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Abstract:
There is no human activity without risk. Accordingly, so neither is the extraction of shale gas. In fact this technology has a risk level 
similar to any other type of industrial activity and particularly those related to oil and gas industry. It is important to highlight the 
need to properly address these risks, among other reasons, for its influence on public acceptance of this technology, a key element 
for the commercial scale implementation.
At present, risk management is a generally accepted tool for decision making and control of the risks that come from a wide va-
riety of both industrial and not industrial human activities. It is an important element for the implementation of a large number of 
safety regulations, corporate policies and good industry practice . Thus, for example, chemical and petroleum, nuclear industries, 
aviation and aerospace or waste management make use of risk management as a central tool to identification the risks, to establish 
the importance and ranking of the estimated risks, to estimate the cost/benefit ratio in reducing these risks, and to carry out political 
and institutional processes to manage them.
Risk management provides a broad framework to aid decision-making through the identification, analysis, and evaluation and control 
of risks, including, of course, those for health and safety. A key aspect is the need to ensure the identification of all significant risks, 
from which it may take appropriate measures (risk analysis). An unidentified risk allows or evaluation or its monitoring, reduction, 
acceptance or cancellation. After the analysis stage it may be considered for
assessment, that is, the risk quantification, to classify them (acceptable, unacceptable, etc. risk).
These actions are determined based on a balance between risk control strategies, their effectiveness and cost, and the needs, problems 
and concerns of those who may be affected, or stakeholders, an essential element in the strategic planning of any activity or deal.
Communication between stakeholders throughout the process is a critical element in risk management. Decisions regarding risk 
issues must strike a balance between the technical aspects of them and the social and moral consequences of the project..
 

El Proceso de Gestión del Riesgo en un Proyecto de Producción de Gas No-Convencional
Hurtado, A.; Recreo, F.; Eguilior, S.

85 pp. 113 ref. 5 figs. 1 tabla

  
Abstract:
No hay actividad humana sin riesgo. En consecuencia, tampoco lo es la extracción de gas de esquisto. De hecho, esta tecnología 
tiene un nivel de riesgo similar a cualquier otro tipo de actividad industrial y en particular a las relacionadas con la industria del 
petróleo y gas. Es importante destacar la necesidad de abordar adecuadamente estos riesgos, entre otras razones, por su influencia 
en la aceptación pública de esta tecnología, un elemento clave para la aplicación a escala comercial.
En la actualidad, la gestión de riesgos es una herramienta generalmente aceptada para la toma de decisiones y el control de los riesgos 
que provienen de una amplia variedad de actividades humanas tanto industriales como no industriales. Es un elemento importante 
para la implementación de un gran número de normas de seguridad, políticas corporativas y buenas prácticas industriales. Así, por 
ejemplo, industrias químicas y del petróleo, industria nuclear, la aviación y la industria aeroespacial o la gestión de residuos hacen 
uso de la gestión de riesgos como una herramienta fundamental para la identificación de los riesgos y su clasificación en función 
de su importancia, para estimar la relación coste / beneficio en la reducción de estos riesgos, y para llevar a cabo los procesos ins-
titucionales para manejarlos.
La gestión de riesgos proporciona un marco amplio que facilita la toma de decisiones a través de la identificación, el análisis y la 
evaluación y control de riesgos, incluyendo, por supuesto, los asociados a la salud y seguridad humanas. Un aspecto clave es la 
necesidad de asegurar la identificación de todos los riesgos significativos (análisis de riesgos). Un riesgo identificado
permite su evaluación o su seguimiento, su reducción, aceptación o cancelación. Después de la etapa de análisis los riesgos deben 
ser evaluados, es decir, la cuantificación de riesgos, para clasificarlos (aceptable, inaceptable, etc). Estas acciones se determinan 
sobre la base de un equilibrio entre las estrategias de control de riesgos, su eficacia y costo, y las necesidades, los problemas y 
preocupaciones de aquellos que pueden ser afectados o interesados, un elemento
esencial en la planificación estratégica de cualquier actividad o negocio. La comunicación entre las partes interesadas en todo el 
proceso es un elemento crítico en la gestión de riesgos. Las decisiones relativas a cuestiones de riesgo deben encontrar un equilibrio 
entre los aspectos técnicos de los mismos y las consecuencias sociales y morales del proyecto.
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1. INTRODUCTION 

There is no human activity without risk. Accordingly, so neither is the extraction 

of shale gas. In fact this technology has a risk level similar to any other type of 

industrial activity and particularly those related to oil and gas industry [1, 2, 3]. It 

is important to highlight the need to properly address these risks, among other 

reasons, for its influence on public acceptance of this technology, a key element 

for the commercial scale implementation.  

At present, risk management is a generally accepted tool for decision making 

and control of the risks that come from a wide variety of both industrial and not 

industrial human activities. It is an important element for the implementation of a 

large number of safety regulations, corporate policies and good industry 

practice [4]. Thus, for example, chemical and petroleum, nuclear industries, 

aviation and aerospace or waste management make use of risk management 

as a central tool to identification the risks, to establish the importance and 

ranking of the estimated risks, to estimate the cost/benefit ratio in reducing 

these risks, and to carry out political and institutional processes to manage 

them [5], [6], [7],[8], [9]. 

Risk management [1] provides a broad framework to aid decision-making 

through the identification, analysis, and evaluation and control of risks, 

including, of course, those for health and safety. A key aspect is the need to 

ensure the identification of all significant risks, from which it may take 

appropriate measures (risk analysis). An unidentified risk allows or evaluation or 

its monitoring, reduction, acceptance or cancellation. After the analysis stage it 

may be considered for assessment, that is, the risk quantification, to classify 

them (acceptable, unacceptable, etc. risk). These actions are determined based 

on a balance between risk control strategies, their effectiveness and cost, and 

the needs, problems and concerns of those who may be affected, or 

stakeholders, an essential element in the strategic planning of any activity or 

deal [10]. Communication between stakeholders throughout the process is a 

critical element in risk management. Decisions regarding risk issues must strike 
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a balance between the technical aspects of them and the social and moral 

consequences of the project. Figure 1 shows a possible structure for a risk 

management process. The different phases are general for all management 

structures, though their frame can vary between structures. 

The region marked by the dotted line, generally describes activities related to 

what is known as performance assessment within the context of a full risk 

assessment. The selected tools to perform the M.R will depend on the 

complexity of the project, of the uncertainties and of the phase of it, but, in 

general, a risk analysis will include both qualitative and quantitative studies, 

deterministic and probabilistic. 
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Figure 1: Risk management Process [11] 

 



10 
 

2. RISK ESTIMATE 

Risk estimation within a risk management process implies the achievement of a 

global view of the system. One needs to know the system and go a step further 

to understand how it can fail. An important aspect of the above is what it means, 

for every case, a sufficient description of the system that can meet the objective 

of evaluating the risks of it.  

There is a broad consensus on the definition of "risk" in the different guidelines 

and guides, both at national and international level [12]. A typical definition in 

the field of project management is as it follows: "Risk is an uncertain event or 

condition such that, if it occurs, has a positive or negative effect on a project 

objective" [13]. The exact wording of different definitions may vary, but, 

however, all they agree on the definition of "risk" from two components. The first 

one refers to a term related with "uncertainty" as the risk is something that has 

not happened yet and that may or may not occur. The second one concerns to 

what would happen if this risk could materialize, as risks are defined in terms of 

its effects on the objectives. 

Usually this requires addressing the need to estimate two aspects: the 

probability that the risk event or condition occurs (probability , uncertainty 

component of risk) and the effect it might produce the realization of the event 

(impact). When evaluating the significance of a particular risk, it is necessary to 

consider both components (see Figure 2). Impact assessment can be 

developed within a framework unambiguously. However, this is not so in the 

evaluation of the probability, so is a more complex problem. This is particularly 

acute when there is insufficient data to calculate the probability of the risks in 

projects of the same activity (for example, because it is making use of 

innovative techniques) and when projects even those not new, are in early 

stages when no quantitative data are available or are scarce. 

When speaking of uncertainty one refers to a continuum from the absolute 

certainty up to the impossibility, so that uncertainty is a property of the degree of 

knowledge of the events, but it is not a property of the events themselves [14]. 
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One way, though not the only one, to express this uncertainty is by using 

probabilities. 

Credibility and value of the risk estimation process is based on a careful 

selection and data collection as well as in a successful treatment of them, which 

requires time and proper tools. This complicates when in conditions of lack of 

data, the probability evaluation acquires characteristics of a qualitative estimate. 

In this case, it is essential develop, where necessary, and to apply 

methodologies for assessing the likelihood of risk, taking into account the 

subjectivity components of this vital element in the process of M.R. If it is always 

necessary to introduce degrees of confidence in quantitative estimates of 

probability, even greater is required in cases of qualitative estimates. 

 

Clearly an event with a high probability of materialization can be defined as of 

small significance, and therefore negligible, if it has little or no effect on the 

objectives (low risk of impact). Similarly, there may be a risk that can have an 

important impact level and, however, that can be neglected because its 

associated probability value is very small. Ie, an uncertainty that does not affect 

a target is not a risk. Derived from the above, it is common in M.R. to use tools 

of assigning risk importance based on the two described components, such as 

 

Figure 2: Initial level of risks currently considered unacceptable and 

illustration of four measures to reduce them [15] 



12 
 

the two-dimensional probability-impact matrix [13]. Figure 2 shows an example 

of application of these matrices. 

Therefore, for a risk assessment to be consistent and significant, it is essential 

applying appropriate assessment methodologies for likelihood and impact 

assessment. Impact assessment is an activity that requires the definition of the 

scenario after the risk materialized and subsequently estimating the potential 

impact on each objective initially defined. Impact assessment is a structured 

exercise that seeks to answer the question of what would be the effect if a 

certain event should occur. However, the probability estimation is an activity 

with a lesser degree of intrinsic susceptibility evaluation. 

 

2.1. Estimation of Probability 

The probability range extends from the impossibility up to certainty. The 

probability of a risk to materialize, as it is a possible event in a future time frame 

although not materialized yet, is not measurable but only estimable. This makes 

a clear difference between the two components of risk, 'impact' and `likelihood’ 

or 'probability', being significantly more problematic estimating the latter. This is 

because the estimate tends to be influenced by a wide range of sources of bias, 

also of subjective and unconscious nature that reduces the reliability of 

estimates. 

It is therefore essential identify and manage these bias sources in order to 

correct them and achieve realistic and useful probability assessments. The 

existence of uncertainty is inevitable, so it is difficult to estimate the risk, 

especially in the early stages of the project, although uncertainty goes 

diminishing over the project lifetime (see Figure 3, where an expected overall 

progress of the uncertainty along of a project is shown). Even in systems that 

involve few variables and when it is well understood how they behave in relation 

with individual changes in them it is difficult to predict their behavior in front of 

external factors that jointly affect several parameters. 

The difficulty is all the greater as the intrinsic complexity of the systems 

increases. It is therefore necessary to develop methods and tools to assist in 
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the need to address complex situations. However, given the existence of 

uncertainty and since every model is an abstraction, a simplification and an 

interpretation of reality [16], it is inevitable that the knowledge to be applied in 

these methods and tools, will be a simplification of the objectives and 

relationships that really have influence on the problem addressed [17] and in 

which cognitive limitations will be obvious [18]. 

2.2. Impacts  

Impact indicates the potential seriousness should the risk materialize. 

Assessment of the potential impact through the application of predictive 

modeling according to the expected emissions for each possible scenario of 

evolution, allows estimation of the effects of such releases on the 

anthropospherical environment. As well as in any project that involve geological 

environment, the impacts will depend largely on the specific site. In-depth 

geological and structural knowledge will identify potential migration pathways, 

predict and evaluate the behavior of fluids and prevent any significant impact on 

the above-mentioned environments. 

Once calculated the impact, this can be classified under a numerical scheme of 

the type: 

1. Negligible: Minimal impact or no discernable impact at all. 

2. Minor: Impact of risk materializing or lost opportunity lost (henceforth will 

be omitted to avoid tedious repetition) is unlikely to have any permanent 

or significant effect:  

• No regulatory consequence  

• Minor reversible injury 

3. Moderate: Impact of risk materializing will have a significant effect on 

performance:  

• Limited regulatory consequence  

• Major reversible injury 

4. Major: Impact of risk materializing will have a serious effect on 

performance:  

• Significant threat to a key business area  
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• Major savings programme required to address this in the medium 

term  

• Significant regulatory consequence  

• Irreversible injury or death 

5. Catastrophic: Impact of risk materializing will have a serious effect on 

performance in the long term:  

• Closure of a key business area  

• Substantial regulatory consequence 

• Irreversible injury or death 

2.3. Uncertainties  

The ideal model of reasoning (human or mechanical) is the exact reasoning. 

However, one of the key factors in every modelization is the fact of the 

existence of uncertain and/or inaccurate information, and therefore of 

uncertainty. There can be defined essentially three different sources of 

uncertainties [19] [20]: Deficiencies in information, real-world features and 

deficiencies in the model itself, i.e.: 

• Incomplete information. When information about a particular 

phenomenon that involves a number of variables is collected it is usual 

that such information is not of the same level of quality for all variables. 

• Incorrect information.  

• Inaccurate information. Occasionally, some interesting facts are of such 

nature that are expressed in a vague or diffuse manner, being difficult its 

expression in mathematical language. 

• Non-deterministic or stochastic nature of the real world. Because of this 

characteristic of the real world, sometimes the same causes cause 

different effects. 

• Incomplete models. On numerous occasions, the model used to 

approximate the behavior of reality in a given problem, usually complex, 

is incomplete in the sense that many phenomena have multiple causes 

and these causes and their relationships are only partially known 

• Inaccurate models, in the sense that although the model structure can be 

the appropriate one, however, determining the parameters that govern 
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the behavior of the model may have been developed only in an 

approximate manner. 

 

Thus, given a problem, reasoning depends on the knowledge to make it 

count, so that if knowledge is partial, reasoning will be by default and if 

knowledge is conflictive, reasoning will be of non-monotonic type. If 

knowledge is uncertain or the language in which is represented is imprecise, 

one is in the presence of approximate reasoning. Therefore, knowledge can 

be imprecise without being uncertain or be uncertain without being 

imprecise. 

 

Figure 3: Evolution expected of the uncertainty over the different phases of a project [15] 

 

As indicated above, it is not possible to completely eliminate the sources of 

uncertainty, and is in the early stages of projects where its control more 

importance reaches, hence the need for proper management thereof (see 

Figure 3) and therefore risk. Many methods have been developed for this. 

Broadly speaking, it can be said that the methods for uncertain reasoning or 

under uncertainty can be classified into two groups: numerical methods and 

qualitative techniques.  

Among the qualitative methods for the treatment of uncertainty, highlight those 

based on non-monotonic logic, such as default reasoning type models (the best 
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known is that of Reiter [21]), systems of reasoned assumptions (originally called 

truth maintenance systems, although it would be more correct to call them 

reason maintenance systems) of Doyle [22] and the justifications theory (theory 

of endorsements) of Cohen and Grinberg [23], [24]. These methods involve 

making assumptions when there is not enough information and that can later be 

corrected upon receiving new information. The main problem they present is 

due to its qualitative nature, so they cannot consider the different degrees of 

certainty or uncertainty of the hypotheses. They usually also have problems of 

combinatorial "explosion". Consequently, they are studied more because their 

theoretical importance as foundation of mathematical disciplines that because 

the practical applications they may have. 

The uncertain reasoning, when performed by numerical methods is often called 

approximate reasoning or, according to the authors, also related to fuzzy logic 

or similar models. An outline of these numerical methods could be the following: 

• Empirical (MYCIN, Prospector) 

• Approximate Methods  

• Fuzzy logic  

• Dempster-Shafer Theory 

• BayesianNetworks 

 

3. RISK ANALYSIS AND ASSESSMENT  

In projects typically characterized by the interaction of human actions and 

geologic media can usually distinguish two types of risk. First, risks arising from 

the operation of surface facilities associated with impacts on safety, health and 

the environment during all project phases. They are similar to those associated 

with any other type of project and its assessments are common practice in 

various industries (for example, oil and gas in shale gas projects). Methods are 

available for quantitative risk assessment that are directly applicable and tools 

that have been used in other industrial processes. By basing the estimates of 
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the probabilities and of the consequences directly on experience, confidence in 

the assessment of those risks is high, but usually not free of biases.  

This is so because such estimates introduce a bias of "overconfidence" type 

known as "hindsight bias" which is manifested in the fact that, when reporting 

on the occurrence of an event, one tends to assign a higher a posteriori 

probability than the probability that was assigned to make the prediction; thus, 

when reporting on a particular event one tends to see it as inevitable. That is, a 

joint influence of the observed data and previous theories is observed [25]. This 

means that, as a side effect, a reduction of the 'surprising' of the results or 

events is obtained, what is particularly important in the evaluation of scientific 

papers [26] which are taken as the basis for assigning probabilities to events. 

Alongside this, there are also long-term risks associated with altered geological 

environment. These may be associated, for example, with the migration of fluids 

from geological layers or with movement induced by these that can have 

associated effects on the environment or on the health of the population [27]. 

As already mentioned, the above requires the identification of all relevant issues 

from the point of view of safety, intending to feed this type of project in the 

future. This should include the identified risks that actually occurred and their 

causes; identifying those risks that can be qualified as generic and that 

therefore could affect similar projects; determining the unique aspects; 

addressing the issue of identified risks that did not materialize, the reasons 

therefor; determining which responses were effective in MR and to determine 

those that were ineffective; as well as potential sources of bias and of 

uncertainties 

3.1. Common methodologies for risk analysis 

A key activity in risk assessment is to develop and / or adapt methodologies and 

tools to assess the risks to health, safety and the environment and the 

development of monitoring tools that enable early detection and remediation 

[28]. 
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These methodologies use structured processes of systems analysis to organize 

and streamline the process of definition of scenarios and thus reduce the role of 

subjective judgments in determining these. The development of a wide catalog 

of the risks and of the underlying mechanisms provides a good basis for a 

systematic assessment of the risks. 

The Risk analysis methodologies are generally classified in two big groups: 

qualitative and quantitative. A qualitative risk assessment does not provide 

concrete or numerical results. When there is a lack of data and / or knowledge, 

a qualitative risk assessment may be sufficiently effective. Among the most 

common qualitative methods there are: the Method of FEPs (Features, Events 

and Processes) and of Scenarios, and the Vulnerability Assessment Framework 

(VEF). 

Quantitative methods are used in well-known systems, where the level of 

uncertainty is relatively low. Two main types of methods belong to this group: 

Deterministic Risk Assessment (DRA) and Probabilistic Risk Assessment 

(PRA). 

The deterministic risk assessment (DRA) provides an estimate of the risk 

associated with a specific set of parameter values of the models therefore it 

does not explicitly treat with uncertainty in parameter values. Regarding the 

values of the parameters used in the models, it should take note of the best 

estimate of each parameter, being necessary to carry out a single run of the 

model (or a few). Therefore, uncertainty of the parameters is not treated as a 

whole, which influences that the obtained results will have a high level of doubt 

which will not be possible to assess. Often conservative values of the 

parameters are used to lead to an overestimation of the risks, but as the 

relationship between values and the risk does not have to be monotonous, this 

overestimation is highly improbable. 

This approach allows the use of more detailed calculation models because as it 

does not require a very high number of executions, the associated computation 

time can be higher, which also influences that both temporal and spatial 

discretization can be finer. 
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Deterministic assessments can be useful for modeling specific aspects of the 

system. Partial deterministic models with varying degrees of detail will be used 

throughout the whole process of the assessment project. In the deterministic 

evaluation one cannot deal with uncertainties, but it is useful to determine 

trends and to learn the system behavior when parameters vary individually. It 

gives very accurate results if the input parameters are known exactly. 

Probabilistic risk assessment (PRA) provides a probability distribution of the risk 

associated with uncertainty in all or some of the values of the parameters. It 

typically uses probability density functions (pdf) to describe the possible range 

of variation in the model parameters describing the system. Multiple simulations 

are performed, each with a set of parameter values which are randomly 

selected from their respective pdf. The result is a probability distribution of the 

risk that reflects the uncertainty of the model parameters 

Uncertainties arise from heterogeneities in the system, from the limited 

information about large scales, from the limitations on the ability of simulating 

large-scale systems, from the potential occurrence of disruptive events in the 

future and from the limited ability to predict how society could evolve in the 

future. 

 This assessment treats uncertainties explicitly but needs more information, so it 

is more suitable for investigations at specific sites with more data available. The 

most relevant characteristics of PRA are: 

• It allows identification of all associated uncertainties and performing 

sensitivity analysis and uncertainty.  

• It makes use of simpler and faster (simplified) models to carry out a large 

number of executions. 

• Each uncertain parameter has an associated pdf that can be generated by 

Monte Carlo analysis, by experimental measurements or by expert 

judgment. 

•  It will be necessary an optimized sampling of parameters to cover all ranges 

of variation of the parameters with the minimum number of samplings. 

• As a result, pdfs of the different estimators of behavior in different systems 

will be obtained, which will allow calculate the risks associated to the 

consequences, both in the environment and the population. 
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An important aspect in assessing long-term risks of a project is the identification 

of the possible scenarios of evolution of the system. The need to conduct a 

scenario development in performance and risk assessments arises from the fact 

that it is virtually impossible to accurately predict the evolution of the system 

over time. 

 

The scenario development phase aims to achieve a set of illustrative scenarios 

of system behavior through time to provide a reasonably complete picture of the 

evolutionary paths of the system. These scenarios shall define the context, in 

broad terms, in which perform the steps of modelization and consequence 

analysis since, in order to quantify the potential impacts and risks associated 

with the project, one needs to assess its possible long-term behavior in the 

geological medium as well as define possible migration pathways and 

mechanisms, that will depend on the scenario under consideration. 

Among systematic methodologies used to develop scenarios, one can mention 

the systems analysis approach, that includes FEPs analysis, successfully 

applied in the field of radioactive waste disposal to assess the problem of long-

term radioactive waste behavior in geological media [29] and which is the 

approach adopted too, for example, within the Weyburn project in its part 

devoted to CO2 geological storage performance and security evaluation [30]. 

Within this FEP methodology, each scenario can be considered as a set of 

FEPs and their interactions. The scenarios are the starting points for the 

selection and development of physical and mathematical models. The detail 

and resolution for the various storage components within a given model can 

vary widely depending on the interests of the evaluation and of the treatment of 

the various uncertainties thereof. Internationally, there is a cooperative effort to 

create a list of FEPs that includes all the factors that may influence the security 

of storage facilities. 

This method of analysis can be used in two ways, from bottom to top (bottom-

up) or from top to down (top-down). In the bottom-up approach, this 

international database is used to develop conceptual models of the different 

scenarios and these directly to develop assessment models. In the top-down 
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approach, the database is used as an audit tool to ensure that all relevant FEPs 

are included in the models and to document why others have not been 

considered. The main disadvantage of this method is that it requires a long time 

for its implementation and a lot of specific information of the site under 

consideration. 

Since a large amount of information has to be handled, much of it from expert 

judgment, the methodology should include a plan of documentation designed to 

collect all the process and the justification of the scenarios selection realized 

Within this framework, the generation of international FEPs databases has 

proved to be valuable assets in the field of radioactive waste storage, as audit 

tools of FEPs lists. 

For example, in the framework of European programs and in projects related 

with research in Weyburn, QUINTESSA [31] developed a generic FEP 

database for CGS (Carbon dioxide Geological Storage) where to include FEPs 

related to the long term safety and the performance of the storage after the 

injection of CO2 is completed and CO2 injection wells have been sealed. This 

database includes those FEPs associated with the injection phase that may 

affect the long-term behavior of the storage. This database, that presently 

includes some 200 FEP sorted into categories, with their description, 

references, links to other databases, etc. and has the potential to serve as a 

"knowledge base" for the geological storage of CO2, was inspired on the NEA / 

OECD FEPs database [32].  

The most important applications of the analysis of FEP and scenarios, based on 

NEA / OECD database [32] are:  

- Stimulate extensive discussions among members of the evaluation teams and 

independent experts during the identification of relevant FEPs.  

- Providing a source of information that can be used during development 

activities of scenarios and models.  

- Provide a framework to store information about FEPs and to discuss if they 

are included or not in the assessment models.  
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- Act as a tool to audit the models used in the evaluation to ensure that all 

relevant processes are included, or to help to specify posterior needs in the 

development of models or data acquisition. 

 

3.1.1. Methodologies based on Bayesian networks 

Bayesian viewpoint provides tools to deal with the resolution of problems 

related with complex systems that require quantifying the uncertainty through 

probability estimation. Bayesian perspective interprets probability as a measure 

of subjective belief provided that the axioms of probability are not violated and is 

accompanied by the Bayes Theorem as an update rule of probability values as 

a function of new observations. 

The Bayesian perspective allows to the combination of probabilistic quantitative 

data coming from, for example, calculation models and/or databases, with 

qualitative estimates of probability, for example, from expert judgment (EJ). This 

allows a transition from some initial qualitative models until final quantitative 

models through intermediate steps combining both types of probability 

estimates. 

In recent years Bayesian networks have had a significant importance, both from 

the point of view of research, to achieve greater efficiency of processing, and 

from the point of view of the large number of fields to which they have been 

applied. They have proved to be suitable for modeling many different types of 

systems, mainly due to the following reasons [33]: 

- It is a probabilistic model capable of representing the uncertainties in a 

coherent and understandable way.  

- Allows the "updating" of the information because they provide conditional or a 

posteriori "beliefs" from unconditional or a priori "beliefs". That is, either from a 

group of observables or from "true facts" (actually these truths allow degrees of 

relaxation in their levels of certainty) it is possible to draw conclusions with a 

degree of belief (probability) associated with these "truths." 
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- Allows be used as a 'classifier', especially in non-complex systems, since in 

complex ones difficulties of the process are higher. 

- Not only it can provide an answer to the problem, but also be able to explain 

why that answer is "true" and indicate the reasoning process followed [7]  

- It is possible to determine those variables with the greatest impact, ie, those 

whose factor of importance in the overall system is critical (sensitivity analysis). 

- There are already a large number of efficient algorithms that work with BNs 

although the number of variables is very high, and continues to develop new 

methods given the large interest in this form of representation and processing 

structure in both the scientific and industrial world. This constitutes an important 

basis for further studies because it ensures a steady improvement in its 

performance.  

- A fundamental aspect of risk assessment in the early stages of projects is the 

fact that Bayesian networks are able to model the experience and expert 

knowledge (of 'subjective' type) because they can collect such knowledge and 

try to generate a faithful representation of the same. 

- They are "friendly" means of representing knowledge. Once the system has 

been modeled, working with BNs is intuitive. Its graphical representation allows 

for visual assimilation of the relationships between the variables and the 

numerical values representing the probabilities associated with these 

relationships, allowing a relatively simple information management. This is a 

fundamental aspect in a field of knowledge such as it is analysis and risk 

assessment, which is characterized above all by its multidisciplinary nature. 

- Allows for knowledge representation under uncertainty, which represents a 

degree of improvement over the rule-based systems. This means among other 

things that are easier to maintain and adapt to different contexts. Undoubtedly 

one of the most important features of BNs is constituted by the fact that they 

provide an elegant mathematical structure to model complex relationships 

between random variables, while at the same time, they maintain a relatively 

simple visualization of such relationships. The advantages of graphical 
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representations of easy interpretation are more evident as the number of 

assumptions and complexity of the problem increases. 
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4. SHALE GAS RISK MANAGEMENT 

In the case of extraction of shale gas projects, we have, on one hand, risks 

arising from the operation of surface facilities associated with the impacts on 

safety, health and environment. They are similar to those associated with any 

other type of project and its evaluation is a common practice in various 

industries. Methods are available for quantitative risk assessment that are 

directly applicable and tools that have been used in other industrial processes. 

As the estimations of the probabilities and consequences are based directly on 

experience, confidence in the assessment of those risks is to be high, but 

however usually not bias-free [34, 35]. Examples of risk involved in some Shale 

Gas operations and their comparable industries are [36]: 

• Injection operation: EOR, EGR and CBM 

• Closing well: Oil industry 

• Stewardship: Oil industry 

• Local/regional hazards: Oil and Gas, Nuclear, Landfill, EOR, EGR and 

CBM etc. 

• Geotechnical safety: EOR, EGR and CBM 

But, in Shale Gas development raises new environmental and health concerns 

that are less well-understood than the risks associated with conventional fossil 

fuel extraction [37]. Distinguishing characteristics are [1, 38]]: a large number of 

wells and well pads with high density distribution, associated high density of 

infrastructure, the use of significant volumes of water and chemicals compared 

to conventional gas extraction, potential of low level seismic activity attributed to 

the activity of the hydraulic fracturing process, the challenge of ensuring the 

integrity of wells and other equipment throughout the development, operational 

and post-abandonment lifetime of the plant (well pad) so as to avoid the risk of 

surface and/or groundwater contamination, the challenge of ensuring a correct 

identification and selection of geological sites, based on a risk assessment of 

specific geological features and of potential uncertainties associated with the 

long-term presence of hydraulic fracturing fluid in the underground. 
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It is important to recognize that the fracking process of pumping large volumes 

of water into a borehole at a certain depth, usually significant depth, cannot 

totally control the type of created or reactivated fractures. The array of created 

and/or reactivated or reopened fractures depends on a complex interplay of the 

in situ stress, the physical properties of the rock, the preexisting fractures and 

the pore fluid pressure [39]. This could have implications for the risk of 

groundwater contamination (with effects on the environment or the health of the 

population) by fracking operations, as the fracture network generated by the 

fracking fluid could be complex and difficult to predict in detail. Some of the key 

geological issues related directly to the extraction of shale gas process are [40]: 

- The relatively limited understanding of rock fracture patterns and 

processes in shales; 

- The ability to predict and quantify permeable fracture networks in the 

subsurface before drilling; 

- The accuracy and precision with which the geometry (size or extent, 

position, thickness) of shale formations and aquifers in the subsurface 

can be determined, especially in areas with complex geological 

evolutions. 

The security and risk management related to shale gas extraction should be 

considered as part of a continual and iterative process throughout the project 

life cycle. Based on appropriate methodologies, it should establish a robust and 

reliable framework to identify, to assess and to manage risks and uncertainties, 

covering all phases of the project, which comprises [1]:  

- Exploration: The exploration phase will typically involve fewer or less 

rigorous processes and engage fewer or down-scaled systems, 

equipment, infrastructure, etc.  

- Development: In the early phase of the planning when the key issue is to 

select a business model and technical concept, the main risk activities 

will be to establish risk criteria and safety targets as well as to 

demonstrate the absence of “showstoppers”. This may require qualitative 

approaches. At this stage of the development detailed Quantitative Risk 
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Analyses (QRA) will have limited value as no detailed information to 

describe the facilities will be available as input. 

- Production: In the next phase the risk assessment needs to provide 

quantitative risk information related to the land planning in support of the 

permitting process. 

- Closure: In later project phases, where key issues will be the design of 

mitigation measures, more detailed analyses will be appropriate to 

provide a proper basis for decisions. 

During all the phases, risk management will aim to contribute to continuous 

improvement in knowledge of the system and its risks so as to assist to achieve 

the project objectives.  

Therefore the risk identification and subsequent risk assessment process 

should be tailored to the relevant stage of development for a project, reflecting 

the decisions to be made and the level of available detailed information. In 

addition, it must be noted that no one gas extraction project is the same as 

another [41] due to variations imposed by the geology of each site and its 

behavior in connection with the process of fracking so the level of risk will vary 

from one site to another, i.e., it is not possible to develop general risk 

prioritization. 

5. SHALE GAS PROJECT: HEALTH SAFETY AND 
ENVIRONMENTAL RISKS ANALYSIS 

Even though the evaluation of the significance of each specific risk (probabilities 

and consequences) will depend on each unconventional gas exploitation site, 

the main concerns about these are related to the following aspects: Migration of 

gas; migration of fluids; water use; management of produced water; additives; 

NORM (Naturally Occurring Radioactive Materials); surface spills; 

anthropogenic road traffic, dust, noise, light; well construction and seismicity 

[42]. These risk factors may in turn affect the health, safety and environment. 

There are potentially significant risks from the nature and fate of the fluids used 

in the drilling and fracturing processes as well as the effects of the natural gas 

released [40]. Possible further environmental impacts depend on the logistics of 

the extraction plan and the management of drilling operations at the surface 
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which could involve relocating drilling rigs several times across a large area and 

over a protracted period [40]. 

Next will be considered the risk factors associated with the production of 

unconventional gas and subsequently the targets where can take place the 

unintended impacts [43, 44]. 

5.1. Risk Factors 

The risks of unconventional gas exploitation are linked to several factors, both 

natural and engineered, which should be properly treated to lessen both the risk 

and its potential damage. These factors are outlined as follows. 

5.1.1. Well Integrity 

Since unconventional gas production wells brought into contact directly the 

target formation with upper aquifers and the surface, these could be preferential 

leakage pathways. Special care must be taken in the design and installation of 

well to isolate the producing zone from other geologic units. 

At present, the documented cases of ground water contamination associated 

with fracking are related to poor well casings and their cements, or from 

leakages of fluid at the surface [45, 46, 47] rather than from the fracking 

process itself. Indeed as is demonstrated by scientific reports into the potential 

environmental impacts of fracking, the risks primarily depend on the quality and 

integrity of the borehole casing and cement job, rather than the fracking process 

itself [40]. This does not mean that no leakage can occur through fractures 

generated by the fracking process [40]. Although fracking has been performed 

in some areas for decades, it is not possible to rule out that the lack of evidence 

of such leaks can be simply due to the slow progress of some of the involved 

processes.  

So, well failure may come from [48]: 

• Degradation of cement barriers. 

• The potential for high pressure failures of surface equipment during 

drilling and hydraulic fracturing, including flowback. 
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• The potential release of methane during the flowback operation. 

• Other potential releases such as hydrogen sulphide and fracturing fluids. 

These risks of these failure occurring may be controlled and reduced by 

following industry best practice. Because of the high potential for groundwater 

contamination from the wells, fundamental rule is that decommissioned wells 

have to be effectively sealed for hundreds if not thousands of years [48]. The 

frequency of leaking casing problems in association with unconventional gas 

development is in the range of 1 to 3% [41].  

Based on world experience of fracking for shale gas, the following suggestions 

for lowering risks come from Royal Society and Royal Academy of Engineering, 

2012, American Petroleum Institute [49, 50] 

• developing a transparent and consistent regulatory framework for shale 

gas: drilling, well completion and decommissioning standards need to be 

mandated to protect and isolate potable aquifers and environmental 

values; It would be necessary to develop trigger values indicating 

problems linked to remedial actions. 

• Make transparent documentation and communication to the public and to 

regulatory agencies a priority 

 

5.1.2. Geological/Environmental Setting  

Another critical point to consider is the geological setting (geology, 

hydrogeology, geochemistry, geomechanics ...) of formations on which it is 

carrying out the extraction of unconventional gas. These settings govern the 

transport of fluids and additives and its fate, that will come from hydraulic 

fracturing target formation into overlying formations and in the surface [51]. 

Thus, within the geological aspects, we can include as potential risk factors: 

• Water fate. 
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The primary component of the hydraulic fracturing or “fracking” process is 

water. The key issue is the fate of the water (plus additives) after the 

fracking has occurred. During fracking there is little direct control on the 

nature of the permeable fracture network created, and how this new network 

might then connect to any pre-existing (and potentially undetected) fracture 

network. An additional risk is that of the natural gas released by the fracking 

process entering the ground water. Thus, the potential risk to ground water 

comes from two sources: the injected fluid (water + chemical additives) and 

the released natural gas. There are alleged incidents of both contamination 

types [40, 46, 52] but, there has only been one confirmed case of gas 

released from a fracking operation entering a shallow aquifer through poor 

quality casing [52]. 

The potential contamination of potable aquifers with fracking chemicals and 

formation waters is a major issue of community concern [48].  

 It is generally thought that there is little to no connection between deep 

brines associated with shales and shallow drinking water; because of inherit 

low permeability of shale and depth of most shale resources (1000-3000 

meters). However, evidences of mixing of brines and shallow groundwater 

through advective flow via faults and fractures have been reported in the 

literature [53]. This mixing was independent of the presence of fracking in 

the area [48]. As well as in other aspects of this type of projects, the risks of 

hydraulic connectivity is unique in each project and depend on the detailed 

geometry of the shale formation in relation to local aquifers. This issue of 

geometry, and the precision with which the geometry of subsurface rock 

formations can be quantified, is particularly important in regions where the 

tectonic structure (and geological history) are more complex, e.g. NW 

Europe. Issues that increase the probabilities of groundwater contamination 

are: 

o Shallow producing zones. 

o Pre-existing faults in the producing zone connected to the surface or 

groundwater zones. 

o Induced fractures. 
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Results from a study of several incidents of possible contamination in the US 

show no confirmed evidence for ground water contamination from the 

subsurface fracking operation itself, but suggest leakage stemming from 

fracking-related waste water above ground [46]. The potential pathways 

identified from alleged incidents of ground water contamination so far 

include: 

o Overweight (or ‘overbalanced’) drilling mud causing leakage of 

drilling fluids from the well bore into near surface aquifers. 

Overweight drilling mud can cause a well bore to fail by fracture. 

The density (or ‘weight’) of the drilling mud controls the fluid 

pressure exerted along the walls of the well bore. If the pressure 

of the mud exceeds the fracture pressure (strictly, the local 

minimum principal stress plus the fracture strength of the rock), 

then a fracture can be formed and the drilling fluid can escape. 

However, the real risk of contamination from this issue is limited, 

in such that pressures exceeding the rock fracture strength 

generated by overweight drilling muds are only likely at great 

depths (several kilometers), far beyond the extent of any ground 

water aquifer. 

o Contamination from solid components in the shale entering the 

flow back fluid. 

o Poor cement jobs on well bore casing, especially at shallow 

depths. The quality of the casing and the cement used to fix the 

casing in place is critical in safeguarding shallow level aquifers 

from contamination by drilling and fracking fluids [65]. In this 

respect, strict regulation is essential to eliminate the use of poor 

quality casings [40]. 

From a casuistical point of view, there have also been some high profile 

examples of groundwater contamination due to fracking, the most prominent 

of which involved a case of chemical contamination (BTEX, other organics 

and methane) in groundwater Pavillion, Wyoming (WY). Two conventional 

gas wells (not shale gas) in the Wind River Basin which had been fracked in 

order to increase production are the suspected source of contamination. The 
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hydraulic fracturing occurred within 372 meters of the surface, while 

domestic groundwater bores in the area are screened as deep as 244 below 

the surface [48]. 

The ultimate pathway of contamination in Pavillion, WY, has not been fully 

determined, but it is important to note that apart from two production wells, 

none of the gas wells are cased below the level of local groundwater system 

[48]. 

Based on world experience of fracking for shale gas, the following 

suggestions for lowering risks associated with water management come 

from [48, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64]: 

o Develop the necessary scientific background for set up 

comprehensive model of the tectono-stratigraphic framework of 

shale gas basins.  

o Model the cumulative effects on the groundwater resource prior to 

fracking. 

o Adopt best practice guidelines for the handling of produced water 

o Developing a transparent and consistent regulatory framework for 

shale gas. Components of the framework include: 

� guidelines on storage, reuse and disposal of fracking fluids 

� Developing rules to protect other groundwater users and 

surface water resources 

� Developing minimum values for vertical and horizontal 

separation of shale gas resources from potable aquifers  

� Consider prohibit the use of chemicals that pose a health 

risk 

o Make transparent documentation and communication to the public 

and to regulatory agencies a priority 

 

• Induced Seismicity.  
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Fracking inherently involves geomechanical risks. The injection of large 

volumes of pressurized water at depth will most likely alter the in situ stress 

state and change the fracture propagation propensity or faults to slip, and 

result in seismic activity [40]. 

It is possible to make a distinction between microseismicity events and 

larger seismic events that can be triggered by hydraulic fracturing in the 

presence of a pre-stressed fault. Induced seismicity can cause direct 

damage to persons or property or this can also open preferential paths to, 

for example, contamination of aquifers.  

This point will be discussed in greater detail in chapter 6 

• Natural Chemical Elements. 

Naturally occurring chemicals elements, some radioactive, coming out of 

fracking well during well production. These elements and compounds could 

be dissolved into the fracking fluid and then return towards the surface 

during flow back. These include methane (i.e. the target natural gas to be 

released), carbon dioxide, hydrogen sulphide, nitrogen and helium; trace 

elements such as mercury, arsenic and lead; naturally occurring radioactive 

material (NORM, discussed in greater detail in chapter 7); and “volatile 

organic compounds” (VOCs) that vaporize easily into the air, as well as 

hazardous air pollutants (HAPs) such as benzene, toluene, ethylbenzene 

and xylene (BTEX) [47]. The amount of material dissolved varies widely from 

one site to other. Careful chemical monitoring of fracking fluids, including the 

flow back fluid and produced water, is required to mitigate the risks [40]. 

These compounds can both impact on water quality and produce air 

contamination. 

5.1.3. Chemical additives 

The primary environmental impacts associated with hydraulic fracturing result 

from the use of toxic chemicals during the fracking process. More than 750 

chemicals have been used in hydraulic fracturing, ranging from benign to toxic. 

These additives are less then 2% by volume of the total fracturing fluid but it 



34 
 

implies the order of 50 m3 for a typical 10000 m3 hydraulic fracturing project. 

These can be subsequent release during well production or could migrate from 

the shale gas formation to another geological unit [41]. 

Defining the toxicity level of additives used in the fracking phase theoretically is 

a relatively simple and quantifiable scientific task [40]. But it is essential the 

active collaboration between the agencies responsible for monitoring and 

regulating the environmental impacts of fracking and the companies involved to 

know the chemical composition of substances added to the fracking fluid in 

order to test for and track potential chemical contamination .  

5.1.4. Blow outs  

There is documentary evidence of surface and subsurface blow outs in the 

states of Texas, Louisiana, Ohio, Pennsylvania and Colorado in the US [40]. If 

the fluid injected into the well head does not fracture the rock volume around 

the bottom of the well as intended, then the elevated fluid pressure will drive the 

fluid into other open and permeable pathways. These pathways can include the 

injecting well bore, but also any other boreholes in the vicinity that are not 

capped for these high pressures (e.g. other oil and gas wells or artesian wells 

used for drinking water). Explosive eruptions of drilling fluid and/or oil and gas 

from neighboring wells are a direct consequence of pre-existing permeable 

connectivity at depth. Seepage of any surface spillage from a blow out into the 

ground could then lead to ground water contamination. 

5.1.5. Water sources  

Multiple processes associated with the production of unconventional gas are 

going to make use of water resources. This can impact on the quality and 

availability of water in the production area, generating a significant imbalance 

between supply and demand of water resources in the area. It is important to 

note that societal impact on water requirements is extensive and varied. Water 

needs are not just limited to water available for drinking or irrigation, to take one 

example. It is necessary to ensure that water withdrawals during periods of low 

stream flow do not affect recreational activities, municipal water supplies or 

other industrial facility usages, such as usage by power plants. 
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Estimates of water volume required vary widely, with between 90.000 and 

13.500.000 liters per well [65]. This large range is in part due to the large 

variation of well ‘lifetime’, with operations lasting from a matter of days through 

to many years [65].  

The sources for these volumes of water can be local or come from other areas. 

The latter will have additional impacts from transporting water in to the drilling 

site from further afield: construction of new roads to remote drilling sites and 

increased heavy road traffic and pollution. 

  

TABLE 1. Table showing water usage of the major shale gas fracking 
operations in the USA, as a percentage of the total local water demand. 

Source: modified from MIT, 2011 [65]. 
 

Play Public 

Supply 

Industrial/ 

Mining 

Irrigation Livestock Shale 

Gas 

Total 

Water 

Use 

(m3/yr) 

Barnett 

TX 

82.7% 3.7% 6.3% 2.3% 0.4% 1.8 

Fayetteville 

AR 

2.3% 33.3% 62.9% 0.3% 0.1% 5.1 

Haynesville 

LA/TX 

45.9% 13.5% 8.5% 4.0% 0.8% 0.3 

Marcellus 

NY/PA/WV 

12.0% 71.7% 0.1% +0.1% +0.1% 13.5 

 

5.1.6. Disposal of produced water  

Another important aspect to consider is what to do with the fracking fluid after 

their use. The manners how fracking fluid will be disposed of depend on the 

environmental risks and overall impacts that may occur. 

The key concerns of the recovered fluid are [48]: 
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o Unregulated release to surface and groundwater resources. 

o Leakage from on-site storage ponds. 

o Improper pit construction, maintenance and decommissioning. 

o Incomplete treatment. 

o Spills on-site; and 

o Waste water treatment accidents. 

At first glance, it might be thought that the coal and gas management of 

produced water may provide some guidance for future shale gas production, but 

since the quality of water produced during shale gas is generally worse than the 

associated with coal and gas production, some of options such as irrigation, 

stock water, aquifer recharge, aquaculture, and industrial uses seem unlikely to 

be suitable options for shale gas projects [48].  

Currently are being implemented various strategies for the treatment of this 

shale gas produced water: 

o To pond this flow back fluid in man-made pools and then allow it to either 

evaporate, or be transported away at a later date. From the risk point of 

view, evaporation leads to concentration of the chemical additives, 

increasing the potential for environmental impact if a leak develops.  

o Reused the flow back fluid in the subsequent fracking operations (at 

least one operator in the U.S. has achieved do it successfully). However, 

the costs involved in processing the flow back fluid to remove any 

contaminants collected during the first cycle may deter wider application 

[66]. 

o In Europe, flow back fluid would be subject to strict conditions during 

processing at the surface because it may be formally classified as waste 

under the European Union Mining Waste Directive.  

At the research stage is the possibility of developing new free of chemical 

additives fracturing fluids, although the grains of proppant (sand and sand-

based materials became the most popular type of proppant due to availability 

and low cost) will probably still be required. If such “clean” fracking fluids can be 
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shown to be as effective as those with chemical additives, then many of the 

contamination risks associated with fracking could be significantly reduced. 

5.1.7. Emissions to the atmosphere from fracking  

The unconventional gas extraction processes can result in gas and/or vapor 

emission to the atmosphere from:  

o Original additive chemicals.  

o Entrained contaminants from the shale formation or 

o Methane released by the fracking process, also given the in conventional 

gas extraction [40].  

These emissions are potentially important both for the direct risks involved as 

well as for the high net greenhouse gas footprint from leakage released by 

fracking operations into the atmosphere. These latter could have a higher net 

greenhouse gas footprint than, for example, coal. It is for this reason that the 

fracking operators should necessarily seek to minimize all emissions to the 

atmosphere, and monitoring processes should need to be actively enforced. 

5.1.8. Drill site logistics  

Developing an unconventional gas extraction project by fracking typically 

involves repeated drilling over a wide area [40]. Fracking operations to date 

have spanned a wide range of time intervals, from several days to many years 

In part, this depends on the geology of the shale gas formation and the relative 

efficiency of the fracking process. 

While there may be relatively few active drill sites at any one time, the overall 

environmental impact of a sustained and mobile drilling program over a number 

of years needs to be carefully assessed. 

The activities for commercial development of unconventional gas explotation 

include facilities, infrastructure and materials, water and equipment to be 

transported which may involve several impacts on the environment, due to 

issues such as: 
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o Dust emissions. The construction of the well pad and access roads and 

the movement of trucks and heavy machinery generate dust. Also silica 

dust is generated as the proppant is transferred, blended, and injected 

with the hydraulic fracturing fluid (slickwater). Usually by application of 

water and/or other chemicals may be sufficient to minimize the amount of 

dust generated from construction and the movement of equipment and 

trucks on the well pad. Using of housed mixing mechanisms and 

appropriate respirators may reduce the risks to workers from breathable 

silica dust on the well pad, where the sand transfers and blend activities 

occur. The use of improvements to limit or capture dust (e.g. employing 

“dust collectors”) during hydraulic fracturing operations is also 

recommended. 

o Combustion emissions (mobile and stationary). Mobile internal engine 

combustion emissions occur during the construction, drilling and 

hydraulic fracturing stages of unconventional gas development. 

Hundreds to thousands of truck trips may be necessary to bring 

equipment, supplies and people to and from the well pad. Transportable 

diesel engines provide the power for well drilling and casing operations, 

as well as for hydraulic fracturing. Diesel fuel consumption ranges from 

1.150.000 to 320.000 liters per well [41]. Emissions from internal 

combustion engines include nitrogen oxides (NOx), sulfur oxides (SOx), 

carbon dioxide (CO2), volatile organic compounds (VOCs) and 

particulate matter. 

o Land use and associated surface changes. A flat and stable well pad is 

needed for unconventional gas development. In some settings, this pad 

may also need to be impermeable (e.g. concrete) to prevent fluids from 

seeping into the subsurface. Access roads are required to link existing 

roadways to the well pad for access and egress of people, equipment 

and materials. Land is also cleared for gathering pipelines and 

infrastructure to process and distribute the produced gas [41].  
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6. INDUCED SEISMICITY 

6.1. Introduction to the impact 

Induced seismicity refers to seismicity caused by human/external activity above 

natural background levels in a given tectonic setting and is distinguished from 

triggered seismicity, where human activity affects earthquake recurrence 

intervals, magnitude or other attributes. The physics of triggered and induced 

seismicity is thought to be identical [67]. Earthquakes can be induced as part of 

the process to stimulate the production from tight shale formations, or by 

disposal of wastewater associated with stimulation and production [68]. The aim 

of hydraulic fracturing is to improve fluid flow in an otherwise impermeable 

volume of rock, previously considered as source rock for more conventional 

(higher permeability) reservoirs. Stimulation is carried out to enhance well 

production, and is achieved by injecting fluid at a sufficient pressure to cause 

tensile failure (cracking of the rock) and develop a network of connected 

fractures to increase permeability and provide conduits for gas flow from the 

strata [69]. 

Induced seismicity from (uncontrolled) fracture propagation is a potential risk of 

shale gas production [70]: the stimulated fractures may extend up to several 

hundred meters into the rock, as demonstrated by Davies et al. [71]. It is 

necessary to evaluate potential for and effects of induced seismicity during risk 

assessment of storage/ fracking projects. A best practice approach has already 

been proposed by the US WEASTCARB Partnership based on protocols related 

to geothermal activities [67]. 

Micro-earthquakes (that is, those with magnitudes below M2) are routinely 

produced as part of the hydraulic fracturing process used to stimulate the 

production of oil, but the process as currently practiced appears to pose a low 

risk of inducing destructive earthquakes. More than 100,000 wells have been 

subjected to fracking in recent years, and the largest induced earthquake was 

magnitude M3.6, which is too small to pose a serious risk [68].  

The industrial process of hydraulic fracturing involves the controlled injection of 

fluid under pressure to create tensile fractures, thereby increasing the 
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permeability of rock formations. The gas and oil containing “shales” are 

classified as shales on the basis of the size of the very fine particles or grains 

that make up the rock. They are actually very fine grained sandstones, often 

with similar mechanical properties to the sandstones that comprise conventional 

gas and oil producing reservoirs. The difference is that conventional sandstones 

may have permeabilities in the range of 0.5 to 20 millidarcies (mD), while these 

gas shales may have permeabilities in the range of 0.000001 (10-6) to over 

0.0001 (10-4) mD (or 1 to over 100 nanodarcies) [72]. In unconventional 

reservoirs it is absolutely essential to hydraulically fracture a well to obtain 

economic levels of production [73]. Extracting hydrocarbons from shale requires 

the creation of a network of open fractures connected to the borehole. 

Horizontal drill holes extending up to several kilometers within the shale 

formation undergo a staged series of hydraulic fractures, commonly 

pressurizing a limited section of the cased well at a time to stimulate the flow of 

gas or oil into the well. Each stage involves the high-pressure injection of water 

into the formation. Hydraulic fracturing produces a break in the rock to release 

the pressure applied to the rock at the wellbore. The crack that develops is 

narrow, usually 2 to 3 mm in width and grows outward, upward and outward, 

widening slightly until a barrier is encountered or there is sufficient leakoff into 

side fractures or permeable formation to stop the fracture from growing [72]. 

Fracking intentionally induces numerous micro-earthquakes, the vast majority 

with Mw < 1 [68]. During a fracturing operation, operators pump fracturing fluid 

at high pressure through the perforations in a section of the casing. When the 

pressure increases to a sufficient level, it causes a hydraulic fracture or 

“hydrofracture” to open in the rock, propagating along a plane more or less 

perpendicular to the path of the wellbore. A typical hydrofracture is designed to 

propagate horizontally about 500 to 800 feet (165 - 265 m) away from the well 

in each direction and vertically for the thickness of the shale. Slickwater 

increases water pressure in these microfractures, inducing shear-slip, or micro-

seismic events that generally have magnitudes of less than -1.5 on the Richter 

scale [74]. Slickwater is water with a limited amount of sand, friction reducers 

and other chemical additives to improve the efficiency of hydraulic fracturing. It 

works well in shale gas reservoirs because its low viscosity allows the fracturing 
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fluid to leak slowly out of the hydraulic fracture into many small, naturally-

occurring fractures in the shale. 

Concern has developed regarding induced seismicity generated in association 

with multistage fracturing of horizontal wells in shale reservoirs. It is important to 

understand the conditions under which seismicity may be induced so that these 

operations can be performed safely. While hydraulic fracturing has been the 

focus of much controversy, George E. King analysis [72] indicates that the most 

significant environmental risks associated with the development of shale gas 

are similar to those associated with conventional gas onshore [72]. 

The situation in regions of hydrocarbon recovery is not always well understood: 

in some places, extraction of fluid induces seismicity; in others, injection 

induces seismicity. In many areas where the rock is not under large tectonic 

stresses, the seismic energy released during induced events is low – typically of 

magnitude 0 to 3. However, if the rock mass is already under large tectonic 

stresses, the energy added by man’s endeavors can have a destabilizing 

influence and even minor actions can trigger strong seismicity [75]. A review of 

thousands of fracture treatments that have been micro-seismically monitored 

shows that the induced seismicity associated with hydraulic fracturing is very 

small and not a problem under any normal circumstances [73]. There are two 

types of induced seismic events associated with hydraulic fracturing. One is 

micro-seismic events resulting from the physical fracturing process. These are 

sufficiently small to require very sensitive monitoring equipment to be detected 

[76].The hydraulic fracturing process itself can under some circumstances give 

rise to minor earth tremors up to a magnitude of 3 on the Richter Scale, which 

would not be detectable by the public. The second type of event results from 

injection fluids reaching existing geological faults, leading to more significant 

ground accelerations, potentially felt by humans at the ground surface. This 

would not take place at the shale gas extraction site [76].  

Induced earthquakes are typically spatially and temporally clustered [67]. For 

fluid injection operations where the events are well-located (e.g.≤± 100 m) they 

often cluster around the reservoir defining an ellipsoidal volume which contains 

the reservoir and has a minor axis in the vertical direction [77]. Epicentres for 
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earthquakes induced by fluid injection are generally clustered near to, and often 

enclose, injection /extraction wells. Elongation of the spatial distribution of 

induced seismicity epicentres is most commonly attributed to reactivation of pre-

existing faults [77]. Nearly all studies of induced seismicity for which the events 

are well located show strong clustering of earthquake epicentres [67]. The 

shape of the distribution may change through time due to reactivation and/or 

deactivation of pre-existing faults. Post-injection induced seismicity behaves like 

a natural aftershock sequence where typical aftershock sequences can 

continue, with decreasing rates, for decades or more [67]. Most (~70%) induced 

events occur during injection/extraction with the number of events decreasing 

exponentially after injection/extraction ceases [77]. 

6.2.  Technical considerations: why it may occur 

Induced seismicity may be caused by mechanical loads which can cause 

changes to the stress regime. Fluid pressures also play a key role in seismicity 

as pore pressures act against gravitational and tectonic forces and, if increased 

sufficiently, may cause rock failure. Induced seismicity due to fluid pressure 

changes can result from two processes: either new faults are created by 

hydraulic fracturing or pre-existing faults are reactivated [77]. Basic 

mechanisms for induced seismicity from introduction of excess pore pressure 

have been described in [78]. Hydraulic fracturing occurs when the fluid-injection 

pressure exceeds the rock fracture gradient [79]. The injection of additional fluid 

changes the local stress field and if the pressure of the injected fluid is too high, 

irreversible mechanical changes such as rock failure can occur. 

Induced earthquakes associated with oil and gas extraction result from a 

reduction of pore pressure in the reservoir, which causes a contraction of the 

volume surrounding the extraction wells [67]. The resulting stress changes are 

transferred to the surrounding rock volume and may trigger slip on existing 

fractures or cause the creation of new fractures. In some cases this can cause 

subsidence at ground level [67]. 
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The analysis of the actual operations and discussion of the created hydraulic 

fracture is discussed in detail [80] and further clarified in the synthesis report 

[81] [69]. 

The basic mechanism for the seismicity may come from an increase in the pore 

pressure on faults in the rock volume surrounding the injection well from the 

fluid injection, resulting in a reduction in the effective normal stress along pre-

existing faults producing induced earthquakes when the fault slips due to the 

reduction of the frictional properties of the fault caused by the normal stress 

[78], [77]. Pre-existing fractures may be stable in the stress regime before fluid 

injection, but fluid injection increases the pore pressure, which acts in 

opposition to the normal stress. Shear-slip on a pre-existing fault occurs if the 

shear stress acting on its plane is high enough to exceed its shear strength [77]. 

As the increase in fluid pressure due to fluid injection may induce shear (slip) 

along a fault, it is of paramount importance to estimate the migration of the 

pressure front due to injection. The pore-pressure increase depends upon three 

factors [77]: 

1) the rate of injection 

2) the reservoir permeability 

3) the storage coefficient of the reservoir  

Earthquakes release stored elastic strain energy when a fault slips. A fault will 

remain locked as long as the applied shear stress is less than the strength of 

the contact. The failure condition to initiate rupture is usually expressed in terms 

of the effective stress τcrit = µ(σn – P) + τo, where the critical shear stress τcrit 

equals the product of the coefficient of friction µ and the effective normal stress 

given by the difference between the applied normal stress σn and the pore 

pressure P. For almost all rock type µ lies between 0.6 and 1.0, and the 

cohesive strength of the sliding surface, τo, is negligible under typical crustal 

conditions. Increasing the shear stress, reducing the normal stress, and/or 

elevating the pore pressure can bring the fault to failure, triggering the 

nucleation of the earthquake [68].  

The injection of additional fluid changes the local stress field and if the pressure 

of the injected fluid is too high, irreversible mechanical changes such as rock 
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failure can occur. If pore pressure is great enough to overcome the normal 

stress, then shear failure will occur.  

As a liquid or a gas is injected into a reservoir, pore fluid pressure builds up and 

the reservoir tries to expand in all directions. As the reservoir tries to expand 

laterally, there is a counteracting force that is imparted into the reservoir which 

causes the minimum horizontal stress to increase. In a normal faulting or strike 

slip faulting environment, an increase in the minimum horizontal stress does not 

favour reactivation of faults, but rather “stabilizes” existing faults by reducing the 

shear stress / normal stress ratio on the fault surface. However, the expected 

stress change in the overlying caprock is expected to be significantly different. 

This is due to the fact that the whole system must stay in equilibrium with the 

far-field stresses, and that elevated minimum horizontal stress (σh) at reservoir 

level will be counterbalanced by reducing σh in the caprock above the reservoir 

and also in the formation below the reservoir. The implication of such a scenario 

is an increased propensity for tensile fracturing and reactivation of steeply 

dipping normal faults within the caprock which may eventually cause induced 

seismicity [77]. 

Rocks fail in tension when the pore pressure exceeds the sum of the least 

principal stress, σ3, and the tensile strength of the rock, forming an opening-

mode fracture that propagates in the plane normal to σ3. The industrial process 

of hydraulic fracturing commonly involves both tensile and shear failure [68]. 

Injected fluid can propagate or filter into cracks and cause increased fluid 

pressure in pores and fractures. Three types of forces help initiate filtration- 

induced earthquakes by causing motion of rock blocks along faults: First, 

poroelastic forces can force displacement along a fault in the surrounding rock 

mass. Poroelastic mechanisms transfer the resulting stress changes from the 

reservoir to the surrounding rock volume by increasing the differential stress 

and bringing the rock closer to failure [77]. Second, hydrostatic forces can 

transfer pore pressure from an injection zone preparing for an earthquake 

through a fault or other permeable feature. Fluid migration in this case may be 

negligible. Third, pressure differences can cause fluids to migrate from injection 

zones to zones of earthquake incipience [75].  
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Hydraulic fracturing does produce some energy releases in the formation that 

are similar to those produced by earthquakes, but significant differences are 

noted in the frequency and magnitude that allow differentiation of the small 

magnitude sounds of shear fracturing and the sounds of even the smallest 

earthquake. The measurement of micro-acoustic energy generated during 

hydraulic fracturing (shear fracturing) registers magnitudes of about -3 to -1 on 

the open ended (logarithmic) Richter scale [72]. Induced earthquakes are 

indistinguishable from natural earthquakes in terms of their physical parameters 

such as frequency-magnitude distributions or waveforms produced [67]. Events 

of less than M2 are considered micro-seismic events and can only be detected 

using seismological equipment, whereas events greater than M2 may be felt at 

the surface [67]. The maximum earthquake magnitudes of induced earthquakes 

are generally ≤ M4.5 but on very rare occasions may exceed M6 [67]. 

Observations indicate that the maximum magnitude of induced events may 

increase with total volume of fluid injected/extracted and the injection/extraction 

rate [67]. Nevertheless, the relationships between operational parameters, such 

as injection rate, and the occurrence and behavior of induced events are not 

completely understood. There is evidence that extraction induced events may 

be more variably distributed in terms of their location and their timing than 

events induced from injection [77].  

Reservoirs with low permeabilities (e.g., <0.01 mD) may have high rates of 

seismicity and b-values for the Gutengerg-Richter relationship (i.e., the 

proportion of smaller to larger induced earthquakes in a sequence), because 

they promote locally high stresses which generate many small new fractures. 

On the other hand, injection fluids may increase the pressure in excess of the 

intergranular strength of the rock, and may cause local hydraulic fracturing of 

competent rock creating induced seismicity on newly formed faults and 

fractures [77].  

The levels of induced seismicity (number of events and magnitudes) depend on 

a number of background factors, which include the local stress regime, fault 

orientation and locations, and friction, as well as controllable factors such as 

injection pressure and temperature, volume injected, duration of injection, and 
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injection ramping rates. However, the uncertainties involved, and variability 

between geological settings make it difficult to establish reliable correlations 

between the level of seismicity and any of these factors that could be 

considered applied to new settings [77]. 

During reservoir stimulation, the hydraulically-induced rock failure stops when 

the pressure induced by fluid injection drops below the rock fracture gradient. 

However, shear failure is generally observed at much lower fluid pressures due 

to triggering slip or dilation on pre-stressed fractures. Such triggered events are 

indistinguishable from natural earthquakes. Their moment magnitudes are 

dependent on the magnitude of local stress release and fracture surface area, 

rather than fluid pressure increase [77] 

The rate of induced seismicity (numbers of earthquakes for the duration of the 

injection) is often positively correlated with the rate of injection [77]. A 

correlation between the rates of injection and seismicity is most often attributed 

to higher reservoir pressures that accompany higher injection rates [77] 

In addition to being dependent on operational parameters (volume and rate of 

injection / extraction), changes in reservoir pressures are also influenced by 

reservoir attributes, including rock permeability [77] There is an apparent 

positive relationship between reservoir permeability and b-values. Sites with 

very low permeabilities (tight gas sands) display much higher b-values (ca. 2.5) 

than sites with higher permeabilities (0.6 – 1.3) [77]. High b-values have been 

attributed to fluid-rock interactions which result in localised pressures build-ups 

and the generation of many new small hydraulic tensile fractures [77] 

6.3. Mitigation measures 

Many technologies and best practices that can minimize the risks associated 

with shale gas development are already being used by some companies, and 

more are being developed. Monitoring and mitigation of induced seismicity 

should be an important component of commercial-scale projects. Prediction of 

the potential seismicity prior to injection will permit identification of risk reduction 

measures that could be undertaken to maintain the levels of induced seismicity 

within acceptable limits [74]. 
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Geoscientists in Australia are aware of the risks of induced seismicity from 

fracking in shale gas exploration. As of 2012, fracking is actively being carried 

out in the Canning and Perth Basins. However, an appropriate knowledge base 

has yet to be developed to understand fracture propagation in Australian 

basins. Based on world experience of fracking for shale gas, the following 

suggestions for lowering and minimize the risks associated with induced 

seismicity come from [70]:  

1) Develop the necessary scientific background on seismicity and 

structural geology, preferably led by independent agencies. 

2) Establish a traffic light control system for responding to an instance of 

induced seismicity. Components of a traffic light control system 

include:  

• Monitoring seismicity before, during and after fracking.  

• Establishing action protocols in advance.  

• Developing an Australian appropriate seismicity model for 

seismicity.  

Until such a model is developed, adopt the world best practice to manage 

seismicity caused by fracking and fluid injection such as 0.5 ML used by the 

United Kingdom [82]. Experts suggest that an earthquake magnitude of ML 0.5 

should be used as a traffic light threshold, but the ground movement from this 

magnitude of earthquake is within the range of ground motion that is the normal 

background caused by vehicles, trains and farming activities and smaller than 

the maximum ground motion regulated for other industrial and construction 

activities. A magnitude ML0.5 earthquake in itself is not cause for concern and is 

unlikely to be perceptible, but the analysis of the Lancashire data indicates they 

may be an indication of, or precursor to, a larger earthquake: Both the 2011 

frac-induced earthquakes (magnitude ML 2.3 and ML 1.5) happened about 10 

hours after the frac, with only much smaller earthquakes (magnitude ML<1) 

being recorded during the frac [83]. Events of magnitude 0.5 ML would be a 

prudent threshold value, to reduce the likelihood of events perceptible to local 
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residents, and to offer a higher margin of safety against any possibility of 

damage to property [69].  

In the UK shale gas activity is still in the exploration stage, where companies 

are drilling test wells. There is no experience of production operations in UK 

conditions as yet, although there is a long history of production of oil and gas 

from ‘conventional’ onshore fields. There have been concerns in the UK 

regarding induced seismicity and fracking. These occurred after hydraulic 

fracturing in the Lancashire region and from the Preese Hall well in the 

Blackpool area where there were a series of induced earthquakes between April 

and June 2011, however the earthquakes only reached a maximum magnitude 

of 2.4 M
L
. Based on the UK experience in Lancashire, Green et al., 2012 

recommends a trigger level of 0.5 M
L 

to cease operations.  

In the UK new controls are being introduced to mitigate the seismic risks 

identified following the events in Lancashire. A precautionary approach will be 

adopted for the fracking of the next few wells, and these operations will be 

subject to particularly close scrutiny to ensure that the controls are being 

applied correctly and that they are effective [83]. A Hydraulic Fracturing 

Programme (HFP), the detailed risk assessment now required as part of the 

Department of Energy and Climate Change (DECC) fracking consent that also 

describes the control and mitigation measures for fracture containment and for 

any potential induced seismicity: 

• As a first step, operators will be required to review the available 

information on faults in the area of the well to confirm that wells are 

not drilled into, or close to, existing faults which could provide the 

mechanism for triggering an earthquake. 

•  Background seismicity will then be monitored for a period of 

several weeks before fracking operations commence to provide a 

baseline against which activity detected during and after fracturing 

operations can be compared.  
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•  Each stage of the fracking process will be carefully designed to 

use only the amount of fluid to fracture the rock sufficiently to allow 

the gas to flow. A flow-back period will be routinely incorporated 

into the design so that after each stage the pressure is quickly 

reduced to further reduce the risk of a tremor. 

• Once fracking commences, “real time” seismic monitoring will be 

used to operate a “traffic-light” warning protocol under which 

operations will be halted and pressures immediately reduced if a 

seismic event of magnitude greater than ML 0.5 is detected [83]. 

 

This magnitude is well below the energy level that could be felt at the surface, 

and the protocol would enable a review of the possible causes of the event and 

allow further steps to be taken to prevent the occurrence of larger events.  

• Once the fracking and flow-back is complete, monitoring will 

continue for at least 24 hours so that any abnormal induced 

events amidst the normal background seismicity can be 

identified [83]. 

Until the characteristics of fracking in a particular formation are well established, 

in addition to the real time monitoring described above, tiltmeters and a 

permanent buried seismometer system will record the usual microseismic 

events (of magnitude much less than ML 0.5) that accompany all fracking 

activity. These can be used to establish exactly how far the fractures penetrate 

into the surrounding rock. This will allow the effectiveness of the fracture to be 

evaluated but also ensure that the size is as predicted and that the fracture has 

not extended further than planned, e.g, toward any near surface fresh water 

aquifer [83]. 

For the Bowland Basin, experts from the British Geological Survey, the Keele 

University and from GFrac Thecnologies, recommended the Department of 

Energy and Climate Change (DECC) the following specific measures to mitigate 

the risk of future earthquakes [69]:  
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1. Hydraulic fracturing procedure should invariably include a smaller 

pre-injection and monitoring stage before the main injection.  

2. Initially, smaller volumes should be injected, with immediate 

flowback, and the results monitored for a reasonable length of 

time.  

3. Meanwhile, the fracture diagnostics (microseismic and prefrac 

injection data) should be analyzed to identify any unusual 

behavior post-treatment, prior to pumping the job proper.  

4.  Hydraulic fracture growth and direction should be monitored 

during future treatments.  

5.  Future HF operations in the area should be subject to an 

effective monitoring system that can provide automatic locations 

and magnitudes of any seismic events in near real-time. 

6. Operations should be halted and remedial action instituted, if 

events of magnitude 0.5 ML or above are detected.  

The system should employ an appropriate number and type of sensors to 

ensure reliable detection, location and magnitude estimation of seismic events 

of magnitude -1 ML and above. The number of sensors should also provide an 

adequate level of redundancy. This should be done with industry standard 

microseismic monitoring using either an array of surface or down-hole sensors. 

Tiltmeters should also be used, if possible. Monitoring of upward fracture growth 

and containment by complementary diagnostics such as temperature or tracer 

logs, should also be carried out [69]. 

The induced seismic protocol mitigation system proposed for future treatments 

in the Bowland shale is based on work from extensive EGS experience of 

similar activities [84] and may be considered as “industry best practice”. A 

suitable traffic light system linked to real-time monitoring of seismic activity is an 

essential mitigation strategy. However, this requires the definition of acceptable 

limits for the cessation and recommencement of operations. The initial threshold 

for cessation of operations proposed was 1.7 ML. This was based on the critical 
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magnitude 2.6 ML and a maximum post-injection magnitude increase of 0.9 ML. 

However, based on this limit, no action would have been taken before the 

magnitude 2.3 ML event on 1 April 2011. So, it is now recommended a 

threshold of 0.5 ML for cessation of operations, to minimize the probability of 

further felt earthquakes. More detailed analysis of seismic activity is required, 

rather than application of a simple upper limit, so that numbers, magnitudes and 

mechanisms of any induced earthquakes are considered. Since the number of 

fluid injection induced earthquakes above a given magnitude will increase 

approximately proportionally to the injected fluid volume, reducing volumes and 

implementing flow back, where appropriate, should reduce the probability of 

significant earthquakes. This is clear from the observations of the induced 

seismicity at Preese Hall.  

As operational detection data develops from fracking operations, DECC will 

consider, with expert advice, the most appropriate criteria to define the 

threshold. The controls being put in place by DECC are designed to prevent any 

more earthquakes being triggered by fracking. In addition, DECC’s experts 

consider that the magnitude of any earthquake that could be triggered would be 

limited by the strength of the rocks to ML 3. This magnitude of earthquake 

occurs 3-4 times a year and only occasionally causes minor superficial damage. 

Published data for a number of UK earthquakes suggests that most events with 

magnitudes greater than ML 4.5, which could cause damage, tend to nucleate 

at depths of at least 10 km or greater, well below depths at which fracking will 

occur. [83]. 

In the US, the Eola Field, Garvin County in South-Central Oklahoma more than 

50 earthquakes were detected on January 18, 2011, with 43 large enough to 

locate the epicentres. These earthquakes were associated with an active 

fracking project being conducted in a nearby well. Studies and investigations 

have subsequently showed that there was a clear correlation between injection 

and seismicity although subsequent injections at shallower depths had no 

associated seismicity. The measure earthquake epicentres were <5km from the 

wells and occurred at or near injection depths [85]. Magnitudes of the induced 

earthquakes during hydraulic fracture stimulation in hydrocarbon fields such as 

the Barnett Shale and the Cotton Valley [69] are typically less than 1 ML, which 
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means that these events are not detected, unless a local monitoring network is 

in place. Also, it should be noted that many US shale gas plays are in relatively 

remote locations, with no monitoring networks in place [69]. 

On the other hand, US.DOE requires that EGS demonstration projects 

throughout the U.S. follow the guidelines provided by the International Energy 

Agency (IEA) Protocol for Induced Seismicity Associated with Geothermal 

Systems (Majer et al., 2008). While this document was being revised, the 

protocol, now authored by the DOE and titled Protocol for Induced Seismicity 

Associated with Enhanced Geothermal Systems (EGS), [79] was published 

online in January 2012. The second protocol is more detailed than the first and 

includes knowledge of induced seismicity obtained in the intervening three 

years. The new protocol’s steps are: 

� Step 1: Perform Preliminary Screening Evaluation 

� Step 2: Implement an outreach and communication program 

� Step 3: Identify criteria for ground vibration and noise 

� Step 4: Establish seismic monitoring 

�  Step 5: Quantify the hazard from natural and induced seismic 

events 

�  Step 6: Characterize the risk from induced seismic events 

�  Step 7: Develop risk�based mitigation plans 

6.4. Best practices  

Based on experience in the US, the following best practice outline is 

recommended for any hydraulic fracture developments:  

1. Formal risk assessment of potential well drilling and completion operation 

impacts, prior to spudding the well  

2. Geophysical logging, to delineate the base of freshwater aquifers and 

determine reservoir parameters  
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3. Surface casing and packers/cement deep enough to protect freshwater 

aquifers  

4. Production completion (casing/cement packers) designed to prevent 

upward migration of reservoir and injected fluids (e.g. intermediate string 

inclusion, if necessary)  

5. Cement bond logging and pressure testing of each completion string to 

ensure good seals  

6. Drilling and frac fluid storage in tanks and offsite burial of drill cuttings  

7. Fracture diagnostics, especially microseismic and tiltmeter monitoring of 

hydraulic fracture growth  

8. Avoidance of fracturing near faults/subsurface structures  

9. Reuse of frac fluid to reduce freshwater resource impacts and potential 

disposal issues  

10. Water sampling before and after drilling/HF operations to ensure no 

aquifer contamination.  

11. Regular updates and frequent engagement with stakeholders, about 

ongoing operations.  

The above list is a general guide for shale play development, but 1-6 are what 

we would consider good general practice for hydraulically fractured wells, and 

would be recommended for any new well drilled onshore [86] 

Induced seismic mitigation is a developing area of knowledge, and as 

experience is gained of the influence of local geology and the design, duration 

and volume of the fracking operation, then the protocols may be tightened or 

relaxed or new controls introduced, taking account of expert advice. This will 

ensure that seismic risks from shale gas operations are properly addressed and 

mitigated by the operators, and do not present any hazard to local communities. 
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6.5. Applicable legislation and protocols 

Injection of waste water into aquifers is not permitted in Europe, although 

disposal into geological formations with no connection to aquifers may be 

permitted [76]. 

Protocols for the management of risks arising from enhanced geothermal 

systems have been proposed by Bommer et al, 2006; Majer et al., 2007, 2008, 

2011 that should form the starting point for the development of risk 

management guidelines for CO2 storage/ fracking. This protocol for risk 

assessment and management of induced seismicity has eight steps which 

range from preliminary site screening evaluation through to quantification of 

risks from induced seismic events to development of a risk reduction and 

mitigation plan [77] 

It is well-documented that hydraulic fracturing commonly induces micro-

earthquakes in the M –4.0 to –1.0 size range (see [73] for a comprehensive 

review of hydraulic fracture induced microseismicity. Although more than 35,000 

wells have been hydraulically fractured worldwide (EPA, 2011), few cases of 

“undesired” induced seismicity have been reported. In general, the short 

duration and relative small volumes of hydraulic fracturing process may limit the 

potential for inducing large, potentially damaging events. There is only one 

instance among many thousands of fracking operations, in which two seismic 

events, of a magnitude M1.5 and of a magnitude of M2.3, respectively, most 

likely occurred due to a hydraulic fracturing operation. In this regard, it should 

be noted that earthquakes with magnitude between M2 and M2.9 on the Richter 

scale are usually not noticeable and produce about 1,000 of them a day in the 

world, of natural causes. In any case, there are no references to any damage to 

property or persons resulting from the microseismicity generated in hydraulic 

fracturing operations. Events larger than M3 that occur in association with 

fracturing (e.g. M4 2011 December 31 Youngstown) often appear to have been 

induced by disposal of the wastewater used to generate fractures and not by 

the stimulation itself [77]. 
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Prior to 2012, the largest documented hydraulic-fracture induced seismic event 

in oil and gas operations was the M2.3 earthquake that occurred 2011, in 

Blackpool, England [87]. Suspected, but not fully documented, hydraulic 

fracturing related seismicity (M1.0 to 2.8) was observed in Oklahoma in 2011 

near Eola Field where earthquakes occurred in close time and spatial area to a 

nearby hydraulic fracturing procedure [85]. 

Earthquakes up to M3.8 were recently reported occurring in the Horn River 

Basin by the British Columbia Oil and Gas Commission during hydraulic 

fracturing procedures (B.C. Oil and Gas, 2012). The report describes seismicity 

recorded from 2009 to 2011, ranging in size from M2.2 to 3.8.  

In the US, the Eola Field, Garvin County in South-Central Oklahoma more than 

50 earthquakes were detected on January 18, 2011, with 43 large enough to 

locate the epicentres. These earthquakes were associated with an active 

fracking project being conducted in a nearby well. Studies and investigations 

have subsequently showed that there was a clear correlation between injection 

and seismicity although subsequent injections at shallower depths had no 

associated seismicity. The measure earthquake epicentres were <5km from the 

wells and occurred at or near injection depths [85].  

Other notable US and global case examples of induced seismicity from fluid 

injection (although not fracking) include Rocky Mountain Arsenal, Rangely, 

Colorado, Paradox Valley, Colorado and the KTB Deep Well in Germany [85].  

Enhanced geothermal systems (EGS) with clear correlations between injection 

and earthquakes include Frenton Hill, New Mexico, Basel, Switzerland, Cooper 

Basin, Australia and Soultz, France [85]. 

The U.S. geothermal industry has dealt with issues regarding induced seismicity 

for decades. Last year the U.S. Department of Energy (DOE) released a 

protocol addressing induced seismicity for enhanced geothermal systems 

(http://www1.eere.energy.gov/geothermal/dfs/geothermal_seismicity_protocol_0

12012.pdf) for regulators, geothermal operators and the public that outlines 

steps for addressing induced seismicity including community outreach, criteria 

for ground vibration regulation, seismic monitoring, and seismic hazard and risk 
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assessment. A traffic light system is used in the EGS seismicity protocol to 

assign operational actions to preset magnitude thresholds, ranging from green, 

“normal operations,” to red “stop all operations. States recently affected by 

induced seismicity such as Colorado, Ohio, and Arkansas have developed 

rigorous new standards for new Class II injection wells.  

To date, no induced-seismicity protocol document exists for the oil and gas 

industry, although the American Petroleum Institute (API), American National 

Gas Alliance (ANGA), and the American Exploration and Production Council 

(AXPC) have collaborated to distribute information about seismicity associated 

with hydraulic fracturing and injection wells. AXPC is currently developing a 

white paper on induced seismicity which will include a suggested protocol for 

managing the risk of induced seismicity. The collaboration between all the stake 

holders including oil and gas operators, regulators, the scientific community and 

local communities regarding induced seismicity will be needed to address this 

rare, but significant, phenomenon [88]. 
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7. NORM. RADIOACTIVITY 

Exposure to natural sources is generally considered as an existing exposure 

situation, meaning that the exposure does not fall within the scope of regulation 

in terms of the requirements for planned exposure situations. However, some 

industrial activities giving rise to exposure to natural sources have 

characteristics of planned exposure situations [89]. The provision for the 

requirements for planned exposure situations to apply in such cases are 

depending principally on the activity concentrations of radionuclides of natural 

origin in the material giving rise to the exposure (in this case, any of the process 

materials involved) [89]. The requirements for planned exposure situations 

apply if the activity concentration of any radionuclide in the uranium or thorium 

decay chains is greater than 1 Bq/g or the activity concentration of K-40 is 

greater than 10 Bq/g. As a result of this criterion, the oil and gas industry is 

identified as being among those industrial activities that are likely to be subject 

to the requirements for planned exposure situations [90,91]. 

Geological formations containing gas and oil also can contain naturally-

occurring radionuclides. In addition to the background radiation at the earth’s 

surface, these naturally-occurring radionuclides can also be brought to the 

surface in the natural gas and oil production process. Due to their generation 

process, oil fields often occur in aquifers containing brine as connate fluid and 

known as "formation water”. Radioactive materials are prevalent in many soils 

and rock formations and consequently in the water that comes into contact with 

them. Extraction and processing of these resources may expose or concentrate 

naturally-occurring radionuclides. 

These naturally-occurring radionuclides are referred to as "NORM" (Naturally-

Occurring Radioactive Materials) [92] and defined as Radioactive material 

containing no significant amounts of radionuclides other than naturally occurring 

radionuclides (Material in which the activity concentrations of the naturally 

occurring radionuclides have been changed by some process are included in 

NORM) [93]. 
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The naturally-occurring radionuclides that geological formations containing gas 

and oil also can contain comprise: 

• Uranium (and its decay products) 

• Thorium (and its decay products) 

• Radium (and its decay products) 

• Lead-210 

Shale gas drilling and extraction using hydraulic fracturing is an example of 

technology that has the potential to concentrate NORM and dissolved minerals. 

During drilling, a mixture of oil, gas, and formation water is pumped to the 

surface. The water is separated from the oil and gas into tanks or pits, where it 

is referred to as "produced water". In addition to the above, natural occurring 

ions such as barium, strontium, bromine may be contained in the water of some 

shales. In a few cases, the returning water may have low concentrations of 

heavy metals and radioactive isotopes. Shale gas waste streams include brine, 

black shales, flowback fluid, and drilling muds. Black shales contain heavy and 

radioactive metals including Ra-228, U-238, and 226Ra. Which are soluble in 

water can present a health risk. While uranium and thorium (U-238 and Th-232 

and also Th-228) are not soluble in water, their radioactive decay product, 

radium, and some of its decay products are somewhat soluble and may 

dissolve in the brine. They are referred to as “unsupported” because their long 

lived parents remain in the reservoir [91]. 

In the natural state, these materials are usually well below safe limits of 

exposure; it is only when they are concentrated that a problem may be created 

[94]. Activities that can at least temporarily concentrate these low-level 

radioactive materials include: coal mining and combustion, oil and gas 

production, metal mining, fertilizer manufacture, building material manufacture 

and some material recycling [92]. Materials and areas with NORM and other 

radioactive potential within modern homes include granite counter tops, radon 

gas accumulation in basements, smoke alarms, televisions, low sodium salt 

substitutes and some glass and ceramics [95]. 



 

59 
 

They may remain in various ways, either in solution or settle out to form 

sludges, which accumulate in tanks and pits, or as mineral scales, which form 

inside pipes and drilling equipment. Once these NORM dissolved in such brines 

are extracted from the formation precipitate producing wastes at the surface in: 

• Mineral scales inside pipes 

• Sludges 

• Contaminated equipment or components 

• Produced waters. 

NORM are present in the residues (cutting fluids and mud) produced by the 

initial drilling, although the levels are usually similar to those in the ground 

beneath, and are not of specific concern. Isotopes of radium (Ra-226 and Ra-

228) and their decay products can be present in flowback water, and more 

specifically in the formation water, due to their greater solubility and may also 

be concentrated in process residues such as scales and sludges [96]. 

As extraction process concentrates the naturally occurring radionuclides and 

exposes them to the surface environment and human contact, mismanagement 

of these wastes can result in radiological contamination of soils or surface water 

bodies. NORM materials above the natural background radioactivity levels 

require special handling for removal and disposal [97,98]. 

The extent to which sludge is produced and the need to remove it regularly from 

separators and systems handling produced water also vary strongly between 

reservoirs, individual wells, installations and production conditions. As a 

consequence, there are neither typical concentrations of radionuclides in NORM 

from oil and gas production, nor typical amounts of scales and sludge being 

produced annually or over the lifetime of a well [91]. 

Proper management of NORM-bearing produced water and solid wastes are 

critical to prevent both occupational and public human health risks and 

environmental contamination. NORM waste problems are generally associated 

with long-term operations of oil gas fields [99]. 
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While measurement of total radioactivity with a hand-held radiation detection 

instrument permits quick assessment of a site for NORM contamination, site 

cleanup criteria and waste disposal options are based on actual concentrations 

of radium isotopes. Although some specialized field instruments permit quick 

estimates of the concentration of radium isotopes, such estimates require 

confirmation by careful laboratory analysis of selected subsets of samples. 

Gross α and β analyses measure the radioactivity associated with gross α and 

gross β particles that are released during the natural decay of radioactive 

elements, such as uranium, thorium, and radium. Gross α and β analyses are 

typically used to screen hydraulic fracturing wastewater in order to assess gross 

levels of radioactivity. This information can be used to identify requiring 

radionuclide-specific characterization waters. However the Total Dissolved 

Solids (TDS) and organic content characteristic of hydraulic fracturing 

wastewater interferes with currently accepted methods for gross α and β 

analyses. Theoretically, therefore, the full development and approval of the Plan 

Quality Assurance Project (QAPP) for testing and development of α and β crude 

analytical methods will be needed to begin to work [100]. 

 

 

Figure 4: Disposal alternatives for NORM wastes. Modified from American Petroleum Institute 
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Radiation exposure pathways include external gamma radiation (major), 

ingestion (minor), and inhalation of particulates and radon gas (major). Figure 4 

illustrates the relative isolation of NORM waste from the general public for a 

variety of possible disposal options. As degree of isolation increases so does 

the capability for disposing of higher radium concentrations. Currently most 

oilfield NORM waste is stored at production sites awaiting disposal in specially 

designated and permitted landfills, disposal wells, or injection wells. Surface 

spreading and dilution of low-level NORM waste is a past practice that is now 

disallowed by most public administrations with NORM regulations. A preliminary 

radiological dose assessment was reported for a scenario in which individuals 

live on a NORM-amended soil and consume local water, livestock, and food 

crops (Smith and others, 1996). For soils amended with radium to the highest 

concentration under regulatory consideration (30 pCi/g) the additional annual 

radiation dose by all pathways was equivalent to the average annual 

background dose to the population of the U.S. (Background Radiation varies 

widely by country, primarily because of different rock and soil composition and 

of elevation Figure 5) Current limits set by the U.S. Nuclear Regulatory 

Commission require that the total of such additional doses to the general public 

be limited to about 30 percent of the average annual background dose [101]. 
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Figure 5: Average annual doses from natural radiation sources. European data from NRPB, 

Australian from ARPANSA. Nuclear Radiation and Health Effects. World Nuclear Association 

 

7.1. Exposure Risks. 

Although the first reports of NORM associated with mineral oil and natural 

gases appeared in 1904 [102] and that since at least the 1930s, radionuclides 

have been recognized in petroleum reservoirs (U.S. Environmental Protection 

Agency 1991), it was not until the 1980s when NORM was detected in British 

North Sea oil and gas operations, that the extent of its presence became known 

[103]. The American oil and gas industry became aware of specific sources of 

NORM in 1986, when NORM (barium sulfate scale) was discovered in tubing 

being removed from a Mississippi well, containing elevated levels of radium-226 

and thorium-232 [94]. Because of concerns that some pipes may have 

contaminated the surrounding environment, radiological surveys were 

conducted by EPA's Eastern Environmental Radiation Facility. These surveys 

showed that some equipment and disposal locations exhibited external radiation 

levels above 2 mR/hr and radium-226 soil contamination above 1,000 pCi/g. 

Some contamination had also washed into a nearby pond and drainage ditch at 

one site, as well as into an agricultural field with subsequent uptake of radium 

by vegetation. 
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In general, the developed studies suggest that the concentrations of Ra-226, 

Ra-228 and Ra-224 in scales and sludge range from less than 0.1 Bq/g up to 15 

000 Bq/g. Generally, the activity concentrations of radium isotopes are lower in 

sludge than in scales. The opposite applies to Pb-210, which usually has a 

relatively low concentration in hard scales but which may reach a concentration 

of more than 1000 Bq/g in lead deposits and sludge. Although thorium isotopes 

are not mobilized from the reservoir, the decay product Th-228 starts to grow in 

from Ra-228 after deposition of the latter. As a result, when scales containing 

Ra-228 grow older, the concentration of Th-228 increases to about 150% of the 

concentration of Ra-228 still present [91]. 

When NORM is brought to the surface, it remains in the rock pieces of the drill 

cutting, remains in solution with produced water, or, under certain conditions, 

precipitates out in scales or sludges. The radiation from this NORM is weak and 

cannot penetrate dense materials such as the steel used in pipes and tanks 

[104]. The principal concern for NORM in the oil and gas industry is that, over 

time, it can become concentrated in field production equipment [105] and as 

sludge or sediment inside tanks and process vessels that have an extended 

history of contact with formation water [106]. 

Because NORM contaminated wastes in oil and gas production operations were 

not properly recognized in the past, disposal of these wastes may have resulted 

in environmental contamination in and around production and disposal facilities. 

Surface disposal of radioactive sludge/scale, and produced water (as practiced 

in the past) may lead to ground and surface water contamination. However, the 

developed studies have shown that exposure risks for workers and the public 

are low for conventional oil and gas operations [107]. 

7.1.1. External exposure. 

The deposition of contaminated scales and sludge in pipes and vessels may 

produce significant dose rates inside and outside these components. The dose 

rates depend on the amount and activity concentrations of the radionuclides 

present inside and the shielding provided by pipe or vessel walls. Maximum 

dose rates are usually in the range of up to a few microsieverts per hour. In 
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exceptional cases, dose rates measured directly on the outside surfaces of 

production equipment have reached several hundred microsieverts per hour. In 

practice, restrictions on access and occupancy time are found to be effective in 

limiting annual doses to low values [91]. 

7.1.2. Internal exposure. 

The potential committed dose from inhalation depends on both the physical and 

chemical characteristics of NORM. Internal exposure to NORM may result from 

the ingestion or inhalation of radionuclides. This may occur while working on or 

in open plant and equipment, handling waste materials and surface 

contaminated objects, and during the cleaning of contaminated equipment. 

Ingestion can also occur if precautions are not taken prior to eating, drinking, 

smoking, etc. [91] 

7.1.3. Workers in contact with radioactively contaminated material. 

Risk in different degrees for exposure to radioactive materials to workers at 

wells and at solid waste landfills will exist from the moment that drill cuttings and 

other wastes come to the earth’s surface until the waste material is disposed of 

[108]. 

The radionuclide activity concentrations are very difficult to predict. First, the 

amount of waste including produced water, scales, sludges, and contaminated 

equipment varies and depends on several factors, such as geological location, 

formation conditions, type of production operation, age of the production well, 

etc. [95]. Secondly, the concentrations range varies from insignificant levels up 

to more than 1000 Bq/g and, exceptionally, to 15 000 Bq/g in the case of Ra-

226. Radiation protection considerations arise mainly from the removal of this 

scale and sludge during maintenance and decommissioning operations 

(resulting in exposure to external gamma radiation and inhalation of dust) and 

from the subsequent disposal of such materials as waste. Individuals working 

close to heavily scaled pipes and vessels may also need to be subject to 

radiation protection measures [90]. 
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In the absence of suitable radiation protection measures, NORM in the shale 

gas industry could cause external exposure during production owing to 

accumulations of gamma emitting radionuclides and internal exposures of 

workers and other persons, particularly during maintenance, the transport of 

waste and contaminated equipment, the decontamination of equipment, and the 

processing and disposal of waste. Exposures of a similar nature may also arise 

during the decommissioning of oil and gas production facilities and their 

associated waste management facilities [91]. 

Potential risks assessed for these workers include exposures due to direct 

gamma radiation and radioactive dust inhalation. In addition, they may inhale 

radon gas which is released during drilling and produced by the decay of 

radium, raising their risk of lung cancer. In this regard several epidemiological 

studies have confirmed the health risk from radon in dwellings and workplaces 

is an important existing exposure situation [93]. Workers following safety 

guidance will reduce their total on-site radiation exposure. 

7.1.4. Nearby Residents/Office Workers. 

Inasmuch as the general public does not come into contact with oilfield 

equipment for extended periods, there is little exposure risk from oilfield NORM 

[109].  

Risks evaluated for members of the public working or residing within 100 meters 

of a disposal site are similar to those of disposal workers. They include: direct 

gamma radiation, inhalation of contaminated dust, inhalation of downwind 

radon, ingestion of contaminated well water, ingestion of food contaminated by 

well water, and ingestion of food contaminated by dust deposition [95]. 

Risks analyzed for the general population within 80 km radius of the disposal 

site include exposures from the downwind transport of re-suspended 

particulates and radon, and exposures arising from ingestion of river water 

contaminated via the groundwater pathway and surface runoff. Downwind 

exposures include inhalation of re-suspended particulates, ingestion of food 

contaminated by deposition of re-suspended particulates, and inhalation of 

radon gas [95]. 
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Individuals working inside an office building inadvertently constructed on an 

abandoned NORM waste pile also face the threat of radiation exposure. 

Potential risks assessed for the onsite individual include exposures from direct 

gamma radiation, dust inhalation, and indoor radon inhalation [95]. 

7.2. Regulations, standards, and practices. 

The problem of NORM contamination is now known to be widespread, occurring 

in oil and gas production facilities throughout the world. Both the oil and gas 

industry and government regulatory agencies1[110] examine and regulate 

NORM in oil and gas production facilities and NORM associated with 

installations in the oil and gas industry are subject to the requirements from the 

Basic Safety Standards for radiation protection and safety [111]. In response to 

this concern, facilities in the U.S. and Europe have been characterizing the 

nature and extent of NORM in oil and gas pipe scale, evaluating the potential 

for exposure to workers and the public, and developing methods for properly 

managing these low specific-activity wastes [95]. 

There are regulations, standards, and practices to ensure that oil and gas 

operations present negligible risk to the general public with respect to potential 

NORM exposure, as well as negligible risk to workers when proper controls are 

implemented [107]. 

From a practical point of view, in all situations the common goal is to keep 

                                             

1 In Spain, in order to modify some provisions related to regulation on health 

protection against natural sources of ionizing radiation, Royal Decree 783/2001 

has been amended by Royal Decree 1439/2010, of November 5th (Official State 

Gazette 18.11.2010), concerning the regulation of NORM activities. This new 

law enforces NORM industry holders to declare its activities to the Spanish 

regulatory bodies, as well as to undertake a series of studies that include the 

radiological characterization of the industrial process and the dose assessment 

to workers. 
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radiation doses as low as reasonably achievable, economic and social factors 

being taken into account (ALARA), and below the regulatory dose limits for 

workers [112]. The practical measures that need to be taken in order to reach 

these goals differ principally for the two types of radiation exposure, i.e., through 

external radiation and internal contamination [91]. 

If measured NORM levels exceed regulatory levels or exposure dose risks, the 

material is taken to licensed facilities for proper disposal. In all cases, it is 

required to post caution signs and to provide personal protection equipment for 

workers when radiation doses could exceed the established limit values. In 

addition to these worker protections, states have regulations that require 

operators to protect the safety and health of both workers and the public. 

Conversely, if NORM concentrations are less than regulatory standards, 

operators are allowed to dispose of the material by methods approved for 

standard oilfield waste.  
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8. IMPACTS 

Unintended consequences of unconventional gas operations can be associated 

with impacts on human health and safety, societal or environmental. These 

unwanted consequences can be due to engineering practices and technologies, 

human operational factors or factors associated with geologic medium on which 

it is acting. But not all risks are of the same probability or severity of 

consequences. Therefore, an indisputable need of risk assessment arises with 

the purpose of giving appropriate priority to risk management activities. The 

operator needs to control the management of their risks as it is normally the 

operator's sole decision which protection measures to implement. 

8.1.1. Community: Human health and safety 

Due to the complexity of the involved processes and the residence times, health 

negative impacts related to hydrofracking may not be evident for years and 

cause and effects are usually difficult if not impossible to clearly demonstrate. If 

such health damage occurs by inadequate risk management, it would mean a 

significant healthcare cost increase [113].  

The items to be considered to have adverse effects on human health and safety 

are (Human Health Risks and Exposure Pathways [113]): 

1) Chemicals and additives. 

a) Vehicles transporting radioactive chemical-laden waste (liquid or solid) 

increase the risk of human exposure and/or contamination of the 

environment in the event of accidents 

b) Mixtures of hydrofracking chemicals, interaction of chemicals with NORM 

and reaction of chemicals with natural materials under heat and pressure 

may cause unknown synergistic reactions resulting in altered chemical 

compounds. 

2) NORM (explained in detail in the pertinent chapter). 
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a) Horizontal hydrofracking will bring to the surface significant amounts of 

radioactive wastewater (in the form of both flowback fluid and production 

brine that flows out of wells during gas production) 

b) Radioactive sludge from drilling sites or treatment works will contaminate 

landfills. 

c) Vehicles transporting radioactive chemical-laden waste (liquid or solid) 

increase the risk of human exposure and/or contamination of the 

environment in the event of accidents 

d) Spreading radioactive, chemical-laden wastewater on roads will expose 

drivers, passengers and pedestrians, and contaminate nearby surface 

water, land and agricultural fields. 

e) The radon in natural gas mixes with and stays in the gas as it is 

transported via pipeline from wellheads to homes. Whenever natural gas 

is burned, radon and its decay products are released into indoor air and 

can be inhaled. 

3) Odors can cause irritation and have negative effects on health. 

4) Dust, e.g. silica dust, can create health problems. Hydraulic fracturing sand 

is 99% silica and its use in hydrofracking operations exposes workers and 

likely proximate neighbors to breathable crystalline silica. Breathing silica 

can cause silicosis and lung cancer. 

5) Negative effects on human health by noise pollution. 

6) Use of light at night negative effects on health. 

7) Multiple forms of stress associated with hydrofracking operations due to 

causes such as the increased noise, traffic, community turmoil, concern 

about water and air contamination, fear of radiation exposure, etc., have real 

and significant adverse consequences in the health of local populations. 
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8.1.2. Environment 

It is important to properly define the area of influence. This should not be 

smaller than the expected footprint of the horizontal sections of the wells. 

Environmental effects will be associated with processes that can affect the 

atmosphere, soil, subsoil and superficial water; processes affecting 

groundwater; and soil movements caused by subsidence/elevations or induced 

seismicity. 

Groundwater contamination: 

• Processing radioactive, chemical-laden wastewater through water 

treatment plants will increase contaminant loads of downstream surface 

waters.  

• Spreading radioactive, chemical-laden wastewater on roads will expose 

drivers, passengers and pedestrians, and contaminate nearby surface 

water, land and agricultural fields. 

• Storage of radioactive, chemical-laden wastewater in closed containment 

tanks can result in groundwater and surface water contamination 

• Well casing/cement failures will contaminate potable groundwater 

systems. 

• Hydraulically connect gas-producing reservoirs with water-bearing zones 

in the subsurface (including underground sources of drinking water). As 

already mentioned, to date, no empirical data currently exist that 

conclusively demonstrate there has been direct communication of 

hydraulically stimulated producing horizons with groundwater reservoirs 

[41]. Unfortunately, it cannot be concluded that this relationship does not 

exist and therefore not have to take into account the risk of subsurface 

groundwater contamination from hydraulic fracturing, because time 

ranges may not have been sufficient enough for the materialization of the 

risk. What does seem clear is that it is correlated with the depth at which 
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fracturing occurs [41] because there will be more confining layers of 

overlying rock to limit fracture propagation upward.  

• Fractures formed by a hydraulic stimulation could intersect a pre-existing 

wellbore that also intersects the reservoir being stimulated. The induced 

fractures could compromise the integrity of this wellbore and possibly 

lead to the migration of fluids out of the producing zone and into 

overlying horizons. 

• Another potential risk is the long-term fate of the injected fluids. Only 50 

to 70 percent of the introduced fluids return to the surface as flowback 

fluid. The rest of the fluid remains in the reservoir and has the potential to 

interact chemically with native fluids and the reservoir rock. Some 

chemical agents, specifically metals and organic compounds, may be 

mobilized and could migrate over time into the fracture system and even 

out of the reservoir. As the development of shale gas reservoirs is a 

relatively new technology, this possible long-term risk has yet to be fully 

assessed and evaluated [41]. 

• Large-scale perturbation of the subsurface hydrological flow regime due 

to extensive drilling and hydraulic stimulation. 

Air contamination: 

• On-site diesel-powered machinery (trucks, compressors, pumps, 

generators, etc.) contaminates proximate air and contributes to the 

formation of regional air contaminant smog of ground-level ozone. 

• Hazardous pollutants air contamination due to flaring operations.  

• Greenhouse gas emissions (methane and other gasses). 

• Negative effects caused by NORM. 

Water quality:  

• The withdrawal of water may deteriorate conditions for life in the 

waterways, for example, due to poorer flow or reduced water levels. If 

groundwater is used in fracking operations. The operator must make 



72 
 

arrangements to ensure that drilling for water will not negatively impact 

the available freshwater zones. 

• As with the previous item, there is a potential risk of deterioration in the 

water quality (water supplies, standing water bodies, and watercourses) 

by contamination (fracturing fluids, flowback water and produced water, 

chemicals and additives, as well as drilling muds and drill cuttings) due to 

fracking operations and the operator have to consider this risk and 

implement appropriate measures to ensure its proper management. 

• NORM negative impacts on water. 

Effects on soils: 

• Environmental degradation on soils due to dust (e.g. silica dust). 

• NORM negative impacts on soils. 

• Land erosion [41]: 

a. Changes to surface gradients and land biomass/soil compositions 

from unconventional gas development increase the risks of 

erosion and siltation of surface waters (Entrekin et al., 2011). 

b. Loss of nutrient-rich topsoil can permanently impair use of land in 

the future (Drohan et al., 2012). 

c. Physiographic alterations associated with preparing the well pad 

may also affect groundwater recharge and surface runoff. 

d. Local evapotranspiration ratio modifications motivated by 

deforestation de-vegetation and land degradation to land-clearing 

(Harbor, 2007). 

Ecosystem: 

• Habitat loss, ecosystem fragmentation and disturbance to local 

ecosystems by invasive species. 
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• Negative effects on wildlife due to noise pollution and to artificial lighting 

at night. 

• Negative impacts on ecosystems by NORM contamination. 

9. LEGISLATION 

A legislative review indentified a number of gaps or possible inadequacies in EU 

legislation. These can be classified as follows [38]: 

• Inadequacies in EU legislation that could lead to risks to the environment 

or human health not being sufficiently addressed. 

• Uncertainties in the applicability of EU legislation: the potential for risks to 

be insufficiently addressed by EU legislation, where uncertainty arises 

because a lack of information regarding the characteristics of high 

volume hydraulic fracturing (HVHF) projects. 

• Uncertainties in the existence of appropriate requirements at national 

level: aspects relying on a high degree of Member State decision-making 

for which it is not possible to conclude whether or not at EU level the 

risks are adequately addressed.  

10. CONCLUSIONS 

In essence, there are two kinds of risks associated with the process of 

extracting gas from shale. The first ones are comparable to conventional 

industrial risks of oil and gas. The other risks are more specific to this model of 

extraction and are associated with longer-term risks of migration of fluids from 

the parent -storage rock towards shallower aquifers. 

For the former, since they are mature activities, there is enough expertise that 

can be applied to the case of unconventional gas. However, the important 

density of geological drilling should be considered because that by itself is an 

element which increases the risk. 

With regard to the specific risks of this activity, so far there is no documented 

contamination from this cause, although there are plays where this technology 

has been applied for decades. This does not mean that the risk is zero or 
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dismissible a priori. Due to the perturbation that gas extraction means, previous 

rock characterization and behavior studies must be performed. This, together 

with transport studies, allows for the realization of predictive models. 

Micro-earthquakes (that is, those earthquakes with magnitudes below M2) are 

routinely produced as part of the hydraulic fracturing process used to stimulate 

the production of unconventional oil or gas, but the process appears to pose a 

low risk of inducing destructive earthquakes. Nevertheless, it is important to 

understand the conditions under which seismicity may be induced so that these 

operations can be performed safely. The maximum earthquake magnitudes of 

induced earthquakes are generally ≤ M4.5 but on very rare occasions may 

exceed M6. Micro-seismic events can only be detected using seismological 

equipment, whereas events greater than M2 may be felt at the surface. Experts 

suggest that an earthquake magnitude of ML 0.5 should be used as a traffic light 

threshold. The ground movement for that magnitude earthquake is within the 

range of ground motion normally caused by vehicles, trains and farming 

activities and smaller than the maximum ground motion regulated for other 

industrial and construction activities. A magnitude ML0.5 earthquake in itself is 

not a cause for concern and is unlikely to be perceptible, but the analysis of 

current fracking data indicate they may be an indication of, or precursor to, a 

larger earthquake. 

With respect to NORM, it is not expected that shale gas extraction pose a 

significant radiological risk to the public because of given NORM concentration 

values in flowback fluid and the estimated radiological dose for workers involved 

in the oil and gas industry. However, since the risk of radiological contamination 

is not dismissible, such activities should be consistent with the general 

principles of radiation protection. That is, it is necessary the introduction and 

monitoring of a safety and health program. Adequate dosimetry, exposure 

control and proper waste management are the main components of this 

program.  
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