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ABSTRACT 

 

Full Name : [Mohamed Ibrahim Mahgoub Ibrahim] 

Thesis Title : [Fractures System Within Quasiba Shale Outcrop and its Relationship 

to the Geomechanical and Lithological Properties, Qasim Area, Central 

Saudi Arabia] 

Major Field : [Geology] 

Date of Degree : [Dec 2016]  

 

The basal Qusaiba hot shale member of Qalibah formation is considered to be an important 

source rock in the Paleozoic petroleum system of Saudi Arabia and an exploration target 

for tight shale as one of the unconventional resources of petroleum. The aim of this study 

is to define and understand the fractures network of Qusaiba shale member in outcrops 

located to the west of Qusaybaô village in Al-Qasim area, Central Saudi Arabia. The main 

objective of studying fractures in Qusaiba shale member was to understand its relationship 

with lithology, geomechanical characteristics, and petrophysical properties. Fractures were 

studied in different scales in the study area from Lineaments to rock samples; Lineaments 

were analyzed and interpreted in a GIS environment using Spot-7 and Landsat-ETM+ high-

resolution satellite images on a regional scale, and linear scanline method was used to 

characterize fractures on an outcrop- and bed-scale. Description data sheets were used for 

the detailed lithological description of Qusaiba shale member on two outcrops of 40m and 

20m height respectively. Spectral gamma ray tool was used in the field to examine the fine 

cyclicity of the lithology, and Schmidt hammer to test the surface hardness and penetration 

resistance of different rock types. 60 rock samples of different lithologies were taken from 

the two outcrops for further geomechanical and petrophysical measurements. X-ray 
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diffraction (XRD), Scanning electron microscope (SEM), and thin sections were used to 

define different lithofacies in the study area. A 3D geostatistical model has been generated 

using Sequential indicator simulation (SIS) and Truncated Gaussian Simulation (TGS) to 

describe the distribution of the lithofacies in the area by studying thickness and continuity 

of the layers in 12 pseudo-logs. Qusaiba shale member in the study area consists of 5 main 

lithofacies, divided based on their sedimentary structures and petrographic properties, from 

base to top; fissile shale lithofacies, very fine-grained micaceous siltstone, bioturbated 

mudstone, very fine to fine-grained hummocky cross-stratified sandstone, and fine to 

medium-grained low/high angle cross-stratified sandstone. Lineaments interpretation of 

the Spot-7 and Landsat ETM+ satellite images showed two major directions in the study 

area; 320º that follows the direction of Najd fault system and 20º that follows the direction 

of the extensional activities that took place after Amar collision. Higher density of fractures 

is within the fissile shale and mudstone lithofacies than sandstones lithofacies, and spacing 

is smaller in the fissile shale and mudstone lithofacies when compared to sandstones. 

Lineaments and large-scale fractures are Non-Stratabound fractures and they deal with the 

area as one big mechanical unit, whereas small-scale fractures are Stratabound fractures 

that propose different mechanical units within Qusaiba shale member in the study area. 

Strength geomechanical parameters such as Schmidt hammer, point load index, uniaxial 

compressive strength, and dynamic young modulus have greater values in the hummocky 

cross-stratified sandstone, low/high angle cross-stratified sandstone, and pebbly sandstone 

than in fissile shale, mudstone, and siltstone. Accordingly, the outcrops of Qusaiba shale 

member in the study area were divided into Five geomechanical units; from unit-1 to unit-

5 based on their fractures density, petrophysical properties, and geomechanical properties. 
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This work would have a significant contribution to tight shale exploration plans in the 

subsurface by providing some knowledge about the mechanical behavior of the lower part 

of Qusaiba shale member of Qalibah formation. 
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 дв ϣϠтЯЧЮϜ дмЪϦвЮ ЙϠϝϦЮϜм ϣтмЎЛЮϜ ϸϜмвЮϝϠ сжПЮϜ ̭ϝϠтЊЦ мЎК дв сЯУЂЮϜ ̭ϾϮЮϜ ϸЛт сТ ϼϸЊвЮϜ ϼм϶Њ акϒ

 .рϸтЯЧϦЮϜ ϼтО рϼ϶ЊЮϜ АУжЮϜ РϝІЪϦЂϜ РϜϸкϒ ϸϲϒм ,ϣтϠϼЛЮϜ ϣЧАжвЮϜ сТ рмϾмтЮϝϠЮϜ ϼЊЛЯЮ ЙϠϝϦЮϜ ЬмϼϦϠЮϜ аϝДж

 ϞϼО ЙЧϦ ϣтϼ϶Њ ϤϝУІЪϦв сТ ̭ϝϠтЊЦ мЎЛЮ ϣтжмϦЪϦЮϜ ϼтОм ϣтжмϦЪϦЮϜ ϼмЂЪЮϜ аϝДж алТ пЯК ϣЂϜϼϸЮϜ иϺк амЧϦ

ЪЯввЮϝϠ атЊЧЮϜ ϣЧАжв сТ ̭ϝϠтЊЦ ϣтϼЦ ЙтϾмϦ алТм ϣЂϜϼϸ мк ϨϲϠЮϜ ϜϺк дв сЂтϚϼЮϜ РϸлЮϜ .ϣтϸмЛЂЮϜ ϣтϠϼЛЮϜ ϣ

 ϣтϚϝтϾтУЮϜм ϣтЪтжϝЪтвЮϜ ЈϚϝЊ϶ЮϝϠ ϝлϦЦыКм ,ϣУЯϦ϶вЮϜ ϣтϮмЮмтϮЮϜ ЈϚϝЊ϶ЮϜ ϤϜϺ ϼм϶ЊЮϜ пЯК ϣтЛтϠАЮϜ ϼмЂЪЮϜ

Ϝ ̭ϝϠтЊЦ мЎЛЮ ϣтϠтЪϼϦЮϜ ЈϚϝЊ϶ЮϜ РЊм ЬϮϒ дв сЯтЊУϦЮϜ РЊмЮϜ ФϜϼмϒ аϜϸ϶ϦЂϜ аϦ .ϼм϶ЊЮϜ иϺлЮ сжтАЮ

 ЈϚϝЊ϶ЯЮ рϼмϸЮϜ ϼϜϼЪϦЮϜ ϼϝϠϦ϶ъ ЬЧϲЮϜ сТ йвϜϸ϶ϦЂϜ аϦ ϝвϝϮ ϣЛІϒ ϾϝлϮ .дттЂтϚϼ дттϼ϶Њ дтУІЪϦв пЯК

 ϼм϶ЊЮϜ дв ϣУЯϦ϶вЮϜ ИϜмжчЮ ФϜϼϦ϶ъϜ ϣвмϝЧвм ϱАЂЮϜ ϢмЦ ϼϝϠϦ϶ъ ϤϸтвІ ϣЦϼАв ϾϝлϮм ,ϣтϼ϶ЊЮϜ ϣтϠтЪϼϦЮϜ

ϝϠ дК йЯвК аϦ ϣЂϜϼϸЮϜ ЬЧϲ сТ ϼм϶ЊЮϜ РтЊмϦ .мЎЛЯЮ ϣжмЪвЮϜ дтϦЂ Ϻ϶ϒ аϦ .сА϶ЮϜ ϱЂвЮϜ ϣЧтϼА аϜϸ϶ϦЂ

 ϼϝϠϦ϶Ϝ ̭ϜϼϮϜ аϦ .ϣтϼϠϦ϶вЮϜ ϣтϚϝттУЮϜм ϣтЪтжϝЪтвЮϜ ЬтЮϝϲϦЮϜ ̭ϜϼϮъ дттЂтϚϼЮϜ дттϼ϶ЊЮϜ дтУІЪϦвЮϜ дв ϣтϼ϶Њ ϣжтК

ϸтϸϲϦ сТ ϢϸКϝЂвЯЮ ϣтϼлϮвЮϜ ϣЧтЦϼЮϜ ϤϝжтЛЮϜм сжмϼϦЪЮъϜ ϱЂвЮϜ ϼлϮв аϜϸ϶ϦЂϜм ϣтжтЂЮϜ ϣЛІцϜ ϸмтϲ   ϤϝжϲЂЮϜ

 ϢϝЪϝϲвм ϣЛϠϝϦвЮϜ ϼІϔв ϢϝЪϝϲв аϜϸ϶ϦЂϝϠ ϸϝЛϠцϜ сϪыϪ сϚϝЊϲϖмтϮ ϬϺмвж атвЊϦ аϦ .ϣЧАжвЮϜ сТ ϣУЯϦ϶вЮϜ ϣтϼ϶ЊЮϜ

 ϣтϼϜϼвϦЂϜм Шв̳Ђ ϞϝЂϲ ХтϼА дК ϣЂϜϼϸЮϜ ϣЧАжв пЯК ϣУЯϦ϶вЮϜ ϣтϼ϶ЊЮϜ ϤϝжϲЂЮϜ ЙтϾмϦ РЊмЮ ЀмϝϮ ИϝАϦЦϜ

аϜϸ϶ϦЂϜ аϦ .̯ϝтТϝЎϜ ̯ыϮЂ ϢϼІК сжϪϜ сТ ϤϝЧϠАЮϜ ϤмϠЂ дтϦттмϮ дтϦϼмЊ-7  ϣЛϠϝϦв ЬϮϒ дв ϣтϼϜϼϲ ϤϝЂϸжъм

 ϤϝжϲЂ Ѐв϶ дв дмЪϦт ϣЂϜϼϸЮϜ ϣЧАжв сТ сжтАЮϜ ̭ϝϠтЊЦ мЎК .свтЯЦъϜ омϦЂвЮϜ пЯК ϝлЯтЯϲϦм ϣтА϶ЮϜ ЬϝЪІцϜ

 сТ ϝвЪ пЯКϒ пЮϜ ЬУЂϒ дв ϞϦϼϦϦм ,ϣтϚϝтϾтУЮϜ ЈϚϝЊ϶ЮϜм ϣтϮмЮмтϮЮϜ ϞтЪϜϼϦЮϜ пЯК ̯̭ϝжϠ ϝлвтЂЧϦ аϦ ϣтЂтϚϼ

вЮϜ ϣжϲЂ м ̯ϜϸϮ ϣвКϝжЮϜ ϤϝϠтϠϲЮϜ мϺ сЪтϝвЮϜ дтϼПЮϜ ϣжϲЂ м рϼϝАІжъϜ дтАЮϜ ϣжϲЂ :сϦфϝЪ ϣтϼ϶ЊЮϜ ϤϝУІЪϦ

 пЮϜ ̯ϜϸϮ ϣвКϝжЮϜ ϤϝϠтϠϲЮϜ мϺ сЪмвϝлЮϜ пЯК рмϦϲвЮϜ сЯвϼЮϜ ϼϮϲЮϜ ϣжϲЂ м ϣтмтϲ ϼϝϪϐ пЯК рмϦϲвЮϜ дтАЮϜ

Ϻ ϣтАтА϶ϦЮϜ ϝтϜмϾЮϜ пЯК рмϦϲвЮϜ сЯвϼЮϜ ϼϮϲЮϜ ϣжϲЂ м ϣвКϝжЮϜ ЬϝЪІцϜ ϼтЂУϦ .ϣАЂмϦвЮϜ пЮϜ ϣвКϝжЮϜ ϤϝϠтϠϲЮϜ м

ϤмϠЂ ϣтмϮЮϜ ϼмЊЮϜ сТ ϣтАтА϶ϦЮϜ-7  :ϣЂϜϼϸЮϜ ϣЧАжв сТ ϼмЂЪЯЮ дттЂтϚϼ дткϝϮϦϜ ϼлДϒ ϣтϼϜϼϲЮϜ ϤϝЂϸжъм

320 Á м сϠϼПЮϜ ЬϝвІЮϜ иϝϮϦϜ сТ20 Á ϸϮж аϝДжϠ ЬмцϜ иϝϮϦъϜ АϠϦϼт дϒ дЪвт Ϩтϲ сЦϼІЮϜ ЬϝвІЮϜ иϝϮϦϜ сТ

ϮϦъϜм сКϸЊЮϜ ϼмЂЪЮϜ ЬтЯϲϦ .ϼϝ̲в̲К аϸϝЊϦ ϸЛϠ ϣтϠϼЛЮϜ ϣЧАжвЮϜ сТ ϤϪϸϲ сϦЮϜ ϣтϸтϸвϦЮϜ ϣАІжцϜ ϣЯЂЯЂϠ сжϝϪЮϜ иϝ

 ϼϝϪϐ пЯК рмϦϲвЮϜ дтАЮϜм рϼϝАІжъϜ дтАЮϜ сϦжϲЂ сТ ϸϮмϦ ϝлЮ пЯКцϜ ϣТϝϪЪЮϜ дϒ ϼлДϒ ϣЂϜϼϸЮϜ ϣЧАжв сТ
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жϲЂЮϜ дтϦϝк сТ ϼмЂЪЮϜ дтϠ ϣТϝЂвЮϜ дϝТ ̯ϝвϝвϦ ЌтЧжЮϜ пЯКм ,ϣтмтϲ ϼмЂЪЮϜ .дϮЂЮϜ ЙтвϮ дтϠ ЬЦцϜ ϝвк дтϦ

 пЯК ϣЧАжвЮϜ Йв ЬвϝЛϦϦм ϣтϼ϶ЊЮϜ ϤϝжϲЂЮϝϠ ϝкϸтϸϲϦ дЪвт ъ ϼмЂЪ ск ФϝАжЮϜ ϣЛЂϜм ϼмЂЪЮϜм ϣтмϮЮϜ ϣтА϶ЮϜ

 ϤϝжϲЂЯЮ ϣтϼ϶ЊЮϜ ϸКϜмЧЮϝϠ ϸϲϦ дϒ дЪвт ϼмЂЪ ск ФϝАжЮϜ ϣЧтЎ ϼмЂЪЮϜ ϝвжтϠ ,ϢϸϲϜм ϣтЪтжϝЪтв Ϣϸϲм ϝлжϒ ЀϝЂϒ

Ϻк ϰϼϦЧϦм ϣУЯϦ϶вЮϜ ϤϸтвІ ϣЦϼАвЪ ϣтЪтжϝЪтвЮϜ ϢмЧЮϜ ЈϚϝЊ϶ .ϣЧАжвЮϜ сТ ϣтЪтжϝЪтв ϤϜϸϲм ϢϸК ϼм϶ЊЮϜ и

 ϣжϼϝЧвЮϝϠ сЯвϼЮϜ ϼϮϲЮϜ ϤϝжϲЂ сТ ϣтЮϝК атЦ ϤϼлДϒ ϣтмтϲЮϜ ЬвϝЛвм ϣтϼмϲвЮϜ АПЎЮϜ ϢмЦм ϣЮмвϲЮϜ ϣАЧж ϼІϔвм

 аϦ ϣЂϜϼϸЮϜ ϣЧАжв сТ сжтАЮϜ ̭ϝϠтЊЦ мЎК ϤϝУІЪϦв .ϣЧАжвЮϜ сТ оϼ϶цϜ ϤϝжϲЂЮϜ Йв ϤϜϸϲм Ѐв϶ пЮϜ ϝлвтЂЧϦ

Ϣϸϲм) ϣтЪтжϝЪтв-1 Ϣϸϲм пЮϜ-5 дЪвт ϣЂϜϼϸЮϜ иϺк .ϣтЪтжϝЪтвЮϜм ϣтϚϝтϾтУЮϜ ЈϚϝЊ϶ЮϜм ϼмЂЪЮϜ ϣТϝϪЪ пЯК ̯̭ϝжϠ (

 ϤϝвмЯЛвЮϜ атϸЧϦ ХтϼА дК ЌϼцϜ дАϝϠ сТ рϼ϶ЊЮϜ АУжЮϜ РϝІЪϦЂϜ АтА϶Ϧ ϤϝтЯвК сТ ϢϼϠϦЛв ϣтвкϒ ЬЪІϦ дϒ

тЊЦ мЎК ϼм϶ЊЮ сЪтжϝЪтвЮϜ РϼЊϦЮϜ дК.ϣϠтЯЧЮϜ дмЪϦвЮ ЙϠϝϦЮϜ сжтАЮϜ ̭ϝϠ 
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1 CHAPTER 1 

INTRODUCTION  

1.1 Introduction  

Qusaiba shale member of Qalibah formation in Saudi Arabia was the first to deposit at the 

Silurian period, at that time the Arabian plate was of high paleolatitude (Cole, 1994). The 

plate has gone in a major rotation of about 100° during the period of Silurian to late 

Carboniferous (Konert et al., 2001) (Fig 1.1). 

During early Silurian (Llandovery) period a major phase of global warming took place, 

and caused the retreat of the late Ordovician glaciers and a huge rise in the sea level. In 

Saudi Arabia, this period followed the de-glaciation of the late Ordovician and has been 

represented by Zarga and Sarah Formations. Itôs considered as an important regional 

marine transgression, that resulted in the deposition of basal Qusaiba hot shale member 

(Konert et al., 2001). High sea level and anoxic bottom conditions were the main reasons 

for the organic-rich shale preservation at the base of the Silurian transgression, this is what 

called now in Saudi Arabia as the hot shale of Qusaiba (Konert et al., 2001). The marginal 

areas of the Arabian platform at the Silurian period were characterized by shallow to open 

marine environments while the platform and along the subsiding intrashelf depression were 

characterized by deep marine environments (Konert et al., 2001) (Fig 1.2).  Regionally, the 

contact between Qusaiba member and Sharawra member of Qalibah Formation is 
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conformable (Senalp and Al-Duaiji, 2001) (Fig 1.3). From a stratigraphic point of view, 

Qusaiba member consists of two parts. The lower part is called basal hot shale, it represents 

type-II organic matter, and it was formed by the Silurian marine transgression, and the 

upper part is considered to be a coarsening upward pro-deltaic shale (Luning et al., 2000). 

In general, Qusaiba member was interpreted as delta-toe clays, it consists of light gray to 

dark gray shales in addition to thin beds of sandstones and siltstones which are distributed 

over the shales (Luning et al., 2000) (Fig 1.4). 

 

Figure 1-1 Arabian plate paleo-position during Paleozoic era (Konert et al., 2001). 
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Figure 1-2 The depositional environments of the early Silurian period in Arabian plate, when Qusaiba shale 

member was deposited in Saudi Arabia (Konert et al., 2001). 
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Figure 1-3 A stratigraphical section of east central Saudi Arabia that shows the conformable contact between 

Qusaiba member and Sharawra member of Qalibah formation (Miller and Melvin, 2005). 
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Figure 1-4 A generalized geological description of the lower and upper part of Qusaiba member of Qalibah 

formation (Luning et al., 2000). 
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1.2 Study Area 

The outcrops of the study area are located in Central Saudi Arabia to the west of Qusayba 

village, in Al-Qasim area (Fig 1.5). The exposed rocks of Qusaiba are located in all 

directions around the coordination: 26Á51ô50.36ò N 43Á34ô05.95ò E, which is the Type 

section of Qusaiba member of Qalibah formation in Saudi Arabia. (Fig 1.6). This area has 

been selected because Qusaiba shale member is very well preserved in it, the measurements 

show that the thickness of Qusaiba shale member in the study area near Qusaybaô village 

is about 41 meters (Mahmoud et al., 1992). Most of the exposed parts of Qusaiba shale 

member in the study area are believed to be of the lower part of the member (Fig 1.7) 

(Grabowski, 2005). 

 

Figure 1-5 Landsat-ETM+ Satellite image shows the location of the study area (Esri, ArcMap). 
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Figure 1-6 Type Section Locality of Qusaiba member in Qusaiba depression - Qasim area, Central Saudi Arabia 

(Manivit et al., 1986). 
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Figure 1-7 Distribution of lower and upper shale of Qusaiba member within Arabian plate, where the study area 

is located within the lower part of Qusaiba member (Grabowski, 2005). 
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1.3 Problem statement  

No previous studies about fractures and/or geomechanical properties were conducted in an 

outcrop-scale in Qusaiba shale member in Saudi Arabia. 

The basal Qusaiba shale member of Qalibah formation is one of the most prolific oil-prone 

source rocks in the region, itôs believed to be the main source rock of the Paleozoic 

petroleum system in Saudi Arabia. Qusaiba member is also one of the important 

exploration targets of tight gas in Saudi Arabia as one of the Unconventional resources of 

petroleum, the studies of Saudi Aramco showed that the reservoir quality of Qusaiba shale 

is ranging between conventional to very tight (Hayton et al., 2010). 

Studying fractures system in terms of distribution, density, trends, spacing, and other 

fractures characteristics within the member and the effect of the mechanical properties on 

the fractures behavior in relation to the lithology is considered as a subsurface challenge 

due to; Scale and Lack of data. 

1.4 Objectives  

¶ Study the relationships between natural fractures and geomechanical properties in 

Qusaiba shale member of Qalibah formation, and try to predict the behavior of 

natural and hydraulic fractures in the subsurface. 

¶ Study the behavior of fractures over different lithofacies, and the effect of 

lithology on fractures. 
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1.5 Previous studies  

The name Qusaiba was first derived by Powers (1986) after the name of Qusayba village, 

this name was used by Manivit (1986) and many others. Vaslet (1987) considered Qusaiba 

at that time as a shaly member of what was called Tayyarat formation. Mahmoud and others 

(1992) replaced the name Tayyarat formation by Qalibah formation and considered 

Qusaiba shale member one of Qalibah formation members after studying it in Qalibah and 

Tayma Towns. There are almost no studies that concentrated on the outcrop scale of 

Qusaiba member regarding the distribution of fractures, Stresses direction and the 

relationships between geomechanical properties, petrophysical properties, and 

stratigraphy. 

 (Cole, 1994) Studied the relationships between the reflectance of Graptolite ï Chitinozoan 

and other maturity indicators from some samples of Qusaiba hot shale member in Saudi 

Arabia. This study indicated a discrepancy between the Graptolite ï Chitinozoan reflectance and 

vitrinite reflectance, and it was interpreted as a result of the deposition and preservation of the organic 

matter under specific environmental conditions. (Cole, 1995) Studied the Petroleum 

geochemistry of Qusaiba shale member, he used saturate fraction biomarkers in addition 

to carbon isotopes to correlate oil to oil and oil to source. As a result of his study Cole 

revealed a powerful relationship between oil and the basal part of Qusaiba hot shale 

member. (Marshall, 1995) Studied the Silurian period deposits in central and northern 

Saudi Arabia, he defined their burial history, thermal maturity, and geotectonic. Marshall 

defined from the wells he used in his study some immature Silurian rocks that indicate 

other areas buried under deep Mesozoic deposits with a younger history of petroleum 
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generation. (jones et al., 1999) Studied the depositional and tectonic settings of Qusaiba 

hot shale in central Saudi Arabia, theyôve interpreted the production of the organic-rich 

facies and claimed that it was produced by the rework and oxidization of the organic-rich 

sediments, or by the dilution of the organic matter. (Grabowski, 2005) Studied the sequence 

stratigraphy of the Silurian hot shales in the Arabic region and their distribution, he 

interpreted the basal shale sequences above the sequence boundaries as low-stand 

transgressive units. (Miller and Melvin, 2005) Used samples of 34 wells from central Saudi 

Arabia to develop the biostratigraphy of Qusaiba shale member of Qalibah formation by 

indicating the acritarchs, chitinozoans, and crypto spores. Theyôve defined some new 

horizons and related them to sedimentology and sequence stratigraphy. (Al -Laboun, 2009) 

Explored the Tectonostratigraphy of the Silurian outcrops in Saudi Arabia (Qalibah group) 

that contains as he mentioned Qusaiba and Sharawra formations. (Faqira et al., 2010) 

Studied the distribution and characteristics of Qusaiba shale member considering it as a 

petroleum play, they spotted some light on the role of the Hercynian orogeny on the 

distribution of the organic-rich member, proved Qusaiba depending on the strong seismic 

reflectance of it, that indicates high velocity contrasts with the surroundings and indicated 

many other properties that consider Qusaiba as a prospective shale gas play. 

(Kanitpanyacharoen et al., 2011) Analyzed the texture and anisotropy of Qusaiba shale 

member using electron microscopy, ultrasonic velocity, micro tomography, and 

synchrotron X-ray diffraction measurements. (Craigie, 2016) Used five wells in eastern 

Saudi Arabia to study the chemo stratigraphy of Qusaiba for correlation purposes. One of 

the most important results of his study was the use of chemo stratigraphy in identifying 

Qusaiba mid-sand reservoir in all of the five wells. 
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1.6 Literature review    

1.6.1 Fractures analysis 

Fracture is the general term for all planes along which a rock has lost cohesion. Three major 

physical properties identify fractures; fractures have two parallel surfaces that meet at the 

fracture front, the displacement along the planes is relatively small when compared to the 

length of the fracture, and the surfaces of the fracture are planar (Pollard and Aydin, 1988). 

Three principal fracture modes are defined in the literature based on the displacement 

vector and fracture propagation direction (Fig 1.8). Mode I represent the opening 

displacement fractures and is perpendicular to the surface of the fracture. Mode II and 

Mode III represent the shearing displacement fractures, where Mode II fractures are 

perpendicular, and Mode III fractures are parallel to the surface of the fracture (Nelson, 

2001). 

 

 

Figure 1-8 The three principal fracture modes. 
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Mode I fracture are usually described by joints, and Mode II and Mode III fractures are 

usually described by faults (Pollard and Aydin, 1988). 

Regional fracture systems develop over wide areas with almost no change in orientation, 

they are unaffected by local tectonic events, and they are always perpendicular to the major 

bedding plane (Nelson, 2001). 

Literature shows that the data of the fracture systems in outcrop analogs are commonly 

acquired from remotely sensed images or fieldwork data in the form of 2D sub-horizontal 

or sub-vertical maps of fracture traces. Fracture maps are statistically analyzed for specific 

attributes such as; length, aperture, intensity or spacing, and shape, which can be used to 

characterize fractures (Odling et al., 1999). 

Fracture spacing in a rock mass is controlled by several geological parameters; 

composition, grain size, porosity, lithological layering, and structural position (Nelson, 

2001). The concept of a fractures unit was introduced based on the fact that in well-

stratified sequences, fractures are of systematic confinement to a single or a combination 

of several sedimentary layers (Underwood et al., 2003; Bertotti et al., 2007). Fracture unit 

is considered to be a package of one or more sedimentary layers with a relatively 

homogeneous fracture attribute distribution, commonly vertical extent or spacing. Fracture 

unit thickness is a key component in most models of fracture growth and fracture-pattern 

development (Laubach et al., 2009). 

There are two end-member types of fractures based on the influence of the lithological 

layers; Strata-bound (Fig 1.9a) and non-Strata-bound (Fig 1.9b). (Odling et al., 1999). 
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Figure 1-9 Theoretical end-member types of fractures; a) Stratabound. b) Non-Stratabound (Odling et al., 

1999). 

 

(Strijker et al., 2012) analyzed fractures from an outcrop analog in a clastic succession in 

western Jordan. They have used in this study high-resolution satellite images, in addition 

to the acquired data/photos from the field to be able to study geometry and the 

characteristics of the fractures system. They have found five sets of fractures in different 

directions, ranging from small to large scale. At the end, the researchers connected the 

fractures with the stratigraphy and the geology of the area and designed a three-tier 

hierarchical model of the fractures to reflect the control of the stratigraphy. 

There are several ways to collect data for fracture characterization, the most used methods 

of data acquisition are; circular scanline sampling, window sampling, and linear scanline 

sampling. Since the previous methods are more convenience for a homogeneous network 

of fractures, (Watkins et al., 2015) proposed a new workflow that could be useful in 

characterizing heterogeneous network of fractures; Augmented circular scanline method. 

This study has taken place in a thrust belt area, because itôs expected to be a heterogeneous 

highly fractured area, and a comparison has been done between the first methods and the 

Augmented circular scanline method. 
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1.6.2 Geomechanical and petrophysical properties  

Soil mechanics and rock mechanics are the two main branches of geomechanics, which 

could be defined as the geologic study of soil and rocks behavior (Jaeger et al., 2009). This 

study will be concerned more about rock mechanics. 

The literature shows several geomechanical studies in different sedimentary rocks; 

Sandstones, Carbonates, and shales on different scales ranging from microscopic to outcrop 

scale in both surface and subsurface environments, but no studies have been conducted on 

Qusaiba shale member of Qalibah formation on an outcrop-scale on the surface. 

Recently, producing hydrocarbons from unconventional shale gas reservoirs became more 

common, itôs important to characterize organic-rich shales such as Qusaiba because 

geomechanical properties control not only the process of hydraulic fracturing but also the 

change of the transport properties during production. 

(Gao et al., 2014) studied Anisotropy in shale rocks and its mechanical behavior, they used 

for the study some samples from a shale gas rocks in Ohio, USA. SEM and EDX were 

obtained to study the chemical composition and microstructures of the shales. Theyôve 

designed three different types of specimens to apply uniaxial compression test, direct and 

indirect tensile mechanical tests, and wave velocity measurements. 

The results of this study showed that the anisotropic shales have complex failure patterns 

when compared to homogeneous shales, the tensile strengths of the specimens are 

influenced by the interlaminar failure along the bedding planes, and the shear wave speed 

is always low when itôs directed perpendicular to the bedding plane. 
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(Ameen et al., 2009) used representative samples from Ghawar oil field to study some 

geomechanical properties and their relations in the Arab-D reservoir. Theyôve correlated 

porosity (physical property) to Vp, Vs, internal friction angle, and static and dynamic 

constants (mechanical properties). They were success to get a good correlation after 

designing a pseudo logs using sonic velocity logs and experimental laboratory logs 

Theyôve subdivided Arab-D reservoir based on mechanical properties and proved that the 

mechanical layering subdivision is more efficient with higher resolution than the 

stratigraphical zonation. Their conclusion on this study was the fact that mechanical 

properties can be affected not just by porosity but also by some other factors such as 

mineralogy and texture of rocks. 

(Hsieh et al., 2008) Studied the relationships between sedimentological properties 

(Petrographic parameters) and mechanical behavior of sandstone rocks. Theyôve used 

pounded particles method to design a simulation of how sandstone would behave on the 

macro scale under specific conditions. Theyôve claimed that the uniaxial compressive 

strength in sandstones is inversely proportional to petrographic parameters, unlike the 

Young modules which is directly proportional to the same petrographic parameters, they 

concluded this result after conducting an experiment that resulted in constructing two plot 

diagrams to explain the relationships between uniaxial compressive stress (UCS) and 

petrographic parameters (GAR), and Young modules (ú) and petrographic parameters 

(GAR) with the presence of porosity in both cases. 
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(Abdullatif, 2010) applied Rock mass rating (RMR), and Quality index (QI) to investigate 

some geomechanical properties in lower and middle parts of Rus formation in Dammam 

dome. RMR and QI are considered to be a rating systems that could be correlated with each 

other using many parameters such as; Uniaxial compressive strength (Point load), joint 

roughness, alteration, orientation and spacing in the field, and Young modules, Schmidt 

hammer rebound number and Poisson ratio in the laboratory. He plotted samples from both 

middle and lower Rus formation to show the relationships between Quality index and Rock 

mass rating. His results showed that lower Rus formation has a lower Quality index and 

Rock mass rating than middle Rus formation, after that he conducted some laboratory 

experiments to confirm this result. 

(Arman et al., 2012) studied calcite, dolomite, quartz, and clay minerals samples from 

lower Oligocene Asmari formation in UAE, these samples were affected by many 

diagenetic processes that affect the mechanical properties. The results of the study showed 

that the samples with higher dolomite percentage have more strength, and the samples with 

higher calcite percentage have less strength. In addition to that (Arman et al., 2012) 

investigated the geomechanical results and tried to correlate them, one of their conclusions 

was that Schmidt hammer is weakly related to indirect tensile strength, ultrasonic wave 

velocity, and point load index and the unit weight of the rocks showed weak to moderate 

correlation with the uniaxial compressive strength 
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(Kharusi, 2009) conducted a study in Middle Mississippian carbonates of St. Louis basin 

and Paradox basin in Wyoming, Utah. She correlated between a high-resolution sequence 

stratigraphy model and a mechanical model for an enhanced fracture characteristics 

prediction of an anticlinal structure. 

The results of this study included many geomechanical measurements; Bulk modulus, 

Youngôs modulus, Poisson ratio, rigidity ratio, and velocity. In addition to that some 

statistical readings; fractures density, fractures intensity, and fractures spacing ratios, and 

petrophysical; Grain density, and porosity. 

The conclusion of her study stated that the genetic boundaries of higher order sequences 

act as a mechanical boundary also, but the single mechanical unit can include more than 

one stratigraphic/lithological unit. She stated also that the fractures parameters can be 

affected by some of the bedding characteristics such as; bed thickness, and bed forms, but 

at the same time not affected by rock stiffness, porosity, or lithology. 

(Alikrami et al, 2013) studied the geostatistical relationships in the deformed sandstone of 

Entrada, Utah between the physical and geomechanical properties; Uniaxial compressive 

strength and Young modules versus permeability, and Schmidt hammer readings versus 

Tiny-perm II measurements. The results of statistics in this study showed that the 

relationships between physical and geomechanical properties depend on calcite 

cementation to quartz sandstone degree and on deformation processes. 
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2 CHAPTER 2 

Methodology 

In order to achieve the objectives of this research, the following methods have been used. 

 

2.1 Satellite images Analysis 

Two high-resolution satellite images have been used in order to trace straight and slightly 

curved lineaments in the study area. Spot-7 satellite image (1572 × 1193 Pixel²) (42km²) 

(Figure 7) has been used to trace regional-scale lineaments of >1500m (Qusaiba member, 

Sara formation, and Unayzah formation), where more than 120 lineaments have been 

interpreted, and Landsat-ETM+ satellite image (1700 × 2200 Pixel²) (5.4km × 8.1km) 

(Figure (8) has been used to trace lineaments of <1500m (Qusaiba member outcrops), 

where more than 200 lineaments have been interpreted. The satellite images were 

interpreted in a GIS media using ArcMap10.2 and ArcCatalog10.2 software by tracing the 

line features within the images, and calculating the length and orientations of the lines. The 

main goal of using satellite images is to define the general orientations of the tectonic-

generated fractures and their characteristics. 
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Figure 2-1 Spot-7 satellite image of the study area showing the outcrops of Qusaiba shale member, Unayzah 

Formation and Sarah Formation. 



21 

 

 

Figure 2-2 Landsat-ETM+ satellite image of the study area showing the outcrops of Qusaiba shale member of 

Qalibah Formation. 
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2.2 Field investigations 

Field investigations have taken place on the cropped rocks of Qusaiba shale member of 

Qalibah formation in Central Saudi Arabia, to the west of Qusayba village in Al-Qasim 

area. Two outcrops have been selected in order to describe the different lithologies of 

Qusaiba member, study the fractures system within them, and collect samples for further 

laboratory measurements. The first outcrop is located near the coordination (26Á56ô23.1ò 

N 43Á31ô55.6ò E). The height of this outcrop is about 40 meters. (Fig 2.3). The second 

outcrop is located near the coordination (26Á55ô40.8ò N 43Á30ô55.2ò E). The height of this 

outcrop is about 22 meters. (Fig 2.4). Detailed stratigraphic description was conducted 

along the selected outcrops in order to create vertical stratigraphic sections that describe 

the vertical changes of the lithofacies. Spectral gamma ray tool has been used in the field 

to measure Gammas natural radiation that emits from the rocks, in order to detect the small 

variations of the lithofacies and to clarify the depositional cycles of the member. Schmidt 

hammer has been used along the outcrop in a vertical succession to measure the rebound 

number (Rn) of different lithologies, which indicates the strength of them. Fractures have 

been studied along the two outcrops and the area around them. Several parameters were 

observed and measured using scan-line method. these parameters are; fractures 

trend/strike, fractures scale/length, fractures density, fractures termination degree and 

fractures spacing. 
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Figure 2-3 . Outcrop-1 from the study area 40m (26°56ô23.1ò N 43°31ô55.6ò E). 

 

Figure 2-4 Outcrop-2 from the study area 20m (26°55ô40.8ò N 43°30ô55.2ò E). 



24 

 

2.3 Laboratory measurements   

60 rock samples have been collected from the two outcrops in the field. Thin sections, 

cores/plugs, cubes, small deformed pieces, grinded powder were taken from the rock 

samples. Cores/Plugs were used in measuring Porosity and Ultrasonic wave velocity (Vp). 

Cubes were used in measuring the strength of the rocks through Point load and Uniaxial 

compressive strength. Small deformed pieces were taken from the rock samples in order to 

conduct Scanning electron microscope (SEM) images. Grinded powder of the rock samples 

was used in X-ray fluorescence (XRF), and X-ray powder diffraction (XRD). The 

laboratory measurements that were discussed here have been carried on to help in defining 

different lithofacies types and geomechanical properties. 

2.4 Methodology and preliminary results of the 3D Geostatistical 

modeling. 

In order to construct a 3D geostatistical facies Model, 12 locations of outcrops were 

described based on Qusaiba shale member depositional cycles that were found in the study 

area, in addition to the two main outcrops. The continuity of the layers, the coordinates, 

and the thickness of each layer were examined in the field (Fig 2.5). Spatial correlation 

between the 14 stratigraphic sections was conducted using Petrel 2009 software (Fig 2.6). 

The surfaces of the model were defined based on the depositional cycles of Qusaiba shale 

member and divided the 3D model into 3 zones (Fig 2.7). Layering criteria of the 3D model 

was selected based on the minimum thickness of a layer in each zone, therefore, the 

layering was as follow: zone-1; 46 layers, zone-2; 21 layers, and zone-3; 80 layers. 3D 

gridding of the model was defined based on the outcrops area (2km × 1km), therefore, the 

cells (nI × nJ × nK) values were: (78 × 73 × 147) (Fig 2.8).  The trends in the data set were 
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determined by constructing semivariograms (Major, minor, and vertical) for each zone 

(Table 2.1), (Fig 2.9), (Fig 2.10), and (Fig 2.11). Sequential indicator simulation was used 

to model zone-2 and zone-3 and truncated Gaussian simulation was used to model zone-1. 

(Amour et al., 2012) suggested that the sequential indicator simulation (SIS) is the best 

algorithm to simulate the distribution of the mosaic-like lithofacies, since it allows to assign 

different semivariograms for different sedimentological lithofacies, and thatôs why (SIS) 

can capture even small changes in geological properties and depositional environments. 

Sequential Indicator Simulation (SIS) is one of three sequential procedures that use for 

different types of data the same algorithm, (SIS) uses the methodology of Sequential 

Gaussian simulation (SGS) to develop a gridding plan of ones & zeros. The process of 

Sequential Indicator Simulation as mentioned from the literature could be described as 

follow: (1) Normalizing the raw data. (2) choosing a node that hasnôt been simulated yet. 

(3) Estimating the local conditional probability distribution function (lcpd) at the exact 

location of the node that was selected in the previous step (4) Summing the transformed 

data mean and the residual value in order to create a simulated value. (5) adding the new 

value from the previous step to the data with a specific short-scale correlation. (6) 

Repeating the previous steps for the rest of the nodes. 

(White et al., 2003, Benson et al., 2014) suggested that the Truncated Gaussian Simulation 

(TGS) follows Walterôs concept when simulating lithofacies models, and uses one 

semivariogram for different lithofacies. Truncated Gaussian Simulation (TGS) uses 

Truncated Gaussian algorithm that develop a group of cutoffs to partition the field to 

simulate the lithofacies, (TGS) works perfect with transitional facies, such as the facies 

that were found in the study area of Qusaiba shale member. 
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After generating the 3D geostatistical facies model, values of porosity, fractures density, 

point load index, and other geomechanical properties were assigned as values in the 

lithofacies model. 

 

 

Figure 2-5 Outcrop photograph showing some of the described vertical lith ostratigraphic sections, and an 

example of two logs with the detailed lithofacies description. 
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Figure 2-6 Spot-7 satellite image showing the coordinates of the 14 vertical logs from the study area that were 

used in the 3D geostatistical modeling. 
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Figure 2-7 Correlation between vertical logs based on 3 depositional cycles of Qusaiba shale member in the 

study area (Petrel 2009). 

 

Figure 2-8 Surfaces of the 3D model that divides it into 3 depositional zones. 
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Figure 2-9 Top, middle, and base gridded surfaces of the 3D model (nI=78 × nJ=73 × nK=147). 

 

Table 2-1 Results of the Semivariograms parameters of the three depositional zones. 

Zones Major 

range 

Minor 

range 

Vertical 

range 

Nugget Sill Model type 

Zone-1 1200 557 1.5 0 1 Spherical 

Zone-2 1060 561 1.6 0.2 1 Exponential 

Zone-3 964 396 3.2 0.3 1 Spherical 
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Figure 2-10 Major, minor, and vertical semivariograms of zone-1. Major semivariogram: (Direction: NE-SW, 

Tolerance angle: 67°, Lag tolerance: 50%, Lag distance: 292.6m). Minor semivariogram: (Direction: NW-SE, 

Tolerance angle: 42.7°, Lag tolerance: 50%, Lag distance: 197.3m). Vertical semivariogram: (Tolerance angle: 

32.7°, Lag tolerance: 50%, Lag distance: 0.8m). 

 

Figure 2-11 Major, minor, and vertical semivariograms of zone-2. Major semivariogram: (Direction: NE-SW, 

Tolerance angle: 67°, Lag tolerance: 50%, Lag distance: 292.6m). Minor semivariogram: (Direction: NW-SE, 

Tolerance angle: 42.7°, Lag tolerance: 50%, Lag distance: 197.3m). Vertical semivariogram: (Tolerance angle: 

32.7°, Lag tolerance: 50%, Lag distance: 0.5m). 
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Figure 2-12 Major, minor, and vertical semivariograms of zone-3. Major semivariogram: (Direction: NE -SW, 

Tolerance angle: 67°, Lag tolerance: 50%, Lag distance: 292.6m). Minor semivariogram: (Direction: NW-SE, 

Tolerance angle: 42.7°, Lag tolerance: 50%, Lag distance: 197.3m). Vertical semivariogram: (Tolerance angle: 

32.7°, Lag tolerance: 50%, Lag distance: 0.5m). 
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3 CHAPTER 3 

Sedimentology and lithofacies description 

3.1 Vertical  lithostratigraphic  sections 

Outcrop-scale studies provide high visual and physical resolution and make it possible to 

witness the changes in facies, sedimentary structures, and depositional cycles (Biswas, 

1999). Two lithostratigraphic sections were constructed (Fig 3.1) and (Fig 3.2) based on 

the detailed vertical description of two outcrops of Qusaiba shale member in the study area, 

these outcrops represent three depositional cycles, where each cycle starts with fissile shale 

and/or mudstone and ends with very fine to fine-grained hummocky cross-stratified 

sandstone and/or fine to medium-grained low/high angle cross-stratified sandstone. The 

lowermost part of all outcrops in the study area consists of thick units of fissile shale, and 

the uppermost part of all outcrops in the study area consists of a recent thick layer of 

limestone, that overlain Qusaiba member in an unconformity base.  
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