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SUMMARY

The Attahaddy Field is a giant gas field discovered in 1964. It covers
approximately 43,300 acres. Several exploration and outpost wells were drilled,
displaying very good producibility in the field. This encouraged the company
to drill numerous development wells. The total number of wells that have
been drilled to date is 16, however, the development work is still continuing at
the present time.

Seismic coverage over the Attahaddy Field comprises an area of approximately
200 km?, of 12-30 and 48 fold Vibroseis seismic data acquired in 1980, 1983, 1984
and 1985 in the Concession 6 Area. The addendum incorporates an additional
270 km? of 30 fold Vibroseis data recorded in 1987.

The final interpretation presented in this study was carried out using only the
1987 data. This is due to the unresolvable seismic time misties between the
different vintages caused by the use of different acquisition and processing
parameters. The 1987 data, which provides adequate coverage for mapping,
forms a seismic grid with the lines oriented in a NW-SE and NE-SW direction
with approximately 2.5 km line spacing.

The stratigraphy of the Attahaddy Field starts at the top from the
undifferentiated Oligocene-Miocene which consists of a mixture of deep-
shallow marine shales and limestones with some interbedded clastic deposits
of loose sand, which occurred during the transgression and regression of the
sea during that time. Deeper in the section, the sedimentation of the Lower
Eocene is dominated by carbonates, which have good porosity. It is believed
that due to the lack of the source and cap rocks, no hydrocarbon accumulation
has taken place.

The Palaeocene deep marine deposits (a very thick section of green shale) are
believed to be the source rock for the underlying structural traps in most of
Concession 6. In addition, a lot of problems have been encountered as the shale
was penetrated, due to the stickiness and softness of the shale, resulting in the
drill bit sticking during drilling, and thereby slowing the drilling time.
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The Palaeocene shale has been subdivided into two seismic sequences, in
which the lower part is characterized by layers truncated at the boundary with
the upper part. This seismic stratigraphic subdivision is a new result from the
present study. The upper part of the subdivided sequence is characterized by
parallel layers that show a concordant relation to the upper bounding surface.

The Upper Cretaceous units consist mainly of sandy limestone and
occasionally in some parts of the field consist of calcareous sand, underlain by
the deep marine deposits of the Socna shale/limestone, which is absent in
some places of the field as a result of the intra-Cretaceous unconformity.

As a result of the intra-Cretaceous unconformity, the deep marine deposit
(Heira shale) of Palaeocene age was laid down above the Upper Cretaceous
shallow carbonate deposits (Zmam Formation) which are separated from the
Upper Cretaceous clastic deposits (Bahi Formation) by the early Cretaceous
unconformity.

The thick underlying Cambro-Ordovician metamorphic section consists of
highly fractured, massive, dense quartzitic sandstones and quartzite which
form the hydrocarbon pay zone of the Attahaddy Field.

iii



CHAPTER ONE

INTRODUCTION
1.1 Regional Geology and structural setting of the Sirte Basin

The Sirte Basin or embayment (Conant & Goudarzi, 1967), is one of several
sediment-filled troughs which formed on the African foreland between the
stable cratonic shield and the mobile Tethys belt (Klitzsch, 1971). It covers an

onshore area of approximately 375,000 km?, and contains 16 giant oil and gas
fields.

The onshore portion of the Sirte Basin, with an estimated sedimentary area of
300,000 km?, encompasses much of the northeast quadrant of Libya. To the
northeast lies the Cyrenaica platform; to the south and to the west lie the
Palaeozoic basins of Al-Kufrah, Murzuq and Ghadamis. The Sirte Basin is a
cratonic rift, resulting from crustal extension of an old eroded basement and
Palaeozoic uplift.

An excess of 8 km of predominantly marine late Mesozoic and Tertiary
sediments have accumulated in the deeper segments of the basin. Although
Palaeozoic deposition was generally widespread across the northern portion of
the African continent, within the Sirte Basin only a meagre record of that era
remains after the erosion during the Hercynian orogeny. Five major crustal
uplifts, the Nafusah and Al Gargaf in western Libya, the Tibisti in Southern
Libya, and the Sirte and Kalanshiyu arches of central and eastern Libya were
strong positive features by the end of this orogeny. Some of the older basins
date from Palaeozoic times and developed through several cycles of uplift and
subsidence with various structural trends.

The Sirte Basin, however, was initiated in late Cretaceous times and has
probably continued to subside, although with decreasing intensity, to recent
times. Development commenced with the collapse of an eroded basement
uplift (the Tibisti-Sirte uplift; Fig. 1.1), to form a series of tilted horsts and
grabens generally trending NW-SE or E-W (Fig. 1.2). Early sedimentation was
highly differentiated with deposition of shales in the grabens and carbonates
on the horsts, but as transgression continued, Cretaceous sedimentation
became more uniformly argillaceous.
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During the early Cenomanian the Sirte Basin developed structurally in the
form that is presently recognized. At this time there occurred a collapse of the
Sirte and Tibisti arches, and the rejuvenation of the Kalanshiyu downwarp
allowed a major advance of the Tethys sea onto the eroded lower Cretaceous
surface in the southeast Sirte Basin. These seas were to remain in the Sirte
Basin until late in the Miocene.

1. 2 Regional stratigraphy
1.2.1Introduction

The initial Cenomanian sedimentation in the Sirte Basin occurred in restricted
grabens in the form of evaporites, which were subsequently buried by thick
shale and carbonate sequences.

The Palaeocene deposition in the basin was similar to that of the upper
Cretaceous, providing mainly shallow marine carbonates and local reefing on
the highs, and deeper water shales and carbonates in the structurally low areas.

The Eocene was primarily a time of carbonate deposition, but near the end of
this epoch there was initiated a period of tectonic instability, which peaked
during the Oligocene and early Miocene. Regional uplift of the basin and a
clastic infill of the Sirte Trough occurred, and by the Middle-Upper Miocene
the present-day onshore portion of the Sirte Basin was emergent.

The Upper Cretaceous - Tertiary strata in Libya are exposed from the Tropic of
Cancer in the south to the Mediterranean coast, and continue in an E-W
direction beyond the international borders to form part of the north African-
Arabian platform deposits. These rocks, known for more than a century, have
only recently been systematically studied. The early scattered information on
these rocks was compiled by Desio (1943), and the main results of the intensive
geological exploration (from 1955 to 1970) were compiled by Burollet (1960);
Hecht et al. (1963); Conant & Goudarzi (1964, 1967); Klilzsch (1970); Goudarzi
(1970); Barr & Wegar (1972) and others.

Comprehensive data on the Upper Cretaceous-Tertiary formations of Libya has
recently been collected by the Industrial Research Centre (IRC), which was
initiated in 1970. During the progress of regional geological mapping the IRC
teams encountered a number of stratigraphical problems, caused by erroneous



transcriptions of local Arabic names previously used, incomplete descriptions
and casual mention of stratigraphic terms; as well as the use of more than one
term for the same lithostratigraphic unit by different authors. Generally 134
terms for the upper Cretaceous-Tertiary formations were named in northern
Libya; of these only 45 formally introduced lithostratigraphic unit terms of the
rank of formation and member have been adopted.

The surface exposures of these rocks in Al hamada al hamra and the Sirte
Basin (NW Libya) exhibit nearly uniform lithological characters, allowing the
unification of their lithostratigraphic nomenclature. However, the Upper
Cretaceous-Tertiary strata exposed in Al jabal al akhdar and the Cyrenaica
platform (NE Libya) are separated from the former by a wide stretch of late
Tertiary-Quaternary cover (undifferentiated Miocene).

However, in both areas the Upper Cretaceous-Tertiary formations are made up
of a carbonate, clay and calcilutite association with very minor evaporites, and
a varying degree of dolomitization. The fauna suggest deposition mostly in
neritic to littoral, with locally developed lagoonal, and rarely, bathyal
environment of deposition (Megerisi & Mamgain, 1980).

The nature of the Cretaceous-Tertiary boundary is well known throughout
much of Libya. In the Sirte Basin, where both Maastrichtian-Danian sediments
are exceptionally well developed, exposures of their contact are found only
along the western margin of the basin (Jordi & Lonfat, 1963; Gohrbandt, 1966;
and Barr & Weegar, 1972, pp.171-173). There the Cretaceous-Tertiary
(Maastrichtian-Danian) contact falls within the Zmam Formation, probably at
the base of the Socna Formation. Although microfossils from these exposures
indicate that there was a marked shallowing of the seas at the end of
Maastrichtian time, no break in deposition is recognized.

Over much of the Sirte Basin, the Maastrichtian-Danian contact has been
penetrated in the subsurface by hundreds of wells. In the deeper parts of the
basin, there appears to be no interruption of deposition at the end of the
Cretaceous. Often, however, there is an abrupt lithological change at this
contact, reflecting a widespread and sudden change in depositional
environment. This is the result of a shallowing of the late Maastrichtian seas,
bringing the Cretaceous to a close, and then a strong transgressive surge at the
beginning of the Danian (Barr, 1972a). In contrast, the Cretaceous-Tertiary



contact in Al Jabal al akhdar region (NW Libya) is usually marked by a major
unconformity. Exposures are often poor and evidence is sparse in this region,
making a detailed reconstruction of the tectonic and depositional history of
this transitional period difficult.

Palaeocene

Palaeocene sediments are widespread through much of NW Libya. Limestone
and marls of the Palaeocene Shurfah Formation cap hundreds of square
kilometres of Al hamada al hamra area, although usually attaining a thickness
of less than a couple of hundred metres. In the Sirte Basin Palaeocene seas also
covered the entire basin, where they were deposited as a thick sequence of
shales, marls and carbonates. A variety of lithofacies, representing varied
depositional environments, are recognized in the subsurface of this basin,
covering thousands of square kilometres. In some of the deeper troughs, up to
a thousand metres of dark organic shales (Khalifa and Heira shales) are
present. Some of these shales are considered to be important hydrocarbon
source rocks. Along the eastern half of the basin, the Palaeocene sequence
becomes predominantly a shelf carbonate facies.

Although the Palaeocene has been of wide distribution and importance in the
Sirte Basin, very little is known of it from NE Libya. Early field studies of Al
Jabal al akhdar recognized the well-exposed Eocene formations, but Palaeocene
rocks were not recognized or documented until 1968, by the Petroleum
Exploration Society of Libya field trip to northern Cyrenaica (Barr, 1968, p.138).

Because of structural complexities and the poor quality of the exposures in this
area, contact relationships are uncertain. It appears, however, that the Eocene
Apollonia limestone may unconfomably overlie the Palaeocene chalk. It has
been suggested that the Wadi dukhan Formation might overlie Al uwayliah
chalk.

Eocene

Eocene strata are absent from most of northern Libya; however, much of the
Sirte Basin contains a thick sequence of Eocene carbonates and evaporites. The
lower Eocene (Ypresian) sequence of the Sirte Basin is principally assigned to



the Gir Formation (Domran equivalent), whereas the Middle Eocene (Lutetian)
is referred to the Gialo limestone (Sheghega equivalent). The Upper Eocene
(Priabonian) of the Sirte Basin is usually referred to as the Augila Formation
(Etel equivalent). The Upper Eocene formation is the result of a regional
shallowing of the seas which brought the Eocene cycle to a close - the Augila
Formation is unconformably overlain by sands of the Oligocene Arida
(Muailah) Formation.

Oligocene

Following the definitions of Barr & Weegar (1972), the base of the Oligocene
has been taken at the top of the upper Eocene Augila Formation, and the upper
boundary has been drawn at the base of the thin shale which immediately
overlies the uppermost beds of the Diba Formation (Muailah equivalent).

The stratigraphic nomenclature adopted for NW and NE Libya is presented in
Fig. 1.3, along with its correlation with the subsurface of the Attahaddy Field in
the Sirte Basin.

1.2.2 Northwestern Libya
Upper Cretaceous

The thickness of surface exposures of Upper Cretaceous formations in NW
Libya averages around 870 m (Megerisi & Mamgain, 1980), but exceeds 1800 m
in the subsurface. They are divisible into the following lithostratigraphic units.

Sidi as side Fm (Cenomanian) Forming the base of the marine Upper

Cretaceous succession, the lower part of the Formation is characterized by
limestone and dolomitic limestone, and the upper part is characterized by a
clay -marl-evaporite sequence. The Formation is exposed all along the Jabal
Nafusa escarpment, increasing in thickness from 65 m in the west to 380 m in
the east.

Nalut Fm (Cenomanian-Turonian) It is characterized by grey to cream

coloured, hard, crystalline dolomitic limestone and dolomite, with common
chert concretions in the upper part. The thickness varies from 40 m in the west
to 200 m in the eastern part.
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Qasr Tigrinnah Fm (Turonian-Coniacian) It is characterized by greenish-grey
marls, gypsiferous in the lower part, whereas the upper part is made up of
white porous chalky limestone and marl, The thickness varies from 30-130 m.

Mizdah Fm (Santonian-Campanian) The lower part is characterized by

yellowish-white to pink crystalline limestone; the upper part consists of white
chalky and thinly bedded limestone. It varies from 5-30 m in thickness.

Zmam Fm (Campanian-Maastrichtian) It is a claystone, marl, limestone and

dolomitic limestone sequence. The exposed thickness varies from 40-190 m,
and it marks the end of the upper Cretaceous marine succession.

Tertiary

The Tertiary outcrops averages 700 m in thickness, which is exceeded by the
4800 m in the subsurface. They are divisible into the following
lithostratigraphic units.

Shurfah Fm (Palaeocene) The marlstone, chalk and chalky limestone sequence

is divisible into three members, with a maximum exposed thickness of 100 m,
The lower part consists of thinly bedded limestone - marlstone at the base
followed by platy claystone and white to cream chalky limestone. The middle
part is characterized by chalk and chalky limestone, and the upper part by well-
bedded dolomitic limestone with a few marl intercalations.

Bishimah Fm (Lower Eocene) The lower part is characterized by greenish-buff

marl and nodular to dolomitized limestone, which straddles the Palaeocene-
Eocene boundary, overlain by chalky limestone. The upper part is characterized
by massive thick-bedded chalky and dolomitic limestone. The Formation
varies in thickness from 30-120 m, and mostly represents Ypresian age.

Al Jir Fm (Middle Eocene) It is characterized by white chalk and chalky
limestone in the lower part, and medium-grained limestone in the upper part.
The thickness varies from 35 - 65 m.

Wadi Thamat Fm (Middle-Upper Eocene) It is divisible into three parts ; the
lower part consists of greenish to buff marly limestone; the middle part
consists of massive white argillaceous limestone and indistinctly bedded




brown weathering chalk; the upper part consists of yellow to cream coloured
limestone alternating with marls. The average thickness of this formation is
250 m.

Umm Addahiy Fm (Lower Oligocene) It is characterized by alterations of

organodetrital limestone, marl and marlstone. The thickness of this formation
averages around 40 m.

Bu Hashisha Fm (Upper-Oligocene) It is characterized by white to brownish

and cream coloured limestone, followed by the alternations of dolomitic
limestone and marlstone, averaging 40 m in thickness.

Mazul Ninah Fm (Lower to Upper Oligocene) It represents the 30-60 m thick

lagoonal to lacustrine deposits of the Oligocene Epoch. The lower member
consists of alterations of greenish-brown to reddish-brown clay and claystone,
with gypsum. The upper member is formed of chalky and marly limestone
grading into crystalline limestone.

Tarab Fm (Lower to Upper Oligocene) It is characterized by a 6 m thick
sequence of thinly bedded claystone, marlstone and calcilutite.

1. 2.3 Central Sirte Basin
Upper Cretaceous

The thickness of the subsurface Upper Cretaceous formations in the area of the
Attahaddy Field averages around 300 m. They are divisible into the following
lithostratigraphic units.

Bahi Fm (Cenomanian) The Bahi Formation consists of interbedded
sandstone, siltstone, conglomerate and shale. Sandstone and pebbly sandstone
are the most common lithologies. The Bahi Formation occurs in the

northwestern part of the Sirte Basin and is especially well developed in the
Bahi Field (Concession 32) area. The thickness of the Bahi Formation varies
from a few metres to a maximum of over 100 m. The Formation
unconformably overlies a Lower Palaeozoic formation of probable Cambro-
Ordovician age.
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Socna Fm (Campanian-Maastrichtian) This Formation consists of a shale

sequence with thin limestone interbeds; the shales ranges in colour from dark
grey to mainly dark brown, they are carbonaceous and calcareous for the most
part, and grade into shaly limestone, and they become increasingly silty and
sandy towards the base. The thickness of Socna Formation averages around 120
m in the central and western Sirte Basin. The Formation rests on rocks as old
as the Bahi Formation, where the unconformity is present, whereas in the
eastern Sirte Basin, the time equivalent of the Socna Formation becomes
calcareous in the lower part. In this Field, however, the name Socna is
restricted to the upper shale sequence.

Zmam Fm (Maastrichtian-Lower Palaeocene) The Zmam Formation consists
predominantly of white, tan or grey limestone, argillaceous calcilutite, with
some dark grey calcareous shale interbeds. Occasionally the upper part of the
Formation becomes calcarenitic. In the eastern Sirte Basin the Zmam
Limestone becomes white and increasingly chalky, which is quite similar to
that of the Atrun Limestone. The thickness ranges from about 30-120 m.
Although this Formation occurs over much of the Sirte Basin, it is not
normally a reservoir, but since it is a tight micrite, it makes a good seismic
reflector which was used for mapping the top Cretaceous.

Tertiary

Heira Fm (Lower Palaeocene) This Formation consists mainly of a shale
sequence with occasional thin limestone interbeds. The shale is dominantly

grey, soft to medium hard, calcareous, fossiliferous and slightly silty in part.
Occasional beds of light brownish grey, very calcareous clay occur in association
with the shales. The limestone beds, which are more common in the upper
part of the Formation, are grey, tan and brown, very fine grained, hard and
dense. The top of the Formation is marked by a characteristic reduction in
electric log resistivity at a sub-sea depth of -4064 ft (-1220 m), while the base is
placed at a similar characteristic increase in resistivity at -5880 ft (-1765 m). The
Heira Formation makes a cap-rock for the various older reservoir sediments.

Ruaga Fm (Upper Palaeocene) The Ruaga Formation consists predominantly

of a limestone sequence with very subordinate amounts of shale. The
limestone is dark brown, hard, argillaceous, calcilutite and sometimes
calcarenite with thin stringers of grey-green pyritic shale. The thickness of this

11



Formation ranges from 60-90 m, which remains fairly constant over a large
area where it is typically developed.

Domran Fm (Lower Eocene) The lower part of the Domran Formation consists
mainly of thin bedded, tan, chalky calcarenite layers, which contains dark grey
chert nodules in every two to three metres. The middle and upper portions of
the Formation consist of alternating thin beds of soft, white, chalky calcilutite
and harder tan calcilutite. Chert nodules are less common in the upper part of
the Formation. The thickness of this Formation ranges from 240-300 m.

Sheghega Fm (Middle Eocene) The Sheghega Formation consists of a thick
sequence of grey or tan to brown, shallow marine limestone. It is highly
fossiliferous, containing concentrations of several species of nummulites,

which in parts of the sequence make up a high percentage of the limestone.
Portions of this Formation are chalky and very friable. The Formation is
widespread in the subsurface of the Sirte Basin, and its thickness ranges from
300-360 m.

Etel Fm (Lower Oligocene) The Etel Formation consists mainly of a soft, light

grey to dark green shale, which is sometimes silty. The thickness of this
Formation varies from about 120-180 m.

Muailah Fm (Upper Oligocene) The Muailah Formation consists of an

alternating sequence of thick sandstone units and thin shales, while a few
sandy limestone beds are present at the very lower part of the Formation. The
shale is soft, silty, and grey to green in colour. The Formation varies in
thickness from 100-165 m.

1.2.4 Northeastern Libya
Upper Cretaceous

The surface exposures of the Upper Cretaceous rocks in Al Jabal al akhdar
average 980 m in thickness and are divisible into the following
lithostratigraphic units.

Qasr al ahrar Fm (Cenomanian) It is characterized by green to yellow marl with

rare intercalations of marly limestone. The exposed thickness varies from 20-30

m.
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Al baniyah Fm (Cenomanian-Coniacian) It is characterized by marly
limestone, intercalated with dolomitic limestone. The thickness varies from
35-600 m, due to pre-Campanian erosional intensity.

Al majahir Fm (Campanian) It is represented by light grey marls, followed by
fine-grained marly to chalky limestone, thick bedded and dolomitic in the
middle and upper part. The thickness varies from 70-200 m.

Wadi dukhan Fm (Maastrichtian) It consists of dark grey to brown dolomite
and vuggy dolomitic limestone, which is massive.

Tukrah Fm (Senonian) It is characterized by light grey, well-bedded compact
limestone with chert nodules. The exposed thickness averages a few tens of
metres.

Al hilal Fm (Cenomanian-Coniacian) These are the brownish and greenish-

grey thinly bedded marl exposed for a few tens of metres.

Al athrun Fm (Maastrichtian) Is the tan white microcrystalline limestone, with

marly intercalations and lenses of brown chert, with an exposed thickness
varying from 45-52 m.

Tertiary

The exposed thickness of Tertiary formations in Al jabal al akhdar and
Cyrenaica region averages around 990 m, and has been differentiated into the
following lithostratigraphic units.

Al uwayliah Fm (Palaeocene) It is characterized by greenish marl, whitish

chalk and bedded chalky limestone, that extends for a few metres in thickness.

Apollonia Fm (Lower-Middle Eocene) It is represented by cream coloured

microcrystalline limestone, with grey to brown lenses and nodules of chert.

Darnah Fm (Middle-Upper Eocene) It consists of massive, medium to coarse-
grained, nummulitic limestone, and dolomitic limestone. The exposed

thickness averages around 100 m.

13



Al bayda Fm (Lower Oligocene) It is marl and marly limestone in the lower
part, and organodetrital limestone in the upper part. The exposed thickness
averages around 40 m.

Al abrag Fm (Lower-Upper Oligocene) It is characterized by a limestone,

dolomitic limestone, dolomite and marl sequence. It varies in thickness from
60-130 m.

Al faidiyah Fm (Oligocene-Miocene) It consists of greenish calcareous clay,
marl and marly limestone; the thickness of this Formation varies from 10-
100m.

1.2.5 The intra-Cretaceous Unconformity

The intra-Cretaceous unconformity, at the base of the marine Upper
Cretaceous sequence, is present through the Sirte Basin and is of profound
significance to the entrapment of the billions of barrels of petroleum in the
underlying sandstone. As a generalization, the major clastic accumulation in
the Sirte Basin occurs below this unconformity. The plane of the unconformity
reflects the cessation of non-marine Mesozoic conditions and the incoming of
an Upper Cretaceous sea in Cenomanian-Turonian times.

1. 3 Tectonic and sedimentary model

The Sirte Basin is a late Mesozoic-Tertiary cratonic rift resulting from crustal
extensions of older basement and Paleozoic rocks. The tectonic evolution of
the Sirte Basin controlled the sedimentation and provenance of the sediment
material that built the stratigraphic section in the study area. The formation of
the Hagfa (Heira), Sirte (Socna), Sarir and Wadayat troughs and their associated
platforms characterised the basin, and is responsible for the major plays in the
Sirte Basin.

The evolution of the basin can be broken down into four major sequences of
deformation and sedimentation (Yarborough, 1978), which is reflected in the
Hagfa trough by the rift valley formation model (Fig. 1.4).

(1) Palaeozoic formation of the Sirte Arch: The extent of Palaeozoic
sedimentation in the Sirte Basin is not known. Patches of Silurian rocks are
known, but subsequent erosion has removed all but a few traces of Palaeozoic

14
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rocks. During the Palaeozoic a broad tectonic arch developed on the site of the
Sirte Basin. Erosion removed virtually all sediments down to the Cambro-
Ordovician Gargaf Formation, resulting in widespread deposition around the
flank of the Arch of the Nubian formation (Upper Palaeozoic to Lower
Cretaceous).

(2) This was followed in the Aptian-Albian by arch foundering and pre-Socna
major block faulting. Extensional forces were enhanced by the continued
uplifting of the basin (Calbick & Smith, 1967). This tectonic stage instigated the
Cretaceous marine transgression and marked the termination of alluvial-
lacustrine sedimentation, and as a result, a series of horst and grabens was
developed. Sedimentation was mainly active in the subsiding grabens, while
the horsts or platforms were emerging above sea level and acting as a source
area for the early marginal clastic wedge developments. These were deposited
on the downthrown sides of the major faults and caused a change in facies to
evaporite/shale and/or shale/limestone sequences away from the platform
margins. The clastic accumulation on the downthrown sides of the faults is
found to be prospective in several parts of the basin (Williams, 1970). This
graben-fill sedimentation of the Bahi and Waha clastics and the Cretaceous
Socna shales was terminated by the deposition of widespread, argillaceous
limestone of the Gheriat (Zmam) Formation at the end of Maastrichtian time.

(3) Following the deposition of the Gheriat (Zmam) Formation, regional
subsidence occurred where a series of carbonate and shale units was deposited
during the Palaeocene and Eocene. Lateral facies changes occurred in these
units, reflecting not only the development of grabens but also the shifting of
the sedimentation depocentre from one area to another. Due to this facies shift
during the Lower to Middle Palaeocene the Heira shale changes to dolomite
(Al uwayliah/ Sabil Formations) to the east of the Zelten Platform. Also the
Heira developed several reefal buildups and carbonate banks, represented by
the Ora, Meem and Mabruk Members. During the Eocene, block faulting
rejuvenation of Sitra and Domran deposits created the final stage of this
structural setting.

(4) Finally, the basin tilted to the north-east during late Eocene time owing to
the development of the major depocentre in what is today the Agedabia
Trough. Here, Oligocene/Miocene sediments are up to 3,900 m thick.
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1. 4 Attahaddy Field
1.4.1 Introduction

The Attahaddy Field (formerly Areada) is located in the NW part of
Concession 6. The discovery well FF1-6 was drilled by Esso Standard Libya, Inc.
in 1964, and tested gas from a thin Bahi section, and drilled 28 m into the
Gargaf, but this section was not tested. The FF2-6 well was drilled 30 m into the
Gargaf in 1967. It tested gas, but this test was not conclusive.

In 1985 FF3-6 was a big success, establishing a potential gas column in the
Gargaf of over 640 m. This success formed the basis of an appraisal programme
in the field.

Several exploration and outpost wells were then drilled, displaying very good
producibility in the field. This encouraged the company to drill numerous
development wells. The total number of wells that have been drilled to date is
16, however, the development work is still continuing, and more wells in the
field are being drilled.

The Field is now owned by Sirte Oil Company, the third biggest oil company in
the country, which belongs to the National Oil Corporation of Libya.

1. 4.2 Field location

The Attahaddy Field is located in the NW portion of Concession 6 (Fig. 1.5). It
covers approximately 43,300 acres. The field is mainly located on the Menzella
ridge of the Zelten Platform in the Sirte Basin, between the Hagfa Trough and
Wadayat Trough ( the Sirte Basin deep).

Despite the 16 appraisal and delineation wells that have been drilled already
(Fig. 1.6), the NW sector of the Field has not yet been investigated. Well FF17-6
will fulfil that need.

The field comprises a main central block (Central horst), plus peripheral areas
to the north and south.

17



Fig. 1.5 Concession map.
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The gas-water contact is present at about -12200 ft sub-sea (-3660 m), in the
south-western part of the field. The base of the reservoir is formed by a red
siltstone which is present below -12200 ft (-3660 m).

1.4.3 Geology

Structural setting

The structural phenomena of the field are quite complicated. However, this
complex structure is understood to be block structure, which in addition is
accompanied by dividing the field into different blocks (separated by major
faults), each of which has its own structural features. The Early Cretaceous/
Cambro-Ordovician faulting has produced highly fractured quartzitic
sandstones and quartzite, and subdivided the area into different structural
traps (Keskin, 1988).

Several wells have been drilled in different blocks, where they penetrated
deeper than the ones in nearby blocks. Those which penetrated below the gas-
water contact in the neighbouring blocks showed higher producibility than the
wells above the gas-water contact of the field in other blocks, this is mainly
related to porosity variation.

The Menzella Ridge of the Zelten Platform in the Sirte Basin (where the field
is located) was highly faulted during Cambro-Ordovician time. This activity
resulted in NW-SE trending major faults which extend parallel to the Ajdabiya
Trough to the east and the Hagfa Trough to the west, from the Gulf of Sirte in
the Mediterranean Sea, across the eastern part of the country to the Sudan
border. In addition this early major faulting activity developed the Zelten
Platform as a high bordered by two low areas of sedimentation, the Ajdabiya
Trough and the Hagfa Trough.

Stratigraphical setting

See the stratigraphic column (Fig. 1.7). As a result of the intra-Cretaceous
unconformity discussed in previous section, the deep marine deposit (Heira
shale) of Palaeocene age was laid down above the Upper Cretaceous shallow
carbonate deposits (Zmam Formation) which are separated from the Upper
Cretaceous clastic deposits (Bahi Formation) by the Early Cretaceous

unconformity.
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In general, the stratigraphy of the field starts at the top from the
undifferentiated Oligocene-Miocene which consists of a mixture of deep-
shallow marine shales and limestones with some interbedded clastic deposits
of loose sand, which occurred during the transgression and regression of the
sea during that time. Deeper in the section, the sedimentation of the Lower
Eocene is dominated by carbonates, which have good porosity. It is believed
that due to the lack of the source and cap rocks, no hydrocarbon accumulation
has taken place.

The Palaeocene deep marine deposits (a very thick section of green shale) are
believed to be the source rock for the underlying structural traps. In addition, a
lot of problems have been encountered as the shale was penetrated, due to the
stickiness and softness of the shale, resulting in the drill bit sticking during
drilling, and thereby slowing the drilling time.

The Upper Cretaceous carbonates consist mainly of sandy limestone and
occasionally in some parts of the field consist of calcareous sand, underlain by
the deep marine deposits of the Socna shale/limestone, which is absent in
some places of the field as a result of the underlying unconformity.

The thick underlying Cambro-Ordovician metamorphic section consists of
highly fractured, massive, dense quartzitic sandstones and quartzite which
forms the hydrocarbon pay zone of the Attahaddy Field. Several intervals of
core have been cut in each well. These displayed open fractures in the
producible wells. On the other hand, however, very massive, tight quartzite
was found in the dry holes.

1.5 Previous work

(a) A study project of Cretaceous rocks in Concession 6 was carried out in 1987
by Sirte Oil Company Exploration Department, involving a staff of seven
people and other specialists as were needed (McDowell, 1988). The project
objectives were revised with the specifications restricted to the construction of
a series of isopach and lithofacies maps, locating growth faults and outlining
the distribution of the various Cretaceous formations. The isopach maps of
Bahi Formation (Fig. 1.8), Socna Formation (Fig. 1.9) and Zmam Formation
(Fig. 1.10) were constructed at a scale of 1 : 100,000, and all their values were
taken from records of the tops, or from data sheets of other workers in the area.
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The project led to the conclusion that the distribution of the Socna Formation
is complex, the most conspicuous structural features being the large horst
blocks of Arshada and Attahaddy, where active fault movement took place
during Bahi time, continuing into the Socna. Movement in the Socna was
diminished, however, and little was evident by Zmam time.

(b) The reservoir blocks, as were defined by the fault planes (Kardoes, 1986),
which were interpreted from the Gargaf depth structure map, as well as
seismic, structural and geological cross-sections (Fig. 1.11), resulted in the
discovery of a gas bearing structure extending over a distance of 28 km,
connecting the Attahaddy Field with the north Arshad area, where well
MMM5-6 was drilled.

(c) A comparison of reservoir characteristics in the Gargaf quartzites of the
Meghil and Attahaddy gas Fields was made by Keskin (1988), resulting the
following conclusions.

(i) Matrix porosity (as detected by sonic logging) is quite common in the
uppermost Gargaf section in some of the Attahaddy wells (ie FF7-6 and
FF14-6).

(ii) The calculated average porosities in the Bahi - Gargaf section of the
Meghil wells are correlatable with Bahi (45 m) and the uppermost (150
m) of Gargaf section cut in well FF7-6 (Meghil : 0.062; Attahaddy : 0.0673).

(iii) Two percent porosity limit is a confident net pay cutoff for the matrix
porosity associated with fractured zones of the Bahi-Gargaf intervals.

(d) The exploration programme in the Attahaddy Field resulted in the drilling
of 16 wells in order to provide some geological and structural evidence on the
Field. The purpose of drilling these wells was as follows:-

FF1-6 To test the presence of gas within the Bahi Formation.
FF2-6 To investigate the presence of a down-dip oil column.

FF3-6 To drill a potential gas column, which was duly discovered to be in
excess of 630 m in the Gargaf Formation.
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To drill into the Gargaf Formation in a flank location on the
downfaulted block 2.3 km west of FF3-6. ( which drilled through
the reservoir rock, and was terminated at -3242 m sub-sea).

To test the NW extension of the field.

To appraise the SE extension of a central anticline in the
downthrown block, around 6 km south of FF3-6.

To test the extension of the northern flank in a downdip
location and to provide some information on the gas-water
contact.

Drilled to delineate the existing recoverable gas potential of the
northern slope.

To appraise the southeastern flank of the Attahaddy Field. The
well is located rather downdip, to provide information on the
area limits, as well as the gas-water contact of the field.

Drilled to establish the areal extent, as well as vertical limits of
the Bahi/Gargaf reservoir of the Attahaddy Field.

Drilled to delineate the existing, as well as the recoverable gas
potential, of the newly interpreted thick Bahi clastic fans which
might have developed, especially on the northern slope of the
structure.

To appraise the eastern flank of the field.
To test the extension of the north east flank of the field.
To appraise the south extension of an anticlinal structure.

To test the Gas potential in western Attahaddy Field, which is
believed to be separated from the main Attahaddy horst by a
significant E-W graben.

To delineate the reservoir limits and the recoverable gas
capacity of the least known area of the field.
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1.6 Aims of the present research

The principal aims of this research can be summarized into the following four
aspects:-

(1) To outline the distribution of the various Upper Cretaceous-Tertiary
strata within the Attahaddy Field, using the available seismic sections
and geophysical logs.

(2) To construct seismic depth structure maps and velocity maps for the
Cambro-Ordovician Bahi-Gargaf Formation, which is believed to be the
reservoir rock of the field, and which will also enable us to follow the
depth variation of these rocks all around the field.

(3) To study the major structure of the field by contrasting various
geological and structural cross-sections.

(4) To study the seismic stratigraphy of the field.
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CHAPTER TWO
GEOPHYSICAL AND GEOLOGICAL DATA USED IN THE STUDY

2.1 Data available
[

Seismic coverage over the Attahaddy Field comprises an area of approximately
200 km?, of 12-30 and 48 fold Vibroseis seismic data acquired in 1980, 1983, 1984
and 1985 in the Concession 6 Area. The addendum incorporates an additional
270 km? of 30 fold Vibroseis data recorded in 1987.

The final interpretation presented in this study was carried out using only the
1987 data. This is due to the unresolvable seismic time misties between the
different vintages caused by the use of different acquisition and processing
parameters. The 1987 data, which provides adequate coverage for mapping,
forms a seismic grid with the lines oriented in a NW-SE and NE-SW direction
with approximately 2.5 km line spacing.

2. 2 Seismic survey and processing
2.2.1 Data acquisition

The data were recorded by Boco (party 9) in November, 1987. The field
acquisition conditions were excellent, with a fairly smooth terrain over the
programme area. The field acquisition parameters are similar to those used for
the 1985 Sirte reconnaissance programme in Concession 6, and were based on
the results of a noise study carried out in the area. The most significant
parameters are :-

Fold : 30

Station interval : 36 metres

Source interval : 80 metres

Spread geometry : 2500-140-0-140-2500 metres
Sweep : 10-40 Hz, 15 DB log, 12 sec.
Geophone type  : SM-4 (10 Hz).

Detailed field acquisition parameters are shown on the side-label (Fig. 2.1). The
data quality is good with the exception of the southwest portion of the
programme area, where the data deteriorates near the fault zone.
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FINAL STACK

PLATE PF-415S JUNE 1988

FIELD PRARAMETERS

RECQORDED BY BOCO PARTY 9  RECEIVERS

RECORDING DATE SEPTEMBER 1987 PATTERN 6 STRINGS OF 12 GEOPHONES

SOURCE ARRAY LENGTH/WIDTH 63/45 M
VIBROSEIS=*# 4 VIBROS. X 8 SWEEPS STRING SPACING/FEATHER 9/6 M
VIBRATOR TYPE LRS-311 TYPE/FREQUENCY SM~4/10 HZ
VIB. SPACING cOM. MOVE-UP 4.5X NO. OF GROUPS 96
VIB. IN-LINE FEATHER 10.5H8 INSTRUMENT
ARRAY WIDTH/LENGTH 60M/63M8 TYPE/FORMAT MDS-10/SEG-B
SWEEP FREQU. 12-48 HZ LINEAR RECORD LENGTH/SAMPLE INT. 195/4MS
SHEEF LENGTH/TAPER 16/0.5 S NO. OF SEISMIC CHANNELS €
BASE PLATE PHASE CONTROL FILTERS LC-OUT HC-62.5 HZ
LISTENING TINME 4 S STATION AND VP INTERVAL 36N

PIELD =ZTATICS - UPHOLE REPLACEMENT STATICS COMPUTED TO ¥.S.L. DATUM BY CREW

vE

I
v TRbssbsrrestbistt " N ORI
144m ISne1
s CONOCO_FTH

Fig. 2.1 Side-label showing field parameters.
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2.2.2 Data processing

The data were processed by CGG in London. The selection of processing
parameters was based on the results of a standard series of processing tests. Fig.
2.2 shows the processing parameters as shown on the side-label. No major
processing problems were encountered.

2.3 Wells used for the study

As discussed in the previous chapter, 16 wells have already been drilled in the
study area. The geological and geophysical data obtained from these wells are
being used in this study. The general distribution of these wells in the field
along with the relevant data associated are shown in Appendix 1.

2.4 Description of well logs

The lithological descriptions obtained from the well completion logs show 10
major formations. It is often difficult to separate the Upper Cretaceous Bahi
Formation from the underlying Cambro-Ordovician Gargaf Formation, either
on electric logs or in samples, due to the fact that the Bahi sands were largely
derived by erosion from the underlying Gargaf. They are considered as
separate formations. The contact relationships between the formations
encountered were based on palaeontological aspects (faunal assemblage).

The full geological and geophysical description of these individual formations
are shown in Fig. 2.3, based on data obtained from well FF6-6 completion log,
while the lithological descriptions of the formations encountered are as
follows.

Gargaf Formation (Cambro-Ordovician) -11267"

Consists mainly of light grey, very fine grained, transparent, very hard
quartzitic sandstone and quartzite, with a minor interbedding of shale and red
siltstone. This formation represents the main reservoir. The total thickness of
the Gargaf Formation cannot be measured in the field, due to the fact that none
of the wells drilled in the area penetrated the whole formation and none have

reached the basement.
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PROCESSING PARAMETERS
PROCESSED BY CGG
PROCESSING SAMPLE RATE 4MS
PROCESSING RECORD LENGTH 45
FEFORMAT SEGX TO CGG FORMAT
GEOMETRY LABELLING AND VP DISPLAY
AMPLITUDE RECOVERY - A.G.C.
HUTING —
0MS-234X 200MS-270M 620MS~1370M 1480MS-3564M
FK FILTERING OF VPS
NOTCH REJECTION 800 — 1800 ¥/S
SORT TG RECEIVER GATHERS
FK FILTERING OF RECEIVERS
NOTCH REJECTION 800 - 1800 M/S
CDP GATHER
FIELD STATIC CORRECTION - TO F.D.P.
SPECTRAL WHITENING (TVDEF)& -
9-48HZ 0.05  9-45HZ 1.55  9-40HZ 4.05
VELOCITY ANALYSIS* -
DISCRETE CONSTANT VELOCITY STACKS (CVS) ~ 15 VELOCITIES.GROUPS OF 24 CDPS
VELOCITY SPECTRA (ANVIT) - EVERY 2KM OR AT INTERSECTIONS
NORNAL MOVE-OUT»
MUTINGs -
100MS-270M  250MS-306M  1200MS-1580M  1300MS-3564K
AUTOMATIC SURFACE CONSISTANT S RESIDUALS STATICSs - SATAN I Su
DESIGN GATE: 0.55-2.555 FREQUENCY RANGE 12-35 HZ2
STACKs ~ NOMINAL 48 FOLD
PREDICTIVE DECONVOLUTIONs -
DESIGN GATE GAP  TOTAL OP. LENGTH PREMHITENING
0.2 -1.3S 24 MS 120 NS 0.5 PERCENT
1.6 - 3.05 36 M5 132 MS 0.5 PERCENT
THREE TRACE MIX WEIGHTED 1.2.1 AND SUMMATIONe - CDP INTERVAL = 36X
TIME VARIANT BAND PASS FILTER* -
TINE BAND PASS
0.0 -1.25 12 - 45 HZ
1.4 -2.45 12 - 40 HZ
2.6 -4.05 12 - 35 HZ
F-X DOMAIN SPECTRAL NOISE ATTENUATIONs (VIZIR)
COHERENCY ENHANCEMENT* ~ 40 PERCENT OF ORIGINAL TRACE RETAINED
EQUALISATION* -
0.0 - 1.7 S 500 XS OPERATOR
1.7 - 4.0 S 1000 MS OPERATOR
POLARITY REVERSAL
STATIC CORRECTION - TO DATUM

DISPLAY .
« TIMES REFERENCED TO FLOATING DATUM PLANE

Fig. 2.2 Side-label showing processing parameters.
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Bahi Formation (Upper-Cretaceous) -10984'- -11267

This formation represents the oldest upper Cretaceous age deposits, and it is
considered as a secondary reservoir target. There is not much lithological
variation with the underlying Gargaf Formation. It consists of a very coarse-
grained sandstone of milky white colour, with very thin sandy carbonate bed
intercalations.

Socna Formation (Upper-Cretaceous) -10520' - -10984'

The total thickness of this formation varies from 120-180 m. It consists mainly
of silt, siltstone, sandstone and shale, with very thin beds of white to light grey
colour anhydrite in the lower part of the formation.

The siltstone is light to medium grey in colour, the uppermost part is
characterized by its calcareous units, while the rest of this unit is argillaceous
and dolomitic at the very base. The shale beds occur at three different levels.
They are light to dark grey in colour, fairly hard and characterized by having
some slickensided, shiny surfaces. The variation of the shale composition can
be noticed at these levels, where it varies gradually and generally from
calcareous at the top to mostly argilliceous at the base.

The sandstone of Socna formation is white to light grey, very fine grained with
sub-angular associated quartz grains, and are fairly well sorted. At the base the
sandstone changes to more dolomitic, then to silty, sands.

Zmam Formation (Upper-Cretaceous) -10022'- -10520"'

This formation represents the youngest of the Cretaceous units, and it ends the
Mesozoic era. The Formation is widespread throughout the subsurface of the
Sirte Basin and is stratigraphically used as a marker horizon.

It is composed mainly of light brown, microcrystalline, slightly argillaceous
medium hard carbonate sequence of limestone. The upper portions of the
formation occasionally contain some fossils; the amount of argillaceous
material increases in the lower half, where it becomes gradually shaly, while
the lowermost part of the formation is characterized by glauconitic, medium-
dark beds of grey limestone.
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Heira Formation (Palaeocene) -7491'- -10022'

The Heira Formation is dark grey, splintery, slightly calcareous, firm to
medium hard, sometime massive shale, with occasional rare interfingers of
soft medium hard limestone. The upper part of the shale is very fine grained,
nearly marly and contains abundant forams, whereas the lower part of the
shale is grey, medium hard, splintery and slightly silty in nature.

Ruaga Formation (Palaeocene) -5994' - -7491"

The Ruaga Formation of Fogaha Group, consists mainly of cryptocrystalline to
microcrystalline limestone, which varies in colour from dark to light brown.
The upper part is argillaceous, micritic and brittle, while the lower portion is
characterized by abundant chert nodules. Calcite crystals are very common in
the basal part of the Formation.

The lower part of the limestone is quite soft compared with the upper part and
the total thickness of this formation in this well is reported to be over 96 m.

Domran Formation (Eocene) -5994' - -7172'

This is the lowest formation of the Uaddan Group. It is composed of a thick
sequence of limestone, mainly of white colour, and is characterized by some
chert at various levels; in the basal part the chert is more abundant.

Sheghega Formation (Eocene) -4147' - -5994'

The Sheghega Formation is composed predominantly of a carbonate sequence
of cream, micritic, skeletal limestone with abundant large fossil fragments. It is
characterised by abundant nummilitic beds at various levels, the upper part is
slightly argillaceous, and chert and chert nodules are quite common in the
middle part, whereas the lowest part of the formation shows small calcareous
shaly beds averaging 3-5 metres in thickness; these shales are grey to green
colour and quite firm.

Etel Formation (Oligocene) -1942' - -4147'

Consists mainly of grey to greenish, soft to very soft, firm, occasionally blocky,
highly calcareous shale, the middle part of it, is slightly sandy, and none

39



calcareous, while the lower 60 m of this formation is characterized by a change
in colour to light brown.

Muailah Formation (Oligocene) -1942' - -3642'

Consists mainly of greenish, soft, calcareous, occasionally silty shale sequence
with limestone and dolomite beds intercalation, the middle 25 m is composed
of mixed clastic sediments of sandstone and siltstones. The sands are white,
medium dark, sub rounded, sub-angular, and highly calcareous.

Undifferentiated Miocene -1942' - surface

Composed mainly of mixed carbonate and clastic sediments, limestones of
white, creamy, tan, medium hard, micaceous, chalky, vuggy types are more
common within the Miocene deposits. A number of layers of greenish, very
soft, gummy, calcareous shale can be observed at a various levels of the
Miocene strata.

A NW-SE geological section through wells FF16-6, FF8-6, FF3-6, FF6-6, FF15-6
and FF10-6 was drawn (Enclosure 1). The section shows brief information on
the geological history and the general behaviour of the formations, where it
started with the deposition of the clastic sediments of Cambro-Ordovician age,
changing to mixed clastics and carbonates deposit of Upper Cretaceous age, and
the deposition of the thick massive sequence of shale of lower Tertiary age,
ending the cycle of deposition with marine sequences of carbonate. The lower
portions of the section show a break in deposition and this unconformity is
marked by an erosional surface, where some Cretaceous Formations (Socna
and Bahi) in some wells (FF8-6 & FF3-6) are missing. The section also shows
the thickness variation as the formations were correlated.
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CHAPTER THREE

SEISMIC INTERPRETATION
3.1 Number of seismic sections and examples

The seismic data base consists of 17 lines totalling 270 km in length acquired in
1987 (Fig. 3.1). In order to investigate the deep structure of the field, a seismic
interpretation study is carried out on all of these sections. Selected seismic
sections are reproduced as figures 3.2, 3.3, 3.4 and 3.5, along with their
interpretation. Line V87-412 (Fig. 3.2) was planned to pass through the deep
boreholes FF7-6, FF13-6, and FF12-6, whereas lines V87-410 (Fig. 3.3) and V87-
413 (Fig. 3.4) to pass through the prognosed location of well FF16-6, which was
the last well drilled in the field. The seismic survey also covers the north-west
portion of the field where no wells were drilled apart from I1-6 and 12-6, but
due to the lack of data for these wells no seismic ties to wells could be done.
The main study was carried out in this part of the field by seismic
interpretation and correlation with the north and north-eastern parts.

Line V87-407 has been included mainly to demonstrate the borehole tie to well
FF4-6 (Fig. 3.6), and shows a fairly simple structure with all horizons rising
south-easterly to a fault zone.

Line V87-402 (Fig. 3.7) was included principally for the purpose of the
interpretation, where it represents the longest seismic profile shot in the field,
and which will also help in matching the seismic horizons together to
compare the behaviour of the horizons in the SE and NW parts of the field,
and which will also describe the deep structure of the lower portion of the
field.

3.2 Horizons used for reflection identification

There are no geological outcrops in the nearby areas, that can be used in
correlation and tying. Geological identification of reflectors was initially based
on well data and geological background. The events selected for horizons

identification and mapping were as follows.

Horizon A:  Top Sheghega Formation (Middle-Eocene). Yellow pick
on sections. This is a continuous shallow event in most
or all parts of the field, and is clearly defined by its good
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Horizon B:

Horizon C:

Horizon D:

strong reflector that can be matched and followed on all
the sections. This horizon appears between an average
two-way time of 1.17 s, and of a sub-sea depth ranging
from -4000 - -5000 ft (-1200 : 1500 m) as tied to well data.
No major disturbance of the horizon was noticed, but it is
a horizontally continuous event, and the lithological
characteristic of this event (shale to hard, massive
limestone) results in a clear identification on the seismic
sections.

Top Heira Formation (Palaeocene). Green pick on
sections. This is a very strong and continuous event
especially in the central part of the area, the event being
interpreted at an average two-way time of 1.57 s, and of a
sub-sea depth ranging from -7000 - -7500 ft (-2100 - -2250
m). The continuity of this strong event makes it very
reliable in identification and mapping.

Top Zmam Formation (Upper Cretaceous). Blue pick on
sections. Originally described as Danian, the event is not
as strong as horizons A or B, but continuity is fairly good.
It can be followed reliably to some extent over most of the
area. There are many smaller faults which are very clearly
defined at this level. The major faults are often associated
with the underlying horizons, and can also be defined
clearly. The event occurs at an average two-way time of
2.05 s, a sub-sea depth corresponding to -9000 - -9500 ft
(-2700 - -2850 m). It is used stratigraphically as a marker
bed in ending the cycle of deposition of Mesozoic era,
which makes it very convenient for mapping and
correlation.

Top Bahi/Gargaf Formations (Cambro-Ordovician).
Brown pick on sections. This event shows very similar
structure trends to horizon C. Although this reflector is
considered the deepest reflector, it can hardly be followed
due to discontinuity related to structural disturbances
which makes correlation and matching across faults quite

49



poor. In spite of the fact that deep events are visible on
some other seismic lines, the uncertainty of correlation is
rather great. The lack of well data in the NE portion of the
field makes it even more difficult for extension of
mapping in that direction. The event is interpreted at an
average two-way time of 2.45 s, at a sub-sea depth
corresponding to over -9500 ft (-2850 m).

3.3 Seismic ties to well data

Two seismic sections V87-406 and V87-407, whose intersection coincides with
well FF4-6 (Fig. 3.6), were used in linking between well and seismic data (Fig.
3.8 & 3.9). The seismic lines show a summary of the geological and geophysical
data, where seismic reflectors being tied to both gamma-ray and sonic tools of
the electric logs seem to correlate closely. The behaviour of these electric tools
correlates well with lithological variation at various levels of the sub-surface
strata. Generally throughout the study area at a sub-sea depth of -4020 ft (-1225
m) there is a thick sequence of limestone which marks the top of the first
picked horizon A, and includes Sheghega, Domran and Ruaga Formations,
these are referred to as the Eocene carbonate sequences. These sequences
change gradually to shale at -7150 ft (-2145 m) marking the top of the second
horizon B, and at a sub-sea depth of -8912 ft (-2716 m) horizon C appears which
is represented by a thin sequence of limestone. Finally, there are the Cambro-
Ordovician clastic sediments which appear at a sub-sea depth of -9015 ft (-2748
m), marking the top of horizon D.

Seismic ties around a closed loop are shown in Fig. 3.10, which was carried out
using lines V87-410, V87-412, V87-413 and V87-415 (Fig. 3.2, 3.3, 3.4, and 3.5).
The main four reflectors can be traced continuously all around the loops. This
particular loop shows the best ties as well as the most typical two-way travel
times.

3.4 Seismic mapping

The result of the interpretation of the seismic sections was used in the
construction of different types of maps, which involve two-way time (TWT),
depth and velocity data. However, the reflection time maps were constructed
using reflection time data that were obtained from the interpreted sections at
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FF16-6

LINE M3 LINE412 LINE 45 LINE410 LINE4I3

h seconds

s 1Ip s;

time

two-way

Hg 3.10 Seismic ties around a closed loop, horizons A, B, C and D are
shown at the intercepts of lines 410, 415, 412 and 413. The
horizons can be traced continuously around the loop. The data

quality deteriorates more at the deeper horizons.
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every fortieth shot-point (about 1.5 km posted value spacing), in order to
produce a series of seismic time maps.

The reflection times were converted to depth values, for the purpose of
constructing depth structure maps. How this was done is explained in section
3.4.2below.

Velocity data were obtained from different wells, plotted and contoured to
produce an average velocity map of the reservoir horizon. The various maps
(Enclosures 2, 3, 4, 5, 6, and 7) will now be discussed in turn.

3.4.1 Time structure maps
Four main seismic events were marked and correlated, namely:-

(i) Top Sheghega (Enclosure 2)

(ii) Top Heira (Enclosure 3)

(iii) Top Zmam (Enclosure 4)

(iv) Top Bahi/Gargaf (Enclosure 5)

All picks are considered reliable, with the exception of the Zmam at the far
north-west of the field, where the event continuity deteriorates considerably.
The values for the four main reflectors were picked from 17 interpreted
seismic lines. At every fortieth shot-point individually, these values were
contoured in order to construct four TWT reflection maps. |

(i) Top Sheghega structure map (Enclosure 2)

This TWT structure contour map shows a general dip towards the NE, with
the edge of a major Trough (Wadyyat Trough), oriented in a NW-SE direction
at the northern end of the area. The intersection of seismic lines V87-407 and
V87-406 where well FF4-6 was located shows a gentle closed high of 40 ms
amplitude. There are no faults mapped.

(ii) Top Heira structure map (Enclosure 3)

The events on this map shows a gradual dip of the horizon towards the NE. A
structural closed high of 30 ms amplitude against a fault trending NW-SE is
apparent in the middle between FF1-6 and FF4-6 wells, in addition to another
closed high of 50 ms located at the southern end of the field. Two structural
low closures are also apparent in the southern part.
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(iii) Top Zmam structure map (Enclosure 4)

In spite of the strong variations in the amplitude and character associated with
the Zmam seismic reflector, this TWT map gives the general structural picture
of the Zmam Formation as a gently dipping surface towards the N or NE.
Three closed highs are apparent in this map ranging between 30 - 50 ms in
amplitude, and two structural low closures. Seven faults were interpreted in
this map trending NW-SE and NE-SW.

(iv) Top Bahi/Gargaf structure map (Enclosure 5)

This TWT map shows a general dip of the horizon towards the NE. Three
structural high closures are present in the, central and SE parts of the field,
while a structural low closure are apparent at the southern part of the field.
Closure of the structural high on 2100 ms in the western part of the field is not
certain, as the high seems to extend SW beyond the ends of lines V87-413 and
V87-411.

In spite of the increase in complexity of structure with depth which is readily
apparent in this map, six faults of various displacement were mapped. The
trend of these faults is mainly NE-SW and NW-SE.

3.4.2 Depth conversion

The depth conversion was carried out by using a velocity function which was
derived from FF7-6, FF11-6, FF12-6 and FF13-6 wells. Average velocity to top
Bahi/Gargaf was plotted against two-way travel time in these wells (Fig. 3.11).
These data points were fitted to a straight line function as follows:-

A straight line equation V = MT + C
where V is the velocity (ft/s)
T is the two way travel time (s)
M is the slope
C is a constant

Using the computer "S" macro for calculating least squares fits, the following
result was obtained:-
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M = 1562 ft/s/s C = 6167 ft/s
By substituting the values of M and C and applying the equation
V=1562T + 6167

to the interpreted two way time T from seismic sections, velocity data were
obtained for use in constructing average velocity maps.

in calculating the depth from the above relation, the following was carried out.

Z=V(T) xT/2 where V(T)=MT+C
Z = [1562T + 61671xT/2

Z = 781T.T + 3084T

Z = T(781T + 3084)

where Z is depth in ft, T is time in seconds.

And as a result of the application of the above, the following result was
obtained.

well No. sonic (twt)] Vaverage| log.depth] cal.depth Jz(cal)-z(log)
(s) (ft/s) (ft) (ft) (ft)
FF11-6 2.187 9583 -10476 -10480 +13
FF7-6 2272 9716 -11064 -11038 -26
FF13-6 2.378 9981 -11720 -11750 +30
FF12-6 2412 9935 -11995 -11982 -13

The difference in depth between the log data and the calculated depth is related
to the location of the well points in relation to the straight line (Fig. 3.11),
where FF7-6 and FF12-6 wells should be shallower than the actual log depth,
whereas FF11-6 and FF13-6 are deeper.

3.4. 3 Depth structure maps

A structure contour map in depth to the top Bahi/Gargaf was constructed over
the Attahaddy Field (Enclosure 6). The interpretation of this map over the field
and at the level of Bahi/Gargaf Formation, indicates that the north-western
part is a sub-division of a larger block which includes the northern part. In fact,
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The Bahi/Gargaf is shown to form a continuous reservoir with that of the
northern part, down-dip of wells FF7-6 and FF16-6, but up-dip of well FF5-6.

The N-S fault which separates well FF7-6 from FF16-6 is shown to die out
laterally well before reaching the practical limits of the reservoir to the north,
and a vertical depth variation between the northern and the central part of the
field, due to faulting, has provided more than 200 ft (60 m) of protected (not
eroded) Gargaf section and/or some overlying clastics of Bahi Formation.

Generally, the map shows an increase in depth towards the NE, and two major
low-relief structures separated by two sub-parallel faults trending NE-SW are
clearly apparent at the SE corner and the central parts of the field, whereas the
high-relief structures are spread over the northern and south western parts of
the field.

3.4. 4 Average velocity map

A lateral velocity variation at the level of Bahi/Gargaf horizon indicates no
sudden change throughout the field (Enclosure 7). The map shows a gradual
increase of velocity values towards the NE. The lowest velocity value of 9500
ft/s is represented by a low closure which is located in the north, whereas the
h