University of Benghazi
Faculty of Science

Department of Earth Sciences

Integrated Subsurface Structural Interpretation of
the Ordovician Succession in the South-Central part
of the Concession NC186, Northern Murzuq Basin

Thesis submitted to Department of Earth Sciences as partial fulfillment for
the degree for Master (M.Sc.) of Sciences

By: Ali M. Najem

Under the Supervision of
Prof. Dr.: Ali El-Arnauti

Professor of Structural Geology
Department of Earth Sciences, University of Benghazi

Department of Earth Sciences
Benghazi-Libya

Fall-2011




g jad) B (o g3 ) oY) Al Aadass ciall) A Al Julladl) oy
Al 0B Jada 186 i) (e dac gY) (2 gind

W gt Mg el adde

LY e 5 yeds i1 cou
S Balr = 21 pgle ok B3 g yedyp




"

-
!

- - // < « /5132?‘.?? 5‘@’,&:/ //.../ -~ 7‘/ ';; -
d.ﬂ.ai.l' LQJLHQE} _)lg-l.gll du\.j_%l_ﬁjf-_}tﬂ_‘t‘?fjl o.-f L-";!Z_}
‘é -

>

35F . BT w0 s N meiety el ,Z“,?‘jf 557 %
w“jfﬂl%&f%u%ulj&w‘dﬁ_fcﬁ

2
"?%"1 AT~ I .
Tl \
ghﬂ\;jzd‘ﬁﬂﬁmwdj‘lwwfﬁ
-
._‘

In the Name of Allah, The most Gracious, The most Merciful

Then your hearts became hardened after that, being like stone or even harder. For
indeed, there are stones from which, rivers burst forth. And there are some of them
that split open and water comes out. And there are some of them that fall down
from the fear of Allah. And Allah is not unaware of what you do (74).

Al-Bagarah (PART-2).



ABSTRACT

Ordovician is one of the challenging geological stages in the area and North Africa due to its
structural and stratigraphic complexities. Since oil and gas were discovered in Murzuq Basin, the main
reservoirs subjected to intensive surface and subsurface geological studies. The pre and post
Ordovician tectonics all played an important role in the final configuration of the present day
Ordovician structure. Resolving these tectonics complexities was only achievable by implementing

data integration in regional and local scales.

This study deals with the tectonic evolution of two main oil fields (I&H) in the concession
NCI186 that is located in the northern part of Murzuq Basin. Differences in scale of structural and
stratigraphic features in the area of study were captured using integrated workflow for high resolution
and detailed subsurface structural interpretation. Large and small scale features such as faults and
fractures were both studied using surface seismic and FMI* dataset by using Petrel and GeoFrame

softwares.

Understanding and upgrading the polyphase tectonic variations and evolution in the studied
area was developed. The observed direct and indirect tectonic impacts on the Ordovician successions
from Precambrian to present day were evidently indicated by basement faults, paleohighs and

paleolows, positive flower structures and folds encountered in the study area.

During Late Ordovician, glacial episode developed a regional unconformity known as “Taconic
Unconformity” developed large scale paleohighs and paleolows that directly influenced the geometry

of the upper Ordovician deposits.

Conceptual tectonic models of the study area were concluded in nine phases based on the
detailed interpretation. The significant tectonic observations in the study area are represented by steep
reverse basement faults with differential displacements separating I & H Fields. These basement faults
were subjected to compressional, extensional, strike-slip and/or combination through different
geological times. The Early Cambrian Extension, Late Cambrian Compression, Taconic phases during
Late Ordovician, Middle Devonian inversion, Carboniferous uplifting and erosion, Mesozoic extension
and Late Cretaceous compression are the main controlling tectonic episodes recorded in the area of

study.
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1.1 Introduction

During the last decades and due to intensive oil exploration, Murzuq Basin became one
of the largest profitable basins in North Africa and especially in Libya. The petroleum system of
the basin is represented by Hawaz and Mamuniyat Formations (Middle to Upper Ordovician
deposits) as the main reservoirs and Hot Shale Member (Base Silurian deposits) as the main
source rock. The Ordovician sequence, especially the Upper Ordovician, is characterized by
structure and stratigraphic complexity due to tectonic instability and glacial event. However,
understanding the regional geology of Murzuq Basin is a key for understanding the area of

subject study which is located in the northern part of the basin.

This thesis is dealing with pure structural evaluation of the H and I fields in the Concession
NCI186 that located in the northern eastern part of the Murzuq Basin within the main axis of
Awbari Trough. Therefore, focusing on the structural evolution is key element for resolving the

structural complexity in local and regional scale by using different subsurface dataset.

The latest comprehensive integration of the surface and subsurface geology of Murzuq Basin
was published by Sola and Worsley (2000) after the geological conference on Exploration in the
Murzuq Basin held in Sabha (1998). In addition, Hallet (2002) gathered a huge dataset using
both surface and subsurface information of the whole Libyan basins. Moreover, many geological
activities and researches have been established in the basin focusing on the Ordovician and
Silurian deposits. These deposits represent the main reservoir system in the area especially after

the 90's where oil intensively discovered and produced.

Through time the main objective of combining and integrating of geological and geophysical
data and information was and still the main target for the geoscientist in the oil companies for
better understanding of the reservoir properties. Therefore, analyzing of the subsurface structural
configuration in this part of Murzuq Basin may adds to the geological details and helps to open

the area for future academic research.
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1.2 Location of the Study Area

Murzuq Basin is located at the southwestern part of Libya and covering an area of about
350,000 km®. The basin is bounded from the north by Gargaf Arch, to the west by Tihemboka
Arch and to the east by Tibesti Uplift and to the south extended into Niger and known there as
Djado Basin (Figure-1.1). The present day Murzuq Basin is confined between latitudes 22° 30°N
and 27° 30°N and longitudes 11°E and 16°E.

16° 18Y 20v 22Y 24"

editerranean Sea

Benghazi
Gulf of Sirte

Figure-1.1: Location of Murzuq Basin in the southwestern part of Libya and the bounding features.

Geologically, the area is located in the Awbari trough that developed during extensional phase in
the early Paleozoic and was connected with the Idhan depression till the end of the Paleozoic.
The nearest exposures to the area of present study are the Messak escarpment of Cretaceous age

to the south and the Qargaf Arch to the north (Figures-1.1 & 1.2).
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The study area is represented by two major producing oil fields, namely H & I and located in
south central part of the Concession NC186. The Concession NCI186 is located in the northeast
of Murzugq basin of southwest Libya between the latitudes 27° 00" to 26° 40° N and longitudes
13° 9" to 12° 00'E and it covers an area of about 3400 km®. In the two fields (H & 1), only five
wells are chosen to be included in the subject study hence they cover the boundary of the two

fields (Figure-1.2). The exact locations of these wells are as follow:

Well Latitude Longitude
I1-NC186 26°41°32.40"N 12°28'05.70"E
12-NC186 26°41'01.56"N 12°26°29.91"E
13-NC 186 26°44°00.92"N 1292519 711E
HI-NC186 26°45'56.36"N 12°30'51.37"E
H3-NC186 26°41721 40"N 12°34'00.80"E

Table-1.1: List of the wells and their exact locations in the study area.

Repsol Exploration Murzuq SA (REMSA) began a new exploration campaign in the area
following the award of NC186 during 1996. Six exploration wells were drilled between 1999-
2002, three wells were declared as a discovery with A1-186 the first discovery, one suspended
and two wells were declared as dry holes. Total oil in place discovered to date in the area is
significant and considered as a large discoverers, two of them founded in the middle Ordovician

Hawaz formation with only one being found in the upper Ordovician Mamuniyat formation.
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1.3 Objectives of the Study

Multiple reactivations of structures is common, often following basement zones of
weakness, and many faults were subjected to alternating compression/transpression and
extension/transtension during the geological time. Due to this complexity, the detailed structural
history of many composite present-day structures is still unclear. Therefore, the following

sequence of objectives was considered:

1. Identification and evaluation for the main structural elements in both H and 1 fields in
the Concession NC 186 and connect the interpretation results with the regional tectonic
evolution of Murzuq Basin.

2. Detailed evaluation of faults (especially the basement faults), their rejuvenation during
geological time (i.e. from Precambrian to Present day) and their impact on the
Ordovician successions.

3. Resolving the Ordovician complexity by analyzing the tectonic evolution and
rejuvenation mechanisms including possible later retro-deformations.

4. Identifying the geometrical variations of the Ordovician sequences as a response of
both structural and/or stratigraphic controls.

5. High resolution reconstruction model of structure and stratigraphic evolution in the

two fields will be proposed in this study.

1.4 Study Background & Previous work

With the arrival of Oil Companies in 1955, a new phase of investigation began, with the
acquisition of large amounts of subsurface data. The Petroleum Exploration Society of Libya
emerged as the focus for oil company activity, and played a key role in publishing new data
during the 1960’s. The Society organised the First Saharan Symposium in 1963 which included
notable stratigraphic papers such as by Klitzsch (northeast Murzuq and Dur al Qussah). The
Society also organized annual field excursions. Other authers have played an important role in
that stage such as Massa and Collomb (1960), Collomb (1962), Havlicek and Massa (1973). By
1987 oil companies had begun to release large amounts of data and this was reflected in the third
symposium on the Geology of Libya which presented key well information from the Kufrah and

Murzuq Basins, and from the Cyrenaican offshore.
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In 1998 a conference on geological exploration in the Murzuq Basin was held in Sabha, and the
proceedings were published in 2000 by Sola and Worsley. This volume included new data on the
Silurian hot-shales, the Mamuniyat glacial episode and the stratigraphy of the Murzuq Basin. It
also represents the comprehensive geological collection for Murzuq Basin where many important
papers have changed the vision of the Geology of Murzuq Basin. Authors included in this
volume such as Echikh and Sola (2000) and Davidson et al., (2000). Hallet (2002) gathered also
one of the largest databases of the petroleum geology of Libya including the geological and
economical information in all the basins. In the Petroleum Geology of Libya, tectonic evolution,
structural framework, stratigraphic succession, hydrocarbon system and other valuable

information all are available for each basin in Libya.

In the recent decades, many publications were intensively written especially about the northern
part of the basin after the huge discoveries in the concessions NC174 and NC115. Most of these
papers were concentrated about the reservoir and source rock succession in the area
(Ordovician—Silurian sequence). The upper Ordovician succession in Murzuq Basin (Mamuniyat
Formation) is considered as the major reservoir accumulation in Murzuq Basin. Therefore, high
detailed surface and subsurface studies conducted during the previous years on the late
Ordovician stage in order to investigate the reservoir complexity. However, both Le Heron and
Craig published in 2006 and 2008 good paper work referring to the Late Ordovician glaciations
in Murzuq Basin. The Middle Ordovician succession in Murzuq Basin (Hawaz Formation) is
considered as the second major reservoir accumulation in Murzuq Basin. Ramos et al. (2006)

studied the stratigraphy and sedimentology of the oil-bearing Hawaz Sandstone.
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2.1. Tectonic Evolution of Murzuq Basin

The basin is defined as an intracratonic basin that developed during the Last stage of the
Pan African Orogeny (i.e. Late Neoproterozoic to Early Paleozoic) and it’s considered as one of

the major Paleozoic Basins in North Africa (Figure-2.1).
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Figure-2.1: Map of the major Paleozoic sedimentary basins in North Africa. (Source: Craig et. al., 2006}

In Early to Middle Paleozoic times the evolution of Gondwana controlled the development of
Libyan tectonics and Pangaea in the Late Paleozoic to Mesozoic. In addition, the evolution of
Tethys Ocean primary controlled the tectonics of Libya during the later Mesozoic and Cenozoic.
A brief summary of the tectonic history of Murzuq Basin was carried out in details in this study.
New idea was implemented to subdivide the regional tectonic history of the basin based on

timing into six stages (Figure-2.2) as follow:

Precambrian (Rodinia, Pan African Orogeny and Gondwana assembly).

Early Paleozoic (Murzug Basin, Regional Unconformities & Glacial episodes).

Middle Paleozoic (Transition from Extension to Compression Episodes).

Late Paleozoic (Hercynian Orogeny, Assembly of Pangea).

Mesozoic (Extension by Breakup of Pangea, Tethyes Ocean, Austrian & Santonian Upliftiing).

SO o

Cenozoic (Uplifting and Inter-plate stresses during Alpine Orogeny to present).
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Figure-2.2: General Stratigraphic Column of Murzuq Basin shows unconformity and tectonic events.
Modified from Echikh and sola, 2000.
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2.1.1. Precambrian (Proterozoic)

During this eon, two major tectonic episodes occurred, these are; 1) Assembly and
breakup of Rodinia supercontinent and 2) Development of the North African crust at the end of

the eon (Pan African Orogeny).

2.1.1.1. Rodinia Supercontinent (Assembly & Breakup)

According to Ettalhi et. al, (1978), the Rodinia was assembled during the Meso-
Proterozoic from about 1600 to 1000 Ma and the break apart began in the Early Neo-
Proterozoic from about 1000 to 500 Ma. The break apart axis trending N-S moving splitting the
cratons from each others with two different directions; clockwise and anticlockwise. Available
evidence suggests that, Rodinia was composed of about twenty identifiable Archaean and
Palaeo-Proterozoic cratons. In Libya, rocks of averaging age from 2900 to 2600 Ma found in

Jabal Awaynat, on the border with Sudan, and have also been found in eastern Tibisti Mountains.

The period from 700 to 500 Ma was marked with the final break-up of Rodinia and the
reassembly of a new supercontinent which was given the name Pannotia by Powell (Hallet,
2002). The start of this assembly has major tectonic event in the development of North Africa

which is known as Pan African Orogeny where Murzuq Basin believed started to be developed.

2.1.1.2. Pan African Orogeny (Building North Africa)

The North African crust was developed during an oblique continent to continent
collision, between the West African and East Saharan Cratons (Figure-2.3). The rearrangement,
rotation and alignments of the cratons are accompanied by intensive shearing and deformation,
called Pan-African Orogeny, in which the cratonic nuclei of present-day Africa were, fused

together (Caby et al. 1981; Vail 1987; Jacobs and Thomas, 2004).

The collision occurred between the West African and East Sahara cratons and more than twenty
other terranes led to the development of Trans-Saharan Megabelt (Craig et. al., 2006) (Figure-
2.3). As a result of the Pan African Orogeney; Africa is made up of more than twenty terranes
(Hallet, 2002) (Figure-2.4). Basement terranes within the Hoggar Massif are separated by major

northsouth vertical shear zones representing crustal scale terrane boundaries that underwent

14
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transpressional reactivation during oblique Pan-African collision (Hallet, 2002). These wrench

fault systems provide weaknesses within the North African continental crust that were exploited

repeatedly during subsequent tectonic events.
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Figure-2.3: Shows the Evolution of Pan
Africa Orogeny and the assembly of the
African continents. Note also the megabelt
shear zone that developed after the collision
between the West African and East Sahara
Cratons. (Source: Craig et. al., 2006).
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An extension occurred in Late Neoproterozoic to Early Cambrian period between c. 1000 Ma
and c. 525 Ma, in North Africa and a sequence of “Infracambrian” conglomeratic and shaly
sandstones and siltstones deposited. In Murzuq Basin, south-west Libya, these sediments
exposed at outcrop in the Mourizidie area on the eastern margin of the basin. The basement in
Murzuq Basin is mainly composed of high-grade metamorphic rocks associated with plutonic
rocks, as well as low grade metamorphic to unmetamorphic rocks of Precambrian age

(Mourizidie Formation).
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Figure-2.4: Plate Tectonic Reconstruction: Gondwana assembled, 450 Ma. After Unrug (1996)
Following the separation of Laurentia the Pan-African Orogeny fused together the cratons to form Gondwana. The

southern margin of Gondwana became an active margin with subduction of oceanic crust beneath the continental
edge and the northern margin became a tensional passive margin.
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2.1.2. Early Paleozoic (Cambrian & Ordovician)

The Early Paleozoic (Cambrian-Ordovician) represents the earliest stage in the tectonic
and stratigraphic history of Murzuq Basin and the final phases of Pan-African Orogeny. At this
time, in Early Paleozoic, a strong NW-SE extensional structural grain imposed across much of
North Africa (Figure-2.5). This structural trend influenced the depositional pattern of the
Paleozoic successions during the Cambrian, Ordovician and Early Silurian sequences towards
the NW. The major NNW-SSE trending structures dominated the Early Palaeozoic evolution of
eastern Algeria and western Libya seem to have been initiated as horsts in the late Cambrian
(Klitzsch and Ziegert, 2000) and subsequently formed the weaker zones of later “Caledonian”

uplifts in the middle Devonian.

Figure-2.5: Post Pan-African Structural Trends in Libya (Early Paleozoic). After Klitzsch (1971).

Pan-African tectonism welded together the cratonic blocks of Africa as they are known today with remobilized belts
separating the cratonic nuclei. Following the de-coupling of Laurentia from Pannotia Libya was located on the
passive margin of West Gondwana. The final phase of the Pan-African orogeny in the Cambrian produced a series
of north-south to northwest-southeast uplifts and troughs which controlled sedimentation in the early Palaeozoic.

14
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Instability during the Early Ordovician is indicated by the absence of Cambrian strata over
several main Paleozoic uplifts in central North Africa. An indication is located locally by
development of an angular unconformity between the Cambrian and Ordovician successions in
the outcrops as in Jabal Dur al Qussah at the eastern margin of the Murzuq Basin (Figure-2.6).
This unconformity related to the L.ate Cambrian compression in the basin. During the Middle to
Late Ordovician, separation of Avalonia and Armorica from Gondwana (Figure-2.7) was
occurred. This separation initiated intensive extension of the northern margin of Gondwana was
accompanied by basaltic volcanism and a northward tilting of the Saharan Platform (Beuf et al.,

1971).

s

Figure-2.6: An angular unconformity between the Cambrian and Ordovician Successions in Jabal Dur Al
Qussah at the Eastern margins of Murzuq Basin. After Klitzsch (1971).

During the Late Ordovician, Murzuq Basin was located on the southern pole ~ 60° S and glacial
processes were dominated (Figuer-2.7). A widespread 'Taconic' polygenetic unconformity
surface developed in Late Ordovician as a result of the combined effects of the glacially induced
sea level fall and of subglacial erosion (Craig ef al., 2006). However, this unconformity locally
cuts down through older Ordovician and Cambrian strata as observed in the seismic data (Figure-

2.8).
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Figure-2.7: The separation of the Armonica from northern Gondwana generated the major extension phase
at the Middle to Late Ordovician. Source: Craig et. al., (2006)
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Figure-2.8: Seismic section southern of the concession NC186 shows the huge paleovalleys crossing the area
towards the Concession NC186 with width of 2 to 8 km. These paleovalleys have the same trend of the
basement faults NW-SE, while mainly these basement faults are rejuvenated. Taconic unconformity is cutting
down to the Cambrian which is considered as Caradocian to Ashgillian Late Ordovician in age. Source
McDougall et. al., 2008.
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The Avalonian and Cadomian Provinces broke away during the Ordovician and drifted
northwards and collided with Laurentia and Baltica respectively, resulting in the Caledonian
orogeny, which did not directly affect Gondwana (Hallet, 2002). However, the term “Caledonian
Orogeny” has one of the main contradictions in many literatures in the structural history of
Libya. Craig et. al., (2006) wrote; “many authors refer to the Late Silurian — Early Devonian

»

compressional phase in North Africa as the ‘Caledonian Orogeny’ while Gondwana was located
thousands of kilometres to the south at this time and was separated from the collisional zone by a
major ocean (Stampfi and Borel, 2002)”. Tectonic events in North Africa during post-
Infracambrian to pre-Hercynian times were independent of those in the collision zone to the
north and the term ‘Caledonian Orogeny’ is inappropriate in North Africa (Jackson, 1997).

Time-descriptive terms may be preferred instead. Consequently, in this project, timing was

selected to avoid contradiction as *Middle Devonian Compression”.

Stratigraphically, the lower Paleozoic rocks in Murzuq Basin are represented by the Gargaf
Group. From the base to the top the Gargaf group (Figure-2.9) consists of five formations, these
are: Hasawnah, Ash Shabiyat, Hawaz, Melaz Shugran and Mamuniyat. All of these formations
have been established by Massa and Collomb (1960). All boundaries between these formations

are unconformable apart from the one between Ash Shabiyat and Hawaz Formations.

+ U2
+ U1
o
=
2
V]
w mudstones conglomerates
é silty sandstones metamorphic rocks
< sandstones igneous rocks
S :

. | Figire-2.9: Stratigraphic column of the Gargaf Group and the
+ + + + + Basement + + + + main unconformity surfaces. Source: Ramos et, al., (2006)
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2.1.3. Middle Paleozoic (Silurian & Devonian)

The Silurian to Devonian stage represents a significant tectonic phase in Murzuq Basn.
Change from extensional to compressional regimes within Murzuq Basin occurred during this
stage. These changes took place by the drifting of terrans from north Gondwana and collision
between Gondwana and Laurasia that persisted till Jurassic. The earliest Silurian relief may have
been controlled, at least in parts, by the Cambro-Ordovician tectonic movements, in combination
with Late Ordovician glacial and post-glacial processes. The western part of Murzuq Basin was
especially underwent a significant subsidence during the Early Silurian, whereas the central part
of the basin was positive feature at that time. Thick black shales were deposited following the ice

melting which form the major source rocks for the Paleozoic oil accumulations of North Africa.

During the Middle to Late Devonian, the northwestern margin of Gondwana collided with
Laurasia and the effects of the collision became progressively evident throughout North Africa.
During Middle to Late Devonian; continental conditions were established, extensive erosion took
place, and the North African platform was deformed into a series of swells and sags extending
from Morocco to western Egypt (Hallet, 2002). In Libya, the Nafusah Uplift, Gargaf Arch, Sirt
Arch, Ennedi-Al Awaynat Uplift and their associated troughs were formed which are trending
NE-SW (Figure-2.10). The superimposition of the Hercynian trend over the Lower Palaeozoic

trend led to the separation of the Ghadamis from the Murzuq Basin.

\, TUNISIA

Gulf of Sirt

ALGERIA

Figure-2.10: Middle to Late Devonian structural
elements. After Klitzsch (1971).

Middle to Late Devonian compressional episode
persisted to Carboniferous as result of collision
between Gondwana and Lurasia. Basin configuration
and isolation is started within this stage and totally
separated at the Paleozoic-Mesozoic contact.

18



Chapter Two Regional Geology of Murzug Basin

The timing of the compressional episode at the Middle Devonian is known in some literatures as
“Mid Devonian Inversion”. The passive continental margin of the early Paleozoic was replaced
during the Devonian by a sheared margin, reflecting the first episode of the Hercynian Orogeny
(Hallet, 2000).

In Murzuq Basin, the Hercynian Orogeny was mainly characterized by major strike slip
rejuvenations of older faults. The fault kinematics during the Silurian to Devonian was subjected
to numerous compressional/transpressional forces along the basement faults. These are identified
from the seismic data in Murzuq Basin as reverse faults with positive flower structures (Figure-

281.1):

Stratigraphically, the Silurian and Devonian are generally the thickest Paleozoic accumulation in
Murzug Basin. However, six clastic formations were deposited these are; Tanzuft, Akakus,

Tadrart, Wan Kasa, Awaynat Wanin and Tahara.

Top
Carboniferous

Top

Devonian

Base
Silurian

Basament

Figure-2.11: Surface seismic line in Murzuq Basin, Concession NC174, indicates the Silurian-Devonian
transpression growth fault within Positive flower structure. It is clear that these are rejuvenated basement
faults. Source; Craig et. al., (2006).
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2.1.4. Late Paleozoic (Carboniferous & Permian)

The Middle Devonian compressional event was persisted to the end of the Jurassic with
differential forces and reach it is peak within the Permian (i.e. Hercynian Orogeny). In Murzuq
Basin, development of positive features such as Gargaf Arch was a key for separating the
Murzuq from Ghadamis Basin to the north and changing of the depocenter of Murzuq Basin to
Idhan depression. In addition, the collision involved significant strike-slip movements and a

major dextral shear-zone developed along the line of contact.

In Murzuq Basin, major NE-SW en echelon folds along with NNE-SSW trending wrench faults.
These faults indicate stage of transpresional tectonism during the Middle Carboniferous on the
Tiririne High such as the Birtazit wrench faults. It is proposed by Craig et. al., (2006) that
across-fault thickness changes of the Carboniferous sequences identified in the Murzuq Basin of
western Libya are caused by strike slip faulting. However, structural kinematic analyses and
seismic interpretation undertaken in the Murzuq Basin of Libya indicate a Hercynian
transpressional origin for the structure of the giant 'Elephant’ oil field, Concession NC174
(Glover, 1999). Stratigraphically, at the end of the Paleozoic time Marar, Assedjefar, Dimbabah

& Tiguentourine Formations were deposited.

2.1.5. Mesozoic (Triassic, Jurassic and Cretaceous)

Following the Hercynian uplifts, Gargaf Arch played an important role separating the
Ghadames and Murzuq basins and became a barrier for the marine transgressions from the north.
Consequently, deposition in the Murzuq Basin to the south of the arch was entirely continental in
character from Permian to Early Cretaceous times. During the Early Triassic rifting and volcanic

activity throughout the Saharan Platform were dominant.

NW-SE striking faults in Murzuq Basin underwent sinistral transpressional reactivation at the
Late Cretaceous (Glover, 1999). The fault bounding the F-field (Elephant structure) in the
northern Murzuq Basin has a significant component of Alpine movement, as indicated by folding
of the youngest Lower Cretaceous reflectors. At the Middle Cretaceous, major compressional
episode (Aptian compression) caused a rejuvenation of the North-south trending Pan African

faults, with the Hassi Touareg Horst, the Tihemboka Arch and the Hassi Messaoud ridge all
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undergoing significant uplift. Collision between the African and European Plates occurred at the
Late Cretaceous — Tertiary stage which is known as “Alpine Orogeny”. In Murzuq Basin,
nearby the area of the present study a cretaceous escarpment of Messak sandstone formation is

exposed as a result of post Cretaceous uplifting.

In the Triassic and Jurassic, marine rocks, deposited on the southern margin of the Tethys Ocean
during the breakup of Pangea. These deposits are largely confined to the northern areas of Libya,
whilst the interior is dominated by continental rocks, which form part of the “Continental Post-
Tassilien sequence”. In the Murzuq Basin the “Continental Post-Tassilien sequence” has been
subdivided into three formations: the Tiguentourine Formation (mentioned previously) of the late
Carboniferous-Early Permian age, the Zarzaitine Formation of Triassic age, and the Taouratine
Formation of Jurassic age (Kilian, 1931). Continental conditions dominated the interior of Libya
from the Permian to the mid- Cretaceous age in Murzuq Basin are missing and only Messak

Formation of Cretaceous age was deposited.
2.1.6. Cenozoic (Tertiary & Present)

During the Early Cenozoic (Paleocene & Eocene), Alpine Orogeny that persisted from
Cretaceous was well developed in the mid of the Eocene. At this time, shortening and inversion
of many of the basin in Libya was established. Most of these compressional movements are of
strike slip (transpressional) taking over the weak zones of the older faults. The final rift phase
affected North Africa area during the Oligocene-Miocene time. Intense volcanic activity
accompanied rifting in the central and eastern parts of North Africa such as Jabel Haruj in central
Libya and Tibesti volcanoes in southern Libya and northeast Chad. Only quaternary lose

sandstone sediments are despited with the basin at the present day and covering large areas.

The present day stress field over onshore of the North Africa is dominated by E-W compression
associated with “ridge-push’ from the Atlantic and Indian Oceans. In Murzuq Basin, the present
day stress is mainly trending towards the NW-SE direction. This section was carried out in more

details using FMI data in analyzing the present day stress (section-6.9, page-94).
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2.2. Main Structural Elements in Murzuq Basin (Present Day)

The main structural elements in Murzuq Basin were gathered by Fiirst and Klitzsch
(1963) as Tiririne High separating Al Awaynat and Awbari troughs and Traghan High (Also
named in this chapter by Barak Ben Ghanimah Arch of Klitzsch, 1963) between Awbari and Dor
Al Qussah troughs (Figure-2.12).

10E 16E

29N

Garqaf Arch

—-—

Tihemboka Arch’

—

.

Kilometers
100

Jadu Basin

\ CHAD

Abbreviations

Ij Palaeozoic Outcrops

AT  Awbari Trough AWT Awaynat Trough BBU Brak-Bin Ghanimah Uplift ---. Depth to top Ordovician
BTFZ Bi'r Tazit Fault Zone DQT  Dur al Qussah Trough FD Al Fugaha Depression (in meters)

HU  Haruj Uplift ID ldhan Depression MIT Murzug-Hadu Trough

TH  Tiririne High AP Ol Fields

Figure-2.12: Shows the main structural elements in Murzuq Basin. SW-NE cross section, see figure-2.13.
Highs are coded with red color. Source: Klitzsch, (1966), Contours modified from Echikh and Sola, (2000).
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Figure-2.13: Cross section crossing the main structural elements in Murzuq Basin. Source: Klitzsch,
(1971), Pierobon, (1991), Echikh, (2000) and Sutcliffe et.al, (2000).

The present day configuration of Murzuq Basin did not develop until the end of Mesozoic and
prior to that the Paleozoic the basin was mainly comprised of a serious of NW-SE directed horsts
and grabens (Klitzsch, 1963). The most important structural elements of the present study are
Tiririne High, Awbari trough and Traghan High since they are confining the present area of
study. The major oil discoveries in the basin are within Awbari trough as well as the area of the

present study.

2.2.1. Tihemboka Arch

Tihemboka Arch is one of the oldest features in Murzuq Basin that located at its western
margine. This features has been a positive feature since early Palacozoic times (Figures-2.12&2.13)
during the shearing between the West African and East Sahara cratons. It has affected the
sedimentation throughout the Palaeozoic and has been intermittently reactivated since then. By uplift
during the Devonian shifted the main depocentre of the Murzuq Basin from the Al Awaynat Trough
to the Idhan Depression, and reactivation during the Hercynian Orogeny separated the Murzuq Basin

from the Illizi Basin.
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2.2.2. Awaynat Trough

In the area east of Al Awaynat a narrow trough is preserved in the re-entrant between the
Tihemboka Arch and the Tiririne High. It contains a significant Lower Devonian section which
is not present on the Tiririne High to the east. Southwards it passes into the Idhan Depression,
and to the north it is cut by the “Tumarolin wrench fault”. The Awbari trough is separated from

the Idhan Depresssin with major fault known as “Bi’r Tazit Fault Zone” (Fgiure-2.12).

2.2.3. Tiririne High

The Tiririne high is considered as the most intensely affected structural element in
Murzuq basin with large scale rejuvenated basement faults, in other words, wrench faults
(Figure-2.13). The Tiririne high is defined as an asymmetrical NW-SE trending structure that is
down-faulted to the West parallel to Tihemboka Arch. However, there is a remarkable change in
faults from the northwestern part of the high to its southeastern part. This change is represented
by change in the faults geometry and kinematic from dextral to sinsitral strike slip faulting from

the NW to the SE parts of the Tiririne High respectively (Figure-2.14).

Only the northwestern part is confined by regional wrench fault called “Tumarolin Fault” that is
trending NNE-SSW of right-lateral displacement while left-lateral displacement at its
southeastern part (Echikh and Sola, 2000). Many operating companies have mapped many
surface normal faults those are trending NW-SE in the center of the Tiririne high such as Haghe
and Geramna structures. However, seismic surveys in the area show also reverse-faulted
structures (Figure-2.15B). In the central part of the Tiririne high, shifting of the structural crests
positions and absence of oblique en echelon fold pattern suggest the absence of wrench faulting
in this part. In this part, possible purely compressional movements have taken place between the

northern and southern parts of the high.

In summary, a right lateral displacement (dextral) of 10 km at Cambro-Ordovician level is
recorded in Atshan area (NW of Tiririne High). While a left lateral displacement (sinistral)
trending NNE-SSW of Hercynian compression reactivated the southern part of the Tiririne High.

Therefore, the southeastern part of the Tiririne High is the most affected by the Hercynian
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compression while the middle part is purely compression of transitional zone to the northwestern

part which is Cambro-Orodovician features.
2.2.4. Awbari Trough

The Concession NCI186, present area of study, is located on the main axis of the Awbari
Trough (Figure-1.16) in the northern part of Murzuq Basin. However, the area between the
Tirirene High and the Brak Bin Ghanimah Uplift is occupied by the Awbari Trough. The major
oilfields in Murzuq Basin are located in this trough (e.g. NC186, NC 115 and NC 174). In the
eastern part of the trough reverse faults with a northwest orientation perhaps represent
reactivation of “Pan-African fault zones” (Hallet, 2002). These reactivation processes in Awbari
trough will be examined in details in local prospect within the H and I fields, Concession NC186.
The Ordovician sequence thins on the up thrown side of the reverse faults and in many cases
roll-over is present on the overriding fault block. The trough subsided during the mid-Devonian,

and formed the main axis of the basin during the later Paleozoic.
2.2.5. Barak Ben Ganimah Uplift (Traghan High)

The Brak-Bin Ghanimah Uplift, known also as the Traghan High, forms part of the
Tripoli-Tibisti Uplift of Klitzsch. This feature originated during the extension of the early
Palaeozoic and remained active until the mid-Devonian. The uplift subsequently became inactive
and thereafter the area formed part of the greater Murzuq Basin. This high is atfected by several
fault-sets (Echikh and Sola, 2000); these dip westwards with trends changing from NW-SE to

NE-SW in its northern parts.

2.2.6. Idhan Depression

The Idhan Depression marks the main depocentre of the basin from mid-Devonian times
when it subsided rapidly. It is separated from the Awbari Trough only by the disturbed zone of the
Bi'r Tazit wrench fault (Figures-2.12 & 2.13).
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Figure-2.14: (A) Structural configuration of the NW part of Murzuq Basin. The structural and fault styles
changes from NW to SE parts of the Tiririne high (1, 2 &3). Cross sections taken cross the high (see Figure-2.15).
Sources: Echikh and Sola, (2000).

26



Regional Geology of Murzug Basin

‘Funnej youaam Jo uonedipul i s surinay, ayy jo yed uiagnos
) Surmoys Jyoad dNUSIISOIN)  ([-(] PUL )= SINEJ ISIIA Suimoys Y3 suraLy 3y) Jo ped jenuad ay) ysnoay) gold dnusiasedn : gq-4
"sade Jnej Juaiap Surmoys Aord dNUSIAS0dN) Y-y Y[ [-NSL] Ul UMOYS SUOIIAS SSOID ‘YII] JULILILYL, 3Y) I3A0 SI[AIS [EINPNI)S (G 7-2Ind1y

HNE} ouaIM
sy UEIABIEZ IPBM
, wawaseg
eweseg
= 7 UBIAORIO-0Ique] 4
ueluoasg
SNQJAJUOGIED

aN MS
4 9
yned wnes _rog

‘qed-Iee .
e Eﬂw.oi juawwesegd —009
p— _ ropigroiques 008
= [ uepnis oov
e s "=
E Y ] -002
. shosajueqred - 001
snoJaguoqie] — QN
BULIRIDS MMS
33N v

Chapter Two

27



Chapter Two Regional Geology of Murzug Basin

2.2.7. Dur Al Qussah Trough

As originally defined by Klitzsch; the Dur al Qussah Trough forms a counterpart to the
adjacent Tripoli-Tibisti Uplift. It trends northwest-southeast and was active during the early
Palaeozoic when thick sequences of Cambro-Ordovician, Silurian and Lower Devonian rocks were
deposited. Like the Brak-Bin Ghanimah Uplift it became inactive following the mid-Devonian
tectonism and became part of the greater Murzuq Basin during late Devonian and Carboniferous
times. Numerous northeast-southwest oriented structures are present in this area, affected by a group
of wrench faults visible on the Devonian outcrops (Echikh and Sola, 2000). The most prominent
feature of the southern part of the Murzuq Basin is the Mouride Faulr with a throw of 1000 m
{Thompson, 1960), dipping westward along a 70 km trace and juxtaposition the Devonian with the
Cambro-Ordovician succession. Further to the south, in Jabal Al-Marokma, the Paelozoiz rocks are
intensively affected by a series of NE-SW trending faults. Westward of this area a number of folds is

aligned ENE-WSW, the most prominent of these being the 60 km long Tumu anticline.
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3.1. Introduction

Implemented methodology and specific techniques were used in this study to reveal high
resolution subsurface structural interpretation. Dataset available in this project is covering both
large and small scale structural and stratigraphic features for better evaluation and interpretation
of both H and I Fields. Petrel* and GeoFrame* were used mainly to interpret the surface seismic
data and the FMI* images respectively. This chapter is divided into three main sections as

follow:

1- Dataset of the present study,
2- Project Data Management (Workflow),and

3- Softwares and interpretation techniques.

3.2. Available Dataset

Dataset has been requested and released from REMSA Company and NOC (National Oil

Corporation) as follow:

1- Surface seismic data cross five wells in the H and [ field, Concession NC186 (Figure-3.1).
2
3- FMI data in the wells H1, H3, 11, 12, and 13.

Formation tops (Table-3.1).

4- Open hole logs in the previously mentioned wells.

5- Core images in the wells Il and I3.

Other dataset was also available such as surface maps of the area and satellite images those were
utilized within the current study. The methods and techniques used to refine the structural
evolution of the H and I fields are believed to be covering various structural scales. Seismic data
was used mainly to analyze large scale structural and stratigraphic features such as; faults and
paleotopographic variations. While the FMI images (Schlumberger, 2004) were used mainly to
interpret the small scale structural and stratigraphic features such as; fractures and sedimentary

structures.

*Trade mark of Schlumberger Qilfield Services Company.
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Wells location of the present
study and surface seismic

Figure-3.1: Location of the five released wells of the present study and an example of FMI image.

Formation/

Depth (MD_feet) from KB

Member | Field HField

11 12 13 H1 H3

Tiguentourine 635 722 429 441 861

Dembaba § 1594 1718 1385 1558 2008

Assedjefar g 1698| 1824 1504 1639 2085

Marar CB g 1786 1920 1600 1760 2234

Marar 9 1920| 2073 1799 1954 2363

E 2597 2754 2499 2654 3034

g 3231 3384 3154 3318 3663

= 3517 3673 3425 3605 3940

E 3584 3741 3506 3663 4017

3 3646 3803 3562 3729 4074

3 3762 3908 3690 3848 4203
o 4457 4700 4577 absent | absent
g <. 4505' 4759 4647 absent absent
e 2 § i 4693' 4881 4801 absent absent
Middle Ordovician 3 E -E 5400' 5628 5235 4361 4611
Lower Ordovician g S 2 [ sa00] 5628 5235 4998 5239

Cambrian Hasawnah 5578' Not Drilled | Not Drilled | Not Drilled [Not Drilled

Table-3.1: Formation tops of the five released wells as provided by REMSA Company.
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3.3. Project Data Management (Workflow)

Workflow was developed and implemented to manage the available dataset using Petrel
and GeoFrame softwares as well as to be used as guidance for conducting subsurface structural

analysis using these softwares (Figure-3.2).

Petrel Workflow

Large Scale applications (seismic data & Cross Sections)

Generation of Time
Structural Maps

Picking horizons &
Surfaces Generation

Faults Tracing and
Generation

GF Workflow

+Iop Terenl

Small Scale applications (FMI Interpretation)

FTop bz
g2

FMI Processing, Dip Picking
and features characterization ’

A
( A\

1 3 5158

Structural analysis (Dip, Syn and Post depositional
Fractures, Faults, etc ...) analysis (e.g. Faults & Slump)

arE . i Building Cross Sections using open hole
logs and FMI lithostratigraphic columns

@

Structural and Stratigraphic Correlations

Figure-3.2: Workflow of the present study from seismic to FMI using Petrel and GeoFrame Softwares.
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3.4. Softwares & Interpretation Techniques

Two softwares (i.e. Petrel and GeoFrame) were used in this project for the purpose of
performing high resolution structural interpretation in the H and I fields, Concession NCI186.
Both Petrel and GeoFrame are Schlumberger Softwares those designed especially to handle
subsurface data (i.e. from seismic to reservoir simulation). However, in this project, the analysis
was divided into two sections; petrel used to visualize and analyze surface seismic data and
GeoFrame used to process and interprets FMI data. Both softwares were used and integrated for
building cross sections. Therefore, simplified outputs from both seismic and FMI data integrated

in context of large and small scale of outputs.

3.4.1. Petrel Software .‘Pg[pe['f.-"

Petrel is software owned by Schlumberger Company and operated by the SIS
(Schlumberger Information Solutions) department and considered as one of the major well
known softwares in the oil industry. Petrel can handle all the related subsurface data from

seismic to simulation that can be operated using Windows/PC.
3.4.1.1. Seismic Interpretation Workflow
This workflow can be illustrated in four main steps (Figure-3.3) as follow:

Loading and visualization of 3D seismic data into petrel.
Picking seismic horizons and surfaces generation.

Faults Generation.

R WM N

Generation of time top structural maps.
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A\

Loading and visualizing of
3D Seismic Data

Picking Seismic Horizons

\

Generation of Time Surfaces

Tracing and
Generation of Faults

Time Structural Map - Top Hawaz

Figure.3.3: Seismic Interpretation workflow Generation of
and steps using Petrel from data loading to
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3.4.1.2. Seismic Terminologies and Interpretation Techniques

Using the seismic data becomes an essential technique in the oil exploration for
identification of the subsurface economic targets. Terminologies for seismic interpretation
implemented to understand the stratigraphic truncations and terminations. These terminologies
such as; Onlap, Downlap, Toplap and Truncation. These treminolgies were mainly used with the
stratigraphic terminations in the subject study. An example of these terminologies is the onlap of
the upper Ordovician and Silurian deposits on the Paleohighs ridges of the Middle Ordovician

deposits (Figure-3.4).

msec

Figure-3.4: An example of onlap truncation of the Upper Ordovician and Silurian deposits on the edges of the

Middle Ordovician in the southern part of the study area.

3.4.1.3. Building Cross Sections

Building cross sections for structural and stratigraphic interpretation is one of the main
geological applications for correlation between offset wells using seismic data and/or openhole
logs. Over the Ordovician successions, different cross section lines were constructed using the

available softwares to emphasize the vertical and lateral variations (Figure-3.5).
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Figure-3.5: Example of stratigraphic cross section between H3-NC186, [1-NC186 and 12-NC186 wells.

3.4.2. GeoFrame Platform

GeoFrame is a Platform contains many types of softwares that mainly deal with the

processing and interpretation of the subsurface data including Geophysics, Geology, Reservoir

and other applications. In GeoFrame, only processing and interpretation of the FMI* data (see

appendix-B) was conducted in this project for full geological interpretation (i.e. Structures,

Sedimentology and Stratigraphy).

36




Chapter Three Methodology and Interpretation Techniques

In this project, FMI is mainly used for interpreting small scale geological features those are

beyond the resolution of seismic data. This interpretation is represented by identification of:

1. Structural Dip (magnitude and azimuth) over the logged intervals.

2. Fractures picking and identification into two types namely, conductive and resistive.

3. Sub-seismic faults (known as micro-faults).

4. Present day stress analysis using drilling induced fractures and breakouts as well as using
CALIBAN module.

5. Deformation features (slumps, load cast, sand joints, etc ...).

6. Sedimentary structures and stratigraphic column.

7. Paleocurrent interpretation over the Ordovician successions.

3.4.2.1. Image Interpretation

After the image generation an interpretation is carried out using BoreView module. Borview is a
GeoFrame module that is included under the interpretation chain of FMI images. It is mainly
consists of three sub-modules namely, Image View, StrucView and Stereonet. These three sub-
modules are the main interpretation windows where generating of dips, plotting them on
stereonets and building cross sections out of them is performed. In the ImageView we can display
images and other open hole logs. The main usage of Image View is to pick geological features from the
images. The dip picking process is mainly done from FMI images (both dynamic and static) using
Image View sub-module. However, to pick any feature from FMI, unwrapped and oriented
images must be available to plot sinusoid (Figure-3.6). On the other hand, the use of stereonets
which including rosettes and histograms give a statistical analysis of the features picked such as

fractures, faults, etc.
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Figure-3.6: Shows example of workflow for features picking from FMI images. To pick features out of the
FMI images unwrapped image must be available to pick sinusoid and compute dips.

3.4.2.2. CALIBAN for In Situ Stress Analysis

CALIBAN* module is used for borehole shape analysis using dual caliper tools, such as
FMI, in present study. After drilling a well, hydrostatic pressure inside the borehole generated
and one of the three principle stress magnitudes is eliminated. Only two principle stresses will
remain stressing the borehole called maximum and minimum horizontal stresses (Figure-3.7).
These two main horizontal stresses can be used to indicate the In Situ Stress direction. According
to mud weight used in the borehole, one or two failures will take place either tensile and/or shear
which also called Drilling Induced Fractures and Borehole Breakouts respectively. If the mud
weight is low borehole ovalization will take place with shear failure in strike direction of the
minimum horizontal stress (i.e. borehole breakouts, see figure-3.8). On contrast, if the mud
weight is too high, tensile failure will take place (i.e. drilling induced fractures) parallel to the

maximum horizontal stress.
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Figure-3.8: (A) Main display of the CALIBAN module shows the ovalization trend of the borehole towards
the South (well H1-NC186) which refers to the direction of the minimum horizontal stress. (B) Example of
FMI image showing the borehole breakouts. (C) Cross section of the borehole showing the borehole

ovalization.
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4.1. Introduction

Understanding the stratigraphic succession and distribution of the study area is important
for comprehensive evaluation of the tectonic evolution. Defining the stratigraphic distribution at
the contact between the Cambrian and Ordovician strata in the study area was difficult due to; 1)
Poor surface seismic data quality at the intervals of the Cambrian and Ordovician and 2) The
studied wells did not penetrate the Cambrian-Ordovician contacts except in [1-NC186 well.

Using enhancement of the seismic data was crucial to define these contacts.

The stratigraphic column of the study area include Basement to Cretaceous deposits and covered
with Quaternary lose sand sediments. The stratigraphic record of the study area was constructed
using surface seismic and FMI dataset as well as open hole logs. Four seismic lines crossing five
wells in both H and 1 fields were well utilized for the stratigraphic interpretation. The major
stratigraphic difference between these two fields is represented by the occurrence and absence of

both Middle and Upper Ordovician successions.

The stratigraphic column of the Ordovician succession in the study area consists of Ash Shabiyat,
Hawaz, Melaz Shugran, and Mamuniyat Formations. Detailed stratigraphic description of the
Ordovician succession was possible by utilizing FMI logs in the provided five wells. The
stratigraphic description has included sequence patterns, facies description, paleocurrent analysis
and depositional setting interpretation. For higher resolution and better evaluation of the

Ordovician succession; previous surface studies were integrated with subsurface dataset.

The correlation of the upper Ordovician deposits (i.e. Melaz Shuqran and Mamuniyat Formations
in I-Field) shows extreme variations of both vertical and lateral stratigraphic distribution. On
contrast, the Middle Ordovician deposits (i.e. Hawaz Formation in H-Field) shows homogeneous
distribution of both vertical and lateral stratigraphy. During the Late Ordovician time, I-Field and
H-Field were considered as the paleolow and paleohigh in the studied area. Hence, the Upper
Ordovician deposits of Melaz Shugran and Mamuniyat Formations were deposits within

paleolow areas.
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4.2. Seismic Stratigraphy (Geometry & Distribution)

Four seismic lines, named HI1-13, 11-13, H3-12 and HI1-H3, crossing the area of study
averaging of 10km each reveal large scale stratigraphic variations and decreased the uncertainty
of using only open hole logs dataset for well to well correlation (Figure-4.1). The seismic data
shows that all the stratigraphic sequences of Murzuq Basin are present within the studied
concession from Basement to Cenozoic (Figure-4.2). The observations, from the seismic data,
exhibit that paleohighs and paleolows in the area of study are evident. The typical seismic line to

represent the study area succession is H3-12 line which is trending East—West direction.

I-Field

12-NC186

@ Wells Location

Figure-4.1: Distance and names of surface seismic lines in the area of study. H3-12 seismic line is indicated by
red line (Figure-4.2 for more details) crossing the two main fields in Concession-NC186 (H & 1 Fields).

The stratigraphic records are essential for structural interpretation as they are indicators of uplift,
subsidence and relaxation. All of the stratigraphic units are extended over the area of study with
identical distribution apart from the Ordovician successions which are the main interest of this
study. Instability of both tectonic and eustasy during the Late Ordovician led to generation of
multiple unconformity surfaces (known as Taconic and/or Polygenic Unconformity for Craig
et.al. 2006). Consequently, this led to differential erosion of different intensities as observed

from the seismic section (Figures-4.3 & 4.4).
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Figure-4.2: The main representative surface seismic line in the study area crossing the wells H3 and 12
trending E-W. The defined Seismic Horizons from bottom to top are; Basement, Cambro-Ordovician Contact,
Taconic Unconformity (between Middle-Upper Ordovician), Top Melaz Shugran, Hot Shale, Tanezzuft Shale, Basal
Devonian Sandstone, Awaynat Wanin, Dembaba and Possible Cretaceous, which are all overlaid by Mesozoic and
Cenozoic deposits. II-NC186 well is projected on the seismic line hence it is located nearby the line (see figure-4.1
for wells location).

The interpreted seismic stratigraphy of the Ordovician is represented by paleohighs (i.e. Hawaz
Formation) and paleolows (i.e. Melaz Shuqran and Mamuniyat Formations). This is mainly
developed during the known glacial episode at the end of the Ordovician by large glacial valleys
of alternative erosion and deposition. Melaz Shuqran, Mamuniyat, Bir Tlacsin, Hot Shale and
Tanezzuft Shale Formations were deposited within the paleolows of the Taconic Unconformity
and truncated/onlapped at the edges of the paleohighs of Hawaz Formation. All of the

Ordovician successions in the study area are capped by the thick Silurian shale (Figures-4.4).
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All the paleclows and Paleohighs covered with marine transgression of Tanezzuft Shale at the Silurian

SW < > E
/]S 2
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\;\ . /’ w\\*b//

Ash Shabiyat & Hawaz Formations

Taconic l

Unconformity

Figure-4.3: Sketch illustrates the main stratigraphic distribution and geometry of the Ordovician successions
in the study area. Note the erosion variations at the Middle to Upper Ordovician contact (i.e. Taconic).

SW « »NE

g Basal Devonian Sst.
Melaz Shugran & ’ ¢ s ay
Mamuniyat o m Tanezzuft Shale L

Figure-4.4: 3D view of the interpreted H1-I3 seismic line (looking NW) shows the vertical and lateral
distribution of the Ordovician formations in the area of study. Differential erosion (Taconic Unconformity)
between the middle and upper Ordovician succession encountered at the seismic lines trending toward E-W
direction. This is directly related to the paleovalleys trending NW-SE. Additionally, Tanezzuft Formation is
covering the whole sequences and thinning over the paleohighs areas. Vertical exaggeration is 20 times.
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4.3. Stratigraphic Correlation of Ordovician Successions

Stratigraphic correlation lines were constructed to cover the study area for further
interpretation. The main purpose of this correlation is to delineate the stratigraphic extend of
each formation within the Ordovician stratigraphy. The stratigraphic correlations constructed in

four correlation lines crossing the subject wells in the studied area (Figure-4.5).
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Figure-4.5: Alignment of the cross sections in the study area.

4.3.1. Cross Section H1 - H3 (H-Field)

This correlation line is crossing the HI and H3 wells, which is the best trend to represent
the H-Field stratigraphy. Only the Lower and Upper Ordovician deposits, Ash Shabiyat and
Hawaz Formations, are existed in this field while the upper Ordovician successions are totally
absent (Figure-4.6). Flattening of seismic data at the top of Tanezzuft Formation indicated
uniform distribution of the Middle Ordovician successions in H-Field. This uniform distribution
has indicated the stability of both structure and accommodation space during the deposition of
Hawaz Formation. In addition, the observed increased thickness of Tanezzuft Formation towards

HI-NC186 Well location indicates structural instability during Early Silurian times.

45



Chapter Four Stratigraphy of H&I Fields, Concession NC186

Silurian

Middle Ordovician

® H3-NC186 [MD ® H1-NC186 [MD
MD [0.00 GR 150.00 -HCiEs -CiBg
Top Tanezzuft {42004 ' Top Tanezzuft
3900)
4300)]
4000)-
4400) Tanezzuft
4100 Formation
4500)]
4200)
Top Hawazr| 4600
H26E— 4300)
(e
Hsu 4700 [
H4 4400)
H56E—| !
o 4800
HE - 4500)
- 4900)—i ~—
H7¢  fas00)
H& | —|800er
AZ0NN—
5100)]
4800)
5200}
Hot e e 4900)
5300 St ;
G e
; Tt T
B et sl vs;1:1600 ft
5100) fragoi ! 00 ¢ kel

Figure-4.6: (A) Surface seismic line crossing the two wells H1 & H3 in NW.SE direction flattened on top of
Tanezzuft Formation. Note the thickening of the Tanezzuft shale towards the NW. (B) Stratigraphic cross
section between H1 & H3 wells in the H-Field. Lithofacies description and paleocurrent direction are
extracted from FMI images. Both stratigraphic successions indicate homogeneous lateral distribution. Note
that REMSA classifying the Hawaz Formation into nine units from H9 at the bottom to H1 at the top.
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4.3.2. Cross Section I1 = I3 (I-Field)

It is a representative cross section of I-Field correlating I1 and I3 wells which is parallel
to H1-H3 cross section (Fiure-4.5). From the Ordovician successions, only the Upper Ordovician
units (Melaz Shuqran & Mamuniyat Formations) are present. These units or formations are
deposited within paleolows of the study area. Flattening at the top of Tanezzuft Formation using
seismic data shows that the Upper Ordovician deposits are thickening towards the SE (Figure-
4.7) which is also indicated by the open hole logs. Lateral Changes in stratigraphic successions
and sedimentary structures between these two wells indicate a depositional setting change from
NW to SE (Figure-4.8). Tanezzuft Formation is thickening towards the NW which is directly

related to the extension event during the early Silurian time.

NW I3 I1 SE

Upper
Ordovician

Cambrian & Lower Ordovician

h Thickening of Tanezzuft s
mmmm Thickening of Upper Ordovician #

=roma] Upper

e e e e — Ordovician

Cambrian & Lower Ordovician

Figure-4.7: (A) Seismic line crossing the 13 & 11 wells in NW-SE direction flattened on top of Tanezzuft
Formation. Note the thickening of the Upper Ordovician stratigraphy towards the SE. (B) Sketch illustrates
the lateral discontinuity of Upper Ordovician stratigraphy as indicated by dashed lines.
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Figuew-4.8: Stratigraphic correlation between 11 & 13 wells in I-Field shows the stratigraphic distribution
and variations from NW to SE. These variations are mainly represented by change in lithology and thickness.
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4.3.3. Cross Section 12 - H3

Cross sections in the study area were built through H and 1 Fields to establish detailed
stratigraphic variations within the Ordovician successions. Seismic line trending East-West
direction is chosen for this purpose (Figure-4.9). Large scale of erosion was observed, almost
400 meters, and developed wide glacial valley as accommodation space for the Upper
Ordovician deposits represented by Mamuniyat and Melaz Shuqran Formations (Figure-4.10).
Both seismic and open hole logs dataset exhibited large scale of paleohigh and paleolow
topography that separate the Middle and Upper Ordovician successions. Truncation or onlapping
of the Upper Ordovician and Silurian successions to the paleohighs topographic of the Middle

Ordovician, Hawaz Formation, identified using seismic data.

West 2 11 H3 East

Flattened on Top Tanezzuft

Taconic Unconformity

| | Paleclow topography I |

B

Figure-4.9: (A) Seismic line crossing H and I Fields through the wells 12, 11 & H3 (East - West direction) and
flattened on top of Tanezzuft Formation. This cross line is a representative seismic line of the topographic
variation of the Ordovician succession in the study area. The Upper Ordovician stratigraphy shows
discontinuity between the I1 and 12 wells which is also encountered from the open hole logs. (B) Sketch
illustrates the seismic data interpretation between the 12, I1 and H3 wells.
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Figure-4.10: Key Stratigraphic Correlation crossing the two fields of the study area (H&I Fields) towards the
E-W direction. The stratigraphic relationship between the Middle and Upper Ordovician succession is
represented by paleohigh and paleolow of glacial influences during the Taconic.

4.3.4. Cross Section 13 - H1

Parallel to 12-H3 cross section, NE-SW cross section between the well I3 and HI is constructed
for higher stratigraphic resolution to control the structural interpretation at the northern part of
the study area. This cross section is also crossing the two fields (Figure-4.5, green line). Good
match was observed between I13-H3 and 12-H3 cross sections results in terms of paleo-

topographic patterns except some lateral variations occurred due to differential erosion
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intensities (Figures-4.11&12). These intensive differential erosions are represented by north-
south alignment where the southern part is more eroded than the northern part of the study area.
These observations illustrate the paleotopograhy during Middle to Upper Ordovician time that
the northern part of the area was emergent with respect to the southern area. This is also
approved by the SE and SW dipping of the unconformity surfaces between Melaz Shugran and

Ash Shabiyat Formations (see Figure-4.13). Tanezzuft Formation in the I-Field is thicker than

H-Field, which indicates large topographic variation at the Ordovician-Silurian times.

—Upper Ordovician

I } Paleclow topography I |

Figure-4.11: (A) Surface seismic line crossing the H and 1 Fields through the 13 & H1 wells (NE-SW
direction) and flattened on top of the Tanezzuft Formation. This is a representative seismic line of the
Ordovician topographic variation in the Concession NC186. (B) Sketch illustrates the seismic data
interpretation between the 11 and H3 wells.
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Figure-4.12: Stratigraphic Correlation crossing the two main fields (H&I) in NE-SW direction through the
wells 13 and H1 at the northern part of the study area. Both seismic and open hole logs indicate large incised
valley between the Middle and Upper Ordovician successions. Due to the lack of data below Hawaz Formation in
HI and I3 wells it was difficult to correlate Ash Shabiyat Formation between H to I Fields.
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4.4. Stratigraphic Analysis of Ordovician Successions Utilizing FMI Data

The Ordovician stratigraphic column was constructed using FMI data with other open
hole logs such as; GR, Density, Neutron and PEF (Photo Electric Factor). For geological
description, FMI data can be used as an outcrop. The stratigraphic column of the Ordovician

Successions in the study area subdivided into:

Lower & Middle Ordovician (Shallow Marine): Ash Shabiyat & Hawaz formations.

Upper Ordovician (Glacial Episode): Melaz Shugran & Mamuniyat formations.

4.4.1. Lower & Middle Ordovician (Shallow Marine)

4.4.1.1. Ash Shabiyat Formation

As Shabiyat Formation was encountered in I-Field only where some wells drilled into
Hasawnah Formation such as in [1-NC186 well. Both lower and upper contacts of Ash Shabiyat
Formation are unconformable as in the well 11-NC186 (Figure-4.13). These unconformity
surfaces are dipping towards SW and SE which indicate general south tilting. This formation is
mainly comprised of cross-bedded and bedded sandstone facies. The typical log of Ash Shabiyat
Formation in the area of study was encountered in [1-NC186 well. Stratigraphic and

sedimentological description of Ash Shabiyat Formation was described in details (see appindex-

B).

4.4.1.2. Hawaz Formation

The stratigraphic column of Hawaz Formation shows mostly uniform homogeneous
distribution over Murzug Basin including the concession NC186. However, using REMSA
Company standards, the Hawaz Formation was subdivided into nine members or units namely,
H1 to H9. In H-Field of the study area, Hawaz Formation was logged using FMI over the units
from HY to H2 Units (i.e. both top and bottom of the formation not acquired). Hawaz Formation

in I-Field is eroded with different scales as explained in Figure-4.4. A typical log of Hawaz
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Formation is constructed from the well H3-NC186 and was described in details (see appindex-

B).
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Figure-4.13: (A) Composite display of Shabiyat Formation.
(B) An example of unconformity surface between Ash
Shabiyat Formation (Middle Ordovician) and Hasawnah
Formation (Cambrian) dipping 30°, ESE. (C) An example of
unconformity surface dipping 10°, SSW between Ash
Shabiyat Formation (Middle Ordovician) and Melaz Shugran
(Upper Ordovician) Formation where Hawaz Formation is
totally eroded, both examples from well I1-NC186. The
dipping of the unconformity surface in all wells in I-Field is
toward the south indicate the dipping of the formation (See
Appendix-B for more details).
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4.4.2. Upper Ordovician (Glacial deposits)

During Late Ordovician (i.e. Hirnantian), Murzuq Basin was lying along the continental
margin of west Gondwana. The possible maximum extent of the ice-sheet during glacier advance
events approached north Al-Qarqaf and Wadi Anlalin areas. Therefore, Ghat area represents the
ice-proximal (shallow water) areas, whereas the Wadi Anlalin represents the ice distal (deep
water) area and Al-Qargaf was located in the intermediate area with respect to the ice-sheet
center (El-Ghali, 2005). The glaciogenic rocks are subdivided into two formations; (1) The mud-

dominated Melaz Shuqran Formation, and (2) The sand-dominated Mamuniyat Formation.

4.4.2.1. Melaz Shugran Formation

The stratigraphic continuity (i.e. lateral and vertical) of Melaz Shugran Formation in the
study area is interrupted. This formation is defined and covered by FMI images in the available
wells from I-Field. It is mainly comprised of contorted and deformed clastic facies. Its thickness
various from well to another where it reaches a maximum of 800 ft (~240 meters). In well 13-
NC186, sandstone percentage is more than in the other wells which indicates lateral stratigraphic
discontinuity. The unconformity surfaces separating Melaz Shuqran and As Shabiyat Formation

are dipping to SSE and SW directions.

In the three wells of I-Filed; Melaz Shuqran Formation shows general fining upward sequences.
In I3-NC186 well, fining upward cycles are the dominant with cross-bedded sandstone at the
base of the cycles. Several features observed within the formation have clear indication of glacial

depositional environment (see appendix-B for more details).

4.4.2.2. Mamuniyat Formation

The Mamuniyat Formation in the study area is not thick as it’s exposed at the surface.
From the studied wells, a maximum thickness of 188 ft (~56m) was observed. It is comprised of
cross-bedded sandstone facies in 11-NC186 and 12-NC186 wells and contorted sandstone facies

in I3-NC186 well (see appendix-B for more details).
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5.1. Introduction

Intensive studies were carried out in the main concessions of the basin (e.g. NC174,
NCI15 and NCI186) using both surface and subsurface datasets due to the exploration activities
in the area. In this thesis, this is the first comprehensive published work on the subsurface
geology of the Concession NC186 by integrating the regional studies in the basin with the

present area of study.

Data integration and utilization for both large and small scale subsurface dataset available (i.e.
seismic to FMI) were used to interpret and analyze the structural elements in the study area. It
was difficult to analyze the tectonic evolution of the Ordovician successions separately due to the
affect of multiple tectonic events occurred before and after the Ordovician. These events have
direct and indirect impacts on the last structural configuration of the succession. The study area,

as part of Murzuq Basin, passed through various tectonic events from PreCambrian to Cenozoic.

High resolution identification and interpretation of the structural elements in the area of study
carried out using different datasets. Time structural maps for all horizons were generated from
seismic data and used for structural interpretation in the study area. These maps are very

important where they played a key element in identification of the main structural elements.

5.2. Main Structural Elements in the study area

The structural elements in the study area were classified into large scale and small scale

features as follow:

1. Large Scale Structural Features:
o Paleohighs and Paleolow.
o Basement Faults.
o En Echelon Folds.
o Positive Flower Structures.

2. Small Scale Structural Features:

o Micro-Faults

o Fractures.
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5.2.1. Large Scale Structural Elements (Seismic Scale)
5.2.1.1. Paleohighs and Paleolows of Ordovician

The largest and most important structural features in the Concession NCI186 are the
Ordovician paleohighs and paleolows. These features observed in the study area trend NW-SE
direction with thickness variations from north to south (Figure-5.1). The paleohigh and paleolow
are represented by H and I Fields, where H-Field refers to Paleohigh and I-Field refers to
Paleolow. This paleo-topographic complex occurred as a result of preexisting highs and lows of
the last stage of Pan African Orogeny (Klitzsch and Ziegert, 2000) and juxtaposition glaciations

processes during late Ordovician.

Limit at which Upper
Ordovician not deposited

Paleolow

Paleohighs of
Hawaz Fm.

Figure-5.1: 3D view, looking NW, of Hawaz Formation time top structural map illustrates the paleo-
topographic variations. These features are trending NNW & NW directions. (See also Figures- 4.4 & 4.10).
white arrows indicate the directions of ice streams during the upper Ordovician.

Paleo-ice streams mapped by Le Heron and Craig (2008) indicate NW trend of the glacial flow
(Figure-5.2). Due to glaciations processes a polygenic regional unconformity occurred (i.e.

Taconic Unconformity) and eroded deeper into older Paleozoic deposits along same trend.
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Truncation of the upper Ordovician succession is observed on seismic data against the Hawaz
Paleohighs (Figure-4.4). In the nearby areas, Concession NC174, these paleohighs and paleolows
features are also present (Figure-5.3). They are mapped using seismic data and shows mainly

NNW and NW paleo-valleys trend.

Algiers 0 km 500

=
f
Ice maximum ‘i'
e
NG
i) - Proximate location of
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inter-stream
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No glaciclogical data e
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Figure-5.2: Palaeo-glaciological reconstructions of the Late Ordovician Saharan ice sheet. Ice sheet
configuration at glacial maximum position, showing widespread occurrence of ice streams separated by wide
inter-stream areas. Note that the large glacial trend over Murzuq Basin crossing the area of study is mainly
towards the NW direction. After Le Heron and Craig (2008).

Proximate location of
the Concession NC186

Area of main
P Margins of Cambro-
ol fields in
Ordovican h
sncemne. - + (Echikh and Sola, 2000)

Concession

Devonsan

Libyan Murzug Basin

Figure-5.3: Location and distribution of glacial paleo-valleys, Concession NC174, Murzuq Basin. Drainage
pattern indicate NW trend of the glacial valleys encountered within the paleolows of Ordovician.

59



Chapter Five Srructural Analysis of Ordovician Successions in H&I -Fields, Concession NC186

5.2.1.2. Basement Faults

5.2.1.2.1. Identification of Basement Faults in the area of study

The study area is located over the main axis of the Awbari trough (at the uppermost
northern part of Murzuq basin) which was an important depocenter for Murzuq basin during the
Early Paleozoic (Figure-5.4). In Awbari trough, the basement faults (also known as wrench

faults) are mainly trending NNW-SSE and NW-SE directions.

| 4 Oil fields

Approximate locations of [
NCl 15 & Nc186 the study arsa

Figure-5.4: Location of the study area
within Awbari trough. Main trend of the
basement faults in Awbari trough are
towards NNW-SSE and NW-SE directions
as indicated with the red arrow. After
Echikh and Sola (2000).

Observation and interpretation carried out for the major basement faults in the study area those

can be summarized as following:

1. There is no effect or structural signature of faulting in H-Field (Figure-5.5).

2. All the basement faults observed in the area of study are thrust faults (i.e. Reverse Faults)
with differential vertical displacement from the northern to the southern parts and trending
mainly in NNW-SSE and NW-SE direction and dipping to the west. In addition, they are
only encountered within the paleolow area (i.e. I-Field).

3. The largest vertical displacement observed in the basement rocks reaches up to 300 meter at
the southern part of the area which indicates tearing fault pattern.

4. These basement faults extend upwards from basement up to Carboniferous.
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5. Thickening of formations on the downthrown sides of the reverse faults indicates syn-
depositional faulting (growth faults) during evolution.
6. Features of en echelon folds, tearing, positive flower structures coincide with the faults

indicate simple shear along the major basement faults in the study area.

Figure-5.5: Shows the H and I Fields in seismic line. Note that reverse basement faults observed only over the
I.Field and dipping WSW.

5.2.1.2.2. Generation and Rejuvenation of Basement Faults

All faults observed within the area of study were picked on various seismic horizons
show that faults generated and rejuvenated with different mechanisms and developed along the

same fault planes toward NNW-SSE and dip westerly (Figures-5.6, 5.7 & 5.8).

The dip magnitudes of the basement faults in the area of study were almost steep since the time
of generation. Therefore, differential fault kinematic were active through time from extension to
compression to strike-slip along their planes. The largest vertical displacement of basements

faults in the study area averaging of more than ~ 300 m.
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Approximate locations of & Oi

NC115 & NC186

Figure-5.6: Plan view of the major faults in the study area which is matching in direction with the major
faults of Awbari trough. Seismic lines covering the study area shows the direction of the 3D view looking
towards SW. Red dashed line indicates the view profiles of the 3D view (Figure-5.7).

Figure-5.7: 3D View of data looking to SW. Basement induced faults characterized by larger vertical
displacement in the southern part than the northern part (interpreted as Tearing Fault).
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Figure-5.8: Time top structural maps of the basement shows the main faults in the area of study trending
NNW-SSE at the southern part of the area and deviated to the NW-SE direction at the northern part. Vertical
displacement is indicated by countering where at the southern part larger than at the northern part of the study area
(see seismic lines A & B). The most effected part with faulting and folding is the western part of the area (paleolow
area). Folds are confined within reverse faults and trending NW-SE direction.
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During the Early Paleozoic, last stage of Pan African Orogeny, major shearing and
compressional tectonics occurred through the collision between West African and East Saharan
cratons. Basements faults in the study area are believed to be developed during this stage.
However, large scale highs and lows developed within Murzuq Basin trending NW-SE. These
features were subjected to reactivation in a transpressional and transtensional modes throughout
the younger geological times. Indication of an extensional regime by “growth fault” was
recorded from seismic data over the Cambrian deposits where the upthrown side is thinner than
the downthrown sides (Figure-5.9). This extensional phase might have been followed by

compression pulses during the late Cambrian-Ordovician time.

Wsw ENE

_____ Hot Shale e Taconic Unconformity
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Figure-5.9: Shows the main reverse basement fault in the area of study (crossing 12-H3 seismic line) with
strike direction NNW-SSW and dipping WSW. This line indicates huge vertical displacement within the
Cambrian succession where it is thickening at the downthrown side of the fault indicate Syndepositional faulting

.
.
Teaummnr®t

during Cambrian. This is one of the strongest indications that these reverse faults are only the final configuration and
passed through different types of displacements through time.
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During Late Cambrian, the growth faults in the study area were rejuvenated in a transpressional
manner that led to reversing the growth faults by differential vertical displacements (inversion

signature). Late Cambrian compressional features were reported from both surface and

subsurface of Murzugq basin (Figures-5.10 & 5.11).

Figure-5.10: Angular unconformity
separating Cambrian and Ordovician
successions in Jabal Dur Al Qussah at
the Eastern margins of Murzuq Basin
indicate of significant compression
(Klitzsch, 2000).
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Figure-5.11: Seismic line trending NW-SE crossing the well D1-NC174, south of the study area shows clear

thickening of Cambrian deposits at the downthrown side of a reverse faults (see white cycles). After Davidson
et. al., (2000)
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Tectonic instability during the Ordovician was subtle and decreasing relatively to the Cambrian
and leading to general crustal extension. On the other hand, large glacial valleys eroded down
into the older Ordovician successions aligning with the major trends of the Basement Faults
towards the NW-SE. The major rejuvenation event of the basement faults in the study area
recorded over the Silurian-Devonian successions. The Middle Silurian to Middle Devonian was a
significant compressional structural episode in the area (known as “Caledonian”™ in some
literatures). Major uplifting and erosion occurred with transpressional strike slip movements that
initiated “En echelon folds & Positive follower structures”. These structural features observed in
the study area as well as in the nearby concessions along the old basement faults. Basement
faults are terminated at the Carboniferous horizons and only topographic effect persisted to the

Mesozoic successions (Figure-5.12).
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Figure-5.12: Basement faults show decrease of vertical displacement upwards. Faults are not persisting to the
Mesozoic and stop at the carboniferous. Folds are generated in the northern part of the study area (Reverse
drag folds). The largest vertical displacement is at the southern part of the area of study (see seismic section
B) where it reaches up to 300 meters and compared to 150 meters at the northern part. (For seismic lines
locations, see figure-5.8).
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5.2.1.2.3. Distribution of basement faults in Murzuq Basin

Faults mapped, in the center of Murzuq Basin, based on age by Davidson et. al., (2000)

are as following:

1. The basin has been subjected to fault tectonics since Cambro-Ordovician times, and has been
active during all the subsequent periods.

2. The faulting that occurred during Cambro-Ordovician and Silurian times was of higher
density, decreasing upwards through younger geological periods. Generally, the
displacements in all periods are of the same order of magnitude (Davidson, 2000), (Figure-

.1 3):
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In Murzuq Basin there are many basement faults mapped by Echikh and Sola (2000) using
surface and subsurface datasets. Some of these faults extended from the basement to reach the
surface, such as the Tumarolin Fault (Figure-5.14). These basement faults are one of the major
key contributors and controllers of the reservoir migration and trapping in the basin. Basement
faults generally induce strike-slip tectonics in upper sedimentary cover as also observed in the
study area in the form of en echelon folds and positive flower structures. These en echelon folds
and flower structures indicate multi-phases of rejuvenation of the basement faults by strike slip
tectonics. Change from dextral strike-slip faults in the east (e.g. Tumarolin Fault) to sinistral

strike-slip in the west (e.g. Bir Tazit Fault) was reported by Echikh and Sola (2000).
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Location of the
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Figure.5.14: Structural configuration of the NW part of Murzuq Basin. The regional change in fault trends
from NW to SE parts of the Tiririne high indicated by red arrows. This change was accompanied by strike
slip movements of different style and magnitude from the NW to the SE. The area of study is located to the
north of the Concession NC174 and NC115. After Echikh and Sola (2000).
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35.2.1.3. En Echelon Folds

Pattern of en echelon types of folds were observed from the generated time structural
maps of the early and middle Paleozoic horizons in the study area within the I-Field striking
NW-SE and terminated at the plane of the major basement faults (Figure-5.15). These features

represent strong indication of dextral transpressional movements related to the basement faults.

Folds, also known as reverse drag folds, encountered in the study area are concentrated within
the Cambrian, Ordovician, Silurian and Devonian successions that indicate pre-Carboniferous
tectonic event (Middle Devonian Compression). Based on the fold pattern and their termination
to the major faults in the area a strain ellipse constructed to illustrate the structural setting of the

area (Figure-5.16).
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Fold Axis

Reverse Fault
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Figure-5.15: Time structural map of the Upper
1 Ordovician shows the major reverse faults and the
X en echelon fold trends towards the NW-SE. (B)
X Seismic line at northern part of the study area
- shows folding effect to the pre-Carboniferous
X successions. (C) Strain ellipse and type of
t movement initiated the reverse faulting and en

echelon folding in the study area.
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En echelon folds observed in Murzug Basin at many places, such as in Atshan Area to the west
of the basin. This is an opposite example of the study area with sinistral strike slip fault and NE-
SW en echelon folds (Figure-5.16). However, these structures were developed by transpressional

strike slip within the Silurian - Devonian stage.
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\ g m ) Figure-5.16: En echelon folding generated by left

\i\ lateral transpressional strike slip faulting at the

‘%b h\ western part of Murzuq Basin striking NE-SW.
A gt = After Echikh and Sola (2000).

5.2.1.4. Positive Flower Structures

The term "flower structure” reflects the resemblance of the structure to the petals of a
flower in cross section (Figure-5.17). Positive flower structure is defined as structure that
resulted from compressional strike-slip faulting (simple shear) along the fault plane. In the
positive flower structures en echelon fold is developed due to differential lateral displacement

accompanied with compressional stress.

Positive flower structures were recognized at the northern part of the study area from the seismic
line I3-H1 (Figure-5.18 & 5.19). High resolution seismic interpretation shows positive flower
structures intensively over the Pre-Devonian successions. This indicated transpressional events

during the Early and Middle Paleozoic time (Cambrian to Mid Devonian).
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Figure-5.17: Surface seismic line of the northern part of the study area shows clear reverse drag folds. This

seismic line clarifies the folds and positive flower structures encountered in the study area (see Figure-5.18 for

detailed interpretation).
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Figure-5.18: Example of positive flower structure in the northern part of the study area where en echelon
folds observed (See Figure-5.15). Uniform stratigraphic distribution with decrease of faults intensity above
the Caledonian Unconformity indicates of Pre-Devonian simple shear tectonics. Folding and positive flower
structures are strong indications of transpressional tectonics developed in Pre-Devonian time.
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Positive follower structures are well recognized in Murzuq Basin using seismic data (Craig et.
al., 2006). Seismic data indicated the development of transpressional strike slip within the

Silurian - Devonian stages (Figure-5.19).

Top
Carboniferous.

Top
Devenian

Base
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Figure-5.19: Positive flower structure in Murzuq Basin indicates Silurian-Devonian growth faulting to the

SE. After Craig et. al., (2006).

5.2.2. Small Scale Structural Elements
5.2.2.1. Micro-Faults Analysis (FMI scale — Borehole size)

FMI tool is used in the oil industry as high resolution geological tool where images and
dip computation for any geological features can be acquired. Faults are one of the structural
features those can be recognized within the borehole coverage. Therefore, faults observed within
borehole size named as Micro-Faults to be distinguished from these observed on seismic data.
These features can be correlated to the seismic data and linked to the regional structure context.
Based on observations form FMI, here, the faults came across the Ordovician successions are
Normal faults and can be distinguished genetically as Syndepositional or Postdepositional

Micro-Faults.
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5.2.2.1.1. Syndepositional Micro-Faults

Syndepositional Micro-Faults are defined as faults those have thicker deposits on one of
the faults plane side than the other (Figure-5.20A). This phenomenon occurs due to simultaneous
faulting and deposition which is common with gravity faults (known also as normal or growth
faults). These micro-faults were frequently observed within Melaz Shuqran Formation especially

in the wells T1 and I2.
5.2.2.1.2. Postdepositional Micro-Faults

Postdepositional Micro-Faults are defined as faults those shows sharp layer boundaries
on the FMI images which indicate tectonics after sediments lithification. These features were
mainly observed within upper units of Hawaz Formation in the well H3-NC186 as well as over

Ash Shabiyat and Melaz Shugran Formations in the wells I1, [2 and [3 Wells (Figure-5.20B).
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Figure-5.20: (A) An example of Syndepositional Micro-Fault (growth Fault) dipping 70, South as observed on
the FMI image with thickness increase over the Melaz Shugran Formation in Well 11-NC186.(B) An example
of Post-depositional Micro-Fault (Normal Fault) dipping 75, ESE within Hawaz Formation in Well H3-
NC186.
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5.2.2.1.3. Statistical Analysis of Micro-Faults

The Statistical analysis of the Micro-Faults (Normal faults) picked from FMI images
represented in strike rosette are illustrated in Figure-5.21. The faults strike direction show
changes from Ash Shabiyat to Melaz Shuqran Formations and encountered within the I Wells. In
wells I1 and [2, Ash Shabiyat Formation shows NE-SE strike direction while Melaz Shuqran
Formation shows NW-SE strike direction. This reversing in faults strike direction indicates
change in local structural events from Early to Late Ordovician (structural instability). Hawaz

Formation shows faulting in H3 well with scattered strike direction.
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Figure-5.21: Shows the statistical analysis of the Micro-Faults observed from the FMI images in the area of
study. Faults are trending either NW-SE or NE-SW which consistent with the ellipse model.
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5.2.2.2. Fractures Characterization

FMI is basically a resistivity measurement that can distinguish between the conductive
and resistive fractures. Accordingly for fractures characterization using FMI images, fractures
are classified into two types, namely Closed Fractures (appear as resistive) and Open Fractures

(appear as conductive) based on their appearance on the images (Figur-5.22).
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Figurre-5.22: (A) Example of conductive type of fracture over the Ash Shabiyat Formation, well I11-NC186.
(B) Example of resistive type of fractures over the Ash Shabiyat Formation, well 13-NC186. Both examples
are correlated with outerops (not for the same formation or area) for illustration

In the area of study, fractures observed within the five wells allowed the following

observations and conclusions:

1. Most of the fractures observed within Ash Shabiyat and Hawaz Formations to indicate

that the early to middle Ordovician time was a stressed period.
2. The fracture detected using FMI can be related to the fault pattern in the study area. The

strain ellipse shows that most of the fractures in the area of study are considered as Riedel

and anti Riedel (R and R”) Shear fractures (Figure-5.23).

3. The Riedel shears trend mainly NNE-SSW, while the anti Riedel shear fractures trend
WNW-ESE.
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Figure-5.23: Statistical Analysis of both conductive and resistive fractures over Ash Shabiyat and Hawaz Formations.
Dextral transpressional generated these fractures are interpreted as Riedel and anti Riedel (R & R’) shear fractures.
(A) Statistic of the fractures, (B) strain ellipse of the study area and (C) model of generation of R and R’ fractures.
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Summary of the main structural features and its orientation as observed in the study area
(Basement Faults, Folds, Micro-Faults, F and Fractures) is summarized in Figure-5.24.

o 1 2 2 4 5Skm

Figure-5.24: llustrates the relative durections of the main structural elements observed in the study area.

Major basement reverse faults in the study area trend in NNW-SSE direction where the folds

were observed at the northern part of the area trending NW-SE. The micro-faults observed from

FMI images almost strike NE-SW and are extensional normal faults within the Ordovician. The

fractures were intensively developed within Ash Shabiyat and Hawaz Formations with a general

NW-SE and NE-SW strike direction. These observation indicates a multi-tectonic phases

comprsssion to extension events combined with strike slip movements. The molde in Figure-5.25

illustrates such elements.

R and R' Shear

Fractures, fractures
trending NNE-SSW features trending

Figure-5.25: shows modeled simple shear
strain ellipse, structural elements can
develop in different directions. This model
is an analog to the structural elements in
the area of study in terms of features and
their directions. Blue arrows indicate the
direction of main stress.

Extension Faults and Thrust/Reverse Faul,
Fractures such as compressional features
Ordovician Micro- such as basement faults

Faults trending NE-SW trending NNW-SSE
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Chapter Six Tecronic Evolution & Conceprual Srrucrural Model (H & I Fields)

This section is a regional synthesis of all the previous observations (i.e. stratigraphic and
structural) and interpretation made in the study area. It is only focus on the tectonic evolution of I
and H Fields at the south central part of the Concession NC186 and attempt to link it with the

regional tectonic evolution (especially the northern part) of the basin.

The tectonic evolution of the study area is complex, especially during the early Paleozoic, in
terms of both structure and stratigraphy. Nine episodes or phases are proposed and briefly

explained with conceptual modeling for each phase individually as follow:

6.1 Pre-Cambrian to Late Cambrian (Phase-1: Compression & Extension of Pan African).
6.2 Early to Middle Ordovician (Phase-2: Extension + Tectonic Instability).

6.3 Late Ordovician Erosion (Phase-3: Climate Change-Glacial Episode).

6.4 Early Silurian (Phase-4: Extension & Major Marine Transgression).

6.5 Mid Silurian - Mid Devonian (Phase-5: Caledonian Uplifting & Erosion).

6.6 Carboniferous (Phase-6: Hercynian uplifting and regional erosion of Permian).

6.7 Permo-Triassic (Phase-7 Extension to Compression).

6.8 Cretaceous (Phase-8 Compression and erosion).

6.9 Present Day Stress Analysis (Phase-9).

6.1. Pre-Cambrian to Late Cambrian (Phase-1: Compression & Extension of Pan African)

By the end of the Pre-Cambrian, the configuration of the major structural elements in
Murzuq Basin took place in the form of highs and lows separated by basement Faults. Intensive
shearing and compression occurred due to multiple mega collisions between the terranes and
cratons along the Trans-Saharan Megabelt. The first configuration of Murzuq Basin was started
during this time as one of the largest intracratonic basins in North Africa. Many basement faults
in the basin were recognized and identified as being generated during Pan African Orogeny
strike mainly NNW-SSE and NW-SE which controlled later depositional trend of early Paleozoic

successions.

Variations of the Cambrian stratigraphic successions at the faults plane indicated syndepositional

activation of basement faults. The sense of movement is considered as extension due to thickness
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increase at the hanging walls and deposition of fluvial sandstone sequences. At the end of the

Cambrian, compression (transpressional) dominated the study area as indicated from seismic

data. Positive flower structures observed crossing the Cambrian successions propagating from

the Basement-Cambrian contact which might be related to Late Cambrian compression (Figures-

6.1 & 6.2). The directions of the compressional forces were dominant NE-SW.

A B1 2 3 4 G

1:147257

Figure-6.1: (A) Present day time
structural map ot top Basement shows the
major reverse faults in the area trending
NNW-SSW and NW-SE. (B) Seismic line
at the southern part of the area shows
thick Cambrian deposited at the reverse
fault which indicates an episode of
previous extension (growth faults). (C)
Seismic line at the northern part of the
area shows present day reverse faults
crossing the basemen and Cambrian rock.
These faults are interpreted as positive
flower structures. Both sides of the faults
are of similar thickness which exhibit
erosion variations from north to south.
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a. Cambrian Extension and thick deposits of Hasawnah Formation

West East

« T » Extension along old Pan

_— o African Faults +
Syndepositional of
Hasawnah Formation.
Thick deposits and general

tilting toward the North.

Basement ‘L//—

b. Late Cambrian Compression (Positive Flower Structures! — Uplifting and Erosion).

Y L

\ Cambrian

-_f__/"r
\W
\ Transpressional tectonics
o 5 at the End of Cambrian.

I Basement

c. _Seismic interpretation of the Cambrian succession.

Propagation of the

|

positive flower __—
Cambrian

structures

Figure-6.2: Shows the possible tectonic phase during Cambrian in the study area form extension to
transpression. Positive flower structure propagating from the Basement-Cambrian contact which indicates

compressional event during Late Cambrian.
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6.2. Early-Middle Ordovician (Phase-2: Extension + Tectonic Instability)

After the deposition of the Cambrian sandstone and at the beginning of the Ordovician
times uplifting and tilting with subsequent unconformity eroded most of the Cambrian deposits
at the southern part of the study area in the upthrown sides (hanging wall) of the basement faults
(Figure-6.1B). Tectonically, Early to Middle Ordovician was not active relative to the other
Early Paleozoic ages as indicated from the lateral stratigraphic continuity a of Hawaz and Ash

Shabiyat Formations.

West East

Lower & Middle Ordavician — Ash Shabiyat + Hawaz = ;\L Uplifting at the End of the
bt Cambrian time led to an angular
unconformity in some parts of the

basin. In the study area it was
reflected as reverse faults.

Extension is dominant during the
Early to Middle Ordovician time
(Hawaz & Ash Shabiyat Fms.)

Basement

Figure-6.3: (A) The unconformity between the Cambrian and

Ordovician successions in the area of study. In this model it is Angular Uncenformity

demonstrated that the upthrown side of the reverse faults were
subject of erosion. (B) An example of angular unconformity between
the Hasawnah and Hawaz Formations in Jabal Dur Al Qussah. (C)

Shows the unconformity between the Cambrian and Ordovician
successions in the area of study.
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6.3. Late Ordovician Erosion (Phase-3: Climate Change-Glacial Episode)

During the late Ordovician a short lived glacial episode (between 0.5 to 1 Ma) was
recorded in the whole of North Africa (Figure-6.4). The contact between Middle to Upper
Ordovician has a particular impact on the geological history of the area where the depositional
environment of Middle Ordovician was shallow marine and the Upper Ordovician as glacial. At
the contact between these two episodes, of Middle and Upper Ordovician successions, a regional
unconformity developed crossing the whole of North Africa and known as polygenic “Taconic
Unconformity” and can be correlated for hundreds of kilometers. This unconformity generated

topographic paleohighs and paleolows and becames candidate of the Upper Ordovician deposits.
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Figure-6.4: Stratigraphy of Late Ordovician glacially related deposits and their correlation across northern
Morocco, southern Morocco, Algeria (subsurface), Algeria (Tassili N’Ajjers outcrop) and western Libya
(Murzuq Basin) and eastern Libya (Al Kufrah Basin). The correlation emphasizes the Glacial Maximum
Unconformity (Source: Le Heron and Craig, 2008).

Large glacial valleys eroded widely and deeply (more than 7km wide and 300 meter
deep) into the older Paleozoic formations reaching Hasawnah Formation in some areas. From the

stratigraphic correlation between the three wells 11, 12 and I3 it is concluded that; the deeper
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depositional setting at the Late Ordovician time generally was towards the south. These

observations indicate subtle extension during the glacial episode (Figures-6.5 & 6.6).

West East

Lower & Middle Ordovician — Ash Shabiyat + Hawaz

gt o
[t O STNTNANLAN A\ SN g e W

NN

Early to Middle Ordovician was a
phase of subtle Extension. Both
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formations were deposited.
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] 7 B T 1 H
b \ N {Lower & Middle k. epeiroregnic uplifts have eroded
4 5 / B, S  Ordovician - Ash | e .
______________ L ‘\\ y “aat \\ "/ Shabiyat + Hawa} most of the older Paleozoic

strata to form Large Glacial
valleys. The result was large scale
paleohighs and paleolows.

~
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W AN
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Extension persisted in Silurian
and deposited Hot Shale that
covered Upper Ordovician strata.

Basement

Figure-6.5: Modeled cartoons of the tectonic evolution in the study area within the Ordovician (A, B and C).
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7 km

- e ) |
~ _m‘:}'xx‘ :,gf&whm

Blue reflector indicate Melaz

Shugran Formation which is

eroded in the SW direction
(see the red circle)

Upper Ordovician successions

Lower-Middle Ordovician

> Cambrian successions

Figure-6.6: illustration of the Upper Ordovician successions based on seismic data. The clear eroded zones
are located at the trough sides of the pre deposits.
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6.4. Early Silurian (Phase-4: Extension & Major Marine Transgression)

During the early times of the Silurian and due to ice melting, regional unconformity was
recorded and defined by transgressive event. Early Silurian was characterized by regional
subsidence and extension of the north Gondwanan passive margin reflecting the development of
the proto-Tethyan ocean between Gondwana, Armorica and Avalonia (Craig et. al., 2006). In the
area of study, this extension is reflected by major transegression and deposition of thick
sequences of Tanezzuft Shale covering all the older paletopography of Ordovician successions
(Figure-6.7). The absence of any new deviating in faults with this significant subsidence

approves that the subsidence generated faults along the old existed basement faults.
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subsidence and marine transgression
(Silurian Shale). Thick deep marine shale
covered the older topography of the

Cambrian - Hasawnah

Ordovician successions.
Basement

Figure-6.7: Modeled cartoons of the tectonic evolution in the study area within Early Silurian (A and B).
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6.5. Mid Silurian - Mid Devonian (Phase-5: Caledonian Uplifting & Erosion)

The second major tectonic event in Murzuq Basin, after the Pan African Orogeny, was
recorded in the Middle Silurian to Middle Devonian (known also as Caledonian Orogeny). It’s
highest peak was in the Middle Devonian where uplifting and intensive erosion took place such
as the total erosion of Akakus Formation. During this tectonic phase intensive rejuvenation of the
old basement faults in the area of study occurred under transpressional mode as indicated by
positive flower structures, tear faults, and en echelon folds. From seismic data interpretation it is
visible that, all positive flower structures are created by basement faults terminated at the

Silurian-Devonian contact which is in accordance with a mid Devonian compression (Figure-
6.8).
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#
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Cambrian - Hasawnah

faults with strike-slip mode (transpressional) created
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Cambrian 5 : s
Caledonian Unconformity”.

Basement

Figure-6.8: Modeled cartoons of the tectonic evolution in the study area of the Middle Devonian Inversion.

Compression is the dominant structural movement with uplifting and intensive erosion during this phase.

6.6 Carboniferous (Phase-6: Hercynian uplifting and regional erosion of Permian)

During Late Carboniferous - Early Permian, a regional tectonic orogeny (uplift and
erosion) occurred in North Africa (Hercynian Orogeny). The Late Paleozoic is characterized by
the thickest sedimentary accumulations in the study area. The tectonics activities during late
Paleozoic eroded the entire Permian successions in the study area. From seismic data, if is

noticed that this tectonic event has no major vertical component compared to the lateral impact.
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Mapping the top of the Carboniferous (Dembaba Formation) shows change in faults direction

towards the NE-SW comparing to the early Paleozoic (Figure-6.9). This change indicates change

in the direction of compression forces from early to late Paleozoic from NE-SW to the NW-SE

respectively. Pop ups or folds were observed to indicate large scale drapping on the older

Paleozoic structures. The general compressional stress direction in the area was in NW-SE

direction during the Hercynian Orogeny. This stress has affected the whole Murzuq Basin and

formed the Gagaf Arch trending ENE-WSW. The time top structural map of the Dambaba

Formation (Upper Carboniferous) in the study area confirms ENE-WSW structural trend analog

to the structural elements trend of the Hercynian in the northern part of the basin.

West East

Devonian

L

Silurian

......

Il L)
=

ST A

L *
-

]
[ Lower & Middle
Paleozoic

..
~ae’ 4
AR e N LY - 5
SR N *,

A Cambrian

.........

- I,

~ s

R .“\[‘\J’\\-I’\"‘J S A
A

61 1 3 a Sm

Time Top Silurian Map

1147247

89

Figure-6.9: (A) Modeled cartoon of the
study area shows possible extending of
the faults the  Hercynian
Unconformity. (B) Shows the time top
structural map of Dembaba Formation
indicating the major structural elements.
New late Paleozoic direction in ENE-
WSW
(Hercynian trend - Red lines); early
Paleozoic trend (Black lines). Red arrows
the the
Hercynian Orogeny in the area.
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6.7. Permo-Triassic (Phase-7 Extension to Compression)

Due to rifting of Pangea supercontinent, regional extension and transtension tectonics
occurred during the period between the end of Permian and beginning of Triassic and persisted
till Early Cretaceous. The available seismic data revealed that, the Mesozoic succession in
eastern part is thicker than the western part and thicker towards the south (Figure-6.11).
Generally, the thickening of the Mesozoic sediments is towards the SE that indicates Mesozoic
formed highs to the NNW. This tilting from NW to the SE might be related to the extensional
phase that was dominant during Triassic and Jurassic in the whole basin. Onlapping of the
Triassic successions over the Carboniferous indicates angular unconformity that is related

directly to the Hercynian Orogeny (Figure-6.10).

T s P 3 Triassic

Positive flower
structure

Hercynian Unconformity

Carboniferous

Devonian

Caledonian Unconformity

Figure-6.10: Seismic line in the area of
study shows decreasing of the faults
intensity upward from the Middle to Late
Paleozoic. Hercynian event shows only
propagation of the old basement faults.

90



Chapter Six Tectonic Evolution & Conceptual Structural Model (H & [ Fields)

Seismic Line B

Seismic Line C

Time

Hercynian Unc.

Hercynian Unc.

Figure-5.11: (A) Time top structural map of the Mesozoic successions shows high areas in the NW and Lows
in the SE direction. (B) seismic line H1-H3 crossing the eastern part of the study area and shows thickening of
the Mesozoic successions over the Hercynian Unconformity towards SE. (C) seismic line 13-H1 crossing the
northern part of the study area and shows onlapping of the Mesozoic successions in the Hercynian
Unconformity.
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6.8. Cretaceous (Phase-8 Compression and erosion)

The study area is located between and confined by two large structural elements trending
ENE-WSW (i.e. Gargaf Arch and Messak Escarpment) these structural elements controlled the
tectonic evolution of the area from Mesozoic to present day. Regional uplifting and erosion
occurred in the study area during late Cretaceous coincides with the Alpine Orogeny. Tilting
towards the SE could be related to rejuvenation along the basement faults and compressional
tectonics developed the “Messak Escarpment” to the South of the study area (Figure-6.12). This
structural element is trending parallel to Gargaf Arch (Middle Devonian) towards the ENE-
WSW. The upper sequences of the Mesozoic successions in the study area are characterized by

thickening in the hanging wall sides of the major faults trending ENE-WSW.

Gargaf Arch

Area of Study

Cretaceous
Escarpment

Source of Images: http:/fmaps.google.com

Figure-6.12: Satellite map of the area shows the main surface highs in the nearby area of the study. The area
is bounded from the North and South with post Middle Devonian structural highs (i.e. Middle Devonian
Gargaf Arch to the north and Messak Escarpment of Cretaceous to the south). Both elements are mainly
trending ENE-WSW and NE-SW which might be controlled the Post Middle Devonian tectonic evolution.

Inversion like features might be related to Cretaceous (Early Extension and Late

Compression) striking ENE-WSW direction (Figure-6.13). This is mainly of early Cretaceous

extensional and compressional tectonics which axis was extending in NNW-SSE direction.
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NW H1 H3 SE

Trend of major Cretaceous
faults in the study area.

Figure-6.13: Surface seismic line trending NW-SE direction shows reverse fault of two movements from
extension to compression (possible inversion!). Majority of faults strike ENE-WSW to coincides with the
nearby Messak Escarpment direction.
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6.9. Present Day Stress Analysis (Phase-9Y)

The present day stress analysis over the area of study carried out using borehole stability
to recognize the present day stress direction in horizontal direction. Stress state is lithostatic
when all points in the crust are subjected in all directions to equal stresses (5l = 62 = ¢3). But
by drilling of well, the vertical stress component value is considered zero and only the other two
main horizontal stresses are present. Knowing the directions of these two horizontal stresses and
the regional tectonic setting of the area present day stress can be analyzed. However, wells
drilled in areas subjected to unbalanced stress systems often exhibit two types of borehole

failures, shear and tensile (Figure-6.14).

The rocks can bear both compressive and shear stresses but the fluid filling the borehole
can bear only compressive stress. A concentration of stresses can take place around the borehole
in the form of so called hoop stress (tangential stress) and radial stress. When the mud weight is
too low, then the maximum hoop stress becomes much higher than the radial stress and a shear
failure of the rocks exposed to the borehole takes place. This failure takes the form of a borehole
elongation as seen on the orthogonal calipers of pad type imaging tools and as sub-vertical dark
regions on the images that are 180 degrees apart. Features developed at this stage known as

“borehole breakouts” (Figure-5.13). When the mud weight is too high, the radial stress increases

and the hoop stress decreases and the rock around the borehole comes under tension and fails in

tension with creation of “drilling induced fractures™ (Figure-6.14).

T e T T ]
Borehale
Breakouts
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4
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raaty 48 % a

Figure-6.14: (A) Theory of stress distribution in the borehole and the 180 degrees of minimum and maximum
horizontal stresses. Drilling induced fractures developed parallel to the maximum horizontal stress while
borehole breakouts developed parallel to the minimum horizontal stress direction. (B) Example of borehole
breakouts in Hawaz Fm., well H3-NC186. (C) Drilling induced fractures in Ash Shabiyat Formation, well 13-
NC186. Both B and C features show 180 degrees between each others.
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Generally, in vertical wells such as in the area of the study, the orientation of borehole elongation
is aligned with the trend of minimum horizontal stress. Similarly, the strike of drilling induced
fractures is aligned with the trend of maximum horizontal stress (Figure-6.15). Two different
techniques used for analyzing the present day stress either by picking the borehole breakouts and
drilling induced (i.e. statistical analysis) or using calipers for ovalization interpretation. The
statistical analysis in the five wells show maximum horizontal stress trending WNW-ESE and
minimum horizontal stress trending NNE-SSW direction (Figure-6.15). The CALIBAN*
analysis using calipers confirm also the minimum horizontal stress in the area trending NNE-

SSW (Figure-6.16).

o NS,
Rosette-Strike "

H3-NC186

11-NC186 12-NC186 13-NC186

Figure-6.15: Statistical Analysis of the Drilling Induced Fractures (maximum horizon stress) and the
Borehole Breakouts (minimum horizon stress) in the studied wells. The present day horizontal maximum
stress is toward the ESE -WNW while the minimum horizontal stress is toward the NNE-SSE direction. [JETa
is the drilling induced and Yellow is the borehole breakouts.
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7. Summary & Discussion:

The detailed study and work performed for structural analysis in the H and I Fields, Concession

NC186 can be summarized and discussed in the following points:

® The Paleozoic time, especially the Ordovician, was subjected to various large scale structural
and stratigraphic events through the older and younger geological record. It is concluded

from the study that the most intensively affected successions were the Cambrian to Silurian.

® The stratigraphic column of the study area, from seismic and open hole data, ranges from
Pre-Cambrian (Basement) to the Cretaceous and covered by quaternary sands. The
Ordovician successions (Ash Shabiyat, Hawaz, Melaz Shuqran and Mamuniyat formations)
were all studied using both seismic and FMI dataset. All of the contacts separating the

formations in the study area are unconformable in nature.

® The main structural elements in the study area are: paleohighs and paleolows, reverse
basement faults, positive flower structures, en echelon folds (reverse drag folds), micro-faults
and shear fractures. These features encountered on different stratigraphic levels indicating

different structural events and episodes.

* Reverse basement induced faults spread from basement to Carboniferous trending in NNW-
SSE and NW-SE directions. These reverse faults are related in origin to the Pan African

Orogeny.

e Differential vertical displacement is considered and reaches around 300 meters, at the
basement and Cambrian level, but decreases towards the Carboniferous. This differential
displacement indicated tear pattern along the basement faults where the amount of
displacement in the south is larger than the northern one. The value of the vertical

displacement along the basement faults was much reduced after the Mid-Devonian Orogeny.

® Positive flower structures and en echelon folds with tear pattern indicate that the area was

subjected to transpressional strike slip regime during early to middle Paleozoic. The highest
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intensity of these tectonics was recorded during the Middle Devonian compression. Both

positive structure and en echelon folds were observed at the northern part of the study area

trending NW-SE where less vertical displacement of the basement faults occurred.

Conceptual tectonic model was built for the study area and concluded the following:

1

In Cambrian: during early Cambrian; steep reverse faults were rejuvenated by extensional
modes along the old exiting Pan African faults and Hasawnah Formation was deposited.
Thickness variation observed from seismic data indicated either differential erosion along
the fault planes or growth faulting. During late Cambrian; compressional regime was
dominant with uplifting and erosion as observed on the upthrown side of the faults. Both

extension and compression tectonic elements axis were trending toward NW-SE direction.

In Ordovician: the early Ordovician time was characterized by general extensional regime
towards the NW-SE (tension towards NE-SW) which controlled the sediments
depositional trend towards NW as indicated by the paleocurrent analysis of Hawaz
Formation. This formation is located as a complete succession at the Paleohighs of the
area within H-Field. These paleohighs area are not intersected with any major faults.
During the late Ordovician; glacial episode has occurred and created large valleys that
eroded the older Paleozoic deposits in the NW-SE direction (same trend of the basement
faults). This episode coincides with regional unconformity surface known as Taconic
Unconformity. Combination of both structural and stratigraphic events that occurred
during this episode was the main reason of the complexities encountered within the upper
Ordovician. Interpretation of the lateral and vertical variation of the Ordovician succession
concludes that:
e Hawaz Formation is almost eroded in the paleolows areas with differential intensities
from north to south, where it is completely eroded at the southern part of the area.
e Upper Ordovician deposits are thicker in the southern direction of I-Field.
e Upper Ordovician deposits show a thin sequence of “Sand dominated deposits”™ at the
northern part of the area and “Mud-dominated deposited™ at the southern part which

indicates relatively deep depositional setting to the south.
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3.

e Silurian Hot Shale unit was only observed in I-Field paleolows. The full Silurian
succession is generally thicker in the paleolows, particularly in the northern part of
the study area.

e Upper Ordovician and Tanezzuft shale deposits were onlapped against the Hawaz

paleohighs.

In Silurian: early Silurian time was characterized by regional extension and major marine
transgression. Consequently, thick shale sequence was deposited that covered the whole

Ordovician topographic variations.

In Devonian: major compressional tectonic regimes were occurred in the study area due to
intensive uplifting and erosion (known as Caledonian Orogeny). All of the Akakus
formation units were eroded during this orogeny as indicated by the seismic data in the
study area. In addition, the direction of the compressional forces was mainly NE-SW.
Positive flower structures were observed within the Silurian succession that indicate, post

Silurian transpressional tectonics.

Comparing the local tectonics of the Concession NC186 from basement to the Devonian
with the regional context it is concluded that; (A) The Early Paleozoic, Cambrian to
Silurian, is recognized as the most intensive active tectonics within Murzuq Basin

(Figures-7.1 & 7.2).

In Carboniferous-Permian: from Mid Devonian to Permian; new tectonic episode (i.e.
Hercynian Orogeny) has occurred. This orogeny generated the main structural elements in
Murzuq Basin which are trending toward NE-SW and ENE-WSW directions such as
Gargaf Arch. From the seismic data, no obvious large scale vertical displacement was
observed, while all Permian sequences were eroded. Top structural map of Dembaba
Formation indicated ENE-WSW structural trend perpendicular to the Caledonian and

early Paleozoic trends.
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In Mesozoic: the post Hercynian tectonic regimes are mainly trending and controlled by
ENE-WSW structural elements, such as Gargaf Arch, with overprinting of the oldest
Paleozoic structures. This has indicated a change in the direction of the compression and
extension axis to NW-SE. Multiple compression and extension phases were also dominant

during the Mesozoic as observed in study area.

In Cretaceous: compressional regime was clearly dominant in the study area and features
like inversion striking ENE-WSW were observed. During this time and due to
compressional regime, Messak Escarpment was developed. This escarpment indicates
Cretaceous uplift event (i.e. Alpine Orogeny!) trending towards the ENE-WSW in the

southern part of the study area.
Present Day In-Situ Stress: utilizing the imaging logs acquired in the two fields, concluded

that; the present day maximum horizontal stress direction is toward ESE -WNW direction

and minimum horizontal stress direction is toward NNE-SSE.
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9. APPENDICES

APPENDIX-A: FMI Tool (Specifications, Acquisition & Processing):

(reference www.connect.slb.com)

The FMI* Fullbore Formation Microlmager provides microresistivity formation images in water-base
mud:

® 80% borehole coverage in 8-in. hole size,

e (.2-in. (5-mm) image resolution in vertical and azimuthal directions,

* Fully processed images and dip data in real time.

* Topcombinable with other wireline tools such.

® Generates an electrical image of the borehole from 192 microresistivity measurements.

FMI Specifications

Applications Structural geology. stratigraphy. reservoir analysis.
heterogeneity, fine-scale features, real-time answers

Vertical resolution

0.2 in. with b0-micron features visible

Azimuthal resolution

0.2 in. with 50-micron features visible

Measuring electrodes

192

Pads and flaps 8
Coverage 80% in 8-in. borehole (fullbore image mode)
Max pressure 20,000 psi
Max temperature 3b0°F [175°C]
Borehole diameter
Min O¥4 in.
Max 21in.
Max hole deviation 90°
Logging speed

Fullbore image mode

1,800 ft/hr with real-time processed image

Four-pad mode

3,600 ft/hr with real-time processed image

Dipmeter mode

5,400 ft/hr with real-time dip processing

Inclinometer mode: 10,000 ft/hr
Max mud resistivity 50 ohm-m
FMI tool

Max diameter 5in.

Makeup length 2041t

Makeup length with flex joint 2641t

Weight in air 433.7 Ibm

Compressional strength (TLC* operations) 12,000 Ibf (safety factor of 2)
Max pad pressure A4 bl

Combinability

Top combinable with openhole wireline tools
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Measurement physics

The figure to the right illustrates the FMI measurement
principle. An applied voltage causes an alternating current (AC)
to flow from each electrode button in the lower pad section
through the formation to the electrode on the upper cartridge
housing. As the current emerges from a button on the pad or flap, T
its path is initially focused on a small volume of the formation
directly facing the button. The current path expands rapidly to
cover a large volume of formation between the lower and upper
electrodes. The current consists of two components:

Masz ingelzted subs

® High-resolution component, modulated by the resistivity

variations in the formation directly facing the button
Cumnt

e Low-resolution component, modulated by the resistivity
of the zone between the lower and upper electrodes.

The microresistivity image of the borehole wall is created from
the current measured by the array of buttons. The high-resolution
component dominates the image because its value varies from _
button to button. The lower resolution component appears only S _g { |
as a gradually changing background. Microresistivity changes ﬂ gl
are elated to lithological and petrophysical variations in the rock, / L\ =
which are conveyed mainly by the high-resolution current =
component, are interpreted on the image in terms of rock texture, -
stratigraphic and structural features, and fractures.

Figure-9.1: FMI Tool String.

Signal Processing:

The data was processed at the Schlumberger Tripoli data services centre and at the client
instruction computed dip results and images have been produced over a specified interval using standard
processing parameters. The main objective has been to provide a continuous log of formation structure in
the form of interpreted dip results and near-wellbore images.

Microresistivity variations recorded by the tool are converted into colour images after speed correction,
depth alignment, electrode equalisation and ‘static’ normalisation using a histogram equalisation
technique. Further contrast enhancement was achieved using a sliding 2 ft normalisation window to
produce the ‘dynamic’ images. The data is processed to generate computed images using the following
GeoFrame* workflow:

1. Depth Matching

As openhole logs and images are acquired at different sampling rates, logging speeds and time (in the
case of multiple runs), so each log may be affected by variable amounts due to irregular tool movement.
Consequently, each set of logs may be off-depth relative to other logs or sets of logs by a variable amount
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of shift. To correct for this, all logs and images are depth matched to a reference log before any actual
analysis of the image and log data starts.

2. GPIT Checks

Dip computation and speed correction requires inclinometry data provided by the GPIT tool. This data is
checked using the GPIT_Survey module of GeoFrame. The corresponding plots for the various log passes
have been included.

3. Speed Correction

Where the wireline cable depth at surface and data acquisition depth downhole differ then it is essential to
make a correction. The method used for the FMI data is accelerometer-based and estimates the speed and
the depth of the tool by using simultaneously the cable depth and the integration of the z-axis
accelerometer data.

4. Image Generation

BorNor is the GeoFrame module that performs image enhancement prior to graphical display. It uses
histogram equalisation to optimise the use of a given number of colours in a given interval based on a
histogram distribution of the resistivity values.

Static Normalization is a single computation where the colour classes are based on a measurement
distribution histogram defined over the whole logged interval. Changes in colour represent gross variation
in the measurement and correspond to major changes in porosity and pore fluid type.

Dynamic Normalization is the result of multiple computations, repeated at regularly spaced positions
over user specified depth interval using a window of relatively short interval (2 ft in this well). Changes in
colour represent small-scale features, corresponding to small changes in porosity, texture and mineralogy.
Dynamic normalisation of the FMI data enhances the sedimentary structure on the images to assist
manual dip picking.

PROCESSED
IMAGE

RAW

DATA RESISTIVE 42 colours CONDUCTIVE

s

Figure-9.2: Image generation histogram.
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APPENDIX-B: Features Identified and stratigraphic columns of the studied wells:

Geological features were first identified from the images and classified on the basis of their
morphology and genesis. The orientations of these features were then computed interactively from the
images. A sinusoid of known orientation was matched with the features on the image to determine the
orientation of the latter. The computed orientations were represented by their magnitude and azimuth
values. Brief descriptions of the features identified over the studied interval are as follows:

Legend for Features Identified from FMI Images

Features represented onlv by dip azimuth

@— Bed Boundary @— Cross Bedding O— Contortion-Slump
@— Erosional Surface O— Stylolites {>— Reactivation Surface
Unconformity Pp— Conductive Fractures p— Resistive Fractures

p— Drilling Induced Fractures

Features represented by Strike and dip azimuth directions

sedes Micro-Fault Borehole Breakouts

Facies Catalog

Planar Cross-Bedded Sandstone Bidirectional Cross-Bedded Sandstone
E Bedded Sandstone Structureless Sandstone

Slumped Sandstone IB:H Bioturbated Sandstone

EEE] Intensively Bioturbated Sandstone El Erosional Surface

|:| Massive Siltstone Bioturbated Siltstone

Contorted Siltstone ! Bedded Shale
|- Laminated Shale - Contorted Shale

|:I Not covered by FMI images.

108



FMI Static Interpreted Dips MD | Stratigraphic GR & Neutron Fm. Description
Image Column Correct GR Density Tops
0-90 Paleocurrent | of Uranium | Pot.Elec.Fac.
I
]
]
|
\
]
5350 1 | Thick contorted siltstone and shale facies of

! c Upper Ordovician Glaciations deposits of
I] g_ Melaz Shugran Formation
f =
" I
[ W
] 8
i o
] =

5400

5450

5500

5550

5600

i3 3 N

TR
NIRRLIEL 4 2Y R

Ash Shabiyat

Blocky to coarsening upward GR pattern.
Cross-bedded sandstone is the dominant
sedimentary structure especially at the upper
section of the formation.

The lower section is mainly characterized by
oceasional cross-bedding and contortion is the
dominant feature.

The upper section is characterized by
bidirectional cross-beds that indicate tidal
depositional setting.

Micro-fault observed at the upper section
striking NNW-S5E.

Cambrian Sandstone - Hasawnah

Figure-9.3: Composite display of Ash Shabiyat Formation in Well 11-NC186. Both upper and lower contacts

of the formations are unconformity.
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FMI Static
Image

Interpreted Dips MD | Stratigraphic GR & Neutron Fm. Description
Column Correct GR Density Tops
Paleocurrent of Uranium Pot.Elec.Fac.
SR T
20 : {
L 2L d h 1
[ =52 =, h
Sl }
% v Thick contorted siltstone, sandstone and
5550 : shale facies of Upper Ordovician Glaciations
% | deposits of Melaz Shugran Formation
== ! /
I
| !
{ b
E;%I :
2 » c
i _; A k g_
5600 A 3
1 L 1=
", n
| |5 N
i [
o T
; E
1
|
5650 1' Blocky GR pattern of thick sandstone facies.
|
I Cross-bedded sandstone is the dominant
| sedimentary  structure  with  occasional
li' contorted units.
t
; Unidirectional and bidirectional cross-bedding
| ! sets were both observed with scattered
5700 [ “i directions but generally towards the SE.
)
| The lowermost section (below 5750 ft) is
: )-_f mainly characterized by fracturation and
I ;‘y slumping. All of these fractures are cemented
) = and closed striking WNW-ESE.
| }
5750 : £ Micro-fault observer at the upper section
F \f striking NE-SW direction.
i 1
\ (ot 2
bl =
{ e 0
[ !"; E
|| 7]
RN
E800 e <

Figure-9.4: Composite display of Ash Shabiyat Formation in the Well 12-NC186. The formation is overlaid
with thick contorted facies of Melaz Shugran Formation and separated by an unconformity contact.
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FMI Static Interpreted Dips MD | Stratigraphic GR & Neutron Fm. Description
Image Column Correct GR Density Tops
Paleccurrent of Uranium Pot.Elec.Fac.
[ '
M {
T\ [l
B L % | Thick contorted sandstone and siltstone facies
L0 1’ : of Upper Ordovician Glaciations depesits of
5150 :Ef_ < { Melaz Shugran Formation
L 2o 1
L 2224 {
L7722 78 ]
L2l 2d |
2 = )
=D !
& i |
y o \ §
5200 o0 = { o
AP p 3
1
1 8! \ N
el eI
I, e =
ALY s e AT A A A KA AR AT R A A A S AT
F iy | L
e H
5250 [ =1 | &)
FandREanll ] _-I.‘ Cross-bedded sandstone is the dominant
‘;Ii_“;j_“ ‘Ii - sedimentary  structure  with  occasional
;ﬂ“" il I k 3 contorted units.
I ;'
]l 3’:;'! Paleocurrent direction is mainly towards the SE
| -1 and SW trends. Minor bidirectional cross-
L bedding sets also observed which indicates
5300 ?ﬁ: tidal influences within the formation.
v ;
| ", _:?2_ The uppermost section of the formation is
3 ﬂ e, : f, mainly fractured with NNW-SSE strike direction.
-ﬂ Rl | i‘.-, These fractures are conductive and most likely
'r’_.'_g = [ d are open fractures.
4 .}. T 1 };
5350 [\ y B
- - 1 :
A | JLI, Micro-fault is observed at the lower section
ﬂﬂ : i striking NE-SW.
ul
AT \ Jf.f
M : &
b N gt
5400 : 4
AR {LE %
e N P e =
M Y g
ATt I y i
T Y 5 4 i
)] yARAN
s 1] ¢ <L

Figure-9.5: Composite display of the Ash Shabiyat Formation in the Well 13-NC186. The formation is
overlaid with thick contorted facies of Melaz Shugran Formation and separated by unconformity contact.
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FMI Static Interpreted Dips MD | Stratigraphic GR & Neutron Fm. Description
Image Column Correct GR Density Tops
0-90 Paleocurrent of Uranium Pot.Elec.Fac.
| ] 4300 ; g [[resnsunis:
| ¥V+i \
I 4} s 1 These units are mainly characterized by <
e EnE e 1 1 1 L
[y s e o | hasd TS 4 bedded to bioturbated sandstone facies. 'é
Lis shan cion saes A I : & Hetrolithic sandstone units with shale o |
s e = R [ | i increase upwards that indicate deep
> I 4500 : marine  setting  upwards  “Lower
| H o || Shoreface”.
1 ==
- (
4550 ; HE & H5 Units:
|
1 LY These units are mainly characterized by
4 general coarsening upward sequence of
4500 H : g ™
¢ Nel cross-bedded sandstone facies. Paleo- '
\ '] current trend is mainly NW and NNE. =
I
i‘ i Intensive fractures observed only aver =
4650 \ } this interval of Hawaz Formation. These
. : ] fractures are striking mainly NW-SE
s mew dhii e f 3 direction.
] d
| ig _55 gl- : 4700 2 ; =
BN == BE L
ﬁg e HE Ll H8 & H7 Units:
= e e = | gkl
; 4750 ¢ Ny £ || shale is increasing upward. These units
E: g = - T are comprised of bedded to bioturbated
o= e !E : sandstone facies and shale at the top.
II II ’ 4800 1 Bedding and bioturbation are the main
o B { sedimentary structures. GR curve shows
] ;! | high readings of possible valeanic clastic ~
‘ g B 4050 H as reported from surface outcrops. ‘é'
= == ivivieinviny : =
I ! N ,
e = - o O ) P
-1 4900 |LL—= b
SEEEEE ¥ ;
ER ;g ]
e e e ;
e e N o
4950 [P 1 i
. — : ‘lJ
. e i 43 2
o1 Bt
5000| 11 ¥ ! rt
LE T 'i s HS Unit:
U By >
5050 U U : ' It is the most intensively bioturbated
1 i 1 sandstone unit in Hawaz Formation. Large
U v | 1 vertical burrows of Skolithas and Cruziana Ay
J'UH LY : { are the main sedimentary features ‘2
S100} e £ ] : observed in this unit. Occasional cross- =
v B bedded sandstone units are present
: . within the sequence at the lower part.
190" 1 i
: .
[ H -
|| 5200 il £

& 1111
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Figure-9.6: The Stratigraphic column of the Hawaz Formation in the well H1-NC186.
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FMI Static Interpreted Dips MD | Stratigraphic GR& Neutron Fm. Description
Image Column Correct GR Density Tops
0-90 Paleocurrent of Uranium Pot.Elec.Fac.
U |
i f‘[ | | 5 t H4, H3 & H2 Units:
N 4650 - )
LILE [
i UULLE | These units are mainly characterized by
8 VLSS = ! bedded to bioturbated sandstone facies. <
a700 L. = 5' 2=
N Shale increase upwards that might indicate =
nn oy e 1 P g o
e o n ol ; deep marine setting upwards “Lower
L
L t Shoreface”.
4750 D {
H 2
e [
& R f HE6 & H5 Units: These units are mainly
4 4800 fn_~1 1 characterized by general coarsening upward
K PR : sequence of cross-bedded sandstone facies.
J Meagdhy | Paleocurrent trend is bimodal towards the NW
4850 Em = i‘ and NW directions. At the base of the cross- "
]
L 25 1 bedding section bidirectional cross-bedding =
ny LA i' sets are observed. These units indicate tidal g
- » a0 [~ - t setting. Micro-Faults observed mainly striking
» ho e cem 1 NW-SE and NE-SW. Fractures with scattered
e : directions are concentrated in these two units.
I U $& [
q9s0 | 11 1 K
X T 1
b ] HE & H7 Units:
,C [V '1
fv“ S000 .i‘! <, Bioturbated to bedded sandstone are the
'4, f—— s b! common sedimentary features. GR curve
i {j oy 1 shows high readings upwards. Volcanic clastic
Ir was reported from surface outcrops those
5050 [, 1 | & ! d f f h
Tinrs 1 might also be correlated to these units. ~
= { £
B100 [~
;{ TTATRTT = i =
l
|
|
5150 [rn 1
r y
2 f
|
¥
| ia 5200 H
|
|
1
1 5250 1 H9 Unit:
|
i
| It is the most intensively bioturbated
5300 | sandstone unit in Hawaz Formation. Large
1 vertical burrows are the main sedimentary —
! features observed in this unit. Occasional é
5350 1 cross-bedded sandstone units are present 5
L i within the sequence.
v |
L > | This unit is considered as the aquifer of the
ﬁPI 5400 | I' reservoir column in the area. Fractures also
FY I'- observed with NNW-S5E strike direction.
y
l'

Figure-9.7: The Stratigraphic column of the Hawaz Formation in the well H3-NC186.
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FMI Static
Image

Interpreted Dips MD

Stratigraphic
Column
Paleocurrent

GR & Neutron Fm.
Correct GR Density Tops
of Uranium Pot.Elec.Fac.

Description

a650

4750

5000

5050

5100

5150

5300

5350

4700 =24

4950

5400 |- =

S5450_. ¢

N
Mamuniyat

Thick cross-bedded sandstone facies of
Mamuniyat Formation. Low angle cross-
bedding units of Hummocky type. Soft
sediment deformation (flame structure).

F P Y VTP P PP T TP VPP PP 7T 7T TR WY

FETRT TR

WA AP PPN S P
Serrated pattern of GR that indicate
alternation of shale and sandstone deposits
(deep water deposits!).

o

e T T T T T A R e e M e S LR L A e

Melaz Shugran

Fining upward sequences. All the stratigraphic
column is characterized by contorted siltstone,
shale and sandstone facies. Thick sequences of
shale and siltstone indicate deep water setting.
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Figure-9.8: The stratigraphic column of Melaz Shugran and Mamuniyat Formations in well 11-NC186.
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FMI Static Interpreted Dips MD | Stratigraphic GR& Neutron Fm. Description
Image Column Correct GR Density Tops
0-90 Paleocurrent of Uranium Pot.Elec.Fac.
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Welaz Shugran

Serrated pattern of GR that indicate
alternation of shale and sandstone deposits
(deep water deposits!).

Highly contorted siltstone and sandstone
sequences accompanied with faulting (strike
NW-SE). These faults are Syndepaositional.

Clear fining upward sequences that mainly
characterized by contortion.
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Figure-9.9: The stratigraphic column of Melaz Shugran and Mamuniyat Formations in well I12-NC186.
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Slumped sandstone facies.

The base contact of this unit with the
underlying facies shows slurry type of turbidite
deposits (deep water). Shale and siltstone are
the dominant lithologies with contortion and
slumping.

Fining upward sequences of cross-bedded to
contorted facies. Slumping & Deformation is
the common feature within the sequence. The
upper fining upward sequence of this interval
shows dominant low angle cross-bedding
(hummocky!).

Ash Shabiyat Formation

Figure-9.10: The stratigraphic column of Melaz Shugran and Mamuniyat Formations in well 13-NC186.
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