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ABSTRACT

The Bu Hasa oil field is located about 200 km southwest of Abu
Dhabi City in the U.A.E. Oil production from the field started in 1965 and a
water injection program was initiated in 1970. This research is focused on
the assessment of the environmental hazards to the Quaternary Liwa aquifer
from either the re-injection of oil-field water into the Miocene Clastic
aquifer or surface dumping into unlined pits.

Well logs, core samples, structure and isopach contour maps,
stratigraphic cross sections, and water chemistry analyses were utilized in
this study. Moreover, a detailed hydrogeological aquifer assessment was
conducted and a classification scheme for the various brines was
established.

Iso-salinity contour maps over the Bu Hasa field area indicate a
general increase 1n salinity from 2,000-3,000 mg/l in 1964 to 5,500 mg/l in
F996.

Stable i1sotopic analysis of water samples from the Liwa and Bu Hasa
areas suggests that the oil-field water and water of the Quaternary Liwa
aquifer have different signatures. This result implies the lack of fluid
communication between the Miocene Calstic and the Liwa aquifer. This
observation is further supported by the presence of an effective sealing
interval represented by the Miocene evaporites that isolate the two aquifers.

Integrated geologic, hydrogeologic, hydrochemical and stable isotope
analyses, indicate that the disposal of oil-field waste water into the Miocene
Clastic aquifer in the Bu Hasa area does not contaminate the shallow
Quaternary aquifer. In contrast. the same analyses demonstrate that the
disposal of brines in unlined pits is the practice that has a definite
adverse effect on the Quaternary Liwa aquifer in the Bu Hasa area.
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CHAPTER 1

INTRODUCTION

Bu Hasa oil field, the subject of this study, was discovered in 1962
on a seismic anomaly (Figure 1). Oil production started in 1965 from the
Lower Cretaceous Shuaiba Formation as the principal productive horizon,
with some production coming from the Upper Kharaib Formation
(Thamama zone B). The total daily production from the field in the year
1996 was nearly 450,000 barrels (bbls). In the 1970’s, there was a
significant drop in the reservoir pressure that necessitated the introduction
of a secondary recovery method. A water injection program was therefore
initiated to maintain the reservoir pressure. About 5,500 billion barrels of
water supplied from the Simsima, Umm Er Radhuma (UER) and Dammam
aquifers, were injected into the field, during the period 1970-1996
(Figure 2).

After oil is produced. entrained water (produced water cut) is
separated from the oil in surface facilities. Although water and oil are
separated, some hydrocarbons, especially fatty acids. will always remain in
emulsion.

The produced water cut, with an average concentration of 280

(ppm) oil and Total Suspended Solids (TSS) of 90 mg/l. was
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disposed off by injection. ADCO has been injecting this water into the top
of the Miocene Clastics interval at a depth of around 900 ft (274 m) to
1200 ft (366 m). The gross volume of the injected water into the disposal
wells in Bu Hasa field is estimated at 5,000-10,000 bbls/d.

Water withdrawn from the Simsima, Umm Er Radhuma and
Dammam aquifers has Total Dissolved Solids (TDS) contents ranging
from 100,000 to 200,000 mg/l. The water injected into the oil reservoir is
not homogeneous and parameters such as TSS may vary. The increase in
the TSS value above 2 mg/l may cause loss of injectivity due to blocking
of the porous oil-bearing reservoir. Therefore, approximately two thousand
barrels of water per day (average for 1996) have been diverted to the
desert during the clean-up of source wells after being shut in. Once the
TSS meets the required standards, the water is injected into the oil
reservoir. The water that 1s flowed to the desert either evaporates or
percolates into the Quaternary sand aquifer. which represents a part of the
Liwa fresh-water aquifer. This re-injected water contains inseparable oil
remnants and high content of dissolved salts that create a risk of

contaminating the shallow aquifers in the region.

1.1 Location
The Bu Hasa oil field of the Abu Dhabi Emurate is located about

124 mi, 200 kilometers (km), southwest of Abu Dhabi City, 37 mi (60 km)



south of the Arabian Gulf coastline and 40 mi (65 km) northwest of the
Liwa Crescent. It 1S 22 mi (35 km) long from north to south, approximately
15.5 mi (25 km) wide and covers a surface area of about 243 mi* (639

km?) .

1.2 Objectives
The main objectives of this study are: a) to evaluate the possible
contamination of the Quaternary Liwa aquifer in the Bu Hasa oil field by
highly saline, metal and oil bearing effluent generated in association with
produced oil, b) to determine the factors that may control contamination
such as stratigraphic setting, geologic structure, groundwater-flow
direction and water chemistry will be taken into consideration, and c¢) to
assess the environmental hazards due to contamination of the Quaternary
aquifer by oil-field waste water.
1.3 Methods of Study
1.3.1 Field Work
a. Field visits were paid to the Hasa field in April and September 1996.
Investigations included the domestic water wells, water supply wells
and waste-water injection wells.
b. In April 1996. 17 water samples were collected from the domestic
water-well field. 12 samples were obtained from shallow rig wells,

close to selected water-supply wells, 2 samples were collected from



Al Daafra and Bin Thani camps and 1 sample was obtained from the

waste-water injection plant.

c. In September 1996, 13 water samples were collected from the domestic
water-well field, 1 samples was obtained from shallow rig wells, close
to selected water-supply wells, 2 samples were collected from Al
Daafra and Bin Thani camps and 1 sample was obtained from the
waste-water injection plant.

d. Examination of 10S ft (32 m) core recovered from the Miocene Lower
Fars Formation.

1.3.2 Laboratory Work

a. Chemical analysis of the major and minor constituents of groundwater
samples collected for this study were performed by Atomic Absorption
Spectrometer (AAS) and Inductively Coupled Plasma (ICP) and Ion
Chromatography. The main physical parameters of water such as
Electrical Conductivity (EC) in microsiemens per centimeter (uS/cm),
temperature (°C) and pH were directly measured in the field.

b. Measurement of hydrocarbon content in some water samples derived
from the Liwa Formation was performed by solid-phase extraction
(SPE) and gas chromatography-mass spectrometry (GC-MS).

c. Petrographic examination of core samples recovered from the

evaporitic sediments of the Fars Formation.



1.3.3 Office Work

S

. Literature search on the thesis subject, including water re-injection
procedure, legislation, standards, hazards and case studies.
b. Collection of previous geologic, hydrogeologic, geophysical and

hydrogeochemical data on the study area.

(@)

. Use of available geologic data for construction of isopach maps for the
Miocene clastic aquifer, the Lower Fars evaporites and the Quaternary
aquifer within the study area.

d. Use of the available hydrogeologic data for construction of longitudinal

and transverse hydrogeologic cross sections for the study area.

e. Preparation of iso-salinity maps and iso-concentration maps for major

ions and trace chemical constituents in water samples collected from

the Quaternary aquifer within the study area in April 1996.

™

Use of geologic. hydrogeologic, hydrogeochemical and isotope data in
assessment of the impact of injecting oil-field water in the Miocene
clastics on groundwater in the Quaternary Liwa aquifer within the Bu

Hasa field.

e. Preparation of the final draft and writing the thesis.



1.4 Previous Studies

A number of geological and hydrogeological studies have been
carried out on the Bu Hasa field. The geology and water chemistry of the
Quaternary Liwa aquifer, as well as the Miocene, Dammam, UER and
Simsima aquifers have been investigated for water injection purposes.

Light and Halse (1964) studied groundwater development and
exploration in the vicinity of Bu Hasa and Bab oil fields, formerly called
Murban. Their report is subdivided into three parts: part one is concerned
primarily with the history of water-well drilling for rig supply from 1958,
together with completion and production methods, and includes a detailed
tabulation of mechanical data and costs. Part two covers detailed
groundwater information from the Murban area including partial and
complete analyses. water levels and general occurrence. The report
includes general comments on these data and a detailed list of all the wells
drilled in the Murban field up till April 1964. Part three is concerned in
general terms with the total dissolved solids content found in groundwater
over the entire Abu Dhabi area. On a base map, scale 1:500,000, the TDS
contents of groundwater in the Abu Dhabi area were illustrated based on
the information obtained from drilling. geophysical survey, Bedu wells and

other sources gathered in the course of Company’s operations in the area.



Gosling (1973) carried out a geological review of the deep aquifers
which include the Miocene clastics, Eocene Dammam, Paleocene-Eocene
UER and Upper Cretaceous Simsima formations.

Budd (1973) conducted a feasibility study for a proposed scheme
designed to remove salt from the produced crude at Bu Hasa. This scheme
involves the use of 10,000 barrels of water per day to wash the crude and
its subsequent disposal. It was suggested that the near-surface ‘dune sand’
aquifer may be able to produce this fresh water.

In 1981, Goudain studied the Tertiary and Upper Cretaceous
aquifers of onshore Abu Dhabi. The main purpose of the study was to
describe the four water-bearing formations, which include the Tertiary
Sahil (Miocene clastics), Dammam, UER and the Upper Cretaceous
Simsima, within the regional pattern of the recent data obtained from Bab-
129 well drilled between Bab and Bu Hasa. Geological data were
reviewed 1n order to investigate the potential of the studied aquifers for
sustained water production. Isopach and structure contour maps were
constructed to show the pattern, structural setting and evolution of these
formations. Porosity maps were made for each formation and for each sub-
unit. Aquifer characteristics, such as porosity and permeability, were
compiled and summarized in tables and plots. Lithologically, the Sahil

(Miocene clastics) Formation was described.
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Hassan and Al Aidarous (1985) compiled a report on the regional
geology of aquifers in onshore Abu Dhabi. Most of the data in this report
were derived from water well data and from the ADCO report on the
Tertiary and Upper Cretaceous aquifers of onshore Abu Dhabi (Gouadain,
1981). The report contains isopach maps of the three main aquifers;
Simsima, UER and Dammam formations in Abu Dhabi. Each formation
was subdivided into 3 subunits, and it happens that Unit 2 of each

<

formation has the highest porosity and permeability; the so called clean
zone.

De Matos (1986) published a study on the UER and Simsima
aquifers in the Bu Hasa field. In this study, he defined the facies, reservoir
characteristics, facies/reservoir relationships, diagenesis and depositional
history of these two aquifers. Twenty-two cores from five wells in the
Simsima Formation and 40 cores and 107 sidewall cores from four wells in
the UER Formation were examined and studied. De Matos (1986)
prepared a total of 466 thin sections of UER Formation and 137 thin
sections of Simsima Formation and used it for detailed microfacies and
petrographic investigations. In addition to the cored wells, 54 wells were
used in the correlation of the study.

Where sufficient core recovery was obtained, porosity versus

permeability cross plots for the various units and subunits of the UER and
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Simsima formations were constructed. Nine reservoir appraisal sections,
five data summary charts, seven cross sections and twelve isopach and
structural maps were constructed.

In 1995, the Arab Center for Engineering Studies prepared a study
on the impact of leakage from unlined pits in Bu Hasa field on the
Quaternary Liwa aquifer. Eight boreholes were drilled to a depth of 130 ft
(40 m) and 20 lithologic samples were obtained from each borehole at
different depths using a split-spoon sampler. The notable results of this
study came from one borehole drilled adjacent to a seepage pit in the base
camp area, two boreholes at BU-40, one near the discharge pipeline outfall
and the other in an area not affected by disposal operations, and finally
two boreholes drilled at BU-68; one near the discharge pipeline outfall and
the other in an area not affected by disposal operations (NDC--USGS,
1996). The results suggest downward seepage from several locations
occupied by disposal pits within the central area of the field. Waste water
has been diverted to seepage pits by a closed drain system at a rate of
1.000 to 1,500 bbls/d (AEA. 1994). The highest concentration of oil
sampled near the seep pit, about 9.600 mg/l. came from a depth of 115 ft
(35 m) below land surface. Soil samples collected near discharge pipeline
out falls from BU40 and BU68 also suggest downward movement of

disposed fluids. A chloride concentration of 1,240 mg/l was observed at
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depth of 130 ft (40 m) at Bu-40. These results indicate that the saline water
from unlined pits has infiltrated to a depth of at least 130 ft (40 m).

The latest study was conducted by National Drilling Company
(NDC) and United States Geological Survey (NDC-USGS) Groundwater
Research Project (GWRP) in 1996, to examine the potential for
contamination of the Quaternary Liwa aquifer by disposal of brine in Bu
Hasa and Asab fields. The project drilled two water wells (GWP-188A
and GWP-188B, Figure 3) and recovered two cores in the Lower Fars
Formation in one of the two wells. Production test, water quality and
wireline logs were obtained. The conclusion of this study is that the
groundwater mound and associated saline plume, derived from the
infiltration of wasted brine diverted and pooled in an unlined pit, has
seeped into Liwa aquifer to a depth of 300 ft (91 m) near Bu-303. The
presence of this plume indicates that groundwater degradation has

occurred in the Bu Hasa field due to oil-field activities.
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CHAPTER 11
GEOLOGIC SETTING
2.1 Stratigraphy

The Miocene rocks in the Abu Dhabi Emirate are either exposed as
scattered outcrops (e.g. at the various diapiric islands) or buried under a
thin cover of surficial sediments (Figure 4). Precise chrono-stratigraphic
assignment of these rocks is not available due to the lack of
stratigraphically significant fossils (Peebles, 1995). However, isotope
dating methods have been utilized by several workers to delineate the
stratigraphic position of these rocks.

Conventionally, the Miocene sediments of Abu Dhabi are classified
into Miocene clastics and Miocene evaporites. The Miocene clastics are
considered of Early Miocene age (Peebles, 1995). These clastics are also
known as the Baynunah Formation in western Abu Dhabi. This unit is
predominantly composed of friable sandstones, siltstones and marls
interbedded with thin beds of limestone and anhydrite. Regionally, this
formation exhibits considerable lateral variation in lithology and thickness.
This variation i1s generally observed from western to eastern Abu Dhabi.
On the other hand. the Miocene evaporites, also known as the Gachsaran
Formation (Peebles 1995: Alsharhan 1989; and Whybrow 1989), are

believed to be of Late Miocene age. This unit is considered equivalent to



GENERALIZED STRATIGRAPHIC COLUMN SHOWING THE
MIOCENE SECTION IN THE STUDY AREA
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the Lower Fars hydrologic unit in western Abu Dhabi. It consists mainly of
carbonates and evaporites with minor basal siliciclastics. Based on detailed
sedimentological and geochemical analyses, Peebles (1995) interpreted
this unit to comprise multiple shallowing-upward cycles of dolomitized
(shallow subtidal to supratidal) carbonates and evaporites, namely gypsum
and anhydrite, formed in an arid coastal setting. Therefore, according to
Peebles (1995), the depositional model for this formation involved an arid
coastal setting dominated by large, hypersaline, coastal lagoons and
ephemeral lakes.

The Miocene in Abu Dhabi Emirate and particularly in the study
area is underlain by the Dammam limestones and overlain by a blanket of
Recent sand dunes and sabkha deposits. The average thickness of the
Miocene in the Bu Hasa field area is approximately S00 ft (152 m).

In this study. two log correlation cross sections are presented, north-
south and east-west. across the Bu Hasa area. These sections show the
petrophysical characteristics of the Quaternary Liwa Aquifer. Lower Fars
evaporites, Miocene clastics and upper section of the Dammam Formation
(Figures S and 6). The datum is top Dammam and there is no horizontal

scale. but distances between wells are indicated.
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2.1.1 North-South Cross Section

Log correlation section A-A’ (Figure S) contains five Bu Hasa
wells. Well No. FF in the Bab field in the north is added to show thinning
of the Liwa aquifer towards the coast. Five of the wells have the interval
transit time sonic log for porosity indication and Bu-DD has a neutron
porosity index curve. The two Tertiary units, the Miocene clastics and
Lower Fars, are thicker in Bab-FF to the north. These same units may
become thicker north of Bab Field into the Arabian Gulf and then into the
Iranian geosyncline. The Lower Fars unit in Bab-FF, in addition to being

thicker, contains a higher percentage of gypsum in the upper subunit.

2.1.2 East-West Cross Section

Five wells are arranged along this line covering 20 ki in an east-
west direction (Figure 6). All wells have gamma ray curves for lithology
and radioactivity differentiation. One well, Bu-CC, has a sonic log for
porosity measurement and the other wells have neutron curves for the
same measurement. The Well BU-303 (188A), drilled by the NDC-USGS
Groundwater Research Project (GWRP), has a bulk density log and a

neutron porosity curve. That combination gives the best definition of
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lithology together with the gamma ray. The Miocene clastics have a fairly
consistent log character and thickness east-west across Bu Hasa. They
appear fairly clean on the logs with only a few shaly or limy streaks.
According to logs, the Lower Fars has two subdivisions; a predominant
upper portion of slightly marly limestone with some gypsum, and a lower
portion of interbedded thin anhydrite and thicker marls. The overall unit is
thinner in the middle of the correlation section over the crest of the Bu
Hasa structure. The Liwa aquifer is fairly massive across the area but the
lower portion has a slightly higher level of radioactivity in Bu-303 (GWP-

188A) and could be slightly marly or argillaceous.

2.2 Lithological Description

In general, the upper part of the higher beds in the Miocene
succession 1s substantially composed of sandstone facies underlain by
limestones, marls and gypsum beds. In the west, the Miocene Clastics of
the Baynunah Formation form the mesas and jebels (hills) frequently
encountered along the coast. In the east, the Lower-Middle Miocene
carbonates and evaporites of the Gachsaran Formation form inland buttes
and small isolated outcrops or lie just meters below surface sabkhas. The
Miocene sediments are also exposed on many of Abu Dhabi’s islands,

brought to the surface by salt diapirism. Along the coastal strip, the
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sandstones crop out in mesas and surface deposits, and also occur as the
dominant aquifer towards the south in thick dune areas. The drilling of a
sufficiently thick porous interval below the water table usually results in
water production from a variety of lithologies in all parts of the Bab
(Murban) area. With the exception of the evaporite and marl horizons, all

near-surface beds appear to be porous and water-bearing.

2.2.1 Miocene Clastics

These clastics consist of friable sandstones, siltstones with marl and
thin limestone and anhydrite intercalations (Figure 7). According to
Gosling (1964), this formation exhibits considerable lateral variation in
lithology and thickenss on a regional scale from western to eastern Abu
Dhabi. The Gamma ray correlation of Bab and Bu Hasa fields indicates
remarkable changes in lithology and thickness.

The Lower Fars Formation unconformably overlies an eroded,
channelled and weathered surface of the Hormuz Group at Dalma Island
and can be subdivided into three lithostratigraphic units from top to base
(Figure 8):

a. Unit A lies conformably over Unit B and consists of interbedded white,
slightly hard limestone, buff to reddish brown siltstone and reddish
gray marl. Translucent selenite-fills veins and fractures in the upper

part of this unit. Iron staining is notable. Units A and C are believed
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to be deposited under a shallow marine environment, while Unit B was

deposited in a fluviatile setting (Salah, 1996).
b. Unit B is the thinnest unit within the section, 7 ft (2 m) to 20 ft (6 m),
and lies conformably over Unit C. It consists mainly of fine to

medium-grained sandstone with reddish brown to buff hues due to

staining. The sandstone is silty in parts.

c. Unit C i1s the thickest Miocene unit, 16 ft (5 m) to 49.2 ft (15 m), and
rests unconformably over the Hormuz Group. It consists of gray marl
becoming highly calcareous, changing both vertically and laterally into
hard gray limestone. Bands of white gypsum are also recorded at some

localities. Iron staining is notable in the upper part of this unit.

2.2.2 Miocene Evaporites

Throughout the area, Miocene evaporites occur either near surface
or. in some localities, as surface outcrop. In the coastal area and tonguing
inlands for a distance of up to some 15 mi. (24 km), sabkha flats
extensively overlie the Miocene sediments. Although flat topped, outcrops
of Miocene strata commonly penetrate up through this cover and in some
cases are of quite large areal extent. South of this zone, the Miocene

sediments are overlain by dune sands. In the north, this sand cover has a
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patchy distribution and relatively thin. Southwards, it becomes
progressively more extensive and thick.

In the Bu Hasa region, at the southern end of the field, the sand
cover exceeds 200 ft (61 m) in thickness, masking almost completely the
underlying strata. However, in isolated locations, small windows and deep
hollows in the sand cover do allow the Miocene strata to be exposed at the
surface.

The confining unit belonging to the Lower Fars Miocene evaporites
s 525 ft (160 m) thick and consists mainly of mudstone, siltstone and marl
with interbeds of evaporite. The thickness of the evaporite reaches about
49 ft (15 m), great enough that it would appear to be an effective seal
against vertical flow of water at the base of the Liwa aquifer. Southwards
across the Bab Field towards Bu Hasa, a gradual topographical rise occurs
and similarly, but to a lesser degree, an increase in structural elevation
within the Miocene strata is evident, if one refers to the depths at which
the Miocene Clastics are encountered in the various development wells.
For instance, from the coast south to Mb-13, there is a topographical rise
of some 350 ft (107 m) and an increase in structural elevation within the
Miocene of roughly 150 ft (46 m). The depth of the water table below the

ground level is as little as 2 ft (0.6 m) in the sabkha areas, but it gradually
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becomes deeper to the south (Bu-J) where it reaches 80 ft (24 m) to 140 ft
(43 m).

Within the Murban area, the formations encountered in various
water wells are largely determined by how far the particular well is from
the coast. Near the coast, the Miocene aquifer can be reached at surface
or after penetrating a small thickness of sabkha cover. Further south, but
still in the area of the Bab dome, the Miocene section crops out at the
surface or lies below a thin cover of dune sands.

Surface outcrops, where visible, consist of Miocene sediments
varying lithologically from friable sandstones to limestones, marls and
gypsum, which are all generally evaporitic in nature. On the coastal strip,
these outcrops commonly rise above the sabkha cover to form a mesa-type
topography. Over the Bab dome area, the Miocene sediments occur as
extensive, weathered outcrops, or are masked by a shallow sand cover. On
the Bu Hasa dome. Miocene outcrops are mainly confined to small local
hollows of limited aerial extent, being otherwise Miocene sediments are

buried beneath thick dune sand.

2.2.3 Petrography
In conjunction with the drilling of the borehole GWA-188A (Figure
3), 105 ft (32 m) of core within the Lower Fars Formation (675-735 ft and

765-810 ft) were recovered. The core samples were brought to the Abu



2%

Dhabi Company for Onshore Oil Operations (ADCO) for analysis of
lithology and hydraulic conductivity (Figure 7). The author has described
core samples for ADCO and the NDC-USGS GWRP. Description of

selected core samples is illustrated in Figures 9 to 19.
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Figure 10 Core photograph (depth = 683ft.and 5 in) of light siltstone-claystone, with
nodules of anhydrite (arrow) ranging in size from 2 to 5 Cm. Notice the iron
staining and horizontal burrowing.
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Figure 11. Core photograph (depth = 693ft. and 6 in) of buff, light gray, brownish and
yellowish claystone-limestone, with iron-oxide staining. Porosity is vuggy
and partially filled with gypsum.

Figure 12. Core photograph (depth = 696ft. and 7 in) of laminated and finely-bedded
claystone-limestone showing light to dark gray color. Notice the presence
of shell debris and oxidation (arrow).
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Figure 13. Core photograph (depth = 709ft. and 7 in) of gray, whitish gray limestone
(wackestone-packstone) with clay clasts and large well-preserved echinoids
fragments (arrows). Notice the relatively high porosity due to leaching.

o

)

Figure 14

Core photograph (depth= 715ft.) of light to whitish gray coarse lithoclastic
limestone (packstone), locally argillaceous with angular to subangular
lithoclasts ranging in size from a few to 1.5Cm.(arrows). Notice the partial
replacement of some shell fragments by anhydrite.
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Figure 15.Core photograph (depth= 771ft.) of light gray to light brown, black spotted

bioclastic limestone (wackestone-packstone), with some gypsum nodules
(arrow).

Figure 16.Core photograph (depth=778ft.and 10 in) of mudstone-siltstone of greenish
to light gray color. The rock is locally nodular with fine dark clayey

material (arrow).
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Figure 17. Core photograph (depth = 781ft. and 4 in) showing an interval of dark gray
gypsum with cloudy appearance.
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Figure 18 Core photograph (depth = 785ft. and 10 in) of light to dark gray siltstone
with scattered gypsum nodules (arrow) and cloudy appearance.
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Figure 19. Core photograph (depth = 790ft.and 6 in) showing light to dark gray
burrowed siltstone with gypsum nodules. Notice the presence of
fractures (arrows) that are locally enlarged and irregular.
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2.3 Geologic Structure
In western Abu Dhabi, gentle and simple folds are common
features. Folds are aligned north-south, probably related to deep seated
basement tectonics (Hassan and Al Aidarous, 1985).
The structural configuration in the study area is interpreted, in this
section, based on structural and isopach contour maps constructed for the

Miocene clastics, Lower Fars evaporites and Liwa aquifer.

2.3.1 Structure Contour Map of the Miocene Clastic Aquifer

The structure map on top of the Miocene clastic aquifer clearly
shows the local and regional structural configuration of the study area. The
Bu Hasa field is shown as a north to northwest plunging structural nose
with dips on the east into the Falaha syncline and less obvious dips on the
west into the Ras Gharib syncline (Figure 20). The top of the Miocene
clastics is the shallowest mapped surface which shows the Bu Hasa north-
south structural trend. Geophysical studies using gravity and magnetic
records have indicated that the north-south trend is basement-block
related. Subsurface mapping deeper in the section has revealed the

southern dip which makes Bu Hasa a dome.
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Figure 20. Structure contour map of the Miocene clastic aquifer in the Bu Hasa
area. Contour interval = 25 ft.
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2.3.2 Structure Contour Map of Lower Fars Evaporites
The shallowest structural map is on top of the Lower Fars Miocene
evaporite (Figure 21). The structural pattern is very complex because the
mapped surface is a combination of erosional truncation and formation top,
so the local and regional structures are not well defined. There is
approximately 100 ft (31 m) of regional west dip across the area, from 50

ft (15 m) above sea level to 60 ft (18 m) below sea level.

2.3.3 Isopach map of the Miocene Aquifer

This map shows a well-defined NNE-SSW thinner trend which may
have been produced as the result of thining over a structural high, the Bu
Hasa north-plunging nose (Figure 22). Iso-thickness contours range from
less than 375 ft (114 m) in the northwest of the field to more than 525 ft

(160 m) along the eastern flank, and around 300 ft (90 m) on the crest of

the field.

2.3.4 Isopach Map of Lower Fars Evaporites

The isopach map of the Lower Fars Miocene evaporite indicates a
thicker east-west axis across Bu Hasa, a thicker trend to the north and a
thinner trend to the south (Figure 23). However, the range of values of 1so-

thickness contours is quite small, from 475 ft (145 m) to 526 ft (160 m).
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Figure 21. Structure contour map of the Lower Fars Formation
(Miocene Evaporites). Contour interval = 10 ft.
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Figure 22. Isopach map of the Miocene clastic aquifer at the Bu Hasa area.
Contour interval = 25 ft.
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2.3.5 Isopach Map of the Liwa Aquifer
The i1sopach map of the Liwa aquifer reveals an increase in
thickness from approximately 375 ft (114 m) in the west to more than 575
ft (175 m) in the east (Figure 24). Not indicated on this map, however, is
the rapid decrease in thickness towards the Bab field in the northeast. The

north-south log correlation section shows only 150 ft (46 m) or less of

Liwa aquifer at Bab-FF (Figure 5).
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Figure 23. Isopach map of the Lower Fars Formation (Miocene Evaporites) at the
Bu Hasa area. Contour interval = 25 ft.
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Figure 24. Isopach map of the Liwa aquifer at the Bu Hasa area.
Contour interval = 25 ft.
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CHAPTER III

HYDROGEOLOGY

3.1 Climatic Conditions

Climatological data for the period 1979-1992 show that the mean
annual temperature in the Bu Hasa field is 28°C (Ministry of Agriculture
and Fisheries, 1993). Rainfall records show that the Bu Hasa area receives
most of the annual rainfall, 0.60 in (15 mm) during February. Trace
amounts are recorded in December and March (Ministry of
Communications, 1996); no rainfall data were recorded in January. The
total mean annual rainfall at the Bu Hasa Meteorological station for the
period 1979-1992 i1s 0.62 in (15.7 mm). At Asab meteorological station
(100 K to the South-East), the average annual rainfall for a 20-year
period (1965-1985), is 1.6 in (40 mm), and the potential evapotranspiration
varies between 27.3 in (690 mm) during November-March and 102.7 in

(2,600 mm) during April-October.

3.2 Aquifers
The water-bearing units (aquifers) within the study area can be

classified into (Figure 2):



a. Brine-Produing aquifers include
aquifers. Water produced from

TeServolrs to maintain pressure

aquifers are summarized in Table 1.
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the Simsima, UER and Dammam
these aquifers is injected into oil

. The hydraulic properties of these

b. Waste-water disposal aquifer is represented by the Miocene clastic

sediments. In these sediments, water used for oil-wash are disposed

after treatment.

¢. Domestic water-supply aquifer is the Quaternary Liwa aquifer in the Bu

Hasa area. Water from this aquifer are produced for domestic uses and

oil washing.

The lithology, salinity and thickness of the most important aquifers

and confining units in the Bu Hasa area are discussed in the following

subsection and summarized in Table 2.

Table 1. Hydraulic properties of the Dammam, UER and Simsima aquifers
in the Bu Hasa oil field (modified after Hassan and Al Aidarous,

1985).

Aquifer Porosity Intninsic Permeability (k) Transmissivity Storage

(%) (T) Coefficient
(ft"/day) (Sc)
Darcy cm/sec

Simsima 06-35 | 0.0001-0.4 | 8.5x 10°%- 3.4x10" 15-220 4.0 x 10°*

UER 15-25 | 0.01-0.05 | 85x 10 4.3x10" 40-150 9.0 x 10™

Dammam | 22-25 | 0.02-004 | 1.7x10°-3.4x10" 30-60 68x10"




Table 2. The main hydrogeologic units and groundwater use in the Bu
Hasa oil field (NDC-USGS, 1996).

Hydrogeologic | Thickness | Nature | Lithology | Salinity | Importance and use
unit (m) (mg/L)

Liwa aquifer 135 aquifer | eoliansand | 3.000 | Domestic supply.
wash water and fire
fighting

Lower Fars 160 confining | evaporites/ | 5.000 | Prevents vertical flow

confining unit unit clastics

Miocene 100 aquifer sand 100,000 | Receives injected
Clastics aquifer brines

Dammam 265 aquifer | limestone | 70.000 | Source of water for
aquifer injection into
Treservoirs
Rus confining A confining | anhydrite/ | unknown | none
unit unit limestone

UER aquifer 415 aquifer | limestone | 160.000 | Source of water for
injection into
reservoirs

Simsima 270 aquifer | limestone | 230.000 | Source of water for
aquifer injection into
reservoirs

3.2.1 Brine-Producing Aquifers

The hydraulic properties and the relationship between the
Quaternary Liwa aquifer and the Miocene clastic aquifer are the main
focus of this chapter. However, because saline waters are produced from
the Dammam. UER and Simsima aquifers for injection into petroleum
reservoirs, the following is a brief discussion on each of these aquifers
(Table 3 and Figure 25):
3.2.1.1 Simsima Aquifer

The carbonate sequence of the Simsima aquifer has been subdivided

into three units; the lower unit 1s composed of chalky, shaly packstones
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and wackestones, the middle unit is made up of dolomitic and chalky
packstones and wackestones and the upper part is characterized by a
rather dense, clean limestone. The Simsima aquifer reaches its maximum
thickness, 1200 ft (366 m), at the center of the Falaha syncline, from which
the thickness decreases towards the north, west and southwest. The
aquifer’s hydraulic properties are given in Table 1.

Table 3. Volumes of water produced from various aquifers, injected into

the petroleum reservoirs and diverted to unlined pits in the desert
during the period 1970-1996.

Water produced from the Water injected into | Water diverted into unlined
Year Simsima, Dammam and UER | oil reservoirs (106 pits in the desert (106
and aquifers (106 barrels) barrels) barrels)
1970 003.1 003.1 000.0
1971 026.3 026.3 000.0
1972 192.2 192.2 000.0
1973 268.3 268.3 000.0
1974 273.8 273.8 000.0
1975 227.8 2278 000.0
1976 210.7 210.7 000.0
1977 265.7 260.6 0051
1978 273 2145 002.8
1979 215.9 2152 000.7
1980 167.9 166.6 001.3
1981 156.1 156.1 000.0
1982 135.8 1354 0004
1983 085.8 075.6 010.3
1984 104.1 ~ 085.1 019.0
1985 099.5 092.6 006.9
1986 086.3 071.8 014.5
1987 - 220.8 184.6 036.2
1988 238.5 2014 037.1
[ 1989 223.0 193.7 029.2
1990 2393 - 2203 019.0
1991 274.2 261.8 012.4
1992 303.3 300.1 003.2
1993 Sili3L0 309.7 003.3
1994 314.0 311.7 002.2
1995 3088 307.2 001.6
1996 - 319.0 3185 000.6
Total 5,490 5,285 0206
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Figure 25. Chart showing the annual summary of water volumes produced from various aquifers, injected into the petroleum reservoirs and diverted to the desert in unlined
pits (bbl)
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3.2.1.2 Umm Er Radhuma (UER) Aquifer

The Paleocene-Eocene UER aquifer is formed of four lithological
units; the upper unit is composed of shaly lime mudstones, wackestones,
and fine-grained packstones with dolomites, the second unit consists of
mudstones, packstones, grainstones and wackestones, the third unit is
composed of dolomitic mudstones and wackestones and the basal unit is
represented by shales and marls. The total thickness of the aquifer ranges
from 1,000 ft (305 m) to 2,000 (610 m). Table 1 includes a summary of the

hydraulic properties of the aquifer.

3.2.1.3 Dammam Aquifer

The Eocene Dammam aquifer is formed of dolomite with anhydrite
in the upper part. foraminiferal packstone and grainstone in the middle and
shales and argillaceous limestone in the lower part. The thickness of the
Damimam aquifer ranges from 200 ft (61 m) to 1,600 ft (488 m), with a
gradual thickening from west to east. Despite the high average porosity of
the core samples, the intrinsic permeability (k) of the aquifer is low. The

hydraulic properties of the aquifer is summarized in Table 1.
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3.2.2 Waste-Water Disposal Aquifer

The Miocene clastic aquifer in the study area is used for disposal of oil-
wash water. The aquifer is also utilized as the receiving zone for Injection
of waste brines from petroleum production. The aquifer attains an average
thickness of about 328 ft (100 m). The water in this aquifer is brine,
containing two to three times the TDS concentration of sea water. During
the 1964-1994 period, 23 million barrels of treated waste water were
injected into the Miocene clastic aquifer in the Bu Hasa field, whereas 204

million barrels were diverted to unlined pits in the desert.

3.2.3 Domestic Water-Supply Aquifer

The Quaternary Liwa aquifer contains water that is slightly (500-
3,000 mg/l TDS) to moderately (3,000-10,000 mg/l TDS) saline, with an
average TDS concentration of about 3,000 mg/l. Because it has the lowest
salinity in the study area. water of the Quaternary aquifer is used for oil-
camp domestic supply. irrigation. fire fighting and as dilution water to
reduce the salinity of petroleum “wash water”. The aquifer i1s shallow,
unconfined and composed predominantly of eolian sand. Consequently,
there is a high potential for aquifer contamination by waste water moving
downward from unlined pits in the desert or upward from the Miocene

aquifer through the Fars Formation.
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3.2.3.1 Depth to Groundwater

Figure 26 is based on field measurements of depth to water in the
domestic wells and shallow rig wells during April 1996. It shows that the
depth to the groundwater in the Quaternary Liwa aquifer within the Bu
Hasa field ranges from 80 ft (24 m) in the northwest and southeast to 170
ft (52 m) in northeast and southwest. Together with the ground elevations,

this map was used for construction of a general hydraulic head map for the

Liwa aquifer in the Bu Hasa field in April 1996.

3.2.3.2 Saturated Thickness

The saturated thickness contour map of the Quaternary Liwa aquifer
in the Bu Hasa area during April 1996 was constructed by subtraction of
the field-measured depth-to-water from the base of the aquifer at each
sampling point (Figure 27). The direction of groundwater flow,
contamination of shallow groundwater and direction of contaminant
movement suggest the re-location of the domestic water-supply field from
its present position in the central part to the southeastern corner of the
study area. The proposed new position has the following advantages:
a. The aquifer’s saturated thickness is about 100 m compared with 25 to

45 m thickness in its present position.
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Figure 26. Depth to ground water contour map, in feet below the ground surface,
in the Bu Hasa area, based on field measured data in April 1996.
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Figure 27. Saturated thickness contour map of the Quaternary Liwa aquifer,

in feet, in the Bu Hasa area in April 1996.




b. The new site is relatively closer to the Liwa fresh-water mound which

acts as a recharge source to the Quaternary Liwa aquifer in the Bu

Hasa area.

¢. The wells of the new field will intercept larger amount of reatively better
quality water compared to wells of the present field.

d. Contaminant plume from previous discharge activities in unlined open
pits in the southern part of the field is now moving towards the present
domestic well field and is expected to reach it within the next 10 years.

Polluted water can be tapped in the cones of depressions of the field.

3.2.3.3 Hydraulic Heads

The hydraulic-head contour map constructed for the Quaternary
Liwa aquifer in the Bu Hasa area in April 1996 shows the following
(Figure 28):
a. The general groundwater flow direction in the study area is from south
to northwest.
b. A groundwater mound occupies the central part of Bu Hasa field,
southeast of the domestic water-well field.
c. The presence of two southeast-trending tongues of higher salinity water

(poor quality water) in the northwestern part of the study area reflects
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the effect of groundwater pumping from the Liwa aquifer in the area
occupied by the domestic water-well field.

d. The hydraulic gradient is highly vanable in the field ranging from 0.01
in the southwest to 0.001 in the southeast and northwest. In addition to
the effect of pumping, the hydraulic gradient also reflects the
heterogeoeous mature of the aquifer.

Figure 28 also indicates that the general groundwater flow from south
to northwest agrees with the general groundwater flow pattern in the
sandstone aquifer system in U. A. E. (Rizk et. al., 1996). However, the
presence of a groundwater mound in the central part of the Bu Hasa
field represents a local feature which is possibly related to the
infiltration of waste water disposed off in open, unlined pits in this

arca.
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Figure 28. Hydraulic head contour map of the Quaternary Liwa aquifer, in feet above
sea level, in the Bu Hasa area, based on field-measurements in April 1996.
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CHAPTER1V

HYDROGEOCHEMISTRY

The objectives of this chapter are to study the hydrochemical
characteristics of groundwater in the Quaternary Liwa aquifer at the Bu
Hasa field, investigate the effect of geological and hydrogeological
conditions on water chemistry and determine the possibility of
groundwater contamination in the Quaternary Liwa aquifer as a result of
disposal of oil-field water in the Miocene clastic aquifer.

In April 1996, 32 groundwater samples were collected from
domestic water wells (Figure 29) and shallow ones close to selected
water-supply wells and two waste-water disposal wells. The collected
samples cover the central area of the field and its perimeter. Collected
samples were directly analyzed in the Food Control Laboratory, Abu
Dhabi, for major. minor and trace constituents. In September 1996, 17
samples were collected, mainly from the domestic water wells, and
analyzed for some major and trace constituents in the Desert and Marine
Environment Research Center, U. A. E. University. Figure 30 shows the
location of the collected water samples and Table 4 shows a description of

water sampling.



Figure 29. Water sampling and measurement of temperacure, pH and electrical conductivity in
Bu Hasa Field in April 1996.

a domestic water well of the
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Figure 30. Landsat image of the Bu Hasa Field. Location of wells that have chemical
analysis listed in this study.
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4. Analytical Techniques

The measurements of the critical physical parameters were carried
out in the field, while the complete chemical analysis of the collected
water samples was performed in the laboratories.

Table 4. Location, season and number of samples collected from the Bu
Hasa o1l field for the present study.

Bu Hasa Field Number of groundwater samples
April 1996 | September 1996 | Total

Domestic water well 17 13 2
Shallow water wells close to 12 1 14
water-supply or injection wells

Al Dhafra and Bin Thani camps 2 i 4
Water injector plant 1 1 2
Total 32 17 49

The complete chemical analysis of the water samples was conducted
in two laboratories, namely; the Food and Environment Control Center,
Abu Dhabi Municipality, Abu Dhabi, and the Desert and Marine
Environment Research Center, U. A. E. University, Al Ain. Different
techniques have been employed for analysis. The following is a brief

description of each of the analytical methods used in the present work:

4.1.1 Inductively Coupled Plasma
A Perkin-Elmer Plasma-400 Emission Spectrometer was used for
the analysis of some major (Ca, Mg, Na and K) and several trace metals

(Fe, Mn, Li, Sr, Ba, B, Cr. Zn, Ni, Pb, Cu, Co, Cd, As and Se).



59

The Inductively Coupled Plasma (ICP) is an optically thin emission source
formed by coupling radiofrequency power into a stream of argon gas. The
argon 1s constrained into three concentric streams in a plasma torch
fabricated from fused silica. A toroidal shaped plasma is formed, and the
sample is injected through the central tunnel, heated to a high temperature
(~8000 K) and thereby atomized to a large extent. Emission from the
excited atoms and 1ons is observed at a height of 10 to 20 mm above the

load coil by a conventional spectrometer system.

4.1.2 Ion Chromatography

lon chromatography, model Dionex-2020i1, was used for the
analysis of the anions: CI', F', NOj, SO,* and HCO;". The Dionex-2020i
ion chromotograph is a dual-channel, high-performance chromatographic
system featuring two precision Analytical Pumps, a dual-channel, and two
conductivity detectors. The components are housed in three sturdy,
corrosion-resistant enclosures. The operating conditions were 10 to 40 °C

temperature range and 1900 psi (129 atm) maximum pressure.
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4.1.3 Solid-Phase Extraction

Solid-Phase Extraction (SPE) for isolation of organic contaminants
was performed by a capillary column according to the following steps:

l. Preparation of an extraction tube of superclean ENVI-C18, 6 ml, 0.5g

packing (SUPELCO).

9

. Conditioning of tube of 2x 6 ml n. hexane; diethyl ether (1:Iv/v); 6 ml

methanol and 6 ml deionized water.

3. Sample Addition of 300 il of water, about 10 ml/ minute. 6 ml of

deionized water.
4. Drying for about 15 minutes with nitrogen.

S. Elution of organics: 2 x 1 ml n. hexane: diethyl ether (1:1 v/v)

4.1.4 Gas Chromatography-Mass Spectrometry

This technique was also used for identification of organic pollutants
present in water samples collected from the Quaternary aquifers and the
water injection plant in the Bu Hasa area. The gas chromatography (GC)

and mass spectrometry (MS) parameters include the following:

a. GC parameters
Oven: 60 (3 minutes) to 280 C° at 10 C° min, hold 20 minutes
Column: SPB-5, 30 m X 0.25 mm id X 0.25 mm film, SUPELCO.

Linear velocity: 35 cnvsec (Helium, 60°C)



61

Split ratio: 15:1

b. MS parameters

Solvent delay: 2.5 minutes

Mass range: 30-450 amu (full scan)
Scan time: 0.80 (seconds)
Inter-Scan delay: 0.20 (seconds.)

[onization mode: El+

4.1.5 Atomic Absorption Spectrophotometry

This technique was used for the analysis of some major ions (Ca,
Mg, Na and K) and several trace metals (Fe, Li, Sr, Ba, B, Cr, Zn, Ni, Pb,
Cu, Co, Cd, Mn, As and Se). For determination of total metals in water,
the water sample is acidified with nitric acid ( 8 ml/1) and boiled for 4-5
minutes and then filtered. if necessary. Simultaneously a blank. In
duplicate with deionized water having the same amount of nitric acid run
in identical conditions. This blank, to some extent, takes care of the errors
due to reagents and/or environment. The contamination of iron, chromium,
copper, nickel and zinc from different equipment of the laboratory is very
common. The sample is then a spirated to double beam Atomic Absorption
Spectrometer (GBC-906) equipped with autosampler and background

corrector directly.
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4.2 Field-measured Parameters

The pH, temperature (°C) and Electrical Conductivity (EC), in
microsiemens per centimeter (uS/cm), were measured for samples
collected in April 1996, using a portable pH meter, model HI-8314. The

electrical conductivity was measured by a Myron-L EC-meter with the

following specifications:

Range 0 to 5,000 (uS)
Accuracy *+ 2% of full scale
Repeatability + 1%
Temperature Compensation 0.00 to 49 °C

Because their values change with time, the temperature (°C),
hydrogen-ion concentration (pH) and Electrical Conductivity (uS/cm) of
collected water samples were directly measured in the field. The following

is a brief discussion on each of these parameters:

4.2.1 Water Temperature

Groundwater temperature (°C) was only measured for domestic
water wells in the central part of the Bu Hasa field. Measured temperatures
varied between 30.4 °C in Wells No. CH-3 and CH-6 and 35.0 °C in Well
No. WW-2. The average groundwater temperature in 17 domestic wells in

the Bu Hasa field was 34.8 °C.
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4.2.2 Electrical Conductivity
The Electrical Conductance (EC) of water samples collected from
the domestic water wells of the Bu Hasa field in April 1996 ranged from

2,700 puS/cm (WW-22) to 8.500 in Well No. CH-6, with an average of

4588 uS/cm. ¥

4.2.3 Hydrogen-lon Concentration

The pH value of water is a function of its hydrogen-ion
concentration and affects, to a great extent, its suitability for different uses.
The water pH 1s controlled by the amount of dissolved carbon dioxide
(CO,). carbonates (CO;*) and bicarbonates (HCO;) (Domenico and
Schwartz, 1990). The pH values of water samples collected from the
domestic wells ranged from 6.9 in Well No. WW-17 to 7.8 in Well No.

CH-6.

4.3 Chemical Parameters

Chemical analyses of water samples collected from the Bu Hasa
area in September 1996 are given in Appendix I. The following discussion
will include the salinity, major cations, major anions, minor constituents

and water type.
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4.3.1 Total Dissolved Solids

The total dissolved solids in a water sample includes all solid
materials in solution whether ionized or not. It does not include suspended
sediments, colloids or dissolved gases. The TDS content in groundwater is
an indication of its salinity. A simple classification of groundwater salinity
depending on the total concentration of dissolved constituents, as proposed
by Todd (1980), is given in Table 5.

Table 5. Classification of groundwater according to its TDS content in
mg/l (Todd, 1980).

Water type Total Dissolved Solids (mg/l)
Fresh water 0-1,000
Brackish water 1,000 - 10,000
Saline water 10,000 - 100,000
Brine > 100,000

Based on the data obtained from the literature, 1so-salinity contour
maps (Figures 31, 32, 33 and 34) were constructed for the Quaternary
Liwa aquifer in the Bu Hasa area for the years 1964, 1973, 1976 and 1985.
All maps show a gradual increase in groundwater salinity from southeast
towards northwest, in the direction of groundwater flow.

A steady increase in groundwater salinity around the camp
area is clearly indicated in the salinity profiles (Figure 35). Between 1964
and 1985, the groundwater salinity increased in the camp area from 3,500

mg/1 to 5,500 mg/l.
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Figure 31. Iso-salinity contour map, in mg/l, of shallow groundwater in the
Quaternary Liwa aquifer at the Bu Hasa area in April 1964.




66

610

ADCO |  GEOLOGY DEFT.

BU HASA FIELD
Ground Water Shallow Aquifer
Iso-Salinity Map

jy 1573 TOS
Nots : This Map is based on Expressed in mg/l Cl = 500 mg
e s A Author : Khaled Almari | Date: Nov. 199
' 0 5 km
(Ref. AD 5379) e e Rep.No.: [End.No.: | GD-3879
730 740

750

Figure 32. Iso-salinity contour map, in mg/l, of shallow gro:ndwater in the
Quaternary Liwa aquifer at the Bu Hasa area in July 1973.
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Figure 33. Iso-salinity contour map, in mg/l, of shallow groundwater in the
Quaternary Liwa aquifer at the Bu Hasa area in December 1976.
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Figure 34. Iso-salinity contour map, in mg/l, of shallow groundwater in the
Quaternary Liwa aquifer at the Bu Hasa area in July 1985.
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Figure 35 is to compare the evolution of groundwater salinity obtained
from literature and the present-day conditions, Figures 36a and b illustrate
an 1so-salinity contour map constructed with the field data collected by the
author in April 1996. Figure 36a show a steady increase in groundwater
salinity from the southeast towards the northwest, in the direction of
groundwater flow, while figure 36b indicates an increase around the camp
in ground water salinity. This increase in salinity is likely due to dumping
of oil field brine in the unlined pit (seep pit).

In the southeastern part of the study area, the groundwater salinity
increased from less than 500 mg/l in 1964 to a 1,000 mg/l in 1985.
Between 1985 and 1996, the groundwater salinity sharply increased from
1000 mg/1 to 4,500 mg/l. This is more likely related to the disposal of oil-

field brines in unlined pits in the desert in this area.

4.3.2 Major Cations

The sequence of cation dominance in groundwater of the Quaternary
Liwa aquifer in the Bu Hasa area has the order: Na™> Ca**> Mg™™> K.
Based on chemical analysis of water samples collected in April 1996 the
following is a brief discussion on each cation (Table 6):

The primary source of most sodium ions (Na®) in natural water is

the release of soluble products during the weathering of sodium-bearing
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Figure 36a. Iso-salinity contour map, in mg/l, of shallow groundwater of the
Quaternary Liwa aquifer at the Bu Hasa area in April 1996.
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ground water salinity.
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minerals, particularly the sodic plagioclase feldspars which are typical
constituents of many igneous rocks. Sodium is also common in evaporites
and argillaceous sediments. Sodium-ion concentrations in groundwater of
the Quaternary Liwa aquifer within the study area in April 1996 ranged
from 316 mg/l in the southwest (well no. BU-K) and 1696 mg/l in the
southeast (well no. BU-I). The 1996 iso-concentration contour map shows
a general increase in Na" concentrations towards the central part of the
study area, which can be explained by extraction of large amounts of
groundwater in this area for domestic and industrial purposes (Figure 37).
The high Na® concentration in water samples collected from the
southeastern part of the study area can be attributed to surface dumping
into depressions that are closer to the water table. The high salinity water
then percolates a shorter distance and results in a higher than average Na”
concentration. The most common form of calcium in sedimentary rocks are
carbonates, particularly limestone or dolomite. which are dominant in the
southern part of the study area. The dissolution of carbonate minerals and
carbonate cement vyields calcium to groundwater. The calcium-ion
concentrations (Ca:°) in groundwater of the Quaternary Liwa aquifer in the

study area in April 1996 ranged from 4 mg/l in the extreme southern tip of
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Table 6. Major inorganic chemical constituents in groundwater samples

collected from the Quaternary Liwa aquifer in Bu Hasa Oil Field
during April 1996.

Well No. |[Cal.TDS| Ca™ [ Mg | Na" | K* |CO; |HCO;| SO, | Cr
WW?2 3.684 [140.46| 64.94 | 98829 | 45.04 | 11.95 [148.25| 634.70 | 1638.60
WW7 3.304 |73.44 | 54.15| 921.70 | 37.64 | 38.24 [243.04| 435.60 | 1485.50
WW19 2,162 | 74.96 | 26.63 | 603.45 | 20.13 | 7.17 |132.46| 393.66 | 889.26
WW21 2.821 | 86.83 | 37.28 | 805.76 | 2591 | 598 [106.94 586.62 |1148.40
WW6 2,004 |70.98]31.10 | 535.81 | 22.56 | 14.34 [178.63| 320.12 | 816.78
WW18 3,779 |159.29] 66.92 | 988.61 | 41.75 | 11.95 |120.30{ 725.56 |1646.30
WW11 5,026 [241.61]| 9578 |1112.77| 49.20 | 8.37 | 91.14 | 899.80 |2505.60
WW17 1,974 |58.68 | 25.24 | 450.32 | 16.66 | 7.17 |106.94| 387.83 | 903.18
WW16 2,893 |116.74| 47.14 | 637.66 | 24.97 | 7.17 [104.51| 549.27 | 1387.35
WW20 2.489 |90.41|40.18 | 540.75 | 21.08 | 9.56 |142.18| 468.42 |1157.55
WW15 2209 |63.25]29.63| 49232 |15.01 | 7.17 [114.23] 424.40 | 1046.00
WW23 1,886 |49.28|19.98 | 440.18 | 15.91 | 13.15 |126.38| 336.86 | 868.02
WW22 1,746 | 4297 | 16.36 | 47859 | 12.32 | 7.17 |109.37| 395.33 | 669.78
CH7 2,640 |73.79|29.13 | 654.12 | 20.28 | 9.56 |104.51| 519.46 [1212.90
CH6 6.154 [247.89]102.39]|1206.47|49.75| 598 | 88.71 |1521.10}2908.80
CHs5 2,415 |66.50 | 26.99 | 491.67 [ 14.51 | 5.98 |109.37| 545.70 [1139.30
CH3 | 5444 [189.72] 76.78 | 852.87 [ 3463 | 3.59 | 83.85 [1489.80(2690.40
A 1939 |11.03| 6.64 | 50833 | 844 | 2.39 | 76.56 | 268.08 | 1053.66

B 1857 | 546 | 2.49 | 590.76 | 10.32 | 14.34 | 164.05| 7.01 |1058.40
C 2,692 |79.10 | 32.85 | 70349 | 21.11 | 13.15 {120.30| 494.16 |1213.80
D 4258 |136.58| 59.55 | 960.03 | 35.25 | 7.17 |100.86| 94140 [1997.40
E 2319 | 6.48 | 0.15 | 663.22 | 9.73 | 598 | 8385 | 29.74 |1516.20
F 3.029 |214.37| 60.33 | 594.20 | 44.73 | N.D. | N.D. | 575.88 |1530.70
Al Dhafra | 2,769 [113.85| 47.29 | 646.63 | 33.64 | 8.37 | 97.21 | 553.22 |1250.40
Bin Thani | 3.399 [128.95| 48.16 | 766.96 | 34.21 | 9.56 |100.86| 646.47 |1644.60
G 1348 | 9.56 | 1.98 | 34267 | 8.53 | 3.59 |81.42 | 134.08 | 762.30
H 2829 | 094 | 0.11 | 80150 | 9.60 | 41.83 |313.52) 156.80 | 1501.30
l 5829 |111.66| 62.76 |1696.29| 50.44 | 8.37 | 8263 [ 17.97 |3796.80
J 1771 | 419 | 4.84 | 44051 | 7.94 | 14.34 [157.98| 102.58 | 1035.30
K 1210 | 469 | 1.93 | 31672 | 6.70 | 8.37 [117.87| 56.68 | 69444
L 1806 |20.90| 9.83 | 53559 [ 14.96 | 10.76 | 31.59 | 7.54 [1167.30
Waste Water| 78.541 |4628.8|413.55|8671.13|744.27| N.D. [13246] 625.90 |63303.0

N.D : not detected
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Figure 37. Iso-concentration contour map, in mg/l, of the sodium ion in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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Figure 38. Iso-concentration contour map, in mg/l, of the calcium ion in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in

April 1996.
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the field (well no. BU-J) to 248 mg/! in the central part of the area (well
no. CH-6). The 1996 iso-concentration contour map shows a gradual

increase in calcium ion from south to northwest, in the direction of

groundwater flow (Figure 38).

The common sources of magnesium in groundwater are dolomite in
sedimentary rocks; olivine, biotite, hornblende and augite in igneous rocks;
and serpentine, talc and tremolite in metamorphic rocks (Davis and
DeWeist, 1966). Generally, the magnesium 1on (Mgz*) concentration 1n
fresh water throughout the world is less than that of calcium because of the
low geochemical abundance of magnesium (Mathess, 1982). Magnesium-
ion concentrations in groundwater of the Quaternary Liwa aquifer in April
1996 ranged from 0.1 mg/1 in the southeastern part of the study area (well
no. BU-H) to 102.0 mg/l in north central part of the study area (well no.
CH-6). The 1996 iso-concentration contour map shows that the Mg*
concentrations increase from south to north, with the highest
concentrations in the domestic water well field (Figure 39).

The most common source of potassium ions (K*) in groundwater is
the weathering of orthoclase. microcline, biotite, leucite and nepheline
minerals. Water percolating through evaporite deposits may contain high
concentrations of potassium ion (Hem. 1985). Potassium concentration 1S

commonly less than one-tenth the concentration of sodium in natural water
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because potassium is rarely taken into solution. Potassium-ion (K*)
concentration in groundwater of the Quaternary Liwa aquifer within the
study area in April 1996 ranged from 7 mg/l in the southwest (well no.
BU-K) to 50 mg/l in the north (well no. CH-6). The 1996 iso-
concentration contour map shows a steady increase in K™ concentration

from southwest to southeast, northeast and northwest (Figure 40).

4.3.3 Major Anions

The sequence of anion dominance in groundwater of the Quaternary
aquifer in the study area has the order: CI'> SO;4>> HCO5> CO->". Based
on chemical analysis of water samples collected in April 1996, the
following is a brief discussion on each anion:

Chloride (CI) is the most widely distributed ion in natural water.
Dissolution of certain evaporites commonly provide high concentrations of
CI' in groundwater (EI-Shami. 1982). However, most CI" in groundwater
comes from three principal sources: ancient sea water entrapped In
sediments, dissolution of halite and related minerals in evaporite deposits,
and the solution of dry fallout from the atmosphere, particularly in arid
regions (Davis and DeWeist, 1966). Chloride ion concentrations in
groundwater of the Quaternary Liwa aquifer in the study area in April
1996 ranged from 694 mg/l in the southwest (well no. BU-K) to 2,909

mg/l in north central part of the study (well no. CH-6). The April 1996 1so-
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Figure 39. Iso-concentration contour map, in mg/l, of the magnesium ion in
shallow groundwater of the Quaternary Liwa aquifer at the Bu Hasa
area in April 1996
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Figure 40. Iso-concentration contour map, in mg/l, of the potassium ion in
shallow groundwater of the Quaternary Liwa aquifer atthe Bu Hasa

area in April 1996.
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Figure 41. Iso-concentration contour map, in mg/l, of the chloride ion in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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concentration contour map (Figure 41) shows the regional increase in
chloride from south to north, but superimposed on this trend are
unsystematically distributed high-chloride values in the center of the field.
The high CI' concentration in water samples collected from the
southeastern part of the study area can be attributed to surface dumping
into depressions that are closer to the water table. The high salinity water
then percolates a shorter distance and results in a higher than average CI
concentration.

Sulphate is widely distributed in a reduced form in igneous and
sedimentary rocks as metallic sulphides (Hem, 1970). Sulphate ions
(SO,™) are derived from gypsum (CaS0,.2H,0) or anhydrite (CaSO,) in
sedimentary rocks. Sulphate-ion concentrations in groundwater of the
Quaternary Liwa aquifer in the study area in April 1996 ranged from 7
mg/l near the domestic water well field (well no. BU-B) to 1521 mg/l in
the north central area (well no. CH-6). The April 1996 iso-concentration
contour map shows a steady increase in SO,* concentrations from south to
north, in the direction of groundwater flow (Figure 42). However, high
SO,* concentrations in the domestic water well field can be attributed to
groundwater pumping.

Most bicarbonate ions (HCO;') in groundwater are derived from

carbon dioxide in the atmosphere, carbon dioxide in soils and by
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Figure 42. Iso-concentration contour map, in mg/l, of the sulfate ion in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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dissolution of carbonate rocks (Davis and DeWeist, 1966). In the absence
of calcareous sediments and carbonate rocks, most bicarbonate ions in
groundwater result from the saturation of the groundwater by carbon
dioxide from organic decay within the soil zone. Bicarbonate-ion
concentrations in groundwater of the Quaternary Liwa aquifer in the Bu
Hasa area in April 1996 ranged from 32 mg/l in the northwest (well no.
BU-L) to 314 mg/l in the southeastern part (well no. BU-H). The April
1996 1so-concentration contour map shows a steady decrease in HCOy
concentrations from southeast to northwest, in the direction of
groundwater flow (Figure 43).

Because the dominant carbon form in natural water (pH 6 - 8) is
HCO; (Freeze and Cherry, 1979). the CO;* concentration in groundwater
within the study area is generally low. Carbonate ions (CO3*) commonly
exist in water with pH values above 8. Carbonate-ion (CO;")
concentrations in groundwater of the Quaternary Liwa aquifer in the Bu
hasa area in April 1996 varied between 7 mg/l in the central area (well no.
WW-16) and 41 mg/l in the southeast (well no. BU-H). The 1996 iso-
concentration contour map shows high CO;> concentrations in the
southeastern part of the study area, decreasing towards the west, northwest

and northeast (Figure 44).
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Figure 43. Iso-concentration contour map, in mg/l, of the bicarbonate ion in
shallow groundwater of the Quaternary Liwa aquifer at the Bu Hasa
area in April 1996.
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Figure 44. Iso-concentration contour map, in mg/l, of the carbonate ion in
shallow groundwater of the Quaternary Liwa aquifer at the Bu Hasa

area in April 1996.
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According to Freeze and Cherry (1979), nitrate (NOB-) 1s the most common
identified contaminant in water. Nitrate contamination for both surface and
groundwater resources is becoming widespread in the area all over the
globe. The WHO (1971) recommended limits for nitrate in drinking water
are 10 mg/l as nitrate-nitrogen and 45 mg/l as nitrate (NO,). Nitrate is a
health hazard, especially to children under the age of six months, when it
occurs in drinking water at concentrations in excess of 10 mg/l (Fetter,
1980). Nitrate-ion (NOj’) concentrations in groundwater of the Quaternary
Liwa aquifer in the Bu hasa area in April 1996 varied between 3 mg/l in
the northwest (well no. BU-L) and 19 mg/l in the north central area (well
no. CH-6). These concentrations are well below the WHO (1971)
recommended limits for drinking water. The 1996 iso-concentration
contour map shows high NO3™ concentrations are low in the central part of
the Bu Hasa area and increase towards south, west, northeast and

northwest (Figure 45).

4.3.4 Minor Constituents
Because their presence in groundwater at high concentrations can
cause serious hazards to human health, the concentrations of some trace

metals were measured in groundwater samples collected from the
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Figure 45. Iso-concentration contour map, in mg/l, of the nitrate ion in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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Table 7. Minor inorganic chemical constituents in groundwater samples
collected from the Quaternary Liwa aquifer in Bu Hasa Oil Field

during April 1996.

Well No. Cr Zn Cu B Fe Ni F NO;
WW2 002 | 001 | 005 | 225 | 003 | ND. | 3.00 6.69
WW7 N.D. | 001 | 003 | 206 | 013 | 008 | 379 8.46
WW19 003 | 001 | ND. | 175 | 007 | ND. | 294 9.88

- wwat 002 | ND. | ND. | 213 [ 010 | ND. | 298 | 1228
WW6 003 | 002 [ ND. | 175 [ 003 | 014 | 269 8.72

- Wwi18 N.D. | 002 | 002 | 231 [ 011 | ND. | 243 | 13.19
WW1 1 002 | 002 | ND. | 200 | 008 | ND. | 314 | 1671
WW17 N.D. | 001 | ND. | 150 | 003 | ND. | 299 [ 1302
WW16 002 | 001 | ND. | 113 | 008 | ND. | 289 | 1413
WW20 002 | 001 | ND. | 156 | 007 | ND. | 252 | 1473
WW15 002 | ND. | ND. | 125 | 007 [ ND. | 299 [ 1273
Ww23 ND. | ND. | 003 | 094 | 011 | 008 | 304 | 1171
Ww22 N.D. [ 002 | 005 | 100 | 007 | 011 | 300 0,82 |
CH7 N.D. | 001 | 006 | 100 | 007 | 004 | 257 | 1291
CH6 N.D. | 001 | 001 | 131 | 002 | 006 | 272 | 19.13
CHs | ND. | 001 | 005 | 056 | 005 | 004 | 246 | 1181
CH3 ND. | ND. | ND. | 088 | 015 | ND. | 335 | 1755

A ND. | 001 | ND. | 081 | 007 | ND. | 321 N.D.
B ND. | ND. | 005 | o8t | 023 | nD. | 333 N.D.
C 002 | ND. | ND. | 106 | 003 | 021 | 359 8.99
D 005 | ND. | ND. | 094 | 018 | 009 | 312 | 1509
E ND. | 001 | ND. | 056 | 010 | ND. | 347 N.D.
F ND. | 016 | 004 | 106 | ND. | ND. | 054 7.20
AlDhafra | ND. | 001 | 006 | 081 | 013 | 006 | 038 | 17.07
Bin Thani | 002 | 002 | 005 | 063 | 007 | 006 | 192 | 16.09
G ND. | 001 | ND. | 063 | 018 | ND. | 257 N.D.
H 002 | 001 | 005 | 144 | 013 | ND. | 217 N.D.
| ND. | 0ot | 003 | 069 | 007 | ND. | 132 N.D.
J ND. | 001 | ND. | 100 | 005 | ND. | 264 N.D.
K 006 | ND. | 015 | 069 | 0.13 | 0.01 1.40 N.D.
L 001 | 001 | 009 | o069 | 307 | 007 | 073 273
Waste water | 001 | 011 | 015 | 1762 | 420 | 042 | N.D. N.D.

N.D : not detected
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Quaternary Liwa aquifer in the Bu Hasa area in April and September 1996
(Table 7). The following is a brief discussion on each of these elements:

Copper is a common metal which occurs in nature as native metal
and various copper minerals and salts. Copper is an essential trace element
for the growth of plants and animals. In excessive amounts, however,
copper can be toxic and its toxicity depends on water hardness, alkalinity
(Fetter, 1988). The World Health Organization (WHO) (1971) standard for
maximum copper concentration in drinking water is 1.0 mg/I.

Copper (Cu) concentrations in groundwater samples collected from
the Quaternary Liwa aquifer in the study area in April and September 1996
are generally less than the WHO recommended limit for dnnking water.
The highest concentrations of copper in groundwater samples occurred in
the southwestern part of the study area. Low Cu concentrations were
encountered in the eastern. central. northeastern and northwestern parts
(Figure 46).

Iron is toxic to some aquatic species at concentrations of 0.32 to
1.00 mg/l. A water quality criterion for iron of 0.3 mg/l has been suggested
for domestic use. For aquatic life, maximum iron content of 1.0 mg/l is the

maximum limit (Fetter, 1988). Iron concentrations in groundwater samples
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Figure 46. Iso-concentration contour map, in mg/l, of the copper in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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collected from the Quaternary Liwa aquifer in the study area in April and
September 1996 varied between 0.02 mg/l in the domestic water well field
(well no. CH-6) and 0.13 mg/l in the southwest (well no. K). Measured
iron concentrations did not exceed the WHO (1971) limit of 0.3 mg/l for
drinking water in the Bu Hasa area. The 1996 iso-iron concentration map
shows that the water samples collected from the northwestern part of the
study area contain higher iron concentrations than the samples collected
from the eastern, southeastern and western parts (Figure 47).

Chromium can exist in a number of valence states. In trivalent state,
chromium 1s an essential trace nutrient and in hexavalent state, it 1s
poisonous and corrosive. The toxicity of chromium is variable depending
upon valency, water hardness and pH. The WHO (1971) standard for
chromium concentration in drinking water is 0.1 mgIl. Chromium
concentrations in groundwater samples collected from the Quaternary
Liwa aquifer in the Bu Hasa area in April 1996 are below the WHO (1971)
limit and varied between 0.01 mg/l in the northwest (well no. L) and 0.06
mg/l in the southwest (well no. K). The 1996 iso-chromium contour map
shows that the high concentration wells are those located within and
around the domestic water well field in the central part of the Bu Hasa area

(Figure 48).
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Figure 47. Iso-concentration contour map, in mg/l, of the iron in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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Figure 48. Iso-concentration contour map, in mg/l, of the chromium in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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Fluoride is naturally present in minerals as fluorite, cryolite and
apatite. Fluoride is stored in bones and teeth. Chronic over exposure leads
to dental fluorosis or mottling of teeth. Dental fluorosis develops in
children living in areas where the drinking water is high in fluoride.
According to the WHO (1971) standards for drinking water, fluoride
concentration varies between 1.4 mg/l and 2.4 mg/l, according to
prevailing temperature. Fluoride concentrations of groundwater collected
from the Quaternary Liwa aquifer in the Bu Hasa area in 1996 varied
between 0.7 mg/l in the northwest (well no. BU-L) and 3.6 mg/l in the
central part (well No. BU-C). The 1996 iso-fluoride contour map shows
high concentrations in the central and southwestern parts, decreasing in the
east, northeast and northwest directions (Figure 49).

Boron is an essential plant nutrient, however, excess boron
concentration is toxic to some plants. Boron presence in low-salinity water
is usually suitable for all crops. In contrast, high-salinity water which
contains high boron concentration can only be used for irrigating a limited
number of crops. Boron concentration in water samples collected from the
Quaternary Liwa aquifer in the Bu Hasa area in April 1996 varied between
0.60 mg/l in the southern part of the domestic water well field (well no.

CH-6) and 2.25 mg/l in the central part of the field (well no. WW-2).
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Figure 49. Iso-concentration contour map, in mg/l, of the fiuoride in shallow
groundwater in the Quaternary Liwa aquifer at the Bu Hasa area in
April 1996.
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Classification of irrigation water for various crops on the basis of boron
concentration is given in Table 8. According to this table, water in the
western and northeastern parts of the study area are good for irrigating
sensitive crops. Water in the rest of the Bu Hasa field are good for
irrigating - boron-semitolerant and tolerant crops. The 1996 iso-
boroncontour map shows relatively high concentrations in the domestic

water well field in the middle part of the study area and decreases

everywhere else (Figure 50).

Table 8. Classification of irrigation water for various crops according to
boron concentration, in milligrams per liter (Wilcox, 1955)

Water class Sensitive crops Semitolerant crops Tolerant crops
Excellent .38 < 0.67 < 1.00
Good 0.33-0.67 0.67 - 1.33 1.00 - 2.00
Pemissible 0.67 - 1.00 1.33-2.00 2.00 - 3.00
Doubtful 1.00 - 1.25 2.00 - 2.50 3.00 - 3.7S
Unsuitable S 25 > 2.50 =815

4.3.4 Trilinear Diagram

The main purpose of the trilinear diagram proposed by Piper (1944)
is to show different water types in a particular area. The central diamond-
shaped field of this diagram is composed of two equal triangular fields -
one for cations and the other for anions. Generally, data that plots on the
upper portion of the central triangle represents water where (SO4* + CI)

exceeds (Na* and K") and the characteristic water types are Ca and Mg
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Figure 50. Iso-concentration contour map, in mg/l, of the boron in shallow
groundwater of the Quaternary Liwa aquifer at the Bu Hasa area
in April 1996.
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chlorides and sulphates. On the other hand, data that plots on the lower
portion of the central triangle represents water where (CO;* + HCOy)
exceeds (Ca®* + Mg®"), and the characteristic water types are Na and K
carbonates and bicarbonates (Walton, 1970).

Figure 51 is a trilinear plot of the chemical analysis of water
samples collected from the Quaternary Liwa aquifer in the Bu Hasa area in
April 1996. The appearance of most of the samples in the upper portion of
the central diamond suggests that the Ca and Mg-chloride and sulfate
water types are dominant. However, a few water samples belong to the Na

and K-carbonate and bicarbonate types.
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Figure S1. A trilinear diagram of the chemical analysis of water samples collected from the Quaternary
Liwa aquifer in the Bu Hasa area, April 1996.
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CHAPTER YV

ASSESSMENT OF GROUNDWATER POLLUTION

The Quaternary Liwa aquifer in the Bu Hasa area represents the
main source of good-quality water in western Abu Dhabi Emirate. Possible
contamination caused by oil-related activities can represent a serious
hazard to this important resource. Because large amounts of waste water
were disposed in the Miocene clastic aquifer since early 1970’s, upward
movement of this brine is possible.

The main objective of this chapter i1s to assess the groundwater
pollution of the Quaternary Liwa aquifer as a result of re-injection of oil-
field water in the Miocene clastic aquifer in the Bu Hasa area.

To achieve this objective, the results of chemical analysis of water
samples were presented and interpreted. Two water samples from the
Liwa aquifer and the injector plant were analyzed for hydrocarbon content.
Samples from re-injected water and the Liwa aquifer were analyzed for

stable isotopes (*H and '*0) in August 1996.

5.1 Identification of Organic Pollutants
The organic pollutants were isolated and identified in two water

samples from the Bu Hasa oil field. These samples represent the disposed
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and the fresh-aquifer waters. The isolation of the organic pollutants was
done by the solid-phase extraction (SPE) and gas chromatography-mass
spectrometry (GC-MS) described in section 4.1.

The 1dentification of the organic pollutants was conducted by
(GC/MS-MD-800 Fission) technique. The identification was done at a
temperature range between 60°C and 280°C at a rate of 10°C/min. Sample
was kept to rest for 20 min. at 280°C. The chromatographic bands
obtained are given in Figures 52 and 53.

The analysis of the fresh-aquifer water sample indicates that it is
almost free of pollution by organic components. The disposal water,
however, is seriously polluted by various aliphatic and aromatic organic
compounds. The aliphatic compounds identified include different
derivatives of decane, such as tridecane, tetradecane, pentadecane,
hexadecane, heptadecane, octadecane, nonadecane, undecane and 6-ethyl-
2-methyl decane, besides eicosane and heneicosane. The aromatic
compounds identified include various derivatives of phenol and
benzeamine. The following phenols are identified; 2-methyl-phenol, 3-
methyl-phenol,  4-methyl-phenol,  3.5-dimethyl-phenol,  3.4-dimethyl-
phenol, and 2,5-dimethyl-phenol. Other aromatic derivatives such as

tricarbonyl benzeamine have also been identified.
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Figure 52. Chromatographic identification of organic pollutants in oil-field water
injected in the Miocene Clastic Aquifer, Bu Hasa Field, April 1996
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Figure 53. Chromatographic identification of organic pollutants in water
water sample from the Liwa Aquifer, April 1996
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The presence of aliphatic and aromatic compounds such as decane,
phenol and benzene, may indicate an impeded degradation by weathering
or possible exposure to oxidizing conditions. As a matter of fact, it is
difficult to establish which of the previously mentioned compounds is the
most toxic because not all have been tested, and health risks are inferred
from studies on laboratory animals, poisonings or accidental investigation,
and occupational exposures (Craun, 1984). However, if such abnormally
high pollution of organic compounds could reach a drinking water, they
can cause cancer and other problems, including liver damage, impairment
of cardiovascular function brain disorders and various kinds of lesions

(Domenico and Schwartz, 1990).

5.2 Brine Differentiation Plot

Because bromide is seldom reported in a water analysis. a plot was
devised by Hounslow (1995) to differentiate brine-contaminated water
from water of other origins using the major constituents of a water that are
usually available. The plot uses molar Ca / (Ca + SOy) on the vertical axis
and molar Na / (Na + Cl) on the horizontal axis (Figure 54). This method
also allows water to be plotted in a finite range. from 0 to 1, on both axes.

On this diagram, field characteristics of oil-field brine, evaporite solution
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Figure 54. Brine differentiation plot of water samples collected from the Quaternary Liwa aquifer in the Bu Hasa area, April 1996.
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and sea water are separate and distinct. On Figure 54, three of collected
water samples (wells I, L and B) from the Quaternary Liwa aquifer in the
Bu Hasa area are oil-field brines, four samples belong to sea water and the

rest of samples plot around the sea water zone.

5.3 Isotope Analysis

Several water samples from the Bu Hasa area were analyzed for
stable isotopes (*H and '%0) in the Isotope Hydrology Laboratories of the
International Atomic Energy Agency (IAEA) during August 1996. Two
water samples were analysed, one from the Quaternary Liwa aquifer (well
no. WW-6) and the other from the treated waste water injected in the
Miocene clastic aquifer (well no. BU- 405). The *H (SMOW) were plotted
versus 10 (SMOW) for these two wells and other water samples from Al
Ain and Liwa areas (Figure 55). This figure suggests that the oil-field
water and water of the Quaternary Liwa aquifer are different. In contrast,
groundwater in the Bu Hasa area seems to have isotopic composition
identical to that of groundwater in the Liwa area in the southeast,

suggesting a single common source of groundwater in both areas.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

a. Core samples recovered from the Lower Fars Formation in the Bu Hasa
area include gypsum, anhydrite, siltstone-claystone, claystone-
limestone and wackestone-packstone. This lithology is believed to
represent a good sealing interval against vertical communication
between the Miocene clastic aquifer and the Quaternary Liwa aquifer.
Therefore, it is unlikely that oil water disposed off into the Miocene
clastic aquifer would move upward to contaminate the shallow

aquifers.

b. The hydraulic-head map constructed for the Quaternary Liwa aquifer in
the Bu Hasa field in April 1996 shows that: (1) the general groundwater
flow direction is from south to northwest. whereas the presence of a
groundwater mound east of the domestic water-well field has created
local flow systems from the center to all directions, (i1) the presence of
two southeast trending tongues of relatively poor-quality water in the
northwestern part of the study area reflects the effect of heavy
groundwater pumping from the Liwa aquifer in an area occupied by

the domestic water-well field and (iii) the hydraulic gradient is highly
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variable in the field ranging from 0.01 in the southwest to 0.001 in the
southeast and northwest. In addition to the effect of pumping, the

hydraulic gradient also reflects the heterogeneous nature of the aquifer.

c. Between 1964 and 1985, the groundwater salinity increased in the camp
area from 3,500 mg/l to 5,500 mg/l. The iso-salinity contour map
constructed with the field data collected by the author in April 1996
indicates that the salinity of groundwater in the southeastern part of the
Bu Hasa area has tripled during the period 1985-1996, mainly because
of the disposal of oil-field brines in unlined pits in this area, heavy

pumping, and absence of recharge.

d. The sequence of cation dominance in groundwater of the Quaternary
Liwa aquifer in the Bu Hasa area has the order: Na™> Ca**> Mg*™> K7,
and the sequence of anion dominance has the order: CI> SO,*> HCOy
> CO,>. This indicates that the ground-water in the study area is
dominated by Na™ and CI" ions. suggesting its old age and that aquifer
does not receive present-day recharge. This was collaborated by the
trilinear plot of the chemical analysis of water samples which suggests

that the sodium-chloride water type is dominant.

e. Concentration of the trace metals such as copper, iron and chromium

are below the WHO limits for drinking water. This means that
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desalination of this water and its use for domestic purposes is safe.
Nitrate-ion (NOj’) concentrations in groundwater of the Quaternary
Liwa aquifer in the Bu Hasa area in April 1996 were also below the

WHO (1983) standard for drinking water (45 mg/l).

f. Examined groundwater from the Quaternary Liwa aquifer is free of
hydrocarbon pollution with the exception of three samples that show
indications of oil field brine. In contrast, the water disposed in the
Miocene clastic aquifer is loaded with high concentrations of aliphatic
and aromatic compounds. If this water could reach the Quaternary
aquifer, it can cause a serious contamination problem, especially for

the domestic water-well field.

g. The plot of *H (SMOW) versus '*O (SMOW) for water samples from
the Liwa and Bu Hasa areas suggests that the oil-field water and water
of the Quaternary Liwa aquifer are different, indicating the effective
sealing of the Miocene evaporites in the Bu Hasa area. This seal
prevents upward movement of waste water from the Miocene clastic
sediments into the Quaternary Liwa aquifer. In contrast, groundwater
in the Bu Hasa area seems to have stable isotopic composition identical

to that of groundwater in the Liwa area, indicating a common source.
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h. Based on the geologic, hydrogeologic, hydrochemical and stable 1sotope
analyses, there is no reason to believe that the disposal of waste water
in the Miocene clastic aquifer in the Bu Hasa area can lead to the
upward movement of this water contaminating the shallow Quaternary
aquifer. In contrast, the disposal of brines in unlined pits is the practice

that has a definite adverse effect on the Quaternary Liwa aquifer in the

Bu Hasa area.

6.2 Recommendations

a. A monitoring water well should be drilled in central part of Bu Hasa
field to promptly detect any accidental leaks and observe the migration
of contaminated groundwater.

b. A two-dimensional groundwater flow model has to be constructed for
the Quaternary and Miocene aquifers in the Bu Hasa area to examine
the impact of brine injection in the Miocene aquifer on water
movement between both aquifers.

c. Disposal of oil-field brines in unlined pits in the desert should be
stopped. because the Quaternary Liwa aquifer in the study area is an
unconfined and very vulnerable to reception of surface contaminants

related to oil industry.
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d. The direction of groundwater flow, contamination of shallow
groundwater and direction of contaminant movement suggest that the
domestic water-supply field should be re-located from its present
position in the central part to the far southeastern comner of the study
area. The proposed new position has the following advantages: (i) the
aquifer’s saturated thickness i1s about 100 m compared with 25 to 45 m
thickness in its present position, (ii) the new site is relatively closer to
the Liwa fresh water mound which acts as the re-charge area to the
Liwa aquifer in the Bu Hasa field, (ii1) the wells of the new field will
intercept a larger amount of relatively better-quality water compared to
wells of the present field and (iv) contaminant plumes from previous
discharge activities in unlined open pits are now moving towards the
present well field and are expected to reach it within the next 10 years.
Polluted water will flow toward the cone-of-depression created by the
domestic well field and ultimately will be produced through these wells

if they are kept in the same location.
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APPENDIX | RESULTS OF CHEMICAL ANALYSIS OF WATER SAMPLES COLLECTED FROM BU HASA FIELD, SEPT. 1996,( mg /L)

Ser. No.|Well No.| EC (uS)[ pH | TDS | Units | Cat++ [Mg++] Na+ K+ |[T.Cat.| CO3-- | HCO3-| SO4-- | CI- [T. Ani.

1 | ww-02] 67200 | 7.3 | 4212 | ppm | 116.0 | 57.3 | 1023.0 | 48.0 10.8 | 188.4 | 691.8 [2371.0
epm 5.8 4.7 44.5 1.2 | 56.2 0.4 KR 144 | 669 | 84.7

€% 10.3 [ 84 | 79.1 ¥ 0.4 3.6 17.0 | 78.9

2 ww-06] 50200 ] 74 | 3137 [ ppm | 650 | 31.3 | 788.0 | 26.0 gD 111.8 | 593.2 [ 1826.1
epm 3.2 2.6 34.3 0.7 | 40.8 0.2 1.8 124 | 51.5 | 65.9

€% 8.0 6.3 84.1 1.6 04 | 28 18.7 | 78.1

i ww-11] 8570.0] 76 | 5356 | ppm | 191.0 | 81.4 | 1192.0 | 65.1 8.4 75.3 | 458.6 | 1896.8
epm 9.5 6.7 51.9 1.7 | 69.7 0.3 e 9.5 53.5 | 64.6

e% 137 | 96 | 743 | 24 0.4 1.9 14.8 | 829

4 |ww-15] 44400 71 [ 2775 ] ppm | 570 | 255 [ 667.0 | 23.7 9.6 110.6 | 454.1 [ 1438.1
' epm 2.8 2.1 29.0 06 | 34.6 0.3 1.8 9.5 406 | 52.2

€% 8.2 6.1 | 839 | 18 0.6 3.5 18.1 77.8

5 Ww-17 34800 6.9 | 2175 | ppm | 53.0 | 223 | 593.0 | 16.7 8.4 977.2 | 400.8 [ 1207.0
epm 2.6 1.8 25.8 04 [ 30.7 0.3 16.0 8.3 340 | 58.7

€% 8.6 6.0 84.0 1.4 0.5 Pl 14.2 | 58.0

6 ww-18] 6690.0 | 76 | 4181 | ppm | 125.0 | 57.8 | 9750 | 455 96 | 114.2 | 801.1 [2761.0
- il epm 6.2 | 4.8 42 4 1.2 | 54.6 0.3 1.9 16.7 | 779 | 96.8

e% 114 | 87 77.7 2.1 0.3 1.9 172 | 80.5

7 WwW-19 | 37000 | 7.4 | 2312 | ppm 470 | 193 ] 591.0 | 189 6.0 111.8 | 429.5 | 1208.5
epm 2.3 1.6 25.7 05 | 30.1 0.2 1.8 8.9 34.1 | 45.1

€% 7% | 53 853 | 1.6 0.4 4.1 198 | 756

8 ww-20| 47600 | 75 | 2975 | ppm | 80.0 | 37.4 | 709.0 | 31.9 9.6 142.2 | 476.8 | 1587.0
epm 4.0 31 | 308 | 08 | 38.7 0.3 23 9.9 448 | 57.3

e% 10,8 §. 78 9 78 2.1 0.6 4.1 17.8° | 781

9 wWw-21] 49300 | 7.7 | 2768 | ppm | 64.0 | 28.0 | 687.0 | 29.0 4.8 89.9 | 584.9 |1429.0
3 K epm 3.2 23 | 299 | 0.7 | 36.1 0.2 18 122 | 403 | 54.1

€% 8.8 6.4 82.7 2.1 0.3 2.7 Zan | a8

- 10 | ww-23] 4080.0] 7.2 | 2550 | ppm | 51.0 | 243 | 658.0 | 23.1 s 109.4 | 423.6 | 1330.0
epm 25 2.0 28.6 06 | 33.8 0.2 1.8 8.8 375 | 484

€% T8 59 | 848 1.8 0.5 3.7 182 | 77.6

11 CH-03 ] 9460.0 | 7.6 | 5912 | ppm | 156.0 | 58.3 | 1545.0 | 49.8 12.0 46.2 | 1281.3 | 3663.8
epm 7.8 4.8 67.2 1.3 | 81.1 0.4 0.8 26.7 | 1034 | 131.2




APPENDIX | RESULTS OF CHEMICAL ANALYSIS OF WATER SAMPLES COLLECTED FROM BU HASA FIELD, SEPT. 1996,( mg /L)

| e% 9.6 59 [ 829 [ 16 0.3 0.6 20.3 | 788

12 | CH-05] 4010.0] 7.6 | 2506 | ppm [ 43.0 [ 183 | 682.0 | 17.2 0.0 62.0 [ 414.7 [1418.0
| epm 21 | 15 ] 297 | 04 [ 338 [ 00 1.0 86 | 40.0 | 49.7

6% 64 | 45 | 879 | 13 0.0 2.0 17.4 | 80.6

13 | CH-07 [ 3410.0] 7.5 [ 2131 | ppm [ 36.0 [ 16.0 [ 592.0 [ 16.3 3.6 91.1 [ 416.8 [1020.7
epm | 1.8 13 | 258 | 04 | 293 | 0.1 1.3 87 | 288 | 39.

e% 6.1 45 | 879 | 1.4 0.3 3.8 22.2 | 737

14 Bu-M | 000 | 0.0 [ 2437 [ ppm | 420 | 188 | 699.0 | 17.2 6.0 97.2 | 391.0 | 1333.0
epm 2.1 1.5 | 304 | 04 | 345 | 0.2 1.6 8.1 376 | 475

) | e% 61 | 45 ] 832 [ 1.3 0.4 3.4 171 | 791

15 [ALDHAFRA 4840.00] 0.0 | 3025 | ppm [ 93.0 | 41.3 [ 796.0 | 36.4 4.8 88.9 [ 626.4 [1645.5
epm 4.6 34 ] 346 | 09 [ 436 ] 0.2 1.5 13.0 | 464 [ 61.1

e% 106 [ 78 | 79.4 [ 21 0.3 2.4 21.4 | 76.0

16| BNTHANI[9020.00] 0.0 | 5637 | ppm | 229.0 [ 100.0 | 1363.0 | 87.5 84 | 155.5 | 956.9 [3386.2
epm | 114 | 82 | 593 | 22 | 812 | 03 2.5 19.9 | 955 [ 1183

e% 141 | 10.1 | 73.0 | 28 0.2 2.2 16.8 | 80.8
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