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’ HYDROCHE MISTRY

l 8.1 INTRODUCTION

The chemical composition of the groundwater contained within the aquifers underlying

! Qatar reflects the influence of a number of factors. Among these are the chemical composition

in the soil and rock and their spatial
ity of the aquifer; the degree of
groundwater or Seawater; solution and pPrecipi-

of the recharge water; the soluble minerals contained
variation; the structure, transmissivity and permeabil
’ contamination by mixing with either more saline

tation reacticns occurring under differential concentration and the temperature and pressure
gradients within the aguifer.

If the processes and factors affecting the composition of the
water are understood, a study of the groundwater chemistry provides a valuable aid to the

{ understanding of the whole groundwater System. For this reason a consideration of the hydro-~
l chemistry preceeds that dealing with the hydrogeclogy.

-western Qatar is derived from rainfall
ric water within both the Rus and Umm

The extent of thisg fresh meteoric water is
} cdefined both laterally and vertically by saline groundwaters,

The usable groundwater resource of all except south
over the peninsula which has established a body of meteo
er Rachuma Formation aguifers in northern Qatar,

In northern Qatar, where the

thinner, er Radhuma Formation, there is

carbonate facies of the Rus Formation overlies the Umm
a hydraulic continuity between these two Formations such that th
Where the thicker gypsiferous, argillaceous facies of the Rus Fo
’ Greater part of Qatar eXcept the Dukhan structure,

ey form one aquifer system.
rmation predominates, over the

vertical hydraulic continuity is confined
to relatively small discrete depression areas cause

d by dissolution of gypsum in the Rus Forma-
tion and consequent collapse; horizontal continuity

is minimal.

Within the Umm er Radhuma Formation, which is in excess of 300 m thick, lithological

Ve given rise to a multi-layered aquifer system else-
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The principal aquifer systems are defined as follows

{ Aquifer I Rus Formation, chalky and marly limestones, with thick anhydrite and gypsum in the

low yield from boreholes except in
depressions. EC 500-4000 in recharge area, up to 10,000 elsewhere, from 15 to
120 m thick, generally 30-50 m ip recharge area.

south, of low transmissivity and storage,

Agquifer IT Upper Umm er Radhuma Formation,

dolomiticg limestone, porous, fractured and karst
weathered, high transmissivity a

nd storage, good yvields from boreholes, EC 1000 to
4000 in freshwater body, up te elsewhere,

300 m thick, but maximum of 70 m contain
freshwater at centre of body.

S
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8.2 THE DATA BASE

Hydrochemical observations in Qatar, outside the Dukhan oil and gas field and associateq
water supplies, were initiated by Le Grand Adsco in 1959 when water samples from exploratory
drilling were analysed for major ion chemistry. With the advent of intensified hydrogeolcgical
investigations by FAO in early 1972, regular sampling of some 100 wells was initiated ang has
been maintained by successive FAO projects since the, including two programmes of isotope
sampling in 1975 and 1973. a large amount of data has therefore been accumulated but po
detailed analysis or interpretation has been carried out, previous reports having been confinea
to a purely descriptive presentation.

In the first FAO report (1974) an interpretation of Qatar's groundwater chemistryv was
presented consisting of a classification based on Piper diagram plots. This analysis was made
without the benefit of later understanding of the complex origins of groundwater in Qatar.
Anomalies arose when the composition of water from deep boreholes was compared with that frop
shallow boreholes and hand~dug wells which reach only just below the water table. It was later
decided that a much more detailed analysis of the hydrochemistry was required to elucidate the
hydrogeological analysis. & renewed and closely supervised programme of hydrochemical sampling
was therefore initiated in 1978 together with additional environmental isotope sampling. These
samples were despatched to the Department of Geological Sciences of thea University of Birmingham,

England for minor ion analysis and to the International Atomic Energy Agency (IAEA) in Vienna
for isotope analysis.

Early project sampling was made by simple grab methods on the surface of the water in the
well or from pumped discharge but from 1974 onward tha sampling method was improved by the
introduction of 'depth' samplers. Further data were provided by the logging of electrical
conductivity and temperature throughout the profile. The analysis for major ion chemistry and
some minor ions have been performed throughout by the Water Department laboratory of the Qatar

Government at the Ras Abu Aboud desalination plant using the following methods of analysis and
equipment.

Parameters Method of Analysis. and Equipment Usad
Total Dissolved Solids Weight of residue of sample evaporated at 180°¢.
Electrical Conductivity Conductivity meter at standard 25°c.
Sodium Flame photometer or atomic absorption spectrophotometer.
Potassium " N i b o "
Calcium Complexometry with EDTA and related reagents.
Magnesium " Ly " e " "
Sulphate Calorimetry where 804 exceads 20 mg/l or gravimetry as Basoq-
Bicarbonate Standard acid-base titration using methyl orange indicator.
Chloride Titration with AgNO3.
Nitrate Reduction to NH3 and Nessler colorimetry.
Silica Colorimetry using silicophasphomolybenum yellow.
Boron Colorimetry using carmine.
Flouride Specific ion electrode with citrate buffer.
Iron Colorimetry using orth-phenanthroline.

Source : Water Chemist, Water Department, Ministry of Electricity and Water.
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fizlds whersas only relatively few points fall within the Mg~HC03 and the Ca-Hco3 fields

The grouping of the analyses into different water types cannot be accom
inspection of the Durov diagram and for further interpretation a classificat
szacially designed for this purpose. To classify waters into
aje that boundary lines have to be defined which may often pro
unnatural. Furthermore,

plished by a gjn
ion system was
groups has always the diSadvan:_
ve to be both arbitrary apg
most standard classification systems have the disadvantage that
stagnant, rather than dynamic, features of the groundwater chemistry are included.

attempt to overcome these problems a classification system based on the f
“2s therefore devised;

Ple

In an

ollowing terminole:v

® SZQUENCE has been adopted to represent the variation of chemical composition Of waters
controlled by lithology, from the recharge area to ths coastal saline zZone.

No specifje
flow direction of waters is inferred;

rather it denotes a typical chemical evolution or
waters reconstructed from various samples at different locations.

ZONE has been adopted for an area where a certain chemical processes is dominant. Thisg

is often, but not necessarily, associated with the range of total dissolved solids,
® AQUIFER are the hydrogeological units.

The two terms SEQUENCE and ZONE which encompass the entire range of available chemical

variation, are not fixed by one chemical parameter nor by composition. Thus chemical

composition of the water may change within one ZONE and the dominant chemical process may
change within one SEQUENCE.

Fig. 8.3 shows the application of this terminology to the agquifer system.

SEQUENCE 1 represents the range of chemical composition of water entirely within the
carbonate facies of the Rus Formation (Aquifer 1) and SEQUENCE 2, the composition of water

within the sulphate facies. Both may be seen as envelopes to the actual chemical composition

since mixing between carbonate and sulphate facies waters takes place.

The three zones shown in Fig. 8.3 were defined only after the full analysis had been fg
completed as they were not obvious at the outset. These are now defined as; g
ZONE A the recharge zone containing low salinity waters. It is the zone where no ion

exchange or reverse ion exchange occurs and is approximately contained by the 1000 mg/l !
isosalinity line (Encl. 2). ¥

® ZONE B Ion exchange (EX) processes, accompanied by a rapid increase in salinity, due to
the solution of evaporites are the principal features of this zone where the salinity
ranges from 1000 mg/l1 to 5000 mg/l. Some significant recharge is believed to occcur.

L ZONE C The high salinity zone adjacent to the coast where salinities range from 3000
mg/l to greater than sea water values (40,000 mg/l}). These waters may be classified as
'reversed ion exchanged' when compared to sea water composition.

The zones are also shown in Fig. 8.4. The area where ZONE B and ZONE C overlap has been
denoted the 'interface zone' in the TDS range of 3000 mg/l to 5000 mg/l. It should be noted,
however, that these are limiting values and not a fixed range and that the position, as well
as the width, of the 'interface zone' varies from place to place.

All samples identified as belonging to Aquifer II, or to the . Alat Formation are plotted
On separate major ion diagrams. All basic chemical plots as well as some of the Durov plots
have been produced by a computerised graphic plotter from a computer.programme specially
developed for this study. The symbols used in these computer plots are :

H
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= AQUIFER I SEQUENCE 1 (carbonate)

= AQUIFER I SEQUENCE 2 (sulphate)
MIX between AQUIFER I and AQUIFER II
= AQUIFER II

= ALAT AQUIFER

X B O <O P

= SEA WATER (Doha or Salwah)

8.4.2 Total Dissolved Solids (TDS)

The additicn method was used to calculate TDS values since those obtained by the

evaporation method were in considerable error especially for the low TDS waters.

The calculated value of each of the samples, together with other data, have been used to
construct the Isosalinity recharge zone to over 10,000 mg/l towards the coast. If the 1000
mg/1l isohaline (line of egual concentration) be regarded as the higher limit of the recharce
zone, it may be noted that it not only encloses the carbonate facies area but extends into the
sulphate facies of the Rus Formation as well. Small localised bodies with water salinities of
1000 mg/l are also found in the sulphate facies are of southern and south-western Qatar indi-
cating recharge through collapse structures and in deflated areas. West of Doha, the ischalines
curve inland from the east coast and are associated with the generally low piezometric levels

where over-extraction and saline water intrusion or up-coning are taking place.

8.4.3 Electrical Conductivity (EC)

Electrical conductivity, or conductance, provides a method whereby the total effect of the
presence of charged ion species may be measured simply and directly. The standard unit for
expressing conductance (EC) is Siements/metre (S.m-l). The Siemens is the inverse of the Ohm,
the measure of electrical resistance. Because of its fairly recent introduction this new unit
has not yet been widely adopted and it has been found convenient to retain the well known unit
"micromho" (as tho.cm_3) which is equivalent to Ps.cm-a. The conductance of the solution
increases with increase in ion concentration and EC values are strongly correlated with the TDS
content of the water. This is commonly taken as TDS (mg/l) equivalent to 0.54 x EC ( tho/cm_3
at 25%.); although this relationship does not hold for high TDS values where the factor may
exceed 1.00 (See Sec, 11.1.1).

For Qatar, the following linear relationship has been determined for salinity levels
less than 10,000 EC.

3

(TDS/mg/1) = 0.8l EC { fmhos.cm- at 25°¢.)-39.43

with a coefficient of determination of 0.98.;

A simplified factor, with a somewhat lower coefficient of determination, but of general

application is

™S = 0.75 EC at 25°C.

Fig. 8.5 shows the electrical conductivity of groundwater underlying Qatar which, as is to
be expected, closely follows the map bases on TDS with the lowest values in the northern
recharge zone, increasing towards the coast. Both these maps portary the spatial distribution
of the salinity of the mixed waters from both the Rus and the upper Umm er Radhuma Formations
which together constitute Aquifer I. 1In considering the TDS and EC maps note must be made of
the fact that certain of the samples probably represent mixed waters drawn by pumping from
different aquifer levels.
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An example of salinity change with depth is given as Fig. 8.6 which shows electrica)
conductivity and temperature profiles for the Project gxploration well P22a together wWith hydrg.
chemical, lithological, formational and aquifer information. Vertical groundwater movement
between Aquifers I and II is retarded by the higher than usual clay content of the Rug FOrMation
and some residual gypsum. A marked and abrupt change in salinity is noted within the Umm op
Radhuma Formation, which is considered to be associated with hydraulic continuit

Y layering Within

the formation. The diffuse or transitional salinity zone often associated with an aquifer of

uniform permeability conditions is not apparent.

8.4.4  calcium (ca’™)

Calcium most commonly occurs in sedimentary rocks as the carbonates; calcite (Cacos),
dolomite (CaMg(CO3)2 and the sulphates; gypsum (Caso4.2HZD} and anhydrite (Caso4)

and invariably
enters into solution as the divalent Ca2+ icn.

In Qatar the limestones of the Rus Formation carbonate facies, the dolomites of the Umm er
Radhuma Formation and the gypsum and anhydrite beds of the Rus sulphate facies is shown in
(Fig. 8.7) by lines of equal concentration. Within the northern recharge area concentrations
are usually less than 100 mg/l. Within the carbonate facies of the Rus Formation 500 mg/l
calcium ion concentration coincides with a TDS of about 7000-8000 mg/l, whereas, outside the
carbonate area, (especially towards the south-east), the 500 mg/l concentration is found at TDS
values of about 3000-4000 mg/l. This suggests that outside the recharge zone the major calcium
sources are the gypsum and anhydrite beds of the sulphate facies as would be expected.

Fig. 8.8 shows plots of chloride versus calcium for Aquifer I (in a) and Aquifer II (in b).
For the low chloride {or meteoric) waters of Aquifer I there is little variation in calcium
content between Sequences 1 and 2. However, for chloride values above 100 mg/l as the water
travels further from the point of recharge, the two different flow paths are clearly distinct;
higher calcium is found in Sequence 2 waters,due to the higher solubility of gypsum and
anhydrite, compared to the carbonates present in Sequence 1. Only the analyses for well Cl from
the Sequence 2 area, (but believed to be contaminated by sea water), show a chloride/calcium
ratio similar to Sequence 1. Fig. 8.8(b) shows that the mixed Aguifer I and II waters (and the
mixed Aquifer I and II waters, Aquifer II waters (and the Alat aguifer water which are included
because of strong similarities) all have a lower chloride/calcium ratio than Agquifer I
Sequence 2 due to the relative absence of sulphates in these formations.

8.4.5 Magnesium (Mg2+)

Sedimentary occurrences of magnesium inclue mixtures of magnesium with calcium carbonate.
This is mainly dolomite, Canq(COB)z, where calcium and magnesium are present in equal amounts,
although other forms of magnesium may exist particularly in association with sulphate.

Fig. 8.9 portrays magnesium ion distribution which closely follows that of calcium. The
lowest values ( <50 mg/l) occur within the recharge zone with the highest values near the coast
to the north west and south east. However, unlike calcium, magnesium shows only a slight
increase within the sulphate facies of the Rus Formation. At about 3000 mg/l TDS the magnesium
ion concentrations are 100 mg/l in the carbonate area and 130-160 in the sulphate area.

Fig. 8.10 shows the distributian of the magnesium ion over the whole chloride range and
once again the grouping is similar to the calcium/chloride plot. To determine the importance
of magnesium in relation to calcium, the calcium/magnesium ratio was plotted against chloride
(Fig. 8.11) using a conversion from calcium/magnesium (mg/l) to milliequivalents per litre
(meq/l) of 1.648, If pure dolomite dissolution was taking place the Sequence 1 waters would
lie along this line indicating the contribution of the Umm er Radhuma waters. However, this
is only valid for the lower TDS waters since the higher TDS waters are probably mixed with
seawater as indicated by decreased calcium/magnesium ratio. The Aquifer I Sequence 2 waters
indicate a large variation in lithology within the gypsiferous Rus Formation. The samples of
Cl and B4, believed to be mistures with sea water have a low calcium/magnesium ratio trending
towards the low sea water value. In the Aquifer II waters, dolomite dissolution whithin the
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Umm er Radhuma Formation is evident from the low calcium/magnesium ratios from these sampleg .
The Alat Aguifer samples show higher ratios than the underlying Umm er Radhuma which would
tend to indicate mixing with recently recharged water. This is somewhat anomalous as one of
the same samples also shows a depleted isotope content, indicating the considerable age of the
sample (see Table 9.2). However, within the area of well No. P32, from whence the sample wag

taken, there is an anomalous mound which could only be derived from recent recharge, POssibly
from the eastern outcrop of the Alat agquifer.

8.4.6 Sodium (Na™)

Sodium invariably occurs in the form of Na™ cations and is generally associated with c1”
anions as ¥aCl. When sodium is dissolved, it tends to remain stable in solution since no
natural precipitation reactions, which can maintain low sodium concentrations in water, are
known although clays may retain sodium adsorbed to their surface and may possibly exchange it
for other cations, e.g. calcium or magesium (Hem, 1970).

The sodium ion distribution map (Fig. 8.12) is similar to that of other major ions with

low values in the recharge area and rapid increases towards the coast, as well as in the area
to the west to Doha.

The' typically close correlation between sodium and chloride is shown in Fig. 8.13.
However, as the scales are logarithmic, onkty relatively large variations may be apparent and
any evidence for possible ion exchange should therefore be sought in Fig. 8.14 (a) and (b)
which shows plots of the sodium/chloride ratio against chloride (mg/l) for both aquifers.
While there is an apparent large variation in this ratio for low chloride waters, (due to the
low concentration of sodium and chloride in the meteoric waters), the higher chloride waters
(> 1,000 mg/l) in ZONE C show a considerable deviation from the Sodium/chloride (mg/l) line,
suggesting the possibility of reversed ion exchange. The plotted position of the sesawater
sample serves to indicate that the sodium/choride ratios of most high chloride waters are not
to mixing betweeen imbalanced seawater and a balanced recharge water, but rather reversed ion
exchange as part of the process of modern seawater intrusion into the Rus Formation. Similarly,
plot (b) also shows higher chloride waters of the Umm er Radhuma and the Alat aquifers which
can also be considered to have suffered reversed ion exchange when compared to sea water.

B.4.7 Fotassium {K+)

Although chemically similar, potassium has a very different hydrochemical behaviour to
that of sodium and in natural waters its concentration is very much lower. Qatar groundwaters
show concentrations of 10 mg/l in the northern recharge area which increase rapidly to about
200-300 mg/l towards the coast. The most probable source of potassium is minor occurrences
of potassium salts in evaporite deposits, although their distribution in Qatar does not show
any apparent relationship to known lithologiecal provinces. For Aquifer I, potassium correlates
well with chloride occurrence as shown in Fig. 8.15 (a) where the plots group in a fairly
narrow cluster along the straight fitted dissolution line. The same applies for potassium
in Aquifer II (the Umm er Radhuma and the Alat (in (b)) with a slight tendency to lower values.

8.4.8 Chloride (Cl7)

Chloride is widely distributed in natural waters and accounts for a high proportion of
the anions in high TDS waters. Possible sources of chloride are sedimentary rocks, particu-
larly the evaporites. Any marine sediment that has been flushed completely by freshwater will
contain remnants of salts, mainly sodium chloride. Since chloride ions remain chemically
unreactive in the groundwater environment the chloride content of water can be used to norma-
lize various other parameters as well as a calibration for comparisons between different

waters. All major and minor ions have therefore been plotted against chloride to provide a
means of comparison between different parameters.
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Fig. 8.16 shows the distribution of the chloride ion over the peninsula where it ranges

from less than 40 mg/l in the recharge zone to about 17,000 mg/1l on the coast, in pattern

closely resembling that of sodium. The chloride levels are higher within the carbonate facies

of the Rus Formation and, as it is to be expected, the high TDS waters within this area contain

4 greater percentage of chloride than water in the sulphate facies area and a similar percent-
age of sulphate.

8.4.9 Sulphate [§=]e]

Sulphate may become a major, if not predominant, anion in waters where gypsum and

anhydrite deposits are under active dissolution; the case in waters of SEQUENCE 2 in areas of

the sulphate facies. Sulphate ion concentrations in waters of the same TDS are higher in these

areas (Fig. B.17A) than in the carbonate facies area. A similar patter is shown in Fig. 8.17B
where the gypsum saturation index (SIG) is plotted. Gypsum saturation is often reached at
sulphate values of about 2000-2500 mg/l although it can occur at 1200 mg/l in freshwater depend-
ent upon the Ionic Strength of Water. For example, seawater is undersaturated with gypsum at

a level of 2650 mg/l because the calcium is relatively low for such a high TDS, thus reducing

the ion activity product of ca®® and so 2~.

4

The relationship between chloride and sulphate is shown in Fig. 8.18 (a) and (b) where it
may be noted that Sequence 2 waters have higher sulphate/chloride ratio than the Sequence 1
waters mixing line shows that hich sulphate concentraticns in the groundwater cannot be caused
simply by mixing with seawater, but that significant gypsum or anhydrite dissolution must be
taking place. A similar plot for the Umm er Radhuma and the Alat aquifer indicates that they

contain water with a sulphate/chloride ratio similar to Sequence 1 waters which may be expected,
considering their predominant carbonate lithology.

8.4.10 Bicarbonate {HCO3_)

The bicarbonate (alkalinity) concentraticn is an indication of the amount of dissolved

carbonates in the water. Under near natural pH conditions HCO3_ is the major equilibrium

species of the total dissolved oxidised carbon (see Fig. 8.19). At a pH of 7, about 18% of

the total is H,CO5 and 82% is HCO3_, whereas at a pH of 8.5 nearly all dissolved carbonate

exists in the form of HCO3_. The sources of HCOB_ ion in the water are mainly the limestones
and delomites which make up the greater part of the geological formations of Qatar.

100
90
8o
70
60
50
40
30
20
10

H2C03(sq.)

% Distribution

40 50 60 70 8o 90 1lo0 110 120 130

Percentage of total dissolved carbon dioxide species
in solution as a function of pH, 25°C., 1 atm. (Hem,1970)

Soil and atmospheric carbondioxide produce a low pPH recharge water which reacts to
dissolve limestone and dolomite. This process is controlled by the saturation indices of
calcite and dolomite - both pH and temperature dependent. As the data show a very high varia-
tion over short distances, it is not possible to discern any pattern of distribution of
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bicarbonate concentration and Fig. 8.20 shows the individual values plotted at their lccaty
This lack of uniformity is caused by the large number of different chemical processes affectjny
the dissoluticn of calcite and dolomite. Among these are the respective saturation indicee,

ont,

possible ion exchange reactiors which may alter the cation composition of the waters and affon

the eguilibrium concentration, and a general decrease in partial pressure of CO

o away Irom ti.
recharge area.

8.4.11 Conclusions arising from a Consideration of Major Ion Chemistry

With feregoing analysis and discussion, the major ion chemistry has revealed that, whiil,
it has been possible to identify two different evelving groundwaters within the Rus Fermatio,,
of Aquifer I which may be related to the controlling lithological facies, it has not been

possible to separate the high TDS (ZONE C) Sequence 1 waters from the high TDS Umm er Radhuws
or Alat aquifer waters of Aquifer II,

Minor ion chemistry and environmental isotope interpreations have therefore been applieas
to confirm the major ion conclusions, to clarify evidence on mixing processes and to elucidas,

the uncertainities in the origin of the more saline waters.

8.5 MINCR ION CHEMISTRY

The understanding of minor constituents has become increasingly important in groundwate -
studies, particularly to assist in clarifying problems associated with saline water intr .
(Howard 1979, Howard and Lloyd 1978). To this end all samples taken during the renewed came’
ing programme of 1978 were analysed for the minor ions Iodide (I7), Strontium {5r2+) and

Flouride (F) and some were also analysed for bromide, boron and lithium.

8.5.1 Iodide (I)

Iodide is concentrated in modern marine and oceanic sediments rich in organic materizl,
Sea water usually contains about 70 Pg/l of iodide although samples of sea water from tre
Gulf show slightly higher concentrations ranging from 85 to 90 Fg/l. Because of the lower
amounts of the minor elements, iodide concentrations are expressed in microgrammes per 1:

(Pg/lj rather than milligrammes per litre (mg/l). One microgramme is one thousandth of =
milligramme. { Fg/l = 0.001 mg/l). 1In saline groundwater from carbonate aquifers, icéize
values tend to be higher owing to the relatively higher amount of organic material and i+ ig
also believed that iodide enrichment may result from a prolonged period of groundwater

residence (Howard and Lloyd, 1978).

In Qatar the sampled iodide values range from 3 Pg/l in the northern recharge zone ==
approximately 400 Pg/l in P29 a deep Umm er Radhuma aquifer borehole situated on the wes-
coast. The distribution is shown in Fig. 8.21 and higher concentrations are evident in zre
high salinity waters along the coasts and in southern Qatar. Unexpectedly high values zre
reported from Bl6, P30, C6, P34, P29 and B42a. While the lithology of Bl6, C6 and B42a are
known, the three Project exploration wells (P) penetrated very low permeability Rus Forme=:i-.-
before the good aquifer at the top of the Umm er Radhuma Formation. The recharge waters <
the sulphate area have higher iodide values than the respective waters from the carbonate

(Fig. 9.22). For chloride concentrations above 200-300 mg/l, (TDS 1500 to 2000 mg/l) the
groups merge into &ne cluster.

2rez

Ta

An interesting feature of Fig. 8.22 (a) is that the iodide concentrations for Seguence :
do not increase with TDS whereas in the Sequence 1 area they do and attain the concentrati--g
found in the Sequence 2 area, particularly for high chloride waters.

This suggests a control process whereby iodides would be taken into solution fairly
rapidly during the recharge process in the sulphate facies of the Rus Formation, but then
Temain at a constant level, Possibly because saturation with respect to the major iodicde

hotwdoem —iw. . -
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governing the dissoltition and precipitation of icdide minerals.

It is noted that the samples from B4, B6 and Bl6 have fairly high iodide concentrations

although all are from localised recharge mounds. Mixing with a proportion of Umm er Radhuma

water is suspected. The Umm er Radhuma and Alat samples (Fig.

8.22 b) indicate that iodide
cencentration in these aquifers is significantly higher,

with the mixed. waters (Aguifer 1
with Aguifer 2) showing the relatively high iodide levels of
Urmm er Radhuma.

years B.P.,

the high salinity waters of the
This may be related to a long residence time in this aquifer, upto 28,000
indicated by carbon-14 age determination (Table 9.2).

.2 Strontium (sr2t)

(s3]
L

Strontium (Sr) is an alkali earth metal and is similar to ca

chemical behaviour (Skougstad 1971), I
similar overall distribution to iodige
icdide levels (C6, B42a),

leium and magnesium in its
n the range of samples from Qatar strontium shows an
although some of the local recharge mound, with high

show the typical low strontium values of recharge waters. Wells with
anomalously low iodide concentrations do not have similarl

-
Str

y distorted strontium levels. Low
rge area and the local recharge
Cl ratio (see als, ARld4a, Al7a) than

ontiuvm values are found in waters of the northern recha

Tounds and is noted that carbenate waters have a lower Sr/
the sulphate waters.

Possible sources of strontium in the waters are the minerals strontianite {Srco3) and

celestite (SrSOdl where, in both cases, strontium replaces calcium. Celestite is known as to

cccur in the limestones of the Dam Fermation (Enclosure i I

The close relationship between
strontium and calcium is shown on Fig.

8.23(a) where it will be noted that, for the low Ca- low
Sr waters, the variation in the ratio is still fairly

large but with increasing calcium levels
the correlation with strontium improves.

It will also be noted that Sequence 1 and Sequence 2
which is a reflection of the higher calcium levels in the
Rachuma and the Alat aguifer samples lie within the group

waters do not separate on this plot,
gypsiferous area, and the Umm er

for those of the Rus aguifer. Sea
ls found in high calecium - high TDSs
bearing minerals, present within the aquifers must there-

“ater concentrations cannot account for the strontium leve
Wwaters are dissolution of strontium-
fcre be taking place.

Strontium

levels in groundwater are also correlated with sulphate concentration (Fig.
Bddi{b)) .

Since high caleium concentrations are associated with gypsum disseclution, strontium

and sulphate also correlate in a similar way to strontium and calcium. However, it will be

seen that strontium values continue to increase beyond where saturation values continue to

increase beyond where saturation with respect to gypsum is already reached and a second mecha-
nism must be responsible for the further increase in strontium levels.
high strontium concentrations in the sulphate range of 800-2500 mg/l als

chloride content, indicating long residence in the aguifer,
therefore indicated,

All analyses showing
© reveal a high
and the extended contact time is

The strontium-strontium/chloride ratio (Fig. 8.24(a)) has proved to be a reliable parameter

to separate Sequence 1 and Sequence 2 in the moderately high TDS waters of ZONE B. The plot
shows that the ratio is variable in the recharge waters,
the chloride and calcium levels,
Provides

probably due to the large variation in
but in the chloride range from 100 mg/l to 2000 mg/l the plot
a useful separation between the carbonate and the sulphate waters. For high chloride
Waters the difference diminishes to zero as the calcium levels in both facies are high and the
Strentium concentration is therefore virtually equal for both sequences.

The residence time effect on both iodide and

strontium levels can be best demonstrated on
the strontium-iodide plot (Fig. 8.24(h)).

The Umm er Radhuma and the Alat aquifer samples have
hicher values than the Rus due to longer residence times in -the aquifers,
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8.5.3 Fluoride ()

Fluoride is typically incorporated in carbonates in the form of calcium fluoride {CaFZJ
and coccolith plantes usually accumulate some CaF2 in their structure during growth,
laboratory experiments it has been demonstrated that clay minerals are able to extract
fluoride ions from aqueous solutions (Carpenter 1969). Sea water samples from the Arabian

Gulf show a fluoride concentration of 1.25 mg/l which is within the range normally e€NCounteraq
in other sea waters (1.0 to 1.4 mg/1).

In

Fig. 8.25 shows thes Fluoride distribution over Qatar. Low concentrations (< 1.0 mg/1
occur in the northern recharge area and in some local recharge mounds. Higher fluoride lavels
appear in wells located in south and central Qatar whilst a lower content can be found inp
wells with a high calciunm concentration near the coast. It is believed that the saturation
of waters with respect to calcium fluoride could be the reason for low fluoride levels in
some high calcium waters though calculations of saturation limits by the technique of Howarg
(1878) do not appear to confirm this.

Both the Chloride-Fluoride and the Sulphate-Fluoride plots (Fig. 8.26 and 8.27) show that
fluoride is rapidly taken up in the Sequence 2 area, and remains fairly constant even with
increasing sulphate and chloride. 1In the Sequence 1 area the fluoride levels increase with
both increasing sulphate and chloride indicating a fluoride ion saturation control mechanisnm
similar to that proposed for iodide. It is noted that the Umm er Radhuma and Alat aquifer
analyses do not differ in fluoride ion concentration from ths rest of the high TDS waters ana
there is no evident residence time effect suggesting a saturation control.

The difference in tha mechanisms controlling strontium and fluoride are shown in Fig, 2.285;

both are well correlated in the Sequence 1 area where both icns occur in low concentrat

tion and
values normally increase Wwith increasing TDS. The group of long residence groundwaters

{(Fig. 8.31) are shown shifted to the right as strontium levels in these waters are higher t=an
in the younger waters, whereas fluoride concentrations are aocoroximately stable at an upper
limit of 3.0 mg/1 probably due to some form of solubility control.

8.6 HYDROCHEMICAL EVOLUTIONARY SEQUENCE

A large proportion of recharge takes place over northern Qatar through the carbonata
facies of the Dammam and Rus Formations to form Sequence 1 waters. Recharge also occcurs to :
the adjacent sulphate facies and via a number of collapsed structures in the south to fornm ]
Seguence 2 waters. From the main recharge areas with typical low TDS waters the following
sequence of chemical processes is believed to take place and is used to distinguish between

the different types of groundwater. 1

(a) Due to the relatively higher solubility of gypsum, the TDS content of Sequence 2 watars ;
tends to increase faster than for Sequence 1 waters. Throughout the evolutionary

Sequence, the sulphate waters also have higher calciunm, sulphate and magnesium levels

which indicates that the major source is the gypsum of the Rus Formation. Fig. B8.29
illustrates the separation of Sequence 1 and Sequence 2 waters and demonstrates the

mixing between them at the low TDS level.

" (Na-Cl + Mg + Ca "

HCO3

in meg/l accounts for all cations possibly associated with HCO,4, including any exchanged
calcium. For a pure calcite (CaCO3} dissolution process, the ratic should yield a value

of unity. Where gypsum dissolution is alse important, the ratio will be larger than E
unity since part of the Ca will be derived from gypsum (CaSO4.2H20).

At a later stage in the evolutionary sequence calcite and dolomite saturation are j

reached, though the waters continue to dissolve considerable amounts of gypsum and
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anhydrite whilst the calcite gradually precipitates,causing a loss of calcium and
bicarbonate as the sulphate increases. This process of incongruent dissolution of gypsum
is believed to occur both as the carbonate waters enter the gypsiferous area and also as
they flow to the northern coast. This process causes bicarbonate/TDS ratio to decrease
rapidly as the sulphate/TDS ratio increases. Continuing dissolution of gypsum may leag
to supersaturation with respect to calcite and dolomite.

(b) In ZONE B.{(See Fig. 8.3) TDS increase and ion exchange process may be inferred with
calcium and magnesium ions possibly being exchanged for sodium ions on the surface of clay
minerals present in the carbonate as well as the sulphate facies. The almost constant
chloride/sulphate ratio in ZONE B then increases towards the value of sea water where it
rises to 7. In the range 5000-7000 mg/l TDS, the waters becomes saturated with respect
to gypsum when sulphate values of about 2000 to 2400 mg/l are reached, and chloride and
sodium increase due to mixing with sea or saline groundwater.

(c) Reverse ion exchange waters of higher chloride/sulphate ratio are inferred for ZONE C
(Fig. 8.3). Figs. 8.30 and 8.31 illustrate the concept of ion exchange and reversad ion
exchange. In the case of ion exchange, (Na-Cl) should balance for (Ca+Mg}-(HC03+SO4) and,
if plotted in meq/l, should lie on a slope of -1 in the upper left guadrant, In the case
of reversed ion exchange the same relationship applies but the points should lie on a
slope -1 in the lower right guadrant. 1In Fig. 8.30a most points plot at the intersection
of the axes, indicating balanced waters, while a few samples, including the sea water
sample, lie in the reversed ion exchange field. This was, however, found to be misleading
as samples with mixtures between balanced waters and sea water will erroneously be
classified as reversed ion exchanged. However, as the plot shows absclute values in
meq/l and low TDS waters are not clearly discernable a normalised plot was introduced
(Fig. 8.30(b)). This distinguishes the waters of the three zones. Balanced recharge
waters of ZONE A plot close to the intersection and within the circle, the ion exchange
waters of ZONE B in the upper left quadrant and the reversed ion exchanged waters of
ZONE C plot in the lower right gquadrant.

Similarly, the waters of the Umm er Radhuma and Alat aquifers are plotted in
Figs. 8.31la and b and show reversed ion exchanged tendencies, although appear as
'balanced' waters where the vertical mixing between the Rus and upper Umm er Radhuma
takes place in northern Qatar.

8.7 SUMMARY , CONCLUSIONS AND HYDROGEOLOGICAL INFERENCE

In the foregoing sections of this Chapter both the major and minor ion chemistry of
Qatar's groundwater has been presented in some detail. Results have been based on samples from
76 observation wells selected to meet certain criteria, eliminating where possible uncertain
laboratory analyses without obscuring true anomalies. A more detailed sampling programme would
obviously refine the hydrochemical interpretation but, given the size of the country and its
relative position within the overall regional groundwater systems of eastern Arabia, the sampl-
ing network is considered adequate and the data obtained sufficient at this stage as a basis
for the hydro-geclogical interpretation.

Analysis has confirmed that recharge takes place principally over northern Qatar and
through the carbonate facies of the Dammam and Rus Formations to form the Sequence 1 waters.
It also takes place over the adjacent sulphate facies areas and a number of local recharge mounds
to form Sequence 2 waters. Fig. 8.32 shows three separate zones; ZONE A coinciding with the
northern recharge and where the waters are balanced; ZONE B representing waters of moderate
total dissolved solids and indicating ilon exchange; ZONE C representing waters of higher total
dissolved solids in the saline intrusion region and adjacent to the coast and which appear
reversed ion exchanged compared to sea water. Fig. 8.33 presents a series of expanded Durov
plots which summarise all available data.
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The minor ion analyses of the Umm er Radhuma and Alat aquifers show significantly
higher levels of iodide and strontium due to the residence effect.

8.8 CHANGE IN GROUNDWATER SALINITY 1972-80

Fig. 8.36 illustrates the distribution of change in total dissolved sclids in
mg/1 observed by the project since 1972 within the Rus/Upper Umm er Radhuma agquifer
and the Alat aquifer in the south-west. This shows that groundwater in the eastern
coastal area, particularly near Doha is seriously affected by sea water intrusion.
Tongues of sea water intrusion south of Khor and in the extreme northern coastal
areas are also apparent. South of well A20 at Sulamania (R18) and at Rawdat Rashid
in south central Qatar there has been a serious deterioration in water qualiﬁy
within the past few years probably due to displacement by saline waters caused by
the heavy and sustained pumping in these areas.

The principal recharge area of northern Qatar, identified hydrologically and
hydrochemically, is confirmed by long-term decrease in TDS over the main central
area with an outlier to the north and similar zones of decreased TDS in socuthern
Qatar reflecting an above average recharge (17%) during the past 5 years. The
northern central area is of particular interest as it shows decreased TDS values
towards possible cutflow points at Khor bay on the north eastern coast and at
Al-Swaihliyah on the north western coast both indicating the movement of fresher
waters towards these points. Locally near Khor, Vicennia marina (mangrove) grow

in certain areas around the present shore-line indicating a dilution of sea water
at the coast as the mangrove requires a regular flushing by fresher water to
survive. In the same area Williamson and Pomeroy (1935) noted freshwater springs
along the foreshore and in the immediate vicinity archeaological surveys have
recently identified well-preserved remains of an Ubaid settlement dated at 6900
B.P., pointing to human settlement in the area over a long period and by implica-
tion, a source of freshwater. Off the north-west coast, the principal small
crustacean fishing grounds occur, and these animals thrive best in diluted sea
water.

In south western Qatar there has been a general increase in TDS of an average
450 mg/l at each well in the northern sector of the Alat aquifer although in wells
Cl5 and Cl6 in the southern sector there has been an improvement in quality of the
order of 200 mg/l or 5%.




I1X
ENVIRONMENTAL ISOTOPES

2.1 INTRODUCTION

The environmental isotopes used in this study of groundwater in Qatar include
(a) the stable isotopes of oxygen and hydrogen and the radiocactive isotope of hydrogen,
tritium, which all form a part of the water molecule and (b) the carben isotopes carried
@s dissolved carbonate species in the water. Changes in the concentrations of these
isotopes can be used to characterise the water, to examine the mixing or stratification
of waters and to provide some indication of age of the water since it was recharged or
the residence time in the aguifer.

The sampling and interpretation are, however, not without their difficulties. Firstly,
many samples are mixed by pumping from two unseparated aquifers and a single measurement
therefore relates to a water whose composition is of intermediate value between original
waters; secondly, the characteristics of the water at the time of recharge are unknown
which limits the guantitative interpretation which can be made from the isctope measure-
ments; thirdly, while the stable isotopes oxygen and hydrogen and the radicactive tritium
are component parts of the water molecules and are, therefore, not subject to direct chemical
reactions, the carbon isotopes of the carbonate species are part of the complex groundwater
chemistry. They must, therefore, be considered as part of the overall chemical system, and
the chemical and isotopic reactions have to be considered for each state of the development
of the water.

With the above reservations and gualifications, isotope measurements do however, provide
valuable information which can supplement that provided by hydraulic and hydro-chemical
data. The data base has already been described in Chapter VIII and all analytical results
are presented in Appendix VI.

9.2 STABLE ISOTOPES OF OXYGEN AND HYDROGEN

Oxygen consists primarily of the stable isotope oxygen-16 (1601 together with a small
component of a heavier isotope, oxygen-18 (130) (approximately 1 part in 500). Hydrogen is
principally the isotope of mass 1 (lH) together with deuterium (ZH} in the concentration of
approximately 1 part in 6,400. The mean isotopic composition of environmental water is
entitled Standard Mean Ocean Water (SMOW), and it is against this standard that the small
changes of composition of individual samples are measured. Measurements are expressed in
terms of deviation from the standard (8) in parts per thousand (o/oo]l{

Deviation from SMOW occur throughout the hydrological cycle and are caused by evapo-
ration and condensation processes - the lighter isotopes evaporating more radily and the
heavier isotopes condensing preferentially in a process known as isotopic fractionation.

The climatic conditions of temperature and humidity control the degree of fractionation,

and hence variations in isotopic composition offer the possibility of associating the
groundwater composition with the climate prevailing at the time of recharge. The aquifers
of eastern Arabia were recharged during pluvial pericds extending over the past 50,000 years
and there are clearly no direct data on climatic conditions during that time and an absolute
time scale cannot be deduced from isotope measurements. It is, however, sometimes possible

1Y bx = Rx - Bstd » 1o00 o/o0
Pstd
where Ox = sample deviation
Rx = sample isotope ratio
Rstd = standard isotope tatio




Table 9.1

ISOTOPE DATA
Well Dat 8018 8o Tritium sc13 C14
? wne (T.U.) (% mod.)
Al9 26/10/72 -2.66 -6.3 0.6
Al10 25/02/75 -2.18 -8.6 5.6
cé 27/02/75 -1.66 -1.3 59.4
cé 18/03/75 -1.96 -3.3 575
cé 12/04/76 -1.51 -1.5 46.3
A25 09/03/75 1.4 16.4 16.1
B22 17/12/75 -2.29 -10.3 5.0
Cc8 27/12/75 -1.56 -7.0 1.3
B24 26/02/75 -2.03 -11.6 11.6
B26 26/02/75 -1.77 -8.60 4,2
Bl4a 26/02/75 -1.76 -9.1 6.3
R.R. 26/02/75 -1.95 -6.6 6.7
B31 26/02/75 -1.96 -4.7 17.5
B29 24/12/75 -1.9 -8.4 0.3
B29 10/04/76 -1.95 -8.0 0.3
B37 23/12/75 -1,51 -4.0 0.1
B39 23/12/75 -2.2 -4.2 12. 4
Cla 23/12/75 -1.44 -12.1 1.6
c2 23/12/75 -2.2 -8.8 0.5
c2 12/05/76 -2.29 -9.2 |
c3 23/12/75 -2.52 -12.3 1.4
B2 24/12/75 -1,97 -9.6 5.1
A5 26/10/72 -2.76 -12.1 0.3
A5 09/03/75 -2.95 -19.3 1.1
A5 27/04/76 -3.49 -20.7 0.7
Al 26/10/72 ~2.33 -12.3 3.2
Al 27/04/76 2.38 13.2 15.8
A32 09/03/75 01 4.7 38.4
B5 09/03/75 -3.62 -23.8 5.2
B5 05/05/74 -3.85 -22.7 3.2
C16 13/07/75 -0.82 -6.0 5.4
clé 13/04/76 -1.0 -4.6 4.6
cis 12/07/75 -3.57 -42.3 0.3
ci8 27/04/76 -3.76 -41.3 0.1
Ab 23/12/75 -3.05 -21.9 0.5
Ab 27/04/76 -2.92 -19.5 0.3
Al8 23/12/75 -2.66 -16.2 01
58 1 26/10/72 -4.1 -34.6 0.1
cl2 12/07/75 -2.66 -28.9 0.4
ci12z 31/03/76 0.0 -7.1 8.9 7850
c12 12/04/76 -2.73 -30.1 0.8
cl12 12/05/76 -1.37 -8.0 2.0
clo 12/07/75 -4,59 -39.0 0.1
clo 10/03/76 -7.2 4.8 13100
clo 12/04/76 -4,79 -38.8 0.8
el 12/07/75 -4.81 -37.2 0.4
€t 18/04/76 -7.2 -0.7 18150
Cl 12/04/76 -4.74 -38.9 0.2
Cc13 13/07/75 -4,58 -36.9 1.3
c13 27/04/76 -7.7 3.0 17750
c13 27/04/76 -5,2 -38.5 0.4
cl4 13/07/75 -3.79 -34.4 2.4
cl4 13/04/76 -3.79 -31.6 0.9
C15 13/07/75 -4.07 -34.5 1.1
Ccl15 13/07/76 -4.07 -32.3 0.4
Sea-Doha 26/10/72 2.16 15.5 0.0
Sea=Salwah 27/02/75 4.53 28.9 0.0
Surf. Pond 27/02/75 -1.25 1.5 21.4
Surf. Pond 01/03/75 -0.6 2.4 0.0
Precipitation 28/01/75 -0.72 14.4 33.5
Temp. Surf. Pond 04/03/75 0.31 8.+ 0.0
Temp. Surf. Pond 10/03/75 2.04 15.3 0.0
Temp. Surf. Pond 18/03/75 5.57 33.9 0.0
Temp. Surf. Pond 25/03/75 11.51 59.3 0.0
P30 04/79 -1.77 -9.25 0.0 -12.21 23.3 5050
P29b 02/79 -3.81 -32.3 0.0 -4.1 3.6 7750
P33 12/79 -5.69 -42.4 0.8 3.34 2.4 7150
P32 08/79 -4.97 -38.8 0.9 -6.87 1.3 23350
P32a 11/79 -2.73 -27.0 0.9 -9.03 3.9 17350
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to infer a timescale from paleoclimatic conditions, with archaeological, palynological and
other studies, e.g. Edmunds & Walton (1980).

The stable isotope access to the groundwater system is via rainfall, either directly
or indirectly and individual rainfall events vary in isotopic composition depending upon
the climatic conditions producing the rain.

Data have been collected throughout the world for nearly two decades by the International
Atomic Energy Agency and the World Meteorological Organization and published in the IAEA
Environmental Isotope Data Series of reports. There is a linear relation between the world-
wide concentrations of the two stable isotopes 180 and 2H and this can be expressed as the

'World Mean Precipitation Line' (WMPL) or 'World Meteoric Water Line' (WMWL) (Craig, 1861)
such that

%1 = 8 8% + 10
and this line is plotted on Fig. 9.1.

This relationship is not always universally applicable, particularly in hot and arid
areas where rainfall is limited and sporadic. The nearest internatiocnal monitering station
to Qatar is Bahrain where the isotopic relation has been determined by IAEA as

8% = (4.98 + 0.29) 6180 + (9.8 + 0.8)
(IAEA Technical Report Series No. 206 (1981) and this line is also indicated on Fig. 9.1.

Stable isotope data from wells sampled during the 1975/76 and 1979/80 programmes are
plotted. The group of samples enclosed by the rectangle are taken from the combined Rus
and upper Umm er Radhuma Formations of north central Qatar with a mean isotopic composition
of 6180 = =2.0 o/co and 62H = -6.2 o/oc. These values are close to the average for the
World Mean Precipitation Line (line A-B, Fig. 9.1) whose values are -2.3 and -7.2 respect-
ively, thus confirming that recharge to the upper aguifer (SEQUENCE 1, ZONES A and B waters)
is by a relatively direct process or by waters apparently little affected by evaporation.
The only exceptions to this general observation are the samples from wells A25 and A32 (see
Table IX.I ) situated in the north western coastal area which show an enriched stable
isotopic composition related to the Bahrain Meteoric Water Line suggesting evaporation.
Their low chloride content, determined from a chemical analysis of a sample taken at the
same time, precludes any possibility of seawater intrusion despite their proximity to the
coast. The high tritium concentrations also point to recent recharge and it is therefore
very likely that recharge to these two wells took place from ponded run-off some time after
rainfall occurred.

These data tend to confirm that recharge is predominantly, but not exclusively, the
direct process postulated in Chapter VI whereby rapid infiltration occurs through the
shallow coarser scils around the periphery of depressions during and soon after flooding,
by interception of run-off and not as a residual after ponding and isotopic enrichment due
to evaporation. However, the analysis of samples taken from ponded flood water at Karanah
in February 1975 (Table 1X.I ) shows that isotopic enrichment by evaporation is significant
only after about 10 days and some ponded waters could have been recharging for a few days
without showing any enrichment.

Where samples show an isotopic composition which deviates significantly from the above
mean values, there is clear indication that processes, other than evaporation, have taken
pPlace and usually points to sea water intrusion or mixing with deeper, isotopically depleted
waters. Fig. 9.1 shows two distinct groupings of samples, with a mixed group linking the
two. The upper set refers to the recharge waters of north central Qatar discussed in the
Preceding paragraph, whilst the lower group are from the deeper, and sometimes confined,

Umm er Radhuma Formation and also from the shallow confined Alat agquifer of SW Qatar. The
line AB represents the mixing line between the recharged aquifer and the deeper aquifer.
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Both P33 and P29b were drilled to the Umm er Radhuma Formation along the west coast of
Qatar. 0ld brackish groundwater is confined by a thick gypsiferous Rus aquitard.

Well Nos. P32, Cl3, cl1, clo, cl14, cl5 all tap the Alat agquifer of SW Qatar and
display a similar isotopic composition to that of the deeper Umm er Radhuma waters thus
lending weight to the supposition that these younger waters have been augmented by deeper
Umm er Radhuma waters migrating upwards through gypsum-and anhydrite-free 'windows' in the
Rus Formation in Saudi Arabia (See Fig. 8.35). The parallelogram (hatched in Fig. 9.1)
enclosing these samples is also the envelope for analyses for samples from the Umm er
Radhuma Formation both in Al-Hasa and Qatif in Saudi Arabian (zatal et al, (1978)) and
Bahrain (Walton-pers. comm.) confirming a regional uniformity of isotopic composition for
the Formation in areas not in hydraulic connection with the upper aguifers of Qatar.

The line C-D is seen to lie parallel to the World Meteoric Water Line indicating
different climatic conditions at the time of recharge to the deeper aquifers. In general,
rainfall occurring in colder climatic conditions is isotopically lighter with more negative
values of 52H and 8180 and, on this basis, the data indicate that recharge to the deeper
aguifer must therefore have taken place during an earlier pluvial period when the mean
temperature was probably lower and the relative humidity somewhat higher than it is today.

A second feature of this plot is the anomalous position of the sample from C18.
Generally there is a reasonable correlation between increasing negativeness in the stable
isotope composition and salinity but, in a series of samples with a salinity of 72,000 mg/l
drawn from a mixture of Aruma and Umm er Radhuma waters in this well, a reversal of this
trend is evident. This very saline water has a less negative isotopic composition,
particularly in the 180 deviation, than less saline waters elsewhere. Samples from well
No. Cl8 shows a mean 180 value of -3.7 o0/00 whereas elsewhere in Qatar such a value is
associated with a salinity level of the order of 4000 mg/l. The 180 and 2H ratios, when
considered together with the salinity data, suggest that this very saline ater, which is
in fact a brine, is neither part of the modern meteoric groundwater system nor, because
of its very high salinity, can it indicate a modern sea water intrusion. It is therefore
likely that these deep waters of the Aruma and Umm er Radhuma Formations underlying Qatar
are essentially brines of ancient meteoric, connate and marine origin, with a component
linked to the original precipitation of the Rus Formation evaporites.

2.3 TRITIUM

Tritium (3H) is a radioactive isotope of hydrogen with a mass of 3 units and a half
life of 12.43 years. Tt is naturally produced in the earth's upper atmosphere by cosmic
ray bombardment which maintains a natural background level of 2 to 5 Tritium Units (TU]*-
The atmospheric concentration of tritium increased by several orders of magnitude with the
advent of thermonuclear testing in 1954 with peak values of 1000 TU at Bahrain occurring
in 1963. Because of its comparatively short half-life, groundwater recharged prior to

1954 should show tritium concentrations below about 2 to 4 TU.

Fig. 9.2 shows the location and the tritium concentration of all samples collected
and analysed during the 1975 and 1978 sampling programmes. The tritium content of the
groundwater (See Table 9.1 } exhibits guite large variations, within the range of near
2ero to 59.4 TU. The waters may be classified into three general groups; (A) those contain-
ing more than 10 TU, (B) those containing 3 to 10 TU, and (C) those containing less than
3 TU. Although the selection of tritium levels for each group is rather arbitrary, the
above range of values signifies the time span involved in-the replenishment of the ground-
Water and may be used in semiquantitative interpretation of the turn-over rate. This Group
A waters would indicate very recent recharge, within the last few Years; this group includes
the majority of wells in northern Qatar with the exception of those wells along the eastern

18

*ru o= 1 tritium atom in 10*° atoms of hydrogen.
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coast where increasing salinity has reduced the tritium content by a dilution effect.

Group B would indicate some recharge during the post-thermonuclear period, i.e. at sometime
during the past 20 years and includes a number of wells in all areas of Qatar which, in
some cases, may also exhibit such dulution effects. Group C waters include all the deeper
wells located in south western Qatar, the majority of which tap the Umm er Radhuma aquifer
and where there is little evidence of recent recharge.

An attempt has been made to derive an estimate of the turn-over rate of the freshwater
body from tritium data to provide an independent check on the recharge estimates arrived
at by mofe conventional hydrological methods. This approach was first presented to the
Project in a report (Yurtsever and Payne (1978)) by IAEA who undertook the field cellection
and analysis of samples. The basic theoretical framework of this approach relies on the
fact that the observed tritium contents of groundwater are the result of the response of
the system to a known tritium input from precipitation. If the response can be described
by certain dynamic parameters then the tritium input can be related to the observed output
to estimate the dynamic parameters.

A mathematical expression of such an approach was given as the following convolution
integral.

t
- R

Co = fi{t—T).f(T}.e .dT

]

where C, = tritium output concentration

fi(t—T) = tritium input concentration
£(T) = system response function (transit time distribution function)
- At " i ;
e = decay correction factor for a radiocactive isotope
£ = time
T = transit time
[shy = unit time (1 year)

In applying the above general.convolution integral a major difficulty is the defini-
tion of a proper system response function £(T) for a given aguifer system. 1In this
evaluation, an exponential type of system-response function was used which is given by
~ 0t
£y = aw

where V/Q is the turn-over rate.

As it is difficult to estimate the tritium input concentration of recharging water
from each year, owing to variations in both space and time of individual major storms, two
extreme cases were used in the calculations : a Minimum input concentration and a Maximum
input concentration to provide an order of magnitude of the range in the recharge. By
applying the extreme tritium input concentration curves (Fig. 9.3), derived frem precipita-
tion samples, and the exponential transit-time distribution function, the tritium output
concentrations that may be expected at the sampling date are computed by the convolution
integral for various values of the V/Q parameters. The mean values for each case are 152
(minimum output) and 515 (maximum output). Alternatively, the average TU value for the
entire system (4,5 TU) may be used to approximate the parameter V/Q which is shown to be
150 and 500; very close to the former calculated values.

The estimates made for the average value of the V/Q parameter of the upper freshwater

body of Qatar may be said to represent an average turn-over rate in years of the water in
the svetem, and have therefore hean 1rcpd &~ asvriteg 2k 2m acbimabtn AL 4Lbs amemie= B ke



volume. By asplying an early (1974) estimate of the total
3

volume of freshwater in Storage
as 5250 Mm~ the upper limit of the average annual racharge

volume is calculated to be
5. 250% M /U0 = 35 Bin® and the Tousr Tenice as 5.25 x 10° x 515 = 10 Mnd

- This result jq
difficult to assess as it is derived from a storage volume

calculated on the earlier assump-
tion that the freshwater body extended into southern Qatar. If the northern area only is
considered the recharge volumes become 16 and 5 Mm3 respectively.

Recharge to the northern area is calculated to be of an average annual volume of 27 Mm3
within the range 0.5 - 85 Mm3yrhl somewhat beyond the range of figures indicate
data. However, as Yurtsever and Payne (1978) have themselves pointed out,

tes are merely imprecise indications of the possible order of magnitude and

d by isotope
the above estima-

may be subject
to significant error in view of the simplifying assumptions made in the computations. 1Ip

particular, the basic assumption- that the system is in a steady-state condition, implying
discharge equals recharge; that recharge equivalent to an average value occurs each ye
that the system function for each compartment defined by a samples well is of the expo
ial type and that the discharge/recharge ratio for each compartment is 1

ar;
nent-
(Siegenthaler 1978) .

None of these assumptions is met; neither the system nor each compartment is in a s

teady
state condition that many of the sampled wells show t

he effects of dilution of tritium by A
incursions of more saline water. In the absence of this mechanism the average TU cont

tent
would increase and the V/Q parameter would be decreasad. Other uncertainities in the caley-

lation are the estimates of the volume of the freshwater body, calculated on the basis of
geophysical profiles deep boreholes, and the assumed storage coefficient (15%)
ed karst limestone aquifer, may vary considerably.

of a fractur-
If a 23 storage coefficient is assumed,
for instance, the minimum and maximum annual recharge limits become 6.45 Mm3 and 22 bm3

respectively. Similarly, if onky two additional modern water samples were to be added to

the data base, the value of V/Q would differ by 453%, thus indicating the sensitivity of
certain input parameters in the eguation.

As a valid alternate method of calculating recharge the foregoing has its limitations.
However, with a continued belief that isotope technigues do offer the means whereby recharge
may be determined to within acceptable limits of accuracy, a recently developed geochemical
and isotopic technique is now being applied in Qatar. This is based on the work of Edmunds
and Walton (1980 (a,b)) in Cyprus and Libya where solute profiles of the unsaturated zone
were interpeted to provide estimates of the direct palaeo-and recent recharge component,
using chloride and tritium levels, in a steady state, mass-balance approach. The field
technique is relatively simple and has recently been introduced in Qatar by one of the
authors (N.R.G. Walton) now with the Qatar Ministry of Electricity and Water.

9.4 CARBON ISOTOPES

Carbon-14 is a radioactive isotope of carbon with a half-life of 5,730 years and is
present in the carbon dioxide of the atmosphere being produced at a fairly constant rate by
the action of cosmic rays on nitrogen in the upper atmosphere. Unlike the isotopes of
hydrogen and oxygen, carbon is subject to chemical reactions as it moves with the ground-
water, being involved mainly in the carbonate buffer control system. Changes in the
carbon-14 concentration are partly due to its radiocactive decay but also due to the chemical
behaviour of bicarbonate. The carbon-14 in the recharging water is associated with other
stable carbon isotopes (12c ana 3¢) which are normally quite distinct from that of the
rock. Rather than absolute values, the presence of l3c is expressed as a deviation, hence
813C, from the internationally accepted PDB standard. The 12C;’13C ratio of a certain
fossil belemnite was deemed the fixed point from which all other ratios would differ, as
with SMOW (9.2), and be expressed in parts per thousand (o/00) . Hence any subsequent
changes of carbon-14 concentration not due to radioactive decay also occur proportionately
in the 613C value. The 513C concentration can therefore be used to evaluate the losses
of carbon-14 due to causes other than the radiocactive decay.

The 613C values for materials which enter the water-carbon cycle are shown in Table
9.L.
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Table 9.2
83 vaiuws of Carbon Sources in Groundwater

(after Wigley 1976)

Material &% 5/ss
Carbon dioxide (air) -7 approx.
Marine limestone +1 to -1 approx.
Plant humus
(a) €3 Calvin Cycle (temperate) -26
(b) C4 Hatch Slack Cycle (arid) =13
Fossil humic material in limestone -25 approx.

;
g

The input of carbonate species at the outcrop is a complex process and is critically
dependent on hydrological and humic conditions prior to and during infiltration. These are
discussed briefly in order to provide a basis for interpreting the groundwater data.
Several models are possible and no single model may be applicable over the long time span
of the groundwater ages under conditions of changing but, in detail, unknown climate.

The classical chemical reaction which produces the bicarbonate ions in groundwater is :-

1}

HZO + CO2 + CaCO3 Ca(HCO3)2

(recharge) (biogenic) (rock) {(bicarbonate dissolved
in groundwater)

14C 100% modern 0% modern 50% modern
Calvin Cytle ch -26 o/oo 0 o/foo =13 o/ov
Hatch Slack Cycle 13C 13 o/oo 0 o/oo - 7 o/oo

Any exchange between the dissolved bicarbonate and the rock due to precipitation and
re-solution during movement of the water through the aguifer will resiilt in the 613C values
approaching more nearly that of the rock. By using the 513C value, allowance can be made
for the changes in l4c. The method of correction in common use is that of Pearson and
Hanshaw (1970), modified by Wigley, Plummer and Pearson (1978) and simplified by Evans and
Otlet (1978). Recent work (Reardon and Fritz 1978, Freeze and Cherry, 1979) has suggested
that a 14c activity of 100% modern instead of 50% modern would be more appropriate since

partial pressure Co2 is assumed to be constant within the open system under egquilibrium
conditions.

Alternative methods have, however, now been adopted by the IAEA (Payne, 1981) whereby
two estimates are given. The first is based on the approach described by Reardon and Fritz
(1978) , referred to above, and the second on carbon isotope data. Essentially the latter
approach assumes isotopic eguilibrium between carbon dioxide gas in the unsaturated zone and
disslved bicarbonate taking into account the appropriate fractionation factor for l3C and
the great excess of carbon dioxide. Comparison of the computed carbon-13 of the HC03_ with
the actual measured value provides an estimate of the dilutien by ‘'dead' carbon.

Table 9.3 shows stable isotope, Tritium, 613C and l‘lc data from a number of wells in
Qatar designed to provide age determination of the deeper waters of the lower Umm er Radhuma,
the Alat and the combined Rus and upper Umm er Radhuma.
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I Table 9.3

1 Stable Isotope, Tritium, 13Cland lqc Data

Well = S - 618 &%n 3y ¢ 613¢ aged Age + 2— ¥

No. o/oo o/oo Tl o/oo o/oo
l medern years Years

P32 Alat -4,97 -38.8 0.9 3 - 6.87 25,800 21,700 + 7,300
[ P33 UER -5.69 -41.8 0.8 4 - 3.34 21,200 28,500 + 5,330
il P34 UER R 5 0.9 .9 - 9.03 16,700 | 17,500 + 6,700
: P30 UER -1.77 -9.25 ~ 23.3 -12.21 6,500 9,400 + 2,200
[ P36 UER -2.61 -18.2 0.2 9 -11.79 16,400 17,100 + 1,200
l P29b UER -3.81 -30.7 = .6 - 4.10 17,300 15,900 + 3,000
; P35 RUS -2.19 - 5.7 8.7 65.2 -10.05 - 700 + 1,200
I Upper UER | -1.88 - 5.7 0.5 14.7 - 9.51 9,200 11,200 + 1,300
i Lower UER | -2.18 -18.4 0.3 18 .2 = P77 - 10,400 + 1,450
f P21 Rus /UER -1.31 = 4.k 0.5 21.4 = Tl 7,000 6,300 + 1,450
‘ Lower UER -2.19 =-12.5 0.6 3.7 = B, 53 16,500 18,100 + 2,150
I

Analysis of samples by IAEA, Vienna.

l ;} Corrected age estimated according to the method of Reardon and Fritz (1978).

] 2/ Corrected ages obtained from carbon isotope data.

] In scuth western Qatar P32 and P33 are two exploratory wells drilled alongside each other,

I P32 cutting the Alat aquifer only. 1In P33 the Alat was cased out and drilling continued through

i thick déry gypsiferous chalky limestones of the Rus Formation to the Umm er Radhuma Formation.
The two ages given for samples from these two aquifers are however similar at about 21,000 yr

[ and 28,000 yr respectively and offer further confirmation of augmentation of the Alat aquifer

| by waters from the Umm er Radhuma in Saudi Arabia.

) Well No. P34 is located six km northeast (see Fig. 3.12) of P32/33 on the southward
[ extension of the Dukhan structural high. Here too dry gypsiferous Rus Formation was also
encountered overlying the Umm er Radhuma Formation although an age of about 17,500 yr is some-
[ what younger than that obtained from P33. Despite the fact that the Rus appears to be an
effective aguiclude in this borehole, the interpretation of chemical and isotope analyses
1 suggests a mixture of waters of three origins; local recharge (+ 79%), sea water (+ 13%) and
{ deep brackish water (+ 8%) (Payne 1981). While a sea water component is unlikely, recharge
! may well have taken place in the latge depression areas to the east of the borehole. The
i ground surface lies some 20 m lower indieating the surface removal of a considerable thick-
( ness and volume of gypsum which resulted in the deflation of the land surface and permitted
recharge to gain access to the upper Umm er Radhuma aquifer via a limited area of permeable
Rus Formation. Spreading of this freshwater recharge below areas where Umm er Radhuma
Formation aquifer is overlain by impermeable Rus Formation gypsum is postulated. Similarly,
] . wells P30, P36 and P29b are located within the gypsiferous facies area of western and
southern Qatar where the Umm er Radhuma is confined below the dry gypsiferous Rus aguiclude.
The dates for P36 and P29b are similar at about 16,000 - 17,000 yrs but that of P30 where a
] younger age is indicated, showing implying recent recharge possibly by dilution via abandoned
boreholes associated with irrigation within the immediate vicinity.

] Well P35 is located within the central northern recharge zone and is the only well in

which three separated samples were obtained from the aquifer profile. The Rus aguifer shows a
stable isotopic composition and tritium content indicative of recent recharge with an apparent

j age of 700 yrs. The sample from the upper part of the Umm er Radhuma, the formation immediately

below and in hydraulic continuity with the Rus aquifer, has an isotopic composition similar to

that of the upper sample (although the tritium concentration is effectively zero) with an age

of about 10,000 yr.

The third sample was taken from the more saline underlying waters and has a depleted
isotopic composition. The chloride concentration of this sample is relatively low suggesting
that mixing with deeper brackish water is the cause of the chlorinity. The samples taken from




this well indicate a hydraulic continuity throughout the profile with meteor

ic waters Over-
lying or 'floating' on deeper, brackish groundwater.

& case of the samples from P21, locateq

The upper section, composed of water from both the Rus apg
upper part of the Umm er Radhuma has a characteris

a slight evaporation effect whereas the sample fro
is similar in composition to that from P35.
and 17,000 years respectively.

within the same general area.

tic stable isotope composition showing
m the deeper lower Umm er Radhuma aguifer
The ages of the two waters are about 7,000 yrs
This well was originally drilled into the upper Umm er

Radhuma Formation in 1975 and then later deepened in 1980.
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HYDRO-GEOLOGY

10.1 INTRODUCTION

10.1.1 Project Objectives

The prime objective of the Project was the definition of the limited fresh groundwater
reserves of Qatar and the planning for the optimisation of their exploitatieon concurrently
with the development of agricultural production. This planning also required the integration
of the existing and future demands on the some reserves in the provision of domestic and
industrial water supplies. Despite the rapidly expanding facilities for the desalination of
sea water, which was displacing the former complete reliance on low salinity groundwater
alone, the provision of a piped distribution of potable water accelerated the rate at which
the rise took place and more and more groundwater was required to satisfy the blending and
distribution requirements as well as to fulfill the needs of an expanding agricultural sector.

It is thus clear that from 1958, when the several natural factors contributing to the
water balance stood in near equilibrium, with man's activities of only very limited influence,
the situation had changed markedly by 1974, at the beginning of the second phase of studies.
Water balance estimates (see also Chapters 6 &13) have placed the long~term annual average
natural recharge at 28 Mm3yr_1 with a range from as little as 8 to as much as 64 Mmayr_l
dependent upon rainfall amount, frequency and intensity. Of this, average outflow losses to
the sea around the coast of Qatar and to evaporation from sabkha surfaces may have stood as
high as 25 MmByr_l in 1958 when only small guantities of groundwater were exploited for
agriculture, but by 1974 the total groundwater extraction had probably reached some 40 Mmsyr"l
which, with irrigaticon return on that part of the total used for crops, is equivalent to a net
extraction of some 33 Mm3yr_1. With the extraction already in excess of the recharge from
about 1971 onwards, water levels began to decline and the outflow to the sea and sabkhas
fell in consequence with the original hydraulic head, required to drive such a volume of
water ccastwards, no longer available.

During the period of the Project Second Phase vital changes in the manner and quantity
of groundwater exploitation have occurred. The capacity to desalinise sea-water has expanded
greatly and ground water is theoretically required for blending to the required level of
dissclved salts only. However, is has been found that large volume of low salinity ground-
water are still required to make up for sector shortages and for temporary supplies in the
incomplete sections of the distributions network.

Thus, while domestic and industrial requirement from groundwater had reached a peak of

about 6 ﬁm3yr'1 in the years 1975-78, by 1980 the total potential requirement for Doha and
its environs had risen to about 55 Mm3yr_l, of which some 90% or 48 Hm3yr”1 was actually met,
with groundwater required for blending and as stop-gap supplies at about 8% of this total or
nearly 4 Mm yr-l. In addition, more of the other towns of Qatar and the outlying rural areas

are being provided with a reliable water supply and the well fields which once supplied Doha only
are now returning to active use to meet the expanding nation-wide demands. Tt must therefore

be assumed that the well-field exploitation of groundwater will return to a peak capacity of

5 Wm3yr'1 rroviding that no further large well-field development takes place or that no
deliberate action is taken to reduce the extraction from such sources.

Overall groundwater extraction for agricultural use had reached some 77 Mmayr'l in 1980
which, with irrigation return, is eguivalent to net extraction in excess of 60 Mmayr_l. It
1S likely that coastal discharge of freshwater reserves has now ceased and that

the annual
Se3 ward discharge has now declined to about 12 Mm-°

yr-l. Such an outflow cannot be ragained

3s the positive head it represents is essentially controlled by the lower aquifer and as
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freshwater reserves decline saline rather than freshwater will
In addition it is believed that an average of 3 Mmdyr !
the lower aquifer under the influence of the declininq h
replace water pumped from the lower aquifer,
very limited vertical transmissivity between &

be discharged coastwards.
was transferred from the upper to
ead difference between them to
This low rate of flow was controlled by the

he aquifers compared to the higher horizontal
transmissivity within the aquifers, which has Permitted, in the case of the lower aquifer

in recent years, up to 20 Mm3yr_l of saline groundwater to replace the fresh groundwater
removed from the reserves. However it is likely that this downward vertical flow has now

the head of the upper aquifer has declined. Thus the likely
average "safe yield" of freshwater available fro

with the decline in the losses of freshwat

ceased and even reversed as

average dependent upon recharge.

It is thus clear that from 1958, whe

n the several factors contributing to the water
budget stood in near balance,

to the situation is 1980 when groundwater was
at about 2.5 times the long term average "safe yield",
of 30 Mm3

be some

being extracted

and the reserve depleted at the rate
yr -, very large amounts have been exploited from the overall r

250 or 10% of the calculated original total of 2500 Mm>
depletion, assuming that little or no chan
due to expanding agriculture,

eserves, computed to

- At the .present rate of

ge takes place in quantity of groundwater extracted
the remaining reserves will be depleted to zero in 64 years,

Y that only 50% of this freshwater storage will be extractable

and underlying saline groundwater is sufficient to

Natural collapse structures (dahl), in which fresh and brackish

groundwater could be
reached from the surface, were amongst the f

irst sources of perennial potable water available

rman. It is likely that coastal and even off-
share springs also provided valuable supplies

these have dried up and there is little written o
pretation of the locations of such flows,
final decline to zero flow.

to nomadic herdsmen and Coast-dwelling fishe

but with the decline in freshwater levels,
r verbal history which allows an inter-
the quantities involved and period of their

Inventiveness lead to the development of simple hand-dug wells to serve the needs of an

early settled population, their animals and the beginnings of seasonal agriculture.
first developments took pPlace in surface g

and cultivable soils were at hand.
human and animal muscle

These
epressions where the depths to water were least
The power required to lift the water was provided by

and inclined walk-ways utilisin

g gravity assistance in hauling of
full skins of the surface, may still be found in the 1

ong-established gardens.

supply of water was required and the dril
in 1938 and increased with the expanding oil operations. Williamson and Pomeyrol (1938)
listed 118 water sources, inventoried for the Qatar Petrol
drilled wells, and in so doing provided the first indicati
locations of the first extraction sites,.
Dahl el Misfer and Dahl el Mudlam in centr
These caves are now dry.

eum Company, of which only 3 were
ons of groundwater levels and the
They also recorded standing water at the bottom of
al Qatar at probable elevations of +4 to +5 m.

As the population grew and it was reali

sed that groundwater could be exploited for
agricultural use, farms and gardens were dav

eloped. Good quality water was discovered suffi-
ciently close to Doha to Permit piped supplj

animal-powered water transport,
took the earlier centre of Rayyan

e€s to be installed, thus replacing early primitive
The capital city and port expanded rapidly and soon over




[repee

il

10/3

water overlying more saline water in an area, relatively close to the sea and where the

geological and hydrogeological conditions did not provide for ade
recharge,

quate reserves or annual

Large volumes of potable water were thus required from much further afield,

The first definitive survey of the groundwater resources of Qatar was undertaken by

Le Grande Adsco Ltd. for Messrs J.D. and D.M. Watson, consultants to the Water Department of

the Ministry of Electricity and Water, between February 1958 and May 1959. They were required to

1. £find the form, quantity, quality and position of the freshwater resources of Northern Qatar;

2. estimate the present replenishment;
3. recommend how this might be improved;

4. prepare a geological map on a scale of 1:100,000.

The area surveyed lay to the north of a line between Doha and Dukhan only and thus was

limited to about half of the total land area of Qatar, though the choice of this northern

sector must have been based upon an early recognition of the over-riding importance of the

Northern Groundwater Province in the general water resources of the nation. Groundwater

levels near the centre of the peninsula generally lay some 3-4 m above sea level,
isolated areas reaching 10 and even 15 m.

with some
The principal extraction areas were the well fields
at Al Sinnah and Al Jumailiyah from where some 230,000 m3.yr_l

were pumped to the oil
field area.

The connection between land surface depressions and higher well yields was quickly
realised and all the major depressions were surveyed using surface resistivity methods and
Classified according to the quality and estimated reserves of potable water.
drilled with a total depth of 1534 m and a further 8 sm
drilled with a total of 728 m for general structural an
away from the depression drilling.

47 boreholes were
all diameter cored holes were also

d stratigraphic exploration in areas

Chemical analysis of water samples, lead to a division into three groups of groundwater :-

:

® Depression Water, underlying the principal depressions and of lowest salinity;
1500 EC, and of bicarbonate type.

less than
On the basis of geophysical surveys and drilling results
the reserves of all surveyed depressions were calculated.

® Mound Water of higher salinity, up to 4500 EC and basically a sulphate type with a

varying chloride component. This water was found to be of better quality near the

centre of the peninsula, deteriorating coastwards. Two boreholes were sunk in inland
areas remote from depressions and the Mound Water was found to be of good quality and
chemically similar to Depression Water, thus finding, for the first time, evidence of

the potential for a peninsula-wide freshwater resource not related to depression

infiltration. Although not evaluated, this discovery pointed clearly to the general

recharge potential and the existence of reserves and their replenishment, unrestricted
by the depression run-off requirements,
for mound water,

The statement "No reserves have been calculated
but as the areas where it can be found are not limited to the immediate

vicinity of depressions, it would seem that the reserves are large" was of profound
importance.

® Intrusive Saline Water, groundwater variably contaminated with sea water and therefore
of chloride type.
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The general conclusion reached was that away from depression areas borehole yields woulg
be lower and salinities higher. A general trend was for a deterioration of water qhality wWith
depth. It was not felt that the relationship between fresh and saline groundwater was affecteq
by gravity-controlled interfaces, the Ghyben-Herzberg phenomenon, and the highly saline Nature
of the water beneath the fresh groundwater reserves was not identified.

A very rapid expansion in the development of shallow groundwater resources in the early
1960s drew attention to the still unknown lower limits of the freshwater reserves. 1In nearby
Saudi Arabia potable reserves were being located in the Upper Cretaceous and Lower Tertiary
formations and those rocks were known to underly Qatar. In 1962, Parsons Engineering carried
out an interpretation of the data then available and, coupled with their knowledge of conditiong
in Saudi Arabia and Bahrain, recommended that the Umm er Radhuma aquifer underlying Qatar along
the northern coast and southern borders as well as the Wasia aquifer along the southern border
be studied by exploratory drilling to determine the quality of the water present and the
hydrogeological characteristics of the agquifer systems. Their study postulated that at the
then (1961) rate of extraction of about 4 Mm3.yr_l, the shallow renewable groundwater reserves
were fully committed and that additional groundwater supplies could only be obtained by the
economic utilisation of brackish water resources or by the successful exploration and develop-

ment of deeper aquifers.

The subdivision of 'Shallow Zone' and 'Deep Zone', groundwater was introduced. The

'Shallow Zone' reserves, between 75 and 100 m thick in central regions, thinning northwards
(and, though unstated, presumably east and west) to the coast,were stated to be contained in the
Simsima Member and the Rus Formation. No ampha%is was placed upon the separation of the lowest
salinity waters below the depression the 'Depression waters' of Adsco (1959) and the

"Mound waters' into which they merged laterally, as these divisions arose from the way in which
Adsco had used 1500 EC as a limit for classification. Parsons thus postulated the existence
of freshwater reserves up to 100 m below sea level in central Qatar, an important feature
implying isostatic control and salinity interfacing which had not been recognized by aAdsco

13 years earlier. The lowest salinities occurred near the centre of peninsula with deterioration
coastwards. The abundance of gypsum in the south accounted for the poor quality groundwater
there. Deeper drilling to improve well yields resulted in the extraction of water from both
zones and a consequent decline in gquality.

The limited recharge potential, while unquantified, was noted as were the erratic
variations in static water levels, particularly in the south and the generally low well yields.
A tritium age determination for water pumped at the Jumailiyah well field indicated that the
recharge had later place within the preceeding 10 years.

Parsons also provided the only well founded information on the Fasht ad Dibal 'spring'
an offshore source of freshwater from a reef between Bahrain and Qatar. It was found to be
a borehole drilled for structural control purposes, flowing at about 0.6 lts sec._l from the
Damman Formation (probably the Khobar member) and, at 2500 Mg/l was slightly brackish
though potable.

The 'Deep Zone' reserves were thought to be within the Umm er Radhuma and Wasia Formations
for up to 300 m below the Shallow Zone with groundwater quality and flow conditions projected
from the results of exploration in Saudi Arabia and Bahrain between the outcrop and the coastal
areas. The flow direction was deemed to be east or northeasterly with the possibility that,
despite the distances from the recharge area, the Deep Zone groundwater would still remain
potable beneath Qatar. The higher rainfall conditions of the Pleistocene Pluvials were thought
to have had a flushing effect thus improving the potential for Deep Zone potable reserves.

Umm er Radhuma water of 4000 mg/l, had been encountered in Saudi Arabia only 10 km south of

the Qatar border and, following a precept of structural control of groundwater flow, it was
suggested that flow might be diverted to the north and the south of the Dukhan anticline and even
be influenced by the much gentler Qatar Arch. Thus the areas selected as most promising were
the extreme boundaries of the State, the northern and southernmost limits of the anticlinal
structures.
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During the first half of 1963, three deep holes were drilled by the contractor Almojil.
The first at Ruwais, on the northern tip of Qatar, reached a total depth of 495 m. The
conductivity of numerous samples taken during drilling, from a pregressively incraasing cut
section, averaged 70,000 in a range from 24,000 to 100,000. At Sauda Nathil on the southern
border, drilling to 1180 m penetrated the Umm er Radhuma, Wasia and Aruma Formations and a
strong artesian flow reached the surface. EC ranged between 45000 and 88000. At Qarn Abu
Wail, in the south west, at 495 m the full Umm er Radhuma was penetrated but the water
.conductivity was 25,000 to 30,000. The resultant detailed drilling revorts have provided much
valuable data which is included in Appendix I.2 and Appendix V.1l.2 The general inter-
pretation was of the complete absence of potable water supplies in the Umm er Radhuma and older

formations below Qatar.

However, 2 shallow borehole was drilled at Qarn Abu Wayil for a water supply to the rig
and revealed a source of groundwater of useable guality at shallow (» 50 m) depth in the Abarug
(Alat) Member of the Upper Dammam Formation and under sufficient artesian head to induce a
moderate flow at ground surface. A total of 8 shallow wells were drilled to depths ranging
from 21.6 to 79.5 m. Artesian head rises in water levels were recorded and the conductivity
of all waters was less than 7000 except for one site where it exceeded 16,000. mmhes. m.

The specific capacities of the boreholes varied between 3 and 1300 mz.day-l indicating
the very considerable control exerted by lithology over groundwater movement. Low salinity,
water reserves were calculated for the Alat aquifer, assuming 15% average rock porosity and
effective aguifer thickness of 1Om, for the area within Qatar only, at 250 Mm3. That the

recharge area and further storage lay in Saudi Arabia was recognized, though no attempt was
made to calculate the rate of recharge and the transmissivity which would control the rate

of replacement of any groundwater exploitation.

Penceol (1965), in a 'Study of Project for Extension of Water Supplies to Doha',
considered the implications of the estimated totals, and replenishment of groundwater reserves,
made by Adsco for northern Qatar and by Parsons, with the Almojil drilling results, for the
southwestern area. Despite the higher costs of supply from north central Qatar wellfields,

compared to distillation of sea water near Docha, development of several new well fields,
pumping stations and pipe lines went ahead in the late 1960's presumably to match the ever
increasing demand.

Indeed, Sogreahr (1966) in a report 'Improvement of Doha Water Supply', placed the

problems of an adequate and expanding system to supply water to Doha with those of the manage-
ment of the water resources of Qatar as a whole. Sogreah's 1966 estimate that the shallow

well fields could yield up to 5 to 6 Mm3
proved remarkably accurate for, by 1975-76 and at a peak of 6 Mm3 yr~

yr'l, based upon the estimates of Adsco and Fencol,
1, the dynamic water

levels in some of the shallow aquifer fields had declined to 10 m or more below sea level.

The estimates of useable water reserves in the Alat aquifer of the south west were re-
calculated at 50 Mm3 for a 10 m thickness, 15% porosity and an area of about 500 sz, partly
in Qatar and partly in Saudi Arabia. The replenishment was also estimated at 3.3 Mm~ from a
recharge of 10% of rainfall over the whole outcrop area and this was proposed as a safe yield
for the source. Five alternative water supply schemes were proposed and costed, integrating
the sources for shallow well fields, the Alat aquifer, distilled sea water, treated sewage

effluent and singe and double distribution systems.

In 1971, M.E. Johnson, of Glenn A. Brown and Associates, reported on a review of the
UNDP/FAO Hydro-Agricultural Resources Survey, then underway, from the point of view of
groundwater resources. The results obtained and the recommendations for additional activities
including drilling and aguifer testing required to bring the Project to a successful conclusion
Were detailed. During 1972, the consultants made several visits to the Project, totalling
5 months and presented a Technical Report on the Hydrogeology of Qatar by M.E. Johnson and

G.R. Stern (1972). Among many other data collection reguirements suggested by the consultants,
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a total of 110 observation wells had been selected to cover the whole of Qatar and accurately

have permitteq ap
on and recharge,

surveyed, Pagular water level and quality observations, starting in 1971,
evaluation of the changes brought about by the interaction between explorati

By 1972, the consultants recognized a decline of 3 to 4 m in the central area water levals Since
1958 and,

assuming a 3% specific yield for the aquifer systems postulated a total overdraft gof
222 Mma. Average aquifer recharge was estimated by Pike (1971) to be of the order of 20 Mms.yr*l
and the excess of extraction over recharge was thought to be some 37 Mm3 for the year 1971-72,
Total extraction was estimated to have exceeded recharge by some 200 Mm3 between 1958 and 1971

and the remaining reserves of freshwater were calculated to be between 220 and 350 Mm3.

The
importance of the brackish water reserves of south west Qatar were also recognized., Test
pumping of 5 wells was carried out and the specific capacities of 43 of the monitoring programme

wells were determined. They ranged widely between 0.14 and 52 Lts sec._lm._l or 12 to
4500 m.%aay~t,

In January 1975, a consultant hydrogeologist L.W,Hyde visited the Integrated Water and
Land use Project and prepared a Hydrogeological Evaluation and Test Drilling Proposal (1975),
The report presented a detailed set of conclusions from the data available but made specific
recommendations for improvements in the data collection network.

Improvements were suggested
in the equipping, data collecting and staff training requirements of the climatological network,

The need for water level recorders and accurate measurements of water consumption on farms as
well as extraction rates from wellfield was stressed. The need for recharge studies and

geovhysical surveys was also stated and a detailed programme of exploratory drilling and testing
drawn up.

In mid 1977, at the end of the UNDP/FAO Integrated Water and Land Use Project, J.G.Pike
(1977), Project Manager and Water Resources Specialist, prepared a detailed survey report,
The "ater Resources of Qatar and their Development, but, with the Government of Qatar's
decision to continue the Project for a further 3 years, to implement many of the specific
recommendations, this report was not issued. The present work therefore contains the essence
and results of the long period of wide-ranging and intensive study which was started in July 1974.

10.1.3 General Groundwater Conditions

The Qatar peninsula forms with Bahrain, and the eastern province of Saudi Arabia, an
integral part of the south-western coastal area of the Arabian Gulf. A fall in the Gulf

sea level of only a few meters would create a new land area uniting the parts and stretching

far out north eastwards into the Gulf. The existance of a connection between the groundwater

of eastern Saudi Arabia and Bahrain on the one hand and Saudi Arabia and Qatar on the other has
long been understood. Many valuable data have been made available from contemporary ground-
water studies undertaken in Bahrain and the Eastern Province of Saudi Arabia. This information
has not only permitted an integration of the Qatar situation into its overall position in the
regional setting but has also provided insight and explanation of many of the conditions that
would otherwise remain enigmatic,

The results of geological, geophysical and hydrochemical investigations both in Qatar and

in the adjacent onshore and offshore areas of neighbouring States have lead to a generally
accepted classification of widespread and traceable stratigraphic units into a complex series

of aquifers and aquitards within which groundwaters of varying compositions move and are directed
by the influence of lateral and vertical hydraulic pressures. Lateral flow takes place,

within these aquifers and vertical flow occurs in both aquifers and aquitards where lithological
changes in aquitard conditions permit the interchange of flow, dependent upon the prevailing
pressure patterns. Recharge of meteoric water to the aquifers of the systems takes place by

the direct infiltration of a proportion of the rainfall occuring over the outcrop,by infiltration
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weathered rock crust, wind blown sand ete.
ifer by the run-off transfer from lower-

LR

rate to
ly in the Qatar context, by the accumulation and

allow depressions which are a widespread and

.+ The
ater flow into and through the aquifer
of Bahrain and possibly during

ion of freshwater,supported and

An interpretation of the overall Central Arabian Gul

f groundwater flow pattern and the most
important factors influencing such flow,

are depicted as Fig 10.1.
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10,2 THE RAQUIFER SYSTEM PIEZOMETRY AND GROUNDWATER MOVEMENT

10.2.1 Introduction

The fabric of the aguifers and routes taken by moving groundwater are demonstrated in
several ways. Formation outcrops, collapse caverns and hand dug wells provide visible
evidence of the nature and variation of aquifers as do drill cuttings and ccres. Drilling
reports, where rates of penetration, variation in drilling conditions and circulation
fluid regquirements, are recorded as well as geophysical logs, are indirect evidence.

The analysis of aquifer test pumping, by calculating the porosities and permeabilities
reguired to provide the water to a discharging well also permit comparison between visual
and suppositional evidence.

Carbonate and evaporite rocks have a primary depositional porosity formed by the
voids between the chemically precipitated grains, even though the grain size may be very
small, as well as between the fragments of shells which form biogenic deposits. Post
depositional consolidation reduces this void to solid ratio in all cases. Secondary
porosities and permeabilities develop as diagenesis takes place and water moves between
the grains either to be expelled during the process of consolidation or in response to
pressure fronts generated by hydraulic head. Elements of the original material are removed
and others may be brought in dependent upon a complex inter-relationship of chemical and
physical factors. Changes brought about in carbonate rocks, particularly by sclution, are
described as karstificaticn. Solution enlargement of primary sedimentary features such as
joints, bedding planes and fractures increase the void to solid ratio, which may have been
reduced to infinity by compaction. Interconnected, enlarged joints, fractures, bedding
planes, voids and solution cavities provide the generally high permeabilities which are a
feature of karstification, though rapid and considerable variations in void to solid ratios
and degree of inter-connection of the voids, both vertically and horizontally, is usual.
These features continue to develop in the zones of most active groundwater circulation, the
upper meters of the saturated zone and frequently above,providing evidence of the movement
of groundwater levels during very recent geological his:ory.

Palaeokarst features, present at depths no longer related to the phreatic water table.
point to changes in the levels at which such karstification has taken place.

The several aquiferocus horizons present in the rocks of Qatar are developed in the
carbonate and sulphate facies by these solution and redeposition effects (diagenesis) that
moving water has upon such materials. The creation of the Simsima Dolomite facies from the
original chalky limestone by the redistribution and concentration of calcium magnesium
carbonate is of great importance. TItself a product of exposed-rock alteration by weathering
the sSimsima Dolomite accepts infiltraticn at higher rates and acts as a near-surface
reservoir for the storage of larger quantities of recharge than the unaltered chalky lime-
stone beneath. Thus while recharge may take place only once or twice per year at times of
effective rainfall, penetration to the Rus Formation and below may continue, for a consider-
able period after the rainfall event and at a rate dictated by vertical permeabilities in
the chalky limestore facies, of water held in the more porous duricrust above. The same

mechanism may also be effective over the approximately 500 km2 where the Rus Formation
actually outcrops and a similar dolomitic duricrust has developed.

lo.2.2 The Aguifer System

A brief summary of the coastal area aquifer regimes, as defined in the Eastern Province,
Bahrain and Qatar, inreverse stratigraphic order, is :-
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The Neogene Complex The post-Eocene rocks form an important recharge and aquifer
complex, up to 120 m thck in the El Hasa Oasis. A lower shale with thin limestonas
(Hadrukh formation) is overlain by, generally areneacous, marls, shales and porous
skeletal limestones (Dam Formation). The finer grained components act as aquitards
impeding vertical flow and splitting the complex into several discrete units. The
Dam is karstified and has very high transmissivities. The Dam is probably absent in
Bahrain except as the 'Jebel Cap' but the Hadrukh, as a claystone underlain by a
sandy limestone and together some 10 to 60 m thick,forms with the Alat below the
so-called 'A' aquifer. 1In Qatar the Neogene occurs as a limited number of outliers,
only in the southwest and generally at a high topographic level, except in the Abu
Samra area where the complex and very variable, thin limestones, clays, mudstones,
chalks and gypsum act as a confining aguiclude to the Alat Formation aquifer below.

The Upper Dammam Complex The Alat and Khobar Limestones, beth between 20 and 50 m
thick in Saudi Arabia are separated,as they are in Bahrain and Qatar, by the thin

Alat marl, 10 to 20 m thick and an important aquitard, though the three members are
generally modelled in Saudi Arabia as one unit. They form an important aquifer at

El Hasa. The Khobar Marl below is the top member of a very thick aguitard complex
which reaches down to the top of the Umm er Radhuma Formation. In Bahrain the 'a'
aquifer is principally the Alat Limestone, 15 to 25 m thick and a partly dolomitised
fossiliferous carbonate sequence, bounded above by the Hadrukh claystone and below
by the Alat Marl, 10 to 15 m thick. The 'B' aguifer of Bahrain is a combined Khobar
Dolomite above, some 30-40 m thick and the Alveolina limestone, a friable brown
dolarenite, about 10 m thick below. The aquifer, which is usuallyconfined, is very

highly permeable in the top 10 m and forms the most important water bearing unit of
the island.

In Qatar, the Abarug Dolomitic limestone (the equivalent of the Alat limestone),
which, cther than the southwest, occurs only on the flanks of the Dukhan Anticlines
where it reaches about 2 m in thickness, i= of hydrogeological significance in the
Abu Samra area where it consists of up about 12m of grey, friable dolomitic limestone
of high permeability. This aquifer, which may be a conduit to groundwater storage in
both older and younger formations is believed to have a safe-yield throughout of up
to 2 Mm3.yr_l without resort to overpumping. It is underlain by up to 10 m of yellow
clays and marls, the Abarug Marl member (equivalent to the Alat or Orange Marl) which
acts as a supporting aguiclude.

The Simsima Dolomite and Limestone (egquivalent. to the Khobar in Saudi Arabia and
Bahrain), from 10-30 m thick forms the outcrop over 80% of Qatar's surface. The
Dolomite is a diagenetic replacement of part or all of the original chalky limestone
and is an. important aguifer near the cocast as is the undolomitised but still wvuggy
original chalky limestone. Elsewhere the phreatic water levels are generally below
the Dammam Formation = Rus Formation contact.

The Lower Dammam Aquitard 1In Saudi Arabia the several, generally clay and marl,
members of the Lower Dammam some 10 to 40 m thick are grouped with the underlying Rus
Formation. The Lower Dammam aguitard of Bahrain is some 10-20 m thick and consists
of shale with some silty dolomitic limestone, the Sharks Tooth Shale Group.

In Qatar, the Lower Dammam consists of marls, clays and shales with thin, 1 m,
subordinate limestones at the top and bottom of a sequence rarely exceeding 12 m

in thickness, though still an important aquitard. The absence of this aquitard,
either by non-deposition or pre-Upper Dammam erosion, from the northern part of
country, and about ¥ of the total area, is of profound hydrogeological significance.
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Rus-Umm er Radhuma Complex In Saudi Arabia the Rus Formation may be between 40 and

200 m thick where it consists principally of anhydrite and is an agquitard. Over
anticlines and where evaporite solution has been active it is formed of limestone
dolomite and marl, only 20 to 30 m thick, locally fissured and a minor aguifer in
hydraulic continuity with the Umm er Radhuma Formation below.

The Umm er Radhuma agquifer, some 300 to 600 m thick, increasing from west to east,
and formed of porous fissured limestone and dolomite with some anhydrite in the
northwest is an important though variable aguifer. The top 30 to 50 m are karstified
and may have been subjected to subsecuent infilling with clay thus causing a
debasement to a poor aquifer. The unaffectedcalcarenite facies below has a higher
yield typical of the upper meters where clay infilling has not occurred.

In Bahrain, a similar interpretation applies. The full anhycdrite facies aguitard
sequence, confined to the north and west of the island may be up to 150 m thick, of

of which the anhydrite may form 25% and combined anhydrite and shale more than

50% of the total. Elsewhere to the south and east between 30 and 50 m of chalky
limestones with guartz concretions and freguent large voids and solution cavities,
form an aquifer continguous with the Umm er Radhuma Formation below. It is believed
that the anhydrite, and much clay, has been removed in solution and suspension by
circulating groundwater and that this thinner aguifer is a residual deposit formed

by the collapse and compaction of resistant layers. The underlying Umm er Radhuma
Formation, between 100 and 350 m thick and a dolomitic limestone with calcarenite and
often argillaceous and bituminous, forms a variable aquifer seguence. Transmissivities
in the clays are very low yet porosities may exceed 30% in the calcarenites. However,
the Rus - Umm er Radhuma complex contains only brackish or saline water and therefore
has little or no development potential.

In Natar, the Rus Formation, varying between 20 and 110 m, also consists of the two
distinct facies. Sulphate Facies of thick anhydritic marls with thin limestones that
are an aguiclude in structurally negative areas and the Carbonate Facies of thin,
altered chalky dolomitic limestone over structurally positive areas. The absence of
anhydrite, either due to non-deposition or post-depositional removal by groundwater

and the consequent collapse of overlying strata, is of profound groundwater significance.

The thin residual Rus Limestones are in hydraulic continuity with the underlying

Umm er Radhuma Formation. The boundary within the northern area where the Lower
Dammam is absent is also significantly near and aligned with the boundary between the
thin, Carbonate Facies, aguiferous Rus to the north and the thicker, Sulphate Facies,
aquitard Rus to the south, indicating that the Lower Dammam marls and shale have
impeded the infiltration and circulation of groundwater and thus prevented the general
removal of Rus Formation anhydrite from the area to the south. The Umm er Radhuma
dolomites and limestones beneath are in hydraulic continuity with the carbonate Rus

in the north. Up to 80 m of the Umm er Radhuma may contain freshwater reserves and
yields are high. In the south, where the Rus is an aquitard, Umm er Radhuma ground-
water is confined. Only the top 100 m of the Umm er Radhuma have been investigated for
groundwater and to this depth only in 2 boreholes. As in Saudi Arabia, in some areas
the top 10-20 m, though karstified, have suffered subsequent clay infilling and
significant yields may be obtained only below this layer. Elsewhere, particularly in
the south, the yield of even the topmost meter may be very high. Detailed information
on the lithology of the upper 10 to 20 m of the Umm er Radhuma is insufficient to
permit this important lithological variation to be mapped and predicted.

The lithostratigravhic and groundwater properties of the various units are summarised
in Table 3.4 (See Chapter 3)
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1823 Piezometry

In the Northern Groundwater Province, phreatic water levels occur generally within the
Rus Formation except in the coastal areas where the geological structure brings the Dammam
Formation down to the water table zone. The groundwater surface conforms to the general
topngraphy though retains a flatter profile and groundwater levels are easily predictable.
In the Snuthern Groundwater Province considerable variation occurs related to the lateral

and vertical changes in aguifer lithology and permeability so that discreet bodies of water

at differing levels and of varying quality are separated by extensive areas in which ground- :é
water is almost absent. Drilling the sulphate facies of the Rus Formation in both Groundwater “%
Provinces, does not generally encounter lost circulation horizons indicating the overall ?%
aquiclude character of the facies. §

-3

Figure 12.2 indicates the owverall gquantity and density of boreholes in Qatar and
Enclosure 4, the location and title of all boreholes and wells for which stratigraphic and
aguifer data are available and has been utilised in the production of this report.

Historic details of water levels recorded during the monitoring programme conducted by the
staff of the Project are given as Appendix 5.2 and cover a 10 year period from 1971 to 1980.
&s a basis for comparison, to which changes in groundwater level may be related, the piezometric
surface configuration for 195%-59, developed from data collected by the Adsco survey, with
cnrrections based upon subsequent more accurate topographic details, is presented as

Figure 10.2. The groundwater contours have also been smoothed as the data available to
Adsco were obtained principally from existing hand-dug wells and boreholes in developed
depressions as well as from their own exploratory drilling programme which concentrated upon
the assessment of the groundwater resources of major depressions. Their water levels are
thus likely to reflect for example, the effect of heavy rainfall which occurred in January
1959. Despite the limited number of rain gauge sites (5 only operative), falls of 75 to

1nO mm were registered over much of the country and this is likely to have had a considerable

though haphazard effect upon pre-rainfall groundwater levels.

The phreatic surface culminated at + 13 m to the west of the centre axis of the
peninsula and this displacement is thought to be an early reflection of the expansion of
agriculture along the eastern flank and the effect of the concentrated extraction from the
first of the well fields to be brought into production. Thus the 'lows' in the block
20-22E, 40-42¥ are due to the extraction from Al XKhurayb and Umm al Quhab well fields,
those in block 20-22E, 38-40N by extraction around Al Rayyan, Mu'aydhir and As Sayliyah and the
considerable decline at 20E 39N due to the concentrated extraction from the Rawdat Rashid
wellfield and the Umm al Mawagi farming complex where up to 10 farms were active, pumping up
to 10,000 m3 day_l from a total of 60 wells. Some modification of the regular order of
contours also appears in the north of the peninsula related to the early development of

agriculture in that area. Attention ig drawn to the below-sea level values for the water
surface in the area just east of the Dukhan anticline associated with the very large

inland sabkha area of Zgain al Bahth. This approximately 100 km2 area of salt flats at
or just below sea level is believed to be an important area for the natural discharge of
groundwater by evaporation.

Energy balance studies over sabkha surfaces where the potential piezometric level is
above ground level have shown that evaporation from the moist and saline salts may take place
at 20-25% of the potential open water evaporation rate which is calculated as 2260 mm yr._l
for the western coastal area of Qatar. Evaporation does not take place from the whole sabkha
surface as the evaporation of the groundwater surface leaves behind salt crusts and pans which
inhibit further upward water rise until the dried salt is blown away by wind action. However,
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Piezometric Surface: 1958
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it is believed that up to 10 MmB.yr may have been lost to evaporation by this means at

times of balanced steady-state conditions declining with reduced coastward groundwater move-
ment, to some Tﬂns.yr_L in 1980. The remaining sabkha areas of Qatar, which amount to a further
further 200 kmz are, with minor exceptions, covered by considerable thicknesses of dry siltc

and wind blown sand and are deemed to be no longer active, particularly following the decline
of water levels with the trend away from steady-state balanced recharge-discharge conditions,

An important embayment in the contour pattern stretches from the negative area of the
sabkha near Dukhan eastwards towards Umm al Marwagi and, to a less marked degree, on to the
south of Doha. Thig feature is considered to be a result of the enhancement of permeabilicy
in the Rus Fnrmation in the area of active anhydrite solution in the border zone between the
Northern and Southern Groundwater Provinces in the stage prior to the overall collapse which
leads to the deflated landscape typical of the Northern Groundwater Province. The reduced
aquifer losses of a higher transmissivity zone result in a more rapid dissipation of recharge

and therefore a flatter groundwater profile.

Monitoring of water level changes has been continuous since the initiation of the
Project programme in 1974. The general configuration of the piezometric surface for 1930 is

given as Figure 10.3 and Enclosure 4 presents more detailed information at a scale of
v . 250,000. 'ater level data is collected over a period of several weeks, two times per ;
year, and can therefore only provide a generalised impression. The proximity of many of :
the monitoring wells to irregularly pumped farms enhances this variability. A compariscn 4
of the 1938 and 1930 conditions for the comparable area of Qatar, north of the Grid N33, :
indicates the marked decline of the highest groundwater levels from + 13 to + 6 in the

west of centre area and the now only very slight positive elevation of the groundwater surface
elsewhere. ‘ihile few of the boreholes, which provided data for the 1958 map, penetrated to

the Umm er Radhuma Formation, a large number of such boreholes are used in the monitoring
o the Umm er Radhuma to provide an

orogramme as farm production wells are generally sunk t
adequate yield. Thus the 1980 surface is truly composite, presenting an integration, at i
most sites except the well fields, between the regional groundwater level of the Umm er

Radhuma Formation which declines from about + Sm in the southwest to + 2m in the north east

of the peninsula and is related to storage and potential groundwater movement from Saudi

Arabia north eastwards and the Rus Formation levels. These are allied to recharge and

discharge conditions of recent meteoric waters and are much effected by the annual variations :

in these conditions as well as groundwater abstraction.

Thus in areas where the levels of the phreatic Rus Formation have been drawdown by
extraction in the near-coast area to equal thoseof the Umm er radhuma below, groundwater
from the Umm er Radhuma will have gained a new route of discharge to the sea. Coastal
area water levels will therefore be maintained at levels balancing the Umm er Radhuma head
and the drawdown created by such a discharge but water quality will deteriorate with time to
that of the regional Umm er Radhuma water, as the feather-edge of meteoric water thins and
recedes inland in areas where the recharge-discharge volume are un-balanced.

Figure 10.4 portrays the changes in groundwater levels over the period of the monitoring
programme, 1974 to 1980. This indicates that only minor changes have taken place during
this time and thus that the major declines took place in the period prior to 1974 during
the major expansion of agricultural activity. Comparison with the Groundwater Conductivity
Map @nclosureS)shows that the fresher groundwater salients in the areas of Wels A2 and B6,
whera losses of recharged meteoric water to the sea are still likely, have sustainred a
major decline of over 2 m during 1974 to 1980, With a reduction in wellfield extraction the
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Piezometric Surface: 1980
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Change in Groundwater Level-1974-80
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areas cof Al Utoriyah and Rawdat Rashid have shown a degree of recovery and that with an
2xpansicn of the well field area and a rationalisation of extraction the phreatic

level near Al Jumailiyahhas also risen. With little potential for Adevelopment in the

Southern Groundwater Province, few changes have taken place but the =slight decline in the
artesian head of the Alat aquifer near Abu Samrah is significant as the safe yield of that
resource is approached. The decline of 2 m around well C2a north of Al Ghasham may have been
caused by an anomaly in the rainfall, and therefore recharge, pattern as there has been little
change in the extraction regime of that area.

The likelihood of a regiocnal decline with time of the Umm er Radhuma aguifer head also
exists and Groundwater Development Consultants Ltd (1980) in a study of the Umm er Radhuma
Aguifer in Eastern Saudi Arabia on behalf of the Saudi Arabia Government, have modelleda Fa1l of
lOm. in both the Umm er Radhuma and Dammam aguifers of the coastal province between 1940 and
1980 cduring a period when the extraction from the Umm er Radhuma has risen from 0.6 to
72.4 Wm3.yr_1 and from 87 to 352 Mm3.yr_1 from the Dammam. The apparent similarity in head
decline is due to the balance response to exploitation with a vertical flow between the

aguifers via high permeability 'windows' where the Rus Formaticn is non-anhydritic.

10.2.4 Groundwater Movement

The regional pattern of groundwater movement and the implicating of such flow have
been discussed in Sectien 10.1.3 and cnly the flow within Qatar itself will be defined.
The cdominant direction of this flow is normal to the lines of head equipotential or
piezometric contours depicted in Enclosure 4 and Figures 10.2 and 10.3. From the
interpretation of the near steady state conditions of 1958 it is clear that the flow was
coastwards, north, east, west from the centre of the peninsula. This flow pattern folleowed
closely that of the surface topography and the isosalinity contours showed very similar
gradients. The. results of concentration of extraction in the wellfields and in the
intensive farming areas of the eastern and northern districts have modified this flow, in
many areas inducing changes and reversals particularly where wellfield depletions had caused
Rus phreatic level to fall to well below sea level. The much changed shape of the water
table is clearly evident from Figure 10.3.

In the Northern Groundwater Province general declines are not pronounced in deeper
wells tapping the Umm er Radhuma aquifer as extraction has resulted in a reduction in fresh-
water reserves by the upward displacement of the fresh-saline interface as the Rus head
differential, above that of the Umm er Radhuma, has been reduced. Those wells tapping
only the Rus show greater declines due to the aquitard conditions which exist at the base
of the Rus and, in certain areas, within the top 15 m of the Umm er Radhuma aguifer also.
Low groundwater levels in a belt stretching from Doha via Rayyan to Rawdat Rashid, Umm Bab
and Dukhan may be related to two groundwater movement features. The Groundwater Model
(Chapter 13), due to mathematical restrictions, was not able to include this area. The firse,
eastwards from Rawdat Rashid towards Doha, the movement is to replace water extracted in
the recent past along the Doha to Rawdat Rashid corridor, which has caused the edge of the
freshwater body to recede inland with replacement laterally ly sea water incursion znd
Vertically by saline ground water from the Umm er Radhuma. T.e second, less marked, is
Westwards towards the groundwater sink area of the large Du‘han sabkha area, where groundwater



10/18

levels decline to 2 m below sea level. The near Surface Apparent Resistivitv Map

(Figure 7.5) indicates an area of higher than 16 ohm.m resistivity in the path of such
groundwater movement but reference to the Geological Map, Enclosure 1, shows that this
anomaly is caused by the presence of large area of dry, high-resistivity, aeolian sand
covering the southern end of the sabkha which masks the subsurface conditions but are in
fact enly superficial. The small area of higher apparent resistivity north west of Doha

is due to the presence of a small areaof high ground (over 20 m) near Duhail camp increasing
the below-surface depth to the high salinity groundwater below.

That this groundwater movement is parallel to the Anhydrite Solution Scarp is indicative
of the continuing solution activity and ths development of higher porosities and permeabilities
along rather than across the scarp during the process before total collapse takes place
and the overall void to solid ratio is subsequently reduced. Within such a belt of higher
transmissivity, high groundwater levels cannot be sustained and any natural upward laakage
of Unm er Radhuma water (white this is not thought to be great due to the fact that active
solution is taking place only in the overlying Rus) will also be transferred laterally under
the influence of the lower head levels at the Dukhan sabkha and towards the sea near Doha.

The continued existence of a limited discharge of land-derived meteoric recharge at
the coast is indicated by the presence of extensive growths of the coastal marsh plant
mangrove which requires a regular flushing in water of a lower salinitﬁd;han sea water to
survive, in the tidal flats of Al Dhakira bay, just north of El Khor. The salinity and
groundwater contours of the area support the phenomenon. The groundwater contour pattern
near the north west coast between Grids 44N and 46N suggests a flow which may have supported
the prolific shrimp feeding grounds which have only recently declined in that area. A
freshwater discharge from the Neogene aguifers between Bahrain and Qatar may also be implicated.

In the south west, the direction of groundwater flow in the Alat aguifer is assumed
to be east-northeast wards, following the regional pattern, towards the centres of extraction.
Reference to Enclosure 4, the regional and detailed piezometric surface map for that aguifer
Figures 10.5 and 10.7 and as well as appropriate conductivity maps, Enclosure 5
Figures 10.6 and 10.8 indicates certain anomalies. The isosalinity contours support the
principle of a general east-northeast ward flow, but the piezometric head culminates at
+ 5 m between wells WA9 and WAll, declining both northeast wards and southwest wards towards
the Gulf of Salwah. While a freed discharge of an artesian flow would exhibit such a trend.
as the head was dissipated to sea level in aguifers above the confining aguiclude, the decline
is also apparent in boreholes that are cased and cemented to the top of the Alat aquifer,
WA9, WAB and Cl2. The secondary peak, centred around borehole Cl4 in the south of the Alat
Groundwater Province, it anomalous as this borehole penetrates deep into the Umm er Radhuma
Formation and is cased indicating the general piezometric level of that aguifer and not the
Alat. The anomaly may be related to lateral and vertical thickness, lithology and
permeability wvariations in the Alat aquifer as indicated by the results of aguifer testing
Table 10.3.

In the Southern Groundwater Province K and more specifically south of a line between Doha
and Umm Bab, the apparent flow pattern is rendered more complex by a number of factors : the
relative paucity of actively cultivated areas and therefore the limited number and scattered
nature of the monitoring wells available; the lower density and smaller relative size of the
depressions within and beneath which potable water reserves have accumulated and the very low
horizontal and vertical permeability of the upper Rus aquifer so that recharge is not
dissipated to form an extensive groundwater unit.

See Chapter VIII., p8/48
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Alat Aquifer-Regional Salinity
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Alat Aquifer- Regional Piezometric Surface {mas.l.)
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The relationship between the groundwater salinity and piezometric data is confused
and contradictory. As an example, at Al Kharrarah high water levels coincide with low
salinities whereas at Karanah low salinities occur in an area of low ground water levels,

lg, 2.5 Alat Member Aguifer Unit

The Alat Member as an aquifer occurs only in the southwest of Qatar. The egquivalent
Abarug Mesmber of the Upper Dammam Formation occurs elsewhere in Qatar as isolated outliers
generally 9f gsmall thickness and of no hydrogeological significance. The subcrop in
southwestern Qatar has a synclinal form, the Salwa Gulf syncline, with a gently dipping
western limb, most of which lies in Saudi Arabia, and a small remnant area of the eastern
limb, isolated from the remainder of the peninsula by the Dukhan structure, in the Abu Samrap
and Wadi el Araig areas as indicated on the several Enclosures and other maps., The

western boundary is unknown as it lies in Saudi Arabia, bnut from studies in that country the
Alat and underlying Khobar Formations are linked as a confined agquifer unit of considerable
importance. In Qatar the Alat does not have a readily discernable outcrop at its eastern

margin and, as depicted in the enlarged cross-section of South Western Qatar, Enclosure 2,
it is deemed to be overlain uncomformably by the Lower Dam Formation, which rests directly
on the Simsima Dolomite and Limestone Member further inland.

The Alat (Abarua) Malomitic Limestone, the aquifer, is thin (“rom 10 to 25 m) and rests
upon the Abarug or Orange Marl a plastic marly clay which is also about 10 m thick and acts
as the supporting aquiclude. Overlying the aquifer are the lithologically variable clays,
marls, limestones and shales of the Lower Dam Formation which form an effective confining
aquiclude. It is likely that the Alat limestone itself varies considerably in lithology and
permeability as it does in thickness and the wide range of specific capacities indicated by
test pumping, (Table 10.4) are clear evidence. The heterogeneity is probably confined to the
eastern most limits of the formation area as the combined Alat and Khobar are relatively uniform
in thickness and composition in Saudi Arabia.

Recharge occurs over the outcrop of the Upper Dammam in Saudi Arabia and the
piezometric gradient appears constant at about 0.0l5 as far as the border area west of Salwah
where an increase to 2 to 3 times this value is apparent, though the cause is not obvious,
The regional groundwater salinities and piezometric levels are presented in Figure 1€.5 and
10.6 respectively and show the important relationship between the recharge, storage and flow
and the connections between Saudi Arabia and Bahrain and southwestern Qatar. More detailed
groundwater information from boreholes in the Qatar zone are given in Appendix 5 and
Figures 10.7 and 10.8 illustrate the Salinity and Piezometric Contours respectively of the small
Qatar area of this agquiferunit. Changes in groundwater salinity and piezometric level

between 1977 and 1980 are also shown in these figures indicating that the extraction, which
is approaching the 2Mm3.yr"l
conditions.

level, has already caused departures from the steady state

It seems probable that the Alat aquifer unit in Qatar had no landward discharge prior to
the drilling of boreholes and only limited groundwater movement and discharge is deemed to have
taken place upward via vertical leakage through the confining Dam Formation beneath the
Salwaph Gulf. The age of the Alat water, between 22,000-26,000 years (Table 9.2), suggests the
remoteness of the recharge area and consequently the potential valume of storage. That the
Alat water is of a similar apparent age to the Umm er Radhuma water from P33, also in the
southwest, provides evidence of the pPossible interflow between the twe aquifers in the Hofuf
area of Saudi Arabia where the Umm er Radhuma water is of low salinity and changes in the Rus
lithology provide a connection. The age of the Alat groundwater and the stratigraphic
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relationship of the several Formation Members which form the eastern limb of the synclinal
structure suggest that direct recharge to reserves by rainfall occurring over the adjacent
outcrops, is unlikely. The absence of the Alat Marl in the area of wAl4 would permit a

southwesterly transfer of groundwater from the Simsima to the Abarug Limestone but this is
uncertain.

10.2.6 Rus Formaticn Acuifer Unit

The Rus Formation forms the surface outcrop or underlies younger beds over the whole
of the area of the Qatar peninsula. It is recognisably contiguous with the Rus Formation
of Saudi Arabia and Bzhrain and similar changes in lithology, thickness and structure are
common to all areas. The sub-division into a Northern and Southern Groundwater Province
based upon the variations in these characteristics of the Rus, and particularly the recognition
of Carbonate, Sulphate and Residual Facies zones as of fundamental importance, is however
peculiar to Qatar and has been developed and refined during the lifetime of the Project as a
logical model of the hydrogeological circumstances. Eastwards from Qatar the Rus Formation
continues in its sulphate facies, except in the north and northeast, beneath younger members
and groundwater circulation is probably very limited. It is in the north, where the
Depositional Carbonate Facies or Residual Sulphate Facies are in direct connection with the
sea via the variably permeable Simsima Limestone and Dolomite member and without the
protection of the intermediate lower Dammam shales and clays, that the groundwater reserves
areat greatest risk of lateral sea water contamination.

Details cf the areas of each facies and the variations in thickness and structural
position have been given in Chapter 3 and depicted in Figure 3.13. In the Northern Groundwater
Province, in the absence of the intermediate Lower Dammam aguitard, the Rus and Upper Dammam
form one continuous agquifer unit with the Uoper Dammam of minor importance as only near the
coast do phreatic water levels occurwithin thelimestones and dolomites of the Simsima. In
the Southern, with the Lower Dammam shales protecting the underlying gypsiferous Rus from
penetration and solution by circulating groundwater, the cover has been broached by minor
faulting or joint plane slip only in certain areas and there have been an accumulation of low
salinity groundwater from recharge beneath the resultant solution depressions. While the
Depositional Carbonate Facies of the Dukhan structure is in most respects suitable for the
accumulation of a fresh water body of smaller area than in the north, it is narrow and open
to sea level discharge to the west and to a sub-sea level sabkha area to the east and does
not therefore contribute to the Rus groundwater reserves. The southern extension of the
Dukhan structural area, while not gypsiferous, is of a soft chalky marl and limestone facies
and only limited reserves have accumulated, such as in the Al Amriyah area.

The lower boundary conditions of the Rus at its contact with the Umm er Radhuma Formation,
are complex and dealt with in the following Section 10.2.7. Despite the major removal of
soluble gypsum from the residual sulphate facies of the Rus in the Northern Groundwater
Province, the high clay content of the argillacecus lower Rus of both sulphate and carbonate
facies is the cause of the low vertical permeability of the Formation. The higher horizontal
permeability 1s developed in a relatively thin layer, about 10 to 15 m thick,from the present
(or earlier steady-state) static water level downwards. It is suggested that this karstic
form of fracture permeability has developed in response to the energy of the seaward drainage
of locally infiltrated meteoric water. The lower but important vertical and horizontal
permeabilities below, down to the top of the Umm er Radhuma Formation are a product of the
groundwater circulation conditions created by higher rainfall and infiltration rates and the
lower base levels of the Pluvial periods.

Recharge to the Rus Formation aquifer occurs throughout the peninsula directly via
outcrop or through the overlying Simsima. From the work by Adsco (1959) it was recognized
that recharge amounts were greatest beneath the depressions because of the runoff concentration

and the enhanced recharge via the depression floors to form mound water bodies. While it is
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now felt that the depression floor silts may inhibit recharge rather than enhance it, from

the clear evidence of ponding and slow decline of the ponded water level at or near potentia)
open water evaporation rates (see Harhash (1979)), the significance of the depression is stil]
accepted though with the principal amounts of recharge taking place through the coarser
depression deposits around the margins and downwards via the high permeability zones of the
collapse -induced fractures which underly them,

The response of Rus aquifer water levels to rainfall and recharge are clearly indicated
by the hydrographs plotted as Figure 10.9, both of which are for boreholes in depression
areas on the Northern Groundwater Province. At Bayd al Qa', a roughly circular depression
1 km in diameter and the southernmost of a series of depressions associated with the
Al Markiyah deflated area, where there is a 20 m height difference between the floor and the
surrounding area, a number of pilot pre-production holes were drilled and carefully tested for
an eventual water supply to the Sand Processing Plant. Series A, B and C, each consisting of
a production well, a cored observation borehole and two uncored piezometric boreholes, were
sited within the depression area and had rest water levels of + 8.5m + 8.1lm and + 8.2m
respectively. A fourth series D, at the southern boundary of the depression, had a rest level

3
b
-

of + 6.4m some 2m lower than inside the depression. As the measurements were made during
the Winter and Spring seasons of 1976 and 1377, before groundwater extraction started in the
area, they provide clear evidence of the accumulation of a recharge mound beneath a depression
following the infiltration of Winter rainfall.

The pattern of exploratory drilling for the Sand Washing Plant provided valuable evidence

of the removal of gypsum from the Rus Formation and the conseguent subsidence to form a distinct
depression.
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In cored hole D,, sited at the edge of a depression some 1.2 km in diameter and 10 m
lower than the surrounding land, gypsum, forming more than 50% of the core, was recovered from
the lower 25m. No gypsum was encountered in any of the other holes, which are all within
the depression. 1In Dy also the Midra shale Member of the Lower Dammam Formation lies some
15 m higher than in the other holes.
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There is a marked vegetation difference between the larger coallesced and shallow
depression north of the anhydrite solution scarp and the smaller steeper ones to the south,
In the north, vegetation is generally absent, indicating poor retention in the rocks and
subsoil and therefore recharge to the aquifer below, 1In the south the vegetation is mora
abundant permitted by a higher retention of infiltration near the surface. (See Chapter IV)

Variations in depression transmissivity and storage capacity is considerable. Both
are high at the margins of collapse structures, where evaporites have been removed but
accommodation collapse has not been complete. Near the centres of large depressions, where
few large subsurface cavities remain and collapse has reached the stage where the amount by
which the floor of the depression is lower than the surrounding area is equal to the thickness
of the evaporite removed, transmissivity is likely to remain high though storage capacity
will be lower. In the area of unaffected gypsiferous Rus between major depressions both
transmissivity and storage are low.

Results of test pumping of boreholes in the Umm er Shukut depression and the non-
depression area of Khor Park, indicate considerable differences in the aquifer characteristics
beétween the two environments although both are in the Northern Groundwater Province where
gypsum removal has been complete. It seems likely that initial depression areas, where
fracturing first allowed recharge water to gain access to the gypsum, have retained their
higher transmissivity and permeability values despite the eventual general removal of gypsum
and the production of a deflated landscape.

As the majority of boreholes which fully penetrate the Rus Formation also continue into
the upper high yield zone of the Umm er Radhuma, the two aquifer zones are inter-connected
and differences in piezometric levels are obscured. Details of Rus aguifer boreholes are
given in Appendix and the composite groundwater contours for the linked Rus - Umm er Radhuma
units are presented in map form as Enclosure 4 and as a reduced diagram in Figure 10,3. The
related composite water conductivity map forms Enclosure 5. In Project boreholes, where casing
was inserted to separate the Formations and thus distinguish head differences and notential
vertical transfers between aquifers across aquitard units, the pattern was inconsistent.

In some, the Rus head exceeded the Umm er Radhuma and in others the opposite was observed and
it must be concluded that localised differences in lithology and thus permeability cause such
alternations together with the combined aquifer response to pumping. A head differential
between the two aguifers in the Northern Groundwater Province where the Rus gypsum has been
eliminated, or never deposited, presupposes an aquitard between the Rus and Umm er Radhuma
Formations. The variably argillaceous nature of the Lower Rus and the clear indications that
the principal water-bearing unit is generally the 10 to 15 m at and below the static water

depth, with only slght increases in transmissivity below, are accepted as the origins of such
variations,

The head characteristics of the Northern Groundwater Province are therefore modelled
as a balance between the recharge accumulation head and the regional level of the Umm er Radhuma
below which declines from + 6 m at the border area with Saudi Arabia to + 3 m at Al Ruwais.
A decline in the combined head levels to below the minimum of + 3 m, which occurs in the
coastal areas, implies that Umm er Radhuma groundwater is also being discharged to the present
sea level via the vertical connections between the aquiferous units and through the horizontal
flow network which formally carried the meteoric recharge as a flow to the sea at times of
high phreatic groundwater levels.

|
g
i
i
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10.2.7 Umm er Radhuma Aguifer Unit

The Umm er Radhuma aguifer unit, which has no outcrop in Qatar, is the northeastward
continuation of a very extensive, thick, gently dipping and in general homogeneous formation
which has a long curved outcrop in eastern Saudi Arabia and underlies most of the Gulf area
eastwards to the U.A.E. It has no lateral lithological boundaries beneath Qatar and its
coastal waters, though there is regional evidence to indicate that a gradual change from a

carbonate to an argillaceous facies takes place eastwards. There is insufficient, accurate,
subsurface data from Qatar to state with certainty that this is significant across the width
and length of Qatar, but the eventual eastward change to shales and clays brings about a
decline in the groundwater circulation within the Formation and an upward migration to
stratigraphically higher aguifers via lithological windows and eventual discharge to the
Gulf sea where this is possible.

The base of the agquifer are the shales of the Aruma Formation but as only the upper meters
of the Umm er Radhuma have been explored and exploited for groundwater, little is known of the
geometry and significance of this lower boundary. It is believed to lie at depths ranging from
less than 300 m to perhaps 1000 m below sea level, depending upon the effect that structural
control has had on the thickness and level of the formation. The Umm er Radhuma thickens

generally eastwards but imposed upon this trend are the results of folds active during the

accumulation of the Formation and both younger and older rocks. Thus it may range from over

500 m thick in the synclinal areasof the Salwa Gulf and the off-shore area east of Qatar to les

l than 300 m over the positive areas of the Dukhan anticline and Qatar arch. Figure 3.20 shows

the considerable variation in the elevation of the upper surface of the Formation ranging from

sea level or slightly above near the centre of the Qatar Arch and as much as 50 to 60 m above

| sea level at the Dukhan Anticline, to about 200 m below sea level in the southwest and southeast
of the peninsula. The two positive structures merge in the south of Qatar, maintaining the
upper surface of the Umm er Radhuma at about sea level until the rapid plunge southwards to an

' uncertain depth.

The upper boundary of the Umm er Radhuma is hydrogeoclogically more complex and can be
[ categorized as follows:-

° Umm er Radhuma overlain by a thick Rus succession of up to 50% anhydrite and shales.

' ® Umm er Radhuma overlain by a thinner residual Rus succession from which most if not all
the soluble anhydrite has been removed.

L Umm er Radhuma overlain by a depositional carbonate Rus sequence with little or no
anhydrite and shale.

The first condition occurs over more than 50% of Qatar, in the south and west of the
country, and is designated the Southern Groundwater Province, The second and third form the
Northern Groundwater Province. An area of the third category is also formed by the Dukhan
Anticlinal Structure and its southeastward extension. Whilst in the north of the structure the
Rus Formation is of typical depositional carbonate facies, south of grid 36° North, it consists
of a very fine-grained, chalky limestone of aguitard properties. 1In addition the narrowness

N

of the structure, the more rugged topographic expression inducing a greater percentage of runoff
and the proximity to the Salwa Gulf and the flanking sabkha have not permitted the accumulation
of significant freshwater reserves and the area is therefore linked with that which surround it,
the Southern Groundwater Province.

The reservoir characteristics of the Umm er Radhuma are controlled by lithology. In the
Mmain it consists of fine-grained, green and olive limestones, dolomites, dolomitic limestones
and mudstones, with some marls and shales. While basically therefore open water deposits,

ol T

Some areas of lagoonal, stagnant water deposition are recorded : argillacecus carbonates with

i
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anhydrite beds. This facies occurs in Saudi Arabia, near the Kuwait border and also
south of the Qatar border.

At borehole P29, a thick sequence of grey, soft argillaceous carbonates with beds of
white, crystalline anhydrite and some pale, hard limestone and dolomites were observed. This
is unlike the Umm er Radhuma elsewhere in Qatar and from its position is evidence that Stagnane
lagoonal conditions occurred between the positive areas of the Dukhan Anticline and the Qatar
Arch. Porosities are high in both facies but primary permeabilities are low due to the Overal]
fine <qgrain-size of the carbonates and the presence of clays and marls. Post-depositional
diagenesis has resulted in a redistribution and recrystallisation of the dolomites and a
considerable increase in the overall permeability. Powers et al (1966) report a more Pronounceq

dolomitisation away from the areas of the argillaceous, anhydrite accumulation due to the greater
facility for groundwater circulation. However a high permeability was encountered in the Umm
er Radhuma Formation at P29 and it appears that the argillaceous anhydrite facies of that area,
while of considerable thickness, may be of limited extent. The restructured, dolomitic lime-
stones containing the groundwater are in overall connection with the 'normal' facies of the
Umm er Radhuma Formation elsewhere in Qatar and the clay and anhydrites induce limited control
on vertical permeabilities with a tendency to layering of the groundwater circulation.

The 'standard' lithology of the Umm er Radhuma elsewhere in Qatar—a highly porous, wvuggy,
restructured, grey to olive dolomite—has a well developed secondary intergranular porosity and
permeability as well as a fracture permeability evidenced by cores and rates of drill-bit
penetration. The upper meters of the Formation are believed to have very high porosity and

H
I
i
£

permeability values everywhere due to the karstic nature of the aquifer. However, low permeability
conditions may be present where the karst has undergone subsequent clay infilling thus extending
downwards by up to 15 m the aquitard characteristics of the overlying Rus Formation. Aquifer
details from boreholes are given in Appendix 5.1 and the limited data on piezometric levels
are plotted as Figure 10.10. while many boreholes penetrate to the Formation, the opportunity
to obtain exclusively Umm er Radhuma head levels by carefully executed casing and cementing
techniques has been relatively rare. The + 10 m contour at the Saudi Arabia coast, and parallel
to it, is evidence of the degree of confinement beneath the aquitard Rus of the Salwah Gulf.

The evidence that the contours do not continue parallel the NNW-SSE trend, declining east-

north eastwards, is regarded as a firm indication of discharge to the present sea level in the
area of the northern part of the Dukhan Anticline where the Umm er Radhuma groundwater levels
are unconfined and generally in the Northern Groundwater Province. That this discharge must
take place via the overlying gypsiferous Rus Formation of an aquitard character everywhere
except in the extreme north and north east of Qatar, maintains a positive Umm er Radhuma
groundwater head of several meters. The very shallow groundwater gradients of 3 x 10_5 between
south and north Qatar are indications of the very high horizontal permeability values of the
upper zone. Other than in the central area of the freshwater body of the Nerthern Groundwater
Provinces, the recharge origin of the groundwater of the Formation is the outcrop in Saudi
Arabia. The low salinity water of meteoric origin in the north is entirely of local origin

with a probable initiation of this accumulation during times of high Pluvial rainfall and
contemporary low sea-levels. The base of this freshwater body reaches to some 100 m below
sea-level near Grid E19 N43; that is some 60 m below the top of the Formation in the

same area. Exploitation of this freshwater body at greater than the average rate of recharge

is causing a lateral convergence of the fresh-saline interface as well as its upward vertical
displacement as the volume of freshwater in storage declines. 1In borehole SHY9 the interface
appears to have risen by some 10 m between 1959 and 1976, the date of the geophysical survey.

Regional Salinity of the Umm er Radhuma is indicated on Figure 10.11 with only sparse
data for Oatar due to the problems of obtaining exclusive samples. No pattern of increasing
salinity is present.
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lo.2.8 Definition of the Aguifer System

The geological and hydrogeological connection between Saudi Arabia, Bahrain, and Qatar
is demonstrated in a series of vertical cross sections presented as Figures 10.12, 10.13,
10.14, 10.15 and 10.16, Figures 10.12 and 10.15 illustrate the groundwater flow away from
the inland recharge area of Saudi Arabia, 10.13 the sub-Gulf connections between Saudi Arabia,
Bahrain island and northern Qatar. Figure 10.14 illustrates the typical hydrogeological
conditions of the Northern Groundwater Province and Figure 10.16 the more complex
situatiocn of the Salwah Gulf and the Alat artesian aquifer,

Lateral flow takes place within the sequence of aquifers and vertical flow occurs in both
aquifer and aquitards where a breakdown in aquiclude conditions permits the interchange of
flow dependent upon t he requirements of changing pressure patterns. The seaward lateral flow
of recharge in any one aquifer is limited by the presence of a fresh water-salt water
interface. In the most superficial aguifers this contact occurs at the sea water boundary,
in deep aquifers at the contact with connate water. Intermediate agquifers may have a sub-sea
mixture of both sea water and connate water but in all cases there is a tendency for this
fresh water-salt water interface to lie further inland with increasing depth. Thus lateral
movement of groundwater towards the coast is converted to vertical movement upwards through
both aquifers and aguitards towards the eventual discharge at the coast or at near-shore sites
where flow is controlled by structure. Seawards, beyond the eventual discharge line, groundwater
movement declines, to be reactivated only by natural changes in sea level creating a new

pressure head situation or by the stress induced from massive artificial extractions of ground-
water.

This basic model may be modified by the presence & near-coast confining conditions which
protect and channel land-derived recharge towards remote off-shore discharge areas and thus
permit the sea-ward displacement of the fresh water-saline water interface for considerable
sub-sea distances. This condition is thought to apply in the case of the Alat aquifer of the
Upper Dammam Formation of Bahrain where piezometric head data and groundwater salinities
indicate a flow of freshwater from the Dhahran area of Saudi Arabia. The flow geometry has
been much medified by extraction on the island as well as in the area of Dhahran but despite
declining levels and increasiny salinity the flow still supports the agriculture of the
north west part of Bahrain. A similar flow of potable water in the Khobar Member of the Lower
Dammam Formation may have continued into historic times but this also has declined with lower
water levels and increasing salinity. A comparable onshore salinity contour configuration
occurs for the Umm er Radhuma Formation of Saudi.Arabia and, on Bahrain, the piezometric
levels and the salinities indicate a former connection now trending towards isclation by changed
hydrogeological conditions.

Other than the volume of usable fresh water reserves of the thin artesian Alat aquifer
unit in the southwest, the stable groundwater reserves of Qatar may be defined separately from
any historically recent connection to recharge and flow from Saudi Arabia., In the north of
Qatar and within the area of the Northern Groundwater Province, the reserves have accumulated
as a body of low salinity water surrounded and supported by higher salinity water. Despite the
high salinity, 10,000 mg/l or more, of the underlying groundwater a positive piezometric level
of up to 4 m above present sea level indicates the remote origin of this water. The potential
thus exists for further lateral movement within the aquifer or, translated as a pressure head,
for upward vertical transfer to higher aquifers where ever the levels of the upper unconfined
and less saline groundwater are less than 4 m above sea level.

The overall shape of the freshwater body is controlled by variations in lithology and has
been modified considerably by extraction. The removal of large volume of freshwater from certain
areas only rather than uniformly over the Province, has resulted in the upward displacement of the

freShwater salt water contact zone in some areas as well as the lateral incursion of sea water
in others,
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Except for the Alat Member Unit, there is no evidence of the replenishment of fresh or
brackish water reserves in Qatar by continuing through flow from Pluvial recharge in Saudi
Arabia. The protrusion of better quality water of less than 2000 mg/l which extends, in the
Alat aguifer, from Qatif in Saudi Arabia, passing to the north of Bahrain Island as far as
Fasht Jebel, declines in guality before reaching northern Qatar and the equivalent of the
containing formation, the Abarug Member in Qatar, possesses neither aguifer qualities nor a
continuous large outcrop area. Similarly, the Khobar Formation, an aquifer of considerable
importance in the Dhahran area with large potable water reserves,shows only a limited
extension of better quality water towards northern Qatar. Although the equivalent Simsima
Member has a very widespread outcrop of up to 80% of the surface of Qatar it is of importance
as a fresh water bearing unit only in the lower elevation, coastal areas of Qatar in combination
with the Rus Formation and there is no evidence of any throughput of freshwater from remocte
recharge areas in Saudi Arabia.

Regional groundwater movement in the Rus Formation is complex and controlled by
lithological variation. Thus the Formation occurs generally as a thick anhydrite-bearing
aquitard or leaking aguiclude with some water-bearing potential in the thin limestones which
separate the anhydrite and shale beds and in the relatively shale-and-anhydrite-free, chalky
limestone of the upper Rus. Elsewhere, as a depositional carbonate or the thin anhydrite-free
carbonate residual of a deflated evaporite facies, it is in hydraulic continuity with the Umnam
er Rachuma Formation below. From Figure 3.10 it may be seen that the potentially aquiferous
areas of Rus Formation are restricted to inland areas of Saudi Arabia with the exception of
the coast around Qatif and Dammam, the south and east of Bahrain Island and the Nerthern
Groundwater Province of Qatar. The lack of hydraulic continuity between these areas and the
Rus recharge area in Saudi Arabia precludes the lateral movement, either past or present,
of freshwater in to the Northern Groundwater Province of Qatar via the Rus Formation itself.

The Rus of the Southern Groundwater Province is an aquifer of very poor and variable
potential for these same reasons. The extensive and unbroken cover of the lower Dammam
shales and clays have limited the potential for groundwater accumulation, via either the
few depressions which have developed or more generally from the well-weathered and highly
porous Simsima Member outcrop which forms the surface rocks. The non-anhydrite areas of
Rus are in overall hydrogeological continuity with the under—lying Umm er Radhuma and may
best be described together with that Formation. From recent work in Saudi Arabia and Bahrain,
the Umm er Radhuma regional water quality is found to be generally good west of the Saudi
Arabian coastal area and a remnant tongue of good water extends south eastwards under Dhahran
and E1 Khobar towards Bahrain island. North of this tongue, the gquality declines rapidly
towards the coast, south of the tongue less rapidly but in general the 10,000 mg/l contour
follows the Saudi Arabian coast. (GDC 1980)

In Bahrain the 10,000 mg/l contour is seen to follow closely the coast line and a
remnant of low salinity water the contact between the Sulphate Facies Rus of the north and
west coastal areas of the island and the Carbonate (or Residual Sulphate) Facies of the centre
east and south. Two very small remnants of Rus/Umm er Radhuma water of less than 2000 mg/1
remain (1880) in the zones of highest Rus/Umm er Radhuma piezometric levels; + 6 m a.s.l.
Though not expressed as such by GDC it is conceived that the aguiclude nature of the Rus to the
north and west protect this remnant of a formerly more widespread body of fresh water.
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lo.2.9 formation of Freshwater Bodies and the Evolution of the Aquifer System

The major growth of high latitude ice masses probably commenced 3 million years ago,

in the
late Pliocene,

reaching the lower mid-latitudes at the beginning of the Pleistocene. The

four major glaciations of the northern hemisphere took place between 1.6 million and 18,000

brought far-reaching changes in climate
with overall migration of temperate zone conditions towards the equator.

average temperature conditions in the Gulf were some 10°

Years ago. Changes in wind pattern and ocean currents

It is likely that

cooler than today durins glaciation
maxima and similar to the present during interglacials.

Evaporation conditions are indicated by stable oXygen isotope ratios measured in
ice-cores taken from present-day northern and southern

polar ice masses and from nunerous
sea~floor sediment cores world-wide.

The process of isotope enrichment and the value of

varying ratios in the determination of recharge conditions are explained in Chapter 9.2,

Marked decreases in the relative proportion of the heavier lao isotope, due to the reduced
evaporation of the lighter 160, are indications of cooler and presumably wetter conditions,
Increases in O proportions signify warmer and drier periods, A considerable decrease in

O took place batween 72,000 and 60,000 Years ago followed by a
by irregular fluctuations but still maintaining the trend of iner
conditions (Johnson et al (1972)). a sharp increase in

Years ago and, with minor variations the ratios had reache

long interval characterised
easingly cooler and wetter

O content commenced about 15,000

d those of the present time by about
10,000 years a2go. Undoubtedly, the level of the sea changed in relationship with the variations
of climate during the Neogene. As the present day is part of an interglacial period,

relativ=ly high sea levels, evidence of conditions and groundwater f1

with
ow and discharge which
occurred at these lower levels lies beneath the sea. While the advance and retreat of
massess are time-

ice
transgressive the variations in isotope ratios and sea-levels are synchronous
worldwide and the interpretation of evidence may be transposed with confidence. Thus wave-cut
platforms and the crests of coral reefs, which grow and decay to remain at mean sea level, have
been correlated, with excellent agreement, between Barbados and New Guinea; (8lgom et al (1974))
As with oxygen isotope ratios from Greenland and Antartica, a rapid decline in world wide sea
levels is indicated. Starting about 70,000 yYears ago, and following a long and relatively stable
period with levels similar to those of today, the decline continued, with minor variations, as
more and more water was locked up in high latitude ice masses and expanding lakes elsewhere,
until the abrupt reversal, following the glacial maximum, which occurred about 18,000 years ago.

Sea levels had probably returned to those of the present-day about 5000 years ago.

During the period of decline several falls and rises have been documented and correlated
with the several glacial and inter glacial periods, but at the glacial maximum, the sea levels
lay more than 50 m below that of today and some evidence points to a maximum excusion to more
than 100 m below present sea level. The whole of the Arabian Gulf, may, therefore have been
converted to a land area and the position and dimensions of the remnant Gulf, when the sea
level stood at 60 m below present, are indicated on Figure 10.1, together with an interpretation
of the groundwater movement and discharge situation at present as well as some indication of
features dominant during Pluvial times. Thus a very large area of the shallow Gulf littoral
would have been exposed as dry land. Migration of climate belts would also have brought the
Qatar area under the influence of a temperate regime with much higher rainfall than at present.
Discharge of groundwater recharged over Saudi Arabia and the exposed Kttoral, including the
present day Qatar peninsula, would have taken place at a relatively straight NW-SE oriented
shore line which lay up to 100 km north of the present one. Increasing general recharge of
considerable quantities of precipitation would have developed the groundwater circulation
conditions which lead to the situation interpreted 'in a Groundwater Province separation seen
today (Figure 3.13). The protective cover provided by the impermeable lower Dammam Shale,
south of the centre of the present-day peninsula and in the west, restricted the solution and
removal of the Rus gypsum to those areas where joints and fractures allowed recharge to penetrate

e et et B A AT AT R AR
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reached. This situation is illustrated as a g + The sections
are drawn in a SW-NE direction to relate to perferred pPaths of groundwater movement which would
have been the pPrime route in Pluvial times. Sta advance of

the interface, with increased recharge and decli
Position at the time of maximum extension.
and as the sea level rose,

Where connections (lithological

ater incursionsg and the gradual
This is illustrated as Stage III.

Bahrain,

» Hydrogeological
Section A-B, where the meteoric body o

saline water interface, relieved o

The U-shaped contact between the anhydritic and non-

north of Qatar could be the dry landg part, with a submerged northern part, of what was 3 major
discharge zone during Pluvial times. 1In Bahrain also the freshwater leakage from the
Umm er Radhuma is all to the north of the island.

of changing sea levels on groundwater

anhydrite Rus Formation in the

A diagramatic illustration of the effects
movement and discharge is given below as Figures 1o.18,

19, and 20.
-100ndischarge NE
HARAD Present sea level QATAR level _
Rechorge Phreatic dischorge line Mid~Gulf
elevation Salwa Abu Doha -59 m l
Gulf  Somroh ¥ Yt discharge
R i s level
‘ _'_"'"--____,p-“ 7
. . ,
=50 — / \ j
d Moo
s b
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R T—
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. . N-WATER"
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- o /' ~ * s
-— .~ - \""\ 2
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Om sea level
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FIG. 10.18. STAGES OF DEVELOPMENT OF FRESHWATER BODY
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The intar—relationship between the connate groundwater and intrusive sea water is pot Clea
rl

understood due to the difficulty in obtaining uncontaminated samples for analysis. The Methodg
Presenteqg
as an hypothesis awaiting further deep-level exploration and sampling. However, the evolutigp
of chemical sequences (Chapter 8.4.1) tend towards limits which differ in the types of more
saline groundwater and which could be explained by the above hypothesis, The considerable
variation in ages determined for the deeper fresh and brackish groundwater may also be the
result of admixture with recent sea water or reimplaced connate water of very considerable

age,

of emplacement and replacement of meteoric by connate and/or sea water are therefore

At all stages, water levels of the Umm er Radhuma, volumes of freshwater and therefore
the position of the interface, marginal discharge to the sea and recharge to the freshwater
body tend to remain in equilibrium, Assuming steady stage conditions in 1958, prior to the
start of large scale agricultural and domestic extraction, the balance between the fresh
water body, which maintained an outflow to the sea equal to recharge, required a head in the

centre of the northern area of about + 13 m to overcome agquifer friction losses with this %%
head declining to zero at the coast. This is some = 10 m above the supporting head of the g;
Umm er Radhuma Formation near the centre of Qatar with the head of this aquifer also :%
declining to zero at the coast as water flowed from it to the sea. (See Figure 10.2) :

That this piezometric surface was not everywhere uniform with contours equidistant and parallel
to the coast is an indication of the variations in porosity and permeability and therefore

the creations of corridors of enhanced flow induced by variations in lithology and geological
structure. Historical aquifer pressure heads up to a maximum of 1§ m in the Rus Formation

and 4 m in the Umm er Radhuma would still have driven recently recharged water into the
freshwater body even if the total wvolume of the body remained stable. Volume balance and the
reguirement for meteoric water discharge would have been met by marginal discharge of 'older’
meteoric water to the sea at the coast, as indicated in Figure 10.21 below.

Recharge

* Rus aquifer
corxst A head coast Umm er Radhuma

) /// J(/ aquifer head +4m
TAB L~ L ! '
N
e

\‘:\‘\] A\/ Fresh-saline interface
\\\\“/\_—_ﬂ__ L ~~ “Pressure gradients
~

\ —_—

T e, — —

vel

FIG: 10,21, HYDRO-DYNAMICS OF FRESH-SALIME WATER INTER-REACTION

Thus where the Volume in A exceeded the combined volumes of B1 and 52 by a sufficient amount to
overcome aquifer friction losses discharge would have taken place. As the heads in the Rus
Formation declined due to over extraction and with the head of the Umm er Radhuma aquifer remain-
ing constant (or suffering only very slight decline) due to support from the distant recharge
area and a stable volume in storage, the pressure head gradient gradient could be altered with

a consequent change to upward displacement flows by the same preferred channels and a discharge
of fresh and brackish water to the sea driven by the head of the deeper groundwater flows.
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Unm er Redhume cquifer

A ) head + 4m
= — 7 T ———
B1 \\H) R¥’);:L_,r/ﬁ;;h‘“llfézézﬂ______EEE_LEYe1
\7 \/Aé Fresh-soline interface
FIG: 10.22 HYDRO-DYNAMICS OF DECLINING FRESHWATER BODY

Where the volume at A is insufficient to exceed B, and B, plus the friction head losses, mixed

deeper, more saline goundwater will be discharged at a rate controlled by the limited pressure
head available.

’

For the classical Ghyben-Hertzberg relationship an archimedian ratio of 1 : 40 occurs
between the head: above sea level of the surface of the fresh groundwater and the depth below
sea level of the interface with the supportive saline water below according to the following
formula which was first applied to floating lenses developed in oceanic islands.

he pg
D =
Pg = Pg
where D = depth to the interface below datum

hf = head of freshwater above datum
Pg = freshwater density
p. = saline water density.

The development of freshwater bodies within saline groundwater can also be modelled
but rather than the uniformity of sea water density, a vertical gradient of salinity and
therefore density is found within thick aguifer sequences. This is apparent in P27 as
a linear gradient of about EC looo.mfl over a depth of 40 m within the Umm er Radhuma, below
an interface and EC 28{'.).m.“l for 32 m in P 22a. GDC (1980) found a gradient of about 180 mg/1
in Saudi Arabia and thus while the data from P22a maybe related that for P27 probably
indicates the profile is still within the lower part of a mixing zone.

Of the deeper drilling in the Northern Groundwater Province, where a Ghyben-Herzberg
isostatic relationship could exist between the low salinity groundwater body and the
Supportive higher salinity below, conductivity profiles which illustrate such a phenomenen
are available from Borehole P22a and p27 (Figure 8.6 and Appendix. 1.3 )



The data are as follows:-

Table 10.1

Groundwater Profile Datsy - P22a and p27

__H
Borehole Total Ground Static EC 3000 Top of Base of 1 : 40 Calecul-
Level Water Level Transition Transition G.H, ation
Level * Zone Zone Depth Ratio
(m) {m) (masl) (masl) {masl)
34.8 + 3.65 - 82,2 = 715 w0 B8 ~ lds
18 + 4,10 se2a text - 66 - 96 - 164

* EC 3000 selected as the limit of potable water

In borehole P22a, some 23 km from the coast, the profile exhibits gz sudden rise jp
salinity between the depth of - 75 and - 85 p rising from EC 600 to EC 12600,

indicatinq a
very thin transition zone.

In borehole p327 withi

very much thicker.

which exhibits

be related tg th

he Umm er Radh

N 12 km of the east coast,
A relatively g
water surface and - 66 m,

the top of ¢

table conductivity of a
co-incidentally the level of th
uma Farmation,

Table

10.

the

2

Isostatic Ratios

With a rapid rise Lo EC 7000 at -
reaching EC 9000 ar - 96 m,

Mixing or Transition Zone is
bout EC 3000 OCcurs between

e chert horizor some 13 m helgy

69 m.

The

but below that depth there is a

base of the freshwater

temperature with depth,
he freshwater Zcne above,

The

should therefore

Borehole Freshwater Frashwater Saline Saline Present Umm er Geophysical_]
Salinity Density Water Water Sea Radhuma Survey base
at 250¢ at 2s50C Salinity Density Level Level Level

at 250¢ at 259¢ Ratio Ratio
(mg.17%) (kg.17L) (mg.17%) (xg.17h (masl)
22a 500 1.0005 80c0 1.0080 1:487 1:153 - 100
27 2000 1.0020 8500 1.0085 l:632 1:248 = 75

Groundwater Zone

It is therefore likely that

variations,

a

€ general
the depth
results of the geophysical surv

nown differences between the phr
nd th

to the base of th
€Y and still

sea level as datum is clearly not viable and,

eatic surface of the freshwater body at the two
+ 3.5 m of the Umm er Radhuma pPiezemetric surface for the Northern
e interface was recalculated and compared to the

indicating vVery considerable discrepancies,

the salinity interfaces encountered in both p22a and p27
plex relationship between fresh and saline groundwater which is
atic principles but more under the influence of litholagical

it i ot ok b+

iR

PN

R e skl
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AQUIFER TESTING

10.3.1 Introduction
o eroguction

The evaluation of water level data and the test pumping of a limited number of exploratory
borehcles drilled specifically for Project investigations have permitted estimations of water
bearing properties of the several lithological and stratigraphic units, Transmissivities,
permezbilities and Storage coefficients have been calculated from test pumping and specific
capacity estimates made where test pumping could not be carried out. Hydraulic heads and

plezcmetric surfaces have been evaluated from water level data.

Some 36 boreholes were drilled during the various stages of the Project but only 12 of
these have been fully tested and the results analysed. Specifically in the case of the boreholes
explering the artesian conditions of the Alat aquifer and in the more recent P27, P29 and
P35 casing was used to Separate varying aquifer conditions ang also support the bore against
cellzpse. It has been found that many cf tke boreholes in the group Pl to P26 have collapsed
@ither partially or totally and a cleaning and protection programme would have been required
befcre test pumping could be carried out. Zs the early wells also lacked strict lithological

nd stratigraphic control it was deemed more advantageous to use the very limited rotary rig
d testing time and facilities available ©on new boreholes rather than on the recleaning of
>ld cnes. Details of aguifer testing and the evaluation of results are given as part of each
inéividual Borehole Completion Report which make up Appendix 1.3 and 5.1.

Pzrticularly in the case of the upper art of the Umm er Radhuma aguifer, and to a lesser
Zecree the thinner band within the Rus Formation spanning the water table surface, it was found
“hat steady stage conditions were reached very rapidly from the start of pumping. Without a
sensivive water level recorder, it was impossible to obtain accurate hand held tape measurements
of transient cenditions prior to equilibrium as the limited drawdowns of 1 to 2 m took place
within the first minute or two of pumping. &s this is also the period when well storage has

Sreat influence cver yield/drawdown relationships the value of transient data was further
limited.

during drilling, evidence of the form of aguifer Storage was provided by fluid
circulation losses and the cccurrence of large voids and cavities. This suggests that the
figh transmissivities are due to the presence of joints, fractures ang inter-connected voids
which form only a very limited proportion of the total rock volume which is therefore of low
Storativity. This fissure flow supposition is entirely compatible with the karstic nature of
certain horizons within the complex of formations described in 3.6 and 10.2 though the results
of test pumping from the Alat agquifer indicate the presence of a greater proportion of granular
porosity. Confined fissure flow aquifers are greatly influenced by diurnal atmospheric pressure
changes and chart records of pumped water level show clearly this effect. A further feature
of such aquifer hydraulics is the very limited drawdown induced in adjacent piezometers by the
Fumping from a test borehole. This was noted during the testing of all the Project boreholes.

Téplenishment. The most accurate calculation of these factors comes from the results of long-
term well-controlled test pumping of wells with accurate water level measurements
in the pumped well and in adjacent boreholes of a similar depth acting as piezometers,
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10.3.2 Groundwater Terminology

The definition and significance of some terms used to express the nature of groundwatep
flow and the results of testing, are as follows:-

Do o F Water Bearing Properties af Aquifers

(a) Porosity is the property of a soil or rock in possessing voids and may be expressed
qQuantitatively as the ratio of the volume of voids to the total volume, usually as a
percentage. The origin of the porosity may be two fold and the total porosity of an
aquifer may be derived from a varying proporticn of either or both types. Primary
(or intrinsic) porosity results from the voids remaining following the accumulation
and compaction of a sedimentary siliclastic, carbonate or evaporite deposit. The
amount of spaces betwesen grains will vary considerably during the geological history of
a rock unit and will generally decrease with time until weathering processes reverse
such a trend. Secondary (or diagenetic) porosity is openings created by the separation
of the faces of joints, fractures, faults, bedding planes and cleavage. These tend to
increase with geological time and the brocess is much accelerated during the weathering

cycle. Many dense and consolidated rocks with low primary may have an appreciable
secondary porosity which is the mode for storage and movement of groundwater. The
solution of carbonate rock by the chemical action of atmospheric carbon dioxide dissolved
in moving groundwater, and taking place along widening joints, fractures and bedding
planes may result in very high effective porosities as does the process of removal in
solutisn of anhydrite from evaporitic formations.

Bt ode B R AT S N B TR

(b) Permeability is the measure of the ability of a.rock or soil to transmit water under the

influence of a pressure gradient. 1In as much as this is @ property of the medium alone,

the term intrinsic permeability (k) is used to indicate the facility of a sample of rock

to permit the flow of a gas or ligquid under controlled laboratory conditions of temperature,
viscosity, pressure ete., created during the testing of core samples. The permeability of
a water bearing rock unit, in its natural state, is termed hydraulic conductivity (K) as
here the Properties of natural groundwater are included as well as those of the aquifer,

(c) Hydraulic Conductivity (K)may be defined as the property of a medium to conduct, in unit
time, a unit volume of groundwater at the prevailing viscosity through a cross section of
unit area, measured at right angles to the direction of flow, under a hydraulic gradient
of unit change in head through unit length of flow.

Q
Therefore K = i3
3
- -1
or K = = 5 =7 = m.day
m~.day. (-m.m )
where K = unitlength per unit time vev. m.day”t
Q = cubic metres wie T3
A = area cve. m?
i = hydraulic gradient (A h/ A1) ++.. ratio

' The negative signs result from the fact that water moves in the direction of
decreasing head.
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coefficient K,

That is Q = Kia

For the average water particle velocitx, v, the porosity of the medium is

also required,

Thus from Q = VAQZ
where Q = volume of flow e m3/day
v = velocity svo. m/day
A = Cross sectional area co m2
2 = porosity vea. B

and the relationship that

Q = Kik
then vag = Kia
- Ki
and ' =
@

Transmissivitx (KD) is the pProduct
thickness (D) of the water bearing

hydraulic gradient through a cross
the aquifer,

of the average hydraulie conductivity (K) and the
section. It is the rate of flow under a unit
section of unit width over the whole thickness of

thus KD = = mz.day_

Water Yielding Properties of Aquifers

Svecific Yielg (Sy) is the water given up by a medium under the influence of gravity
L==C1tic rield
drainage or more specifically,

the volume of drainable water per unit volume of rock.
It is dimensionless and usually

expressed as a decimal fraction.

Storage Coefficient (8) is the volume of wa

unit surface. area, per unit change in hydraulic head

+ The storage coefficient of
unconfined aquifers is virtually equal to th

e Specific Yield (Sy) which is also the



(c)

(d)

e
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effective porosity (as opposed to the total porosity) of the aquifer varying between

0.1 and 0.3 with 0.2 being a generally accepted value. The term Storage Cosfficient (s)
is usually retained in reference to the confined parts of an aquifer where the yield jg
not derived by dewatering and depends upon the elasticity of the medium and the fluid
contained. It is generally in the range of 107> to 107° 6

per metre of aguifer thickness.

and may be aggumed at 30~

Unconfined Aguifer is a permeable unit, partly filled with water overlying a relatively

impermeable layer. Its upper boundary is formed by a free water, or phreatic, surface,

under the influence of atmospheric pressure. Water in a well penetrating an unconfined

aquifer does not generally rise above the phreatic level, whatever the well depth except
where there is vertical flow.

Confined Aquifer 1is a completely saturated unit where the upper and lower boundaries

are impermeable. As all rocks are to some degree permeable, a truely confined aguifer 3
is unusual and the preferred terms are semi-confined and semi-unconfined agquifers and the ;%
confining layers, aquitards rather than agquicludes. The water pressure within the aquifer E
is higher than atmospheric and the water level rises when released by drilling to stand 'g
at a level above the top of the aquifer. Artesian is used to describe confined groundwater :
which is free flowing at the ground surface. The potentiometric surface is an imaginary

one connecting all points to which the confined groundwater level would rise in non-leaky
boreholes,

2.3 Groundwater Flow Conditions

As well as being a source of much valuable information, the test pumping of a borehole

is an interference (as is the borehole itself) with the natural groundwater conditions. The

disegquilibrium conditions induced by pumping create flow regimes of two types.

(a)

(b)

Steady State Flow where there is equilibrium between the discharge of the pumped well
and recharge to the agquifer from a source outside the radius of pumping influence. This

may occur in unconfined agquifers where the regime of natural recharge and discharge

has settled to a new balance. Thus changes in drawdown with time are negligible and the
hydraulic gradient has reached equilibrium. Such a regime gives no information on the
likely storage coefficient since no water is being drawn from adjacent storage where

measurements are possible.

Nonsteady State Flow occurs from the instant pumping starts until eqguilibrium is reached.
In the case of a truely confined aquifer, non-steady state conditions will continue without
limit as the water is provided by shrinkage due to the elasticity of the medium and the
water and not to dewatering. Generally however, steady state conditions are eventually
reached due to enhanced recharge, inter-aquifer transfer or sea-water intrusion, all of

these being un-natural conditions induced by the pumping.

10.3.2.4 Analysis of Test Data

In the Situation of the long-established wellfields, which penetrate and utilise the

Rus Formation aquifer, so as to exploit the low salinity water only, steady state conditions
have been developed. The methods of analysis of data proposed by Dupuit (1863) for steady




& e

10/49

state flow in unconfinegd aquifers, and later modif

ied by Thiem (1906) to include steady state
flow in confined aquifers also, require that:-

29 KD fsl - 52)
Q =
In (x,/r,)
in which Q = discharge ....m3/day
K = permeability +s..m/day
D = aguifer thickness cee.m
$18, = steady state drawdown ....(m) in plezometers at distances ryr, from
the pumped well.
Q T,
thus KD = -————— In
2% (31 = 52) I

In addition to the assumption of steady state conditions,

water flow to the pumped well is horizontal and uniform in the
axis of the well.

the method regquires that the
vertical section through the
rarely met the larger than usual scale

» consisting of up to 200 separate wells up to
gle pumped well smooths the errors introduced by

While the latter assumption is
of assuming a Qatar water supply wellfield
50 m apart, to be the equivalent of a sin
the lack of homogeneity in the aguifer,

The basic assumption of Darcian flow in a

quifers (Darcy 1856) is based upon the
following precepts.

the aquifer has a noticnally infinite areal extent.

the aquifer is homogeneous, isotropic

and of uniform thickness over the area influenced
by the pumping test.

the piezometric or phreatic surfaces are horizontal ove

r the area influenced by the
pumping test.

the aquifer is pumped at a constant discharge rate.

the pumped well penetrates the complete thickness of the a

quifer, as do the adjacent
piezometers,

and thus receives water from the entire thickness by horizontal flow.

In fissured aquifers such precepts are not entirely applicable in that the agquifer is
not homogenecus and isotropic and the flow to the well is not entirely horizontal. The drawdown
in the pumped well is not linear with discharge and the additional drawdown induced by
rising velocities and consequent friction losses as the water travel through the limited number
of fissures intersected by the well as the rock/open hole interface, are termed well

Such losses may be high in fissured aquifers and should be isolated from agquifer loss
reasonable determinations of transmissivity and permeability.

losses,
es for

Rorabaugh (1953) determined for particulate aquifers; that

2
sw = BQ + cQ

where S, = total drawdown

Q = discharge

B = aquifer loss coefficient which varies with time until steady
state conditions are reached.
c = well loss coefficient
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These coefficients may be determined by calculation from step tests in which the well
is pumped at more than one discharge rate for equal time periods. Attempts to subject Step-
test data to analysis by the Jaccb (1946) method and the modified Jacob method proposed by Eden
and Hazel (1973) were unsuccessful as the increase in drawdown induced by increases in yielqg
were not complementary. However, GDC (1980) have calculated that apparent well losses induceg
by pumping from the Khobar and Umm er Radhuma aquifers represent a very large Proportion of tpe
total drawdown, ranging from 35 to 98% for yields of 25 lit/sec or about 2000 m3/day. It js
likely that the Rorabaugh method does not accurately represent the relationship between agquifay
losses and well losses for fissured aquifers and Clark (1978) has stated that there is no
accurate method for analyzing for well losses from step tests of fissure rocks as the vertical
variation of permeabiity invalidates the method.

While the degree of the well loss contribution to drawdown is uncertain it is still
believed to be animportant. factor and thus the steady state calculations of aquifer trans- o
missivities and permeabilities may in reality be under estimates. The values are therefore ps

conservative estimates of the aquifer characteristics but are those that will be obtained from
all typical boreholes.

When only one piezometer is available, adjacent to the pumped well, the drawdown was also
measured in the pumped well and the basic Thiem egquation applies

2 * KD (sw - sl)

In (rl / rw)

where r_ and s are the effective radius of and the drawdown in the pumped well.

In most cases test pumpings were carried out without the benefit of any adjacent piezo-
meters and for limited periods only. Unsteady state flow regimes were thus deemed to apply

and the methods of analysis, first introduced by Thies (1935) include the factors of time
and storage coefficients.

The method, originally developed for confined aquifers, utilizes the principal that the
influence of discharge extends radially with time. The rate of decline of piezometric head,
multiplied by the storage coefficient and summed for the expanding area of influence is
equivalent to the yield. The water is removed from storage and the piezometric level will
therefore continue to decline with time. However the rate of decline decreases with time as
the area of influence expands until virtual steady state conditions are reached. The Theim
equation is extended by the factors 't' (time) and a well function ‘'u' representing the
expanding influence. Type curves for theoretic analogy of groundwater flow are matched
against measured data for the calculation of XD (the transmissivity) and S (the storage
coefficient).

The elimination of the exponential integral by curve matching reduces the Thies
equations to

Q
Kd = W(u)
4n s
0.08 @
= W(u)
5
where Q = discharge e m3/day
W(u) = expanded integral of 'u' the relationship between radius influence,

coefficient of storage transmissivity and time, the Theis well function
and other units are as before.
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S = 4KD (t/rd)y

4 KD tu
= T —

r

where £ = time «+. days,

The value of 'y

decreases as the length of Pumping time
values of 't' ang for

measurements close to the pumped well,
value of 'y becomes negligible, Chow (1952)
Theis method which avoids the matchin
log nomogram,

't' increases and for large
or in the pumped well itself, the
introduced a simplification of the classical
9 of plotted against type curves by the use of a log -

The Plotting of drawdown 's'
asymtotic plot is extended to the

against the logarith of 't is a Straight line and if the

intercept were 's' = 0 at time 'to‘ the storage
coefficient may be found freom
2.25 XD
s = —_— e
2
r

in the simplifieqg method of analysis introduced by Jacob (Cooper and Jacob 1946) .

The substitution of 's' by ' [ s', the drawdown difference per log cycle of time,
permits the calculation of Kp
XD - 2.30 Q
A N s

where the units are as before. .Thig method is limited in applicatio

should be small and those of 't! large,
pPumped well where adjacent Piezometers we

N as the value of 'y!
These methods have been applied to drawdown in the
re not available with the understanding that well

upon the data and therefore the under estimation of
aquifer permeability and transmissivity values. The reduction of the value of
nificant may ocecur within a matter of minutes for
of pumping for an unconfined aguifer, By the
's’ ' for 's’

losses may have had a substantial effect

'u' to insig-
a confined aquifer but may take several hours
substitution of a corrected drawdown value

to take into account the fact that, unlike the confined aquifer condition, water




10/52

The sites where well-controlled tests could be undertaken were limited, and estimates of
permeability‘and therefore transmissivity}were obtained from the approximation methods

proposed by Logan (1964) for other wells where confined aquifer steady-state conditions
assumed to exist. By using 'Q' (yield) 'rw'
(radius of influence, i.e. to the oute

Were

{radius of the pumped well) and 'rmax'

r-edge of the cone of depression) and 'Smax‘ {tha
maximum drawdown in the pumped well), Logan reasoned that

2.30 Q log roax #& r,

KD =

2 % s

max

Again, well losses may have a profound effect upon the values of ‘Smax' which are used
and the ratio of 'r

e O rw' cannot properly be determined without the use of piezometers,
While the ratio may be

;
%
¥

uncontrolled the logarithm of the ratio is relatively insensitive and, E
assuming typical radii conditions and a log ratio approximation of 3.33, the formula may be §
simplified to ?

T
l.22 ¢
. = s
max

This method may also be applied to unconfined aquifer using the corrected drawdown
method of

max max max

2D

Logan also postulated that an approximation of K values for an aquifer may be

based upon Specific Capacity data (yield per unit drawdown : mz.day_l) via the following

formula
R C
s
K =
d
, ; 2 =1
where Cs = specific capacity veeess M, day
R = constant varying between 1 and 1.5 and usually taken as 1.3
d = agquifer penetration SRy T
IKDI

values for the aquifer may then be obtained by multiplication using the thickness

Again well losses lead to varying under estimation of the true aquifer horizontal
permeability and transmissivity.

s £
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10.3.3 Tests of the Alat Formation Aguifer Unit

Aguifer Parameters

Test borehole P32 was drilled, cased and cemented specifically to permit the testing
of the Alat aguifer in the southwestern area. Appropriate borehole data are given in
kppendix 1.1 & 1.3. The water level data for the pumped well from the constant rate pumping
are plotted as drawdown (normal) - time (log) on Figure 10.23 and the summary of analysis
results are as follows:-

Table 10.3

Alat Aguifer Testing Results

Permeability Transmissivity Storage Method
-1 5 . Coefficient
K(m.day ™) KD(m".cday ) s
Chow's Method
15,45 156 16.2 x 10”4 | Log cycle 0.01 - 0.1 ¢t (min)
16.83 170 2.5 x 1074 R R
21.29 318 21.7 x 1074 100 - 1000 t
Jacob's Method
16.34 165 1.0 x 104 | Log cycle 0.01 - 0.1 t (min)
30.89 312 7.3 % 1979 100 - lo0O t
Accepted -4
Valui 20 200 10 x 10

During the Shallow Water Well drilling programme (1963) the following data were
generated and aquifer parameters have been calculated:-

Table 10.4

Shallow Water Well Project Tests Results

Well Total Agquifer Specific Perm (K) Perm (X) KD using ED ?ffngt
No. depth Cut Capacity (Constant | (Constant (Constant ‘CGQ"ri?
Section 1.3) 3.25) 1,31 ,.z:l
(m) (m) (m?.day ™) (m.day™%) (m.day™ 1) (m.day ) (z.Cay )
SWWI Cl6 22.6 7.7 1341 226 566 1740 4358
2 C17 31.1 14.3 DRY - - - -
3 Cl4 | 44.2 10.5 297 37 92 389 9€6
4 Cl5 35.7 14.9 80.5 r 18 104 1559
5 Q13 29.0 24.4 559 30 74 732 1266
§ iy st 18.3 19.7 1.4 3.5 26 476
7 Clo | 39.6 16.8 3.2 0.2 0.6 3.4 57
8 c12 | 79.2 18.3 8.9 0.6 1.6 11 201
S
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It would appear that the test pumping calculations of aquifer values fall within the
range of values derived from specific capacity data and that, for the Alat agquifer, the generally
accepted constant of 1.3 gives an appropriate approximation of transmissivity values. The
constant 3.25 is one selected in 10.3.5 for combined Rus - Umm er Radhuma aquifer specific
capacity data.

Studies in Saudi Arabia and Bahrain have indicated that the Alat is a granular aquifer
wiht a vertically uniform permeability. Characteristics by transient data analysis for
wells in the Saudi Arabia coastal belt area KD values of 150-250, K of 3.0 to 7.0 and a
Storage Coefficient of 5.7 x 10'4 which compare with those of P32, indicaing the horizontal

homogeneity of the aguifer.

10.3.3.b 2lat Agquifer Yield

Based upon the test results of P32, and the supporting evidence from Saudi Arabia the
following average values may be selected:

Average Transmissivity (KD) 200 m? day_l
Average horizontal permeability (X) 13 m. day_l
Mean aquifer thickness (D) 15:m,

The piezometric slope between the outcrop area and Abu Samrah andalso between the
Hofuf area of probable aquifer interconnection and Abu Samrah is :—

Mean groundwater gradient (i) 0.0015

Assuming a flow front of 20 km length as the total available in Qatar then the throughput

(Q) is approximately 6000 m. day ' or 2.2 Mm> yrt,

However, the piezometric slope near the border may be much greater than the overall
value. The reserves may not be calculated from the characteristics of the Alat aguifer alone
as vertical transfer at points of aquifer interconnection may permit Umm er Radhuma water to
flow northeastwards via the Alat conduit. If the present piezometric lewvels in the
southwest of Qatar are drawdown by overpumping the throughput maybe increased by a steepening
of the hydraulic gradient without greatly influencing the long term volume in storage.
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10.3.4 Tests of the Rus Formation Aguifer Unit

Boreholes which penetrate the Rus aquifer only and are therefore suitable for the
analysis of Rus hydraulic parameters, are limited. The majority of wellfield boreholes were
sunk to 60 m which in almost all cases was fortuitously just short of the total thickness
of the Rus in several scattered wellfields. These wells are constructed, closed and linked for
production and testing has not been possible. However, at Rushaidah Wellfield, steady state
conditions have developed over many years of regular extraction from the Rus only and
exploratory wells P25 and P26 were drilled to investigate the lithological and hydraulic
conditions which permitted the piezometric level to be reduced to - 14 m without a rise in
salinity due to sea water intrusion. They were drilled at 500 m and 1500 m from the edge of
the wellfield which may be taken as a single well of large diameter.

Given that steady state drawdown existed in an observation wellfield borehole, B45,

(induced by pumping from adjacent wells but not from B45 itself) and using P25 and P26 as
piezometers, then as depicted below:

B45 P25(ryp 500m) P26 (rp 1500m)

+0.4m

* 0.4m v SWD

’ Q = 3400 m3.day-l
- ldm | |

two basic assumptions may be made.

A Assuming (1) that P26 was not effected by pumping in the wellfield and
(2) that the Rus regional water level is therefore + 0.4 m. and
(3) the drawdown in B45 is typical of the wellfield and
(4) r, and r, are correct (with the uncertainty of where exactly the
edge of the cone of depression lay) then drawdowns were as follows:-

water level B45 = - 13.95,, s = 14.35 m.
water level P25 = - 3,17 m.,' s 2 3.57 m.
and water level P26 = + 0.40 m.

-i
Z
2
e
]
&
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These values were taken at the time when both P25 and P26 were 36.6m deep and there~
fore not influenced by water from the Umm er Radhuma aguifer under ahigher head. Both
piezometers are shallower at 36.6 m than the pumped wells around B45 at 61 m and

therefore not of full aquifer penetration.

Using all combinations of r and s values, then

r r2 Sy S, KD

m m m m mz.day_l
L 500 1500 3. 57 o 167
2 0.15 500 14.35 3.57 407
3 0.15 1500 14.35 o 347

Because the assumptions that B45 is typical of the whole area of the w=2ll1field

and the cone of depressicn rises away from B45 and not from some point closer to or
further from the first piezometer P25,

cannot be sustantiated, the calculations are
on indication only and therefcre the

lcwer value of 167 mZ/day is taken as typical

as only the piezometers are involved and the uncertainties are eliminated.

|

If it is assumed that P26 is affected by pumping in the Rushaydah wellfield and
that the Rus regional water table is at + 3 m not + 0.4 m as indicated by P26 the
calculation of KD pProvides the same value of 167.

The additon of Well No. 4, some 300 m from B45 and 200 from P25, (for which no

record is now available) indicates that the wellfield boundary cone may be very steep.

Based upon Logan's Assessment Method, the values of KD are 300 or 350 mz.day_l using
either + 0.4 m or 3.0 as the static water level.
In Fig.15.25A the results of testing at P35,

which lies just outside a well-
defined depression,

indicate the very low permeability values that may occur even in
bonate Facies area of the northern Groundwater Province.

Properties of the Rus Formation in typical depression conditions in
Groundwater Province,

the Depositional Car Aquifer

the Southern
where generally aquifer values are poor, may on the other hand
show localised areas of higher yield. Such a case is illustrate

d by the results of testing
at the Sand Processing Plant carried out in two wells each

with 3 piezometers.

The drawdown data for those te

sts are plotted as Figure 10.24 B ang analysis,
the several combinations of

pumped well and observation boreholes,
confined conditions has vielded:-

using
for confined or semi-

WELL A WELL C
kD m? day™! range:- 101-236 98-283
mean:_ 166 191
Selected value:-~ 170 190

Storage Coefficient, § range:- 3.6x1073 4.x10"7

8.4x1075
8x10~5

mean: -

Se lected value:- -

The transmissivity and storativity values

for the Rus obtained from tests carried
Out by other investigators are given in Table
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Rus Aquifer Tests
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For comparison, GOC (193)) report the transmission values of R
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Sulphate Facies of Natar, as follows:-

us Formation bOrethes
in the centre and east of Bahrain island, where the lithology is eguivalent

to the Resiﬁua[

Table 10.6
Rus Aquifer Tests Results Bahrain
[
Well No. Total Agquifer Yield Draw Specific Trans Permeability
Depth Penetration down Capacity missivity
(m) {m) (m?day_l {m) mzday_l (m?day_ll (M.day-l}

CWW30 146 31 5400 7.78 694 846 27

CWW45s 140 35 4900 £.25 798 974 28
860/861 67 20 1780 0.86 2070 2525 126 =

882 104 52 650 e 90 1l1lo Lok

925 49 33 1020 1,18 864 1050 32

NB

These values are higher than those found for the Rus aquifer in Qatar where,

summary,

Specific capacity
Permeability
Transmissivity

Storage Coefficient

12-1900

6.1-70

2-1000

4x10”

3

4x10~

7

The values were estimated by the Logan Method.

the full range and typical range values would appear to be

It is likely that 860/861 penetrates the top of the Umm er Radhuma

aquifer.

100~500 m?.day”!

20-30 m.day

100-500 mz.day_l
4

4x10°

in

Swgt ey SR BT R R TR s
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Sorehole P27 was tested

only 1,931 M. Borehole ang testing detai

results,

Table 10,9

P27 Combined Rus-Umm er Radhuma Aquifer Test

Permeability Transmissivity Storage Method
K(m.day-l} (mz.day_l} Coefficient
Pumped wel] Jacob's Method
1654 Log cycle 2.5 . 25t (min)
g27 25 = 250 &
150 Pumped well; Recovery
1690 Observation well; Jacob
1536 Observation well; Chow
1334 Observation well; Theis/
Walton
= N

At a total depth of 121.9 M., but before casing was inst
Rug Furmation ang bost-chert ang Pre-chert Umm er Radhuma aqu
@ Maximum ang stable drawdown of 1m occurred within the first

Outout of 9 lts. sec. 4 and was constant for the 144
of Sub-chert Umm er Radhuma Must therefore have 3 pérmeability
than the other levels above, including the Post-chert Umm ey Ra
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The results of tests in other Project Rus - Umm er Radhuma aguifer boreholes are
presented as Table

Table 10.8

Hydraulic Properties of Combined Rus -

Unm er Radhuma Aquifers - Project Testing
Well No. Transmissivity (m? dayql) Permeability Storage
Range Average -1 Coefficient
K(m day ~) x lo™4
IiD.T.2 1 - 43 3 7 - 543 425 - 40
" 6a - 587 - 40
" eb 433 - B36 634 - 70
L 8a - 1673 - 200
Govt. Farm RW2 - 3600 - 13
= " Obs Well - 536 = 15
P 21 824 -1644 i 22 - 44 -

In boreholes where the Rus Formation contained little or no groundwater, the results
of testing apply exclusively to the Umm er Radhuma aquifer. In others the Rus Formation
water was excluded by casing. At P27 and P35 the upper part of the Umm er Radhuma agquifer

was also cased out to investigate the conditions below. Notes of the results are given below
the following Table 10.9
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Table 10.9

Mydraulic Properties of Umm er Radhuma Aquifer from Project Pumping Tests

Well No. Groundwater Cut Section Transmissivity Permeability Storage Specific
Province Thickness stimates Coefficient Capacity Remarks
(m) xﬂﬂsm.&mfl_w xns.amxlwu L Bw.mmwlp
P 27 Northern 52.2 232 4.4 - 190 Upper part of
Umm er Radhuma
aguifer cased out
see note.
P 29 Southern 60 673 1%.2 - 690 See note
B
P33 Southern 4.8 1800-6700 375-1396 ] 0.2 x 10 2100
14 Southern 20 178-850 19-43 1.26-1.77x10" % 206
P35 Northern 20 233 - - = Upper part of
Umm er Radhuma
aguifer cased out
see note.
P35 Northern 54 2635 49 = 2160
P21 Northern 33.9 8433 249 - 1728 See note
P36 Northern 3.6 485-520 135-144 - 96.5
Notes: n27 Peak drawdown of 3.5m at a yield of 475 Eu.QQMIH was reached after 0.5 mins of pumping.
This declined to 2.5 m at the end of the 2880 min. test. Recovery to above the original
static water level occurred within 0.5 min. of the pump being switched off,
No analysis possible.Logan Estiiwate of KD etc., but low values indicate limitations of method.
D29 Peak drawdown of 1.25 m. at a yield of 864 au.amle was reached within 1 minute and remained
constant for the 300 minutes of the test. Water level returned to within 0.13 m of static
levelafter 0.5 minutes of the recovery period and then oscillated as depicted on Figure 1027
No analysis possible, Logan FEstimation of KD etc.
P35 “ith 54 m, of Umm er Radhuma cut section, the stable drawdown was 0.20m., for the 1340 mins,
of numning at a yield of 432 ml.day-1,_, following a one minute period of oscillation. The
recovery was complete after a 2 minute period of oscillation above and below the static water
level. Mo analysis possiblo. Logan Estimation of KD ote.
B21 Peak drawdown of 0.25 m at a yield of 432 Ew.x:<|~ was reached after one minute of oscillation
and then remained stable for the 2820 minutes of the test, Recovery was instantaneous.
No analysis possible, Logan Estimation of KD ote.
e — {
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Ficures 10.26 and 10.27 illustrate the time-drawdown relationship for twe Umm er Radhuma
tests in the Scuthern Groundwater Province. In P34, Figure 10.26, the transmissicn value are
such that the resultant curve may be analysed but in the case of P33, Figure 10.27, the
aguifer characteristics would reguire a very high yielding pump to establish a meaningful and
stable drawdown. Such aquifer conditions, which so far have not been subjected to analysis,
were also found in P21, 27, 29 and P35.

Much information is also available on aguifer characteristics from specific capacity

tests.
Table 10.10

Combined Rus-Umm er Radhuma dguifers

Transmissivity Estimates from Specific Capacity Data - Northern Area
Tell %o, Total Aguifer Specific K Perm K Perm KD with KD with XD
Depth cut Capacity {Constant |[(Constant [(Constant [{Constant *
Section L3 3,25§ 1.3) 3.25)
(m) {m) {mz.dayull (m.daytl) (m.day_l} (m?day_l)[m?day_lj {m?dayﬂ%

TATE =33 58.4 14.3 11.23 1.0 2.5 14.6 36.5 -
" ia 58.0 15.0 18.14 1.6 4.0 23.6 59 -
" sa 61.7 18.7 41.47 Tied 53.9 135 425
f 33 60.6 18.6 54.43 3.8 9.5 70.8 177 -
" LE 31,1 - 160.70 - - 208.9 522 587
< Ah 58.0 16.0 194.4 15.8 38,5 253 632 634
# 3a 57.4 15.4 541.73 45.7 114.3 704 1760 1673
" 9a 75.0 26.0 109.72 5.5 13.8 143 357 -
9 61.0 ? 15 361 31 78 465 1170 -

AlO 61.0 ? 15 449 39 97 585 1455 -

413 61.0 215 453 39 98 585 1470 -

B9 61.0 ? 15 164 43 36 645 540 -

B22 56.7 A 51 4.4 13 66 165 w

330 61.0 ? 18 35 3.0 7.6 45 114 -
B3la 61.0 2 15 43 357 9.3 56 140 -

B33 61.0 2 15 820 71 178 1065 2670 -

B35 61.0 ? 15 308 27 67 405 1005 i

336 61.0 z 15 88 Teh 19 114 285 =

343 61.0 ? 15 368 32 80 480 1200 -

KD values are from test Pumping analysis given in Table

The average thickness of the yield zone of the Rus aquifer is 11 m and with
a variable but shallow penetration of the Umm er Radhuma aquifer below the
total aquifer cut section is a composite. The variations in yield of the
upper metres of the Umm er Radhuma aguifer over a short horizontal distance
is illustrated by the inverse relationship between specific capacity and
aquifer cut section seen in Wells 8aand 9a.

Q constant

Sw
which is generally regarded as ranging from 1 to 1.5, may, in the case of

wells 6a, 6b and Ba, be as high as 3.25 when ti.e KD from high SC data is
compared to KD by caleculation.

The constant in the simple eguation KD
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Table 10.11

Combined Rus - Umm er Radhuma Aquifers

Transmissivity Estimates from Specific Capacity Data
Central and Southern Area

ey
Well No. 2rou§dwatar Total | Aguifer | Specific K Perm K Perm | KD with KD wieh
rovince Depth | Cut Capacity (Constant | (Constant |(Constant (Constant
Section 1.3) 3.25) 1.5 3.25)
(m) (m) in?.cay™h) | (m.day™h)| (m.day™h)| (m2aay™} (m?aay™1)
[oTC 2-2 Central 65.6 5 415 108 270 540 1330
mo g " 55.4 5 432 112 281 560 1405
" 5 i 61.3 5 475 124 309 620 1545
wo » 56.0 5 320 83 208 415 1040
839 i Al.0 25 40 10.4 26 52 130
B344 " 61.0 25 209 54 136 270 630
82§ " 61.0 2 B 230 60 150 300 750 n
321 i 61.0 25 50 13 33 65 165 ?
56 ¢ 69.5 25 63 16 11 30 203 %
37 | south 61.0 > 5 140 36 91 180 435 %
310 " 61.0 25 117 30 7 150 330 5
B2 " 61.0 25 579 151 376 755 1880 “
Bl4 " 61L.0 7 5 1151 300 748 1500 3740 ‘;
B18 i 61.0 25 819 213 532 1065 2660 i
B24 " 61.0 25 731 190 4753 950 2375
B25 ) 61.0 25 4490 11567 2918 5835 14590
B26 " 61.0 > 5 35 9.1 23 45,5 115
527 o , 61.0 25 848 220 551 1100 | 2755
8324 " 61.0 25 434 126 315 630 | 1575
B43 - 61.0 25 368 96 239 480 | 1195

The first 4 wells extract water from the Umm er Radhuma below dry gypsiferous
Rus Formation from a high yield zone about S m. thick. The cut section of the remainder

is an estimation only.

Several groundwater studies carried out in Saudi Arabia have also reported the same very
wide range in aquifer parameters for the Umm er Radhuma. Transmissivities from less than
10 to more than 50,000 rn2 1 4 to 10-5
2 to 107° for unconfined conditions. Permeability values also varied

considerably from .00l to 400 mz.day-l with an average of between 1 and 5.

.day ~ and storage coefficients of 10~ for confined

conditions and 10 2

For Bahrain Island tests the transmissivities also varied from 10 to 40000 mz.day_l,
the storage coefficients from 1 to 3 x lO_4 and horizontal permeabilities from less than
1l to more than 500 m.day-l.

Problems of analysis of the unusual drawdown-time relationships exhibited by the
Umm er Radhuma tests and the very wide range nf all calculationspreclude the selection of
mean values for the aquifer and also the accurate prediction of areal variations in storage

and reserves.




X1
WATER QUALITY

Tl WATER QUALITY FOR IRRIGATION

irrigaticn waters and the soils to which they are to be

of Primary

importance. The most important characteristics of irrigation water are;

a Total concentration of dissolved salts or salinity

® Concentration of sodium relative to other cations

° Anionic composition of the water, especially the concentration of

bicarbecnate ang carbonate anions

® Concentration of boron or cother elements that may be toxic to plant Srowth

@ Concentration of calcium and sulphate ions.
il.1.1 Totzal Salt Concentration

The effect of salt on Crop growth is believed to be largely of an CEmGt i

TELLYe which is
related to the total salt concentration rather than the concentration of Indivia.. iorie
species. The total salt concentration is reported as total dissolwved sclids (7 nore s
values or as electrical conductivity (EC) in the basic unit rnho.rn_l

2lly azcreed stzndard is now in SI units as Seimens/meter (S.m—l

cenfusion in the interpretation of the large volume o
specific cenductance

) at 25%%,
f data available, tre Well
{which is the electric conductance of
expressed in thousandths of mhos or mmhos
standard

2 cne centimetre -

(to avoid inconvenient decimals z-,
Practices for soil and soil water anal
variable relationship between TDS and EC but
::mhc:s.cm_3

yses) is retained for this r

for a mixture of salts in tre

there is a linear relaticnship, which for Qatar has been deterrires

TDS (mg/1) = 0.8l EC( pmhos.cm™J) - 39.43

with an cecefficient of determination of .98 (See Chapter 8.4 & 3) . Becauze "

existing data, expressed as conductivit
field with a portable EC meter,
cation.

Fig. 8.5 (Chapter vIII)

shows the electrical conductivity of groundwater :
to the mixture of Rus Formati

on and Upper Umm er Radhuma Formation waters, 2=
for the heavy calcareous soils of northern Qatar,

the satisfactory upper 1:i=~;:
of EC 2.3 mmhos through,

F bl

with decreasing Crop yields, up to EC 3.5 is toler:

e
e .3

S0il salinity problems become increasingly apparent. For the sandy unconsci: ihe :ééze
cf south west Qatar the upper limits are considerably increased to a limit <= Treeles ;c
6.0 with a probable UPPer unsatisfactory limit of gc 10.0 although agriculeura: T= 'a:; ;et
to fully substantiate this. The above limits are based on actual field gax .

o

experience confirms the findings of Bernstei
Shalhevet (in Yaron et al, 1973)
Laboratory staff (Richards,
Generally,

n (1974,1976), Maas and Hoffmar %77,
that the salt tolerance standards recommerie=s E
1954) , and in common use today,

therefore groundwater in the northern and central
irrigation but the waters from the upper Umm er Radhuma and p

~
B
1
(3!

require re-eva:

part of Qatar :s

artly from the =

Qatar are marginal for sustained crop production as evidenced by the low leve: z

red.

in southern Qatar even where sufficient water has been discove




In south-west Qatar the higher salinity waters of the Alat Formation (EC 5.0~6.0) ara at
present being utilized to produce high yi=lds of fodder and field crops at the Project exparj

mental farm at Wadi el Araig on normally sterile and partly unconsolidated sands. These was

ers
do however have some special features of importance to irrigation. Firstly, they show a high

nitrate (N03) concentration in the range 20 to 30 mg/l in contrast to concentration of less than
20 mg/l found in the groundwater of the Rus and Umm er Radhuma aquifer of north central Qatar,
This may therefore explain these high experimental yields of forage and field Crops. These

waters also show a very high chloride concentration, ranging from 1200 to 1600 mg/l compared ¢,
less than 500 g/l over most of central Qatar, which is certainly responsible for the excessiva
rate of corrosion in aluminium sprinkler irrigation pipes. As future irrigation of this arag -

will probably be based on sprinkler systems pipe work will have to be of a different material

11.1.2 Sodium Hazard

s G

Aot

S,
H

The absolute concentration values of the various cations in irrigation water are however,

A

insufficient for estimating potential hazards and an important consideration is the extent to

which the exchangeable sodium percentage (ESP) of the soil will increase as a result of adsor-
ption of sodium from the irrigation water. This increase, depends on the radio of soluble

sodium to the divalent cations in solution; the higher the ratio, the higher the hazard.

For the purpose of assessing the danger of cation exchange in soils with a significant
proportion of clay, the sodium hazard is usually expressed in terms of the sodium adsorption
ratio (SAR) given by

+
Na

SAR = mm—————— e e Eq. X1.2
ca™ + Mgt

2

where the ionic concentrations are expressed in meg/l.

SAR values of irrigation water in Qatar (Fig. 11.1) have been calculated for all wells and,
as is to be expected, the lowest values are those found in the northern central recharge zone.
In general, however, the hazard increases towards the coast in all directions except in the
coastal regions of the south-west where the groundwater is confined within the Alat Formation.
Waters with SAR values in excess of 8 may cause a reduction in soil permeability as the calcium
ions absorbed on the clay particles are replaced by sodium ions, although, in areas where gypsum
is present within the soil, this will tend to neutralize the effect of any sodium excess in the
irrigation water. This is particularly relevant to the unconsolidated sands of the south-west
where the SAR is high (7.0-7.5) but where there is considerable gypsum within the sands.

It should, however, be noted that the SAR of irrigation water is a measure of its sodicity
hazards provided it can be related to the resultant SAR of the equilibrated soil water. The
concentration of the soil solution is increased by root water uptake and by evaporation. Depend-
ing on the frequency of irrigation, and the amount of water applied, the concentration of the
water drained from the root zone may be two to ten times that of the irrigation water. However,
the average concentration of the soil solution in the main root zone is not normally more than
two to three times that of the irrigation water (See Table 11.11).

Elo1l:3 Bicarbonate Hazard

A major factor affecting the final SAR value of soil water is the change in calcium and
magnesium concentration due to precipitation or dissolution of alkaline earth carbonates. 1In
irrigation waters containing a high concentration of bicarbonate ions, there is a tendency for
calcium and, to a lesser extent, magnesium to precipitate in the form of carbonate as the soil
solution becomes more concentrated, thus leading to an increase in the SAR of the soil solution
and consequently to an increase in the exchangeable sodium percentage (ESP) of the soil and a

reduction in permeability.




il E

gnesium would precipitate as carbonates,

Eaton (1950)
carbonate (RSC) as derived from

the fellowing equation;

BRE = Imeml” S g8, o~ foat® a4 R (Eq. 11.3)

In Qatar the concentration of ca

j rbonate concentration except in thr
Zhs

lcium and magnesium invariably exceeds the bica
€e sampled wells (19,
Bicarbonate concentrations elsewhere are all wi
Tedian value of 3.5 meq/l despite a wide range of tota
1 *82r to be little bicarbonate h

rbonate and
B22, B42a) located along the central
thin the range 2.5 - 7.0 meq/l with a

1 salinity values. By Eq. 11.3 there would
azard in Qatar's Sgroundwater.

However, even though the concept

cf residual scdium carbonate is widel
"lity work it has not in practice 3

cved to be very useful,
Shainberg and Oster

Y used in water
mainly because of the assumption

(1978) contend that a better estimate of
ndency of carbonates is provided by the So-called "Saturation Index" (5I).
(1965, 1968) Proposed the usze of

Ciritation from irrigaticn water zs =

gquantitative Precipitation.
-recipitation te

the
iower et al Langelier's Saturation Incdex to estimate carbonate

2 function of the degree of Caco
The index as applied to soil is

3 Saturation of the seil
Iciution.

*

< = -
’ 51 (8.4 pHC]
nere 8.4 is the approximate pH ef a n

j itituted for the PH of the water as
% .ects the high buffering effect of c

crnsodic saline soil in equilibrium with caco
criginally proposed by Langelier.

*
2lcareous soils. The pHc

3 and is
This substitution
is defined by

| pHC* = (PKy - PK_) + p(ca + Mg) + p{CO3 + HCOy) (Eq. 11.5)

“ere p(Ca + Mg) is the negative locarithm of th
he negative logarithms of the second dissoci
uct of CaCOB’ respectively, both cc

‘changeable sodium, for adjusted Sigr v

1 p{C03 + HCO3)
ation constant of H2CO3 and the solubility
Trected for ionic strength.

alies (SARa

The prediction equation for
dj) 4s given by Bower et al (1968) is

| e o it g1
ESP = SAR.4s = sar, [1.0 + (8. - pH, )]

Eg. 11.6 is the recommended eguaticn

for estimating the increased sodium hazard ang
Piaces Eqg. 11.3,

Increasing problems

im seil salinity and bpermeability become apparent at
lues of between 6.0 ang 9.0 with seve
[

rz problems becoming apparent beyond this threshold.

e 76 wells in Qatar, the distribution of which is seen
-¢sely follow that of SAR values altk

%=ugh the proportional increase is higher in the northern
‘lon than the south.

{

%’ 3 values have been computed for som
L

l 4 Calcium and Sulphate Ion Ccncenzrations

’he calcium and sulphate ion concentrztions in groundwater are not generally considered to
-‘teria in the determination of t:e c=

2lity of irrigation water but calcium sul
certzin scils of Qatar.
3r‘ pPlateau area and the unconsolidated dun
Si YPe of soil and where future agr

phate (gypsum)
In particular, the sandy soils

e sands of south west Qatar are both examples of
iculzural development is planned.

>ften found in large quantities in

fo 9YPSum is in a crystalline fore

-
Loy LTI

-€ crystal mesh maintains a permeable soil structure
| order to pPreserve this the gypsum S&turation index of the irrigation water needs to be

‘N in account, Gypsum saturation indices have been calculated for all sampled wells in Qatar
the distribution shown in Fig. 8.19. The lower salinity waters of northern Qatar is usually

the moderate quality waters are usually saturated,

iturated with Tespect to gypsum tut
<500 mg/1. Thus, excessive applisae:

at

= —_— o~ 1,.-\.4 esVda .. L=




For the two case

mentioned above, the 21 Aashara area is to be developed and irri
W

Gateq With 4
n with acCration of

s
treated sewage effluent S Doha wnich is desaliniged water in origi
sodium chloride angd undersaturasad ip g/psum.  LUnless adequately amended, this water coulg Posa
problems to so0il Structure. 1In tha case of Wadi al Araig in SW Qatar,

ndwaters derive from the Alat aquifer and are also
respect to gypsum whereas the unconsolidated @
do contain significant amounts of

a similar Situatiop
arises as these grou

undersaturated wWith
une sands at present being developed for
gypsum. As these sands are however loose and Strucky
g solution is not potentially serious.

agricﬂ]‘ tur

reless
the problem of collapse followin

11.1.5 Specific Ion Toxicity

There are several important trace elem

ents reguired by plants for healthy growth ang
may be found in either the soil or irrigati

on watesr. In

thessa
most cases the quantity required jis v
€Ssive concentrations may be ha
The most common problem is the occcurrence
recent years some concern has also been ex
arly cadmium, in ths

ery
rmful to both Crop growth
of boron in groundwater, although ip

pressed over the Occurrence of heawvy metals,
Doha sewage effluent waters which are

small but under Cercain circumstances exc
and to humans.

Particyl-
to be utilized for irrigation.

Boron has been determined for all groundwater samples and the distribution of its

concentration shown in Fig. 11.1 Plant species vary in their boron requirements and in

their
tolerance to excess and Table 11.1 shows limits of boron in irrigation “@aters derived from
Shainberg and Ostar (1978) .
Table 11.1 ,,L

Lizmits of Boron in Irrigation Waters

Sensitive

Oéggénmq/l lfgm;gﬁilégigs 2—§Oi§§?n;oron t
Citrus Lima bean Carrot
Apricot Sweet potato Lettuce
Peach Pepper Cabbage
Cherry Oat Turnip
Fig Milo Onion
Grape Corn Broad bean
Navy bean Wheat Alfalfa
Jerusalem artichoke Barley Garden beet

Olive Mangel
Field pea Sugar beet
Radish Palm
Tomato Asparagus
Potato

Sunflower

In each group the Crops are arranged in descending order of tolerance within the range indicated.

Source :- Shainberg and Oster (1978)

south central Qatar. There is a close correla

tion between salinity and boron concentration and,
in the higher salinity areas,

(particularly in the agricultural areas of eastern Qatar), boron

levels are in excess 1.5 mg/1. 1t should be noted that citrus is sensitive to boron at v

cancentrations, yet citrus trees are being grown in areas of eastern Qatar where the levels are

well in excess of the Suggested limits.
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oissolved iron is not present
discharge from wells by corrosion of the well casin
well discharge is in the ferrous state which,
tates as ferric hydroxide.
effect irrigation methods,

irrigation nozzles.

g and other eduipment.
upon exposure to the atmospheric oxygen,
Water containing appreciable amounts of ferrous hydroxide m

ficant amount of zinc and iron have been detec
are thought to be derived from galvanized ro
sion by the alkaline distillate from sea

Two samples of fe-cycled garbage compost,

These
of storage tanks which, though subjectad to

water, are a common feature of every householg

washed with treated sewage effluent,
concentrations of cadmium though further monitorin

revealed
g since has failed to confirm this hasz

recommended levels Prepared by
1975 ,

the United States Committee on Water Quality (Branson e

Table 11.2

Recommended maximum concentrations of trace elements in

1

irrigation water

For waters used For use up to 20 yrs.
Elements continuously on on fine-textured soils
all soil at pH 6.0 to 8.5

mg/1 mg/1
Aluminium 5.0 20.0
Arsenic 0.10 2.0
Beryllium c.10 Q.50
Boron 0.75 2.0 - 10.0
Cadmium 0.0l0 0.050
Chromium 0.10 } l.0
Cobalt 0.050 5.0
Copper 20 500
Fluorine 1.0 15.0
Iron 5.0 20.0
Lead 5.0 10.0
Lithium 25 2.52
Manganese 0.20 10.0
Molybdenum 0.010 0.050
Nickel 0.20 2.0
Selenium 0.020 0.020
Vanadium 0.10 LG
Zinc 2.0 10.0

1. These levels will not normally have an adverse effect on plants or soils.

for mercury, silver, tin, titanium, tungsten.

2. Recommended maximum concentration for citrus is 0.75 mg/l.

Source - Branson,

R.L., Pratt, P.P. Rhoades J.P. and
Irrigated Watersheds J. Environment Quality

in the natural groundwater but is often Present in tng
Dissolwved iraon in

Precipij.
ay

Table 11.2 shows

Signi-
Metalg
CoOrro-
in Doha, !
excessive &
ard,

tal,

No data available

Oster J.D. (1975) Water Quality in
4:33-40.
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el b Crop Growth and Salinity

Maas and Hoffman (1977) concluded, from an extensive review of salt tolerance data,

“rop yield is not affected until a threshold salinity level is exceeded, beyond which the
acreases.

that

yield
The salt tolerance values given in Table 11.3 have been calculated from the data of

~3as and Hoffman (1977) and have been expressed according to the weighted average concept of
~vers and Branson (1975). ©Plant vields are largely determined by salinity levels in the upper
irt of the root zone which accounts for 2/3 of the water uptake.
-1e irrigation water is assumed to concentrate threefold.
cepends on such plant factors as stage of growth,

Through this depth increment
Plant response to salinity also

variety and rootstock, on soil factors such as
] :rtility, water content andg aeration, and on climate.

Salinity effects in many crops depend mainly on the length of time plants are exposed to
:linity regardless of the specific stage of growth (Shalhevet, 1970).
‘er, are more sensitive at specific

Some other plants, how-

stages of growth, particularly in the case of cereals
Eernstein, 1974; Maas and Hoffman, 1977).

1'e early seedling stace. Hcwever,

Barley, wheat and maize are most sensitive during

localized high salt concentrations at seedling root depth,

] ther than a specific sensitivity, may be the immediate cause of germinaticn failure, which is

STmmen in saline soils. Bernstein

(1974) suggests a maximum permissible soil salinity of about

8.0 during the salt-sensitive state of growth. The salt tolerance data in Table 11.3 were

I tzined from salinity treatments Given after seedling establishment in nonsaline plots,

so they
=2 6ot necessarily apply to the germination and early seedling stages.



Table 11.3

SALT TOLERANCE OF AGRICULTURAL CROPS

Yield Decrease to be Zxpected due to Salinity
of Irrigation Water
(after Maas and Hoffman, 1977)

Yield Decrement i
Crop 0% 103 25% 5 5
2 3 4 C
EC, EC;.. LR EC,_ EC,., LR EC, EC, LR d
EEHEE__EEQEE
Date 4.0 b s 4 6.8 4.5 s 11 3 12 64
Orange LT 1.1 7 2.3 l.8 1o 3 2,2 14 16
Grape L5 1.0 4 2.5 1.7 7 4 2 12 24
Vegetable Croos
Beet 4.0 0 9 Sil 3.4 11 7 5 15 30
Brocecoli 2.8 7 3.9 2.6 1o 6 14 27
Cucumber 8 3.3 2.2 11 4 15 20
Tomato % 3.5 2.3 9 5 13 25
Cabbage 5 2.8 1.9 8 4 12 24
Potato i g 1 [ 2.5 LT B8 4 13 20
Sweet Corn [3 2.5 Lo F 8 4 13 20
Pepper 1.5 6 5.5 1.5 9 3 2 13 3
Lettuce L.3 0.9 5 21 L4 8 3 12 18
Onion 1.2 0.8 5 1.8 1.2 8 3 12 15
Radish | ;8 5 2.0 1.3 7 3 12 18
Carrot 1.0 0.7 4 1.7 A8 7 3 s 11 16
EQZESE__EEQEE
Bermudagrass 6.9 4.6 10 8.5 5.6 13 11 Fiaid i) 43
Barley 6.0 4.0 10 74 4.9 12 10 6.3 16 40
Tall fescue 2 6 9 9 7 1.3 46
Sudangrass 2.8 4 7 9 11 52
Alfalfa 4 2.2 7 5 12 31
Berseem Clover 155 1.0 3 6 6 10 38
Field Crops

Barley 8.0 534 10 lo.0 6.7 12 13 8.7 11 56
Sugarbeet 7.0 4.7 10 8.7 5.8 12 11 1.5 16 48
Wheat 6.0 4.0 1o 7.4 4.9 12 10 6.3 16 40
Peanut 3.2 2.1 16 3.5 2.4 18 4 o 20 13
Sesbania 2.3 1.5 5 3.7 2;5 8 6 3.9 12 33
Corn (grain) 1.7 L:l 6 2,5 1.7 8 4 25 13 20

1. After Maas and Hoffman (1977).

2 Ece is the electrical conductivity of the Saturation extract (mmho/cm at 25%) jin the root zone
where about two-thirds of the water uptake occurs. For 0% yield reduction, ECe is the threshold
salinity at which vield is expected to begin to decline.

3 Eciw is the electrical conductivity of the irrigation water and was calculated from ECe according

to the expression 3E:Ciw = ZEce: the irrigation water is concentrated threefold in the root zone,
which is equal to two times ECe.

4. Leaching requirement ig calculated from Eg. (V.4).
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11.2 WATER QUALITY FOR DOMESTIC USE

-+ (Table 11.4) suitable groundwater
for domestic consumption is found only in the northern recharge
than 1500 mg/l or EC 1.9 (see Fig. 8.3).

to the consumer and in bParticular in those areas of central and southern Qatar where magnesium
exceeds 30 mg/l in waters and where the sul

Phate concentration is in excess of 250 mg/1l. While
€ as criteria for the design of domestic water under-
of TDS values in some remote rural drinking water
however,
either by pipeline or by tanker distribution,

20ne containing waters of less

Elsewhere, groundwater should not be supplied directly

these standards tend to err on the safe sig
takings, in Fractice there is a wide range

Supplies. Fcr meast rural communities,

low salinity water for domestic use is available

Table 11.4

Drinking water Standards

Concentration (mg/1)
Chemical WHO International (1958) WHO European (1961)
‘Constituent Permissible Excessive Maximum Recommended Tolerance
limit limit allowable limit limit
Ammonia (NHqJ - - - Qud =
Arsenic - = 0.2 - 0.2
Cadmium - - - B 0.05
Calcium 15 200 = - o
Chlorice 200 600 - 350 "
Chromium - - 0.05 - 0.05
(hexavalent)
Copper 1.0 35 - 3.0l e
Cyanide - - 0.01 - 0.cl
Flourigde = - - p S -
Iron 023 1.0 - -
Lead - - 0.1 - 0.1
Magnesium 50 150 - 1253 t
Magnesium + Sodium 500 1000 - = -
Sulphates
Manganese 0.1 0.5 - 0.1 -
Nitrate (as NO3) - - - 50 =
Oxygen, dissolved - - — 5.0 o
(minimum) =
Phenolic compounds 0.001 0.002 - 0.001 =
I(as phenols)
Selenium - - 0.05 - 0.03
Sulphate 200 400 - 250 -
Total solids 500 1500 = = =
lZinc 5.0 15 - 5.0 -
L After 16 h contact with new pipes; but water entering a distribution system should have

less than 0.05 mg/l of copper.

FRO, Cresco.

| Paris, 1967.
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In recent vears the Qatar Ministry of Health have become increasingly concerned regafding
the absence of fluoride in desalinised water and, oh the other hand, its excessive concentratian
in groundwater in certain areas. Fluoride in small guantities (less than 1 mg/1) has bean Shown
to be beneficial in the Prevention of dental caries in humans. However, fluoride in larger
concentrations and with prolonged consumption may be harmful and cause mottling of the tasty
with ecrippling decalcification of the bones at very high concentrations. The average maximym
daily air temperature is frequently used as a guide in defining the maximum recommended Concens-
ration as people in hotter climates tend to consume more water. The United States Senate,(lg;m
has defined the following limits.

Average Maximum Daily Maximum Recommended Fluoride

Air Temperature Concentration (mg/Ll)
2ot temperature

12 and below

12.1 - 14.8

14.7 - 17.8 2.0
17.7 - 21.4

21.5 - 26,2

26.3 - 32.5

Fig. 8.25 shows the fluoride concentration determined by the Project from regqular ground-
water sampling from which it will be seen that the limit of fluoride recommended for Qatar ;
(1.4 mg/l) is not exceeded over most the northern recharge zone. However, in the central i
area to the west of Doha and in some wells tappling the Alat aquifer in SW Qatar this limit !
is exceeded.

11.3 GROUNDWATER POLLUTION

has become a distinct probability and early signs of this are already apparent. In the agricul-
tural sector all irrigation is presently supported by groundwater pumped at the site where it

is used within the farms located within depressions. These are also the focii of storm water
run-off and indirect recharge, and irrigation return, infiltration also takes place near the
production wells. Various salts precipitated on the surface due to evaporation are therefore
leached downwards to the aquifer and in some cases, such as on government experimental farms,
there has been an significant increase in nitrate derived from nitrogenous fertilizers.

In Doha, freshwatgr bodies are now accumulating over the normally saline groundwater, which
has a TDS in excess 0£(10,000 mg/l) and are clearly derived from leaking freshwater mains,
garden irrigation return and from sewers. A flow of fresh water encountered in 1978 in an
excavation near the sea shore at the Qatar National Museum was found to be highly contaminated
by E. coli and it is possible that the high quality water being recharged to the aquifer is
being contaminated by sewage effluent.

present danger of the Trecurrence of such episodes. Not only does this pose a serious hazard
to the desalinisation works but the uncontrolled disposal of residues on land could introduce
toxic substances into the groundwater system.,
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11.4 HEALTH HAZARDS OF SEWAGE EFFLUENT UTILIZATION

Proposals for the use ¢f Doha sewage effluent for irrigation at Al-Ashara on central Qatar
have been accepted and construction of the engineering works is expected to commence in 1981
(See Chapter XV). The re-use of this water does however pPose potential health hazards and it

composition of the effluent in the existing sewer network serving Doha. It is not envisaged that
they will do so in the future as this would be prevented where necessary by compelling industries,
producing potentially trocublesome effluents, to install specialised treatment plant to process
their effluents before discharce into the sewer network.

The major health hazard presented by domestic effluent are the pPathogens it contains, which
€a&n cause a variety of diseases. The major pathogens pPresent in crude domestic sewage are
bacteria, viruses, Protozoa and helminths.

The mcst important diseases caused by bacteria and conveyed in effluent ang sludge are
typhoid, paratyphoid, cholera, bacillary dysentery, eénteritis, salmonella Plus other less serious
disezses. The infection risk which seems most relevant in Qatar are Salmonella spp and §. typhi
both c¢f which are known to occur. The bacteria are much reduced by effluent treatment but are
still present after biological treatment which precludes the use of effluent in this form for
uncontrolled purposes. Their inability to survive and multiply in the environment of a sewace
treatment works is the Principal reason for their reduction in numbers. Adequate chlorinatien
is hichly effective in the elimination of bacteria from effluent, as also.is lagoon treatment
where the incidence of sunlight is a major contributory factor.

Information on the transmission of wviral disease through waste-water is limited but patho-
genic viruses are normally present in such waters. Diseases which could be transmitted this
method include infectious hepatitis, polimyelitis, enteric diseases and some respiratory and eye
diseases. Infectious hepatitis and polimyelitis are known to ©ccur in Qatar where the incidence
of the former is high. 1In general, the viral content of waste-water is much less than the
bacterial but viruses are more Tesistant to treatment Processes and a lesser degree of removal
is achieved, even with chlerination. It is believed however, that viruses cannot survive for
more than approximately 7 days in effluent.

Entamoeba histolvtica which causes amcebiasis and amoebic dysentery. No definite figures are
available on the instances of these diseases in Qatar but Entamoeba histolytica almost
certainly occurs and Giardia lamblia is probably also common. The protozoa cysts which cause
the disease to be transmitted are unlikely to be present after tertiary treatment filtration,
but will remain in the sewage sludge.

Helminths are Parasitic in man and animals and are probably present in effluent. The
mechanism of transmission of the disease is through the eggs, which can survive for long periods.
They are deposited ©on soil or crops and picked up by pPhysical contact, before being ingested.
Typiczal of the diseases thus caused are tapeworm and hookworm infections, schistosomiasis and
ascariasis. Ascaris is an important consideration and a variety, Taenai saginata, which is not
4 common human infection, could have a serious effect on cattle fed on fodder Crops irrigated
With effluent treated only to secondary standards. The eggs of the worms are resistant to first
Stage treatment pProcesses, but can be removed from the effluent by a combination of sedimentation
and tertiary treatment. However, e€ggs of ascaris would still be present in sludge after
digestion and can only be killed by heating to about 55°C for two hours, or more slowly, by
dessication or Prolonged exposure in direct sunlight.

In addition to the pathogenic agents discussed above there are aguatic insects which can
3lso present risks to public health, Of these *wa mmct ‘mmmviane . :




can only survive in water. Malaria is not endemic in Qatar but any large open bodies of
effluent such as oxidation or maturation ponds storage basins and evaporation or infiltration

lakes, would need to be monitored at regular intervals to check on the incidence of malarjs-
bearing mosquito larvae.

There are three main groups of the general population that would be at risk from the uge
of insufficienty treated sewage effluent. They are the agricultural workers employed at the
sites irrigated by such effluent, residents living near the sites and consumers of the Ccrops
produced at the sites. However refined the tertiary treatment and disinfection techniques
applied to the effluent there will inevitably be a degree of health risk to all three groups,
The aim should be to reduce this risk to acceptable minimal proportions.

The health of the farm workers should be regularly monitored. A safety code for the
workers together with a continuing health education programme is recommended. A medical centra
for the surveillance of the health of the work force is a necessity, for primary healthcare,
immunization and as a health survey and record analysis centre.

b

The health hazard to people living near the sites of farms using treated effluent can be
avoided both by siting the proposed farms away from residential development and by refusing to
allow new constriction to take place close to the irrigated areas. The El Ashara development

&2

is a good example of appropriate siting so as to minimise health risk as it is well away from

residential areas and is sufficiently isolated so s to prevent unauthorised access by members
of the general public.

The only means of reducing the health risks to the consumers of the crops produced from
any agricultural development using treated effluent is by the action taken at the tertiary
treatment stage and at the point of application of the effluent. In practice it requires
constant monitoring of effluent quality, the health of the farm workers (to prevent them from"
becoming carriers of pathogens), irrigation techniques, irrigated soil characteristics, and the
quality and preparation of the crops produced.

by preventing the dissemination of dissase through direct or indirect contact with effluent.

It is essential to establish standards from the outset of any effluent utilizatien project, and
then, by long term monitoring, revise these standards as necessary to control any secondary
effects on public health. Tt may not be possible to predict with certainity the long term
secondary effects that might, for example, occur from undesirable trace elements entering
potable water supplies from deliberate, or inadvertent, recharge of effluent to ground. Hence
there is a need for continuous monitoring over the entire lifespan of any project.

Whilst in theory it is possible to design a scheme where different effluent gqualities are
available to serve different uses, such a policy would be technically inappropriate in Qatar.

The quality standards recommended where food crops will be grown using the treated
effluent are :-

® The effluent must be substantially free of all pathogens.

° The total coliform count must not exceed 100 per 100 ml in 80% of samples.

® The effluent must contain a detectable chlorine residual at the point of use.
® The effluent must not be used for potable purposes.

® The effluent should not be used on salad crops or other crops usually eaten raw and
without peeling.

] Distribution systems, whether underground or not, must be clearly marked to show that
they are carrying nonpotable water.

e The gquality of the effluent must be regularly monitored.

B e i o S
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WATER USE AND PRODUCTION

2.1 INTRODUCTION

There are two aspects to the problem of water in the Arabian Region. Firstly, there
is the absolute scarcity caused by the historic lack of capital to tap groundwater
reserves and secondly, essentially in the long-term, the absolute scarcity commensurate
with the heavy demand now being placed upon them. Historically, groundwater in Qatar
was obtained from shallow wells, springs near the coast and in caverns (dahl) developed
in the Rus Formation in the immediate hinterland of Dcha. The exploitation of groundwater
has paralleled oil production activity which introduced both well-drilling technology and
capital resources for the purchase of mechanical pumps and ancillary equipment.

From the late 1950 onward therefore there has been a steady increase in grouncdwater

abstraction feor both munici

3
79 x lOGm in 1980. The level of abstraction in each year (Q) may be represented by

pal and agricultural use rising from about 5 x 106m3 in 1938 to

Q = 1.06(3 + 2.5 X =0.0075X%)  \\uitnini (12.1)
where Q = annual rate of groundwater abstraction (m3x1061
t = vyears since 1958.

The above equation describes the growth of gross groundwater abstraction for both

domestic and agricultural use between 1958 and 1980 and has been used in the develcpment
of the groundwater model (Chap. XIV).

12.2 GROUNDWATER
12%2:1 Municipal and Commercial Abstraction

In the years prior to the early 1960's all municipal water supplies were based on
pumped groundwater. For minor settlements this was from small local wells but Doha was
supplied from a member of well-fields in east-central Qatar sited and designed by Le Grand
Adsco. From 1964 onwards these groundwater supplies augmented increasing supplies of
distilled sea water to reach a peak in 1975 when, a2s the result of an FAO (1977) recommend-
ation, extraction was reduced with the aim of phasing out groundwater extraction from
existing well-fields within the northern fresh-water aguifer area and developing other,
possibly more brackish, sources nearer Doha for distilled water blending purposes. This
recommendation was made when the full extent of over-extracticn of the northern aguifer
was determined by the project and was the first direct measure taken towards groundwater
conservation.

Fig. 12.1 is a time-series histogram showing c¢roundwater extraction for municipal
(Doha and Umm Said) purposes over the period 1964-80 which clearly illustrates the growth
and decline of annual pumping for municipal supplies from the northern freshwater aguifer.

These abstractions are made from 10 well fields located in the northern groundwater
Province and at Rewdat Rashid in central Qatar (Fig. 12.2). Some additional gquantities
(2.50 x 10%n%) of brackish groundwater are extracted from small well-fields at Musherib,
Garrafah, Doha Airport and West Bay for blending purposes; from two well fields at Sinnah
and Jumaliyah operated by the Qatar Petroleum Procducing Authority (QPPA) and pumped to
their main on-shore production centre at Dukhan; and at Al-Jadiyah for the supply to the
Zubarah radio station and Umm al Shukut for the supply by tanker to outlying villages.
The individual well fields are pumped at varying rates with water being piped guite

Considerahle Aictanmeg +A cummlr mvimmdimal mece en -




The well fields at Umm er Ghab
approximately 603 of the total annual extract

) the phased reduction in pumping in 1980,
purposes and the maintenance of afforestation

are nevertheless maintained in a stand-by cond

‘ pProspect of domestic

The following

mgxloéyrhl

Fig. 12.1

Source

table shows the
fields compared with that during the

69/70

THE

74/75

GROWTH AND DECLINE OF GROUNDWATER

EXTRACTION FOR NON-AGRICULTURAL USE

FROM GOVERNMENT WELL-FIELDS

Water Department.

[

consumption in Doha a
1981/82 are ready to be brought back into

Table 12.1

Groundwater Extraction from Well

(m? x 10

1975 and 1980

5 1

yr o)

1250

-
1000 '
- 750

500

Galls x 10%r

Imp.

ition as an emergency supply and
nd Umm Said exceeding distillation ca
production.

yYah and Rashadah have consistently supplied
ion of groundwater for municipal use,
minimal supplies have been pumped for blending
within the environs of the well-£

present level of extraction at each of the major well
Peak year of 1975,

2 i S T e T T

ields.
with the
pacity in

Well Field 1975 1980
Al Mazroah 0.239 Nil
Rawdat Rashid 0.150 0.0860
Umm el Ghab 1.242 0.196
Al Shahaniyah 0.292 0.073
Al Khraib 0.209 0.066
Al Otoriyah l.107 0.141
Abu Thailah 0.514 0.013
Al Deebiyah 0.847 0.086
Al Rashidah 1.222 0.1l4p
Sunna }.QPPR S 0.388 0.388
Al Jumaliyah

’ Source

e = 5 e T e oo

:= Water Department Data and QPPA
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Pumped qroundwater
total of all water consumed in the State. This

difficult because of the variable number of hours

pumped at each farm on each day throughout the ¥ear. Certain assumptions have therefore

g the total pPumped discharge
On the basis of large sample of farms
pPer day during Wwinter months of
seven months of the year.

had to be made in computin

from an annual Survey undertaken
by the Project.

this has been taken as 8.4 hours
November to March and 9.7 hours per day for the remaining

The first farm well abstraction Survey was undertaken by the previous Fap project in
1972 and Tepeated in 1975 by the Project when an en

umeration of every farm in the State
was undertaken, and data on the number of wells,

discharge and hours of operation were
the 1976 Survey was supplemented by data from the
sis of farming Systems included a detailed analysis
iency from a sample number of farms. (Mitra ang Flack,
Technical Note yo. 3%, 1976).

obtained in every case. Inp addition,
farm management survey where the analy
of water use and irrigation effic

Farm Enterprise apg Resource Use,

The original farm survey of 1972 recorded a total g

ross extraction for irrigation
usage of 44,14 x 106m3.

On the basis of subsequent investigations whereby
estimated that 203 of irrigation water is

amounted to 35.0 x 106m3. Th

it was estim
returned to the aquifer, total net extraction

e farm management Survey carried out in 1975/76 showd that
agriculture in Qatar may be classified

(1) vegetable farms (2}
Data from sample farms ip

into three Separate enterprises or systems;
vegetable—orchard~forage farms and (3) orchard-forage farms.

each category was then used to determine gross water extraction

water requirement from Meteorological data for each of the
typical Cropping patterns to der

and consumptive use or net

ive an approximation of irrigation efficiency.

Summarised
data from this Survey are shown in Table 12.2.

Table 12.2

Estimated Total Annual Extraction of Groundwater for

Agriculture
1975/76
Farming System| Av, Net Crop/ | Total Gross Net Water Irrigation
and No. of area/farm Area | Extraction Extraction Reguirement Efficiency
Farms (ha) (ha) (MCM) (m) (m) (%)
1 (130) 7.62 930 28.53 2.30 0.81 5
2 (lo3) 6.06 624 17.63 2.32 1.26 56
3037 4.66 172 4.90 2.26 123 58
Totals and 6.6 1786 51.06 2.28 0.99 44
weighted aver-
ages

6 3 -1

certain basic data Obtained from this Survey. This revealed a total of 573 farms with a

total aggregate summer irrigated area of 3050 ha. The Ministry of Industry and

e e e g b e T
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Agriculture, in their annual publication ‘'Agricultural Statistics' (1979}, give a figure

of 406 'active' farms with a total area of 3600 ha and with a modal farm size of 9.03 ha.
The Project groundwater abstraction survey of November/December 1980 showed that there
were 597 farms of which 377 were in operation or 'active'. Taking into account all data
and reconciling these with irrigation demand and production data, the present situation
is believed to be;.

Total number of farms = 533
Total number of operational farms 377
Area under irrigation (maximum) 3300 ha
The groundwater abstraction 76.2 Mm3

Agricultural production and marketing data, coupled with the records of the extension
section of the Department of Agricultural Affairs, suggest that only about 100 farms may

however be considered as producticn and abstract a estimated 52 Mm3

of groundwater per
annum. The remaining farms, which abstract a total of 24 Mm3, may be regarded as amenity
farms which serve as country estates for a number of leading citizens and do not partici-
pate in the prcduction of crops for the market. This substantial amount of water, almost
equivalent to the safe yield of the northern aguifer, is utilized in the irrigation of
trees, landscaping, non-productive date palms and some vegetable and fodder for private

consumption.

Table 12.3 is an estimate of areas under various crops on productive farms in Qatar.

Table 12.3
Estimated Crop Water Use - Qatar
1979 / BO
A Average Water Total Water
Crop iga lse Use3
3 m?/ha Mm

Dates 410 24,000 10
Orchard 360 30,000 11
Afforestation 40 20,000 1
Alfalfa 400 44,000 18
Cereals 200 9,000
Winter Vegetables 550 11,000
Summer Vegetables 290 16,000 4
Total 1370 - 52

These data refer to groundwater abstraction on private and government farms throughout
Qatar but exclude limited, but steadily increasing abstractiocn of brackish groundwater
(3,500-4,000 mg/l) from the Alat aguifer in south-western Qatar for the Project experiment-
al farm at Wadi el Araig and the Department of Agriculture's sheep station at Abu Samra.

The growth rate of groundwater abstraction for agricultural purposes is shown in

Table 12.5. This shows a steady annual increase of approximately 2 x 106m3yr_1 until 1975
.3
m

between 1979 and 1980 to give a total annual net abstraction for agriculture of 63.6 x losma.

when the annual rate began to increase to reach an unprecedental annual rate of 76.2 x 10

The trend in agricultura water use are also shown in Table 12.4 below whereby irriga-
tion efficiency has remained constant at 43-44% but the average irrigated area per farm
has increase from 6.6 ha to 8.1 ha over the past 5 years.

In 1980 an Emiri Decree prohibited any further development of groundwater for
agriculture and all drilling rigs were impounded. The full effect of the measure will not
become apparent for at least a further year but this major conservation measure will arrest
the continued and accelerating over exploitation of the country's main freshwater reserves.




Table 12.4

Trend in Agricultural Use of

Groundwater
——water
Average Net Crop Gross Net Water IrrigatiOn
Year Area/Farm Extraction Requirement Efficiency
thm) (m> x 106, (m) K

1975/76

1980

43

=S

12.3 SEA WATER DISTILLATION
—————— =S {ILLATION

reasing Proportion of Qatar'sg
1980 was amounted to 453 s all

water consumed in Qatar,

Mg/l is blended with ground

substituteg with brackigh g

1954 with a capacity of 0.099 x 1

(60?000 g:P-d.) blended wit f groundwater.

Was constructed on the sea

g.-p.d.). 1Ip 1963 the firse

Mm3yr‘
In 1958 a new plant
Put raised to 0.713 x g3

h an equivalent amount o

yr-1 (430,000
at Ras Abu Aboyg were
YrT (1.5 m g.p.4.). In 1974 ang

“ power/distillation Station as Ras apy

+ bringing the total production of distillate to 4435 x ].Dsrn3

from both distillation plants.

In 1881 tenders Were issued for the
rther units tq bring the tota] p

roduction to 85 X Mm3yr‘ (51 m g.p.4d.)
by 1983,

12.4 EFFLUENT WATER
————n_. WATER

3 R |
+000 m (10.9 Mnm yr 7)
Originally thisg effluent was discharged
This arrangement soon Proved to he ga

N agricultural develop-

ndoned in 198¢ and the
a in the Vicinity of apy Nakhlah, some 12 km south
west of Doha.

the wadi Imsameer site was aba

In 1980 this
salinity Concentration of 2800 mg/1l

s Mmuch
g the city foreshore below high t

ide level.

12.5 TOTAL WATER USE axD PRODUCTION
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1930. oOther sources are brackish groundwater derived from the Alat aguifer j

n SOUth-—weStErn
Qatar and used for limited agricul

ture and for the domestic Supply to Abu Sam
water used principally for the irrigation o

rackish groundwater from Doha (10,000 mg /
blending water with distilled water.

on the basis of source.

ra after treag.
ment by reverse osmosis, effluens

f trees and
some public gardens in Doha and b

1) uti]_ized as

Table 12.4 summarises the total water use ip Qatar

THE GROWTH OF WATER

100 CONSUMPTION = QATAR
1984~1980
8o~
-
3
z b1t
60}~ © 4
- {
2 b
3
40| !

20

970 1975 1980
Table 12, 4
Total Water Use bv Sgurce - 1980

(m®> x 10%)
Fresh groundwater (500-2000 mg/1) (Net) 62.37
Brackish groundwater (3500-10,000 mg/1l) 3.30
Distilled sea water 44,35
Effluent water 1.60
Total 111.52

12.8 COST OF WATER

The cost of water from various sources in an important element in water resources and

agricultural planning. 1In 1974, FAO (QAT/001 - Technical Report No. 1 - Water Resources and
Use) estimated the cost distilled sea water, pumped groundwater for domestic use and pumped
groundwater for agricultural use to be QR. 1.15, QR.
respectively.

1.62 and QR. 0.10 per cubic meter

The cost of distilled water is diffic

ult to assess and there is no definitiw
figure available.

Major problems resides in the value whi
to energy, mainly natural gas,

e cost
ch Government may wish to assign

and the isolation of water from power generation. On the

il prices the consultants to the Ministry of Electricity and
Water (Ewbank Ltd.) have estimated the cost to be QR. 4.00 ($ 1.10) per cubic meter. This
cost is comparable with that of multi-flash distilled sea water elsewhere, [e.g. Japan

§ (us) 0.85/1113 and the Caribbean $ (Us) 0.92/m3 (World Water, 19?9}] and a large (600,000
m3day‘l} reverse osmosis plant in Lib

the present equivalent of QR. 4.32 m3 made up of QR.

3.57 in capital and replacement cost,
QR. 0.58 pre-treatment and QR. 0.17 in power (Ames Cr

Osta Babcock, 1980).
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Creat care ig, however, required

in the comparison of costs of desalinized water when
data are obtained from various sources

+ 85 the costs concerned are dominated by capital
charges and energy costs.,

year of plant construction or to bring costs up-to-
is seldom possible without extensive studies.

heat and type of fuel, and costs quoted are oft
prices within particular countries.

date to a specified base date, and this
Energy costs are a function of the source of
en based on heavily subsidizegd transfer
Calculations of the cost of distilled water based on

full economie Tesource costs in Qatar by Shell International Gas Ltd. (Internal Energy

Supply and Demand, 1380-2020, 1980) have been estimated to range from QR. 5.00 to OR. 8.00/m3.
The hich capital ang operating costs of any distillation plant ensure that water from this
sdurce can never be cheap although the use of waste heat,

Cious location all assist in reducing costs to a minimum

subsidized energy prices and judi-

results obtained may be summarised as follows :
Table 12.7

Cost of Distilled Sea Water

Unit Costs (QR/m3)
Plant Location with energy at with energy at
world market price Zero cost
Ras Abu Fontas
Ras Abu Aboud _— g
Ras Laffan 5.30 4,25

To these production costs must be added th
water from the plant to the farm gate.

e costs of transmission{conveyance) of the

Based upon available cost data and schematic distri-
bution systems, unit costs of water varying from 0.014 to 0o 3

N costs and incorporate all capital, Operating,

If gas is taken to he free the
Corresponding water transport costs fall to 0.012 to 0.040 QRfmafkm.

Similarly, the consequences of having to transmit Power to a remote site for desalini-

sation may increase this cost by up to 40%. For instance,

a possible development option
discussed in Chapter XIVis the desalinisation

by reverse osmosis of saline Umm er Radhuma
groundwater in south-western Qatar to augment meagre groundwater supplies. The calculated
Cost of water at site would be 2R. 2.87/m> but when the costs of power transmission
are added the budget production costs would be raised to QR.

7.69/m3 not including raw water
Pumping costs,

In 1976 an analysis of the cost of pumped groundwater for agriculture was undertaken by
the Project ang published in Technical Note No. 39, (Mitra).

This survey consisted of a
detailed assessment of both fixed ang variatble costs of

pumped groundwater on a random
Samples of 30 farms and resulted in the finding that the cost was QR. 0.05 (% 0.0125) per
Cubic meter or half that of the previous limited survey. Fixed costs amounted to 47.6% and
Variable costs to 52.4% of the total. The variable cost element is higher than normally
encountered and this is because many of the pumps and engines are old ang require constant

Tepair and maintenance to keep them in running order. This stems from an overall reluctance

to keep them in running order. This stems from an overall reluctance of landowners (who are
larQEIy absentee landlords) to invest in agriculture where the opportunity cost of investment
is much higher than the rapidly developing urban sector. If the present installations were
to be replaced by new pumping plant it was calculated that #ha vaviakle Annr .- = T

Ted.n =




evision of thisg estimate wag undertakep in
hat the cost of pumped groundwater wag QR. 0.156. This jig ¢
by a study undertakan by

onfirmeq
Metcalf ang Eddy International Inc. (MEI) in 19795£ who foung the
Cost of pumped groundwate

at two demonstration farmg,
of the two cost

1981 and it was found ¢

S reflactg a

is POssible
+ the figure Obtaineg wWould be
tions elsewhere, Moreover, COsts wil] Vary from

but alse according tq

Accordingly, in collaboration With wel}l
equipment Suppliers, wel} water abstraction ¢

osts for thisg study were baseg
upon a 'notional! typical well, go m deep and operating 7 hours Per day at a rate of 6 1/g.
A well with this Specification w

4 ha. The true economic unit co
was found to pe QR 0.24

per ma, reducing to QR O
free.

This is in reasonable agr

Water is g major limiting factor in the nationa

unit of available water should he ]
return. 7

1 development of Qatar ang each
Ptimally allocated in o
n earlier investigatisp (FAD, 1974)

Managed farm, the
value of water used is of the order of QR. 0.25 (s 0

returns to water on Private farms are of the order of QR. 0.10 (3 0.03)

Per cubic meter,
(desalinised groundwater,

Thus, if water from other Sources distilled Sea water or effluent

water in agriculture Must either
in order to derive a prefit at

ime the unit cost of distilled
water (at productj

investigaticns, and only in the
bles. (See Chap. x1v).

—_—

Y Metcals & Eddy Internationa] Inc., Economic Aspects of Crop Production in Qatar,
Report No. 16, 1IDTC.
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GROUNDWATER MODEL AND WATER BALANCE

131 MODEL CONCEPT
— L UNLLPT

Models are important teols in groundwa
investigation.

the investigations, for example, where boreholes
ta are to be quantified. Later in the study the

implemented. This enables the con
thus facilitating the choict of the
described above has been adooted in
been confined to the aquifer systems

best possible proposal. The generalized approach

use although quantitative mathematical modelling has

of northern Qatar only. This is in accordance with

Tea approximately coincides with the main recharge zone
eous facies of the Rus Formation.

geological conditions and the model a
of Qatar, characterised by the calcar

connected to each other.
considered as one.

the aguifers near the coast and underlying the whole peninsula in the deeper layers. The
surface or Separation between the fresher water
more saline water may be controlled by the geol

between the two waters (see Chap. Ix).

» Wwhich is of economic interest, and the
©gical layering or the difference in density

water interface.

GEOLOGY MODEL

Dammam

——— e Layer T
Rus

[permeable)

Rus :
{impermeabie) Leaky inparts

Upper
Umm
er
Radhuma

Layer T

Lower
Umm
er
Radhuma

Ettective Boundary

FIG. 13 .1 RELATIONSHIP BETWEEN HYDRO-

GEOLOGY ANnD MODEL STRUCTURE

A mathematical model was developed which fully accounts for water movement in two

connected aquifers and an aPproximate connection to a third.

The basic data required for
the mogel study is




{a) the shape ang extent of the aguifer;

(b) the aquifer hydraulic Propertiss:
(<) the inputs ang outputs;
(d) the

conditions at the boundaries or edges;
(e) the

er Radhuma and Rus Formations re
Towards the seaward boundary,

Formation which Overlieg
the Rus. However, for the greater part it has been assumed that the collapse Structures i,
the Rus, which have their effect in the Dammam Formation, form Zones of high permeability
Or conduits between the two aguifers which, from the point

of view of modelling may be treae.

ed as a single layer. fThis is shown schematically in Figure 13.1.

132 AQUIFER GEOMETRY
—x——- 0 SaUMETRY

sed was a 15 by 9 grig of Squares each

7.5 km by 7.5 km. The grid has - The upper grid was moulded to the

shape of Qatar but the lower
connected to each other.

two definite layers

The two grids were vertically

ch grid square in relation to
Qatar. Because of the irr

s i SRl RS

Because of the complex geolog

recisely the levels of the different formations over the whole area,

uded in the model.

133 AQUIFER HYDRAULIC PROPERTIES

The aquifer Properties re
In place of permeability,
and aquifer thickness,

details of the vertical
geometry have been explicitly inel

quired for modelling are

permeability and Storage coefficient.
transmissivity may

be substituted which is product of permeability

Measured values of transmissivity are given in Table 13.1.

that there is negligible vertical

movement of any saline interface, it was assumed that the lower aquifer is

In practice,
bounded by a layer of low Permeability,

be assigned. 7o simplif © permeability a 'vertical
pPermeability factor!' is introduced which in the model has t

he units of days™!, The rate of
vertical flow is computed by

multiplying the head difference in me

metres. This provides the flow in o
values were chosen by first identifying

geologically and from the hydrochemistry
the running of the model.

tres by the permeability
ubic metres per day. The
areas where vertical connectivity was feasible, both

+ and then by analysis of water level data thron

factor and the area in square

gh
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18 18 20 22 . 24
I
A.r Ru'ays .
N ,‘_‘/__U_'ﬁ 7 § 1
“8f— e i | T
2! ! @] | BN ! | 2
P leg.] = .
= l == E
) (e |ele ]
L7 \\'r' - _'
o @ @ e|e T"’,\\
46 | 48
5@6 @ | B BN BN )
g L BN BN |
l—4 ) 0E: »
d |
8| I0E)
=K K )
2 | =10
4 42
0 ~10/
[ v
11| Al ala
e Dukhan :
12: OlalalalO|l0O |
40 = EETETRET
! \
g @~ ~ OO} MDoHA
! b | A
14|L ® O '
aa) [ 38
. Variable proportion from upper
and lower aquifers
O Upper aquifer only
4 40% upper, 60% variable prop
36— 38
34 .TjL—- a4
.\‘
) \
32p— \ 2
.\ \ _
—_—— Bouhﬂ-lr\, of lawer aquifer & mod.l/'
——————— Boundary of upper aquiler /.
‘H_ -/'
1 | l
16 18 20 2Q 24




[Qroundwater Mode|

Measured Transmissivities
IF 18 20 22 . 24
_ |

5q 3000 | 3000

25001 2500

44

10 10 | 3000 | 2000

60 100 ' 2000

42

TOj
I

L
1]

» Dukhan I

' ’
121, 20 20 | 20 |[s00
o

40 l
131 60 | 20 1000’400
| -
I
" B
1
38, 151 ’ 40 | 500 ' 50
i
—
AVERAGE OVER GRID SQ.
36
M~ T3
\.
\
32f— \
; 32
\ \
—_— Bwnd.;y of lower aguifer ¢ rnod.t/-
——————— Baundary of upper aguiler /.
\_ '/'
It | |
16 18 20 22

A - el
Table Fig: 13.1




i

parameter. It would appear that the storage coefficient is very small in the vicinity of
the government well-fields (Rus Formation only) but is as much as two orders of magnitude
higher in the northern area where both aquifers are tapped. This range of values and these
general comments were borne in mind at the model calibration stage.

13.4 INPUTS AND OUTPUTS

In any aquifer study the inputs and outputs to the aguifers must be guantifiable.
Water can enter or leave an aguifer by any or all of the following mechanisms

(a) Direct recharge from rainfall

(b) Indirect recharge from/to water bodies
(c) Artificial recharcge

(d) Irrigation return flows

(e) Transfer from one aguifer to another
(f) Underground flow

(g) Flow of springs

{h) Pumping

(i) Evaporation

Each one of these possibilities has been considered.

13.4.1 Direct and Indirect Recharge from Rainfall

Direct recharge is dealt with in Chapter VI and it is discussed here for its relevance
to the model work. In order to simplify the data preparation for the model calibration a
fixed percentage of the mean annual rainfall was taken as the input to the model by direct
recharge. The mean annual rainfall was distributed in space over the surface of the upper
aquifer. The annual rainfall in millimetres per year is shown in Table 13.2. Recharge was
estimated to be 12 per cent of mean annual rainfall, except where indicated.

It was assumed that there was no direct recharge to the lower aguifer. When the model

was calibrated actual estimates of recharge for the eight years 1971-79 were used. These
values are shown in Tables 13.3-13.10. (Appendix ITI)

13.4.2 Indirect Recharge, Artificial Recharge

Recharge from ponded rainfall is the only source of indirect recharge but this is
considered as recharge from rainfall in 13 8ks

13.4.3 Irrigation Return Flows

It was assumed that 20 per cent of all water pumped for irrigation is returned to the
upper aquifer. This has been determined from lysimetric observations.

13.4.4 Transfer from One Aquifer to Another

It was assumed that where geological information indicated that there was a possibility
for water transfer between aguifers that water would flow from one to the other under the
influence of the pressure head difference between the two aquifers and a vertical permeabi-
lity factor. The groundwater model is used to estimate the actual gquantities involved,
historically and at present.




13/6

Groundwater Model Average Rainfall and Recharge
16 18 20 22 24 )
I =
ArRu'ays '_
I TAE T SO B I T
48 o s | ' N T
bl X 59 | 62 | 62 ([ 58| 56 ; e 4
e =t
3 '_] 56 |59 |62 | 62 } ;55 :
i A il
4’ 55 [55 |60 |64 | 64 | 63 T/s‘;;\ by
46 : Lizes N i
D
5q 52 |57 |64 | 64 |67 |59
) | %
ﬁ 52 52 | 57 |64 | 64 |67 | 50 f g
: | b
A & I :
4
¢ ".'l 49 | 49 | 54 | 57 | 57 |59 | 54 44 §
d - | ;
I a ! 9
» 8l s2 | 52 | s4 | 55| 55 | 55 | 51 | p .
2 rk %
S 56 | 57 | 57 | 57 | 53
42 I a r- 42
10 53 | 53 58 | 61 | 61 | 60 )
| P
| A b
s 1| 53‘ 53‘ 58
| 61 | 61 | 60 | 85
e Dukhan | = = - -
sl 56 | 56 | 61 | 66 | 66 | 68 85 I
40 | |
i . A 'y A A A I\
s{131f S 53 58 64 64 65 56
g | dDOHA
i A a A A A A A
S14I 53 53 58 64 64 65 56 1§
28} L ”
A& Nodes with recharge &9 of annual rainfall, Remainder receive 52%
S  Nodes where boundary is controfled by sabhha
36 36
14— 34
\Q
\
a2}— \ »
.\ \ ;
—_— souncl.ac\, of lower aquifer & modal/‘
------- Boundary of upper squifer /.
\- '/'
[ I~~~ | l
18 18 20 Q2 24

Table Fig:13.2




(wo) €L/ZL6T ¥O4 TIVANIVYE bTET  dg7avy (W) 2L/TL6T ¥O4 TIVANTWY £°€T 378Vl
(U2) pL/€06T MOa TIVANIVM ST €T a1avy

L ozfoz| ozl szlsz| sz szl o £l St s oe|l o¢e| o oe| gel c
078 0°sfo°9| 08 | s'8| s°6]cs|op € :
07l 0°v 0S| 55 [ 59| 9] 09 |0 |2 0'z] o'zl o'zl ozl oz| ozfl oz oz 0z |2t svlow) sel ze| zg| ze | oe| o
— " ozl o2l ove| oir| o] | weel oo b s's [ svlovwl ge| velpel o¢| o
Or) ov| o'v| o0's[ 05| s5]|sc|oc
oo 05| 0| o'p] 0'¢ | 05| 0g |ore i o'z o'zl o'z| o'z| o'z| o'z | oz| oz - Ot | s's | s vl 8c| 9| og | g¢| p-
ool os S ott| o%2| oon| | wel ez | o ’ S°6 [ 0L | sv| o] e¢lsc| op

s'g| o org) vl avsl son] G g '9T] 01} s*1|0e| oz ovg| o1 o1 S
: 5 . . : $'6| 56| 0'9| o'c|o-g
0¢l s'el ov| og| o'9f g5 ¢-¢c v PRI o] 51| Bt ¥
0'z|loz| s 1| o 1| o1 0'8fst| o's| s'p|o9g
O'El o'c| o'v| o0°'s| o9 £ 3
m oz | oot | o1 2 09| 0'p | 5p
Se| sef| gy
i o's| o'¢| o¢
or# | &% L !
8 L 9 5 v £ 2 L 6 8 L 9 S v £ z 1 6 8 L 9 S b £ 2 1

TIGOW M YMC YD 4D




by %

(wa) sr/9r67 Y04 TIVANIVY BET  arayy,

(W2) 9//506T A04 TIVANIVY LET Atawvy (W2) SL/bL6T Hoa TIVINI VY 9°LT aTgvy

0zt |o- go.oﬁ Sllo-9g S°91 s*v {oo1| o001 08 [ 0°9 | gy g-p

$°9 m_‘o.mﬁ Szl s*z1loter o.MHﬁ

09 Ibtfs-pr O"bpT] s°g71 S'ET| O"gT

1T
S'I1 0.0Hk0.0H tL|S"9 08| o0-¢L 06| 0-01 S8 S L S°S| Oy

0'¢1
S°zT1

S T11({0" 1T o.oﬂ5o.oH EL
$°01

|
‘ R - o st| o st s-¢d ever m.mH\ 0°Ll 09 | o'z] 9-g S8 s'8| 0] o-¢
STL |5t L ‘o.h St | o0'g |og ‘o.m o'g |2l STCI| st/ s 17 o.oﬂ‘ 0°0T (o001 |0 11 |2t O0°Li s°L | 09| g9 't og| g g-¢
. 0L (072 ‘o.m 5°8 | 07015 01 Nm.oﬁ S'6 I, o*11| o1t/ 0%0t1| 0 01| 0-0r 001 | 0ot or [ T o'l o' | s'9| o'g| org 99 | 01| o0v9
ﬁ“wwmx St o 1s'8 | 56 | o'1r 0'¢l | s 11|o 1T f01 S0t o'o1]o 01| 0'o01 0'ot(orot | s-o1(s 17 Jot :MHM s'9 1 o] ot o 0L | 0°9] 09
_ 0ot oot | o*or(s o1 | 511 0°ttle | 0°9] 0'9f 09 | o9 0'91 5°9[ g9 | g-g 69

0'01| 001 | 501 STIT |0°eT|0 b1

ozt ot1| s 11 O°€T (s pT|c pT L 0-g 0°9( 09 0°g S°F 5*F| otg 0°s| o-g

O°ST| S€T| s bT)0"sT | g p1 S[o9 0909 | ¢y S'L| sv|os| g-g
T I
01| 5221 | s*gt[s 61 [ 5-67 S 199 s'sfo's | o9 o9 ¢ S: 09| o°'g
S 61 s o'sfo's [o's| o9 o, o't | 59
0°s [0s ) 09| o0t]o0y 0L
0'0z
0°zz 0t [ 59| ot]oy
0L | s 9| oy
9 6 8 L 9 S B £ 2 1

130w 431VMANNOYo dvivo




13/9

(M2) 6L/8161 wou TIVANTVY  or-¢q T4V
0'sl o's| g5 | o-p 0'F | sy sl
0'sf o's| g | ¢-¢ S°5| o-g vt
S°SL ot | s p| o-p 0°s) 09| o'r| 0y [e1
SLI 06 | 5| g-p 0's| 0'9 01| 0y 21
0 oL oz s ¢| g |ml.‘_@,. .:o.w 0°9 | o {t
m.m Sl s 9| gup| g-p IWHW M”M 0°g oL
Tkt 9l og| g | pes m.m‘ 0°9 | 0-9fB
S'9 0 S5l gop| gy ol o;; 09| o'gls
|

S
1390 431YMANNOYS 4vivo

v € 2

L

(W2)  8L/1L61 MOa TIVANTWY 6" €1 aravy
0°¢f 0| o'c|oc| o€ | gve 0'cfo'c [og |SI
Ol o'e| s'cloe| o Ot selop [0 [p
O'vl 0°v| Oo's|s'p| o O°v | ov|op o |er
o'y 0'v| o's|owr| o 0"t | ote|oe[og fau
iﬂv Or | o'viow| s¢ | og orefoe [sz |y
Ok O'v | O0'v|o0p | o S'g S'€]| 0o'g |5z for
O O°¢v | O'v|OF | O0°p- STe| s'e| o't o't |g
ovl 0w | s'e] sel oe | 0t | oog| geg .
o'el o'e [ 0'e| o'z o¢ | o'g Ozl oz oz |¢
0'€f 0t | s'z| s-z| ¢-2 0z | o'z| oz 9
o'zl o'z | o'z | o'z] oz o'z o'z| oz g
Ozl oz ozl o'z | oz 0z
'z | ozl o'z | oz o'z
0°z| o'z |oz o'z
o4zl oz oz 1
6 e L 9 S v £ 4 L

_ T

13aow 4ILYMANNOYD ¥Vive




the boundaries of the Qatar land mass and the Possibility therefore exists that w

The
s that it may be assumed that the Pressure in the Umm er

led area has remained constant., Observations from explora-
€ aquifer and a constant boundary value of

where the Unm er Radhums
onnected to the overlying Rus aquifer (upper aquifer) ,

Teast edge where the large

Dukhan Sabkha surface is =1m below sea level and acts as a local discharge to the Rus

aquifer. It hasg been assumeq that the Rus aquifer in this
Ssumption is that alj] discharge at the edge of Rus

aguifer either flows into the sea or is evaporated ip sabkhas situateq near the coast.

region. The implications of this a

In both cases the groundwa

ter model Provides estimates of the discharge ACross these
Soundaries.

13.4.5 Flow of Sorings
—=—* OL Springs

There are no known onshore springs in norther
springs may be present, The facility for modellin
included in the model ang is used as a mathematica
for the lower aquifer, However, the physical pres

135447 Abstraction
——==-ltdccion

+ The gradual
« (1977). The groundwater

and time. For the Doha water Supply well-fields it is well
from the Rus or upper aquifer; locations of the abstraction

Ximation has been made that temporal builg up of this abstr
Pattern as the total abstraction

Points are also known. Aan appro-
action has taken the same

+ though in the Past two years there has been some reduction.
Apart from this approximation, abstractions have been locateg in the model as close
Possible to their actual locations,

The abstraction for farm use is immensely more complicated and is of far greater
importance in total than potable Supplies. The spatial distribution has been obtained by
assuming that the distribution a5 in 1979 hag been maintaineqd for the previous 22 years and
that the rate of increase was according to that describegd in Technical Report 1, (1977)

which includes wellfield abstraction. Thig can be represented by

Q = 3+ 2.5t -0.0075 £2) 1.6 Eq. 13.1

Q T annual rate of abstraction Mm3

t - time in Years from 1957

T e A R T T




aquifers. A division was made on the basis of the estimated depth to the UER ang the
capacity of drilling equipment. This means that if the UER is very dee

P it is most likely
that abstraction is from the Rus Formation or above.

Where it is uncertain it has been

The well-field abstractions have been increased by 20% because in the model all farm
abstractions are @ssumed to be reduced by this amount to allow for irrigation return The
wellfield

alone, apart from natural recharge.

13.4.8 Evaporation

areas were treated in the groundwater modelling was to set the water to flow into them. Ls

to 13.15 which also give the historie w

large influence over what goes on in the interior of the model. For the upper aguifer it
out of the aquifer to the sea or to coastal sabkhas.
The water level at the boundary has therefore been set at 2ero except at the south-east
where it was assumed that the discharge point is the Dukhan sabkha. During the model cali-
bration some minor modifications were made to

this general hypothesis to simulate the effect
of a third aquifer on top of the upper aquifer

lower agquifer corresponding to the UER formation. The general hypothesis on this aquifer
has been stated earlier whereby it has been assumed that the UER under Qatar is generally
Connected to the entire UER formation which extends throughout the region, and that the

influence of the Techarge mound in Qatar, and recent abstraction have hagd little effect on

this larger aquifer. It has therefore been assumed that there is, for all practical purpos-

©S, no regional Pressure gradient across the UER in Qatar either before abstraction started
in the 1950's or since. M Arlv ~hacao. oL




boundary pressure was allowed to drop to 1.0 m where vertical discharge to the sea ig beli
eved

Apart frqq

to be operative because of poor confining conditions in the overlying Rus aquifer,
t this local variation, the boundary head pressure was set at 4 metres of fresh water.

i 13.6 PIEZOMETRY

7 The calibration or final refinement of concepts and determination of aquifer parameterg

l is based upon the water pressure or water level distribution in the aguifer and it is essential
that such data are available. 1Ideally, a complete history is required since the condition at
any one time is serially correlated with a precedinyg condition.

For this study only two piezometric maps are available, and these are for, what is believas
to be, either the upper aquifer or a mixed value. One is based upon measurements taken in 1933
] by Le Grand Adsco and corrected to a common datum and the other is based upon the 1979 survey
carried out by the Project.

[ The 1958 map has been assumed to represent the steady state in Qatar when the agquifer
recharge was balanced by an equal flow out to the sea although an allowance was made for a =S
small amount of pumping that was believed to be carried out at that time. Table 13..13 shows 2

’ the 1958 levels for modelling purposes and Table 13.14 shows the 1979 values.

The piezometry in the southern part of the model is less reliable than that in the
i northern part especially for 1958. The model was extended into this area because of need to
include the aguifers as a whole. However the results for this area should not be looked at
( too critically, their main value being to form a reasonable boundary condition for the rest of

the model.

- In order to obtain reasonable water levels in the upper aquifer at its seaward boundary

) the transmissivities have had to be locally increased. An alternative would have been to
assume that the pressure heads in some coastal sabkha were below sea level. Only in the case
of the large sabxha in the south west has this assumption been made. This illustrates the

‘ problem of trying to obtain very precise results from data that is limited in quality by

practical and economic constraints.

] The computed 1973-79 model water levels are anomalously high on the 'mound' areas. This
could be due to a number of causes; firstly a certain amount of abstraction may have taken
place in these areas which is greater than that allowed for in the modelling. Secondly the

| historic 1958 levels for those areas are not reliable. The calibration has endeavoured to
obtain a balance between obtaining a good fit to the 1958 assumed steady state levels and
measured 1978-79 levels. A slightly better f£it to the 1978-79 levels may be achieved by
increasing all transmissivity values by a few per cent. This will reduce high water levels

] by encouraging water to flow from high points to low points. The values actually selected
and presented can therefore be regarded as giving conservative results when used in water

! development.

13.7 MATHEMATICAL DETAILS

{ A two layer groundwater model was devised and programmed for the Project HP 9830 computer.
The model is based upon the principles of conservation of mass and momentum in which the

following assumptions were made

(a) Each aquifer is isotropic, though parameter values may vary from place to place;
(b) The pressure distribution within each aquifer is hydrostatic;
(c) Energy losses in the vertical direction are concentrated at a single hypothetical

boundary between the two aquifers;

T T R T B T o e e e e e S|
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(a) Viscocity and density are uniform.

These principles and assumptions can be used to formulate a partial differential equation
(pde) for the flow regime. However, since the 'pde' would be solved by a finite difference
approximation of it, it is simpler to formulate the finite difference equations directly. The
storage coefficients are denoted by S, the transmissivities by T, and the head or water levels
by H. The subscripts 'l' or '2' refer to the upper or the lower aquifer respectively. The
vertical permeability factor between the two aguifers is P, and R is the net recharge or inflow
to a nodal area.

Each aguifer is divided into a number of sguares or blocks, each one sitting upon the one
below it. By assuming that the flow between any two nodes in a single plane, or between two
planes, is equal to the product of the difference in head and the transmissivity between the
two points and the width of the flow path; or the difference in head, permeability factor and

nodal area respectively, the equation of conservation of mass for each node in each plane may
be written. !

2 d Hl(I,J)
AT.8)(1,3) . ——— = R (1,9
dt

- (Hl(I,J) o Hl(I-l,J})-(TltI,JJ + TI(I-l,JJ)/z
- (H (1,0 - H (I,3-1)) .(T,(I,3) + T(I,J-1))/2
- (H (1,3 - Hl(I+l,J)).(T1(I,J) + Ty (I41,3)) /2
- (Hl(I.JJ - Hl(I,JH.]).(Tl(I.J} + T (I,J+1))/2

= (Hy(I,3) = Hy(I,J)).P(I,J). B s s . Eq. 13.2

A similar expression may be written for the nodes in the lower aguifer, with the
subscripts 2 and 1 reversed. These equations can be written for each node within the area.
At a boundary other conditions specifying the actual conditions there must be provided. For
the most part in this work, the boundary heads have been fixed. Some modifications were
intreduced to allow for impermeable boundaries.

Given the bcundary conditions these two sets of simultaneous ordinary differential
equations can be solved. A simple approximation to the differential coefficient dH/dt is
made. (H(I,J) - Hl(I,J]J/Z}t is used, where Hl(I,J) is head at time t and H(I,J) is the
head at time t + At. all equations are thus seen to be written in terms of the head at
time t + At with the exception of dH/dt term. The resultant .set of simultaneous equations
in Hl(I,J} and H,(I,J)} are solved by successive over (or under) relaxation.

(T + Ty, + Ty + T, + Az . Sl(I,J}/At # &2. P(I,J)).H(I,J) =
TlHl(I-l.J) * T2H1(I,J—1) + T3H1{1+1,J) + T4Hl(I:J+1) + HZII.JJ

Pt il® o a5 AR e Eq. 13.3

where T, = (T(1,3) + Ty (I-1,3))/2 etc.

Initial approximations of the H(I,J) are made by setting them equal to the initial
conditions Hl(I,J). New estimates are obtained using equation 13.3. The process is repeated
until successive approximations to the solutions at the same time-step are essentially the
same. Once the solution has been advanced by the time-step At the new heads are put equal
to the old ones and the solution is moved forward a further time-step At.

Appendix II gives details of the model, run reguirements and an example of an actual
run,
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1 13.8 MODEL CALIBRATION

13,81 Introduction

I The model has been used since 1978 in assisting in the understanding of the aguifer
systems of northern Qatar. It has been used interactively in formulating hypothesis. 7The
model calibration reached at the termination of the Project is a synthesis of all informatiop

l available prior to and acquirad during its life. It is considered to have served its purpose

! in assisting with understanding and providing an adequate level of information on consequences

of proposals for cdevelopment.

i Some of the proposed developments are of a very major nature and would require further
studies, particularly, on the technology of water injection into the agquifers. Should some
[ of these proposals be seriously considered for implementation, after being suitably screened

it

for optimum choice,further hydrogeological information and model refinement would be
necessary for the detailed design of the general proposals. The model would later become

f part of an overall monitoring and management programme.

- et BT

The general calibration strategy has been to adjust the various hydrogeologic hypotheses
i and parameters so as to obtain as good a prediction of the water levels as possible for 1958
l and 1979, at the same time taking into account known facts regarding the geology and ground-
water chemistry of the area. It was assumed that in 1958 a steady state existed when inflow
was balanced by outflow. The water levels in 1979 were assumed to be the result of 22 years
% of gradually increasing abstraction on the pattern of 1979 which was discussed earlier in
this chapter. (In practice the modelling had to be carried out for the period 1957-79,

assuming that the water levels in 1958 were the same as 1957).

‘ An initial calibration was made to obtain the 1958 steady state water levels by
adjusting vertical permeabilities, transmissivities and boundary heads, calibration being

} the adjustment of model parameters in a systematic fashion. This was followed by a series
of calibration runs to further refine the choice of permeabilities and transmissivities and
to determine the factors which affect the dynamic response of the aquifers. These are the

. distribution of abstraction between the two aquifers and the aguifer storage coefficients.

As before, these adjustments were made to accord as far as possible with known facts.

[ 13.8.2 Single Aguifer Model

The first series of model runs was carried out on the assumption that the system could
' be treated as a single aquifer. After careful consideration of the geology, hydrogeology,
hydrochemistry and the operation of this model it was decided that the system must be
treated as a two aquifer system with a partial vertical connection.

13.8.3 Two Aquifer Model

The first series of calibrations on this model were carried out on a 14 x 9 grid.
Effort was concentrated on getting a good representation of the 1958 steady state. The area
of vertical connectivity, its probable permeability and boundary head conditions were all
examined, including an assumption that the lower aquifer was physically bounded (zero
transmissivity) along parts of the western border. A similar condition was tried for the

south edge of the upper aquifer but without conclusive results.

The
Effort

The second main series of calibrations was carried out on a 15 x 9 grid model.
extra row was introduced to obtain a better representation of the northern boundary.

in this series of calibrations was concentrated on obtaining values for factors affecting

the dynamic performance of the model. During this series a number of trials were made to

test the significance of the Dammam Formation overlying the Rus formation but no

e T T A N T R e S O S P N e T
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satisfactory result was obtained in resolving this. It should however be pointed cut that
for the major part of northern Qatar collapse structures are regarded as sufficient for the
two formations to be treated as a single aguifer for hydraulic calculations.

13.8.4 Final cCalibration

The results of the final calibration are presented in Tables 13.16 to 13.22. Appen-
dix I shows the transmissivity in the upper aguifer, Table 13.21 shows the storage coefficient.
Transmissivities and storage coefficients were assumed to be constant in the lower aguifer and
these are shown in Table 13.23. Page 13.17 and 13.19 show the 1979 computed levels where
boundary heads are given. Figures 13.3 and 13.4 show the water level contour maps for 1958

and 1979 together with measured values. Table 13.22 shows the vertical permeability factors
used.

In examining the values, especially in those areas with pumping in the upper aguifer,
it should be noted that abstractions in the model are assumed to be spread uniformly over an
area of 7.5 x 7.5 km whereas actual point érawdowns will therefore be greater than computed
values which are average values over a large area.

The additional drawdown (s in metres) due to the actual well being of smaller diameter
than a model well (where abstraction points are represented by a whole grid square of side
7300 metres) is

s = 0.111 Q/T log(a/(4.81.r)) sesavrs B 1354

0 - discharge in m3/day

T - transmissivity in m2Xday
¥ = diameter of actual well in metres
a = length of grid square side in metres.

For example, assume that a wellfield is a 'well' of effective diameter 0.4 km.

Discharge = 2 Mm3/year
T = 100 mz/day
a = 7500 metres
r = 400 metres
S8 = 0.111 . 5479/100. log(7500/4.81/400)

= 0.111 . 54.79 . log 3.9
= 3.6 m.

3.6 metres is therefore the amount needed to be added to the drawdown in a well which is
computed from a model with a grid square of 7.5 km from which 2 Mma/year is being abstracted.

However, of greater importance are the overall water balance figures, the rate of draw-
down and the relative drawdowns, rather than the actual computed drawdown. There are some
anomalous high values in the computed values but most of these disappear after two or three
years of additional pumping. The result is considered to be satisfactory considering that
no accurate definition is possible of the aguifer from which abstraction was being made.
These high levels could have been due to the assumption that the aquifer was in a steady
state in 1958, whereas there may have been some local recharge in 1957-58 to give artificially
high water levels in these areas. In modelling the steady state the long term rainfall
distribution has been used. However, one run was made using actual rainfall figures for
1971-79 resulting in calibrated levels higher than for the run using mean rainfall. This
reflects the higher than average rainfall (and hence recharge) for the period 1971-79 when

the averace rerharae fe mreim-scod on Lol Lol o L]
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Piezometric Level- 1958

Groundwater Model
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Table 13.23

COEFFICIENTS FOR FINAL CALIBRATION

1 Transmissivity in Lower Aquifer 3000 mz/day
2 Storage Coefficients in Lower Aquifer 0.0001
3 Proportion of pumping from combined 0.30

aguifers coming from upper agquifer

13.8.5 Water Balance
—==B2rI balance

A water balance is presented in Table 13,24 for the 22 year period 1978-79.
be used to calibrate the Lumped Parameter Model developed during the project which
able use in gross evaluations of alternatives, Table 13.25 gives the water balance
area using the detailed annual rainfall figures,

These data can
is of Consider-~
for the model

Period Upper Aqujfer Lower Aquifer
IS;TE_(Calend— Transfer Change i
I ar Irriga-| Total Change Total | Change . p
f a(year) year) tion abstra- g:fg:gge Outflow téufgsér in abstra- in 13a£;§5h 3
[_ Returns Ction aquifer) Storage ction Storage reserves :
I %
2 1958-59 i.2 2.9 25.9 22.9 2.2 =02 2.9 =03 + 0.5
2 1960-61 2.2 5.6 ol 22,3 2.3 o ) 5.4 =03 - 2.8
I 2 |1962-63 54 8.2 21.7 21.3 2.5 -2.0 8.0 -.03 - 5.3
2 1964-65 4.3 10.8 20.2 20.2 2.5 =-2.5 10.5 =03 = Tl
2 1966-67 5.3 13.3 18.6 18.9 2.6 -2.8 13.0 =,03 -10.2
l 2 1968-69 6.3 159 17.1 17.86 2.7 =341 15.5 -.03 =12.8
r: 2 1970-71 6.6 18.3 15.6 16.2 2.8 =33 14.8 ~.03 =%5.0
| 2 1972-73 8.2 20.8 14.1 14.7 2.8 =33 20.4 -.03 =17:4
I 2 1974-75 92 23.2 12,7 13.3 2.8 -3.4 22.7 =03 =19.7
2 1976-77 1o.1 25.6 11.2 11.8 2.9 =3 4 2506 =503 =22.0
‘ 2 1978-79 11.2 28.0 9.8 10.4 2.9 L 27.8 -.03 =243
l 22 135.6 345.2 380.4 379.2 58.0 =574 332 ~-0.66 -273.2
| Table 13.24 WATER BALANCE FOR CALIBRATION RUN
otes : 1 Quantities - Mm3 ber year,

2 Recharge assumed at an annual average 26.7 Mm3.

3 Irrigation returns. 20% of combined extractions,

4 Recharge balance. Natural recharge + irrigation Teturns - total abstraction.
5 Outflow, Transfer across model boundary to sea and evaporation from sabkha
6 Overall storage coefficient 0.004

7 Balance not exact due to iteration pProcession.

aguifer and displacement. There is relatively .little flow from the upper aquifer to the lower and
Lsplacement implies either the ‘moving inlang of a saline front from the Sea or the upward replace-
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Period Upper Aguifer Lower Aquifer

Anee {gyfizl Natural | Irriga- Total Trangsfar Cha Total Ch Change
Yal (Ygar) lRecha— tiog Agst:a- Recharge Outflow {upper igge Abgtia- ?gge in Zresh

(year) 3 Balance to lower i water
rge Returns ction aquifer) Storage ction Storage PEkE T

2 1959/61 53.4 252 5.4 50.5 46.1 4.5 0.0 5.6 -.06 + 0.8

2 1961/63 53.4 4.2 10.2 47.9 45.0 4.9 =19 10.7 -.06 - 5.4

2 1963/65 53.4 6.1 1550 45.3 43.4 L =-3.2 15 .7 -.06 -10.0

| 2 1965/67 53.4 8.1 19.8 42.7 41.5 g -4.2 20.7 -.06 =147

2 1967/69 53.4 10.0 24.4 40.2 39.3 58 -4.8 25.6 -.06 =19%5

2 1969/71 53.4 11.9 29,2 37.7 37 -0 6.0 =5.3 30.4 -.06 —24.1

1 1871/72 25.3 6.6 16.2 16.5 18.0 3.4 - 4.9 17.0 -.04 i Iz

| 1 18372/73 8.7 el 1754 b7 13.0 4 -14.9 18.2 =07 -16.9

1 1873/74 21.6 7.6 18.6 116 12.9 L+ 8 2.8 19.3 =02 ~-17.6

1 1874/75 28.9 8.0 197 18,3 14.1 2.5 1.6 20.5 =01 =107 08

1 1975/76 63.9 8.5 20.8 S52.7 22.6 9.6 20,5 21.7 0.1 =12.2

| 1 1976 /77 51.8 8.9 21.9 40.0 232 T2 6.6 22.8 0 -12.6

1 1977/78 13.4 9.4 23.0 1.0 156 4.3 ol 7 24.0 -y 14 =-19.4

| 1 1978/79 26.7 9.8 24.1 13.7 14.9 3.8 - 5.0 25.1 -.04 -21.1

: 20 560.7 108.4 265.7 417.4 386.6 68.4 -18.4 200 e -0.78 -204.0

Table 13.25 WATER BALANCE
rz Notes : 1 Quantities.Mm3 per Interval (2 years : 1959-71 1 year; 1971-79)

{ 2 Recharge 1959-1971 Estimated annual average 26.7 Mm3

1971-1979 Based on water balance estimates

3 See Fig. 13.24 for other notes.

The computed levels in the lower aquifer for the end of the dynamic calibration period are gquite
low tending to zero in high abstraction nodes. It is not known whether these values are realistic as
individual pressure measurements for that agquifer are not available. The corresponding water levels in
the upper aguifer are 1.5 metres zbove sea level. These low values could be increased by reducing
abstraction in the lower aguifer. The implication of increasing the transmissivity of the lower aquifer
is that its thickness must increase which in term means increasing it into the saline water zone. Tt
then follows that salt water is replacing freshwater not only laterally, as has been principally assumed,
but also vertically.

13.8.6 Hydrogeological Estimates of the Water Balance

} The above modelled estimates of groundwater reserves may be supplemented by others based upon

Measurements of aquifer parameters as detailed in Chapter 10.

For the Northern Groundwater Province the Rus and Umm er Radhuma aquifers are assessed in a linked
Manner for reasons already discussed. However, the gross model values and their inter dependence may be
Conceived as follows:-
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Northern Groundwater Province

Rus Formation

Effective area (coastal belt excluded) 4000 km2

Effective thickness 25 m
storztivity 4x10q4

Original volume in storage 40 Mm3

NB This assumes that the average value of storativity of the depression areas of the Rus,
where wells exist and test pumping has been carried out, applies overall, which should
be accepted as an over estimation.

Given a storage deficit of zero for 1958 and a steady increase annually, the total for
the 22 year period is assessed at 20 MmB, the average, 0.9 Mm3.yr_l and the present rate of
change is about 2 MmB.yr_l. Thus it would appear that some 50% of the originally available
Rus Formation storage has been removed so far. Assuming that a constant rate of deficit
aE 2 Mm3.yr_l now applies, the remaining real original reserves of the upper aquifer alone
could be depleted to zero in a further period of 40 years. However, only 50% of this storage
may be extracted before mixing with saline groundwater and intrusive sea water 1is sufficient
to contaminate the remainder beyond usability and this period therefore reduced to 20 years
or by the year 2000.

The compensation for the 2 Mm3.yr—1 deficit may be apportioned in the ratio of 0.5 due
to declining water levels and 1.5 by the upward transfer from the lower aguifer. It is likely
that the rate of decline of the water levels of the upper aguifer will have reduced as the
level approaches the datum level of + 4 m of the lower aquifer. The proportion of water being
removed from the upper aquifer compared to the lower will also decline comparably. The
closing phase of this hypothesis is where the upper aquifer no longer had a head advantage
over the lower and the upper aquifer deficit is transferred entirely to the lower aguifer.
That this situation has already been reached is shown by Enclosure 4 where only to the south
of El Ga'iyah, in the Northern Groundwater Province, is the composite head higher than + 4 m.
At this stage the decline in reserves is from the lower aquifer only with the upper acting only
as conduit.

While only limited records of water levels for 1958 exist, a comparison between
Figures 10.2 and 10.3 indicates that the maximum declines have occurred as expected near the
centre of the freshwater body and are of the order of 7 m with diminishing declines coastward.
Assuming an average decline of 3.5 m over the effective area of the Rus Formation, the
reduction in reserves indicated by the falls in water level is some 5 Mma. That the Rus
deficit is thought to amount to some 20 Mm3 over this period indicates that 15 Mm3 of
Umm er Radhuma storage had been withdrawn via the Rus Formation after upward replacement

transfer.

Umm er Radhuma Formation

Effective areas (coastal belt excluded) 4000 ka
Average thickness of freshwater body 50 m
Storativity 1.25x1072

Original volume in storage 2500 Mm3

Assuming a storage deficit of zero for 1958 and a steady annual increase, the total

for the 22 year period is 220 Mm3, the average 10 Mmz.yr”l and the present rate of change in
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storage is about 20 Mma.yr_l Thus some 9% of the original total available volume has

been removed so far without including vertical transfer to the upper aguifer. If this now

takes place at 2 Mm3.yr_l, an average would be 1 HmB.yr_l for the 22 vear period giving a
3

total of 22 Mm~, Thus the total decline in original reserves from the Umm er Radhuma
amounts to some 242 Mm3.

Assuming a constant rate of decline of reserves of 22 Mm3.yr_1
of 2260 Mm3 will be depleted to zero in 100 years.

reduce this period to one half and thus if equilibr
the life of

the remaining storage
Contamination, as explained above, could

ium between the two Formations is maintained,
the combined fresh water body could be of the order of 50 years to the year 2030.

Water Balance estimates for the Northern and Southern Groundwater Province and
separately for the Groundwater Model Area are as follows:-
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WATER BALANCE

NORTHERY GROUNDWATER PROVINCE

Mean Rainfal]
Effective Recharge area
Recharge at 12% of rainfall

50 mm, yr_l
3500 km?2
21 Mm3. yr_l

Steadv State Conditions (ore 1955)
——=22-2 tonditions

Rus Aquifer
—= fduiler

-1
® Recharge + 21 Mm3. yr
—_—
® Discharge
N 3 -1
Transfer tgo Southern Groundwater - 10 Mm~, vr
Province (Sabkhas in west)
Losses to the $ea, east and north B | Mm3. yr_l ;
= 21 Mm3, g1 BALANCED j
Umm er Radhuma Agquifer
—————=2TiMa Aquifer
® Recharge + ZERO
® Discharge
2 - ZERO
Agricultural abstraction

SALANCED
—_—
Unbalanced Condition (1930)

Rus Aquifer
== agUife

[ Rechasge 9 e
Irrigation return (at 20%)

+ 28 Mm3. yr~l
—_—

e Discharge
Agricultural abstraction = 1D Mm3. yr_l
Domestic abstraction - 6 MmO, yrt
Transfer to sabkha evaporation = 7 Mms. yr_l
Losses to sea (east and north) - a4 MmB. yrhl

= Z2Mm?, gl DEFICIT

Umm er Radhuma a uifer
———=2=21Ma Aquifer

® Recharge ang Irrigation Returns + ZEROD

° gischarge

3 =1
Agricultural abstraction = 26 ym®, gy
Transfer to Rus Aquifar 3 o

- 2 Mm~, yr

—
- 28 Mm3, yp-l DEFICIT

= 28 Mm®, yel OVERALL DEFICIT
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WATER BALANCE

SOQUTHERN GROUNDWATER PROVINCE

(excluding the Alat Groundwater Province)

Mean Rainfall
Effective Recharge area
Recharge at 8% of rainfall

50 mm. yrhl

8000 km?

32 Mm3. yrhl

Steady State Conditions (pre 1955)

Rus Aguifer
® Recharge

Transfer from Northern Groundwater
Prevince to sabkhas in west

e Discharage
Sabkha evaporation (200 km2
Losses to sea east and west

active area)

Umm er Radhuma Aguifer

® Recharce

e Discharge

Agricultural abstraction

Unbalanced Conditions (1980)

Rus Aguifer

e Recharge
Irrigation returns (at 20%)

® Discharge

Agricultural abstraction
Domestic abstraction

(100 km?)
Losses to sea (east and west)

Losses from sabkhas

Umm er Rachuma Aguifer

® Recharge and Irrigation returns

e Discharge
Agricultural abstraction

+ 32 Mm7, yr

+ 10 MmT. yr

+ 42 '”T_"III3 . ¥Yr

= 20 Mm~., yr
3 -1
22 Mm” | yr

- 42 mm7. yr-l BALANCED

+ ZERO

ZERO

BALANCED

- 10 Mm

Mm
- 11 Mm
- 15 ®=m

DEFICIT

+ ZERO

- ZERO

3ALANCED

3

3 um3, g7l OVERALL DEFICIT




WATER BALANCE

NORTHERN QATAR MODEL AREA

Mean Rainfall

50 mm. yr~

Effective Recharge area 5000 km2
Recharge at 123 of rainfall 28 Mm>. yr !
Steady State Conditions {(pre 1955)
Rus Aguifer
SEE Aduiter
3 -1
® Recharge + 28 Mm~, yr
—==_qatge
® Discharge
Losses by sabkha evaporation _ 3 =3
{100 km? active area) 16 Mn", ¥r
Losses to the sea, east, west and north - 18 Mm3. yr L
3 1
- 28 Mm”. yr BALANCED
Umm _er Radhuma Agquifer
® Recharge + ZERO
® Discharge
Agricultural Abstraction - ZERO
BALANCED
-_
Unbalanced Condition (1980)
Rus Agquifer
R e
® Recharge + 28 Mm3. yrhl
Combined Irrigation Returns (at 20%) + 9 Mm3, yrl
— it
+ 37 mm3, yeol
® Discharge
Agricultural abstraction - 18 Mm3. yr 1
Domestic abstraction - Mm3. yr_l
Losses by sabkha evaporation - 7 Mm3. yr_l
Losses to the sea (east, west and north) - 13 Mm3. yr_l
- 44 mpd, yr-l
- 5 Mm3, yr-t DEFICIT
Umm er Radhuma Agquifer
® Recharge and Irrigatijon Returns + ZERO
® Discharge
3 -1
Agricultural abstraction = 26 Mm~., yr
T DEFICIT

- 31 Mm3,

1
yr

OVERALL DEFICIT
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13.9 SALINE INTRUSION

It is difficult to calculate accurately the effect abstraction has on saline intrusion.
Tigure 13.5 shows schematically the relationship between freshwater and more dense saline water.
fcr a given permeability the angle of the interface to the horizontal increases with outflow
and similarly lower permeability resulting in smaller outflow, also steepens the interface
srgle. Thus as outflow is reduced by abstraction, for example, the saline front will advance
sy reducing its angle with the horizontal as well as an overall lateral migration inland. 1In
& water table aguifer the top of the front may stay positioned at the sea coast boundary

whereas in the artesian aquifer the whole front may move in.

A moving saline front has therefore been modelled and, at the 1978-1979 level of abstraction,
the displacement is about 20 Mm3 per year. If this volume is distributed over the 225 km front
sertaining to the model and assuming an active thickness of 10 m, with an implied storage
ccefficient of 0.1 near the coast, the average rate of advance of the saline front is about
80 metres per year. Actual azbstractions are concentrated locally and localrates of replacement

oy saline water could be much higher.

If either aguifer is unbounded in the vertical sense a freshwater lens may develop. This

r= can be serious in terms of water development as saline water only has to displace a few metres

cf freshwater before appearing in the abstraction. If the aguifer is physically bounded below
by an aquitard, the saline front could be allowed to advance laterally be several kilometres

without adverse effect.

If abstraction is increased so as to reduce natural outflow of freshwater to zero and into
deficit, the saline front will advance inland to fill the void left by the freshwater. An
estimate can be made of the volume of freshwater reserved abstracted in a given period; this
volume will be the difference between the total extracted and the natural recharge during the
reriod and will be displaced by the saline front advancing, less any outflow over the interface.
3y assuming a given outflow rate, and from the aguifer properties an estimate can be made of
the rate of advance of the saline front for a given rate of net abstraction.

For the upper aquifer, assume, over a 80 km front measured north to south, that there is
an excess of abstraction over input of 5 Mm3 per year. Let the aquifer be 20 m thick with a
storage coefficient of 0.004. The average rate of advance of the saline front will be :

5 x 10°
20 x 80 x 10° x 0.004

= 800 m/year

The maximum rate could be about 1000 m/year in areas of highest abstraction.
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[ 7 excess of abstraction over inflow of 20 MmS Per year. Let the aquifer be 10 nm thick with

hyvdraulie conductivity of 0.10. The average rate of advance of the saline front will be

! 20 x 106
l

10 % 80 x 10° x 0.1
I

| @ maximum rate could be about 500 m/year,

= 250 m/year

1 These figures of 5

is taking place.

In terms of water resources development,

if abstraction is less than Techarge a new
eguilibrium

Situation will develop which may be acceptable. 1f deficit abstraction takes place

there will he an replacement in the aguifer by
] rancing indefinitely. The rate of advance wi
3h4on. The damage to the aquifer,
slowly because the effect of over a

Y the contemporary consumption of
% red freshwater.

2 il L5l very difficult to flush out
ich could be regarded as prudent, is
ed saline encroachment and a permanent

Once éncroachment has occurred howeve
=l . salt water. If Over-abstraction, beyond the limit wh
:dopted as a policy,

radation of the aquifer must be borne in mind.

“harge and returns exceed the st

1 low to the sea actually increa
Zuifer.

Orage capacity of the upper aquifer, water levels rise and

ses, fed from the declining freshwater reéserves of the lower

Y the two layer aquifer aspect., The transfer to the lower
s been virtually reduced to zero by abstraction from both

1 ently being taken from the lowe
"'.alt water,

Even if only a reasonable level of agriculture is to be Pursued indefinitely in Qatar,
ill have to become highly water efficient, ang further supplies of freshwater for
riculture, other than groundwater, will have to be found in the medium and long term.

- mesmmos
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2n excess of abstraction over infleo

a hydraulic conductivity of 0.10.

1 20 % 106
10 x 80 x 103 x 0.1

= 250 m/year

! The maximum rate could be about 500 m/year.
|

These figures of 500 t
(1877-79) rates of abstract

LB taking place,

o 1000 m/year for the advance of the saline front due to current

ion is believed to be typical in areas where the actual abstraction

In terms of water resources development,
}gquilibrium situation will develop which may b
there will pe an replacement in the
“dvancing indefinitely.

if abstraction is less than recharge
€ acceptable.

a new
{ If deficit abstraction takes place

Saline water and the saline front will go on
The rate of advance wi

tion. The damage to the aguifer,
slewly because the ef

fect of over
lFtored freshwater.

| 1e salt water,

the storage capacity of the upper aquifer,

water levels rise and
j tflow to the Sea actually increases,

fed from the declining freshwat

er reserves of the lower
uifer,

The situation is complicated by the two layer aquifer aspect, The transfer to the lower
4 i1ifer from the upper agquifer

2 abstraction from both
This means that all the water

ained by displacement of freshwater
salt water.

el of agriculture ig to be

Pursued 1ndefinite1y in Qatar,
r efficient,

and further supplies of freshwater for
to be found in the medium and long term.

will have to become highly wate

Even if only a reasonable lev
"L

riculture, other than groundwater, will have
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WATER RESOURCES DEVELOPMENT

14.1 INTRODUCTION
—e e el ON

domestic and industrial demand for water and increased
Ve even modest levels of foed self-reliance. This has

rolled exploitation of the groundwater resources to a
point where groundwater is being

from natural recharge, which is i

-2% of the country's soil resources. Not only are the
inefficient irrigation methods have degraded

nization bringing about an estimated net loss of about
800 ha of arable soil area since 1%70.

Furthermore, the raising
ot be achieved merely by introducing improved

part of an overall agricultural and rural develop-
ment programme which would include action to modify,

irrigation technology but must form

rectify or improve the Dresent
regard to farm layout, land

improve capital credit and marketing facilities,
introduce a Pricing system and Tegularize the farm labour force.

land tenure system: provigde assistance to farmers in
levelling and farm mechanization,

14.2 ESTIMATED FUTURE WATER AND FOOD REQUIREMENTS
14.2.1 Population Projections

is not expected to be maintained in the future.

Population is that which is required to maintain
and a more modest rate of population increase of
the century, (Agriculture Toward 2000, FRO,
by that time will be approximately 437,000.

On the assumption that the 1980

the present adequate infrastructure
2.8% wili be maintained to the end of
1979) it is estimated that the population




] 14.2.2 Water

A fundamental requirement to the future development of t
i furtherance of the aim of food self-reliance is an assured wa

sections of this report have provided an assessment of the co

he State's economy and jp
ter supply. The foregoing

untry's groundwater
resources, and how these have been exploited in excess of the

‘ for agriculture and the growth of complementary sea water dist
almost meet the entire domestic demand.

! 14.2.2.1 Domestic and Commercial Demand

The determination of future demand to meet the domestic and commercial Tequirements

of the capital city of Doha, the industrial town of Umm Said and important Tural centres

‘ and other outlying areas has posted a number of problems. Hitherto there has been
considerable undertainity with regard to true Per capita consumption and the full extent
of losses and extent of urban garden irrigation, the actual population and thirdly the

$ rate at which it is likely to grow over the next two decades. Project estimates ang
those of various other agencies involved in development planning are agreed that the
total population by the year 2000 is likely to be of the order of 440,000. With an

‘ assumed consumption of 610 1 day * with a peak demand rising to 910 1 day * and that 5%
of the population in 1980 have no a
to 2% by 2000,

Ccess to mains water and this proportion will decline
the following table shows the total estimated domestic - commercial water

) demand.
Table 14/1
|
( Domestic - Commercial Water Demand
1980 - 2000
1 m’ day-l
(Z 1980 1990 2000
Total population 262,000 345,000 437,000
Population Served 249,000 334,600 428,250
] Demand per capita
(av. ) 0.61 0.61 0.61
p (peak) 0.91 0.91 0.9
‘ Average Demand (m3/d) 151,890  |210,450 | 266,570
Peak Demand (m>/d) 226,600 (191,500 | 390,000

In 1976 Asco, consulting engineers to the Water Department, made an estimate of

future domestic and commercial demand for Doha and Umm Said. This projection is shown

l in Fig. 13/1 upon which is also shown the actual total gross domestic - commercial
consumption for the period 1977-80. This shows that total consumption has been slightly
over-estimated because the expected demand from Umm Said has not grown as rapidly as

1 expected. The diagram remains, however, a useful planning guide for it also illustrates
planned changes in distillation capacity and the phasing out of the groundwater contri-
bution without any significant changes in plan since then. This shows the expansion of

a the Ras Abu Aboud plant by 2 additional units in 1978 to bring production up to 19.08
Mm3yr"l (11.5 m.g.d.) and the commissioning of new plant at Ras Abu Fontas in 1977 with
an initial production of 13,27 Mm3yr_l (8 m.g.d.) rising to a maximum of 53.09 Mm3yr_1
(37.5 m.g.d.) in 1980. This remains the total installed capacity and water supply after

r blending, the closure of northern well-fields and the two original units at Ras Abu
Aboud being offset by the addition of a smaller quantity of brackish groundwater for
blending purposes. Without further construction of new distillation plants and plant

| efficiency losses at 1% per annum, demand will exceed supply by 1983. In anticipation
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©f this tenders for installation of four further 22,500 m3daynl

invited in early 1981 to bring the total inst
invitations to consultants have been issued toq Prepare the planning of new p

desalinisation works at Ras Laffan in north-east Qatar as part of the Overall dEVEIOPmen~
of the North West offshore gas field.

desalinisation

3 Unitsg Wara
alled capacity to gs Mm yr~l

In addition,
ower apg

A comprehensive study of power and water needs to

the year 2020 forms a ce
of a recent study undertaken by Shell International Gas Ltd. for Qgpcd.
Population of between 351,00

+000 and 379,000 is Projected for 20
future development SCenario is adopted.

that by 2000 distillation capacity would

ntral pars
In this Study
00 depending Upon which

Under a static state scenario it is estimateq

need to be raised to 481,000 m3day"l implying
8 gross per capita consumption of 1270 1 day~! high ang

Circum-

which is considered to be very

inconsistent with consumption Planning figures adopted elsewhere under similay

Stances.

14.2.%.3 Industrial Demand
=————=tfla’l Demand

all located in Umm Said is 5600 m3

ble this quantity by 1985 and there-

the absence of any large scale industrial develop-
ment in that area.

14.2.2.3 Adgricultural Demand

use amounted to 77 mm> in 1980 which, after
is equivalent to a net extraction of

ction for irrigation has been considered
in Chapter xIr and from the water balance presenteg in  Chapter xIIT it is seen to

be entirely responsible for the Present state of 'mining' of groundwater in the main

northern freshwater aquifer area ang observed increases in total groundwater salinity
noted over the period 1972-80.

apparently uncontrolled exploitation,
all further development of ground
country were impounded. With th

improve ip the future. However, the probable
Present extraction is estimated to be
ould therefore remain in over-draft in the long-term,

option government may decide to pursue which m
the safe yielg of the aquifer with
effluent Supplies with considerab

4y range from restricting extraction to
augmenting the present vield of the aquifer and

ly larger quantities of distilled sea water with the
aim of achieving as high degree of food self-reliance.

These various options are
discussed ip the following Sections.

14.2.3 Food Requirements

There is considerable uncertainity in estimatin
of the present. Past projections have invariably un,
the case of Qatar lack of an accurate po
Planning base, may lead to serious error

g food requirements two decades aheaq
der-estimated growth patterns and ip
Pulation fiqure isg one which, when used as a

+ This is particularly relevent in the case of
food requirements as these are normally pro

iy Internal Energy Supply and Demand, Qatar, Shell International Gas Ltd. 1980.
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consumption. With these qualifications in mind therefore the growth of food consumpticn
with estimated population in the vears 1975 and 1979 have been studied in some detail
representing a transitional phase from traditional food requirement habits to acquired
tastes expected to continue into the future.

In the four-year period under consideration food consumption almost doubled from
90,000 to 198,000 tons whilst the population is estimated to have increased by 41% or
at a rate of 9% per annum. This disparity is reflected in the higher per capita food
consumption whereby there was 40% increase from 519 kg in 1975 to 726 kg in 1979. There
is also a clear change in consumption pattern with a marked shift toward a higher
consumption of meat, dairy products, processed vegetables and fruit, sugar and beverages,
all consistent with the general increase in the higher per capita income associated with
very considerable increase in GNP since 1973/74. Assuming that this consumption pattern
will be maintained over the planning period to the end of the present century, food
requirements by 2000 may therefore be of the order of

Table 14/2

Possible Food Consumption 2000

Meat and Fish 24,000 tons
Dairy Products 21,000 "
Wheat Grain 50,000 "
Rice and Other Grain 75,000 ®
Fresh Vecetables 40,000 "
Other Veag./Fruit 75,000 =
Sugar, Confectionary 9,000 k!
Beverages 6,000 "
Animal Food 80,000 "
Total 380,000 tons




14,3 OPTIONS IN WATER AMD ASRICULTURAL DEVELOPMENT AMD PROPOSED PROJECTS

14.3.1 Introduction
——=-bduction

With large accumulated capital reserves and committed to an energetic GEVelOpment

programme, one aim of which is to attain self-reliance in foodstuffs,

the Government of
Qatar is understandably anxious to

exXpansion of
he circumscribed
traints militating

n adequate water
adverse climatic conditions which

undertake a considerable horizontal

the project has clearly identified ¢
natural resource environment of Qatar and the many limitations and cons
against such an agricultural policy

agriculture, However, the work of

- The major limitation is lack of a
resource to sustain such an expansion and secondly,
impose a severe constraint to diversified arable cro

P production on the limited area of
arable soils.

It has been stressed earlier that neither water nor agricultural

development may he
regarded in isolation from each other as they are mutually dependent. Thus,

development of water resources, thare are similarly t
agriculture which are corollaries of the water resour

as in the
W0 major development options for

different qualities of groundwater in the south-western region of the country, or a 7

horizontal expansion of agriculture based on distilled sea water,

groundwater and sewage
effluent water.

By 2000 the total domestic/commercial a

2 -
to approximately 105 Mm~yr l. Similarly to meet the requirements in basic foodstuffs
designed to provide self-reliance in wheat and vegetables and a

nd industrial demand for water will amount

certain measure of meat
poultry and dairy Projects to projected levels some 17,000 ha would be required to be

planted to wheat and 3600 ha to vegetables with a total estimated water demand of about

250 Hm3yr_l. The overall total demand for water may therefore amount to 355 Hm3yr_l if a
Only 11% of this total may however be

14.3.2 Limited Objective Agricultural Development

An analysis of the economic benefits of improved irrigation Practices (Technical
Note No. 13) has shown that although there is a maximum potential water saving of

15 Mmjyr_l on existing farms (2250 ha) this is nevertheless insufficient to reduce

present abstraction to a safe vield level of 27 1\4111351::"l which is a corollary of any

development plan. The Projected increases in production on existing farms may therefore
only be attained by reducing the number of productive farms or by importing additional
quantities of water; either distilled sea water or effluent water. 2 reduction in the
number of farms would, under present circumstances, be impracticable and while effluent
water has certain attractive economic advantages its import into a well-populated

Qatar even with the considerable investment in irrigation equipment and improving
cultural practices. The development of a further 1000-1200 ha of irrigated land under
irrigation by sewage effluent water and about 400 ha in south western Qatar would be

the only possible course in increasing agricultural production. With this limited
vertical expansion neither of the twin objectives of stabilizing the groundwater aquifer
and achieving a high measure of food self-reliance will be achieved.
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| At the close of the previous PAOL/ executed project in 1977, possible development
scenario's were proposed and commented upon and at that time it appeared that a limited,
vertical expansion option would have achieved the first objective at the level of

f abstraction and the area under cultivation at that time. However, since then groundwater
abstraction has increased and the irrigated area expanded and this option is now no longer
feasible. It must therefore be accepted by the Government of Qatar that if the twin

I objectives of groundwater stabilization and food self-reliance are principal policy aims,
recourse to a horizontal expansion of agriculture through the conjunctive use of ground-
water, sewage effluent and distilled sea water is the only means by which these objectives

! may be achieved.

14.3.3 Major Expansion of Agriculture to Achieve Food Self-Reliance

! The possibility of using distilled sea water for irrigated agriculture in Qatar has
been under consideration for some time but is present high unit cost in relation to the

f equivalent unit value of agricultural produce has been a major disincentive. However,

‘ within the past five years major changes in the cost and availability of world energy

' and food supplies have occurred, pointing towards increased shortages and costs, and the
present pattern cf relatively cheap, economically produced and abundant food supplies

] may well be replaced by other patterns by the turn of the century. At the present time
258 of the world's energy supply is consumed in producing food. In 35 years time the
world's population is expected to double and the energy required for food production

H will have trebled. Thus, as energy supplies are expected to diminish and its cost

increases, food groduction costs will rise accordingly and heavily subsidized food

production may become increasingly necessary to assure essential supplies.

| With large source of natural energy for the distillation of sea water, there exists
the possibility of promoting agricultural expansion and subsidizing future food produ-
ction in Qatar through the nrovision of high cost distilled sea water for irrigation.

r: However, the present cost of distilled sea water by multi-stage flash distillation

in Natar is estimated to be QR 5.50 m3

with a very substantial adverse cost/benefit
ratio in terms of agricultural production. Despite this, an examination of the feasi-

] bility of a major expansion in agriculture based on desalinised water was undertaken
at the request of Government and presented to the Ministry of Industry and Agriculture

and subsequently in audience with H.H. The Emir of Qatar in 1980.

This study is based on a large element of distilled sea water and supplemented by

fresh groundwater, treated effluent and marginal gquality groundwater to produce grain,
vegetable and fodder crops. These studies and proposals have been considered in three

!
;

separate sections as follows :-

14.3.3.1 MNorthern Oatar Canal Scheme and Groundwater Stabilization

The Qatar General Petroleum Corporation (QGPC) together with Shell International
Gas Ltd. (SIGL) have recently examined the various future development options based on
the large scale exploitation of the considerable gas deposits of the off-shore 'North
Dome'. They have, in their preliminary draft report, proposed three possible future
development scenarios; (a) a static state, (b) an agricultural/light industry plan,
and (c) a heavy industry plan. The agricultural/light industry scenario envisages the
augmentation of existing groundwater and effluent supplies for agriculture by distilled
sea water based initially on a dual purpose electric power generation/multi-flash
distillation plant to be superceded by direct desalination by large scale reverse
Oosmosis plants.

1/  FAO Terminal Report UTFN/QAT/003/QAT 1977.

2 A Proposed Water Resources and Agricultural Development Plan : 1980-2000
Project Proposal No. 3 (J.G. Pike)
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9 large
quantities of additional waste heat for distillati

uld he
e heat
© 100

on. An alternative Scenario wo
to develop a liquified natural gas (LNG)

would be available to offset high direct
million gallons of distillate per day.

plant from which sufficient Process wast
energy costs in the distillation of up ¢

of northern Qatar. The final capacity of the

plant would be 102 m.g.p.d. (466,000 m® day™! or 170 x 10%n% annun™! or wn3 1/ This

water would then be pumped by pressurised pipe
a static head of 35 m,

Rawdat el Faras.

line over a distance of 27 km and through
requiring some 4000 HP in pumping energy,

At this point a storage/stilling basin/headwork
constructed from whence water will be distributed by two lined gr
leading north-

to point south west of
S structure would be

This will allow irrigation
Y gravity canals or pipelines to command a total of

15,370 ha; 7,370 to the northward and 8,000 ha to the southward.

To the south-west of

ils in separate depressions may also be
The area in question is underlain by the best quality

groundwater in Qatar and may if necessary be augmented by injecting desalinised water

pumped from the main canal.

choice lies between injecting surplus water to
the lower (Umm er Radhuma) aquifer,

with its high storage capacity, or surface storage.
Surface Storage works would be very

large and expensive and as all available sites are
likely to be wide and shallow depressions, évaporation loss would be about 50% of the
amount stored. On the other hand, sub-surface storage by artificial recharge would be
comparatively cheap but here again only about 50% of the quantity recharged may be
recovered, the remainder being lost to diffusion and possibly outflow. In both cases
high losses may therefore be expected to occur although in the case of a
recharge the proportion recovered would be ex
considerations in mind therefore it is
of distilled water, B85 Hm3
and the remaining 85 bmJ

rtificial

pected to increase with time. With these
proposed that of the annual production of 170 Mp3
would be utilized during the winter for surface irrigation
recharged to the acuifer during the summer months of which

43 Mm3 would be recovered the following winter, Thus,
be augmented with 43 MCM of recovered artificial recharge and 27 Mm3 of natural ground-
water, being the safe vield of the northern aquifer system. A preliminary estimate
Suggests that capital cost of this scheme would be of the order of $ 2,000 million.

the 85 Mm3 of surface water would

The main canals would be designed for an initial flow of 2.82 mJSec_l
width of 5 m, a maximum flow depth of 1.3 m a velocity of 0.6 m sec™}
1/7500 is to be adopted.

and a top

if a gradient of
Such a gradient would result in a head loss of 13 m over the
100 km of the south main canal terminating in the region of Rayyan at

an elevation of
2l m, a.s.l.

terminating in

At selected points along the course of the main
canal (cased) wells will be sunk to Umm er Radhuma aguifer at a de

60 m from the surface. These wells will be uti
and extraction during the winter months,

and 9 m in the north main canal over a distance of 70 knm
the Busayer area of north-west Qatar.

pth of approximately
lized for both recharge in the summer

3/ The Systems Analysis Study carried out subsequent to this proposal shows a distillate

requirement ranging from 23 Hm3 to 242 '»!m3.1.r1:'l depending upon which agriculture plan
is adopted (See Sec. 14.4)

N
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This study has shown the engineering feasibility of commanding sufficient area for
the irrigation of large tracts for cereal, fodder and vegetable production. However,

Sec. 14.4 is in recogniticn of this and provides a Teasonable balance consistent
with the achievement of a good measure of food self-reliance.

14.3.3.2 The Re-Use of Treated Sewage Effluent for Agriculture

of scattered depressions could be developed. Later, and upon the instructions of the
Deputy Minister of Industry and Agriculture an alternate site in the same area in the
éicinity of Rakaiyah-Wadi Jalal was examined with the same intention and a full feasibi~
lity report prepared by the project.éx In early 1981, a contract for the construction
of the main transfer pPipeline was awarded ang work commenced. A final decision on which

site will ultimately be developed is awaited. The merits of each site are summarised
below :

(i) Al-Ashara

The Al-Ashara area is situated some 60 km west of Doha and covers a rectangular
tract of undulating country astride the main Umm Bab rcad and to the north of the Salwa
Road, is some 186 kmz in extent. Within this area there is an aggregate of 1084
hectares of suitable soils in 310 separate depressions ranging in size from less than
1 ha to 55 ha. TIts main advantages as an area of agricultural development as opposed

€ropping systems such as cereals, vegetables, fodder and date palms which could, in
turn, support a livestock enterprise such as a dairy, and possibly agriculturallyﬁbased
light industries in the pProcessing, drying or storage of certain Crops at a site within
good access to the Doha market. It ig also remote from the main centres of urban andg
rural population and the marginal land of lithosols between depressions could be planted
to trees as an alternative to future expansion.

As effluent flow will steadily increase over the next fifteen Years a phased
agricultural development Programme would be required. Broadly it is proposed that as
soon as effluent water is transferred to the Abu Nkalah lagoon a branch pipeline of some

delivered to Al-Ashara in 1983 when the flow is expected to be some 20,000 m3fday. This
will allow for the irrigation of 283 ha of grains, fodder and dates. The third phase

1} A Study and Proposal for the Disposal of Effluent Wate: ard its Use in Agriculture
in Qatar. (I.p.T.C., F.A.0, Metcalf & Eddy) 1979.

2/ The Re-Use of Treated Sewage Water for Agricultural Development in the Al-Ashara
Area, Project Proposal No. 2. Fao 1979.

3/ The Re-Use of Treated Sewage Water for Agricultural Development in the Rakaivah-~
Wadi Jalal Area. FAC Project Technical Note No. 14, 1080,




would comprise the gradual extension in annual increments over a period of 12 years
until all arable land areas within the Al-Ashara area are brought under irrigation.

The delivery system will be composed of a twin 800 mm diameter pipeline, 54.2 knm
long from the sewage treatment works to deliver 57,500 m3/day at 18 hours pumping
(two stage) through a total pumping head of 133 m. This is designed to deliver effluent
water at suitable location which is 57 m a.s.l. and commanding the site. To cater for
seasonal variations in demand it is also proposed that the Abu Nkalah site be utilized
as an overflow lagoon rather than retaining the present Wadi Isameer lagoon site with
its present disadvantages inherent in its location within the boundaries of Doha city.
Because of diurinal fluctuations in irrigation demand on-site storage amounting to
2,760,000 m3 would have to be provided near this point. By constructing a 2 meter high,
1 km bund a natural depression nearby may be developed for this purpose.

The proposed distribution system would be composed of two main branches leading
northwards to the Wasail area and southwards to the Al-Ashara area. Distribution will
be provided by pumping from the on-site storage site to a high level tank with a
capacity of 13,000 m3. This tank will maintain pressures within the distribution system
when the reservior pumps are shut down. This arrangement will reduce fluctuations in

the reservior pumps permitting fixed flow rates to be maintained as well as reducing
pressure fluctuations and hence wear and tear.

No detailed feasibility study of agricultural development of this site has yet been
carried out and an economic appraisal may only be gained in general comparison with the

feasibility study carried out by the project of the alternate site at Al Rakaiyah-Wadi
Jalal.

(ii) Rakaivah-Wadi Jalal

An alternate agricultural development site has been selected at the northern end
of an elevated plateau with a general surface of 65 to 75 m above sea level in the
Rakaiyah-Wadi Jalal area of south central Qatar and in the vicinity of the ESD sand-
washing plant. The soils are composed of extensive deposits of gravels and sands as a
cropping to a range of outlier hillocks. Locally, the soils are weakly cemented but
the top meter contains considerable amounts of gypsum and is more strongly cemented than
the underlying sandy layer. Chemical analysis of soil samples shows a general low
salinity with isolated high sulphate and chloride concentrations randomly distributed
throughout the area. The land surface is gently undulating, free of vegetation,
elevated above the general surface of Qatar, has a good natural drainage and has been
classified as 'conditionally suitable' for agriculture. Owing to the presence of gypsum
such soils would be suitable for tolerant crops such as grains and fodder but generally
unsuitable for vegetable and fruit production.

Under the proposal put forward with regard to the Al-Ashara scheme it was proposed
that a main pipeline would consist of twin 800 mm dia. pipeline 54.2 km in length from
Al-Naijah treatment works to deliver 57,500 m3/day at 18 hours pumping (two stage) through
a total head of 133 m. In transferring effluent to the alternate site little variation
of the overall route, except in the final stages, would be required. The alternate pipe-
line would be 16 km shorter and the total pumping energy would be reduced. However, any
saving on the main pipeline would be offset by having to pump the effluent from a storage
basin at an elevation of 46 m a.s.l. through a static head of 30 m to the main
agricultural area.

This alternate scheme would therefore be based on a twin 800 m dia. main pipeline,
38 km in length to ultimately deliver 57,500 m3/day to a storage basin with a full supply
level of 46 m a.s.l. and located to the north of the agricultural area. From this
storage basin, with a minimum capacity of 3.0 Mm3, water would be pumped, firstly, through
a 10 m head to a 100 ha first phase area and secondly, as a second and main phase, to a
balancing tower at 75 m a.s.l. in the centre of the main agricultural area. From this
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central area water would then be distributed, under pressure, to the entire area in
rotation for irrigation by sprinkler systems.

The agricultural project would be developed in five phases as the volume of treated

sewage effluent increases and the corresponding crop development up to a maximum of
1000 ha would be

Table 14.3
Phase Feriod Area Cropping
3 1982 - 83 400 Alfalfa, wheat/barley
Sorghum, Sheep
2 1985 200 Wheat/barley, sorghum
3 1990 100 Alfalfa/Sheep
4 1995 1995 Alfalfa
5 1998 200 Wheat/barley, Sorghum

The above phased programme is not the most profitable plan but is in accordance
with Government policy to produce a significant amount of grain. The most profitable
enterprise would be an alfalfa/sheep/sorghum one.

Capital costs of delivering water to the site are estimated at QR. 109.4 million.
Since this water must be disposed of in any event these costs have not been charged to
the agricultural development project. Capital costs chargeahle to the agricultural develop-
ment project would amount to QR. 49.0 million for water storage, pumping installation

and the farm irrigation network of which QR. 38.2 million would be reguired for the first
phase, 1982-83.

Over the development period 1982-2000 the total capital cost of all agricultural

development (water supply, machinery, buildings and sheep) would amount to QR. Bl.0
million.

The total capital investment would therefore be :

1. Water Transfer QR. 109.4 million
25 Engineering on site QR. 49.0 "
3. Agricultural Development (1982-1998) QR. 81.0 n

QR. 239.4 "

In every year after 1986 annual gross farm sales should exceed annual operating
costs by QR. 6 million increasing to QR. 12 million in 1990. At full development,
expected to be reached by 1999, annual gross returns will be QR. 21 million, operating
costs would be QR. 10 million and thus the annual operating profit would be QR. 11 million.
Because of the high and long-life capital cost of the agricultural irrigation system,
the internal rate of return of the project is expected to be 10.3%. This is below the
minimum acceptable rate for investment purposes but is nevertheless highly satisfactory
in the context of Qatar. Additional non-monetary benefits would be food security, feed
for the expansion of the livestock industry, a model for agricultural development and
the possibility of developing agriculturally-based small industries (hides, skins, wool,
milling ete.). 1If capital construction and farm operating costs are kept at.reasonable
levels under experienced high-level farm management the project would be highly viable.
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A detailed feasibility study of the Al-Ashara proposal was not unde
tentative estimate of capital and operating costs of this scheme (revise
1980) may be compared to the proposal outlined in this report.

Ttaken but a zaem
d to the eng of -

Table 14.4
Rakaiyah
Wadi Jalal | Al-Ashara

Water Transfer 109.4 125.0
Engineering site 49.0 54.0
Agricultural Development 81.0 95.0
(1982-1998)

Cost in QR. 239.4 274.0

The total overall capital investment for the alternate site would be nearly

QR. 35 million less than the Al Ashara site. Furthermore, the latter site is composed
of a large number of small discrete areas of arable soil, at present well vegetated and
in need of considerable development prior to irrigation. The operating costs of such a
scheme are estimated to be some 103 higher compared to the alternate site where all
operations may be centralized in two main blocks of land. The internal rate of return
from the Al-Ashara scheme under a similar cropping enterprise as that of the Rakaiyah -
Wadi Jalal alternate site would be of the order of 9%,

(iii) Possible Alternative Transfer to South Western Qatar

A major problem associated with both the foregoing sites is the lack of suitable
land areas. In the Al Ashara region the extent of the sandy loam soils are limited and
fragmented and in the Al Rakaiyah-Wadi Jalal area they are gypsiferous and are liable
to collapse unless the irrigation water is suitably amended. 1In the Wadi el Araig and
Abu Samrah areas of south western Qatar agricultural trials have confirmed the
possibility of irrigating the undulating dune sands but here the total amount of ground-
water is limited. By transfering sewage effluent water to this site a considerable
expansion in agriculture would be possible under an optimized conjunctive use scheme.
This alternate proposal is discussed more fully in the following section.

(c) South-western Qatar

For some years the Department of Agriculture has operated a sheep station at Abu
Samrah on the Qatar-Saudi Arabian border, based on brackish groundwater of the Alat
aquifer. The same aquifer supplies a limited amount of irrigation water to the agricul-
tural experimental station at Wadi el Araig, established and operated by the project.
Work at this station has demonstrated the potential for crop production in this area
based on sterile sandy soils and irrigated with brackish groundwater. (See Technical

Reports 1, 2 and 4). More recently the project prepared terms of reference for a

feasibility study to be carried out by a firm of French consultants to the Ministry of
Industry and Agriculture. At the close of the project in April 1981, the project was
asked to prepare a position paper for discussion with H.H. The Emir on possible
development possibilities within the area. The following paragraphs summarize these
proposals.

(i, The Alat aquifer of south-west Qatar is under artesian pressure of +4 to +6 metres
above sea level with a source in Saudi Arabia, an estimated annual safe yield of

2 Mm3 yr_l and a salinity which ranges from 5000 to 7500 EC with higher values in
certain isolated areas, although there is some evidence to indicate that extraction from
this aquifer in the Salwa/Abu Samrah area over the past 30 years has brought about
marginal improvement in the quality of water. There are alsc some 5000 ha of sandy
soils in the area, capable of yielding good crops under irrigation.
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(ii) By exploiting this aquifer's full potential 'throughput' of 2 Mm> yr-l
following three alternative schemes are possible.

the

Table 14.5
: Capital
Area Preduction
Enterprise Crop (ha) (tons) Cost
{QR)
Grain/fodder Wheat 225 800
(grain)
(straw) 225 800
I Fodder 160 4000
Serghum 160 500 17.8 million
Grain/fodder/ Wheat 220 750
Dates Fodder 130 3250
II Dates 25 250 17.8 millien
(2500)
Dates Date palm 160 6.7 million
III (16,000
trees)
(1ii) With 5000 ha of available land it is clear that water is a major constraint to

agricultural development. The following are the possible alternative agricultural

development scenarios under a given import of sewage water of 20 Mm3yr-l by the year

2000. The cost of transporting Sewage water to the site is estimated to be

QR. 205 million.

Table 14.6

; Capital
; Area Production
Enterprise Crop (ha) (tons) Cost
(QR)
Grains/Fodder Wheat 1400 5000
(grain)
(straw) 1400 5000
. Fodder 700 12500
Grain 700 2000 95 million
Grain/fodder/ Wheat 1000 3500
Dates Fodder 500 12500
1z Dates 440 4500 95 million
Grain/sheep Wheat 600 2100
(grain)
(straw) 600 2100
I1I Sorghum 600 2100
Alfalfa 400 48000 102 million

quantity of groundwater which would be available. By exploiting Alat water for mixing,

only marginal increases in Production would be obtained.
would be extended by 10% to 1550 ha but the additional cos
would increase disproportionally by 15%.

For instance, the wheat area
t of developing Alat water




(v) The blending of groundwater with sewage water to increase the total ares und
er

production would only be worthwhile if larger amounts of groundwater were to be extra
Cted

from other aquifers, such as the Umm er Radhuma.’ In the Abu Samrah area the Umm er

Radhuma aquifer lies at a level 180 m below ground level and contains a very substantlal

HOWE ver

Sites
further inland (along the Abu Dhabi road) this reduces to 15,000. Thus any agricultyre

supply of water with a safe yield estimated to be of the order of 17 Fm3/annum.
this water is highly saline (EC 27,000) within the immediate vicinity although at

enterprise would have to designed to grow crops of different salinity tolerance levels

with different combinations of water. The problem may therefore be stated as being one

of optimizing a cropping programme to fit the following constraints;
L Three different quantities of water
2. Three different qualities of water
¥ Two availability modes

4. Three different crop salinity tolerances.

A computer programme was devised to assist in the design of such a development and
this showed the best solution to be 15 G B Hma/annum of treated sewage water of a
salinity of 2000 (EC); 1.3 Hm3 of Alat groundwater of salinity of 5000 (EC); and 16.73 Mm3
of Umm er Radhuma groundwater of a salinity of 15000 (EC) to irrigate 2100 ha under

the following agricultural plan;

‘Table 14.7

; Capital
: Area Production
Enterprise Crop (ha) (tons) ?g;f
Wheat/fodder Wheat
Dates/Sheep (grain) 1400 5000
(straw) 1400 5000
Sorghum
( fodder) 700 17500
(grain) 700 2000
Alfalfa 300 30000
Dates 400 4000 136 million

Under this plan the cost does not include the transfer of sewage water to the site
(QR. 205 million) but does provide for storage works capable of maintaining 5 Mm3 of
live storage.
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14.4 A MASTER WATER RESOURCES AND AGRICULTURAL DEVELOPMENT PLAN BY SYSTEMS ANALYSIS
14,41

Introduction
———--gduction

well as the inter—relations among objectives angd the means by which this may be achieved.
The propeosal is to utilize three, POssibly four, Sources of water of different ang
differing quality - fresh to brackish groundwater, distilled sea water, reclaimed treated
sewage effluent water and POssibly desalinised saline groundwater - tg supply sufficient
water of suitable quality for three main users - domesticfcommercial, industrial ang
agricultural, The optimum apportionment of these different Sources of water ang their
relative inter—relationships to each other for different uses is a suitable sukject for

but should alse indicate what the €onsequences would be by the adoption or Otherwise of
certain policies ang alternatives. In other words, it goes beyond the simple probklem-
solving Stage to become a much more powerful problem~identification tool. In the Present
stage of investigation and Planning in those sectors in Qatar a total systems analysis
Teview of the Present situation is required leading to the confirmation oy otherwise of
ideas many of which have, to Some extent, already been explored. Water is a crucial

e€ssential if the full benefit of the project were to be realised. This was adopted and
approved which finally led to the appointment of Messrs. Halcrow-Balfour Lt

work in collaboration with the Project in its closing stages. The consultants report
comprised of 8 technical Supporting documents~ apg a main Summary report, was completed
in mid 198] and the following sections provide an abstract of these, sufficient for anp

master plan for the water Tesources and agricultural development of Qatar have been
given in some detail. These factors may be conveniently summarised under three main

abstraction is much greater than the safe yield of aguifer. Increased guantities
of treated sewage effluent are becoming available, but are only suitable for growing
Certain types of Crop because of the risks of contamination. This water is available

By Halcrow-Balfcur Ltd. Master Water Resources and Agricultural Development Plan.
Main Report with 8 Technics1l cocnn Sl
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The available labour force includes a relatively high proportion of unskilled or
semi-skilled workers. Many of the tenant farmers have only short-term agreements,
limited capital and few incentives to diversify their farming.

Managed farmg similarly
suffer from lack of incentives,

In a planning context, these factors must be considered together with foog demands,
the suitability of different Crops to different areas, the compilation of cropping
calendars, and the practical limitations on implementing new works and initiating
unfamiliar procedures. Strong inter—relationships between these factors are readily
apparent, and make the process of reaching a viable solution a tedious and time—consuming
exercise by manual methods. For every realistic solution, there are many more that nay
ultimately prove to be impractical at a later stage of investigation. Moreover, the
chances of locating a solution that satisfies a pPredetermined criterion of what

constitues a 'best' plan are remote unless the problem is cast in an appropriate mathe-~ E
matical framework. 1In these circumstances, the advantages of employing digital computer :
facilities for economy in time and effort are clearly obvious. The translation of the
planning problem into a form which can be examined using the computer involves the

application of a group of techniques known as systems analysis.

There are basically two types of model emploved in systems analysis : descriptive
(simulation) models, and programming {optimisation) models. The former attempt to predict
the possible future consequences in terms of output of adopting a particular configura-
tion of system and operating that system according to a specified policy. Since the
alternative policies are selected subjectively, significant strategies could inadvert-
antly be ignored and simulation is therefore relatively inefficient in choosing the
'best! policy according to some previously-agreed criterion. In contrast, programming
techniques are particularly appropriate for deriving the policy which is optimal relative
to a predetermined Objective. Moreover, if all the relationships describing the system
can be expressed in a linear form, a linear programming (LP) algorithm may be applied
to provide the optimal solution.

A prerecuisite to the application ®f such a systems model is the choice of a
suitable objective function. Since a financial analysis of potential farm operations
clearly showed that substantial capital subsidies would be required in most cases,
application of conventional cost-benefit analyses was impracticable. The LP was there-
fore designed to allocate the available water resources so that sufficient food would be
produced for the inhabitants of Qatar, either by domestic agriculture or by means of
imports, at the minimum economic cost under any assumed policy. The planning period
over which the LP was run began in 1980 (the base vear) and ended in the year 2000.

As the resources of Qatar are not uniformly distributed, the model was based upon
a division of the country into six separate regions being merely the grouping together
of agricultural areas having similar characteristics as follows

L. An artificial zone representing the port and markets of Doha, where the majority of
produce is traded, within which imports can be taken into account.

2. The relatively closely-spaced parcels of good agricultural land on either side of
the Doha - Ar Ru'ays road as far north as Rawdat el Faras. Most of this area is
! underlain by good groundwater and, if required, both treated sewage effluent from
Doha and desalinated water from Ras Laffan could be conveyed to the area and
distributed to farms by relatively compact conveyance systems as outlined in
I Sec. 14.4.3.2 (a).

38 A zone having as its axis the Rawdat el Faras - Az Zubarah road. The distribution
! of desalinated water to this area would be slightly cheapter than to Area 2, and
conversely, the supply of treated sewage effluent would be more expensive. Other-
wise, the two areas could be considered as one.

'..........'......................--III-III-r—“— -
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The potential agricultural area of cent
intended as a site for the agricultural
(See Sec. 14.4.3.2 (b)) .

ral Qatar near to the Abu Samrah road
use of treated sewage effluent.

S The extreme south west incorporating the Government experimental farm at Wadi el

Araig and the Abu Samrah sheep farm. (See Sec.l14.4.3.2 {a)).
6. The remainder of northern Qatar, where cultiva
expensive to Supply by surface conveyance systems, but is underlain by the best

quality groundwater in Qatar.

For each area, the basic land ang groundwater resources were determined as fcllows.

Table 14.8

Available net cultivable land (ha) Proposed safe
Area In parcels of In parcels of i;ﬁingier
under over Total g (MCM)
30 ha 30 ha
2 1570 3720 5290 5.6
3 1050 2450 3500 9.7
4 o] 2210 2210 0.15
5 [¢] 3570 3570 12.0
6 5620 3720 9340 5.7
Totals 8240 15670 | 23910 33.15%
Notes
Sl Present levels of abstractions are assumed to be reduced to or held at levels civen

to avoid permanent aquifer damage.
. 3 3 .
23 Comprises 2 Mm~ of good water and 10 Mm” of saline.

3u Total area shown is 23,910 ha. A further 600 ha occupied by amenity farms is

assumed to be unavailable for active agriculture.

Having divided Qatar into regions of different potential, all the relevant
information concerning Areas 1-6 was compiled into a data bank which could be accessed

by the allocation model. The data bank consisted of a series of files, each of which
was created from the raw information usin
consisted of either 2 or 3

g a suite of computer programs. The data files
dimensional matrices depending upon whether the variables

were fixed for the duration of the planning period or changed with time. The input files

to the allocation model contained the following data

® Land Resources = total available unframed land by size
=~ total active farmed land by size
= distribution of land by region

L] Water Resources - available groundwater by region

available treated sewage effluent
~ potable demands

residual supplies for agriculture by region and guality
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e Food Requirements = annual demands, 1980-2000

permissible import levels ang costs
e Farm Data farm types pPermissible ip each region
land and water requirements of
water quality constraints

- Crop production levels

labour requirements

each farp type

- total farm costs

The allocation model was built around a the relevant
n varies, but typically involved about 50

The principal contents of the matrix were

information. The matrix contents for each ru

water quality requirements for each farm type
total water requirements of each farm type

Supply and cost of each type of water in each year
[ - Tequirements of farm types for large plots of land
f & total requirements of each farm type
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search for a set of values for the variable which

This solution is termed a feasible
solution, but it is unlikely to be optimal,

i.e. the cheapest, since there are usually
many feasible solutions,

Having found a feasible solution, the Program then attempted
‘to find a cheaper feasible solution.

and the number of iterations needed to obtain the optimum solution for g single year
varied from 2 or 3 tgq between 80 and 90,

Both procedures involve an iterative technigue,

l 14.4.3 Systems Model Results

( assumptions :-

® Population = the population estimate discussed in Sec. 2.3.2.1 was

employed for all production runs. This estimate
predicts a population of 430,000 in Qatar in the year
2000. As a test of sensitivity an additional run was
also made with a "conjectural® estimate of 253,000
l in the year 2000.
® Potable water demands = Demands are a function of population growth, and
included distribution losses which depend upon an
assumed loss rate. For all production runs and
sensitivity tests, these were assumed to decline
uniformly from the estimated present level of 30 per
cent to 20 per cent in the year® 2000, consequent to
improvements in the distribution system.
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¢ Treated sewage effluent The total amount of effluent is also a function of
the population growth rate, but the volume passing

to the treatment works depends upon the rate at which
new house connections can be made. A figure of

15,000 per year was assumed throughout.

® Desalinated water - Water was assumed to be available in all cases, if
required, since in practice desalinated water was
only used by the model when certain solutions were
specified which were constrained to employ this

source.

® Land = All land not occupied by amenity farms was assumed
to be available for commercial agriculture.

® Groundwater = It was assumed that it is Government policy to
discontinue the practice of mining the main northern
aquifers and to restrict abstraction to the safe
vield. The agricultural abstractions were therefore
assumed to fall to 50 per cent of their present
levels by 1990 and thereafter remain at that level,
giving a more reasonazble rate of mining. Since
control over amenity farm abstractions would present
difficulties, these demands were assumed to be held
at their current level of about 113m@
reduced. This approach complies with a recommended
major project groundwater management strategy

/year and not

(See 2.4 Recommendations).

¢ Gas and electricity = Gas znd electricity prices were taken at their full
economic cost in accordance with Government policy.
However, the effect of assuming a zero gas price was
investigated in a sensitivity test.

® Discount rates - An 8 per cent rate was selected as being the most
appropriate for economic studies in Qatar. The
sensitivity of the results to a change in discount

rate was also tested.

The model was i-tended to find the most economical method of attaining the required
levels of productior of particular crops so that Qatar could become less dependent on
imports. Although many different combinations of options are possible, there are
relatively few basic zlternatives. The following basic alternative policies were
explored :

A Terminate agriculture : This was essentially a control against which to measure
the worth of ag-iculture. This option implies that commercial agricultural
production is nct regarded as necessary and would be actively discouraged. All
traded produce would then be imported.

2. Economic optimu= : For this objective, the allocation model was unrestricted,
and could therescre choose which products and what gquantities should be grown in
Qatar to produce the economically cheapest solution.

Following this economic optimum solution, achievement of other objectives required
that the model be ccn=strained to grow additicnal crops which were not economic.
Essentially, this apzroach involved making the model use more expensive water for
already uneconomic crzps, but the aim again was to ensure the minimum cost consistent

with the defined objectives.
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Full use of available treated sewage effluent in central Qatar,
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As for 4 above, but also forcing the use of desalinated water elsewhere,

in south-
western Qatar.

These five policies permitted the various technical alternatives to be explored ang

understood. The remaining runs concentrated on rather more practicable aims evolvegq fro
the first five options.

. Maximum degree of self-sufficiency in all produce which could be grown ip Qatar.

T Maximum degree of self-sufficiency in all produce which could be grown in Qatar
except for mutton and cereals.

8. Maximum degree of self-sufficiency in cereals alone, with other produce grown only
where economically viable,

The computer runs 1-8 described above demonstrated that large changes to many of
the imposed conditions could be made without affecting the ranking of the preferred
Crops. Small changes, such as variations in irrigation efficiency or operating costs
on different soil types clearly did not affect the basic selections. Sensitivity
analyses were therefore confined to examining the effects of major changes in the basic
assumptions amenable to such variations. These analyses included

1. investigating the effects of treating natural gas as a free gift rather than
allowing an equivalent market price. The change directly affects the cost of
producing electricity, and therefore reduces the cost of desalinating water,
pumping water and general power costs on the farm. These studies were
amalgamated into run 9.

8. investigating the effects of a much lower population growth rate, taken as the
"conjectural" estimate discussed earlier. This change affects the demands for

food and potable water, as well as reducing the amount of TSE available. These
studies were carried out in run 10.

iii. investigating the effects of adopting alternative interest rates. Whereas the
selected rate of 8 Per cent was considered appropriate to an economic study in
Qatar, a somewhat higher financial return would be sought on any commercial

venture. The general application of higher rates than 8 per cent was therefore
studied in run 11.

iv. removing the constraint that treated sewage effluent would only be available in
the designated area in central Qatar. The results obtained from several runs
suggested that TSE could be more productively employed in northern Qatar, and

run 12 was designated to explore the consequences of effluent being taken to
alternative sites.

The output given by the model may be divided into two parts : technical, of major
interest in verifying that the model has worked correctly; and the main results. The
Principal items included in the latter were

T amounts of local produce to be grown;

- total demands for each source of water;

= total annual cost, showing principal allocations:; and
= total land used for agriculture.
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any interpolations or extrapolations should only be made with care.
four sensitivity

Table 14.9

SUMMARY OF POSSIBLE ALTERNATIVE AGRICULTURAL AND

WATER RESOURCES DEVELOPMENT OPTIONS

BY SYSTEMS ANALYSIS

Parameter Run Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

Local produce (tonnes)

Milk - - 5,600 5,600 5,600 5,600 5,600 ;-

Beef - - 240 240 240 240 240 -

Mutton - 150 660 750 2,400 4,500 300 =

Cereals - - - 18,000 |23,000 23,000 - 23,000

Dates - - - - 3,300 3,700 3,700 =

Winter vegetables - 13,000 (18,000 18,000 |18,000 18,000 |18,000 -

Summer vegetables [ o 8,100 | 8,100 | 8,100 | 8,100 | 8,100 | 8,100 | -

Fruit ! ~ - - - 1,700 3,700 | 3,700 -

Cucumbers p = - - - - 650 650 =

Water used (MCM)

Groundwater - 19 19 21 29 29 23 24

Treated Sewace Effluent ; - = 35 35 35 35 11 20

Desalinated wWater | = - - -50 142 242 35 23
|

Total I - l9 54 106 206 306 69 €7
|

Economic Costs (OR million)

==thomic Costs

Farm costs - 40 80 160 250 350 80 95

Water costs = 5 35 350 940 1,580 230 165

Imports 230 l40 115 95 50 - 90 215

Total 230 185 230 605 1,240 1,940 410 475

Area farmed (ha) - 1,900 2,900 9,100 |13,800 17,600 4,800 7,700
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14.4.4 Results Of The Analysis

Table 14.9 summarises the expected agricultural production, water and langd require-
ments and the economic cost of each of the eight possible development options examineqd.,
Opticn 1 assumes that all agriculture will cease by 1985 and was made in order to test
the economic cost, although essentially this is a control against which the other options
may be evaluated. The seven other options 2 to 8 show an overlapping progression
starting with the economic solution (2) based upon groundwater alone and thereafter
supplementing this economic source with moderate-cost treated sewage effluent (upon whicen
certain constraints in its utilization have been set) and increasing volumes of distilleq
water being brought in to finally achieve self-sufficiency in replaceable food demands
{option 6). The remaining two additional options are variations on the self-sufficiency
option no. 6. )

The following are the salient conclusions arising from the analysis :

® Winter and summer vegetables irrigated by groundwater are the only crops that may be
economically grown in Qatar : all other crops are cheaper to import. The total
econonic cost of meeting this policy would amount to QR 186 million in the year 2000,
some 20 per cent less than the cost in the same year if everything were to be

imported. This suggests that there is real benefit to Qatar from growing vegetables.

e It was demonstrated (Option 3) that with treated sewage effluent transferred to central
Qatar as planned at present, the maximum amcount of milk and beef could be produced.
Such an enterprise would not however require the entire expected quantity of effluent s
by 2000 and it would be necessary to develop sub-economic sheep farming in the same ]

area.

® The first five options clearly established that cereal and sheep rearing enterprises
are highly uneconomic because of the heavy water demand and high farm costs for
relatively low output. By including these two enterprises not only do the water costs
increase dramatically by having to utilize high cost distilled water but also because
farming costs alone still outweigh the value of production.

® Once the use of distilled sea water becomes necessary, the production costs of any
crop rise dramatically (See Fig. 14.3). This also has the effect of highlighting the
diseconomies inherent in developing agriculture in Qatar beyond the present water
resource limits. For instance, the total economic cost of Option 3 based on ground-
water and treated sewage effluent is QR. 230 million whereas by introducing even a
modest quantity of distilled water (35 MCM in Option 7) causes the water costs to
increase by a factor of 6.5 from QR 35 million to QR 230 million and the overall costs
to QR 410 million. 1In this particular case the benefits which accrue amount to an
additional BOOO tonnes of dates, fruit and cucumber for an additional cost of QR 180
million per year. When cereals and sheep rearing are included in the Option (Option 6
the costs rise at an accelerated rate and the total cost rises to QR 1940 million, ten
times greater than the economic optimum (Option 2).

@ In Option 7 cereals and sheep-rearing were excluded for the reasons given above and
because of this not all the available treated sewage effluent would therefore be
required at the proposed development site in central Qatar. A cheaper overall solution
could, however, be realised if some of this water were to be made available in northern
Qatar. In an alternate option (12) it was shown that if the unused balance of treated
sewage water was not restricted to central Qatar and allocated to the main farming
areas of northern Qatar, the demand for distilled seawater was reduced by 27 MCM in
2000 with a saving of QR 140 million, per year. This conclusion draws attention to
the high value of treated sewage effluent in comparison with other sources of water in
future agricultural development. (This alternate, however economically attractive, is
unlikely to be realised in view of Governments prevailing policy of not allowing the

use of treated sewage effluent in the main populated farming districts of northern
Qatar).
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The sensitivity test showed that variations in either the interest rate or, the
Dopulation estimates, or whether or not gas was ‘rTegarded as a free cood did not
dtfect significantly the preferred order of crops and their economic viability. In
one parameter, however, the results were significantly affected by changing the
estimated population for the vear 2000 to a "conjectural" one of 253,000 in the same
Year. This had the effect of reducing the economic cost of meeting the country's
food demands and the annual costs are only 50 per cent greater than at present. The
"conjectural® Population estimate was taken at 60 per cent of the assumed estimate,
illustrating that the marginal cost of feeding an additional inhabitant under those
policies is greater than the averace cost. This results, once again, from the high
cost of desalinised water being reguired to produce his fruit and vegetables if abstra-
ction of groundwater is to be maintained at the safe yield of the aquifer. The total

cost of water for both agricultural and domestic demand by 2000, even in this case,
would be QR. 325 yr !,

TOTAL
ANNUAL 2000
COST
70
" 41800
Cereals
60 - Fruit & Dates 41600
Animal Production
41300
501 Vegetables
c-:e -11200
w
" a0} 2
In - -
s 1000 =
o e
[~ =
30} s o
% Jeoo o
L i
iy 4600
20 -
-400
B B B e i Kol R 5
4200
= -
WATER 19 19 23 21 29 29 Gmum:]w;terage
2w
DEMAND ; - 35 11 25 35 35 Tregtftfaluent
MCM YR = = 35 59 142 242 DiswgigrSea
19 54 69 126 206 306 TOTAL
FIGI: Summary of Possible Options in Increasing
Order of Water Demand
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Policv Ootions

The eight options examined fall into two distinct groups. The first group compos 4
e

€ct to available Water
resources at minimal cost and in accordance with all constraints and variables,

£ Options 2 and 3 have in effect maximised production with resp

Optionsg
tal

-“suffji-
These latter options mavy

4, 5 and 6 on the other hand are the result of progressively supplementing the to
water requirement with increasing amounts of distilled water to achieve full self
ciency in replaceable food demand by the year 2000 (Option 6).

be regarded as maximising production with regard to the location

» distribution and exXtent
of arable land with the water constraint partially relaxed. The remaining two Options; 7

and 8 are variations on Option € where in Option 7 highly uneconomic enterprises (cereals
and sheep rearing) were excluded from the maximised solution and in Option 8 cereals
precluded the economic production of all other Crops.

After consideration of the allocation model results, the Consultants (Halcrow-Balfour
Ltd) identified four basic policies, the choice essentially depending upon the level of
agriculture desired by Government. The four policies are

I ¢ concentrate on growing the economic crops of vegetables to the exclusion of all
other non-economic crops, based on Option 2.

TF + as in Policy I, but using all available treated sewage effluent in central Qatar
as planned and growing the appropriate traditional crops, based on Cption 3.

IIT : increasing production by the provision of distilled sea water to enable Qatar to
raise its levels of producticn to the maximum practicable in all crops except
cereals and mutton, based on Option 7.

Iv : as Policy III, but based on Option 6 including cereals and mutton to achieve the

highest degree of self-sufficiency to the full extent of available arable land
resources.

§
4
#
f.g
L
i
:

g

In forming a development plan based on any one of the foregoing four policy options
it is clear that there are only two apparent choices : These are Policy II and IV and
correspond in principle to the development options previcusly recommended for Government's
consideration by FAO in 1977; a 'vertical' or a 'horizontal' expansion in agriculture.
The crux of the matter was then seen to be a choice between whether or not high cost
distilled water should be used for agriculture. Considered in a systems context, however,
the choice is not as clear-cut as this earlier recommendation nor the various policy
options shown in Table 14.9 might suggest.

14.4.5.1 Maximum Expansion of Agriculture

The horizontal expansion option, as represented by Policy Option IV, has maximised
production to available land and productive resources, with the limited water resource
augmented to a considerable degree by distilled sea water. To meet the set targets,
including cereals and mutton, the demand for land and water rise dramatically, while a
total of nearly 4,000 agricultural workers would be required by the year 2000. Approxi-
mately 80 Mm3yr_1 of expensive distilled water would be required by 1990, rising to 240

Mm yr L by the year 2000.

The expected value of agricultural production in 2000 is estimated at QR 204 million,
a three fold increase over present levels of production. However, as Fig. 14.3 shows the
escalation of costs is phenomenal, rising to a annual cost of QR 1940 by the year 2000,
equivalent to about 12 per cent of estimated 1980 GNP at 1980 prices while the value of
agricultural production would be equal to 1.3 per cent. This indicates a negative cost/
benefit ratio of approximately 10. The diminishing returns from agricultural development
based on high cost distilled water are particularly evident when it is recalled that this




In addition to these Overwhelming €conomic arguments against the use of large amounts

also met, 1Ip this solution 4 constraint was set whereby all treated Sewage water was to
be utilizegd and confined to the central regions of Qatar. This has had the effect of

introducing uneconomic sheep~rearing in this area to be set against the cost of dumping
it if it were not used.

to the economic Optimum. Total annual costs in the Year 2000 for all elements including

resources development to a4 systems analysis study whereby the various inter-relationships
of each part of the problem to €vVery other part as well as the relationship to each cther

are examined, it ig clear that this solution would not provide for an acceptable develop-
ment Strategy.

favour with Present landowners in northern Qatar. But in any event, even if the Present
high rates of abstraction are maintained and not brought back into equilibrium with average
recharge, increasing groundwater salinity will force the abandonment of almost all present
vegetable farming in northern Qatar within 20 Years. This would effectively bring about a
shift away from economic vVegetable production to increasingly uneconomic fodder production

To preserve the Preferred pattern of improving existing vegetable/orchard farms in

for vegetable production recourse would have to be made to distilled sea water. With this
Strategy in mingd Policy III (basegd ©on Option 7) was developed by the Consultants as the

Most suitable alternative policy and upon which viable agricultural and water resources
development Plan could be based.

Under this Policy only 11 Mm3yr-1 of the 35 Hm3vr_l of treated cniinaa -£en
be wan .l . .
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excluded. Additionally, 33 Mm3yr-l of distilled water would be required ip north
y “eastern

Qatar to replace reduced groundwater abstraction which would be necessary to retyr
N the lsrag

aguifer to equilibrium,

Under this policy total annual costs, including the balance of imports rises to

QR. 410 million; slightly less than double the equivalent costs under Policy II, ang W

Produc-
and

pointed out earlier, water costs are increased by 75%. The incremental value of
tion for this very large increase in cost is QR 18 million worth of dates, fruit
cucumber representing only 153 of the total value of production. The additional cost
should not, however, be compared with increased production for this represents in reality
the cost of stabilizing the northern groundwater agquifer. The QR 200 million additional
water costs may also be regarded as an annual subsidy cost to farmers in northern Qatar
who would expect to be supplied from an alternate source as compensation for reduced

groundwater abstractions.

As pointed out in Sec. 3.3, if all unused treated sewage effluent were permitted to
be introduced into northern Qatar and substituted for high cost distilled water, the annual
cost saving would amount teo QR 140 million. This potential saving of up to 70% in cost
should stimulate consideration of the possiblity of strictly controlled usage in the area
despite present objections based on principle only.

As an alternate solution, not considered in the Master Plan, is the possibility of
the artificial recharge of the unused balance of treated sewage water if direct usage is
rejected. Detailed knowledge of the aquifer systems of Qatar suggest that such a solution
would be feasible but the percentage recover remains uncertain without further investi-
gation.

14.4.6 A Proposed Agricultural and Water Resources Develooment Plan

14.4.6.1 Introduction

The proposed agricultural development plan proposal assumes that the Government of
Qatar will first select their required level of agricultural activity and that the
development of water resources will then be crganised to satisfy the overall water demands
of the country. In accordance with this approach, the proposed Agricultural Development
Plan is presented first followed by an associated Water Resources Development Plan designed
to meet these needs. The proposed Agricultural Development Plan is a practical inter-
pretation of Policy III and fully discussed in the foregoing section. This Policy involves
raising the levels of agricultural production of all suitable crops except cereals and
mutton to the level at which the greatest practicable amount of imports have been replaced.
The production of both cereals and mutton a large scale requires very large quantities of
desalinated water at considerable cost, and even if this water cost is ignored, these food-
stuffs can only be produced in Qatar at several times the imported cost. Table 14.2
summarised expected production, water requirement, costs and value of the plan.
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-5.4.5,2 The Agricultural Development Plan

(1) Traditional Mixed Farming Develonmqgg

This sector would conti

nue to provide the bulk of local Vegetables,
dates as well as some mutton

+ Using the three farm types,
forage ang orchard/forage (See Sec.

respectively, about 250 productive £
é€ncouraged to adopt new techniques 2

to increase Yields and Cropping inte

fruit ang
Vegetable, Vegetable/orchard/
2.2.2.4) with average areas of 18, 19 and 10 ha

arms would be required. These farms should be

nd to invest ip New egquipment to save water and
nsity.

but
by landowners who are

Financial incentives, &ccess to

d to encourage fruit production

The proposed eéxXpansion in Vegetables and fruit cannot be ac

water only as availability isg limited. Vegetable and fruit farm
and improved producticn technologies should be developed in nort
385 possible to the Proposed desalination rFlant at Ras Laffan,

hieved using ground-
§ using water saving
hern Qatar as close

SO minimising the cost
MCM of desalinated Water would be required in
000 for the Production of vegetables,

of the Teticulation system. About 30
1990 and 35 MCM in the year 2 fruit angd dates.
The quality,

fruit
Particularly tomat

proved for them to be competitive with
stimulating production at a rate faster than

odstuff, which would lead to falling prices ang
aising Cutput.

imports. Care would be needed to avoid
the market could absorb the extra fo
ultimately defeat the objective of r

(ii) Milk and Beef Producticn

Assuming the Qatar pair
year from 380 cows,
of milk by 2000.
increasing

Y Company continues to pProduce 1,450 tonnes of milk per

be required to pProduce 5,600 tonnes

milk production which would neea to be t

aken into account Prior to
embarking on the expansion of milk Production.

The Qatar Dairy Company has the

and its production COsts per unit of
etely new ventures. Therefore,
ired would pe preferable, Assuming all
IMs using treated sewage effluent in
uld be as follows :-

infrastructure and dairy management eXpertise,
milk would probably be less than those of compl
encouraging its expansion up to the levels requ

additional milk output is produced
central Qatar,

from new fa
the milk Production strategy co

larger quantities of alfalfa.
high, any new private dairy ent
feed, thereby partially defeati
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PROPOSED AGRICULTURAL AND WATER RESOURCES
DEVELOPMENT PLAN

{2000}
1. Production
Product Replace- Local Cul- Labour
able Pro- tivated
imports duction area
(tons) (tons) (ha) (no)
Milk 5628 5628
Beef 235 235 370 200
Mutton 3383 300
Cereals 23034 -
Datas 3650 3300
Vegetables (W) 18270 18270 4401 1900
Vegetables (S) 8070 Bo70
Fruit 3650 3700
Cucumber 650 650 13 100
Total 67070 40,153 4784 2200
2. Water Requirements (MCM)
Agriculture Domestic
Groundwater 23.5 -
Treated Sewage Effluent 10.5 %
Distilled Water 35.2 105
Total €9.2 los
3. Cost (QR millions)
Agriculture Domestic
Farming Costs 92.2 B
Water Costs 229.5 618
Food Imports 89.5 -
Total 411.1 618
4. Value
Total value of production (QR million) 115.4
Total value of production (% of 1980 GNP) 0.7
Total % incraase in value of agricultural 139
production over 1980.
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(iii) Protected Agriculture

of coolhouses plus 1.65 ha of adjacent outdoor vegetables. This development would
rise to 6.5 ha of coolhouses and 6.5 ha of outdoor vegetables by the year 2000.

Each one hectare of coolhouses would produce 100 tcnnes of off-season cucumber
and could also supplement vegetable production during other periods,

{iv) Abu Samrah Sheep Farm

Domestic mutton production has been shown to be Very uneconomic. However, as
the Abu Samrah sheep farm is a sunk cost, the Government should rehabilitate its

drainage and irrigation systems and continue to utilise existing groundwater resources.

The farm's original objective of producing improved breeding stock for distribution
to the traditional sector should be the main aim.

The Water Resources Development Plan

(i) Annual Demands
annua’ Demands

Under the proposed Agricultural Plan, the demand for water for productive
agriculture rises from 53 Hm3 in 1980 to about 69 Mm3 in the year 2000, which should
be added to demands from other sectors. However, not all of the demands need to be
considered directly in pPreparing an overall plan. Industrial and other consumers
with their own desalination plants may be excluded. The specific reguirements in
Dcha for landscaping (0.7 Mm3 in 1980) may in future be met by the development of the
freshwater dome building up under the city, (See Section132.1 (a)). The remaining
demands are for productive agriculture, amenity farms, central potable supplies
and isclated domestic supplies not drawn from agricultural wells. These isolated
supplies amount to about 0.8 Mm3 and may ke expected to continue at a similar level,
The demands from each of the three remaining sectors rise from 124 MmS in 1980 to
196 Mm> in the year 2000.

The most practical large source of desalination water in Qatar would be multi-
stage stage flash distillation associated with waste heat from thermal power stations
or industrial processes. The installations at Ras Abu Fontas and Ras Abu Aboud could
Produce about 64 MCM at pPresent at a load factor of 75 per cent. This capacity will
rise to 88 MCM when the installation of four new units and ancilliaries is completed
in the next 2-3 years. No further extension to either plant is planned, and future
desalination facilities are proposed at Ras Laffan. The results obtained from this
Study confirm that there are no cheaper or more reliable sources of water and that

any deficit in Qatar's supplies should be made good by increased capacity at Ras
Laffan.

Under the suggested Water Resources Development Plan, the dependence of productive
agriculture upon groundwater would be reduced in order to curtail the over-abstraction
in the north to restore equilibrium with recharge. This would involve :

1. continuing abstractions at their present level unitl 1985; then
2. reducing the level of net abstraction progressively to 27 Mmafyear in 1990; and
3. continuing thereafter at the lower abstraction rate.

Under this operating rule, the overall net abstraction rate for the next 30 years
would be equivalent to the safe yield of 33 pm3,




The quantity of distilled sea water required would however, be considerably
reduced if treated sewage water could either be made available in the north east of
Qatar or if the quality constraints could be relaxed. Neither of +h
been incorporated into the Water Resources Development Plan,
be called upon to produce about 29 MCM in 1990 rising to 45
Although in theory there would be some spare capacity at Ras

ese changes hag
and so Ras Laffan woulg
mm3 in the Year 2000,

Abu Aboud and Ras Aby
Fontas in 1990, the construction of a special distribution system ROUIA, Hot: b

practicable for such a short period, and all the agricultural demands have been assumeg
to be met from Ras Laffan.

(ii) Monthly Variations in Water Demand

The total annual water demand figures derived in the foregoing show a considerable
encouraged, groundwater abstractions could be regulated to reduce the peak demands op
other sources, particularly desalination. Under the suggested Plan, distilleqd sea
water for agriculture is proposed for irrigation in northern Qatar, close to the
Ras Laffan site. The allocation model indicated which farm types should be located ip
which areas, and on combining these results with the overall monthly irrigation
demands for each farm type, the monthly agricultural water requirements were obtained.
After subtracting the groundwater supply in a suitable temporal pattern, the agricul-
tural demand for desalinated water was found to range from 1.7 to 2.7 !ma/month in
1990, and from 2.1 to 3.3 Mm3/month in 2000. Combining agricultural demand with the
potable demand the total pattern of demand for desalinated water is arrived at.

SR

The conclusions of the analysis of annual and monthly water requirements were

l. The installed desalination capacity at Ras Laffan will need to rise to 33 MpS
by 1990 and 57 Mn3 by 2000, representing 4 units and 7 units respectively of
the size currently installed at Ras Abu Fontas and proposed for Ras Laffan;

ot TR B

2. The load factors for Ras Laffan are adequately high yet retain sufficient
margins to allow for maintenance; and

3. The demands for water are sufficiently well matched to the supply to avoid the
need for very large storage reservoirs.

As a corollary to point (3) above, the earlier proposal that aquifer storage by
injection should be provided to minimise fluctuations in demand is therefore seen

to be unnecessary. Further investigation of this proposal has not therefore been
pursued.




ALMOJTL (1963)

Berstein, L. (1974)

Bloom, A.L

BRGM (1976)
BRGM (1977)

Bramkamp., R.A. (1946)

Brooks, C.E.p, (1923)

Brunaden, D Doomkamp

Jd., Jones, D.K.c. (1979)

Burdon, D.M.

(1967)

Businger, J.A. (1859)

Cavalier, Cip M2 Salatt,
Y. Heuze (1970)

Clark, L. (1977)

Clark, L. (1978)

Cooper, H.H. ang
Tacob, CuE. (1946)

Craig, g, a961)

Zhidley, T.RiE, (1981)

|

i ®Chrane p.g. (1957)

- et a] (1974)

Qatar" 1963
t to Govt, of Qatar

Agroneom 17. am Soc. Agro,
-_'_‘_‘—‘—-—_.L___‘

Madison, Wisconsin
Quaternary Sea leve] fluctuatlons on a tectonice Coast .
new Th/2 U dates from the Huon Peninsula, ey Guinea
Quat, Res. 4, 185-205
===t. Res

"Wasia Stugy"

Agriculture, Saudi Arabia,

"Al Hasga Studgy"

Npublisheg report
and Agriculture, s

to Ministry of Water
audi Arabjia,

See Powers et al, 19¢6)

"Variations in the
Victoria and Albert:

A7 Geoghgs. Mem, 20, 1923

The Bahrain Surfac

jour vol ldS(lJ

Q.J1. Engng. Geol. vo1 10 No. 2 125-144
e Beol

Discussion on "The Analysisg and Planning of Step
Drawdown Testg"

Q.J, Engng Geo1, Vol 11 no, » 203-4
m—d AR

Ummarising Well Fielq History.“
Am, Geophys,

Union Trans, Vel 27 . 526-534

Doha, Qatar,

"Lake Nyasa ang River Shire"

Proc, Inst, Civil Engrs, London g




Darcy, H. 1856

Dastane N.G.;

Al-Faihani M. (1980)

Dickson, H.R.P. (1956)

Dincer, T.A., Al-Mugrin &

Zimmerman U. (1974)

Dixey, F. (1924)

Doorenbos, G., Pruit, Ww.,
(1975)

Dupuit, J. 1863

Eden, R.N. and

Hazel, C.P, 1973

Edmunds, W.M. and
Walton N.R.G. (1980)

Evans G. Schmidt V.,
Bush P. and Nelson H.

(1969)

Fisher, R.A., Tippett,
L.M.C. (1928)

FAO (1974)

FAO (1979)

FAQ (1977)

3DC/MAW (L9B80)

GDC/MAW (1980)

Les fontaines publiques de 13 ville de Dyon.
V. Dalmont, Paris

'Irrigation Practices'.

FAO Project Technical Report No.4
Doha, Qatar. )

"Kuwait and her neighbours"
Allen & Unwin, London p. 595.

"Study of the Infiltration and Recharge through the sand
dunes in arid zones with special reference to the Stable

J. Hydrology, 23

"Lake Level in Relation to Rainfall and Sunspots",
Nature, 114

isotopes and thermonuclear tritium".

"Crop Water Regquirements". Fa0 Irrigation and Drainage

Paper No. 24, Rome.

Etudes theoretigues et pratiques sur le mouvement
des eaux dams les canaux decouverts et a travers les

terrains parmeables. 2 evie edition: Dunot, Paris

Computer and Graphical Analysis of Variable Discharge
Pumping Tests of Wells. Civil Eng.

5-10

Trans. Inst. Eng,

Austr.

Assessment of recharge to aquifers. Hyd. Sc. Bull 25, 3 9.

Stratigraphy and geologic history of the Sabkha, abu Dhabi,
Persian Gulf. Sedimentology, 12, 145-9

"Limiting forms of the frequency distribution of the
smallest and largest member of a sample".
Phil. Soc., 24

Proc. Cambridge

"Qatar - Water Resources and Use"

AGL : DP/QAT/501 Technical Report No. 2, Rome.

"Survey and Evaluation of Available Data on Shared Water
Resources in the Gulf States and the Arabian Peninsula"
FAO Rome.

"Water Resources of Qatar and their Development"
Integrated Water and Land Use Project UNDP/FAQ.
Technical Report No. 1.

Umm er Radhuma Study

Groundwater Development Consultants
for Ministry of Agriculture and Water.
Saudi Arabia.

(International) Ltd
Kingdom of

Umnm er Radhuma Study - Bahrain Assignment,
Groundwater Development Consultants (International) Ltd
for Ministry of Agriculture and Water. Kingdom of
Saudi Arabia.




Gemmell, B.A.P. (1977)

Gumbel, E.J. (1941)

Hadi-el, H., (1975)

Harhash, I. (1975)

Hem, J.D. (1970)

Henry & Brown (1935)

Howard, K.W.F. (1979)

Howard, K.W.F. and
Lloyd, J.W. (1978)

Huber, C. (1891)

IDTC (1979)

IDTC (1980)

ITALCONSULT (1969)

ITALCONSULT (1971)

Jacob, C.E. 194s

Johnson, §.J. et al (1972)

Johnstone, N.E. and
Stern, S.R. (1972)

Johnstone, T.M. and
Wilkinson, J.C. (1960)

Logan, J. 1964

Le Grand Adsco (1959)

Lloyd, J.W., Eccleston,B.L.

ind Pike, J.G. (1981)

"Observations of Rainfall, Run—off and Infiltration in Qatar,
1876". FAO Project working paper.

"Probability interpretation of the observed return period of
floods". Trans Am. Geophys. Union, 2.

"Results of 1975 Drilling Programme, Qatar" FAO Project
Technical Note No. 35, Doha, Qatar.

"Artificial Recharge Wells in Northern Qatar". FAQ Project
Technical Note No. 36, Doha, Qatar.

Study and Interpretation of the chemical characteristics of
National Water. USGS Water Supply Paper, 1473.

ARAMCO Report (unpublished)

Hydrochemical studies related to groundwater flow and saline
encroachment in the chalk aguifer of north-east Lincolnshire
and south Humberside. Ph.D. Thesis, Univ. of Bermingham, 268.

Iodide enrichment in the groundwaters of the chalk aguifer,
Lincolnshire, England. TInt. Symp. Hydrochemistry of
mineralised waters, Int. Assoc. Hydrologists, Poland.

"Journal 4 un voyage en Arabia", Paris. P. 121 and 773.

"Ccnductivity Report : Qatar Peninsula" by Geoterrex Ltd.,
Canada.

"Qatar Geological Map and Exploratory Booklet. Seltrust
Engineering Ltd. Govt of Qatar.

"Water and Agricultural Studies in Area IV"
Ministry of Agriculture and Water, Saudi Arabia.

"Water and Agricultural Studies in Bahrain"
Ministry of Agriculture and Water, Govt. of Bahrain, 2 vVols.

Drawdown test to determine effective radius of artesian well.
Proc. Am. Soc. Civ. Engrs. 72 629~46

"Oxygen isotope profiles through the Antartic and Greenland
ice sheets. Nature 235 : 429-434

"Technical Report on the Hydrogeology of Qatar"
FAO Project Working Paper 1972,

"Some geographical aspects of Qatar" Geogr. J., London
126 p. 442-450

Estimating transmissibility from routine production tests of

waterwells. Groundwater, Vol. 2. No.l. 35-37
"The Freshwater Resources of Northern Qatar". Mineographed

report to Government of Qatar,

"The Hydrochemistry of the Groundwaters of Qatar"
FAO Project Technical Note No. 14 (NS) Doha, Qatar




Maas, E.V. and

Hoffman. 5. (1977)

Mather, J.D.

Milliman J.D., Emery, K.O.
(1958)

Mitra, A.K. (1976)

McCulloch, J.5.G. (1961)

McClure, H.A. (1976)

Musil, A. (1926)

Naimi, Al (1965)

Obied, M. (1975)

Parker, D.H., Pike, J.G.
(1976)

Payne, B.R. (1981)

Pearson F.J. and
Hanshaw N.V. (1970)

Philby, H. St. J.B., (1922)

Philip, J.R. (1959)

Pike, J.G. (1959}

Pike, J.G. (1971)

Pike, J.G., Harhash, I.,
and Gemmell, B.A.P. (1975)

Pike J.G. (1978)

Pike, J.G. (1980)

Pilgrim, G.E. (1908)

Powers, R.W., Ramirez, I.F.
Redmond, C.D. and Elberg,
E.L. (1966)

Crop salt tolerance - Current Assessment,
Div. ASCE 103 (IR2)

J. Irrig and Draipage 115-134

Development of the groundwater resources of small

limestone islands. Q.Jl. Engng. Geol. Vol 8 No. 2

lil-5¢0

Sea levels during the past 35,000 years,
1121-3.

Science, 153,

"An Analysis of the cost of lifting groundwater on Private
farming units in Qatar". FAOQ Project Technical Note o 37

Doha, Qatar.

"Evaporation Pans in East and Central Africa".
Proc. Inter. African Hvdr. Conf. CCTA Pub 1§.

“Radiocarbon chronology of late Quaternary lakes in the
Arabian Desert", Nature vol. 263 p. 755

"Manners and Customs of the Rwala Rural Bedouins" in

Encvclopedia d'Islam, (New York) p. 679.

"The Groundwater of Northern Saudi Arabia”. Proc. 5th Arab
I=2&. Jth Arab
Petroleum Cong. K

"A study of the Natural Vegetation of Qatar. FAQ : AGO i
QAT/74/007, Rome. :

"Groundwater Resources of Qatar and their Development"
FAO Project Technical Note No. 34, Doha, Qatar.

Report on Environmental Isotope Data - Qatar.
IAEA, February.

C14 evidence for the origin of arid region groundwater,

NE province, Kenya, IAEA.

"Heart of Arabia" Constable, London P. 319.

"The theory of local advection"

J. Meteorology 16.

"The sunspot/Lake level theory and the control of Lake

Nyasa". Jour. Inst. Water Engrs., London 19.

"The evaporation of groundwater from coastal playas in the

Arabian Gulf". Jour. Hydrology, 1l1.

"Rainfall and Recharge over Qatar"
FAO Project Technical Note No. 24, Doha, Qatar.

"The Agro-climatology of Qatar". FAO Project Technical

Note No. 1 (N.S.) Doha.

"Water Resources and Agriculture in Qatar" Arabian Studies,

Vol. V. Centre for M.E. Studies, Cambridge University, 1980.

"The geology of the Persian Gulf and adjoining portions of

Persia and Arabia Mem Geol. Surv. India XXXIV, 4.

"Geology of the Arabian Peninsula" US Geological Survey
Professional Paper No. 5600, Washington.




Raikes, R.L. (1967)

Reardon, E.J. and
I Fritz, p, (1977)

Richards, L.a, (ed) (1954)

Rorabaugh, M, 1, 1953
Sander N.J, (1962)

I Sarahead, A., and
{ Xishiel, H. (1970)

| Shackleten, N.J., ang
\ Opdyke, N.P. (1973)

' Shainberg, I, and
J.D. Oster (1978)

’ Shonse, p., Jury W.A., ang
Stolzy, L.H. (1980)

Siegenthaier, y. (1971)
] Smout, A.H. (1954)
! Smout, A.H. (1954)
[ SOGREAH (1966)
| Steineke, Max and Bramkamp,
‘ R.A. (1942a)

Sugden, w. {1956)

' Tanner, C.B. and
Pelton, w.L. (1960)

Thiem, G. 1906

, ‘hies, c,v. 1935

"Field Archaeoclogy in Saudi Arabija" East and West vol 17,
=—=- and West
ISMEO, Rome.

Computer modelling of groundwater c3 and C14
compositions. J. Hydro. 38, 201-224

isotope

Diagnesis and improvement of saline and alkali soils.
U.S. Dept. of Agriculture Handbook g0,

of artesian wells. Proc. Am. Soc. Civ, Engrs. 79,
—————==F- LIV, Engrs.
Separate No. 3g2 1 i

Apercu, paléontologique et stratigraphique de paléoqene en
Arabic Seoudite orientale : Rev,
v.5, no. 1, P. 3-40,

de Micro-naléontologic,

an arid climate"”, Proc. Iasy Conference, Tucson, UNESCO
———==-f>7 Conference

Oxygen isotope and palecmagnetic Stratigraphy of Equitorial

Pacific Core v 28 - 238 Oxygen isotope temperatures ang

ice volumes on a 10° Year and 10" year scale.

"Quality of Irrigation Water", I.I.1I.C. pub No. 2,
= PW No. 2,
Ottawa, Canada.

0", Deuterium and Tritium in wassenkreislanf. Ph.D. Thesis,
Bern. 109,

"Lower Tertiary Foraminifera of the Qatar Peninsula" London,
Jerrold ang Sons Ltd 96 p.

"Lower Tertiary Foraminifera of the Qatar Peninsula"
British Museum (Natural History) London.

"Report on Increasing groundwater supplies for the city of
Doha, Qatar". Unpublished Report Water Dept., Govt. of Qatar,

"Mesozoic rocks of eastern Saudi Arabig (abs)". am. Assoc.
&0 ASsoc

Petroleum Geologists Bull., v. 36, no. 5, p. 909,
—————=£0:09ists Bull

QPC Report (unpublished).

energy balance methog of Penman".

Journ. Geoghx. Res., 65,

Hydrologische Methoden, Gebhardt, Leipzig,

The Relation between
and the Rate and Durga
Groundwater Storage,

the Lowering of the Piezometrie Surface
tion of Discharge of a Well using

Am. Geophys, Union Trans, vol 16 : 519-534




‘ Thralls, H.W. and "Geology and oil resources of eastern Saudi Arabig",

Hasson R.C. (1956) Internat. Geol. Cong., 20th, Mexico, Symposium Sobre
] Yacimentos de Petroloco y Gas, V.2, p. 9-32,

Van Bavel C.H.M. (1966) "Potential Evaporation : The Combination Concept and itg
l Experimental Verification". Jour. Water Resources Res, 2
Vita Finzi, C. (1978) 'Environmental History' chap. in Qatar Archaeological Report

(1973) ed Beatrice de Cardi, Oxford Univ. Press.

Wigley, T.M.L. (1976) Effect of mineral precipitation on isotopic composition apg
C14 dating of groundwater. Nature Vol. 263,

Wigley, T.M.L. and Mixing of carbonate waters, Geochim. cosochim. Acta, 4o

Plummer L.N. (1976) 989-995.

Williamson, T.R. and "Geology of the Qatar Peninsula" (QPC Report GR 97) app. 1,

Pomeyrol, H. (1938) "Note on the Water Resources of the Qatar Peninsula",

Willis R.P. (1967) "Geology of Arabian Peninsula - Bahrain" USGS Prof. Paper

{ 560 E. U.S. Govt Print Office Washington 4. pp.

Yurtsevor Y. and Payne B.R. Application of environmental isotopes to groundwater investi- i

{ gations in Qatar IAEA, Neuterberg, Germany .

Yaron, B.r Shimshi, D., Patterns of salt distribution under trickle irrigation ;
’ and Shalhevet,J. (1973) Ecological studies 4 : 389-394, Springer Vel lag, Berlin !

2511, 5., Saad, §5., and Quaternary Period in Saudi Arabia. Springer Verlag, Wien, N.Y. i

i

Al-Sayari (1978) !
1

Harhash,I. (1979) Report on Wadi Al-Aurage Drilling Programme in the Artesian

Aquifer. Prolect Technical Note No.44.

rz Harhash,I. (l98ci Rainfa1l-Run-off~Recharqe Evaluation Qatar 1972/79.

Project Technical Note No.7(New Series)




ANNEXURE

Groundwater Model Programs




GROUMDWATER MODEL PROGRAM

Introduction

The groundwater programs described in this 2ppendix solve a two-laver groundgwa
e = gy ater

model that has been zpnlied in Qatar. It was written in the programming language Basic
x L . A i

ransferred ana
modified to the &pple II for tha purooses of the master planning study by Halcrow-8al famn-

for a Hewlett-Packard 93302 micro-computer tut which was subsequently t

The available groundwa+

b e

both lumpeg parameter ang

distributed parameter SIT2r group comprise three

{
programs : STSTCW, FIX2TRC z2nd FEKITRC. The staady stasa froundwater model program STSTow
was used to calibrate three emzirical factors in the lurzed groundwater medel, and was
unchanged from the original HP varsion. For completeness, a brief description of this
program is presented in Sac-in h cperating instructions. Programs
FRE2TRC and FRX3ITRC ware 1pdated versions of program RX27T3C, which was the original lumzes

parameter groundwat

ch are zuilt around a standard Hewlett-

b
"
i
(%]
i

o o o
F
1

Packard program for the s =guatisns, are described in Sections 3

and 4 respectively.

The distcrikuted HWWMODT . The data Ffiles assoclated

with this program K¥

2’y stacte recharge matrix) and

BWREZ10 (pumpine mactrix). 2 rodified version

w3 mounted on the Apple II in
which :

= the formula expressi

i
was changad in order

- irrigation return flow was raduced from 25 to 20 per cent of total gross abstraction;

and

= the units in which recharge and flows were printed out wers changed to MCM per one or

two=-year period from m

In addition to EHWMD7, which was used to model the piszometric levels in the northern
aguifer system over the period from 1938 to 1979, three further versions of the program
ware developad on the Apple IT to forecast the effect on the aguifer of different abs r a-
ction policies. The first of thase forecasting programs, GWMDPROD1, assumes that the
1979 spatial éistributicn of abstractions remains unchanged. In the second, GWMDPROD2 ,
the effect of an entirely new abstraction policy can be tested. The third, GWMDPROD3,
assumes tha same basic abstraction pattern as GWMDPROD1, but allows the user to specify
additional abstractions at specified nodes of the model. Full descriptions and operating
instructions for these programs are presented in Sections 5 to 7 respectively. A further
utility program, UDRAF, was developed to update the random access files which contain the
input data for the distributed parameter groundwater models.
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ANNEX 2
PROGRAMME HHWWMD 7
—_— e ARG

Purocse ang Data Recuirements

The program uses four sets of data,three of which have to be createq breviouslv, It

adssumes a constant Tate cf recharge to the uzper acuifer and a Steady increase of total

akstraction with time which is built into the program.

Aquifer Parameters are tre transmissivity and storage coefficients for each aguifer,

They may be stored as absolute cr relative values since they are converteg to actual units

Parameter cn a 15 x 9 grid of points,
is simulateqd by assigning very hich T values to nodes w

at run time. one value is given for each The sea

hich are to be excluded frem the

EPer zcuifer transmissivity: upper aguifer
storace coefficient; lower aguifer transmissivity;

model. The arrays are stored in the order :

lower acuifer Storage coefficient,
Final calculated values are on the file FHWEM24,

The recharce and Pumping data are given cn a Separate file as three arrayvs of data,

15 x 9. The first array contains the Steady state rechar

e to the upper aguifer; the
second array the Propertion cf the total PURPINg in each node to come frem the upper

acuifer, with allcwances made Ior whether water is tetally removed frem the area or partly

(20% of abstraction frem each aquifer
tion return); the thirg array contains for €ach node the Propcrtion
come from the cembined upper ang lower acuifers.

returned as irrigation water, is returned &8s irrica-

of total oumping to
This latter amount is split at run time.

These data are recorded under the title TRECH20, Initial values may be assicned for

Teated at run time, At the end of 3

run the initial file will contain the most recent values of the wWater levels.

'

(1) Time step for integration in days (usually 365 or 730) 365 for steady state runs.
(2) Relaxation factor (0.8 to 1.5) ncrmally 1.5,
(3) Conversion coefficient for aguifer transmissivity inp upper aguifer, which under this

he first array of the file

(4) Conversion coefficient for Storace coefficient in upper aguifer,
coefficient., For Steady state runs set this parameter to zero.

(5) Conversion coefficient for rec

(€) Same as (3) for lower aguifer, calikrateg value 3000,
(7) Same as (4) for lower aguifer, calibrated value 0.0001.

(&) Global factor for Permeability

between acuifers normally 0.00005,
from place to Place and is set

8s a multiply of the ¢iven value in

This valuye varies

the program.

(9) Initial head in upper aguifer, nermally o,

This value is used on Setting up a new
file of head data,




(10) Same as (9) for lower aquifer, normally 4.

[11) Proportion of combined acuif

The utility program UDRAF is given which enable
and copied. Any individual element can be changed a

When a run ends the water levels are saved on the IN varugs file. These valueg
- can

be used as the initial values for a continuation run. The file FHHINOS Contains the

calibrated water levels for the end of 1979. 7o investigate a Proposed
makes a copy of FHHINOS using UDRAF and then uses this copy in running ¢
model as initial values for the run.

development one
he groundwater

Program STSTGW
Purpose

The empirica)l
factors appear as the proportienality constants in each equation, and are defined by the
product of a permeability and a flow area divided by the distance over which the head
difference is applicable (see Chidlev, 1979; op. 7-11).

The program first asks the user to specify the details of the steady state pumping
regime, the natural recharge and the boundary head in the lower aguifer. STSTGW then
computes the following information for a range of values of the three empirical factors

s the head in the upper aquifer (y);

2. the head in the lower aquifer (v2);

8 the rate of flow from the upper aguifer to the sea (Q1) ;
4. the rate of outflow from the lower aquifer (Q2) ;
. 1 the rate of flow from the upper to the lower aquifer (Q3); and

6. the sum of 01, 02 ang Q3 (Q).

northern aquifer system.

Operating instructions

Run STSTGW. The following requests are made by program :

"INPUT Y3 - BOUNDARY HEAD IN LOWER AQUIFER"
Type in the required value (m) .

"INPUT P - LEVEL OF PUMPING IN THE STEADY STATE"
Type in the value (MCM/year) .

"INPUT A - PROPN. OF COMBINED PUMPING FROM UPPER AQUIFER"™

"INPUT B - PROPN, OF TOTAL PUMPING COMING FROM COMBINED PUMPING"




ANNEX 4

When all these values are input, the Program calculates the information listed in
Section (A.2.2) ang Prints out the results,

Program FRK2TRC
——==c THRRSTRC

Purgose

Unlike the Program HHWMD7, the calculations are made in ' lumped "' terms; no detailegd
information is requiregd on the formation constants for individual nodes of the grid. How-
ever, given the Same input, the two Programs shoula Produce a@pproximately the same output,

the overall Characteristics of the two aquifers. Thig information includes the three
empirical factors calculateg using STSTGW ag described in Section (A.2). Other inform-
ation recuiregq for input to STSTGW must also be specifieg for FRK2TRC, such as the

agquifers. alsgo needed is the number of years for which the Output is Teguired, and the
Size of the time interval,

The level of gross abstraction ip each year (p9) ig calculated using the fellowing

P9 = 1.06(3 + 2.5% - 0.0075X2)
where X = Years since 1958,

Two differential €quations are formulated, one for each aquifer. The e€quation for the
upper aquifer (lines 1110-1120) is

H3 = [RE + (0.2).pg - P3.(1-B9) - a9.p9.89 - (x1 + K3).¥ + K3.82] /(a8.59)

where H3 = the increase in head during the year (m);

RE = the Steady state recharge (McMm);

B3 = the Proportion of total Pumping from combined Pumping;
AS = the proportion of combined pumping (upper aguifer);
Kl = the empiricaj factor for the upper aquifer;
K3 = the inter-aquifer empirical factor;
¥ = the heag in the upper aquifer (m);
HZ2 = the increase in head in the lower aguifer during the Year (m);
A8 = the area of the agquifer (kmz);
and §9 = the storage coefficient gof the upper agquifer,

The equivalent equation for the lower acuifer is (lines 1l090-1100)
H2 = (K3.y + K2.v3 - (l—AQ).BQ.PS)X(K3+K2}

where K2 = tphe impirical factor for the lower aquifer; ang

Y3 = the boundary head in the lower aguifer (m),




These formulae are similar to those developed earlisr in HHWM7,
two differences firstly, the abstraction variable, pg,

net originally, which has involved small adjustments to the formulae;

g and secondly, ¢pe
irrigation return has been reduced from 25 to 20 Per cent

.

The differential equations are solved using the Runge Kutta method, as noted ap
Ove,

The results are printed, and the calculations repeated for the following Year When tp
* o2

final year has been completed, the program terminates.

Operating instructions

Run the program., The following requests for information are made

"INPUT RE - RECHARGE IN MCM/YEAR"

Type in the steady state recharge in each year.
"INPUT K1l - UPPER AQUIFER COEFFICIENT"

"INPUT K2 - LOWER AQUIFER COEFFICIENT"

"INPUT K3 - INTER AQUIFER COEFFICIENT"

These are the empirical factors selected by inspection of the output from STSTGW.

"INPUT A9 - PROPN OF COMBINED PUMPING FROM UPPER AQUIFER"

“INPUT B9 - PROPN OF TOTAL PUMPING COMING FROM COMBINED PUMING"

"INPUT A8 - AREA OF AQUIFER IN SQ. KM."

"INPUT S9 - STORAGE COEFFICIENT OF UPPER AQUIFER"

"INPUT Y3 - BOUNDARY HEAD IM LOWER AQUIFER"

"INPUT INITIAL YEAR FOR WHICH OUTPUT REQUIRED - 1958 = 0, 1959 = 1, EPCH
"INPUT WATER LEVEL IN UPPER AQUIFER IN THIS INITIAL YEAR"

"IMNPUT NUMBER OF YEARS FOR WHICH OUTPUT IS REQUIRED"

"INPUT REQUIRED INTECRATION STEP SIZE"

"INPUT YEARLY INTERVAL AT WHICH OUTPUT IS REQUIRED"

Recommended values for all the aquifer parameters were given in Chapter XIV. The
initial water level in the upper aguifer must be compatible with the inflows and outflows
at that time. This head can be estimated using the following formula

Initial water level = (PRE - 1.5 + K3.Y3) /(K1 + K3)

Program FRK3TRC

Purpose

This program is the 'lumped equivalent to program GWMDPROD1l, and forecasts the level
of water in the upper and lower aguifers from 1980 to the year 2000, as a result of
different pumping policies. The level of abstraction can be reduced to a proportion of
its 1980 level by any date specified during the modelled time period.

Description

The program is almost identical to program FRK2TRC. The only difference concerns
the level of pumping in each year. In the original, this figure was calculated by means
of a formula which is quoted in Section (4.2)., In the case of FRK3TRC, the user is
requested to specify the level of pumping in the base year (1980), the target reduction,
and the year at which this target is to be reached.

The program assumes that the level of abstraction falls linearly between the two
Years, and remains constant thereafter (lines 1080-1083) ,
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ANNEX &
Coerating instructions

The instructions are the same as for FRK2TRC, except that three additional reguests
are made :

"ENTER 1980 ABSTRACTION"
Type in the gross abstraction in that Year, in MCM,
"TARGET REDUCTION IN ABSTRACTION, § OF ORIGINAL"

Type in the number of years which is to be taken for the target reducticn to be reached.

Program GWMDPROD1

Furpose

Program GWMDPROD1 forecasts the head of water in the upper and lower aguifers in
the northern groundwater area. The forecast is provided for each node on a grid
covering the modelled area, for the end of each one or two-year period between the vears
1980 and 2000. Additional information is supplied for each of the two aguifers taken as

a whole, such as the net recharge, the inflow and the change in storace over the time
veried.

When producing these forecasts, the Program assumes that the spatial distribution of
ezbstractions from the aguifers in 1978 is not changed. However, the effect of a reduction
in the total volume of water abstracted from the aquifers can be tested. The user speci-
fies the bercentade of the 1980 level to which it is assumed that the abstractions will
fall, and the date by which this target will be achieved. After this date, the volume
of water abstracted is assumed to continue at the reduced level.

Description

GWMDPROD1 first reads details of nodes through which there is an outflow to the sea.
The information is obtained from data statements and stored in the arrav D. This array

is used when calculating the volume of water passing between the two layers and the sea
in lines 2670-2700.

The program now asks the user to specify the names of the three input files. The
first contains the aguifer parameters, i.e. the transmissivity and storage coefficients
for each aquifer. The second contains the recharge parameters, and the third, the input
values of the heads of water in the upper and lower aguifers in the base year. Details
of the contents of these three files are given in Chao. XIIV (Tables B.16 to B.22).

When the information has been read from each of the files and stored in arrays in
core, the program recuests the user to type in at the keyboard of the micro-computer
more data reguired for the calculations (lines €89-702) . These data include additional
information concerning the characteristics of the aguifers, such as the initial head in
both, and the assumptions to be tested in the run concerning the level to which the total
abstractions will fall, and the date at which the new level is achieved.

Conversion coefficients are now applied to the information stored in many of the
arrays in order to alter the units in which the information is held (lines 720-990) .
For example, the recharge at each node is converted from mm/year to m3/day.

Two arrays are now printed by the program. The first is the transmissivity in the
upper layer at each node of the grid (in mz/dayl. The second is the storage coefficient
in the upper layer at each node. The permeability between the two layers at each node
is now defined (line 1180-1240). For any one node, the permeability is either kept at
zero (the initial value), or set at the global value as specified by the user. At
Ccertain nodes, a factor is applied to this global value. The heads on the boundary of
the grid are generally assumed to be 2ero, i.e. at sea level. Adjustments to this level
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at certain nodes are now made to incorporate the effect of local conditiong

The loop within which the calculations are carried out for ea

ch one or two-year
period is now entered for the first time (line 1360).

The total gross abstraction
during this time period is calculated according to the criteria specified by the gy
ser,

printed and converted from MCM/year to mj/day for use in the subsequent calculations

The contents of three arrays are now calculated (lines 1460-1520) . The first, g

The array w
contains net pumping from the upper aguifer, resulting from both upper and combined

contains net abstraction from each node due to upper aquifer pumping.

aquifer pumping. The array R contains net recharge at each node (total recharge minus

pumping), excluding that from lower aguifer oumping.

Two combined totals for the whole model area (excluding the boundary), are now
calculated by summing over individual nodes. The first is net pumping from the upper
aguifer, summed over array W; the second is the steady state recharge to the upper

aquifer, summed over array A. The results are then printed.

The contents of the two arrays used in the above calculations are now modified aé
(lines 1610-1630, and 1680-1710) . Recharge resulting from pumping from the lower aquifar &
is added into the array R; and the array E is set equal to net recharge to the lower

aquifer at each node (the negative of net abstraction).

The first solution of the finite difference equations is now made, firstly for the
upper aguifer (lines 1800-1990), and then for the lower aguifer (line 2000-2160). The
theory behind these calculations is fully described in Chidley (1981; pp. 27-29). The
output from the equations is the head at each noede in both aquifers. The results are
written into the data file containing the input values on disk.

These computed heads are now compared with those from the previous iteration (or
the input values in the case of the first iteration). If they differ by less than a
certain specified amount the solution is assumed to have been obtained. Otherwise, the
program returns to line 1730, and a further iteration is carried out.

When the solution has been found (or after 50 iterations have been carried out),
a number of the nodal values are aggregated to give overall results for the time period
in gquestion. These results include the change in storage in the two aquifers, the net
recharge to the two aquifers and the flow from the upper to the lower aguifer (lines
2440-2550) .

The main results from the calculations, namely the heads at each node in both
aquifers, are now printed. The net inflow to the upper and lower aguifers from the
sea is calculated, (lines 2660-2710). The aggregate statistics, computed as described
above, are now printed out. The units in which the figures were calculated are changed
in most cases from m3/day to MCM/time period.

The output of these summaries marks the end of the loop within which the calcula-
tions are carried out for each time period. The next time period for which the results
are required is now taken, and the process repeated. Alternatively, if the final time
period has been reached, the program terminates.

Operating instructions

Copy the random access file FHHINOS to another named file (with a block length of
1500) using program UDRAF (see Section (A.8)). This file contains the heads in the upper
and lower aquifer at each point in the grid at the end of 1979. Run GWMDPRODL.

The program makes the following requests :

"AQUIFER PARAMETERS"
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Input the name of the file containing the reguired -aquifer parameters. The current
version of this file is FHWPM24.

"NET RECHARGE"

Input the name of the file containing the reguired recharge parameters. The appropriate
file for use with GWMDPRODI is RECH21.

"INPUT VALUES"

Type in the name of the file containing the input values, i.e. the copy of file FHHINOS,
as indicated above.

Program GWMDPROD1 then requests the user to type in the required values of conversion
coefficients and certain characteristics of the two aguifers. These are the same for
any run of the grid model, and the recommended values are given in the operating
instructions to HHWMD7 presented by Chidley (1981).

The program continues with the following reguests :
"IRRIGATION RETURN FLOW - FACTOR 1 FOR 100% USAGE NIL RETURN"
The value currently recommended is 0.8, for 20 per cent irrigation return flow.

“1980 TOTAL ABSTRACTION MCM/YEAR (60 + OR =-5)"

Type in the assumed total abstraction in 1980 within the range 55~65 MCM.
"TIME PERIOD TO ACHIEVE REDUCED ABSTRACTION"

Type in the reguired time period less than or eqgual to the 20 years over which the
model is being run.

"REDUCED ABSTRACTION AS PERCENTAGE OF TOTAL 1980 ABSTRACTION"

The typical figure to test is one within the range 25-75 per cent.

The program then continues with no further input required from the user until all the
results have been printed for the time period specified.

Program GWMDPROD2

Purpose

Program GMWDPRODZ2 is similar to GWMDPROD1, and forecasts the heads at each node in
the upper and lower aguifer of the northern groundwater area. However, program GWMDFROD1
assumes that the spatial distribution of abstractions from the two aquifers remains the
same as in 1978, but GWMDPROD2 can test an entirely new abstraction plan. 1In addition,
GWMDPROD1 can allow for the effect of a reduction in the total volume of abstractions
over a specified time periocd, but this option is not available in GWMDPROD2.

Description

The methodology of pProgram GWMDPROD2 is the same as that of GWMDPROD1, the only
difference being that in the latter, the recharge parameters file contains the proportion
of the abstraction from the upper aquifer alone at each node. Similarly, the file giving
the parameters for pumping from the combined aquifers contains proportions and not
absolute values. Subsequently, the user specifies the total volume of water pumped
(in 1980), and the two are multiplied to give the pumping from each node. However, in
GWMDPROD2, the total volume of water pumped from each node is specified in the recharge
file, not the proportions. The spatial distribution of the pumping at the level speci-
fied is assumed to remain constant over time.
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The basic abstraction file is FRECHOS, which co

ntains three matrices,
is the natural recharge at each node, and the other two are blank.

to another named file using the program UDRAF. When copying,
unaltered. The second matrix is completed with the volume of
abstracted from each node from the upper aquifer alone (in 103

The firgt
This file is copieqd
the first Rnatrix ig left
water assumed to be

m> Per year). 1In agqj-

tion, the third matrix is filled with the water abstracted from each node by means of

combined aquifer pumping.

Run program GWMDPROD2. The files of aquifer parameters and the input values are
same as for GWMDPRODI.

The information which the user is required to type in at the keyboard is also the
same as for the first program, except that the option to reduce total abstraction-in
base year to a proportion of this amount over time is not available in GWMDPROD2 .

Program GWMDPROD3

Purpose

This program is the third of the series designed to forecast the impact on the
northern aguifer of different abstraction policies up to the year 2000. GWMDPROD3
expects the same basic pattern of abstraction as GWMDPRODL, which can be reduced to
a percentage of the 19280 level in the same way. However, in the case of GWMDPROD3,
the user can test the effect of additional abstractions at selected nodes on the grid.
The volume of water abstracted from these is assumed to remain constant over time.

Descriotion
LEErs S LUl

GWMDPROD3 first requests the user to specify the number of nodes at which new
abstractions will take place. The program then takes each node in turn, and reguests
that the volume of water abstracted be typed in. The volume, corrected to ms/day, is
stored in the location appropriate to the node in question in array NP.

The program then proceeds to ask the user to specify the names of the input files
in the same way as GWMDPROD1. The file containing the recharge matrices should be the
same as that input to GWMDPRODL, i.e. the 1978 proportions, not total volumes.

GWMDPROD3 continues in exactly the same manner as GWMDPRODI. The only differences
are caused by the need to add the effects of the new pumping into the appropriate arrays,
For example, the total net recharge, held in array R, is less at those nodes at which
additional pumping is assumed to be taking place (line 1500). The contents of array E,
in which net recharge to the lower aquifer at each node is held, will be different for
the same reason (line 1700).

Operating instructions

Produce a copy of the input data file, as for GWMDPRODl. Run GWMDPROD3.

The program then makes the following requests
"NUMBER OF NEW ABSTRACTIONS"

Type in the number of nodes on the grid at which new abstractions are assumed to take
place. The following request will appear for each new abstraction :

"ROW, COLUMN, QUANTITY (MCM/YEAR) "

Type in the row and column number of the node, and the quantity of water assumed to be
abstracted each year (in MCM).
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The Program thep Teguests .

"AQUIFER PARAMETERS",

and continues in anp identical manner to GWMDPROD] ,

Program UDRAF
Purgose

The input files are the same,

groundwater model Programs

+ UDRAF can also be employed to Create a copy of fil
different name,

Descrigtion

and the output file, The user ig then asked to give the block size,

As each block is read, the user is reque
all the changes have been Completed
the next block reag in,

Finally, the input and output files are closed, ang the
update another file. 1If he does,
terminategq.

OEerating instructions

Run the Program, Specify the name and location of the input and
by the Program. The Program continues with the following request

uUsSer is asked if he wishes to
then the Process is r'epeated: Otherwise the run is

"BLOCK SIzg"

TYpe in the length of each record on the file, inp bytes.

Recharge Parameters file - 1000 bytes
Aguifer bParameters fije =~ 1000 bytes
Input values file - 1500 bytes

"DIMENSIONS OF MATRICES - ROW FIRsp®

Generally ny»
"NUMBER OF BLOCKS"

Recharge Parameters fjile - 3 blocks
Aquifer Parameter fije =~ 4 blocks
Input values file = 2 blocks

The program then reads the first block into core.

"BLOCK 1 ANY CHANGES ? - y OR N"

The following message appears :

If the answer is "N" then this block is copied to the
in. If the answer is "¥", the following message appears :

he matrix to be changed, Separated

"OLD VALUE was XXxx"

"NEW VALUE Is"
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Type in the new value.

"MORE CHANGES - Y OR N"

If the answer is "Y" the message requesting that the element of the matrix
the change is reguied appears on the VDU again. If the answer is "yv,
copied to the output file and the next block read in.
every block on the file has been processed.

to which
the block ig

This procedure continues until

The program then makes the following recuest : g

"DO YOU WISH TO UPDATE ANOTHER FILE - Y QR N"

3
If the answer is "Y", the name and location of the new input and output files are 1
requested. The following message then appears

"ARE ALL THE FILE CHARACTERISTICS THE SAME AS BEFORE ? - Y OR N"

If the answer is "Y", then none of the first five prompts above are displayed; the
details of the matrices are assumed to be the same. The program
same manner as before.

then continues in the




GROUNDWATER MODEL PROGRAM

"'}U L]

LIST

18
&8
25
58
49
oe
o]
g
6@
9
166
118
i
138
148
156
leg
1re
1&8
199
135
136
208
aR)
c2h
]
249
258
268
278
JE@
299
235
360
3¢
320
325
338
340
3354
358
376
380
398
468

i

REM  HHWMDT

(HHWMD 7)

REM  ZLAYER BOUNDRRY HERL: FIXED S0UTH END BOTH RRUIFERS

HTHE 2&. FRINT 31=JULY=75" . FRINT

KEM  SRVEDL UMCER HGWMD SERIES CALIBRATION MODEL
REM  YERTICAL FERMERBILITY AT SELECTED NODES

REM  INCLUDES WATER BALANCE FOR MODEL AREA AFFROXTMATE oLy

DIM DiZ, 427, Nogg,
DIn " ILLL JILNL M

OIM T(lBS},5(125),RkiSS);C(lES),G(liﬁi;E(iES);P(iES)

DIM FULSS), BUL3S), KU135), He135)
bIN AU3S), v135), 20135), We13s)
DIM NULL3$. 3,

NULL$(3)

HULL$¢8)

bg = »»
FOR J =110 42
FOR 1 =1710;

RERD O, )
NEXT 1
HEXT J

PRINT UDS$, "OPEN GMRD™
PRINT 0DS$; “PR§ 1v
FRINT "RQUIFER FRRMS ™,

INPUT GA$

FRINT DUs, "OFEN ", GRS, “, L1oeg"
FRINT "NET RECH?",
INPUT GEs$

FRINT DD$; “OPEN ", GBS ", L1oog"
FRINT DDS$; "READ *; GEs, *, gy
FOR I =1 10 135
INFUT AT
NEXT 1
PRINT LDS$; "REFD *; GEs, », gav
FOR I =1 10 135
INFUT ¢T3
NEXT 1
FRINT DD$; "RERD *, GE3; v, R3v
FOR T =170 135
INPUT 2¢13
NEXT 1
PRINT DD, “CLOSE *; gis
FRINT LDS$; "RERD ", GRs; v, fy »
FOR'T =1 710135
INFUT T¢I
NEXT 1

n n

" "
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465
418
42u
430
433
448
459
469
483
478
ST
499
S8
516
%8
938
348
ST
S6e
378
F )
FET)
&ud
618
69
639
633
E4d
1Y)
658
67

656
639
o8
£31
652
633
634
&35
6%
037
538
©39
703
7a4
785
a7
714

FRINT
FOR I
IMFUT
NEXT 1

Annex

UOS, "RERAD ", GRS, *, R2"
= 170135

s

PRINT 003, "RERD ", GRS, ", R3"

FOR 1
IMPUT
NEKT I
FRINT
FOR 1
INFUT
NEXT 1
FRINT
FRINT
INFUT
FRINT
FRINT
IMFUT
IF As
IC =8

=1 T0 135
il

UD$; "READ *; GAS: ", R4"
=170 135
Q1)

OU$; “CLOSE "; GAs

"IN VALUES?";

GL$

UD$, "OPEN "; GC$i ", L1Sog"

"DUES THIS FILE CURRENTLY EXIST-YES OF Ho™,
H$

= "WES" GOTU 539

GOTO 653

=1
FRINT
FOR 1
INFUT
NEXT 1
PRINT
Flk I
INFUT
NEXT I
PRINT
PRINT
INFUT
INPUT
INPUT
INFUT
INFUT
INPUT
INFUT
INFUT
INPUT
putT
INFUT
D2
11
Ji
3]
D3

1:
1:
]
8

Los, “F\'Eﬁb ";0Cs ", RL"
=1 T0 135
HDD

DDS: "READ "5 GLS, *, R2"
=110 135

B<ID)

DO$; "CLOSE “; GCs

DD$; "Ihg g

“INFUT INITIAL TIME STEP FOR INTEGRATION, IN GRYS", D3

"RELAXATION FACTOR IN CALCULATION OF SIMULTRHEOUS EQUATIONS <@.8-1. 5"y
"CONV. COEF. FUR TRANSMISSIBILITIES INTO UNITS OF M-3/DRY (UFFER RQUIFER)“; T9
"CONY. FACTOR FOR STORRGE COEF. (UFPER RQUIFER)"; 53

“CONY. FRACTOR FOR RECHARGE INTO UNITS OF M7 3/0AY"; K3

“CONY. COEF. FOR TRANSMISSIBILITIES (LOWER AQUIFER>"; C9

"CONY. FACTOR FOR STORAGE CUEF. (LOMER RGUIFER)". Q3

"CLOBAL FACTOR FOR PERMERBILITY BETWEEN AQUIFERS®,F9

"INITIAL HERD IN UFPER RGQUIFER", X3

“INITIAL HERD IN LOMER RQUIFER";F3

"PROPN. OF COMBINED RGUIFER FUMFING FROM UFFER RRUIFER"; A

7508

Iz
Jz

15
3
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738 21) = 4 (I
746 T(1) = T3y « <)
738 5(1) = 55 « 51y
58 (D) = Ry « ACT )
776 C(1) = L3+ C(1)
788 G(1) = g9 & @l
798 X(1; = 1

BBE (1) = yg 4 ACT)
818 F(I) = ¢

828 F(1) = F5 « FC
830 IF N3 = 1 THEN &cp
849 B(I) = FCly

&8 H(ly = D

& F) = g1y

89 ¥y = H(T

8B P(I) =

398 NEXT |

1818 FRINT o,
1628 FRINT "TR&NSMISSIBILIT? UFFER RGQUIFER"
170 15

1838 FOR | =

1646 FRINT |

1858 Fok J = 1703

1668 FRINT T((] - #3534 JIiNULL3¢3),
1678 NEAT J

1888 FRINT NULL$(3)
1638 NEXT |
1168 PRINT “STORf E COEF IN UPPER AQUIFER"

1146 FOR | = 4 10 15

1128 PRINT |

1139 FOR J = 4 10 3

1146 PRINT 5¢¢1 - L)% 39 4 JIi NULLS¢3);
38 MExT

e FRINT NULL$(3)

176 NEXT |

1186 F(1) = PP F9:P(9) = F5:P¢18) = F9:.P11) = F3:F12) = P3.PUT) = P3.FC18) = P9 p¢2
1198 F(24) = P3:P{25) = F3:P(26) = F9.PGa) = P3P = F3:F(33) = F3:P(32) = F3:F(39) =

1266 P41y = P3:FPd9) = pg
1216 P(16) = pg 4 g, 9:F(22) = pg 4 g, SIP(Z3) = P34 g STy = py a4 9iPE5) = P3 % 8.5:p34 = F3 + @ 5
1226 PC42) = g 75 4 F9

1236 P22y = 5 4 PO:PC23) = 2 &« F3.FC24) = 2 4 py

1240 F(41) = g g5 PS:PC42) = g g5 4 FS:P{48) = g g5 « P3:P49) = .65 % p3y

1256 Hteg)y = - 2:H(169) = - 2:H(to7y = 2

1266 H(118) = - 4

1278 H(1z9) = 3:HU3) = 3

1288 H(131) = 3 5

129 Hi132) = 4

B He133) = 4

346 H(134) = g 2

1328 £c13) = 1:B27) =
133 ren gy BOUNDARY HERDS o SOUTH EDGE oF UPPER AGUIFER

¥ 34 pey SET BUUNDARY HEADS ON Lowgg AUUIFER SOUTH BOUNDARY
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1358 FRINT LOS; “FRE gv :
1366 FOR M = 4 T0 11

1578 FRINT i

1383 01 = pz « b

3% 0 = p1 03

1485 T1 = (pg U3 7 2) / 365

IHa P = (34 &5 - a7 « TL) # T1) & 7357 4 | g

1420 13 = 14 4 4
1438 14 = 17 - ¢
1448 J3 = g3 4 4

1456 Rey COMFUTE RESTRACT TN
1468 FoR [ = 170 135

1478 R(1: = (8.30 % F, 4 (1)
1488 R¢I) = R - R

1499 E(1) = (A9 x Py & FAS ORI

1560 R(1) = k(DY - B¢y

1516 Wy = ACT) - Rl

1528 nExT |

1330 25 = g.79 - @

1546 Fog 1 o= 210 14

15% FoR J = 2708

1568 N = (] - %34 g

1565 IF yN = 1LOR N = 12 OR N = 16 R N=17 0r N = 28 0R N = 28 oR H=23 RN = 350R N = 39 THEN 1598

iede prINT DD$, "FRE 10
1658 FRINT v,

1666 FRINT "FUMPING FRon UPFER RUIFER FER TIME FERIOD <HOMy I3 x| BoogaL « 0z

L6768 PRINT “RECHARGE Tg UFFER AQUIFER AREA NCH PER TIME FERIQD iZ8 * . GE0EEL « b3

1880 FoR | = 110 135
169 R(I) = RD) + ECp
1788 EC1) = ¢ - 1+ -q9) 4 P x 2¢15
1718 NExT |
1726 J4 = J7 - 1
1738 FoR-L = 170 sg
1746 PRINT DO$i "FRe g~
FRINT »L;L
66 U = g
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1776 FOR I = I3 TO 14
J 1783 FOR J = J3 10 J4
IP% N =1 -1) %« J2 + ]
&8s REM UPFER AGUIFER
1 1518 7 = TON
V1B NL =N - J2
1339 N2 = N - 1
| 1846 N3 = N + J2
| 1856 N4 = N+1
1868 T1 = 8.5 # (T7 + T(NLY)
1876 T2 = 8.5 # (17 + TNZ))
[ 1888 13 = 8.5 « (T7 + TON3))
€90 T4 = 8.5 % (T? + TON4))
580 TS =TL+ T2+ 73 + T4
‘ 1518 2 = T4 # H(NL) + T2 * HONZ) + T3 % HOG) + T4 # Hohdy
L4920 24 = D1 & PN)
1538 22 = D * 5¢N)

’ 1248 2 = Z + RON) + XN # 22 + BNy # 71
199875 =15+21 + 22

1982=2/T15
1976 V = 2 - HOWO
C1%BU=U+yay
| 1938 H(N) = HCWY + ¢ % v
2008 REM LOMER HRUIFER
l 2016 T7 = CiND
| OIS TL =05 % (T7 + C{NLY)
2020 T2 = 8.5 % (7 + C{N2))
1 036 T3 =85 * (7 + C(NZ))»
' 2640 T4 = 8.5 % (7 + C{Ndy )

BHIS=TL+T2+7T3+ T4
2668 7 = TL # BINL) + T2 % BCNZ) + T3 # BONG) + T4 # Bud)
Z 2876 Z1 = DL * PCND
2068 22 = D * QUN)
2098 2 = 7 + ECNY + 22 % FCND + 24 % HOND
2188 15 =715 + 21 + 22
i 216 2=2/15
A ¥ '
2138 U +Vay
{ 2148 BINY = BON) + ¥ # v
456 NEXT J
286 NEXT 1
i 178 PRINT "u",u
€183 PRINT DD$; "OPEN *; GCS: ", L1508"
€198 PRINT DD$; "WRITE ; GCS; *, k1"
| 2268 FOR | = 1 70 135
] 2216 PRINT H¢D)
&Z28 MEXT 1
2225 FRINT DD$: "WRITE ¥; GC$; ", k2"




2e3d
Z 48
Z5
2260
2380
X%
2400
2410
2426
2438
2435
2440
2450
2468
2465
2476
2475
27476
2477
2450
2496
568
2529
538
2540
=56
2560
2579
2569
2599
%26
2619
%46
2656
2666
%79
%50
26%
2760
2716
7%
P
2746
2758
768
2770
2780
7%
2580
2510
5%
%530
%58
%566
%78

For [ =41 TO 135

FRINT ECL)

HEAT 1

FRINT DO$; "CLOSE ", GCs
IF U C @ 01 THEN 2400
HERT L
03 =09 + 03

FKINT O0$, "PRY @"
FRINT “TIME", 09 "DRYS"

IFN=110RN=120RN=15 OR N =17 DR N =20 OR N =25 OR N =25 OR N =35 0R H =589 THEN 2430

£3 = 6:RE = ©
38 = 8:57 = 0.0 = @

FOR [ = 13 70 14

FOR J = J3 T0 J4
N=dl-1)%J2+]
E3 = E§ + EN)

53 = 55 + (H(D = %(WD) * 50N
ST = 57 + (BAN) - FONDY & Wi
U8 = U8 + PXN) + (HON) = BOND)
K& = RE + RN

HEAT J

MEAT I

PRINT U0S; "FR# 1"

FRINT "*,

FOR =110 12

FRINT "H ROM"; I; NULL$<3);
NL =1 -1) & J2+d
NZ = (NL + J2 - 1)

FOR N3 = NL TO N2

PRINT HME)5 NULLS(3);
HEXT N3

PRINT NULL$(3)

MEXT 1

U7 + ((HKL) - H(KZ)) & (TIKL)

+ T ¢ 2)

06 = @6 + ((BLKL) - BKZ)) * (CLKL) + CCKE)) / 20

NEXT J

FOR 1 =1 TO 435
&0 = HODD
FCDy = BADD

MEXT 1
D3 = D3

FRINT NULL$Z)

FOR I =170 12
PRINT "B ROW"; I; NULL$(3);
NL=(l -1)%J2+1
N2 =M +J2-1

FOR N3 = N1 TO N2
FRINT BINZ), NULLS(3),
NEXT I3

PRINT NULL$(3)

NEXT 1

Annex 17
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Annex 18

56 =38%7.5475%
=57 %7.5%75
U3 =08 47.5%75«% b3
K& = R3 » 1.0E -~ & « [3
BS = ES #« L.OE - & & 03
W=07 « 1. 8E -6 % 3
e = G5 + L @E - 6 * U3
FOR I =1 T0 435
Foly = BODD
NEAT 1

PRINT "NET RECHARGE TO UFFER "i R "MCMATIME FERICD"

PRINT "NET RECHARGE TO LOMER ", E&; "MCHM/TIME PERIOD"

FRINT “FLOM FROM UFPER TO LOWER "+ 68; "MCH/TIME PERIOD"

PRINT "CHANGE. IN STORAGE UFFER "5 58 "MCH"

PRINT “CHANGE IN STORAGE LOMER "3 525 "MCH"

FRINT "INFLOM TO UPPER "3 675 "MCM/TIME PERIOD"

PEINT "INFLOW TO LOMER ";gs; “MCM/TIME FERIOD"

NEXT M

FRINT DD$; "CLOSE GUMRD"

DATH 12.13,4,13;5;14:6;15»16:15,16;25;26,25,35:54;35.44

DATH 45,44,54;53,63,62;?2;?1,31;8&:89;86;39,38,83,98

UATR 99, 95, 168, 167, 117, 116 » 126, 125, 134, 15, 133, 124, 132,123, 134, 132
DATH 138.121:129:123;169»118,198;181;91;92»32,33»?3:?4,64,65’55;56
DATH 46,4?;3?;38,29;38,29;36;26;21;12;21;118;115.123,119

END




