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Abstract 

 

Analysis of the potential impacts of shale gas development 

 

Hyukjoong Yi, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  William L. Fisher 

 

The objective of this thesis is to analyze the considerations regarding the 

environmental impacts of shale gas development by a rational, objective, fact-based 

assessment. Flowback and produced water from shale gas development can be treated 

with the related technologies on-site or off-site for recycling, reuse, discharge, and 

disposal. However, more efficient technologies should be researched even though current 

levels are high. Besides, the amount of water used in shale gas development is generally 

lower than that of other energy sources and most shale gas plays are located in areas with 

moderate to high levels of annual precipitation. However, growing populations, other 

industrial water demands, and seasonal variation in precipitation should be considered 

during shale gas development. Groundwater contamination is directly connected to the 

integrity of the well casing, not hydraulic fracturing, because there are significant 

spacious gap and several impermeable layers between target formations and ground water 

zones. Hydraulic fracturing rarely creates unwanted induced seismicity because the 

seismic energy created from hydraulic fracturing is too low to be detected in the surface, 

compared to the waste injection well. 
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Chapter 1:  Introduction 

 

1.1 BACKGROUND 

The U.S. Energy Information Administration (EIA) evaluated that natural gas 

consumption rises from 24.4 trillion cubic feet in 2011 to 29.5 trillion cubic feet in 2040 

(EIA, 2013a). This dynamic increase stems from the rapid growth in the production of 

natural gas from shale formations with the application of innovative new technologies 

such as horizontal drilling and hydraulic fracturing. Rising shale gas supplies have 

several significant implications. First of all, it can weaken Russia’s diplomatic ability to 

wield an “energy weapon” over neighboring European nations because the U.S. can 

export natural gas in the form of LNG (Kenneth B. Medlock III, 2011). Besides, shale 

gas supply plays an important role in lowering natural gas prices, which is the reason that 

EIA forecasts demand for natural gas in the electric power sector increases from 7.6 

trillion cubic feet in 2011 to approximately 9.5 trillion cubic feet in 2040. Natural gas 

consumption in the industrial sector also increases (EIA, 2013a). Furthermore, shale gas 

industry can stimulate the U.S. economy as the President of the U.S. addressed that it 

creates more jobs, which also means increased tax and royalty receipts to be used for 

public service. Not only that, this shale gas revolution is expected to be a contributor to 

reduce greenhouse gas emissions thanks to the chemical characteristics of natural gas, 

which is related to the climate change. 

With this importance of shale gas development, it is obvious that there are 

considerations regarding the potential environmental impacts, which can stop shale gas 

production in some regions by a public demonstration. For instance, the State Senate in 

New York State passed a bill to suspend issuance of new permits for hydraulic fracturing 
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on 3 August 2010. This was superseded on 11 December 2010 with the New York State 

Governor issuing an Executive Order directing the Department of Environmental 

Conservation to “conduct further comprehensive review and analysis of high-volume 

hydraulic fracturing in the Marcellus Shale”. The Department of Environmental 

Conservation issued a revised draft Supplemental Generic Environmental Impact 

Statement including further information and setting the context for permitting future 

wells on 7 September 2011. It was possible to grant permissions for hydraulic fracturing 

after the public review on 11 January 2012 (John Broderic, 2011). 

 

1.2 STUDY OBJECTIVES 

The shale gas revolution in the U.S. has intensely positive impacts on energy 

market not only in the U.S. but also all around world.  It is estimated that the foundational 

role of shale gas can be enhanced in the future.  However, the dynamic shale gas 

development keeps drawing the public concerns which are centered on the potential 

environmental impacts of the shale gas development. The objective of this thesis is to 

analyze the considerations regarding the environmental impacts of shale gas development 

by a rational, objective, fact-based assessment to maximize the benefits of shale gas 

development and minimize the negative impacts.    

As such, issues for consideration in the thesis include: 

• the management of flowback and produced water from the shale gas well and 

technical analysis of treatment methods; 

• amount of water usage for shale gas development comparing other fuel 

sources and mitigation to reduce the negative impacts; 
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•  factors to cause induced seismicity and relation between induced seismicity 

and earthquake; and 

• the relation between hydraulic fracturing fluid and the ground water 

contamination . 

 

1.3 STRUCTURE OF THE THESIS 

Chapter 2 describes the role of natural gas and considers the value of 

unconventional gas including shale gas in the U.S.  

Chapter 3 considers the history of shale gas development, the geological analysis 

regarding shale gas formations and the shale gas reserves in the U.S. 

Chapter 4 reviews the technologies which contributed to making modern shale 

gas revolution such as hydraulic fracturing and horizontal drilling and assesses the 

benefits of these technologies with the analysis of recent trend. 

Chapter 5 evaluates the potential environmental impacts and risks associated with 

shale gas development in terms of water management, water availability, water 

contamination, and induced seismicity.  

Chapter 6 summarizes and draws conclusions concerning the potential impacts of 

shale development in the U.S. 
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Chapter 2:  The Significance of Shale Gas 

 

2.1 THE ROLE OF NATURAL GAS  

Natural gas, which is the second major energy source in the U.S., supplies 

approximately 26% of the total in 2011 and this portion is expected to be increased up to 

28% by 2040 in the U.S. (EIA, 2013a). 

End use of energy can be categorized into the following four parts; industrial, 

commercial, transportation, and electrical generation sectors. Natural gas plays a key role 

in each section. First of all, natural gas has become a very popular fuel for the generation 

of electricity because of its clean burning nature. As shown in Figure 1, most electricity 

has been produced from large coal or nuclear powered plants in the 1970s and 1980s 

even though these kinds of fuel have economic, environmental and technological 

challenges. Natural gas has become the fuel of choice for new power plants built since 

the 1990s because natural gas has been regarded as one of the cleanest of all the fossil 

fuels, as evidenced in the Environmental Protection Agency with its low prices (EIA, 

1998). Based on this situation, natural gas generated about 25 percent of electricity in the 

U.S. in 2011 and that this is expected to grow to 30 percent in 2040 (EIA, 2013a). 

 

 4 



 

Figure 1: Electricity generation by fuel (trillion kilowatt-hours per year), 1990-
2040 (EIA, 2013a) 

 

Natural gas is used in many industrial fields, including providing the base 

ingredients for such varied products as plastic, fertilizer, anti-freeze, and fabrics. As 

shown in Figure 2, industry sector used almost the same amount of natural gas as electric 

generation and residential and commercial sections in 2011 (EIA, 2011a) even although 

the largest share of the growth recently changed to electricity generation in 2012 (EIA, 

2013a). This industrial consumption is concentrated in a relatively small number of fields 

although industry accounts for a great deal of natural gas consumption in the United 

States. Natural gas is consumed primarily in the pulp and paper, metals, chemicals, 

petroleum refining, stone, clay and glass, plastic, and food processing industries. These 

businesses account for over 84 percent of all industrial natural gas use (EIA, 2002) 
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Figure 2: Primary Energy Consumption by Source and Sector, 2011 (EIA, 2011a) 

 

The consumption of natural gas in the U.S. currently exceeds domestic 

production. EIA estimated that the U.S. imported 2.6 trillion cubic feet of natural gas to 

meet demand of consumers in 2010. However, Figure 3 indicates that the production 

increases faster than consumption, which makes the U.S. becomes a net exporter of 

natural gas by around 2022 (EIA, 2012a). 

As shown in Figure 3, natural gas consumption grows at a rate of 0.4 percent per 

year from 2010 to 2035 to 26.6 trillion cubic feet in 2035 while the U.S. natural gas 

production grows by 1.0 percent per year, to 27.9 trillion cubic feet in 2035, more than 

enough to meet domestic needs for consumption. Therefore, the U.S. net natural gas 

exports are about 1.3 trillion cubic feet, half of which is exported overseas as liquefied 
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natural gas (LNG). The other half is transported by pipelines, primarily to Mexico (EIA, 

2012a). 

 

 

Figure 3: Total U.S. natural gas production, consumption, and the net imports 
(trillion cubic feet), 1990-2035, (EIA, 2012a) 

 

2. 2 THE ROLE OF UNCONVENTIONAL GAS  

Energy Information Administration (EIA) predicted that unconventional gas 

production increases from 47 percent of the U.S. total in 2007 to 56 percent in 2030 while 

total natural gas production increases by more than 4 trillion cubic feet from 2007 to 

2030 (EIA, 2009a). On the other hand, Figure 4 indicates that onshore conventional 

production keeps decreasing during the same period. Therefore, unconventional gas is 

expected to play a core role in the U.S. natural gas production. 
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Figure 4: Natural gas production by source (trillion cubic feet), 1990-2030, (EIA, 
2009a) 

 

2. 3 THE ROLE OF SHALE GAS  

The lower 48 states have a wide distribution of shale formations containing vast 

resources of natural gas. The Barnett Shale play already produces more than 6% of all 

natural gas produced in the lower 48 states (EIA, 2008a). Improved drilling skills and 

fracturing technologies have considerably contributed to the economic potential of shale 

gas. This potential for production in the U.S. shale basins is predicted to contribute 

significantly to the U.S.’s domestic energy outlook. Figure 5 shows the projected 

contribution of shale gas to the overall unconventional gas production in the U.S. (EIA, 

2013a).   
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Figure 5: U.S. dry natural gas production by source (trillion cubic feet) 1990-
2040, (EIA, 2013a) 

 

There are two major components to make shale gas production economically 

viable to date; horizontal drilling and hydraulic fracturing. 

Continuing improvements of the sophisticated technologies such as horizontal 

drilling and hydraulic fracturing had great impacts on economic viability of shale gas 

development, which resulted in the increase in portion of onshore horizontal drilling rigs. 

There were only 40 horizontal drilling rigs in 1990s, which is 6% of total active rigs in 

the U.S. (GWPC, 2009). However, Figure 6 indicates the number of horizontal drilling 

rigs increased to 553, which is 28% of total active rigs in the U.S. in 2008 (Baker Huges, 

2013a). 
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Figure 6: Rig Count by Drilling Type (Baker Huges, 2013a) 

 

Since 1998, the unconventional gas production forecast of EIA has been 

consistently lower than the actual gas production because they did not consider the 

dynamic increase in unconventional gas development. Especially, shale gas from the 

Barnett shale became the large unconventional gas supplier at that time. In addition, the 

shale gas production from most other shale gas plays has been accelerated. Figure 7 

presents annual shale gas production of major shale gas fields from 2000 to 2010 (EIA, 

2011b). 
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Figure 7: Annual production by major shale gas field (trillion cubic feet), 2000 to 
2010, (EIA, 2011b) 

 

It is obvious that most new natural gas reserves growth will come from 

unconventional shale gas reservoirs represented by major shale gas plays such as the 

Barnett, Haynesville, Fayetteville, Marcellus, and Woodford even though the projection 

of shale gas production can change due to several factors such as advances in technology 

and new information of shale plays. While many shale plays have been abandoned in the 

past because the production did not meet the criteria of economic viability at that time, 

some of these shale plays have recently produced gas. In this case, operators can utilize 

the pre-existing pipeline infrastructure. Beside, many of these plays tend to be close to 

population centers, which facilitates transportation of resources to users. This 

circumstance can stimulate shale gas development. 

The shale gas development will play a key role in the U.S. energy system for 

many years because not only natural gas can reduce greenhouse gas emissions due to its 

chemical characteristics, but also shale gas industry can stimulate the U.S. economy by 
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creating jobs and revenue (David Kay, 2011). Above all, recent successful shale play 

development has regarded shale gas as strategic resources.  
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Chapter 3:  Shale Gas Development in the United States 

 

3.1 HISTORY OF SHALE GAS DEVELOPMENT 

Shale gas has developed since the very beginning of gas development even 

though the production rate was low, compared to the present production. The history of 

shale development in the U.S. has been started in the small town of Fredonia, New York, 

in 1821. The characteristic of this sort of the early gas well is that the well was swallow 

and not complicated to drill. The natural gas produced from this well was used for 

lighting in the town.  

Ohio shale in the Big Sandy Field of Kentucky was another shale gas well, which 

is the similar scale to the Fredonia during the 1920s. However, the Big Sandy Field has 

been recently redeveloped and it is now a 3,000-square-mile play. The small but 

continuous shale gas production has kept going around Antrim Shale in Michigan by the 

1930s (John A. H. et al., 2010).  However, these sorts of development in this time can be 

referred to minor development, compared to 1980s, when the development began to 

rapidly expand to the point that it has now reached approximately 9000 wells. The 

Barnett shale, Fort Worth of Texas, was standing as the one of the most active shale gas 

play in the U.S. At that time, the industry paid their attention to the Barnett shale play 

because it was the first time to apply two major new technologies to the Barnett shale. It 

was large-scale hydraulic fracturing in 1986 and horizontal drilling in 1992. The 

production of the Barnett shale has increased with continued advances of hydraulic 

fracturing. The horizontal drilling and hydraulic fracturing technologies have played an 

important role in accelerating shale gas development to date. Regarding the Barnett shale 
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as the successful case with these two technologies, natural gas industries have started to 

look for the other shale gas plays not only in the U.S. but also in Canada.  

The Bakken Shale of the Williston Basin of Montana and North Dakota was 

chosen as a second shale play, which was another chance to improve technologies related 

to horizontal wells and hydraulic fracturing. The growth rate of the Bakken shale was 

similar to the Barnett shale. The Bakken shale was estimated to hold 3.65 billion barrels 

(bbls) of oil, 1.85 tcf of associated natural gas, and 148 million bbls of natural gas liquids 

by the United States Geological Survey (USGS) in 2008. 

Sequenced hydraulic fracture treatments and horizontal well completions 

functioned as a catalyst to expand shale gas development showing synergistic effect. 

Shale gas in many shale plays had been underestimated and overlooked before observing 

the successful application of these two technologies in the Barnett shale even though the 

U.S. had suffered from the lack of energy because it is considered that the production did 

not generate economic viability. The prime characteristic of shale formations is the low 

permeability, which means only minor volumes of gas can flow naturally to a wellbore. 

This is critical factor to limit the production of shale gas. This is regarded as major 

difference from other gas reservoirs. Therefore, it is the core technology to increase 

permeability, which finally ends to enhance the economic viability (GWPC, 2009). Table 

1 summarizes the history of shale gas development in the U.S. 
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Date comments 

1821 
1st US commercial gas well producing from Devonian shales in 
Fredonia, NY 

1859 Commercial oil well drilled 

1860s to 
1920s 

Natural gas, including gas from fractured shales in the Appalachian and 
Illinois basins, is used in nearby cities. 

1930s US Transmission pipelines built for transporting gas. 

1940s 
Hydraulic fracturing first pumped in 1947 on a gas well Kelpper Well 
No. 1, located in Grant County, Kansas. 

1970s Directional drilling technology developments. 

1970s to 
1980s 

DOE estimates significant reserve potential. 

1980s to 
1990s 

DOE/GRI projects to optimize large fracture designs, reservoir 
characterization and completion practices. Development of technology 
makes the Barnett shale economic and establishes horizontal hydraulic 
multi-fracturing as the key enabler technology for shale gas reservoir 
development. 

2001 to 2004 
Barnett shale gas production overtakes shallow shale plays (Appalachian 
and Michigan). 

2005 to 2010 Development of other major shale basins begins. 

2010 

Marcellus shale development begins and investment in US shales 
becomes saturated. US/Canadian based companies and expertise begin 
to look overseas for potential resource plays that can be developed 
world-wide. 

Table 1: Shale Gas History Summary (Department of Energy and Climate change of the 
UK, 2010) 
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3.2 GEOLOGICAL ANALYSIS OF SHALE GAS FORMATION 

Shale is one of the sedimentary rocks, which generally consist of consolidated 

clay-sized particles. Tidal flats and deep water basin, which are regarded as low energy 

depositional system, are appropriate places for shale to deposit as a form of mud that is 

very fine grain. During this process, organic debris of algae, plant, and animal can also 

deposit with the clay grain. The clay grains accumulate horizontally as the sediments 

deposit and solidify into thinly layered shale rock through compaction process. This rock 

has extremely low permeability due to the very fine clay grain and laminated layers of 

sediment as shown in Figure 8. The permeability of the natural shale rock is estimated of 

0.01 to 0.00001 millidarcies (J. Daniel Arthur, 2008c). Therefore, gas in shale rock 

cannot move because of this low permeability. The organic matter accumulated with clay 

grains turns into natural gas, which is called shale gas. Therefore, shale formations play a 

role of both the reservoir and source for the natural gas. However, shale formations 

function as source rock and seals for gas from the viewpoint of sandstone and carbonate 

reservoirs of traditional onshore gas development. 

 

 

Figure 8: Microscopic structure of shale, sandstone, and limestone with water in 
pore spaces. Note differences in scale among views of each rock type (PCE, 
2012) 
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Shale formations are categorized as an unconventional reservoir because of its 

extremely low permeability. Low permeability and abundant organic matter qualify shale 

formations as the source beds in the past. There is a standard to classify reservoir as 

conventional/unconventional (USDE, 2009) 

• Conventional reservoirs – The reservoirs consist of sand and carbonates 

(limestone and dolomite) which have relatively high permeability, which 

means gas can move from one pore space to the other pore space through pore 

throats. Therefore, natural gas in organic-rich shale formations moves to sand 

and carbonates with relatively high porosity and permeability in conventional 

reservoirs. 

• Unconventional reservoirs – The reservoirs consist of tight sands and 

carbonates, coal, and shale which have relatively low permeability. 

Unconventional reservoirs function as both source rock and reservoir rock. In 

order to produce the natural gas, some specific technology is needed to 

stimulate the reservoir to increase permeability of the formation. Hydraulic 

fracturing is the most effective method to date. Unconventional reservoirs can 

be divided into the following three types. (Paul Stevens, 2010) 

1) Tight Gas – While shale gas is trapped in rock, tight gas describes natural 

gas that is dispersed within low-porosity silt or sand areas that create a 

tight-fitting environment for the gas. Wells consist of regional low-

porosity sandstones and carbonate reservoirs. The source rock and the 

reservoir rock are different since the natural gas formed in other 

formations moves into the reservoir with millions of years. In order to 

produce this tight gas, horizontal drilling and hydraulic fracturing are 

applied. As shown in Figure 9, tight gas formations are generally found in 
 17 



Paleozoic formations. Over time, the rock formations have been 

compacted and have undergone cementation, which decreases 

permeability in the rock. 

 

 

Figure 9: Major Tight Gas Plays, Lower 48 States (EIA, 2010a) 

 

2) Coal Bed Natural Gas (CBNG) – Wells consist of the coal seams, which 

function as both source rock and reservoir rock. Natural gas can be formed 

by thermo-genic alterations of coal or by bio-genic action of indigenous 

microbes on the coal. Due to the characteristics of coal, the formation is 

too fragile to make porosity under the high pressure of heavy overburden. 

And CBNG wells are generally shallow, which means the wells tend to be 

close to aquifers. Therefore, there are restrictions on hydraulic fracturing 
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due to the concerns of water contamination. Major coal bed natural gas 

basins across the U.S. are depicted in Figure 10. 

 

 

Figure 10: Coalbed Methane Fields, Lower 48 States (EIA, 2009b) 

 

3) Shale Gas – Wells consist of low permeability shale formations, which are 

also the source for the natural gas. Due to low permeability, natural gas 

from in the formation is supposed to be stored in fracture porosity within 

the shale or within the micro-pores of the shale. In order to product natural 

gas, vertical drilling/horizontal drilling and hydraulic fracturing may be 

applied in the formation  (IEA, 2012). 

 

The Figure 11 shows the geologic nature of most major sources of natural gas in 

the United States. 
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Figure 11: Schematic Geology of natural gas resources (EIA, 2010b) 

 

3.3 SHALE GAS RESERVES IN THE UNITED STATES 

In the United States, shale gas reserves are found across most of the lower 48 

states. The major shale plays include the Barnett Shale, Fayetteville Shale, Haynesville 

Shale, Marcellus Shale, Woodford Shale, and Eagle Ford Shale. Figure 12 shows the 

location of current producing shale gas and prospective shale gas. 
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Figure 12: North America shale plays, (Chuck Boyer., et al, 2011) 

 

Each of shale gas basins is supposed to have the distinctive exploration standard 

and challenges because each has different social/geological conditions. For instance, the 

Fayetteville Shale is located in rural areas of north central Arkansas. However, the 

Barnett Shale is located in the urban and suburban area of Forth Worth, Texas. In the case 

of Antrim and New Albany Shale, it is relatively shallower than the other shale basins so 

that a considerable amount of water is produced from the formation (John C. Hunter, 

2009).  
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Table 2 indicates the major characteristics of the shale gas plays in the U.S. 

Through this table, Technically Recoverable Resources, Water Production, Net 

Thickness, Depth, and Water Production can be compared. Especially, the portion of 

Technically Recoverable Resources can increase with time thanks to the advances of the 

technologies and the increased understandings of the shale basins. 
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Gas Shale Basin Barnett Fayetteville Haynesville Marcellus Woodford Antrim New 
Albany 

Estimated Basin 
Area, square miles 5,000 9,000 9,000 95,000 11,000 12,000 43,500 

Depth, ft 6, 500 - 
8,500 

1,000 – 
7,000 

10,500 -
13,500 

4,000 - 
8,500 

6,000 - 
11,000 

600 - 
2,200 

500 – 
2,000 

Net Thickness, ft 100 – 
600 

20 – 
200 

200 - 
300 

50 – 
200 

120 – 
220 

70 – 
120 

50 – 
100 

Depth to Base of 
Treatable Water#,ft 

~1200 ~500 ~400 ~850 ~400 ~300 ~400 

Rock Column 
Thickness between 
Top of Pay and 
Bottom of Treatable 
Water, ft 

5,300 – 
7,300 

500 – 
6,500 

10,100 - 
13,100 

2,125 – 
7650 

5,600 – 
10,600 

300 – 
1,900 

100 – 
1,600 

Total Organic 
Carbon, % 4.5 4.0 - 9.8 0.5 - 4.0 3 - 12 1 - 14 1 - 20 1 - 25 

Total Porosity, 
% 4 - 5 2 - 8 8 - 9 10 3 - 9 9 10 - 14 

Gas Content, 
scf/ton 

300 – 
350 

60 – 
220 

100 – 
330 

60 – 
100 

200 – 
300 

40 – 
100 

40 – 
80 

Water 
Production, 
Barrels 
water/day 

N/A N/A N/A N/A N/A 5 - 500 5 - 500 

Well spacing, 
acres 

60 – 
160 

80 – 
160 

40 – 
560 

40 – 
160 

640 
40 – 
160 80 

Original Gas-In- 
Place, tcf 327 52 717 1,500 23 76 160 

Technically 
Recoverable 
Resources, tcf 

44 41.6 251 262 11.4 20 19.2 

Table 2: Comparison of data for the shale gas in the U.S. (USDE, 2009) 
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Chapter 4:  Technologies for Shale Gas Production 

 

4.1 HORIZONTAL DRILLING 

Technologies are contributors to shale gas development in the U.S. Not only 

vertical drilling but also horizontal drilling can be applied to the drilling and completion 

of shale wells. In considering the Barnett shale as a successful predecessor, the other 

shale tended to track a path of the Barnett shale with the technology such as horizontal 

drilling was applied to the Barnett shale.  The first official horizontal well was completed 

in Texon, Texas in 1929. And there was another horizontal well in the Franklin Heavy 

Oil Field, Venango County, Pennsylvania, at a depth of 500 feet in 1944 (GAO, 2012). 

However, as shown in Figure 13, practical application started from 1980’s with the 

advent of improved downhole drilling motors and the invention of other necessary 

supporting equipment, materials, and technologies, particularly downhole telemetry 

equipment due to the reason of economic viability.  
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Figure 13: History of Horizontal Drilling (GAO, 2012) 

 

The success of the Barnett shale resulted from the technological combination of 

vertical drilling and horizontal drilling and economic benefit of the great reservoir. 

Operators can rely on horizontal well completions when drilling technologies can be 

applied to product the natural gas because it can optimize recovery and well economics 

with a synergic effect. Horizontal drilling provides more exposure to a formation, 

compared to vertical drilling. In the case of the Marcellus Shale in Pennsylvania, a 

horizontal well may have a lateral wellbore extending in length from 2,000 to 6,000 ft 

within the 50- to 300-ft thick formation even though a vertical well may be exposed to as 

little as 50 ft of formation, which shows the advantage of the horizontal drilling (J. Daniel 

Arthur, et al., 2008a). 

The selection between vertical drilling and horizontal drilling can vary according 

to geological condition of the formation. Horizontal drilling needs more capital 
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investment than vertical drilling. However, from the economic viewpoint, horizontal 

drilling is generally better that the other. In the case of vertical drilling, it may cost 

approximately $800,000 while horizontal drilling can cost $2.5 million or more to drill on 

the assumption that pad and infrastructure are excluded (GWPC, 2009). 

 

4.1.1 Process and technology of horizontal drilling     

There are four major types of wells; slanted holes, S-shaped holes, deep inclined 

holes, and horizontal hole. Each well has the unique and complex configurations as 

shown in Figure 14.  Each of these shapes requires specific operational demands. Slant 

holes consist of straight section, a building section, and a tangent section straight to the 

target. Slant hole can be mainly used when drilling site is not located directly above the 

target. S-shaped holes are composed of a straight section, a build section, a tangent 

section, and a drop section. The purpose of s-shaped holes is to improve the efficiency of 

the well and to kill a neighboring blown-out well. Horizontal holes have a straight 

section, a build section, and a horizontal section. The inclination angle reaches 90°. Deep 

inclined holes are almost the same as the slanted holes except the position of a building 

section is lower than slanted holes. Besides, it is important to know that the horizontal 

well type is the only significant type for shale oil and gas extraction to update. 
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Figure 14: Main configurations of a directional or horizontal well, (Diego Giacca, 
2010) 

 

Horizontal and directional drilling can be performed in accordance with the 

technical criteria to achieve a practical well. The drilling of a directional or horizontal 

well can be divided into several stages: 

• Beginning of the drilling.  

The vertical drilling down to the point where the deviation begins is the first 

stage. As Figure 15 shows, this point is called the Kick-Off Point (KOP). The 

length of this vertical section can be determined by several factors such as the 

final depth of the well, the number and location of the mining targets, the 

geological complexity. 

• Deviation of the well.  

After reaching the Kick-Off Point, the directional drilling begins along the 

pre-calculated direction and the angle with the vertical gradually increases to 
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the maximum. This angular increases by unit of length, which is called Build-

Up Rate (BUR) generally ranges from 1° to 3°-4° per every 30 meters due to 

the geological condition. The maximum angle of inclination ranges from 30° 

and 60° although the angle increases up to 90°. 

• Constant inclination. 

After reaching the maximum angle of inclination, the well is drilled to the 

next point by keeping the inclination constant. The next point may be the 

target in the case of “slant hole” or the depth where the drop-off section starts. 

A stabilized bottom hole assembly (BHA) plays an important role in maintain 

the angle.  

• S-shaped hole.  

If the well design type is a S-shaped hole, the inclination begins to be 

decreased by a pre-calculated gradient, which is called the Drop-Off Rate 

(DOR), to reach the target. This type of well is beneficial under the condition 

that several mineralized levels are concerned and it is required to avoid certain 

formations that may make drilling problems. 
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Figure 15: Directional well with an S-shaped hole, (Diego Giacca, 2010) 

 

There are several technologies to perform the deviation drilling and the 

improvement continues in recent times because extended-reach horizontal wells is 

the most effective method for shale gas development and the high demand for this 

technology increases as emerging the era of shale gas. Four major technologies 

can be represented; the whipstock and jetting to the systematic use of bottom hole 

motors, steerable systems and the geosteering. 

• Establishing the deviation by means of the whipstock. 

The whipstock was the most commonly used method to put a deviation in the 

place for many decades. The whipstock is approximately 6 metres long and 

the shape of the upper part of this whipstock is like a wedge, which has a 
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collar inside which a drill bit is inserted as indicated in Figure 16. The 

diameter of the drill bit is smaller than that of the hole where the deviation 

will be carried out. There are a stabilizer and a pipe screwing above the drill 

bit. The whipstock can be attached at the drill bit-string system with a 

shearable pin. After the system arrived to the planned depth, the whipstock is 

inserted by a suitable weight which also causes the stop pin to be sheared and 

oriented in the direction where the well will have to proceed. The drill bit 

slides along the wedge going toward the planned direction because of the 

rotation given to the string and making a smaller hole than the original well. 

After drilling about 3-4 m long, the system is pulled back to the surface and an 

hole expander is lower down the well to make the hole diameter of this section 

the same as the original diameter. 

 

Figure 16: Establishing a deviation by means of a whipstock, (Diego Giacca, 
2010) 
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•  Establishing the deviation by means of jetting. 

The deviation by using jetting was one of the common methods before 

emerging new technology in the 1980s. However, this method is still applied 

to some wells because the cost is relatively low. As shown in Figure 17, the 

role of jetting itself is to excavate the soil by the high pressurized jet of mud 

which is emitted from the nozzles of the drill bit. Therefore, there is a large 

diameter nozzle on the drill bit for the mud flows. In addition, there are a near 

bit stabilizer, the bent sub, two non-magnetic collars, a stabilizer and, finally, 

the succession of drill collars and normal pipes above the drill bit. After the 

system arrives to the bottom, the string is rotated to position the open nozzle. 

Then the string stops the rotating. All of the available weight is unloaded onto 

the drill bit to make the near bit stabilizer function as a fulcrum, forcing the bit 

to increase in inclination angle. High speed jet can penetrate the rock for a few 

meters as the pump create a high pressure to make build-up curve.  
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Figure 17: Establishing a deviation by means the jet bit: A, initial stage of the 
‘jetting’ with an increase in the deviation angle; B, penetration of the bit in rotary 
mode; c, further increase in the deviation angle by jetting, (Diego Giacca, 2010) 

 

• Establishing the deviation by means of a turbine. 

The turbine was commonly used to put the deviation in place before the bottom 

hole motors were employed. The bent sub, which is attached above the turbine, is 

used to make an angle between the axis of the drilling string and the axis of the 

turbine-drill bit system, which is similar to jetting. The system is sliding when the 

end part of the drilling systems rotates. 

• Establishing the deviation by means of a downhole motor.  

Positive Displacement Motors (PDMs) have been preferred over the last few 

years. The reason is that PDMs are more desirable than turbines in terms of 

deviation operations due to their lower number of revolutions, the high value of 

torque and the simplicity of their manufacture. Not only that, it is estimated to 
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have benefits such as the reduction of the operating costs and an easier adjustment 

of the deviation. 

• Steerable systems and geosteering.  

Steerable systems are the latest methods of the deviated drilling technologies. A 

PDM/turbine is installed above the drill bit as shown in Figure 18. There are two 

unique parts in this system; measurement while drilling package (MWD) and 

logging while drilling (LWD). The purpose of MWD is to provide the data to the 

surface in real time such as inclination, direction, pressure, temperature, real 

weight on the drill bit, and torque stress. LWD can provide geological data such 

as the gamma ray log, the resistivity, density and sonic logs as well as the 

information mentioned above. Therefore, it is possible to steer in the subsurface 

along the most suitable route to reach the prefixed targets due to the coupling of 

sensors providing information on the well trajectory. Horizontal drilling generally 

used this method because of the significant flexibility of navigation especially, 

under the situation that the target formation has thin layers and the isolation of the 

aquifer and reservoir is required (Diego Giacca, 2010). 

 

 

Figure 18: Typical composition of a system used in geosteering operation, (Diego 
Giacca, 2010) 
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4.1.2 Benefit of Horizontal Drilling: Reducing Surface and Wildlife Impacts      

Surface disturbances are inevitable issues when plays are developed 

because surface disturbance is necessary to access to the resource as roads and 

well pads and transport the resources as pipelines and compressors thought the 

significance of this impact can be different due to the region or physiographic 

setting. Oil and gas companies have spent time and money minimizing the 

negative impacts that cannot be avoided, and mitigating the impacts to observe 

the related regulations. 

Horizontal drilling became one of the most effective solutions to take care 

of surface disturbances. For instance, assuming the company develops an area of 

one square mile, the company uses 16 vertical wells on a separate well pad with 

vertical drilling as shown in Figure 19. However, the company may use four to 

eight wells from a single well pad with horizontal drilling as depicted in Figure 

20. In the case of the Barnett shale, horizontal drilling has replaced three or four 

vertical wells a single well. Furthermore, when vertical drilling is applied to the 

shale formations instead of horizontal drilling, spacing interval tends to be closer 

because the permeability of the shale is relatively low, which means surface 

disturbances additionally increase (Dan Arthur, et al., 2010). 

Therefore, the number of production facilities, total mileage of access 

roads and utility corridors can be considerably reduced considering full-field 

development scale, which connects to not only minimizing habitat fragmentation 

but also impacts on the public and overall environmental footprint. Besides, some 

plays where surface occupancy is impractical or undesirable can be developed 

with horizontal drilling (DOI, 2008). 
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Figure 19: Footprint of Developing 640 Acres with Vertical Wells, (Dan Arthur, 
et al., 2010) 

 

 

Figure 20: Footprint of Developing 640 Acres with Horizontal Wells, (Dan 
Arthur, et al., 2010) 
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Horizontal drilling with multi-well pads in shale gas development can not 

only reduce surface disturbances, but also minimize wildlife impact and habitat 

disturbances that can be affected by the exploration, development, operations, and 

abandonment processes. In addition, considering the environmentally sensitive 

areas such as wetlands, areas near streams and rivers and wilderness habitats, 

horizontal drilling can play an important role in gas development without 

disturbing these resources. For instance, in the case of hardwood forest in New 

York, it functions as important wildlife habitats. Horizontal drilling can be one of 

the most effective methods to keep this valuable forest (Catskill Mountainkeeper, 

2008). 

Furthermore, in order to protect wildlife and sensitive resources, 

regulations and ordinances dictating operational restrictions can be established. In 

Flower Mound in Texas, construction in streams or rivers, floodplains and 

sensitive upland forest is restricted by ordinances to protect wildlife species and 

their habitats. The purpose of these ordinances is ultimately connected to future 

growth of the community (Nels Johnson, 2010). 

Environmental protection plans are needed when the resource 

development may affect wildlife. According to leasing agreement established by 

Pennsylvania Game Commission in Pennsylvania, the use of existing timber and 

maintenance roads is required to access wells and avoidance of areas such as 

wetlands and unique and critical habitats for threatened or endangered species. 

However, inevitable disturbances are supposed to exist. For these 

unavoidable impacts, regulation forces companies to mitigate these disturbances 

by applying land reclamation practices to restore to original conditions. However, 

the technology advances of horizontal drilling in shale gas development can 
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minimize impacts in the first stage, which connects to reductions of the need for 

additional mitigation efforts.  

 

4.1.3 Benefit of Horizontal Drilling: Reducing Community Impacts 

Traffic congestion, damage to roads, dust, and noise, which can be 

categorized into community impacts, should be handled from the initial planning 

phase of development by those involved in the development such as states, local 

governments, and industry to minimize long term effects. These community 

impacts can be created and increase during the process of drilling and hydraulic 

fracturing. When the prediction regarding traffic volume and weight loads are 

inaccurate, traffic volume, damage to road surfaces will increase with time and 

companies should adjust work schedules to reduce the impacts through the 

communication with authorities. For example, special sound barrier and absorber 

can reduce noise for residents and water unpaved roads can play a small role in 

decreasing dust in the area. In the case of the Barnett shale, this play is 

categorized as environmentally sensitive area because it is close to the Dallas-Fort 

Worth International Airport. Therefore, the developers have built pipeline to 

transfer water from well sites to disposal facilities, which have a positive impact 

in reduction of traffic volume and potential road damage. With these practice, 

horizontal drilling can make a synergic effect so that access road and traffic can 

be further reduced (Chesapeake Energy, 2008). 

It should not be understated that the impact on existing roadways can 

cause severe disruption and safety concerns for all users. In an active area such as 

the Bakken, the existing roads are quickly overloaded and slowly destroyed by the 
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massive traffic of oil filed trucks. The law in most States passes control of these 

roads to the local counties or the State. The users certainly pay a tax for use of the 

road, but this is often not enough for road up keep. Some local counties have 

passed extra road use fees and regulations in an attempt to control maintenance. 

Even this is a slow process because of the difficulty in maintaining a road that is 

under constant use. The strain on law enforcement and traffic accident removal 

goes up considerably in these over-traveled areas, with no good solution in sight. 

Many counties and States are left to do what patch work they can with the 

knowledge that the massive increase in oil and gas activity also leads to a massive 

increase in local jobs and local tax revenue. 

Drilling flexibility is getting higher due to the advances in drilling 

technologies for developers, which means the producers can have wider choices 

to adjust their development plans when they access the plays that would be not 

approached in the past. Basically, both vertical drilling and horizontal drilling are 

used in shale plays because the geological conditions vary by region and location. 

However, considering the current shale gas development, horizontal drilling has 

become the preferred method in most shale gas plays because it exposes the 

maximum volume of shale to a well bore where it can be selectively stimulated 

and flowed to the surface. In this context, horizontal drilling has been applied in 

many areas that vertical drilling cannot be utilized in the past for resources 

beneath existing infrastructure, buildings, and environmentally sensitive areas. 

Changes of drilling and completion technologies applied to shale gas plays 

have evolved from the Barnett shale play, which is located near Dallas-Fort 

Worth International Airport. The main characteristic of these changes is that the 

importance of local ordinances has increased. Developers should try to suit local 
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ordinances to reduce community impacts and protect environment while they 

develop the resources. Drilling operation can usually continue regardless of time 

restrictions when the wells are located in rural areas. However, in the case that the 

wells are positioned in/near urban regions such as Arlington, Burleson, Cleburne, 

Fort Worth, Joshua and North Richland Hills, drilling operations can be restricted 

by time due to the related ordinances (GWPC, 2009). 

 

4.2 HYDRAULIC FRACTURING 

Hydraulic fracturing is the other contributor to make shale gas have economic 

viability. This technology can be applied to increase permeability of shale formations, 

which have originally low permeability, as one of the most effective formation 

stimulation practices. Gas can flow toward the wellbore due to the increased 

interconnected permeability in the formation around the fractures.  

Hydraulic fracturing is a technology to pump a fracturing fluid into shale 

formations at a calculated, predetermined rate and pressure, which make fracture in the 

formation. A fracturing fluid consists of generally water. Besides, there are additives to 

help the water to carry sand proppant into the fractures. The purpose of this sand 

proppant is to hold open fractures when the pumping has stopped. After the fracture has 

initiated, additional fluid are injected into the wellbore to not only make the fracture 

continue, but also send the proppant deeper into the fracture. Furthermore, the additional 

fluids can maintain the downhole pressure to prevent the collapse and accommodate the 

increasing length of opened fracture in the formation (Carl T. Montgomery, et al., 2010). 

The process of hydraulic fracturing can be divided into identifying properties of the target 

formation, calculating fracture pressure, and the desired length of fractures. 
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4.2.1 Design and Process of Hydraulic Fracturing 

As one of the most effective formation stimulation practices in shale plays, 

hydraulic fracturing is designed to the unique condition of the target formation, 

which has specific thickness of shale and rock fracturing characteristics. 

Therefore, it is important to understand the reservoir conditions and the dynamics. 

Hydraulic fracturing should be applied, reflecting the details of formation 

characteristics, because it can vary substantially from formation to formation to 

get a goal of hydraulic fracturing to optimize fracture networking and maximize 

gas production. 

In order to achieve effective, economic and highly successful fracturing, 

designing hydraulic fracturing, computer modeling, microseismic fracture 

mapping, and tilt-meter analysis should be considered (Chesapeake, 2011a). 

 

• The purpose of a computer modeling is to maximize effectiveness and 

economically design a treatment event. As shown in Figure 21, Geologists and 

engineers can estimate the height, length, and orientation of potential fracture 

development by modifying the placement of the horizontal well and the 

design of a hydraulic fracture treatment. Not only that, the designers can use 

the simulation data to assess the success of the hydraulic fracturing. And 

engineers can also figure out optimized design for fracturing. 

• Microseismic fracture mapping and tilt measurements are the advances in 

hydraulic fracturing design. As indicated in Figure 22, the engineers can 

manage the resource by evaluating the success and orientation of the fractures 

and expect fracture results in new wells by using reservoir characteristics. 
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It is important for developers to optimize fracture patterns. In the case that 

the fractures propagate beyond the target formation, waste of materials, time, and 

money can happen. It can also result in the loss of the well and resource.  Not 

only that, fracture propagation out of the target formation can produce excess 

water from bounding strata, which makes production costs increase and the well 

theoretically could contaminate surrounding layers. Therefore, operators should 

be careful to maintain the fracture within the target formation.  

 

 

 

Figure 21: A Hydraulic Fracture Stimulation Model, (Chesapeake, 2011a) 
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Figure 22: Microseismic Event Location (Guy Lewis, et al., 2011) 

For shale gas development, the lateral part in horizontal well may range 

from 1,000 feet to more than 5,000 feet. It is hard to stimulate the whole lateral 

part with just one trial of hydraulic fracturing because the length of lateral part is 

too long and fragile to maintain a downhole pressure (W.K. Overbey, et al., 

1988). Therefore, hydraulic fracturing of a horizontal shale gas well tends to be 

performed in stages, which means hydraulic fracturing of horizontal shale gas 

well are generally applied in isolating sections of the lateral part. Each section of 

the lateral part is referred to stage. Operators sequentially fracture the formation 

from the farthest end of the wellbore until the entire lateral part has been fractured 

(Chesapeake, 2011a).  
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Each stage of fracturing has substages, which are the processes to inject a 

series of different volumes of fracture fluids with specific additives and proppant 

concentrations.  

There are a series of tests before performing perform a hydraulic fracture 

treatment of a well. The purpose of these tests is to check the well, well 

equipment and hydraulic fracturing equipment are under the normal working 

condition and are able to withstand the pressure of hydraulic fracturing and pump 

flow rates. The first objects for the tests are well casings and cements during the 

drilling and well construction process. These casing and cement tests are 

extremely important because the failure of casing or cement can lead to loss of 

well control resulting in flows of fluids outside of the confined well bore, perhaps 

to sensitive water filled layers and even the surface. And the next test is pressure 

testing of hydraulic fracturing equipment (John A. Harper, 2008). The result 

should be mandatorily recorded in accordance with state oil and gas regulatory to 

check the safety of operation and water resources. Safety is extremely important 

because these jobs are run at very high surface pressures and injection rates. 

Hydraulic fracturing can be performed after finishing these tests. The 

pumping of an acid treatment is the first substage. The purpose of this acid 

treatment is to clean the wellbore that might be contaminated by drilling and well 

installation process because drilling mud and casing cement can plug pores and 

pore throats in the formation. After this acid treatment, a slickwater pad is the 

next sub-stage. As a water-based fracturing fluid mixed with a friction reducing 

agent, the role of slickwater pad is to fill the wellbore and the open formation area 

and the purpose of this is to increase the flow ability and help placement of the 

proppant further into the formation. 
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After pumping the slickwater pad, a large volume of water with fine mesh 

sand is injected. The volume of fine-grained proppant is supposed to be increased 

while the volume of fluids is decreased from 50,000 gallons (gals) to 30,000 gals 

through several sub-stages. The reason to use fine-grained proppant is to make 

this particles penetrate deeper into the developed fractures and to create the 

optimum conductivity in the fracture for the flow of reservoir fluids. After 

finishing proppant stages, the well and the equipment should be cleaned with a 

volume of freshwater in order to get rid of extra proppants (EPA, 2004). 

Operators should supervise, monitor and evaluate the whole processes of 

hydraulic fracturing, especially focusing on the pressure, pumping rates, density 

of the fracturing fluid slurry, and the volumes of each additive and the water. 

While the operator fractures divided sections of the lateral part, they can 

make changes of the fracturing process because each portion of the sections tends 

to have unique in-situ conditions due to the several factors such as shale 

thickness, existence of natural fractures and proximity to another wellbore 

fracture system. Therefore, horizontal fracturing should be performed in 

controlled manner. 

 

4.2.2 Fluids and Additives of Hydraulic Fracturing 

Millions of gallons of water-based fracturing fluids mixed with proppant 

materials can be pumped into shale formations to perform hydraulic fracturing 

above fracture pressure. 

Water is the primary component of the fracturing fluid. However minor 

volumes of additives are included in the fluid. The very low concentrations of 
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between 3 and 12 additive chemicals can be usually chosen in typical hydraulic 

fracturing in accordance with the unique condition of the shale formations being 

fractured. Each chemical component has each function. The most universal fluids 

used in shale gas formations are water-based fracturing fluids mixed with friction-

reducing additives, which is referred to slickwater. 

The role of friction reducers is to inject fracturing fluids and proppant into 

the formation at lower pressure and higher rate. Besides that, biocides can be used 

to prevent microorganism growth and biofouling of the fractures. The purpose of 

oxygen scavengers and other stabilizers is to prevent corrosion of metal pipes. 

Acid plays a role of cleaning drilling mud around the wellbore. However, there 

are two common purposes of these fluids. One is to create the fractures in the 

formation. The other is to carry a propping agent to the developed fractures 

(ConocoPhillips, 2012). 

Figure 23 indicates the volumetric percentages of additives that were used 

for hydraulic fracturing treatment of a Fayetteville Shale horizontal well. The 

Additives represent 0.5% of the total fluid volume, which is the relatively small 

volume of fracturing fluid. The concentration of additives generally is 0.5% to 2% 

with 98% to 99.5% of water (FracFocus, 2013). 
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Figure 23: Volumetric Composition of a Fracture Fluid (BDSS, 2013) 

 

Almost any chemical can be hazardous depending on the management 

skill and the concentration of the fluid. In this context, chemical additives 

included in a fracturing fluid can be harmful. When the additives can be properly 

handled and the management can meet the criterion of related industry standard, it 

can minimize the negative impacts on the environment. 

Table 3 depicts that the main compound, the purpose of using in hydraulic 

fracturing, and the common use of the main compound.  
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Additive 
Type 

Main 
Compound(s) Purpose Common Use of Main 

Compound 

Diluted   Acid 
(15%) 

Hydrochloric acid 
or muriatic acid 

Help dissolve minerals and 
initiate cracks in the rock 

Swimming pool chemical and 
cleaner 

Biocide Glutaraldehyde Eliminates bacteria in the water 
that produce corrosive byproducts 

Disinfectant; sterilize medical and 
dental equipment 

Breaker Ammonium persulfate Allows a delayed break down of 
the gel polymer chains 

Bleaching agent in detergent and 
hair cosmetics, manufacture of 

household plastics 

Corrosion 
Inhibitor 

N,n-dimethyl 
formamide 

Prevents the corrosion of the 
pipe 

Used in pharmaceuticals, acrylic 
fibers, plastics 

Crosslinker Borate salts Maintains fluid viscosity as 
temperature increases 

Laundry detergents, hand soaps, 
and cosmetics 

Friction 
Reducer 

Polyacrylamide 
Minimizes friction between the 

fluid and the pipe 

Water treatment, soil 
conditioner 

Mineral oil Make-up remover, laxatives, and 
candy 

Gel Guar gum or 
hydroxyethyl cellulose 

Thickens the water in order to 
suspend the sand 

Cosmetics, toothpaste, sauces, baked 
goods, ice cream 

Iron Control Citric acid Prevents precipitation of metal 
oxides 

Food additive, flavoring in food 
and beverages; Lemon Juice ~7% 

Citric Acid 

KCl Potassium chloride Creates a brine carrier fluid Low sodium table salt 
substitute 

Oxygen 
Scavenger Ammonium bisulfite Removes oxygen from the water 

to protect the pipe from corrosion 
Cosmetics, food and beverage 

processing, water treatment 

pH Adjusting 
Agent 

Sodium or 
potassium 
carbonate 

Maintains the effectiveness of 
other components, such as 

crosslinkers 

Washing soda, detergents, soap, water 
softener, glass and ceramics 

Proppant Silica, quartz sand Allows the fractures to remain 
open so the gas can escape 

Drinking water filtration, play sand, 
concrete, brick mortar 

Scale 
Inhibitor Ethylene glycol Prevents scale deposits in the 

pipe 
Automotive antifreeze, household 

cleansers, and de- icing agent 

Surfactant Isopropanol Used to increase the viscosity of 
the fracture fluid 

Glass cleaner, antiperspirant, and 
hair color 

Table 3: Fracturing Fluid Additives, Main Compounds, and Common uses 
(GWPC, 2009) 
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4.2.3 Recent trend of hydraulic fracturing 

Figure 24 and 25 indicate that the significant growth of the hydraulic fracturing 

industry in the U.S. 

 

 

Figure 24: Global market size for hydraulic fracturing in oil and gas fields 
(Energy Tribune, 2011) 

 

 

Figure 25: Numbers of Fracturing Treatments per year (Energy Tribune, 2011) 
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According to these two figures, the global oil and gas industry has faced 

recession, which started in late 2008 and went through all of 2009. The industry was 

boosted again after overcoming the downturn. Fracture market was rapidly expanding as 

numbers of fracture jobs significantly increased. Figure 26 depicts that pricing also 

increased. The average cost of a fracturing job ranged from $110,000 to $120,000 in 

early 2008. During the recession, the average cost declined to approximately $80,000 in 

2009. However, the cost increased up to $150,000 in 2011 (Energy Tribune, 2011).  

 

 

Figure 26: Average cost per fracturing treatment (Energy Tribune, 2011) 
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Chapter 5:  Analysis of the Environmental Considerations 

 

Natural gas is an important energy source of not only the U.S. but also all round 

the world and the value of natural gas is expected to increase in the near future as a clean-

burning, affordable and reliable source of energy. Based on this trend, unconventional 

gas will increase its portion as a major resource and shale gas is receiving considerable 

attention from the energy industry as a representative of unconventional gas. 

In order to properly manage the shale gas development, federal, state, and local 

requirements have been established. Through these regulations, conservation of gas 

resources, prevention of waste, protection of the rights of both surface and mineral 

owners, and protecting the environment can be ensured (Arkansas Oil and Gas 

Commission, 2008). When it comes to the environmental protection, it is primarily the 

role of state agencies to not only take in charge of the protection of water supplies, the 

conservation of air quality, and the public safety, but also make wastes from drilling and 

production appropriately disposed (Ohio Department of Natural Resources, 2006). State 

agencies are subject to oversight by the EPA through Federal statutes concerning clean 

air and water. Federal regulators are in control of all Federal lands. 

As described above, horizontal drilling and hydraulic fracturing are core 

contributors to make shale gas development feasible. Areas that have been previously 

inaccessible and abandoned can be developed thanks to these technologies.  Therefore, in 

considering there are environmental concerns on these practices, it is important to 

analyze the potential impacts of shale gas development on human health and the 

environment. 
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  Environmental concerns of shale gas development are basically the same as 

those of general gas development. However, the new considerations are emerging with 

the technologies such as horizontal drilling and hydraulic fracturing, which became the 

standard practices for modern shale gas development. These considerations might be 

getting more complicated as shale gas development is expanding to more densely 

populated areas (Trevor Smith, 2012). Therefore, those involved in the development have 

to try to set up the environmental solutions as opposed to environmental road blocks.  

In this chapter, the environmental considerations that stem from shale gas 

development and treatments/technologies that can minimize impacts are analyzed.  

 

5.1 WATER MANAGEMENT    

5.1.1 Water’s role in hydraulic fracturing 

Based on the fact that shale gas is natural gas which is trapped in the shale 

formation, hydraulic fracturing can make fissures with highly pressurized water and 

chemical additives in order to allow natural gas to flow into the gas well. Approximately, 

3 to 7 million gallons of water per well is needed during this process (CRP 5072, 2010). 

A variety of water sources can supply the water for hydraulic fracturing. Lakes, 

rivers, ponds, and aquifers have all been used as fresh water sources. As one example, 

most of water can be supplied from rivers such as Susquehanna River in the Marcellus 

Shale (CRP 5072, 2010). Water withdrawal sites are built on a bank and water is pumped 

from the river into trucks. Generally, drilling companies set up their own water 

withdrawal sites and transport the water to the target wells. Sometimes, drilling 

companies tend to purchase the water from separate companies which have water 

withdrawal sites (GWPC, 2009). 
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The Susquehanna River Basin Commission (SRBC) plays a key role in regulating 

the amount of water withdrawn from the river per day. This commission consists of the 

states of New York, Pennsylvania, and Maryland and the federal government. The main 

purpose of this federal-interstate agency is to protect water quality, create flood 

mitigation projects, and regulate water withdrawals. The SRBC has the authority to stop 

withdrawals if the water level does not meet the minimum limit while the agency 

observes the water level of river. The authority of the SRBC reaches out to the Marcellus 

Shale area in New York and northern and central Pennsylvania (SRBC, 2010). 

Truck can be used to transport water that has been taken from the river to the well 

pad or to a water containment pond near the well pads. Temporary pipes function as 

bridges from water containment ponds to the well pads. However, the water can be 

directly transported without temporary pipes or water containment ponds. In this case, it 

is estimated that approximately 900 to 1,200 trucks may be needed for drilling and 

hydraulic fracturing (CRP 5072). 

At first, the water is used for drilling. The volume of water used in this process is 

relatively smaller than the volume of water used in hydraulic fracturing. When it comes 

to drilling, drilling mud mainly consists of water. This drilling mud plays an important 

role as a lubricant and a coolant for the drill bit.  Not only that, the drill cuttings can be 

carried out to the surface by circulation of drilling mud in the well. And the drilling mud 

functions as barrier before installation of the casing in the well.  

The well pads, which are built with geotextile fabric covered in gravel, use silt 

fencing, riprap, and grass seeding to prevent water runoff and erosion. After inspection of 

the pad, the drilling can start.  

Devices, which can make small holes in the casing with directed charges, are put 

down to the end of the horizontal section and make holes. These small holes can 
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contribute to making fractures in the formation with the highly pressurized fluids. The 

device is pulled up to the surface after making holes and hydraulic fracturing can begin.  

The acid stage is the first step of hydraulic fracturing. As described in chapter 4, a 

small volume of water, which is mixed with 15% hydrochloric, is injected into the well 

so that this acid fluid can dissolves minerals, sand and loose cement. The major purpose 

of this stage is to get rid of impurities in the space between fractures.  

The pad stage is the second stage. The slickwater mixture, which includes friction 

reducers, is pumped down the well at the pressure of 5,000 to 8,000 pounds-per-square-

inch (CRP 5072). This high pressure makes fractures in the shale formation around the 

well.  

The prop sequence is the third stage. In order to prop the fractures that are created 

by highly pressurized slickwater, sand suspended in water is pumped into the newly 

formed fractures in the formation. Larger grains are gradually used through several 

injection trials to prop all the fractures. The last stage is the flushing stage. The purpose 

of this stage is to push the last of the proppant to the bottom of the well. 

Hydraulic fracturing is repeated 4 to 20 times from the end of the lateral part, 

which is divided into several sections (CRP 5072). After the first successful fracturing 

practice, the first fractured section is plugged and the next section is perforated and 

fractured with the same technologies applied to the first section. Then this second section 

is plugged, the next object is the third section. After finishing hydraulic fracturing in all 

sections, all these plugged sections are drilled out.  Natural gas tends to flow out from 

shale formations due to the pressure difference. This natural gas pushes out a significant 

volume of fracturing fluids filled with the well to the surface. This water includes some 

combination of the additives as well as a large amount of dissolved solids such as salts, 

calcium and chloride. 
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Separators play a role in separating the natural gas from the produced and 

flowback water. The natural gas is transported thought a pipeline. On the other hand, the 

water separated from the gas is sent to tanks/trucks for transport to a deep injection well 

or wastewater treatment facility for treatment and re-use on the pad for a new well. 

Lagoons were generally used to store the water like storage ponds in the past. However, 

with consideration related to the environment such as contamination of the groundwater, 

companies tend to discard this method.  

The water transported from the site can go to a deep injection well nearby, a 

wastewater treatment plant or recycling facility. The major technology of these facilities 

is evaporation process. The water is boiled to turn into both brine and distilled water 

(Chesapeake, 2011b). 

The fracturing water discussed so far is fresh, potable, water. This is preferred 

because the fracturing additive chemistry is well known, the fresh water is generally 

available and it is cheap. However, as more fresh water is demanded for fracturing and 

fresh water supplies become scarce, it is important to develop non-potable water for use 

as fracturing fluid. This can be done with some basic research into the water make up and 

the effect of the water make up on the fracturing chemistry and any possible deleterious 

effects in the formations being fractured. Some companies are attempting this approach, 

but so long as fresh water remains available and cheap, fresh water will likely dominate 

the water used. 

 

5.1.2 Flow-back water management  

After relieving the pumping pressure for hydraulic fracturing from the well, the 

produced water including water-based fracturing fluid and natural formations water 
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begins to flow back through the well casing to the surface. Some constituents of the 

formation can be dissolved in this produced water. Initial produced water can vary from 

fresh (<5,000 ppm Total Dissolved Solids (TDS)) to varying degrees of saline (5,000 

ppm to 100,000 ppm TDS or higher). Several hours to a couple of weeks is needed to 

make the fracturing water recovered and less than 30% to more than 70% of the original 

fracture fluid volume are the volume of produced water (GWPC, 2009). 

Some small percentage of fracturing fluid will be retained in the formation 

through interfacial tension or relative permeability effects. For this reason, it is hard to 

recover 100% of the fracturing fluids from the formation. 

The reservoir formation and natural formation water have been in touch with 

other for millions of years. Therefore, produced water of initial production can be 

brackish (5,000 ppm to 35,000 ppm TDS), saline (35,000 ppm to 50,000 ppm TDS), and 

supersaturated brine (50,000 ppm to >150,000 ppm TDS) (Chesapeake, 2011b). This 

variation stems from changes in the natural formation water. 

It is important to manage this produced water for not only operators but also 

governments because it can be directly connected to the conservation of surface and 

ground water resources. Besides, minimizing water use of hydraulic fracturing is also 

important. A variety of processes is applied to manage the produced water such as 

underground injection, treatment and discharge, and recycling. Table 4 indicates current 

water management technologies for major shale formations.  

The most traditional disposal method for produced water is underground 

injection, which may be the best option. Salt water disposal wells can be used to inject 

produced water into porous formations which are separated from groundwater by 

multiple layers of impermeable formations. Underground injection cannot be applied to 

every formation because the injection formation is not available in some formations. In 
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this case, produced water can be transported to other formations for underground 

injection by trucks or pipelines. In the formation located in urban area such as the Barnett 

shale, pipelines are used to transport produced water to injection well, which are the 

contributor to reduce the traffic, exhaust emissions, and wear on local roads in the town 

(Chesapeake, 2011c). The federal Safe Drinking Water Act (SDWA), Underground 

Injection Control (UIC) program play a role in permitting injection wells and monitoring 

the processes with many environmental safeguards. 

Produced water can be treated through self-contained systems at well sites/fields 

or municipal waste water treatment plants/commercial treatment facilities. However, 

municipal/commercial treatment can be applied generally in large urban area due to its 

economic viability. Therefore, Operators and separate companies evaluate produced 

water to decide the degree of treatment and the volume of make-up water. As shale gas 

development is rapidly spreading, commercial waste water treatment facilities are under 

the construction in the U.S to treat produced water (GWPC, 2009). Therefore, this is one 

of the contributors to expanding shale gas development and reducing consideration 

associated with water contamination.  
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Shale Gas Basin Water Management 
Technology 

Availability Comments 

Barnett Shale 
Class II injection wells Commercial and non- 

commercial 
Disposal into the Barnett 

and underlying Ellenberger 
Group 

Recycling On-site treatment and recycling For reuse in subsequent 
fracturing jobs 

Fayetteville Shale 
Class II injection wells Non-commercial 

Water is transported to 
two injection wells 

owned and operated by a 
single producing company 

Recycling On-site recycling For reuse in subsequent 
fracturing jobs 

Haynesville Shale Class II injection wells Commercial and non- 
commercial 

 

Marcellus Shale 

Class II injection wells Commercial and non- 
commercial 

Limited use of Class II 
injection wells 

Treatment and discharge 
Municipal waste water treatment 
facilities, commercial facilities 

reportedly contemplated 
Primarily in Pennsylvania 

Recycling On-site recycling 
For reuse in subsequent 

fracturing jobs313 

Woodford Shale 

Class II injection wells Commercial Disposal into multiple 
confining formations314 

Land Application  
Permit required through the 

Oklahoma Corporation 
Commission 

Recycling Non-commercial 
Water recycling and 
storage facilities at a 

central location 

Antrim Shale Class II injection wells Commercial and non- 
commercial 

 

New Albany Shale Class II injection wells Commercial and non- 
commercial  

Table 4: Current Produced Water Management by Shale Gas Basin (GWPC, 
2009) 
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Produced water can be treated through new water treatment technologies and new 

applications of existing technologies. The treated water can be used as fracturing make-

up water, irrigation water, and drinking water. Water treatment technologies can reduce 

water demands and supply extra water to the other area. In the Barnett shale, Devon 

Energy Corporation (Devon) used treated water for 50 wells by establishing water 

distillation units during hydraulic fracturing. However, in order to make produced water 

treatment practical, more efficient technologies are researched even though current levels 

are high (GWPC, 2009). 

New technologies for treatment of produced water is developing as some 

researchers make advances to reduce the amount of treatment needed. If hydraulic 

fracturing can be successfully applied by using a high TDS, the volume of recycled or re-

used water may increase, which means more treatment options become wider and more 

water can be reused. Therefore, water withdrawal may be reduced and shale gas 

development can expand without the concerns associated with water withdrawals. 

 

5.1.3 Technical Analysis of Treatment Methods 

Treatment can be applied on-site or off-site for recycling, reuse, discharge, and 

disposal. Figure 27 shows the general treatment process. On-site treatment means 

treatment for reuse at the well pad. An evaporation treatment is the only way to reduce 

the amount of produced water on-site because discharge is restricted at the well site. 

Reuse is the primary method as on-site treatment. Therefore, most treatment occurs off-

site, which means the transport of produced water is needed. Disposal wells/treatment 

requires transport as Figure 27 shows. Treated water can be discharged, transported back 

to the well site for reuse, or diverted for beneficial reuse or resource extraction. Residuals 
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such as liquid wastes and solid waste can be transported to disposal sites or diverted for 

beneficial reuse (Rebecca Hammer, et al., 2012). 

 

 

Figure 27: Treated Water and Residual Product Flows (Rebecca Hammer, et al., 
2012) 

 

Evaluation of the constituents is the first step for produced water to choose 

methods to remove contaminants. The representative contaminants of produced water 

from shale gas development are as follows. 

• Salt content, including metals. 

• Organic hydrocarbons (sometimes referred to as “oil and grease”). 

• Inorganic and organic additives. 

• Naturally occurring radioactive material. 
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Produced water needs treatment before the disposal. Treatment options can be 

selected after contaminants are detected to remove these contaminants. Suspended solids, 

organics such as oil and grease, and minerals such as dissolved solids or salts are mainly 

the target to get rid of by treatment.  

Settling or filtration play a role in removing these suspended solid from produced 

water. As Figure 28 shows, physical separation processes such as hydrocyclones, 

filtration, and centrifuge and chemical separation processes such as dissolved air 

flotation, solvent extraction, and adsorption can be used to remove oil and grease from 

produced water (Rebecca Hammer, et al., 2012). Several stages of treatment are required 

to remove organics to very low levels.  

 

 

Figure 28: Technologies for Removing Oil, Grease, and Organics from Produced 
Water (Rebecca Hammer, et al., 2012) 
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Dissolved solids are not affected by treatment for removal of suspended solids 

and organics. Therefore, desalination or demineralization can be used to remove 

dissolved salt from produced water because desalination treatment is beneficial to remove 

monovalent ions such as sodium, chloride, and bromide while precipitation methods is 

effective for only multivalent ions such as calcium, magnesium, iron, and sulfate. As 

indicated in Figure 29, thermal methods such as distillation, evaporation, and 

crystallization, and non-thermal methods such as reverse osmosis, ion exchange, 

capacitive deionization, forward osmosis, and electrodialysis are regarded as desalination 

treatment. 

Evaporation from open-pond is the most economical and the easiest desalination 

method. The volume of produced water can be reduced by sunlight. This method can be 

effective in arid areas. In this context, the Marcellus shale play cannot use evaporation 

method because precipitation in this region exceeds evaporation, which dilutes the 

produced water in open-pond. Although the dilution by precipitation makes the 

concentration low and increases the suitability of produced water for reuse, it is obvious 

that the dilution decreases the operational efficiency from the viewpoint of the 

evaporation method. Furthermore, if there are volatile chemicals in the produced water, it 

can make air pollution (Rebecca Hammer, et al., 2012). 
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Figure 29: Technologies for Removing Dissolved Ionic Constituents from 
Produced Water (Rebecca Hammer, et al., 2012) 

 

5.2 WATER AVAILABILITY 

5.2.1 Amount used and comparison to other fuels  

A shale gas well may generally use up to 1 million gallons of water for drilling 

and additional 2-6 million gallons of water for hydraulic fracturing even though the 

volume of water can vary due to the unique condition of formations (Chesapeake, 

2011b). Figure 30 depicts the amount of water used in the Barnett shale.  
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Figure 30: Natural Gas Industry Water Use in the Barnett Shale (Tom Hayes, 
2008) 

 

The volume of water for hydraulic fracturing can vary due to the length of 

fractured sections in horizontal part and geological characteristics of the formation. As 

indicated in chapter 4.2, hydraulic fracturing can be applied in several stages. The 

horizontal section typically is divided into 2-10 stages and approximately 500,000 gallons 

of water is used in each stage (Luca Dal Forno, 2011). The table 5 indicates the average 

amount of water used for hydraulic fracturing in several major shale plays.  
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Operator Resource Play 
Ave. Amount of Water used per 
Well for Hydraulic Fracturing 

Treatment 

  Million Gallons Barrels 

Devon Energy Barnett Shale 3.5 MMgal 83,000 bbl 

Chesapeake Energy Haynesville Shale 5.0 MMgal 119,000 bbl 

Chesapeake Energy Fayetteville Shale 4.9 MMgal 116,700 bbl 

Chesapeake Energy Barnett Shale 3.8 MMgal 90,500 bbl 

Chesapeake Energy Marcellus Shale 5.5 MMgal 131,000 bbl 

Table 5: Amount of Water used per Well for Hydraulic Fracturing Treatment 
(Chesapeake, 2011b and Jay Ewing, 2008) 

 

It is important to understand that water use in shale gas development is generally 

lower than water use in other energy sources by comparison of water use for one million 

BTU of energy from various energy sources as indicated in Table 6. 
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Energy Resource Range of Gallons of Water Used 
per MMBTU of Energy Produced 

Chesapeake Deep Shale Natural Gas 0.84 – 3.322 

Conventional Natural Gas 1 – 3 

Coal (no slurry transport) 2 – 8 

Coal (with slurry transport) 13 – 32 

Nuclear (uranium ready to use in a power plant) 8 – 14 

Chesapeake Deep Shale Oil 7.96 – 19.253 

Conventional Oil 8 – 203 

Synfuel - Coal Gasification 11 – 26 

Oil Shale Petroleum 22 – 56 

Oil Sands Petroleum 27 – 68 

Synfuel - Fisher Tropsch (from coal) 41 – 60 

Enhanced Oil Recovery (EOR) 21 – 2,500 

Biofuels 
(Irrigated Corn Ethanol, Irrigated Soy Biodiesel) > 2,500 

Table 6: Water Requirement for various Energy (Matthew E. Mantell, 2010) 

 

5.2.2 Effect on Water Quality 

The amount of water used for hydraulic fracturing can be reduced thanks to new 

technology advances though the amount of water cannot be easily predicted due to the 

unique geological condition of formations.  

Surface water such as rivers and lakes is the major source for drilling and 

hydraulic fracturing. In addition, ground water, private water sources, municipal water, 

and re-used produced water can be used. As shown in Figure 31, most shale gas plays are 
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located in areas with moderate to high levels of annual precipitation (GWPC, 2009). 

However, several factors such as growing populations, industrial water demands, and 

seasonal variation in precipitation can make it difficult to satisfy not only the water 

demand for shale gas development but also regional needs even though the shale basins 

are in areas of high precipitation. 

 

 

Figure 31: Annual Rainfall Map of the United States (GWPC, 2009) 

 

In terms of the overall surface water balance, the water volume for drilling and 

hydraulic fracturing is relatively small portions of the total water resource use in the 

region. Figure 32 shows that water use for mining and oil and gas is less than 1% in the 
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U.S. and calculations also indicate that water use will range from less than 0.1% to 0.8% 

by basin (Chesapeake Energy, 2008). The key point is that water for drilling and 

hydraulic fracturing is required in relatively short period time. For instance, when the 

water level of rivers or streams is low, water use for shale gas development can affect 

fish and other aquatic life, fishing and other recreational activities, municipal water 

supplies, and other industries such as power plants. However, it is obvious that the 

volume of water for shale gas development is low, compared to other resources. The 

volume of water for electrical generation in the Susquehanna River Basin alone is nearly 

150 million gallons per day. However, the volume of water for the Marcellus shale is 8.4 

million gallons per day in the same area at peak (A.W.Gaudlip, et al., 2008). 

 

 

Figure 32: Estimated Use of Water in the United States 2005, (USGS 2005) 
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5.2.3 Mitigation 

Seasonal changes in river flow are the things operators and states focus on. It is 

possible to save water when river flows are greatest, which is estimated as one of the 

effective ways to reduce potential impacts to municipal drinking water supplies or to 

aquatic communities. In the Fayetteville Shale play, a 500-acre-ft impoundment is 

constructed to store water from the Little Red River when the river flow is high or excess 

water is available (J. Daniel Arthur, 2008b). 

Extra pipelines and hydrants for fire protection can be constructed as other 

mitigation. The purpose of these facilities is not only to provide water to the region in the 

case of emergencies, but also to monitor water quality and fish species in the river. This 

can contribute to diminishing the negative impact on local water supplies due to the 

restriction on water withdrawals. These mitigations are the most representative solution 

for the community and the operator. 

As shale gas development is expanding to new areas, water supplies and 

infrastructure can be barriers in some region. Communication with water administration 

can play an important role in managing local water resources for operators and 

communities. Operators can have a chance to understand local water demand, which is 

beneficial for operators to set up a water storage or management plan. As described 

above, water use for shale gas development can have a cumulative impact in the short 

term even though the volume of water is small. This impact can be minimized by 

determine a time and place to withdraw water through cooperating with local water 

administration. 

The analysis of water resources can be successful way to reduce potential impacts 

associated with water in some shale plays. The operator can use pre-planned volume of 

water for drilling and hydraulic fracturing without interfering with community needs. In 
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this context, it is important for the operator to understand local water laws because water 

resources and demand can vary in each areas and optimized water use plan should be set 

up. 

 

5.3 INDUCED SEISMICITY    

 

5.3.1 Definition of Induced Seismicity 

Induced seismicity is the abnormal level of historical seismic activity, which is 

made by artificial/human activity such as a rate of energy release. For instance, if a 

certain level of seismic activity is already observed before human activities, this seismic 

activity can be regarded as “historical” seismic activity and this seismic activity can be 

predicated to be stable in the future. However, if human activity causes change of this 

historical seismic activity or this changes disappear and the seismic activity returns to 

historical activity after finishing human activity, this seismic activity would be referred to 

“Induced activity” (National Research Council, 2012). 

 

5.3.2 Factors to cause Induced Seismicity 

There are many factors that can cause seismic activity. However, it is obvious that 

seismicity can be caused by the imbalance of earth stresses and this imbalance can occur 

by change of fluid pressure in the subsurface area because fluids can play an important 

role in controlling the pressures that are acting on the faults. The pore pressure is the fluid 

pressure in the pores, which acts against both the weight of the rock and the forces 

holding the rock together. If the pore pressure decreases, the forces holding the rock 

together are relatively higher than the pore pressure. This imbalance of earth stresses can 
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cause an earthquake. However, if the pore pressure increases, it would take less of an 

imbalance of stresses, thus accelerating earthquake activity. This is referred to shear 

failure. In this context, the pore pressure can increase by pumping fluids into the 

subsurface, which causes faults/fractures to “fail” more easily, inducing an earthquake as 

shown in Figure 33. Therefore, pumping fluid into the subsurface or producing fluids can 

cause induced seismic activity. 

 

 

Figure 33: Concept of Effective Stress (E. Majer, 2009) 

 

As shown in Figure 33, the diagonal line represents the plane of slippage or 

failure (fault). The two arrows are normal stress, which are the forces to prevent the fault 

from slipping. Tau is the value at which failure occurs. If the pore pressure (the red cross-

line) increases, the normal stress would decrease because the pore pressure acts against 

the normal stress. Therefore, effective stress decreases, which means seismicity can occur 

at lower shear stresses.  

Figure 34 shows a cross section of the earth showing induced seismic activities 

caused by water injection. Green dots represent the position of earthquakes and blue lines 
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mean the position of injection wells. Thin black lines represent production wells. It is 

obvious that the injection wells have relatively the large number of green dots.  

 

 

 

Figure 34: Example of injection related seismicity; note the close correlation 
between water injection wells and the location of the seismicity (E.Majer, 2009) 

 

Thermal/chemical changes, which are caused by fluid injection into the 

subsurface, can be regarded as factors to create induced seismic activity. Waste 

injections, carbon dioxide injection, oil and gas operations, and underground injection of 

fluids for waste disposal can also make thermal/chemical changes, which are generally 

related to shear failure (National Research Council, 2012). Magnitude of this type of 

seismicity depends on the geologic environment and available forces to cause an 

earthquake.  
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Hydraulic fracturing can be another factor to make induced seismicity. Hydraulic 

fracturing is different from other factors that make shear-induced seismicity because 

Hydraulic fracturing is primarily applied to create a tensile fracture even though minor 

shear failure can be associated with shear failure due to the fluid leaks into the fractures. 

Hydraulic fracturing rarely creates unwanted induced seismicity. As indicated in Figure 

35, the spots where induced seismicity can be detected is so far from the surface that it is 

hard to be detected on the surface (Fred Aminzadeh, 2012). Therefore, it is obvious that 

the seismic energy created from hydraulic fracturing is too low to be detected in the 

surface.  

In addition, the seismic risk, which stems from hydraulic fracturing, is also 

considered to be low because operations are applied with relatively low volume and short 

duration. 

 

                          Barnett                                                             Marcellus 
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Figure 35: Correlation of induced seismicity between depth and moment 
magnitude of major shale plays (N. R. Warpinski, et al., 2012)5.3.3 recent 
speculation on induced seismicity 

 

Magnitude of induced seismicity caused by hydraulic fracturing generally ranges 

from -4.5 to -1 on the Richter scale. This induced seismicity cannot be sensed on the 

ground (USGS, 2013). 

Induced seismicity above +1 magnitude related to hydraulic fracturing have been 

reported two times in the past. Cuadrilla Resources detected seismic events of 1.5 and 2.3 

magnitudes during hydraulic fracturing practice in 2011. There was also seismic event of 

                 Eagle Ford                                                         Woodford                          

                 Haynesville                                                  Muskwa/Evie                          
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1.0 and 2.8 magnitudes in the Eola field in Oklahoma as the Picket Unit B well 4-18 was 

fractured (COGA, 2012). However, it is obvious that the amount of induced seismicity 

above +1.0 is small, compared to the fact that there have been over 1,000,000 fracture 

stimulations in the U.S. 

Events in Ohio and Arkansas raised recent speculation about the correlation 

between hydraulic fracturing and earthquakes. However, it is important to understand the 

difference of the characteristics between hydraulic fracturing and underground injection 

wells. In the case of underground injection wells, fluid is pumped into a formation that 

can absorb trillions of gallons to dispose. This technology developed in 1930s and there 

are more than 500,000 including class II as shown in Figure 36 in the U.S. (COGA, 

2012). 

It is estimated that these underground injection wells are conjectured to stimulate 

pre-existing fault in the formation in Ohio and Arkansas (API, 2012). Injection of fluids 

over periods of weeks and months has a negative impact on existing faults by increasing 

pore pressure, which can causes earthquake activity. Geologists and geophysicists are 

also paying their attention to the underground injection well, not hydraulic fracturing, as 

a major factor that causes seismicity in the subsurface because earthquake activity stops 

when injection stops. 
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Figure 36: Class II Injection Wells in the United States in 2010 (API, 2012) 

 

5.4 SUBSURFACE CONTAMINATION OF GROUND WATER    

5.4.1 Significance of groundwater 

Groundwater is water that gathers in aquifers that function as water storage. 

Water occupies pore spaces of rock and makes the saturated zone of the aquifer. The 

boundary between saturated and unsaturated zones is called the 'water table'. 

Groundwater tends to move and flow through factures and crevices of rock from recharge 

zone where water enters the aquifer to discharge zone where water leaves the aquifer. 

When this discharge zone is close to the surface, water comes out as forms of springs, 

rivers, and wetlands. 
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The quality of this groundwater is generally so high that it does not require any 

treatment before using as a source of drinking water and as source for rivers and 

wetlands. Therefore, it is important to keep groundwater clean (Tomas C. Winter, et al.). 

As described above, there are a number of chemical substances in the fracturing 

and flowback fluids, which can have the negative impact on drinking water quality and/or 

surface waters and wetland habitats by contaminating groundwater. The concentration of 

hazardous substances, connection between groundwater and surface waters, and the 

extent and nature of contamination can be key factors to determine the degree of 

contamination (GWPC, 2009). 

The major factors to contaminate groundwater from shale wells are: 

• Fatal failure of integrity of the wellbore (during construction, hydraulic 

fracturing, production or after decommissioning); and 

• Migration of fracturing and flowback fluids from the target fracture formation 

through subsurface pathways including: 

-  the outside of the wellbore itself; 

-  other wellbores (such as incomplete, poorly constructed, or 

older/poorly plugged wellbores); 

-  fractures created during the hydraulic fracturing process; or 

-  natural cracks, fissures and interconnected pore spaces. 

 

5.4.2 Correlation between hydraulic fracturing and water contamination 

When it comes to shale gas development, one of the major concerns is that 

hydraulic fracturing can contaminate groundwater by excessively making fracturing that 

extends to aquifers, allowing the fracturing and flowback fluids to move to groundwater. 
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As described above in chapter 4.2, the hydraulic fracturing fluid mainly consists 

of fresh water in shale gas development. However, it is obvious that there are various 

chemicals such as friction reducers, biocides and corrosion inhibitors and these chemicals 

have volatile organics, semi-volatile organics, pesticides, organo-phosphorus, pesticides, 

PCBs, and metals. Furthermore, heavy metals and other toxins of the shale formation can 

be dissolved in hydraulic fracturing fluids. However, it is important to understand that 

there are many impermeable layers of rock between fractures created by hydraulic 

fracturing and underground sources of drinking water (Terry W. Roberson, 2012). This is 

the reason that it is extremely difficult to directly contaminate the underground water.  

MIT released documents regarding this separation between fracturing area and 

drinking water aquifer in 2010.  

"There is substantial vertical separation between the freshwater aquifers and the 

fracture zones in the major shale plays. In the five most developed shale formations 

(Barnett, Fayetteville, Haynesville, Marcellus and Woodford) at least 2000 feet of rock 

separates the top of the productive portion of the shale formation from the bottom of the 

drinking water aquifer; the only major exception is a portion of the Fayetteville shale in 

which the intervening rock layer ranges from 500 to 6500 feet." (Ernest J. Moniz, et al., 

2010). 

 In the Marcellus shale play, the target formation where hydraulic fracturing is 

performed lies from 4,000 to 8,500 feet below the surface while the deepest underground 

sources of drinking water in this region are about 850 feet below the surface 

(Chesapeake, 2012a). It is estimated that there are at least a half a mile of rock and nine 

layers of impermeable shale between the target formation and groundwater source, which 

play a role of barriers to contaminate the groundwater (Mark Zoback, et al., 2010). In 

addition, the seismic wave of hydraulic fracturing tends to go along the horizontal 
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direction, not vertical direction. This characteristics of waves also reduces the risk of 

groundwater contamination because groundwater resource is located above the target 

formation (Les Bennett, et al., 2006 and API, 2009). 

The unplanned vertical extension of hydraulic fractures also has negative financial 

impacts on the budget of operators. If fractures enter adjacent layers of rock, first of all, it 

can be predicted that brines from other layers can contaminate the reservoir. Secondly, 

gas resources can be easily evacuated from reservoir. Ultimately, control failure of 

vertical extension of hydraulic fractures increase operation costs.  

Figure 37 and 38 depict microseismic data from a well in the Barnett shale. Black 

thick line is the trajectory of the well. The depth of the horizontal section was between 

5,600 and 5,920 feet. The length of the horizontal section was approximately 3,800 feet. 

In the case of this well, the fractures do not affect the adjacent layers of rock because the 

pressure of hydraulic fracturing was well controlled (The Royal Society, 2012). 

 

 

Figure 37: A Horizontal View of Microseismic events along the Horizontal Well 
(The Royal Society, 2012) 
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Figure 38: A Cross Sectional View of the Microseismic events (The Royal 
Society, 2012) 

 

5.4.3 Protecting Groundwater: Casing and Cementing Programs 

Protecting groundwater is the primary purpose of State oil and gas regulation. 

Installing multiple layers of casing and cement is one of the core construction 

requirements of the regulation in order to prevent fresh water aquifers from 

contamination and to keep the producing zone isolated from adjacent formations. As 

shown in Figure 39, a conductor and surface casing string are installed in the borehole 

and cemented during the drilling process. Sometimes, intermediate casing is additionally 

installed. The space between the casing and borehole can be filled with cement which 

functions as a seal before drilling deeper in the borehole (API, 2009).  
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Figure 39: Typical Well Casing Design (API, 2009) 

 

Figure 40 shows the isolation of shale gas well from different water-bearing zones 

by installation of the casing and cement. The drill string mainly consists of the multiple 

strings of casing, layers of cement and the production tubing, which all play a role in 

conservation of fresh water zones and insolation of gas reservoir from neighboring layers.  
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Figure 40: Cross-Section of Typical Horizontal Marcellus Well (MCOR, 2012) 

 

The role of conductor casing is a foundation for the well construction to prevent 

the collapse of surface soils. The surface casing aims to isolate fresh-water-bearing zones 

from drilling mud and produced fluids. The purpose of intermediate casings is to keep 

isolate non-fresh-water-bearing zones from contamination. These intermediate casings 
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might be required under the special condition such as a naturally over-pressured zone and 

a saltwater zone (API, 2009). 

The mechanical integrity such as strength and isolation capability of casings and 

cement is checked by operators with acoustic cement bond logs and pressure testing in 

accordance with state oil and gas regulatory program (James Bolander, 2011).  State oil 

and gas regulatory agencies built the requirement indicating the required depth of 

protective casings, the time that is required for cement to set prior to additional drilling, 

and so on in order to provide protection of groundwater resources. 

The American Petroleum Institute (API) analyzed the protection ability of casings 

and cements in the 1980s. API evaluated the level of corrosion that occurred in Class II 

injection wells, which is used the ordinary injection of water associated with oil and gas 

production. According to the analysis, fluids injected into Class II injection wells could 

result in an impact to underground sources of drinking water due to corrosion of well 

casings (Michie & Associates, 1988). Based on this result, the U.S. was divided into 50 

basins to monitor its potential to have a casing leak resulting from corrosion. 

Additional analysis was done for the divided basins where it was easy to corrode 

casings. According to the result, the probability that injected fluids could impact 

underground source of drinking water would be between 2 x 10-5 (one well in 200,000) 

and 2 x 10-8 (one well in 200,000,000) if these wells were operated as injection wells 

under the assumption that 100% of underground source of drinking water are protected 

by properly installed surface casings (J. Daniel Arthur, et al., 2008a). 

This analysis is based on Class II injection wells. Therefore, the probability that 

the fluid used for shale gas development contaminates the underground source of 

drinking water decrease because of the characteristics difference between injections well 

and shale gas well. In the case of injection well, fluid is continuously injected into the 
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receiving aquifer and simultaneously the well pressure of the formation constantly 

increase with time, which means the probability of fluid leak increase. On the other hand, 

the pressure of a shale gas well generally decreases due to production of the gas and fluid 

from the formation, which means the chance of a leak or well failure decreases and the 

potential to contaminate a fresh water zone is small, compared to the injection well.  

Based on the analysis conducted by API, the probability that injected fluid 

contaminates groundwater is low. API estimated the probability for groundwater 

contaminated by hydraulic fracturing fluid would be even less than the 2 x 10-8 in newly 

installed, deep shale gas wells with a high level of surveillance.  

It is important to realize that there are natural seals in the rock strata with the 

artificial seals such as multiple casings and cements. These natural seals play an 

important role in preventing the gas from migrating from the target formation to 

groundwater zones. From the geological viewpoint, gas and oil can stop migrating and 

make a reservoir thanks to these natural barriers. Therefore, these sealing strata can block 

vertical migration toward groundwater zone. Figure 41 indicates that most shale gas plays 

except the New Albany and the Antrim were drilling at depths greater than 3,000 feet. 

There is a significant gap between the shallowest producible depth of the target shale 

zone and the maximum base of treatable water.  
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Figure 41: Comparison of Target Shale Depth and Base of Treatable Groundwater 
(GWPC, 2009) 
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Chapter 6:  Conclusion 

 

The shale formation is categorized as an unconventional reservoir because of its 

extremely low permeability. The permeability of the natural shale rock is estimated of 

0.01 to 0.00001 millidarcies. Therefore, gas in shale rock cannot move due to this low 

permeability. However, areas that have been previously inaccessible and abandoned due 

to low permeability can be developed thanks to the advances of technology. Horizontal 

drilling and Hydraulic fracturing are two major contributors to make shale gas production 

economically viable to date. Based on this, natural gas supplies approximately 26% of the 

total in 2011 and this portion is expected to be increased up to 28% by 2040 as potential 

for production in the U.S. shale basins is predicted to contribute significantly to the 

U.S.’s domestic energy outlook. 

Horizontal drilling became one of the most effective solutions to take care of 

surface disturbances. Therefore, the number of production facilities, total mileage of 

access roads and utility corridors can be considerably reduced considering full-field 

development scale, which connects to minimizing not only habitat fragmentation but also 

impacts on the public and overall environmental footprint. Besides, some plays where 

surface occupancy is impractical or undesirable can be developed with horizontal drilling. 

Horizontal drilling with multi-well pads in shale gas development can not only reduce 

surface disturbances, but also minimize wildlife impact and habitat disturbances that can 

be affected by the exploration, development, operations, and abandonment processes. 

Hydraulic fracturing is the other contributor to make shale gas have economic 

viability. This technology can be applied to increase permeability of shale formations, 

which have originally low permeability, as one of the most effective formation 
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stimulation practices. Gas can flow toward the wellbore due to the increased permeability 

in the formation.  When it comes to hydraulic fracturing fluid, water is the primary 

component of the fracturing fluid. The very low concentrations of between 3 and 12 

additive chemicals can be usually chosen in typical hydraulic fracturing. 

Treatment of flowback and produced water can be applied on-site or off-site for 

recycling, reuse, discharge, and disposal. On-site treatment means treatment for reuse at 

the well pad. An evaporation treatment is the only way to reduce the amount of produced 

water. Treated water can be discharged, transported back to the well site for reuse, or 

diverted for beneficial reuse or resource extraction as off-site treatment.  

The horizontal section typically is divided into 2-10 stages and approximately 

500,000 gallons of water is used in each stage (Luca Dal Forno, 2011). It is important to 

understand that the volume of water used in shale gas development is generally lower 

than that of other energy sources. Furthermore, most shale gas plays are located in areas 

with moderate to high levels of annual precipitation (GWPC, 2009). However, growing 

populations, other industrial water demands, and seasonal variation in precipitation can 

be considered during shale gas development. 

Hydraulic fracturing rarely creates unwanted induced seismicity. It is hard to be 

detected on the surface because it is obvious that the seismic energy created from 

hydraulic fracturing is too low to be detected in the surface and the spot where induced 

seismicity can be observed is so far from the surface (Fred Aminzadeh, 2012). 

Groundwater contamination is not directly connected to shale gas development 

because it is generally related to the integrity of the well casing. API estimated the 

probability for groundwater contaminated by hydraulic fracturing fluid would be even 

less than the 2 x 10-8 in newly installed, deep shale gas wells with a high level of 
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surveillance. It is important to realize that there are natural seals in the impermeable rock 

strata, which function as seals such as multiple casings and cements. 
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