their mass and on 

ground water salinity. 
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For screen protection, magnesium electrodes, 60 mm in 

diameter and 1m long have been used in some wells drilled 

by Ingra Consulting Department. The pumps and pumping 
tubing are protected with zinc-electrodes of section 
45 mm x 13 mm and 1.5 m long. They contain 99.99% zinc, 

while the composition of the magnesium-electrode is 

90.8% Mg, 5.8% Al, 3.1% zinc and 0.3% of other impurities. 

The efficiency of the anticorrosive protection can be 

tested by measuring the self-potential of the metallic 
structure with respect of Cu/CuSO4 electrodes. The 

metallic structure of the well is protected when the 

electrical potential is equal to or higher than 850 mv. 

None of the wells constructed by the Groundwater Department 

of Mosul are protected from corrosion, even though they 

penetrate aquifers with mineralized, corrosive water. 
Furthermore, the well screen is not galvanized. The type 

of casing used in all these wells is ordinary mild steel 
as shown in Plate 11. This has led to very fast deterioration 

of the well screen and pump tubing due to corrosion. In wells 
penetrating the Lower Fars aquifers, the well screen has to 
be changed every year, e. g. Al-Dirnaj, SN 36, with TDS= 4070 

ppm; in others casing was maintained or changed every two 

years. Cathodic protection may last for an average of 10 
to 15 years in such areas. 

In some areas of saline ground water, with prominent NaCl 

salt, encrustation is the major problem. In areas like 
Sibayat Harrosh (SN. 46) and Al-ßashidia (SN. 67) where TDS 
is about 2100 ppm, NaCl was deposited in the pumping! tubing 

and the well efficiency is very low. Clogging of screen 
perforations by encrustation is probably the main reason 
for the decrease in yield with time in such areas. 



CHAPTER FIVE 

HYDROGEOCHFMISTRY 

4 

5.1 Chemical characteristics of water in relation 
to source 
5.1.1 Sulphate reduction and sulphur deposition 

in the Lower Fars formation 
5.1.2 Thermal and mineral water 

5.2 Ionic exchange 

5.3 Nitrate concentration and pollution signs 

5.4 Conclusions on water quality and use 

221. 

6 

9 



222. 

5.1 Chemical characteristics of water in relation to 

source 

The lithology and texture of the water bearing materials 
play the most significant role in controlling the different 
types of chemical reactions responsible for composition of 
natural water. The lithology of the different water bearing 

materials was discussed under Geology in Chapter 2. The 

constituents of natural water most likely to be derived 
directly from solution of minerals in rocks and in soil are 
dissolved cations and silica. Although cations-anions 
balance must be maintained in all solutions, the anions may 
be derived in large parts from nonlithologic sources. For 

example, the bicarbonate present in most water is derived 

mostly from carbon-dioxide that has been extracted from 

the air and liberated in the soil through biochemical 

activity. Halite is the main source of chloride, while 
gypsum and anhydrite are the main source of sulphate. 

The presence of several aquifers in-the area under study, 
and the interconnection of ground waters by leakage, makes 
the relationship between mineral composition of ground 
water and that of. aquifers rather complicated. The source 
of the main ionic constituents'of the ground waters 
analysed and classified in the last Chapter is explained 
in. brief herein. For detailed understanding of major and 
minor elements contained in natural waters, the reader is 

referred to Hem (1970). 

Calcium 

Calcium is the principal cation in the alluvial and Fars 

aquifers. The most common forms of calcium in the area 
under study are carbonates. The alluvial deposits over 
and around Sinjar anticline are mainly limestones with 
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some sands and clay. The presence of thin beds of lime- 

stone within the Upper Fars and thick beds within the 

Lower Fars formations provides the main source of 

calcium in ground waters of these formations. However, 

gypsum and anhydrite provide the main source of calcium 
in waters located in aquifers of the Lower Fars formation. 

Limestone consists mostly of calcite with admixtures of 

magnesium and other impurities. The usual dissolved 

form of calcium can be represented as the ion Ca+2. The 

ion pairs CaHCO3 can exist in waters with bicarbonate 

concentration near 1000 mg/1 (Greenwald, 1941), while 
in solutions where sulphate concentrations exceed 1,000 

mg/1, more than half the calcium could be present in the 

form of the CaSO4 ion pair. Both generalizations assume 

calcium concentration is small compared with the bicarbon- 

ate or sulphate contents. 

It is apparent from the classification of ground water 
discussed in the last chapter that the calcium is the 

dominating cation in the waters of the reworked Upper 

Fars, Lower Fars, Upper Fars and alluvial aquifers. While 

it is dominated by sodium and potassium in the mixed 

waters of groups D and F (see Figures 50 and 51). The 

average contents of calcium in each group is shown in 

Table, 2 of the second computer program (see Appendix 3), P357 

Magnesium 

The predominant ionic form of magnesium in natural water 
is Mg+2. The ion pair MgSO4 (aq) has about the same 

solubility as the species CaSO4 (aq), and magnesium 

complexes with carbonates or bicarbonate have approximately 
the same stability as the similar species of calcium. The 

sulphate and bicarbonate ion pairs are significant only 

when the solution contains more than 1,000 mg/l of sulphate 
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or bicarbonate. The waters of the Fars and reworked 
Upper Fars aquifers contain over 1000mg/l sulphate, 

while the alluvial and mixed water contain less than 

1,000 mg/1 sulphates. None of the waters analysed 

shows over 1,000 mg/l bicarbonate contents. 

e 

The average magnesium contents in the different groups 

of waters is shown . in Table 2 of the second computer 

program (see Appendix 3). The magnesium contents in 

waters of Upper Fars, Lower Fars and alluvial aquifer 
is higher than the sodium and potassium while it is 

lower in the reworked Upper fars, and mixed waters. This 

is due to the presence of thick dolomite in: the Lower 

Fars formation and a considerable quantity of magnesium 
in the limestone and dolomitic limestones of the Upper 

Fars formation and alluvial deposits which are derived 

from these rocks. 

Sodium and Potassium 

Owing to the low concentration of potassium in most natural 

waters and to the similarity with sodium in its ionic 

behaviour, potassium is added to sodium for the correlation 

and classification of ground waters of the area under 

study. However, the potassium ion is substantially larger 

than the sodium ions, sodium is the most abundant member 

of the alkali-metal group present in natural water. The 

highest concentration of sodium is found in the brines 

associated with the halite beds within the Lower Fars 

formation. In one abandoned well drilled by Ingra Consult- 

ing Department in the town of Hadhr, the total dissolved 

salts was found equal to 305,200 mg/i. This water contains 
173,200 mg/l chloride, 1272 mg/l sulphate and 412 mg/l 

nitrates. The other constituents were not analysed but 

sodium concentration in this sample is expected to be equal 
to or not less than 120,, 000 mg/1. 

1 

6 
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The maximum concentration of sodium analysed from water 

of the reworked Upper Pars on the periphery of Sunaisala 

salt playa was 10,580 mg/1 (analysis No. 149 in Table 2 

of the first computer program). The maximum concentration 

of sodium analysed by the Ground Water Department was 

analysis No. 303 of Table 2'with Na+ = 15,106 mg/1. This 

water was taken from a borehole drilled in the Lower Fars 

formation in the village of Al-Dabbora. 

The concentration of sodium and potassium is predominant 
in group D and F of the mixed type of'water covering the 

area shown in Figures 50 and 51, whereas calcium or 

magnesium dominate in the other groups of water. The 

primary source of sodium in ground water is from the 

soluble sodium chloride salt. Lower Fars formation 

provides the richest halite beds in the area, where the 

sodium chloride present in the Upper Fars and reworked 
Upper Fars materials are depositional products of evapo- 
transpiration in the shallow aquifers or direct evapo- 
ration from ground surface as in Sunaisala salt playa. 

Alkalinity 

Alkalinity is the capacity of a solution to neutralize 
'acid. It may be reported in terms of an equivalent quantity 

of calcium carbonate. It most natural waters, the alkalinity 
is practically all produced by dissolved carbonate and 
bicarbonate ions. Therefore it is useful to express the 

results of the concentrations of bicarbonate and carbonate 
determined as alkalinity. The dissociation of bicarbonate 
to. carbonate ions is effectively large above a pH of 8.2. 

Below this value all carbonate ions add hydrogen to become 

bicarbonates. The pH of ground water determined in the 

field and the laboratory does not exceed 8.2 except in 

the results of the old analyses made by Ingra and Ground 

Water Departments. 
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Therefore, the carbonate in ground water is not determined. 

The bicarbonate contents in all the water samples are 

expressed as HC03 in Table 1 of the first computer 

program. The average value of bicarbonate content in 

each of the different groups of waters is shown in Table 

2 of the second computer program. The maximum concentrat- 
ion of HCO3 in ground water of the area is 14.25 meq/1 
determined from the waters of the Mishraq sulphur Structure 
(SN. 312 & 315 in Table 1,1st computer program). However, 

exceptionally high bicarbonate in such areas is due to the 

biochemical reduction of sulphate in the thermal aquifers 

of the Lower Fars formation. 

Chloride 

Chlorine is the most important and most widely distributed 

of the halogens in natural water. It is present as chloride 
ion, Cl_; the most important source of chloride being the 

evaporites of the Lower Pars formation. Chloride is mainly 

present either'as sodium chloride crystals in rocks or as a 

solution of sodium and chloride ions. The average concent- 

ration of chloride in the different groups of ground water 

of the area under study is shown in Table 2 of the second 

computer program. 

Generally speaking, chloride concentration is lower than 

sulphate. in most of the ground water groups except group 
F of the mixed water where chloride is greater than the 

sulphate concentration. The concentration of chloride is 

higher than the bicarbonates in waters of the reworked 
Upper Fars and the mixed water of groups D and F, while it 

is lower" than the bicarbonates in the water of the Lower 

Fars formation and the alluvial aquifers. 
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The high concentration of chloride in the shallor' aquifers 
is mainly. due to the evaporation from the capillary zone of 
the subsoil. 

Sulphates : 

The anion sulphate (S042) is the fully oxidized form of the 

element sulphur. The most extensive and important source 
of sulphate are evaporite sediments. Calcium sulphate as 
gypsum (CaSO4,211 20), or anhydrite (CaSO4) makes up a 
considerable part of the Lower Fars formation and the 

reworked Upper Fars. The concentration of sulphate ion 
in ground waters of the reworked Upper Fars, Lower Fars and 
Upper Fars aquifers and group D of the mixed water is 
higher than the other anions. It is lower than the other 
anions in the alluvial aquifers waters and group F of the 

mixed water. 

The solubility of calcium sulphate in pure water decreases 

with an increase of temperature, and the solubility of the 

most common sulphates in pure water are shown below: - 

MgSO4 260 gram/litre at 0°C° 
738 gram/litre at 100 C 

K2SO4 68.5 gram/litre at 0°C 
120 gram/litre at 250C 

CaSO4 2.09 gram/litre at 30°C° 
1.619 gram/litre at 100 C 

The presence of different dissolved salts in water affects 
the solubility and saturation point of each element. Sulphate 

concentration in ground waters of the area under study is 

generally higher than 1000 mg/1. The maximum concentration 
of sulphate found is the area of Ksaibiya, on the periphery 
of Sunaisala salt playa (SN. 149) where SO42 = 9927.8 mg/1. 
This water sample was collected from a shallow hand dug well 
in which the static water level is about 3 metres below 

ground surface. The high concentration of sulphate and other 
salts in this area is considered to be due to evaporation. 
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The composition of the soil covering most of the area 

surrounding the anticlines and over Hadhr plateau is 

mainly. gypsiferous (see Figure 10). and infiltration of 

rainfall through such soil can dissolve substantial 

amounts of gypsum. This usually produces higher 

concentrations of sulphate in the shallow aquifers, 

particularly over the reworked Upper Fars materials. 

Almost all waters associated with the gypsum and 

anhydrite of the Lower Fars formation are saturated with 

respect to sulphates. The fibrous gypsum of the Lower 

Fars formation exposed in most of the western Tigris 

structures (Plate 12) is readily soluble in water. The 

majority of the massive gypsum have suffered recrystal- 
ization whereby macrocrystalline gypsum is developed as 

shown in Plate 13. 

Total Hardness: 

The total hardness of ground water calculated as CaCO3 

is tabulated under TH in Table 4 of the first computer 

program. This hardness as CaCO3 can also be referred to 

as "calcium + magnesium hardness" or "total hardness". 
It is computed by multiplying the sum of milliequivalents 
per litre of calcium and magnesium by 50 and is principally 
due to the solution of calcium and magnesium in water. 

The enrichment of the alluvial deposits with calcium 
carbonates and limestone boulders, and the presence of 

soluble evaporites of gypsum and anhydrite in the Lower 

Fars formation, provide good sources for hardness in 

waters of the study area. Magnesium carbonate present 
in the dolomite and dolomitic limestone of the Lower 

Fars formation is the main source for magnesium in ground 

water. Calcium and magnesium are both relatively insoluble 
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solubility in natural waters. The most common source 

of hydrogen in water is dissociation of carbonic acid 

(112C03) . The following reaction explains the process of 

its formation: - 

CO2 + Ii20 H2Co3* H+ HC03 

irc03 -ý} H+ + C03_ 

C aC03 + H+ C a2+ + HCO 3 

This dissociation cannot continue unless CO2 is removed 
from the system. If CO2 is in abundance., as is the case 

of alluvial water or Lower Fars reduced ground water, the 

dissociation will proceed only as far as the bicarbonate 

stage. If the pH is increased, then the ratio of carbonate 
(C03-) to bicarbonate (HCO3) ions increases and calcium 

carbonate may be precipitated. In general the total hardness 

in the area of study is very high in the ground water of 
the Lower Pars aquifers, up to 11,584 in SNO. 303, and relatively 
low, being as low as 170.134 in SNO. 23 in the ground water 

of the alluvial aquifers. 

Hydrogen ion concentration (pll) 

The abbreviation 'pH' represents the negative base -10 
logarithm of the hydrogen-ion activity in moles per litre. 

Pure water can be dissociated into 11 and 011 -. At neutrality, 
[II+] _ [0I1] and pI1 = 7.00 at 25°C. The p1I of natural water 
is related to the type of reactions which occur in water among 

solute, solid and gaseous or other liquid species. The 

dissociation equilibrium and nonequilibrium reactions involve 

hydrogen ions. 

The most important reaction in establishing pII in natural 

water is the solution of carbon dioxide in water. The first 



230. 

and second reactions shown under "Total Hardness" produce 

H+ and influences the pII of water. Other reactions 
involving dissociation of-acidic solutes or hydrolysis 

reactions can influence or indeed are influenced by pH. 

One of the important reactions which takes-place in the 

Lower Fars aquifer under reducing. conditions is: - 

I12S (aq) = I1S + H+ 

and 
HSO4 = SO-2 + H+ 

These reactions explain the low pH of the Lower Fars 

aquifer water present under reducing conditions. The pH 

values of ground water in the area of study were measured 
in 'the field at the time of sampling as well as in the 

laboratory for 62 water samples. All the results are 

plotted in Figure 68. It. is apparent from this figure 

that the measurements of pH made in the laboratory are 
higher than the 'field results for the samples with values 

of pH less than 7.6. The difference in measurements is 

about half a unit in water samples with pH value of 7.0, 

decreasing gradually as the p11 increases. The p11 measurements 

of the samples with values greater than 7.6 seem to produce 
higher results ih the field than in the laboratory, though 

only three samples show this variation. 

The main reason for the difference in the results of pII 

measurements in the field and the- laboratory is probably 
due to the escape of CO2 gas from the water sample in the 

period between sampling and analysis. The water sample 
bottles were not tightly closed, they have no inner seals 

and the escape of gases from the sample bottle is particularly 
likely when the sample temperature increases. The average 
air temperature, which reaches up to 40°C, is about 15°C 

higher than the ground water temperature. The increase 

in the sample water temperature can cause the escape of 

most of the dissolved gases in water. 

k 
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5.1.1. Sulphate reduction and sulphur deposition in the 

Lower Fars formation. 

Economic sulfur deposits were found recently in anticlinal 

structures in northern Iraq. The largest deposits were 
found in the Mishraq anticline (Figure 13), in which the 

deposits, consisting of limestone and'elemental sulfur 
in bedded anhydrite and gypsum, are geologically similar 
to elemental sulfur deposits in Sicily, Poland, the U. S. S. R. 

and the United States. 

In the area of the Lower Fars structures, ground water 

and gases were collected from sulfur-bearing anticlines 

and-springs and were analyzed for their mineral and 
hydrocarbon contents as well as for concentrations of 

sulfate-reducing bacteria; the temperatures of these 

waters were also recorded. These data were correlated 

with the lithology of the strailgraphic units and with 
the intensity of biological' activity. Field and 
laboratory evidence suggests that sulfate reduction and 

simultaneous oxidation of hydrocarbons, mainly gases, is 

taking place at different depths, dependent upon the 

physical conditions toniroIIing metabolism of anaerobic 
bacteria. 

Gas samples analyzed at various times before and after 

sulfur mining in the Mishraq district demonstrate the 

effect of increases in temperature on bacterial activity. 
The sulfate-reducing bacteria, Desulfovibrio"desulfuricans, 

were identified in most of the springs and wells that were 

sampled and proved to be the most important agent in the 

oxidation of hydrocarbons and the reduction of sulphate 
both necessary processes for the generation of sulphur 
deposits. Minable deposits of sulphur occur where the 

temperatures required for bacterial metabolism exist. 
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The lower part of the Lower Fars formation is the sulphur 

bearing productive series, in which sulphur deposits are 

mainly localized in three horizons, each about 30 m thick. 

These deposits are located in the top, middle and bottom 

of the productive series. They are separated by silty 

marls and shale beds. The uppermost horizon is considered 

of lesser economic importance than the lower two, Plate 14. 

Present mining in Mishraq is from the second and third 

zones only, and the average sulphur content in some parts 

of the commercial zones is more than 25 percent . Rich 

sulphur deposits are found in the jointed and faulted 

zones of the structure, Plate 15. Pure sulphur was found 

to occur in the following three forms: orthorhombic 
bipyramidal crystals varying in size from a few millimetres 
to a few centimetres, Plate 15, cryptocrystalline form, 

Sulphur crystals associated with radiating forms of 

secondary crystalline calcite are also common . Calcite 

is found in association with sulphur in the form 
, 
of 

rhombohedron cyrstals enclosing sulphur crystals and 
filling cavities and fractures in the cavernous bituminous 

limestones. Interbedded crystalline sulphur and calcite 
is very common in limestone, shale, marls, and clays. The 

alteration of gypsum into sulphur and calcite is shown 
in Plate 17. 

5.1.1. i. Ground water distribution in the sulphur- 

anticlines: 

The. Lower Fars formation is karstified, so most ground 

water is in cavities, caves, channels, and joints within 
the limestone. Some water is found in the sandstone beds 

and in. fractured claystone. The bulk of ground water is 

k 
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in the productive series, in which most of the ground water 
is flowing within'the secondary limestone beds. The crests 

of the anticlines were-highly fractured and jointed, 
. 

creating passages for water from one horizon to another in 

the productive series. The sedimentary limestone and an- 
hydrite are less important aquifers as their permeability 
is low. 

The replenishment of aquifers takes place through exposed, 
jointed, permeable beds of limesjone and sandstone or via 

cavities and sinkholes in the north-western part of the 

area. Some supply comes also from the overlying permeable 
Upper Fars formation where the higher region has a greater 

rainfall (350-400 mm per annum, Figure 5) than that farther 

south. Some supply comes locally from the Euphrates 
Limestone where connecting faults and joints are present. 

The general pattern of ground-water, flow was inferred from 

water-level data derived from existing wells and springs, 

and the ground-water flow system in the economically 
important Mishraq structure was studied in detail. It was 
found that the movement of ground water, although in 

fractures and cavities, is greatest in strongly faulted 

and jointed anticlines. The complicated system of inter- 

connected openings has been amplified by the alteration 
of anhydrite and gypsum to calcite, aragonite, and sulphur, 

producing an assemblage of reduced molecular volume. In 

general, the dominant pattern of ground water flow follows 

the topography, toward the southeast, and discharges into 

the River Tigris, Figure 69. 

The hydraulic conductivity in the sulphur-bearing zones 
in the hiishraq area was calculated from several pumping 

and recharge tests carried out in many wells. A minimal 
flow rate of less than one metre per day was observed in 

massive gypsum and limestone. It increases up to 5m per 
day in the sulphur bearing area and further increases east- 

N 
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ward to as much as 30 m per day in the zone near the river 
Tigris. This latter zone is in hydraulic continuity with 
the river and isgreatly affected by freshwater seepage. 

It was possible to draw a generalized flow diagram of 

ground-water movement for each of the three sulphur horizons 

of the productive series from which the total quantity of 

ground water flow in each of them was calculated. The greatest 

percentage of flow, about 3,500 m3 per day (57% of the total) 

was in the uppermost horizon. The flow in the second horizon 

was 25 percent of the total, or., about 1,500 m3 per day. There 

was about 18 percent of the total flow in the third horizon 

(about 1,100 m3 per day). All the above results were drawn 

from-the results of pumping and recharge tests conducted 
before the beginning of sulphur mining. 

5.1.1.11 Ground-water temperature in the Lower Fars aquifers: 

Ground water from the Lower Fars aquifers ranges widely in 

temperature, depending upon the type of aquifer in which it 

occurs. Generally the temperature of the water in the 

sulphate and carbonate members ranges from 210 to 25°C, 

whereas the water in the productive member ranges from 
25° to 31°C in most anticlines. At Hammain All hot springs 
it reaches 50°C. 

Sulphur is now being mined by injection of superheated 
water (130°-160°C). Ground water temperatures decrease 

away from the mined area but are still as high as 73°C in 

seepage areas along the far banks of the River Tigris. 

The temperature of ground water measured in the field is 
P-121 

shown in Table 1A of the first computer program. Details of 
temperatures and source of heat in ground water will be 

discussed under "Thermal Water" later in this chapter. 
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5.1.1. iii Ground water quality in the sulphur-bearing 

anticlines: 

Ground water was sampled from the various springs and wells 
for detailed chemical analysis, and at the same time special 

samples were taken for determination of dissolved H2S and 
for bacterial counting. Temperature, pIi, and electrical 

conductivity were measured at the time of sampling, as well 

as in the laboratory. 

The analytical results of samples collected from Mishraq 

sulphur structu res are sh own in Table 1 of the first computer 

program (Serial Number 30 9-323). The locations of sampled 

and correlated boreholes are shown in Figure 69. The samples 
P" 32ý 

numbers in Tabl e 1A refer to the following locations: - 
Serial Number Location 

309 Seepage area by River Tigris east bank (TB) 
310 Average 5 determinations from the overburden 
311 Average 17 determinations from "Productive 

borehole s" 
312 Large s pring, Z14, in the east bank of Tigris 
313 Borehole No. XX1-3 
314 to No. Y, XIII-5 
315 " No. XXIII-0 
316 it No. XXIII-13 
317 it No. P-1 
318 It No. P-5 
319 it No. XVII-8 
320 it No. XVII-3 
321 it No. XV--7 
322 of . ITO. XI 11-6 
323 it No. VIII-4 

These analyses are correlated with other analyses collected 
from different locations. The analyses shown in Table 1 

of the first computer program are collected from the following 

locations: - 
Serial Number Location 

308 & 43 Main spring 'Am Zahra' in Kammar All 
324 Main spring 'Ain Kibrit' in Mosul 
325 Tel Al-Hashim 'Ain Jarab' 3 km west of Hammam All 
42 Ain Al-Baidha, near Lazaga 
46 Dirnaj water supply well 
230 UZustantik water supply well 
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Total dissolved salts in ground water generally increase 

with depth as shallow aquifers receive infiltrating meteoric 
fresh water, deeper aquifers have less recharge and a slower 
flow, and both factors produce a higher salinity. Within the 
intermediate zone, sulphate-ion reduction and sulphur deposit- 

ion are taking place. 

In contrast, at Iiammam All, total salinity is higher in 

water of the upper aquifer and lower in the deeper aquifer 
(Figure 16). In this area many hot springs are discharging 

the deeper aquifers which correspond to the productive 

series of Mishraq, mainly recrystallized bituminous limestone. 

The major difference in temperature here is due to the 

difference in rate of sulphate reduction. Sulphate is being 

reduced here at a greater depth beneath the semipermeable 

overburden, resulting in lower salinity in the lower aquifer 
(see the resistivity log in Figure 16). Seepage of hydro- 

carbon gases from below has accelerated this reaction. 
4 

5.1.1. iv Gases and their formation: 

Gas seepage is common in northern Iraq, and pockets of gas 

provide serious drilling problems in some structures. Table 
15 lists the original composition of gas in the Mishraq 

Table 15: Gas Constituents Collected from Mishraq Sulphur 
Structure (in percent) 

Ser. 
No. Date 

H2S CH4+C2H6 Cot 02 CO Remarks 

1 4.1.71 23.5 62.6 13.1 0.8 - BIT. XXVII-9 
2 9.1.71 36.5 49.0 13.5 0.8 0.5 The original gas 
3 22.1.71 44.5 39.33 15.2 0.33 

. 
0.55 preserved in the struct 

4 
- 

6.3.71 46.2 36.25 17.3 0.25 - ure before exploitation 
1 5 112.5.73 53.0 39.7 4.5 2.8 - Exploitation BIi 13/II 

structure. Samples 1 to 4 are from well XXVII-9, located 
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over the gas cap in the crest of the anticline; they were 
taken at a depth of 83 metres during the bleeding of the 

well. Analysis 5, of a sample taken after sulphur mining 
began, is from well 13/11 located on one limb of the anti- 

cline. The gases emanate from two sources. The first is 

the gas originally contained in the Euphrates Limestone 

and the overlying Lower Fars formation. Although much of 
the original gas has long since escaped along fractures 

and joints, drilling for oil in various anticlines has 

encountered pockets of gases, mostly hydrocarbons and 
hydrogen sulphide. The second source`of gas, considered to 
be the main supply of hydrogen sulphide and carbon dioxide, 

results from the biological oxidation of hydrocarbons and 
the reduction of sulphate. ' Methane can be produced in 
large quantities as an end produce of catabolism of bacteria 

and allied microorganisms. However, the production of 
liquid and solid paraphenic hydrocarbons ranging from C10 

1-122 to C25 H52 byy sulphate reducing bacteria was reported 
by Jankowski & Zoßell (1944). Further work has established 
that naphthenic hydrocarbons are also produced by sulphate 
reducers. 

Sulphate reducing bacteria are known to be capable of 
producing hydrogen sulphide at a rate as rapid as 1,000 

mg/l/day (Miller, 1949); furthermore, Kem and Thode (1968) = 

found that the production of H2S is maximum when the sulphate 
reduction rate is minimum. These. laboratory findings are 
borne out by the field observations in Iraq. The presence 
of hydrocarbons in the form of asphalt or gases were 
reported in many deep drillings for oil in Mishraq and other 
structures. Also large quantities of bitumen and gases are 
currently escaping to the surface in the area of Hammam All 
hot springs. The maximum amount of 11 2S is in the aquifer 
at Mishr aq, where sulphate reduction is slower than at 
Iiammam All. The gases are seeping to the surface in larger 

quantities in the Hammam All hot springs than at Mishraq. 


