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Preface

Shale gas is one of the so-called “unconventional resources” because it requires specialized
techniques and tools to achieve economic production. Commonly, these resources are oil or
gas-bearing formations with very low permeability and porosity. Shale gas is an unconven‐
tional natural gas found in shale rocks and is composed primarily of methane (60–95% v/v),
ethane, and propane.

This book contains five chapters that focus on contributions and new technologies and pros‐
pects on shale gas reserves in selected regions of the world. Generally, contributions are geo‐
graphically distributed from Canada, China, Iraq, Indonesia, and Egypt.

The first chapter, “An overview of new developments in shale gas: induced seismicity aspect”
by Nadia Shafie Zadeh and Shahriar Talebi, provides as extensive review of new technologies
developed to monitor induced microseismicity and their applications on shale gas develop‐
ment.

The second chapter, “Unconventional resources of shale hydrocarbon in Sumatra Island, In‐
donesia” by Abdul Haris, Agus Riyanto, Bayu Seno, Husein Agil Almunawar, Martogu Ben‐
edict Marbun, Iskandarsyah Mahmudin, and Prima Erfido Manaf, uses integrated
geochemical, geomechanical, petrophysical, and geophysical analyses to assess shale reser‐
voirs on the island of Sumatra, Indonesia, and to explore the shale hydrocarbon prospect.

Chapter 3, “Silurian gas-rich “hot shale” from Akkas gas field, Western Iraq: geological im‐
portance and updated hydrocarbon potential and reservoir development estimations of the
field” by Ali Ismail Al-Juboury and Muhammed Abed Mazeel Thani, gives a description of
Silurian "hot shale" as a major source rock on the Arabian Peninsula, which is also regarded
as the source of non-associated gas in the region and one of the common natural gases
formed in shale of the Silurian period of Earth’s history (400–450 million years ago) world‐
wide. The study also sets out assumptions about Akkas gas field development.

Chapter 4, “Current technologies and prospects of shale gas development in China” by Yun‐
sheng Wei, Ailin Jia, Junlei Wang, Yadong Qi, and Chengye Jia, compares the shale gas de‐
veloping conditions between China and the United States, reviews the developing practice
and technological innovations, and gives a summary of the progress in key technologies of
evaluating shale gas development in the past few years. The work also attempts to establish
shale gas development theory, optimization of evaluation methods, and control of develop‐
ment cost as the core tasks in large-scale shale gas development

The final chapter, Chapter 5, “Capture of CO2 from natural gas using ionic liquids” by Ragh‐
da Ahmed El-Nagar, Alaa Ali Ghanem, and Maher Ibrahim Nessim, includes an introduc‐
tion to ionic liquids, their history and types, which were used in different applications such
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as removal of carbon dioxide from natural gas. The work deals with the synthesis of differ‐
ent types of ionic liquids and their characterizations using different traditional techniques.

In general, Shale Gas—New Aspects and Technologies introduces an overview of some new ad‐
vances in technologies and prospects on shale gas reserves. Each work is of great interest in
terms of new discoveries of promising reserves, application of new technologies and synthe‐
ses, and their impact on shale gas development as one of the cleanest consuming non-re‐
newable energy sources. 

We have benefited from comments and suggestions offered by many expertise reviewers
whose comments and contributions play an important and recognizable role in finalizing
the high quality of the book chapters.

We would like to thank Rob Westaway, Qingmin Meng, Yongliang Xu, Nadia Shafiezadeh,
Satish Kumar, Shuangfang Lu, Wei Yu, and Leonid Grigoryev.

We are also indebted to the support of IntechOpen Science in the publishing of this book.

Prof. Dr. Ali Ismail Al-Juboury
Mosul University, Iraq
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Abstract

New advances in technology such as advances in horizontal drilling, the use of multi-
well drilling pads, and multi-stage hydraulic fracturing allow for the economic consid-
eration of recovering formerly uneconomic, yet proven resources. Hydraulic fracturing 
perturbs the local stress field and causes slip/shearing in naturally fractured shale forma-
tions. Monitoring this process using microseismic techniques provides a valuable tool 
helping to detect the progression of the treatment and understand the efficacy of the 
operation. This article provides basic definitions regarding shale gas and development of 
shale gas reservoirs along with results of many new developments in the field of moni-
toring induced seismicity associated with hydraulic fracturing operations and character-
izing of the efficacy of such operations.

Keywords: shale gas, induced seismicity, microseismic monitoring, hydraulic fracturing 
optimization

1. Introduction

Unconventional resources such as shale gas are energy reserves under study and develop-
ment. “Unconventional resources” is a useful term for resources that are trapped, and not 
primarily controlled by buoyancy forces. In other words, unconventional resources are oil 
or gas-bearing formations where the permeability and porosity are very low. This makes it 
extremely difficult or impossible for oil or natural gas to naturally flow through pores and 
into a production well. For this reason, unconventional resources require specialized tech-
niques and tools to achieve economic production. Unconventional resources can be classified 
into different groups according to their type, origin and deposition. Shale gas, shale oil, tight 
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gas sands, oil shale, coal-bed methane, oil sands, and methane hydrates are all considered 
unconventional gases and tight oil. Shale gas is the focus of this study and refers to natural gas 
that is locked within shale formations. Figure 1 illustrates the relative relationship between 
different unconventional and conventional resources by a resource triangle.

2. Shale gas

Natural gas, particularly shale gas, is an abundant energy resource that will be playing an 
active role in future energy demand and enabling the nation to transition to higher support 
on renewable energy sources.

2.1. Definition

Shale gas is unconventional natural gas, which is primarily methane (60–95% v/v), ethane 
and propane. This natural gas is found in shale rocks, some of which were formed during a 
Silurian period of Earth’s history (400–450 million years ago). Shale gas is generally consid-
ered a dry gas which means that it is essentially methane in it but not much else, though some 
formations do produce wet gas that means in addition to methane, the gas contains com-
pounds like ethane and butane. Shale is composed of fine-grained silt and clay particles that 
accumulated at the bottom of relatively enclosed bodies of water. These bodies of water had 
a high organic matter content. Shale typically functions as both the reservoir and the source 
rocks for the natural gas.

Some of the methane formed from the organic matter buried with the sediments remained 
locked in the tight, low-permeability shale layers, becoming shale gas though the gas is gener-
ated and stored in situ in gas shale as both sorbed gas on organic matter and free gas in fractures 
or pores. As such, shale contained gas is considered a self-sourced reservoir. Global discoveries 
of shale gas reserves will affect the geopolitical map of energy production. Shale gas is expected 
to be one of the leading sustainable energy sources in the twenty-first century [1, 2].

Figure 1. Petroleum resources triangle.
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2.2. Origin

Gas from shale is typically generated in two different ways; although a mixture of gas types 
is possible too. Thermogenic gas originates from cracking of organic matter or the secondary 
cracking of oil, while biogenic gas is generated from microbes in areas of freshwater recharge 
[3, 4]. Thermogenic gas is associated with a mature organic matter that has been subjected to 
relatively high temperature and high pressure in order to form hydrocarbons. Considering 
all other factors being equal, the more mature organic matter is the more in situ gas resources 
generate. Vitrinite reflectance (% Ro) is representative of organic maturity, and its value can 
vary. The value above 1% implies that the organic matter is adequately mature to be consid-
ered as an effective source rock [5, 6]. Further, biogenic gas is associated with either mature or 
immature organic matter and can add substantially to the shale gas reservoir [7].

2.3. Shale gas reservoirs

Shale gas reservoirs generally recover less gas, e.g., less than <5% up to 20% (v/v) relative 
to conventional gas reservoirs (approximately 50–90% (v/v)) [8]. Some naturally fractured 
shale reservoirs can have a recovery as high as 50–60% (v/v). Aside from the low permeabil-
ity of the shale formation in shale gas reservoirs, the critical properties of shale formations 
regarding gas-containing potential are total organic content and their thermal maturity. 
The former key property refers to the total amount of organic material present in the host 
rock. The higher the total organic content, the better the potential for hydrocarbon genera-
tion. The latter key property is an indicator to measure the degree to which organic material 
in the rock has been heated over geological time and converted into the liquid or gas form of 
hydrocarbons. Gas storage characteristics of shale reservoirs are in practice different from 
conventional reservoirs. In shale gas reservoirs, besides the presence of gas in the porous 
matrix (similar to what is found in conventional reservoirs), gas can be found in the form of 
bound or absorbed to the surface of organic matters in the shale. Therefore, the key element 
of the production outline of the reservoir is the relative contributions and combinations 
of these two sources of free gas from matrix pores and from desorption of absorbed gas. 
The initial reservoir pressure, the petrophysical properties of the shale formation and its 
adsorption characteristics are the parameters that determine the amount and distribution 
of gas within the shale formation.

There are three main processes during gas production. The first process is the depletion of 
gas from the fracture network, which rapidly declines due to limited storage capacity. The 
second process is the depletion of gas stored in the matrix, and the third is desorption where 
the adsorbed gas is released from the rock as pressure declines within the reservoir. The rate 
of production via the latter process depends on the amount of declined reservoir pressure. 
Pressure changes within the reservoir usually occur very slowly because of the low perme-
ability of the rock. Therefore, to increase the production via this latter process, the small well 
spacing needs to decrease the reservoir pressure significantly enough to cause the adsorbed 
gas to be desorbed. Key inputs that play a crucial role in volumetric analysis of evaluation 
of each shale gas resources are: the maturity of the organic matter, the type of gas generated 
and stored in the reservoir (biogenic or thermogenic gas), the total organic carbon (TOC) 
content, the permeability/porosity of the reservoir, and matrix and sorbed gas saturation. One 
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of the common approaches for resource evaluation is a probabilistic approach where the key 
 parameters can be modeled using mathematical distributions and combined in Monte Carlo 
simulations to derive a resulting distribution [9]. The combination of TOC (known as a mea-
sure of organic richness), the thickness of organic shale, and organic maturity are key attri-
butes to estimate the economic viability of a shale gas reservoir [2, 7, 10, 11]. The permeability 
of the matrix is the most important parameter that influences the sustainable gas production 
from the reservoir [12]. Natural or induced fracture density, and consequently the permeabil-
ity of the shale matrix is the most important factor to sustain yearly production, since gas has 
to diffuse from the low permeability matrix to fractures. A higher matrix permeability leads to 
a higher rate of diffusion and higher rate of flow and production [2, 7, 12, 13]. Microfractures 
within shale formations can have a critical role in both economic production [14] and creating 
an induced fracture network resulting from the interaction with those natural microfractures. 
This statement needs further research and analysis both numerically and experimentally to 
determine their role in shale gas development and production. The other important factor 
to be considered is the thickness of the shale formation. A general rule is that a thicker shale 
gas reservoir is a better target. Though as drilling and completion techniques are improving, 
the necessary thickness of a shale gas reservoir to be developed economically may decrease.

Figure 2. Horizontal well completions and multistage hydraulic fracturing (modified from: Apache Canada Ltd., 
Canadian Society for Unconventional Gas (CSUG)).
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2.4. Shale gas development

Natural gas will not willingly flow to any vertical well drilled through it because of low per-
meability of shales. The combination of horizontal well completions and multi-stage hydrau-
lic fracture treatments have been crucial to the expansion of shale gas development. Figure 2 
illustrates the process of horizontal well completions and multistage hydraulic fracturing 
including microseismic events recorded during hydraulic fracturing operations. This tech-
nique is a necessary operation to complete the horizontal drilling technique since these wells 
have an extended horizontal leg section, and combining these two techniques can provide 
the effective stimulation of the reservoir. Previous to the successful application of these two 
technologies, similar resources in many basins were ignored because production was not con-
sidered economically feasible. The low natural permeability of shale has limited the produc-
tion of gas shale resources because such low permeability allows only minor volumes of gas 
to flow naturally to a wellbore. This characteristic of low matrix permeability represents a key 
difference between shale and other gas reservoirs and must be surmounted for gas shales to 
be economically viable. The description of technologies essential for a successful shale gas 
extraction operation is outside the scope of this study.

3. Development in induced seismicity of shale gas

Large-scale fluid injections under high pressures can cause seismicity by reducing the effec-
tive normal stress on pre-existing discontinuities and causing them to slip. Figure 3 illus-
trates the different mechanisms that create induced earthquakes. Induced earthquakes occur 
because of geomechanical changes in the reservoir because of the fracturing process [15–19]. 
Earthquakes may occur by increasing the excess pore pressure acting on a fault and/or by 
changing the shear and normal stress acting on the fault plane [20]. This phenomenon was 

Figure 3. Different mechanisms cause induced earthquakes; earthquakes may be induced by increasing the pore pressure 
acting on a fault (left) or by changing the shear and normal stress acting on the fault (right) [20].
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observed over half a century ago during Denver [21] and Rangely [22] experiments. Smaller-
scale experiments later extended this conclusion to much smaller microseismic events, espe-
cially when clear evidence of a double-couple source was provided by fault-plane solutions 
[23, 24]. Seismicity refers to recorded earthquakes caused primarily by fault movement, which 
are typically events greater than 0.5 ML.

Induced Seismicity are earthquakes (events) resulting from human activity. Microseismic 
monitoring describes both the recording and processing of very low magnitude events pro-
duced by hydraulic fracturing. Typically, these events range from −3.0 to 0.5 ML. Hypocenter 
is the point within the earth where an earthquake starts. Hypocenters include both the hori-
zontal surface location and depth of an event. Microseismic monitoring is a valuable tool 
for understanding the efficacy of hydraulic fracture treatments. The determination of event 
locations and magnitudes leads to estimations of the geometry of the fracture zone and the 
dynamics of the fracturing process. With sufficient resolution, the hypocenters may even 
reveal failure planes or other underlying structures controlling the distribution of events and 
interest petroleum engineers to test various hypotheses on fracture growth.

3.1. Induced microseismicity monitoring and its applications

Induced microseismic monitoring is a geophysical remote-sensing technology that gives the 
ability to detect and locate associated fracturing processes, which could be either in real-time 
or in post-processing mode. A typical field deployment involves installation of an array of 
continuously recording three-component geophones within an observational well(s) near the 
zone of interest, and/or a set of surface sensors. Besides the oil and gas industry application, 
which is relatively new, the seismological and mining research communities have developed 
microseismic monitoring technologies for years [25–27]. Microseismic monitoring aims to 
detect, locate, and describe the nature of microseismic events resulting from any geomechani-
cal changes for caprock integrity, wellbore integrity and/or optimization of hydraulic fractur-
ing in the oil and gas industry. When hydraulic fracturing monitoring and its optimization 
are the goals, microseismic events usually occur in large numbers within cloud-like distribu-
tions that imitate underlying fracture networks. This method allows monitoring of fracturing 
treatments in real-time with the aim of detecting the extent of the stimulated rock volume, 
and thus the success of the treatment. It can also lead to possible improvements in reservoir 
drainage. Oil and gas companies have set aside significant funds ($100’s MM) for microseis-
mic monitoring, but face extraordinary technological challenges to utilize the results in their 
full capacity. These challenges are consequences of inadequate insights of seismological and 
geomechanical processes associated with induced microseismicity.

3.2. Microseismic monitoring in shale gas development

There has been a growing number of reports about the application of microseismic techniques 
in Shale Gas reservoirs for characterizing fracture growth and geometry, as this technique is 
an established and reliable one for this purpose. Some studies have relied on surface equip-
ment when seismicity was high enough to be recorded on the surface. However, the majority 
of cases are based on the use of downhole microseismic equipment that focuses on much 
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smaller events, which simply cannot be detected on surface due to attenuation. The Horn 
River Basin in northeastern British Columbia (BC) in Canada has hosted many pilot studies 
and research with regard to the development of Shale Gas reservoirs. Thousands of hydraulic 
fracturing operations have been performed in the area and anomalous seismicity has been 
observed in the last decade [28, 29]. The Canadian National Seismograph Network (CNSN) 
operative throughout Canada is designed to monitor large-scale seismicity and has a mini-
mum magnitude detection limit of 2.0 ML.

The BC Oil and Gas commission [28] performed a comprehensive study on this phenomenon 
in three areas of the Horn River Basin. The investigation established that during the period of 
April 2009–December 2011, there was a link between events observed within remote and iso-
lated areas of the Horn River Basin and hydraulic fracturing in the proximity of pre-existing 
faults. A local seismograph array was deployed for a couple of months within that period and 
recorded 19 events. A total of 38 events were analyzed. The events recorded ranged in magni-
tude between 2.2 and 3.8 ML on the Richter scale.

In the Etsho study area, hydraulic fracturing of Horn River Shales was performed in horizon-
tal wells using multiple stages of slickwater fracturing, which consists of pumping a water-
based fluid, chemicals, and proppant combination that has low-viscosity to increase the fluid 
flow. Microseismic monitoring showed that fracture growth was confined to the target shale 
layers. Hydraulic fracturing operations in the February 2007 to July 2011 period involved 
14 different pads and 90 wells with more than 1600 hydraulic fracturing stage completion 
operations [28].

As a result of the previous study, eight new seismograph stations were added to the existing 
two of the CNSN in the area. The new investigation focused on the Montney Trend of BC that 
represents over a third of the province’s recoverable natural gas reserves [29] under develop-
ment since mid-2000s. The area has seen thousands of horizontal gas wells and hundreds of 
wastewater disposal wells. CNSN recorded 231 events attributed to gas and oil activities in 
the area from August 2013 to October 2014. Hydraulic Fracturing operations were at the root 
of 193 of these events that were in the range 1.0–4.4 ML. Wastewater disposal was the cause of 
38 events in the 1.2–2.9 ML. The study period covered about 7500 hydraulic fracturing stages. 
Only 11 were felt on the surface without causing any damage on the surface. No loss of well-
bore containment was observed either. Figure 4 shows the comparison between wastewater 
disposal-induced seismicity and hydraulic fracturing ones. The investigation confirmed that 
the mechanism at the root of observed seismicity was the reactivation of pre-existing faults 
due to increasing pore pressure due to fluid injection. It also demonstrated the critical impor-
tance of a dense array in understanding induced seismicity. Moreover, some active faults 
could be precisely delineated that can be crucial in risk assessment and mitigation of this 
phenomenon.

The Marcellus Shale formation in Greene County Pennsylvania was subject to a comprehen-
sive investigation of induced seismicity using six horizontal gas wells [30]. The objectives were 
to find the maximum fracture height in hydraulic fracturing operations and to determine if 
any natural gas or fluids had migrated upward to an overlying gas field 3800 ft above. The 
investigation included microseismic monitoring using vertical geophone arrays, gas pressure 
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and production histories of three wells, chemical and isotopic analyses of produced gas from 
seven wells, and monitoring for perfluorocarbon traces of gas from two wells [30]. The find-
ings showed no evidence of gas migration from Marcellus Shale and no evidence of brine 
migration from this formation. It was demonstrated that the impact of hydraulic fracturing 
operations did not extend to the overlying shallower gas field and no detectable gas or fluid 
migration took place in that formation.

Seismicity (M > 3) observed in the Western Canada Sedimentary Basin in the 1985–2015 
period has been investigated recently by Atkinson et al. [31]. This basin is where most of 
Canada’s shale gas developments are concentrated. The data set included seismicity induced 
by hydraulic fracturing, wastewater disposal and production. Both seismicity rates and the 
number of hydraulic fracturing wells rose sharply between 2010 and 2015, and more than half 
of all seismicity occurred in close proximity of hydraulic operations in both time and space 
[31]. The authors pointed out that hydraulic fracturing is responsible for a larger propor-
tion of observed seismicity rather than wastewater injection operations. They also noted that 
their findings are markedly in contrast with those from similar studies focused on the Central 
United States where wastewater injections were responsible for most of the induced seismic-
ity. McGarr [32] proposed a linear equation, and it shows the maximum seismic moment as 
a function of total volume of liquid injected up to the time of the largest induced earthquake. 
For most of case histories mentioned here, magnitude exceeds the maximum bounds pro-
vided by the McGarr relation as shown in Figure 5. For many of the events above the McGarr 
line, it has been proven that use of the maximum volume value might just allow the point to 
come beneath the line. However, two events are clearly above the line, even with the combina-
tion of the maximum volume and the minimum magnitude; these are the August 2014 M 4.4 
and August 2015 M 4.6 events near Fort St. John [29, 33–35].

Ellsworth [20] has reviewed many cases of induced seismicity reported previously and points 
out that seismic activity in the central and eastern United States has increased dramatically 

Figure 4. Number of events versus magnitude for (a) wastewater disposal wells induced events, (b) hydraulic fracture 
induced events (modified from: BC Oil and Gas Commission [29]).
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in the recent past. Ellsworth relates this observation to cases of hydraulic fracturing and dis-
posal of wastewater injected in deep wells. The mechanics of this phenomenon is analyzed 
and described. The intimate relationship between the development of unconventional gas 
fields and new technologies are well explained, and many cases are enumerated. The author 
pointed out the importance of well documenting the specifics of each operation in the ability 
to get to the root of the observations and described how important that was in the case of pio-
neering experiments of Denver and Rangely mentioned above. A case study of microseismic 
imaging of hydraulic fracturing in the Barnett shale gas reservoir in Texas demonstrated some 
complications about the use of microseismic results in reservoir simulations [36].

While the technology is mature and well established when dealing with detecting fracture 
geometry and growth, the author states that the disability of the technique in distinguishing 
between seismicity induced by fracture opening and closing. In addition, more detailed infor-
mation about the fracturing process and mechanism need to be implemented in order to make 
the technique more valuable for reservoir management.

Zeng et al. [37] describe results from a multi-stage hydraulic fracturing experiment carried 
out in a horizontal well of a shale gas reservoir using a surface broadband 3C seismic array. 
They state that it is possible to detect and locate small events (M < −1) with a relatively sparse 
array, particularly for shallow reservoirs. Their focal mechanism analysis of the observed 
seismic activity was consistent with the regional stress field. The seismicity formed into two 
clusters; one fell into a small volume surrounding the horizontal well, and another group 
fell 500 m away from the well. Both groups of events showed similar properties in their focal 
mechanisms. The authors point out that in order to reduce the hazard of such operations, a 

Figure 5. Seismic moment versus net injected volume from Atkinson et al. [31]. The authors have shown their own 
results (squares) and those from previous studies. The gray band shows the maximum magnitude predicted by McGarr 
[32] for shear modulus G in the range 20–40 Gpa.
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better understanding of the pre-existing fractures, the tectonic stress regime in the region, and 
appropriate design and management of the injection operation would be necessary.

A combination of surface and downhole sensors were used to monitor microseismic activity 
associated with hydraulic fracturing of a shale gas reservoir in China [38]. The results were 
used in real-time to optimize pre-pad fluid parameters, perforation and temporary additive 
releasing time to optimize fracturing operation. The authors mentioned that the average shale 
gas production’s rate was increased 2–5 times through optimization using real-time micro-
seismic monitoring, and they could prove the benefit of using this technique by later pro-
duction tests, too. The real-time results played a vital role in the immediate evaluation and 
optimization of fracture parameters. The gas field under study is the largest commercially 
available shale gas field in the world outside North America. Another study conducted by 
Yaowen et al. [39] built further on the success of the previous paper and provides guidelines 
for the optimization of fracturing parameters at the later stage.

Kaka et al. [40] presented the results of the microseismic monitoring of a multistage stimula-
tion experiment of a shale gas reservoir in Saudi Arabia. A string of 12 3C-sensors with 30.5 m 
spacing was used, and a total of 415 events were recorded. The objective of the study was to 
better understand fracture growth during the operation and the role of pre-existing fractures 
in the process. No changes were observed in the direction of local stresses along the treat-
ment well. Significant changes in total length and aspect ratio (length/width) of the fracture 
induced in different stages have been observed. The authors enumerated parameters that may 
have had a role in this observation such as in situ fracturing, local rock heterogeneity or the 
influence of the treatment parameters. The conclusion made from their observations was that 
early and late stages of stimulation show the longest fracture networks, with events induced 
further away from the initiation point. They did not find any immediate relationship between 
treatment parameters (peak pressure and pumping rate) and fracture extension. Sensitivity 
analysis using the Monte Carlo simulation method was attempted to clarify location uncer-
tainties. The results of these simulation methods show a higher location uncertainty for events 
located at the early stages, consequently restrained interpretation from monitored seismicity 
in the early stages. One of the main purposes of their study was to develop a methodology for 
generating dynamic, high-resolution seismic and geomechanical models of shale reservoirs 
before, during and after stimulation, and interpreting the models regarding fracture suscep-
tibility and fracture dynamics.

3.3. Emerging trends

The abundance of applications of microseismic monitoring in gas reservoirs in recent years 
and the high quality of collected 3C data have been accompanied by attempts to extract more 
detailed information about the fracturing process from recorded signals. The basic motivation 
of these attempts, understandably, has to do with the need to reduce production expenses. 
Hence, application of new seismic techniques that can actually help achieve this objective 
through increasing the efficiency of production and rate of production has been welcome. In 
this section, we enumerate some of such initiatives presented in recent years. The list is not in 
any way exhaustive, but it is a sample of recent efforts in this regard.
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Application of seismic moment tensor inversion techniques is one promising trend in the anal-
ysis and interpretation of microseismicity related to shale gas reservoirs. The technique is fun-
damentally superior to fault plane solution determination in that it does not include a priori 
assumption about the mechanism of failure. It allows, in simple terms, for the source mecha-
nism to be decomposed into three components: a double-couple component that is expected to 
be of a pure shear failure source, an isotropic component that can be described as an explosive 
or implosive source, and the so-called compensated linear vector dipole (CLVD) [25].

Baig and Urbancic [41] have presented a case of such studies for a collection of 147 micro-
seismic events recorded during a fracture treatment using three borehole arrays. The authors 
have adopted the method of Gephart and Forsyth [42], originally applied to California earth-
quakes, to their microseismic data by considering the double-couple approximations of their 
moment tensors. The idea is that seismic moment tensor is a symmetric second-order tensor 
with six independent components. Mapping the total amplitudes of the P, SV, and SH phases to 
the focal sphere surrounding the source should determine this tensor. For monitoring hydrau-
lic fractures, at least two linear borehole arrays non-coplanar with the event are required 
for identifying the full resolution of all six independent components of the tensor. These six 
independent components include three geometric parameters controlled by the orientation of 
the fracture and the sense of slip on; one parameter is the total seismic moment, the second 
is to control the relative strength of the double-couple, and the last using compensated linear 
vector dipole and isotropic components [41]. Figure 6 illustrates the radiation patterns from 
various failure mechanisms according to different crack modes.

Using the algorithm proposed by Gephart and Forsyth [42] and considering the double-couple 
approximations of the seismic moment tensors, Baig and Urbancic [41] could invert the measured 
strain axes in the treatment zone represented by the seismic moment tensors for the stress regime 
that best fits these events. Each suit of results provides a set of P (pressure) and T (tension) axes, 

Figure 6. Different modes of failure create various moment tensors visualized by the beach ball diagrams, which are 
stereographic projections of the P-wave radiation patterns over the focal sphere [41].
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just like for a focal mechanism plot. Then they search for an in-situ stress field that minimizes 
the total rotation required for the strain axes for the data set at hand. The results showed distinct 
differences among different stages of fracturing. For instance, Figure 7 shows the locations and 
moment tensor solution for 147 events recorded in the study using three borehole arrays during 
one hydraulic fracturing operation. According to this figure, the events fall along a vertical plane 
trending N40°E and the presence of a variety of mechanisms, suggesting that the events cannot 
be categorized as simple shear failures but consist of volumetric components of failure.

Urbancic and Mountjoy [43] also reported the results of the moment tensor inversion. The 
former have applied the technique to two distinct microseismic clusters observed during 
production cycles of two wells with remarkably different types of source mechanism. They 
attribute this difference to changes observed in fracture types, which became active and pro-
duction methods. The latter applied the technique to a microseismic data set recorded at a 
shale gas reservoir in order to estimate fracture planes and orientations, volumetric strain, 
crack movements and timing and relationships with pumping operations.

Norton et al. [44] have used Amplitude Variation with Offset (AVO) inversion to estimate 
elastic properties and fault mapping to identify potential barriers that could affect fracture 
propagation in a shale gas reservoir. They argued that by correlating the results of the two 
techniques in parallel could provide valuable information about the local heterogeneity 
within the reservoir and the effect on the fracture simulation programs. Xu et al. [45] pre-
sented results of microseismic monitoring of hydraulic fracturing simulation in a tight sand 
reservoir. They stated that although the use of a single well has been widely adopted, much 
better results could be obtained with a dual-well set up regarding fracture delineation and 
location accuracy. Both surface and downhole microseismic equipment have been employed 
to monitor a shale gas field in China [39]. The results helped to evaluate reservoir stimulation 
in order to optimize fracturing operation.

Figure 7. The moment tensors for 147 events plotted with the condition number that determines how well one can invert 
for the mechanism of the event [41].
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Xu et al. [45] studied the hydraulic fracturing stimulation using microseismic monitoring of 
two wells simultaneously in low porosity and low permeability formation in Ordos basin with 
the aim of improving fracture geometry and optimization of good placement. Comparing 
with single-well microseismic monitoring, they concluded that the dual-well technique could 
explain features in far more precise details and accuracy and then subsequently can reduce 
uncertainty. Maxwell and Norton [46–48] discussed a case study on Montney formation (NE 
British Columbia, Canada) with the focus on integrating the microseismic data with the avail-
able geotechnical/geomechanical resources. They concluded that the combination of this data 
could provide valuable information to deeper insights about hydraulic fracturing behavior, 
optimal hydraulic fracturing geometry, and optimal production rates. In general, it leads to 
more optimized completion design with closer perforation clusters and increased reservoir 
contact in future wells.

One of the most controversial discussions in shale gas development is the interaction between 
natural fractures in fractured shale reservoirs and hydraulically induced fractures resulting 
from multi-stage hydraulic fracturing. In general, three main scenarios describe the interaction 
between these two sets of fractures. When a fracture has been created by the hydraulic frac-
turing method, the propagation of that induced fracture may cross a natural fracture without 
any change in propagation direction, terminate against a natural fracture and then continues 
to propagate along the natural fracture, or terminate and then open the natural fracture, as 
new fractures initiate from the natural fracture. Huang et al. [49] conducted a comprehensive 
study coupling a geomechanic-microseismic model using numerical simulation. They have 
run the model under different situations such as various fracture intensities, different number 
and orientation of fracture sets, hydraulic-natural fracture crossing versus arrest scenarios, and 
various frictional properties for the natural fractures for two horizontal wells from the Barnett 
Shale. They concluded that the number and orientation of fracture sets, fracture frictional prop-
erties, wellbore orientation, and fracture spacing/intensity are the governing factors influencing 
complex fracture network geometry, reactivation patterns, and synthetic microseismic events.

Rutqvist et al. [50] studied the reactivation of natural fractures and faults and induced micro-
seismicity regarding hydraulic fracturing operations in shale gas reservoirs. They developed 
and conducted three-dimensional coupled fluid-flow and geomechanical modeling of fault 
activation where a horizontal injection well intersects a steeply dipping fault. A three-hour 
hydraulic fracture operation was modeled, and the results indicated that shale-gas hydraulic 
fracturing along faults would not likely induce seismic events that could be felt on ground 
surface. The results indicated several small microseismic events, as well as aseismic deforma-
tions along with the fracture propagation. The magnitudes of the created events ranged from 
−2.0 to 0.5, excluding one case regarding a very brittle fault with low residual shear strength 
for which the magnitude was 2.3, an event that would possibly go unrecognized or might be 
felt by humans at its epicenter. A dependency on injection depth and fault dip was found after 
conducting sensitivity analyses on various parameters such as injection depth, fault dip, and 
slip-weakening model parameters. That dependency could be attributed to the variation of 
the shear stress on the fault plane and the variation of stress during the reactivation process. 
The plastic zone, according to the results, expanded up to 200 m from the injection well at the 
end of the hydraulic fracturing operation.
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Shahid et al. [51] did an inclusive review on numerical simulation analyses and strategies 
using commercial codes or developing new specific codes for modeling hydraulic fracturing, 
the natural fracture reactivation, and induced microseismicity associated with either hydrau-
lic fracturing operation itself or the interaction between hydraulically induced fractures and 
natural fractures and discontinuities. There are different numerical models to use for this pur-
pose according to the assumption/s of the studies. For example, there are different approaches 
depending on the 2D or 3D assumption, or considering media under study as continuous or 
discontinuous media. It is obvious that if the interaction between a natural fracture and an 
induced one is the subject of the study, the DFN (discrete fracture network) must be consid-
ered. In term of shale gas reservoir modeling, there are plenty of “unknown unknowns,” and 
there is a certain number of “known unknowns.” The “known facts” are the best place to start 
with to come up with general ideas accepted by professionals and experts. One of the known 
facts is that shale is naturally fractured and another one is that the induced hydraulic fractures 
will open and activate these existing natural fractures.

In some recent publications and presentations, the concept of Stimulated Reservoir Volume 
(SRV) has been connected to microseismic. It is proposed that by gathering and interpreting 
microseismic data and detecting microseismic events in a shale well subjected to multistage 
hydraulic fracturing, the size of the stimulated reservoir volume can be estimated. Shreds of 
evidence that dispute them equally counter the amount of evidence supporting such claims 
[52]. Furthermore, it has been proven that misinterpreting the size of the Stimulated Reservoir 
Volume can result in substantial inconsistencies in predicting the potential of a well [52].

As another application of induced seismicity monitoring in the oil and gas industry, wellbore 
integrity in shale gas development can be considered as an outcome of using that technology 
as it has been long used for Cyclic Steam Stimulation (CCS) projects to observe, detect, and 
locate casing failure or slip due to steam injection in thermal oil recovery operations [53–55].

4. Discussion

Shale gas exploitation is no longer an inefficient operation with the availability of improved 
technology, as the demand and preference for this clean form of hydrocarbon have made 
Shale Gas an energy in order. The production and development of shale gas from one res-
ervoir to another around the world are swiftly increasing. Real-time monitoring of micro-
seismic events allows optimizing the hydraulic stimulation process by modifying the fracture 
stage design while pumping into the formation. Recording micro-seismic events to monitor 
rock fracturing in 3D space and time during the stimulation process allows one to confirm the 
rock volume and formation geometry being stimulated. As a result, future well placement 
and completion designs can be optimized for cost-effective drainage of unconventional res-
ervoirs. The technological advances that led to the initial exploitation of shale gas reservoirs, 
namely horizontal drilling and multi-stage fracture stimulations, were not entirely new to the 
industry. This supports the concept that advanced technologies must be aligned with in-depth 
knowledge and understanding of the potential and possible challenge/s for best  outcomes. 

Shale Gas - New Aspects and Technologies14

The increased application of micro-seismic monitoring in the field of shale gas exploitation 
seems like an obvious technology to complement fracture stimulation treatments.

Microseismic monitoring of fracture stimulations has seen huge growth in the past decade, in 
line with the increase in shale gas development activity. Although the technology is not new, 
monitoring of microseismic events has been used in mine safety monitoring for years. It is 
still a relatively new technique in the oil and gas industry, and in some ways, not an entirely 
developed technology. Although it is a comparatively simple method to detect microseismic 
events, to locate them correctly in the subsurface is not an easy task. The aim of many cur-
rent advanced seismic developments is to use the clustering of microseismic events and their 
character/attributes to evaluate the volume of stimulated rock and compare it to the volume 
of pumped fracturing fluids.

An extensive review of new technologies developed to monitor induced microseismicity has 
been carried out. The application of these technologies and their impact on shale gas develop-
ment have been reviewed in this article.
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Abstract

Sumatra Basin is the largest hydrocarbon producer in Indonesia, which was produced from 
North Sumatra, Central Sumatra and South Sumatra Basins. Looking at the large accumu-
lation of hydrocarbons that have been produced from Sumatra Basin, it opens the possibil-
ity of hydrocarbon potential, which is trapped in shale source rock. The integrated study, 
which includes geochemical, geomechanical, petrophysical and geophysical analysis,  
was performed to assess shale reservoir in Sumatra Basin. The geochemical assessment of 
the Baong formation of North Sumatra Basin show that the total organic content (TOC) 
ranges from 2 to 3.5 wt.% and is categorized into fair to very good. The geophysical and 
geomechanical assessment shows the shale layer is indicated by an acoustic impedance, 
which is higher than 2490 ft/s*g/cc, with rock strength of 3000 Psi and the brittleness 
index of 0.48. In Central Sumatra Basin, we assessed Brownshale of Pematang forma-
tion. The geochemical analysis shows that the Brownshale has TOC ranges from 0.15 to 
2.71 wt.%, which can be categorized into poor to very good. In South Sumatra Basin, we 
focused on Talang Akar formation (TAF). The geochemical result shows that the TOC 
ranged from 0.35 to 3.66 wt.% and is categorized into poor to very good.

Keywords: hydrocarbon shale, integrated geochemical, geomechanical, petrophysical 
and geophysical, Sumatra basin

1. Introduction

Sumatera is the most productive island for oil and gas production coming from three major 
basins, that is, North, Central and South Sumatra Basin. However, today’s production of oil 
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1. Introduction

Sumatera is the most productive island for oil and gas production coming from three major 
basins, that is, North, Central and South Sumatra Basin. However, today’s production of oil 
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and gas has been depleted because many fields have been reaching the maximum of recov-
ery factor. Exploration activities are intensified to increase the potential of new oil and gas. 
The potential of oil and gas originating from the unconventional reservoir is potentially 
observed. The geological agency report showed the total potential of shale gas reserves in 
Sumatra Island reached 233 trillion cubic feet (TCF) [1]. This enormous resource has yet to 
be developed.

Understanding the characteristics of the shale hydrocarbons is very important, particularly 
the characteristic that is related to in situ parameters of the shale hydrocarbons. The organic 
richness of shale layer is represented by total organic carbon (TOC). The potential shale gas is 
commonly presented by TOC > 2 wt% [1], while for shale oil is indicated by TOC > 1 wt% [2]. 
The shale maturity is represented by vitrinite reflectance (Ro), which commonly ranges from 
1.1 to 1.4% for shale gas [1] and from 0.6 to 1.1% for shale oil [2].

The productivity of shale hydrocarbon is influenced by shale layer thickness, which is related 
to the technical strategy in producing hydrocarbon. The shale layer thickness of shale gas 
should be higher than 30 meters [1], while shale oil’s must be higher than 15 meters [3]. The 
last parameter that should be considered is the depth of shale reservoir, which is related to 
overpressure conditions. The potential depth is in the depth range of 1000–5000 m [1]. In addi-
tion, Table 1 shows a comparison of the prospect criteria for shale oil and shale gas for US 
cases, and shale gas for Indonesian cases [1].

Until now, shale hydrocarbon reservoir has never been developed in Indonesia. To reduce the 
risk of failure in the exploration, various studies are required to minimize the level of uncertainty. 

Criteria Data range shale oil US Data range shale gas US Data range shale gas

TOC >1% [2] 2–5% [6] and 3–10% 
(Marcellus shale)

> 2 wt% [1]

Thermal 
maturity (Ro)

0.6–1.1% for oil window, but sometimes 
can reach 1.4% [2]

> 1.4 for dry gas and 1.1–1.4 
for wet gas [5], Tmax >450

> 1.1–1.4%, 1–1.3% for wet 
gas and > 1.3% for dry gas

Kerogen type The ideal condition is type I, II or IIs. [2]

HI > 250, 250–800 mg/g

Type II or III Type II

Shale thickness > 15 m [3], > 50 m [2] Minimum 15–20 m [6], 32 m 
[7], 20–100 m (Haynesville 
Shale)

> 30 m

Depth > 1500 m [3], > 1000 m [8] 200 m (antrim shale), 1300 m 
(marcellus shale)

1000–5000 m

Mineralogy 
(clay content)

Clay (low) < 35%

Silica (significant) > 30%

Less carbonate [2]

Clay <40% Clay <10%

Table 1. Comparison of the prospect criteria for shale oil and shale gas for US cases [5] and shale gas for Indonesian 
cases [1].
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In this chapter, we describe the mathematical application, geological and geophysical methods 
for studying shale hydrocarbons in the North, Central and South Sumatra basin. The study area 
is shown in Figure 1. We applied the advanced data processing technique that includes multi-
linear regression, linear least square, seismic inversion and geostatistical modeling.

2. Geochemical assessment

The hydrocarbon that was generated in the shale reservoir started with the oil formation that 
had undergone various stages of chemical reaction caused by temperature and pressure on 
organic material of the shale. The organic material in the first stage underwent digenesis and 
made up a kerogen (temperature < 1000°C). In the next stage kerogen changes to become a bitu-
men, and finally they form hydrocarbons through mutagenesis (oil at temperatures 1000–1500°C 
and gas at temperatures 1500–2300°C). The organic material that becomes hydrocarbon is only 
a few percent and the remaining is still in the form of kerogen. This condition that makes the 
geochemical assessment is important [4].

Geochemical assessment is the critical step for shale hydrocarbon exploration. The main pur-
pose of the geochemical assessment is to assess the quantity, quality and maturity of the 
shale reservoir. Hydrocarbon content of shale reservoir is a complex function of TOC, Ro, 
porosity, pressure and temperature. There are several parameters that must be acquired for 
geochemical assessment. The most accurate parameter is the parameter that is obtained from 

Figure 1. Sumatera Island that includes three main basins (north, central and South Sumatra basin).
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Figure 2. Geochemical assessment of shale hydrocarbon of Baong shale formation in North Sumatra basin, where 
(a) TOC, (b) Tmax as a function of depth and (c) the relationship between Tmax and HI [11].

laboratory measurements, by using such methods as Leco, Rock-Eval Pyrolysis, to quantify 
TOC, kerogen type and maturity level. TOC is the amount of organic carbon expressed as 
weight percent of the dry rock [9]. There is a minimum TOC value to classify that shale 
reservoir is potential to becoming a source rock [10]. The next parameter is kerogen type, 
which is determined by using a cross plot between hydrogen index and oxygen index (Van 
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Krevelen diagram) and comparison between the hydrogen index and Tmax. The maturity 
level of organic matters is determined by vitrinite reflectance (Ro) and Tmax. Hydrocarbons 
can be produced from organic-rich shale with TOC > 1 wt%, Ro from 0.6–1.1% and HI of 
>200 mg H/g [10].

The study area of North Sumatra Basin is located in Telaga Said and Pantai Pakam area. The 
conventional reservoir comes from the sand of Ketapang formation, limestone of Belumai 
formation and source rock of Baong shale formation. In shale hydrocarbon exploration, Baong 
shale formation plays as a source rock and reservoir as well. The geochemical assessment of 
Baong shale formation was taken from three well log data (i.e., NSB-1, NSB-2 and NSB-3). The 
TOC measurement of a core sample from three well log data, which is shown in Figure 2a,  
ranges from 0.5 to 4 wt %. These TOC values are classified as fair to very good. In addi-
tion, Tmax ranges from 350–500°C as shown in Figure 2b. Referring to Tmax, the Baong 
shale formation is classified in the category from immature to early mature. Figure 2c 
shows the Krevelen diagram of a core sample of three well log data that indicated the 
kerogen type of Baong shale formation. The diagram shows that Baong shale formation 
is categorized into the type II with the maturity level in oil window so that has potential 
to produce oil.

Geochemical assessment of the Central Sumatra basin was carried out based on our previ-
ous studies. A core sample of Pematang Brown shale formation was taken from CSB-1 well. 
Geochemical assessment on CSB-1 well is shown in Table 2 [12]. TOC ranges from 0.04 to 
4.74 wt%, which is categorized as poor to excellent. This category corresponds to the result 
of S1 + S2 analysis that shows the potential value from low to moderate. In addition, kerogen 
type of Pematang Brown Shale is classified as kerogen type III, which has potential to produce 
gas. In terms of maturity level, we found that Ro ranges from 0.5 to 0.8% with Tmax from 435 
to 445°C, which shows maturity level early mature to mature.

Further geochemical assessment based on a core sample from the next two wells (i.e., CSB-2 and 
CSB-3 well) shows that Pematang Brown Shale formation of Central Sumatra is classified into 
early mature phase with Tmax 435°C and Ro 0.55% at depth of 6400 ft as shown in Figure 3a.  
In terms of organic richness, this formation is indicated by organic richness varying from 

Depth (ft) Organic richness (wt%) HC potential (S1 + S2) mgHC/g rock) Hydrogen index (HI)

6000–6190 Fair (0.98–1.03) Low (1.91) Low (159)

6200–6850 Poor (0.26–0.44) Low (0.07–1.00) Low (22–186)

7350–8350 Very good (2.01–4.74) Moderate (2.78–7.65) Low (189)

8400–8910 Fair (0.74–1.70) Moderate (2.01) Low (136–199)

8940–9190 Good (2.09–2.66) Moderate (2.61–4.35) Low (136–199)

9240–9710 Fair (0.54–1.57) High (4.04–8.11) Moderate (206–350)

Table 2. The geochemical properties of shale rock of CSB-1 well in Pematang Brown shale formation.
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0.49 to 1 wt% that is categorized as fair quality. The classification of kerogen type, Pematang 
Brown Shale formation, is classified into kerogen type III, which is shown in Figure 3b and c. 
This means that Pematang Brown Shale formation has the capability to produce gas.

Geochemical assessment of shale hydrocarbon in the South Sumatra basin was focused on 
Talang Akar formation, which was derived from SSB well. Figure 4 shows the geochemi-
cal assessment of shale hydrocarbon of Talang Akar formation in South Sumatra basin. 
The shale hydrocarbon reveals that organic richness varies from 0.35 to 3.66 wt% that is 
categorized as poor to very good. In addition, the hydrogen index ranges from 107 to 278, 
which shows the potential to produce oil and gas. This potential is confirmed by maturity 
level, which ranges from 0.54 to 1.3%. This maturity level is classified as the early mature 
phase.

Figure 3. Geochemical assessment of Pematang formation of Central Sumatra basin based on CSB-2 and CSB-3 well. 
Maturity level is indicated by (a) Tmax (left) and (b) Ro as a function of depth (right). Kerogen type is indicated by (a) 
van Krevelen diagram and (b) the relationship between HI and Tmax [13].
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3. Geomechanical assessment

To achieve a great success in shale hydrocarbons exploration, the integrated assessment by 
implementing the geomechanical assessment should be applied to complement the previous 
geochemical assessment [15]. The natural character of the shale layer is indicated by very low 
permeability; therefore, we need hydraulic fracturing to increase shale permeability [16]. The 
key success in hydraulic fracturing is related to the geomechanical understanding of the shale 
layer such as the brittleness index and the rock strength.

There are some criteria of the mechanical properties for shale reservoir to be able to be fractured; 
the shale reservoir must have a low rock’s strength and Poisson ratio and high Young’s modu-
lus [17]. The mechanical properties of shale reservoir are also influenced by the mineral com-
position contained in shale reservoir. Rock strength is dependent on porosity, quartz-dolomite 
and kerogen fraction. This means the rock strength decreases when shale porosity increases 
[17] and the quartz-dolomite and kerogen fraction of shale increases as well [18]. The increasing 
kerogen fraction in the shale will increase horizontal shear stress and in contrast will decrease 
the shear wave velocity. As a consequence the Poisson ratio of the shale decreases with decreas-
ing shear wave velocity. In addition, the increasing quartz-dolomite fraction will decrease the 
vertical shear strain and as a consequence the Young’s modulus of the shale increases.

The change of diagenetic to silica-rich shale is caused by the transformation from smectite 
to illite. This change may increase brittleness [7]. The presence of smectite makes the density 
of the shale decrease and the shear wave velocity of the shale will increase; thus, the shale 
kerogen fraction decreases. In particular, brittleness increases with decreasing TOC. However, 
brittleness may decrease as pressure and temperature increase.

Figure 4. Geochemical assessment of shale hydrocarbon of Talang Akar formation in South Sumatra basin, which was 
derived from SSB well [14].
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According to Wang and Gale [7] brittleness index is a function of mineral composition and 
diagenesis. The modified equation of Jarvie et al. is shown in Eq. 1 [17].

  BI =   Q + Dol  _________________   (Q + Dol + Lm + Cl + TOC)     (1)

where BI presents the brittleness index, Q states the percentage of quartz mineral, Dol corresponds 
to the percentage of dolomite, Cl presents the total clay, and Lm presents limestone mineral. The 
increasing dolomite may increase brittleness since dolomite is more brittle than limestone. As a 
consequence, increasing TOC may increase ductility [8]. In addition, the brittleness is a function of 
diagenesis caused by changes in temperature and fluid composition associated with the tectonic 
system and burial history. This means that the most prospect reservoir for shale hydrocarbon is 
brittle reservoir, which is indicated by high Young’s modulus and low Poisson ratio [19]. Further, 
the brittleness index might be determined by normalizing Young’s modulus and Poisson ratio 
[19]. The relationship of Young’s modulus and Poisson ratio is presented in Eqs. ( 2 )–( 4 ).

   YM  Britteness   =  [  
YM −  YM  min   ___________  YM  max   −  YM  min  

  ] x100  (2)

   PR  Britteness   =  [  
PR −  PR  max   __________  PR  min   −  PR  max  

  ] x100  (3)

   BI  Average   =   
 YM  Britteness   +  PR  Britteness    _______________ 2    (4)

where YM represents Young’s modulus, YMmin is the minimum Young’s modulus for a cer-
tain interval and YMmax is the maximum Young’s Modulus. While PR represents Poisson 
ratio, PRmin is the minimum Poisson ratio and PRmax is the maximum Poisson ratio.

In this study, the geomechanical assessment is only carried out in the North Sumatra and 
Central Sumatra basin due to the limitation of mineralogy data. In term of mineralogy analy-
sis, the brittleness index (BI) was calculated by using Jarvie et al. equation, which was modi-
fied by Wang and Gale as shown in Eq. 1 [2, 7]. The equation was modified by incorporating 
dolomite content that caused the increase of BI.

The presence of mineral fraction in BI calculation is significant. On the other hand, Eq. 1 does not 
consider plagioclase mineral. However, the result of mineralogy identification shows that the 
presence of plagioclase mineral is quite significant, which is indicated by the fraction of 2–6%. 
Thereby, we incorporate the plagioclase mineral into Eq. 1 in calculating BI. The calculated BI 
using Jarvie and Wang shows a good agreement of BI, which is shown in a similar trend.

Figure 5 illustrates that BI is strongly connected to rock strength, in which the rock strength 
decreases with increasing brittleness index for the Baong formation of North Sumatra basin. 
In this case, the Baong formation of North Sumatra basin is identified by TOC ranging from 2 
to 3.5 wt%. In terms of geomechanical, this formation is indicated by brittleness index of 0.48 
and rock strength of 3000 Psi. Theoretically the potential shale reservoir is indicated by high 
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TOC, high BI and low rock strength; therefore, the Baong formation of North Sumatra basin 
can be classified into fair or moderate quality that has potential to be developed.

In addition, the geomechanical assessment was carried out in the Pematang Brown Shale 
formation of Central Sumatra basin that is based on the mineralogy content. Table 3 pres-
ents X-Ray Diffraction (XRD) analysis of the sample data of CSB-2 well. The result of X-Ray 
Diffraction (XRD) analysis is then used to determine the BI. Our calculation shows that the 
Pematang Brown Shale formation is indicated by high BI, which is greater than 0.48. This cal-
culated BI has a good agreement with the calculated BI in North Sumatra basin.

4. Predicting total organic content using multilinear regression

The previous TOC calculation is only related to the core sample for certain depth. To derive the 
TOC data that cover the whole depth of well log data, we performed TOC prediction by using 
multilinear regression approach. This TOC prediction was applied to all available well log data 
(i.e., NSB-1, CSB-1 to CSB-5, and SSB-1 well) from North, Central and South Sumatra basin.

Our approach by using multilinear regression for Baong shale formation of North Sumatra 
Basin shows the relationship between TOC and available log data as presented in Eq. 5 [11].

 TOC = 1.8994 – 0 . GR + 1.0176 × Density + 20.893 × Neutron  
− 0.0488 × Sonic + 0.321 × Resistivity  (5)

Eq. 5 is then used to predict the TOC log of NSB-1 well. The same approach is continuously 
applied from the CSB-1 to CSB-5 well for Pematang Brown Shale formation. The relationship  

Figure 5. Geomechanical assessment of Baong shale formation of North Sumatra Basin, which was derived from NSB 
well. The left panel is gamma ray log, the mid-panel is BI and the right panel is rock strength [11].
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According to Wang and Gale [7] brittleness index is a function of mineral composition and 
diagenesis. The modified equation of Jarvie et al. is shown in Eq. 1 [17].

  BI =   Q + Dol  _________________   (Q + Dol + Lm + Cl + TOC)     (1)
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YM −  YM  min   ___________  YM  max   −  YM  min  

  ] x100  (2)

   PR  Britteness   =  [  
PR −  PR  max   __________  PR  min   −  PR  max  

  ] x100  (3)

   BI  Average   =   
 YM  Britteness   +  PR  Britteness    _______________ 2    (4)

where YM represents Young’s modulus, YMmin is the minimum Young’s modulus for a cer-
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TOC, high BI and low rock strength; therefore, the Baong formation of North Sumatra basin 
can be classified into fair or moderate quality that has potential to be developed.

In addition, the geomechanical assessment was carried out in the Pematang Brown Shale 
formation of Central Sumatra basin that is based on the mineralogy content. Table 3 pres-
ents X-Ray Diffraction (XRD) analysis of the sample data of CSB-2 well. The result of X-Ray 
Diffraction (XRD) analysis is then used to determine the BI. Our calculation shows that the 
Pematang Brown Shale formation is indicated by high BI, which is greater than 0.48. This cal-
culated BI has a good agreement with the calculated BI in North Sumatra basin.
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TOC data that cover the whole depth of well log data, we performed TOC prediction by using 
multilinear regression approach. This TOC prediction was applied to all available well log data 
(i.e., NSB-1, CSB-1 to CSB-5, and SSB-1 well) from North, Central and South Sumatra basin.

Our approach by using multilinear regression for Baong shale formation of North Sumatra 
Basin shows the relationship between TOC and available log data as presented in Eq. 5 [11].

 TOC = 1.8994 – 0 . GR + 1.0176 × Density + 20.893 × Neutron  
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Figure 5. Geomechanical assessment of Baong shale formation of North Sumatra Basin, which was derived from NSB 
well. The left panel is gamma ray log, the mid-panel is BI and the right panel is rock strength [11].

Unconventional Resources of Shale Hydrocarbon in Sumatra Basin, Indonesia
http://dx.doi.org/10.5772/intechopen.75600

29



N
o

Li
th

o
C

la
y 

m
in

er
al

s 
(%

)
C

ar
bo

na
te

 m
in

er
al

s 
(%

)
O

th
er

 m
in

er
al

s 
(%

)
T

ot
al

 (%
)

Sm
ec

ti
te

Il
it

e
K

ao
li

ni
te

C
hl

or
it

e
C

al
ci

te
D

ol
om

it
e

Si
de

ri
te

Q
ua
rtz

K
-F

el
ds

pa
r

Pl
ag

io
cl

as
e

Py
ri

te
C

la
y

C
ar

bo
na

te
O

th
er

1
Sa

nd
—

3
10

—
—

—
—

87
—

—
—

13
_

87

2
Sh

al
e

—
30

45
—

—
—

—
25

—
—

—
75

_
25

3
Sa

nd
—

3
24

—
—

—
1

72
—

—
—

27
1

72

4
Sa

nd
—

7
14

5
—

—
—

74
—

—
—

26
—

74

5
Sa

nd
—

4
7

—
—

—
—

89
—

—
—

11
—

89

6
Sa

nd
—

2
3

—
—

—
—

95
—

—
—

5
—

95

Ta
bl

e 
3.

 T
he

 X
-r

ay
 d

iff
ra

ct
io

n 
an

al
ys

is
 fo

r C
SB

-2
 w

el
l.

Shale Gas - New Aspects and Technologies30

between organic richness and available log data for Pematang Brown Shale formation of 
Central Sumatra basin is presented in Eq. 6 [13].

 TOC = − 14.8534 +  (− 0.0168 × GR)  +  (3.9498 × Density)  +  (4.7925 × Neutron)   
+  (0.0751 × Sonic)  +  (0.0651 × Resistivity)   (6)

Figure 6 shows the relationship between predicted and measured TOC from the lab. The 
result shows a good agreement among them.

The relationship between TOC and available log data for Talang Akar formation of South 
Sumatra basin is presented in Eq. 7 [14].

  TOC = − 1.74 + 0.00038 × GR + 1.023 × Density − 0.0058  2   ∗  Neutron + 0.00  62   ∗  Sonic  (7)

These relationships were successfully applied to all well log data (i.e., NSB-1, CSB-1 to CSB-5, 
and SSB-1 well) from North, Central and South Sumatra basin.

5. Sweet spot of shale hydrocarbon distribution

Understanding the prospect reservoir for shale hydrocarbon exploration is significantly con-
trolled by mapping the geochemical and geomechanical properties. The previous section has 
discussed geochemical and geomechanical analysis for one dimension of the well location, 
which does not cover the spatial distribution. Seismic data that have spatial coverages are 
then used to spatially distribute the geochemical and geomechanical properties [20, 21].

The relationship between seismic and geochemical and geomechanical properties may be 
approached with acoustic impedance properties [22]. Thereby, transforming the seismic 
into acoustic impedance (AI), which is produced by applying seismic inversion, is required 
[23]. This approach can be understood because AI has a strong correlation to the geochemi-
cal and geomechanical properties that are possible for mapping the TOC and rock strength  
distribution. Obviously, the sweet spot of shale hydrocarbon distribution could be identified 
based on the geochemical and geomechanical properties.

Figure 6. The relationship between predicted and measured TOC from the lab.
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between organic richness and available log data for Pematang Brown Shale formation of 
Central Sumatra basin is presented in Eq. 6 [13].

 TOC = − 14.8534 +  (− 0.0168 × GR)  +  (3.9498 × Density)  +  (4.7925 × Neutron)   
+  (0.0751 × Sonic)  +  (0.0651 × Resistivity)   (6)

Figure 6 shows the relationship between predicted and measured TOC from the lab. The 
result shows a good agreement among them.

The relationship between TOC and available log data for Talang Akar formation of South 
Sumatra basin is presented in Eq. 7 [14].

  TOC = − 1.74 + 0.00038 × GR + 1.023 × Density − 0.0058  2   ∗  Neutron + 0.00  62   ∗  Sonic  (7)

These relationships were successfully applied to all well log data (i.e., NSB-1, CSB-1 to CSB-5, 
and SSB-1 well) from North, Central and South Sumatra basin.

5. Sweet spot of shale hydrocarbon distribution

Understanding the prospect reservoir for shale hydrocarbon exploration is significantly con-
trolled by mapping the geochemical and geomechanical properties. The previous section has 
discussed geochemical and geomechanical analysis for one dimension of the well location, 
which does not cover the spatial distribution. Seismic data that have spatial coverages are 
then used to spatially distribute the geochemical and geomechanical properties [20, 21].

The relationship between seismic and geochemical and geomechanical properties may be 
approached with acoustic impedance properties [22]. Thereby, transforming the seismic 
into acoustic impedance (AI), which is produced by applying seismic inversion, is required 
[23]. This approach can be understood because AI has a strong correlation to the geochemi-
cal and geomechanical properties that are possible for mapping the TOC and rock strength  
distribution. Obviously, the sweet spot of shale hydrocarbon distribution could be identified 
based on the geochemical and geomechanical properties.

Figure 6. The relationship between predicted and measured TOC from the lab.
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Figure 7. The spatial distribution in term of section and map, where (a) acoustic impedance, (b) organic richness, (c) rock 
strength, and (d) the organic richness of Baong shale formation of North Sumatra basin. The dashed line is the sweet spot 
of shale hydrocarbon distribution [11].

Shale Gas - New Aspects and Technologies32

6. Sweet spot of Baong Shale formation of North Sumatra Basin

Figure 7 shows the spatial distribution in terms of the seismic section, where AI section was 
transformed into a section of TOC and rock strength section and TOC map of Baong Shale 
formation of North Sumatra basin. The zone, which is surrounded by dashed-line, is the 
sweet spot of potential shale hydrocarbon [11]. Figure 7a is acoustic impedance section, which 
was derived from seismic data. Figure 7b and c illustrate the TOC and rock strength section, 
respectively, which were derived from acoustic impedance section.

Baong Shale formation is located in the lower part of the section as shown by the white ellipse. 
The prospect layers were indicated by the low AI (blue), high TOC (green) and low rock strength 
(light blue). To see the spatial distribution of the sweet spot for the shale hydrocarbon develop-
ment, we extracted TOC and rock strength along the top Baong shale horizon to map TOC and 
rock strength. The sweet spot of shale hydrocarbon distribution may be easily mapped by observ-
ing Figure 7d, which overlaid the rock strength (contour) and TOC map (color legend). The sweet 
spot of shale hydrocarbon distribution was identified in the southeastern part of the map.

7. Pematang Brown Shale, Central Sumatra Basin

The same procedure was performed to Pematang Brown shale formation of Central Sumatra 
basin. Seismic inversion was conducted to derive the acoustic impedance section, which is 
shown in Figure 8a. The AI section was then transformed to the TOC as shown in Figure 8b 
and rock strength as shown in Figure 8c. Pematang Brown Shale formation is located on the 
bottom of the basin area indicated by the low AI (purple), high TOC (green to yellow) and low 
rock strength (green to yellow). The sweet spot of shale hydrocarbon is illustrated in Figure 8d, 
which is the integrated map between TOC (contour) and rock strength (color legend). The 
sweet spot is indicated by the white tight boundary with rock strength of 10,000 psi and TOC 
of 1 wt%. In terms of structural geology, the sweet spot area might be identified as a basin 
where the sediment was deposited [24]. The diagenesis transformed sediment turns into the 
mature phase by sedimentation in high temperature.

8. Talang Akar formation, South Sumatra Basin

The sweet spot identification on Talang Akar formation was performed by dividing the for-
mation into upper Talang Akar and Lower Talang Akar. A different approach was carried 
out due to the lack of geomechanical data, where only TOC map was produced. Figure 9 
shows the sweet spot distribution of shale hydrocarbon of Talang Akar formation of South 
Sumatra basin. Figure 9a and b illustrate the AI and TOC map for upper Talang Akar forma-
tion, respectively, while Figure 9c and d present the AI and TOC map for lower Talang Akar 
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mature phase by sedimentation in high temperature.
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The sweet spot identification on Talang Akar formation was performed by dividing the for-
mation into upper Talang Akar and Lower Talang Akar. A different approach was carried 
out due to the lack of geomechanical data, where only TOC map was produced. Figure 9 
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formation, respectively [14]. The sweet spot of shale hydrocarbon is illustrated by red dashed 
line, which is indicated by low acoustic impedance (less than 27,500 ft/s*gr/cc) and relatively 
high TOC (greater than 2%). This sweet spot of shale hydrocarbon is classified as good quality.

Figure 8. The spatial distribution in term of section and map (a) acoustic impedance, (b) organic richness, (c) rock 
strength and (d) rock strength map that is overlaid with TOC contour for identifying sweet spot potential of shale 
hydrocarbon of Pematang Brown shale Central Sumatra Basin [13].
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9. Reservoir modeling approach for shale hydrocarbon

Reservoir modeling approach was carried to assess shale hydrocarbon in terms of the three-
dimensional framework. This three-dimensional framework was performed based on sequen-
tial Gaussian simulation of geostatistical approach, which was focused on Pematang Brown 
Shale formation of Central Sumatra basin. The three-dimensional framework was then filled 
up by TOC and Brittleness Index.

Figure 10 shows the modeled shale hydrocarbon reservoir, which is represented by 
 brittleness index and TOC. The illustrated model in the two-dimensional map is shown 
in Figure 10a for brittleness index and Figure 10b for TOC. We identify that sweet spot 
distribution is associated with the brittle area, which is indicated in red. The brittle area 
means that reservoir might be easily fractured for exploration purposes. In terms of brit-
tleness index, the sweet spot is dominantly distributed in the southern part of the field, 
which is confirmed by TOC map.

Figure 9. Sweet spot distribution of shale hydrocarbon, which is indicated by red dashed line, for upper Talang Akar 
formation in AI map (a) TOC map, (b) the lower Talang Akar formation is illustrated in AI map (c) TOC map, (d) sweet 
spot zone indicated with relatively low AI and high TOC [14].
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10. Conclusions

In terms of geochemical and geomechanical methods, the shale of Baong formation of 
North Sumatra basin is supposed to be developed for shale hydrocarbon. This conclusion is 
confirmed by potential level from TOC was classified from fair to very good, with kerogen 
type was classified into type II that associated with gas prone. The sweet spot identification 
was successfully performed by combining geochemical and geomechanical assessment, 
where the sweet spot was focused in the southeastern part of the field. The geochemical 
assessment shows that shale reservoir is indicated by TOC ranging from 2 up to 3.5 wt% 
and brittleness index of 0.48, while geomechanical assessment shows the rock strength is 
less than 3000 Psi.

Pematang Brown Shale Formation of Central Sumatra basin is identified as fair to excellent 
based on prospect level. This formation is categorized into a mature phase that has potential 
to produce oil. This conclusion is confirmed by mud log data at CSB-2 well that shows oil 
indicator at the depth of 8500 ft. The sweet spot is identified based on the intersection between 
geochemical and geomechanical assessment, where shale hydrocarbon distribution was indi-
cated by TOC ranging from fair to good and deposited in the thickness of up to 50 ft. In terms 
of geomechanical assessment, the brittleness index is identified as greater than 0.48 and rock 
strength is less than 10,000 Psi.

Figure 10. The modeled shale hydrocarbon reservoir, which is represented by brittleness index (a) and TOC (b), which 
is approached by geostatistical modeling [12, 25].
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The geochemical and geomechanical assessment of Talang Akar formation of South Sumatra 
Basin illustrates that two interest zones in the depth interval of 2030–2182 m, called as Upper 
Talang Akar formation, and 2204–2396 m, called as Lower Talang Akar formation, are con-
sidered as a potential zone for shale hydrocarbon exploration. These two prospect zones are 
classified as good to excellent quality in terms of organic richness criteria and fulfill sufficient 
maturity levels.
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10. Conclusions
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classified as good to excellent quality in terms of organic richness criteria and fulfill sufficient 
maturity levels.
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The Silurian hot shale is encountered in the Akkas field, which is regarded as one of the 
largest gas fields in Iraq. It contains 5.68 tscf of initial gas in place of which 4.55 tscf is 
estimated to be recoverable. There is also the potential of condensate and other prospects 
in deeper formations. The well test confirmed the presence of natural gas with a flow rate 
of 6–8 MMscfd. Silurian shale contains two organic-rich black hot shale beds that are fis-
sile with high-gamma uranium radiation. Silurian hot shales are geologically important 
from different sides. Stratigraphically, Silurian graptolites are used to delineate the time 
transgressive depositional advance of marine clastics across the Arabian Peninsula after 
the melting of Ordovician glaciers. For assessment of the hydrocarbon generation in the 
Paleozoic of Iraq, the hot shales of the Akkas Formation are low-sulfur, high-gravity oil, 
condensate, and gas and are considered as an important gas-rich formation in the region. 
From petrological and mineralogical view, the presence of distinctive minerals and some 
elements are important to interpret the depositional and climatic situation at Silurian 
time. This chapter also sets out assumptions about Akkas gas field development.
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1. Introduction

The lower Silurian shales especially the characteristics “hot shale” are a major source rock on the 
Arabian Peninsula [1–3]. They are regarded as the source of the non-associated gas in the North 
Field of Qatar and of the oil in central Saudi Arabia and western Iraq [4, 5]. They are also the ori-
gin of 80–90% of Paleozoic-sourced hydrocarbons in North Africa [1]. This prolific basal Silurian 
source level not only occurs over wide areas of Arabia and North Africa, but source rocks are also 
present at a similar level in the interior basins of the US, the Amazon and on the Russian platform 
[6, 7]. Silurian organic-rich shales account for the generation of 9% of the world’s petroleum [6, 1].

The Silurian Akkas Formation does not crop out in Iraq and it has been penetrated in several 
boreholes in the western desert of Iraq (Figure 1). The Akkas Formation overlies the Ordovician 

Figure 1. Map of Iraq showing the locations of wells that penetrate the Paleozoic rocks of Iraq including the wells of the 
current study, Akkas 1-3 (SA 1-3), Khleisia and key hole KH5/1 (source Abd Alwahab 2013, [8]).

Shale Gas - New Aspects and Technologies42

Khabour Formation and underlies the Devonian Pirispiki Red Beds Formation in surface out-
crops in extreme northern Iraq or Kaista Formation in other locations [5]. It consists of black 
fissile shale with sandstone and siltstone intercalations. It is divided into lower Hoseiba and 
upper Qaim members. The Hoseiba Member consists of black, gray to dark gray shale, fissile, 

Figure 2. Location of the Akkas field and pipelines connection (source AlShalchi 2008 [9]).
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micaceous, non-calcareous, pyritic and silty, with graptolite and brachiopods. It contains two 
organic-rich black hot shale beds that are fissile with high-gamma uranium radiation. These 
hot shales also existed in the early Silurian after the melting of the Gondwana polar glaciers.

The study area is located in the Akkas field of western Iraq (Figure 2). It is 52 km from the T1 
pump station and 285 km from the K3 pump station. The distance between this field and Baji 
town, where the entire Iraqi gas grid passes, is around 300 km. The nearest industrial complex 
to the field is the Al-Qaim. Industrial Complex that consists of a fertilizer plant and cement 
plant is less than 40 km away. The first exploration well in Akkas region took place in August 
1992. The drilling program target was to reach a depth of 5000 m, but this did not succeed due 
to technical difficulties. The drilling reached a depth of 4238 m, and the well test confirmed 
the presence of natural gas with a flow rate of 6–8 MMscfd.

Akkas is one of the largest gas fields in Iraq. It contains 5.68 tscf of initial gas in place, of 
which 4.55 tscf is estimated to be recoverable. There is also the potential of condensate and 
other prospects in deeper formations. In 2001, the development of Akkas-Saladin gas field 
was referred to the Syrian Petroleum Co. The commitment was to drill five horizontal wells 
and redrill the Akkas-1 (SA-1) discovery well horizontally. An average well test for another 
five wells demonstrates more than 9 MMscfd on the largest choke.

The present chapter aims to illustrate the importance of the gas-rich shale from Akkas field 
of western Iraq in terms of geological and hydrocarbon potential clues and with the available 
limited information to calculate the probable reserves and design the plan of development 
for the field.

2. Geological setting

The Akkas Field is a part of the Widyan basin and Interior Platform Province of western Iraq 
and northern Saudi Arabia [10]. The gas fields of the Widyan basin-interior platform in west-
ern Iraq are mainly Lower Paleozoic petroleum systems such as gas in the Ordovician Khabour 
and lower Silurian Akkas formations. Their main source could be the Khabour Formation and 
the oil shale of the Akkas Formation. Structural framework of folding and faulting as well as 
stratigraphic facies changes could form the main traps in these regions. The lower Paleozoic 
Qusaiba/Akkas petroleum system of Saudi Arabia and western Iraq which consists of one 
assessment unit “the horst/graben-related oil and gas assessment unit” is characterized by 
high-gravity, low-sulfur crude oil, as well as natural gas, occurs in horst/graben-related traps 
that formed prior to, during, and after Hercynian (Carboniferous) deformation [10].

Silurian rocks are not exposed in Iraq. They are absent from outcrops in northern Iraq due to 
erosion at the late Devonian unconformity (Van Bellen et al. [11]). However, they have been 
penetrated in several boreholes in the Western Desert of Iraq. The Silurian (Llandovery and 
Wenlock) succession consists of shales with a basal hot shale unit encountered in the wells 
Akkas-1 and Khleisia-1 (Figure 1). The thickness of the basal hot shale is 19 m and occurs about 
60 m above the top of the basal Silurian hot shale unit. The basal Silurian hot shale is believed 
to be the main Paleozoic source rock in the western and southwestern deserts of Iraq and to be 
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the source rock of the light oil and sweet gas discovered in the Akkas field. In Akkas-1, the total 
organic carbon (TOC) ranges between 0.96% and 16.62%, and in Khlesia-1 it ranges from 1.0% 
and 9.94%, with a hydrocarbon potential of about 49 kg HC/tonne [12].

The maturation distribution is complicated by an intense Hercynian-age horst-graben relief; 
therefore, Silurian hot shales could be over-mature in deeper areas of the region while they 
are immature in shallower areas [12].

The Paleozoic hydrocarbons of the Western Desert of Iraq are almost free of H2S and com-
posed of up to 85% methane and ethane. Silurian shale was deposited under dysoxic to anoxic 
conditions in an intra-shelf basin located north of the Central Arabian Arch.

3. Methodology

Graptolite chitinozoan identification is conducted on a dark gray, indurated graptolitic shale 
from Silurian shale from a depth between 2213 m and 2221 m, from the Akkas-1 well, drilled 
in 1993 by the Iraqi Oil Exploration Company in the western desert of Iraq (Figures 3, 4A). 
The graptolites were measured with an eyepiece graticule. For chitinozoan extraction, the 
standard HCl-HF-HCl processing method was employed, which was done at School of Earth 
and Environmental Sciences, University of Portsmouth, UK.

Samples were prepared and analyzed for the type organic matters at laboratories of 
Wollongong University, Australia, according to the procedures of Falcon and Snyman [13]. 
Five black shale samples are chosen for this part of study. Selected types of organic matters 
are illustrated in (Figure 4B, C).

Figure 3. Chitinozoans from Silurian shale in Akkas-1 well, western Iraq; a–c: Sphaerochitina sphaerocephala (Eisenack 
[16]), d: Angochitina sp., scale bar (10 μm), after Loydell et al. [3].
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Figure 3. Chitinozoans from Silurian shale in Akkas-1 well, western Iraq; a–c: Sphaerochitina sphaerocephala (Eisenack 
[16]), d: Angochitina sp., scale bar (10 μm), after Loydell et al. [3].
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A representative portion of each sample was manually ground to a fine powder using a ceramic 
mortar and pestle. The powder was packed into a recessed plastic holder and preferred orienta-
tion was minimized. The samples were analyzed using a Philips X-ray diffractometer (PW3710) 
scanning from 4 to 60° 2θ. Ten samples from both hot and cold shales are selected and representa-
tive diffractograms are shown in (Figure 5). The generator was controlled using Philips PC-APD 
software. Peak identification was enabled using PDF/ICCD database and quantification using 
Rietveld analysis using commercial program Siroquant (Sietronics, Australia). Analysis was 
done at laboratories of the department of Earth Sciences, Royal Holloway University of London.

A scanning electron microscope (SEM) helps identification and description of the mineral 
phases. The SEM also reveals their morphology, textural relationship and growth habits. 
SEM analyses were carried out with magnifications between 100X and 12,000X with gold-
coated samples. The coater is a EDWARDS RV3, using a quartz crystal thickness monitor. 
Analysis was carried out at the scanning microscope unit of MTA Ankara, Turkey, using FEI 
QUANTA 400 scanning electron microscope from JKMRC Technical Company. Several clay 
and non-clay minerals were recognized in the studied Silurian shales from the same above-
mentioned ten samples analyzed for XRD analysis (see Figure 6). TOC (total organic carbon) 
values (wt%) were obtained using a Leco instrument by combustion in oxygen. Samples were 
analyzed by Geomark Research Ltd. (Houston, Texas, USA).

Figure 4. A: Graptolites in hand specimen of black fissile hot shale. B: Pyrite crystal in the hot shale. Both samples are 
from the Silurian Akkas formation, C: Tasmanite in Silurian hot shale, X50, D: Vitrinite (arrow) common with a lot of 
organic matter in Silurian shale, x50, Akkas formation, Akkas-1 well western Iraq.
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Figure 5. X-ray diffractograms for bulk hot shale sample in the well Akkas-1 (SA-1), illustrating the main clay and non-
clay components. Samples represent the cold shale (upper) and hot shale (lower).
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4. Significance of Silurian shale in Iraq

4.1. Stratigraphic importance

Graptolites are important index fossils for dating Paleozoic (Silurian) rocks and are used to delin-
eate the time transgressive depositional advance of marine clastics across the Arabian Peninsula 

Figure 6. Scanning Electron Microscopic Images (SEM) from the hot shale, A- kaolinite hexagonal plates some are degraded 
(black arrows), B- illitization of kaolinite, C- Authigenic quartz (Qz) and carbonates (C), D- fine illite fibers (I and arrow) 
and kaolinite booklets (K).  E- Cubes of pyrite (P), F- common kaolinite booklets mostly are degraded (K).
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after the melting of Ordovician glaciers. After the peak of the late Ordovician glaciations during 
the Hirnantian [14], ice melting led to a rapid eustatic sea-level rise and a far-reaching southward 
transgression which commenced during the latest Ordovician persculptus graptolite Zone. This 
must have been a very rapid transgression (or sediment-starved) because shallow-marine sand 
waves, strandlines and rippled sandstones, resulting from littoral reworking, were preserved 
during the transgression and were subsequently buried beneath graptolitic shales [15].

Graptolites from ‘hot’ shale from western Iraq demonstrate that it is of early Wenlock 
Monograptus riccartonensis Zone age, somewhat younger than the Llandovery age previ-
ously ascribed to it [2]. A post-Llandovery age also is indicated from chitinozoan study from 
western Iraq [3], (Figure 3).

During these short periods, a favorable combination of factors in parts of North Gondwana 
led to the deposition of exceptionally organic-rich shales. The Silurian post-Rhuddanian 
shales are, in general, organically lean and do not make a significant contribution to petro-
leum generation.

The restriction of the hot shales to the Rhuddanian Stage implies that palaeohighs, which dur-
ing the latest Ordovician-early Silurian transgression were flooded only during post-Rhud-
danian times, are likely to be devoid of the Silurian hot shales. The palaeorelief, therefore, 
controlled not only the timing of the onset of shale deposition but also the presence or absence 
and probably the thickness of the hot shales.

The environment of deposition was anoxic before, during and after deposition of the ‘hot’ 
shale, except for some very brief incursions of more oxygenated water that enabled the devel-
opment of a very limited burrowing benthos and graptolite preservation as three-dimensional 
pyrite internal molds [3].

4.2. Petrology and mineralogy

The Silurian shale of the Akkas Formation contains common graptolites Monograptus con-
volutes (Figure 4A). A lot of organic matter is also present in addition to abundant vitrinite 
and pyrite (Figure 4B). Large fragments of vitrinite and some grainy organic matter of marine 
algae (Tasmanites) are also observed (Figure 4C–D).

The mineralogical composition of the studied shale units in western desert of Iraq is studied 
using X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The main 
clay minerals observed are illite and kaolinite, while the non-clay minerals include quartz, 
feldspars (microcline), pyrite, apatite, anatase, carbonates (calcite and rare dolomite) and 
ankerite (Figure 5).

SEM analysis shows that kaolinite is commonly present as hexagonal plates mostly are 
degraded (Figure 6A, D, F). Illite grew from precursor kaolinite (illitization of kaolinite, see 
Figure 6B), this characteristically occurs during burial diagenesis. Illite also is commonly 
present as fibers and fine white flakes (Figure 6D). Quartz is the next most common non-clay 
mineral observed in the studied shales. Detrital quartz grains and few diagenetic quartz over-
growths were observed using the SEM (Figure 6C). SEM analysis shows that the carbonates 
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led to the deposition of exceptionally organic-rich shales. The Silurian post-Rhuddanian 
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leum generation.

The restriction of the hot shales to the Rhuddanian Stage implies that palaeohighs, which dur-
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danian times, are likely to be devoid of the Silurian hot shales. The palaeorelief, therefore, 
controlled not only the timing of the onset of shale deposition but also the presence or absence 
and probably the thickness of the hot shales.
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shale, except for some very brief incursions of more oxygenated water that enabled the devel-
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The Silurian shale of the Akkas Formation contains common graptolites Monograptus con-
volutes (Figure 4A). A lot of organic matter is also present in addition to abundant vitrinite 
and pyrite (Figure 4B). Large fragments of vitrinite and some grainy organic matter of marine 
algae (Tasmanites) are also observed (Figure 4C–D).

The mineralogical composition of the studied shale units in western desert of Iraq is studied 
using X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The main 
clay minerals observed are illite and kaolinite, while the non-clay minerals include quartz, 
feldspars (microcline), pyrite, apatite, anatase, carbonates (calcite and rare dolomite) and 
ankerite (Figure 5).

SEM analysis shows that kaolinite is commonly present as hexagonal plates mostly are 
degraded (Figure 6A, D, F). Illite grew from precursor kaolinite (illitization of kaolinite, see 
Figure 6B), this characteristically occurs during burial diagenesis. Illite also is commonly 
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Figure 7. Plot of rock-Eval Tmax versus HI (hydrogen index) for Silurian hot shales (the right two samples) from western 
Iraq [17].

Sample 
number

L. Depth 
(m)

Leco 
TOC 
(WT%)

S1 mg/g S2 mg/g S3 HI OI S1/S1 + S2 TMAX 
C

% Carbonate

Sh1 1750 0.58 0.22 0.21 0.25 36 43 0.51 385 3.7

Sh3 1895 0.33 0.15 0.51 0.24 155 73 0.23 431 6.2

Sh5 2030 0.63 0.23 0.31 0..28 49 44 0.43 401 7.2

Sh8 2222 9.59 6.27 24.91 0.48 260 5 0.20 438 16.7

Table 1. Organic geochemical results for the analyzed shale samples.
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are either filling fractures or randomly distributed in the sample (Figure 6C). Pyrite cubes are 
also common in the Silurian hot shales (Figure 6E).

4.3. Hydrocarbon source rock

Paleozoic shale is organic rich and the most likely source rock of the low-sulfur, high-gravity 
oil, condensate, and gas in the Paleozoic rocks of western Iraq. Lithologically, similar Silurian 
sequences were deposited over most of the broad stable shelf of Gondwana from the Middle 
East to the African Sahara.

In the basal Silurian hot shale in Akkas-1, western Iraq, the TOC ranges between 0.96% and 
16.62% compared to that in Khlesia-1 which ranges from 1.0% and 9.94%, with a hydrocarbon 
potential of about 49 kg HC/tonne [12]. The organic geochemical analysis of the hot shale is 
summarized in Table 1. In some deeper areas of the Southwestern Desert the Silurian hot 
shales could be over-mature, whereas in other shallower western areas, they might be imma-
ture [12]. The maturation distribution is complicated by an intense Hercynian-age horst-gra-
ben relief. The Paleozoic hydrocarbons of the Western Desert of Iraq are almost free of H2S 
and composed of up to 85% methane and ethane [1].

In the present chapter, TOC value over 9% and a hydrogen index of 260 and Tmax of 438°C for 
the upper hot shale sample reveal that this sample could be within the oil window. Results are 
presented on diagrams of hydrogen index versus Tmax (Figure 7). These plots indicated the 
presence of kerogen Types II and III which is at oil-gas window maturities.

5. Hydrocarbon potential and reservoir development estimation

5.1. Hydrocarbon potential

The formations with hydrocarbon potential in Akkas field are as follows:

The Ora, Kaista and Harur formations at 1365–1424 m is a sequence of sandstone, a compact 
shale layer of low and medium porosity, followed by dolomite and limestone.

• The Akkas Formation at 1993–2002 m is sandstone with compact shale layers of low 
porosity.

• The Khabour Formation, at 2332–2360 m in Akkas-1, 2365–2375.5 m in Akkas-2, and 2341–
2355 m in.

Akkas-3 (SA-3), is sandstone and compact shale layers of low porosity. The specific gravity of 
the tested gas was 0.726–0.6953 and of the condensate was 0.7792.

In Akkas-1 (SA-1), there are indications of light oil (density 0.8326 gm/cu cm). An Akkas-4 
(SA-4) test showed gas, and the author believes condensate may also be present in this well.

Samples of cores and cuttings were collected from the Khabour, Akkas and Upper Devonian 
Kaista formations in wells Akkas 1–6 (SA 1–6), Khleisia-1, KH 5-6, and KH 5-1. Their diagnostic 
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sequences were deposited over most of the broad stable shelf of Gondwana from the Middle 
East to the African Sahara.
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16.62% compared to that in Khlesia-1 which ranges from 1.0% and 9.94%, with a hydrocarbon 
potential of about 49 kg HC/tonne [12]. The organic geochemical analysis of the hot shale is 
summarized in Table 1. In some deeper areas of the Southwestern Desert the Silurian hot 
shales could be over-mature, whereas in other shallower western areas, they might be imma-
ture [12]. The maturation distribution is complicated by an intense Hercynian-age horst-gra-
ben relief. The Paleozoic hydrocarbons of the Western Desert of Iraq are almost free of H2S 
and composed of up to 85% methane and ethane [1].

In the present chapter, TOC value over 9% and a hydrogen index of 260 and Tmax of 438°C for 
the upper hot shale sample reveal that this sample could be within the oil window. Results are 
presented on diagrams of hydrogen index versus Tmax (Figure 7). These plots indicated the 
presence of kerogen Types II and III which is at oil-gas window maturities.

5. Hydrocarbon potential and reservoir development estimation

5.1. Hydrocarbon potential

The formations with hydrocarbon potential in Akkas field are as follows:

The Ora, Kaista and Harur formations at 1365–1424 m is a sequence of sandstone, a compact 
shale layer of low and medium porosity, followed by dolomite and limestone.

• The Akkas Formation at 1993–2002 m is sandstone with compact shale layers of low 
porosity.

• The Khabour Formation, at 2332–2360 m in Akkas-1, 2365–2375.5 m in Akkas-2, and 2341–
2355 m in.

Akkas-3 (SA-3), is sandstone and compact shale layers of low porosity. The specific gravity of 
the tested gas was 0.726–0.6953 and of the condensate was 0.7792.

In Akkas-1 (SA-1), there are indications of light oil (density 0.8326 gm/cu cm). An Akkas-4 
(SA-4) test showed gas, and the author believes condensate may also be present in this well.
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organic matters are abundant and a few spores and chitinozoa as well as scolecodonts, grap-
tolite siculae, cuticles and amorphous organic matter are present (see Figures 3 and 4) [19].

Hydrocarbon generation potential is assessed by plotting organic matter up to 16% TOC, 
especially the hot shale of the Akkas formation, which is very low asphaltene and sulfur. The 
saturated and aromatic hydrocarbons of more than 96% and high peaks of C2-C20 gas chro-
matography could indicate predominant gas generation with some light oils.

The associated gases are mainly methane and ethane of CH4, C4H6 and C3H8. Accordingly, 
source potential for wet gas and condensate could be assessed at a depth of 2750–3000 m and 
dry gas at a depth of 3570–3650 m in Akkas-1 only from the Khabour Formation. Little oil 
might be generated from the Akkas Formation in Akkas-1 (SA-1) well (Figure 8) [8, 19].

These potential source rocks are extended toward neighbor countries. Accumulation sites of 
these generated gases and a little oil could be within the sandstone porosities of 10–17% and 
permeability of 500 md sealed by the non-permeable shale along closures of the structured 
anticline fold and fault of this field as well as along the unconformity of the boundary of the 
Akkas Formation with the Kaista Formation.

Accordingly, Lower Paleozoic Total Petroleum System of generation, migration and accumu-
lation that could be assessed for a basin includes West Iraq and extensions in the neighboring 
regions.

5.2. Formation evaluation

In Akkas-1 (SA-1), the borehole generated condensates and wet and dry gas of mainly 85% 
methane and ethane. Little oil could have been generated from the upper part of the Lower 
Silurian rocks.

Increasing thermal alteration (>170° C., TAI = 3.8) applied to rocks containing more than 0.5% 
TOC would be a reason for generating gas from Ordovician rocks. Trapped gas and oil could 
be accumulated along anticline and fault structural traps within Ordovician and Silurian sand-
stone’s interlayers in western Iraq. Table 2 shows summarized characteristics of the Akkas gas 
obtained from the tests made in the Akkas-1 well [19]:

5.2.1. Wet gas and condensate generation

The Akkas-1 borehole has total organic carbon of 0.71–1.42 wt% at 2750–3000 m.

The biodegradation and thermal alteration of the organic matter resulted in abundant amor-
phous organic matter (70–75%).

The Khabour B rock unit started the generation of wet gas and condensates hydrocarbons 
during the Mississippian time and continued until now with the expulsion quantity of 65% 
of its proven reserve [19].

5.2.2. Dry gas generation

The Akkas-1 borehole has TOC of 0.5–1.0% at 3570–3650 m.

Shale Gas - New Aspects and Technologies52

The biodegradation and thermal alteration of the organic matter led to abundant amorphous 
organic matter. The analysis for this shale unit (Khabour D) gives results of starting dry gas 
generation during Silurian time and ended generation during late Triassic.

5.2.3. Oil generation

Potential source rocks for oil have been encountered from the Akkas Formation depths of 
2280–2330 m in Akkas-1. The analyses for this lithostratigraphic unit of Akkas hot shale have 
resulted in no hydrocarbon generation although it has very high organic content [8, 9, 19].

Figure 8. The hydrocarbon generation and the stratigraphy column of Akkas-1 (SA-1) well (Bujak et al. [18]).
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5.3. Subsurface condition

Low sulfur content of the generated hydrocarbons in Akkas field could be explained by the 
presence of iron in these clastic marine rocks that combines with sulfur and precipitates as 
iron pyrites (which is found in abundance with the organic kerogen). The free sulfur content 
is reduced in the organic matter and in the released hydrocarbons. In addition, an increase in 
the geothermal gradient due to the presence of radioactive shales has caused the breakdown 
of long chain hydrocarbon compounds into simpler compounds forming very light oil, con-
densate and gas with low sulfur contents [1, 3, 19].

This was proven by the test results from Akkas-1, which has 42° gravity light oil in sandstone 
units at the base of Silurian and free sweet gas in the upper part of the Khabour Formation. The 
results of bitumen analysis from the shale source rock unit, at the base of Silurian, indicated 
that saturated hydrocarbons and aromatics make up 96 wt% and asphalt compounds 3.89 wt% 
of the extract. The saturated compounds are of low molecular weight (C2-C20) by gas chroma-
tography and hence could indicate predominant gas generation with some light oils.

5.4. Reservoir and seal

This principal reservoir (Khabour Formation) is the oldest known sedimentary rock unit in 
Iraq. It consists entirely of siliciclastic sequences, comprising thin-bedded, fine-grained sand-
stone, quartzite graywackes and silty micaceous shale with some intercalation of dolomite 
and limestone.

The base of the formation, which may be more than 1000 m thick, has not been reached in wells. 
It was deposited in shallow marine inner to outer neritic environments that prevailed over 
the entire eastern part of the Arabian Plate. In Akkas field, the Khabour Formation is found at 
depths below 2310 m and exhibits good reservoir properties. It comprises sandstone with silty 
shales and has a gross thickness of approximately 38 m and an average thickness of 25 m.

Core analysis of the reservoir intervals generally indicated an average porosity of 10% and 
permeability of 500 md. Its depth in Akkas-1 is at 2040 m below sea level. Formation tempera-
ture is 146°C at 3300 m. The high temperature is caused by the Silurian shales’ radioactivity 
and decreases downward in the Khabour Formation to normal gradients. The gross hydrocar-
bon reservoir column is about 80 m.

A secondary reservoir is provided by the Akkas Formation found above the Khabour 
Formation at a drilled depth of 1465–2326 m. It is comprised of a sandstone unit inter-
bedded within the basal hot shale unit, with a gross thickness of 10 m and net thickness of 
1.5 m. Core analysis of the reservoir intervals indicated porosity of 17% and a permeability 
of 500 md. The Akkas Formation was found to contain 42° gravity light oil only from the 

Table 2. Published data of Akkas gas field from the Akkas-1 (SA-1) well.
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thin sandstone horizon sandwiched between the hot shales at the base; it is therefore consid-
ered a minor reservoir. The overlying Silurian shale of the Akkas Formation is an effective 
local regional seal.

5.5. Reservoir engineering

The author’s MBAL material balance model indicates that cumulative recoverable gas at 
Akkas would be 3.553 tscf.

A possible production profile plateau is 500 MMscfd from 50 wells and for contract; the rea-
son can be 55 wells. Published data show many uncertainties in the reservoir like bottomhole 
pressure, wellhead pressure, density and downhole equipment. From published information, 
it is impossible to calculate the vertical lift performance (VLP) and the inflow performance 
relationship (IPR). The author estimated the wellhead pressure according to the given reser-
voir pressure of 3720 psi.

In order to design and allow for the building of reliable and consistent well models with the 
ability to address each aspect of wellbore modeling, PVT (fluid characterization), vertical lift 
performance (VLP) correlations (for calculation of flow line and tubing pressure loss) and IPR 
(reservoir inflow), the author used Prosper. According to the available data from Akkas-1, the 
Prosper model shows the absolute open flow of 214 MMscfd (Figure 9). It shows VLP and 
inflow performance relationship (IPR) with production rates of 17.4 MMscfd (Figure 10).

Figure 9. Absolute open flow (AOF), IPR plot multi rate C and n.
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5.3. Subsurface condition
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pressure, wellhead pressure, density and downhole equipment. From published information, 
it is impossible to calculate the vertical lift performance (VLP) and the inflow performance 
relationship (IPR). The author estimated the wellhead pressure according to the given reser-
voir pressure of 3720 psi.

In order to design and allow for the building of reliable and consistent well models with the 
ability to address each aspect of wellbore modeling, PVT (fluid characterization), vertical lift 
performance (VLP) correlations (for calculation of flow line and tubing pressure loss) and IPR 
(reservoir inflow), the author used Prosper. According to the available data from Akkas-1, the 
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Figure 10. Inflow (IPR) versus outflow (VLP).

Efficient reservoir development requires a good understanding of reservoir and production 
systems.

Figure 11 shows the rough MBAL model for the tank Akkas-1 (SA-1) and extrapolated rates of 
the 50 wells including the five existing wells. According to the well test rates from the explora-
tion wells, conservative average production of 10 MMscfd/well was taken.

5.6. Condensate production profile

From the extent geological knowledge of the area, the author estimated one of the deeper lay-
ers to contain recoverable condensate of 14 billion barrel (Figure 12).

5.7. Field development plan

Iraq proposed a strategy plan and wished to use methane to satisfy domestic power/water 
demand, C1-, C2-, C3-based petrochemicals for export. Ethane and propane are used for olefins 
production. Butane and condensates are for domestic use, export and petrochemical production.

The proposed development plan can be divided in two phases: The first phase is 250 MMscfd 
gas rate. Power generation and methanol use natural gas. Propane, butane and condensate 
are for export. The second phase is an additional 250 MMscfd gas processed including ethane 
recovery for olefin production.
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Figure 11. Production profile of the 50 production wells.

Figure 12. Estimates of condensate production profile.
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Furthermore, power generation and ammonia use the incremented gas. Ethane is to be used 
for ethylene production, with the option to use some propane and butane. Polyethylene pro-
duction is the main ethylene derivative.

5.8. Gas and condensate specifications

The samples are taken from the separator (Tables 3 and 4).

Reference: oil ministry Iraq, report 2004.

5.9. Central plant facility

The proposed central plant facility is according to the possible development scenarios of the 
field and the use of the hydrocarbon and their derivatives (Figure 13).

5.10. Pipelines and route connection

There are many possibilities to transport the gas and their products. The optimized way is to 
use the route of T1 to the Baniyas port in Syria (Figure 2).

5.11. Possible contract conditions

Currently the main Iraq has only the service contracts, which still do not have the approval 
of political actors and public organs. The term service contracts encompass those various 
contracts in which the host government has a contract with a service company or an interna-
tional oil company for the performance of services related to the exploitation of petroleum 
resources.

Table 3. Specifications of the free gas from the wells Akkas-1 (SA-1) and Akkas-2 (SA-2).
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The risk service contract appears similar to the production-sharing contract but differs in 
certain important matters. Its basic distinctive feature is that it reimburses the contractor in 
cash, not in crude oil or gas, although it may have provisions permitting the contractor to buy 
back an amount of crude oil at an international selling price equivalent to the amount to be 
paid to the contractor.

A pure service contract is an agreement between a contractor and a host country that typically 
covers a defined technical service to be provided or completed during a specific period. The 
service company investment is typically limited to the value of equipment, tools and person-
nel used to perform the service.

In most cases, the service contractor’s reimbursement is fixed by the terms of the contract with 
little exposure to either project performance or market factors. Payment for services is normally 

Table 4. Specification of the condensates.

Figure 13. Possible design of the CPF, use of the hydrocarbons and their products, reference: Oil ministry Iraq, report 2004.
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Year Seismic G&G G&A Drilling Facilities Mn USD Pipelines Mn USD

Mn USD Mn USD Mn USD

1 14 5 10 40 70 18

2 14 5 10 80 80

3 120 60

4 120

5

6

7

8 40

Workover rig rates will be around $20,000/day.

Table 5. Cost estimations of the proposed development.

based on daily or hourly rates, a fixed rate or some other specified amount. Payments may be 
made at specified intervals or at the completion of the service. Payments, in some cases, may be 
tied to the field performance, operating cost reductions or other important metrics.

These agreements are similar to the production-sharing agreements with the exception of the 
contractor payment. With a risk service contract, the contractor usually receives a defined 
share of production (in kind). As in the production-sharing contract, the contractor provides 
the capital and technical expertise required for exploration and development. If exploration 
efforts are successful, the contractor can recover those costs from the sale revenues and receive 
a share of profits through a contract-defined mechanism.

5.12. Cost estimation

The approximate cost estimation for Akkas development phases are illustrated in Table 5. 
The calculations have been made for operating costs, based on the gas price for October 2010.

The annual fixed operating costs for the central processing facility will be in the range of $30–
40 million/year. In addition, the fixed operating costs for the existing Iraqi pipelines will be $2 
million/year. The variable operating costs are 20–30¢/bbl of oil or condensate and 4.5–7.5¢/Mcf.

6. Discussion and conclusion

The Silurian hot shales are believed to be the main Paleozoic source rocks in the western and 
southwestern deserts of Iraq [1].

Hot shales of the Akkas Formation in the Akkas-1 well of western Iraq were deposited in 
anoxic-dysoxic marine shelf environment that extended across the northern margin of the 
Gondwana Continent characterized by provincial achritarchs, [19]. These deposits were 
extending from outer to inner neritic with effects of local upwelling currents. The presence 
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of marine algae such as Tasmanites (Figure 4C) and prasinophyte achritarchs [19], in the eco-
system of the lower Silurian Akkas Formation sediments could delineate highly oil-prone 
materials following Tyson’s [20] simple classification of sedimentary organic matter types for 
rapid assessment of hydrocarbon potential.

According to the organic geochemical, the studied Silurian shales especially those of the hot 
shales could be considered as source rocks for oil in the western Iraq. TOC of 9.6 wt%, HI 260 
and Tmax 438°C, and with TAI 2–3, VRo up to 1 and brown acritarch colors of (Al-Ameri, [19]).

Higher compositional organic matter contents for the marine algae Tasmanites and prasino-
phyte algae may hold their ability to generate light oil. In the present study, the organic matter  
types of algal-type Tasmanites and traces of vitrinite are common in hot shale samples from 
the Akkas-1 (SA-1) well (Figure 4C and D). This marine algal phytoplankton Tasmanites sp. 
is an important type of organic matter in the Paleozoic (Ordovician to Devonian black shales 
of the Appalachian basin.

They correspond to types I and II kerogen that appear to be derived from extensive bacterial 
reworking of lipid-rich algal debris [21]. Silurian hot shales form the main source rock in the 
Paleozoic sequence of western Iraq and it has regional extent in Jordan [22] Syria, Libya and 
Saudi Arabia [23]. Modeling of the Silurian hot shales in well Akkas-1 [12] indicates that the 
unit has remained in the oil generation window since Late Paleozoic times. Variation in matu-
ration between the lower hot shales and the overlying shale horizons may relates also to the 
effect of the intense Hercynian-age extensional tectonics in the area under study.

Various clay and non-clay mineral constituents are observed in the Silurian shale from west-
ern Iraq (Figure 5). Illite and kaolinite are the main clay minerals observed, while quartz, car-
bonates (calcite dolomite and/or siderite, feldspars (microcline)), pyrite, rare apatite, anatase 
and occasional gypsum are the main non-clay minerals. Clay minerals illite, kaolinite, show 
an overall increase with depth especially in the lower and upper hot shale samples.

Increase in illite accompanied with organic matter increase in deeply buried shale. Transformation 
of smectite (suggested to be a source for the present illite since the Silurian shale is of marine 
origin) to I-S and finally to illite may be coeval with generation of oil in sedimentary basins. The 
top of most oil-bearing horizons in the US Gulf Coast Tertiary horizons occur at depth intervals 
where reactions, transformation and illite formation are manifested [24].

Scanning electron microscopy gives clues for better identification of the authigenic and detrital 
components of the studied shale (Figure 6). Quartz authigenic syntaxial overgrowth (Figure 6C)  
also is recorded in the studied shale. Compaction on the shale beds enhanced the transfor-
mation of smectite to illite, and thus represents a possible source for the silica for quartz 
overgrowth formation. Additionally, burial depth conditions may led to feldspar dissolution 
as well as partial and/or complete replacement of detrital silicates (quartz and feldspar) by 
calcite and is an alternative source for silica [25].

Pyrite is present as clusters of crystals in cubic forms or as discrete euhedral crystals (Figure 6E). 
The stagnant reducing conditions during deposition of organic matter were favorable for sul-
fate-reducing bacteria to reduce the sulfate ions of seawater to sulfide ions which then reacted 
with any available iron to form pyrite (FeS2). These conditions prevailed during deposition of 
the Silurian shales.
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Calcite and ferroan dolomite (ankerite) also are recorded in the XRD analysis (see Figure 5) 
and some scattered carbonates (calcite) are also revealed by SEM investigation (see Figure 9C).  
Conversion of smectite to illite during burial is a common diagenetic process which is capable 
for releasing large amounts of Fe, Mg, Ca, Na and Si. Some of these elements may enhance 
late-stage dolomitization process [26].

Organic matter type of the Silurian hot shale of Saudi Arabia consists of amorphous mat-
ter, marine algae (phytoplankton), intertinite, and occasional chitinozoans and graptolites. 
Generally, they are dark gray to black, organic-rich, oil-prone, marine shales [27].

7. Recommendation concerning development of Akkas field

Concerning the development of the Akkas field, the inconsistency between the downhole 
pressure, reservoir pressure and the wellhead pressure published numbers is solved by 
estimation. The possible production rate and plateau is based on a conservative production 
development scenario. Akkas field shows very high gas rate potential. The following steps 
should further be taken:

• Analyze samples from Akkas wells to evaluate their biomarkers and thereby confirm the 
oil and gas sources in order to find other oil and gas pays in Akkas and oil and gas fields 
in the west of Iraq.

• Analysis of local oil seeps has been conducted to find their affinity and the structural relation 
to Akkas oil and gas fields. It is also possible that they lead to other oil fields that have been 
charged by oil migration from Mesopotamian basin to structural closures in western Iraq.

• It is important to drill deeper at least in the exploration/appraisal phases to find possible 
gas accumulations.

It is well known that the Iraq government would like to develop Akkas and is looking for new 
discoveries in the Western Desert of Iraq. This region has not yet been explored and may hold 
potential.

The development plan for the use of Akkas gas is more likely to serve the national grid of 
electricity, future and existing petrochemicals and other industrial plants. Part of the deriva-
tives will be exported. Most likely Iraq will follow the Saudi Aramco plan that uses the gas 
for development of national industry and demand. Those can multiply the profits from the 
petrochemicals and other industries of the petroleum resources.

The Iraq government chooses the service contracts for different political and regulatory rea-
sons (like delays or unapproved petroleum law). The long-term service contracts in Iraq are 
similar to PSAs, the SC is signed without the agreement of the parliaments; it can lead to 
escalation between IOCs and future governments in Iraq.

In order to have clean and transparent business for all participants, the IOCs should press to 
have the right regulation and a law to cover legal activities (investment), tax and environmen-
tal issues related to the oil industry in Iraq.
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The political turbulence and mismanagement in the country make the development of the 
oil and gas industry and the country development questionable. There can be no concrete 
development of oil and gas fields without the parallel development of the infrastructure of the 
country; without this, turbulence may arise.

The CAPEX for the exploration and development phases and OPEX are simulated with cost 
simulation taking into account the security factor. Even with high contingencies, still the 4.5–
7.5¢/Mcf is low compared with that of other OPEC countries.

Author details

Ali Ismail Al-Juboury1* and Muhammed Abed Mazeel Thani2

*Address all correspondence to: alialjubory@yahoo.com

1 Geology Department, Mosul University, Iraq

2 Petroleum Engineering Department, Brunel University, London, UK

References

[1] Lüning S, Craig J, Loydell DK, Štorch P, Fitches B. Lower Silurian hot shales in North 
Africa and Arabia: Regional distribution and depositional model. Earth Science Review. 
2000;49:121-200

[2] Loydell DK, Butcher A, Frýda J. The middle Rhuddanian (lower Silurian) ‘hot’ shale 
of North Africa and Arabia: An atypical hydrocarbon source rock. Palaeogeography, 
Palaeoclimatology, Palaeoecology. 2013a;386:233-256

[3] Loydell DK, Butcher A, Al-Juboury AI. Biostratigraphy of a Silurian ‘hot’ shale from 
western Iraq. Stratigraphy. 2013b;10(4):249-255

[4] Al-sharhan AS, Nairn AEM. Sedimentary Basins and Petroleum Geology of the Middle 
East. Amsterdam: Elsevier; 1997. p. 978

[5] Al-Hadidy AH. Paleozoic stratigraphic lexicon and hydrocarbon habitat of Iraq. 
GeoArabia. 2007;12(1):63-130

[6] Klemme HD, Ulmishek GF. Effective petroleum source rocks of the world: Stratigraphic 
distribution and controlling depositional factors. American Association of Petroleum 
Geologists Bulletin. 1991;75:1809-1851

[7] MacGregor DS. The hydrocarbon systems of North Africa. Marine and Petroleum 
Geology. 1996;13:329-340

[8] Abd Alwahab NS. Basin analysis of Paleozoic succession, Iraq. Unpublished PhD thesis. 
Iraq: Mosul University; 2013. p. 234

Silurian Gas-Rich “Hot Shale” from Akkas Gas Field, Western Iraq: Geological Importance…
http://dx.doi.org/10.5772/intechopen.77246

63



Calcite and ferroan dolomite (ankerite) also are recorded in the XRD analysis (see Figure 5) 
and some scattered carbonates (calcite) are also revealed by SEM investigation (see Figure 9C).  
Conversion of smectite to illite during burial is a common diagenetic process which is capable 
for releasing large amounts of Fe, Mg, Ca, Na and Si. Some of these elements may enhance 
late-stage dolomitization process [26].

Organic matter type of the Silurian hot shale of Saudi Arabia consists of amorphous mat-
ter, marine algae (phytoplankton), intertinite, and occasional chitinozoans and graptolites. 
Generally, they are dark gray to black, organic-rich, oil-prone, marine shales [27].

7. Recommendation concerning development of Akkas field

Concerning the development of the Akkas field, the inconsistency between the downhole 
pressure, reservoir pressure and the wellhead pressure published numbers is solved by 
estimation. The possible production rate and plateau is based on a conservative production 
development scenario. Akkas field shows very high gas rate potential. The following steps 
should further be taken:

• Analyze samples from Akkas wells to evaluate their biomarkers and thereby confirm the 
oil and gas sources in order to find other oil and gas pays in Akkas and oil and gas fields 
in the west of Iraq.

• Analysis of local oil seeps has been conducted to find their affinity and the structural relation 
to Akkas oil and gas fields. It is also possible that they lead to other oil fields that have been 
charged by oil migration from Mesopotamian basin to structural closures in western Iraq.

• It is important to drill deeper at least in the exploration/appraisal phases to find possible 
gas accumulations.

It is well known that the Iraq government would like to develop Akkas and is looking for new 
discoveries in the Western Desert of Iraq. This region has not yet been explored and may hold 
potential.

The development plan for the use of Akkas gas is more likely to serve the national grid of 
electricity, future and existing petrochemicals and other industrial plants. Part of the deriva-
tives will be exported. Most likely Iraq will follow the Saudi Aramco plan that uses the gas 
for development of national industry and demand. Those can multiply the profits from the 
petrochemicals and other industries of the petroleum resources.

The Iraq government chooses the service contracts for different political and regulatory rea-
sons (like delays or unapproved petroleum law). The long-term service contracts in Iraq are 
similar to PSAs, the SC is signed without the agreement of the parliaments; it can lead to 
escalation between IOCs and future governments in Iraq.

In order to have clean and transparent business for all participants, the IOCs should press to 
have the right regulation and a law to cover legal activities (investment), tax and environmen-
tal issues related to the oil industry in Iraq.
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The political turbulence and mismanagement in the country make the development of the 
oil and gas industry and the country development questionable. There can be no concrete 
development of oil and gas fields without the parallel development of the infrastructure of the 
country; without this, turbulence may arise.

The CAPEX for the exploration and development phases and OPEX are simulated with cost 
simulation taking into account the security factor. Even with high contingencies, still the 4.5–
7.5¢/Mcf is low compared with that of other OPEC countries.
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Abstract

Shale gas in China has realized the great-leap-forward development because of the signif-
icant strides of development technique for marine shale resource, becoming the second
largest shale gas producer only to the USA. Benefits from the progress of technique
advance, a complete technique series for the development of shale resource buried less
than 3500 m has been established by operating technique research and field trail, includ-
ing five main key techniques of geological evaluation, optimum and fast drilling, multi-
stage hydraulic fracturing, productivity evaluation, and development parameters
optimization. At present, shale resource in China has not been fully exploited besides the
marine shale resource (<3500 m). It would be the future development trend to enhance
ultimate recovery of shale gas (<3500 m). Moreover, two-thirds of recoverable resource are
stored in the formation (>3500 m). With the further process of development technique for
marine shale, shale gas is expected to the single type of gas reservoir contributing to the
highest annual production rate in the near future. Therefore, based on the success in shale
industry, this work is organized by reviewing the advances and challenges of current
evaluation techniques, and then discussing the possible development trend of shale gas
performance evaluation in the future.

Keywords: shale gas, reservoir characteristics, productivity evaluation, horizontal section
length, fracture parameter, development well spacing, production system

1. Introduction

China has abundant organic-rich shale resource, and there is 31.6 � 1012 m3 technically
recoverable reserves (predicted by EIA [1]), ranking the second only to the USA. China has
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already become one of few countries besides North America making breakthrough in the
aspect of shale gas development. Especially for the last 2 years, China has greatly promoted
the shale gas development, annual production rapidly increasing from 2 � 108 m3 in 2013 to
45 � 108 m3 in 2015, and become the second largest shale gas producer only to the USA [2, 3].
In the structure of total natural gas output in China, shale gas has surpassed the coalbed
methane (CBM) and becomes the second largest gas reservoir type only to tight gas.

Shale gas industry in China has realized the great-leap-forward development because of the
significant strides of development technique for marine shale resource. Encouraged by gov-
ernment investment and subsidy policy during the 12th five-year plan, a complete technique
series for the development of shale resource buried less than 3500 m has been established by
operating technique study and field trail, including five main key techniques of geological
evaluation, optimum and fast drilling, hydraulic fracturing, productivity evaluation, and
development parameters optimization (Figure 1). These technique trials and applications
result in enhancing production rate of gas well and reducing investment costs on single well,
which has laid the technical foundation of large-scale development of shale resource.

Although shale gas enjoys vast development prospects in China, shale resource in China has
not been fully exploited besides the marine shale resource buried less than 3500 m, a very low
development degree. Considering the supply–demand relation in the natural gas market in
China, it would be the future development trend to enhanced ultimate recovery of shale gas.
Moreover, two-thirds of recoverable resource are stored in the formation buried more than
3500 m [4, 5]. With the process of development technique for marine shale and the break-
through of development technique for land and transitional shale with large areas in the
northern China, shale gas is expected to the single type of gas reservoir contributing to the
highest annual production rate in the near future.

Figure 1. Schematic diagram of shale gas development technologies.
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This chapter compares the shale gas developing conditions between China and the United
States, reviews the developing practice and technological innovations and gives a summary of
progress in key technologies of evaluating shale gas development in the past few years, in the
hope of providing instructive references for the development of China’s shale gas industry.

2. Development status of China’s marine shale gas

Shale gas exploration and development in China have made a great breakthrough during the
12th five-year plan period. A series of major theories, systematic innovations and technology
progresses fueled commercial development of China’s shale gas from 2014 to 2015. By the end
of 2015, 198 evaluation wells, 393 horizontal wells of marine shale gas had been finished, 267
wells had been fractured and put into production, with the productivity of 77 � 108 m3, and
three marine shale gas demonstration areas, Fuling, Changning-Weiyuan and Zhaotong had
been built [2, 6].

The selection of “sweet spot,” optimized and accelerated drilling and volume artificial fractur-
ing technologies have made major progress through research and test during the 12th five-year
plan, which has supported the transition of invalid resource to effective production, lowered
the total investment of single well from 100 million Yuan in the early days to 7 0 million Yuan
now, and brought about the rapid increase of shale gas production from 12.8 � 108 m3 in 2014
to 44.6 � 108 m3 in 2015. How to translate effectively production into scale production is the
most important research direction in the 13th five-year plan period.

According to the characteristics of marine shale gas in southern China, CNPC and SINOPEC
have come up with the four modes of efficient exploration and development, “well deploy-
ment on wellpad, factory drilling and fracturing, skid-mounting of production and storage
equipment, and integrated organization and management.” They have also worked out “coop-
erative evaluation, development test stage, and scale development stage” three kinds of scale
development regimes for shale gas, which have promoted the technical progress, lowered cost
and increased efficiency.

• In the stage of cooperative evaluation stage (2007–2011), the main work was focus on
explorating technologies for shale gas development, and building out shale gas develop-
ment strategies.

• In the stage of development test stage (2012–2015), the main technologies for shale gas
development were developed, tested and determined rapidly, and single well production
and EUR were increased rapidly.

• In the stage of scale development stage (2016-), single well production and EUR kept
increasing steadily, and development technologies were optimized continuously. As a
result, annual production is increased rapidly.

In summary, the shale gas production has increased rapidly in China since 2013, similar to the
historic period of tight gas from 2005 to 2008 [7], as shown in Figure 2. As a consequence,
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recoverable resources have been proved, daily production of single well almost doubled, and
the development costs declined.

3. Current status of applied techniques in shale gas development

3.1. Geologic evaluation of marine shale gas in China

Shale reservoir description is characterized by acquiring, processing and interpreting 3D
seismic and logging data from shale in mountainous area. As a result, high-quality shale
interval in vertical distribution and sweet spot in lateral distribution are recognized by inte-
grating comprehensive geological evaluation technology with outcrop, core, geochemical data
and sedimentary setting model. These techniques provide guidance for the target optimization
of drilling horizontal well and the mass arrangement of multiwell pad.

Seismic survey. An integrated technique has been established to conduct 3D seismic acquisi-
tion, process and interpretation as shown in Figure 3. Here, 2D seismic technique is used to
perform structure evaluation and predict reservoir-characterized parameters [8]. After using
this integrated technique, the consistency of parameters prediction with actual parameters is
up to 80% in 3D seismic acquisition areas.

Well logging. China has conducted independent development of LWF (Logging While Fish-
ing) technologies, as shown in Figure 4. As a result, the interpretation of parameters such as
TOC, porosity and gas content has the consistency of up to 90%.

Reservoir evaluation. Geological evaluation is performed on the basis of flow unit appraisal
(Figure 5). The gas bearing layer is the lower part of the Longmaxi Formation with thickness of
30 m. The drilling target has been optimization to the lower zone with thickness of 15 m.
Reserve abundance is reevaluated: the development zone has average abundance of 0.45 bcm/km2,
the lower unit is 1.2 bcm/km2.

Figure 2. Comparison of annual production and forecast of shale gas and tight gas in China.

Shale Gas - New Aspects and Technologies70

As a result, stratigraphy was correlated by using logging and core data, and Longmaxi
Formation is divided into three members according to the characteristics of lithology, fossils
and logging curves [9, 10]. We find that Longmaxi Formation and its favorable reservoirs are
stable in thickness, which make good targets for horizontal wells; the good seal condition leads
to an abnormal high pressure, which is the key to high production; The carbonaceous or
siliceous shale with abundant organic matters, which deposited in restricted or semi-restricted
sea basin, is ideal as favorable reservoirs (sweet spots). In addition, geological factors such as
TOC, gas content, porosity and pressure coefficient control the quantity of resources (geolog-
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3.2. Fast drilling of horizontal well
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template has been set for shale gas drilling in China, service companies have been successfully
reducing drilling costs through optimized drilling and new technology [11]. The advance of
drilling technique makes the drilling cycle reduce from 139 to 69 days with the help of hole
structure optimization, straight hole high-efficiency motor, individualized PDC bits, rotary
steerable drilling system, gas factory drilling progress management (Figure 7).

Figure 6. Sweet spots prediction based on 3D seismic interpretation.

Figure 5. Stratigraphy structure and OGIP evaluation for producing layers in Changning area.
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Listed in the following are some of the current typical practices used for drilling horizontal wells:

• Optimum lateral lengths are now preferred over “longer lateral lengths. “Length of hori-
zontal sections varies from play to play, and ranges from 1500 to 2000 m for main shale play.

• High-efficiency water-based drilling fluid was also chosen prior to drilling the curve and
lateral to reduce the environmental risks. It is understood that most international horizon-
tal wells will be probably be drilled with water-based drilling fluid.

• Mud weights depend on formation, which range from normal to overpressured.

• Poly-diamond crystalline (PDC) bits were used by oil companies in China.

• Wells are drilled in the direction of minimum horizontal stress.

• The practice of pad drilling (6–8 wells per pad) was quickly adopted by China operators,
and currently over 90% shale wells are being drilled from pads.

• The “drilling cost “constitutes 40–50% of the total well cost.

3.3. Multiple fracturing treatments

Fracturing the rock and propping open the induced fractures creates high permeability path-
ways, which allows the reservoir formation to produce at much higher flow rates than it could
naturally [12]. As shown in Figure 8, China has built a framework of volume fracturing by
integrating zipper-style volume fracturing using high-displacement low-viscosity slick water,
low-density moderate-intensity proppant and soluble bridge plug. As a result, the testing
production is increasing from 105,000 to 163,000 m3/d through, and Gas factory reduces the
drilling cycle by 30%, and increases the fracturing efficiency by 50%, which reduces the
fracturing cycle of half-platform to 30d.

Listed in the following are some of the current typical practices used for hydraulic fracturing:

• high-displacement low-viscosity slick water has the ability of providing sufficient propped
flow capacity to develop a gas productivity shale, and overcoming the tendency of the
proppants to settle.

Figure 7. Drilling cycle of different period.
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• Up to three wells could be zipper fractured, although no documentation could be found
on more than two zipper fractures at a time. Brittleness of the shale likely has some control
on the success of zipper fracturing.

3.4. Productivity evaluation technologies of shale gas

It is critical for investors to investigate the potential benefits and prospective risk in order to
determine whether the given shale source should be invested. Performance evaluation is an
integrated technique of well testing, production data analysis for quantitatively extracting
reservoir (i.e., gas-in-place and reservoirs permeability) and stimulation information (i.e.,
fracture properties), based on incorporating the statistic data from geoscience research, pro-
duction log, lab measurement, micro-seismic, well completions and stimulation, and the
dynamic data from historical pressure/rate surveillance [13, 14]. This aims at calculating
reserves and estimated ultimate recovery (EUR), forecasting future production for prospect
analysis, and optimizing the development of shale gas field, and highlighting effectiveness,
economy and convenience.

China has present a probabilistic methodology (Figure 9), which incorporates the risk and
uncertainty with the complexity of flow mechanisms and fracture networks when evaluating
shale gas performance.

The method is described for integrated use of newly developed empirical model and modified
analytical model incorporating pseudo-variables accounting for changes in fluid properties and
reservoirs properties and in operational conditions (variable flow rate and flowing pressure),
which is threefold. (1) Establish reliable equations of parameter combinations by dynamic data
analysis and linear regression method (xfK

0.5 is a constant). (2) Determine the probability
distribution model of fundamental parameters such as formation thickness and permeability,
etc., by statistical analysis (Figure 9a), it is worth noting that the lower limit of permeability is
from core testing and the upper limit is determined by the formula of radius probing [12]. (3)
Sample randomly from the permeability values based on stochastic simulation to calculate the
unknown parameters combined with constraint equations. (4) Rearrange the results from

Figure 8. Framework of integrated fracturing techniques.
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small to large, to get the probability distribution and corresponding confidence range of
unknown parameters (Figure 9b).

The production performance of shale gas wells was predicted with the linear flowmodel, based on
the permeability and controlled reserves of single well at the probability of P10, P50 and P90,
furthermore, quantitative risk assessment of production dynamic and cumulative production were
performed (Figure 10). Average cumulative production of single wells at P50 is (0.6–1.0)�108 m3

according to the production data of 270 stimulated horizontal wells in China (Figure 11).

3.5. Parameter optimization technologies for shale gas development

Technology demands of shale gas well development can be basically satisfied by combining
geological evaluation, drilling, fracturing and productivity evaluation technologies, but to
realize reasonable development of shale gas, the length of horizontal section, fracture place-
ment, production systems and well spacing need to be optimized.

Optimization of horizontal section length and fracture parameters. Optimizing the fracture
parameters of horizontal wells requires an integrated optimization of several parameters
simultaneously. Gas well productivity is strongly influenced by the horizontal section length

Figure 9. Permeability and OGIP versus confidence region.

Figure 10. Prediction of production performance at different confidence levels.
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of the fractured well, number of fractures, flow conductivity and fracture length [15]. The
optimization idea is: (1) enlarging the contact area between the fracture network system and
formation by increasing the fracture number and length; (2) balancing the relationship
between inflows and outflows of fracture network through adjusting the limited fracture
conductivity; (3) reducing the interference between fractures by regulating the fracture spacing
and relative location with the closed boundary. The relationship of multiple fracture parame-
ters is shown in Figure 12.

In addition, shale gas development is marginal in benefit now, so the costs of various engi-
neering links are stringent, and parameters of horizontal well and fracturing should be com-
prehensively demonstrated by combining the theoretical research and actual operation
conditions.

Optimization of well spacing. At present, horizontal well deployment from wellpad, factory-
like drilling and fracturing, and large-scale continuous operation are widely adopted in dril-
ling shale gas horizontal wells. If the well spacing is too large, some remaining gas reserve will
be left behind forever; on the contrary, if the spacing is too small, the cumulative production of
single well will decrease, which will lower the development economic benefit. The production

Figure 11. Prediction of productivity performance at different proppant number.

Figure 12. Comparison of predicted production between pressure release and pressure control production system
considering stress-sensitivity.
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history of China’s shale gas is short, and the well spacing is determined mainly based on
micro-seismic monitoring results in the early stage of development. But the monitoring of test
production performance to date shows that the well spacing determined from micro-seismic
monitoring is too large [16]. It can be seen from Table 1, compared with the four major shale
gas fields in the United States, the average proppant dosage of single stage in shale gas
developing areas of south Sichuan Basin is much lower. Besides that, the length of fracture is
shorter due to the bedding restriction. Therefore, reasonable well spacing should be smaller
[17, 18]. Development well spacing should be optimized through theoretical study, interfer-
ence well-testing and dynamic data analysis, in combination with field test.

Optimization of production system. Barnett and Marcellus shale gas fields are produced in
free pressure release and large pressure difference mode. In contrast, in Haynesville shale field,
because of high formation pressure and pressure-sensitivity of the shale formation, the wells
are produced at controlled pressure and production [19, 20]. Shale gas plays of CNPC have
high pressure in general, so wells in Changning and Weiyuan are producing at big pressure
difference, while wells in Zhaotong area are producing at controlled pressure and production.
Since the two demonstration areas take different fracturing technologies, they cannot be
compared quantitatively. Theoretically, pressure release production will lead fast pressure
drop in major fractures, consequently, pressure sensitive effect will cause rapid permeability
decline in areas around the major fractures, thus the fast formation of reservoir damage area,
which would forbid peripheral gas getting into the major fractures and cause production
decrease of well (Figure 12). Numerical simulation based on the data of production wells
shows that different production systems differ widely in cumulative production (Figure 7);
and pressure controlling production gets 28% higher cumulative production than pressure
release production. Therefore, comparison test between nearby wellpads or wells in the same
wellpad could be conducted to select the better production system.

4. Development prospects and technical direction of shale gas

As a new source of energy, shale gas has huge exploration and development potential. According
to the latest evaluation of CNPC shale gas project team of nation project on oil & gas, recoverable

Area Horizontal
section length (m)

Well controlled
area (km2)

Average well
controlled area (km2)

Average well
spacing (m)

Proppant dosage
of single stage (t)

Barnett 1219 0.24�0.65 0.45 280 129.7

Haynesville 1402 0.16�2.27 0.50 260 162.3

Marcellus 1128 0.16�0.65 0.42 260 181.2

Eagle Ford 1494 0.32�2.59 0.60 300 112.6

Southern Sichuan
Basin

1448 0.36�1.10 0.65 400�500 97.5

Table 1. Comparison of well spacing between typical areas in Southern Sichuan and the United States.
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resources of marine shale gas in southern China are 8.82�1012m3, in which 2.10�1012 m3 are in
Fuling, eastern Sichuan Basin, and 4.37�1012 m3 in Changning, Weiyuan, Fushun-Yongchuan,
Zhaotong, in southern Sichuan Basin. With the promotion of geologic theories and progress of
technologies in China, the marine shale gas production is expected to reach 300�1012 m3 by 2020;
the shale gas is likely to become the most productive type of natural gas by 2030. But due to the
complex geological conditions in China and the current low prices of oil and gas in the world,
large-scale efficient development of China’s shale gas is facing lots of problems.

Theories of China’s shale gas are still not complete, and comparative studies between sub-
layers and regions need to be deepened further. Although existent studies have revealed the
basic laws and features of shale gas accumulation, in such studies, shale formations are often
taken as homogenous reservoirs, differences between different layers and areas have not been
examined carefully; therefore, calculation of reserves and selection of production relay block
lack effective guidance.

Percolation mechanism and shale gas productivity evaluation methods based on the artificial
fracture network and nanometer pores should be further improved. Pores in shale are mostly
nanoscale, which lead to gas flow state different from conventional reservoirs, especially in
complex fracture network system created by volume fracturing, the combined effect of
multiscale flow space and nanoeffect makes the flow space description and seepage pattern
characterization very complex, and brings about huge challenge to productivity evaluation.

The key technologies of shale gas development have not finalized. Development policies are
essential issues for scientific and efficient development of oil or gas fields. For example, well
spacing influences the ultimate recovery of gas reservoir, production system affects the cumu-
lative production of single wells. The determination of these key technology policies only
depend on theoretical analysis and simulation so far, because of the deficiency of practical
data or big error caused by improper test methods. Therefore, it is of great significance to
demonstrate key technologies of shale gas development comprehensively by combining theo-
ries with and field data.

From the viewpoint of economic benefits, even if the costs of shale gas drilling and fracturing
in China have reduced considerably in recent years, they are still too high. The comprehensive
cost of signal well should be less than 50 million to achieve an internal rate of return of 12%, at
the current gas price. To transfer resource into production as soon as possible, further improve-
ment and innovation should be encouraged in both technology and management.

5. Summary

By now, China companies have proposed a customized method of developing shale gas
resource for our own geologic feature and current level of engineering technology. In sum-
mary, the method consists of four aspects, which are summarized as follows:

1. Shale reservoir description is characterized by acquiring, processing and interpreting 3D
seismic and logging data from shale in mountainous area; high-quality shale interval in
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vertical distribution and sweet spot in lateral distribution are recognized by integrating
comprehensive geological evaluation technology with outcrop, core, geochemical data and
sedimentary setting model. These techniques provide a guidance for the target optimiza-
tion of drilling horizontal well and the mass arrangement of multiwell pad.

2. The geology-engineering workflow is integrated to realize optimum and fast drilling
technique by incorporating hole structure optimization, individualized PDC bits, rotary
steerable drilling system and implementing the factory drilling model of “double-drilling
rigs pattern, mass batched drilling, standardized operation.” As a result, single-well dril-
ling cycle is shortened by more than 50%.

3. On the basis of importing, absorbing and innovating foreign technology, China has formed
a mature technical system of volume fracturing including high-displacement slick water,
low-density proppant, soluble bridge plug, zipper-style fracturing and factory drilling
pattern. As a consequence, fracturing efficiency is enhanced by 50%, and associated testing
production rate is improved to 20 � 104 m3/d.

4. A production performance model is built by incorporating multiscale fracture network
and multimechanism flow model to perform production performance analysis of shale gas
well. Based on the model, an uncertainty productivity method is proposed to quantify
probabilistic production forecasts and the probable range of estimated-parameter out-
comes. A systematic optimization of fracturing parameters and well spacing is established
by type curve matching, production performance modeling, and analogy with exploited
shale field in North America.

In spite of great strides in the development of shale gas in China, there still exists much room for
improvement. Based on periodic development regulation of other unconventional resources
(such as tight gas), more advanced development techniques are required to be improved with
the help of

1. strengthening geological research and technical development for the purpose of realizing
cost-effective producing at low gas price;

2. reducing investment costs on single well and increase economic benefits. Draw lessons
from tight gas development in China and explore low-cost development for shale gas;

3. reducing investment costs on single well and increase economic benefits;

4. performing sustainable improvements on drilling and completion to reduce low produc-
tion wells.

6. Conclusion

Compared with the United States, shale gas in China has deeper buried depth, more compli-
cate structures and surface conditions, which add difficulties to the shale gas development. At
present, shale gas reservoirs less than 3500 m deep have been put into preliminary scale
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vertical distribution and sweet spot in lateral distribution are recognized by integrating
comprehensive geological evaluation technology with outcrop, core, geochemical data and
sedimentary setting model. These techniques provide a guidance for the target optimiza-
tion of drilling horizontal well and the mass arrangement of multiwell pad.

2. The geology-engineering workflow is integrated to realize optimum and fast drilling
technique by incorporating hole structure optimization, individualized PDC bits, rotary
steerable drilling system and implementing the factory drilling model of “double-drilling
rigs pattern, mass batched drilling, standardized operation.” As a result, single-well dril-
ling cycle is shortened by more than 50%.

3. On the basis of importing, absorbing and innovating foreign technology, China has formed
a mature technical system of volume fracturing including high-displacement slick water,
low-density proppant, soluble bridge plug, zipper-style fracturing and factory drilling
pattern. As a consequence, fracturing efficiency is enhanced by 50%, and associated testing
production rate is improved to 20 � 104 m3/d.

4. A production performance model is built by incorporating multiscale fracture network
and multimechanism flow model to perform production performance analysis of shale gas
well. Based on the model, an uncertainty productivity method is proposed to quantify
probabilistic production forecasts and the probable range of estimated-parameter out-
comes. A systematic optimization of fracturing parameters and well spacing is established
by type curve matching, production performance modeling, and analogy with exploited
shale field in North America.

In spite of great strides in the development of shale gas in China, there still exists much room for
improvement. Based on periodic development regulation of other unconventional resources
(such as tight gas), more advanced development techniques are required to be improved with
the help of

1. strengthening geological research and technical development for the purpose of realizing
cost-effective producing at low gas price;

2. reducing investment costs on single well and increase economic benefits. Draw lessons
from tight gas development in China and explore low-cost development for shale gas;

3. reducing investment costs on single well and increase economic benefits;

4. performing sustainable improvements on drilling and completion to reduce low produc-
tion wells.

6. Conclusion

Compared with the United States, shale gas in China has deeper buried depth, more compli-
cate structures and surface conditions, which add difficulties to the shale gas development. At
present, shale gas reservoirs less than 3500 m deep have been put into preliminary scale
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development. Shale gas exploration is heading toward deeper formations, and shale gas
development has wider prospects.

An evaluation criterion of shale gas well classification considering dynamic and static param-
eters and economic indicators has been basically established, but needs further improvement.
Unstable mathematic seepage flow model of horizontal wells and probabilistic evaluation
method of productivity based on multiscale space and various flow states are nearly perfect.

Optimization of horizontal section length, fracture placement, production system and well
spacing are the keys to ensure the overall proper development of shale gas reservoirs. The
theoretical research is basically mature, and field testing is urgently needed.

Establishment of shale gas development theory, optimization of evaluation methods and
control of development cost are the core tasks in large-scale shale gas development.
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Abstract

This chapter will be divided into three parts; introduction, experimental and result and 
discussion.

Introduction: This includes introduction about ionic liquids, their history and types which 
were used in different applications such as removal of carbon dioxide from natural gas.

Experimental: This deals with chemicals, solvents, and scheme of synthesis of different 
types of ionic liquids and their characterizations using different traditional techniques. 
The synthesized ionic liquids were used to capture carbon dioxide from natural gas using 
bubbling technique and gas chromatography as indicator.

Result and discussion: The results which obtained from synthesis and the applications 
briefed in this section and the quality of removal will be determined.

Keywords: ionic liquids, bubbling technique, natural gas, carbon dioxide

1. Introduction

Natural gas is the cleanest consuming non-renewable energy source, essentially because of its 
ignition creates low levels of carbon dioxide (CO2) emissions; it is half the amount compared 
to coal and 30% compared to petroleum. Also it is widely available and easy to transport [1, 2].

For these reasons, there is a global trend for natural gas to be the main non-renewable energy 
source. According to the EIA (The Energy Information Administration), in 2011, the United 
States of America uses natural gas to produce 21% of its electricity and covering the equiva-
lent of 24% of the energy demand. Global demand of natural gas, like the United States, is 
expected to increase or at least remains constant [3].
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Natural gas is divided into two types according to its source of extraction; the first type is 
conventional gas (relatively easy to recover) comes from relatively high permeable reservoirs 
such as siltstone, sandstone and carbonate reservoirs in which the rock pores act like a trap for 
the gas particles with permeability of more than 1000 microdarcy. On the other hand uncon-
ventional natural gas is found in low permeable reservoirs such as; coal bed, tight sand for-
mations with permeability of 1–100 microdarcy and shale with permeability of 1 microdarcy 
or less, where the accumulation of gas have a tendency to diffuse and spread over extensive 
geological ranges making it more hard to extract [4].

2. General overview of shale gas

Shale gas is known as one of the unconventional natural gas; extracted from shale rocks and 
has risen as a standout among the most encouraging vitality sources in the last few decades. 
Shale revolution started in the United States of America, with the discovery of huge reserves 
of recoverable shale gas, and kept spreading out in other countries all over the world. [5, 6].

EIA [3] reported that; the shale gas production in the United States in 2005 was only about 
2% from the produced natural gas. Nowadays, the U.S. has become the largest gas producer 
in the world, as shale gas represents about 34% of the total U.S. produced natural gas and it 
aims to be above 50% by the year 2040. It was reported that U.S. natural gas production will 
increase from 23 trillion cubic feet in 2011 to 33.1 trillion cubic feet in 2040, with an increase 
of 44%. Almost all of this increase in natural gas production is due to projected growth 
in the shale gas [3, 7]. There are many countries who once thought they were had no or 
limited amounts of conventional hydrocarbon reservoirs are finding and exploring shales 
for gas and oil. As shown in Figure 1 beside USA, a lot of countries like Britain, Ukraine, 
south Africa, Canada, Brazil, Argentina, Mexico, Poland, Australia, china and several north 
African countries are interested in exploiting and development of shale gas industry [8].

Figure 1. Sedimentary basin worldwide containing significant shale gas resources. Source: U.S. Energy Information 
Administration [8].
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3. Shale gas composition

Shale gas is a natural gas, mainly methane, was trapped within the shale rocks during the 
Devonian epoch. Shale rock like sandstone and limestone is a fine-grained sedimentary rock 
which formed by the accumulation of deposits at the surface of the earth or at the bottom of 
relatively closed bodies of water. Gases from conventional and unconventional reservoirs 
have relatively the same composition. Both contain various amounts of acid gases (H2S and 
CO2). Also the amount of produced water varies among formations. Shale gas is quite dry; 
on the contrary of coal bed methane production is accompanied with a lot of water [9].

4. Shale gas production

Although the sources of shale gas and its extraction techniques are known a long time ago, 
its extraction from very little resources has been considered economically only in the last few 
years. This is thanks to George Mitchell’s ideas on hydraulic fracturing, horizontal drilling 
and well stimulation techniques [7].

5. Hydraulic fracturing

Hydraulic fracturing method is a well stimulating technique used to fracture the rocks of the 
reservoir. It consists of two main stages: the first one is injecting fracking fluid which is a high 
pressure fluid (fracking fluid consists mainly from water and suspended proppants such as 
sand or aluminum oxide with the aid of a thickening agent) into the reservoir to increase the 
downhole pressure and create cracks in the formation rocks. These cracks enable the trapped 
gases to flow. The second stage is known as flow-back in which some of the injected water is 
released and comes out to the surface with the produced gas. Flow-back fluids can be treated 
and reused in another hydraulic fracture job which can decrease the volume of the generated 
wastewater. After the fracking pressure effect is over, the sand grains or aluminum oxide 
holds the fractures open [8].

Recent advances in horizontal drilling and hydraulic fracturing techniques have allowed 
access to the production of large quantities of shale gas that were previously uneconomical 
to produce [4].

6. CO2 removal

Removal of carbon dioxide increases the calorific value and transportability of the natural 
gas. Carbon dioxide content in the natural gas obtained from gas or oil well can vary from 4 
to 50%. On the other hand, purged gas from a gas re-injected EOR (enhanced oil recovery) 
well can contain as much as 90% carbon dioxide. Before a natural gas rich in carbon dioxide 
can be transported, it must be pre-processed so as to meet the typical specification of 2–5% 
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carbon dioxide. To meet such a specification, the natural gas is most commonly treated with 
an aqueous alkanolamine solution in absorption columns. The major advantages of the amine 
treatment are that it is a widely commercialized technology in which the hydrocarbon loss 
is almost negligible. However, the capital and operating cost shoots up very rapidly as the 
concentration of carbon dioxide in feed gas increases [10].

Carbon dioxide, which falls into the category of acid gases (as does hydrogen sulfide, for 
example) is commonly found in natural gas streams at levels as high as 80%. In combination 
with water, it is highly corrosive and rapidly destroys pipelines and equipment unless it is 
partially removed or exotic and expensive construction materials are used. Carbon dioxide 
also reduces the heating value of a natural gas stream and wastes pipeline capacity. In LNG 
plants, CO2 must be removed to prevent freezing in the low-temperature chillers.

7. Experimental

7.1. Materials

Lactic acid (99%), ethanol amine (99%), diethanolamine (99%) and N,N-dimethylethanolamine 
(99%) were purchased from Fluka. 1-Methyl imidazole (99%), 1,2 dimethylimidazole (98%), 
2-bromoethylaminehydrobromide (98%), 3-bromopropylamine hydrobromide (99%), sodium 
tetrafluoroborate (99%) and lithium bis(trifluoromethylsulfonyl)imide (99%) were purchased 
from Sigma-Aldrich. Sodium methoxide (99%), ethanol (absolute), dry methanol (98%), 
acetone (99%), acetonitrile (99%) and methylene chloride (99%) were purchased from Merck 
Chemicals Company. PVDF membrane was obtained from Whatman incorporation.

7.1.1. Synthesis of ionic liquids (ILs)

7.1.1.1. Synthesis of ethanolamine lactates

Ethanolammonium ionic liquids were synthesized by direct neutralization of different etha-
nolamines with lactic acid [11].

Ethanolamines were loaded into 100 ml flask in water bath; the system was equipped with liquid 
filler, a reflux condenser and N2 under vigorous stirring at constant rate. Lactic acid (0.05 mol) 
was then added drop wise into the stirring reaction mixture for about 15 min and the reaction 
was allowed to proceed for 30 min. The solution was treated with acetone, removed by evapo-
ration under vacuum and then dried for 48 h at 50°C. The synthesized reaction for the ethanol 
ammonium ILs is expressed in Scheme 1:

Scheme 1. Synthesis of hydroxyl amine lactate. I: (R = CH3, R1 = H, R2 = H, R3 = HO─CH2─CH2─); II, (R = CH3, R1 = H, 
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Solution containing one equivalent of 1-methyl imidazole (0.25 M) in acetonitrile was added 
to stirring solution of one equivalent n-bromoalkyl amine hydrobromide (ethyl and propyl, 
respectively), dissolved in a minimal amount of ethanol, it was stirred at room temperature. 
Solvent was removed under vacuum yielding dark solid color. Methylene chloride and 
ethanol (50:50)% were added to yield white precipitate and solvent was removed by evapo-
ration. The amine moiety was deprotonated with 1.2 equivalence of sodium methoxide in 
dry methanol. Solvent was evaporated and methylene chloride was added to precipitate 
out the sodium bromide as by-product which was filtered off. Methylene chloride solution 
was added to 1.1 equivalence of lithium bis(tri fluoromethylsulfonyl)imide overnight and 
the organic layer was repeatedly washed with water to remove bromide. Methylene chlo-
ride and water were removed under vacuum. The synthesized product was expressed in 
Scheme 2.

7.1.1.3. Synthesis of imidazolium tetraflouroborates

Solution containing one equivalent of 1-methyl imidazole (0.25 M) in acetonitrile was added to 
a stirring solution of one equivalent of n-bromoalkyl amine hydrobromide (ethyl and propyl, 
respectively) dissolved in a minimal amount of ethanol, it was stirred at room temperature 
[12]. Solvent was removed under vacuum yields dark color. Methylene chloride was added 
to ethanol (50:50)% to yield white precipitate, and solvent was removed by evaporation. The 
amine moiety was deprotonated with 1.2 equivalence of sodium methoxide in dry metha-
nol. Solvent was evaporated and methylene chloride was added to precipitate the sodium 
bromide as by-product which was filtered off. Methylene chloride solution was reacted with 
1.1 equivalence of sodium tetraflouroborate, dissolved in water overnight and the organic 
layer was repeatedly washed with water. Methylene chloride and water were removed under 
vacuum. The synthesized reaction was expressed in Scheme 3.

Scheme 2. Synthesis of imidazolium bis(triflouromethylsulfonyl)imides. IV = (n = 2, R1 = CH3, R2 = H); V = (n = 3, R1 = CH3, 
R2 = H); VIII = (n = 2, R1 = CH3, R2 = CH3); and IX = (n = 3, R1 = CH3, R2 = CH3).
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Figure 2. Flow sheet of CO2 captures experimental apparatus.

7.1.2. Capture of carbon dioxide (CO2)

7.1.2.1. Bubbling technique

Using methanol as a blank solution, 0.1 mol solution of ionic liquid prepared, was put in the 
bubbling cell and the system run as follows [13, 14]:

• The system was adjusted as in Figure 2 where: (a) cylinder of He, (b) cylinder of CO2/CH4, 
(c) valve, (d) water bath at 25°C, (e) bubbling cell, (f) needle, (g) mass flow meter, (h) sam-
pling valve, and (i) gas chromatography.

• The system was evacuated using He gas first.

• CH4/CO2 gas were flowed to the system and passed to the solution through thin needle.

• Outlet gas was characterized by gas chromatography.

Scheme 3. Synthesis of imidazolium tetraflouroborates. VI = (n = 2, R1 = CH3, R2 = H); VII = (n = 3, R1 = CH3, R2 = H); 
X = (n = 2, R1 = CH3, R2 = CH3); and XI = 3 (n = 3, R1 = CH3, R1 = CH3).
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In amine interaction carbon dioxide is attacked by the amino group through it is lone pair 
of electrons, consequently the amino group of another molecule of ionic liquid capture a 
proton from the first one to form a bimolecular compound. In carbine reaction, the active 
proton of the imidazolium nucleus migrates to the amino group of the chain part to form 
the carbenium ion; this anion formed can attack the carbon dioxide molecule to get the 
Zwitterion (Schemes 4 and 5).

In this work the proposed mechanism is amine inter action and can be illustrated in  
Scheme 6 [15].

7.1.2.2. Membrane technique (adsorption)

The system was adjusted as above (Figure 2), where bubbling cell was replaced by the mem-
brane cell [(j)—membrane cell, (k)—supported ionic liquid membrane] (SILM) were prepared by 
immersing PVDF membrane in ionic liquid till saturation, put the SILM in membrane cell, pass 
CO2/CH4 through the cell, and the outlet gases passed to gas chromatography to be characterized.

Scheme 4. Mechanism for bubbling technique A (amine interaction).

Scheme 5. Mechanism for bubbling technique B, carbene interaction.

Scheme 6. Proposed amine interaction.
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7.1.3. Regeneration of ionic liquids

The used ionic liquids could be recycled by two ways. When we use heating, we can ride of 
captured CO2. Also by washing with distilled water and then evaporating it.

8. Results and discussions

8.1. Technique of CO2 removal

Methanol was used as solvent for the prepared ionic liquid solutions as it has no effect on 
absorption of CO2 (CO2 = 21.430).

To reach the optimum conditions, the gas rate was changed and the percent of CO2 cap-
tured was determined in presence of the prepared ionic liquid solutions. By using a rate 
of 0.7 sccm, the amount of ionic liquids took more time to be saturated with carbon diox-
ide, whereas by using a rate of 2 sccm we did not reach to a complete chemical reaction 
between the ionic liquids under investigation and the total amount of carbon dioxide 
flowed (Figures 3 and 4). While at 1 sccm rate, a complete reaction between the ionic 
liquid solutions and the flowed CO2 took place with suitable time, i.e. the optimum rate 
was 1 sccm.

Figures 1–17 show that:

• The traditional ionic liquids (I–III) are of good efficiency in carbon dioxide removal from 
the natural gas and the order of increasing efficiency was II < III < I.

• The time of saturation of ionic liquids (I–III) by carbon dioxide followed the order of 
II < I < III.

• By using 1-methyl imidazole ionic liquids (IV–VII) in carbon dioxide capture, the results 
showed that the efficiency will be as follows: VII < VI < V < IV, this means that, the efficiency 
increased by:

a. Increasing the chain length of the aliphatic amine part.

b. Changing the anion part from bis(trifloromethylsulonyl)imide to tetraflouroborate so 
the second is better.

• This observation was also obtained by (VII–XI) ionic liquids.

• The derived imidazolium cations (1,2 dimethyl imidazole) affect the efficiency of synthe-
sized ionic liquids as shown in the following order: XI < X < IX < VIII.

8.2. Regeneration of ionic liquids

Ionic liquids (I–XI) can be recycled. In chemical reaction the reacted species in the loaded sol-
vent are decomposed by heating to liberate carbon dioxide and regenerate the ionic liquids 
that reacted with carbon dioxide. In another way, ionic liquids are recycled by washing them 
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Figure 3. Capture of CO2 using ionic liquid vat rate 0.7 sccm.

Figure 4. Capture of CO2 using ionic liquid VII at rate 2 sccm.

Figure 5. Conventional and non-conventional gas reservoirs [4].
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Figure 6. Shale gas overall infrastructure block diagram [4].

Figure 7. Absorption of CO2 using synthesized ionic liquid I.

Figure 8. Absorption of CO2 using synthesized ionic liquid II.
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Figure 9. Absorption of CO2 using synthesized ionic liquid III.

Figure 10. Absorption of CO2 using synthesized ionic liquid IV.

Figure 11. Absorption of CO2 using synthesized ionic liquid V.
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Figure 9. Absorption of CO2 using synthesized ionic liquid III.

Figure 10. Absorption of CO2 using synthesized ionic liquid IV.
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Figure 12. Absorption of CO2 using synthesized ionic liquid VI.

Figure 13. Absorption of CO2 using synthesized ionic liquid VII.

Figure 14. Absorption of CO2 using synthesized ionic liquid VIII.
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Figure 15. Absorption of CO2 using synthesized ionic liquid IX.

Figure 16. Absorption of CO2 using synthesized ionic liquid X.

Figure 17. Absorption of CO2 using synthesized ionic liquid XI.
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Figure 12. Absorption of CO2 using synthesized ionic liquid VI.

Figure 13. Absorption of CO2 using synthesized ionic liquid VII.

Figure 14. Absorption of CO2 using synthesized ionic liquid VIII.
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Figure 15. Absorption of CO2 using synthesized ionic liquid IX.

Figure 16. Absorption of CO2 using synthesized ionic liquid X.

Figure 17. Absorption of CO2 using synthesized ionic liquid XI.
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Scheme 7. Regenerated mechanism.

Figure 18. Absorption of CO2 using regenerated ionic liquid I.

Figure 19. Absorption of CO2 using regenerated ionic liquid II.

Figure 20. Absorption of CO2 using regenerated ionic liquid III.
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Figure 21. Absorption of CO2 using regenerated ionic liquid IV.

Figure 22. Absorption of CO2 using regenerated ionic liquid V.

Figure 23. Absorption of CO2 using regenerated ionic liquid VII.
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Figure 20. Absorption of CO2 using regenerated ionic liquid III.
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Figure 21. Absorption of CO2 using regenerated ionic liquid IV.

Figure 22. Absorption of CO2 using regenerated ionic liquid V.

Figure 23. Absorption of CO2 using regenerated ionic liquid VII.
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with distilled water, and consequently the captured carbon dioxide reacted with water to yield 
carbonate [16] (Scheme 7). Then, the ionic liquids were obtained by decantation and evapora-
tion to get rid of any water. In this work, ionic liquids (VI, VIII, IX and XI) are soluble in water 
so, it cannot be regenerated through the second way. The regenerated ionic liquids are used 
to capture carbon dioxide from natural gas with high efficiency as shown in Figures 18–24.
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