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Executive Summary 

Shale gas is a natural gas (i.e. a mixture of hydrocarbon gases mainly composed of methane) 

generated in shale, a sedimentary rock. Although the term gaz de shale is the correct translation for 

shale gas, the term gaz de schiste is more commonly used by Francophones. According to 

geologists, more than 688 shale deposits exist worldwide and the global shale gas resource is 

estimated to be approximately 16,000 trillion cubic feet (450,000 km3
). Shale gas has become an 

increasingly important source of natural gas in the United States, where there is already active shale 

gas exploitation. In Canada, exploration is taking place in several provinces and shale gas is 

currently produced in Western Canada. However large-scale commercial production has not yet 

been achieved. Outside North America, shale gas has not yet been produced commercially. 

However exploratory activities are being undertaken in some countries. Although there is a large 

increase of interest for this resource, shale gas exploration/exploitation has raised a lot of concerns 

in several countries (e.g. France and Canada) due to their potential impacts on the water resources 

and air quality. 

The present report aims to present an overview of the potential health hazards of shale gas 

exploration/exploitation related to both drinking water and ambient air (i.e. identification of the 

principal sources of contamination and of the contaminants released from shale gas 

exploration/exploitation activities) and to provide a general overview of the Canadian and 

international activities related to the shale gas industry (i.e. occurrence of the resource, exploration 

and exploitation as well as regulatory framework). This report does not address issues related to the 

sustainability of water resources, greenhouse gas emissions, psychosocial impacts or public safety. 

Information presented is primarily based on reports released by governments or agencies and on 

published papers; all sources are listed at the end of the document. Most information was based on 

data obtained in the United States, where shale gas exploitation has taken place for nearly two 

decades. 

In order to provide the reader with background knowledge and to facilitate further understanding of 

the environmental issues, the processes of shale gas exploration and exploitation were described at 

the beginning of the report. Briefly, shale gas exploration and exploitation involve different stages 

(well drilling and development, shale gas recovery, well production, gas transport and well closure) 

as well as related activities (e.g. flaring and venting, wastewater disposal, transport or use of 

mechanical equipment) and potential incidents (e.g. spills, releases or well blowouts). Shale gas is 

usually extracted using hydraulic fracturing, a method involving the injection of hydraulic fluid (a 

mixture of water, sand and chemical additives) into the shale formation, although alternative 

technologies exist. Hydraulic fracturing involves the use of a large quantity of water and the 
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generation of large quantities of wastewater that must be disposed of. The review addressed the 

potential sources of water and ambient air contamination at each step of shale gas 

exploration/exploitation, for each related activity and each type of incident. It was concluded that all 

of these events were potential sources of water and air contamination, and the 

steps/activities/incidents presenting the highest risks were identified based on the information 

available. 

The potential sources of water contamination are both direct (e.g. drilling, hydraulic fracturing and 

shale gas production) and indirect (wastewater treatment and disposal, spills and releases, well and 

rock integrity, and well blowout and stormwater runoff). These steps/events may represent a hazard 

to water quality, and hydraulic fracturing and wastewater disposal were identified as the main 

potential sources of risk. Although the risks related to hydraulic fracturing itself (creation of multiple 

cracks underground) and to further injection of chemicals are currently unknown (lack of monitoring 

data and lack of information on migration through cracks in the long-term), it is anticipated that this 

practice could potentially contaminate the groundwater after several years or decades. Wastewater 

disposal appeared to be amongst the most potent sources of water contamination, due to either the 

risk of leakage from the pits, the possible inadequacy/inefficiency of the treatment before release 

into the environment or the possibility of migration into the groundwater when wastewater is 

disposed of by injection underground. The contaminants of interest potentially released into surface 

or groundwater by all the sources may include: 

~ Compounds naturally present underground, such as metals, salts and naturally occurring 

radioactive materials (NORMs); 

~ Compounds intentionally added during the processes to facilitate drilling or for hydraulic 

fracturing (organic and inorganic additives, such as methanol, ethylene glycol, naphthalene, 

benzene, ethylbenzene, copper or lead); 

~ By-products possibly resulting from the degradation of the fracturing chemicals or from 

reactions between fracturing chemicals and compounds naturally present underground. No data 

about the occurrence and identity of such by-products is currently available. 

The potential sources of air contamination are also direct (e.g. well completion, shale gas production 

and processing) and indirect (e.g. transport, equipment, storage and distribution, well blowouts and 

spills, flaring and venting, and wastewater disposal). The contaminants of interest are mostly the 

same as those encountered in any conventional natural gas exploitation process, since the sources 

are similar. However, there may be additional contaminants specific to shale gas operations, such as 

the volatile chemicals potentially present in wastewater (including flowback water). The whole set of 

pollutants potentially emitted into the air by shale gas exploration/exploitation includes: 

~ Air pollutants originating from vehicles and engines fuelled by diesel: nitrogen oxides (NOx), 

particulate matter (PM), sulphur oxides (SOx) and carbon monoxide (CO); 
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~ Volatile organic compounds (VOCs) potentially emitted by leaks from equipment, wells, gas 

transport, venting and flaring or volatilization from wastewater; 

~ Other shale gas constituents, such as methane (main constituent) and heavier hydrocarbons 

(e.g. ethane, propane and butane) and impurities (e.g. H2S, C02 and N2); 

~ Naturally occurring contaminants including NORMs (e.g. radon gas). 

The toxicity of some chemicals potentially released or emitted by the shale gas industry into water 

resources and ambient air is documented. Data indicate that chemicals used, emitted and/or 

released during shale gas exploration/exploitation include chemicals known for their carcinogenicity 

to human and/or animals, for their acute and/or chronic toxicity (e.g. adverse effects on the 

respiratory tract, the central nervous system, the skin, eyes and sensory organs, etc.) and for their 

potential for endocrine disruption. It should be reiterated that carcinogenic compounds are thought to 

present a risk at any dose and that endocrine disrupters usually act at very low doses. 

Thus, although quantitative data are lacking, the qualitative data available indicate that potential 

contamination of water and atmospheric emissions related to the shale gas industry may present 

hazards to public health, especially for local population. The potential hazards to water and air are 

directly related to: 

~ The processes used for exploration/exploitation, including (not limited to) the method used 

for fracturing (e.g. hydraulic fracturing) and the type of wells (horizontal, vertical, stacked); 

~ Well-specific characteristics, such as well depth or composition of the hydraulic fluid (specific 

to each well and to each injection); 

~ Well pad-specific characteristics, including (not limited to) the management of wastewater 

(e.g. storage in pits, treatment, underground injection), the management of stormwater runoff, 

venting and flaring; 

~ Site-specific characteristics, especially those related to the geological and hydrogeological 

context, such as shale depth, water table depths and permeability of the soil between the shale and 

the water table; 

~ The regulatory framework and the conformity to regulations, standards and good practices 

by the exploiting company and its subcontractors. 

Considering that the risk of hazards to water and air are mainly specific to the project, it may be 

difficult to assess the impacts of the shale gas industry to human health on a generic basis. Rather, 

impacts to human health should be estimated on a case-by-case basis. However, the present review 

revealed that to conduct a reliable assessment, many data gaps should be filled. The following list is 

an overview of the data to be obtained to assess the impacts on human health (a more detailed list 

of the data gaps is provided in the report): 
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~ A thorough project description, with identifications and descriptions of each potential source 

of release/emission, emission/release rates into the environment for each chemical, scenarios of 

emissions/releases representative of various conditions that could occur, estimates of the potential 

of migration to ground water in the short- and long-term, etc.; 

~ Detailed geological and hydrogeological description ofthe region; 

~ Identity and quantity of the chemicals used, brought from underground to surface or 

generated during all exploration and exploitation phases, as well as the environmental fate of these 

chemicals; 

~ Monitoring data (ambient air and water resources) before, during and after (years to decades 

for ground water) the beginning of exploration and exploitation, for each chemical of interest; 

~ Characteristics of the potentially exposed population, such as the distance between the 

population and the emission sources, use of the water resource or occurrence of susceptible 

population (e.g. children); 

~ Toxicological data for all the chemicals potentially released into water (intentionally or 

unintentionally, in the short-term, intermediate and long-term) or emitted into the air; 

~ Data for the parameters involved in atmospheric dispersion (e.g. meteorological data and 
topography). 

The regulatory framework is relatively similar in the United States and in Canada, although its 

development in Canada is less mature. 

~ In the United States, the development and production of oil and gas (including shale gas) are 

regulated under a complex set of federal, state and local laws; 

~ In Canada, oil and gas drilling and production fall under provincial jurisdiction except on 

federal land, and under territorial jurisdiction in the Yukon. 

For most provinces, the environment and natural resource ministries share responsibility for 

regulating oil and gas exploration, extraction, and disposal of waste and wastewater. Some 

governments are currently working to document the issues related to shale gas exploitation. 

Reviews conducted by the governments of Quebec and New Brunswick are expected in 2012-2013. 

Regulations of the oil and gas sector vary between jurisdictions. Regulations related to exploitation 

currently exist in Alberta and British Columbia, where shale gas exploitation already occurs. There 

are also some regulations in the other provinces and further regulations are expected in the future. 

For instance, in Quebec, a certificate of authorization must be obtained prior to all drilling work to 

explore for or produce oil or natural gas from shale as well as prior to hydraulic fracturing operations. 

In addition, public consultation must be done prior to the delivery of the certificate of authorization. 

On federal lands, the National Energy Board (NEB) is responsible for regulating the exploration, 

development and production of crude oil and natural gas as well as for enhancing worker safety and 
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protecting the environment. It is also responsible for the environmental assessment of projects within 

its jurisdiction. 

Federally, jurisdiction over shale gas development falls under the mandate of several departments, 

agencies and boards. For example, Health Canada and Environment Canada use two Acts to help 

protect the health of Canadians and the environment. Under the Canadian Environmental Protection 

Act (CEPA), they share the mandate of assessing the potential risks associated with the use of new 

and existing chemical substances in Canada as well as undertaking risk reduction measures where 

necessary. The Canadian Environmental Assessment Act (CEAA) requires certain federal projects 

to undergo an environmental assessment before receiving approval. Environment Canada is also 

responsible for the administration and enforcement of the pollution prevention provisions of the 

Fisheries Act, which prohibits the deposit of deleterious substances in water frequented by fish or in 

a place where that substance may enter such water, unless the deposit is authorized by regulation 

under a federal act. 
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1. INTRODUCTION 

1.1 Context 

Shales are fine-grained sedimentary rocks that can be rich sources of petroleum or gas. 

Although the term gaz de shale is the correct translation for shale gas, the term gaz de 

schiste is more commonly used by Francophones. Shale is a source of natural gas 

currently exploited in the United States and in some other countries, including Western 

Canada. Shale gas exploitation is usually done using hydraulic fracturing, an extraction 

method which involves the injection of hydraulic fluid (a mixture of water, sand and 

chemical additives) into the shale formation. 

Exploitation of this resource is related to several environmental issues, including 

greenhouse gas emissions, sustainability of water resources (quality and quantity) and 

atmospheric emissions of chemicals/pollutants. These environmental issues have 

motivated a growing movement of protestation against shale gas exploitation in the USA, 

where shale gas has been exploited for more than 20 years, and in other countries, such as 

Canada, where shale gas exploitation is beginning or under development (exploration 

phase). Several international and provincial institutions have already produced reviews, 

policies and/or regulations regarding shale gas exploration/exploitation. 

In this context, Health Canada asked Sanexen Environmental Services Inc. to prepare an 

overview on the potential health hazards of shale gas exploration/exploitation related to 

both drinking water and ambient air. 

1.2 Objectives 

The objectives of this report are: 

a. To provide an overview of the existing methods to extract shale gas; 

b. To address the potential health hazards associated with shale gas 
exploration/exploitation activities that have been identified in previous reviews and 
scientific literature, providing a description of both the sources of hazard and the 
chemicals/pollutants involved. The health hazards to be considered are limited to 
those in relation with ambient air and drinking water (i.e. surface and groundwater); 

c. To compile the provincial/territorial information related to shale gas in Canada (i.e. 
occurrence of the resource, exploration and exploitation); 

d. To compile the international activities (exploration/exploitation) related to shale gas 
(i.e. occurrence of the resource, exploration and exploitation). 
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The report does not address issues related to the sustainability of water resource, 

greenhouse gas emissions and psychosocial impacts or public safety (e.g. related to 

explosion). 

The report was intended for managers and had to be accessible to non-specialists. Its 

principal aims were i) to identify the principal sources of contamination and the 

contaminants released from shale gas exploration and exploitation activities, and ii) to 

provide a general overview of the regulatory framework related to this industry, especially in 

Canada. When judged relevant, some quantitative data were occasionally reported. 

1.3 Organization of the Report 

The contents of the present report are resumed below: 

• Section 1: INTRODUCTION - This first section presents the context (1.1), the 

objectives (1.2) and the organization of the report (1.3). 

To understand how shale gas exploration and exploitation led to potential health risks for 

the population related to air and water contamination, it is important to know what shale gas 

is and how the exploration/exploitation processes occur. Sections 2 and 3 are thus 

intended to describe these topics. 

• Section 2: SHALE GAS - This section briefly presents what are shale and shale gas 

(2.1), how this gas is generated and stored (2.2) and what are the resources 

estimates worldwide (2.3). 

• Section 3: OVERVIEW OF SHALE GAS EXPLORATION AND EXPLOITATION

This section presents a rapid overview of the different phases of shale gas 

exploration and exploitation beginning with well construction and development (3.1), 

hydraulic fracturing and its alternatives (3.2 and 3.3) and well production and closure 

(3.4). 

• Section 4: REGULATORY FRAMEWORK - This section is intended to give a 

general idea of the regulatory framework of shale gas production and development in 

the United States (4.1), Europe (4.2) and Canada (4.3). In this way, the reader will be 

better equipped to understand Section 5 in which more specific details concerning 

the regulatory framework of different countries is given. 

• Section 5: HEALTH HAZARDS RELATED TO SHALE GAS EXPLORATION AND 

EXPLOITATION -This section addresses the health hazards related to the potential 

impacts of shale gas exploration and exploitation on the quality of surface and ground 
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water (5.1) and of ambient air (5.2). Each section presents an overview of the issues 

of concern, detailed information for each stage of shale gas exploration and 

exploitation (i.e. sources of contamination, risk probabilities, mitigation, preventive or 

regulatory actions and data knowledge as well as data gaps), the applicability to the 

Canadian situation and a summary of the health hazards for water or air. 

• Section 6: INTERNATIONAL ACTIVITIES RELATED TO SHALE GAS 

EXPLORATION AND EXPLOITATION- This Section is intended to give a general 

idea of shale gas activities and resources in the world, and especially in the United 

States. Indeed, this is the only country where shale gas commercial production 

occurs at large scale. 

• Section 7: PROVINCIAL/TERRITORIAL CANADIAN ACTIVITIES RELATED TO 

SHALE GAS EXPLORATION AND EXPLOITATION -This Section is intended to 

give a general idea of the shale gas resources and related activities in the different 

Canadian Provinces and Territories. 

• Section 8: SUMMARY OF DATA GAPS- This Section summarizes the major data 

gaps identified in this report that are necessary to identify adequately the health 

hazards related to shale gas exploration and exploitation. 

• Section 9: CONCLUSION. 

• Section 10: REFERENCES. 

Health Canada Sanexen Environmental Services Inc. 
0/Ref.: RA11-410 

000018 



4 Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 

2. SHALE GAS 

2.1 What Are Shale Gas and Shale? 

Shale gas is a natural gas. It is a mixture of hydrocarbon gases mainly composed of 

methane. It is generated in shale, a sedimentary rock that principally contains consolidated 

clay-sized particles. Shale is generally composed of clay, silica, carbonate and organic 

material. It typically functions both as a reservoir and a source of shale gas. 

Gas shales are often referred to as resource plays. Resource plays are basically 

hydrocarbon systems where the source and reservoir are the same rock unit or formation. 

They are typically a few dozen to hundreds of metres thick and they extend over very wide 

geographic areas. They are classified as unconventional gas reservoirs because they have 

low permeability, small gas content per rock volume and the gas is dispersed over large 

areas (New Brunswick Canada (2011)). For simplification, the term 'shale' referring to 'gas

producing shale' or 'gas shale' will be used throughout the present report. 

2.2 How Is Shale Gas Generated and Stored? 

Shales are deposited as mud in deep, quiet water with dead organic matter such as plants 

and algae. The mud is transformed into shale during shallow burial and the organic matter 

is transformed into oil and gas (New Brunswick Canada (2011)). Shale gas can be 

generated in two different ways (although a mixture of gas types is possible) (Rokosh, eta/. 

(2009), Lechtenbtihmer, eta/. (2011)): 

• Thermogenic gas is formed when organic matter or oil is compressed at high 
temperatures and high pressures for a long period of time (process named thermal 
cracking); 

• Biogenic gas is formed at shallow depths and low temperatures by anaerobic 
bacteria. 

The origins of shale gas are important when evaluating shale-gas prospects. Indeed, 

thermogenic systems can produce significant quantities of heavy hydrocarbons with 

methane (which can add value to production) or impurities (e.g. carbon dioxide which can 

be costly to remove), whereas biogenic gas primarily contains methane. Moreover, 

thermogenic systems tend to flow at high rates but their exploitation is expensive whereas 

biogenic systems tend to flow at lower rates but their exploitation through shallow wells is 

less expensive (National Energy Board (2009)). 

Shale gas can be naturally stored in three different ways: 

• Adsorbed gas, which is gas attached to organic matter and clays; 

• Free gas, which is gas held within the pore spaces or fractures of the rock; 
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• Solution gas, which is gas held within liquids (e.g. bitumen and oil). 

Higher free gas content in shale gas wells generally results in higher initial rates of 

production because the free gas resides in fractures and pores and hence is easier to 

collect than adsorbed gas. The high, initial flow rates decline rapidly to a slow, steady rate 

within approximately one year as adsorbed gas is slowly released from the shale (Alberta 

Geological Survey (2011)). 

2.3 What Are the Shale Gas Resources Estimates Worldwide? 

The U.S. Energy Information Administration (EIA) performed an initial survey assessing 

recoverable shale deposits in 32 countries located in 14 regions outside the United States 

(Figure 1 shows the location of the regions analyzed). 

In its report, EIA indicated that although the shale gas resource estimates will likely change 

over time as additional information becomes available, the international shale gas resource 

base is vast. EIA's initial and conservative estimate of technically recoverable shale gas 

resources in the 32 countries examined was 5,760 Tcf. When adding the United States 

estimate of the shale gas technically recoverable resources (862 Tcf), the total shale 

resource base was estimated to be 6,622 Tcf. This represents over 40% of the total 

technically recoverable gas resources in the world (EIA (2011 a)). 

Source: EIA (20 11 a) 

FIGURE 1: Map of 48 Major Shale Gas Basins in 32 Countries 
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6 Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 

3. OVERVIEW OF SHALE GAS EXPLORATION AND EXPLOITATION 

PROCESSES 

To understand why shale gas exploration and exploitation may lead to potential health risks 

for the population related to air and water contamination, it is important to know how these 

processes occur. The different phases of shale gas exploration and exploitation are 

summarized in the following Table and detailed in the Sections below. 

The shale gas exploitation process occurs after the initial exploration and site preparation 

phases have taken place. 

~ The exploration phase is performed in several stages (New Brunswick Canada 

(2011)): 

• Stages 1 and 2: Identification of potential resource play and acquisition of key 

geological information - sites potentially containing shale gas are analyzed through 

various methods (e.g. seismic reflection profiles to map out the various 

underground formations (aquifers, rock formations), drilling for core sampling, 

mineralogical and geotechnical characterization of the unit); 

• Stage 3: Initiation of a pilot project- horizontal drilling and hydraulic fracturing tests 

are performed to define rock properties, provide some indication of reservoir 

production and identify possible completion/stimulation technologies; 

• Stage 4: Expansion of pilot projects - different tests (e.g. drilling multi wells from 

one pad, testing and optimization of completion techniques, production testing, 

pipeline planning and development) are performed to further optimize stimulation 

methodologies as well as to determine production profiles and apply techniques to 

determine areas for cost saving efficiencies; 

• Stage 5: Commercial development - a site is selected when it is considered to yield 

substantial quantities of shale gas at low costs and when the optimized 

development plans are initiated. 

~ After a site (called a 'well pad') has been selected and the operator has obtained an 

exploitation permit, the preparation phase can begin. This phase consists in site clearance 

to provide space for the wells and all the equipment needed during the exploitation. It also 

consists in the building or improvement of roads to support heavy equipment (EPA (2011)). 
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~ After the exploration and preparation phases have been completed, the shale gas 
exploitation can begin. It consists of the main stages detailed below: 

• Well construction and development; 

• Shale gas recovery (after hydraulic fracturing or alternatives techniques); 

• Well production and closure. 

~ It is important to note that, even if the exploration phase is performed at a smaller 
scale than the exploitation phase and even if a shale gas exploration well does not 

correspond to a shale gas well in full exploitation, some stages, such as well drilling and 

hydraulic fracturing process, are found in both exploration and exploitation phases. 

Consequently, in the following Table and in the rest of the report, there will be no specific 

distinction between the exploration and exploitation phases. 

TABLE 1: Site Preparation and Phases of the Shale Gas Exploration and Exploitation Process 

ACCESS ROAD 

AND WELL PAD 

CONSTRUCTION 

DRILLING 

HYDRAULIC 

fRACTURING 

PRODUCTION 

WORK OVERS 

PLUGGING AND 

ABANDONMENTS/ 

RECLAMATION 

Once permits are received, roads are constructed to access the well-site. Well 
pads are constructed to safely locate the drilling rig and associated equipment 
during the drilling process. Pits may be excavated to contain drilling fluids. 

A drilling rig drills the well and multiple layers of steel pipe (called casing) are put 
into the hole and cemented in place to protect fresh water formations. 

A specially designed fracturing fluid is pumped under high pressure into the shale 
formation. The fluid consists primarily of water along with a proppant (usually 
sand) and between 0.5% and 2% of chemical additives. This process creates 
fractures in rocks, deep underground, that are "propped" open by the sand, which 
allows the natural gas to flow into the well. 

Once the well begins production, parts of the well pad that are no longer needed 
for future operations are reclaimed. The gas is brought up the well, treated to a 
useable condition, and sent to market. Once the well has been completed, the 
site is partially reclaimed. 

Gas production usually declines over the years. Operators may perform a 
workover which is an operation to clean, repair and maintain the well for the 
purposes of increasing or restoring production. Multiple workovers may be 
performed over the life time of a well. 

Once a well reaches its economic limit, it is plugged and abandoned according to 
regulatory standards. The disturbed areas, including well pads and access roads, 
are reclaimed back to the native vegetation and contours, or to conditions 
requested by the landowner. 

Several days 
to weeks 

Weeks or 
months 

Days 

Years 

Several days 
to weeks 

Reclamation: 
Days 

Based on: New Brunswick Canada (2011) 
1

· Estimated duration of each operation may be shorter or longer depending on site specific circumstances. 
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3.1 Well Construction and Development 

3.1.1 Well Types 

Shale gas can be produced from vertical and horizontal wells (Figure 2). Vertical wells are 

composed of a vertical leg whereas horizontal wells are composed of both vertical and 

horizontal legs. The vertical leg can extend to more than a mile (1.6 km) below the ground 

surface and the horizontal leg can be almost two miles (3.2 km) from the vertical leg (EPA 

(2011)). For a typical vertical well, the well pad site is approximately one acre (0.4 hectare) 

whereas for a horizontal well, it can be as large as three to five acres (1.2-2 hectares) 

(Goddard (2010-2011)). 

Horizontal wells are far more expensive than vertical wells but they increase access to the 

reservoir because the horizontal drilling provides more exposure to a formation as opposed 

to a vertical well. Moreover, they decrease environmental disturbances on the ground 

surface because fewer wells are needed to access the shale formation (EPA (2011)). 

Despite these advantages, vertical wells are still drilled in some shales because of, for 

example, borehole collapsing risks (e.g. in the Cretaceous Second White Speckled Shale 

of Alberta and Saskatchewan) (National Energy Board (2009)). 

Source: http://50.23.239.111hwntestc/eatestlindex.php/departments/how-it-works/130-horizontal-drilling 
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FIGURE 2: Schematic Representation of Horizontal and Vertical Wells 
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The following drilling techniques have been developed in recent years to reduce 

infrastructure costs and land use, and to increase gas production rates (Figure 3) (3Legs 

Resources pic (2011)): 

• Pad drilling: a single drill pad is used to drill multiple wells; 

• Multilateral drilling: horizontal wells are drilled at the same depth (but in different 
directions) from one single vertical well bore; 

• Stacked wells: horizontal wells are drilled at different depths from one single vertical 
well bore. 

A. Pad drilling B. Multilateral drilling C. Stacked wells 

Sources: Figures 3A and 38 (3Legs Resources pic (2011 )); Figure 3C (National Energy Board (2009)) (the upper
right view is cross-sectional whereas the lower-right view is a map view of the estimated well density) 

FIGURE 3: Schematic Representation of Improved Horizontal Drilling Techniques 

3.1.2 Well Construction and Design 

Three steps (drilling, casing and cementing) are repeated several times from the beginning 

of the well construction until its completion. These steps are very important and must be 

done properly in order to protect the population (e.g. explosion) and the natural resources 

(e.g. ground water), and to ensure adequate shale gas production. The three steps are 

detailed in the following Table. 
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TABLE 2: Well Construction Steps 

DRILLING 

CASING 

Vertical and horizontal wells: A drill string composed of a 
drill bit, drill collars and a drill pipe is used to drill the well. 
As the drill bit grinds away, a drilling fluid such as 
compressed air or a mixture of water and additives (see 
Table 3), called 'mud', is pumped into the hole. This fluid 
serves multiple purposes such as cooling the drill bit, 
lubricating the drilling assembly, removing the formation 
cuttings, maintaining the pressure control of the well and 
stabilizing the hole. 

At different stages of the drilling process, the drill string is 
taken out of the hole for tool and bit changes and put back 
in (process called 'tripping pipe'). It is also taken out of the 
hole when casings are installed and cemented. 

Vertical wells: The drilling continues until it reaches the 
production depth. 

Horizontal wells: At the depth called the 'kick off point' (see 
Figure 2), which is the point where the curve begins, a 
drilling motor guides the drilling in a curving arc that re
orients the wellbore horizontally. The distance to make the 
curve from the kick off point to where the well bore becomes 
horizontal is about 300 to 450 m. When the curve is 
completed, the horizontal section of the well is drilled (EPA 
(2011 ), Goddard (201 0-2011 ), Parfitt (201 0)). 

Casings are steel pipes lining the borehole. They have 
several purposes (e.g. isolation of the geological formation 
from material, equipment, fluid and gas, borehole caving 
prevention and pressure control). 

There are typically four types of well casing installed and 
cemented in place (Natural Gas Supply Association (2004-
201 0), EPA (2011 )): 

• Conductor casing: first casing installed to prevent the 
top of the well from caving and to help in the process of 
circulating the drilling fluid up to the surface; 

• Surface casing: casing installed to isolate fresh water 
deposits near the surface and to protect from 
contamination during drilling, completion and operation 
of the well; 

• Intermediate casing: casing installed to protect the well 
from subsurface formations (e.g. underground salt
water deposits); 

• Production casing: casing that provide a conduit from 
the surface of the well to the shale gas formation. 

CEMENTING Cement is pumped down the casing and up the annular 
space between the rock and the outside of the casing. 
In the vertical portions of the wells, cement acts as a barrier 
to the migration of fluids up the well bore behind the casing 

Source: http://petroleum-uir.blogspot.com/ 
2011 /03/drill-string-component.html 

and it mechanically supports the casing (EPA (2011 )). Source: New Brunswick Canada (2011) 
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After the completion of a well, holes are made through the production casing and the casing 

cement to allow the hydrocarbons in the gas shale to flow into the well. This process is 

called perforating or 'perfing' the casing. 

During perforation, a perforating gun can be lowered into the targeted section of the 

production casing. Then, an electrical current is sent to the perforating gun and induces the 

formation of small holes (Goddard (2010-2011)). Another technique is the use of explosive 

charges introduced into the well (EPA (2011), Lechtenbtihmer, eta/. (2011)). 

Multi-stage perforating is used extensively. It consists in repeating the perforating process 

several times to cover the entire production casing (see Figure 4). 

Source: National Energy Board (2009) 

FIGURE 4: Schematic Representation of Multi-Stage Perforating 
in Horizontal and Vertical Wells 

3.2 Hydraulic Fracturing 

After the well is constructed and holes have been made through the production casing and 

cement, shale gas does not move freely from the gas shale formation into the well at high 

rates. Indeed, as seen in Section 2, gas shales have low permeability. Thus, in order to 

access the shale gas, it is necessary to improve this permeability and one of the widely 

used technique is called 'hydraulic fracturing' (also named 'fraccing', 'fracking' or 'fracing') 

(New Brunswick Canada (2011)). 
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3.2.1 What Is Hydraulic Fracturing? 

Hydraulic fracturing is the injection of fluids and proppant (hydraulic fluid) at high pressure 

to create or restore small fractures in a formation. Thus, it increases the shale formation's 

permeability and stimulates gas production (National Energy Board (2009), New Brunswick 

Canada (2011)). 

Multi-stage fracturing is a new technology which permits the fracturing of one specific 

segment of the wellbore at a time by isolating, perforating and fracturing portions of the 

horizontal or vertical wellbore starting at the far end (see Figure 4). For example, a 1.2 km 

horizontal well will require 8 to 13 fracturing stages. 

Multi-stage fracturing is conducted to maintain sufficient pressure to fracture the entire 

length of the wellbore, to achieve better control of fracture placement and to allow changes 

from stage to stage to accommodate various geological formations if necessary. Thus, it 

increases the cumulative production in a shorter time frame (NYSDEC (2011)). 

Source: http://www.swarthmore.edu/x29688.xml 

FIGURE 5: Schematic Representation of the Hydraulic Fracturing Process 
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Hydraulic fluid is mainly composed of water loaded with proppant (98 to 99.5%), mostly 

sand, and chemical additives (National Energy Board (2009)) (see Section 3.2.2). The 

choice of the hydraulic fracturing fluid depends on many factors, such as the nature of the 

shale gas formation and the well depth (NYSDEC (2011)). 

During hydraulic fracturing, hydraulic fluid (1 ,000 to 20,000 m3 (260,000 to 

5,300,000 gallons) per fracturing stage (Picot (2011), NYSDEC (2011))) is pumped down 

the well until the pressure (more than 76 MPa (Picot (2011))) surpasses the rock strength 

and causes the shale gas reservoir to crack. When the pressure is released, recoverable 

fluid (named 'flowback'), typically 25-50% of the hydraulic fluid, is returned to the surface 

leaving the proppant behind, which prop the fractures open (see Figure 5) (EPA (2011)). 

After shale gas production has declined below past production rates or below the estimated 

reservoir potential, shales can be re-fractured, thus allowing access to reservoirs missed 

during the initial hydraulic fracturing or reopening fractures closed with the release of 

pressure. Depending on the shale formation, it can take less than one year or greater than 

ten years to re-fracture a reservoir (NYSDEC (2011), New Brunswick Canada (2011)). 

3.2.2 What Are the Chemicals Used in Hydraulic Fracturing? 

Hydraulic fluid contains a small proportion of additives (typically between 0.5 to 2%) 

However, as thousands of cubic meters of hydraulic fluid are used per well, the volumes of 

additives is not negligible. For example, between 2005 and 2009, 14 leading oil and gas 

service companies in the United States reported the use of 3 million cubic meters (or 

780 million gallons) of hydraulic fracturing products in their fluids (Waxman, eta/. (2011)). 

Hundreds of different types of additives are used in hydraulic fracturing. For example, 

between 2005 and 2009, the 14 leading oil and gas service companies in the United States 

reported more than 2,500 hydraulic fracturing products containing 750 chemicals and other 

components (Waxman, eta/. (2011)). 

There are 13 different classes of additives which can be found in hydraulic fracturing fluid, 

each class corresponding to a particular purpose (e.g. biocide, friction reducer and 

surfactant) (NYSDEC (2011)). For example, gelling agents are mixed with the water to 

improve its ability to transport the proppant by increasing the hydraulic fluid viscosity. Once 

the pumping is finished, these agents change (the gel 'breaks') and the hydraulic fluid can 

flow back to the surface. 

The different classes of additives, as well as some chemicals examples, are described in 

the following Table. 
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TABLE 3: Classes of Additives Used in Shale Gas Exploitation by Hydraulic Fracturing 

Acid Removes cement and drilling mud from 
casing perforations prior to fracturing fluid 
injection, and provides accessible path to 
formation. 

Breaker Reduces the viscosity of the fluid in order 
to release proppant into fractures and 
enhances the recovery of the fracturing 
fluid. 

Bactericide/ Inhibits growth of organisms that could 
Biocide/ produce gases (particularly hydrogen 
Antibacterial Agent sulfide) that could contaminate methane 

gas. Also prevents the growth of bacteria 
which can reduce the ability of the fluid to 
carry proppant into the fractures. 

Buffer/ pH Adjusts and controls the pH of the fluid in 
Adjusting Agent order to maximize the effectiveness of 

other additives such as crosslinkers. 

Clay Stabiliser/ Prevents swelling and migration of 
Control/ Potassium formation clays which could block pore 
Chloride spaces thereby reducing permeability. 

Corrosive Inhibitor Reduces rust formation on steel tubing, 
(including oxygen well casings, tools, and tanks (used only in 
scavenger) fracturing fluids that contain acid). 

Crosslinker Increases fluid viscosity using phosphate 
esters combined with metals. The metals 
are referred to as crosslinking agents. The 
increased fracturing fluid viscosity allows 
the fluid to carry more proppant into the 
fractures. 

Friction Reducer Allows fracture fluids to be injected at 
optimum rates and pressures by 
minimizing friction. 

Gelling Agent Increases fracturing fluid viscosity, allowing 
the fluid to carry more proppant into the 
fractures. 

Iron Control Prevents the precipitation of metal oxides 
which could plug off the formation. 

Scale Inhibitor Prevents the precipitation of carbonates 
and sulfates (calcium carbonate, calcium 
sulfate, barium sulfate) which could plug off 
the formation. 

Solvent Additive which is soluble in oil, water and 
acid-based treatment fluids is used to 
control the wet ability of contact surfaces or 
to prevent or break emulsions. 

Surfactant Reduces fracturing fluid surface tension 
thereby aiding fluid recovery. 

Source: NYSDEC (2011 ), Bishop (201 0), FracFocus (2012) 
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Stimulation fluid 
Pre-fracture fluid 

Post-fracturing 
fluid 

Drilling mud 
Fracturing fluid 

Drilling mud 
Fracturing fluid 

Drilling mud 
Fracturing fluid 

Drilling mud 
Fracturing fluid 

Fracturing fluid 

Drilling mud 
Fracturing fluid 

Drilling mud 
Fracturing fluid 

Fracturing fluid 

Drilling mud 
Fracturing fluid 

Drilling mud 
Fracturing fluid 

Hydrochlorid acid (3 to 28%) or muriatic 
acid 

Peroxydisulfates, ammonium persulphate, 
sodium chloride, magnesium peroxide, 
magnesium oxide, calcium chloride 

Gluteraldehyde, 2,2-dibromo-3-
nitrolopropionamide, ammonium chloride, 
quaternary ammonium chloride, tetrakis 
hydroxymethyl- phosphonium sulphate 

Sodium or potassium carbonate, acetic 
acid, sodium or potassium hydroxide 

Salts (e.g. tetramethyl ammonium 
chloride, potassium chloride, choline 
chloride and calcium chloride) 

Methanol, isopropanol, formic acid, 
acetaldehyde, ammonium bisulfate for 
oxygen scavengers 

Petroleum distillate, potassium 
metaborate, triethanolamine zirconate, 
sodium tetraborate, boric acid, zirconium 
complex, ethylene glycol, methanol, 
potassium hydroxide, borate salts 

Sodium acrylate-acrylamide copolymer, 
polyacrylamide, petroleum distillates, 
hydrotreated light petroleum distillate, 
methanol, ethylene glycol 

Guar gum, petroleum distillates, 
hydrotreated light petroleum distillate, 
methanol, polysaccharide blend, ethylene 
glycol 

Citric acid, acetic acid, thioglycolic acid, 
sodium erythorbate 

Ammonium chloride, ethylene glycol, 
copolymer of acrylamide and sodium 
acrylate, sodium polycarboxylate, 
phosphonic acid salt 

Various aromatic hydrocarbons, lauryl 
sulphate, isopropanol, ethylene glycol 

Methanol, isopropanol, ethoxylated 
alcohol, lauryl sulphate, ethanol, 
naphthalene, 2-butoxyethanol 
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Although there are 13 different classes of additives, it is important to note that any single 

fracturing job will not use all the types of additives. Moreover, there are also several types 

of products in each additive class but only one type of product from each class will be used 

in any given fracturing job. Each additive is also made up of one or more chemicals and 

several suppliers/manufacturers provide similar products with different formulations 

(NYSDEC (2011)). In fact, the composition of the fracturing fluid varies largely depending 

on various parameters such as the fracturing job, the company performing it, the shale gas 

formation and the well depth. 

A. Fayetteville 

Shale (2009) 

B. Marcellus 

Shale (2011) 

C. Marcellus 

Shale (2011) 

Source: NYSDEC (2011) 

FIGURE 6: Examples of Fracturing Fluids Composition (by Weight) in Different Wells 
Drilled in the Marcellus and Fayetteville Shales (United States) 
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3.3 Alternatives to Hydraulic Fracturing 

Since gas shales have low permeability, it is necessary to use a technique that increases 

this permeability to have access to the natural gas (see Section 2). Although the water

based hydraulic fracturing technique is widely used in shale gas exploitation, some 

alternative techniques have also been developed and are presently in use in the United 

States and in Canada (but to a lesser extent than hydraulic fracturing). 

3.3.1 Liquefied Petroleum Gas (LPG) Fracturing Process (GASFRAC Energy Services) 

The liquefied petroleum fracturing process does not use water during fracturing. Instead, it 

uses gelled LPG. LPG is a mixture of petroleum and natural gases that exists in a liquid 

state at ambient temperatures when under moderate pressures (less than 1.5 MPa or 

200 psi). 

During the fracturing process, LPG is pumped as a gelled liquid delivering proppant into the 

formation and is then drawn back out as propane. Thus, there is a 100% virtual recovery of 

the frac fluid (propane) and no wastewater is generated. The propane can be directly 

recovered during flowback to a pipeline along with the shale gas. As propane is inert, it 

does not react with the formation and the formation fluids (Smith (2008), GasFrac Energy 

Services Inc (2007), Kargbo, eta/. (201 0)). 

3.3.2 Liquid-Free Stimulations 

Dry Frac is a technique which has been successively used in Canada in some types of 

reservoirs. This technique does not use water during fracturing. Instead, it uses liquid C02 

with proppant (C02/sand fracturing liquid) (Kargbo, eta/. (201 0)). 

In certain situations, ice can be formed in wells because of the use of liquid C02 . Thus, the 

technique has been improved and can use nitrogen gas reducing the ice formation (N2/C02 

fracturing liquid) (Mazza (1997)). 

3.4 Well Production and Closure 

When the well is producing shale gas, some parts of the well pads are no longer needed for 

future operations. Those parts are thus reclaimed. 

During production, shale gas is brought up the well, treated and sent to the market. For 

example, wells in the Marcellus Shale produce gas at a typical rate of: 

Health Canada 

• 2.8 mmcf (million cubic feet) per day (equivalent to 80,000 m3/day) during the first 

5 years of exploitation; 
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• 550 mcf (thousand cubic feet) per day (equivalent to 15,000 m3/day) after 5 years of 

exploitation; 

• 225 mcf per day (equivalent to 6,000 m3/day) after 10 years. Then, the production 

rate decreases to approximately of 3% per year (NYSDEC (2011)). 

During this phase, operators may perform some operations to clean, repair and maintain 

the productive wells (New Brunswick Canada (2011)). 

Once a well is no longer economically interesting, it is plugged and abandoned according to 

regulatory standards to prevent possible fluid migration that could contaminate the 

environment. Then, the well pad areas as well as the access roads built for the shale gas 

exploitation are reclaimed back to their original state or to conditions requested by the 

landowners (EPA (2011), New Brunswick Canada (2011)). 
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4. REGULATORY FRAMEWORK 

The sections below briefly summarize the regulatory framework of shale gas production 

and development in the United States, Europe and Canada. They present an overview of 

the main laws and regulations that may apply to the shale gas industry however they do not 

intend to provide an exhaustive list of all the laws, regulations or restrictions that may apply 

at any governmental level. 

4.1 United States 

The development and production of oil and gas, such as shale gas, are regulated under a 

complex set of federal, state and local laws in the United States. All of the laws, regulations 

and permits applying to conventional oil and gas exploration and exploitation also apply to 

shale gas development (Ground Water Protection Council and ALL Consulting (2009)). 

The U.S. Department of Interior's Bureau of Land Management (BLM) is responsible for 

permitting and managing most onshore oil and gas activities on federal lands. The BLM has 

a well established program for managing shale gas activities to protect human health and 

the environment where shale gas operations occur on federal lands. Resource protection is 

considered throughout the land use planning process, when Resource Management Plans 

are prepared and when an Application for Permit to Drill is processed. Moreover, the BLM's 

inspection, enforcement and monitoring program is designed to ensure that operators 

comply with relevant laws and regulations as well as specific stipulations set forth during 

the permitting process (Ground Water Protection Council and ALL Consulting (2009)). 

The U.S. Environmental Protection Agency (EPA) administers most of the federal laws. 

These laws govern most environmental aspects of shale gas development. For example: 

• The Clean Water Act (CWA) regulates surface discharges of water associated with 

shale gas drilling and production, as well as stormwater runoff from production 

sites; 

• The Safe Drinking Water Act (SDWA) regulates the underground injection of fluids 

from shale gas activities but currently, the US EPA does not regulate the injection of 

hydraulic fracturing fluids under the SDWA due to an exemption written in the 

Energy Policy Act of 2005. However, the use of diesel fuel during hydraulic 

fracturing is regulated under the SDWA. 
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The US EPA currently groups underground injection wells into five classes for regulatory 

purposes and has proposed a sixth class: 

1. Class I wells may inject hazardous and nonhazardous fluids (industrial and 
municipal wastes) into isolated formations beneath the lowermost 
underground source of drinking water; 

2. Class II wells may inject brines and other fluids associated with oil and gas 
production; 

3. Class Ill wells may inject fluids associated with solution mining of minerals; 

4. Class IV wells may inject hazardous or radioactive wastes into or above an 
underground source of drinking water and are banned unless specifically 
authorized under other statutes for ground water remediation; 

5. Class V includes all underground injections not included in Classes I-IV; 

6. Class VI has been proposed specifically for the injection of C02 for the 
purpose of sequestration, but has not yet been established. 

• The Clean Air Act (CAA) limits air emissions from engines, gas processing 

equipment, and other sources associated with drilling and production. 

State agencies implement and enforce federal laws. However, they also have their own 

sets of state laws to administer. State laws often add additional levels of environmental 

protection and requirements. State regulation can more effectively address the regional and 

state-specific characteristics of the shale gas exploitation compared to the one-size-fits-all 

regulation at the federal levels (e.g. topography, climate, geology and hydrology). 

Moreover, a number of organizations and activities are developing and improving state 

regulations of oil and gas operations, such as shale gas development. The Ground Water 

Protection Council (GWPC) has a program to review state implementation of the 

Underground Injection Control program. The State Review of Oil and Natural Gas 

Environmental Regulations (STRONGER) is a non-profit partnership between industries, 

nonprofit groups and regulatory officials. This program has developed guidelines for state 

regulations of oil and gas wastes. It periodically reviews state regulations, and encourages 

States to improve certain regulations. 

In addition to state and federal requirements, other levels of government may impose 

additional requirements regarding oil and gas operations in specific locations. For example, 

cities, counties, tribes and regional water authorities may each set operational requirements 

that affect the location and operation of wells or require additional permits and approvals. 

When operations occur in or near populated areas, local governments may establish 
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ordinances requiring additional permits to protect the environment and the general welfare 

of its citizens (e.g. traffic, noise). 

4.2 Europe 

In Europe, the activities relating to exploration/exploitation of shale gas are subject to 

European and national laws and regulations (Philippe and Partners (2011)). For example, 

some European Directives cover: 

• Authorizations for exploration/production (Hydrocarbons Directive); 

• Water protection (Water Framework Directive and Mining Waste Directive); 

• The use of chemicals (REACH (Registration, Evaluation, Authorisation and 
Restriction of Chemical substances) administered by ECHA (European Commission 
Agency)); 

• The requirement for an Environmental Impact Assessment as well as public access 
to environmental information (general legislation); 

• The operators may be subject to liability for damages under the Environmental 
Liability Directive and the Mining Waste Directive. 

Specific national regulatory actions are reported in Sections 5 and 6. 

4.3 Canada 

In Canada, oil and gas drilling and production fall under provincial jurisdiction except on 

federal land, and under territorial jurisdiction in the Yukon. On federal lands, the National 

Energy Board (NEB) is responsible for regulating the exploration, development and 

production of crude oil and natural gas as well as for enhancing worker safety and 

protecting the environment. As lead agency, the NEB is also responsible for the 

environmental assessment of projects within its jurisdiction (Office of the Auditor General of 

Canada (2010)). 

Federally, jurisdiction over shale gas development falls under the mandate of several 

departments, agencies and boards. For example, Health Canada uses two Acts to help 

protect the health of Canadians and the environment. These Acts are the Canadian 

Environmental Protection Act, 1999 (CEPA 1999) and the Canadian Environmental 

Assessment Act (CEAA). Under CEPA 1999, Health Canada as well as Environment 

Canada share the mandate of assessing the potential risks associated with the use of new 

and existing chemical substances in Canada as well as undertaking risk reduction 
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measures where necessary. CEAA requires certain federal projects to undergo an 

environmental assessment before receiving approval. Environment Canada is also 

responsible for the administration and enforcement of the pollution prevention provisions of 

the Fisheries Act, which prohibit the deposit of deleterious substances in water frequented 

by fish or in a place where that substance may enter such water, unless the deposit is 

authorized by regulation under a federal act (Office of the Auditor General of Canada 

(201 0)). 

For most provinces, the environment and natural resources ministries share responsibility 

for regulating oil and gas exploration, extraction, and disposal of waste and wastewater. 

Regulations of the oil and gas sector vary between jurisdictions. Details on regulations for 

Alberta, British Columbia, Quebec, Nova Scotia and New Brunswick, in which many 

companies are now exploring for and/or developing shale gas resources, are presented 

below. 

~ In Alberta, the Energy Resources Conservation Board (ERCB) is an independent 

agency, quasi-judicial agency of the Government of Alberta, that regulates the safe, 

responsible, and efficient development of Alberta's energy resources (Government of 

Alberta (2012b)). In 2009, the ERCB embarked on the vision to 'be the best non

conventional regulator in the world by 2013'. In 2009, the ERCB initiated the 

Unconventional Regulatory Framework Project to ensure regulatory requirements continue 

to protect the public and the environment, and support responsible energy development 

and conservation. 

All companies - regardless of whether they are developing conventional or unconventional 

resources including shale gas - are subject to all ERCB requirements and regulations that 

uphold public safety, environmental stewardship, and resource conservation. These include 

the Energy Resources Conservation Act, the Oil and Gas Conservation Act and Oil and 

Gas Conservation Regulations (OGCR) (Alberta Regulation 151/171). Many specific 

requirements are written in various directives. Directive 008: Surface Casing Depth 

Requirement and Directive 009: Casing Cementing Minimum Requirements are examples 

of Directives that protect groundwater by providing a barrier between the wellbore and any 

nearby water resources (see ERCB (2011) for more ERCB Directives). 

~ In British Columbia, the Ministry of Energy and Mines remains the primary ministry 

responsible for oil and gas development policies. Responsibility for oversight and 

implementation of the oil and gas regime lies with the Oil and Gas Commission (The 

Pembina Institute (2011)). 

British Columbia's Oil and Gas Activities Act (OGAA) came into effect in October 2010 

(British Columbia Government (2012)) to respond to increased pressures on its regulatory 
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system as well as to better regulate the new technologies employed in modern oil and gas 

production. The regulatory powers in the new Act enable specific regulations to be 

developed for special projects such as shale gas. These powers will enable the B.C. 

government to manage shale gas projects differently from conventional operations to 

ensure that safety and environmental goals are met (Office of the Auditor General of 

Canada (2010)); 

~ In Quebec, the jurisdiction and control of gas exploration and production fall under 

the responsibility of the Quebec's Ministere des Ressources naturelles et de Ia Faune and 

the Ministere du Developpement durable, de I'Environnement et des Pares (MDDEP). 

Following the Quebec government's acceptance of the report released by the Bureau 

d'Audiences Publiques sur I'Environnement (BAPE) on February 2011, a strategic 

environmental assessment (SEA) began on the development of the shale gas industry in 

Quebec. This report was initiated in May 2011 and the time required to perform this 

assessment is estimated to be between 18 to 30 months. 

Quebec is currently undertaking the development of a new regulatory framework for oil and 

gas production in the province (BAPE (2011), Quebec Government (2011)). To date, two 

regulations have been adopted: 

Health Canada 

• In June 2011, the regulation respecting the application of the Environment 

Quality Act (R.S.Q., c. Q-2) was amended to implement certain 

recommendations of the BAPE concerning the sustainable development of 

the shale gas industry in Quebec. Thus, since June 2011, a certificate of 

authorization must be obtained for any drilling work to explore, or produce 

petroleum or natural gas from shale as well as all hydraulic fracturing 

operations to explore or produce petroleum or natural gas. Specific 

requirements in connection with public information and consultation also 

applying before delivery offer a certificate of authorization (Quebec 

Government (2012a)); 

• In 2011, another regulation came into effect ('Reglement sur Ia transmission 

de renseignements lies a !'execution de certains travaux de forage et de 

fracturation des puits gaziers ou petroliers'). This regulation aims to provide 

technical and scientific information to the MDDEP and to the governmental 

Committee performing the SEA (Quebec Government (2012c)). It should be 

noted that on April 3, 2012, the Committee performing the SEA indicated that 

it would not recommend the authorization of fracturing activities to acquire 

scientific and technical information. It will rather rely on laboratory 

experiments on fracking (Quebec Government (2012b)). 
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~ In April 2011, the Government of Nova Scotia appointed an internal committee of 

officials from the Departments of Energy and of Environment to examine the environmental 

issues associated with hydraulic fracturing in shale gas formations and make 

recommendations on any additional regulatory measures required. The Committee will also 

identify potential environmental issues, determine how they are managed in other 

jurisdictions and identify industry best practices. It is anticipated that this review will be 

completed in early 2012 (Province of Nova Scotia (2012)); 

~ The New Brunswick's Oil and Natural Gas Act for conventional oil and gas industries 

is administered by the New Brunswick Department of Natural Resources (NBDNR). The 

NBDNR and the New Brunswick Department of Environment (NBDENV) are actively 

reviewing the legislation to account for potential shale gas industries. This review is part of 

the new environmental protection plan whose first phase will be released in the spring of 

2012. It will aim to identify immediate, intermediate and long-term actions to ensure New 

Brunswick is positioned to protect citizens and their property as well as the vital aspects of 

their environment. 

In the future legislation, it seems that the NBDENV will require future oil, shale gas and 

natural gas companies to undergo a Phased Environmental Impact Assessment process. 

This process will identify potential environmental impacts so they can be avoided or 

reduced. It will begin prior to approval of well pad construction. Oil, shale gas and natural 

gas companies will also be required to obtain Approvals to Construct and Operate. The 

Approvals will contain conditions intended to reduce impacts from the project, as well as 

requirements from the Environmental Impact Assessment (New Brunswick Canada (2011)); 

~ In Ontario, shale gas regulation is under the Oil, Gas and Salt Resources Act 

(OGSRA) administered by the Ministry of Natural Resources (MNR). This Act was 

amended in 2010 to include shale gas extraction. Large-scale shale gas wells may also 

require an Injection Permit under the OGSRA. The MNR plays a key role in ensuring the 

safe and sustainable development of Ontario's oil, natural gas, salt solution-mining and 

underground storage resources (Ontario Ministry of Natural Resources (2011)). 

In Canada, the Council of Canadian Academies is assembling an Expert Panel on 

Harnessing Science and Technology to carry out an assessment of the state of knowledge 

of potential environmental impacts from the exploration, extraction and development of 

Canada's shale gas resources (Council of Canadian Academies (2012)). This report is 

expected to be completed in late 2013. 
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5. HEALTH HAZARDS RELATED TO SHALE GAS EXPLORATION AND 

EXPLOITATION 

The health hazards related to the potential impacts of shale gas exploration and 

exploitation on the quality of surface and ground water and of ambient air are detailed in 

the present Section. An overview of the issues of concern for water (Section 5.1) and air 

(Section 5.2) is first presented. Detailed information for each stage of the shale gas 

exploration/exploitation (i.e. the source of potential impacts, the risk probabilities, the 

mitigation, preventive actions or regulatory actions and the data knowledge as well as data 

gaps) is presented in the further corresponding subsections. The applicability to the 

Canadian situation and a summary of the health hazards for water and air are presented in 

the last corresponding subsections. 

5.1 Surface and Ground Water 

The information available regarding the potential impacts of shale gas 

exploration/exploitation on surface and ground water indicates that all processes, from 

exploration to shale gas extraction including transport and wastewater treatment, are 

potential sources of contamination of the water resources. 

During each shale gas exploitation stage, fluids/gases are used (e.g. hydraulic fracturing 

fluid, fuel) and/or obtained (e.g. natural gas, drilling mud, wastewater). Thus, each of these 

stages can potentially lead to the migration of contaminants in the surface and ground 

water. Moreover, general accidents (e.g. well blowout, leaks and spills) can occur during 

the exploration and exploitation stages, and can also lead to the migration of contaminants 

in the surface and ground water. The direct and indirect sources of potential water 

contamination (i.e. direct sources (1 to 3) and indirect sources (4 to 7)) are illustrated in 

Figure 7. Information relative to each of these sources of potential water contamination is 

presented in the following subsections; Sections 5.1.1 to 5.1.3 address the hazards related 

to direct sources whereas Sections 5.1.4 to 5.1.7 address the hazards related to the 

indirect sources. 
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FIGURE 7: Overview of Potential Activities that can Impact Water Resources 
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5.1.1 Drilling 

Sources of Potentia/Impacts 

Wells are drilled using either compressed air or drilling mud that may be water-based, 

potassium chloride/polymer-based with a mineral oil lubricant, or synthetic oil-based; 

additives can be added to improve its efficiency. Chemical additives increase the density 

and weight of the fluids in order to facilitate boring, to reduce friction, to facilitate the return 

of the drilling fluid to the surface, to shorten drilling time and to reduce accidents (Colborn, 

eta/. (2011)). 

Drilling mud returns to the surface with rock cuttings (i.e. rock chips and very fine-grained 

rock fragments) through the annular space between the drill string and the walls of the 

borehole (see Figure 8). 

Source: MDDEP (2010) 

FIGURE 8: Drilling Mud Circulation 

Drilling fluid (drilling mud and rock cuttings) is then contained and managed on-site through 

a series of piping, separation equipment and tanks. The separation equipment includes 

shale shakers, desanders, desilters and centrifuges which separate the mud from the rock 

cuttings. Drilling mud is typically reconditioned for further use at a subsequent well. When it 

is no longer suitable for drilling, drilling mud is disposed of (see Section 5.1.4). The disposal 

method is determined by the composition of the fluid (NYSDEC (2011), MDDEP (2010)). 

The drilling process lasts several weeks or months and may pose the following risks: 

• Well blowouts (see Section 5.1.7); 
• Fluid migration from the borehole to the surface or ground water; 
• Drilling fluid spills (see Section 5.1.5); 
• Improper drilling operations (e.g. improper handling of mechanical equipment) can 

also impact the surface and ground water. 
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Compressed air can be used in low pressure formations (e.g. Marcellus Shale in the State 

of New York) instead of drilling mud. The air, like drilling mud, functions to lubricate, cool 

the bit, and remove cuttings. However, the use of air (without biocides) introduces a risk of 

contaminating surface water with bacteria and other microbes from brine, where they often 

flourish. One bacteria of particular concern is the sulphate-reducing bacteria which 

produces hydrogen sulphide, a gas rising health concerns (Bishop (201 0)). 

Risk Probabilities 

According to NYSDEC (2011), operators that use standard drilling practices and employ 

good oversight in compliance with their permits would not impact surface and ground water. 

However, good standards practices are not always followed because several water 

contamination cases have been reported in the literature (see below). 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, several preventive and regulatory actions associated with well 

drilling and construction exist. They are presented in Section 5.1.6. 

~ In Canada, some provinces (e.g. Alberta) have developed directives relative to well 

development. In Quebec, a certificate of authorization must be obtained prior to any drilling 

work to explore or produce oil/shale gas (see Section 4.3). 

~ In France, shale gas drilling has been suspended since February 2011 pending 

assessment of the environmental impact (Philippe and Partners (2011)). 

Data Knowledge and Data Gaps 

~ During drilling, large volumes of water are used and will thus have to be disposed. 

These volumes vary substantially between wells and shale gas plays. For example, the 

estimated volumes of water needed for drilling a well in the Barnet, Fayetteville, Haynesville 

and Marcellus Shales vary between 230 and 3,800 m3 (60,000-1 ,000,000 gallons) (see 

Table 4) (Ground Water Protection Council and ALL Consulting (2009)). 

~ During drilling, large volumes of drilling fluid (drilling mud and rock cuttings) return to 

the surface. For example, the Quebec Minister of Sustainable Development, Environment 

and Parks (MDDEP) (MDDEP (201 0)) reports that: 

• The quantity of drilling fluid returning to the surface can be approximately 100 m3 

(c.a. 26,500 gallons) for a vertical well drilled to a total depth of 2,000 m 

(6,500 feet); 
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• The quantity of drilling fluid returning to the surface can be approximately 125 m3 

(c.a. 33,000 gallons) for a vertical well drilled to a total depth of 2,000 m and having 

a lateral section of 900 m (3,000 feet). 

However, the New York State Department of Environmental Conservation (NYSDEC) 

(NYSDEC (2011)) reports the same residual volumes for the rock cuttings only: 

• A vertical well with surface, intermediate and production casings drilled to a total 

depth of 2,100 m (7,000 feet) produces approximately 117 m3 (154 cubic yards) of 

cuttings; 

• A horizontally drilled well with the same casings and the same depth with a 1 ,220 m 

(4,000 feet) lateral section produces a total volume of approximately 166 m3 

(217 cubic yards) of cuttings (i.e. about 40% more). A multi-well site would produce 

approximately that volume of cuttings from each well. 

TABLE 4: Estimated Water Needs for Drilling and Fracturing Wells 
in the United States 

Barnett Shale 400,000- 1,500 

60,000 - 230* 

1,000,000- 3,800 

80,000 - 300* 

2,300,000- 8,700 

2,900,000- 11,000 

2, 700,000 - 10,200 

3,800,000- 14,400 

2, 700,000 - 10,200 

3,060,000- 11,600 

3, 700,000 - 14,000 

3,880,000- 14,700 

Fayetteville Shale 

Haynesville Shale 

Marcellus Shale 

Based on: Ground Water Protection Council and ALL Consulting (2009) 

*Drilling performed with an air mist and/or water-based or oil-based mud for deep horizontal well completions. 

Note: The volumes are approximate and may vary substantially between wells 

~ Rock cuttings consist of a mixture of the different types of rocks through which a well 

is bored. They are typically composed of shale, sand, and clays that are often coated with, 

or contain, residual contaminants from the drilling mud or from the borehole. They may also 

contain naturally present radioactive materials. For example, field and sample surveys on 

composited Marcellus rock cuttings and cores indicated background levels of radioactivity; 

these levels were considered a low exposure concern for workers or the general public 

(Kargbo, eta/. (201 0)). 

~ Additives used during the hydraulic fracturing process are also used in drilling mud 

(see Table 3), except two chemical additives only used during drilling activities: barium 

sulfate and bentonite (Bishop (201 0)). 
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~ The potential health effects of chemicals used during drilling were explored by The 

Endocrine Disruption Exchange for the Oil and Gas Accountability Project in 2004 (Colborn, 

eta/. (2011)). The authors were able to identify 22 drilling chemicals (not identified in the 

paper) from a well blowout in Wyoming and analyzed the profiles of health effects for these 

chemicals. The results indicate that all the chemicals used in the drilling fluids were 

associated with respiratory effects and that most chemicals were associated with other 

effects on the skin, eyes and sensory organs, gastrointestinal tract, liver, kidney, immune 

system, hormonal regulation, as well as cancer (see Table 5). 

TABLE 5: Profile of Possible Health Effects of 22 Chemicals Used to Drill 

a Well in Wyoming 

Respiratory 100 

Skin, Eye and Sensory Organs 90 

Gastrointestinal and Liver 76 

Other 58 

Immune 54 

Kidney 46 

Endocrine Disruption 39 

Mutagenic 37 

Cancer 36 

Brain and Nervous System 32 

Cardiovascular and Blood 26 

Based on: Colborn, eta/. (2011) 

~ A large number of drinking resource contamination is associated with gas-well drilling 

activities and hydraulic fracturing. However, in most cases, the detailed cause of the 

accident was not established. Thus, it is not possible to know if the contamination event 

was specifically associated with the drilling process. Examples of contamination cases are 

reported in Section 5.1.3. 

~ One of the most often reported impacts during oil and gas drilling is the increased 

turbidity in drinking water wells due to mobilization (caused by vibrations and pressure 

pulses) of material (e.g. iron, manganese) naturally present in the underground water (see 
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Section 5.1.2.2). The turbidity can influence the microbiological quality of water and can be 

associated with changes in water color (e.g. red, orange) as well as unpleasant tastes and 

odours (Brisson, eta/. (201 0)). 

In an isolated case in 2007, an operator used compressed air for many hours through the 

drill string in an attempt to free a drill bit stuck in a well in the Town of Brookfield (Madison 

County). The compressed air migrated through natural fractures in the shallow bedrock 

because no casing was in place (NYSDEC (2011)). 

~ Valuable data may be obtained in the coming years in Quebec, where a recent 

regulation requires the shale gas industry to provide technical and scientific information 

related to drilling work and hydraulic fracturing. However, on April 3, 2012, the Committee 

performing the SEA indicated that it would not recommend the authorization of fracturing 

activities to acquire scientific and technical information. It will rather rely on laboratory 

experiments on fracking (Quebec Government (2012b)) (see Section 4.3). 
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5.1.2 Hydraulic Fracturing 

During the hydraulic fracturing process, hydraulic fluid (composed of water loaded with 

proppant and chemical additives) is pumped down the well. Then, a part of this fluid 

(named flowback water) returns to the surface (see Section 5.1.2.1). Brine, originally 

present in shale and natural gas, is transported to the surface with this flowback water and 

during all shale gas production (see Section 5.1.2.2). 

5.1.2.1 Hydraulic Fracturing Fluid and Flowback Water 

Sources of Potentia/Impacts 

The fracturing process lasts a couple of days to a week. Surface and ground water might 

be contaminated with chemical additives used during this process. The possible migration 

paths are: 

• Accidents and spills by truck transport (see Section 5.1.5); 

• Leaks of wastewater ponds, storage containers and compressors (see 

Section 5.1.5); 

• Spills from on-site accidents (e.g. blowout) (see Section 5.1.7); 

• Damage to the cementation and casing (see Section 5.1.6.1); 

• Migration through artificial or natural cracks of formations (see Section 5.1.6.2). 

Another concern with hydraulic fracturing is cumulative impact. Indeed, contaminants can 

move between gas wells, fractured in proximity to one another, in events known as 

'communications' (Parfitt (201 0)). As seen in Section 3.1.1, different drilling techniques 

have been developed in recent years to reduce infrastructure costs and land use. These 

techniques involve the development of multiple wells from a single well pad as well as 

multiple horizontal wells from one single vertical well bore, thus increasing the risks of 

'communication' between wells. Moreover, a 'kick' can occur when the formation fluid is 

driven by a formation pressure that is greater than the pressure exerted on it by the column 

of the drilling well in the wellbore (a 'kick' is an unintended entry of water, gas, oil, or other 

formation fluid into a wellbore that is under control and can be circulated out). If the 

formation fluid is not controlled, it may result in a blowout (B.C. Oil and Gas Commission 

(201 0)). 

Risk Probabilities 

~ Spills and releases will always exist because the shale gas industry operates on a 

large scale (see Section 5.1.5). 
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~ Damages to the well cementation and casing inducing leakages are reported in 

Canada, Norway and in the United States at different rates depending of the report (from 

2% to 43% of the wells leak). The leakage rate is assumed to increase dramatically during 

the lifespan of the wells (see Section 5.1.6.1). 

~ The probability that contaminants can reach aquifers through cracks induced by 

hydraulic fracturing is discussed in Section 5.1.6.2. On one hand, it is stated that the 

distance between the fractured zone and the aquifer is large enough to prevent the 

propagation of the cracks to the aquifers. However, on the other hand, it is reported that the 

rock between the shale formation and the surface is not impermeable. The hydraulic 

fracturing process can open up pathways upward to drinking water resources as faults and 

fractures naturally exist in the rocks. Moreover, the hydraulic fracturing process is not fully 

controlled and the time for fluid to migrate through the fractures is poorly understood. 

~ Spills from on-site accidents occur and are mostly related to incorrect handling, either 

by untrained personal or through incorrect behaviour (see Section 5.1.7). 

Mitigation, Preventive Actions or Regulatory Actions 

Information concerning mitigation, preventive actions or regulatory actions related to the 

hydraulic fracturing process principally originates from the United States but there is also 

some information from Canada and the European Union. 

~ In the United States, hydraulic fracturing authorization is attained when a company 

ensures proper well construction and surface monitoring by trained personnel. 

Before operators or service companies perform a hydraulic fracturing treatment of a well, a 

series of tests has to be performed to ensure that the well, well equipment and hydraulic 

fracturing equipment are in proper working order and will safely withstand the application of 

the fracture treatment pressures and pump flow rates. 

Moreover, hydraulic fracturing stimulations are continuously monitored by operators and 

service companies. For example, the monitors track the volumes of each additive and of 

the water used, and ensure that equipment is functioning properly. For example, for a 

504,000 gallon (2,000 m3
) fracture treatment of a vertical shale gas well, around 30 and 

35 people may be on site to monitor the entire stimulation process. 

The multi-stage fracturing along the length of the lateral leg of the horizontal well allows the 

fracturing process to be performed in a very controlled manner and allows changes to each 

portion of the completion zone to accommodate site-specific changes in the formation (e.g. 

variations in shale thickness, presence or absence of natural fractures, proximity to another 
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wellbore fracture system, and boreholes that are not centered in the formation) (Ground 

Water Protection Council and ALL Consulting (2009)). 

~ In general, industries in the United States do not have to report the water quality data 

before and after hydraulic fracturing, thus eliminating a baseline for testing. However, in the 

state of New York, it is proposed to require, via permit condition, that the operator samples 

and tests all residential water wells within 1 ,000 feet (with the property's owner permission) 

or 2,000 feet of the well pad (in the case when no well can be sampled within 1,000 feet). 

An initial sampling and analysis should be performed before site disturbance at the first well 

on the pad, and before drilling additional wells on multi-well pads. Moreover, other tests 

should be performed at established intervals after drilling and hydraulic fracturing to detect 

potential contamination (NYSDEC (2011)). 

In Canada, for example, a private well water sampling and analysis program is required to 

obtain approvals to construct and operate shale gas operations in New Brunswick. 

~ Currently, the US EPA does not regulate the injection of fracturing fluids under the 

Safe Drinking Water Act (SDWA) (see Section 4.1) unless the use of diesel fuel is involved 

in the process. Indeed, the US EPA stated that a shale gas well is 'not an injection well 

because it is used primarily for gas extraction'. However, in 1994, the Legal Environmental 

Assistance Foundation (LEAF) petitioned the US EPA to regulate the hydraulic fracturing 

practice in Alabama under the SDWA because hydraulic fracturing of coal beds to produce 

methane is a form of underground injection. In 1999, Alabama amended its Underground 

Injection Program to include the regulation of injection of fluids for coal bed reservoirs as 

Class II wells (see Section 4.1) under the SDWA, and the US EPA approved (NETL (2007), 

Nguyen (201 0)). 

In the 'Fracturing Responsibility and Awareness of Chemicals Act of 2009' (FRAC Act), 

amendments to the Safe Water Drinking Act were proposed to include 'the underground 

injection of fluids or propping agents pursuant to hydraulic fracturing operations related to 

oil and gas production activities' as well as the disclosure of the 'chemical constituents (but 

not the proprietary chemical formulas) used in the fracturing process'. The Act is currently 

on hold in Congress pending US EPA action/research. Although it is suggesting more 

stringent regulations on hydraulic fracturing, there are several controversies surrounding it 

(e.g. deterrence on state regulations, violations on corporate trade secrets and a possible 

decline in the economy) (Nguyen (201 0)). 

~ Fracturing companies in the United States are generally exempt from publicly 

disclosing the chemical compounds used in their fluids even though some of them are 

carcinogens. Indeed, hydraulic fracturing is not federally regulated under the SDWA. 

However, states have the option to choose to regulate this activity. Thus, even in the 
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absence of baseline standards between states, 18 states require a list of materials used in 

the hydraulic fracturing process and 19 specify some of the volumes used. For example, 

the Colorado Oil and Gas Commission requests the disclosure of information related to the 

contents of hydraulic fracturing (Nguyen (201 0)). However, as the reporting requirements 

vary from state to state, county to county and company to company, the reported 

composition of the different products used in hydraulic fracturing could easily be incomplete 

(e.g. divulgation of the functional category name such as 'biocides' but not of the product 

name). In some states, the list of the components present in the hydraulic fracturing fluid 

must be uploaded to Fracfocus.org. This is a hydraulic fracturing chemical registry website 

created by the Ground Water Protection Council and the Interstate Oil and Gas Compact 

Commission. 

In British Columbia (Canada), public disclosure for hydraulic fracturing fluid is mandatory 

and the list of ingredients must be uploaded to Fracfocus.ca (a registry built by this 

province), within 30 days of finishing completion operations (FracFocus (2012)). 

~ In the United States, companies are fined when they violate state laws and thus, 

potentially induce the contamination of surface or ground water (Lechtenbtihmer, et a/. 

(2011)). 

~ In Canada, the Alberta Energy and Utilities Board issued a directive for shallow 

fracturing operations (coal seams) in August 2009. This directive prohibits fracking within a 

200 m radius of water wells. Moreover, it requires a distance of at least 50 m between a 

water well's lowest depth and the shallowest depth of a frack zone (ERBC (2009)). 

On February 2011, the province's Bureau d'Audiences Publiques sur I'Environnement 

(BAPE) released a report on sustainable development of the shale gas industry in Quebec. 

This report was created because citizens and citizen associations expressed their concerns 

and opposition about shale gas development. The BAPE's central recommendation, to 

which the government has agreed, was to push back adoption of new rules for shale gas 

exploration and development pending completion of a strategic environmental assessment 

(SEA) which begins in 2011. All hydraulic fracturing activities were originally prohibited 

while the SEA was being carried, except if they were required for the purpose of conducting 

the SEA (BAPE (2011), Quebec Government (2011)). However, on April 3, 2012, the 

Committee performing the SEA indicated that it would not recommend the authorization of 

fracturing activities to acquire scientific and technical information. It will rather rely on 

laboratory experiments on fracking (Quebec Government (2012b)). 

~ In Europe, hydraulic fracturing raises a lot of concern in several countries. For 

example, in France, the National Assembly set a moratorium for the shale gas exploitation 

and hydraulic fracturing is only allowed for scientific reasons, under strict control of a 
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committee composed of lawmakers, government representatives, non-governmental 

organizations and local citizens (law approved by the Senate in June 2011). In North 

Rhine-Westphalia (Germany), a moratorium was pledged by the State Parliament until 

improved knowledge becomes available (Lechtenbtihmer, et a/. (2011)). In Bulgaria, the 

parliament decided to ban the exploration of shale gas reserves using hydraulic fracturing 

for 6 months, pending the adoption of new acts. It also withdrew the US permit for Chevron 

to prospect for shale gas (The Guardian (2012)). 

The report of the European Parliament (Lechtenbtihmer, eta/. (2011)) indicates that most 

of the accidents and ground water intrusions in the USA seem to be due to incorrect 

handling despite the fact that regulations exist. Thus, the basic problem is not inadequate 

regulation, but their enforcement through adequate supervision. It must be guaranteed that 

best practice is not only available, but also commonly applied. 

Information on the indirect sources that can potentially lead to the migration of hydraulic 

fracturing fluid and flowback water in the drinking water resource is available in Sections 

5.1.4, 5.1.5, 5.1.6 and 5.1.7. 

Data Knowledge and Data Gaps 

~ During hydraulic fracturing, large volumes of water are used. These volumes vary 

substantially between wells. For example, the estimated volumes of water needed for 

fracturing a well in Barnet, Fayetteville, Haynesville and Marcellus Shales vary between 

8,700 and 14,400 m3 (2,300,000-3,800,000 gallons) (see Table 4) (Ground Water 

Protection Council and ALL Consulting (2009)). 

~ The fracturing fluid typically consists of about 98-99.5% water and sand, as well as 

0.5-2% chemical additives. Although these additives represent less than 2% by volume of 

the total fracturing fluid, as the process of hydraulic fracturing is a water-intensive process, 

the volume of additives is not negligible because the total volume of water of hydraulic 

fracturing fluid is elevated. For instance, the use of 10,000 m3 (2,600,000 gallons) of 

hydraulic fluid may involve up to 200 m3 (52,800 gallons) of additives (2%) for a single well. 

~ There is no exhaustive list of all the chemicals used in the hydraulic fracturing 

process because chemical additives used in this process vary largely depending on several 

parameters such as the fracturing job, the company performing it and the shale formations 

(see Section 3.2.2). Companies do not often have to disclose the chemicals used in this 

process and/or are not aware of all the chemicals they use. Moreover, some chemicals can 

have different names and some chemicals reported by the industry do not have a chemical 

registry number (CAS number). It is thus difficult to create an exhaustive list without 

duplicating the information. 
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~ Lately, the Committee on Energy and Commerce of the United States launched an 

investigation concerning hydraulic fracturing. They asked the 14 leading oil and gas service 

companies to disclose the types and volumes of the hydraulic fracturing fluids they used 

between 2005 and 2009 (see also Section 3.2.2). It appeared that these 14 companies 

used more than 2,500 products during their hydraulic fracturing process and that these 

products contain 750 different chemicals (Waxman, eta/. (2011)). 

Some components used in the hydraulic fracturing process were common and generally 

harmless (e.g. salt and citric acid) or were unexpected (e.g. instant coffee and walnut 

hulls). However, other components were extremely toxic, such as benzene (a known 

carcinogen to humans) and lead (causing neurological problems in children as well as 

health effects in adults including reproductive problems, high blood pressure and nerve 

disorders) (see Appendix A for the list of each of the 750 chemicals reported by the oil and 

gas companies). 

The most commonly used chemicals present in the 2,500 hydraulic fracturing products are 

reported in Table 6. Methanol was the most commonly used chemical (342 products). It is a 

hazardous air pollutant and a candidate for regulation under the SDWA. Hydraulic 

fracturing companies also largely used 2-butoxyethanol (126 products) as a foaming agent 

or surfactant. This chemical is easily absorbed and rapidly distributed in humans following 

inhalation, ingestion, or dermal exposure and studies have shown that it can cause 

hemolysis (destruction of red blood cells) and damage to the spleen, liver, and bone 

marrow. 

TABLE 6: Chemical Additives Most Commonly Used in Hydraulic Fracturing 

Products between 2005 and 2009 

Methanol (Methyl alcohol) 

Isopropanol (Isopropyl alcohol, Propan-2-ol) 

Crystalline silica- quartz (Si02) 

Ethylene glycol monobutyl ether (2-butoxyethanol) 

Ethylene glycol (1 ,2-ethanediol) 

Hydrotreated light petroleum distillates 

Sodium hydroxide (Caustic soda) 

Source: Waxman, eta/. (2011) 

342 

274 

207 

126 

119 

89 

80 

Of the 2,500 hydraulic fracturing products reported by the oil and gas companies, 

29 chemicals present in 652 different products are (1) known or possible human 

carcinogens, (2) regulated under the SDWA for their risks to human health, and/or (3) listed 
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as hazardous air pollutants under the Clean Air Act (CAA). Table 7 lists these toxic 

chemicals and their frequency of use. It can be seen that, between 2005 and 2009, the 

14 leading oil and gas companies in the United States used: 

• 14 different carcinogens contained in 95 products. Overall, the companies injected 
39,000 m3 (1 0.2 million gallons) containing at least one of these carcinogenic 
chemicals; 

• 8 chemicals regulated under the SDWA, including carcinogenic chemicals. 
Overall, the companies injected 44,300 m3 (11.7 million gallons) of products 
containing one of these chemicals. BTEX compounds (benzene, toluene, 
ethyl benzene and xylene) represent a large part of these chemicals. In addition to 
individual chemicals, the companies also injected more than 113,500 m3 

(30 million gallons) of fuel or hydraulic fracturing fluids containing diesel in wells 
(diesel contains BTEX); 

• 24 different hazardous air pollutants (e.g. methanol, ethylene glycol, hydrochloric 
acid, BTEX) contained in 595 products. 

Health Canada Sanexen Environmental Services Inc. 
0/Ref.: RA11-410 

000052 



38 Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 

TABLE 7: Chemical Additives of Concern for Human Health that Were Used in 

Hydraulic Fracturing Products between 2005 and 2009 

Diesel (containing BTEX) Carcinogen, SDWA, CAA 51 

Ethylbenzene Carcinogen, SDWA, CAA 28 

Benzene Carcinogen, SDWA, CAA 3 

Di (2-ethylhexyl)phthalate Carcinogen, SDWA, CAA 3 

Acrylamide Carcinogen, SDWA, CAA 2 

Lead Carcinogen, SDWA, CAA 

Naphthalene Carcinogen, CAA 44 

Formaldehyde Carcinogen, CAA 12 

Benzyl chloride Carcinogen, CAA 8 

Acetaldehyde Carcinogen, CAA 

Ethylene oxide Carcinogen, CAA 

Propylene oxide Carcinogen, CAA 

Sulphuric acid Carcinogen 9 

Thiourea Carcinogen 9 

Nitrilotriacetic acid Carcinogen 6 

Xylene SDWA, CAA 44 

Toluene SDWA, CAA 29 

Copper SDWA 

Methanol (Methyl alcohol) CAA 342 

Ethylene glycol (1 ,2-ethanediol) CAA 119 

Hydrogen chloride (Hydrochoric acid) CAA 42 

Diethanolamine (2,2-iminodiethanol) CAA 14 

Cumene CAA 6 

Dimethyl formamide CAA 5 

Phenol CAA 5 

Hydrogen fluoride (Hydrofluoric acid) CAA 2 

Phthalic anhydride CAA 2 

Acetophenone CAA 

p-Xylene CAA 

Source: Waxman, eta/. (2011 ), I ARC 
Blue lines correspond to carcinogen additives. 
1

· Carcinogen: known or possible human carcinogens; 
SDWA: regulated under the Safe Drinking Water Act for their risks to human health; 
CAA: Listed as hazardous air pollutants under the Clean Air Act. 
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~ In 2009, the state of New York provided a list of 260 chemicals present in 

197 products used in the hydraulic fracturing process as well as their CAS number. The 

Tyndall Centre for Climate Change Research (Wood, et a/. (2011)) analyzed these 

chemicals using the European Chemical Substances Information System. Their result 

suggested that 58 of the 260 substances (i.e. 22%) have one or more properties that may 

give rise to concern for human health and/or the environment (see Appendix B): 

• 15 substances are listed in one of the four priority lists. i.e. they require immediate 
attention because of their potential effects to man or the environment; 

• 6 are present in list 1 (Acrylamide, Benzene, Ethyl Benzene, lsopropylbenzene 
(cumene), Naphthalene and Tetrasodium Ethylenediaminetetraacetate); 

• 1 is currently under investigation as a persistent, bioaccumulative and toxic (PBT) 
compound (Naphthalene bis (1-methylethyl)); 

• 2 are present on the first list of 33 priority substances for which member states 
must progressively reduce pollution (Naphthalene and Benzene); 

• 17 are classified as being toxic to aquatic organisms (acute and/or chronic); 

• 38 are classified as being acutely toxic (human health); 

• 8 are classified as known carcinogens to humans; 

• 6 are classified as suspected carcinogens to humans; 

• 7 are classified as mutagenic; 

• 5 are classified as having reproductive effects. 

~ The potential health effects of chemicals used during drilling, hydraulic fracturing and 

delivery of shale gas were explored by The Endocrine Disruption Exchange for the Oil and 

Gas Accountability Project in 2004 (see Section 5.1.1 for the results of the chemicals used 

during drilling). During the study, 353 chemicals were identified with their registry number 

(not reported in their paper) and the health effect profiles of these chemicals were analyzed 

(see Table 8). 

The authors found that more than 75% of these chemicals can affect the skin, eyes, and 

other sensory organs, the respiratory system, the gastrointestinal system, and the liver (see 

Table 8). More than half of the chemicals show effects on the brain and nervous system. All 

these effects would likely be expressed upon immediate exposure, e.g. eye and skin 

irritation, nausea and/or vomiting, asthma, coughing, sore throat, flu-like symptoms, 

tingling, dizziness, headaches, weakness, fainting, numbness in extremities, and 
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convulsions. Normally, none of these chemicals would normally be ingested during natural 

gas operations, but immediate eye, nasal, dermal contact, and inhalation could lead to 

rapid absorption and cause direct exposure to the brain and other vital organs. 

Moreover, they found that a large proportion of the chemicals used can have chronic and 

long-term organ and system damage including the nervous system (52%), cardiovascular 

system and blood (46%), kidney (41 %), immune system (40%) and the endocrine system 

(36%). More than 25% of the chemicals can also cause cancer and mutations. 

TABLE 8: Profile of Possible Health Effects of Chemicals Used 

in Shale Gas Operations Using Hydraulic Fracturing 

Skin, Eye and Sensory Organs 86 

Respiratory 83 

Gastrointestinal and Liver 77 

Brain and Nervous System 52 

Cardiovascular and Blood 46 

Other 42 

Kidney 41 

Immune 40 

Endocrine Disruption 36 

Cancer 26 

Mutagenic 25 
Based on: Colborn. eta/. (2011) 

~ After the hydraulic fracturing process, when the pumping pressure has been relieved 

from the well, the fracturing fluid mixed with any natural forming water or natural gas, 

begins to flow back through the well casing to the wellhead. 

Flowback water recoveries vary between wells and have typically been reported to range 

between 25-50% (EPA (2011)); however this percentage largely varies depending on the 

fracturing company. Based on the hydraulic fracturing fluid volume of 8,700- 14,400 m3 per 

well (2,300,000-3,800,000 gallons) (see above), flowback water volumes could range 

between 2,175 and 7,200 m3 per well (600,000-1 ,900,000 gallons). The flowback water is 

generally recovered within two to eight weeks. Then the well's water production rate 

declines and a few barrels per day are recovered for the remainder of its producing life. 

Flowback water includes the fracturing fluids (water and chemical additives) pumped into 

the well, any new compounds that may have been formed due to reactions between 
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chemical additives and substances (such as salts, metals and radioelements) mobilized 

from within the shale formation due to the fracturing operation (see production brine in 

Section 5.1.2.2). Some portion of the proppant may also return to the surface, but operators 

strive to minimize proppant return. 

The nature and concentrations of the different substances present in the flowback water 

vary from one shale formation to another. Typical classes of parameters present in 

flowback fluids, as reported in the Marcellus Shale, are summarized below (NYSDEC 

(2011)) (see also Appendix C for the results of the composition analysis of flowback fluids 

from Pennsylvania and West Virginia): 

• Dissolved solids (chlorides, sulfates, and calcium); 

• Metals (calcium, magnesium, barium, strontium); 

• Suspended solids; 

• Mineral scales (calcium carbonate and barium sulfate); 

• Bacteria - acid producing bacteria and sulfate reducing bacteria; 

• Friction reducers; 

• Iron solids (iron oxide and iron sulfide); 

• Dispersed clay fines, colloids and silts; 

• Acid gases (carbon dioxide, hydrogen sulfide). 

Moreover, the composition of the flowback water changes with time over the course of the 

flowback process, depending on a variety of factors. Limited time-series field data from 

Marcellus Shale flowback water indicate that: 

• The concentrations of TDS (total dissolved solids), chloride, and barium increase; 

• The levels of radioactivity increase (the Marcellus Shale contains more radioactive 

components than other shales); 

• Calcium and magnesium hardness increases; 

• Iron concentrations increase, unless iron-controlling additives are used; 

• Sulfate levels decrease; 

• Alkalinity levels decrease, likely due to use of acid; 

• Concentrations of metals increase. 

~ A large number of drinking resource contamination is associated with gas-well drilling 

activities and hydraulic fracturing. However, in most cases, the detailed cause of the 

accident was not established. Thus, it is not possible to know if the contamination event 

was specifically associated with the hydraulic fracturing process. Examples of 

contamination cases are reported in Section 5.1.3. 
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~ Communication events between wells are not often documented. However, in 2010, 

the British Columbia Oil and Gas Commission reported 18 fracture communication 

incidents in British Columbia and one in Western Alberta (B.C. Oil and Gas Commission 

(201 0)): 

• Five incidents of fracture stimulation resulted in communication with an adjacent 

well during drilling; 

• Three incidents of drilling into a hydraulic fracture formed during a previous 

stimulation on an adjacent well and containing high pressure fluids; 

• Ten incidents of fracture stimulations that communicated into adjacent producing 

wells; 

• One incident of fracture stimulation communication into an adjacent leg on the 

same well for a multi-lateral well. 

The incidents occurred in horizontal wells with separation distances between wellbores 

ranging from 50 to 715 m. Invading fluids included water, carbon dioxide, nitrogen, sand, 

drilling mud, other stimulating fluids and small amounts of gas. 

~ Data regarding the chemicals used during hydraulic fracturing and the composition of 

the flowback water are incomplete. Moreover, the chemical additives used during drilling 

and hydraulic fracturing can interact between them or with the natural shale components, 

can experience biodegradation or can react to the pressure and temperature experienced 

during the operations to create new unknown compounds (Brisson, et a/. (2010)). In 

addition, there is no toxicological evaluation of hydraulic fracturing fluids. Health risks linked 

to these compounds are thus completely unknown. 

~ There are huge gaps concerning the quantities of chemical additives used and 

fracturing fluid left stranded in the formation. Also, there are large data gaps about the 

chemical fate and transport over the time of hydraulic fracturing fluids staying underground, 

as well as about the groundwater quality several years after hydraulic fracturing. 

~ The impacts of successive fracturing operations on the aquifers are difficult to predict 

because geological formations and aquifers are physically complex (Parfitt (201 0)). 

~ Valuable data may be obtained in the coming years in Quebec, where a recent 

regulation requires the shale gas industry to provide some technical and scientific 

information related to some drilling work and hydraulic fracturing (see Section 4.3) 
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5.1.2.2 Production Brine 

Sources of Potentia/Impacts 

During the hydraulic fracturing process, brine originally present in shale and natural gas 

(see Section 5.1.3) is transported to the surface with the flowback water. Production brine 

contains minerals native in the formation and metals. Moreover, shale gas originates from 

shales that can potentially contain radioactive components. Thus, natural occurring 

radioactive material (NORM) can also be found in the production brine. 

Production brine can contaminate the surface and ground water through spills and leaks 

(see Section 5.1.5). Moreover, it can move through cracks in the rock into the ground and 

surface water (See Section 5.1.6.2). 

Risk Probabilities 

In the United States, the Ground Water Protection Council and ALL Consulting (2009) 

reports that the regulations, standards and practices ensure that oil and gas operations 

present negligible risks to the general public with respect to potential NORM exposure. It 

also reports that when proper controls are implemented, the risk to workers is negligible. 

However, the risk probability depends on the concordance of the regulation, standards and 

practices related to production brine (e.g. monitoring, treatment efficiency) and on the 

actual application of these administrative/technical rules. 

Mitigation, Preventive Actions or Regulatory Actions 

~ NORMs are not subject to direct federal regulation in the United States. Instead, 

states producing oil and gas are responsible for promulgating and administering regulations 

to control the re-use and disposal of NORM-contaminated equipment, produced water, and 

oil-field wastes. In general, if NORM concentrations are less than regulatory standards, 

operators are allowed to dispose of the material by methods approved for standard oilfield 

waste. However, if NORM concentrations are above regulatory limits, then the material 

must be disposed of at a licensed facility. These regulations, standards, and practices 

ensure that shale gas operations present negligible risk to the general public and to 

workers with respect to potential NORM exposure (Ground Water Protection Council and 

ALL Consulting (2009)). 

~ In the state of New York, it is proposed to require, via permit condition and/or 

regulation, that radiation surveys be conducted at specific time intervals for the wells using 

hydraulic fracturing on all accessible well piping, tanks, or other equipment that could 

contain NORMs. These surveys should be required for as long as the facility remains in 

active use (NYSDEC (2011)). 
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~ The report of the European Parliament (Lechtenbtihmer, eta/. (2011)) indicates that 

radioactive particles should be evaluated at each individual shale and tight gas basin 

separately and that the composition of a core sample of specific shale under investigation 

should be disclosed before any production permission is granted. 

Data Knowledge and Data Gaps 

~ Natural formation water has been in contact with the reservoir formation for millions 

of years. It thus contains minerals native to the reservoir rock. Its composition differs from 

shale to shale. Natural formation water can be: 

• Brackish (i.e. 5,000 ppm to 35,000 ppm TDS (total dissolved solids)); 

• Saline (i.e. 35,000 ppm to 50,000 ppm TDS); 

• Supersaturated (i.e. 50,000 ppm to >200,000 ppm TDS). Some operators even 

reported TDS values greater than 400,000 ppm (Ground Water Protection Council 

and ALL Consulting (2009)). 

Metals (e.g. iron, aluminium, cadmium, zinc) are part of any geological formation and are 

thus also found in the natural formation water. Moreover, shales can contain natural 

occurring radioactive materials (NORMs) that can then be found in this natural formation 

water. The amount of NORM differs from shale to shale. For example, the Marcellus Shale 

in the United States contains more radioactive particles than other geological formations 

(Lechtenbtihmer, eta/. (2011)). Results of NORM analysis of Marcellus brine, produced in 

New York, report the presence of different isotopes of cesium, cobalt, ruthenium, zirconium, 

radium, thorium and uranium (Ground Water Protection Council and ALL Consulting 

(2009)). 

TABLE 9: NORM Concentrations in Flowback Water Samples from the Marcellus Shale 

Gross-alpha 15 15 22.41 18,950 

Gross-beta 15 15 62 7,445 

Total Alpha Radium 6 6 3.8 1,810 

Radium-226 3 3 2.58 33 

Radium-228 3 3 1.15 18.41 

Source: NYSDEC (2011) 

~ When radioactive chemicals are found in natural formation water, flowback water 

containing brine also contains NORMs (see also Section 5.1.2.1). NORM concentrations 

vary depending on the formation and can be elevated. For example, NYSDEC (2011) 
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reports NORM concentrations in flowback water samples from the Marcellus Shale varying 

from 1.15 to 18,950 pCi!L (see Table 9). For comparison, the Canadian Drinking Water 

Quality Guidelines are set to 5.4 pCi!L for lead-21 0 and to 13.5 pCi!L for radium-226 

(Health Canada (2009)). 

The Energy Institute (2012) reports that the most common NORM constituents in flowback 

and production brine are Radium 226 and Radium 228 arising from the decay of Uranium-

238 and Thorium-232, respectively. These NORMs occur in the form of Ra2
+ cations and 

are present in aqueous solution in concentrations from 0 to a thousand pica-curies per 

gram (1 ,000 pCi!L equivalent to 1 ppb Ra-226). The authors reported that these 

concentrations are not hazardous, except when concentrated by the precipitation of 

carbonate or sulfate scales that typically accumulate inside pipes, storage tanks, and other 

well-head equipment that flowback and produced water flow through. 

~ A list of naturally occurring compounds that could be present in flowback waters is 

presented in the Table below. Among these compounds, eight (30% of the compounds) 

have a carcinogen potential (known or possible carcinogen to humans). 
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TABLE 10: Natural Compounds Present in Various Flowback Waters 

Cadmium 

Radium-226 

Thorium-234 

Uranium-235 

Cobalt 

Lead 

Lead-210 

Nickel 

Selenium 

Aluminium 

Antimony 

Barium 

Bore 

Chi orates 

Cyanide 

Iron 

Lithium 

Magnesium 

Manganese 

Methane 

Molybdenum 

Phosphorus 

Salts 

Sulfates 

Thallium 

Titanium 

Zinc 

Group 1 

Group 1 

Group 1 

Group 1 

Group 2B 

Group 2B 

Group 2B 

Group 2B 

Group 3 

Source: Brisson, eta/. (201 0) 
Blue lines correspond to carcinogenic compounds. 

/ARC (International Agency for 
Research on Cancer) 
Carcinogenicity Classification 

• 

• 

• 

Group 1: Carcinogenic to 
humans; 

Group 2B: Possibly 
carcinogenic to humans; 

Group 3: Not classifiable as 
to its carcinogenicity to 
humans. 

~ Production brine is currently managed through a variety of mechanisms, including 

underground injection, treatment and discharge, and recycling (Ground Water Protection 

Council and ALL Consulting (2009)). Treatment and disposal are further discussed in 

Section 5.1.4. 
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5.1.3 Shale Gas Production 

Sources of Potentia/Impacts 

The rising of natural gas to the surface is accompanied by brine naturally present in the 

shale. The quantity of brine can be negligible or very important depending on the shale. It 

has to be removed from the natural gas and properly handled (Brisson, eta/. (201 0)). 

Shale gas production is a process lasting several years. During this process, natural gas 

and brine could impact surface and ground water. Moreover, accidents such as leaks and 

spills (treated in the other sections) can occur. 

Risk Probabilities 

The probability that natural gas development degrades groundwater quality was estimated 

to range from 1.2 to 1.9% (Bishop (201 0)). The authors also indicated that as new 

construction accounts for most spills and other mishaps, a groundwater contamination rate 

of 5.7% is expected. These probabilities are based on incidents that occurred in Colorado 

(1 ,549 spills from January 2003 to March 2008), Pennsylvania (1 ,670 violations between 

January 2008 and late August 2010) and New Mexico (705 groundwater contaminating 

incidents between 1990 and 2005). 

Mitigation, Preventive Actions or Regulatory Actions 

In order to document the surface and groundwater contamination issue, the US EPA 

launched a research program to improve understanding of the surface and ground water 

contamination risks associated with the shale gas extraction. Initial results are anticipated 

at the end of 2012. 

Data Knowledge and Data Gaps 

~ Shale gas exploitation has increased in the recent years in the United States (see 

Section 6). However, even with the large quantity of wells in production, the number of 

contamination cases of water resources reported in the literature and that have been 

subject to evaluation are limited. Indeed, water resource supervision is generally performed 

only after the occurrence of an accident (e.g. spill, releases and explosion) or when the 

contamination of a water resource is clearly obvious (e.g. bad taste, colour or odour of the 

drinking water, complaint of health problems). Moreover, when the contamination of a water 

resource is detected, governmental agencies cannot often conclude undoubtedly that the 

contamination is the result of shale gas exploitation because industries do not generally 

have to report the water quality data before shale gas exploitation. Consequently, the 

number of cases of shale gas production-related contamination of groundwater is not 

indicative of the actual number of contamination cases. In addition, groundwater 
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contamination may be a question of time (migration of the contaminants up to the 

groundwater resources may require several years or decades; see Section 5.1.6). 

~ Some contamination cases reported in the literature are (Michaels, eta/. (201 0)): 

• In 2009, in the town of Dish (Texas), water quality was tested in response to many 

complaints of human illnesses and even animal deaths. Elevated levels of arsenic, 

lead, chromium, butanone, acetone, carbon disulfide and strontium up to 21 times 

above the allowable concentrations, were detected. As there was no other industrial 

activity in that region, gas extraction activities in and around the city were believed 

to be the only source of these impacts; 

• In the city of Midland (Texas), levels of hexavalent chromium 50 times above the 

acceptable levels were detected in a private well in 2009. The Texas Commission 

on Environmental Quality is investigating a link to natural gas drilling activities; 

• In Pavillion (New York), the US EPA investigated the source and nature of 

residential well contamination in response to complaints of foul odours and taste. 

The US EPA detected several petroleum hydrocarbons (e.g. benzene and 

methane) and inorganic compounds (e.g. sodium and sulphates) in drinking and 

ground water wells. Moreover, 2-butoxyethanol, which is a common solvent used in 

hydraulic fracturing fluids that can cause kidney failure, toxicity to the spleen, liver 

cancer and fertility problems, was detected in several of the wells analyzed. Oil and 

gas activity in the region was identified as the potential source of contamination. 

A recent study performed by Osborn, et a/. (2011) provided systematic evidence of 

methane contamination associated with shale-gas extraction in aquifers overlying the 

Marcellus and Utica Shale formations (northeastern Pennsylvania and upstate New York). 

Methane concentrations were detected in 85% of 60 drinking-water wells sampled across 

the region, regardless of industry operations. However, methane concentrations were found 

to be 17-times higher (19.2 mg/L), on average, in areas with active drilling and extraction 

than in non-active areas (1.1 mg/L), with some drinking water wells having concentrations 

(64 mg/L) well above the recommended defined action level (10-28 mg/L) for hazard 

mitigation. Average and maximum methane concentrations were higher in shallow water 

wells within approximately 3,000 feet (1 ,000 m) of active shale-gas wells. Moreover, 

isotopic data for methane found in the drinking water resources were consistent with gas 

found in deep reservoirs such as the Marcellus and Utica Shales and matched gas found in 

gas wells nearby. It should be noted that no baseline data was available for these wells 

prior to shale gas activity. This study did not find evidence of contamination of drinking 

water resources with deep saline brines and fracturing fluids. 
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5.1.4 Wastewater Treatment and Disposal 

Sources of Potentia/Impacts 

Large volumes of wastewater are generated during the different stages of shale gas 

exploitation. The wastewater corresponds to the drilling mud and cuttings, the hydraulic 

fracturing fluid and the produced water (also called 'brine') rising to the wellhead. 

Cuttings may be managed within a closed-loop tank or within pits. Then, they may be 

buried on-site when generated during compressed air drilling or when generated during 

drilling with fresh water (they have to be removed from the site when generated during 

drilling with polymer- or oil-based muds) (NYSDEC (2011)). 

Wastewater is commonly stored in pits but can also be placed in tanks or other 

aboveground containment systems (in certain situations, these containment systems are 

required because of the specific geologic conditions). In certain cases, wastewater can be 

transported by pipeline to a pit. All of these containment and transporting systems can leak 

and conduct to the emission of wastewater in the environment which can then reach the 

surface and ground water (U.S. Department of Energy (2009)). It should be noted that the 

requirements for wastewater disposal vary from country to country and even within each 

country according to state/provincial laws. 

Options exist or are being developed for treatment, recycling and reuse of flowback water. 

The on-site treatment technologies that can be employed include: physical and chemical 

separation, dilution, membrane/reverse osmosis, thermal distillation, ion exchange and 

ozonation. However, proper disposal is required for flowback water that cannot be reused 

(i.e. high contaminants concentrations, no treatment options, etc.) (NYSDEC (2011)). 

For disposal, wastewater can be injected deep underground (limited by geological 

constraints and regulatory requirements) or be treated in water treatment plants. Another 

disposal option is the spreading of the wastewater on the road. This technique is typically 

limited to the application of drilling wastes such as mud and tank bottoms (U.S. Department 

of Energy (2009)). 

At a global level, wastewater management may involve all of these options. For example, 

from July 2009 to July 2010, 729,000 m3 of fracturing wastewater was reported in 

Pennsylvania. In total, 77.5% was sent to wastewater treatment facilities, 16% was reused, 

5% was sent to municipal wastewater treatment facilities, 1% had unknown disposal, 0.5% 

was injected in the ground and 0.07% was spread on roads (Rozell and Reaven (2011)). 

Wastewater contaminants could reach the surface and groundwater from the deep injection 

underground wells and from the water treatment plants. Indeed, injecting wastewaters that 
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are typically very salty and that may contain chemicals and heavy metals into underground 

wells can contaminate drinking water. Moreover, municipal water treatment plants may not 

be designed or intended to deal with the contaminants present in the wastewater (e.g. 

salts, metals, NORMs and additives) (Parfitt (201 0)). 

Risk Probabilities 

In their paper, Rozell and Reaven (2011) estimated that it was very likely than an individual 

well would release at least 200 m3 of contaminated fluids in the environment. This 

estimation was based on probability bounds analyses using data from the Marcellus Shale. 

The authors also indicated that the potential contamination risk associated with the 

hydraulic fracturing of wastewater disposal was several orders of magnitude larger than the 

other pathways (i.e. transportation spills, well casing leaks, leaks through fractured rock 

and drilling site discharge). 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, management of liquid and solid wastes from shale gas 

development is subject to a host of federal and state regulations applying to oil and gas 

operations in general. 

States regulate the on-site storage of wastes to prevent soil and water contamination. In 

19 states, an authorization from the regulatory agency is required for the use of a pit and, in 

some states, a separate permit is required for each functional pit in use (e.g. drilling, fluid 

storage and emergency). Moreover, 19 states require the issuance of a prior authorization 

or permit before a pit is constructed or used, and 16 states also specify the duration of time 

for which a pit may be used (U.S. Department of Energy (2009)). 

In order to prevent the infiltration of fluids into the subsurface, 23 states require that certain 

kinds of pits or pits placed in a particular location have a natural or artificial liner. Typically, 

these liners are constructed of compacted clay or synthetic materials such as polyethylene 

or treated fabric. Moreover, 10 states require pits used for long term storage of fluids to be 

placed at a minimum distance from surface water to prevent potential overflows that could 

result in an unauthorized discharge to water. Twelve states also either explicitly prohibit or 

restrict the use of pits that intersect the water table. Further, 16 states require that the 

levels of fluids present in the pits remain below the top of the pit wall. This corresponds to a 

safety margin to prevent pit overflows in the event of significant rainfall (U.S. Department of 

Energy (2009)). 

Currently, wastewaters associated with shale gas extraction are prohibited from being 

directly discharged to waterways and other bodies of water of the United States. Thus, 

some of the shale gas wastewater is reused or re-injected, but a significant amount still 
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requires disposal. Most wastes associated with oil and gas development (e.g. produced 

water, drilling fluid, flowback water, drill cuttings) are exempt from federal hazardous waste 

disposal requirements. Disposal of these wastes varies from state to state and depends on 

the type of waste. 

Wastewater disposal is primarily done by underground injection in western and southern 

shale gas producing states (the Safe Drinking Water Act (SDWA) regulates the 

underground injection of some fluids, such as brines, from shale gas activities (see 

Section 4)). In contrast, wastewater is primarily disposed of by discharge to public 

treatment plants in eastern states. However, wastewater discharge to these treatment 

plants has been prohibited in some states (e.g. Pennsylvania) and some other states have 

also implemented new regulations requiring pre-treatments before discharge (Energy 

Institute (20 12)). 

The US EPA is initiating a rulemaking to control wastewater produced by natural gas 

extraction from underground shale gas formations. The standards should be released by 

2014 (US EPA (2012)). 

~ In Canada, as in the United States, wastewater disposal varies from jurisdiction to 

jurisdiction according to provincial laws. In Alberta, the use of unlined storage pits and the 

reintroduction of treated water into waterways are strictly forbidden. The ERCB 

requirements for waste fluid handling and disposal are presented in several directives 

(Directives 050, 051, 055 and 058). Fluids that cannot be recycled or reused must be 

reinjected and stored in rock formations deep underground, far below groundwater 

resources. 

~ The report of the European Parliament (Lechtenbtihmer, eta/. (2011)) indicates that 

most water contaminations are due to improper practices. Thus, very strict handling of 

these issues is mandatory. 

Data Knowledge and Data Gaps 

~ The proper disposal of wastewater is a major issue as large quantities of wastewater 

are created. Many problems associated with the improper disposal of wastewater are 

reported. For example, in Pennsylvania: 

• 'Talisman Energy' was fined for a spill in 2009 that sent over 4,200 gallons (16 m3
) 

of flowback fluid into a wetland and a tributary of Webier Creek (Lechtenbtihmer, et 

a/. (2011)); 

Health Canada 

• 'Atlas Resources' was fined for violating environmental laws at 13 well sites, in 

January 2010. They discharged diesel fuel and hydraulic fracturing fluids into the 

ground (Pennsylvania Department of Environmental Protection (2010)); 
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• 'Fortune Energy' illegally discharged flowback fluids into a drainage ditch and 

through a vegetated area, eventually reaching a tributary of Sugar Creek (Michaels, 

et a/. (20 1 0)). 

• The borough of Jersey Shore was fined in February 2010 for violations associated 

with its treatment of industrial gas drilling wastewater during 2008 and 2009. The 

borough's wastewater treatment plant illegally processed wastewater with 

excessive chloride and exceeded other limits (Michaels, eta/. (2010)). 

~ In October 2008, the Pennsylvania Department of Environmental Protection 

determined that levels of total dissolved solids in the Monongahela River exceeded federal 

and state water quality standards. To address this problem, the Department directed all 

sewage treatment plants accepting gas drilling wastewater and discharging it to the 

Monongahela River or its tributaries to reduce the volume of gas drilling wastewater they 

accept to 1% (instead of 20%) of their daily flow. The Department traced that the high TDS 

levels (twice the allowable limit) originate from natural gas drilling operations. In October 

2009, the Department announced again that TDS levels in the Monongahela River 

exceeded drinking water quality standards (Michaels, eta/. (201 0)). 

~ Underground injection wells have already caused several cases of drinking water 

contamination in the United States. For example, the GAO (1989) reported 23 known 

contamination cases in the United States before 1987. The three principal causes were (1) 

leaks in the casing of the injection wells, (2) direct injection into the underground drinking 

water sources and (3) migration of brines from operating injection wells into nearby oil and 

gas wells that had been left unplugged or improperly plugged. In the majority of the cases, 

the contamination was discovered when it had become obvious to the people affected (e.g. 

when the well water became too salty to drink, when the crops were ruined, or when people 

could see water flowing at the surface of old wells). 

~ There is a lack of knowledge associated with the disposal and the characterization of 

wastewater (e.g. volumes, disposal method, concentrations of contaminants, salinity and 

pH). 

There is no information concerning the membrane integrity, the storage installations and 

the duration of wastewater storage in the pits. No data could be found concerning the ability 

of wastewater treatment plants to treat wastewaters originating from the shale gas industry 

(potentially salted and contaminated with radioactive elements, various organic and 

inorganic chemicals) and to deal with increased volumes of wastewater, nor concerning the 

quality of the water and the sludge after treatment. Sludge quality may be an important 

issue where sludges are used as biosolids to improve the fertility of soils (especially 

agricultural soils). Moreover, no monitoring data could be found concerning the quality of 
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groundwater closed to underground injection wells. This information is necessary to 

determine human health risks associated to wastewater treatment. 
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5.1.5 Spills and Releases 

Sources of Potentia/Impacts 

A large number of activities can impact surface and ground water from spills and releases 

that occur on-site or off-site. In addition to drilling operations (Section 5.1.1), hydraulic 

fracturing (Section 5.1.2) and wastewater treatment and disposal (Section 5.1.4), these 

activities include (NYSDEC (2011)): 

• Truck traffic; 

• Fuelling and refilling activities; 

• Material and chemical storage; 

• Chemical mixing, material handling and loading/unloading areas; 

• Bulk chemical/fluid storage tanks; 

• Equipment cleaning; 

• Vehicle and equipment storage/maintenance areas; 

• Lumber storage and/or processing areas. 

The contaminants that can impact surface and groundwater include: 

• Hydrocarbons (i.e. from trucks and equipment using oil or diesel); 

• Products used in the maintenance of mechanical equipment (e.g. lubricants); 

• Drilling mud (Section 5.1.1 ), hydraulic fracturing additives (Section 5.1.2.1 ), 
production brine (Section 5.1.2.3) (i.e. leaks from storage tanks, spills from trucks, 
etc.). 

Risk Probabilities 

As mentioned by the Department of Natural Resources (2011), the oil and gas industry 

operates on a large scale. Thus, spills, releases and other impacts will unfortunately always 

exist. In their report, they indicate that the industry in Colorado spilled 2 million gallons of 

fluids during the first eight months of 2011, 20% of the spills involved water contamination. 

This represents about 0.05% of the overall volume of fluids (1 0 billion gallons) handled by 

the shale gas industry in Colorado. 
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Using probability bounds analyses, Rozell and Reaven (2011) assessed the likelihood of 

water contamination from transportation spills. The risk of water contamination by this 

pathway was found negligible compared to other pathways (e.g. wastewater disposal). 

Mitigation, Preventive Actions or Regulatory Actions 

The most effective way to reduce the risk of spills is to replace the use of toxic chemicals 

with non-toxic substances, when possible, or by arranging for just-in-time delivery to reduce 

risks of on-site storage (Energy Institute (20 12)). 

~ In the United States, regulations impose a variety of requirements to prevent spills 

and releases from occurring. For example, in Colorado, Rule 604 imposes sitting, 

construction, operating, and secondary containment requirements on all storage tanks and 

maintenance as well as inspection requirements on all valves, pipes and fittings 

(Department of Natural Resources (2011)). 

~ Some states also require Spill Prevention Control and Contingency (SPCC) plans 

which specify the best practices to be used in the case of a release. For example, in 

Colorado, Rule 906 requires operators to investigate and clean up spills as soon as 

practicable, to implement measures to prevent similar spills in the future, to notify the 

Colorado Oil and Gas Conservation Commission if the spill impacts or threatens any state 

water, residence or occupied structure, livestock, or public byway, if the spill exceeds 

210 gallons. Moreover, a fine can be assessed in certain cases (Department of Natural 

Resources (2011)). 

~ Incidents and/or accidents with trucks hauling different contaminants (e.g. hydraulic 

fracturing additives, waste fluid) can affect surface and groundwater. Efforts can be made 

to reduce vehicle traffic and to enforce speed limits in order to limit adverse impacts. For 

example, in the United States, permanent pipelines have been constructed in the Barnett 

Shale play to transfer produced water from well sites to disposal facilities. Traffic can be 

further reduced when multiple directional wells are developed from a pad. Moreover, 

members of the public or local municipalities often have the ability to limit traffic volume in 

residential areas by developing restrictions in neighbourhood lease agreements or by 

developing ordinances that prevent road construction in certain areas (Ground Water 

Protection Council and ALL Consulting (2009)). 

~ In Canada, the requirements to avoid spills and releases from occurring vary from 

one province to another. For example, in New Brunswick, a company must possess a 

containment system plan to obtain applicable Approvals to Construct and Operate. This 

plan must describe how fluid and material contaminants will be contained within the facility 

during construction, drilling and production activities (New Brunswick Canada (2011)). 
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Data Knowledge and Data Gaps 

~ The equipment present on a well pad principally includes storage tanks, a blender, 

pumping units, a sand conveyor, test and monitoring equipment, and the wellhead, in 

addition to trucks. It was estimated that a horizontal exploitation well using hydraulic 

fracturing needs between 900 and 1 ,300 truck loads in which 500 to 600 are executed by 

tankers (Sampite (2011)). 

~ NYSDEC (2011) reports that the trucks used for the transport of hydraulic fracturing 

additives are flat-bed trucks carrying a number of plastic totes encased in metal cages (220 

to 375 gallons) which contain the liquid products. However, liquid products used in small 

quantities are transported in one-gallon sealed jugs carried in the side boxes of the trucks 

while some liquid constituents (e.g. hydrochloric acid) are transported in tank trucks. Dry 

additives are carried in 50-55 lbs bags set on pallets containing 40 bags each and shrink

wrapped, or in five-gallon sealed plastic buckets. However, dry products used in small 

quantities are contained in a double-bag system carried in the side boxes of the trucks. 

Water is typically stored in 500-barrel tanks. 

~ There is a significant amount of spills reported in the literature. For example, in 

Colorado, the Colorado Oil and Gas Conservation Commission reported 1 ,549 spills and 

leaks in the period from January 2003 to March 2008 (on average, one incident every two 

days) (Department of Natural Resources (2011)) (no data was available concerning 

Canadian spills and releases). 
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5.1.6 Well and Rock Integrity 

During and after shale gas exploration and exploitation, fluids used in these processes (e.g. 

hydraulic fracturing fluid) and fluids naturally present in shale formations (e.g. production 

brine) can potentially migrate into water resource. Contaminant migration can occur through 

the wells if casing and/or cementing are imperfect (Section 5.1.6.1) and via rock faults and 

cracks (Section 5.1.6.2). 

5. 1. 6. 1 Well Casing and Cementing 

Sources of Potentia/Impacts 

During well construction, different types of casings cemented in place are installed in the 

borehole. These structures serve different purposes such as the isolation of the geological 

formations from gas (see Section 3.1.2). However, gas migration along the (active/inactive) 

wells can occur in various ways during or after construction (see Figure below) (Durand 

(2011a)): 

Source: Celia, eta/. (2004) 

a. Empty space between the 
casing and the cement fill 
caused by temperature 
and pressure cycles. 

b. Empty space in contact 
with the cement well plug 
and the casing (cement 
well plug installed at the 
end of the exploitation 
process to close the shale 
gas well, thus preventing 
fluid migration). 

c. Porosity and permeability 
of the cement well plug 
and cement fill. 

d. Casing perforation due to 
corrosion. 

e. Fissures and fractures in 
the well plug. 

f. Empty space or fractures 
between the cement fill 
and the roc, and fractures 
in the roc. 

FIGURE 9: Potential Gas Migration Paths along a Well 
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There are various reasons why well cementing may be imperfect. Among these reasons, 

the circulation of cement is more difficult to accomplish in deep wells than in shallow wells 

and the cementing occurs in different stages which can result in a poor job or damages if 

not properly done (U.S. Department of Energy (2009)). Moreover, practices such as 

efficient borehole cleaning of drilling mud, a sufficient drilling job and casing centralization 

are necessary for a good zonal isolation. For example, if drilling mud stays in the borehole, 

sufficient bonding between cement and rock or casing is unlikely. Indeed, drilling mud is 

liquid and will form channels of communication between zones along the borehole or 

casing (Bellabarba, eta/. (2008)). 

In addition, leaks can occur along the casing of wells several years after production has 

ceased, even if the well has been plugged and abandoned. Different hypothesis are 

advanced such as channelling, poor cake removal, shrinkage, and high cement 

permeability. In view of Dusseault, et a/. (2000), the most probable reason is cement 

shrinkage leading to circumferential fractures that are propagated upward by the slow 

accumulation of gas under pressure behind the casing. 

Risk Probabilities 

~ In Alberta, 4.6% of the wells have leaks (316,000 wells analyzed) while in the 

Norwegian sector of the North Sea, the leakage concerns 13 to 19% of the production wells 

(less than 1 ,000 wells analyzed in two studies) (Nygaard (201 0), Rand hoi and Carlsen 

(2008)). Further estimates from the Gulf of Mexico indicate that 43% of 6,692 offshore wells 

have sustained casing pressure, which is believed to be caused by gas flow through 

cement matrix (Bruffato, eta/. (2003)). Bruffato, eta/. (2003) also reports that by the time a 

well is 15 years old, there is a 50% probability that it will have sustained casing pressure. 

~ Browning and Smith (1993) have reported higher well failure rates for Class II 

injection wells. They studied the rates and reasons for failure with over 10,000 scheduled 

mechanical integrity tests (performed every 5 years) in different States (Louisiana, 

Michigan, Nebraska and Pennsylvania) over two 5-year cycles. They found failure rates 

ranging from 3 to 12% for scheduled mechanical integrity tests but reported that the actual 

rate of well failure was at least 50% greater (i.e. at least 4.5 to 18%). 

~ A report by the Underground Injection Practices Council (Underground Injection 

Practices Council (1987)) estimated a 2% leak rate into underground sources of drinking 

water for a Class I wastewater injection well. This estimation was based on 43 wells. 

~ In their paper, Rozell and Reaven (2011) estimated the probability of a well leaking to 

be 1/7,000 (0.15%) in one year. This probability was based on the facts that there were 

52 isolated cases of methane migration in a five-year period ending in 2009 in 
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Pennsylvania counting approximately 71 ,000 active wells. Assuming a lifespan equivalent 

to 10 years, the well leaking risk would be 1 in 700 (1.5%). 

~ The U.S. Department of Energy (Ground Water Protection Council and ALL 

Consulting (2009)) reports the results of the American Petroleum Institute (Michie & 

Associates (1988)) that analyzed the level of corrosion that occurred in Class II injection 

wells in the 1980's. The analyses were performed in basins in which there was a possibility 

of casing corrosion. The American Petroleum Institute estimated that the probability that 

fluids injected at depth could impact an underground source of drinking water would be 

between one well in 200,000 and one well in 200,000,000. 

Mitigation, Preventive Actions or Regulatory Actions 

~ The quality of the well construction is primordial in preventing fluid movement from 

deep zones to groundwater. One of the most critical factors during well construction is the 

proper sealing of annular spaces with cement, creating a hydraulic barrier to both vertical 

and horizontal fluid migration (U.S. Department of Energy (2009)). 

In the United States, different tools exist to minimize the risk of cement and casing failures. 

The American Petroleum Institute develops and updates standards and 'Recommended 

Practices' for oil and gas exploration and production activities. It specifies the length, 

thickness, tensile strength and composition of casing as well as standards for cement 

types (U.S. Department of Energy (2009)). 

Moreover, state oil and gas regulatory agencies often specify casing requirements in order 

to protect the groundwater resources (Ground Water Protection Council and ALL 

Consulting (2009)). For example, the Arkansas oil and gas commission requires minimum 

surface casing depths and minimum time required for cement to set before additional 

drilling (Arkansas Oil and Gas Commission (2009)). In 2010, the Environmental Quality 

Board of Pennsylvania approved a proposed set of regulatory improvements to make 

natural gas wells significantly safer by making them subject to more stringent construction 

standards (Commonwealth of Pennsylvania (2010)). The Department of Environmental 

Protection used the public's input to make the changes to the regulations, which further 

improved the well design requirements to prevent gas migration incidents. These changes 

include: 

• A provision that requires operators to have a pressure barrier plan to minimize well 
control events; 

• A provision that requires operators to condition the wellbore to ensure an adequate 
bond between the cement, casing and the formation; 
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• Provisions that require the use of centralizers to ensure casings are properly 
positioned in the wellbore; 

• A provision that improves the quality of the cement placed in the casing that 
protects fresh groundwater. 

In some US States, personnel can witness the running and cementing of casing strings or 

submit a completion report detailing the amounts and types of casing and cement used 

during the well construction in order to show evidence of proper well construction (U.S. 

Department of Energy (2009)). Moreover, to ensure the quality of the bonds between the 

casing, cement and rock, many states in the United States (e.g. Alaska, Michigan and 

Ohio) require operators to perform different checks. These checks may include acoustic 

logging (measure of the amplitude of a sonic signal that has traveled through a section of 

the casing) and hydraulic testing (internal pressure applied along the entire casing) 

(Bellabarba, eta/. (2008), Ground Water Protection Council and ALL Consulting (2009)). 

~ After a well is no longer producing, operators must plug the well and reclaim the site 

in accordance to the state regulation in order to protect the ground and surface water as 

well as the soil. In the state of New York, for example, financial security to ensure funds for 

well plugging is required before the accordance of a permit to drill. This security must be 

maintained for the life of the well (NYSDEC (2011)). 

Data Knowledge and Data Gaps 

~ There are many cases of well casing and cementing failures that induced gas 

migration in drinking water resources. For example, in 2007, a well that had been drilled in 

Bainbridge, Ohio, was not properly sealed with cement, allowing gas from a shale layer to 

travel through the annulus into an underground source of drinking water. The methane 

eventually built up until an explosion in a resident's basement alerted state officials to the 

problem (Zoback, eta/. (201 0)). 

~ In Pennsylvania, from 1992 to 2008, seven explosions occurred at operating wells 

due to gas migration resulting from problems with casings or the pressurization of the 

annulus (four cases) and from leaks or failures of the casing (three cases) (Michaels, eta/. 

(201 0)). 

~ The impacts of gas drilling operations and constructions are not limited to new or 

currently active gas wells. Many abandoned or legacy wells date from the early 1900s and 

some were completely abandoned without casing or plugging the boreholes; in many 

cases, nobody knows where these wells are located. The wells are the source of stray gas 

migration in drinking water wells as well as gas accumulation within or adjacent to 

structures. Concerning the drinking water contamination, remediation has included plugging 
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or venting the wells (when located) and installing treatment systems on drinking water wells 

(Michaels, eta/. (201 0)); however problems persist in many cases. For example, a natural 

gas migration problem in Versailles has existed for many years as over 175 wells were 

drilled from 1919 through 1921 and a lot of them were abandoned without casing or 

plugging (DEP (2009)). 

~ The data concerning well integrity are scarce. Moreover, for a lot of accidents 

inducing the contamination of water resources, the causes of the accident are not 

established and could be linked to well casing and cementing defaults. Thus, there is a 

probable underestimation of the number of accidents related to well casing and cementing 

defaults. 

5.1.6.2 Rock Integrity 

Sources of Potentia/Impacts 

Another source of potential water contamination is the presence of cracks caused by 

hydraulic fracturing in the rock. These cracks can provoke contaminant migration from the 

fractured zone to the aquifer. Moreover, contaminants can move between gas wells, 

fractured in proximity to one another (Parfitt (201 0)) (see Section 5.1.2). The contaminants 

include hydraulic fracturing fluid, contaminants naturally occurring in formation water and 

natural gas. 

Risk Probabilities 

There are different theories concerning the probabilities that contaminants can reach 

aquifers through cracks caused by hydraulic fracturing. 

~ On one hand, it is stated that the distance between the fractured zone and the 

aquifer is large enough to prevent the propagation of the cracks to the aquifers. For 

example, in Quebec, the Ministry of Natural Resources and Wildlife indicates that the Utica 

Shale is between 600 m and 3,000 m deep whereas aquifers are generally closed to the 

surface (i.e. in the first 100 m); the Utica Shale thickness varies between 100-250 m and 

750 m, and shale gas exploitation, if any, should occur between 1 ,000 and 2,500 m deep 

(Ministere des Ressources Naturelles et de Ia Faune (2010)). 

The Ground Water Protection Council and ALL Consulting (2009) also indicates that 

ground water is protected during the shale gas fracturing process by the thousands of feet 

of rock present between the fractured zone and the aquifers; most shale gas wells in the 

United States (except the Antrim and New Albany Shales) are expected to be drilled at 

depths greater than 900 m (3,000 feet) below the land surface. The thousands of feet of 

rocks thus act as seals holding the gas in the target formation. To support their 
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assumption, the Ground Water Protection Council reports that a fundamental precept of oil 

and gas geology is that without an effective seal, gas and oil would not accumulate in a 

reservoir in the first place and therefore could never be trapped and produced in usable 

quantities. 

It is also stated that operators have strong economic incentives to ensure that cracks do 

not rise beyond the target shale formation and into adjacent rock strata. Thus, some 

techniques such as modelling, microseismic fracture mapping and tilt-meters are used to 

accomplish effective, economic and successful fracture stimulations. For example, the 

modelling programs allow geologists and operators to modify fracture design and evaluate 

the height, length, and orientation of potential fracture developments. They also allow to 

define the success and orientation of the fractures created (Ground Water Protection 

Council and ALL Consulting (2009)). 

Extensive mapping of hydraulic fracture geometry has been performed using microseismic 

and tiltmeter technologies in the Barnett (Worth Basin in Texas) and Marcellus Shales 

(Appalachian Basin) (Fisher (201 0)). The results indicate that the shallowest fracture tops 

are ± 1 ,400 m (4,500 feet) below the land surface whereas the aquifers are ± 450 m 

(1 ,500 feet). Moreover, the vertical fractures extensions can reach 550 m (1 ,800 feet) in 

the two shales. 

However, it seems that for approximately 75,000 hydraulic fracturing stages conducted in 

the United States in 2009, only 3% were seismically monitored (Zoback, et a/. (201 0)). 

Moreover, monitoring the hydraulic fracturing process does not control it. 

~ On the other hand, some experts such as Marc Durand (Durand (2011 a)), an 

Engineer- Geologist and Anthony lngraffea (Parfitt (201 0)), a professor of Civil and 

Environmental Engineering at Cornell University and a member of the Cornell Fracture 

Group, report that it is not right to say that thousands of feet of impermeable rock between 

where the shale formation is fracked and the point higher up prevent contaminant 

migration. 

Shale rock has existing natural fractures (cracks) before the fracking process begins. 

These cracks are what companies in the hydraulic fracturing business look for as less 

energy is needed to break them. For example, lngraffea reports that much of the Marcellus 

Shale underlying portions of New York, Pennsylvania and West Virginia is composed of 

interlocking, blocky rock, with joints running vertically. The fracturing process, in increasing 

the pressure in the rock formation for a short period of time, could open up a pathway 

upward to freshwater. This depends on different factors such as the density of the rock as 

well as pre-existing faults and fractures. 
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Marc Durand indicates in his personal webpage (Durand (2011 b)) that the hydraulic 

fracturing process is uncontrolled. For example, he reports the case of a well (Champlain 

well 1 H) drilled closed to Trois-Rivieres (Quebec) by the company Forest Oil Ltd. The 

horizontal portion of this well was drilled 35 m (115 feet) higher than expected (600 m 

below the land surface and 500 m below the aquifer). When citing the results of Fisher 

(201 0), he reports that the vertical fracture extensions were initially established to be less 

than 120m (400 feet) but reached 550 m (1 ,800 feet). Moreover, he indicates that the 

microseismic technology does not take into consideration the presence of natural faults 

and cracks that open in traction under the hydraulic pressure and that can meet the 

aquifer. 

~ Rozell and Reaven (2011), using probability bounds analyses, assessed the 

likelihood of water contamination from leaks through fractured rocks. Results indicated that 

the risk of water contamination by this pathway was negligible compared to other pathways 

(e.g. wastewater disposal). 

Mitigation, Preventive Actions or Regulatory Actions 

Various techniques (i.e. modelling, microseismic fracture mapping and tilt-meters) can be 

used to accomplish fracture stimulations and ensure that the cracks will not propagate 

beyond the target formation into the aquifer (Ground Water Protection Council and ALL 

Consulting (2009)). 

Data Knowledge and Data Gaps 

~ The time for fluid to migrate through the fractures is poorly understood. However, it 

seems likely that drinking water resources would be affected years or decades after the 

well construction. The fracture behaviours are also largely unknown. 
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5.1. 7 Well Blowout and Stormwater Runoff 

Sources of potential impacts 

During all the phases of shale gas development (initial land clearing, drilling, well testing, 

well completion, production or workover activities, and reclamation), different accidents can 

happen and impact the water resources. These accidents include blowouts and stormwater 

runoffs. 

A blowout is an uncontrolled release of crude oil or natural gas from a well after pressure 

control systems have failed (Nguyen (201 0)). 

Stormwater, a result of rainfall or snowmelt, is the source of water for lakes, streams and 

aquifers. It is thus a valuable resource. However, when it interacts with developed areas 

(i.e. buildings, parking areas, roads), it is a pathway for contaminants to be conveyed from 

the land surface to streams, lakes and groundwater (NYSDEC (2011)). On a shale gas 

exploitation site, stormwater can convey different contaminants off-site and contaminate the 

surface and ground water. For example: 

• Initial land clearing for access roads, equipment and well pads exposes soil to 

erosion and more rapid runoff. Thus, equipment using hydraulic fluid, fuel and 

lubricating fluids as well as equipment and spilled materials (i.e. additive chemicals 

and fuel), not properly contained, can be sources of contaminants; 

• Steep access roads, well pads on hill slopes and well pads constructed by cut-and

fill operations pose particular challenges, especially if there is an on-site drilling pit; 

• A production site, including access roads, can be a source of stormwater runoff 

impacts due to its hydrologic characteristics differing from the pre-developed 

condition. For example, stormwater runoff and high sediment load can carry excess 

levels of nutrient phosphorus and nitrogen that is a major cause of algae bloom, low 

dissolved oxygen and other water-quality impairments. 

Risk Probabilities 

Blowout can occur if the existing pressure in the drilled zone is superior to the pressure 

exerted by the drilling mud (MDDEP (201 0)). Accidents are mostly related to incorrect 

handling, either by untrained personnel or through incorrect behaviour (Lechtenbtihmer, et 
at. (2011)). 
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All phases of natural gas well development have the potential to cause water resource 

impacts during rain and snow melt events if stormwater is not properly managed (NYSDEC 

(2011)). 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, some States require blowout preventers for all wells. A blowout 

preventer (see Figure below) is a large valve at the top of a well that can be closed 

immediately if warranted by a change in pressure. For example, in Colorado, blowout 

prevention equipment shall be installed on any well expected to flow and shall be operated 

in accordance with the Colorado Oil and Gas Conservation Commission regulations 

(Colorado Oil and Gas Conservation Commission (2009)). 

Source: http://www.askchesapeake.com/Barnett-Shale/Drilling-and-Production/Pages/Biowout

Preventer. aspx 

FIGURE 10: Blowout Preventer 

~ In the United States, the Clean Water Act states that operators of 'Coal and mineral 

mining and oil and gas exploration and processing' have to develop a Stormwater Pollution 

Prevention Plan (SWPPP) that complies with a National Pollutant Discharge Elimination 

System (NPDES) industrial stormwater permit. This permit is issued by the State or the US 

EPA (US EPA (2009)). 

A SWPPP is a site-specific written document used for controlling runoff and pollutants from 

a site during and after construction activities. Failing to develop a SWPPP can result in 
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enforcement action by the US EPA or a State (US EPA (2009)). The objectives of a 

SWPPP are to: 

• Identify potential sources of stormwater pollution at the industrial facility; 

• Describe stormwater control measures that are used to reduce or eliminate 
pollutants in stormwater discharges from the industrial facility; 

• Identify procedures the operator will use to comply with the terms and conditions of 
the EPA's 2008 Multi-Sector General Permit (i.e permit applying to five states: 
Alaska, Idaho, New Mexico, Massachusetts and New Hampshire) or a state general 
industrial stormwater permit. 

For example, potential adverse impacts can be avoided or minimized by planning 

development fitting site characteristics (i.e. avoiding steep slopes and maintaining sufficient 

separation from environmentally sensitive features, such as streams and wetlands), 

diverting uncontaminated water away from excavated or disturbed areas, rapidly stabilizing 

disturbed areas, following equipment maintenance and rapid spill cleanup (NYSDEC 

(2011)). 

~ In Europe, strict regulations and monitoring are recommended to minimize the risks 

of blowout and accidents by collecting the statistics about accident at the European level 

and by analyzing the causes and consequences of the accidents. Companies with negative 

track records could be excluded from further exploration or production rights 

(Lechtenbtihmer, eta/. (2011)). 

Data Knowledge and Data Gaps 

~ Blowout preventers are not failsafe. Indeed, numerous well blowouts were reported 

in the United States even if blowout preventers were installed. For example, from 1997 to 

2006, there were 14 blowouts in Wise County wells and 4 in Denton County (Barnett Shale) 

(Nguyen (2010)). Recently, there had been blowouts in Pennsylvania and West Virginia 

(Marcellus Shale) during drilling operations. In 2010, a well in Clearfield County, 

Pennsylvania suffered a leak and expelled approximately 35,000 gallons of gas as well as 

wastewater into the air over a 16-hour period until it was capped the following day. The well 

suffered a faulty blowout preventer. A couple of days later, another blowout occurred in 

West Virginia when drillers encountered an unexpected pocket of methane in an 

abandoned coal mine approximately 300 m (1 ,000 feet) below the surface, and a blowout 

preventer had not yet been installed (Zoback, eta/. (201 0)). 
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5.1.8 Applicability to the Canadian Situation 

The probability of surface and ground water contamination related to shale gas exploration 

and exploitation activities may vary on a case-by-case basis depending on different 

parameters such as the laws and regulations applying in the province of concern, the 

proximity of the depth of the aquifer, the depth of the horizontal well, the practices used 

during the shale gas operations. However, although each resource play, each project and 

each well presents their own particularities, several determinant parameters are common at 

a global scale. For instance: 

• Similar exploitation methods (e.g. hydraulic fracturing) involving similar types of 

fluids (e.g. drilling mud and hydraulic fracturing fluid) may be used; 

• Natural cracks and fractures are present in any shale; 

• Poor practices and accidents may occur in spite of the regulation; 

• Accidents similar to those reported in the United States have been documented in 

Canada. 

Consequently, it is reasonable to anticipate that the risks of water contamination and the 

related health hazards reported in the United States may be similar in Canada if the 

practices (e.g. method of extraction) are comparable. 

5.1.9 Summary of Health Hazards 

All processes, from exploration to shale gas extraction including transport and wastewater 

treatment, are potential sources of contamination of the water resources. A summary Table 

presenting the potential sources of contamination, the risk probabilities and the mitigation, 

preventive actions and regulatory actions is provided in Appendix D. 

Shale gas exploitation generates a large variety of potential contaminants, including 

inorganic compounds (e.g. metals and salts), radioelements (e.g. radioactive isotopes of 

lead, radon and cesium) and organic chemicals. These contaminants can have various 

origins: 

Health Canada 

• Some are naturally present underground (e.g. some metals and radioelements); 

• Some are intentionally added during the processes to facilitate drilling or for 

hydraulic fracturing (organic and inorganic additives); 

• Some may be formed due to the reactions between fracturing chemicals or to the 

reaction between fracturing chemicals and the naturally present compounds (these 

reaction products have not been characterized to date). 
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The quantification of the health impacts posed by all of these chemicals was not part of this 

mandate. However, the reviews available indicate that more than 750 compounds can be 

used in the hydraulic fracturing fluid; benzene and naphthalene, for example, are known or 

possible carcinogens to humans. In addition, 25% to 86% of the chemicals present in the 

hydraulic fracturing fluid are known to produce acute and/or chronic health effects such as 

irritation (86%), effects on the immune system (40%), endocrine disruption (36%) and 

cancer (26%). The presence of carcinogenic chemicals is of particular concern to human 

health since for such compounds, there is no safe exposure (it is generally assumed that 

any exposure may lead to the development of tumors). 

Although quantitative data are lacking, the qualitative data available indicate that potential 

contamination of water related to the shale gas industry may present hazard to the public 

health, especially for local population. Any step of shale gas exploration/exploitation may 

represent a potential source of water contamination, and it appears that wastewater 

treatment/disposal is among the most important sources of risk. However, the risks related 

to hydraulic fracturing itself (creation of multiple cracks underground) and injection of 

chemicals at long-term is unknown. Moreover, there is a possibility of groundwater 

contamination after several years or decades. 

A review of the large quantity of information available relative to the events of 

incidents/accidents of concern for water contamination in the United States (where shale 

gas has been exploited for more than 20 years) revealed that even if the regulations, 

standards and practices are in place, water contamination was reported in many cases. 

Although the number of cases may appear to be low in regards to the number of wells, it 

must be kept in mind that contamination cases were usually reported because of claims 

from citizens or accidents (e.g. explosions due to the presence of methane) and that, to 

date, there is almost no monitoring of the ground water quality before and after the well 

installation, use and closure. It is thus probable that the number of reported cases is highly 

underestimated compared to the actual number of groundwater contamination cases. In 

addition, it must be noted that due to the depth of the wells and to the slow migration of 

gases and fluids in some geological formations, it may be expected that contamination of 

the upper groundwater tables may happen after several years or decades. The impact of 

such a contamination at a large scale would be a major hazard to the drinking water 

resource. 
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5.2 Air 

The available information related to the potential impacts of shale gas 

exploration/exploitation indicates that these processes result in the emission of numerous 

air pollutants originating from the shale gas resource itself (e.g. methane) and from the 

diesel engines, tanks and equipment used on-site (e.g. nitrogen oxide, particulate matter, 

sulphur oxide and volatile organic compounds). 

The potential sources of emissions are illustrated in Figure 11. Indirect sources (1 to 4) are 

present at each phase of shale gas exploration and exploitation. Direct sources (5 to 6) are 

related to shale gas production. Information relative to each of these sources of potential air 

contamination is presented in the following subsections; Sections 5.2.1 to 5.2.4 address the 

hazards related to the indirect sources whereas Sections 5.2.5 and 5.2.6 address the 

hazards related to the direct sources. 

In addition to these sources of air contamination, indoor air quality may also be affected by 

the use of contaminated drinking water (through volatilisation into the building). The 

sources of surface/ground water contamination were described in the preceding Section 

(Section 5.1.). 
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5.2.1 Transport, Equipment, Storage and Distribution 

Sources of Potentia/Impacts 

Fugitive shale gas emissions can occur during gas transport, storage and distribution. It 

should be noted that shale gas composition varies from one area to another, from one 

formation to another and even within the same formation (Bullin and Krouskop (2009)). 

Methane (CH4) is the main component of shale gas, usually accounting for 70-90% of the 

total volume produced. When shale gas is thermally mature, it consists primarily of 

methane and is called dry gas. Wet gas, which is less thermally mature, may also contain 

heavier hydrocarbons (such as ethane, propane and butane). Moreover, diluents and 

contaminants/impurities naturally present such as water, hydrogen sulphide (H2S), carbon 

dioxide (C02) and nitrogen (N2) can also be found in shale gas (see Table 11). Thus, 

fugitive shale gas emissions primarily contain methane but can also contain various 

hydrocarbons as well as impurities. When shale gas originates from shales containing 

radioactive components (NORMs), such as uranium or thorium and their daughter products 

(radium-226 and radium-228), radon gas (a radium daughter) may also be found in shale 

gas (Reskinoff (2012)). 

In addition, complex mixtures of pollutants related to equipment and operations (transport, 

storage and distribution) are emitted during all shale gas exploration and exploitation 

phases. These pollutants include: 

• Nitrogen oxides (NOx); 

• Particulate matter (PM); 

• Sulphur oxide (SOx); 

• Volatile organic compounds (VOCs), including benzene; 

• Carbon monoxide (CO). 

The principal sources of NOx, SOx, CO and fine PM (<2.5 1-1m or PM25) are vehicles and 

engines fuelled by diesel and used for shale gas exploration, extraction and processing 

(e.g. compressor engines, drilling rigs, pumps and trucks). These pollutants result from the 

fossil fuel burned to provide power to the machinery (Brisson, eta/. (201 0)). 

Larger particles are also emitted during shale gas operations. The principal sources of 

these particles (>2.5 IJm) are the dust or soil entering the air pad construction and traffic on 

access roads (Ground Water Protection Council and ALL Consulting (2009)). 

VOCs are organic compounds containing one or more carbon atoms that have high vapour 

pressures and therefore evaporate readily to the atmosphere. There are literally thousands 

of compounds that meet this definition, but most programs (not identified) focus on the 50 
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to 150 most abundant compounds containing 2 to 12 carbon atoms. VOCs do not include 

photochemically non-reactive compounds (e.g. methane, ethane) and the 

chlorofluorocarbons (Environment Canada (201 0)). VOCs can be emitted during shale gas 

operations. For example, the equipment such as separators, condensers and compressors 

can leak, causing these VOCs to enter the air (Volz, eta/. (201 0)). 

Moreover, some of the airborne pollutants, like VOCs, can react with sunlight to create 

secondary pollutants such as ozone (03). 

Risk Probabilities 

Air pollutants are emitted during all shale gas exploration/exploitation processes as 

vehicles and engines are always in use on the well pad. Thus, air quality may decrease in 

the areas where shale gas operations occur. High levels of contaminants have been 

reported in several locations (see 'Data knowledge and data gaps' below). 

There is also a large quantity of gas (mainly methane) that can be emitted in the air due to 

leaks during its transport, storage and distribution. Although large quantities of methane 

can be emitted, it is not a public health issue. Indeed, methane is an inert gas acting like an 

asphyxiant. It does not lead to other physiological effects even if it is present in high 

concentrations (1%) in the air (Clayton and Clayton (1993)). However, like VOCs, methane 

is an ozone precursor. 

According to the Railroad Commission of Texas, the presence of NORMs in shale gas is 

generally not a problem because the levels are typically low unless it becomes 

concentrated in some manner (e.g. through temperature and pressure changes or during 

gas processing activities) (Railroad Commission of Texas (date unknown)). 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, the US EPA sets standards (e.g. New Source Performance 

Standard (NSPS), National Emission Standards for Hazardous Air Pollutants (NESHAPs)), 

monitors the ambient air across the Country and has active enforcement programs (e.g. 

Prevention of Significant Deterioration of Air Quality (PSD), Nonattainment New Source 

Review (NNSR)) to control air emissions from all sources, such as those from the shale gas 

industry (NYSDEC (2011)). 

Moreover, several voluntary governmental programs have been established to encompass 

avoidance, minimization, and mitigation strategies applicable to exploration and production 

activities. An example of a voluntary program is the Natural Gas STAR program which is a 

partnership between the US EPA and the natural gas industry. The primary goals of the 

program are to promote technology transfer and implement cost-effective best 
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management practices while reducing methane emissions (see Section 5.2.3 for some 

examples of technologies) (Ground Water Protection Council and ALL Consulting (2009)). 

In July 2011, the US EPA proposed a number of regulatory requirements to reduce air 

emissions from the oil and gas industry. The new standards were proposed for several 

processes that have not previously been subject to federal regulation, such as well 

completions at new hydraulically fractured gas wells and at existing gas wells that are re

fractured. The requirements include the reduction of VOCs through the use of reduced 

emission completions (RECs), which simultaneously reduce VOCs and methane emissions. 

These rules are expected to take effect in April2012 (ARI (2012)). 

Several states, such as Colorado and New York, have also adopted VOC regulations 

including requirements such as emissions reductions, sitting stipulations (distances from 

buildings, and VOC capture requirements. Moreover, municipalities, such as Fort Worth, 

have implemented air emission controls including VOC capture requirements, reduced 

emission stipulations, and exhaust mufflers (Energy Institute (2012)). 

~ In Canada, provincial governments have the primary responsibility for many aspects 

of air pollution control. However, federal actions are integrated with those of the provinces. 

The Canadian Environmental Protection Act (CEPA) is the principal Act for the regulation of 

environmental contaminants. Under the CEPA, the federal government can assess air 

pollutants and control their impact through the setting of National Ambient Air Quality 

Objectives (NAAQOs) and Canada-Wide Standards (CWS). 

~ In Europe, Lechtenbtihmer, et a/. (2011) recommend that emissions during 

development should be restricted and monitored as well as emissions from gas processing 

and transportation when many gathering lines add up. 

Data Knowledge and Data Gaps 

~ Shale gas composition varies from one area to another, from one formation to 

another and even within the same formation. Shale gas primarily contains methane. 

However, heavier hydrocarbons (such as ethane, propane and butane) as well as diluents 

and contaminants/impurities such as water, hydrogen sulphide (H2S), carbon dioxide (C02) 

and nitrogen (N2) can also be found in shale gas (Bullin and Krouskop (2009)). Table 11 

presents some examples of the major components present in the shale gas before its 

processing. These data were taken from two shale plays, the Marcellus and the Barnett 

plays. 
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TABLE 11: Examples of Shale Gas Composition in the Marcellus and Barnett Shales 
(United States) 

Methane 79.4 95.5 83.8 80.3 81.2 93.7 

Ethane 16.1 3.0 12.0 81 11.8 2.6 

Propane 4.0 1.0 3.0 2.3 5.2 0.0 

Carbon 
0.1 0.3 0.9 1.4 0.3 2.7 

Dioxide 

Nitrogen 0.4 0.2 0.3 7.9 1.5 1.0 

TOTAL 100.0 100.0 100.0 100.0 100.0 100.0 

Based on: Bullin and Krouskop (2009) 

Howarth, et a/. (2011) provided the first comprehensive study on the greenhouse gas 

footprint of shale gas. They estimated that 1.4% to 3.6% of shale gas (in which methane is 

the major component) leaks during transmission, storage and distribution. The lower limit 

was from Lelieveld, et a/. (2005) that took measurements in Russia along the world's 

largest gas-transport system and found that methane leakage was of 1.4% in the region. 

The upper limit (3.6%) was the mean between 2000 and 2007 of Texas data for missing 

and unaccounted gas (i.e. difference between the measured volume of gas at the wellhead 

and that actually purchased and used by consumers) as reported by Percival (2010). 

It should be noted that the Howarth, eta/. (2011) publication was challenged by Cathles, et 

a/. (2011) (see Section 5.2.7 for more details). Moreover, since the Howarth, et a/. 

publication in April 2011, there have been many other studies on methane emissions from 

shale gas operations. Thus, other estimates of shale gas leakage exist. For example, 

Burnham, et a/. (2011) estimated that 0.67% of the shale gas produced is lost during 

transmission and distribution (leakage and venting). This estimate was based on EPA data. 

~ When shale gas leaks occur (during transmission, storage and distribution), methane 

as well as other shale gas components can be emitted in the air. For example, in 2009, a 

pipeline rupture in British Columbia occurred and induced a leakage of natural gas 

associated with hydrogen sulphide(H2S), a toxic gas (no health data related to this incident 

was available) (Brisson, eta/. (201 0)). 

~ Shale gas originating from radioactive shales, such as the Marcellus Shale, may 

contain radon gas, a radium daughter (Reskinoff (2012)). 
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For example, Reskinoff (2012) calculated the wellhead concentrations of radon in shale gas 

from the Marcellus Shale. He found that the wellhead concentrations in the Marcellus Shale 

were up to 70 times higher than the average concentration in natural gas throughout the 

United States. The range of radon concentrations were between 36.9 and 2,576 pCi/L. 

Radon present in shale gas can be transported through natural gas pipelines and can also 

become concentrated on equipment (e.g. tanks and pits). If shale gas is directly distributed 

to homes and centers after its production, radon can also be distributed to these homes 

and centers as it has a half-life of 3.8 days. It should be noted that radon exposure can 

cause lung cancer (Reskinoff (2012)). 

~ A complex mixture of pollutants is emitted during all shale gas exploration and 

exploitation phases. These pollutants (S02 , NOx, PM, CO and VOCs) originate from various 

sources such as equipment as well as vehicles and engines fuelled with diesel. For 

example, Lechtenbtihmer, et a/. (2011) reported estimates of air emission of these 

pollutants from stationary diesel engines used for drilling, hydraulic fracturing and well 

completion, based on the use of the Global Emission Model for Integrated Systems 

(GEMIS) (Table 12). 

TABLE 12: Typical Specific Emission Rates of Air Pollutants from Stationary Diesel Engines 
Used for Drilling, Hydraulic Fracturing and Completion 

502 0.767 0.253 0.004 

NOx 10.568 3.487 0.059 

PM 0.881 0.291 0.005 

co 2.290 0.756 0.013 

VOCs 
0.033 0.011 0.000 

(except methane) 

Source: Lechtenbohmer, eta/. (2011) 

~ The impact of shale gas development on the air was evaluated in the Fort Worth 

area where shale gas drilling has been going on since the late 1990s and where the Texas 

Commission on Environmental Quality (TCEQ) has established a large-scale monitoring 

program. Monitoring study results for this area are presented below. 

It should be kept in mind that the following studies were performed over short periods and 

that, in some cases, the authors may have inadequately compared short-term air samples 

to long-term air monitoring comparison values. 
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The first study conducted in the Fort Worth area was commissioned by the town of Dish 

(Texas) (Wolf Eagle Environmental (2009), TCEQ (2009a)). This study was undertaken 

because residents complained of illnesses as well as of odours and noises coming from 

gas well pads and engines. Wolf Eagle Environmental collected six 24-hour field samples in 

the town (downwind of compressor stations) on August 17 and 18, 2009 and analyzed 

these samples for 40 target VOCs as well as tentatively identified compounds, fixed gases, 

and NOx. A Gaussian dispersion model was used to predict pollutant concentrations. A 

1-hour averaging time was selected for short-term concentrations to facilitate comparisons 

with TCEQ short-term Effects Screening Levels (ESLs) that are based on a 1-hour 

averaging time. An annual averaging time (based on 2 days of sampling at different 

locations) was selected for long-term concentrations to facilitate comparisons with the 

TCEQ long-term ESLs that are based on annual averaging times. The study reported that 

both short- and long-term ESLs were exceeded for several pollutants (benzene, carbon 

disulfide, carbonyl sulfide, dimethyl disulfide, styrene, toluene and 1 ,2,4-trimethylbenzene), 

with the exception of long-term ESLs for styrene and toluene (see Table below). 

TABLE 13: Modeled Maximum 1-hour and Annual Average Concentrations in the Fort Worth 
Area (Texas) Compared with TCEQ ESLs 

Benzene 472.8 170 39.8 4.5 

Carbon disulfide 35,942 30 3,025 3 

Carbonyl sulfide 10,404 135 875.7 2.6 

Dimethyl disulfide 7,661 20 644.8 2 

Styrene 454.0 110 38.2 140 

Toluene 2,081 640 175.1 1,200 

1,2,4-
Tri methyl benzene 2,743 1,250 230.9 125 

Source: Wolf Eagle Environmental (2009) 

On March 2, 2010, the environmental group Earthworks also performed a short-term 

emissions study in Dish and detected 15 VOCs in the air, associated with a methane 

plume. Earthworks reported high levels of carbon disulfide (16.9 ppb) and dimethyl disulfide 

(11.0 ppb) exceeding both short-term (1 0 and 5 ppb, respectively) and long-term (1 and 

0.5 ppb, respectively) ESLs; methylethyl disulfide concentration (4.70 ppb) also exceeded 

long-term ESL (0.5 ppb). Benzene concentrations (0.41 ppb) were found to be below short

(54 ppb) and long-term (1.4 ppb) ESLs (Earthworks (201 0)). 
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In December 2009, the TCEQ carried out an intensive three day survey of air emissions 

(testing for 22 VOCs such as benzene) associated with approximately 126 gas production 

sites in the City of Fort Worth. Ethane, propane and n-hexane were the only compounds 

detected in this study and their concentrations did not exceed TCEQ short and long-term 

ESLs (TCEQ (2009b)). However, it seems that the results from the field and laboratory 

analysis were inaccurate and not designed to detect the presence of certain compounds at 

low levels. For example, the detection limit for benzene (3.0 ppb) was above the long-term 

ESL (1.4 ppb) (TCEQ (201 0)). 

In June 2010, another report on ambient air quality in the Fort Worth Arlington area was 

released by Titan Engineering Inc. Samples were collected at 10 natural gas sites in the 

cities of Arlington and Fort Worth including two compressor stations and eight completed 

well sites (study performed during the June 1-15, 2010 in inactive drilling sites). A total of 

93 VOC samples including both 1-hour samples (48) and 24-hour samples (45), 

7 formaldehyde 1-hour samples and 21 sulphur compounds 1-hour samples were 

collected. The study found benzene concentrations below the short-term ESL (180 ppb) for 

all samples. However, two samples collected downwind from the Encana Mercer Ranch 

facility (1-hour sample: 3.15 ppb and 24-hour sample: 1.96 ppb) exceeded TCEQ's long

term ESL (1.4 ppb). Formaldehyde levels measured around the Quicksilver Lake Arlington 

site exceeded the short-term ESL (41 ppb) while the reported levels of H2S (between 5 and 

29 ppb) were below the state standard of 80 ppb (TCEQ (2011)). 

Zielinska, eta/. (201 0) performed a pilot monitoring study over a 4 week period (April-May) 

in the Shale Creek Area which is a very active area of shale gas production located north of 

Fort Worth. Source apportionment performed by Chemical Mass Balance indicated that for 

the sum of measured VOCs (13 species), the dominant source category was motor vehicle 

emissions (46 ± 14%). Combined natural gas and condensate tank emissions were 

estimated to contribute about the same amount (43 ± 5%) whereas small gasoline engines 

accounted for 17 ± 7% of the total. Modelling studies also reported that 70-80% of benzene 

was attributed to fugitive emissions of natural gas whereas other VOCs were from motor 

emissions. 

~ Unconventional gas exploitation has been associated with the production of ground 

level ozone (03). For example, in a rural Wyoming community within proximity of gas 

exploitation sites, ozone concentrations higher than those recorded in Houston and Los 

Angeles were detected (Urbina (2011)). During the summer of 2009, the natural gas 

industry in the Barnett Shale area produced more smog-forming emissions than the 

emissions produced by all motor vehicles in the Dallas-Fort Worth metropolitan area 

(Armendariz (2009)). 
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Exposure to ground level ozone has been linked to respiratory effects (e.g. irritation, 

coughing, wheezing, breathing difficulties, inflammation, increased susceptibility to 

respiratory illnesses and lung damage) (Volz, eta/. (201 0)). 

~ Short-term daily exposure to primary air contaminants (i.e. NOx, SOx and PM) has 

been associated with respiratory symptoms, a decrease of the pulmonary capacity, an 

increase of hospitalizations and an increase of premature mortality. The daily exposure to 

PM2,5 has also been associated to an alteration of the cardiac rhythm and to an increase in 

mortality rates associated with cardiovascular problems. Concerning long-term effects, the 

exposure to PM2,5 has been related to an alteration of pulmonary development as well as 

asthma in children, and to an increased mortality rate due to cardio-pulmonary problems 

and cancers (Brisson, eta/. (201 0)). 

The effects of VOCs on human health have only been documented in occupational settings 

and at higher concentrations than those reported in the ambient air. However, toxicological 

data obtained in animals are also available. Most VOCs induce a variety of effects and it 

seems that short- or long-term exposures to these compounds have been linked to 

behavioural and cognitive effects in humans (Brisson, eta/. (201 0)). Moreover, some VOCs 

have a carcinogenic potential. For example, benzene is a known carcinogen and 

ethylbenzene is a possible human carcinogen (IARC (1982), IARC (2000)). 

~ The risks to human health will depend on both the impacts of shale gas exploration 

and exploitation, and on the levels of human exposure. To adequately characterize the 

population health risks associated with air emissions of contaminants from shale gas 

exploration and exploitation, site-specific data should be documented: 

• Number and type of mechanical equipment used as well as their source of energy 
(e.g. natural gas, diesel); 

• Duration of the mechanical equipment use; 

• Emission rates from the mechanical equipment; 

• Data on parameters influencing atmospheric dispersion of airborne contaminants 
such as the distance between the population and the emission sources, the 
topography or meteorological data; 

• Characteristics of the population. 

All these parameters have to be evaluated on a case-by-case basis because they are highly 

variable between shale gas projects. 
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5.2.2 Well Blowouts and Spills 

Sources of Potentia/Impacts 

During all phases of shale gas development, different accidents can happen and impact the 

air. These accidents include blowouts and spills. 

The fluids and contaminants that can be released in the environment and that can volatilize 

in the air include hydrocarbons, products used in the maintenance of mechanical 

equipment, drilling mud and hydraulic fracturing additives, as well as radioactive elements 

present in the production brine (see Section 5.1). 

Risk Probabilities 

As already indicated in Section 5.1, the oil and gas industry operates on a large scale and 

the probability of accidents is always present. 

Mitigation, Preventive Actions or Regulatory Actions 

~ As previously stated in Section 5.1, in the United States, regulations impose a variety 

of requirements to prevent spills and releases from occurring. However, it appears that the 

accidents are mostly related to incorrect handling, either by untrained personnel or through 

incorrect behaviour (Lechtenbtihmer, eta/. (2011)). Moreover, as the gas industry expands 

and operates on a larger scale, spills are inevitable (Colorado's Department of Natural 

Resources (2011)). 

~ In Europe, strict regulations and monitoring are recommended to minimize the risks 

of accidents by collecting accident statistics at the European level and by analyzing the 

causes and consequences of these accidents. Companies with negative track records 

could be excluded from further exploration or production rights (Lechtenbtihmer, et a/. 

(2011)). 

Data Knowledge and Data Gaps 

~ In the United States, several blowouts and spills have occurred. For example, on 

April 1, 2010, both a tank and an open pit used to store hydraulic fracturing fluid caught fire 

at an Atlas well pad. The flames were at least 100 feet (33 m) high and 50 feet (15 m) wide 

and led to contaminant emissions (Lechtenbtihmer, et a/. (2011)) (see Section 5.1.5 and 

5.1.7 for more examples). 
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5.2.3 Flaring and Venting 

Sources of Potentia/Impacts 

Throughout the different shale gas production stages, operators vent or flare some shale 

gas (i.e. emissions occur during drilling as 'shallow' gas is vented). This may be 

intermittent, for example, during well maintenance or when equipment failure occurs. It may 

also be operational in nature as shale gas is continuously released from pneumatic valves 

and compressors. 

Usually, flaring emits C02 whereas venting primarily releases methane (methane generally 

represents between 70% and 90% of the shale gas composition) and other shale gas 

constituents (e.g. heavier hydrocarbons, C02 , H2S and N2) (see Section 5.2.1). Natural gas 

flaring also produces several other chemicals including polycyclic aromatic hydrocarbons 

(PAHs), BTEX and other VOCs (e.g. formaldehyde, acetaldehyde, hexane, acrolein and 

propylene). VOCs and NOx, present in vented gas, are the precursors of ozone (GAO 

(201 0), Witter, et at. (2008)). 

Radon gas may also be found in shale gas (as well as in natural gas from conventional 

exploitation activities) and may be emitted during venting and flaring. As radon is an inert 

gas, it is emitted into the atmosphere along with C02 when shale gas is flared (Black and 

Cory (2011)). 

Risk Probabilities 

Venting and flaring duration and frequency vary depending on the technologies and 

practices used on the well pad to limit air contamination. However, venting and flaring 

always occur during shale gas operations and therefore result in the emission of different 

contaminants (e.g. methane, C02 , PAHs and VOCs). 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, Natural Gas STAR is a flexible, voluntary partnership that 

encourages oil and natural gas companies to adopt proven, cost-effective technologies and 

practices that improve operational efficiency and reduce methane emissions (US EPA 

(2011)). This Program has identified many technologies and practices that can reduce 

methane emissions in the air during gas production and processing, gas storage, gas 

transmission and gas distribution. For example (see EPA's Natural Gas STAR Web site for 

more details and examples): 

• During gas production and processing, the program recommends to perform 

'reduced emissions completions' (see also Section 5.2.4), to install plunger lifts to 
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facilitate liquid unloading, to perform aerial leak detection using laser/and or 

infrared technology, and to eliminate unnecessary equipment and/or systems; 

• During gas storage, the program recommends, for example, to reduce methane 

emissions from compressor rod packing systems; 

• During gas transmission, the program recommends, for example, the installation of 

vapour recovery units that capture gas vapours from storage tanks and the use of 

fixed/portable compressors for pipeline pump down; 

• During gas distribution, the program recommends, for example, the replacement of 

pneumatic devices that release gas at a high rate, the survey and repair of leaks. 

~ No information was found regarding specific actions to control or reduce emissions of 

contaminants other than methane. However, the practices and methodologies reported 

above, by decreasing methane emissions, also reduce the emissions of contaminants 

present in the shale gas vented and flared. 

~ In Canada, specific flaring and venting requirements exist. They vary depending on 

the jurisdiction. For example, in British Columbia, venting is not an acceptable alternative to 

flaring. Indeed, if gas is not conserved and gas volumes are sufficient to sustain stable 

combustion, the gas must be burned (BC Oil and Gas Commission (2011)). In Alberta, 

ERCB Directive 060 contains the requirements for flaring, incinerating, and venting 

activities conducted by all upstream petroleum industry wells and facilities. These 

requirements have been developed to eliminate or reduce the potential and observed 

impacts associated with these activities and ensure that public safety concerns and 

environmental impacts are addressed prior to commencing flaring, incinerating, and venting 

activities (ERBC (2011)). 

Data Knowledge and Data Gaps 

~ In the United States, wells are typically tested to determine their productivity, 

economic viability, and design criteria for a pipeline gathering system. If no pipeline exists, 

produced gas is flared during the test. 

In the Marcellus Shale, operators have reported that flaring is minimized by construction of 

the gathering system ahead of well completion. Flaring is thus only necessary during the 

initial 12 to 24 hours of flowback operations while the well is producing a high ratio of 

flowback water to gas. However, when no gathering system is in place, operators report 

that the initial cleanup or testing of a well requires flaring for 3 days (NYSDEC (2011)). 
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~ In 2009-2010, GAO (2010) examined the estimates of the volumes of vented and 

flared natural gas on federal leases. To do this, they analyzed data on venting and flaring 

that oil and gas producers submitted to the Interior's Minerals Revenue Management 

(MRM) program, which is responsible for collecting revenue from federal leases. They also 

analyzed US EPA estimates and the Western Regional Air Partnership (WRAP) estimates 

of vented and flared natural gas. The data from 2006 to 2008 were for federal leases only. 

Operators reported to MRM that about 0.13% of the natural gas was vented or flared each 

year for the period 2006 to 2008. However, it seems that this percent represented only 

intermittent events like completions, liquid unloading or necessary releases after equipment 

failures. In contrast, EPA's estimate of venting and flaring was approximately 4.2% of gas 

production for the same period and included both intermittent and operational sources. This 

represented 126 billion cubic feet (3.5 billion m3
). Similarly, WRAP's estimate of venting 

and flaring for five production basins in Colorado was as much as 5% (range of 0.3 to 5%) 

of the total natural gas produced. 

Howarth, eta/. (2011) indicates that once a well is completed and connected to a pipeline, 

the same technologies are used for both conventional (natural gas) and shale gas. 

Assuming that the post-completion fugitive emissions are the same for shale and 

conventional gas, they reported, based on the GAO (2010) data (see above), that 0.3% to 

1.9% of the life-time production of a shale gas well is lost due to routine venting and 

equipment leaks (estimate not including accidents or emergency vents). 

Additionally, liquid unloading events can be required in some shale gas wells. These events 

are required to mitigate water intrusion as reservoir pressure drops. Using GAO (201 0) data 

for conventional gas, Howarth, et a/. (2011) reports that 0% to 0.26% of total life-time 

production of a shale gas well is vented as methane during liquid unloading. 

~ Detailed data concerning the venting and flaring of shale gas during all the 

exploration and exploitation stages are unavailable. 
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5.2.4 Wastewater Disposal 

Sources of Potentia/Impacts 

Wastewater corresponds to the drilling mud, hydraulic fracturing fluid and production brine 

rising to the wellhead during the different stages of the exploitation. In the United States, it 

is typically disposed of in ponds that can lead to the evaporative emission of chemicals. 

The chemicals can originate from different fluids and/or can result from chemical reactions 

in the ponds. Wastewater is then treated, recycled, reused or injected deep underground. 

Another disposal option is the spreading of the wastewater on the road (see Section 5.1.4). 

Risk Probabilities 

The wastewater disposed of in ponds is a mix of different organic (e.g. additives used in the 

hydraulic fracturing process) and inorganic (e.g. radioelements, metals) chemicals. Some of 

these compounds are volatile and will be emitted into the air. Their concentration in the air 

will depend on different parameters including their relative volatility, the duration of 

disposal, the temperature, the pond surface area and the atmospheric dispersion. 

Mitigation, Preventive Actions or Regulatory Actions 

No data. 

Data Knowledge and Data Gaps 

~ The wastewater disposed of in ponds, impoundments and pits contains flowback 

water composed of the additives present in the hydraulic fracturing fluid and of compounds 

mobilized from the shale layers. Some shales contain numerous organic hydrocarbons. For 

example, the Marcellus Shale contains from 3% to 12% of organic carbon (Arthur, et a/. 

(2008)). VOCs present in the hydraulic fracturing fluid and in the shale layers can then be 

emitted into the air when brought to surface and disposed of in pits (Volz, eta/. (201 0)). 

~ The risks to human health will depend on both the impacts of shale gas exploration 

and exploitation, and on the levels of human exposure. To adequately characterize the 

population health risks associated with air emissions of contaminants from wastewater 

ponds, the following data are required: 

• Volumes of wastewater present in the ponds; 

• Pond surface area; 

• Wastewater temperature; 

• Duration of the wastewater disposal; 
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• Nature and concentrations of the contaminants evaporating from the wastewater 
ponds; 

• Data on parameters influencing atmospheric dispersion of airborne contaminants 
such as the distance between the population and the emissions sources, the 
topography or meteorological data; 

• Characteristics of the population. 

All of these parameters have to be evaluated on a case-by-case basis because they are 

highly variable between shale gas projects. 
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5.2.5 Well Completion (Hydraulic Fracturing and Flowback) 

Sources of Potentia/Impacts 

In addition to the general air pollutants reported in the sections above (e.g. NOx, SOx, PM 

and VOCs), fugitive shale gas emissions occur during well completion. Indeed, when 

flowback water returns to the surface, it is accompanied by large quantities of shale gas, 

primarily composed of methane but also containing variable amounts of heavier 

hydrocarbons (such as ethane, propane and butane) and impurities (e.g. H2S, C02 and N2). 

Moreover, shale gas is emitted during the 'drill-out' stage in which the plugs, set to separate 

fracturing stages, are drilled out to release gas for production (Howarth, eta/. (2011)). 

Exposure to radioelements (NORMs) can also occur during well completion. Indeed, 

NORMs can be brought to the surface with the flowback water, the rock cuttings and the 

shale gas. 

Risk Probabilities 

Fugitive emissions of shale gas components always occur during well completion, 

principally during the flowback period and the drill-out stage. These emissions are reduced 

when the operators use green technologies. 

If NORMs are naturally present in the shale formation, they are brought to the surface 

during well completion. 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, methane emissions occurring during the flowback period could 

be reduced by up to 91% through 'reduced emissions completions technologies' or 'green 

completion technologies' (US EPA (2007), US EPA (2010), GAO (2010)). For example, 

sand, water and gas during initial flowback can be separated using specifically designed 

flowback equipment. Then, the gas can be routed to sales lines through the production 

equipment. This technology was used in the Piceance Basin well and, between 2002 and 

2006, 91.1% of the flowback gas was recovered (i.e. 23,701 ,000 cubic feet or 671,140 m3
). 

Green technologies can also be used during the drill-out phase (US EPA (2007)). 

In July 2011, the US EPA proposed a number of regulatory requirements to reduce air 

emissions from the oil and gas industry. These rules are expected to take effect in April 

2012 (ARI (2012)) (see Section 5.2.1). 

~ In British Columbia (Canada), green completions are currently used for about 54% of 

Montney wells and 67% of Horn River wells. This should continue to increase as the plays 

mature and the infrastructure for gathering systems expands (BCOGC (2012)). 
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Data Knowledge and Data Gaps 

~ Shale gas is usually composed of 70-90% of methane but its composition varies 

largely between areas and formations. Thus, it should be expected that between 10-30% of 

the losses associated with flowback water and drill-out may be composed of heavier 

hydrocarbons and impurities. Moreover, radon can be brought to the surface with shale gas 

and can also be emitted. 

Howarth, eta/. (2011) compiled data from two shale gas formations and three tight-sand 

gas formations in the United States (see Table below). They found that between 0.6% and 

3.2% (i.e. 255,000 to 6,800,000 m3
) of the life-time production of gas from wells is emitted 

as methane during the flowback period. They decided to represent gas losses from 

flowback water as the mean value of 1.6%. 

They also estimated that 0.33% of the total life-time production of wells is emitted as 

methane during the drill-out stage. Thus, combining losses associated with flowback water 

(1.6%) and drill-out (0.33%), they estimated that 1.9% of the total production of gas from 

unconventional shale-gas wells is emitted during the well completion stage. They reported 

that this estimate is conservative but uncertain, because the data used for the estimation 

were not well documented. 

TABLE 14: Methane Emissions during the Flowback Period and Gas Production for Five 
Unconventional Wells in the United States 

HAYNESVILLE 
6,800 680 640 210,000 3.2 

(LOUISIANA, SHALE) 

BARNETT 
370 41 37 35,000 1.1 

(TEXAS, SHALE) 

PICEANCE 

(COLORADO, TIGHT 710 79 57 55,000 1.3 
SAND) 

UINTA (UTAH, TIGHT 
255 51 42 40,000 0.6 

SAND) 

DEN-JULES 

(COLORADO, TIGHT 140 12 11 ? ? 
SAND) 

Source: Howarth, eta/. (2011) 

Lechtenbtihmer, eta/. (2011) re-estimated the methane emissions of the Haynesville Shale 

given that, according to Cook and Charpentier (2010), the mean value for the life-time 
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production per well is lower than the value estimated by Howarth, et a/. (2011) 

(approximately 75 million m3 (2.7 billion cubic feet)). Based on this life-time production, 

methane emissions from flowback (6,800,000 m3
) would represent 9.0% instead of the 

3.2% reported by Howarth, eta/. (2011). 

It should be noted that Howarth, eta/. (2011) publication was challenged by Cathles, eta/. 

(2011) (see Section 5.2.7). Moreover, there have been other studies on methane emissions 

from shale gas operations that have estimated shale gas leakages. For example, Burnham, 

eta/. (2011) estimated that 0.46% of the shale gas produced is lost during well completion 

and workovers (venting). This estimate is based on US EPA's data. 

~ Air monitoring data in the vicinity of well pads were recently published in a paper 

aimed to assess the risks to human health related to the flowback stage of shale gas well 

completion (McKenzie, eta/. (2012)). The study was performed by researchers from the 

University of Colorado-Denver School of Public Health and was conducted in western 

Garfield County, a rural area where agriculture and nonconventional gas development are 

the main economies. 

Ambient air monitoring was performed over a period of 3 years at a station located in the 

midst of rural homes and ranches and unconventional natural gas developments, during 

both well development and production; 24-hour air samples (n=163) were collected every 

6 days in the period from January 2008 to November 2010. A second series of ambient air 

samples was collected in summer 2008 on the perimeters of 4 well pads (at each cardinal 

direction) during both well development and production. These samples (n=16) were 

collected over 24 to 27-hour intervals and when at least one well was on uncontrolled 

(emissions not controlled) flowback into collection tanks vented directly into the air; they 

included emissions from both flowback and diesel engines. A background sample was also 

collected 0.33 to 1 mile from each well pad. A third series of samples was collected in the 

summer of 2010, at 350 and 500 feet from a well pad center, during well completion 

activities (8/12 wells already producing salable gas, 1/12 drilled but not completed, 2/12 

being hydraulically fractured during daytime hours, with ensuing uncontrolled flowback 

during night-time hours, and 1/12 on uncontrolled flowback during night-time hours). Air 

samples were analyzed for up to 78 hydrocarbons. 

More than 20 aromatic and aliphatic hydrocarbons (e.g. BTEX, alkanes and alkenes) with 

toxicity values were detected in all the samples, and more than 30 hydrocarbons without 

toxicity values were detected in most samples. The authors indicated that shale gas 

exploitation was likely the major source of the hydrocarbons observed in the monitored 

areas, and that emissions from flowback operations were likely the major source of the 

hydrocarbons observed in the well completion samples (i.e. the two last series of samples). 
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The human health risk assessment was conducted by estimating hazard indices (HI) for 

subchronic and chronic exposure (non-cancer effects) and estimating the risk of cancer 

based on a cumulative exposure. The estimates were based on a 30 years-exposure 

(5 years of well development for all well pads followed by 20 to 30 years of production). The 

HI estimated for subchronic exposure to air pollutant attained the value of 5 for residents 

living within half a mile from the wells. These results were consistent with the subchronic 

health effects reported by the residents (headache and throat and eye irritation) during well 

completion. For chronic effects, the HI attained the value of 1 and 0.4 for residents living 

::::;0.5 miles and >0.5 miles from wells, respectively, and the cumulative cancer risks were 

10 in a million (1 in 100 000) and 6 in a million (0.6 in 100 000) for these residents, 

respectively (McKenzie, eta/. (2012)). 

~ Detailed data concerning the radioactivity experienced during well completion are 

missing. 
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5.2.6 Shale Gas Production and Processing 

Sources of Potentia/Impacts 

In addition to the general air pollutants reported in the preceding sections (NOx, SOx, PM), 

exposure to radioelements (NORMs) and methane emissions can occur during shale gas 

production and processing in the following ways: 

• During shale gas production, NORMs can be brought to the surface (in rock pieces, 

produced water and gas) and emit radiations into the air; 

• When natural gas is of insufficient quality (during unconventional or conventional 

natural gas exploitation), i.e. when it contains heavy hydrocarbons and impurities, it 

has to be processed. During this processing, shale gas (usually composed of 

70-90% of methane) can be emitted. 

Risk Probabilities 

If NORMs are naturally present underground, they are brought to the surface during shale 

gas production. Moreover, if the natural gas needs to be processed, shale gas can 

potentially be emitted. 

Mitigation, Preventive Actions or Regulatory Actions 

~ In the United States, the Ground Water Protection Council and ALL Consulting 

(2009) reports that the general public does not come into contact with gas field equipment 

for extended periods, so there is very little risk exposure from gas field NORMs. Concerning 

gas field workers, the Occupational Safety and Health Administration (OSHA) requires 

employers to evaluate radiation hazards, post caution signs and provide personal 

protection equipment when radiation doses could exceed regulatory standards. 

Data Knowledge and Data Gaps 

~ Howarth, eta/. (2011) estimated that between 0% (when no processing is required) 

and 0.19% of gas produced is lost during processing (shale gas, like all natural gas, is 

primarily composed of methane). Their results are based on the US EPA's default 

large/complex refinery fugitive emission factor for gas processing (0.19%) (Shires, et a/. 

(2009)). According to the authors, their estimate is very conservative. 

It should be noted that Howarth, eta/. (2011) publication was challenged by Cathles, eta/. 

(2011) (see Section 5.2.7). Moreover, there have been other studies on methane emissions 

from shale gas operations that have estimated shale gas leakages. For example, Burnham, 

et a/. (2011) estimated that 0.15% of the shale gas produced is lost during processing 

(leakage and venting). This estimate based on US EPA's data. 
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Shale gas is usually composed of 70-90% of methane but its composition varies largely 

between areas and formations. Thus, it is expected that between 10-30% of the losses 

associated with shale gas production and processing may be composed of heavier 

hydrocarbons and impurities. Moreover, radon can be brought to the surface with shale 

gas and can also be emitted. 

~ Detailed data concerning the air quality as well as the radioactivity experienced 

during shale gas production are missing. 
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5.2.7 Total Air Emissions of Methane Related to the Development of Shale Gas 

Shale gas is usually composed of 70-90% of methane. Thus, when shale gas is emitted 

during the development of shale gas, this is the principal pollutant emitted. This, and the 

fact that methane is a potent greenhouse gas, explains why methane concentrations 

related to shale gas development are generally reported in the scientific papers. However, 

shale gas composition varies largely between areas and formations and, heavier 

hydrocarbons (e.g. ethane, propane and butane) and impurities (e.g. H2S, C02 and N2) 

that can also be present in shale gas can be emitted into the atmosphere. Moreover, radon 

can be brought to the surface with shale gas and can also be emitted. 

~ Howarth, eta/. (2011) evaluated that 3.6% to 7.9% of the methane from shale-gas 

production escapes into the atmosphere in venting and leaks over the life-time of a well. 

They reported that the highest emissions from shale gas occur when wells are hydraulically 

fractured and during drill-out following the fracturing. Considering the life-time production of 

a well (35,000,000 m3 to 210,000,000 m3
, see Table 14), methane emissions can occur at a 

range of 1 ,260,000 m3 to 16,590,000 m3 per well (i.e. 45,000,000 cubic feet to 

590,000,000 cubic feet per well). 

Based on the lifetime production per well at the Haynesville Shale provided by Cook and 

Charpentier (2010) (Lechtenbtihmer, eta/. (2011)) and using the emission rates provided 

by Howarth, eta/. (2011) (3.6% to 7.9%), methane emissions could occur at a range of 

1 ,260,000 m3 to 5,925,000 m3 per well (i.e. 45,000,000 cubic feet to 209,000,000 cubic 

feet per well) (see Table 15). 

~ It should be noted that Howarth, eta/. (2011) publication was challenged by Cathles, 

et a/. (2011). Indeed, Cathles, et a/. (2011) indicated that the low-end estimate of total 

leakage (3.6%) is consistent with the EPA methane leakage rate (2.2% of production) but 

that the high-end estimate (7.9%) is unreasonably large and misleading. 

Other studies have also estimated shale gas loss from shale gas operations and have 

estimated lower emission rates for these activities. For example, Burnham, et a/. (2011) 

estimated that 2.01% of the shale gas produced is lost during shale gas operations. This is 

principally based on data from US EPA. 

However, the estimates by Howarth, eta/. (2011) were recently supported by the results of 

a study led by researchers at the National Oceanic and Atmospheric Administration and the 

University of Colorado in Boulder where the loss of natural gas to the atmosphere from 

natural-gas operations were estimated on the basis of direct air sampling (Tollefson 

(2012)). Their study was located in the Denver-Julesburg Basin. They found that natural

gas producers lose approximately 2.3% to 7.7% (average of 4%) of their gas to the 

atmosphere. This range does not include losses in the pipeline and distribution system. 

Health Canada Sanexen Environmental Services Inc. 
0/Ref.: RA11-410 

000106 



92 Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 

Using the lifetime production of a well of Howarth, et a/. (2011), this corresponds to the 

emission of 805,000 to 16,170,000 m3 methane per well (i.e. 28,400,000 cubic feet to 

570,000,000 cubic feet per well). 

TABLE 15: Fugitive Methane Emissions Associated with Development from Shale Formations 
(Expressed as the Percentage and Volumes of Methane Produced 

over the Life-Cycle of a Well) 

EMISSIONS DURING WELL 
1.9 

24,500 to 141,000 24,500 to 50,300 

COMPLETION (665 to 3,990) (665 to 1 ,425) 

ROUTINE VENTING AND 3,700 to 141.000 3, 700 to 50,300 
EQUIPMENT LEAKS AT A WELL 0.3to1.9 
SITE (1 05 to 3,990) (1 05 to 1 ,425) 

EMISSIONS DURING LIQUID 
0 to 0.26 

0 to 19,300 0 to 6,900 

UNLOADING (0 to 546) (0 to 195) 

EMISSIONS DURING GAS 
0 to 0.19 

0 to 14,100 0 to 5,000 
PROCESSING (0 to 399) (0 to 142.5) 

EMISSIONS DURING 17,300 to 270,000 17,300 to 95,000 
TRANSPORT, STORAGE, AND 1.4 to 3.6 
DISTRIBUTION (490 to 7,560) (490 to 2,700) 

TOTAL METHANE EMISSIONS 3.6 to 7.9 
45,000 to 590,000 45,000, to 209,000 
(1 ,260 to 16,590) (1 ,260 to 5,925) 

Based on: Howarth, eta/. (2011 ), Cook and Charpentier (201 0) and Lechtenbohmer, eta/. (2011) 
1 According to Howarth, et a/. (2011 ), the mean value for the life-time production per well ranges from 

35,000,000 to 210,000,000 m3 (1.2 billion to 7.4 billion cubic feet). 
2

· According to Cook and Charpentier (201 0) data, the mean value for the life-time production per well could 

range from 35,000,000 to 75,000,000 m3 (1.2 billion to 2.7 billion cubic feet). 
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5.2.8 Applicability to the Canadian Situation 

The contamination of ambient air related to shale gas exploration/exploitation activities may 

vary on a case-by-case basis depending on different parameters such as the laws and 

regulations applying in the province of concern, the technologies and practices used, as 

well as the mechanical equipment used. However, assuming that vehicles and engines as 

well as the different stages of the shale gas operations are similar in Canada and in the 

United States, it is reasonable to anticipate that the issues related to ambient air quality 

reported above and principally based on data from the United States should apply in 

Canada where few data are currently available. The health hazards related to air quality 

may vary with the regional situations (i.e. proximity of the population). 

5.2.9 Summary of Health Hazards 

During shale gas exploration/exploitation, various contaminants (e.g. nitrogen oxide, 

particulate matter, sulphur oxide, volatile organic compounds and methane) are emitted into 

the air. These contaminants might pose public health risks depending on their 

concentrations in the ambient air. A brief overview of the potential sources of air 

contamination is provided in Appendix E. 

There are different types of potential air contaminants: 

• Air pollutants originating from the vehicles and engines fuelled by diesel (nitrogen 

oxides, particulate matter, sulphur dioxides and carbon monoxide). These 

contaminants are emitted during all shale gas exploration/exploitation processes as 

vehicles and engines are always in use on the well pad; 

• Volatile organic contaminants (VOCs) present in the fluids (e.g. drilling mud, 

hydraulic fracturing fluid, flowback water) during the different phases of the shale 

gas exploitation. Accidents (e.g. well blowouts and spills), shale gas flaring and 

venting and wastewater disposal (e.g. volatilization from the pits) are other sources 

ofVOCs; 

• Shale gas components (hydrocarbons and impurities) emitted during specific 

exploitation phases (e.g. well completion and shale gas production) and when 

accidents (e.g. well blowout) or venting occurs, and during gas transport storage 

and distribution; 

• Naturally occurring contaminants present in the shale formation. Radioelements 

may be brought to the surface with the rock cuttings, the flowback water and shale 

gas, and emit radiation to the air. 
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The quantification of the health impacts posed by all these chemicals was not part of this 

mandate. However, it can be concluded that air emissions related to the shale gas industry 

present health hazards since the air pollutants originating from the vehicles and engines 

fuelled by diesel are toxic to the respiratory and cardiovascular systems and can cause 

premature mortality, volatile organic compounds have been associated to neurotoxicity and 

some of these compounds (e.g. benzene) as well as NORMs are known or possible human 

carcinogens. Thus, exploration/exploitation of shale gas may pose risks to human health for 

local populations, depending on the ambient air quality. 

The risk to public health may vary on a case-by-case basis since it depends on the sources 

of emissions (e.g. emission rates), on the atmospheric dispersion of the contaminants and 

on the distance between the population and the sources. Thus, for example, to evaluate the 

risks associated with air emissions from the diesel engines and vehicles used during a 

shale gas exploration and exploitation project, data concerning (i) the number and type of 

mechanical equipment used as well as their source of energy, (ii) the duration of the 

mechanical equipment activities, (iii) the emission rates from the mechanical equipment 

and (iv) the proximity of the population to the exploration/exploitation sites have to be 

available. 

Health Canada Sanexen Environmental Services Inc. 
0/Ref.: RA11-410 

000109 



Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 95 

6. INTERNATIONAL ACTIVITIES RELATED TO SHALE GAS EXPLORATION 

AND EXPLOITATION 

According to geologists, more than 688 shale deposits exist worldwide in 142 basins (a 

basin is a natural depression of strata containing stratified deposits). The global shale gas 

resource is currently estimated to be approximately 16,000 trillion cubic feet (Tcf) 

(450,000 km3
). The estimated worldwide shale gas resource potential is illustrated in 

Figure 12. In this Figure, the former USSR contains the largest shale gas estimate (36%), 

followed by North America (30%), Middle East and North Africa (9%), Sub-Saharan Africa 

(7%), Pacific (5%), West Europe as well as Central/East Europe (4% each), Latin America 

and Central Asia/China (3% each). These estimates could change significantly after a 

proper assessment is performed considering that, currently, only a few dozen of the shales 

have been explored for production capacities (World Energy Council (201 0)). 

Active shale gas production is currently occurring in the United States (see Section 6.2). In 

Canada, shale gas is produced in some provinces (see Section 7) but large-scale 

commercial production has not yet been achieved. Outside North America, shale gas has 

not yet been produced commercially because of a limited geological knowledge about 

shale gas and host reservoirs, and due to the higher technical and economic costs. 

However, large exploratory activities are being undertaken in some countries to establish 

the locations of viable shale gas reservoirs (e.g. Poland) (World Energy Council (201 0)). 

World Energy Council (201 0) (Original source not clearly identified) 

FIGURE 12: Estimated Worldwide Shale Gas Resource Potential (2010) 
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6.1 Overview of International Shale Gas Resources and Activities 

International shale gas resources (i.e. potential reserves and shale formations) as well as 

international activities (exploration/exploitation) related to shale gas are summarized in 

Table 16. 

This Table is principally based on the EIA (2011a) initial survey which assessed 

recoverable shale deposits in 32 countries located in 14 regions outside the United States. 

This initial survey estimated the gas in-place and the technically recoverable resource for 

48 shale gas basins and 69 shale gas formations (see Figure 13). The survey covered the 

most prospective shale gas resources in countries that demonstrate some level of relatively 

near-term promise and for basins that have a sufficient amount of geologic data for 

resource analysis. The estimates are uncertain given the relatively sparse data that 

currently exists however they represent a moderately conservative 'risked' resource for the 

basins reviewed. 

The survey reports a total technically recoverable resource estimate of 6,622 Tcf 

(190,000 km 3
) for the United States and the other 32 countries assessed (important 

resources such as those located in former USSR were not accounted for). 

Source: EIA (20 11 a) 

Notes: 
- Red colored areas represent the location of assessed shale gas basins for which estimates of the 'risked' 
gas-in-place and technically recoverable resources were provided; 
- Yellow colored area represents the location of shale gas basins that were reviewed, but for which 
estimates were not provided, mainly due to the lack of data necessary to conduct the assessment; 
-White colored countries are those for which at least one shale gas basin was considered for this report; 
-Gray colored countries are those for which no shale gas basins were considered for this report. 

FIGURE 13: Map of Shale Gas Basins in the United States and in 48 Major Shale Gas Basins 
in 32 Countries outside the United States 
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TABLE 16: Overview of the World Shale Gas Resource and Activities 

Appalachian Fold Belt Utica 

Windsor Basin Horton Bluff 

Horn River Muskwa/Otter Park- Evie Klua Large-scale commercial production of shale 
gas has not yet been achieved. 

Canada Cordova Muskwa/Otter Park 1,490 388 Many companies are now exploring for and 
developing shale gas resources in basins. 

Liard Lower Besa River See Figure 15 for the shale gas formation 
locations in Canada. 

Deep Basin Montney Shale - Diog 
Phosphate 

Colorado Group 2WS & Fish Scales 

Fort Worth Basin Barnett Shale 

Texas-Louisiana Salt Basin Haynesville/Bossier Shale 
Presently, significant commercial shale gas 
production occurs in these formations 

NORTH 
Michigan Basin Antrim Shale which are the most active shale gas plays 

AMERICA across the United States. 
United 

Arkoma Basin Fayetteville Shale 862 Shale gas production in the United States 
States2 

increased from 0.39 Tcf in 2000 to 4.87 Tcf 
Appalachian Basin Marcellus Shale in 20102 

Anadarko Basin Woodford Shale See Figure 14 for the shale gas formation 
locations in the United States. 

Illinois Basin New Albany Shale 

Burgos Basin Eagle Ford Shale - Titonian 
Shales 

Sabinas Basin Eagle Ford Shale - Titonian La 
No shale gas leasing or exploration activity Casita 

Mexico 2,366 681 
has been reported in the five basins. 

Tampico Basin Pimienta The national oil company is planning to 
begin exploration. 

Tuxpan Platform Tamaulipas- Pimienta 

Veracruz Basin U.K. Maltrata 
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Maracaibo Basin La Luna 
Northern Significant areas in these two basins are 

South 120 30 immature for gas generation and/or are 

America 
Catatumbo Sud-Basin 

excessively deep for exploration and 
La Luna - Capacho production (over 5,000 meters). 

SOUTH Neuquen Basin Los Molles - Vaca Muerta 
AMERICA 

Southern San Jorge Basin Aguada Bandera- Pozo D-129 Initial shale gas exploration is underway in 

South 4,449 1,195 
Argentina's Neuquen Basin. 

America 
Austrai-Magalianes Basin 

L. lnoveramus- Magnas Shale gas exploration is planned in 

Verdes 
Uruguay. 

Parana-Chaco Basin San Alfredo 

Baltic Basin Silurian Shales 

Poland Lublin Basin Silurian Shales 792 187 
Active levels of shale gas leasing and 
exploration are already underway. 

Podlasie Depression Silurian Shales 

Baltic Basin Silurian Shales 

Eastern 
Dnieper- Donets Basin 

The shale gas potential of Eastern Europe 

Europe 
Visean Shales 290 65 has not yet been widely explored but some 

exploration projects are underway. 
Lublin Basin Silurian Shales 

EUROPE Posidonia Shale- Namurian 
North Sea-German Basin 

Shale -Wealden Shale 

Paris Basin Permo-Carboniferous Shale 

Western Scandinavia Region Alum Shale Shales of Western Europe are being 

Europe 
1,505 372 actively explored and evaluated by a host 

South-East French Basin Terres Noires- Liassic Shale of small to large companies. 

N. U.K. Petroleum System Bowland Shale 

S. U.K. Petroleum System Liassic Shale 
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Tannezuft Formation- Frasnian Considerable exploration activity is 
Ghadames Basin 

Formation underway in the Ghadames Basin but no 
Central shale gas production has yet been 
North 1,861 504 reported. 
Africa There is no publically reported shale gas 

Sir! Basin 
Sir!- Rachmat Formation- Etel production or shale gas exploration activity 
Formation underway in the Sir! Basin. 

AFRICA Shale gas potential has been studied by the 

Tindouf Basin Silurian Shales Moroccan national oil and gas company in 
the Tindouf Basin. Shale gas exploration is 

Morocco 267 53 underway. 

Tadla Basin Silurian Shales There is no reported shale gas exploration 
activity underway in the Tadla Basin. 

South Prince Albert- Whitehill - A number of major and independent 

Africa 
Karoo Basin 

Collingham 
1,834 485 companies are exploring shale gas 

resources in the Karoo Basin. 

Initial shale gas exploration is underway in 

Sichouan Basin Longmaxi - Qiongzhusi the Sichouan Basin but no commercial 
shale gas production has been reported. 

China 5,101 1,275 

01/02/03 Shales- Cambrian 
To date no shale gas exploration or 

Tarim Basin evaluation activity has been announced for 
Shales the Tarim Basin. 

Cambay Basin Cambay Shale 
No exploratory plans have been publically 
announced in the Cam bay Basin. 

ASIA 
Damodar Valley Basin Barren Measure The Damodar Valley Basin is a priority 

basin for shale gas exploration by the 
Indian government. Exploratory wells have 

India/ Krishna-Godavari Basin Kommugudem Shale 496 114 already been drilled. 
Pakistan 

Exploratory wells have been drilled into or 
Cauvery Basin Andimadam Formation through the Kommugudem Shale. 

Sembar Formation - Ranikot No publically available data was found on 
Southern Indus Basin 

Formation 
shale gas exploration or development in the 
Southern Indus Basin of Pakistan. 
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Thrace Basin Hamitabat - Mezardere 
Turkey 

Southeast Anatolian Basin Dudas Shale 

Cooper Basin Roseneath- Epsilon- Murteree 

Maryborough Goodwood/Cherwell Mudstone 

AUSTRALIA Australia Carynginia Shale - Kockatea 
Perth Basin 

Fm 

Canning Basin Goldwyer Fm 

64 

1,381 

TOTAL 

15 

396 

6,622 

The two basins are under active shale gas 
exploration by the national petroleum 
company and international exploration 
companies. 

Exploratory activities are underway in the 
four basins. 

Based on: EIA (2011a) 
1. Northern South America (Colombia, Venezuela), Southern South America (Argentina, Chile, Uruguay, Paraguay, Bolivia, Brazil), Eastern Europe (Ukraine, Lithuania, and other 
Eastern Europe countries), Western Europe (including France, Germany, Netherlands, Norway, Denmark, Sweden, and United Kingdom), Central North Africa (Algeria, Tunisia, 
Libya), Western North Africa (Morocco, Mauritania, Western Sahara), Southern Africa (South Africa). 
2

· Source: Ground Water Protection Council and ALL Consulting (2009). Only the most active shales are presented in this Table. 
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6.2 Overview of the Major Shale Gas Plays in the United States 

In the United States, significant activities are underway to explore, produce and develop 

shale gas. Numerous shale gas basins exist (see Figure 14) and have a potential of 

hundreds to thousands of Tcfs. To date, the most active shales are the Marcellus Shale, 

the Barnett Shale, the Antrim Shale, the Haynesville/Bossier Shale, the Woodford Shale, 

the Fayetteville Shale and the New Albany Shale. Shale gas production in the United 

States increased from 0.39 Tcf in 2000 to 4.87 Tcf in 2010 (Ground Water Protection 

Council and ALL Consulting (2009)). By 2035, EIA estimates that shale gas production will 

rise to 13.6 Tcf, representing nearly half of all U.S. natural gas production. 

Source: EIA (20 11 b) 

FIGURE 14: Shale Gas Plays and Basins in the United States 

A brief overview of each of the most active shale gas plays is presented below, followed by 

a Table summarizing the major shale characteristics (i.e. physical extent and resources). 

Estimates of the shale gas resources, especially the portion that is technically recoverable, 

will likely change over time. 

The following data are based on Ground Water Protection Council and ALL Consulting 

(2009), and National Energy Laboratory (2010): 

~ The Marcellus Shale located within the Appalachian Basin is the most expansive 

shale gas play. It covers an area of 95,000 mi2 (250,000 km2
). It extends over 6 states in 

the northeastern of the United States (New York, Pennsylvania, Ohio, West Virginia, 

Virginia and Maryland). In September 2008, a total of 518 wells were permitted in 
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Pennsylvania and 277 of the approved wells had been drilled. Horizontal and hydraulic 

fracturing techniques are used in this shale. 

~ The Barnett Shale is the most prominent shale gas play in the United States. It is 

located in the Fort Worth Basin of North-Central Texas, in an urban and suburban 

environment. It covers an area of 5,000 mi2 (13,000 km2
). Currently, 2% of all the gas 

consumed in the United States is produced from this shale. Over 10,000 wells have already 

been drilled and it is estimated that production activity may continue for 20-30 years. 

Horizontal and hydraulic fracturing techniques are used in this shale. 

~ The Antrim Shale is located within the Michigan Basin, in the upper portion of the 

Lower Peninsula of Michigan. It covers an area of 12,000 mi2 (31 ,000 km 2
). The Antrim 

Shale has been one of the most actively developed shale gas plays in the United States, 

aside from the Barnett Shale. It is substantially different from the other shales because it 

has a shallow depth, a small stratigraphic thickness and large volumes of produced water. 

Over 9,000 predominantly vertical wells have already been drilled to shallow depths. 

~ The Haynesville Shale (or Haynesville/Bossier Shale) is located within the Texas

Louisiana Mississippi Salt Basin, in Northern Louisiana and Eastern Texas. It covers an 

area of 9,000 mi2 (23,500 km2
). Its potential is thought to be many times larger than the 

Barnett Shale, with higher gas-in-place. However, the heterogeneous characteristics of the 

shale (e.g. high-depth, high-pressure, high lamination with significant lithologic changes 

over a few inches) may result in more rapid decline rates than the Barnett Shale as well as 

the increase of costs and technical challenges. Currently, the Haynesville Shale is near 

commercial production. 

~ The Woodford Shale is located within the Anadarko Basin, in South-Central 

Oklahoma. It covers an area of 11 ,000 mi2 (28,500 km2
). It is more complex compared to 

the Barnett Shale and is thus more difficult to drill and fracture. However, promising results 

have been obtained for this shale in which horizontal and hydraulic fracturing techniques 

are used. 

~ The Fayetteville Shale is located within the Arkoma Basin of Northern Arkansas and 

Eastern Oklahoma. It covers a rural area of 9,000 mi2 (23,500 km2
). Between 2004 and 

2007, the number of gas wells annually drilled increased from 13 to more than 600. 

Currently, over 1,000 wells are in production and the Fayetteville Shale may become one of 

the most active plays in the United States. 

~ The New Albany Shale is located in the Illinois Basin in portions of Southeastern 

Illinois, Southwestern Indiana and Northwestern Kentucky. It covers an area of 43,500 mi2 

(11 0,000 km2
). The New Albany Shale is one of the largest shale gas plays in the United 

States. This shale is similar to the Antrim Shale as it is shallow and water-filled. It is 

principally in an exploratory stage with gas production occurring primarily in Western 

Indiana and Southwest Kentucky. 
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TABLE 17: Key Characteristics (i.e. Physical Extent and Resources) of the Most Active Shale Gas Plays in the United States 

SHALE 
MARCELLUS BARNETT ANTRIM 

HAYNESVILLE/ 
WOODFORD FAYETTEVILLE NEW ALBANY 

FORMATION BOSSIER 

..J Depth (m) 1 ,220- 2,600 2,000- 2,600 180- 670 3,200 - 4,1 00 1,800- 3,300 300-2,100 150-600 <C 1-
0 z - w 
U) 1-
>- >< Net Thickness 
~w (m) 15- 60 30 - 180 20-35 60-90 35-65 5- 180 15- 30 

U) Original Gas-in 
1,500 327 76 717 23 52 160 w Place (Tcf) 0 a: 

::J Technically 0 
U) 

Recoverable 262 44 20 251 11.4 41.6 19.2 w 
0::: Resources (Tcf) 

Based on: Ground Water Protection Council and ALL Consulting (2009) 
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7. PROVINCIAL/TERRITORIAL ACTIVITIES RELATED TO SHALE GAS 

EXPLORATION AND EXPLOITATION 

In Canada, there is a potential of approximately 1,500 Tcf (40,000 km3
) of shale gas, 

among which 20% could be recovered using the current technologies (EIA (2011a)). Shale 

plays (i.e. shale gas or oil areas in shale rocks) are located in Western Canada, in 

Southern Ontario and Southern Quebec as well as in the Atlantic Provinces. Figure 15 

illustrates the North America shale plays and basins (natural depressions of strata 

containing stratified deposits). It should be noted that Canadian shale plays in Eastern 

Canada are generally located in regions with elevated population densities and that this 

proximity may be an issue of concern relative to potential impacts on human health (see 

Figure 16). 

Large-scale commercial production of shale gas has not yet been achieved in Canada. 

However, many companies are now exploring and/or developing shale gas resources in 

Alberta, British Columbia, Quebec, Nova Scotia as well as New Brunswick. 

The following sub-sections address the shale gas resources and related activities in the 

different Canadian provinces. A summary is presented in Section 7.3. For each province, 

the following data are reported when available: 

• The physical extent of the shale formation (e.g. prospective area, thickness and 

depth); 

• The reservoir properties (e.g. pressure, average total organic content, thermal 

maturity and clay content); 

• The resources (e.g. risked and technically recoverable gas in place); 

• The activities related to shale gas (i.e. exploration or exploitation). 

The potential of a shale formation to contain economic quantities of gas and thus, to have a 

'prospective' value, is evaluated by identifying specific source rock parameters (i.e. physical 

extent of the shale formation and reservoir properties). For example: 

• Physical extent of the shale formation: Prospective areas have a depth between 

1 ,000 m to 5,000 m. Indeed, areas shallower than 1,000 m have a low pressure and 

low gas concentration, and the water content in their natural fracture systems may 

be high. In areas deeper than 5,000 m, reduced permeability may occur and there 

is a risk of much higher drilling and development costs; 

• Clay content (reseNoir properties): Shales with a high clay content (i.e. shales 

deposited in non-marine settings) are more ductile and less responsive to hydraulic 

stimulation than shales with lower clay content (i.e. shales deposited in marine 

settings); 
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• Total organic content (TOC) (reseNoir properties): The TOC corresponds to the 

microorganism fossils and plant matter needed to create natural gas and oil. It is 

expressed as a percent by weight. An area with a TOC equal or greater than 2% 

has a prospective potential; 

• Thermal maturity (Ro) (reseNoir properties): The thermal maturity measures the 

degree to which a formation has been exposed to high heat needed to break down 

organic matter into hydrocarbons. The thermal maturity of a prospective area needs 

to have a Ro greater than 1.0%. The zone of wet gas generation is in the 1.1-1.4% 

Ro range, whereas the zone of dry gas generation begins at a Ro of 1.4%. Dry gas 

is more thermally mature and consists primarily of methane, whereas wet gas is 

less thermally mature and may contain 'natural gas liquids' such as ethane, butane 

and propane. These natural gas liquids need to be separated from the methane. 

Wet gas is currently considered to be more valuable in the marketplace because 

the natural gas liquids have inherent value. 

Several bibliographic resources (e.g. National Energy Board (2009), Ministere des 

Ressources Naturelles et de Ia Faune (201 0)) provide estimates of some of these 

parameters. However, their methodology to obtain these data is not often reported and it 

may thus not be appropriate to compare the shale gas potential of the different provinces 

based on data coming from various bibliographic sources. Thus, to report the more updated 

and complete data for each province, all the quantitative data reported in Section 7 

originate from a single source (EIA (2011 a)) except for data from Ontario and New 

Brunswick because no or little information was presented by EIA for these provinces. It is 

important to note that the reservoir properties and the resource assessments are provided 

for the higher quality "prospective areas" of each shale gas basin and formation, and that 

data are estimates that will likely change as production methods and technologies improve. 

Health Canada Sanexen Environmental Services Inc. 
0/Ref.: RA11-410 

000120 



106 Potential Health Hazards from Shale Gas Exploration and Exploitation Drinking Water and Ambient Air 

FIGURE 15: North American Shale Plays (May 2011) 

2006 
(DA) 

Source: http://www12.statcan.ca/census-recensement/2006/as-sa/97-550/vignettes/m1-eng.htm 

Health Canada 

FIGURE 16: Canadian Population Density (2006) 
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7.1 Eastern Canada 

Eastern Canada shows four potential shale gas plays (see Figure 15): 

• The Utica and Lorraine Shales in the St. Lawrence Lowlands of the Appalachian 

Fold Belt of Quebec (limited data exist for the Lorraine shale); 

• The Horton Bluff Shale in the Windsor Basin of Northern Nova Scotia; 

• The Frederick Brook Shale in the Moncton Sub-Basin of the Maritimes Basin in 

New Brunswick. 

7.1.1 Quebec 

~ In Quebec, shale gas is principally present in the Utica Shale. The Utica Shale 

underlies portions of Kentucky, Maryland, New York, Ohio, Pennsylvania, Tennessee, West 

Virginia and Virginia in the United States. It also extends under adjacent parts of Ontario and 

Quebec in Canada. In Quebec, the Utica Shale play focuses on an area south of the St. 

Lawrence River between Montreal and Quebec City (the St. Lawrence Lowlands); this is 

populated area (1 to >50 persons/km2
) (see Figure 16). The Utica Shale is a black 

calcareous shale of severe geologic complexity containing three major faults. 

~ The depth to the top of the shale prospective area ranges from 3,000 to over 

11 ,000 feet (900 to 3,350 m) and its thickness ranges from 1 ,000 to 3,000 feet (300 to 

900 m). The shale is shallower along the southwestern and northwestern boundaries and 

deeper along the eastern boundaries (see Table 18 for more details). 

~ The risked shale gas in place in the Utica Shale prospective area is 155 Tcf 

(4,300 km 3
). The estimated risked technically recoverable shale gas resource is 31 Tcf 

(900 km3
) because the shale has a severe geologic complexity and a moderate clay content 

(EIA (2011 a)). 

~ From 2006 through the end of 2010, 29 exploratory wells (18 vertical and 

11 horizontal wells) were drilled in Quebec. The hydraulic fracturing process occurred in 

9 vertical wells and 6 horizontal wells. The Ministere des Ressources Naturelles et de Ia 

Faune (201 0) estimates that the shale gas development in Quebec will be progressive and 

may lead to the drilling of 250 horizontal wells per year in the St. Lawrence Lowlands. 

~ On February 2011, the province's Bureau d'Audiences Publiques sur 

I'Environnement (BAPE) released a report on sustainable development of the shale gas 

industry in Quebec. This report was generated in the process of a public consultation which 

occurred to the request of citizens and citizen associations which showed their concerns and 

opposition about the shale gas industry in Quebec (where it may develop in regions with a 

high density of population). Following the Quebec government's acceptance of the BAPE 

report, a strategic environmental assessment (SEA) began on the development of the shale 
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gas industry in Quebec. Previously, all hydraulic activities were prohibited while this SEA 

was being carried out, except if they were required for the purpose of conducting the SEA. 

However, on April 3, 2012, the Committee performing the SEA indicated that it would not 

recommend the authorization of fracturing activities to acquire scientific and technical 

information. It will rather rely on laboratory experiments on fracking. Currently, Quebec is 

undertaking the development of a new regulatory framework for oil and gas production in the 

province (BAPE (2011), Quebec Government (2011), Quebec Government (2012b)) (see 

also Section 4.3). 

7.1.2 New Brunswick 

~ In New Brunswick, shale gas is present in the Frederick Brook Shale located in the 

Moncton Sub-Basin of the larger Maritimes Basin, a populated area (1 to >50 persons/km2
). 

The shale is structurally complex with extensive faulting and deformation. 

~ The depth to the top of the shale prospective area ranges from 3,000 to over 

15,000 feet (900 to 4,600 m). The TOC ranges from 1% to 10% and typically from 3% to 5%. 

The thermal maturity ranges from <1% to >2% (EIA (2011 a)). 

~ New Brunswick's shale gas reserves are not currently proven but a petroleum 

consultant estimated that the Frederick Brooke Shale could contain 67.3 Tcf (1 ,900 km3
) of 

shale gas. 

~ The shale gas exploration is still in the very early stages in New Brunswick. It will 

determine whether or not there are sufficient deposits to warrant a full-scale development 

of the industry (New Brunswick Canada (2011)). Two vertical wells were drilled in New 

Brunswick and have flowed 0.15 million cubic feet (mmcf) per day after undergoing small 

fractures (National Energy Board (2009)). 

~ Fracking has been a controversial issue in New Brunswick, where numerous groups 

and communities have come forth to oppose shale gas exploration. This is why the 

provincial government launched an open dialogue on the subject of shale gas and 

developed a new website containing factual information about this industry. 

Currently, the provincial government is developing a new environmental protection plan that 

will aim to identify immediate, intermediate and long-term actions to ensure New Brunswick 

is positioned to protect citizens and their property as well as the vital aspects of their 

environment. The first phase of this plan will be released in spring 2012. As part of this 

work, the government will review and update New Brunswick's guidelines, laws and 

regulations for the oil and gas industry (New Brunswick Canada (2011)) (see also 

Section 4.3). 
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7.1.3 Nova Scotia 

~ In Nova Scotia, shale gas is found in the Horton Bluff Shale which is located in a 

populated area (1 to >50 persons/km2
). The Horton Bluff Shale is a complex and faulted 

shale. 

~ The depth of the prospective area ranges from 3,000 to 5,000 feet (900 to 1 ,500 m) 

and its thickness ranges from 500 to 1 ,000 feet (150 to 300 m) (see Table 18 for more 

details). 

~ The risked shale gas-in place in the Horton Bluff Shale prospective area is 9 Tcf 

(250 km 3
). The estimated risked technically recoverable shale gas resource is 2 Tcf 

(56 km 3
) because the shale has a severe geologic complexity (EIA (2011 a)). 

~ As in New Brunswick, the shale gas exploration is still in the very early stages 

(National Energy Board (2009)). 

~ The Government of Nova Scotia (Departments of Energy and Environment) is 

presently reviewing the potential environmental impacts of hydraulic fracturing in onshore 

petroleum exploration. It also aims to determine how the environmental issues are 

managed in other jurisdictions and to identify the industries best practices. The scope of 

this review is primarily focused on issues about water. It is anticipated to be complete by 

early 2012. Hydraulic fracturing has been a controversial issue in Nova Scotia, where 

numerous groups and communities have come forth to oppose shale gas exploration (Nova 

Scotia Government (2012)) (see also Section 4.3). 

7 .1.4 Ontario 

~ In Ontario, shale gas deposits are located in three major zones (Carter, eta/. (2009)) 

that are densely populated (1 to >50 persons/km2
): 

• The Kettle Point Formation, known as the Antrim Shale in the United States. It is 

approximately 105 m thick and contains 3% to 15% of TOCs; 

• The Collingwood/Biue Mountain formations known as the Utica Shale (also present 

in Quebec). It is about 50 m thick and contains 1% to 11% of TOCs; 

• The northernmost limit of the Marcellus Shale that extends up from Pennsylvania 

and New York State (United States). It is about 12m thick and contains 1% to 11% 

ofTOCs. 

~ Currently, there is no indication that Ontario hosts economic reserves of shale gas, 

and there are no proposals for shale gas drilling or exploration (Klose (2012)). 
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~ The Oil, Gas and Salt Resources Act (OGSRA) administered by the Ministry of 

Natural Resources (MNR) was amended in 2010 to include shale gas extraction (Ontario 

Ministry of Natural Resources (2011)) (see also Section 4.3). 
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7.2 Western Canada 

Western Canada presents five large sedimentary basins (Figure 17) that contain thick and 

organic-rich shales (EIA (2011 a)): 

• The Horn River, Cordova Embayment and Liard in Northern British Columbia and 

the Northwest Territory; 

• The Deep Basin/Montney in Central Alberta and British Columbia; 

• The Colorado Group in Central and Southern Alberta. 

Source: EIA (20 11 a) 

FIGURE 17: Shale Gas Basins of Western Canada 

7.2.1 British Columbia 

Most shale gas exploration activity in British Columbia has been in the Horn River Basin 

and the Cordova Embayment as well as in the Upper Montney play region (National Energy 
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Board (2009)). Currently, shale gas production principally occurs in the Cordova 

Embayment as well as in the Upper Montney play region. 

British Columbia's Oil and Gas Activities Act (OGAA) came into effect in October 2010 to 

respond to increased pressures on its regulatory system as well as to better regulate the 

new technologies employed in modern oil and gas production (British Columbia 

Government (2012)) (see also Section 4.3). 

7. 2. 1. 1 Horn River Basin 

~ The Horn River Basin contains a stack of organic shales, with the Muskwa/Otter Park 

and the Evie/Kiua Shales being the most prominent. It extends into the Northwest 

Territories. This Basin is located on a sparsely populated area. 

~ The depths to the top of the prospective shale areas range from 6,300 to 10,700 feet 

(1 ,900 to 3,300 m) and the thicknesses range from 110 to 730 feet (30 to 220 m). The 

average TOC is 3.5%. The shales contain very mature rocks that have been heated into 

the thermogenic gas window (thermogenic gas is formed when organic matter or oil is 

compressed at high temperatures and high pressures for a long period of time, see Section 

2.1). The thermal maturity averages 3.8% (dry gas window with the potential for the 

presence of C02) (see Table 18 for more details). 

~ The risked shale gas in place in the Muskwa/Otter Park Shale prospective area is 

378 Tcf (1 0,700 km3
). The estimated risked technically recoverable shale gas resource is 

132 Tcf (3,700 km3
). 

~ The risked shale gas in place in the Evie/Kiua Shale prospective area is 110 Tcf 

(3, 100 km3
). The estimated risked technically recoverable shale gas resource is 33 Tcf 

(930 km 3
) (EIA (2011 a)). 

~ In the Horn River Basin, testing is still in the preliminary stage; approximately 

20 horizontal wells were already drilled, hydraulically fractured and flowing into pipelines. 

Horn River Basin wells are very prolific and produce up to 16 mmcf per day on startup. 

Currently, production data from the Horn River Basin is confidential and estimating total 

shale-gas production is not possible (National Energy Board (2009)). 

7. 2. 1. 2 Cordova Embayment 

~ The Cordova Embayment is associated with the Horn River Basin. It extends into the 

Northwest Territories and is located in a sparsely populated area. Its dominant shale gas 

formation is the Muskwa/Otter Park Shale containing a moderately high quartz content 

favorable for hydraulic fracturing. 
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~ The depth to the top of the shale prospective area averages 6,000 feet (1 ,800 m) and 

the thickness is approximately 230 feet (70 m) (see Table 18 for more details). 

~ The risked shale gas in place in the Muskwa/Otter Park Shale prospective area is 

83 Tcf (2,350 km 3
). The estimated risked technically recoverable shale gas resource is 

29 Tcf (820 km3
) (EIA (2011 a)). 

~ The Cordova Embayment has shale gas potential, although it is at an early stage of 

evaluation by the industry (National Energy Board (2009)). 

7.2.1.3 Liard Basin 

~ The Liard Basin is separated from the Horton River Basin by a fault. Its northern 

boundary is currently defined by the British Columbia and the Yukon-Northwest Territories 

border. This Basin is located in a sparsely populated area. Its dominant shale gas formation 

is the Lower Besa River Shale. 

~ The depths to the top of the shale prospective area range from 6,600 to 12,300 feet 

(2,000 to 3,800 m) and the thickness is about 630 feet (190 m) (see Table 18 for more 

details). 

~ The risked shale gas-in place in the Lower Besa River Shale prospective area is 

125 Tcf (3,500 km3
). The estimated risked technically recoverable shale gas resource is 

31 Tcf (900 km3
). 

~ Shale gas exploration is underway in the Liard Basin. Three exploration wells have 

been completed and are in production (EIA (2011 a)). 

7. 2. 1.4 Deep Basin 

~ The Deep Basin of Alberta and British Columbia contains the Montney and Doig 

Phosphate Resource plays. These plays contain natural gas in conventional gas formations, 

tight gas and shale gas. They are located on sparsely to populated areas (0 to 

>50 persons/km2
). 

~ The depth to the top of the Montney Shale prospective area averages 6,000 feet 

(1 ,800 m) and its thickness is about 400 feet (120m). The interval from the top of the Upper 

Montney to the base of the Lower Montney encompasses up to 1 ,000 feet (300 m) with an 

interval between the two units of up to 500 feet (150 m). Thus, some operators are planning 

to pursue stacked horizontal wells (i.e. horizontal wells at two elevations). The shale contains 

mature rock heated into the thermogenic gas window (see Table 18 for more details). 
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~ The risked shale gas in place in the Montney Shale prospective area is 141 Tcf 

(4,000 km 3
). The estimated risked technically recoverable shale gas resource is 49 Tcf 

(1 ,400 km 3
). 

~ The depth to the top of the Doig Phosphate prospective area averages 9,250 feet 

(2,800 m) and the thickness ranges from 70 to 220 feet (20 to 67 m) (see Table 18 for more 

details). 

~ The risked shale gas in place in the Doig Phosphate Shale prospective area is 81 Tcf 

(2,300 km 3
). The estimated risked technically recoverable shale gas resource is 20 Tcf 

(570 km3
) (EIA (2011 a)). 

~ A significant number of wells have been drilled in the Montney and Doig resource 

plays. Since 2005, production of shale gas from horizontal wells from the Montney 

Formation has risen from 0 to 376 mmcf per day and is expected to continue to rise. As of 

July 2009, 234 horizontal wells were producing from the Montney Shale. It is often 

considered to be the most significant unconventional gas resource play in North America 

(National Energy Board (2009)). 

7.2.2 Alberta 

~ In Alberta, the Colorado Group contains two shale formations of interest for natural 

gas development: the Fish Scale Shale Formation and the Second White Speckled (2WS). 

These shales are located in sparsely to densely populated areas (0 to >50 persons/km2
). 

~ In the prospective area, the depths to the top of these two shales range from 5,000 to 

10,000 feet (1520 to 3,000 m). The Fish Scale Shale is generally about 200 feet (60 m) 

deeper than the 2WS (see 18 for more details) (EIA (2011 a)). Shale gas has biogenic (gas 

formed at shallow depths and low temperatures by anaerobic bacteria, see Section 2.1) 

rather than thermogenic origins. Thus, it is suggested that the Colorado Group has a very 

low potential for natural gas liquids. Moreover, it has an under pressured reservoir which is 

more difficult to hydraulically fracture. Consequently, operators are pursuing the use of 

nitrogen or mixtures of propane and butane as fracturing fluid instead of hydraulic fracturing 

fluid (National Energy Board (2009)). 

~ The risked shale gas in place in the prospective area is 408 Tcf (11 ,500 km3
). The 

estimated risked technically recoverable shale gas resource is 61 Tcf (1 ,700 km 3
) (EIA 

(2011a)). 

~ Because of poor rock conditions and the risk of caving in the wellbore, only vertical 

wells are planned in the Colorado Group. Currently, more than 3 mmcf per day (85,000 m3 
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per day) is being produced out of a few dozen shallow wells (National Energy Board 

(2009)). 

~ In 2009, the Energy Resources Conservation Board (ERCB) embarked on the vision 

to 'be the best non-conventional regulator in the world by 2013'. In 2011, the ERCB initiated 

a corporate-wide Unconventional Gas Regulatory Framework Project to develop and 

implement a new regulatory framework for the development of Alberta's coal bed, shale 

gas, and tight gas (Government of Alberta (2012a)) (see also Section 4.3). 

7.3 Summary of Canadian Shale Gas Potential and Activities 

The following Table summarizes the shale gas reservoir properties and resources in the 

Canadian provinces for which detailed information is available (i.e. Quebec, Nova Scotia, 

Alberta and British Columbia). No data for Ontario and New Brunswick is presented in this 

Table since for these provinces, shale gas exploration is in the early stages and the risked 

gas-in place has not been estimated yet. 

As can be seen in Table 18, shale gas exploitation only occurs in Western Canada but 

exploration is largely underway in Eastern Canada. The Muskwa/Otter Park shale located 

in the Horn River Basin (British Columbia/Northwest Territories) is the shale having the 

largest risked recoverable gas. This shale is situated in a sparsely populated area contrarily 

to the Colorado Group in Alberta (including populated cities such as Calgary and 

Edmonton), the Utica Shale in Quebec (including very populated areas between Montreal 

and Quebec) and the Horton Bluff Shale in Nova Scotia. 
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TABLE 18: Shale Gas Reservoir Properties and Resources Determined in the Prospective Shale Gas Areas 
in Quebec, Nova Scotia, Alberta and British Columbia 

SHALE 
UTICA 

HORTON MUSKWAI 
EVIEIKLUA 

MUSKWA/ LOWER BESA MONTNEY OOIG 2WSAND FISH 
FORMATION BLUFF OTTER PARK OTTER PARK RIVER SHALE PHOSPHATE SCALES 

British British British 
British 

c: Provinces/ Nova Columbia, Columbia, Columbia, 
Columbia, British British 

0 
Territories 

Quebec 
Scotia Northwest Northwest Northwest 

Yukon- Columbia, Columbia, Alberta 
~ Northwest Alberta Alberta 
.~ Territories Territories Territories 

Territories iii 
C.J 

Population Sparse to Sparse to Sparse to 0 
Populated Populated Sparsely Sparsely Sparsely Sparsely ...J 

Densiti Populated Populated Populated 
(persons/km 2

) 
(1 to >50) (1 to >50) populated populated populated populated 

(0 to >50) (0 to >50) (0 to >50) 

c Prospective 
7,500 1,350 8,600 8,600 7,400 5,000 4,900 7,800 126,000 

~ 
Area (km 2

) 

w Interval 
iii Thickness 300-900 150-300 76-220 30-62 45-105 150-335 60-335 20-67 90-600 
C.J (m) 'iii 
>-..c: Average c.. 

Depth (m) 
2,400 1,200 2,400 2,500 1,800 2,700 1,800 2,800 2,100 

Reservoir Slightly 
Normal 

Moderately Moderately 
Normal 

Moderately 
Overpressured 

Moderately 
Underpressured 

Pressure Overpressured Overpressured Overpressured Overpressured Overpressured 
,_en 
·- Cll Average TOC 0·- 2.0% 5.0% 3.5% 3.5% 2.0% 3.5% 3.0% 5.0% 2.4% c:t:: (wt. %) Cll Cll 
en C.. 
Cll e Thermal 

2.0% 2.0% 3.8% 3.8% 2.5% 3.8% 1.5% 1.1% 0.61% r::t::c.. 
Maturity (Ro) 

Clay Content Low Unknown Low Low Low Low Low Low Low 

en Risked Gas-
155 9 378 110 83 125 141 81 408 Cll in-place (Tcf) C.J ... 

::I Risked 0 en Recoverable 31 2 132 33 29 31 49 20 61 Cll 
r::t:: Gas (Tcf) 

en 
! Exploration/ Exploration and Exploitation in 

Exploitation 
·:;: 

Exploitation 
Exploration Exploration Exploration and Exploitation Exploration Exploration 

the Upper Montney 
(vertical wells 

ti only) 
c( 

Source: EIA (2011 a) 
1. Based on Statistics Canada (2006): 
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8. SUMMARY OF DATA GAPS 

During shale gas exploration and exploitation, all processes including drilling, hydraulic 

fracturing, shale gas production, transport, wastewater disposal and treatment as well as 

venting and flaring, are potential sources of air and/or water contamination. To adequately 

identify all potential health hazards related to air and/or water contamination by shale gas 

exploration and exploitation, and to allow further quantification of the health impacts, a large 

amount of data should be collected and documented, mostly on a case-by-case basis. The 

main data gaps are listed below. 

Drilling, Well Completion and Shale Gas Production: 

• Complete list of chemicals used during fracturing and drilling; 

• Quantity of each chemical additive used during hydraulic fracturing; 

• Identification of the by-products possibly resulting from the degradation of the 
chemicals injected or from reactions between injected chemicals and compounds 
naturally present underground. No data about the occurrence and identity of such 
by-products is currently available; 

• Quantity of fracturing fluid remaining in the formation; 

• Data concerning the fracture behaviour during and after hydraulic fracturing and 
shale gas exploration; 

• Chemical fate and transport over time of hydraulic fracturing fluids remaining 
underground; 

• Data concerning well integrity during its lifetime; 

• Estimates of the time for fluids to migrate through the fractures in the rock up to the 
water table; 

• Data concerning the venting and flaring of shale gas during all exploration and 
exploitation stages (e.g. frequency and duration). 

• Water quality data before, during and after shale gas exploitation (short-term, 
intermediate and long-term monitoring); 

• Air quality data before, during and after shale gas exploitation; 

• Radioactivity data in the cuttings and on the well pad (air). 

Wastewater: 

• Data concerning the disposal of wastewater such as rates of disposal, volumes 
generated and disposal methods (e.g. treatment, injection); 

• Data concerning the pits (e.g. membrane integrity, storage installations and duration 
of wastewater storage); 
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• Complete characterization of wastewater (e.g. organic and inorganic chemicals, 
radioelements, salinity and pH) with monitoring over time; 

• Data concerning the ability of the plant designated to treat wastewaters originating 
from the shale gas industry (potentially salted and contaminated with radioactive 
elements and various organic and inorganic chemicals) and to deal with increased 
volumes of wastewater, especially during specific events (e.g. high amount of 
stormwater); 

• Data concerning the quality of the water and the sludge after treatment (complete 
characterization and monitoring); 

• Estimates of the time for injected wastewater to migrate through the fractures in the 
rock up to the water table; 

• Data concerning the quality of groundwater in the area potentially affected by the 
underground injections of wastewater (long-term monitoring). 

The risks to human health depend on both the impacts of shale gas exploration and 

exploitation, and on the levels of human exposure. The level of human exposure depends 

on several parameters, the most important being the proximity to the source of 

contamination (i.e. the wells, the well pads as well as the entire area that may be affected 

by the shale gas operations (underground water and air contamination)) and the source of 

drinking water. These factors are both an issue of concern in many cases. For instance, in 

Quebec, the Utica Shale is located in an area south of the St. Lawrence River between 

Montreal and Quebec City where the population density is elevated and the agricultural 

resources are important. 

To characterize the risks to public health associated with potential contamination of air and 

drinking water related to shale gas exploration and exploitation, both generic, site-specific 

and project-specific information must be documented (in addition to the data gaps identified 

previously): 

Health Canada 

• Identity and quantity of the contaminants used, created and released during all 
exploration and exploitation phases; 

• Toxicological data regarding the chemicals and compounds used, created and 
released during all exploration and exploitation phases; 

• Data concerning the intensity and the duration of the population exposure (i.e. 
characterization of the sources of emissions, thorough description of the project, 
estimates of migration to groundwater and monitoring data); 

• Characteristics of the exposed population (e.g. distance between the population 
and the emissions sources, age and sensitivity). 
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9. CONCLUSION 

The present review led to the identification of potential sources of water and air 

contamination related to shale gas exploration/exploitation. The main findings can be 

summarized as follows: 

~ Any step of shale gas exploration/exploitation may represent a potential source of 

drinking water and air contamination; 

~ Hydraulic fracturing and wastewater disposal were identified as the main potential 

sources of risk. 

• Although the risks related to hydraulic fracturing itself (creation of multiple cracks 

underground) and to further injection of chemicals are currently unknown (lack of 

monitoring data and lack of information on migration through the cracks in the long

term), it is anticipated that this practice could potentially contaminate the 

groundwater after several years or decades. 

• Wastewater disposal appeared to be amongst the most potent sources of water 

contamination, due to either the risk of leakage from the pits, the possible 

inadequacy/inefficiency of the treatment before release into the environment or the 

possibility of migration into the groundwater when wastewater is disposed of by 

injection underground. 

• The contaminants of interest potentially released into surface or groundwater by all 

sources may include: 

Compounds naturally present underground, such as metals, salts and naturally 

occurring radioactive materials (NORMs); 

Compounds intentionally added during the processes to facilitate drilling or for 

hydraulic fracturing (organic and inorganic additives such as methanol, ethylene 

glycol, naphthalene, benzene, ethylbenzene, copper or lead); 

By-products possibly resulting from the degradation of the fracturing chemicals 

or from reactions between fracturing chemicals and compounds naturally 

present underground. No data about the occurrence and identity of such by

products is currently available. 

~ Air contaminants are principally the same as those encountered in each conventional 

natural gas exploitation process since the sources are similar. However, there may be 

additional contaminants specific to shale gas operations, such as the volatile chemicals 
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potentially present in wastewater. The whole set of pollutants potentially emitted into the 

air by shale gas exploration/exploitation includes: 

• Air pollutants originating from vehicles and engines fuelled by diesel: nitrogen 

oxides (NOx), particulate matter (PM), sulphur dioxides (SOx) and carbon 

monoxide (CO); 

• Volatile organic compounds (VOCs) potentially emitted by leaks from equipment, 

wells, gas transport, venting or volatilization from wastewater; 

• Other shale gas constituents, such as methane (main constituent) and heavier 

hydrocarbons (e.g. ethane, propane and butane) and impurities (e.g. H2S, C02 and 

N2); 

• Naturally occurring contaminants including NORMs (e.g. radon gas). 

The toxicity of some chemicals potentially released or emitted by the shale gas industry into 

water resources and ambient air is documented. Data indicate that chemicals used, emitted 

and/or released during shale gas exploration/exploitation include chemicals known for their 

carcinogenicity to human and/or animals, for their acute/chronic toxicity (e.g. adverse 

effects on the respiratory tract, the central nervous system, the skin, eye and sensory 

organs, etc.) and for their potential for endocrine disruption. It should be reiterated that 

carcinogenic compounds are thought to present a risk at any dose and that endocrine 

disrupters usually act at very low doses. 

Thus, although quantitative data are lacking, the qualitative data available indicate that 

potential contamination of water and atmospheric emissions related to the shale gas 

industry may present hazards to public health, especially for the local population. The 

potential hazards to water and air are directly related to: 

~ The processes used for exploration/exploitation, including (not limited to) the method 

used for fracturing (e.g. hydraulic fracturing) and the type of wells (horizontal, vertical, 

stacked); 

~ Well-specific characteristics, such as well depth or composition of the hydraulic fluid 

(specific to each well and to each injection); 

~ Well pad-specific characteristics, including (not limited to) the management of 

wastewater (e.g. storage in pits, treatment, underground injection), the management of 

stormwater runoff, venting and flaring; 
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~ Site-specific characteristics, especially those related to the geological and 

hydrogeological context, such as shale depth, water tables depths and permeability of 

the soil between the shale and the water tables; 

~ The regulatory framework and the conformity to all regulations, standards and good 

practices by the exploiting company and its subcontractors. 

Considering that the risk of hazards to water and air are mainly specific to the project, it 

may be difficult to assess the impacts of the shale gas industry to human health on a 

generic basis. Rather, impacts to human health should be estimated on a case-by-case 

basis. However, the present review revealed that to conduct a reliable assessment, many 

data gaps should be filled. A detailed list of the data gaps was provided in the report. 

The United States are currently the only country where large scale shale gas exploitation is 

already active. In Canada, exploration is taking place in several provinces and shale gas is 

currently produced in Western Canada, however large-scale commercial production has not 

yet been achieved. Outside North America, shale gas has not yet been produced 

commercially however exploratory activities are being undertaken in some countries such 

as Poland. Although there is a large increase of interest for this resource, shale gas 

exploration/exploitation has raised a lot of concerns in several countries (e.g. France and 

Canada) due to their potential impacts on the water resources and air quality. 

The regulatory framework is relatively similar in the United States and in Canada, although 

its development in Canada is less mature. 

~ In the United States, the development and production of oil and gas (including shale 

gas) are regulated under a complex set of federal, state and local laws; 

~ In Canada, oil and gas drilling and production fall under provincial jurisdiction except on 

federal land, and under territorial jurisdiction in the Yukon. Regulations of the oil and 

gas sector vary between provincial jurisdictions. Regulations related to exploitation 

currently exist in Alberta and British Columbia, where shale gas exploitation already 

occurs. There are also some regulations in other provinces, and further regulations are 

expected in the future. Some governments are currently working to document the 

issues related to shale gas exploitation; reviews conducted by the governments of 

Quebec and New Brunswick are expected in 2012-2013. 
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one 
MSDSs in these cases marked as proprietary, noted that the CAS was not available, or 
Components marked with an asterisk may be duplicative of other components on this list, but Committee staffs had no way of 
identifying such duplicates without the identifying CAS number. 
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Giving Rise to Concern for Human Health and the 

Environment (Wood, eta/. {2011)) 
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108-88-3 Toluene 2 

5064-31-3 Trisodium Nitrilotriacetate 3 Yes 

PBT: Persistent, bioaccumulative and toxic 

Summary of Hazard categories {European Parliament and the Council of the European Union (2008)): 

Care 
2 

Repr 
2 

1. Since 1994, the European Commission has published four lists of substances requiring immediate attention because of their 
potential effects to man or the environment. There are 141 substances on the lists. 

2. Carcinogenicity: 

Category 1: Known or presumed human carcinogens. A substance is classified in Category 1 for carcinogenicity on the basis of 
epidemiological and/or animal data. A substance may be further distinguished as: 

Category 1A: known to have carcinogenic potential for humans, classification largely based on human evidence, or 
Category 18: presumed to have carcinogenic potential for humans, classification largely based on animal evidence. 

Category 2: Suspected human carcinogens. 

1. Mutagenicity: 

Category 1: Substances known to induce heritable mutations or to be regarded as if they induce heritable mutations in the germ 
cells of humans. Substances known to induce heritable mutations in the germ cells of humans. 

Category 1A: based on positive evidence from human epidemiological studies. Substances to be regarded as if they 
induce heritable mutations in the germ cells of humans. 
Category 1 B: based on: 
./ positive result(s) from in vivo heritable germ cell mutagenicity tests in mammals; or 
./ positive result(s) from in vivo somatic cell mutagenicity tests in mammals, in combination with some evidence that 

the substance has potential to cause mutations to germ cells. It is possible to derive this supporting evidence from 
mutagenicity/genotoxicity tests in germ cells in vivo, or by demonstrating the ability of the substance or its 
metabolite(s) to interact with the genetic material of germ cells; or 

./ positive results from tests showing mutagenic effects in the germ cells of humans, without demonstration of 
transmission to progeny; for example, an increase in the frequency of aneuploidy in sperm cells of exposed people. 

Category 2: Substances which cause concern for humans owing to the possibility that they may induce heritable mutations in the 
germ cells of humans 

2. Reproductive toxicants : 

Category 1: Known or presumed human reproductive toxicant. Substances are classified in Category 1 for reproductive toxicity 
when they are known to have produced an adverse effect on sexual function and fertility, or on development in humans or when 
there is evidence from animal studies, possibly supplemented with other information, to provide a strong presumption that the 
substance has the capacity to interfere with reproduction in humans. The classification of a substance is further distinguished on the 
basis of whether the evidence for classification is primarily from human data (Category 1A) or from animal data (Category 1 B). 

Category 1A: known human reproductive toxicant. The classification of a substance in Category 1A is largely based on 
evidence from humans. 
Category 1 B: presumed human reproductive toxicant 

Category 2: Suspected human reproductive toxicant. 
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Composition of Flowback in a Limited Number of Samples 
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Coliform (total) 5 2 

Alkalinity. Carbonate (as 
CaCO,) 

Hardness by Calculation 170 170 

Biochemical Oxygen 38 37 
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uniform across all parameters and the reports indicate that the composition of the flowback water from a single well changes within 
a few days of the well being fractured. 
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Water Contamination Related to Shale Gas 

Exploration/Exploitation - Overview of the Potential Sources, 

Contaminants, Risk Probabilities and Mitigation, Preventive 

and Regulatory Actions 
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Potential Health Hazards from Shale Gas Exploration and Exploitation- Drinking Water and Ambient Air 

Drilling - Improper drilling - Drilling mud containing A large number of drinking 
operations; chemical additives; resource contamination is 

- Fluids migration - Rock cuttings associated with drilling activities. 

from the borehole; containing contaminants As the causes of the reported 

-Well blowouts; naturally present accidents are not often 

underground established, it is not possible to 
- Drilling fluids spills. determine if the contamination (radioelements (NORM) 

events were specifically and metals). 
associated with the drilling 
process. 

See Part II of the Table for 
indirect sources of potential 

2 Hydraulic -Accidents and - Hydraulic fracturing fluid A large number of drinking 
Fracturing spills by truck containing chemical resource contamination is 

transport: additives; associated with hydraulic 

- Leaks from waste - Flowback water fracturing. As the causes of the 

water ponds, storage containing chemical reported accidents are not often 

containers, additives, contaminants established, it is not possible to 

compressors; naturally present determine if the contamination 

-Spills from on-site underground (NORM, events were specifically 

accidents (e.g. metals, salts) and associated with the hydraulic 

contaminants formed by fracturing process. 
blowout); 

- Damages to the 
the reactions between The risk probability relative to 

cementation and 
different chemicals and NORM depends on the 
compounds; 

casing; concordance of the regulation, 
- Production brine standards and practices related 

- Migration through containing native to production brine (e.g. 
artificial or natural minerals from the monitoring, treatment efficiency) 
cracks of formations: formation, (salts, metals, and on the actual application of 
-'Communication' NORM). these administrative/technical 
events between rules. 
wells. 

See Part II of the Table for 

Health -Canada 

D-1 

Preventive and Regulato!Y Actions 

United States: several preventive and regulatory 
actions associated with well drilling and construction 
exist (see activity no. 6 below: Well and Rock 
Integrity). 

Canada: some provinces (e.g. Alberta) have 
developed directives relative to well development. 
In Quebec, any drilling work to explore/produce 
oil/shale gas must obtain a certificate of 
authorization. 

Europe: drilling has been suspended since 
February 2011 in France, pending assessment of 
the environmental impact. 

Preventive and Regulato!Y Actions 

United States: 

• 

• 
• 
• 

• 

Series of tests to be performed on the well and 
the equipment to ensure a safe hydraulic 
fracturing process; 

Monitoring of the hydraulic fracturing process; 

Fees imposed when a violation occurs; 

Water quality testing before and after hydraulic 
fracturing required before permit issuance 
(State of New York); 

Regulation of the hydraulic fracturing process 
(injection) under the SDWA (Alabama); 

Public disclosure of the chemical additives 
present in the hydraulic fracturing fluid (some 
states); 

Each state producing oil and gas is responsible 
for promulgating and administering regulations 
to control the re-use and disposal of NORM-
contaminated equipment, produced water, and 
oil-field wastes. 
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Potential Health Hazards from Shale Gas Exploration and Exploitation- Drinking Water and Ambient Air D-2 

• In the State New York, it is proposed to require, 
via permit condition and/or regulation, that 
radiation surveys be conducted at specific time 
intervals for the wells using hydraulic fracturing 
on all accessible well piping, tanks, or other 
equipment that could contain NORM. These 
surveys- should be required for as long as the 
facility remains in active use. 

Canada: 

Respect of a minimal distance between water 
wells and shallow fracturing operations 
(Alberta); 

• Public disclosure of the chemical additives 
present in the hydraulic fracturing fluid (British 
Columbia); 

• All hydraulic activities are prohibited while the 
Strategic Environmental Assessment (SEA), 
which begins in 2011, is being carried out, 
except if they are required for the purpose of 
conducting this SEA (Quebec). 

Europe and European Countries: 

• Moratorium pledged on hydraulic fracturing 
(Genmany); 

• Hydraulic fracturing allowed in small scales and 
for scientific reasons only (France); 

• Moratorium pledged for 6 months on 
exploration of shale gas reserves using 
hydraulic fracturing (Bulgaria); 

• Best practices should be enforced through 
adequate supervision (European Parliament); 

• Radioactivity should be evaluated for each 
individual shale and tight basin, and the 
composition of a core sample of specific shale 
should be disclosed before any production 
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Potential Health Hazards from Shale Gas Exploration and Exploitation- Drinking Water and Ambient Air 

3 Shale Gas Accidents such as - Natural gas primarily Risk probability ranges from 
Production leaks, spills, well containing methane; 1.2 %to 1.9%, and could be 

blowouts - Production brine higher (5.7%) for new 

containing native construction. 

minerals from the A large number of drinking 
formation (salts, metals resource contamination is 
and NORM). associated with shale gas 

exploitation. As the causes of the 
reported accidents are not often 
established, it is not possible to 
determine if the contamination 
events were specifically 
associated with the exploitation 
process. 

See Part II of the Table for 
indirect sources of potential 
impacts. 

4 Wastewater - Deep injection of - Drilling mud containing The risk related to wastewater 
Treatment production brine chemical additives; disposal is several orders of 
and underground; - Rock cuttings magnitude larger than the risk 
Disposal -Water treatment containing contaminants related to the other sources (i.e. 

plants not designed naturally present transportation spills, well casing 

or intended to deal underground (NORM, leaks, leaks through fractured 

with the metals); rock and drilling site discharge). 

contaminants - Flowback water A large number of criminal 
present in the containing chemical disposals have been reported in 
wastewater; additives, contaminants the United States. Moreover, 
-Criminal disposal; naturally present several cases of drinking water 

- Leaks of the underground (NORM, contamination have been linked 

containment and metals, salts) and with inefficient wastewater 

transport systems. contaminants formed by treatment plants and 
the reactions between underground injection wells. 
different chemicals and 

II was compounds; 

Health Canada 

0-3 

US EPA launched a research program to improve 
understanding of the surface and ground water 
contamination risks associated with shale gas 
extraction (initial results expected toward the end of 
2012). 

Preventive and regulato!Y actions 

United States: 

• Regulation of the underground injection of 
fluids (SDWA); 

• Authorization required for the use of a pit (State 
level); 

• Conditions and restrictions may apply at the 
state level (e.g. requirement of a liner, respect 
of a minimum distance between the pit and 
water plans or water tables). 

Canada: 

• Conditions and restrictions apply at the level of 
the province (e.g. unlined storage pits and 
reintroduction of treated water into watervvays 
are strictly forbidden in Alberta). 
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Potential Health Hazards from Shale Gas Exploration and Exploitation- Drinking Water and Ambient Air 

5 Spills and 
Releases 

Health Canada 

-Drilling operations, 
hydraulic fracturing; 
shale gas 
production; 

-Wastewater 
disposal: 

- Truck traffic: 

-Fuelling tank and 
refilling activities; 

- Materials and 
chemical storage; 

- Chemical mixing, 
material handling, 
loading/unloading 
areas: 

- Bulk chemicaVfluid 
storage tanks; 

-Equipment 
cleaning; 

-Vehicle and 
equipment 
storage/maintenance 
areas: 

-Lumber storage 
and/or processing 
areas. 

containing minerals 
native from the formation 
(salts, metals, NORM); 

-Contaminants formed 
by the reactions between 
different chemicals and 

-Hydrocarbons: 

-Products used in the 
maintenance of 
mechanical equipment; 

-Drilling mud, hydraulic 
fracturing fluid, 
production brine. 

i 
fluids into the environment. 

Thousands of spills and releases 
are reported in the literature. For 
example, on average, one 
incident occurred every two days 
in Colorado (1 ,549 spills and 
leaks within January 2003-March 
2008); 20% of the spills involved 
water contamination. 

In Colorado, spills represent 
0.05% (i.e. 2 million gallons) of 
the total volume of fluid handled 
by the shale gas industry. 

As the oil and gas industry 
operates on a large scale, spills 
and releases will always exist. 

D-4 

. l :: 

Europe: a strict handling of the wastewater disposal 
should be applied (European Parliament). 

Preventive and requlatorv actions 

United States: 

• Regulations impose a variety of requirements 
(e.g. maintenance and inspections, secondary 
containment on all storage tanks) to prevent 
spills and releases from occurring); 

• Some States also have specific cleanup 
standards related to spills. 

Canada: 

• Conditions and restrictions apply at the level of 
the province (e.g. a containment system plan is 
required in New Brunswick). 

Sanexen Environmental Services Inc. 
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6 Well and 
Rock 
Integrity 

-Gas migration 
along the well; 

- Leaks along the 
casing wells; 

- Contaminants 
migration from the 
fractured zone 
through the aquifer 
by the presence of 
cracks. 

- Natural gas; 

- Hydraulic fracturing 
ftuid; 

-Production brine. 

A large number of cases of well 
casing and cementing failures 
are reported. Risks occur during 
and after the well production life. 

The estimates of risk of well 
failure range from 1.5% to 19%, 
and may reach 50% for 15 year
aged wells. 

There is currently no consensus 
concerning the probabilities that 
contaminants can reach the 
aquifers through cracks caused 
by hydraulic fracturing: 

• On one hand, it is stated that 
the probability at short or 
long term may be elevated 
since the rock between the 
aquifer and the shale 
formation is not totally 
impermeable (e.g. presence 
of faults, cracks and 
fractures), the hydraulic 
fracturing process is not still 
fully controlled and migration 
of contaminants takes time; 

• On the other hand, it is 
stated that the probability 
may be low considering that 
the distance between the 
fractured zone and the 
aquifer should be sufficient 
to prevent the propagation of 
the cracks to the aquifers. 

D-5 

Mitigation 

Various techniques (modelling, microseismic 
fracture mapping and use of tilt-meters) can be 
used to accomplish fracture stimulations and 
decrease the risk of crack propagation beyond the 
target formation into the aquifer. However, 
monitoring the hydraulic fracturing process does not 
control it. 

Preventive and regulatory actions 

United States: 

• Regulatory requirements for well construction 
and operation; 

• Standards exist for well construction (e.g . 
thickness, composition of the casing); 

• Some states require to perform checks to ensure 
the quality of the casing and cementing; 

• After the well productive life, operators must plug 
the wells and reclaim the site; 

• In the State of New York, financial security is 
required before the accordance of the drilling 
permit to ensure funds for well plugging. 

Hea!ih Canada Sanexen Environmental Services Inc. 
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7 Well 
Blowout 
and 
Stormwater 
Runoff 

All the phases of 
shale gas 
development 

- Natural gas; 

-Contaminants present 
on the shale gas 
exploitation site (e.g. 
hydraulic fluid and fuel) 

. See Figure 7 and Section 5.1 for more details. 

Several cases of blowouts are 
reported in the literature. 
Blowouts are mostly related to 
incorrect handling, either by 
untrained personnel or through 
incorrect behaviour. 

All phases of natural gas well 
development have the potential 
to impact water resources during 
rain and snow melt events if 
stormwater is not properly 
managed. 

Mitigation 

• Appropriate planning development (e.g. 
avoiding steep slopes and maintaining 
sufficient separation from environmentally 
sensitive features, such as streams and 
wetlands), diverting uncontaminated water 
away·from excavated or disturbed areas, 
rapidly stabilizing disturbed areas, following 
equipment maintenance and rapid spill 
cleanup,; 

• Installation of blowout preventers. 

Preventive and regulatory actions 

United States: 

D-6 

• Requirement of blow preventer in some states; 

• Requirement of the development of a 
Stormwater Prevention Plan. 

Europe: strict and monitoring are 

2
" Potential health effects related to these contaminants (NORM, chemical additives, metals) include cancer and other adverse effects (e.g. acute/chronic toxicity, 

endocrine disruption, etc.). 
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and Regulatory Actions 
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Transport1 

Equipment! 
Storage and 
Distribution 

2 Well 
Blowouts 
and Spills 

-Vehicles and engines 
fuelled by diesel; 
- Dust or soil entering the 
air pad construction; 

-Fugitive methane 
emissions during activities; 

- Leaks of the equipment 
(e.g. compressor and 
condensers). 

Accidents during all shale 
gas exploration/exploitation 
activities (volatilization from 
fluids) 

- Nitrogen oxides; 

- Particulate matter; 

- Sulphur oxides; 

-Volatile organic 
compounds; 

- Carbon monoxide; 

-Methane; 

- Hydrogen sulfide 
- Ozone (formed in situ). 

- Hydrocarbons; 
- Products used in the 
maintenance of 
mechanical equipment; 

- Drilling mud, hydraulic 
fracturing fluid, flowback 
water components: 

- Production brine 
compounds (e.g. 
NORM). 

Contaminants are emitted during 
all the shale gas exploration/ 
exploitation stages. High levels of 
contaminants have been reported 
in several locations near shale 
gas exploitation. 

1.4% to 3.6% of the total 
production of gas (shale gas 
principally composed of methane) 
is emitted during transport, 
equipment, storage and 
distribution. 

As the oil and gas industry 
operates on a large scale, spills 
and releases will always exist. 

Thousands of accidents (e.g. 
spills, blowouts) are reported in 
the literature. Most are related to 
incorrect handling, either by 
untrained personnel or through 
incorrect behaviour. 

Preventive and regulatorv actions 

United States: 

• Standards and enforcement programs 
exist to control air emissions; 

• Several voluntary programs have been 
established (e.g. Natural Gas STAR 
program) to encompass avoidance, 
minimization and mitigation strategies 
applicable to the shale gas industry; 

E-1 

• New federal standards will soon be 
required to reduce air emissions from the 
oil and gas industry. 

Canada: 

• Standards and enforcement programs 
exist to control air emissions; 

• Conditions and restrictions apply at the 
level of the province. 

Europe: it is recommended to restrict and 
monitor emissions from gas processing and 
transportation. 

Preventive and regulatory aCtions 

United States: there is a variety of regulatory 
requirements to prevent spills and releases 
from occurring. 

Canada: regulatory requirements to prevent 
spills and releases vary depending on the 
province. 

Europe: 

• Strict regulations are recommended to 
minimize the risks of accidents; 

• Companies with negative track records 
could be excluded from further 
exploration or production rights. 
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4 Wastewater 
Disposal 

Well 
Completion 

6 Shale Gas 
Production 
and 

Healih Canada 

Flaring and venting during 
all shale gas exploration/ 
exploitation activities 

Evaporative emissions of 
chemicals 

... Volatile organic 
compounds; 

- Nitrogen oxides; 

-Ozone. 

- Chemicals originally 
present in the fluids (e.g. 
drilling mud, flowback 
water, production brine); 

-Chemicals resulting 
from chemical mixing. 

-Drill-out stage: -Fugitive methane 
- Flowback process. emissions; 

-Indirect sources have 
potential impacts during 
all shale gas exploitation 
stages (see Part I of this 
Table). 

- Flowback process: 

-Gas pro"cessing; 

- Radiations. 

-Fugitive methane 
emissions: 

Flaring and venting always occur 
during shale gas operations. The 
frequency and duration of these 
operations vary depending on the 
technologies and practices used 
on the well pad. 

Regulatory actions 

United States: voluntary programs have been 
established (e.g. Natural Gas STAR program) 
to improve operational efficiency and reduce 
methane emissions. 

Canada: Conditions and restrictions apply at 
the level of the province. 

Emission rates depend on the No infonnation. 
chemical volatility, the area of 
wastewater, in contact with air and 
the temperature. Air 
concentrations further depends on 
atmospheric dispersion (e.g. wind 
and distance to the source). 

Fugitive methane emissions 
always occur during well 
completion, with estimates 
ranging from 1.1 to 9% of the total 
life-time production of gas during 
the well completion gas (flowback 
period). During the drill out, 
emissions may represent about 
0.3% of the total production. 

If radioactive elements are 
present in the shale formations, 
radiations may be emitted in the 
air when NORM are brought to the 
surface with flowback water. 

See Part I of the Table for indirect 
sources of potential impacts. 

If radioactive elements are 
present in the shale formations, 

i i 

Methane emissions could be largely reduced 
by using green·technologies during well 
completion. 

In the United States, employers are required 
to evaluate radiation hazards, post caution 

and 
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- Indirect sources have 
potential impacts during 
all the shale gas 
exploitation stages (see 
Part I of this Table). 

1
: See Figure 11 and Section 5.2 for more details. 

air when NORM are brought to the 
surface with flowback water. 

During shale gas processing (if 
any), methane may be eniitted, at 
an estimated rate of 0.19% of the 
total gas. 

See Part I of the Table for indirect 
sources of potential impacts. 

exceed regulatory standards, in order to 
protect workers. 

E-3 

2
: Potential health effects related to these contaminants (e.g. air pollutants (e.g. NOx, VOCs, hydrocarbons and particulate matter) and radiations), include cancer 

and other adverse effects (e.g. acute/chronic toxicity, respiratory effects, asthma). 
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