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Abstract

Bahrain brackish water resources occur in the form of a lens of a finite
lateral extent, with a salinity range between 8 and 15 g/L, developed in
the Rus and Umm Er Radhuma formations. The lens has been exploited
since 1984 by a wellfield at an average production rate of 24 Mm 3/y in
feeding a desalination plant as an alternative to seawater. The purpose of
using the lens is to reduce the upward migration of brackish water into
the relatively upper fresh water aquifer and to minimize the risk of shut-
ting down the country desalination plants in the case of accidental oil
spills in the Arabian Gulf waters. Examination of the response of the
brackish water system to the wellfild pumping over the pa_st nine years
shows that the aquifer is undergoing a uniform depletion and no major sa-
linity changes in the produced wellfield water yet have taken place. This
is attributed to that flow towards the wellfield occurs in the highly trans-
missive fractured zones present in the middle of the aquifer. However,
geophysical logging indicates that the higher salinity zone underlying the
brackish lens has moved into the lower end of the wellfield interval, which
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implies that the salinity of the produced water will increase in the coming
years. In order to maximize the lens future availability desalination plant,
this movement should be delayed. ’ |
Modification of the present wellfield design and artificial recharge are
proposed as control measures to achieve that. Simulation modeling of the
aquifer system to predict the response of the pfoposed measures is a

pre-requisite to aid future management of the aquifer.
Introduction

Although more than 80% of the groundwater resources of the Arabian
Gulf countries are classified as brackish, these waters have been adopt-
ed within the national water augmentation policies of these countries and
are developed to: alleviate stresses on their scarce fresh water re-
sources. For example, sultanate of Oman uses brackish water with a to-
tal dissolved solids (TDS) in the range from10 to 16 gramsiliter (g/L) in oil
field operations and development; Kuwait uses waters ranging from 2.5
to 6 g/L TDS for non-drinking domestic purposes through a special do-
mestic network; Saudi Arabia and United Arab Emirates use water ex-
ceeding 2 g/L and reaching 6 g/L. TDS in irrigation (Saker, 1988).

In Bahrain, brackish gfoundwater, ranging between 8 and 15g/L, and
occurring in the form of a large lens in the Rus and Umm Er Radhuma
formations, is utilized for desalination purposes. Since 1984, about 24
Million cubic meters per year (Mmaly) is being abstracted from this brack-
ish water reservoir by a wellfield, located at Abu-Jafjur area at the easl
coast of Bahrain (Figure 1), to feed a reverse osmosis (RO) desalinatior

plant with a maximum output capacity of about 17Mm/y.
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The development of the brackish lens is conceived with the objectives of:1)
lowering its potentiometric surface in order to reduce its upward migration and
pollution to the upper fresh water aquifers; and 2) reducing the risk of shutting
down the country desalination plants in the case of accidental oil spills in the

. Arabian Gulf waters (as was the case in the first and second Gulf wars). Fur-
thermore, this process appears to be more economical compared to the tradi-
tional desalination of seawater (Dannish and Al-Ansari, 1991).

The pre-development evaluation and utilization feasibility studies of
the brackish groundwater system were made in the period from 1979 to
1983 (GDC, 1980; 1983), when the system was in a rather undisturbed
natural equilibrium. These studies indicated that the brackish ground wa-
ter is a limited non-renewable resource with an estimated reserve of
about 10,000 Mm? (TDS 8-15g/L), and with continued abstraction it will
eventually reach seawater salinity. After about nine years of development
and monitoring of the aquifer potentiometric head levels and the wellfield
salinity, a new assessment is needed to evaluate and understand the
transient behavior of the system.

The aim of this paper is to examine the response of the brackish ag-
vifer system under the past nine years (1984-1993) of continuous ab-
straction in order to assess the transient behavior of the system. Based
on this assessment, future utilization of the brackish groundwater and its
potential to continue feeding the desalination plant with raw water are

-also discussed.
Hydrogeology

Brackish water resources in Bahrain are present in the form of a large
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lens located in Bahrain main island, which is an anticlinal structure, and is
underlain everywhere by hyper-saline brines (GDC, 1983), as shown in
Figure 2. The brackish water lens is developed in the Rus (Lower Eo-
cene) and Umm Er Radhuma (Paleocene to Lower Eocene) formations.
The aquifer is denoted by the letter "C" to distinguish it from the upper rel-
atively freshwater zones of the Alat and Khobar of the Dammam Forma-
tion (Middle Eocene), termed "A": and "B", respectively. The Umm Er Ra-
dhuma Formation (UER) is underlain by the shales of the Aruma
Formation (upper Cretaceous).

The Rus Formation is composed of chalky dolomitic limestone with
subsidiary shale and anhydrite intercalation. Its thickness ranges from
about 60 m at the crest of the anticline, where it outcrops, to about 150 m
at its margins. The Rus Formation section in the central and eastern ar-
eas of Bahrain has undergone extensive solution of anhydrite, which led
to the collapse of overlying rocks and has produced very large cavities.
The UER Formation is composed of dolomitic limestones containing en-
larged joints, cracks and vugy intergranular porosity. Its thickness ranges
from about 115 m, at the crestal areas of the anticline to over 300 m at its
edges. The Rus Formation was conformably deposited over the UER For-
mation, and the boundary between the two is difficult to detect litholog-
ically; the upper UER section appears hydraulically and chemically con-
tinuous with the Rus section.

In Western Bahrain, the Rus Formation contains thick and extensive
evaporite deposits. It thus forms a tight aquitard separating aquifers "B"
and "C" and forming the upper confining boundary of the latter. In central
and eastern Bahrain however, most of the evaporites section has been

removed by solution. The residual Rus section is composed of chalky
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limestones, dolomitic limestones and marls, and have a significant trans-
missivity. Therefore, in central and eastern Bahrain, aquifer C is de-
veloped in the rocks of the Rus Formation as well as the UER Formation.

In the core of the anticline where the Rus Formation outcrops and its
upper section is eroded, the aquifer is unconfined and its upper boundary
is limited by the free water table in the Rus Formation. To The east, the
aquifer is confined as the upper Rus is predominated by shales, marls
and claystones and together with the shales of the lower member of the
Dammam Formation, forms an aquitard marking the upper boundary of
the aquifer. The lower boundary of the aquifer is usually taken at a salin-
ity limit of 15 g/L delineating the base of the brackish water lens, as
shown in Figure 2. The lateral extension of the C aquifer (salinity limit of
15 g/L) to the east offshore areas of Bahrain Island is not completely de-
fined.

The salinity of the C aquifer displays a systematic increase with depth.
In the central core area, the salinity of the brackish water lens increases
gradually from less 8 g/L at the water table, at about 5 m elevation above .
sea level (s1), to about 15 g/L at about 180 m below sl (Figure3). The
thickness of the brackish water zone ranger from 0 m at the flanks of the
anticline, where it is intersected by the dip of the overlying aquitard, and
reaches a maximum of about 190 m at its crest. The brackish water zone
is underlain by a mixing zone between the underlying brine and the over-
lying brackish water. The salinity of the mixing zone increases with depth
from about 15g/L at the interface to about 100 g/L. The thickness of mix-
ing zone varies from one area to another. Under the Abu-Jarjur wellfield
and the core area, it is about 40 m thick (180-220 m below s1.). To the

north -east of the wellfield, the thickness of this zone is observed at great-
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er than 150 m. The mixing zone is underlain by brines with a salinity great-
-erthan 100 g/L, with a relatively sharp interface, as shown in Figure3.

Pumping tests analyses and specific capacity tests compiled from pre-
vious- studies (GDC, 1980; 1983) and aquifer C drilled well records
showed great variation in the C aquifer transmissivity; it ranges from 110
to 50,000 m?/d. This extreme variation in the transmissivity reflects the
fractured nature of the aquifer rocks, especially the karst zones located in
the rﬁiddle of the UER Fromation, as shown in Figure2. Typically, the hy-
draulic conductivity of the Rus section (about 40 m thick) is about 25 m/d,
the upper UER (about 35 m thick) ranges from 40 to 200 m/d, the middle
UER (about 30 m thick) is about 2,500 m/d, while the lower UER (150 m
thick) has an hydraulic conductivity of less than 1 m/d (GDC, 1983).

Little data exist oh the storage coefficient of the C aquifer. ‘Pumping
tests and a tidal efficiency test (4 measurements) have indicated that the
storage coefficieht of the aquifer ran‘ges f‘rom 1,5)(10’4 to 3x10"4'
(dimensionlesé) in its confined parts (GDC, 1980; 1983). The specific yield
of the aquifer is calculated at about 0.2 (dimensionless) using change in
head pér change in volume analysis for the unconfined parts of the ag-
uifer. The Rus rocks average porosity is about 37.5%, while the average

UER porosity is about 27%, obtained from the available core analysis.
Aquifer Discharge
Apart from some localized utilization, the C aquifer main discharge is

from the east coast Abu-Jarjur wellfield (Figure 1), which started in the

fourth quaﬁer of 1984, at an average rate of about 24 Mm %4 (Table 1).
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The salinity of the produced water from the wellfield averages about 12.8
g/L.. The wellfield consists of 15 production wells. The intake zone of the
wells was designed to produce from the upper and middle UER zones lo-
cated at a depth between 75-145m below sl (Figure 2). Abstraction rates
from the wellfield are a function of the RO plant recovery and the salinify
of the pumped water (GDC, 1983). Therefore, production rate from the
wellfield is expected to increase due to anticipated salinity increases in
the produced water to maintain the plant production capacity of de-
salinated water. ‘

Natural discharge from the C aquifer is also occurring due to its ver-
tical leakage to the B aquifer through the Rus aquitard. This phenomenon
evidently occurs in the north-central and eastern parts of Bahrain, where
the anhydrite section of the upper Rue is absent, and where the B aquifer
salinity has reached greater than 10.0 g/l. (Zubari et al., 1993). The leak-
age rate from the C aquifer to the B aquifer is assumed to be negligible
during steady state conditions when the heads in the two aquifers are
thought to be approximately equal. Due to the sharp decrease in the B
aquifer potentiometric levels as a direct result of its over-exploitation, the
potentiometric head differential between the two aquifers has increased
significantly in favor of the C aquifer. Numerical modeling studies estimat-
ed this leakage rate at about 40 Mm 3/y in 1983 (GDC, 1983). Presently
with the lowering of the C aquifer heads due to abstraction by the well-

field, the leakage rate to the B aquifer is expected to be declining.
Potentiometric Head Levels Changes

Aquifer C potentiometric head levels have been monitored in an ob-
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servation network consisting of 19 observation wells, all equipped with
éontinuous recorders a'nd their levels are reported on a monthly basis
(Figure 4). Most of the observation wells are monitoring the brackish zone
in the middle to upper UER Formation. Fifteen of the 19 observed wells
started recording water levels in the aquifer prior to 1985, while the other
four wells were added in the period from 1987 to 1989. ,

Figure 5 displays the observed potentiometric levels in the twenty ob-
servation wells of the C aquifer. Prior to the wellfield production in the
fourth quarter of 1984, there has been fittle local abstraction from aquifer
C and no significant head decline observed. Differences in the observed
potentiometric levels in most of the wells were very small and the po-
tentiometric surface was approximating a flat surface; prior to 1984 pro-
duction, most of the observation wells illustrated potentiometric levels
ranging between 5.0 and 5.3 m above s1.

Figure 5 displays three important features in the observed hydro-
graphs. The first is that al'though these wells differ in location from the
producing wellfield, their drop in head has occurred almost at the same
time with a lag of less than two months from the beginning of production
by the wellfieild. The second feature is that the rate of head drop and pat-
tern in most of the wells hydrographs is almost the same, regradless of
their location from the wellfield. These two observations suggest strongly
that flow in the C aquifer towards the weIIiféId occurs in very high trans-
missivity zones. These are probably the fractured karstic zones present in
the middle of the UER, which possesses transmissivities greater than
50,000 m?/d. The third observed feature, which might have strong im-
pacts on the future utilization of the aquifer, is that, except for one well,

there are no signs of stabilization or reduction in the magnitude of the

YAY




present drawdown rate in the C aqufer, which confirms the limited lateral
extent of the aquifer. The average rate of head decline is estimated at
0.325mly.

Figures 6a and 6b are two drawdown maps prepared to illustrate the
potentiometric levels changes and pattern in the C aquifer for the periods
from 1984 to 1988 and from 1984to 1993, respectively. The two maps in-
dicate the absence of major potentiometric head coning under the well-
field, and that the cone of depression in the brackish water lens extends
to all areas of Bahrain. In other words, the aquifer water is collected from
all areas of Bahrain by the fractured zones. The observed potentiometric
levels of the aquifer have dropped within a range of 2.0 m at the edges of
the brackish water lens, to about 3.3 m at the producing wellfield. The rel-
atively large drawdowns observed in the north-central area are due to ag-
uifer leakage to the upper Dammam agquifer, in addition to local abstrac-
tion. By comparing the two maps, it can be seen that while they differ in
values, the observed drawdown patterns at the end of 1988 and 1993 are
more or less the same, suggesting a uniform depletion of the brackish

water lens.
Aquifer C Salinity Changes

Aquifer C salinity was measured at the wellfield output line (RO piant
intake), being the main factor in determining the life of the wellfield, and
at the individual production wells. A full chemical analyses (TDS and ma-
jor anions and cations) were determined every month for the wellfield
pumped water since its commencement to present.The production wells

monitoring started in 1988 and is conducted on semi-annual basis. In ad-
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dition, aquifer salinity monitoring was measured in three selected wells
penetrating the aquifer using geophysical logging and are used for com-
parison with those conducted prior to the aquifer development. The wells
salinity survey constituted of conducting an Electrical Conductivity (E.C.)
and Temperature (T°C) wireline logs for the full section of the wells in the
period 1992-93. In these surveys, grab samples at selected intervals in
the eight wells were obtained an analyzed chemically, and were used for
E.C./T log calibration,-and in one case to reproduce a TDS log.

Table 2 displays the yearly average levels of TDS and major anions
(Cl-, SO4 2', HCOa) and cations (Na+, Ca2+, Mg2+, K+) of the wellfield
produced water measured from 1984 to 1993, while Figure 7 displays the
monthly measurements graphically. As can be seen from the table and
the graph, there were no major concentration changes in the produced
waters by Abu-Jarjur wellfield since its commencement; the average TDS
in 1985 and 1993 were about the same at about 12.80 g/L. However,
within this period, the average TDS showed a variation between a low of
11.40 g/L in June, 1988 and a high of 13.90 g/L in December, 1991 (Fig-
ure 7). These fluctuation could be attributed to the variation in the ab-
straction levels of the wellfield (Table | and Table Ii).

Table 3 displays the available chemical analyses results for the TDS
of the 15 producing wells of the wellfield for the period from October,
1988 to August, 1993 (5 measurements).The data support the previous
observation made on.the TDS of the plant intake water, as there are no
major changes in the TDS of the water produced by each well from 1988
to 1993. However, it can be seen from the table that the TDS takes its
highest values in the central wells. This is due to well. interference where

the maximum drawdown would be in the central wells, and subsequently
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where the maximum component of upward flow from the underlying sa-
line mixing zones occurs.

Geophysical logging conducted in the three surveyed wells supports
the above observation and shows an upward movement from the mixing
zone to the brackish water lene is occurring. The new survey displayed a
general salinity increase in the brackish water zone in the period from
1984 to 1992/93 as direct result of the general potentiometric level de-
cline. Figure 8 displays a comparison between the results of the salinity
survey conducted in the period from 1992to 1993 to those conducted
prior to the aquifer development for three wells pentrating the mixing
zone. These wells are: well 1116, located within the wellfield and pen-
etrates the full thickness of the mixing zone and about 150 m of the brine
zone; well 1012, located to the west of the wellfield by about 7 km and
penetrates about 45 m of the mixing zone; and well 1125, located to the-
north of the wellfield by about 6.6 km and penetrates about 150 m of the
mixing zone. The three wells indicate an upward movement for the mixing
zone into the brackish water zone in the period from 1984 to 1992/93.
This movement is observed to be higher under the wellfield (well 1116)
where the maximum drawdown takes place (fig. 6b). The mixing zone up-
ward movement in the brackish water is estimated at about 35m. To the
west (well 1012) and north (well 1125) of the wellfield by a distance of
about 7 km, the movement is estimated to be less than 10m.

It should be noted that rise in the mixing zone under the wellfield has
placed the mixing zone at the same level of the lower end of the pro-
duction wells opened interval, which is from 75 to 145 m below s1. (Fig-
ure 2). This suggests that the salinity of the produced water will show an

increase over the coming years, as water from the mixing zone starts to
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contribute to the water pumped from the wellfield. With continued pump-
ing and decline of the potentiometric heads, the upward advancement is
expected to increase and its contribution to the wellfield will increase with

time.
Conclusion and Recommendations

Examination of the response of the brackish aquifer system to continu-
ous pumping over the past nine years by the wellfield at Abu-Jérjur de-
salination plant shows that the aquifer is undergoing a uniform depletion
and no major salinity changes in the produced water have taken place.
However, geophysical logging reveals that the higher salinity mixing zone
underlying the brackish water lens moved into the lower end of the pro-
-duction wells open interval. This implies that the salinity of the produced
water will increase in the coming years as water from the mixing zone is
expected to contribute to the pumped water by the wellfield.

Therefore, in order to maximize the aquifer future availability in feed-
ing the desalination plant, the upward movement of the saline zone into
the brackish water lens should be delayed. This can be achieved by intro-
ducing a number of control measures on the current utilization practice,
such as modification of the present wellfield design in terms of depth,
spacing and pumping intensity in space and time. on the other hand, ar-
tificial recharge of the aquifer with excess secondary treated sewage ef-
fluent, presently discharged to the s‘ea at about 37 Mm3/y (Mubarak,
1993), is a promising option that should be considered (Treweek, 1985;
Idelovitch et al., 1980, Williams and Wesner, 1979). Technical and ec-

onomic feasibility for each proposed control measure should be re-
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searched. For the last option of artificial recharge by secondary treated
sewage effluent a health risk assessment should also be conducted (Nel-
lor et al., 1985; Roberts, 1985). Simulation modeling of the aquifer sys-
tem to predict the response to the proposed measures is a pre-requisite
to aid future management of the aquifer.

Monitoring and evaluation of the C aquifer brackish system in terms
of potentiometric head levels and salinity should be continued on a
routine basis. However, there are large areas of the C aquifer that do
not have control points, especially in the south-western parts of Bah-
rain. It is recommended that a modification of the existing observation
network be made by adding more wells at specific locations to monitor
the changes in the brackish water lens. The optimum location of the
new observation wells can be determined with the aid of geostatistical
methods. Moreover, the eastern Iateral extent of the brackish water
lens is not fully defined, especially in the north -eastern offshore areas
of the wellfield. An exploration program for these areas should be in-
itiated to aid in calculating the brackish water reserves and its future

potential for utilization.
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Table 1. Abu-Jarjur wellfield production rates in Mmz/y, 1984-1993

Year 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

Q 2.90 27.10 24.50 23.71 22.56 21,67 22,61 23.64 27.02 25.08

Source: Water Production Directorate, Ministry of Works, Powers and Water, Bahrain.

Table 2. Chemical analysis of the Abu-Jarjur wellfield pumped

water in g/L, 1985-1993,

Year TDS Na+ Ca®* Mg* K* CI 802 HCO,
1985 12.80 3.24 062 030 014 673 060 0.18
1986 1264 312 061 029 013 657 065 0.19
1987 13.06 3.16 062 028 013 652 061 0.19
1988 1235 321 061 029 0.4 651 060 0.19
1989 1262 325 064 030 014 666 059 0.9
1990 12,67 3.06 063 030 014 671 058 0.0
1991 1296 334 064 030 015 686 055 0.21
1992 1308 335 065 029 014 679 054 0.22
1993 1287 328 065 028 014 665 056 0.21

Source: Water Production Directorate, Ministry of Works, Powers and Water, Bahrain.

Table 3. Measured TDS in the wellfield production wells in g/L

Survey date, month/year

Well

p15**

Oct/1988 Oct/1990 Dec/1991

11.34
11.74
12.31
12.10
13.14
13.18
13.55
13.56
13.05
13.33
12.84
13.07
12.95
12.23
11.88

12.06
12.40
12.68
13.13
13.93
13.56
13.21
12.98
12.75
13.00
13.04
13.32
13.43
12.12
12.30

11.51
12.34
12.91
12.82
13.80
13.57
13.74
14.00
13.30
13.68
13.77
13.85
13.71
13.10
12.92

Jan/1993 Aug/1993

11.15
12.03
12.80
12.53
13.48
13.50
12.46
12.64
12.27
12.80
12.83
13.15
13.30
12.80
12.40

11.39
12.16
12.61
12.64
13.17
13.34
12.67
12.80
12.63
12.66
12.90
13.07
12.66
12.30
12.10

Source: Water Production Directorate. Ministry of Works. Powers and Water, Bahrain.
*north most well; * * south most well.
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Fig. 3. Salinity profile of the C aquifer at Abu-Jarjur wellfield (modified af-
ter GDC, 1983).
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Fig. 4. Aquifer C potentiometric head levels observation network.

\ Q0

AV Sukall s pad) B i b 9 i il 0




Teax

6861

£361 9861 $861 121}

8861

0661

661 1661

£661

Head, meter above sea level

Head, meter above sea level Head, meter above sea level

e = o by » w » w o 4 = I w » w
o o o o = = o =4 =4 o o o o o o
1 1 t T T T 1 1 [ + .
1 ' t i i i ' . 4
— il a 3 3 3 " "- 1.|°- 1 [ [l " w
o Bl vy Do £ S i
[ H i oo i T ol Voo
F H ' H . H
[ H - N [ ] — [
: H % . H . I H
b d ' -
*x T X W T W W I £ 0 n * .
S S S Sy S N — !
1SS e B i iiadiadiag A . S !
NS = ~ A N o~ -~ ’ S
NS S — WS < ) — K
hd ) el
T 3 0 ) o« .
! L ‘ ] o 1
M " 1 0
vvvvv TTTT T Rl St il T v
‘ 1 [l .
. 5 . ' I .
1 2 h . % \
. ' '
I e I e ¢ A I ] [ L 4 bFo--. .
' 1 i .
' — ' 1 - '
N B 1 ) by
: = : : 2
. \ .
' ' . 5
...... R LR ' @
I .
= : . B .
9 . . 2 .
I ' .
0 | N o N
. . .

0661

0661

1661
1661

661
2661

£661
€661

Fig. 5. Observed potentiometric head levels in the C aquifer, 1984-1993.
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Concentration of TDS, cations, and aniqns, g/L
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Measured monthly TDS and major ions concentrations in Abu-
Jarjur wellfield produced water, 1984-1993, g/L.
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