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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale gas
exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface, the
surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the transformation
of the energy system in the direction of lower CO2 emissions and more renewable energy. Shale gas may
contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in the
shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The fracturing
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse gas
emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy sources
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
This report provides an inventory of quantified risks and impacts of shale gas exploration and
exploitation. Risks assessment was based on a framework that consists of three components: (1) a Markov
Chain-type approach to describe the transition from a properly operating shale gas well (base state) to
absorbing states where incidents detectable effects on human health, safety and natural environment, (2) a
bow-tie approach to describe incidents that lead to a transition between states in terms of its causes and
effects with associated preventive and control measures, and (3) a risk assessment matrix that classifies
risks according to their probability of incident occurrence and effects. Probabilities of incidents
occurrence and effects of incidents are based on the review of data from shale gas operations in the U.S.A.
and Canada. The main risks, incidents and impacts for operations in the U.S.A. and Canada are (ranked in
order of importance): (1) Risks associated with reduced general safety mainly related to incidents related
to transportation (traffic-related accidents) and well site activities (preparation of fracturing fluids), (2)
risks associated with reduced air quality and global climate footprint mainly related to incidents related to
emissions of potentially hazardous substances (VOC, NOx, SOx, PM, HAP, O3) and greenhouse gasses
(CH4, CO2), (3) risks associated with well leakage mainly determined by incidents mainly related to
drilling (borehole damage and leakage) and completions (well barrier or integrity failure) of wells, (4)
risks associated with surface spills mainly related to spills and leaks of potentially hazardous substances
(fracturing chemicals or fluids) or flowback and produced water, (5) risks associated with landscape
disturbance mainly related to well site construction in cultivated and industrialized land, or in pristine
natural habitats, (6) risks associated with structural damage due to induced seismicity mainly related to
fluid injection for hydraulic fracturing or subsurface fluid disposal, (7) risks associated with reduced water
availability and quality mainly related to water use and local conditions (aridity of area), (8) risks
associated with loss of geological containment (leakage along hydraulic fractures). It is not evident to
assess risks associated with absence of a social license to operate in the same framework as relations
between public perceptions and shale gas operations are complex and more systematic studies are
warranted. Although direct application to Europe is not meaningful due to a lack of data and different
settings, the analysis can prioritize regulations and risk mitigation measures.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has
already proved to be a game changer in the U.S. energy market (EIA 20151). The
European Commission's Energy Roadmap 2050 identifies gas as a critical energy source
for the transformation of the energy system to a system with lower CO2 emissions that
combines gas with increasing contributions of renewable energy and increasing energy
efficiency. It may be argued that in Europe, natural gas replacing coal and oil will
contribute to emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracturing. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in
individual Member States. Shale gas basins are unevenly distributed among the
European Member States and are not restricted within national borders, which makes
close cooperation between the involved Member States essential. There is relatively
little knowledge on the footprint in regions with a variety of geological and geopolitical
settings as are present in Europe. Concerns and risks are clustered in the following four
areas: subsurface, surface, atmosphere and society. As the European continent is
densely populated, it is most certainly of vital importance to understand public
perceptions of shale gas and for European publics to be fully engaged in the debate
about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on
potential environmental, societal and economic consequences of shale gas exploration
and exploitation. Knowledge needs to be science-based, needs to be developed by
research institutes with a strong track record in shale gas studies, and needs to cover the
different attitudes and approaches to shale gas exploration and exploitation in Europe.
The M4ShaleGas project is seeking to provide such a scientific knowledge base,
integrating the scientific outcome of 18 research institutes across Europe. It addresses
the issues raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing
and mitigating the potential environmental risks and impacts of shale gas exploration
and exploitation.

1.2

Study objectives for this report

The main objectives of this report are to (1) develop a consistent risk assessment
framework for quantification and comparison of impacts and risks of shale gas

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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operations (section 2), (2) perform a review data on impacts and probability of
occurrence for incidents related to shale gas operations in the U.S.A. & Canada (section
3), (3) rank the risks for shale gas operations in the U.S.A. and Canada according to
their relative importance (section 4), (4) discuss mitigation measures that may be
implemented to prevent occurrence and reduce impacts that can lower risks (section
2.2.2), (5) compare incidents, impacts and risks with (conventional gas) operations in
Europe (section 3), and (6) discuss implications for Europe (section 4.3).

1.3

Aims of this report

The report aims to provide an inventory of quantified risks and impacts of shale gas
exploration and exploitation, and rank the risks for operations in the U.S.A. and Canada
in order of relative importance. The inventory and ranking can be used to identify the
most prominent risks associated with shale gas operations, which can be used to
prioritize regulations and risk mitigation measures. This information is particular useful
if shale gas were to be developed in Europe.

1.4

Scope

The M4ShaleGas project studies and evaluates the potential risks and impacts of shale
gas exploration and exploitation in four main areas of potential impact: the subsurface,
the surface, the atmosphere, and social impacts. This report provides an inventory of the
most important potential incidents, impacts and risks of shale gas operations. It deals
with operations performed during the full life cycle of a shale gas project, starting with
the exploration phase and ending after the well is decommissioned and long abandoned.
The analysis focusses on potential risks for human health, safety and natural
environment that are can be associated with subsurface operations. Other risks, such as
economic risks associated with subsurface shale gas operations are sometimes
mentioned but not fully covered in the report. This report focusses on comparing the
most important incidents, impacts and mitigation measures that have been identified in
North America. This focus is chosen to keep the report concise and avoid overlap with
more comprehensive reviews of the individual risks and mitigation measures in the
subsurface that are also performed in the M4ShaleGas project2 (see also references to
M4ShaleGas studies in this report). Analysis and integration of the most prominent risks
associated with shale gas operations is the prime objective of the research. The analysis
aids in identifying potential knowledge gaps related to impacts and risks of shale gas
operations, specifically when applied to Europe. Accordingly, the work contributes to
building a European knowledge base on all risks, impacts and scientific
recommendations for best practices of shale gas operations.

2

M4ShaleGas (http://www.m4shalegas.eu).
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2

DEFINITIONS & METHODOLOGY

2.1

Definition of impacts, hazards, footprint and risks

Within the context of this report, impacts are considered as direct effects resulting from
operations, hazards as potential incidents caused by operations that may affect human
health, safety and natural environment, and footprints as the permanent long term
effects on the natural environment. Hazards and incidents are defined on the basis of
their causes and effects. To define an appropriate risk assessment framework, it is
important to emphasize the difference between hazards or incidents and risks (e.g.,
Okrent 1980; Smith 2013). Throughout the report risks are defined as the combination
of the probability or likelihood of the occurrence of an incident or hazardous event (e.g.,
loss of zonal isolation) and the (severity of) impacts or effects that the incident has on
human health, safety and natural environment (e.g., the contamination of a shallow
aquifer).

2.2

Risk assessment methodology

In this study, risks are assessed for the full life cycle of a shale gas project, starting with
an exploration, planning and permitting phase and ending long (decades) after
decommissioning and abandonment up to the point in time when potential footprints
can no longer be recognized (Figure 1).
exploration,
planning &
permitting

well site
construction

completion &
stimulation

production &
maintenance

decommissioning

abandonment

drilling &
cementing

months - years

months

months

weeks

10-30 years

months

decades

Figure 1. Full life cycle of a shale gas project with approximate timeline, starting with an
exploration, planning and permitting phase and ending long (decades) after decommissioning.

A data-driven approach to risk assessment is followed, i.e. as much as possible risks are
based on available data from shale gas operations in the U.S.A and Canada concerning
the occurrence of incidents and their effects on human health, safety and natural
environment. Other types of risks, for example economic risks, are not considered.
The risks assessment framework used to quantify and compare risks and impact of shale
gas exploration and exploitation consists of three components: (1) a Markov Chain-type
approach to describe the transition from a properly operating shale gas well (base state)
to a situation (absorbing state) where incidents have caused detectable effects on human
health, safety and natural environment (Figure 2, Grimmett and Stirzaker 2003;
Grinstaed and Snel 2009), (2) a bow-tie approach to describe incidents in terms of its
causes and effects with associated preventive and control measures (Figure 3, Van
Thienen-Visser et al. 2013), and (3) a risk assessment matrix that classifies risks
according to their probability of occurrence and effects (Figure 4, Energy Institute 2008;
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De Mong et al. 2010; King 2012). The risk assessment framework combines and links
the three components, so that it describes risks of shale of operations (using the risk
assessment matrix) based on probability of incidents related to wells (using the Markov
Chain analysis) and impacts (using the bow-tie analysis).
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safety
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state (Si)
prior to
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potential causes (C)

Figure 2. Example of a state diagram for a Markov Chain describing the transition between a
base state (S0) and final (absorbing) state (S11) via several transient states (Sx with 1 < x < 11
with x a number uniquely identifying the state). Within the current risk assessment framework,
progressive state transitions (Si-j) are associated with incidents (Ix) with probability of
occurrence (Pi-j). A direct path (through states 0, 1, 2, 4, 11), and two alternative paths (through
states 0, 5, 6, 7, 8, 11 and through 0, 9, 10, 3, 4, 11) are shown for the transition from base to
final state. The succession of incidents determines the transition path. Within the current risk
assessment framework, transitions are definite and higher states (i.e. states closer to the final
state) do not fall back to lower states (i.e. states closer to the base state) without mitigation
measures. Mitigation measures affect state transitions, i.e. preventive measures (PM) may
prevent certain transitions to occur (e.g., S5-6) while control measures (CM) can lead to fall back
of states (e.g., S12-0 or S5-0).

state (Sj)
after
incident

Figure 3. Bow-tie approach for risk assessment with an incident (I) leading to a transition
between states (Si to Sj, c.f. Figure 2). Risks associated with incidents are described in terms of
its potential causes (C) and effects (E) with associated preventive (PM) and control (CM)
measures (Van Thienen-Visser et al. 2013).
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Figure 4. Risk assessment matrix that classifies risks (negligible-intolerable) according to their
probability or likelihood of occurrence (class A-E) and severity of impacts or effects (class 1-5).
Modified after Energy Institute (2008); De Mong et al. (2010); King (2012).

2.2.1

Markov Chain approach for transitions between states of a well

In the Markov Chain approach, the transition from a base state to final (absorbing)
states via different transient states are considered (Grimmett and Stirzaker 2003;
Grinstaed and Snel 2009). A properly operating (incident-free) well is considered as the
base state (S0). Note that the term “base state” should not be confused with “baseline”.
A “baseline” generally refers to a dynamic set of environmental conditions describing
the natural state of a particular region prior to operations, while the “base state” in the
Markov Chain approach refers to the incident-free status of a well after drilling,
completion or decommissioning. The choice of final (absorbing) states is based on the
main risks for human health, safety and natural environment (HSE) associated with
shale gas operations. These risks were identified in previous reviews of best practices
shale gas operations in U.S.A. and Canada (Ter Heege 2016a; 2016b; 2017), and in
meetings where different stakeholders were present. These risks are associated with (a
series of) incidents (I) that result in a sequence of state transitions between base and
final states with progressively higher state number (Si-j with i < j, Figure 2, 3). Some
risk assessment studies adopt a Markov Chain approach with certain retention times
assigned to states to account for the fact that states may fall back without intervention
over characteristic timescales (Van Thienen-Visser et al. 2013). Although this type of
fall back may be relevant for some states, it is not considered in this study. The
transition between a base and final state can occur through multiple transient states,
each associated with the occurrence of an incident. Two criteria are used to define
transient states and state transitions: (1) states for which data on the probability of
transition from/to other states could be collected, (2) states which are considered
important in current shale gas operations (based on reviews). The choice of (the number
D21.3 Inventory of risks and impact of shale gas exploration
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of) transient states is rather arbitrary, and different choices may be equally valid.
Although more incidents and transient states allow more differentiation, increasing the
number of transient states results in many transitions that are unrealistic, overlap or are
practically indistinguishable. Limiting the number of incidents results in better focus on
the main incidents and risks, hence preventing blurry results with many states. It also
prevents state transitions with probabilities unconstrained by data. For the purpose of
this study, the number of incidents was limited to three for each risk resulting in two
transient states. The choice of transient states is explained in following sections
describing the different scenarios that may lead to the final states. Accordingly, the total
number of states (NS) for each risk equals four (i.e. one base state, two transient states
and one final state). The probability of transition between states i and j is described
using one transition probability matrix Pi-j of dimensions NR x NS x NS with NR the total
number of risks (Figure 5).
All probabilities in the transition matrix are based on a review of data from shale gas
operations in the U.S.A. and Canada. Transition probabilities are based on the number
of wells for which incidents occurred over the full lifetime of a well in a shale gas
project (Figure 1). If data on incident occurrence is available, the probability of
incidents is based on the number of incidents relative to the total number of
hydraulically fractured or drilled wells (sometimes referred to “frequency or rate of
incidents or impacts”, U.S. EPA 2016). If the number of incidents is given relative to
other units (e.g., number of fracturing jobs or well sites), probabilities are re-calculated
using conversion factors indicated in the text so that they are relative to the total number
of wells. Some probabilities may be better represented relative to well sites, fracturing
jobs (e.g., number of well site accidents) or regions with shale gas operations (e.g.,
number of traffic accidents). However, taking a common reference (i.e. the total number
of wells) to calculate probabilities has the advantage that risks and impacts can be better
compared. It also better deals with the general trend of increasing number of wells per
well site that can be observed for most shale plays over the last decade. It does not fully
compensate for the general trend of increasing scale of activity per well site as, for
example, the number of fracturing jobs per well has also been increasing over the last
decade (which for example means larger volumes of fracturing fluids needs to be
transported and stored at the well site, U.S. EPA 2016). It means that an increasing
number of incidents per well site may be observed because the scale of operations is
increasing, even if individual operations itself may be getting safer (Retzer et al. 2016).
Accordingly, the scale of operations is a factor that needs to be acknowledged when
discussing trends in risks and impacts over time, or when comparing risks and impacts
between different regions in the world. Upper bounds on the probability of incidents are
generally based on the occurrence of incidents in areas that are particularly prone to
specific incidents (for example, the relatively high probability of problematic induced
seismicity related to high volume waste water injection in Oklahoma). Lower bounds on
the probability of incidents are generally based on incident occurrence relative to all
wells drilled or operated for multiple shale plays in the U.S.A. or Canada (for example,
the relatively low probability of problematic induced seismicity related to fluid injection
for hydraulic fracturing in the U.S.A.).
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Figure 5. Example of a transition probability matrix for the state diagram shown in Figure 1.
Probabilities for transitions (Pi-j) from the base state, between transient states, and to the final
state (Si-j with i < j) are colour coded according to 5 probability classes (A-E, cf. Figure 4).
Control measures that allow fall back transitions are indicated in the top right part of the matrix
(Si-j with i > j). Preventive measures that may lower the probability of state transitions or even
avoid occupation of states are indicated along the matrix diagonal (Si-j with i = j). The matrix is
drawn for the situation where state transitions for the direct path (through states 0, 1, 2, 4, 11)
have highest probabilities, while state transitions for the two alternative paths (through states 0,
5, 6, 7, 8, 11 and through 0, 9, 10, 3, 4, 11) have lower probabilities (cf. Figure 1). In this
example, transition S10-11 along one of the alternative paths has unknown probability (for
example due to a lack of data).

If data is not available, the relative importance of risks is assessed by comparison with
risks for which data is available. The transition probability matrix can also include
probabilities of transitions between states associated with different risks. The approach
thereby can be used to address dependencies between incidents associated with different
risks. For example, problems with the construction of wells may affect the probability
of well leakage, surface spills, and reduced air quality (U.S. EPA 2016). As data for
these dependencies are usually lacking, transitions between states associated with
different risks were not included in this study.
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As all states are considered to evolve from the base state towards the absorbing states,
probabilities are only considered progressive state transitions (Pi-j with j > i). States may
fall back to a previous state (i-j with j < i) if control measures are implemented (Figure
2). As state transitions are considered for the full lifetime of a well in a shale gas
project, it means that states remain occupied over the full lifetime of the project without
control measures. One of the advantages of the Markov Chain approach is that the direct
transition from the base to adsorbing state can be compared with the transitions between
base, transient and adsorbing states (Grimmett and Stirzaker 2003; Grinstaed and Snel
2009; Van Thienen-Visser et al. 2013). If transition probabilities between the base and
adsorbing states are known, they can be used as additional constraints on probabilities
of transitions between transient states should data be lacking (e.g., Pi-m = Pi-jPj-kPk-lPk-m
for a transition between base state i and absorbing state m via transient states j, k, l).
Further constraints on transition probabilities can be incorporated by considering that
the well must be in one of the states considered (j Pi-j = 1 for all i). The current
approach may be extended by considering retention times (tr) or uninterrupted
occupation time of transient states, providing quantified constraints on the diagonal
elements of the transition probability matrix (Pi-i = 1- tr-1, Van Thienen-Visser et al.
2013). As the current Markov Chain approach is based on available data from shale gas
operations in the U.S.A. and Canada, focus was on implementing these data in the risk
assessment framework and retention times were not considered.
2.2.2

Bow-tie approach for causes, effects and mitigation measures of incidents
associated with shale gas operations

The Markov Chain approach is linked to a bow-tie approach by considering that a
transition between states is associated with an incident (Figure 3). The incident (I) is
described in terms of its causes (C), effects (E), preventive measures (PM) and control
measures (CM, Table 1). Each of these items are numbered (e.g., IRx with R the risk and
x the identification number, Table 2) so that they are uniquely identified. The causes
leading to an incident are the basis for progressive state transitions and probability of
occurrence (Figure 2, 5).
The bow-tie method can account for two types of mitigation measures that lower risks
associated with incidents: (1) Preventive measures that mainly lower the probability of
incident occurrence, and (2) control measures that mainly lower the effects of incidents
(Table 2). Preventive measures (PM) can be divided into measures improving the design
of operations that increase safety (“design inherent safety”, e.g., regulations for well
design), measures improving the organization or planning of operations (“organizational
preventive measures”, e.g., internal safety procedures), and measures improving
technical aspects of operations (“technical preventive measures”, e.g., proper
construction of wells). Preventive measures may lower the probability for state
transitions or even avoid occupation of states (Figure 5). Control measure can be
divided into measures enforcing the handling of incidents (“organizational control
measures”, e.g., safety protocols) and measures that remediate the effects of incidents
(“technical control measures”, e.g., well repair). A list of general mitigation measures
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with typical examples is indicated in Table 2. A more detailed description of mitigation
measures and methods can be found in a previous report (Ter Heege 2016a). The effect
of mitigation measures on (the probability of) state transitions is indicated described in
section 2.2. Control measures are the basis for fall back state transitions (Figure 5).
Table 1. Preventive (PM) and control (CM) measure for mitigating risks associated with the
incidents considered in this study.
Mitigation Measures

Typical examples

Preventive Measures (PM)
1 regulations, planning &
internal procedures

planning operations following regulations & best practices; safety,
monitoring & mitigation protocols, environmental impact assessment

2

surface & subsurface
characterization

area & site characterization; geological (mapping), geophysical
(seismics) & petrophysical (well logs) characterization

3

efficient design of
operations

reducing the scale of operations using optimum treatment schedules &
number of fracturing stages; multi-well pads

4

implementation best
practice operations

performing operation with proven track record regarding safety and
efficiency; implement learnings in future operations

5

deployment of monitoring
systems

real time monitoring performance and safety of operations; implement
traffic light systems (e.g., induced seismicity, leakage, pollution);

Control Measures (CM)
1 modification of operations

adjust transport, storage & handling of materials; modify treatment
schedules; temporarily shut-in of operations

2

maintenance, repair &
impact reduction

3

decommissioning,
permanent shut-in, plugging & abandonment of wells; site clean-up;
remediation & reclamation site reclamation & re-use; environmental remediation; monitoring

2.2.3

special operations to reduce impact, maintenance well site
infrastructure; flow back/diversion; repair structural damage

Risk assessment matrix for classification of risks based on probability of
occurrence and severity of impacts

For the classification and comparison of the different risks a risk assessment matrix is
used (Figure 4, Energy Institute 2008; De Mong et al. 2010; King 2012). The risk
assessment matrix can be used to determine the relative importance of different risks
based on the combination of the probability that an incident occurs and the effects the
incident has. For the current risk assessment framework, the matrix uses 5 classes to
describe the probability of incident occurrence (class A-E) and severity of its impacts
(class 1-5). Accordingly, the relative importance of risks is indicated by 25 possible
combinations (A1-E5) of probability and impact. These combinations are used to define
5 risk classes indicating different risk levels, i.e. negligible, minor, moderate, high and
intolerable. Different combinations of probability and impact may lead to the same risk
level (i.e. risk class A5 and E1). A consistent division of classes (and consistent colour
coding) is used to classify the probability of incident occurrence and severity of impacts
in the risk assessment matrix, and to classify probability of state transitions in the
transition probability matrix. As such, a consistent risk assessment framework is
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implemented with 5 classes to compare probability of incidents and state transitions,
severity of impacts of incidents, and risks.
Table 2. Definition of symbols used in the risk assessment framework (Figure 2-6).
Symbol
C
CM
E
I
PM
Pi-j
R
S
Si-j
x

Description
Causes leading to an incident (I)
Control Measure
Effects of an incident (I)
Incident (I) leading to transition in states (Si-j) and risks (R)
Preventive Measure
Probability of transition between states Si and Sj for a well (i, j = x)
Risk associated with (a series of) incidents
State of a well (S = 0 denotes the bases state of a properly functioning, incident-free well)
Transition between states Si and Sj for a well (i, j = x)
identification number (subscript). Incidents, states, preventive measure and control
measures are numbered IRx, SRx, PMx and CMx , respectively (with R denoting the risk
number and x the identification number.
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3

MAIN RISKS & IMPACTS OF SHALE GAS OPERATIONS

3.1

Main risks for human health, safety & environment in the
U.S.A. & Canada

Previous reviews of best practices shale gas operations in U.S.A. and Canada have
shown that the main risks of operations for human health, safety and natural
environment (HSE) are associated with (1) reduced general safety affected by incidents
related to well site construction, storage and transportation, (2) reduced air quality and
global climate footprint affected by emissions of pollutants or greenhouse gases to air,
(3) contamination of shallow aquifers or surface waters due to well leakage affected by
incidents during drilling, construction, completion, production or decommissioning of
wells, (4) contamination of shallow aquifers or surface waters due to surface spills or
leaks affected by incidents during transportation, storage or handling of hazardous
substances, (5) Contamination of shallow aquifers or surface waters due to loss of
containment affected by incidents related to out of zone fracturing, fluid migration
along geological pathways and breaching of geological seals, (6) landscape disturbance
affecting local communities, wildlife or biotopes, (7) reduced water availability and
quality affected by extensive water use, (8) structural damage affected by problematic
induced seismicity, and (9) a lack of social license to operate affected by the social,
political and economic environment (Figure 6).

3.2

Evaluation of potential incidents & main risks

3.2.1

Main approach & data sources

The current analysis of main risks and impacts of shale gas exploration and exploitation
aims to quantify risks, probabilities for the occurrence of incidents, and impacts. As
described in the risk assessment methodology (section 2.2), quantification is performed
by dividing probabilities, impacts and risks into 5 classes (Figure 4, 5). A total of 9 risks
and final (absorbing) states have been identified (section 3.1). To limit the total number
of incidents, the 3 most important incidents and states are defined for each risk; two
incidents that describe the main hazard or event, and one incident that describes critical
effects on human health, safety and environment.
Unless mentioned otherwise, most of the analysis focusses on horizontal or vertical
stimulated production (SP) wells (Figure 6). Probability of incident occurrence and level
of risks will be much lower or even negligible for exploration or monitoring (EM)
wells. Fluid disposal (FD) wells are mainly important for risks associated with structural
damage due to induced seismicity (section 3.2.9), while decommissioned (DC) wells
deserve particular attention in determining risks associated with well leakage (section
3.2.4). A discussion on the choice of incidents, risks and states and limitations of the
approach is given in section 3.2.1.
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R1
• Reduced general safety: Well site

R2
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• Reduced air quality & global climate
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• Contamination due to well leakage:

R8

Drilling, construction, completion,
production or decommissioning of wells
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construction, storage & transportation
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R3
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• Contamination due to surface spills &
leaks: Transportation, storage or
handling of hazardous substances

FD

R5

R5
• Contamination due to loss of geological
containment: Out of zone fracturing &
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R6
• Landscape disturbance: Local
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Extensive water use
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• Structural damage due to induced
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water disposal
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exploration/monitoring

FD
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stimulated production
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decommissioned
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• Lack of social license to operate: Social,
political & economic environment

Figure 6. Schematic diagram showing the most important risks related to shale gas operations
(R1-R9), and the types of wells relevant to risk assessment of shale gas operations. Consistent
colours are used in the figure and list of risks. Note that the indicated well types may include
different well designs, for example different completion types for stimulation production (SP)
wells (e.g., cased, formation packer, open hole) or different types of fluid disposal (FD) wells
(e.g., class II disposal wells). See U.S. EPA 2016 for more information.

The objective of this study is to analyse the most important risks and impacts associated
with shale gas operations. The study does not aim to provide a comprehensive inventory
of all relevant aspects that lead to these risks including an elaborate literature overview.
Rather only some key concepts are described for each risks illustrated with some
examples if relevant. Referenced literature mostly comprises overview or review
publications that compile important data on the occurrence or impacts of different
incidents. Some of the most prominent studies that are repeatedly referenced in the
description of different risks are elaborated below (see these publications and references
therein for more background information). The U.S. EPA (2016) performed a well file
review of 323 hydraulically fractured oil and gas production that are statistically
representative of ~23200 hydraulically fractured onshore oil and gas production wells
(~28500 hydraulic fracturing jobs) in 2009-2010 by nine service companies. It is
important to note that most wells (65%) in the Well File Review are vertical (Figure 7).
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WELL ORIENTATION
horizontal 11%
deviated 24%

vertical 65%

Figure 7. Statistics on well orientations for wells in the U.S. EPA (2016) well file review.

The review and accompanying report provide useful constraints on probabilities of
transitions between states of a well concerning well leakage (R3), surface spills (R4),
loss of geological containment (R5) and reduced water availability (R7). The report also
gives an excellent review of current practices for shale gas operations in the U.S.A.
Cooper et al. (2016) reviewed the economic, environmental and social sustainability of
shale gas, and particularly report result from a life cycle analysis considering an
extensive range of environmental impacts (R1-R9). Zammerilli et al. (2014) presents a
report of the U.S. department of energy (U.S. DOE) that summarizes different potential
environmental impacts of unconventional natural gas upstream operations within the
Lower 48 United States (R2-R8). Retzer et al. (2016) analysed data from The National
Institute for Occupational Safety and Health (NIOSH) on fatalities in the (conventional
and unconventional) oil and gas industry in the U.S.A. between 2003 and 2013 (R1).
Davies et al. (2012; 2013; 2014) reviewed data on the vertical extent of hydraulic
fractures, induced seismicity and the integrity of oil and gas wells (R3, R5, R8). In
particular, these studies performed statistical analysis of (1) data from the Department
of Environmental Protection in Pennsylvania (U.S. DEPP) on well barrier and integrity
failure and (2) data from Fisher and Warpinski (2012) on the vertical extent of hydraulic
fractures (height growth) that provide useful constraints on probabilities of transitions
between states of a well concerning well leakage and loss of geological containment.
King (2012) reviews technical risks associated with hydraulic fracturing and best
practices for shale gas operations from a more industry perspective (R1-R5, R7-R8). Data
on the probability of incidents defined in this study are compiled in Figure 8.
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Figure 8. Transition probability matrix for the state transitions associated with main risks and
incidents that are defined in this study. Probabilities for transitions (Pi-j) from the base state,
between transient states, and to the final state (Si-j with i < j) are colour coded according to 5
probability classes (A-E, cf. Figure 5). For example, out of zone migration along geological
migration pathways (I50) occurs (P0-50) occurs in 1% (class C-D probability) to 17% (class E
probability) of the wells, therefore the box for matrix position at column 0 and row 50 is half
yellow and half red (see legend). Control measures that allow fall back transitions are indicated
in the top right part of the matrix (Si-j with i > j, brown boxes). For example, the main control
measures for out of zone migration along geological pathways (I50) are modification of
operations (CM1) and decommissioning, remediation & reclamation (CM3), which may lead to
fall back of a shale gas well to its bases state (S0). Preventive measures that may lower the
probability of state transitions or even avoid occupation of states are indicated along the matrix
diagonal (Si-j with i = j, dark green). For example, the main preventive measures for out of zone
migration along geological pathways (I50) are efficient design of operations (PM3) and
deployment of monitoring systems (PM5). Inferred probabilities are based on dependencies
between incidents. It was not attempted to infer probabilities for the transition of states
associated with different risks (cf. section 2.2.1), hence probabilities for a large number of
transitions are not specified (some of which may be not applicable). An example of such a
transition is indicated for S50-82 (i in bold italics) based on the observation that damaging
induced seismicity is often associated with out of zone fluid migration and reactivation of
basement faults (Ellsworth 2013; Walsh and Zoback 2015). See text for data and detailed
explanation on sources of probabilities.
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3.2.2

Reduced general safety

3.2.2.1 Background & key concepts
The transport, storage and handling of materials required for shale gas operations can
lead to risks associated with general safety. Within the current context risks associated
with general safety are described in terms of accidents that affect human health, safety
and environment (Retzer et al. 2016). Other effects of accidents, such as pollution and
emissions are considered as part of risks associated with surface spills, reduced air
quality, and absence of a social license to operate. Exploration and exploitation of gas
from shale formations requires a broad spectrum of materials including chemical
substances (U.S. EPA 2016). These materials need to be transported to and stored at the
well site for well site construction as well as before, during and after operations. During
operations, potentially dangerous substances will be removed from storage, mixed and
used. After operations, generated waste needs to be contained and transported from the
well site. Transportation of materials can reduce general safety by increasing the
probability of road accidents, in particular if transport occurs for long distances on
public roads (Graham et al. 2015). The impact of traffic generated by shale gas activities
on general traffic networks (primarily roads but potentially also rail or other modes)
needs to be considered. Handling and use of materials at well sites can also lead to
accidents and reduced general safety. In particular, the operation of heavy equipment in
combination with the presence of potentially hazardous substances used on shale gas
sites can lead to reduced general safety. Accordingly, efforts to make well sites secure
are extremely important to ensure public safety of personnel as well as local
communities in the vicinity of the well site. Risks associated with reduced general
safety for shale gas operations at well sites may be similar as for other industrial
facilities that involve usage of potentially hazardous substances. Therefore, risks of
general safety can be reduced if well sites and their associated infrastructure are treated
like such industrial facilities, and operations adhere to security protocols that ensure
operations are conducted in a safe manner (Eshleman and Elmore, 2013). Reduced
general safety particularly affects social license to operate, in particular in areas with
low levels of traffic and industrial activities prior to shale gas development.
3.2.2.2 Main risk & incidents with their causes & effects
The main risk (R1) related to reduced general safety is associated with local changes in
traffic or living conditions that critically affect human health or natural environment.
Three potential incidents are considered that are key to the importance of this risks: (1)
reduced general safety due to transportation, i.e. increase of traffic-related accidents
and other effects related to transportation that reduce the general safety in the vicinity of
well sites (I10), (2) reduced general safety due to well site activities, i.e. accidents
related to well site activities that reduce the general safety on and in the vicinity of well
sites (I11), (3) reduced general safety that critically affects human health, safety and
environment, i.e. accidents related to transportation and well site activities that lead to
critical health issues, critically reduced safety or critical footprints on the natural
environment (I12).
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The incidents are defined on the basis of their effects, in this case potential impacts of
accidents on general safety. The existing (baseline) environment need to be taken into
account in defining the impacts, i.e. local traffic conditions prior to shale gas
development or comparison of traffic conditions between regions with and without
shale gas operations (Graham et al. 2015). Changes in general safety due to well site
activities need to account for safety conditions prior to shale gas operations. The
incidents mainly discriminate between impacts on general safety that result from
transportation or well site activities, or combined impacts that critically affect reduced
human health, safety and environment. The impacts can range from minor changes in
safety due to increased road use (class 1 impact, e.g. for increased traffic congestion and
delays) to critical changes (class 5 impact, e.g. for an increase of fatalities due to traffic
accidents). For example, transportation with heavy trucks over existing roads through
populated areas may lead to critical reduction in road safety (Graham et al. 2015). The
main causes for these incidents are lack of regulations, improper internal safety
procedures or limited measures to prevent accidents. It is unlikely that accidents can be
completely prevented considering that heavy equipment, frequent transportation and
handling of potentially hazardous substances is involved. However, impacts on general
safety may be reduced to acceptable levels if proper safety measures are taken. Critical
factors include transportation methods (e.g., road or pipeline transport), status of
infrastructure (e.g., road conditions), and working conditions (e.g., local weather).
3.2.2.3 States, state transitions and transition probabilities for the U.S.A.
The final (absorbing) state of a well linked to risk R1 is a well placed at a location where
transport and well site activities have led to reduced general safety that critically affects
human health, safety and environment (S12). Analogous to the incidents, two transient
states are considered, i.e. a state with reduced general safety due to transportation (S10)
and a state with reduced general safety due to well site activities (S11). The main state
transitions leading to the final state that are considered include: (1) S0-10, i.e. a transition
from a properly operating well at a site with limited additional impact on general safety
to a well at a site where transportation to or from well sites has reduced general safety,
(2) S0-11, i.e. a transition from a properly operating well at a site with limited additional
impact on general safety to a well at a site where well site activities have reduced
general safety, (3) S0-12, i.e. i.e. a transition from a properly operating well at a site with
limited additional impact on general safety to a well at a site where reduced general
safety critically affects human health, safety and environment.
Risks associated with landscape disturbance critically depend on site-specific factors
such as existing infrastructure and traffic conditions, and on the additional impacts of
shale gas development (e.g., the scale of operations). There is limited systematic data to
quantify transition probabilities, but some studies that investigated correlations between
(unconventional) oil and gas activities and accidents.
Graham et al. (2015) analysed increased traffic accident rates associated with shale gas
development in Pennsylvania, U.S.A between 2010 and 2012 by comparing northern
and southwestern counties with intense shale gas drilling to control counties with no
drilling activities (a “baseline”). They expressed accident rates as crashes per million
vehicle miles to remove differences due to vehicles miles travelled per month between
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counties, and plotted accident rates against the number of wells drilled in a 3 month
period. For the northern counties they found 3% increase in vehicle crash rates per 10
wells, 9% increase in heavy-truck crash rates per 10 wells. For the southwestern
counties only a 10% increase in heavy-truck crash rates per 10 wells was found. Effects
on rates of fatalities or major injuries were ambiguous, i.e. statistics show (1) a 5%
increase in fatal crash rates but no effects of drilling on major injuries or fatalities when
comparing months with drilling and months without in the northern counties, and (2) a
higher rates of fatal or major injury crashes in 2012, but no significant correlation
between major injury and fatal crash rates and drilled wells for the southwestern
counties). If combined and expressed relative to the number of wells, these data can be
used to indicate the difference in crash rates between areas with and without drilling
activities that is indicative of transition S0-10. It suggest 0.3-1.0% more crashes per well
drilled, which can be used as a bound for P0 -10 (class C probability).
Retzer et al. (2016) conclude that the decrease in fatality rates reflects efforts to reduce
hazards, although fatality rates are higher than average (“7 times greater than the rate
among all U.S. workers”) and interventions targeting high risk operations and groups of
workers are needed to further reduce the rates. Cooper et al. (2016) report that accident
rates in the U.S.A. are lower for the oil and gas industry than for mining, construction
and agriculture. Retzer et al. (2016) analysed data on fatalities in the oil and gas
industry in the U.S.A. between 2003 and 2013. Although, data includes both
conventional and unconventional hydrocarbon extraction, the data gives a good
perspective on the most important causes of fatalities as well as trends in fatality rates in
this period of time. They found that of the 1183 workers who died while working in the
U.S. oil and gas extraction industry between 2003 and 2013, 479 (40.3%) fatalities were
reported to be related to transportation, 308 (25.9%) to contact with objects or
equipment, 170 (14.3%) to fires or explosions, 105 (8.8%) to exposure to harmful
environments, 97 (8.2%) to falls, and 30 (2.5%) to other causes. If these contributions
reflect the general occurrence of accidents due to transportation (~40%) and well site
activities (~60%), it does suggest roughly similar probabilities of transition for S0-10 and
S0-11 (class C probability for P0-11).
Despite a 71% increase in the number of active drilling rigs and a twofold increase in
the number of workers employed, on average a 4% decrease in rate of fatalities (number
of fatalities per 100000 workers) was observed between 2003 and 2013. Highest
(variation in) fatality rates was for drilling contractors (decrease from ~50 to ~26 per
100000 workers), intermediate rates for well servicing companies (e.g., stimulation and
completion of wells, decrease from ~34 to ~26 per 100000 workers), and lowest for
operators (~14 to ~6 per 100000 workers). It is interesting to note that the period of
investigation roughly coincides with the onset of an exponential increase of
hydrocarbon production from shale plays in the U.S.A. (U.S. EPA 2016). The U.S. EPA
(2016) reports that 25000-30000 new oil and gas wells were hydraulically fractured in
the U.S.A. between 2011 and 2014. Retzer et al. (2016) report 112 to 142 fatalities
between 2013 and 2014. It suggests a class C probability of transition for S0-12 if
expressed relative to the number of hydraulically fractured wells (0.4 < P0-12 < 0.6%).
For the first half of 2014, Retzer et al. (2016) report 5-11 fatalities for an average
number of rigs between 1769 and 1861. It suggests a similar probability of transition for
S0-12 (0.3 < P0-12 < 0.6%) when expressed relative to monthly rig count, but a lower
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probability if it is assumed that one rig drills multiple wells when operational. It should
be emphasized that these data do not discriminate between conventional and
unconventional hydrocarbon extraction, and that it lumps together several causes for
fatalities. However, it is unlikely that more detailed data will lower the probability of
transition to class B ( 0.1% of fatalities per hydraulically fractured well).
3.2.2.4 Mitigation measures reduced general safety
Preventive measures act on the causes of incidents, and can reduce the occurrence and
impacts of reduced general safety (incidents I10-I12). Proper regulations, planning &
internal procedures (PM1) are critical in preventing the occurrence of accidents. For
example, measure may include using alternative transport methods (e.g., pipelines),
improving road infrastructures, using designated truck routes, and educating residents
on truck traffic (Graham et al. 2015). Efficient design of operations (PM3) and
implementation of best practices operations (PM4) can reduce the scale of operations,
and thereby the well site traffic and activities. Deployment of monitoring systems (PM5)
can be used to continuously monitor safety of transportation and well site activities.
Surface characterization (PM2) can aid in optimum spatial planning of shale gas
development taking into account infrastructure for transportation, and in outlining
optimum measures to increase safety of transportation.
Control measures act on the impacts of reduced general safety. Modification of
operations (CM1) can include modifying safety protocols and precautions based on
reported incidents to increase safety. Maintenance, repair & impact reduction (CM2)
can focus on repairing transport (e.g., road works) and well site (e.g., pipeline repairs)
infrastructure. Proper decommissioning, remediation & reclamation (CM3) is critical to
prevent reduced general safety after shale gas operations, for example due to
deteriorating road conditions or materials or structures that are left behind.
3.2.2.5 Quantification of reduced general safety risks for the U.S.A.
The risks associated with incidents (I10-I12) are based on the probabilities of occurrence
and impacts analysed above. Data for the occurrence of traffic accidents suggest class
C-D probabilities for increase of vehicle crash rates in areas with drilling activities
compared to areas with no drilling activities. If compared between different industrial
activities, accident rates may be lower for the oil and gas industry than for mining,
construction and agriculture. Probabilities can be similar for reduced general safety due
to accidents associated well site activities. The impacts of higher accident rates for areas
with drilling activities across the U.S.A. are ambiguous and critically depend on local
conditions, but the accidents generally have a major impact (class 4-5) on general
safety. Increased number of fatalities is considered a class 5 impact that critically affects
human health, safety and environment. Data for the occurrence of fatalities suggest class
C probability.
Summarizing, the risks associated with reduced general safety due to shale gas
operations are high and can be intolerable if compared to areas with no operations and if
mitigation measures improving the general safety are not properly implemented (Figure
9). The risks may be low if compared to other industries.
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3.2.2.6 Data & implications of reduced general safety relevant to Europe
Differences in the importance of risks related to reduced general safety may be expected
between Europe and the U.S.A. related to different road conditions, infrastructure,
natural environments, and population densities. Cooper et al. (2016) suggest that
stringent safety regulations and measures yields lower accident rates in the U.K. as well
as in the U.S.A. for the oil and gas industry compared to mining, construction and
agriculture. The Higher Mining Office in Poland reported 25-37 accidents for 68 shale
gas exploratory wells drilled between 2010 and 2014, including 1 fatal accident, much
lower than for coal and copper ore mining (WUG 2015). Although the number of wells
and accidents is limited compared to the U.S.A., it suggests probability of occurrence is
at least that for the U.S.A. There is a lack of systematic data on accidents rates related to
shale gas operations for other countries in Europe due lack of activities. Existing studies
emphasize the importance of implementing proper regulations, planning & internal
procedures to mitigate risks associated with reduced general safety (Cooper et al. 2016).
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Figure 9. Risk assessment matrix for risks associated with reduced general safety based on the
probability or occurrence (class A-E) and severity of impacts or effects (class 1-5) of incidents
I10-I12 (cf. Figure 4). Solid ellipses indicate range of probabilities and impacts for standard
practices. Dashed ellipses indicate situations or areas prone to high occurrence and impacts of
I10-I12, or situations where mitigation measures are not properly implemented. See text for
explanation.

3.2.3

Reduced air quality & global climate footprint

3.2.3.1 Background & key concepts
Shale gas operations require the transport, storage and handling of materials during the
full life cycle of a shale gas project (cf. Figure 1). Emissions of air pollutants or
greenhouse gases (GHG) may occur during different phases of shale gas development,
i.e. during (1) pre-production phase, (2) production, transportation, distribution and endD21.3 Inventory of risks and impact of shale gas exploration
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use of shale gas, (3) end of exploitation and well decommissioning (Costa et al. 2015;
2016a). The different sources and types of emissions associated with the various phases
of shale gas production can be classified in main categories, i.e. methane (CH4), nonmethane volatile organic compounds (NMVOC), nitrogen oxides (NOx), sulphur oxides
(SOx), particulate matter (PM), benzene, hazardous air pollutants (HAPs), and ozone
(O3). The most significant sources of GHG and air pollutants emissions during the preproduction phase are associated with well completion and gas treatment. Emissions
from combustion sources are also important. CO2, SOx and NOx are the main emissions
during fossil fuel combustion to provide energy to equipment, such as diesel engines
used for drilling, hydraulic fracturing and natural gas compression and during flaring
operations. Incomplete combustion can also result in other emissions such as CO,
methane, VOCs and PM. Furthermore, natural gas fired engines can be a significant
source of formaldehyde, which is considered a secondary pollutant (U.S. DOE 2009).
The reaction of NOx and VOCs in the presence of sunlight can produce ozone (O3),
which can be associated with exploration and production operations. Primary PM is
mainly formed during combustion, but can also appear from dust or soil entering the air
during pad construction, due to soil movement, and traffic on access roads (U.S. DOE
2009; Goodman et al. 2016). Emission of CH4 is the main concern in vented (for
example due to the release of gases during flowback) and fugitive emissions as it is the
principal component of natural gas. CH4 may be released as a fugitive emission from
gas processing equipment (such as pneumatic controls, valves, well heads and others),
or it may escape into ground water due to problems with well integrity (c.f. section
3.2.4). VOCs are formed during the incomplete combustion, but can also be emitted
during the dehydration step of natural gas (U.S. DOE 2009). It is also associated with
fugitive emissions and flaring from shale gas extraction, but generally in small
concentrations (Zammerilli et al. 2014). The HAPs are associated with fugitive
emissions, but their presence in general emissions is considered to be small as they were
not detected in significant amounts in the gas stream. Nevertheless, accumulated
emissions of HAPs may be significant over the entire lifetime of a well. The gas
treatments (e.g., treatments to remove CO2, N2 and sulphur compounds) applied to the
produced gas can reduce the presence of some of these pollutants (Foster and Perks
2012). Costa et al. (2016b) reviewed concentration baselines and raw shale gas
compositions that aid in establishing a baseline for atmospheric composition to monitor
changes before and after shale gas activities.
The carbon footprint of energy production is a way to quantify and compare climate
impact. The main current concern are emissions of greenhouse gases (mainly CH4, CO2)
at shale gas well sites. Different greenhouse gases can be compared by expressing the
emissions of each gas in CO2 equivalents based on their Global Warming Potentials.
Several studies indicate that the carbon footprint of generating electricity using shale
gas as a fuel ranges from 420-850 g CO2-eq/kWh, close to the range reported for
conventional gas (480-750 kg CO2-eq/kWh) in the U.S.A (Hauck and Denier van der
Gon 2016). In general, power plant efficiencies are important in determining carbon
footprints as combustion of gas in power plants generally contributes to about 80% of
total GHG emissions. The total gas production (i.e. Estimated Ultimate Recovery, EUR)
of a well is identified as one of the largest unknowns for the relative assessment of the
carbon footprint of shale gas.
D21.3 Inventory of risks and impact of shale gas exploration
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Risks associated with reduced air quality are particular important as emissions directly
affect human health, safety and environment. Greenhouse gas emissions are critical in
determining risks associated with the global climate footprint of shale gas compared to
other sources of energy such as coal (Costa et al. 2015; 2016a; Costa and Picado 2017;
Cooper et al. 2016).
3.2.3.2 Main risk & incidents with their causes & effects
The main risk (R2) related to reduced air quality and global climate footprint is
associated with emissions to air leading to air pollution that affects human health, safety
and environment, or leading to the release of greenhouse gases that critically affects
global climate changes. Three potential incidents are considered that are key to the
importance of this risks: (1) emissions of potentially hazardous substances, i.e.
emissions of gases that may lead to reduced air quality (I20), (2) emissions of
greenhouse gases, i.e. emissions of methane (CH4) and carbon dioxide (CO2) to a
critical level in terms the global climate footprint of shale gas (I21), (3) emissions
leading to air pollution, i.e. emissions that reduces air quality to an extent that it affects
human health, safety and environment (I22).
The incidents are defined on the basis of their effects, in this case potential impacts of
emissions to air in terms of air quality and global climate footprint. The incidents
discriminate between emissions of potentially hazardous substances, emissions of
greenhouse gases, and emissions leading to air pollution. For the incidents, severity of
impacts may vary. For example, the impacts can range from accidental emissions that
have limited short term impact on air quality (class 1 impact) to continuous emissions
resulting in air pollution that affect human health, safety and environment (class 5
impact). In addition, the average level of GHG emissions determines the global climate
footprint of shale gas which can range be similar then conventional gas and lower than
coal (class 1 impact) or much larger for certain wells (class 5 impact, e.g. for “superemitters”, Zavala-Araiza et al. 2017). Emissions to air can range from elevated
concentrations of pollutants compared to baseline compositions to accidental releases of
toxic fumes that lead to acute health problems or even fatalities (Cooper et al. 2016). It
is critical to assess impacts of emissions to air by considering the exact chemical
composition of the emitted substance and its activity and fate when released to the air.
The main causes for these incidents are leakage due to failure of equipment or well site
infrastructure (e.g., well heads, pumps, hoses, pipelines or storage containers), venting
or flaring, evaporation from open storage pits, and fuel combustion to drive equipment.
Emissions may result from human error, operational issues or external factors such as
extreme weather conditions. In particular, leaking pipelines may emit large volumes of
methane, and contribute to the global warming potential of shale gas operations
(Zavala-Araiza et al. 2017).
Critical factors that affect the occurrence and impacts of emissions include the volume,
composition, physical and chemical properties, and toxicity of emissions as well as the
characteristics of the surface environment where emissions occur.
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3.2.3.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R2 is a well with emissions that have
led to air pollution affecting human health, safety and environment (S22). Analogous to
the incidents, two transient states are considered, i.e. a state where emissions have led to
reduced air quality (S20), and a state where emissions of greenhouse gases exceed a
critical level with respect to the global climate footprint of shale gas development (S41).
The main state transitions leading to the final state that are considered include: (1) S0-20,
i.e. a transition from a properly operating well with limited emissions to a well with
emissions that has led to reduced air quality, (2) S0-21, i.e. a transition from a properly
operating well with limited emissions to a well with greenhouse gas emissions to a
critical level in terms of assessing the global climate footprint of shale gas, (3) S0-22, i.e.
a from a properly operating well with limited emissions to a well with emissions that
has led to air pollution.
Systematic data to quantify transition probabilities have not been compiled in this study
as available data that allows estimating probabilities of emissions per well are limited
(Pétron 2014). Rather than quantifying probabilities of incidents per well, cumulative
effects on reduced air quality and global warming potential are assessed in this report.
Studies on risks associated with reduced air quality and global climate footprint mainly
focus on comparing emissions with other large scale energy technologies. It is often
suggested that replacing coal by natural (shale) gas can reduce the global climate
footprint of fossil fuels (Cooper et al. 2016). Zammerilli et al. (2014) report comparable
emissions of methane, VOC and NOx for onshore conventional gas and the Barnett and
Marcellus shales. Emissions for offshore conventional gas are significantly lower
because of higher production rates and safety requirements that justify costs of reducing
emissions. A similar trend was found for greenhouse gas emissions expressed in terms
of 100-year global warming potential (GWP). Costa et al. (2015; 2016a) reviewed
existing knowledge on general emissions to air and CO2 footprint. They conclude that
the carbon footprint of generating electricity using shale gas as a fuel ranges from 420850 g CO2-eq/kWh, close to the range reported for conventional gas (480-750 kg CO2eq/kWh) in the U.S.A.
3.2.3.4 Mitigation measures for reduced air quality & global climate footprints
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of spills of potentially hazardous substances (incidents I20-I22). Proper
regulations, planning & internal procedures (PM1) and implementation of best
practices operations (PM4) are critical in determining the occurrence and impacts of
emissions by preventing failure of equipment and facilities, and by outlining procedures
and intervention plans for storing and handling potentially hazardous substances.
Preventive measures are particularly useful to reduce emissions as large reductions in
occurrence and impacts can be achieved with relatively limited effort. For example, in
the Barnett Shale in the U.S.A. ~1% of super-emitting sites account for 44% of total site
emissions (Zavala-Araiza et al. 2017). Accordingly, reducing emissions from these
super-emitting sites can greatly reduce the overall impacts of emissions. Efficient design
of operations (PM3) can lower the scale of operations, and thereby the emission sources.
Also, standardized operational procedures can lower the occurrence of incidents.
D21.3 Inventory of risks and impact of shale gas exploration
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Deployment of monitoring systems (PM5) is important for early detection of emissions.
Surface & subsurface characterization (PM2) can focus on optimum spatial planning of
well site infrastructure to reduce the likelihood of incidents causing emissions, and can
be used in conjunction with efficient design of operations (PM3) to reduce the scale of
operations and emission sources.
Control measures act on the impacts of emissions. In particular, maintenance, repair &
impact reduction (CM2) can be performed if problematic emissions are detected. For
example, leaking pipelines or wellheads may be repaired. Modification of operations
(CM1) following safety protocols can limit problematic emissions. Proper
decommissioning, remediation & reclamation (CM3) of wells and well sites can
minimize emissions and footprints after well shut-in at the end of production lifetime.
3.2.3.5 Quantification of reduced air quality & global climate footprint risks for the
U.S.A.
Systematic data to quantify the risks associated with reduced air quality and global
climate footprint for shale gas extraction are lacking. Therefore, quantification of risks
in a similar manner as done for the other risks in this report was not performed. A
review of existing studies suggest that emissions of substances that may lead to reduced
air quality can be significant. Studies of the global climate footprint of shale gas mainly
focus on comparing emissions with other large scale energy technologies such as coal. It
suggest that the global warming potential of shale gas is roughly similar as conventional
gas but lower than coal. Compared to renewable energy resources (wind, solar) the
global warming potential of shale gas is significant.
3.2.3.6 Data & implications of reduced air quality & global climate footprint relevant
to Europe
There is a lack of systematic data on emissions related to shale gas operations for
Europe due lack of activities. Some studies that provide inferences of emission data
from the U.S.A. for Europe. Forster and Perks (2012) assessed the climate impact of
potential shale gas production in the E.U., and suggest lower greenhouse gas emissions
compared to coal. Cooper et al. (2016) provides a life cycle analysis that compares
emissions associated with of electricity generation in the U.K. for shale gas,
conventional gas, LNG import from Qatar, coal, nuclear, solar and wind. The analysis
suggest (1) roughly similar potential of ozone-depleting substances for shale gas,
conventional gas, LNG import and solar (higher than coal, wind and nuclear), (2) higher
potential for photochemical smog due to VOC emissions for shale gas than for
conventional gas and other energy systems, and (3) global warming potential for shale
gas that is roughly similar compared to conventional gas and imported LNG, but lower
than coal and higher than the other energy systems. Hauck et al. (2017) describe the
development of a modelling tool to estimate the carbon footprint of shale gas and other
fossil fuels in Europe (GHGenius), and present some sensitivity analysis. Goodman et
al. (2016) assessed environmental impacts of traffic-related emissions associated with
hydraulic fracturing operations for the U.K. In terms of the long term footprint of shale
gas development, Boothroyd et al. (2016) measured fugitive methane emissions in
onshore conventional gas wells in the U.K., and found the methane flux to be low
compared to activity commonly used on decommissioned well sites if wells were
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properly decommissioned. These studies support the previous statements based on
assessments for the U.S.A. that risks associated with reduced air quality and global
climate footprint for shale gas extraction can be significant, but need more systematic
data to be quantified.
3.2.4

Contamination due to well leakage

3.2.4.1 Background & key concepts
Wells may form artificial pathways for upward migration of potentially hazardous
substances (King 2012; Davies et al. 2014; U.S. EPA 2016). If wells are properly drilled
and completed, along well migration is maintained within the target formation. Proper
drilling of boreholes is performed in a way that both prevents formation fluids from
flowing into the borehole as well as drilling fluids from infiltrating formations (Gawel
et al. 2015). In particular, the density of drilling fluids (“mud weight”) should be chosen
as to avoid mixing of drilling and formation fluids both in the borehole and in drilled
formations, in particular in shallow aquifers that may act as drinking water resources.
Proper well construction includes cemented casings that provide zonal isolation and
prevent migration out of drilled formations to shallower levels. In particular, multiple
cemented casing at shallow depths where groundwater is present aid in preventing
interaction between fluids from deeper formations and groundwater. In a worst case,
improper drilling or well completion can lead to migration of potentially hazardous
substances (e.g., methane, formation or fracturing fluids) to surface waters (Darrah et al.
2014). Garcia et al. (2015) reviewed existing best practices for monitoring well leakage
in the U.S.A. and Canada. In addition, Garcia et al. (2017) reviewed potential
geochemical species that can be used to monitor well leakage in the context of shale
exploitation. These studies aid in designing monitoring and early warning systems for
well leakage detection. Gawel et al. (2016) provided an overview of emerging
technologies, methods and materials developed specifically for shale gas wells.
Applying these technologies, methods and materials may reduce the risks associated
with well leakage.
Particular attention is required for decommissioned, abandoned or orphaned wells. In
many cases, the status and ownership of these wells after abandonment is unclear and
not monitored. Moreover, fluid migration may increase over time due to degradation of
well materials such as cement plugs (Gawel et al. 2015). Plugged and abandoned
(decommissioned) wells are associated with fluid migration risks for current operations,
for example in case the fracture disturbed zone intersects with the abandoned wells.
Problems with abandoned and orphaned wells are particularly important in areas that
have (previously) been targeted for conventional gas exploitation, which is the case for
many regions in Europe. Moreover, terminology can be confusing as it is common
practice in the oil & gas industry to use the terms (1) “abandoned” for wells of unknown
or unspecified status (sometimes the term “improperly abandoned” is used to indicate
issues with these wells), and (2) “plugged & abandoned” for wells that are sealed by
removing the wellhead, cutting the casing off below the ground surface, sealing portions
of the well with one or more cement or mechanical plugs and thick clay (bentonite) or
drilling mud between plugs and welding the top of the well with a steel plate (U.S. EPA
2016). Accordingly, “abandoned” wells are usually not simply left after production as
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the term may suggest, and different regulations for properly decommissioning a well
exist. U.S. EPA (2016) defines orphaned wells as an inactive oil or gas well with no
known (or financially solvent) owner. It may be more clear to use the term
decommissioned (Davies et al. 2014; Boothroyd et al. 2016). Risks associated with well
leakage are particular important as they can lead to drinking water pollution that directly
affects human health, safety and environment.
3.2.4.2 Main risk & incidents with their causes & effects
The main risk (R3) related to drilling and well construction is associated with
contamination of shallow aquifers, groundwater or drinking water resources due to
upward migration of potentially hazardous substances along wells. Three potential
incidents are considered that are key to the importance of this risks: (1) drilling-induced
borehole deformation & leakage, i.e. infiltration of drilling fluids (mud) from boreholes
into shallow aquifers or upward migration of potentially hazardous substances along
uncased boreholes or across a damage zone surrounding boreholes (I30), (2) migration
due to well barrier failure, i.e. upward migration of potentially hazardous substances
along (parts of) the cemented casing away from the target shale (I31), (3) surface
pollution due to well integrity failure & leakage, i.e. loss of zonal isolation that results
in upward migration of potentially hazardous substances to the surface and leads to
surface pollution affecting human health, safety and environment (I32).
The incidents are defined on the basis of their effects, in this case potential impacts in
terms of upward migration of potentially hazardous substances associated with drilling
issues or well damage. The incidents discriminate between migration associated with
drilling issues leading to borehole damage and leakage, migration associated with well
barrier failure leading to subsurface migration away from the target shale, and migration
associated with well integrity failure leading to surface pollution. For each of these
incidents, severity of impacts may vary. For example, the impacts of drilling-induced
borehole deformation & leakage can range from minor infiltration of drilling fluids into
deep formations (class 1 impact) to (rare occurrences of) dramatic release of gases and
fluids during well blowouts and failed operations (class 5 impact). The impact of
migration due to well barrier failure can range from minor upward migration contained
within the target shale (class 1 impact) to loss of zonal isolation over large sections of a
well allowing hydraulic fracturing or formation fluids to penetrate more shallow
formations (class 4 impact). The impact surface pollution due to well integrity failure &
leakage can range from minor elevations in the methane concentrations of shallow
aquifers (class 2 impact) to widespread pollution of drinking water resources (class 5
impact). The impacts of well leakage may occur during different stages of well
construction or decommissioning (e.g., drilling, completion, stimulation, production,
Figure 1).
The main causes for these incidents are wells that are improperly placed, drilled,
constructed or decommissioned (Gawel et al. 2015). For example, improper weight of
drilling fluids may lead to infiltration of drilling fluids into porous rock formations such
as aquifers or inflow and upward migration of drilling and formation fluids or gases
(and, in extreme cases, blowouts of wells). Borehole stability may be jeopardized by
improper oriented horizontal well sections with respect to the prevailing stress field (i.e.
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most stable orientation of the horizontal well section is in the direction of the minimum
principle stress), and often also negatively impacts well completion. Barrier failure may
be the consequence of incomplete cementation of parts of the casing. Well integrity may
be jeopardized by fluctuations in pressure, temperature and stresses due to hydraulic
fracturing that may lead to damage (Dusseault et al. 2000). However, properly
constructed wells should be generally able to sustain these fluctuations (King 2012).
There is limited data on the relative importance of improper well construction for
migration or leakage compared to hydraulic fracturing in wells, but data is available for
observations of barrier and integrity failure in general.
Critical factors that affect the occurrence and impacts of well leakage include geological
setting, spatial planning and design of wells and operations, changes in the status of
wells and well materials during operations and over time, migration characteristics, and
surface conditions. For example, formations with high overpressures, that are prone to
creep or washouts, or with large fault densities may affect the stability of boreholes or
the integrity of cemented wellbore casings. Regarding subsurface spatial planning (i.e.
placement of new wells with respect existing ones), there is some evidence of well
communication resulting from hydraulic fracturing of nearby offset wells (a “frac hit”,
U.S. EPA 2016). Specific design of operations such as the injection volumes, pressures
and rates are important for the occurrence of well leakage. The failure rate of well
components increases with well age and repeated well operations (re-completion or refracturing, King 2012) due to degradation of well materials such as cement and casing
steel (notably corrosion). Changing regulations for well construction and
decommissioning can also play a role in the relation between failure rate and well age.
Migration rates, volumes and distances (i.e. depth of the target shale) and chemical
composition of migrated substance as well as surface environment are critical in
determining the impacts of well leakage. Migration characteristics are controlled by the
status of wellbores as well as by characteristics of drilled formations.
3.2.4.3 States, state transitions and transition probabilities
The final (absorbing) state of a well linked to risk R3 is a well for which upward
migration of potentially hazardous substances along wells has led to surface pollution
affecting human health, safety and environment (S32). Analogous to the incidents, two
transient states are considered, i.e. a state where drilling issues have led to borehole
stability problems and leakage (S30), and a state where a well experienced barrier failure
and subsurface migration (S31). The main state transitions leading to the final state that
are considered include: (1) S0-30, i.e. a transition from a properly operating well to a well
which experienced drilling-induced borehole deformation and leakage, for example due
to shear along planes of weakness in drilled formations, (2) S0-31, i.e. a transition from a
properly operating well to a well with barrier failure, for example a well with (partly)
uncemented casing, (3) S30-31, i.e. a transition from a well with drilling issues to a well
with barrier failure, for example partly uncemented casing due to borehole deformation
or washouts, (4) S0-32, i.e. a transition from a properly operating well a well with drilling
issues to a state of well leakage with surface pollution, for example caused by well
blowouts.
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There is ample systematic data to quantify the probabilities of these transitions between
states, but definitions of well barrier and well integrity failure may vary (Davies et al.
2014; U.S. EPA 2016). In this report, the term “well barrier failure” refers to a situation
where zonal isolation (i.e. prevention of upward fluid movement along the well away
from the oil or gas bearing formations) is not provided by (parts of) the cemented
casing. Well integrity failure is used for a situation where fluid has migrated to surface
aquifers.
Kell (2011) reported 185 documented groundwater contamination incidents for the state
of Ohio during a 25 year (1983-2007) study period for ~65000 producing wells (in
1991) with 74 incidents related to drilling & completion, 41 incidents related to
orphaned wells & sites, 5 related to plugging & site reclamation, and 65 related to other
(surface) operations. For Texas, 211 incidents were documented during a 16 year (19832008) study period for ~250000 producing wells (in 2008) with 10 incidents related to
drilling & completion, 30 incidents related to orphaned wells & sites, 1 related to
plugging & site reclamation, and 170 related to other (surface) operations. No incidents
associated with hydraulic fracturing were documented. These data is used as a lower
bound for the probability of a transition between the base state and a state with drillinginduced borehole deformation and leakage (some cases for P0-30, class B probability).
The U.S. EPA (2016) reported mechanical integrity failure allowing fluid to enter an
annular space in 800 jobs with no additional barrier between the annular space with
fluid and protected drinking water resources in 100 jobs (out of ~28500 fracturing jobs
in ~23200 hydraulically fractured wells). These data is used as a lower bound for the
probability of a transition between the base state and a state with well barrier failure (P031 = 2.3%, class D probability) and to a state with well integrity failure (P0-32 = 0.5%,
class C probability).
Davies et al. (2014) reported well barrier or integrity failure in ~6.3% of 8030 Marcellus
Shale wells in Pennsylvania drilled from 2005-2013 with ~1.3% of wells leaking to the
surface. These data is used as an upper bound for the probability of a transition from the
base state to a state with well barrier failure (P0-31 = 6.3%, class D probability) or to a
state with well integrity failure (P0-32 = 1.3%, class D probability).
Several studies reported surface water contamination or environmental damage of up to
0.2% for Marcellus Shale wells in Pennsylvania, including well blowouts (4 out of 3555
wells, Davies et al. 2014, U.S. EPA 2016) and well-documented cases of contamination
of drinking water wells in the vicinity of shale gas operations (Jackson et al. 2013,
Darrah et al. 2014, Llewellyn et al. 2015). These data is used as a lower bound for the
transition between the base state and a state with well integrity failure (some cases for
P0-32, class B probability).
There is limited data to determine the relative importance and interplay of drilling
issues, improper well construction and hydraulic fracturing in wells, but it is clear that
wells with drilling issues will have elevated probabilities for barrier and well integrity
failure. Rough bounds for the probability of a transition from a state with drillinginduced borehole deformation and leakage to a state with well barrier failure can be
determined by assuming all drilling issues lead to barrier failure (P30-31 = P0-30, class B
probability).
In general, the potential incidents, states and transition probabilities are considered for
horizontal stimulated production (SP) wells (Figure 6). For unplugged vertical (SP)
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wells, Fleckenstein et al. (2015) reported well barrier failure in 401 out of 16828 wells
drilled between 1970-2013 in the Wattenberg field, Colorado, U.S.A. (P0-31 = 2.4%,
class D probability) and catastrophic well failure leading to drinking water
contamination in 10 out of 16828 wells (some cases for P0-32, class B probability). Note
that no evidence for hydrocarbon migration was found for horizontal wells used for
shale development, but the numbers are relevant for vertical shale wells that may be
drilled. Although vertical wells may be less prone to some borehole stability and
cementation issues than horizontal wells, these probabilities are comparable to transition
probabilities from the U.S. EPA (2016). Exploration or monitoring (EM) wells
generally differ from SP wells in that they are mostly vertical and fluid injection is
absent (monitoring wells) or limited (exploration wells). Limited or absent injected
volume used for well testing during exploration may lower failure rates. Therefore,
probability of well damage for EM-wells is likely lower than for other type of wells,
provided regulations and practices for drilling and completion are similar. There is
limited data on well damage and migration in fluid disposal (FD) wells (Figure 6).
Compared to SP wells, FD wells likely experience counteracting effects of elevated
probabilities for well damage due to long term injection of high fluid volumes, and
reduced probabilities due to simpler (vertical) well designs and (presumably) absence of
hydraulic fracturing. Akob et al. (2016) give an example of surface water contamination
around a disposal facility, which could have been caused by waste water injection
although the hydrological pathway could not be assessed (i.e. possible sources include
leaks from storage ponds and tanks, transportation activities, and previous site history.
Decommissioned (DC) wells may be particularly prone to migration of potentially
hazardous substances as they are older, may have been decommissioned in times of less
stringent regulations, and their status and location may not be properly documented
which poses a challenge to spatial planning of new wells (Davies et al. 2014).
Accordingly, improperly decommissioned wells may provide preferential pathways for
upward migration of potentially hazardous substances, for example originating from
stimulation operations in nearby wells (U.S. EPA 2016).
3.2.4.4 Mitigation measures for well leakage
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of well leakage (incidents I30-I32). Proper regulations, planning & internal
procedures (PM1) lower the probability of leakage related to improper drilling or well
construction. For example, the U.S. EPA (2016) well file review indicated (1) a
significant number of wells with limited groundwater protection due to partially
cemented casings at groundwater level, (2) a majority of wells with elevated risks of
along well migration due to incomplete cementation of casing or open hole completions,
a majority of wells with no indication of casing pressure testing that can identify well
barrier failure and loss of zonal isolation, and (3) a significant number of wells with no
pressure monitoring during hydraulic fracturing that can identify subsurface impacts on
well barriers or interference with nearby wells or geological structures (Figure 10).
Surface & subsurface characterization (PM2) can lower the probability of borehole
instability and improper well construction related to formation properties or presence of
geological structure such as large faults. For example, drilling fluids and cementation
procedures can be modified to handle formations with high overpressures or prone to
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creep or washouts and orientation of wellbores can be chosen as to avoid interaction
with large scale fault zones. Efficient design of operations (PM3) can reduce the scale of
operations (i.e. number of well sites, wells or fracturing jobs), and thereby lower the
probability of interference between nearby wells. Implementation of best practices
operations (PM4) not only ensures that proper regulations, planning & internal
procedures (PM1) are properly implemented, but also uses experience from other sites
and regions to improve safety of drilling and quality of well completions. For example,
incorporation of experience with drilling, completion and fracturing of nearby wells
lowers the probability of well leakage, even though regulations and internal procedures
may allow different types of operations. Deployment of monitoring systems (PM5) for
early detection of well leakage lowers the probability of along well migration and
surface pollution (Garcia et al. 2015).
Control measures act on the impacts well leakage. A relatively straightforward measure
is modification of operations (CM1), for example changing the properties of drilling
fluids or changing the treatment schedules for hydraulic fracturing if undesirable
impacts are observed. More invasive measures include maintenance, repair & impact
reduction (CM2) of wells (e.g., workovers of wells, flow back/diversion measures or
side-tracking of wells).
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Figure 10. Statistics on well design and construction and on well tests for the U.S. EPA (2016)
well file review indicating significant percentages of wells with (1) limited protection of
groundwater, (2) elevated risks of along well migration due to incomplete casing cementation,
(3) elevated risks of leaking casings during hydraulic fracturing due to the absence of casing
pressure testing, and (4) uncertain subsurface impacts of hydraulic fracturing due to absence of
pressure monitoring.
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Proper decommissioning, remediation & reclamation (CM3) of wells and well sites can
mitigate impacts at the end of the lifetime of a well (e.g., plugging and abandonment of
wells) or the ultimate measure to mitigate impacts of intolerable incidents following
shut-in of operations (for example if surface pollution has been observed).
3.2.4.5 Quantification of well leakage risks for the U.S.A.
The risks associated with incidents (I30-I32) are based on the probabilities of occurrence
and impacts analysed above. Data for the occurrence of drilling-induced borehole
deformation & leakage (I30) indicate class B probability for impacts ranging from minor
(class 1 for deep fluid infiltration) to intolerable (class 5 for well blowouts) in a few
isolated cases. The class 5 impacts are generally exceptions to standard practices,
usually associated with problems regarding regulations, planning & internal procedures
(PM1) or implementation of best practices operations (PM4, see U.S. EPA 2016).
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Figure 11. Risk assessment matrix for risks associated with well leakage based on the
probability or occurrence (class A-E) and severity of impacts or effects (class 1-5) of incidents
I30-I32 (cf. Figure 4). Solid ellipses indicate range of probabilities and impacts for standard
practices. Dashed ellipses indicate situations or areas prone to high occurrence and impacts of
I30-I32, or situations where mitigation measures are not properly implemented. See text for
explanation.

Accordingly, the risk associated with I30 is minor (class B2) to moderate (class B3-B4)
for standard practices, but may be high (class B5) if regulations are deficient or
conventional practices are not followed. Data for the occurrence of migration due to
well barrier failure (I31) indicate class D probability for impacts ranging from minor
(class 1 for minor upward migration) to major (class 4 for fluid penetration into shallow
formations). Again, the class 4 impacts are generally exceptions to conventional
practices associated with well construction problems, and would require maintenance,
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repair & impact reduction (CM2) to lower the impact. Data for the occurrence of
pollution due to well integrity failure & leakage (I32) indicate up to class D probability
for major to intolerable impacts (class 4-5 for leakage to the surface). Accordingly, the
risk associated with I31 and I32 are minor to high (class D1-D3) for conventional
practices, but could become intolerable (class D4-D5) if mitigation measures are not
properly implemented.
Summarizing, risks associated with well leakage due to drilling, construction or
stimulation of wells can be high even for conventional practices, and can become
intolerable if mitigation measures (mainly regulations, best practices, maintenance &
repair) are not properly implemented (Figure 11).
3.2.4.6 Data and implications of well leakage relevant to Europe
One of the main differences between Europe and the U.S.A. & Canada is that most
wells in Europe are drilled for exploration and exploitation of conventional oil & gas.
Accordingly, horizontal wells with multistage hydraulic fracturing exist but their
number and density is limited compared to the shale plays in the U.S.A. & Canada (cf.
Figure 7). As some of the risks identified are sensitive to the density of wells (e.g., well
interference and “frac hits”) or are more prominent for horizontal wells (e.g., borehole
stability in certain geological settings), these risk may be less prominent for
conventional compared to unconventional oil & gas operations. Another important
factor affecting risks of well leakage are differences in regulations for drilling and well
construction. Some of the well designs and types of construction are particular prone to
well damage, barrier failure and leakage (i.e. open hole completions, incomplete
cementation at groundwater, Figure 10). Accordingly, well leakage risks sensitive to
well construction can be lowered if regulations or internal procedures impose
groundwater protection using multiple cemented casings at groundwater levels (Davies
et al. 2014).
There is limited data on risks associated with well leakage for oil & gas wells in Europe.
In a comprehensive study, Davies et al. (2014) have reviewed existing data and
analysed the current status of 2152 onshore conventional hydrocarbon wells drilled in
the U.K. between 1902 and 2013. They found that 65.2% of abandoned well sites are
invisible at surface and not monitored, ownership is unclear for 53% of wells, and 50100 wells are orphaned. Reported data indicates 10% of wells drilled offshore (out of
6137 wells) were shut-in due to some sort of structural integrity issue, and 2 wells in the
U.K. have recorded well integrity failure (including one blowout and one crude oil
pollution incident). Vignes and Aadnøy (2010) and Vignes (2011) reported barrier
failure or well integrity problems in 13% (of 31 wells of unknown age) for conventional
onshore wells in the Netherlands, and 18% (of 406 offshore wells drilled between 19772006) to 38% (of 193 wells drilled between 1970-2011 with 2 wells likely leaking to the
surface) for conventional offshore wells in Norway (see also Davies et al. 2014).
Although data is sparse and the severity of impacts unclear, these data for conventional
wells in Europe seem to indicate that the probability of incidents related to drilling and
well construction are similar to the U.S.A. & Canada. Decommissioned, abandoned or
orphaned wells may be particularly prone to leakage as the status and ownership of
these wells after abandonment is unclear and ususally not monitored.
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3.2.5

Contamination due to surface spills

3.2.5.1 Background & key concepts
During transport, storage and handling of materials required to perform shale gas
operations, spills may occur due to human error or failure of equipment of
infrastructure. In this study, spills are defined as release of any volume of potentially
hazardous substances to surface environments. Spills can consist of materials required
for the construction of well sites, well site infrastructure and wells; of drilling and
fracturing fluids and chemicals; or of flowback and produced water. Spills of drilling or
hydraulic fracturing fluids may be particular important. For example, spills of chemical
compounds, drilling or fracturing fluids may occur from storage containers or during
preparation on the well pad prior to hydraulic fracturing or drilling. Spills of flowback
or produced fluids may occur during collection and handling of these fluids after
hydraulic fracturing operations. The U.S. EPA (2016) estimates that on average 11000114000 litres of chemicals are used per well in the U.S.A., and up to twice that amount
is stored on site. These volumes are significantly larger if multiple wells are
hydraulically fractured per site as is common practice in the U.S.A. and Canada.
Estimates of spill volumes are typically 100-1000 litres. Larger volumes of spills are
associated with well blowouts, leaks in pipelines, and failure of storage impoundments
or tanks. In particular, leaking pipelines or storage containers may release large volumes
of fluids to the environment as they are used to handle large fluid volumes, leakage
detection may be difficult, and response times longer than direct spills. Spills related to
failure of pipeline can be to 11 million litres, although these spills are rare. Failure of
storage tanks can be the source of large spills (~314000 litres). Reported spills of
produced water are approximately twice the volume of spills of chemical compounds or
fracturing fluids (U.S. EPA 2016). Clancy and Worrall (2016) reviewed the occurrence
of spills and leaks from normal shale gas operations in more detail. Jakobsen and
Gravesen (2016) performed a review on handling fracking fluids and flowback for shale
gas. Jakobsen and Kidmose (2016) reviewed seepage shale gas waste. Kukulska-Zając et
al. (2015; 2016) performed a literature review concerning drilling materials and
management of wastes that compared the U.S.A., Canada and Europe and identified
physiochemical parameters to assess the harmfulness of flowback water and other
wastes. Vieth-Hillebrand and Schmid (2015) reviewed the composition of operational
fluids and flowback water in hydraulic fracturing. Vieth-Hillebrand et al. 2016 also
performed simulation of flowback water composition in lab experiments that show the
importance of fluid-rock interactions in determining flowback water composition. These
studies provide more background on critical factors that control the risks associated with
surface spills (see also Król et al. 2016). Risks associated with spills and leaks of
potentially hazardous substances are particular important for pollution that may affect
human health, safety and environment. Spills are in direct contact with soil, surface or
groundwater, and can quickly spread to water resources that are used for drinking water
supplies.
3.2.5.2 Main risk & incidents with their causes & effects
The main risk (R4) related to contamination due to surface spills is associated with the
pollution of shallow aquifers, groundwater or drinking water resources. Three potential
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incidents are considered that are key to the importance of this risks: (1) spills of
potentially hazardous substances used in shale gas operations, i.e. spills of drilling or
fracturing fluids and chemical compounds that have been contained to prevent surface
pollution (I40), (2) spills of potentially hazardous flowback or produced water, i.e. spills
of flowback of produced water that have been contained to prevent surface pollution
(I41), (3) surface pollution due spills of potentially hazardous substances, i.e. any kind
of spill leading to surface pollution that affects human health, safety and environment
(I42).
The incidents are defined on the basis of their effects, in this case potential impacts of
spills in terms of surface pollution. The incidents discriminate between spills of
potentially hazardous substances that are transported to the well site and used in shale
gas operations, spills of potentially hazardous flowback or produced water, and any type
of spill that has led to surface pollution. For the incidents, severity of impacts may vary.
For example, the impacts can range from a spill that is contained and has no measurable
footprint after clean-up (class 1 impact) to uncontained spills resulting in surface
pollution that affect human health, safety and environment (class 5 impact). Surface
pollution can range from minor changes in groundwater composition to pollution of
drinking water resources or natural habitats (Brantley et al. 2014; Darrah et al. 2014). It
is critical to assess impacts of spills by considering the exact chemical composition of
the spill and its activity and fate in the specific surface environment where it is released.
In particular, toxicity of chemical compounds may differ depending on concentrations,
environments and applications.
The main causes for these incidents are direct spills to the environment, leakage due to
failure of equipment, storage containers, or well site infrastructure (e.g., well heads,
pumps, hoses or pipelines). Direct spills and failure may result from human error or
external factors such as extreme weather conditions.
Critical factors that affect the occurrence and impacts of spills include the volume,
composition, physical and chemical properties, and toxicity of spills as well as
characteristics of the surface environment where spills occur. For example, hazards
associated with spills of undiluted chemical compounds from storage tanks may be high
compared to spills of fracturing fluids or produced water where concentration of
chemical compounds are generally low. Environmental receptors (i.e. surface water,
groundwater, soil) of spills are critical determining transport properties, impacts and
fate of spills upon accidental release in the surface environment.
3.2.5.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R4 is a well for which operations have
led to spills to the surface causing pollution affecting human health, safety and
environment (S42). Analogous to the incidents, two transient states are considered, i.e. a
state where spills of potentially hazardous substances used in shale gas operations have
occurred (S40), and a state where spills of potentially hazardous flowback or produced
water have occurred (S41). The main state transitions leading to the final state that are
considered include: (1) S0-40, i.e. a transition from a properly operating well to a well for
which operations have led to spills of potentially hazardous substances such as
fracturing chemicals or fluids, (2) S0-41, i.e. a transition from a properly operating well
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with no spills to a well for which operations have led to spills of flowback or produced
water, (3) S0-42, i.e. a from a properly operating well to a well for which operations have
led to spills that result in surface pollution.
There is ample systematic data to quantify upper and lower bounds for the probabilities
of these transitions between states. The U.S. EPA (2016) analysed spill data for over
36000 spills that occurred in 11 different states in the U.S.A. between 2006 and 2012.
They found that a minimum of 457 spills (~1%) were definitely related to hydraulic
fracturing on or near the well pad with 151 spills related to chemical mixing to prepare
fracturing fluids and 225 spills of produced water. Note that this number is a lower
bound as for ~12000 spills insufficient information was available to relate them to
hydraulic fracturing but such relation cannot be excluded. Reported spill volumes of
hydraulic fracturing fluids or additives analysis had a median spill volume of 1590
litres, and range from 19 to 72130 litres. They estimate spill frequencies ranging from
0.4 to 12.2 per 100 hydraulically fractured wells for Colorado, North Dakota and
Pennsylvania between 2006 and 2012. Reported spills for Colorado and Pennsylvania
include hydraulic fracturing chemicals, fluids, and produced water, while spills for
North Dakota only include hydraulic fracturing chemicals and fluids. Approximately 5
to 7 produced water spills per 100 active wells occurred in North Dakota between 2010
and 2015. The study estimates total spill frequencies of 1 to 10% of hydraulically
fractured or active wells, and spills reaching drinking water resources for 0.05 to 2% of
hydraulically fractured wells. These data are used as bounds for the probability of a
transition between the base state and a states with spills. The data suggests that of all
spills, ~49% (225 out of 457) is produced water, 33% (151 out of 457) are related to
hydraulic fracturing, and 18% is undefined. In this analysis it is assumed that spills of
undefined origin are related to substances used in shale gas operations, so that both
types of spills specified in the incidents have similar frequencies. Accordingly, a lower
bound for P0-40 and P0-41 is 0.5% (class C probability) and an upper bound is 5% (class
D probability). A lower bound for P0-42 is 0.05% (class B probability) and an upper
bound is 2% (class D probability).
3.2.5.4 Mitigation measures for surface spills
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of spills of potentially hazardous substances (incidents I40-I42). Proper
regulations, planning & internal procedures (PM1) and implementation of best
practices operations (PM4) are critical in determining the frequency of spills by
outlining procedures for handling potentially hazardous substances and intervention
plans. In particular, regulations that help containing spills such as closed storage tanks,
liners and berms surrounding well sites are important. For example, storage of produced
water in open retention pits are more prone to spills than closed storage containers (U.S.
EPA 2016). Efficient design of operations (PM3) can lower the scale of operations, and
thereby the total amount of materials used which can lowers the frequency and impacts
of some type spills. For example, more efficient hydraulic fracturing leads to a lower
number of fracturing stages and lower volumes of fracturing fluids per well which lower
the frequency of incidents. Deployment of monitoring systems (PM5) is important for
early detection of leaking infrastructure. Surface and subsurface characterization (PM2)
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can aid in optimum spatial planning of shale gas development taking into account safety
of well site infrastructure (surface), and can aid in efficient design of operations
(subsurface).
Control measures act on the impacts of spills. In particular, maintenance, repair &
impact reduction (CM2) can result in fast containment and remediation of spilled
substances. For example, spill remediation can be performed by removing spilled
substances including contaminated soil, applying absorbent materials or diluting spills
by flushing with water (U.S. EPA 2016). Modification of operations (CM1) can be a
performed if spills are occurring to mitigate the effects. Proper decommissioning,
remediation & reclamation (CM3) of wells and well sites can minimize footprints after
well shut-in at the end of production lifetime.
3.2.5.5 Quantification of surface spill risks for the U.S.A.
The risks associated with incidents (I40-I42) are based on the probabilities of occurrence
and impacts analysed above. Data for the occurrence of spills of potentially hazardous
substances used in shale gas operations (I40) and spills of potentially hazardous
flowback or produced water (I41) indicate C-D probability for spills that can be
contained to prevent surface pollution (minor to moderate impact, class 2-3). There is a
strong inverse relation between frequency of spills and impacts of spills (i.e. large spills
are rare). Accordingly, the risks associated with I40 and I41 are minor to moderate (class
C2-D2) in most cases.
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Figure 12. Risk assessment matrix for risks associated with surface spills based on the
probability or occurrence (class A-E) and severity of impacts or effects (class 1-5) of incidents
I40-I42 (cf. Figure 4). Solid ellipses indicate range of probabilities and impacts for standard
practices. Dashed ellipses indicate situations or areas prone to high occurrence and impacts of
I40-I42, or situations where mitigation measures are not properly implemented. See text for
explanation.
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Risks can be high (class C3) if implementation of proper regulations, planning &
internal procedures (PM1) and implementation of best practices operations (PM4) that
limit spill frequencies and impacts are not performed.
Data for the occurrence of surface pollution due spills of potentially hazardous
substances indicate C-D probability for moderate to major impacts with a lower
probability (class C) for major impacts. Accordingly, the risks associated with I42 can be
high (C3, C4, D3) or even intolerable (C5).
Summarizing, risks associated with surface spills can be high even for conventional
practices, and can become intolerable if the status of well site infrastructure such as
pipelines or storage tanks is not according to standard (Figure 12). Mitigation measures
(mainly proper regulations, best practices, monitoring and remediation of spills) can
keep risks associated with spills to a moderate level.
3.2.5.6 Data & implications of surface spills relevant to Europe
As most wells in Europe are drilled for exploration and production of conventional oil
& gas, the scale of operations (i.e. number of wells and fracturing stages) is much lower
than for shale gas exploration and exploitation. Accordingly, the total amount of
materials that need to be transported, stored and handled is much lower which reduces
the occurrence and impacts of spills. The lack of data that systematically analysed the
frequency and impacts of spills related to oil & gas operations as well as the limited
shale gas activities in Europe hampers systematic comparison with current practices in
the U.S.A. Davies et al. (2014) reviewed pollution incident data for all incidents
reported within 1 km of 143 onshore wells in the U.K. between 2001 and 2013. They
reported 9 incidents with minor impacts in 2 well sites. Of these incidents 2 are related
to well integrity, 3 are related to above ground pipe failure, 2 are related to below
ground pipe failure, 1 is related to accidental spillage, and 1 is related to control system
failure. These limited data suggest similar spill frequencies and causes as identified by
the U.S. EPA (2016). Given the relatively high risks associated with spills in the U.S.A.,
implementation of mitigation measures would be required to limit risks associated with
surface spills if shale gas operations were to become more frequent in Europe in the
future. Such measure should focus on limiting the frequency and impacts of spills, in
particular concerning the integrity of storage facilities and pipelines.
3.2.6

Contamination due to loss of geological containment

3.2.6.1 Background & key concepts
Stimulation of shale permeability by hydraulic fracturing is a vital aspect of shale gas
operations. Stimulation usually result in a fractured disturbed zone (FDZ) or stimulated
reservoir or shale volume (SRV) consisting of induced or reactivated faults and
fractures. Here, a distinction between FDZ and SRV is made with FDZ comprising the
entire volume of rock (i.e. potentially including the shale under- and overburden) that is
permanently affected by hydraulic fracturing, and SRV only comprising the volume of
shale that is affected. FDZ and SRV may be different, for example if out of zone
hydraulic fracturing occurs. As gas flow is generally absent or limited in low
permeability shales prior to stimulation, obtaining a SRV with elevated permeability is
crucial for successful shale gas production. The spatial distribution and temporal
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evolution of the FDZ during stimulation is determined by geological setting as well as
operational factors determining the treatment schedule. In particular, injection volumes
are critical in determining the spatial extent of the FDZ. Stimulation operations
generally aim to optimize SRV, i.e. obtaining the optimum spatial extent and
permeability of a SRV with a minimum number of fracturing stages and injected
volume of fracturing fluids. Operations that are optimized with respect to SRV may
result in a FDZ that extends beyond the upper or lower bounds of the target shale
formation (Davis et al. 2012, Fisher and Warpinski 2012). In addition, the FDZ may be
significantly larger than SRV due to interaction with existing geological structures such
as fault zones. Existing structures may act as migration pathways for potentially
hazardous substances originating from the shale formation (e.g., hydrocarbons) or
fracturing fluids (e.g., flowback fluids) (Selley 2012). As a result geological
containment of potentially hazardous substances may be jeopardized if the FDZ extends
far beyond the target shale. Cuss et al. (2015) performed an extensive review of the
hydraulic fracturing theory and field experience, focussing on variability of relevant
shale properties in the U.K. Cuss et al. (2017) and Wiseall et al. (2017) conducted
experiments on Bowland Shale from the U.K. and synthetic shale (kaolinite) samples to
study fundamental processes controlling the initiation and propagation of hydraulic
fractures, and the influence of bedding and pre-existing fractures on the propagation of
hydraulic fractures. These properties and experimental insights can be used, together
with modelling approaches to predict the temporal and spatial distribution of hydraulic
fractures and the extent of the FDZ and SRV (Ter Heege and Lavrov 2017). Field
evidence of the extent of hydraulic fractures, FDZ and SRV can be obtained by seismic
monitoring. Bohnhof and Malin (2015) and Bohnhof et al. (2017a) reviewed seismic
monitoring design, waveform processing and evaluation procedures, and best practices
in the U.S.A. and Canada. Bohnhof et al. (2017b) also outline a best practice approach
for seismic monitoring and characterization of non-conventional reservoirs. Although
evidence that uniquely link surface pollution to leakage along induced fractures in the
FDZ is lacking (Davies et al. 2012; U.S. EPA 2016), it is often mentioned as the prime
concern in the public debate and an important factor in discussion on a social license to
operate. Note that reported cases of surface pollution generally involve migration along
poorly constructed wells (Darrah et al. 2014).
3.2.6.2 Main risk & incidents with their causes & effects
The main risk (R5) related to loss of geological containment is associated with
contamination of shallow aquifers, groundwater or drinking water resources due to
migration of potentially hazardous substances through geological pathways such as
faults and fractures. Three potential incidents are considered that are key to the
importance of this risks: (1) out of zone migration along existing or induced geological
pathways, i.e. infiltration of fracturing or formation fluids into formations above the
target shale due to enhanced migration across the FDZ (I50), (2) out of zone migration by
intersection of the fracture disturbed zone with offset wells, i.e. infiltration of fracturing
or formation fluids into formations above the target shale due to intersection of the FDZ
with leaking wells (I51), (3) surface pollution due to leakage along geological pathways,
i.e. extensive migration of potentially hazardous substances along geological structures
leading to surface pollution that affect human health, safety and environment (I52).
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The incidents are defined on the basis of their effects, in this case potential impacts in
terms of migration of potentially hazardous substances along geological structures
leading to loss of containment. The incidents discriminate between migration associated
with geological pathways, migration associated with geological pathways intersecting
wells, and migration along geological pathways that lead to surface pollution. For the
incidents, severity of impacts may vary. For example, the impacts can range from minor
infiltration of substances into deep formations (class 1 impact) to surface leakage and
pollution that affect human health, safety and environment (class 5 impact). Surface
pollution can consist of elevated concentrations of methane in groundwater to changes
in chemical compositions that can be linked to migration of fracturing fluids (Darrah et
al. 2014).
The main causes for these incidents are the presence of geological structures that act as
natural migration pathways, the presence of (decommissioned) wells that act as
migration pathways, and extensive out of zone fracturing. For example, significant out
of zone fracturing may be associated with high volume hydraulic fracturing that is
performed to achieve maximum spatial extent of the SRV.
Critical factors that affect the occurrence and impacts of loss of geological containment
of potentially hazardous substances include site-specific geological setting, operational
characteristics, and surface conditions. The depth of prospective shale formations and
vertical separation between the FDZ and groundwater are important factors (Figure 13).
3.2.6.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R5 is a well for which stimulation has
led to geological migration pathways causing loss of geological containment of
potentially hazardous substances and surface pollution that affect human health, safety
and environment (S52). Analogous to the incidents, two transient states are considered,
i.e. a state where migration occurs along geological pathways (S50) and a state where
migration occurs along geological pathways and leaking wells (S51). The main state
transitions leading to the final state that are considered include: (1) S0-50, i.e. a transition
from a properly operating well with migration that is contained within the SRV to a well
with out of zone migration along geological migration pathways, (2) S0-51, i.e. a
transition from a properly operating well with migration that is contained within the
SRV to a well with out of zone migration due to a FDZ that intersects an offset well
with barrier failure, (3) S0-52, i.e. a transition from a properly operating well with
migration that is contained within the SRV to a well with out of zone migration via the
FDZ and/or offset wells that has caused leakage to the surface and pollution.
There is ample systematic data to quantify upper and lower bounds for the probabilities
of these transitions between states, in particular on the vertical extent of induced
fractures and FDZ. Giving the lack of evidence for causal relations between surface
contamination and migration of potentially hazardous substances via the FDZ without
the involvement of wells, analysis of the probability of state transition S0-50 is focussed
on the vertical separation between induced fractures or FDZ and groundwater (Davies et
al. 2012; Fisher and Warpinski 2012; U.S. EPA 2016).
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shale plays in the U.S.A.
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Figure 13. Minimum to maximum separation between the top of different shale formations in
the U.S.A. and base (zero on y-axis) of treatable water (potential drinking water resources, data
from U.S. EPA 2016). Note that according to the U.S. EPA (2016) Well File Review, an
estimated 0.4% (90) of the 23,200 wells had perforations used for hydraulic fracturing that were
placed shallower than the base of the protected groundwater resources reported by well
operators. In this study, separations of >1.5 km are assumed when considering leakage along
fractures as that likely better represents depth of shales targeted for hydrocarbon exploitation in
Europe. Some cases of leakage or contamination in the U.S. EPA (2016) Well File Review may
be associated with shallow depth of operations (e.g., for the Antrim, Fayetteville and New
Albany plays).

This study analyses out of zone fracturing and migration by determining the probability
that the top of fractures above well perforations (Hmax) exceeds the maximum thickness
(Tmax) of the shale. It means that if the well is placed within the shale, the top of
fractures extends beyond the top of the shale. Note that these values represent lower
estimates for upward fracture propagation beyond the top of the shale as in many
locations T << Tmax. The top of propagating fractures during hydraulic fracturing is
mapped using detected micro-seismic events for different shales in the U.S.A (Fischer
and Warpinski 2012). It means that only deformation accompanied by seismicity is
taken into account (e.g., seismic slip along fractures), and aseismic deformation is
ignored. Also, fracture propagation distance does not necessarily equate to fluid
migration distance; Hf may be larger than migration distance if fractures are non-
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conductive or it may be smaller if micro-seismicity does not reflect the full upward
propagation of fractures (e.g., due to detection limits or aseismic deformation). Upper
bounds on Tmax are based maximum shale thicknesses from maps by U.S. EIA (2016).
The probability of Hmax > Tmax is based on data from Davies et al. (2012) for the Eagle
Ford, Woodford, Barnett, Marcellus and Niobrara shales. The analysis yields
probabilities of ~1% for Hmax exceeding Tmax = 180 meter in the Eagle Ford, ~10% for
Hmax exceeding Tmax = 125 meter in the Woodford, ~1% for Hmax exceeding Tmax = 275
meter in the Barnett, ~17% for Hmax exceeding Tmax = 215 meter in the Marcellus, and <
1% for Hmax exceeding Tmax = 500 meter in the Niobrara. Davies et al. (2012) report a
~1% probability of stimulated hydraulic fractures extending vertically beyond 350
meter. These data are used to define bounds for the probability of transition S0-50 (lower
bound for P0-50 = 1%, class C-D probability and upper bound for P0-50 = 17%, class E
probability). A case study by Hammack et al. (2014) of 6 horizontal Marcellus Shale
wells found fractures extending 300-580 m above the top of the shale in 3 wells (50%),
and 40% of the micro-seismic events above the overlying Tully Limestone (still
maintaining a minimum of 2000 meter separation between the events and drinking
water aquifers). Although only based on 6 wells, the case study shows that the upper
bound may be a conservative estimate of out of zone fracturing.
U.S. EPA (2016) reported 1% of wells where hydraulic fracturing has led to
communication with a nearby well (i.e. a “frac hit”). These data is used as a bound for
the probability of transition S0-51 (P0-51 = 1%, class C-D probability).
There is no conclusive evidence that hydrological communication between the FDZ and
groundwater has led to surface pollution without involvement of barrier failure in wells
(Darrah et al. 2014; Davies 2014; U.S. EPA 2016). Fisher and Warpinski 2012 have
reviewed the maximum vertical distance between the horizontal well and the top of
micro-seismic hypocentres associated with hydraulic fracturing of the Marcellus and
Barnett Shale Formations (see also Davies et al. 2012 for a compilation). These studies
show no evidence that induced fractures have reached groundwater or shallow aquifers.
In more than 99% of cases investigated the distance between the well and top of microseismic hypocentres is less than 350 meter and the distance between the top of microseismic hypocentres and shallow aquifers is more than 1000 meters. They found that the
maximum distance between the well and top of micro-seismic hypocentres is 536 meter
for the Marcellus Shale and 588 for the Barnett Shale. These observations suggest that
hydrological communication between the FDZ and groundwater is extremely unlikely if
the separation between the horizontal well section (i.e. location of perforations) and
groundwater is more than ~1.5 km. Defining this limit is useful when considering the
probability of transition S0-52. Several studies reported cases of contamination of
drinking water wells in the vicinity of shale gas operations, but these likely involve
leaking wells (see section 3.2.4). Conclusive evidence that hydrological connection
between the FDZ and offset wells has led to surface pollution is lacking (i.e. a relation
between a “frac hit” and groundwater contamination has not been demonstrated, U.S.
EPA 2016). These observations indicate that probability of S0-52 (class A probability for
P0-52), at least for a horizontal well section with a vertical separation of more than ~1.5
km from groundwater.
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3.2.6.4 Mitigation measures for loss of geological containment
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of out of zone migration and loss of geological containment of potentially
hazardous substances (incidents I50-I52). Efficient design of operations (PM3) can focus
on achieving optimum permeability enhancement while limiting vertical extension of
the FDZ beyond the top of the target shale formation to prevent out of zone migration
(i.e. “dual objective optimization”). For example, the number of fracturing stages along
horizontal well sections can be varied accounting for re-distribution of stresses (“stress
shadowing”). The volume and rates of fracturing fluid injection can be varied to
perform multiple injection stages with varying injection volumes, rates and pressures
(“cyclic injection”). The combination of proper regulations, planning & internal
procedures (PM1) and implementation of best practices operations (PM4) can enforce
operations that limit out of zone migration and outline optimum hydraulic fracturing
operations based on practical experience of the relationship between operations and
spatial extent of the FDZ. Subsurface characterization (PM2) and deployment of
monitoring systems (PM5) can be performed to obtain input data for models predicting
the subsurface response to hydraulic fracturing. In particular, micro-seismic monitoring
can be used to determine the spatial extent of induced and reactivated faults and
fractures in the FDZ.
Control measures act on the impacts of out of zone migration and loss of geological
containment. Modification of operations (CM1) based on subsurface characterization
and monitoring data can limit out of zone fracturing and migration in subsequent
fracturing operations. For example, real time monitoring and processing of microseismicity can outline the FDZ and, in combination with predictive fracturing models,
form the basis for modifications of subsequent operations. There are limited options for
maintenance, repair & impact reduction (CM2), but active flowback of fracturing fluids
could be attempted if problematic out of zone fracturing and migration is observed.
Proper decommissioning, remediation & reclamation (CM3) of wells may be required if
surface pollution due to loss of geological containment of potentially hazardous
substances is observed.
3.2.6.5 Quantification of loss of geological containment risks for the U.S.A.
The risks associated with incidents (I50-I52) are based on the probabilities of occurrence
and impacts analysed above. Data for the occurrence of out of zone migration along
existing or induced geological pathways (I50) indicate C-E probability for minor
operational impacts (class 1 impact for some exchange of chemical substances between
the target shale and other formations at depth). Accordingly, the risk associated with I50
is minor to moderate (class C1-E1). Data for the occurrence of out of zone migration by
intersection of the fracture disturbed zone with offset (I51) indicate C-D probability for
minor impacts on offset wells (class 2 impacts for interference between wells or impacts
on barrier integrity of offset wells). Accordingly, the risk associated with I51 is moderate
(class C2-D2). There are no known cases that have conclusively demonstrated the
occurrence of surface pollution due to leakage along geological pathways (I52).
Accordingly, the risk associated with I52 is negligible to minor (class A1-A4) if the
vertical separation between the horizontal well section and groundwater is more than
~1.5 km from groundwater. Risks may be higher if vertical separation is more limited,
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but evidence for surface pollution uniquely correlated to migration via the FDZ is
lacking.
Summarizing, risks associated with surface pollution due to loss of geological
containment of potentially hazardous substances is minor to moderate (Figure 14).
Probability of occurrence is negligible if (1) the vertical separation between the
horizontal well section and groundwater is more than ~1.5 km from groundwater, (2)
offset wells close to the target shale are absent or properly constructed or
decommissioned, and (3) mitigation measures are implemented to specifically design
hydraulic fracturing operations with the aim to limit the vertical extension of the FDZ
beyond the top of the target shale.
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Figure 14. Risk assessment matrix for risks associated with loss of geological containment
based on the probability or occurrence (class A-E) and severity of impacts or effects (class 1-5)
of incidents I50-I52 (cf. Figure 4). Solid ellipses indicate range of probabilities and impacts for
standard practices. Dashed ellipses indicate situations or areas prone to high occurrence and
impacts of I50-I52, or situations where mitigation measures are not properly implemented. See
text for explanation.

3.2.6.6 Data & implications of loss of geological containment relevant to Europe
As most wells in Europe are drilled for exploration and production of conventional oil
and gas, hydraulic fracturing is not necessary or involves less fracturing stages and
limited injection volumes (e.g., in case of hydraulic fracturing of tight gas sandstone
reservoirs). The reduced scale of fracturing operations required to enhance permeability
in conventional gas reservoirs such as tight sandstones lowers the risks of loss of
geological containment. Therefore, examples of problematic out of zone fracturing and
migration are limited.
The lack of data may also reflect the fact that micro-seismic monitoring is generally not
performed. Sharma et al. (2004) gives an example of out of zone fracturing in tight
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sandstones of the Bossier formation in East Texas. Hydrological communication is
observed between two productive sand intervals separated by ~500 meter via an existing
fault during hydraulic fracturing at a depth of ~4 km using micro-seismic monitoring.
Restricting hydraulic fracturing to depths that exceed ~1.5 km may lower the risks of
surface pollution associated with loss of geological containment. The depth of many
potential shale plays in Europe exceed ~1.5 km (U.S. EIA 2013).
3.2.7

Landscape disturbance

3.2.7.1 Background & key concepts
Shale gas operations inevitably lead to landscape disturbance as numerous wells and
multiple well pads are required to exploit gas bearing shales in order to be economic.
Landscape disturbance includes the impact of land use and land cover change and the
accompanying ecological, physical and aesthetic changes that can result from well site
development and associated infrastructure. The characteristics of landscape disturbance
will vary depending on the spatial footprint of a well pad site, e.g., the well pad size,
number of wells per pad, well pad density and specifics of the shale play that is being
developed (Slonecker and Milheim 2015). In recent years, increasing efficiency of shale
gas operations to increase revenues or compensate for lower gas prices has resulted in
increasing well pad size and increasing number of wells per pad (Drohan et al. 2012;
Clancy et al. 2017b). Even with these technological advancements the footprint from
well site infrastructure may still be significant, especially in natural areas that are not
industrialized. It may cause considerable changes to natural landscapes, and may have a
substantial impact on agricultural and forested land. On the other hand, shale gas
operations in industrialized areas or areas where oil and gas exploitation is already
active may only require minor changes to existing structures and facilities. Clancy et al.
(2015; 2017a) reviewed the impact of well site infrastructure, focussing on the footprint
of well pads, access roads and setbacks. They also discuss the mitigation of impacts of
infrastructure and transport on habitat. Landscape disturbance particularly affects social
license to operate, in particular in areas where oil and gas operations are absent.
3.2.7.2 Main risk & incidents with their causes & effects
The main risk (R6) related to landscape disturbance is associated with changes to
landscapes that critically affect human health or natural environment. Three potential
incidents are considered that are key to the importance of this risks: (1) landscape
disturbance that critically affects cultivated land, i.e. construction of multiple well sites
and well site infrastructure in industrial or agricultural areas that causes long term
(permanent) footprint (I60), (2) landscape disturbance that critically affects pristine
natural habitats, i.e. construction of multiple well sites and well site infrastructure in
natural areas previously unaffected by industrial activities (I61), (3) landscape
disturbance that critically affects human health, safety and environment, i.e. landscape
disturbance that leads to health issues, reduced safety or permanent critical footprints on
the natural environment (I62).
The incidents are defined on the basis of their effects, in this case potential impacts of
construction of well sites and well site infrastructure in terms of landscape disturbance.
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The existing (baseline) environment is taken into account in defining the incidents, i.e.
assuming landscape disturbance is more critical in pristine natural habitats than in
cultivated land. The incidents mainly discriminate between critical impacts of landscape
disturbance on cultivated land, on pristine natural habitats, and on general environments
to an extent that human health, safety and environment is affected. The impacts can
range from minor changes in local environments (class 1 impact, e.g. for minor changes
to cultivated landscapes to construct well site and well site infrastructure) to critical
landscape disturbance (class 5 impact, e.g. for changes to landscapes that destroys
natural habitats). For example, construction of many well sites in forested areas may
lead to habitat fragmentation (Drohan et al. 2012; Zammerilli et al. 2014). It is critical to
consider characteristics of existing natural environment (the “baseline”) as well as
landscape changes that result from shale gas operations.
The main causes for these incidents are shale gas operations that are located in sensitive
natural environments and that do not adequately take local environments into account
for the construction of well sites and well site infrastructure. For example, habitat
fragmentation is an important cause for landscape disturbance in pristine environments.
Critical factors that affect the occurrence and impacts of landscape disturbance are
mainly related to subsurface and surface spatial planning of wells, well sites and well
site infrastructure, and to characteristics of the existing natural environment prior to
shale gas development. For example, placement of many well sites with few wells and
associated well site infrastructure may cause large impacts compared to drilling multiple
wells from a single well pad.
3.2.7.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R6 is a well placed at a location where
well site construction has led to landscape disturbance that critically affects human
health, safety and environment (S62). Analogous to the incidents, two transient states are
considered, i.e. a state with landscape disturbance that critically affects cultivated land
(S60) and a state with landscape disturbance that critically affects pristine natural
habitats (S61). The main state transitions leading to the final state that are considered
include: (1) S0-60, i.e. a transition from a properly operating well at a site with limited
impact on the landscape to a well at a site with landscape disturbance that critically
affects cultivated land, (2) S0-61, i.e. a transition from a properly operating well with
limited impact on the landscape to a well at a site that critically affects pristine natural
habitats, (3) S0-62, i.e. a transition from a properly operating well at a site with limited
impact on the landscape to a well at a site with landscape disturbance that critically
affects human health, safety and environment.
Risks associated with landscape disturbance critically depend on site-specific factors
such as existing natural environment and on factors describe the level of disturbance
which are generally difficult to quantify. Some landscape disturbance is inevitable, but
whether the disturbance is critical depends on local conditions. Therefore, it is not
possible to quantify probabilities of state transitions in a similar manner as done for the
other risks in this report. An extreme upper bound can be found if it is assumed that all
landscape disturbance critically affects the local environment. In that case, state
transitions P0-60 and P0-61 have class E probability. It is not possible to assess if
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disturbance also critically affects human health, safety and environment without
defining a quantitative measure of critical disturbance.
3.2.7.4 Mitigation measures for landscape disturbance
Preventive measures act on the causes of incidents, and can reduce the occurrence of
critical landscape disturbance (incidents I60-I62). Proper regulations, planning &
internal procedures (PM1) are critical in determining the occurrence and impacts of
landscape disturbance. For example, protected natural environments may be excluded
from shale gas development, and preferred locations for well sites may be prescribed.
Efficient design of operations (PM3) and implementation of best practices operations
(PM4) can reduce the scale of operations, and thereby well pad size and the spatial
extent of landscape disturbance. Deployment of monitoring systems (PM5) can be used
to continuously monitor the effects of shale gas operations on natural habitats. For shale
gas operations in populated areas, inhabitants can be questioned on effects on living
environments. Surface and subsurface characterization (PM2) can aid in optimum field
development and spatial planning of shale gas operations with the aim to minimize
landscape disturbance.
Control measures act on the impacts of landscape disturbance. Modification of
operations (CM1) and maintenance, repair & impact reduction (CM2) for remediation of
landscape disturbance is notoriously difficult as impacts are usually long term or may
even be permanent. Proper decommissioning, remediation & reclamation (CM3) is
critical in to reducing the long term footprint of shale gas operations and restoring
natural habitats after shale gas extraction ended.
3.2.7.5 Quantification of landscape disturbance risks for the U.S.A.
Due to the importance of site-specific characteristics of the natural environment, the
risks associated with incidents (I60-I62) cannot be quantified in a meaningful way. Some
landscape disturbance is inevitable and an upper bound for probability of occurrence is
that all disturbance is critical (class E probability). The risk is then determined by the
severity of impact (Figure 15). Well pad size, land coverage of infrastructure, proximity
to natural features or residential property, and forest fragmentation can be used to
quantify the impact of landscape disturbance (Drohan et al. 2012; Slonecker and
Milheim 2015), but a definition of critical impacts should be formulated to quantify the
risks.
3.2.7.6 Data & implications of landscape disturbance relevant to Europe
Differences in the importance of risks related to landscape disturbance between Europe
and the U.S.A. are related to different land uses, natural environments, and population
densities. Baranzelli et al. (2015) and Clancy et al. (2017) studied existing and future
impacts of conventional and unconventional oil and gas on landscapes and land use.
Baranzelli et al. 2015 assessed land use requirements, conflicts with existing land use,
and the influence of legislation on the environmental impact of shale gas development
in the Baltic Basin in northern Poland by modelling different scenarios for development.
They found that land use for shale gas development could be significant, and suggested
appropriate legislation should be implemented to minimize the environmental impact, in
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particular concerning protection of natural areas and water resources. Clancy et al.
(2017) assessed the footprint and carrying capacity of oil and gas well sites for the U.K.,
the Netherlands and Poland. They analysed setbacks and probabilities for interaction of
well pads with existing infrastructure as well as footprints based on surface coverage of
well pads. Both studies indicate that landscape disturbance could be significant if large
scale shale gas operations were to be developed in Europe.
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Figure 15 Risk assessment matrix for risks associated with landscape disturbance based on
the probability or occurrence (class A-E) and severity of impacts or effects (class 1-5) of
incidents I60-I62 (cf. Figure 4). Solid ellipses indicate range of probabilities and impacts for
standard practices. Dashed ellipses indicate situations or areas prone to high occurrence and
impacts of I60-I62, or situations where mitigation measures are not properly implemented. See
text for explanation.

3.2.8

Reduced water availability & quality

3.2.8.1 Background & key concepts
Shale gas operations require large volumes of water, mainly for hydraulic fracturing
operations. Water can make up 90-97% of the total volume injected in wells that are
hydraulically fractured using water-based fracturing fluids (U.S. EPA 2016). The U.S.
EPA (2016) has analysed the median water volume per hydraulically fractured well
between 2002 and 2014, which shows a dramatic increase in water use for horizontal oil
and gas wells to ~15 million litres (oil wells) and ~19 million litres (gas wells) in 2014.
The extensive use of water can impact water resources by reducing water availability or
quality. Water availability is a particular issue if water for shale gas operations is drawn
from local sources in areas with limited water resources (e.g., arid regions), or in areas
with extensive water use for other applications (e.g., agriculture). Water quality can be
affected by reduced availability, by surface contamination (e.g., due to spills or well
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leakage), or by disposal of (treated and cleaned) waste water, flowback water or
produced water. Impacts on water resources used for drinking water supplies are
particular important. The relative importance of risks associated with reduced water
availability and quality critically depends on site specific factors such as available water
resources, location of water withdrawal, and water use. It is therefore difficult to make
generalized statements that do not take local factors of water quantity and quality into
account. Studies that provide more background information include Fernández et al.
(2015) who reviewed water management related to shale gas activities in the U.S.A.,
Canada and Europe. Jacobsen et al. (2015) performed a risk assessment of impacts on
groundwater quantity and quality that describe critical factors controlling the risks in more
detail. Fajfer et al. 2016 reviewed European soil and water monitoring systems for shale
gas and best practices from USA and Canada.
3.2.8.2 Main risk & incidents with their causes & effects
The main risk (R7) related to reduced water availability and quality is associated with
scarcity of water resources for activities critical to human health and to natural
environment, such as drinking water supplies, agricultural use, and natural habitats.
Three potential incidents are considered that are key to the importance of this risks: (1)
reduction in local water availability or quality, i.e. water use by shale gas operations
that leads to changes in local hydrological environment (I70), (2) reduced water
availability and quality that affects other uses of water resources, i.e. water use by shale
gas operations that leads to problems with water supply for other activities (I71), (3)
reduced water availability and quality that directly affects human health or natural
environment, i.e. water use by shale gas operations that leads to problems with drinking
water supply or that affect natural habitats (I72).
The incidents are defined on the basis of their effects, in this case potential impacts of
water use in terms of reduced water availability and quality. The incidents mainly
discriminate between impacts of water use on the local hydrological environment (e.g.,
water tables), on other water uses (e.g., industrial use), and on activities critical for
human health and natural environment (e.g., drinking water supplies). For the incidents,
severity of impacts may vary. The impacts can range from minor changes in local water
tables (class 1 impact) to jeopardized drinking water supplies (class 5 impact). For
example, reduced water availability and quality can necessitate measures to restore local
hydrological environment, lead to competition between industrial activities, or change
natural habitats. It is critical to assess impacts of water use for the entire hydrological
cycle. In particular, the impacts of reduced water availability may extend far beyond the
locations of shale gas operations (e.g., up- or downstream of rivers or watersheds). On
the other hand, it could be attempted to lower impacts by re-use of (treated and cleaned)
water for shale gas operations or other (industrial) activities.
The main causes for these incidents are extensive shale gas operations that do not
adequately take into account local hydrological environments. In particular, drawing
water from water resources that have a critical status may accelerate and intensify
problems with water supplies.
Critical factors that affect the occurrence and impacts of reduced water availability and
quality are mainly related to the scale of shale gas operations, local hydrological
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environment, and the location of used water resources. For example, a high density of
hydraulically fractured wells targeting sweet spots for hydrocarbons may lead to
intolerable impacts if water for hydraulic fracturing is locally sourced.
3.2.8.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R7 is a well at a location where waterbased hydraulic fracturing has led to reduced water availability and quality that affects
human health, safety and environment (S72). Analogous to the incidents, two transient
states are considered, i.e. a state with reduced water availability and/or quality (S70) and
a state where reduced water availability and quality affects other uses of water resources
(S71). The main state transitions leading to the final state that are considered include: (1)
S0-70, i.e. a transition from a properly operating well with proper water management to a
well for which operations have led to reduced availability and/or quality, (2) S0-71, i.e. a
transition from a properly operating well with proper water management to a well for
which operations have led to reduced availability and/or quality that affects other uses
of water resources, (3) S0-72, i.e. a transition from a properly operating well with proper
water management to a well for which operations have led to reduced availability and/or
quality that directly affects human health, safety and environment.
As risks associated with reduced water availability and quality critically depend on sitespecific factors, data on relative water usage for hydraulic fracturing in the U.S.A.
rather the probabilities of state transitions are quoted in this report. Probabilities of state
transitions are only meaningful if areas of similar hydrological environment are
compared. It is clear that state transition probabilities increase with increasing scale of
operations, and that probabilities are higher for arid regions and regions which already
have extensive water usage for other activities. The U.S. EPA (2016) reported data on
water use, consumption and availability for 401 counties in the U.S.A. They found that
water use is generally less than 1% of total water use (299 counties), but can be more
than 30% (9 counties). Comparison with total fresh water availability yields comparable
numbers (312 counties use less than 1% of available fresh water and 35 counties use
more than 30%).
3.2.8.4 Mitigation measures for reduced water availability & quality
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of reduced water availability and quality (incidents I70-I72). Proper
regulations, planning & internal procedures (PM1) are critical for limiting the
occurrence and impacts of reduced water availability and quality. Shale operations in
arid regions should accompany a proper water management plan to avoid impacts. For
example, preferred locations of water sources can be prescribed and drawdown from
critical water resources can be limited or prohibited. Transport of water from locations
away from operations may be considered. In some cases, it may be possible to transport
of water through pipelines or via railroads. Efficient design of operations (PM3) and
implementation of best practices operations (PM4) can reduce the scale of operations,
and thereby the total amount of water used. In some cases, alternatives for water-based
fracturing fluids may be used (e.g., propane, CO2 or foams, Gandossi 2013), although
examples of widespread successful application are lacking. Deployment of monitoring
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systems (PM5) can be used to continuously monitor of water availability and quality, for
example based on water tables, river runoff, and water compositions. Surface and
subsurface characterization (PM2) can aid in optimum field development and spatial
planning of shale gas operations taking into account optimum water management.
Control measures act on the impacts of reduced water availability and quality.
Modification of operations (CM1) and maintenance, repair & impact reduction (CM2)
for remediation of reduced water availability and quality is notoriously difficult as
impacts are usually long term and may reach far beyond the location of shale gas
operation. In addition, water resources cannot be easily be supplemented. In particular,
reduced water quality may require costly measures to maintain supply of drinking water
to local communities. Decommissioning, remediation & reclamation (CM3) is usually
only performed after the production lifetime of wells or if risks associated with reduced
water availability and quality become intolerable.
3.2.8.5 Quantification of reduced water availability & quality risks for the U.S.A.
Despite the fact that probabilities of occurrence are not quantified, the relatively low
water use (around 1% on average) for shale gas operations compared to total water use
suggest that the risks associated with incidents (I70-I72) are minor in most regions. Risks
may be higher for arid regions and regions which already have extensive water usage
for other activities, in particular for large scale of operations (Figure 16).
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Figure 16. Risk assessment matrix for risks associated with reduced water availability and
quality based on the probability or occurrence (class A-E) and severity of impacts or effects
(class 1-5) of incidents I70-I72 (cf. Figure 4). Solid ellipses indicate range of probabilities and
impacts for standard practices. Dashed ellipses indicate situations or areas prone to high
occurrence and impacts of I70-I72, or situations where mitigation measures are not properly
implemented. See text for explanation.
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3.2.8.6 Data & implications of for reduced water availability & quality relevant to
Europe
As most wells in Europe are drilled for exploration and production of conventional oil
& gas, the scale of operations (i.e. number of wells and fracturing stages) will be much
lower than for shale gas exploration and exploitation. Accordingly, the total amount of
water used is much lower which reduces the occurrence and impacts of reduced water
availability and quality. Some regions in Europe that are arid or already are subject to
extensive water usage may be prone to reduced water availability and quality if large
scale shale gas operations were to be developed. Konieczyńska and Lipińska (2015;
2016) compiled a list of stakeholders and their views concerning monitoring surface,
groundwater and soils that provides information on institutes responsible for monitoring
water quality in different European countries. Gómez et al. (2017) reviewed Sustainable
alternatives for water management related to shale gas activities in the European
context.
3.2.9

Structural damage due to induced seismicity

3.2.9.1 Background & key concepts
Induced seismicity related to shale gas exploration and exploitation mainly deals with
the occurrence of earthquakes caused by well injection operations in the subsurface. In
particular, fluid injection may induce movement along discontinuities such as faults or
bedding planes that can result in seismic events detectable by seismic sensors. Ground
motions associated with induced seismicity are generally only detectable by dedicated
sensors at the surface or in monitoring wells (Bohnhoff et al. 2017b). In some cases,
ground motions can be felt at the surface or even cause structural damage (Ellsworth
2013). Seismicity generally shows a characteristic relation between the frequency and
magnitude of earthquakes with larger magnitude earthquakes occurring at much lower
frequencies than smaller magnitude ones (Gutenberg and Richter 1956; Maxwell et al.
2009). Earthquake magnitudes (M) are often expressed using a local magnitude scale
(ML, Richter 1935, Gutenberg and Richter 1956) or a moment magnitude scale (Mw,
Hanks and Kanamori 1979). Although values for ML and Mw may differ, especially
towards lower magnitudes, reported magnitudes were taken as is in the current analysis
without attempting to convert them. In cases where reported magnitude scale is not
specified or relevant, magnitudes are quoted without subscript. Fluid injection relevant
to hydrocarbon production from shales is mainly associated with hydraulic fracturing or
fluid disposal (McGarr 2002, Davies et al. 2013). Induced (micro-)seismicity is
generally occurring during hydraulic fracturing operations, and is generally only
considered problematic if it exceeds a certain threshold seismic magnitude (Fisher and
Warpinski 2012, Davies et al. 2013). Most seismic events resulting from hydraulic
fracturing or fluid disposal operations are of relatively low magnitude that do not lead to
impacts at the surface. Typical magnitudes for the seismic events associated with the
creation of hydraulic fractures range from Mw -4 to Mw 1 (Downie et al. 2010;
Warpinski 2012; Davies et al. 2013). Based on existing data and current practices a
minimum threshold magnitude (M) of 2 was taken to distinguish problematic from nonproblematic seismicity. While the threshold of M = 2 may be considered low for shale
gas operations in the U.S.A. & Canada, M > 2 has been proven to be problematic for
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conventional and unconventional gas operations in Europe (cf. section 3.2.9.6 ). Higher
threshold values were adopted if used in reported data to acknowledge the site-specific
differences between correlations between magnitudes and ground motions (e.g., M > 3
for Western Canada, Atkinson et al. 2016). Osinga et al. (2015) reviewed induced
seismicity related to global shale gas operations, focussing on the physical processes
leading to earthquakes, relevant site-specific and operational factors, case studies of
‘felt’ induced seismicity, and assessment and mitigation of risks. Wassing et al. (2016)
analysed the key controlling factors and mechanisms leading to induced seismicity that
can aid in outlining mitigation measures for ‘felt’ or ‘problematic’ seismicity. Wiseall et
al. (2017) conducted an experimental study of fault reactivation control in shales,
focussing on the relation between shale properties (e.g., moisture content, pore pressure,
mineralogy), stress conditions and reactivation potential in Bowland Shale from the
U.K. Optimum approaches to monitor induced seismicity have been reviewed by
Bohnhof and Malin (2015) and Bohnhof et al. (2017b). Bohnhof et al. (2017b) also
outlines a best practice approach for seismic monitoring shale gas reservoirs that can be
implemented in mitigation measures for ‘felt’ or ‘problematic’ seismicity such as traffic
light systems.
When dealing with impacts of induced seismicity, it is important to consider seismic
hazard and risk. Seismic hazard is defined as the probability that specific ground motion
(i.e. Peak Ground Acceleration, PGA, or Peak Ground Velocity, PGV) occurs in an area
over a certain timespan (e.g., Giardini et al. 2013). PGA and PGV are not solely
dependent on magnitude, but also depend on wave dampening/amplification in the
(shallow) subsurface (including soil), the depth of the hypocentre and the distance from
the epicentre. Whereas most inventories of induced seismicity related to subsurface
operations focus on earthquake magnitudes (McGarr 2002; Davies et al. 2013), ground
motion resulting from earthquakes determines the damage at the Earth’s surface.
Seismic risk accounts for the effect of seismicity, and therefore is also dependent on
factors such as population density. As the effect of induced seismicity at the surface (i.e.
ground motions potentially leading to damage) strongly depends on site-specific factors,
critical threshold magnitude for problematic seismicity can vary between regions.
Naturally occurring (baseline) seismicity plays an important role in defining
problematic induced seismicity and critical threshold magnitudes. In areas prone to
natural (baseline) seismicity, elevated ground motions due to injection operations can be
detected as deviations from long-term background motions. Accordingly, seismic
hazards and risks for a specific area is determined by the combined effects of natural
and induced seismicity. Problematic induced seismicity is not necessarily restricted to
regions with frequent natural seismicity. For example, large scale waste water injection
in the U.S.A. in regions with very low PGA resulted in large magnitude earthquakes
(Ellsworth 2013; U.S. NRC 2013; Keranen et al. 2014). In areas with high levels of
natural (baseline) seismicity and associated ground motions (PGA), it may be difficult
to distinguish damaging induced seismicity from damaging natural or triggered
seismicity (McGarr 2002, Ellsworth 2013). Induced seismicity particularly affects
public perception regarding safety and impacts of shale gas operation, in particular in
areas with absent or low levels of natural (baseline) seismicity.
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3.2.9.2 Main risk & incidents with their causes & effects
The main risk (R8) related to induced seismicity is associated with structural damage or
damage to surface or subsurface infrastructure. Three potential incidents are considered
that are key to the importance of this risks: (1) problematic seismicity due to hydraulic
fracturing, i.e. problematic ground motions showing spatial and temporal correlation
with hydraulic fracturing operations (I80), (2) problematic seismicity due to subsurface
fluid disposal, i.e. problematic ground motions showing spatial and temporal correlation
with large scale fluid disposal in the subsurface (I81), (3) damaging induced seismicity,
i.e. damage to surface or subsurface infrastructure as a result of shale gas operations that
affect human health, safety and environment (I82).
The incidents are defined on the basis of their effects, in this case potential impacts in
terms of ground motions and structural damage. The incidents discriminate between
induced seismicity associated with hydraulic fracturing and induced seismicity
associated with subsurface fluid disposal as these can be considered as two distinct
cases in the U.S.A. & Canada. For each of these incidents, severity of impacts may
vary. For example, the impact of problematic seismicity due to hydraulic fracturing or
subsurface fluid disposal can range from minor or slightly elevated ground motions
(class 1-2 impact) to ground motion leading to damage to wellbores (class 2-3 impact).
In this case, minor ground motions or deviations from natural baseline motions can be
detected using seismometers or, in some cases, be felt at the surface but do not lead to
any damage. The impact of damaging induced seismicity can range from structural
damage to buildings, infrastructure and direct environmental damage at the surface
(class 4 impact) to structural damage that lead to failed operations, reduced safety
around shale gas operations or injuries (class 5 impact).
The main cause for these incidents within the context of shale gas operations is the
reactivation of large-scale pre-existing faults due to pressure increase resulting from
fluid injection (Osinga et al. 2015). Potentially problematic seismicity related to shale
gas operations is mainly associated with high volume hydraulic fracturing (for example
as observed in the Horn River Basin, Canada, BCOGC 2012) or injection of waste water
originating from shale gas operations (for example as observed in Oklahoma, USA,
Ellsworth 2013, Keranen et al. 2014, Walsh and Zoback 2015). Other types of
operations such as hydrocarbon production or secondary recovery, stimulation for
geothermal energy extraction, mining or reservoir impoundment can also lead to
induced seismicity (Davies et al. 2013, Wassing et al. 2016). Seismicity induced by
hydraulic fracturing can involve the creation of new faults and fractures as well as the
reactivation of existing faults and fractures. There is a trend of increasing volume of
injected fracturing fluids per fracturing job, stage or well for shale gas operations in the
U.S.A. and Canada. The U.S. EPA (2016) estimates an almost twofold increase in
overall per well water use for hydraulic fracturing between 2011 and 2014 (5.7x106 to
10.2x106 litres). Shale gas operations often produce large volumes of waste water,
consisting of fracturing fluids, flowback water and produced water from shale
formations. Disposal of waste water by injection into deep permeable formations is
current practice for many shale plays in the U.S.A. and Canada. In some jurisdictions
subsurface injection is the only approved method of shale gas wastewater disposal
(BCOGC 2014). There is a trend of increasing volume of injected waste water fluids per
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disposal well, site or area with multiple disposal sites for shale gas operations in the
U.S.A. and Canada (Walsh and Zoback 2015; U.S. EPA 2016). Induced seismicity due
to waste water injection is a growing concern in the U.S.A. and Canada.
Critical factors that affect the occurrence and impacts of seismicity include site-specific
geological setting, operational characteristics, and surface conditions. For example, the
natural stress conditions; the presence, dimensions and properties of faults and fractures;
and the local stress disturbance that results from subsurface operations are important
factors related to the local geological setting. Injection volume as well as dimensions of
fluid-affected area are important in controlling the maximum magnitudes of seismic
events. In general, larger injected volume have been shown to correspond to higher
magnitude induced earthquakes (McGarr 2002, Wassing et al. 2016). The presence and
status of surface infrastructure and population density are important in determining
seismic risk.
3.2.9.3 States, state transitions and transition probabilities for the U.S.A. & Canada
The final (absorbing) state of a well linked to risk R8 is a well for which fluid injection
has led to damage to surface or subsurface infrastructure affecting human health, safety
and environment (S82). Analogous to the incidents, two transient states are considered,
i.e. a state where hydraulic fracturing in a well has led to problematic (M > 2) induced
seismicity (S80), and a state where fluid disposal in a well has led to problematic (M > 2)
induced seismicity (S81). The main state transitions leading to the final state that are
considered include: (1) S0-80, i.e. a transition from a properly operating well to a well
where hydraulic fracturing has led to problematic induced seismicity, (2) S0-81, i.e. a
transition from a properly operating well to a well where fluid disposal has led to
problematic induced seismicity, (3) S0-82, i.e. a transition from a properly operating well
to a well with damaging induced seismicity.
There is ample systematic data to quantify the probabilities of these transitions between
states. It should be noted that it is usually difficult to uniquely link problematic
seismicity to a single well as it is often caused by the effect of cumulative fluid injection
in multiple wells. Therefore, probabilities are determined as the number of events
exceeding M 2.5 or 3 relative to the total number of wells operated in the area affected
by seismicity (upper bound), or operated in the entire U.S.A. (lower bound).
The U.S. NRC (2013) reported potentially problematic seismicity in the U.S.A.
associated with (1) hydraulic fracturing based on 16 M > 2 events (maximum M 2.8, ML
2.9, Holland 2013) that occurred in the Eola Field, South-Central Oklahoma in 2011 for
estimated total of 35000 (SP) wells, (2) waste water disposal based on 9 felt induced
events (maximum Mw 4.8) that occurred in different states for estimated total of 30000
(FD) wells. The events are reported relative to the estimated total number of wells in the
U.S.A. rather than the local number of wells operated close to hypocentres (i.e. no
spatiotemporal relationship between seismicity and well operations). Therefore, these
data is used as a lower bound for the probability of a transition between the base state
and a state with problematic induced seismicity due to hydraulic fracturing (1 case for
P0-80, class B probability) or fluid disposal (several cases for P0-81, class B probability).
Atkinson et al. (2016) reported induced seismicity of M  3 associated with hydraulic
fracturing for 0.3% (39 out of 12289 SP wells) or associated with waste water disposal
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for 1% (17 out of 1236 FD wells) in a ~454000 km2 foothills region of the Western
Canada Sedimentary Basin near the border between Alberta and British Columbia. The
values are based on statistical spatiotemporal relationships between shale gas operations
and seismicity. The data includes well-studied cases for (1) the Horn River Basin (131
events with maximum ML 3.6 in 2011, Farahbod et al. 2015), (2) the Exshaw Formation
near Cardston (60 events with ML 0.7-3.0 between December 2011 and March 2012,
Schultz et al. 2015a), (3) the Duvernay Formation near Fox Creek (>184 events with
maximum ML 4.4 between November 2013 and January 2015, Schultz et al. 2015b;
Atkinson et al. 2015), the Montney Basin (193 events attributed to hydraulic fracturing
with maximum ML 4.6 and 38 attributed to waste water injection, BCOGC 2012; 2014;
2015; Osinga et al. 2015). These data are used as an upper bound for the probability of a
transition between the base state and a state with problematic induced seismicity due to
hydraulic fracturing (upper bound P0-80 = 0.3%, class C probability), or due to fluid
disposal (upper bound P0-81 = 1%, class C-D probability).
Walsh and Zoback (2015) reported potentially problematic seismicity associated with
formation and waste water disposal in Oklahoma based on increase number of events in
2011-2015 that is mainly attributed to 5- to 10-fold increases in the rates of saltwater
disposal (~2250 events M > 2.5 for total number of 7000 disposal wells between 2011
and 2015). Spatiotemporal relationships between shale gas operations and seismicity
were analysed in different study areas. Seismicity in Oklahoma is related to the large
injected volumes of disposed fluids, and the number reflects the scale of disposal
operations (in terms of injection volume and number of wells). The data is included as
an upper bound for the probability of a transition between the base state and a state with
problematic induced seismicity due to fluid disposal in an area subject to large scale
subsurface fluid disposal (upper bound P0-81 = 32%, class E probability).
Ellsworth (2013) reported the destruction of 14 homes and two injured people for
seismicity near Prague in central Oklahoma with maximum seismic magnitude M 5.6
(Mw 5.7, Keranen et al. 2013). These data is used as a bound for the probability of a
transition between b the base state and a state with damaging induced seismicity (1 case
for P0-82, class B probability).
3.2.9.4 Mitigation measures for induced seismicity
Preventive measures act on the causes of incidents, and can significantly reduce the
occurrence of induced seismicity (and incidents I80-I82). Proper regulations, planning &
internal procedures (PM1) can lower the probability of problematic seismicity, for
example through limiting the cumulative volume of injected fluid during hydraulic
fracturing or fluid disposal. Spreading fluid injection over multiple disposal sites that
are not hydrologically connected also aid in mitigating induced seismicity. Alternatives
to subsurface fluid disposal may be water treatment and re-use, but high salinity and
high concentration of total dissolved solids generally may be a challenge for water
treatment facilities, and costs involved may be considerable. Surface & subsurface
characterization (PM2) can lower the probability of problematic or damaging
seismicity, for example by characterizing the local stress field and identifying faults that
are prone to reactivation. However, risks associated with induced seismicity may remain
significant, mainly due to uncertainty in the presence and status of faults in the
subsurface. Faults that are too small to be detected by most methods for subsurface
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characterization may already cause problematic seismicity (Zoback and Gorelick 2012).
Efficient design of operations (PM3) can reduce the scale of operations (i.e. number of
disposal wells or fracturing jobs), and thereby lower the cumulative volume of injected
fluid. Implementation of best practices operations (PM4) can outline optimum injection
operations and provide bounds on acceptable volumes of injected fluids. However,
induced seismicity may become damaging over time due to ongoing fluid injection
(McGarr 2002; Wassing et al. 2016), or due to the characteristic inverse relations
between event frequencies and magnitudes (Gutenberg-Richter relations, Gutenberg and
Richter 1956). Deployment of monitoring systems (PM5), in particular traffic light
systems based on critical threshold for seismic magnitudes or ground motions, can be
used to prevent problematic or damaging seismicity by modifying or shut-in of
operations.
Control measures act on the impacts of induced seismicity (and incidents I80-I82). The
main control measure is modification of operations (CM1) based on implemented traffic
light systems, for example changing the treatment schedules for hydraulic fracturing or
flow back of fracturing fluids if a critical threshold for seismic magnitude is exceeded.
Maintenance, repair & impact reduction (CM2) can be applied to structural or well
damage resulting from induced seismicity. Proper decommissioning, remediation &
reclamation (CM3) of wells is not directly relevant as a mitigation measure induced
seismicity, but special measures may be required if wells or well site infrastructure is
damaged due to induced seismicity.
3.2.9.5 Quantification of induced seismicity risks for the U.S.A. & Canada
The risks associated with incidents (I80-I82) are based on the probabilities of occurrence
and impacts analysed above. Data for the occurrence of problematic seismicity due to
hydraulic fracturing (I80) indicate class B-C probability for impacts ranging from minor
(class 1-2 for minor or slightly elevated ground motions) to moderate (class 3 for
significant well damage). Significant wellbore damage is not generally observed.
Accordingly, the risk associated with I80 is minor (class B1, B2 or C1) in most areas
(i.e. most of the U.S.A.) to moderate (class B3 to C2) in specific areas subject to
widespread high volume hydraulic fracturing and prone to occurrence of induced
seismicity (e.g., Western Canada, Atkinson et al. 2016). Data for the occurrence of
problematic seismicity due to subsurface fluid disposal (I81) indicate class slightly
higher probabilities compared to hydraulic fracturing (class B-D) for similar impacts
(minor to moderate, class 1-3). Moderate impacts are restricted to specific areas subject
to widespread high volume injection for fluid disposal. Accordingly, the risk associated
with I81 is minor (class B1, B2, C1, D1) in most areas (i.e. most of the U.S.A.) to high
(class D3) in specific areas subject to widespread high volume injection for fluid
disposal and prone to the occurrence of induced seismicity (e.g., Oklahoma, Walsh and
Zoback 2015). Damaging induced seismicity (I82) with intolerable impacts to human
health, safety and environment (i.e. structural damage, injuries) has been observed in
some cases subject to widespread high volume injection for fluid disposal (class B
probability). Accordingly, the risk associated with I82 is high (class B5) in specific areas
subject to widespread high volume injection for fluid disposal and prone to the
occurrence of induced seismicity (e.g., Prague, Oklahoma, Ellsworth 2013).
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Summarizing, risks associated with induced seismicity are minor in most areas, but can
be high in areas with widespread high volume fluid injection that are prone to the
occurrence of induced seismicity (Figure 17). In these areas, subsurface characterization
of stress field and faults (PM2) and deployment of traffic light systems for seismicity
(PM5) are preventive measures that can significantly lower the probability that
problematic or damaging seismicity occurs, and thereby can lower risks from high to
moderate.
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Figure 17. Risk assessment matrix for risks associated with structural damage due to induced
seismicity based on the probability or occurrence (class A-E) and severity of impacts or effects
(class 1-5) of incidents I80-I82 (cf. Figure 4). Solid ellipses indicate range of probabilities and
impacts for standard practices. Dashed ellipses indicate situations or areas prone to high
occurrence and impacts of I80-I82, or situations where mitigation measures are not properly
implemented. See text for explanation.

3.2.9.6 Data & implications of induced seismicity relevant to Europe
High risks associated with induced seismicity are only observed in the U.S.A. or Canada
in areas with widespread high volume fluid injection (either for hydraulic fracturing or
fluid disposal) that are prone to the occurrence of induced seismicity. Most wells in
Europe are drilled for exploration and production of conventional oil & gas. In these
wells, hydraulic fracturing is not necessary, or involve less fracturing stages and limited
injection volumes (e.g., hydraulic fracturing of tight gas sandstone or carbonate
reservoirs). Other types of operations, such as secondary recovery or stimulation for
geothermal energy extraction may involve larger volumes of injected fluids, and are
more prone to the occurrence of problematic induced seismicity. Injection operations in
areas of relatively high peak ground accelerations due to natural seismicity or areas that
are structurally complex may be particularly prone to problematic induced seismicity
(e.g., Switzerland, Giardini et al. 2013; Wassing et al. 2016). In many European
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Member States mitigation measures for induced seismicity are imposed (mainly some
form of traffic light system), but usually after problematic or damaging seismicity have
been encountered (De Pater and Baisch 2011; Clark et al. 2014; Van Thienen-Visser
and Breunesse 2015).
A notable example of problematic seismicity associated with shale gas operations in
Europe has occurred in the Preese Hall well in Lancashire (U.K.) in 2011 where
seismicity with a maximum magnitude of ML 2.3 was associated with hydraulic
fracturing of the Bowland Shale (De Pater and Baisch 2011; Clark et al. 2014).
Although the events only caused some minor damage to the well and no damage at the
surface (Green et al. 2012), they can be considered problematic as it has raised public
concern and contributed to a delay of further shale gas operations in the U.K. One of the
main problems for preventive measures is that the maximum magnitude occurred after
temporary shut-in of the well, which poses a challenge for determining practical feasible
thresholds for seismic magnitudes in traffic light systems aimed at preventing ML 2.3
seismicity (PM5).
A notable example of induced seismicity with a spatiotemporal relation to waste
(production) water injection from conventional gas operations has occurred near De
Hoeve in the Netherlands in 2008 where seismicity with a maximum magnitude of ML
2.8 occurred. As fluid was injected in a depleted gas field, effects of gas extraction on
the local stress field and fault stability may have promoted the occurrence of seismicity
(Bois et al. 2013; Wassing et al. 2016). Subsurface disposal of waste water by injection
in formations is not strictly necessary, and disposal-related problematic seismicity can
be mitigated by alternatives such as water treatment and re-use (PM1). Different
regulations exist in Europe regarding subsurface disposal of waste water from oil & gas
operations, and it is questionable whether extensive injection of waste water from shale
gas operations will be permitted in Europe.
An example of how problematic induced seismicity can become damaging is the
induced seismicity associated with extraction of large volumes of conventional natural
gas from the Groningen gas field in the North of the Netherlands (Van Thienen-Visser
and Breunesse 2015). It should be emphasized that the mechanism causing depletioninduced seismicity during conventional gas extraction (likely differential compaction
due to gas depletion leading to fault reactivation) is different than the mechanism
causing injection-induced seismicity (increase in pore pressure leading to fault
reactivation, Osinga et al. 2015). However, depletion-induced seismicity in Groningen
is a prime example of problematic seismicity with a moderate maximum magnitude ML
3.6 leading to major risks and impacts in terms of public perceptions, operations and
revenues. It also poses a challenge for traffic light systems based on seismic magnitudes
as frequency of seismicity and ground motions associated with seismicity are
demonstrated to be equally or more important in determining seismic risks (Wassing et
al. 2016).
The relation between seismic magnitude, ground motion and structural damage depends
on hypocentre depth as well as properties of the overburden (including soil). Therefore,
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“acceptable” thresholds for traffic light systems based on seismic magnitude need to be
based on site-specific conditions. Other factors such as population density also play an
important role in establishing such thresholds. Therefore, traffic light systems used in
the U.S.A. or Canada are not directly applicable to Europe. It may be preferred to
design traffic lights based on ground motions rather than seismic magnitudes as the
correlation between ground motion and structural damage is more straightforward.
However, it is common practice to design traffic light systems based on seismic
magnitudes (Wassing et al. 2016). Again, monitoring is key in reducing the risks
associated with induced seismicity, and traffic light systems based on seismic
magnitudes, frequency and ground motions (PM5) may help reducing seismic risks. The
U.S. EPA (2016) estimates that only 0.5% of frac jobs are micro-seismically monitored.
In the England, monitoring of seismicity before, during and after the well operations is
mandatory for hydraulic fracturing operations targeting onshore oil & gas including
unconventional hydrocarbon accumulations (U.K. DECC 2015).
3.2.10

Absence of a social license to operate

A social licence to operate is a critical factor in determining the fate of shale gas
exploration and exploitation. It can be argued that the absence of a social license to
operate is one of the main causes for a lack of shale gas activities in some states in the
U.S.A. and most of Europe. The nature of aspects that determine if a social license to
operate is present is very different from the technical risks associated with shale gas
operations addressed in this report. Due to this difference it is not feasible to address the
risk associated with the absence of a social license to operate in the same risk
assessment framework as the technical risks. For example, it makes little sense to
discuss the probability of an absent social license to operate in terms of number of
incidents relative to the number of wells. Reviews of key aspects concerning a social
license to operate are discussed elsewhere (notably Lis et al. 2015; Mastop and Rietkerk
2015; Thomas et al. 2015; Bradshaw 2016; Brändle et al. 2016).
Rather than quantifying risks using the risk assessment framework used for technical
risks, this report lists three key aspects with reference to reviews performed. First, there
are different interpretations of the meaning of a social license to operate. Brändle et al.
(2016) provided an overview on different interpretations of a social licence to operate,
and discussed prerequisites for a social licence to operate in the (shale) gas industries.
Second, public perceptions of shale gas operations play an important role in determining
if a social license to operate is present. Different perceptions exist in areas where large
scale shale gas operations occur (e.g., some states in the U.S.A. and Canada) compared
to areas where shale gas operations have not (yet) commenced (e.g., large parts of
Europe). Thomas et al. (2015) reviewed evidence on public perceptions of shale gas
operations in the U.S.A. and Canada, while Lis et al. (2015) reviewed existing European
data on public perceptions of shale gas. Third, comparison between large scale energy
technologies including shale gas exploitation can be used to identify similarities and
differences in public perceptions. Mastop and Rietkerk (2015) performed a review of
lessons learned on public perceptions and engagement of large scale energy
technologies (CSS, nuclear and onshore wind).
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Bradshaw (2016) performed an integrated review of public perceptions of shale gas
impacts. The review pulls together the findings of three studies that examined the three
aspects mentioned above, discusses policy implications and identifies areas for future
work with an emphasis on the implications for policy formulation in the EU. The main
findings are cited below.
First, it is clear that public awareness is growing about the issue of shale gas
development in the EU member states. This is not surprising given the level of media
coverage in many states, as well as environmental activism.
Second, the review of the European data suggests that there is also a growing level of
opposition (with the notable exception of Poland).
Third, in many cases a significant share of the public remain undecided. In fact, in many
cases those in favour and those undecided outweigh those that are clearly opposed. This
means that shale gas remains a divisive issue and the focus of ongoing debate.
Fourth, there appears to be a lack of trust of key stakeholders, particularly government
and industry and a concern about a lack of transparency and the availability of
independent information. There is some ambiguity over the role of environmental
NGOs, but scientists and institutes are seen to be relatively impartial and trustworthy.
Fifth, national and local context matters a great deal in shaping public opinion;
particularly in those regions where there is the possibility of development. This also
means that there is often a difference between the nature of public attitudes as revealed
by national surveys and studies conducted in the potential shale gas regions. At the
regional/local level there is a much higher level of opposition and concern about the
negative impacts on environment and society. This is often because of a strong sense of
place attachment and a view that shale gas development is not compatible with the
existing landscape and community.
Sixth, evidence from research on other large scale energy technologies suggests that it is
not unusual for the public to form attitudes based on emotion, rather than an objective
analysis of impartial information, and often this is simply a feeling that something is
right or wrong. Furthermore, once those opinions are formed, supplying further
information or correcting inaccuracies is unlikely to change attitudes.
To sum all this up, the key policy insight is that it would be wrong to think that all that
the government and industry needs to do is provide the public with the ‘right’
information and they will understand that shale gas development can be carried out with
manageable levels of environmental and socio-economic impacts. Even if those who
have decided to oppose development were to trust these sources of information it is
unlikely that they would change their minds. However, in situations where the public is
still largely undecided it is important to understand what information they require to
make a more informed decision (this does not infer any judgment on the likely
outcome).
In terms of the on-going research agenda, there are four areas of activity that lead from
this review. First, already there are important lessons that can be learnt about best
practice from the North American experience, but there is a need to continue to monitor
research outputs from North America to gain new insights into changing public attitudes
and assessment of the risk/benefit profile as the fortunes of the industry are changing.
Second, things in the EU are also in a state of flux—particularly in the U.K. and
Poland—and there is a need to continue to monitor developments, particularly in
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relation to changing public attitudes and assessments of the risks and benefits of
commercial development at the regional/local scale.
Third, comparative surveys across member states in the EU are instructive, but there is a
clear lack of comparative research at the regional/local scale that adopts a more
experimental approach to provide insights into the reasoning behind the regional
variations in perceptions and attitudes. Surveys such as the Flash Eurobarometer 420
report tell us what people think, but not why they have those attitudes, how they reach
them, and how they might change in the future.
Fourth, the consideration of lessons learned from other large scale energy technologies
shows that many of the challenges related to public perceptions of shale gas are not
new; thus, there is real value in continuing to place shale gas research and policy
making in this comparative perspective.
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4

COMPARISON OF RISKS AND DISCUSSION OF
APPROACH

4.1

Comparison of risks for the U.S.A. and Canada

The analysis of the main risks and impacts of shale gas operations in the U.S.A. and
Canada allows an inventory of (semi-)quantified risks to be made. It is of interest to
compare the different risks as it allows focussing regulations, internal safety procedures
and mitigation measures. It is also of interest in the public debate as it provides a
scientific basis for discussion on the impacts of shale gas operations and the importance
of different risks. Such a comparison of risks needs to address the different nature of
risks. Due to the different nature of the risks, it is not possible to quantitatively compare
them directly without considering their characteristics in terms of method of
quantification, comparative framework, dependency on local conditions, and area of
impact. It has been attempted to express the probability for the occurrence of incidents
relative to the total number of hydraulically fractured or drilled wells, and quantify risks
by linking these probabilities to severity of impacts (cf. section 2.2.3). This approach
could be performed for risks associated with reduced general safety (R1), well leakage
(R3), surface spills (R4), loss of geological containment (R5), and structural damage due
to induced seismicity (R8). Accordingly, these risks are assessed relative to properly
functioning (incident-free) wells within the framework of active shale gas operations in
a region. This approach could not be performed or was not evident for risks associated
with reduced air quality and global climate footprint (R2), landscape disturbance (R6),
reduced water availability (R7), and absence of social license to operate (R9).
Accordingly, risks R1, R2, R6, R7 and R9 are qualitatively assessed based on comparison
between areas with and without shale gas operations, and/or based on comparison with
other large scale energy technologies (in particular concerning global climate footprint).
All risks are strongly dependent on local regulations, internal procedures and best
practices. Also, all risks are dependent in some way on local surface and subsurface
conditions, but to a different degree. The source of impacts can be local (mainly R3, R4),
regional (mainly R1, R2, R5, R6, R7, R8, R9) or global (mainly R2, R9). Of course impacts
with local sources may have regional effects, for example well leakage may spread due
to flow of groundwater.
The relative importance of risks for current practices in the U.S.A. and Canada is
qualitatively assessed within the current risk assessment framework taking into
consideration the quantification of risks, different comparative frameworks and areas of
impact. The ranking of risks according to their relative importance is given below,
together with the main arguments underpinning the ranking (Figure 18):
1. Risks associated with reduced general safety (R1). Ranked first because data that
compare areas with and without large scale shale gas activities suggest a relatively
high probability for the occurrence of incidents (mainly an increase in traffic-related
accidents). Impacts of these incidents can be severe (major injuries, fatalities) and
directly affect human health, safety and environment. Studies suggest that fatality
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2.

3.

4.

5.

6.

7.

8.

rates for workers in the oil and gas industry are higher than average, but lower than
for mining, construction and agriculture.
Risks associated with reduced air quality and global climate footprint (R2). Ranked
second because greenhouse gas emissions can have major global impacts. It should
be noted that these impacts are considered compared to energy sources with low
greenhouse gas emissions (e.g., solar, wind) that in most areas not (yet) represent a
major contribution to the energy supply.
Risks associated with well leakage (R3). Ranked third because data suggest a
relatively high probability for the occurrence of incidents (mainly well barrier
failure). Studies suggest that cases of drinking pollution are mainly associated with
well integrity problems.
Risks associated with surface spills (R4). Ranked below R3 because data suggest a
relatively high probability for the occurrence of incidents (mainly associated with
hydraulic fracturing operations), but mitigation measures can be effective in
preventing incidents. Some spills (leaks from pipelines or storage facilities) can
have major impacts and release large volumes of hazardous substances to the
environment. Risks can be ranked higher than R3, depending on local regulations,
practices, and mitigation measures.
Risks associated with landscape disturbance (R6). The rank critically depends on
local conditions, i.e. risks can be much higher for virgin areas with sensitive natural
habitats. Some level of landscape disturbance is inevitable, so the importance of
these risks depend on the impacts. Impacts may be minor for cultivated or
industrialized land and efficient operations with minimum land coverage.
Risks associated with structural damage due to induced seismicity (R8). Data suggest
minor impacts in most regions, in particular considering seismicity induced by
hydraulic fracturing in the U.S.A. The impacts critically depend on the scale of
injection operations (i.e. volumes of injected fluids), and there are good options to
mitigate injection-induced seismicity (e.g., lower injection volumes and re-use
instead of subsurface disposal of formation and flowback waters).
Risks associated with reduced water availability and quality (R7). Data suggest
minor impacts in most regions as water use for shale gas operations is generally low
compared to total water use. The impacts critically depend on local conditions, i.e.
risks can be much higher for arid regions.
Risks associated with loss of geological containment (R5). Ranked low because data
suggest low probability and minor impacts if the vertical separation between the
horizontal well section and groundwater is more than ~1.5 km from groundwater.
Risks may be higher if vertical separation is lower and if leaky (decommissioned)
offset wells are present close to hydraulic fracturing operations.

Risks associated with absence of a social license to operate (R9) are not incorporated in
this ranking as it is not straightforward to compare the social impacts with technical
impacts. A large scale shale gas industry has developed in the U.S.A. and some parts of
Canada, but a social license to operate is lacking in some regions. The absence of a
social license to operate has proven to be a showstopper in some states in the U.S.A.
(e.g., the state of New York has a moratorium on shale gas exploitation. In other
regions, a social license to operate may be present. Also, in some regions shale gas
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operations may occur without a social license to operate, which can be considered to
impact local communities. There is a need to continue to monitor research outputs from
North America to gain new insights into changing public attitudes and assessment of the
risk/benefit profile as the fortunes of the industry are changing (Bradshaw et al. 2016).
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Figure 18. Risk assessment matrix for the main risks associated with shale gas operations based
on the probability or occurrence (class A-E) and severity of impacts or effects (class 1-5) of
incidents (cf. Figure 4). Indicated ranges of probabilities and impacts are for standard practices
and the main incidents that potentially affect human health, safety and environment (solid
ellipses).

4.2

Limitations of risk assessment approach

The current risk assessment approach and especially comparison of risks inherently has
some limitations that lead to uncertainty in the outcomes. The main issues include (1) a
lack of representative data, (2) potential bias in defining the main risks, incidents, and
classes for probability, impact and risks, (3) the statistical analysis of data that does not
necessarily take into account causal relations between operations and the occurrence or
impact of incidents, and (4) comparison of risks with different characteristics.
A lack of representative and systematic data is a general problem for the risk assessment
as some of the risks remain unconstrained or can only qualitatively assessed. In
particular, data is sparse that allow the severity of impact to be quantified based on
specific predefined parameters that can as proxies for the impact of risks. Systematic
data on the probability of occurrence (or frequency) of some incidents is also lacking.
Ideally, proxies for impacts are defined (e.g., critical concentrations of polluting
chemical substances in surface waters) and the probability of occurrence of the impacts
is assessed for different areas and settings. In that way, the importance of risks and
causal relations between operations and risks can be established. However, such
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systematic analysis require research efforts and long term monitoring of impacts that
exceed the scope of current studies. Some risks are more extensively and systematically
studied that others. Systematic data have been collected for risks associated with well
leakage (R3), surface spills (R4) and induced seismicity (R8) (mainly U.S. EPA 2016;
Atkinson et al. 2016). With some additional analysis of available data, risks associated
with loss of geological containment (R8) can be constrained. For risks associated with
reduced general safety (R1), reduced air quality and global climate footprint (R2),
landscape disturbance (R6), reduced water availability and quantity (R7), and absence of
a social license to operate (R9), systematic data is absent, sparse or restricted to some
regions. Apart from issues with constraining individual risks and probabilities and
impacts of incidents, the lack of data affects the ranking of risks as risks constrained by
ample data are compared with unconstrained risks. It should be emphasized that the
risks reflect the current status for the U.S.A. and Canada as indicated by data. It
therefore does not represent risks that could theoretically happen but have not been
observed. For example, surface pollution due to leakage along hydraulic fractures
(incident I52, section 3.2.6.2 ) could theoretically occur and natural seepage along faults
has been observed (Selley 2012). However, there are currently no known cases where a
relation between leakage along induced fractures and surface pollution has been
conclusively demonstrated. Therefore, the risk associated with this incident is low, but
that may also reflect a lack of available data or monitoring efforts. Data availability is
particularly important for the final well states linked to the risks that are defined in
terms of critical impacts for human health, safety and natural environment (HSE). It is
difficult to exactly define what impacts can be considered critical, in particular as causal
relations between shale gas operations and HSE impacts are often difficult to assess and
require long term studies. Although there are some studies suggesting statistical
correlation with surface contamination related to shale gas operations and HSE impacts,
causal relations are not established (Werner et al. 2015; Jemielita et al. 2015; Hays and
Shonkoff 2016, unknown probabilities P9-11 and P10-11).
The definition of main risks, incidents and classes for probability, impact and risks is
based on the review of data from shale gas operations in the U.S.A. and Canada.
Although the definitions honour typical observations for shale operations in the U.S.A.
and Canada, different divisions and classes may be equally valid. Different divisions
and classes may lead to different ranking of risks as potential incidents may be
associated with different risks. For example, well leakage can be classified as a separate
risks or classified as an incident associated with surface spills. Also, more or different
incidents may be defined that can also change the ranking of risks. Some risks, although
relevant in some cases, are not included. For example, risks associated with noise and
vibrations at or in the vicinity of well sites are not analysed (see Zammerilli et al. 2014
for additional information). Accordingly, some bias may be present in the definition and
ranking of risks.
Another important limitation is the statistical analysis of the data on incidents that does
not take causal relation between operations and the occurrence or impact of incidents
into account. For example, it is well known that the frequency and magnitudes of
seismicity as well as extent of fracture disturbed rock volumes are related to the scale of
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operations (in particular injection volumes, McGarr 2002 , Osinga et al. 2015).
Accordingly, areas where the scale of operations is large may be particular prone to
problematic seismicity and out of zone fracturing. This relation is not reflected in the
statistical analysis of the occurrence of problematic seismicity or out of zone fracturing
as such analysis does not consider local environment, geological setting and operational
factors. Another example is the relation of incidents related to fluid migration or leakage
along wells which show a relation with local regulations on well construction (U.S.
EPA 2016). Whereas, studies exist that analyse these causal relations locally, the current
(holistic) approach to risks assessment does not incorporate these factors.
Comparison of risks strictly requires that the same methods and frameworks are used to
assess individual risks. Due to the different characteristics of risks associated with shale
gas operations and the lack of systematic data for some of the risks, it was not possible
to follow the same protocol for all risks (cf. section 4.1). The differences in protocol
affects the quantification of risks and possibly affect the ranking of risks.
Despite these limitations, the consistent risk assessment framework developed in this
study is a powerful tool to assess risks associated with shale gas operations as it
describes risks in terms of both causes and effects of incidents (the bow-tie approach),
and it is based on actual data for probabilities of incident occurrences for most risks. It
is unlikely that the relative importance of risks will be completely different for
alternative definitions of risks. Considerable differences in probability and impact are
required for risks, probabilities and impacts to change classes in the risks assessment
matrix.

4.3

Application to Europe

The analysis includes some data and implications of risks associated with shale gas
exploration and exploitation that are relevant to Europe. A meaningful statistical
analysis of data on impacts, incidents and risks of shale gas operations can only be
performed for the U.S.A. and Canada where sufficient data is available. Direct
application to Europe is hampered by differences in surface environment, regulatory
frameworks, geological settings and practices for hydrocarbon exploitation. Therefore,
the quantification and comparison of risks are only strictly valid for North America and
should not be directly applied to other regions without explicitly considering these
differences. In other words, current practices, data and risks based on experience in the
U.S.A. and Canada should not be taken as a blueprint for shale gas exploitation in other
regions such as Europe or as a quantitative indication of risks that may be expected if
shale gas exploitation is pursued in other regions such as Europe. The risk assessment is
critical for identifying the most prominent risks associated with large scale shale gas
operations. This information can be used to prioritize regulations and risk mitigation
measures in regions that start to pursue shale gas exploitation.
One of the key aspects that may lead to differences between the U.S.A., Canada and
Europe are differences in mitigation measures, such as regulations. It should also be
emphasized that local differences can be huge between states or regions in the U.S.A.
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and Canada as well as between European Member States. Therefore, only general
statements can be made, and these general statements may not hold for all regions or
shale plays. In some cases, it was considered useful to compare impacts and risks of
shale operations in North America with conventional gas operations in Europe.
Comparison between risks associated with shale gas operations and risks associated
with other energy resources such as conventional gas is useful to get a better picture of
their relative importance (conventional gas exploitation has been around for a longer
period of time in Europe). In this case, a risk assessment needs to acknowledge the scale
of operations. If the likelihood of an incident is constant for a specific type of operation,
the number of incidents will be expected to increase if the number of operations
increases. Accordingly, local impacts of shale gas operations and therefore the risks will
be expected to increase if the scale of operations increase.

D21.3 Inventory of risks and impact of shale gas exploration

Copyright © M4ShaleGas Consortium 2015-2017

Page 68

5

SUMMARY & CONCLUSIONS

Risks assessment was based on a framework that consists of three components: (1) a
Markov Chain-type approach to describe the transition from a properly operating shale
gas well (base state) to absorbing states where incidents have caused contamination of
shallow aquifers or problematic seismicity, (2) a bow-tie approach to describe incidents
that lead to a transition between states in terms of its causes and effects with associated
preventive and control measures, and (3) a risk assessment matrix that classifies risks
according to their probability of incident occurrence and effects. Probabilities of
incidents occurrence (or state transitions) and effects of incidents are divided into 5
classes based on the review of data from shale gas operations in the U.S.A. and Canada.
The assessment classified risks in 5 classes in terms of impacts on human health, safety
and environment, i.e. negligible (no action required), minor (standard mitigation
measures suffice), moderate (additional mitigation measures may be required), high
(risk control and mitigation need to be implemented) and intolerable (operations need to
be modified or shut-in, remediation and mitigation required). Limitations of the risk
assessment methodology and statistical analysis of risks are addressed.
The main conclusions are:


The current inventory of quantified risks and impacts of shale gas exploration and
exploitation indicates that the main risks, incidents and impacts for operations in the
U.S.A. and Canada are (ranked in order of importance, cf. Figure 18):
1. Risks associated with reduced general safety mainly related to incidents related
to transportation (traffic-related accidents) and well site activities (preparation of
fracturing fluids). Risks are relatively high in the current risk assessment
framework when compared to areas with no operations. Mitigation measures
(mainly preventive measures improving road safety) may be required to lower
the risk to acceptable levels.
2. Risks associated with reduced air quality and global climate footprint mainly
related to incidents related to emissions of potentially hazardous substances
(VOC, NOx, SOx, PM, HAP, O3) and greenhouse gasses (CH4, CO2). Risks can
be relatively high if compared to energy sources with low greenhouse gas
emissions (e.g., solar, wind) because greenhouse gas emissions can have major
global impacts.
3. Risks associated with well leakage mainly determined by incidents mainly
related to drilling (borehole damage and leakage) and completions (well barrier
or integrity failure) of wells. Data on the occurrence and impacts suggest that
well leakage risks are relatively high (well barrier failure) in the current risk
assessment framework, and can be intolerable (surface pollution incidents) if
mitigation measures (mainly regulations, best practices, maintenance & repair)
are not properly implemented.
4. Risks associated with surface spills mainly related to spills and leaks of
potentially hazardous substances (fracturing chemicals or fluids) or flowback
and produced water. Data on the occurrence and impacts suggest that well
leakage risks are relatively moderate (frequent small spills) in the current risk
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assessment framework, but can be intolerable (large spills from pipelines or
storage facilities) if mitigation measures (status of well site infrastructure) are
not properly implemented.
Risks associated with landscape disturbance mainly related to well site
construction in cultivated and industrialized land, or in pristine natural habitats.
The risks critically depends on local conditions and impacts on existing
landscapes, but some level of landscape disturbance is inevitable.
Risks associated with reduced water availability and quality mainly related to
water use and local conditions (aridity of area). Data suggest relatively minor
impacts in most regions as water use for shale gas operations is generally low
compared to total water use.
Risks associated with structural damage due to induced seismicity mainly related
to fluid injection for hydraulic fracturing or subsurface fluid disposal. Data
suggest relatively minor impacts in most regions, in particular considering
seismicity induced by hydraulic fracturing in the U.S.A. High volume hydraulic
fracturing (e.g., Western Canada) have led to earthquake magnitudes that can be
problematic in densely populated areas. Impacts of induced seismicity may be
relatively high in areas with extensive fluid disposal (e.g., Oklahoma).
Risks associated with loss of geological containment (leakage along hydraulic
fractures). Data on the occurrence and impacts suggest that risks are relatively
minor if the vertical separation between the horizontal well section and
groundwater is more than ~1.5 km from groundwater. Risks may be higher if
vertical separation is lower and if leaky (decommissioned) offset wells are
present close to hydraulic fracturing operations.
Risks associated with absence of a social license to operate are not incorporated
in this ranking but relations between impacts of shale gas operations and public
perceptions are complex and more systematic studies are warranted to gain new
insights into changing public attitudes and assessment of the risk/benefit
profiles.



A meaningful statistical analysis of data on impacts, incidents and risks of shale gas
operations can only be performed for the U.S.A. and Canada where sufficient data is
available. Direct application to Europe is hampered by differences in surface
environment, regulatory frameworks, geological settings and practices for
hydrocarbon exploitation, and the analysis should not be taken as a blueprint for
shale gas exploitation in other regions such as Europe. The relevance of the analysis
for Europe and other regions is that it can be used to identify the most prominent
risks associated with shale gas operations. This information can be used to prioritize
regulations and risk mitigation measures in regions (such as Europe) that start or are
considering to develop shale gas exploitation.



Some data, examples and implications of risks are given that are relevant to Europe.
A key aspect that need consideration in comparing risks between different large
scale energy technologies is the difference in scale of operations between
conventional and unconventional (shale) gas exploration and exploitation.
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