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Published online: were Landsat ETM+ and ASTER images to extract lineaments both visually and
01.05.2016 automatically. It comprises several steps, which involve several enhancing techniques

e.g. Color Composite, Spectral Rationing and Principle Component Analysis. From
combination of all techniques, the final surface lineaments have been extracted. The final
lineament map has been divided in to two maps; local lineament map which was checked
in the field and regional lineament map which was confirmed by geophysical data
(seismic and gravity data). Local lineaments are evaluated in order to extract further
information on the spatial distribution and nature of the lineaments. For this purpose
lineament density, length, and lineaments intersection maps are prepared. In addition; the
field work was carried out to verify lineaments resulted from satellite images with the
observed fractures on the ground through visiting of 17 stations around the Tawke
anticline. Orientations of local lineaments (frequency and length) obtained from satellite
image were compared with the orientation of fractures (frequency and length) that
obtained from the field, using rose diagrams which show a similarities between them, as
being concentrated in NE-SW, NW-SE, E-W and N-S, as well as these Lineaments
reflect a set and systems of fractures with in studied outcrops. Two types of fractures are
recognized one are shear fractures and second are tension fractures. Stereographic
projection figured out for confirming the direction of fractures in the field and analyzing
the paleostress direction within studied area.

Geophysical data (gravity and seismic) have been used for confirming the
regional lineaments. Integration has been made between satellite image lineaments and
lineaments appeared in geophysical data (gravimetric and seismic lineaments) , there is a
coincidence both in the positions, length and azimuths of gravimetric lineaments, seismic
lineaments and lineaments appear on satellite image (i.e. surface lineaments). It has been
observed that two mechanisms are responsible for giving the architectural shape of study
area one is due to block-faulting related to basement faults activity from at least the
Middle Paleozoic and continued intermittently up to Late Tertiary, while the second
mechanism is due to compressive horizontal stress that have been active since Middle —
Late Cretaceous continued up to Late Tertiary.
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1. Introduction

The use of new technologies in geology has been promoted for a while, especially the geo-informatics
technology (i.e. remote sensing (RS), Geographic Information Systems (GIS) and Global positioning System
(GPS)) applications which are called (3S technology). Geoinformatic percolates into common life since the
utility of these technologies has a variety of uses in multidiscipline such as Geology, Environmental
Sciences, land information system and engineering, agriculture...etc. Geoinformatic technique has been
used effectively for geological applications. For example, mapping of lineaments or structural linear features
of any region may provide useful information for tectonic and mineral or oil exploration studies [1,2,3,4].
Lineament analysis techniques using remotely sensed data help researchers to identify different structural
regimes and tectonic zones. Lineaments are significant lines that reveal the hidden architecture of the
landscape that reveal the hidden architecture of the rock basement. However lineament define as a mappable,
simple or composite linear feature of a surface whose parts are aligned in a rectilinear or slightly curvilinear
relationship and which differ from the pattern of adjacent features and presumably reflects some sub-surface
phenomenon [3]. Remotely sensed lineaments are often used as indicators of major features in near surface.
Earlier, lineament interpretations were made from aerial photographs. Recently, geologists have been
interested in tracing lineaments from satellite images which have broad coverage under the uniform
conditions.

2. Study area:

The studied area is Tawke Oil field within Tawke anticlinal Structure in the city of Zakho - Duhok
governorate, northern lIraq, the area range in elevations between 350m to1600 m above sea level and the
study area covers about 645 km? ( Figure- 1). The Tawke Oil field is located in the high folded zone of
Zagros- Taurus Folds and Thrust belt. It is one of the largest oil field in Iraqi Kurdistan Region and produces
high-gravity oil from fractured reservoir at depth of 1 km. Norwegian oil and Gas Company; DNO
redeveloped the field from 2004 and commenced production in June 2007. The Tawke export infrastructure
was connected with the Irag-Turkey pipeline system early 2009 to deliver crude oil to the international
market. The original level of production averaging 50,000 b/d of oil was increased to a proved sustainable
production capacity of nearly 70,000 b/d in 2011 and raised up to 100,000 b/d in 2012. In March 2012, a
revised, independent estimate of more than 700 million barrels was confirmed at Tawke, proving that Tawke
is a world-class giant oil field. According to the strategy of the company the capacity of oil will reach to
200,000 — 400,000 b/d in 2015to 2016 [5].

&oogleearth

Figure-1: The location map of the study area.
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3. Material used and Methodology:

The origin and tectonic analysis of lineaments needs using of different data sets and material for that
three level of obtaining data are used (Figure 2), one level of data are from remote sensing data( Satellite
images), the second level of data are obtained from field ground truth, while the third level are from
geophysical data (Seismic and Gravity data). Data acquisition from products of Remote sensing devices was
carried out in the office from Landsat ETM+ image and ASTER image. Different Software’s were used for
image processing, extracting of lineaments and statistical analysis as well as presentation of the maps, such
as ENVI 4.5, Geomatica 9.1 and Arc Map 10. Field data are represented by fractures and bedding planes also
analyzed using stereographic projection techniques. Geophysical data (seismic, gravity) was also used for
confirming the Regional lineaments within studied area. The seismic data received from Ministry of Natural
Resources, KRG while gravity data obtained from previous studies.
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Figure-2: Flowchart showing the different stages applied in this study.

4. Geologic Setting
4.1. Structural style of the studied area:

The Tawke anticlinal structure is located within Zagros-Taurus Fold and Thrust belt in northern segment
of Iraqi territories. Tectonically this structure located between two different Iragi tectonic zones, which are
low folded zone to the south and imbricated zone to the north. The topography of the area was obviously
reflecting structural features. The presence of folds, faults and major fractures has significant role either in
shaping or given complexity to the area (Figure-3).  Pi-diagram which revealing one field cross section
passing through middle part of the structure (Figure-4) show that this structure is asymmetrical, cylindrical,
double plunging anticlinal fold , with fold axis attitude 094/04. The stereographic projection indicates that
the attitude of northern limb and southern limb are 007/38, 175/25 respectively, this indicates that the
vergency of this anticline is toward the north, which is abnormal case with respect to other folded structures
in this region. The interlimb angle as measured from stereographic projection (Figure -4) is 114 degree so
it’s classified as open, horizontal up-right fold, as well as the constant orthogonal thickness of folded beds
throughout all parts of this fold indicates that this fold is Class 1B type. The presence of slickensides along
most of the bedding planes is a good indicator for mechanism of flexural-slip folding type
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Figure -3: Structural map interpreted from Landsat ETM+ image & field measurements for Tawke structure.
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Figure-4: The pi-diagram of bedding planes with geometrical properties of the Tawke anticlinal structure across
central part.

A number of major faults struck this structure in different directions, mostly in NNE-SSW, NE-SW and
NW-SE trends (Figure-3), these faults are either strike slip types or reverse (Thrust) type, the faults causes
displacements in outcrops of bedding plane traces, as well as cause displacing the fold axis in different parts
of the structure, the displacing range between 100-450m either sinisterly or dextrally. Due to these
displacements in fold axis this structure appears as complicated type especially at western plunge area with
high number of faults cross cutting this part. Most of these major faults reflect deep seated subsurface faults
which later propagated upwards to surface (Later will be discussed).

4.2. Stratigraphy:

The Tertiary rock units of Irag comprise many economically important units particularly in
Oligocene and Miocene [6]. The stratigraphic formations that observed in studied area from older to younger
are Gercus Formation (Middle Eocene), Pila Spi Formation (Middle-Late Eocene), Fatha (Lower Fars)
Formation (Middle Miocene), Injana (Upper Fars) Formation (Late Miocene), Mukdadyah (Lower
Bakhteari) Formation (Lower Pliocene), Bai Hassan (Upper Bakhteari) Formation (Pliocene), and
Quaternary sediments. The distribution of the Formations within the studied area is shown in (Figure-5). A
generalized stratigraphic column of succession is also constructed for showing lithological properties of the
formation in the studied area (Figure- 6).
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Figure-5: Geological map of the studied area [7].
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Figure-6: Stratigraphic column of the studied area [7].

5- Extraction and analysis of lineaments:

Different remote sensing techniques for lineament extraction are used which are:
5.1. Lineament Extraction from Satellite Imagery:

Lineament extraction and analysis is one of the routines in mapping large areas using remotely-sensed
data, most of which is the satellite images. In this study, we used both Landsat ETM+ and ASTER images to
test and evaluate the differences lineament extraction techniques.

5.1.1. Manually lineament extraction from Landsat ETM+images:

In manually extraction method, the lineaments were extracted from satellite image using visual
interpretation. Different criteria were used in order to delineate these lineaments, such as straight valleys,
continuous scarps, tonal variations, straight segment of stream or rivers, rock boundaries, sudden deflection
in river or drainage directions and alignment of vegetation along a line [8, 9, and 10].
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Preparing convenient Landsat images for manually lineament interpretation are necessary first , so for
that several image enhancement techniques are used [11,12] . In this study three of commonly known
techniques have been used in the preparation of the final lineament map. These are color composites
(Figure:7a), spectral rationing (Figure:7b),and Principal Component Analysis (PCA) (Figure:7c). The main
reason for using several techniques is that one single method may not detect all the lineaments because of the
variation in the nature of surface material in the area such as variations in the vegetation density, topographic
texture and elevation.
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Figure-7: a): Lineaments extracted from color composite of the band 7 (Red), 4 (Green), 2 (Blue).
b): Lineament map extracted from band rationing. C): Lineaments extracted from PCA d): Final lineament map
generated by the combination of different methods (a,b,c).

Single lineament map (Figure -7d) was generated from these three maps (Figures-7a,b,c) in which the
repeated lineaments were deleted. Duplicated lineaments in the three stages give high confidence to the final
lineament map. Total number of lineaments generated by different methods was 665. The total number in the
final map is 513, suggests that 152 lineaments were deleted that not corresponding to actual lineaments due
to low degree of confidence .The percentage of lineament confidence in all three manually extracted methods
(color composite, spectral rationing and PCA) equal to 77.2%.

5.1.2. Automated Lineament Extraction from ETM+:

Lineaments are extracted from satellite images using automated extraction techniques in order to
compare with the manually extracted lineaments. The main advantages of automated lineament extraction
over the manual lineament extraction are its ability to uniform approach to different images; processing
operations are performed in a short time and its ability to extract lineaments which are not recognized by the
human eyes.
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firstly; ENVI 4.5 software has been used for extracting lineament automatically by using Directional
Gradient-Sobel filter to the Landsat ETM+ band 7 in N-S, E-W, NE-SW and NW-SE directions to increase
frequency and contrast in the image[13,14]. The directional filters in four principal directions are given in
(Table- 1).

Table -1: Sobel filter in four main directions applied in this study.

N-§ NE-SW E-W NW-SE

Sobel |-2 0 2.1 0 170 0O O0]-1 0 1

Secondly; the PCI Geomatica software has been used which provides different algorithms for automated
extraction. LINE module of Geomatica extracts linear features from an image and records the polylines in
vector segments by using six parameters, RADI=12 GTHR=40 LTHR=15 FTHR=2 ATHR=30
DTHR=1.The results of the Sobel filter is given in (Figures 8 ,9,10 and 11) for four main directions. The
number and percentage of Lineaments extracted from each direction is given in (Table-2). Furthermore,
histogram and basic statistics for each dominant direction are carried out as a result a maximum number of
Lineaments detected in E-W direction and a minimum number of Lineaments recorded in N-S direction.
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Figure-8: Lineament map of E-W directions with statistical analysis using Sobel filter.
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Figure-9: Lineament map of N-S directions with statistical analysis using Sobel filter.
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Figure-10: Lineament map of NE-SW direction with statistical analysis using Sobel filter.
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Figure-11: Lineament map of NW-SE direction with statistical analysis using Sobel filter.

Table -2: The number and percentage of Lineaments extracted from each directions.

Sr. Direction | No. of Lineaments | % of lineaments
1 N-S 850 229 %
2 E-W 992 26.8 %
3 NE-SW 979 264 %
4 NW-SE 885 239 9%
Total 3706 100 %

5.1.3. Manually lineament extraction from ASTER images:

Delineation of lineaments manually from ASTER image was performed by selection of optimum band
combination to obtain visually maximum possible color contrast. During this process, several band
combinations were examined in order to enhance the images for discriminating the geologically meaningful
linear features from the artifacts. Among various band combinations, the combination of bands 321in RGB
respectively found to be the combination having the best spatial resolution [15] (Figure-12a). As a result 235
lineaments were extracted (Figure-12b).
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Figure -12: a): color composite image of the band 3 (Red), 2 (Green), 1 (Blue) for ASTER image. b): Lineament
map extracted from color composite of RGB 321 of Aster image.

5.1.4. Automatic Lineament Extraction from ASTER images:

The Automatic lineament extraction process for ASTER data was also carried out with LINE module of
PCl Geomatica and same procedures that are performed on the Landsat data were applied but different
parameters have been selected. Due to constraints explained in Landsat ETM+ section, the band 3 was
selected as an input channel for LINE algorithm it is thought that the band 3 is the best choice due to having
longer wavelength. Therefore, it gives good contrast and display geological lineaments compared to other
bands because the contrast loss due to atmospheric haze is minimal [16]. The parameters in this application
were selected as: RADI=1 GTHR=30 LTHR=50 FTHR=3 ATHR=15 DTHR=150. By using these
parameters 777 lineaments were extracted as seen in (Figure-13).

10
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Figure-13: Automatically Extracted Lineaments from Aster image.

5.2. Final lineaments Map (Combination of two lineament Maps):

The previous mentioned techniques and steps were used to extract the Lineaments from both satellite
images Landsat ETM+ and ASTER. These two Lineament maps were combined together to generate one
map using a GIS technique (Figure-14). The reason for selecting one final lineament map instead of multiple
Lineament maps may result in confusion and complexity when comparing to other geological data. From
combining both maps a number of 2417 Lineaments were extracted. The total number in the final map are
1519, suggests that 862 Lineaments were deleted because they are not corresponding to Lineaments of
structural origin and it is believed that these Lineaments belongs to non-geological Lineaments such as
roads, fences, field boundaries and farmland area. This number was carried out from manually methods and
field checking and it gives low degree of confidence as it is seen in Figure-14. The percentage of Lineament
confidence from combining both satellite images equal to 78%. Total length of all Lineaments equal to
2130.4 km. Length of maximum Lineament detected is 12.41 km, however, is 0.37 km for the minimum
length (Table-3).

Orientations of Lineaments are compared using frequency and length of Lineaments (Figurel4). In
frequency rose diagram the maximum number of Lineaments are trending in 095 direction which is
classified as first order trend, another set of Lineament trending 065 which classified as a maximum second
order, while the third maximum order of Lineament oriented toward 075<. Minimum number of Lineaments
recorded in a direction of 150¢ (first order) while minimum second order and third order are in directions of
165¢ and 185 respectively. In length rose diagram the maximum first order has the same direction of
maximum first order in frequency which is 095e. It is a good indicator that the majority of Lineaments have
EW direction and it confirms to Taurus Mountain in Turkey. Maximum second order trending 075, while
maximum third order contains the two subordinate directions of Lineaments that can be seen in 015- and
025, Also minimum number of Lineaments oriented as 145 which is classified as first order, while
minimum second and third order of Lineaments are trending 165 and 155¢ respectively (Table-3).

Rose diagram of the Lineaments (i.e. frequency and length) shows two set of tension fractures which are
frequently associated with trend of the Tawke structure trending EW and N-S direction. Also two set of shear
fractures coincides with regional fractures that trending NW-SE and NE-SW.

11
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Table-3: Orders of frequency and length lineament directions within study area.

Frequency Length
Orders Maximum | Minimum Maximum Minimum
First order 095°-275° 150°-330° 095°-275° 145°-325
Second order | 0657-245 165 -345 075 -255 165°-345°
Third order 075°-255 1857-355° 015°-195° 155°-335

5.3. Analysis and Spatial distributions of tectonic Lineaments:

Length-frequency histogram (Figure-14b) indicate that the majority of lineaments appears in two groups
of length, so they classified into two types, namely regional (Ilength >5km) and local (length < 5km). The
number of short lineament type are 1510 lineaments, which is equal to about 98.3% of the existing
lineaments, while there are nine lineaments which are equal to 1.7%, and classified as regional lineament

type.

5.3.1. Regional Lineaments Analysis:

The study area consist nine regional lineaments cross the study area (Figurel5 ) and are extend for
several kilometers in length, they trend almost in all direction but northeastern direction is most predominant
than the other directions and appears to effect the structural architecture of the studied area. The most
characteristic properties of these lineaments are showing in Table-4.

Some of these lineaments are documented by Iragi oil Exploration company, such as Lineament 4and,5
or other lineament such as lineament 7 documented by[17,18,19] . The resets of lineaments not recognized
by any one and they are delineated for the first time in this study. Some of these regional lineaments appears
as a strike slip faults in characteristic causing displacement either in outcrops of the beds or displacing
Tawke fold axis as in the case of lineaments 4,5,6,7 which giving rise to complex shape of this structure.

12



JZS (2016) Special Issue, GeoKurdistan Il (1-26)

291000 298000 305000 312000 319000
I} L 1 | I |
S g o= " % .._‘- '\ N :
* WISl SR SRy e ) | ¢
| R ST P s A TN S | Batufa
RS
LA o AL IR L 7
SO e SIS Y
= A a2 T ﬁlﬂ@ﬂ‘
R e Soal e i
g’ ' B2 9\' S ._.'& T 1 8
IS yoe iuwggg £
L v % X \;ﬂf‘ﬁ-!""g-;_’&’?:i:wv
2 N S &?‘é‘é&a" R A
R s & S i F e I
/(SRR S =g e
AT Q= s
291000 298000 305000 312000 319000
015 3 6 9 12
Legend Kilometers
A Towns
s~ Khabour River
— Lineaments
O Tawke Structure
(a)
Count 1537 Frequency Distribution
Minimum length (km) | 0.37 800
600
Maximum length (km) | 12.4 Fregy,
Sum (km) 21304 200
Mean (km) 1.38 0

0418 3246 6 7488102116
Standard Deviation 1.18 Length (Km)

(b)

(c)

Figure -14: Final Lineament map (a) with its statistical analysis (b) frequency and length rose diagram
(¢) for lineaments.

13



JZS (2016) Special Issue, GeoKurdistan Il (1-26)

Table-4: Most characteristic properties of regional lineaments within studied area

Lineament Main Length in Remarks
numbers Direction Km

1 N30E 155 Cause deflection in Khabour river

2 N35E 6.87 Cause deflection in Khabour river

3 N75W 24.19 Coincide with Khabour river

4 N 73 E 18.34 Cause displacement in out crops

N85 E Curvilinear Lineament

5 N 60 E 23.7 Cause displacement in out crops

6 N25E 17.29 Cut and complicate the eastern plunge of
Tawke structure

7 N 24 E 17.32 Cut eastern plunge of Tawke structure, give
complicated form of structure

8 N 15W 8.81 Displaced Tawke fold axis

9 N72W 8.15 Cause deflection in Khabour river

5.3.2. Geophysical Confirmation of Regional Lineaments:

Potential field; gravity, seismic reflection profiles and remote sensing data provide important direct or
indirect information on basement depth, structure, tectonics and composition. Integration has been made
between Lineaments obtained from satellite image and Lineaments appeared in geophysical data
(gravimetric and seismic Lineaments) by displaying the GIS layer of regional lineaments with the
Lineaments that have been detected from geophysical data. A new map was obtained which is shown in
(figure-16). In present study, there was an appreciable similarity both in the positions, azimuths and length of
gravimetric Lineaments, seismic Lineaments and regional lineaments appear on satellite image (i.e. surface
Lineaments).Some of subsurface faults propagated upwards through thick depositional panel, and sometimes
due to difference in competency between different layers the faults at the surface shifted away from exact
place of original position [20].

5.3.2. Local Lineaments Analysis:

The largest numbers of extracted lineaments in the studied area are local lineaments. The distribution of
local lineaments within studied area analyzed in terms of their orientation, length, frequency and intersection
as well as the position, to show structural behavior of the studied area and later on to compare the result with
fracture measuring from field. For analyzing local lineaments, firstly the studied area divided into 28 equal
blocks, the area of each block approximately equal to 23km? (Figure-17). Secondly; frequency and length
rose diagram (Figure-18) as well as frequency, length and intersection contour maps for lineaments were
constructed (Figure-19), in order to show the predominant direction and spatial distribution of local
lineaments within studied area.
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Figure-15: Regional Lineament map Taweke oil field and surrounding area.
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Figure-16: GIS integrated lineaments of both surface and subsurface in the studied area.
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Figure-18: Frequency (a) and Length (b) Rose diagrams showing the orientation of lineaments within each block.
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Figure-19:Frequency(a),Length(b)and intersection contour maps of Lineaments.

5.3.3. Ground truth and field observations

Field verification of the remotely sensed data is done in this study and for this purpose, ground truth was
carried out to verify and correlate observed fracture such as joints, veins, fissures, and faults on the ground
with local lineaments resulted from satellite images interpretation in position, directions and types of local
lineaments . For that seventeen field stations were selected and scattered within different structural positions
and geologic formations (Figure-20).Each station covered an area about 30X30 m and sometimes larger than
that. The information which recorded in each station consist, attitude of bedding plane and fracture sets
(joints, veins, fissures and faults), lithological compositions, and geological formation, fracture frequency as
well as length of fractures were also measured. Geometrical classification of fractures was done with respect
to fold axis using stereographic projection for each station.
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Figure-20: Satellite image from Google Earth showing field stations visited within studied area.

For fracture analysis a set of three orthogonal geometrical axes a, b and ¢ [21] has been used to,
describe the geometry of mesoscopic fractures. From fracture analysis (Table -5) two types of fractures were
recognized; they are tension and shear fractures. Tension fractures represented as (ac) and (bc) fractures
mostly appear in form of a sets, while shear fractures represented as systems or sets such as (hko, hol and
okl). Paleostress analyzed either from some of the conjugate shear fractures systems or from single shear
fracture sets depending upon rake angle of the striation on each fracture planes. The directions of principle
stress axes are (355¢/14¢, 006°/10°) for (c1), while (c2) attitudes are (183/66°, 1922/70°) and (c3) attitudes
are ( 085¢/17-, 096°/08°) in stations(1 and 9). E-W stress direction with (c1) attitudes (083/12¢, 268°/16°),
(62) attitudes of (320°/68¢, 088°/70°) and (c3) attitude are (350°/10°, 180/12°) fined in stations (4and 6).
While extension stress analyzed from (hol) acute about (c) axis appears in station 17 that (c1) has attitudes of
(005°/85¢), but a (62) attitude is (095°/05°), while a (c3) attitude is (356°/12¢). As well as the extension stress
phase can be attained from station (8) when fracture system of (okl) acute about (c) analyzed for
determination of paleostress whose (c1) has attitude of (012°/78°) and (62) attitude is (210°/20°) while (c3)
attitude is (098°/30°). The two last fracture systems show that the (c1) takes near to vertical direction which
is a good indicator for vertical movement in the study area.

From above stress analysis three tectonic stresses were acted on this area, one is from north-south,
second from East-West direction while the third stress form vertical direction to structure. The changing in
orientation of the stress field especially N-Sand E-w direction attributed to variation of stress field due to
stress relaxation during folding [22], while the vertical stress formed either due to vertical movement of
basement faults, or neither due to uplifting of fold cause gravity collapsing within different parts of the fold.
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Table -5: Stereographic projection and frequency rose diagrams for fractures measured in each station in the
field.

Station | Sterographic projection for Fracture sets Rose diagrams of strikes of fracture sets
No.
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6. Tectonic discussion and conclusion:

6.1. Comparison of Local lineaments and Fracture analysis with referring to stress model:

6.1.1 .Local lineaments reflect fractures:

The comparison study of local lineaments indicate that there are very coherent relationship between
local lineaments and fractures which appears in field stations, the coherency related to location, length,
orientations and its position. Accordingly any distribution and conclusion related to mechanism and dynamic
analysis of fractures has the same meaning when local lineament will analyzed. From analysis of fracture
sets and systems, three successive main phases of stress conditions during the late stages of folding
happened. In each phase several fracture sets are formed with a certain age. In the first main phase, fractures
in (hol) acute about (a) system,(hko) acute about (a) system and ac-set are formed by primary compressive
stresses from N-S direction perpendicular to fold axis , which are produced by the continental collision
during Alpine orogeny between Arabian - anadolian plates. Fractures in (hol) acute about (a) system are
formed when (c1) becomes perpendicular to fold axis and parallel to bedding planes, whereas fractures
belonging to (hko) acute about (a) system are formed when (c2) becomes perpendicular to bedding planes
and (o3) parallel to fold axis. In the second main phase, fractures in (hko) acute about (b) system, (bc) set
and (okl) acute about (b) system are formed by secondary stresses trending E-W parallel to fold axis, which
are produced by an elastic rebound of primary compression[23] . Fractures in (hko) acute about(b) system
are formed when (c2) becomes perpendicular to bedding planes and (o3) perpendicular to fold axis, whereas
fractures belonging to (okl) acute about (b) system are formed when (c2) becomes perpendicular to fold axis
and (o3) perpendicular to bedding planes. During the last main phase, fractures in (hol) acute about (c)
system, (bc) set, (okl) acute about (c) system and (ac) set are formed by vertical stresses, which are probably
produced by the movements of basement blocks or due to gravity effect. Fractures in (hol) acute about (c)
system are formed when (c2) becomes parallel to fold axis and (c3) perpendicular to fold axis, whereas
fractures belonging to (okl) acute about (c) system are formed when (c2) becomes perpendicular to fold axis
and (o3) is parallel to the fold axis. Usually, extension fractures are formed contemporaneously with shear
fractures. However, most of the mesoscopic fracture sets and systems that are present in the studied area are
geometrically related to bedding planes and in some localities related to fold axis of Tawake anticline. There
is a good coincidence between the trends of local lineaments and mesoscopic fracture patterns in the studied
area, which indicates that these lineaments are genetically related to Tawake anticline's evolution.

6.1.2. Graphical stress model for the Tawke structure, based on the directional analysis of local
lineaments:

In structural geology, the notion of a graphical stress model is often used to illustrate the kinematic or
mechanical aspects of a specific structural phenomenon seen as a discrete geological event. In this context,
the stress model (Figure-21) basically represents a schematic figure showing the principal compressive
stresses and types of local lineaments in relation to the axial trend of the anticline. The directions of the
principal compressive stresses were inferred from the orientation of the anticlinal strike. The types of
lineaments (i.e. shear and tension fracture traces) and their azimuthal ranges in the model were defined on
the basis of rose diagram analysis and within the framework of the geometrical relationship between fold
axis and local lineaments. The azimuthal tension regions (T) are N 0° - 15° E, N 0° -15°W, N 75° - 90° E
and N 75° - 90° W. The azimuthal shear regions (S) are N 15 ° - 75° E and N 15 ° - 75° W. These are
represented in the stress model of Tawke anticline (Figure-21).
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Figure-21: Graphical stress model in Tawke Anticline.

6.2. Comparison of Regional lineaments and geophysical data with tectonic implication:

The occurrence of the oblique and transversal with parallel regional lineaments along Tawake
anticlinal structure represents significant features. The remarkable characteristic of these lineaments suggests
that certain subsurface tectonic factors have caused or contributed to their occurrence. This assumption
seems quite in agreement with a subsurface study carried out by [24,5].The seismic sections and reflectors
maps of upper cretaceous Formation show two reverse faults of NE direction with their up-throws away from
each other. Both faults appear again on the subsurface seismic sections in the study area [5]. The recurrence
of these faults in several stratigraphic horizons at different depths and their great similarity in orientation,
size and relative position to regional lineaments indicate a probable structural relationship between the faults
and these lineaments. Other faults with different orientations can also be seen in the gravimetric lineaments
particularly the fault which occurs in the east and southwest of the study area with NW-SE orientation.
Although these faults as indicated by gravity and seismic lineaments coincide in size, orientation and
positions with regional lineaments appears on satellite images, so these regional lineaments are manifestation
of subsurface faults. These faults or lineaments forms at depth and growth up through sedimentary panel, and
may be at a depth of basement, which seismic data not reach that depth, while gravity lineaments may reflect
that.

6.3. General Tectonic Implication:

The present tectonic features of Middle East region have been ascribed to two major orogenies
which occurred in the Middle — Late Cretaceous and late Tertiary, while the continuous vertical movements
of basement blocks which surrounded by faults were recorded and have been occurring since the early to
middle Paleozoic [25,26] .In the light of this tectonic history with structural observations recorded during
this study, one cannot escape that both compressional forces and block-faulting were responsible for the
structural architecture of the study area. In any attempt to explain the tectonic mechanism of the area, it
would be very difficult to exclude one of these two tectonic events. The sediments which overlaid the
unequally disturbed blocks prior to any particular orogenic movement must have formed a sheet of
heterogeneous sediments. This must have been heterogeneous in the sense that neither its lithology nor the
thickness of its sedimentary units should have been uniform across the whole area. The authors, therefore
believe that the area as one which was initially covered with a heterogeneous sheet of sediments composed
of an aggregate sedimentary sections (or segments) overlaying a block-faulted basement with very irregular
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topography. Thus, the sedimentary sheet was lacking in both physical and lithological continuity and the
homogeneity for transmitting stress. The regional compressive stress which was directed mainly from N-S,
has affected the sedimentary sheet which filled and covered several small basins each of which has a
different thickness of sediments, physical properties, and plane of decollement.

The regional stress also affected the fragmented basement and induced nudging and jostling of the blocks
which produced unequally distributed and vertically directed secondary local stress fields. The sediment
basin was independently folded primarily by the horizontal compression stress, and secondarily by vertically
induced stress. The thicker sediments above detachment plane probably produced more pronounced fold, and
larger basins produced larger folds. The lack of homogeneity of stress transmission and the deformation or
sediments, has led to complex directional resolution of the stress fields in different parts of the area. This
may well account for considerable differences in the axial orientations and alignments of the anticlines
occurring within short distances, and also for certain structural aspects such as the asymmetry and axial
plunging of some anticlines. It has been observed that compressive horizontal stress have been active since
early as the Middle Cretaceous while the block-faulting dates from at least the Middle Paleozoic and
continued intermittently up to Late Tertiary.
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