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The objective of this paper is to reviewdifferent risk assessment techniques applicable to onshore unconvention-
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engineering perspective leaving aside important social factors. Different risk assessmentmethods and techniques
are reviewed and summarized to select the most appropriate one to perform a holistic and integrated analysis of
risks at every stage of thewater life cycle. Constraints to performing risk assessment are identified including gaps
in databases, which require more advanced techniques such as modeling. Discussions on each risk associated
with water and produced watermanagement, mitigation strategies, and future research direction are presented.
Further research on risks in onshore unconventional oil and gaswill benefit not only the U.S. but also other coun-
tries with shale oil and gas resources.
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1. Introduction

Oil and gas (O&G) resources can be classified as conventional or
unconventional depending on the geological formation. Conventional
deposits, sand and carbonates such as limestone, have high porosity
that allows the fluids (O&G) to flow into the wellbores (Freyman,
2014; Scanlon et al., 2014; USDOE, 2013a). Unconventional O&G de-
posits are trapped inside rocks such as shale and tight sands, which
have high porosity and limited permeability (Freyman, 2014; Scanlon
et al., 2014). These characteristics make production difficult, requiring
stimulation to allow O&G to flow to the wellbore at an acceptable rate
Fig. 1.Most important unconventional O&G regions
Adapted from EIA (2014).
(Scanlon et al., 2014). The technologies of horizontal drilling and high-
volume hydraulic fracturing (HF) have been combined to achieve the
flow of hydrocarbons resulting in recent growth in onshore unconven-
tional O&G development. In the U.S. from 2011 to 2013, 95% of oil pro-
duction growth and 100% of natural gas production growth came from
the Bakken, Niobrara, Marcellus, Utica, Permian, Haynesville and Eagle
Ford (Fig. 1) (EIA, 2014).

This paper focuses on the following four shale formations due to
their contribution to the total unconventional O&G produced in the
U.S.: Bakken (North Dakota), Barnett (Texas), Eagle Ford (Texas), and
Marcellus (Pennsylvania). The Eagle Ford rankedfirst in unconventional
(The blocks are counties.) in the United States.
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oil production in 2013 while the Bakken ranked second; together
representing 67% of total unconventional oil production in the U.S. in
2013 (Scanlon et al., 2014). Shale gas development was first assessed
in the Barnett, which was also the first shale in the world to be fully de-
veloped using hydraulic fracturing (Nicot et al., 2014; USDOE, 2014). In
2013, Pennsylvania produced more than 3 trillion cubic feet of natural
gas, mostly from the Marcellus shale, making it the largest gas play in
the U.S. (PADEP, 2013).

Onshore unconventional O&G development and production have
boosted the U.S. economy, but along with this benefit environmental
risks have emerged, similar to any other large volume extractions of un-
derground resources. Some of the arguments by shale gas proponents
are clean energy, future energy independence, economic benefits and
jobs creation, reduction in greenhouse gases (GHG) emissions, and
modest environmental risks (Stern et al., 2014). On the other hand,
the opponents argue that safeguards and monitoring are not adequate;
operations present significant risks; there are impacts to the environ-
ment, human health, and society; GHG emissions are high due tometh-
ane escape; and dependence on shale O&G is a step back from progress
towards renewable energy (Stern et al., 2014). In addition, regulations
in different states show inconsistencies and there are not enough staff
and expertise to track, coordinate, and prevent risks (Stern et al.,
2014; Wiseman, 2014).

Unconventional O&G development using hydraulic fracturing re-
quires millions of cubic meters of water and chemicals, some of which
are known to affect human health, and contaminate air and water
(EPA, 2012). This could lead to impacts on water availability, human
health, agriculture, livestock, andwildlife. This literature review focuses
only on risks to water quantity and quality. Although more studies on
this subject have become available, the information on risks related to
thewater and producedwatermanagement in unconventional O&Gde-
velopment and the impacts is still insufficient. Consequently, risk as-
sessment in unconventional O&G merits further investigation.

The results from further research could contribute to practices in other
countries that have unconventional O&G resources. The top 5 countries
with technically recoverable shale oil resources are Russia, U.S., China,
Argentina, and Libya while the top 5 countries with shale gas resources
are China, Argentina, Algeria, U.S., and Canada (EIA, 2013). Some of
these countries are still assessing the feasibility of unconventional O&G
production but application of HF is likely to occur in the future.

The review beginswith explaining the basics of unconventional O&G
development process. The different stages in the water life cycle
throughout the development process are described, including the possi-
ble risks to water quantity and quality. Risk assessment techniques
applicable to unconventional oil and gas are discussed. Results from
these assessments are reviewed to determine what is missing. Finally,
the future research directions of risk assessment in unconventional
O&G are considered.

2. Unconventional O&G development process

The unconventional O&G development process (Fig. 2) begins with
planning for thewater sources, the amount ofwater needed, and proper
produced water management (API, 2010). Water is obtained from the
source and transported to the well site, by pipeline or truck, where it
is stored before chemical mixing. The next step is drilling which re-
quires drilling mud; typically, a mixture of water, mud, and drilling ad-
ditives (Lutz et al., 2013). During drilling, the well casing made of steel
pipes is installed using cement to isolate all formations that contain
water, oil, gas, coal or a combination (API, 2010; NDCC, 2012). Once
the well is constructed, the HF process begins with mixing the water
with additives. Using pumping trucks, the HF fluid is injected into the
well at high enough pressure to fracture the formation rock to enable
the release of O&G. Prior to production, the flowback process begins,
which is designed to capture the initial production that contains a
high percentage of produced water, a mixture of mainly injected
(flowback) water and some formation water (stored in the shale)
(EPA, 2012). After that, the transition to formation water and hydrocar-
bons occurs (WEF, 2013). During the production phase, which continues
until the well is refractured or abandoned, oil, gas, and produced water
(mostly or entirely formationwater) enter thewellbore and are collected
at the surface. (Nicot et al., 2014; WEF, 2013). Both the injected and for-
mation water (produced water) are recovered and then subjected to
one ormore of the following four options: 1) storage, 2) disposal, 3) treat-
ment and reuse; and 4) treatment and disposal. TheHF process is then re-
peated if needed to continue stimulating the O&G production until the
well is no longer productive (API, 2010). Once this happens, the well is
plugged or isolated with cement barriers before abandonment (API,
2010). It should be noted that the diagram in Fig. 2 represents the general
process and slight variations occur from location to location.

3. Water life cycle in unconventional O&G production

There are five major stages for the water life cycle associated with
unconventional O&G development (EPA, 2012). These stages are
1) water acquisition, 2) chemical mixing, 3) well injection (HF),
4) flowback process and produced water generation, and 5) treatment
and disposal (EPA, 2012). Possible risks in each stage of the water life
cycle are shown in Table 1.

3.1. Water acquisition

The amount ofwater used perwell varies from7600 to 15,200m3 and
up to 49,200 m3, depending on the geological characteristics, well con-
struction (depth and length) and fracturing operations (chemicals used
and fracture stimulation design) (API, 2010; EPA, 2012; Freyman,
2014). Of the total water, 10% is used for drilling, 89% for HF, and the
rest is consumed by infrastructure (USDOE, 2014). In the Bakken shale
in North Dakota, it is estimated that each well requires around 8700 m3

of water for drilling and HF (NDSWC, 2014). In Texas, for the Barnett
shale the estimation is 18,900 m3/well while it is 18,200 m3/well
for the Eagle Ford shale (Nicot et al., 2014; Scanlon et al., 2014). In
Pennsylvania, the Marcellus shale requires 11,400 to 18,900 m3/well
(Lutz et al., 2013). From January 2011 to May 2013, there were a total
of 39,294 shale oil and gas wells across the U.S. which equals to
5.95 × 108 m3 of water (assuming 15,150 m3/well) or the water con-
sumed by 3 million Texans in a year (Environment Texas Research
and Policy Center, 2013; Freyman, 2014).

Sources of water for onshore unconventional O&G production vary
by region. The main source of water in the Bakken shale is the Missouri
River although groundwater is sometimes used where access to the
river is restricted (NDSWC, 2014). In 2012, from the 4.35 × 108 m3 of
water consumed in North Dakota, 1.74 × 107 m3 (or 4%) were used for
fracturing purposes (NDSWC, 2014). In the Barnett shale, operators de-
pend on both groundwater and surface water, relying on different aqui-
fers such as Ogallala and Carrizo–Wilcox and the Brazos River basin
(Freyman, 2014; Nicot et al., 2014). In the Eagle Ford, 90% of the new
oil wells use groundwater (RRCT, 2013). The amount of water used in
the Barnett for HF purposes was 3.18 × 107 m3 in 2011 while the
Eagle Ford used 6.74 × 107 m3 in 2013 (Nicot et al., 2014; Scanlon
et al., 2014). In Pennsylvania, the Marcellus shale wells use surface
water from the Susquehanna and Delaware River basins but in recent
years the operators have switched to reusing and recycling, reaching al-
most 90% of thewastewater in 2012 (PADEP, 2014).Mining,whereHF is
included, accounts for 2% of the total water withdrawals in the state
which withdraws 3.67 × 107 m3 of water every day or 13.4 × 109 m3

per year (PADEP, 2009).

3.2. Chemical mixing

The fracturing fluid is composed of water (~94%), proppant (~5%)
and other chemical additives (~1%) (API, 2010; EPA, 2012; Halliburton,
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2015). The mixture varies according to the well location and operator
but a typical combination requires 3 to 12 chemical additives
(FracFocus, 2014a). Sand is commonly used as the proppant to help
Table 1
Possible risks on the different water life cycle stages.

Stage Possible risks

Water acquisition Water shortage or limited access for other users'
needs causing stress on water resources particularly
during drought season.

Chemical mixing Spills of chemicals could cause surface water and/or
groundwater contamination. Health problems due
to chemical exposure.

Well injection Casing failure or induced fractures in the rocks could
serve as pathway for HF fluid migration into water
resources.

Flowback process and
produced water

Surface spills, infiltration in the ground from the
reserve pits or tanks, leaks from pipes, and effects on
human health due to exposure to the chemicals,
brine and other natural radioactive material.

Produced water treatment
and waste disposal

Spills and leakage during on-site treatment, storage
and transportation to off-site treatment facilities or
disposal. Limitation of the treatment plants to
completely eliminate contaminants which reach
streams and impair drinking water sources.
Deep-well injection could induce earthquakes and
cause well casing failure.
keep the fractures open to release the hydrocarbons (O&G). Other op-
tions for the proppant are resin coated sand, intermediate strength
proppant ceramics, and high strength proppants such as sintered baux-
ite and zirconium oxide (Arthur et al., 2008). In addition, a generic
formula for the additives is acid, acid/corrosion inhibitor, biocide,
breaker, clay and shale stabilization/control, crosslinker, friction reduc-
er, gel, iron control, non-emulsifier, pH adjusting agent, scale inhibitor,
and surfactant (FracFocus, 2014b). The concentrations of some of
these additives are detailed in Table 2 (Chesapeake Energy Corporation,
2011a). According to the Environmental Protection Agency (EPA)
(2012), there are seven chemicals often used in the mixture appearing
in over 2500 products reported by 14 operators between 2005 and
2009. These chemicals are methanol, isopropanol, crystalline silica,
2-butoxyethanol, ethylene glycol, hydrotreated light petroleum dis-
tillates, and sodium hydroxide (EPA, 2012). The concentrated addi-
tives are mixed with water and proppant using blender trucks
(Fig. 3). Then, the fracturing fluid is transferred to pumping trucks,
which inject the fluid into the well (API, 2010; EPA, 2012).

3.3. Well injection (HF)

The fracturing fluid is injected inside the well using pumping trucks
at high pressures to break the formation rock, allowing the release of
O&G, which flow through the wellbore up to the surface where they
are collected (EPA, 2012). Depending on the well depth, several



Table 2
Common groups of chemical additives in the HF fluid and associated chemical compounds and concentrations.

Additive Chemical Concentration

Friction reducer Polyacrylamides 500–1000 ppm (0.05–0.1% of total fluid)
Biocide Glutaraldehyde, glutaraldehyde/quaternary amine blends, tetrakis hydroxymethyl

phosphonium sulfate, 2,2-dibromo, 3-nitriloproprionamide, and sodium hypochlorite
75–500 ppm (0.075–0.05% of total fluid)

Scale inhibitor Polymers (carboxylic acid and acrylic acid) 75–120 ppm (0.075%–0.12% of total fluid)
Substitute Potassium chloride 500–2000 ppm (0.05%–0.2% of total fluid)
Surfactant Laurel sulfates, and fluoro and nano-surfactants 500–1000 ppm (0.05%–0.1% of total fluid)
Dissolvent Hydrochloric acid 0.08%–2.1% of total (as acid volume).

0.012%–0.31% of total (as active acid)
Acid corrosion inhibitor Formic acid, amines, amides, and amido-amines 2000–5000 ppm of acid volume

0.0004%–0.0043% of total (temperature
and time dependent)

Iron control Citric acid, acetic acid, thioglycolic acid, and ethylenediamine tetraacetic acid 5000 ppm of acid volume
0.0004%–0.011% of total fluid
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injections or stages may be required (EPA, 2011). The depth where HF
takes place depends on the geological formation usually being thou-
sands of feet away from groundwater resources (AWWA, 2013). In
North Dakota, potable water is located at 610 m deep while the oil-
bearing formations are generally at 3050 m under the surface
(NDSWC, 2014). In Texas, the Eagle Ford wells have an average depth
of 3050mwhile the Barnett shale is located at 2300m from the surface
and groundwater is found at 370 m (Chesapeake Energy Corporation,
2011a; Scanlon et al., 2014; USDOE, 2014). The well depth on the Mar-
cellus shale ranges from 1520 to 2440mwhile groundwater is found at
260 m from the surface (EPA, 2012; USDOE, 2014).

3.4. Flowback process and produced water

After the fracturing fluid is injected, the pressure is reduced allowing
the fluid to come back to the surface. This fluid is called producedwater
and consists of the injected fluid and the formation water. Flowback
process water is a subset of produced water and is defined by the time
period in which it returns. The contents in produced water causing
major concern are salt, oil and grease, natural organic and inorganic
compounds, chemical additives, and natural radioactive materials
from the shale formation (NPC, 2011). The EPA has identified over
1000 chemicals that are reported to be used in fracturing fluids or
found in produced water (EPA, 2012). The content of produced water,
aswell as the amount, varies for every well depending on the formation
that is being stimulated.

The fraction of the water volume injected that returns to the surface
during thefirst 10 days is between 10%and 25% for theBarnett andMar-
cellus shale (Chesapeake Energy Corporation, 2011b; Wilson and
VanBriesen, 2012). The Bakken shale returns 15 to 40% of thewater vol-
ume injected during the initial flowback, which is considered relatively
high (Boschee, 2014; EERC, 2010). On the other hand, in the Eagle Ford,
Fig. 3. Hydraulic fr
Adapted from API (
less than 15% of the water volume injected returns immediately to the
surface (Boschee, 2014; Maguire-Boyle and Barron, 2014). Some of the
causes for which the remaining water, called residual treatment
water, does not return to the surface include the fluid being trapped in-
side the shale matrix due to capillary and osmotic forces, formation
pressure decrease, and fracturing fluid traveling beyond the capture
zone (Engelder et al., 2014; EPA, 2004).

The content of produced water is relatively high in total dissolved
solids (TDS), which are tied to salinity. The TDS ranges are up to
632,689 mg/L in the Bakken, up to 476,500 mg/L in the Marcellus,
21,581–300,155 mg/L in the Barnett, and 1033–317,876 mg/L in the
Eagle Ford (USGS, 2014). Common elements in produced water are so-
dium, calcium, magnesium, chloride, potassium, iron, strontium, bari-
um, lithium, and silicon (Maguire-Boyle and Barron, 2014; Wilson and
VanBriesen, 2012). In addition, naturally occurring radioactive material
(NORM), mostly radium isotopes, have been detected on soil near road
spreading (Skalak et al., 2014), spill sites related to HF activities
(Warner et al., 2013b), soil and sludge from reserve pits (Rich and
Crosby, 2013), and soil and pipe-scale at oil production sites (Zielinski
et al., 2001).

The EPA requires the operators to apply reduced emissions comple-
tions, also known as reduced flaring completions or green completions,
to separate gas from solids and liquids during the initial high-rate
flowback process and production (EPA, 2011). This is done to reduce
gas emissions to the atmosphere and the need for flaring (EPA, 2011).
According to the EPA (2014), after HF, there are three stages of fluid
handling namely initial flowback stage, separation flowback stage, and
production stage. During the initial stage, the flowback is stored in ves-
sels, any gas can be vented or flared, and the hydrocarbons present are
filtered out and sold (EPA, 2011). The initial stage then shifts to separa-
tion stage when sufficient gas is present for a separator to operate. Dur-
ing the separation stage, the flowback is routed through the equipment
acturing units.
2010).
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that separates solids, gas, liquid hydrocarbons and water (EPA, 2014).
These separations can be done using two, three or four phase separation
hydrocyclones (Ditria and Hoyack, 1994; Manning and Thompson,
1995). Once the flowback process is completed, the production stage
begins where phase separation is also applied and liquids, including
produced water, are stored and the gas or oil recovered is routed to
flow line or collection system (EPA, 2014).

3.5. Produced water treatment and waste disposal

The separated produced water is managed using one of the follow-
ing techniques: evaporation ponds, deep-well injection, on-site treat-
ment, off-site treatment, and centralized treatment plants. In North
Dakota, evaporation ponds are not used for wastewater disposal; in-
stead, the brine is stored in tanks before underground injection
(NDCC, 2012). In 2012, the Industrial Commission of North Dakota
modified the oil industry regulations with the purpose of reducing the
use of evaporation ponds including the prohibition of open pits to
store liquids left over from the drilling process for oil wells drilled
below 1520m and reclamation of the pit within one year after complet-
ing the well (ICND, 2012; NDDMR, 2011). In Texas, collecting pits for
produced water storage are allowed before disposal and evaporation
ponds; however, the practice of the latter varies throughout the state
(RRCT, 2015a; TAC, 1977). In the west, evaporation before closing the
reserve pit is allowed because the rates of evaporation are favorable
compared to the east where pits are generally dewatered due to low
evaporation rates (RRCT, 2015a). The on-site treatment, which occurs
within the proximity of the wellhead, is applied in less frequency in
the Barnett (Nicot et al., 2014).

In Pennsylvania, the use of impoundments has been banned (Easton,
2013). Another method is deep-well injection of wastewater in class II
wells, which are exclusive for fluids associated with the O&G industry
(EPA, 2012). This method is used the most in North Dakota and Texas
while in Pennsylvania it is used in less frequency due to lack of sufficient
class II wells (Nicot et al., 2014). Because of this, Pennsylvania has to
send the wastewater to Ohio where more injection wells are available
(Detrow, 2012). In 2009–2010, of the total produced water reported
in theMarcellus shale, 77.5%was treated in industrialwastewater treat-
ment plants, 16%was reused in other wells, 5%was treated inmunicipal
wastewater facilities, 1% was classified as unknown disposal, 0.5% was
disposed in deep wells, and 0.007% was spread on roads (Rozell and
Reaven, 2012). In 2011, the Pennsylvania Department of Environmental
Protection requested companies to reduce disposal throughwastewater
treatment plants as an effort to protect surface waters (Ferrar et al.,
2013). As a result, between 2012 and 2014 the amount of the produced
water disposed through municipal wastewater facilities was almost 0%,
more than 69% was reused, and the rest was disposed mostly through
industrial treatment facilities and deep-well injection (PADEP, 2014).

4. Risk assessment

4.1. Risk assessment methods used in industries

Risk analysis is used for characterizing, managing, and informing
others about an identified risk. The risk, or potential loss, is related to
the probability of exposure to a hazardous event and the consequences
of it (Modarres, 2006). In addition, risk is the combination of possible
consequences and associated uncertainties (Aven et al., 2007). Accord-
ing to the Food and Drug Administration, risk analysis has three ele-
ments: risk assessment, risk management and risk communication,
which interact with each other (Fjeld et al., 2007). The process of char-
acterizing the potential risks and its magnitude, through quantitative
estimates and qualitative expressions, is called risk assessment (Fjeld
et al., 2007; Modarres, 2006; NRC, 1983). Risk assessment uses deter-
ministic or stochastic processes to characterize risks. Deterministic pro-
cesses can be quantitative, qualitative or hybrid while stochastic
processes are based on classic statistical approach and the accident or
abnormal action forecasting methods (Marhavilas and Koulouriotis,
2012a,b). The classification of major risk assessment processes for
both deterministic and stochastic approaches are shown in Table 3.
Tables 4 and 5 summarize some of the most common deterministic
and stochastic techniques, their type, advantages, and disadvantages.

4.2. Risk assessment in the O&G industry

Risk assessment in the O&G industry has evolved since the 1960s
when risk was controlled only by applying proper safety management.
In addition, risk estimates were very uncertain and data were very lim-
ited. It was until the 1970s to the 1990s when risk analysis was
established as a technique to support regulatory decisions and safety
management systems (Aven and Kristensen, 2005). Risk assessment
in the O&G industry is widely used in offshore operations and in some
countries, such as the U.K. and Norway, companies are required to per-
form risk analysis prior to operations (Cai et al., 2013; Skogdalen and
Vinnem, 2012). Table 6, which is by no means exhaustive, shows
some examples of the risk assessment methods and techniques that
have been used in the O&G industry.

The environmental (ecological) risk assessment (ERA) was devel-
oped by the EPA to evaluate the likelihood of adverse ecological effects
caused by exposure to physical, chemical or biological stressors (EPA,
1998a). The assessment is performed using data fromfield or laboratory
studies with suitablemodels that produce two types of outputs: quanti-
tative risk estimates and qualitative conclusions (EPA, 1998a). In addi-
tion, it intends to transform scientific data into information about the
effects of human activities on the environment (EPA, 1998a). The EPA,
U.S. National Imagery and Mapping, U.S. Department of Energy
(USDOE), Russian Federal Center of Geological Systems, and the Minis-
try of Defense of the Russian Federation conducted an ERA of O&G activ-
ities in the Priobskoye oil field inwestern Siberia (EPA, 1998a). Different
techniques were applied including geographical information system
(GIS) database, National security systems-derived products, environ-
mental impact assessment, and algorithms (EPA, 1998a).

The barrier and operational risk analysis (BORA) uses a detailed and
quantitativemodel of barrier performance. The barriers are used to pre-
vent occurrences of events from happening and reduce consequences.
The BORAmethod includes development of the risk model, assignment
of probabilities of events, identification and assessment of risk influenc-
ing factors, and calculation of specific probabilities (Aven et al., 2006).
The hazard identification (HAZID)method is based on fault propagation
and event tree analysis to evaluate failure sequence and consequences
(McCoy et al., 1999). The basic process consists of decomposing the
plant or system into equipment or units and then creates a model for
each unit. The connection between the units is analyzed as well as a
model of the fluids in the system.

The layers of protection analysis (LOPA) is a semi-quantitativemeth-
od that estimates hazards based on theHAZOP output and the adequacy
of protection layers used to mitigate risk (Habibi et al., 2013; Summers,
2003). The LOPA compares a scenario or impact event with a bench-
mark or the target factor to measure the gap between the existing situ-
ation and the tolerable level of risk (Habibi et al., 2013).

The quantitative risk assessment (QRA) was exclusively used in the
offshore industry in Norway during the 1980s and also implemented
in the U.K. afterwards (Skogdalen and Vinnem, 2012). This technique
combines sub-models to analyze individual and societal risks and de-
fines individual risk as the probability of an unprotected person to get
hurt in a hazardous location (Marhavilas and Koulouriotis, 2012b).
The disadvantage of QRA is that it does not include human and organi-
zational factors (HOFs) such as working practice, communication, and
procedures. Despite this, Norway andU.K. regulations require to include
HOFs in offshore QRAs indicating that there have been efforts to develop
methods to formally include these factors (Skogdalen and Vinnem,
2011). Cai et al. (2013) used Bayesian networks in QRA for assessing



Table 3
Risk assessment processes and techniques.

Process Technique

Deterministic Qualitative • Check lists
• What if analysis
• Safety audits
• Task analysis

• STEP technique
• Hazard and operability studies (HAZOP)

Quantitative • Proportional risk assessment technique (PRAT)
• Decision matrix risk assessment (DMRA)
• Risk measures of societal risk
• Quantitative risk assessment (QRA)
• Quantitative assessment of domino scenarios (QADS)
• Weighted risk analysis (WRA)

Hybrid • Human error analysis techniques (HEAT)
• Fault tree analysis (FTA)
• Event tree analysis (ETA)
• Risk-based maintenance (RBM)

Stochastic

Classic statistical approach
• Epistemic models (predictive epistemic approach — PEA)
• Probability distributions (e.g. exponential and normal)
• Event data-models (e.g. rate model, time and risk model, and Poisson model)

Accident forecasting modeling • Time-series
• Markov chain analysis
• Gray model
• Scenario analysis

• Regression method
• Neural networks
• Bayesian networks
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the risk of subsea blowout preventer operations. The approach in this
study consists of five steps: 1) Translate the process flow chart into a
Bayesian network, 2) classify the influencing factors of the nodes into
human, hardware, software, mechanical, or hydraulic, 3) establish sin-
gle Bayesian networks for each factor, 4) integrate the single networks
into the main Bayesian network, and 5) analyze the Bayesian network
model. The analysis shows that the factors that affect safety the most
are mechanical and hydraulic, the least important are software and
hardware, and human factors are in the middle (Cai et al., 2013). Al-
though this study is about offshore O&G industry, it could be modified
to apply on onshore operations.

4.3. Recent risk assessment in unconventional O&G development

4.3.1. Engineering approach
For many years, the engineering approach to assess risk has been

preferred in many areas, including the O&G industry (Aven and
Kristensen, 2005; Jacquet, 2014). This approach defines risks based on
probabilities or expected valueswhich are complementedwith the esti-
mation of uncertainties using different techniques such as Bayesian net-
works (Aven and Kristensen, 2005).

In 2010, the EPA startedworking on a study titled “Potential Impacts
of Hydraulic Fracturing on Drinking Water Resources” at the request of
the U.S. Congress. This study intends to assess and determine the risks
HF has on drinkingwater by “identifying the driving factors thatmay af-
fect the severity and frequency of such impacts” (EPA, 2012). The prog-
ress report published in 2012 collects information about existing data,
scenario evaluations, laboratory studies, toxicity assessment and case
studies. In June 2015, the EPA released a second draft for review titled
Table 4
Deterministic risk assessment techniques used in different industries.

Technique Application

Safety audits
Cacciabue (2004),
Marhavilas and
Koulouriotis (2012b)

Operational procedures are inspected according to safety
(norms and standards). It is used to study human factors.

Fault trees and event trees
Aven and Kristensen
(2005), Iannacchione et al.
(2008), NASA (2011)

Fault trees: Failure relationship of more complex events w
events. Event trees: Practical quantification of accident sce
Probabilities and expected values from hard data and expe
uncertainty can be expressed by confidence intervals.

Risk matrix
Iannacchione et al. (2008)

Qualitative categories are defined (low-to-high or unlikely
“Assessment of the Potential Impacts of Hydraulic Fracturing for Oil
and Gas on Drinking Water”, which will be used to develop the final
report.

The USDOE published a report “Environmental Impacts of Uncon-
ventional Natural Gas Development and Production” in May 2014,
which summarizes, from different publications, the potential environ-
mental impacts of operations within the lower 48 states shale plays
(USDOE, 2014). The type of environmental impacts documented are
greenhouse emissions and climate change, air quality, water use and
quality, induced seismicity, and land use and habitat fragmentation.

Intensive water usage during unconventional O&G production could
decrease water availability, especially in arid regions or during drought
season (USDOE, 2013b). Drought risk assessment is necessary to en-
hance energy security by forecasting and quantifying risk. Different
methods, such as the Standardized Precipitation Indices and the Palmer
Drought Severity Index, have been used (Strzepek et al., 2010). Markov-
ian models have been applied for hydrological processes but they are
not adequate to describe drought events due to longer timedependence
(Chung and Salas, 2000). Chung and Salas (2000) proposed the use of
low-order discrete autoregressive moving average models combined
with probability distribution of drought events, expected values, vari-
ances, and Monte Carlo simulation to describe the associated risks. An-
other widely used method is remote sensing and GIS, which uses
satellite derived indices and exact spatial information to analyze
drought-risk sensitive areas and quantify the risk (Lin and Chen, 2011;
Vicente-Serrano, 2007; Wu and Wilhite, 2004).

Rozell and Reaven (2012) studied the likelihood of water contami-
nation during the production of natural gas from the Marcellus shale.
The risks were calculated using probability bounds analysis based on
Advantages Disadvantages

programs The evaluations are recurrent
which could ensure safety levels
and detect risk early.

Limited to the identification of
safety critical factors.

ith more basic
narios.
rt opinions. The

Well-suited to quantitative
analysis when probabilities can be
assigned.

High level of details needed
for each event. Mostly used
for timed events.

-to-likely). Used in many qualitative risk
analysis techniques.

Ranking of risk is subjective.



Table 5
Stochastic risk assessment techniques used in different industries.

Technique Application Advantages Disadvantages

Monte Carlo
simulation
SARS (2011)

The probability of a variable is determined by random
numbers. By repeating this process the distribution of the
output random variable may be built up, from which
estimates of the parameters of interest may be calculated.

Good for complex systems that may be
subject to change later. Very flexible.

Large calculations. Solutions are not exact and
depend on the number of runs.

Bayesian analysis
Aven and
Kristensen (2005)

Probability is a measure of uncertainty which is divided in
two parts: variation in the population and uncertainty about
what value is the true value of this chance.

Can be used with fault trees and event
trees.

Uses subjective probability distribution.

Probabilistic
distributions
Aven and
Kristensen
(2005), Pidgeon
(1998), SARS
(2011)

Quantifications of risk are based on statistics using historical
data resulting in numbers that are not facts. Assumptions
are necessary to obtain sufficient volume of data.

Understanding the distribution of
random events allows users to apply
practical solutions to operational
problems.

Risk expressed by probabilities is subjective. This
narrow view of risk alone cannot establish safety
levels. Statistics may result in low risk numbers.

Numerical models
(Aven and
Kristensen (2005)

Theories and laws used to simplify representations of the
world. Needs a balance between simplicity and accuracy.

Different choices depending on the
context. Uncertainties are assessed.
Not limited to the engineering
community.

Not useful if not considered sufficient accurate.
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different sources including databases from state environmental agen-
cies. The study presents the best and worst case scenarios with the
aim of providing a technique for decision-making instead of exact re-
sults. In addition, the study only focuses on the Marcellus shale and
makes several assumptions due to the lack of information.

The environmental and public risk of different pathways of contam-
ination focusing on fluid containment and transport systems associated
with theMarcellus shalewas analyzed by Ziemkiewicz et al. (2014). The
pathways analyzed are integrity of the lining in pits and impoundments
and pipelines used to transportfluids to and from the sites studied. Data
were collected in the field, including water samples, and with it a prob-
abilistic analysis was performed using event trees and categorization by
severity ranking. Likelihood was calculated by taking the ratio of the
number of times the problem was observed to the total number of
sites evaluated. A binomial distribution was developed based on a pop-
ulation of 70 pits and impoundments with a sample size of 14 sites.

Soeder et al. (2014) performed an engineering risk assessment using
an integrated assessment model (IAM), which has been used to assess
carbon dioxide storage in geologic systems. The approach to evaluate
environmental risk elements is similar for shale formations. Hence,
the IAM can be modified for HF by including risk elements that are dif-
ferent from carbon dioxide storage sites. The process intends to identify
short and long term risks known as features, events, or processes (FEP).
The FEP analysis uses high-fidelitymodels to evaluate the risks. The out-
put from these numerical models is simplified to reduced-order models
which are then used for the IAM (Soeder et al., 2014). The IAM uses lab-
oratory analysis (e.g. microbiological analysis and cement/wellbore
analysis), data collected in the field, and numerical modeling (e.g.
Table 6
Risk assessment methods and techniques used in the O&G industry.

Method Technique

Environmental risk assessment
EPA (1998a)

• Geographic informa
• Historical imagery d
• National security sys

Barrier and operational risk analysis (BORA)
Aven et al. (2006)

• Risk influencing fact
• Barrier block diagram

Hazard identification (HAZID)
McCoy et al. (1999), Silvianita et al. (2011)

• Failure modes, effec
• Fault/logic tree anal

Layers of protection analysis (LOPA)
Habibi et al. (2013), Summers (2003)

• Process flow diagram
• Piping and instrume

Quantitative risk assessment (QRA)
Standards Norway (2010)

• RIFs
• Frequencies/probab
• Sub-models
• FTA and ETA
Monte Carlo simulations of field-scale performance). The disadvantage
of the IAM process is that health and ecosystem impacts are beyond
its scope.

Casing and cement impairment in conventional and unconventional
O&Gwells in Pennsylvania was studied by Ingraffea et al. (2014a) using
statewidedata and the Cox proportional hazardsmodel. The Cox regres-
sion, or proportional hazards regression, is a semi-parametric and mul-
tivariate analysis that uses the hazard function to study the survival of
an individual or object based on a rate instead of a proportion
(Ingraffea et al., 2014b).With thismodel, itwas possible to capture tem-
poral and geographic dimensions and hazards ratios of the count of im-
pairment events that were inspected (Ingraffea et al., 2014a). Siegel
et al. (2015) collected samples from water wells that were located
near 661 O&G wells to study the relationship of methane migration
and proximity to existing O&G wells. To evaluate this hypothesis, four
statistical tests were used which are: 1) test of proportions to compare
samples with a threshold concentration, 2) logistic regression to find a
trend, 3) survival analysis to compare statistical distributions between
two groups, and 4) correlation analysis betweenmethane concentration
and distance (Siegel et al., 2015).

Risk assessment from an engineering perspective has its challenges
including the difficulty of assessing uncertainties and assigning proba-
bilities and appropriate values for estimations, ability to distinguish be-
tween objective knowledge and subjective judgments, difficulty of
working with intangibles and uncertainties, and failure to include tem-
poral data (Aven et al., 2007; Ingraffea et al., 2014a). Some risks are eas-
ier to manage than others and the manageability and uncertainties
depend on the stage of development of the system (Aven et al., 2007).
tion system (GIS)
ata
tems (NSS) imagery data

• Boolean logic
• Environmental impact assessment
• Hazard assessment

ors (RIFs)
s and influence diagrams

• Frequencies/probabilities
• Event trees and fault trees
• Checklists and manual inspection

ts and analysis (FMEA)
ysis (FTA)

• Event tree analysis (ETA)
• HAZOP

s (PFDs)
ntation diagrams (P&IDs)

• Hazard scenarios
• Risk tolerance criteria
• HAZOP

ilities
• PFDs and P&IDs
• FMEA
• Task analysis
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In the early stages of the system development, the uncertainties and
manageability are larger. In addition, non-disclosure agreements that
allow companies to hold back contamination reports limit the data
availability for risk assessments. Some results from risk assessments
regarding contamination cannot always be attributed to HF due to in-
sufficient relevant databases, and lack of pre- and post-information on
the presence of methane and petroleum byproducts in the basins
(Adgate et al., 2014).
4.3.2. Holistic approach
It is common to include a cost/benefit or cost/effectiveness analysis

to the risk assessment but this is not the most adequate approach for
unconventional O&G because there will always be an economic justifi-
cation (Aven et al., 2007). Similarly, using the engineering approach
solely will result in an incomplete analysis or even bias because there
have been cases of overconfidence in judgments by experts (Aven and
Kristensen, 2005; Pidgeon, 1998). A better approachwould be a balance
between scientific judgments and social beliefs (Pidgeon, 1998; Renn
et al., 1992). This unification is based on the idea that hazards are related
to psychological, social, institutional and cultural processes in ways that
can affect perceptions of risks and dictate risk behaviors (Renn et al.,
1992).

Recent expansion of O&G activities has caught the attention of dif-
ferent stakeholders including the general public. This has resulted in
sociological studies that consider the public engagement in risk charac-
terization and decision making (North et al., 2014). A review of the dif-
ferent parameters affecting how people perceive risk revealed that the
two most important factors are familiarity with the process and trust
(Wachinger et al., 2013). Theodori et al. (2014) conducted a survey in
the Marcellus shale to study social perception of HF. They found that
almost half of the respondents are unfamiliar with the practice and
the natural gas industry is considered the least trustworthy source of in-
formation. The public mistrust and perception of lack of transparency
produces higher levels of stress and with it other health problems
(Adgate et al., 2014).

Natural resources dependent communities are often benefited with
employment opportunities and business; however, these benefits are
short-term (Jacquet, 2014). Previous studies show that massive indus-
trialization and worker immigration in a short period of time result in
overwhelmed housing supplies, stressed municipal services (e.g. pota-
ble water) and government programs, and disruption in social and eco-
nomic patterns (Jacquet, 2014). Also, national and regional surveys
indicate that perceptions of the impacts are polarized, for example, be-
tween financial gain and environmental impacts (Jacquet, 2014). Nega-
tive public perceptions of unconventional O&G production can be
improved by developing non-toxic fracturing chemicals, community
adaptation, use of alternative water sources, full communication be-
tween and among the stakeholders, and sharing more information
and educating the public about wastewater treatment technologies
(Theodori et al., 2014).

Perry (2012) discussed thefirst draft report by the EPA, Potential Im-
pacts of Hydraulic Fracturing on DrinkingWater Resources, and pointed
out the flaws it may have regarding the lack of social factors. Thus, the
author proposes the use of an iterative analytic-deliberative process,
where deliberations are carried out by all the parties involved resulting
in better long-termdecisionmaking. The uncertainties and risks regard-
ing social, community, and human health factors (societal cost) are
evaluated not only by quantitative measurements but also by using
local, community and temporal scale and other qualitative criteria
(Perry, 2012). The analytic-deliberative process is a promising alterna-
tive for a holistic approach to risk governance; however, it has not yet
been completely adopted in shale risk assessment (North et al., 2014).
Likewise, Aven (2012), Aven and Kristensen (2005), and Pidgeon
(1998) proposed a combination of engineering and social science re-
search to open up for new ways of measuring risk and its uncertainties.
Just like risk assessment from an engineering approach, social
science research also faces limitations. Some of these constraints are
self-selected populations, small sample sizes, short follow-up times
and unclear loss to follow-up rates, limited exposure measurements,
unavailable exposure data, and if available it is inconsistent, particularly
for non-cancer health effects (Adgate et al., 2014). One way to perform
risk assessment effectively in the O&G industrywould be combining the
available information, both engineering and social sciences databases,
and use the different techniques mentioned in the previous section to
estimate the gaps. This holistic approachwould be able tomove narrow
risk concept based on probabilities to a broader view (Aven and
Kristensen, 2005; Pidgeon, 1998). Furthermore, this broader view can
help make decisions based on both scientific judgment and public
perception (Pidgeon 1998). An idea or suggestion to perform holistic
risk assessment in unconventional O&G is proposed by Aven and
Kristensen (2005) as shown in Fig. 4.

5. Results from previous risk assessments related to unconventional
O&G

Data have shown that most environmental or safety incidents relat-
ed to shale gas wells result from operations not being performed ac-
cording to the recommended engineering practices or procedures
(Soeder et al., 2014). The potential risks in every stage of the water
life cycle that could result from improper procedures and management
are discussed in details below.

5.1. Water acquisition

North Dakota is less susceptible to water stress compared to Texas
but is still prone to droughts and floods. The North Dakota State Water
Commission issues groundwater and surfacewater withdrawal permits
and requires annual reports from users. Furthermore, water from the
Missouri River is readily available but only ten miles of it are accessible
to O&G operators due to a restriction imposed by the U.S. Army Corps of
Engineers (NDSWC, 2014). Despite this, in 2012, HF used 2.08 × 107 m3

of water, more than the amount used by Fargo, the largest city in the
state with a population of 110,000 people (Freyman, 2014).

Hydraulic fracturing is intensively used in Texas where more than
half of the wells are located in regions that have medium to extreme
high water stress (Freyman, 2014). This means that water is limited
since it is already used for other purposes. The climate in Texas ranges
from semiarid west to sub-humid east, and in the past years drought
has been exceptional or extreme. In 2011, 88% of the state faced maxi-
mum drought, with record temperatures above 100 °F (Scanlon et al.,
2013). Although water used per well has increased in recent years in
the Barnett shale, so has the length of the lateral or horizontal portion
of thewell, indicating that thewater used per length has remained con-
stant (Nicot et al., 2014; Scanlon et al., 2014). Despite this, it is expected
that by 2020 thewater used for HF in Texas will reach 1.51 × 108m3 per
year, equivalent to 19,700 Olympic-sized swimming pools (Freyman,
2014).

Pennsylvania is considered to be at low risk of droughts and ground-
water challenges (Freyman, 2014). Despite this, the majority of wells
(62%) in the Marcellus shale are located in regions considered to have
medium water stress, particularly during summer months. This makes
the risk of water shortage to be associatedmostlywith the time of with-
drawal rather than the quantity of water available (Freyman, 2014).
From 2005 to mid-2013, Pennsylvania used 1.14 × 108 m3 of water for
HF, which is the amount of water consumed by 156,000 people in the
same time period (Environment America, 2013; PAPUC, 2014).

The impacts of drought can be environmental or socioeconomic in-
cluding land degradation, desertification, water scarcity, agriculture
and food security, services (e.g. water and energy supply), and conflict
over resources (Yan, 2010). A study, where the Standardized Precipita-
tion Indices and the Palmer Drought Severity Index were combined,



Fig. 4. Holistic approach components to perform risk assessment.
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showed that meteorological drought (based on precipitation alone) is
expected to increase in some regions of the U.S. while the hydrological
drought (based on precipitation and temperature) will affect most of
the country by 2050 (Strzepek et al., 2010). Since the beginning of the
20th century, temperature across the U.S. has been increasing to the
point that 60% of the country experienced some level of drought during
summer of 2012 (USDOE, 2013b). In the last decade, there have been
several events that reflect the vulnerability of the energy sector due to
decreased water availability including the prohibition by the city of
Grand Prairie (Texas) to use city water for HF because of extreme
drought in the Fall of 2011 and high prices for water or water access de-
nied to operators for several weeks in Kansas, Texas, Pennsylvania, and
North Dakota in 2012 (USDOE, 2013b).

Mitigation ofwater scarcity can be achieved byprioritizing the appli-
cation of integrated, cross-enterprise water management, which in-
cludes best practices, investment in new technology and application of
strategies designed locally because of regional regulations and specific
environmental attributes of the shale play (Gay and Slaughter, 2014;
Mauter et al., 2014). Environmental stressors associated with shale
plays are region specific because of the diversity of hydrospheres, land
surfaces, and biospheres (Mauter et al., 2014).
5.2. Chemical mixing

In 2012, the EPA identified more than 1000 chemicals used in HF
from which 27 chemicals (Table 7) are known or suspected carcino-
gens, or listed as hazardous air pollutants that may impact drinking
water. In addition, 82 chemicals are considered confidential business in-
formation and therefore undisclosed to the public (EPA, 2012). A major
concern at this stage is the possible risk of fracturingfluid spills and con-
tamination of drinking water sources but data to quantify the risk are
not available. Several databases were analyzed by the EPA (2012) and
the information regarding incidents is unclear. It is difficult to quantify
the risk of contamination directly related to chemicals and produced
water when the reports do not specify the content of the fluids spilled.
In addition, most of these spills are reported only by the media (EPA,
2012).

The North Dakota Department of Health (NDDOH) database shows
almost 8000 spills of oil, brine, and other chemicals between 2000 and
2013 (Cwiak et al., 2015). Fig. 5 shows the location of the spills reported
by the NDDOH. The entities in charge of keeping track of O&G spills in
Texas are the Railroad Commission (RRC) and the Commission on Envi-
ronmental Quality. The Texas RRC keeps reports of spills, which are



Table 7
Chemicals suspected to be carcinogens, hazardous air pollutants (HAP) or regulated under the Safe Drinking Water Act (SDWA) and number of products used in HF that contain these
chemicals (EPA, 2012).

Chemicals Category No. of products Chemicals Category No. of products

Methanol HAP 342 Phenol HAP 5
Ethylene glycol HAP 119 Benzene Carcinogen, SDWA, HAP 3
Naphthalene Carcinogen, HAP 44 Di (2-ethylhexyl) phthalate Carcinogen, SDWA, HAP 3
Xylene SDWA, HAP 44 Acrylamide Carcinogen, SDWA, HAP 2
Hydrochloric acid HAP 42 Hydrofluoric acid HAP 2
Toluene SDWA, HAP 29 Phthalic anhydride HAP 2
Ethylbenzene SDWA, HAP 28 Acetaldehyde Carcinogen, HAP 1
Diethanolamine HAP 14 Acetophenone HAP 1
Formaldehyde Carcinogen, HAP 12 Copper SDWA 1
Thiourea Carcinogen 9 Ethylene oxide Carcinogen, HAP 1
Benzyl chloride Carcinogen, HAP 8 Lead Carcinogen, SDWA, HAP 1
Cumene HAP 6 Propylene oxide Carcinogen, HAP 1
Nitrilotriacetic acid Carcinogen 6 p-Xylene HAP 1
Dimethyl formamide HAP 5
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categorized as crude, combined liquids, gas well liquid, or products. In
2013–2014, there were 2316 reported spills from which 312 are classi-
fied as gas well liquid or products (RRCT, 2015b). In Pennsylvania, ac-
cording to the EPA, in the period of 2006 to 2012, there were 4319
inspections with violations in the Marcellus shale region. Once again,
the nature of the incidents is not clear.

During chemical mixing, there is also a concern of exposure to some
of the additives in the fracturing fluid that are known to be toxic; how-
ever, the maximum exposure levels without any adverse effects are not
clear. Table 8 lists seven chemicals most commonly used in the fractur-
ing fluid, mentioned in Section 3, and their health effects. Due to lack of
Fig. 5. Spills in North Dakota from 2000 to 2013
Adapted from Gage Cartographics (2014).
data about pre- and post-drilling activities, extensive and long-term
studies on chemicals exposures and health effects are not available
(Adgate et al., 2014). Also, the data required for this type of studies is
usually extensive and difficult to collect (Shonkoff et al., 2014; Stern
et al., 2014). To date, there are no population-based studies that explain
the health impacts of unconventional gas production related to water
contamination (Adgate et al., 2014).

Colborn et al. (2011) found that from the total chemicals reported to
be used in HF to extract natural gas, more than 75% could affect the skin,
eyes, and other sensory organs, and the respiratory and gastrointestinal
systems. Also, around 40–50% could affect the nervous system, immune
. Red: oil, purple: brine, and yellow: other.



Table 8
Most common chemicals used in HF fluid, and their limits and health effects.

Chemical Level Health effects

Methanol 0.5 mg/kg-day reference dose (RfD), intake level at or below
which no health effects are likely to occur even with
long-term daily exposures (Saba et al., 2012).

Narcosis, metabolic acidosis. Severe abdominal, leg,
and back pain occur and visual degeneration can lead
to blindness. High doses of methanol (80–150 mL) are
usually fatal to humans.

Isopropanol 400 ppm (980 mg/m3) total weight average (TWA) − OSHA⁎

permissible exposure limit (PEL)⁎⁎
Narcosis, mild eye, nose, and throat irritation.

Crystalline silica 50 μg/m3 proposed PEL by OSHA. Silicosis, lung cancer, chronic obstructive pulmonary
disease, and kidney disease.

2-Butoxyethanol 240 mg/m3 OSHA PEL, 1.6 mg/m3 EPA inhalation reference
concentration (RfC).

Mild irritation. Not likely to be carcinogenic to humans
at or below the RfC.

Ethylene glycol 100 mg/m3 threshold limit value (TLV). NIOSH⁎⁎⁎

recommended exposure limit (REL) has not been established.
Irritation—eye, nose, throat, skin.

Hydrotreated light petroleum distillates 100 mg/m3 NIOSH recommended TWA 10 h. Irritation, nausea, headache, drowsiness, symptoms of
drunkenness, lung congestion, convulsions, coma.

Sodium hydroxide 2 mg/m3 TWA OSHA PEL. Ulceration of nasal passages. Eye, skin, and respiratory
irritation.

⁎ OSHA: Occupational Safety and Health Administration.
⁎⁎ PELs are based on 8-h time weight average exposure limit.
⁎⁎⁎ NIOSH: National Institute for Occupational Safety and Health.
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and cardiovascular system and kidneys. In addition, of the total
chemicals used, 37% affect the endocrine system and 25% could cause
cancer.

5.3. Well injection (HF)

Groundwater contamination could be caused by fluid migration
through natural or induced fractures. Previous studies suggest that
pathways for gas can also serve as pathways for HF fluid migration
(Osborn et al., 2011;Warner et al., 2012). Osborn et al. (2011) analyzed
68 private groundwater wells to determine the concentrations of dis-
solved salts, water isotopes, and isotopes of dissolved carbon, boron,
and radium. From these wells, 60 were also analyzed for methane and
higher-chain hydrocarbons content. The study found that 85% of the
wells contained methane concentrations within the defined action
level for hazardmigration. The source ofmethane in shallowgroundwa-
ter for active extraction siteswas thermogenic (shale)while amore bio-
genic or mixed biogenic/thermogenic methane source was the case for
non-active sites.

Results from Engelder et al. (2014) indicate that the flowback and
producedwater that remain inside thewell do not pose a threat to shal-
low aquifers by migrating upward along natural pathways because the
capillary and osmotic forces keep the fluids permanently inside the
shale matrix. Flewelling et al. (2013) reported that fractures after the
hydraulic stimulation are less than 600 m above well perforation
which is insufficient to reach groundwater resources. In addition,
Reilly et al. (2015) found through chemical analysis that the most com-
mon source of groundwater contamination is septic effluent. Similar to
the observations made by Osborn et al. (2011), Jackson et al. (2013)
found that 82% of the drinking well water samples contained methane
and from the different factors analyzed, distance to gas wells was the
dominant one. Their results show that themethane found is of thermo-
genic origin, which suggests that it reaches shallow well water through
casing failures or imperfections in cement annulus of the gas wells. A
more recent study has found no relationship between dissolved meth-
ane concentrations and proximity to existing O&G wells (Siegel et al.,
2015). Siegel et al. (2015) analyzed groundwater samples from loca-
tions near gas wells and found no evidence of systematic increased
methane concentration closer to these wells.

Groundwater contamination could be also caused byHFfluidmigra-
tion due to casing failure. According to the study conducted by Rozell
and Reaven (2012), the probability of a well failing ranges from
2.0 × 10−8 to 2.0 × 10−2 and the chance of a well leaking per year is
from 1 × 10−6 to 0.1. Pennsylvania records show that between 0.7%
and 9.1% of the O&G wells developed since 2000 show a loss of well
integrity and the higher risks are observed in unconventional wells
(Ingraffea et al., 2014a). However, the hazard modeling conducted in
the same study indicates that the loss of structural integrity is actually
12% for unconventional wells drilled since 2009. Furthermore, this and
other studies indicate that themost commonmethanemigrationmech-
anism, if not coming from a natural source, is this loss of integrity of the
cement and casing of the wells (Ingraffea et al., 2014a; Vengosh et al.,
2014).
5.4. Flowback and produced water production

The risk of spills and/or leaks could result in surface and groundwa-
ter contamination similar to the stages of chemical mixing and well in-
jection (EPA, 2012). A constraint to assessing risks associated with this
stage is that specific spill data related to produced water is not
completely available to the public. During 2012, in North Dakota, 25.5
million barrels of brine were generated and there were 141 reports of
pipeline leaks from which approximately 8000 barrels of brine were
spilled (Al Jazeera America, 2014). The Texas RRC and the Commission
on Environmental Quality track spills mostly from oil, gas and liquid
condensate but there are no reports related to HF fluids (EPA, 2012).

Flowback and producedwater contain high concentrations of differ-
ent contaminants which complicate the treatment to reach acceptable
levels for discharge and reuse. Some of the organic and inorganic con-
taminants found in producedwater are listed in Tables 9 and 10, respec-
tively (ATSDR, 1999; EPA, 2004;Maguire-Boyle and Barron, 2014; Orem
et al., 2014;Wilson and VanBriesen, 2012). Organics constituents can be
originated in the produced water, the shale itself, the oil in the shale, or
the fracturing fluid (added chemicals) (Orem et al., 2014). One additive
used intensively in the fracturing fluid is gel, generally guar gum and its
derivatives, to increase the viscosity of water and improve the transport
of sand into the fractures (Lester et al., 2014). The gel does not pose a
threat to health but it may have effects on membrane separation treat-
ment processes affecting the efficiency of contaminant removal (Lester
et al., 2014).

Studies indicate that the radioactivity inmost producedwaters is di-
rectly proportional to the content of salts (Brown, 2014; Fisher, 1998).
The content of radium-226 in the Marcellus shale produced water can
be higher than 10,000 pCi/L while the standard for drinking water
(Ra-226 and Ra-228) is just 5 pCi/L (Brown, 2014; Osborn et al.,
2011). In North Dakota, radioactivematerial has been found in different
waste streams from O&G activities, mostly scale in equipment, in con-
centrations above natural backgrounds (Argonne National Laboratory,
2014). Also, a study conducted in the Barnett shale found that the



Table 9
Organic contents of produced water from typical shale gas wells and their health effects.

Compound type Level/source Health effect of different compounds

Dissolved organic carbon Hydrocarbons found in the
produced water at levels as high
as 5500 mg/L

• Cyclic octaatomic sulfur: microbiological activity indicator
• Straight chain alkanes/alkenes: mucosal irritation in nasal turbinates and
larynx in rat, cystic uterine endometrial hyperplasia in mice, and carcinogenic
potential
• Aromatics and aliphatics: hepatic and renal effects, hemolytic anemia, and
respiratory irritant effects in animals
• Carboxylic acids: low genotoxic potential

Added organic chemicals Found in the flowback water at
levels N1000 μg/L per individual
compound

• Aliphatic hydrocarbons (solvents): respiratory irritant effects in animals,
asphyxia and chemical pneumonitis
• Brominated nitrilopropionamides and
hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione (biocide): developmental,
reproductive, mutagenic, carcinogenic, or neurological effects
• Ethylene glycol and derivatives (cross linker and scale inhibitors): central
nervous system depression, cardiopulmonary effects, and renal damage
• Guar gum and diesel fuel (gelling agent): guar gum does not pose a threat but
diesel fuel contains known carcinogens
• Ethanol (foaming agent): malnutrition, effects on hepatic metabolism and
immunological functions
• Methanol (corrosion inhibitor): visual disturbances, neurological damage,
dermatitis
• Fatty acid phthalate esters (breaker): liver effects

Benzene, toluene, ethylbenzene, and xylene (BTEX) Contained in diesel used as a
gelling agent

• Cancer risk, neurological effects, primarily central nervous system depression,
ototoxicity, hemato-logical, immunological, and lymphoreticular effects.

Polycyclic aromatic hydrocarbons (PAHs) Lower than off-shore produced
waters

• Carcinogenic, reproductive problems in mice, and respiratory effects

Volatile fatty acids (VFAs) Produced by bacteria. Maximum
level of 53.7 mg/L.

• Aliphatic acid anion (primarily acetate): induces headache in sensitized rats,
corrosive for the skin, eye damage, and mucous membranes irritation. VFAs are
responsible for unpleasant odor in wastewater
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total beta radiation in a reserve pit was eight times higher than the
regulated limit (Brown, 2014).

5.5. Wastewater treatment and waste disposal

Surface spills can be caused by leaking reserve pits and pipes, trans-
portation accidents, and improper treatment followed by stream
discharge. All of these scenarios present a threat of drinking water con-
tamination (EPA, 2012). The purpose of wastewater treatment is to
eliminate the TDS, which are mostly derived from the subsurface or
lower the concentration to acceptable level before discharge (Lutz
et al., 2013). However, not all treatment plants have the capacity or
the technology to successfully remove naturally occurring salts
(Wilson and VanBriesen, 2012). Another limitation of wastewater
treatment plants is that the content of the produced water is difficult
to predict because it varies with time, location, and composition of the
fracturing fluid (Barbot et al., 2013).

Ferrar et al. (2013) found that in Pennsylvania prior to a voluntary
cessation of off-site treatment (requested by the Pennsylvania Depart-
ment of Environmental Protection) in 2011, the concentrations of con-
taminants in the wastewater treatment plants effluents were above
quality criteria. After the cessation, the contaminant concentrations in
Table 10
Inorganic contents of produced water from typical shale gas wells, and their health effects and

Contents Health effects

Sodium Unlikely to have adverse health effects
Calcium and magnesium Causes hardness in water but don not represent a threa
Potassium High doses can affect health in people with kidney dise

artery disease, hypertension, diabetes, adrenal insuffici
limited renal reserve are more vulnerable.

Iron Not a threat to health
Strontium Strontium accumulates in bones. Children are more vul

strontium.
Barium Causes increase in blood pressure
Chloride Unlikely to have adverse health effects
Bromide In high and chronic doses, vomiting or stupor, depressi

coordination and psychoses. Increases formation of disi
are carcinogenic and potentially teratogenic
the receiving waters decreased suggesting that on-site treatment is
more effective than off-site plants (Ferrar et al., 2013). Brine treatment
can reduce concentrations of NORM by more than 90% (Warner et al.,
2013a). However, there are still high levels of NORM in receiving stream
sediments, which pose the risk of bioaccumulation in the food chain
(Brown, 2014;Warner et al., 2013a). Health effects of radium consump-
tion in drinkingwater include tooth fracture, anemia, cataracts, and can-
cer if the exposure is chronic (Rich and Crosby, 2013). In addition,
trihalomethanes and other disinfection by-products are produced
during the water treatment process due to the elevated bromide and
chloride concentration and their reaction with organic compounds
which present health risks (Brown, 2014; EPA 2012; Vengosh et al.,
2014; Warner et al., 2013a).

Wilson and VanBriesen (2012) found that operators in Pennsylvania
have been shifting to recycling and reusing methods and have reduced
discharges to surface water bodies. The study shows an increasing rate
ofwater reusewithin operations and treatment at publicly owned treat-
ment works and centralized waste treatment plants with effluent limi-
tations established by the EPA (EPA, 2003). These non-discharging
methods have reduced the levels of bromide that were being released
to the environment, but acceptable levels for water treatment plants
have not been determined (Wilson and VanBriesen, 2012).
regulatory levels.

Regulatory levels

20–60 mg/L for esthetic effects (recommended)
t to health 500 mg/L (total dissolved solids)
ase, heart disease, coronary
ency, and people with

4.7 g/day adequate intake for adults

0.3 mg/L recommended
nerable to excess 4.0 mg/L lifetime health advisory level

2 mg/L
250 mg/L

on, loss of muscle
nfection by-products that

1.0 ppm
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Transportation of wastewater for treatment or disposal requires a
considerable number of trucks, which increases the probability of traffic
accidents that could result in spills. In the Bakken shale region, there
was an increase of 68% of crashes involving trucks from 2006 to 2010
(Environment America, 2013). In the Eagle Ford region, the Texas
Department of Transportation reported a 40% increase in fatal motor
vehicle accidents from 2008 to 2011 (Adgate et al., 2014). Likewise,
the Crash Reporting System from the Pennsylvania Department of
Transportation reported an increase in accidents involving heavy trucks
between 1997 and 2011 (Adgate et al., 2014).

According to the EPA, 7.6 × 106m3 of brine is disposed per day in the
144,000 class II injection wells all over the country. Deep-well injection
is one of the most common methods used but additional research is re-
quired to determine the long term impacts, especially on groundwater
and seismic activity, and to accommodate the demand of produced
water volumes (Arthur et al., 2008). There is one study by the EPA
(1998b) that determined that the probability of wastewater migration
to groundwater resources is very unlikely and depends on the thickness
of the low permeability strata overlying the receiving formation.

6. Future research directions

Earlier risk assessment techniques focused mostly on providing
numerical results giving a narrow view of the issue. The best way to as-
sess risks towater quantity and quality due to unconventional O&Gpro-
duction is through a comprehensive approach that includes an analysis
of every stage of the water life cycle where social factors are considered
as well. This holistic risk assessment approach should include results
from previous risk assessments, social perception studies, and opinions
of different parties involved. With this, a comprehensive model for risk
characterization could be developed. Different sources of information
can be used to perform the holistic risk assessment including the EPA
study, which is in the final peer-review stage. The comprehensive
model should take into account different factors, both quantitative
and qualitative, such as mechanical, human and organizational aspects
and public perception. The model could evaluate the risks in every
stage of the water life cycle and determine the level of impact (low,
medium or high). By doing this, the risks can be prioritized based on
every factor involved, which is lacking in previous risk assessments,
and the best mitigation plans to control them can be developed.

7. Conclusions

Unconventional O&G production is a water-intensive process that
requires great collection of data to perform risk assessment and reduce
uncertainties. To date, there are very few risk assessments on onshore
unconventional O&G that include social factors. The public information
about the chemicals and effects on health is incomplete because someof
them are considered confidential, which has created mistrust towards
the industry. A holistic risk assessment should be performed to
completely understand the impacts involved in the process. In addition
to this analysis, riskmitigation strategies can improve safety and reduce
negative perceptions from different stakeholders.

The risk of spills that is present in several stages of the process can be
avoided with proper handling and management techniques. During
well injection, the chances of well failure and leakage are very low
but proper well integrity tests are always required. Produced water
management can be improved by applying proper handling techniques,
reducing transportation, and increasing inspection of storage tanks,
pits/impoundments, and pipes. Finally, zero dischargewastewater tech-
niques minimize the risk associated with improper treatment followed
by stream discharge.

Understanding the water issues present in the U.S. due to uncon-
ventional O&G production is necessary for the development of
strategies to minimize water shortage and contamination. These
strategies have to consider environmental, cultural, and political
systems to offer integrated solutions. Emerging international shale
plays have the opportunity to learn from the U.S. experience to de-
velop their own strategies for water and wastewater management.
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