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

Executive Report Summary
A specific concern related to shale gas exploration and production is the occurrence of problematic
induced seismicity. Hydraulic fracturing operations and injection activities for waste water disposal,
related to shale gas operations, may cause induced seismicity. Even though induced seismicity appears
to be associated with only a small fraction of the injection wells, magnitudes of the seismic events can
be significant and can cause either public concern or damage to surface structures, and it is thus
important to mitigate induced seismicity during shale gas operations. To further our understanding of
what drives seismicity during the injection operations, we performed a study on an extensive dataset of
worldwide injection-induced seismicity. Additionally, experimental work was carried out by the BGS to
identify key parameters for fault reactivation in shales. Based on the analysis we identified a number of
key operational and geological factors for injection-induced seismicity. We developed a workflow that
can be used to classify European shale gas sites in terms of their induced seismicity potential, and adapt
planned operations to reduce risk of induced seismicity. The presence and density of (critically stressed
or active) large fault structures, and the distance of the shale gas operations to these fault structures is
considered to be the key geological factor used for classification; the net-volume of the injected fluids is
considered to be a key operational factor. Mitigation measures to reduce the induced seismicity potential
have been identified.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

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

1.2

Study objectives for this report

A specific concern related to shale gas exploration and production is the occurrence of
problematic induced seismicity which is associated with the process of hydraulic

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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fracturing and waste water disposal. In this report, we integrate the results of the
induced seismicity related review and research activities performed within the
M4ShaleGas project. This integration provides a scientific basis for the
recommendations to minimize and mitigate impacts and risks of induced seismicity for
shale gas in Europe.

1.3

Aims of this report

Here we summarize and integrate the results of the review and research activities on
shale gas related induced seismicity in the M4ShaleGas project. For detailed
descriptions of the work done and results we refer the reader to the specific reports
prepared within the framework of M4ShaleGas (Osinga et al 2015, Wassing et al 2016,
Wassing et al 2017 and Wiseall et al 2017).
In chapter 2 we introduce the topic of shale gas related induced seismicity.
Subsequently, in chapter 3 we summarize some of the key controlling geological and
operational factors for shale gas induced seismicity, which were derived from a
database on injection-induced seismicity worldwide. In chapter 4 we present a workflow
to classify the European shale gas sites in terms of their induced seismicity potential,
and conclude the report with recommendations to mitigate shale gas induced seismicity.
Finally, in the appendices of this report, we give an overview of modelling work on
fault reactivation and rupture related to induced seismicity, which has been
disseminated as separate publications within the framework of the M4Shalegas project.
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2

SHALE GAS INDUCED SEISMICITY

This report focusses on induced seismicity related to shale gas operations. We here use
the term ‘induced seismicity’ to refer to any seismic activity that is the result of human
activity, and then in particular to seismicity felt by people at the earth’s surface,
resulting from the reactivation of larger scale faults in the subsurface. Earthquakes of
magnitude M > 2 are usually considered to be the smallest earthquakes that can be felt
by people, but whether an earthquake is felt or not ultimately depends on the ground
motions at surface level.
We can distinguish between two types of activities more or less directly related to shale
gas operations, which may cause induced seismicity: 1) hydraulic fracturing operations
and 2) injection activities for waste water disposal.
1)

Hydraulic fracturing is the process in which fracture networks in the lowpermeability shales are stimulated through the injection of fluids under high
pressures. The hydraulic fracturing process can involve the creation of new faults
and fractures and the reactivation of existing faults and fracture networks.

2)

Waste water disposal. During shale gas operations large volumes of waste water
(not only hydraulic fracturing fluids, but produced water from shale formations as
well) can be produced. Currently in the USA and Canada, these volumes of waste
water are injected into deep permeable aquifers. Whether, and on what basis, shale
gas wastewater disposal into the deep subsurface would be permitted in European
Member States is currently unclear.

The majority of the recorded seismicity induced by hydraulic fracturing operations is of
very small magnitude, i.e. ML <1 (Warpinski 2012), and only a limited number of felt
induced seismicity cases which are likely to be associated with hydraulic fracturing
wells have been reported in literature. In a recent publication, Atkinson et al. (2016)
report that induced seismicity with magnitudes Mw > 3 appears to be associated with
only 0.3% of all the hydraulically fractured wells in the Western Canada Sedimentary
Basin. To date, the largest recorded earthquake related to hydraulic fracturing occurred
near the town of Fox Creek, Alberta, Canada and had a magnitude of 𝑀𝑤 4.6. In
Europe, a smaller magnitude earthquake (𝑀𝐿 2.3) was recorded during hydraulic
fracturing of the Bowland Shale, near Blackpool, United Kingdom. The increase in
seismicity rates in the Central USA is a well-known example of seismicity caused by
the disposal of waste water. The recent sharp increase in the number of earthquakes of
M >3 that has been observed in Oklahoma has been associated to the increased amount
of disposal in the permeable limestones of the Arbuckle Group (Walsh and Zoback
2015). This increased amount of wastewater disposal is directly linked to the
development of the Woodford Shale gas play. Here, the injection of wastewater has led
to a reduction of the effective normal stress on critically stressed faults in the crystalline
basement, which caused slip of the faults and the associated seismicity (Walsh and
Zoback 2015). To date, the largest earthquake (Mw 5.7) caused by waste water disposal
occurred in 2011 near the city of Prague, Oklahoma. The injection of waste water is not
D2.6 Induced seismicity in shale gas

Copyright © M4ShaleGas Consortium 2015-2017

Page 5

a component of shale gas operations that is strictly necessary, and may only be
permitted in Europe under special conditions. However, alternative methods of waste
water disposal such as processing in water treatment facilities may not be feasible due to
high salinity and different chemical compounds in flowback water from shale gas
operations. We here refer to Osinga et al. (2015) for more examples and a detailed
review of shale gas induced seismicity.
The injection activities for hydraulic fracturing and the disposal of waste water have in
common that pore pressures in the subsurface are increased due to injection of fluids.
Due to these pore pressure changes, the state of stress on the faults is altered in such a
manner that seismic events may be induced. However, the scale of the fracturing and
waste water disposal activities, the duration of the activities and the injection rates, the
total pressure increase and the type of rocks in which the injection operations take place
can be quite different. These differences in operational and geological factors are
reflected in the temporal and spatial characteristics of the induced seismicity. The
impact of operational and geological site-specific factors on the characteristics of
injection-induced seismicity is further addressed in chapter 3. In addition to the increase
of pore pressures, other factors like poroelastic effects caused by the increase of the
rock volume, and changes in temperature due to injection of relatively cold fluids, can
contribute to the stress changes on the faults and fractures. An extensive overview of the
geomechanical mechanisms of fault reactivation during injection is given in Wassing et
al. (2016). Furthermore, in Wiseall et al. 2017 the results of a series of experiments is
presented, in which the controls on fault reactivation in shale were analysed, particularly
the effects of stress, mineralogy and saturation state.

D2.6 Induced seismicity in shale gas
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3

KEY CONTROLLING FACTORS OF SHALE GAS
INDUCED SEISMICITY – A DATABASE STUDY

The potential of induced seismicity during shale gas related injection operations (either
hydraulic fracturing or waste water disposal) will depend on the site-specific geological
conditions and the operational parameters of the injection activities itself. We studied
the main geological and operational factors of injection activities and the main
characteristics of related induced seismicity, based on an extensive inventory of field
cases of injection-induced seismicity reported in literature (for a detailed description see
Wassing et al. 2016). The field cases of injection activities (hydraulic fracturing and
waste water disposal, but also EGS, secondary oil and gas recovery and conventional
geothermal operations) in our database have in common that pore pressures in the
subsurface are increased at the location of the injection well, with the rock volume
affected by the pressure increase gradually extending over time due to the process of
pore pressure diffusion. As operational factors and site specific geological conditions
vary between individual injection cases, we used this dataset to identify some of the key
factors for induced seismicity associated to injection operations in general. Here we
assume that basic mechanisms such as pore pressure diffusion, pore pressure increase
and associated (predominantly) shear failure on faults and fractures, which generally
occur during injection activities, also underlie the seismicity during hydraulic fracturing
and waste water disposal for shale gas production. Typical operational factors that were
studied in our dataset were: the relation between seismicity and injection volumes,
pressures, rates and duration, and depth of injection. Typical site-specific geological
conditions studied included the type of rocks in which fluids were injected, the type of
rocks in which seismicity nucleated, the local tectonic stress regime and the
occurrence/absence of natural (tectonic) seismicity.
Figure 1 summarizes the main trends that were observed in the dataset. Figure 1a shows
a clear trend between the scale of the operations and the maximum seismic moment
released (or maximum moment magnitude that occurred) at the specific injection site. It
clearly shows that largest magnitudes recorded are related to the largest scale of the
injection operations, i.e. to the largest volumes injected. The areal extent of the pressure
increase is expected to be larger for the larger injected volumes, which means the
pressure increase affects a larger area of the fault or fracture, and the probability of
pressurizing a significant part of a critically stressed fault increases. This effect can
explain the positive trend between injected volume and maximum seismic magnitude
observed in the data.
The clear trend between the scale of the injection activities and the seismic moment
released has been the basis for McGarr (2014) to derive an upper bound for the
maximum seismic moment (M0max) that can be released during an injection operation.
This upper bound depends on the volume of injected fluids (ΔV) times the shear
modulus of the rocks (G), i.e.:
𝑀0 𝑚𝑎𝑥 = 𝐺|∆𝑉|
D2.6 Induced seismicity in shale gas
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In Figure 1b the same relationship as proposed by McGarr is plotted in our dataset.
Figure 1b shows that a number of seismic events related to fluid injection for hydraulic
fracturing and waste water injection plots well above the upper bound as proposed by
McGarr (2014). A similar conclusion was drawn by Atkinson et al. (2016) for seismic
events induced by hydraulic fracturing in the Western Canada Sedimentary Basin.
Atkinson et al. (2016) argue that these high values of seismic moment release may
reflect a large tectonic influence on the induced events.
Figure 1c and Figure 1d show a clear difference in the timing and location of the
hydraulic fracturing and waste water injection related events. The dataset shows that the
events which are associated to waste water injection may occur at large distances of the
injection wells (>10km), after a significant time period. Hydraulic fracturing events on
the other hand occur after a relatively short time after the onset of injection, at distances
relatively close to the injection well. This reflects the differences in both the injection
activities: Large volumes of waste water are injected over extended time periods under
relatively low pressures, with pore pressure diffusion taking place over long periods of
time in relatively permeable rocks, and pressure effects reaching far from the injection
well. In a number of waste water injection cases, pore pressure diffusion into (critically
stressed) faults within the crystalline basement rocks below the aquifer targeted for
injection probably led to large seismic events with hypocenters below the aquifer
(Keranen et al. 2014, Walsch et al. 2015, Bao et al. 2016). As mean stress levels
increase with depth, the potential for larger stress drops of seismic events also increases
with hypocentral depth. For hydraulic fracturing in general smaller volumes are
injected, but injection takes place over restricted time periods, under high pressures and
in less permeable rocks. This leads to high overpressures in the regions close to the
injection well. This explains the characteristics of the hydraulic fracturing related
events, occurring relatively quickly after the onset of injection, at locations close to the
injection well.
Other geological and operational factors investigated in the TNO database show a less
distinct correlation with recorded seismic moment release and maximum magnitudes. It
is noted here that that does not necessarily mean that these parameters have no impact
on induced seismicity, as trends can be obscured, for example by the fact that other
geological of operational factors predominate in the seismic response of the site.
Additionally, in the database study not all site-specific geological factors could be
addressed, as insufficient data were available or reported. One of the site-specific
geological factors that is expected to be of crucial importance for induced seismicity to
occur is the presence of large critically stressed faults. This factor could not be studied
in our dataset as insufficient site-specific data on the presence of faults, their sizes and
orientations were available or reported.
The presence of large critically stressed faults, especially those that are present in and/or
connected to the crystalline basement is considered to be one of the key factors for
induced seismicity (Walsch et al 2015). As shown in Chapter 4, it is one of the
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geological factors used to classify European shale gas sites in terms of their potential of
(show-stopping) seismicity.

Figure 1. Correlation between geological and operational factors and the maximum seismic
moment released and maximum moment magnitude recorded for different kind of injection
activities. CCS = CO2 storage, EGS= stimulation for enhanced Geothermal Systems, HF=
hydraulic fracturing, SRC=secondary recovery, WWI=waste water disposal and VAR= other. a)
scale of the injection activity (ΔV), b) scale of the activity in terms of GΔV, with the solid black
line (denoted 1) the relation proposed by McGarr (2014), c) time of the largest event since start
of injection, d) depth and lateral distance of the largest event with respect to injection operation.
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WORKFLOW FOR THE CLASSIFICATION OF EUROPEAN
SHALE GAS SITES IN TERMS OF INDUCED SEISMICITY
POTENTIAL

4

In this chapter we present a workflow to classify European shale gas sites in terms of
their potential of (show-stopping) seismicity. The workflow specifically focusses on a
classification of shale gas sites upfront during the exploration phase, before start of the
actual shale gas production. In the workflow we address the potential for felt induced
seismicity caused by hydraulic stimulation for shale gas. The workflow does not address
the seismic hazard, or seismic risk associated with induced seismicity.
Seismic hazard is the probability that a certain ground motion at the surface level will
be exceeded. In addition to earthquake magnitude, factors like the frequency of
occurrence and depth of the earthquakes, focal mechanisms, earthquake duration, the
propagation and attenuation of waves towards the surface, and the local site response
will determine the resulting ground motions at surface level (seismic hazard). Although
not specifically included in the classification workflow itself, the relation between the
mechanics of the seismic source (earthquake magnitude, focal mechanism, duration)
and the propagation of waves towards the surface has been studied within work package
2 of the M4Shalegas project. A short summary of this work, and the main references to
the publications are presented in Appendix A of this report.
Seismic risk is a combination of the probability that a certain ground motion will be
exceeded, and the associated impact of the ground motion, for example in terms of
damage to surface structures. The impact of the ground motions depends on factors like
construction materials for surface structures, population density, building type and
density and the vulnerability of exposed structures. For classification of European shale
gas sites in terms of either seismic hazard or seismic risk, the above workflow should be
extended to include information on e.g. wave propagation and/or ground motion
prediction equations, shallow site conditions (hazard) and the main characteristics of
surface structures and population density (risk).
Figure 3 presents the workflow we propose for classification of European shale gas site

in terms of their induced seismicity potential. The main features of the classification
workflow are:
•
•
•

The availability and quality of data used as input to the workflow depends on the
exploration stage.
The presence and density of (critically stressed or active) large fault structures,
and the distance of the shale gas operations to these fault structures is considered
to be the key geological factor used for classification
Indicative bounds on magnitudes can be obtained using different techniques

It is noted here that for European shale gas sites, prior to the actual stimulation
operations, only a first order indication of the seismic potential of the sites can be
obtained. This first order estimate of the seismic potential can be used for de-risking the
D2.6 Induced seismicity in shale gas
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target shale gas sites in terms of induced seismicity, and to modify planned operations
to minimize induced seismicity.
The quality of the (seismic) data which is available will determine the minimum fault
length that can be mapped. In Wassing et al (2017) we have shown that even if 3D
seismics (with attributes) are available prior to the actual shale gas production, fault
structures sufficiently large to generate earthquakes with M ≈ 2-3 can be missed. Whether
these magnitudes that are generally felt, but causing little damage to surface structures,
are considered as a showstopper for shale gas operations depends on local factors such as
population density and public acceptance. For large damaging earthquakes to occur,
however, large critically stressed fault areas must be present. The risk of inducing or
triggering large seismic events can be significantly reduced if fault structures are mapped
at an early stage, prior to the hydraulic stimulation, for example based on seismic surveys,
and field development or stimulation operations are modified to prevent reactivation of
these structures. The criticality of these structures in the current stress regime can be
determined in either a slip tendency analysis, or, preferably, in a quantitative risk
assessment (Walsch et al. 2016, Wassing et al. 2017) taking into account uncertainties in
e.g. in-situ stress conditions, fault orientations and fault strength parameters. As shown
in a separate study by Wiseall et al. (2017), performed within the framework of the
M4ShaleGas project, the fault strength parameters of the shales, and hence the
reactivation potential of the faults within the shales, will very much depend on fault
mineralogy and saturation. Wiseall et al. (2017) conclude that to assess fault strength and
fault reactivation potential, knowledge, or at least estimates of the minerology and
saturation of the fault gouges is needed.
Alternatively or in addition to the above steps, baseline seismic monitoring can be used
to identify active fault structures (Bohnhoff et al. 2017).
As a next step in our workflow, the magnitude of the stress changes and the distance
from the injection site over which stress changes are expected to occur are assessed
based on operational and geological parameters like volumes of injected fluids, injection
pressures, diffusivity of the rocks around the injection well, tectonic stresses and fault
criticality. Special attention should be paid to the uncertainty ranges of the input
parameters for modelling. Dedicated geomechanical modelling can give insight into the
(treatment schedule dependent) minimum distances of the injection operation to the
critically stressed fault required to avoid fault reactivation. Information on fault density,
uncertainties in the location of the faults and the width of damage zones around the fault
can then be used to assess whether these minimum distances from faults are achievable.
Subsequently, indicative estimates of magnitudes of seismic events associated to the
largest fault area detected (or largest fault area likely to be missed on seismics) can be
obtained (see Figure 2a). Alternatively, seismic moment release and magnitudes
associated to the pressure disturbance caused by the volume injected can be obtained
(see Figure 2b). Volume-based estimates can be obtained based on the upper bounds
suggested by McGarr (2014) (red line in Figure 2b) or, alternatively, the equation
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derived by Galis et al 20172 could be used, to assess the maximum seismic moment
release for the largest seismic event that is self-arrested, based on the volume injected
(see Figure 2b, purple lines). It is noted here that in theory, the magnitude based on the
maximum fault area detected (or theoretically likely to be missed on seismics) gives an
upper bound to the seismic moment that can be released, since it is unlikely that a fault
will rupture over its entire length in one single event. The volume-based estimates
cannot be regarded as an upper bound, as the impact of tectonic stress release and
runaway rupture is not accounted for. In case significant release of tectonic shear
stresses or runaway rupture occurs, the volume based seismic moment and the fracture
mechanics-based estimate of self-arrested rupture would underestimate the potential
seismic moment that is released. In both cases, fault rupture could propagate outside the
area of the pressure disturbance (for a further explanation, see also Wassing et al 2017).

Figure 2 a) Earthquake magnitude as a function of fault size and amount of slip. Stress values
indicate stress drop. For example: an undetected fault of 1000m can generate a M 3– 4 seismic
event, whereas a fault of 300m can generate a M 2-3 event (adapted from Zoback and Gorlick,
2012). b) relation between scale of the activity (in terms of injected volumes) and seismic
moment release and magnitudes. Red line indicates upper bound for volume limited seismic
moment release as defined by McGarr (2014). Both dashed purple lines indicate bounds derived
from fracture mechanics – indicating seismic moment release for the maximum seismic event
that is still self-arrested (Galis et al 2017)2. The graph shows the induced seismicity dataset from
the TNO database (see chapter 3), the notation is similar to the notation used in Figure 1. For
further explanation see also Wassing et al 2017.

More insight into the effect of background tectonic stresses on the propagation of the
rupture front in relation to the region of pressure disturbance can obtained from
dynamic rupture modelling. Additional work on dynamic rupture modelling, which has
been performed within the framework of the M4Shalegas project, is reported in
Appendix A.

2

http://www.seismo.ethz.ch/en/research-and-teaching/schatzalp-workshop/download2017/2_Schatzalp2017_Galis.pdf; visited on October 2nd 2017.
D2.6 Induced seismicity in shale gas

Copyright © M4ShaleGas Consortium 2015-2017

Page 12

Figure 3. Workflow for classification of shale gas sites in terms of induced seismicity potential.

In addition to the presence of critically stressed (basement) faults, other factors also
contribute to (or decrease) the potential for induced seismicity, which are summarized
in Table 1. In addition to these factors, in their experiments on samples of ball-milled
Bowland Shale, Wiseall et al. 2017 show the role of shale moisture content and shale
mineralogy on strength and reactivation potential.
A complete overview of the workflow for estimating the induced seismicity potential of
the European shale gas sites is presented in Figure 3.

D2.6 Induced seismicity in shale gas
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Table 1. Factors increasing (left column ) or reducing (right column) the seismicity potential of
a shale gas site.
Increasing seismicity potential
Proximity to large faults, critically stressed in
the ambient stress regime
Shale gas reservoir or waste water injection
site located close to crystalline basement,
hydraulic communication
Critically stressed faults extending into the
crystalline basement
High seismogenic index
High baseline seismicity, evidence of active
faulting
High differential stresses (significant depth,
reverse faulting regime)
Seismogenic rocks (reservoir and surrounding
rocks): high friction coefficients and instable
(seismic) sliding
Absence of viscoplastic sediments (in either
overburden-underburden or reservoir itself)

D2.6 Induced seismicity in shale gas

Reducing seismicity potential
Low fault densities, non-critically stressed faults
Impermeable layers between stimulated /injection zones and
crystalline basement, no hydraulic communication
Faults limited to sedimentary sequences, thick sedimentary
sequences
Low seismogenic index
Low baseline seismicity, no indications of active faulting
Low differential stresses (shallow depth, isotropic stress
conditions, normal faulting regime)
Reservoir and surrounding rocks with high clay content: low
friction coefficients and stable (aseismic) sliding
Viscoplastic sediments (high clay content, carbonate content)
– low differential stresses limit the extent of rupture
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5

RECOMMENDATIONS FOR MITIGATING SHALE GAS
INDUCED SEISMICITY

A large number of techniques can be applied during different stages of hydraulic
fracturing (or waste water injection operations) to assess the hazards and associated
risks of induced seismicity. We here distinguish between mitigating actions before and
during hydraulic fracturing operations.
Before commencing injection operations:
1.
Assessment of potential maximum earthquake magnitude and assessment of
probability of inducing an earthquake
Analysis of the site-specific conditions of the deep sub-surface in terms of
geological and geomechanical properties as discussed in the workflow above, with
focus on the location and orientation of large faults. Information about the stress
state and mechanical properties of the rock and related uncertainties can be used in
a slip tendency analysis or QRA, to determine the criticality of the faults and the
potential for reactivation due to the planned injection operations. Dense seismic
arrays and microseismic arrays can be used to locate (active) faults that are
difficult to detect using reflection seismic, such as small faults and strike-slip
faults (BC Oil and Gas Commission, 2014). Those areas which have shown a high
seismogenic index during earlier injection operations can be avoided.
2.

Managing the probability of inducing an earthquake
The hydraulic fracturing operations can be designed to take place at a safe
distance from large pre-existing critically stressed, or seismically active, faults.
This safe distance is dependent on the volume of injected fluid, the existence of
fluid pathways from the injection site to the fault, the bulk porosity and
permeability of the surrounding rock, the injection pressure and the initial
criticality of the fault and all related uncertainties. The amount of conservatism
used in calculating what is considered as a safe distance depends on the magnitude
of the potential earthquake as well as the projected consequences of the
earthquake.

3.

Accounting for uncertainty in analysis by trial period. Compare observed and
predicted response
A trial period with a small injection volume and subsequent monitoring can
provide an indication of the risk of induced seismicity before commencing a full
scale hydraulic fracturing operation (Green et al., 2012).

4.

Assessment of hazards and risk related to assumed maximum magnitude
earthquake
Site-specific analysis of the shallow sub-surface and surface in terms of slope
stability, presence of water-retaining structures such as dams and dykes,
population density, building density and construction quality, presence of
vulnerable infrastructure, and potential for ecological and environmental damage
in case of a seismic event.
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During the injection operation
1.
Traffic light systems for operations when observed behaviour differs from
predicted behaviour
Apply (micro)seismic monitoring during the injection operations (Downie et al.
2010). This can provide valuable data about the occurring seismicity, specifically
if observed data differs from the expected behaviour. Sudden or local increases in
seismicity rates, magnitudes, changes in 𝑏 value and in particular (micro)seismic
events lining up in a direction other than the expected fracture direction, e.g. in the
direction of critically stressed faults are all indicative of fault reactivation (Downie
et al. 2010; Wolhart et al. 2006). (Micro)seismic monitoring can be combined with
protocols for a traffic light system (Green et al. 2012) where injection is halted
based on quantitative measurements such as a change seismicity rates, 𝑏 value,
exceeding a predetermined magnitude or ground motion measurement, or
deviation from the expected fracture orientation.
2.

Optimizing hydraulic fracturing operations leading to efficient stimulation with
minimum injected fluid volume
Figure 2b shows that, in general, larger injected volumes are associated to larger
magnitude induced earthquakes. Designing and implementing a hydraulic
fracturing scheme that minimizes the amount of fluid needed will help in reducing
the potential for induced seismicity. It should be noted that limiting injection
volumes typically leads to less effective fracture treatments (smaller stimulated
rock volume) and smaller produced gas volumes. Optimization of hydraulic
fracturing operations can be performed, focussing on maximum gas production
with minimum injected fluid volume.

3.

Minimizing the zone of induced stress changes and affected volume of rock
One of the potential measures for mitigating induced seismicity and reducing the
impact of pore pressure diffusion on fault stability is the application of flow back
immediately after the injection phase. Actively pumping fracking fluid back to the
surface or allowing rapid flow back immediately after the injection phase limits
the rock volume that is influenced by the pore pressure change (De Pater & Baisch
2011; McClure et al. 2011, Green et al. 2012). Hydraulic fractures initiate close to
the injection well and largely during the injection of fluids. Migration of fluids to
pre-existing faults during and post-injection can cause fault reactivation. Limiting
the amount of fracking fluids that stay in the subsurface limits the distance the
fracking fluid can travel through the rock volume. This technique has been applied
at the Montney Shale in Canada (BC Oil and Gas Commission, 2014). In addition
to fluid migration and pore pressure diffusion, poroelastic effects, stress transfer
by fault slip and thermal effects may play a crucial role in affecting fault stability
and seismicity during and post-injection. In Segall et al (2015) and De Simone et
al (2017) it is suggested that a slow (tapered) reduction of the injection rates
before shut-in may reduce the seismicity potential, as opposed to an abrupt shut-in
of the injection wells. Other injection strategies proposed are a reduction of
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injection pressures over time (McClure et a., 2011) and multistage and cyclic
stimulation (Zimmermann et al, 2015, Meier et al., 2015). As the interplay
between the mechanisms that drive fault reactivation and induced seismicity is
complex, and the processes act at different timescales, more research is needed to
design optimum stimulation strategies for hydraulic fracturing or injection in
general.
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6

CONCLUSIONS

Hydraulic fracturing operations and injection activities for waste water disposal, related
to shale gas operations, may cause induced seismicity. Even though induced seismicity
appears to be associated with only a small fraction of the injection wells, magnitudes of
the seismic events can be significant and can cause public concern and damage to
subsurface structures. Accordingly, mitigation of seismicity during shale gas operations
is of crucial importance. To further our understanding of what drives seismicity during
the injection operations, we performed a study on an extensive dataset of worldwide
injection-induced seismicity. Based on the analysis we identified a number of key
operational and geological factors for injection-induced seismicity. We developed a
workflow that can be used to classify European shale gas sites in terms of their induced
seismicity potential, and adapt planned operations to reduce risk of induced seismicity.
The presence and density of (critically stressed) large fault structures, and the distance
of the shale gas operations to these fault structures is considered to be the key
geological factor used for classification; the net-volume of the injected fluids is
considered to be a key operational factor. Mitigation measures to reduce the induced
seismicity potential have been identified, such as avoiding injection close to large
critically stressed faults, optimizing fracturing operations with minimum injected fluid
volumes and the implementation of traffic light systems based on (micro)seismic
monitoring.
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APPENDIX A SEISMIC SOURCE, RUPTURE AND WAVE
PROPAGATION MODELLING

Within the framework of the M4Shalegas project, we performed a number of dynamic
rupture and coupled wave propagation models. This modelling work resulted in a
number of publications:
Buijze, L., van den Bogert, P., Wassing, B.B.T., Orlic, B., ten Veen, J. (in press.) Fault
reactivation mechanisms and dynamic rupture modeling of depletion-induced seismic
events in a Rotliegend gas reservoir. Netherlands Journal of Geosciences (in press).
Wassing, B.B.T., L. Buijze and B. Orlic, 2016. Modelling of fault reactivation and fault
slip in producing gas fields using a slip-weakening friction law. In Proceedings of the
50th US Rock Mechanics / Geomechanics Symposium, Houston, 26-29 June 2016.
Wassing, B.B.T., L. Buijze and B. Orlic, 2017. The impact of viscoelastic caprock on
fault reactivation and fault rupture in producing gas fields. In Proceedings of the 51st US
Rock Mechanics / Geomechanics Symposium, San Francisco, 25-28 June 2017.
Kraaijpoel,D., Paap, B., Wassing, B. Buijze, L. Simulation of induced seismic ground
motions using coupled geomechanical and seismic models.
Http://www.seismo.ethz.ch/export/sites/sedsite/research-andteaching/.galleries/pdf_schatzalp/Schatzalp_AbstractBook_2017.pdf
In this appendix, we give a short overview of the modelling work. For a detailed
description of the modelling work the reader is referred to the above publications.
Dynamic rupture modelling
In the workflow presented in this report, indicative estimates of magnitudes of seismic
events are obtained either associated to the largest fault area detected, or associated to
the pressure disturbance resulting from the volumes injected. Using maximum available
fault area for assessing magnitudes, and assuming that the total fault area will be
reactivated, may result in an overestimate of magnitudes. On the other hand, in case of
critically stressed faults, volume-based estimates of seismic magnitude, which are based
on the areal extent of the pressure disturbance, may result in an underestimation of the
magnitudes, as the potential release of tectonic stresses and runaway rupture is not
accounted for. More insight in the extent of seismic rupture, and the total fault area
which is reactivated due to the pressure disturbance, can be derived from dynamic
rupture modelling of the seismic source and the fault rupture process. In these models,
the sensitivity of the seismic rupture process (in terms of rupture area, slip
displacements, slip velocities, stress drops, which can ultimately be translated into
seismic moment release and magnitudes) to various operational, geological and
geomechanical conditions can be analyzed. Sensitivities of e.g. seismic rupture to
factors such as in-situ stress conditions, fault orientation and dip, and the criticality of
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the faults in the ambient stress regime, fault strength and frictional behavior, potential
stress drops, the total amount of fluids injected and the associated spatial and temporal
distribution of the pressure disturbance (due to injection or extraction of fluids) can be
addressed.
We used the software codes of DIANA (Buijze et al. 2017) and FLAC3D (ITASCA
Consulting Group, 2013; Wassing et al. 2016, 2017) to analyze the relation between
changes in pore pressures, related fault stress changes and their impact on the fault
rupture characteristics. In the modelling the effects of in-situ stress conditions, fault
strength, fault frictional behavior, reservoir and fault geometry and the impact of timedependent creep on the timing of fault reactivation, the nucleation of seismic events and
the main characteristics of the fault rupture process were analyzed.

Figure A1. Left: Workflow for dynamic rupture modelling of the fault rupture process in
FLAC3D. Modelling starts with initializing pressures and stresses in the rocks and on the faults
(initialization phase). Pore pressures are than changed until first fault reactivation occurs
(depletion phase - pore pressure loading). At a certain stage no extra pore pressure loading is
needed for ongoing fault slip, and the nucleation length of a seismic event is reached (nucleation
phase and self-propagating rupture). At that stage the model computations are switched from
static to dynamic (inertia forces are taken into account – seismic phase).
Right: Geometry and mesh of the dynamic rupture model. Dimensions and lithology shown in
Figure A2.

All rupture models were based on a simplified geometry of a producing gas reservoir in
an extensional tectonic setting, which is intersected by a single fault with a dip of 70°
(see Figure A2 right). Pore pressures in the reservoir were changed (in this case reduced
by pressure depletion from the reservoir), and the evolution of stresses on the fault, the
onset of fault reactivation, nucleation of seismic rupture and the seismic rupture process
were closely monitored. For the workflow used for modelling, see Figure A1. The fault
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in the geomechanical model is modelled by interface elements, and the initial fault
strength was characterized by a Mohr Coulomb failure law, i.e.:
𝜏𝑚𝑎𝑥 = 𝐶 + 𝜇𝑠𝑡𝑎𝑡 𝜎𝑛′
where τmax is the maximum shear stress the fault can resist before failure occurs, C is
fault cohesion, µstat is the static friction coefficient (which defines the friction
coefficient just before the onset of failure) and σ’n is the effective normal stress on the
fault.
A slip-weakening friction law was used to model the post-failure evolution of friction
during fault slip (Buijze et al 2017. Wassing et al. 2016), which is defined by three
parameters: i.e. the critical slip distance Dc , the static friction coefficient µstat and the
dynamic friction coefficient µdyn. (See also Figure A2 left). Here, Dc is the critical slip
displacement for friction to reduce to a residual vale µdyn. Modelling shows that the
static and dynamic friction coefficients and the critical slip distance Dc in combination
with the initial stress conditions have a large influence on the stress drop of an
earthquake and the propagation of slip along the fault, i.e. on the final rupture length
and the extent of the rupture outside the area of pressure disturbance (for more details
see Wassing et al 2016, Wassing et al 2017 and Buijze et al 2017).
Figure A3 presents the results of the static depletion and nucleation phase, for both a
fault without and with 100m offset. The figure clearly shows the effect of fault offset
(and pressure loading) on the fault reactivation and nucleation of a seismic event. In
case of a no offset fault, the fault is reactivated at a later stage of pore pressure
depletion. Geometry-enhanced stressing (additional shear stresses which occur due to
differential movements along the fault which are caused by the offset of the fault)
promotes fault reactivation and seismicity at an earlier stage of depletion. Seismic
rupture characteristics (see Figure A4) in both cases modelled are quite different, i.e.
reactivated fault area, fault slip, stress drops, slip velocities and duration of seismic
rupture are larger in case of late reactivation (no fault offset) than in case of early
reactivation (100m fault offset, see Wassing et al. 2017 for background of the
modelling, such as initial stress conditions, fault strength parameters).
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Figure A2. Model geometry (left) and slip weakening material law (right) used for modelling
frictional fault behavior, with definition of parameters μstat, μdyn and Dc and stress drop Δσ. Pore
pressure changes are imposed on the Slochteren sandstone.

Although present work focused on the stress evolution and fault rupture dynamics in a
conventional producing gas reservoir, a similar approach can be used to model fault
rupture due to injection for shale gas hydraulic fracturing or waste water disposal (see
also Buijze et al 2015).
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Figure A3 Evolution of pore pressures, normal effective stress, shear stress and fault
criticality in terms of shear capacity utilization (SCU) and friction angle with ongoing pore
pressure depletion in the reservoir.
Upper graph) Reservoir with fault without offset. The onset of fault reactivation occurs at a
pressure decrease of 24.3 MPa (SCU=1 at the top of the reservoir). From 24.3 MPa onwards the
reservoir is further depleted up to 25.9 MPa, and as the fault slips during ongoing depletion,
friction angle and shears stress gradually drop. At 25.9 MPa, when a nucleation length
(presented as a small black bar next to the graph) of approximately 30 m is reached, fault slip
accelerates and is self-propagating, marking the onset of a seismic event. At that stage
computations in FLAC3D are switched to the dynamic mode (see Figure A2).
Lower graph) Reservoir intersected by a fault with 100 m offset. In this case, the fault segment
at the top of the hanging wall block is already critically stressed at the start of depletion
(SCU=1). The onset of fault reactivation is observed right after the start of depletion, and the
critically stressed area gradually grows downwards and friction angles and shear stresses
gradually drop until a pressure depletion of 3.7 MPa. At 3.7 MPa depletion, at a nucleation
length of 30 m, fault slip accelerates, marking the onset of a seismic event. Reservoir geometry
is presented on the right: light-pink : Slochteren reservoir sandstone, brown: Ten Boer
claystone, light-blue: anhydrite, grey: halite. Source: Wassing et al 2017.
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Figure A4 Evolution of fault slip displacements, shear stress, friction angle and slip velocity
during fault rupture.
Upper graph) Reservoir with a fault without offset. Fault rupture starts at the top of the
reservoir rocks (in the Ten Boer claystone) at time t=0 s. The rupture front propagates
downwards into the reservoir and underlying rocks. During fault rupture, fault friction over the
entire reservoir section drops to a residual value of 24.2°, causing a drop in shear stress (socalled stress drop) of 2-3 MPa. Slip velocities reach up to 1.8 m/s after 0.16 s. After 0.28 s
rupture stops and the total seismic slip reached is around 0.08 m.
Lower graph) Reservoir intersected by a fault with 100 m offset. Fault rupture starts at the top
of the reservoir in the hanging wall block (in the Ten Boer claystone) at time t=0 s, at a pressure
depletion of around 3.7 MPa. The rupture front propagates downwards into the reservoir.
During fault rupture, the fault friction angle over part of the reservoir section drops to a residual
value of 24.2°, causing a drop in shear stress (stress drop) of 1-2 MPa. Slip velocity of up to 0.5
m/s are reached after 0.16 s. After 0.24 s rupture stops and the total seismic slip is around
0.025m. Reservoir geometry is presented on the right: light-pink: Slochteren reservoir
sandstone, brown: Ten Boer claystone, light-blue: anhydrite, grey: halite. Source: Wassing et al
2017.
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Modelling of wave propagation
The geomechanical models in FLAC3D and DIANA as presented in the last paragraph
are well equipped to simulate the complex behavior of fault systems under changing
stress fields and for simulation of the seismic rupture process. Computation of seismic
wave propagation from the fault towards the surface is however time-consuming. On
the other hand, seismic modelling software such as SPECFEM2D can be used to
efficiently model the wave propagation from the seismic source towards the surface.
Within the framework of the M4Shalegas project, we coupled the geo-mechanical fault
rupture models to the seismic wave propagation models. This way, the complex fault
behavior induced by injection or production operations can be simulated, while the
resulting seismic motions can be propagated to the far field with acceptable runtimes.
In our approach, the fault rupture models in FLAC3D (see Figure A3) were used to
model the onset of fault reactivation caused by the reservoir pressure changes and the
compaction of the gas reservoir. Once the nucleation of a seismic event was observed,
the static model was switched to a dynamic mode (see Figure A1, A4), which is used to
model the dynamic fault rupture process. The near fault deformation obtained in the
FLAC3D model (Figure A5 – top) was then transferred to SPECFEM2D by means of
an equivalent force field (Figure A5 – center). In SPECFEM2D the wavefield was then
propagated to the surface (see Figure A5 - bottom).
This coupled approach between the source rupture models and the wave propagation
models is pertinent to improve the description of subsurface source mechanisms (faults),
related wave propagation and ground motions, and can be used to:
•

•

•
•

Characterize the fault reactivation process and seismic rupture process, caused by
the changes in pore pressures. This way we can get insight in the main
characteristics and sensitivities of the fault reactivation and seismic nucleation and
rupture processes, in terms of the timing of reactivation and pore pressures (what
pore pressure increase, over what fault length is an increase needed before rupture is
initiated?), resulting fault slip displacements, extent of the fault area that slipped,
stress drops (which can be used to assess potential magnitudes), but also e.g. fault
rupture duration and frequency content (important for estimates of ground motions).
Compute the expression of a specific seismic source (fault rupture process), for
example resulting from differences in fault configurations (orientation, dip, offsets,
juxtaposition of different lithologies) in seismic records at varying distances from
the source. This way we can compare computed seismic records and actual seismic
records, which is important for e.g. model validation.
Improve interpretation of observed earthquake data and provide input to hazard and
risk analyses from seismic signals at surface level, such as peak ground acceleration,
frequency content, earthquake duration and amplification.
Optimize the design of seismic monitoring networks (Bohnhof et al. 2017).
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Figure A5. : Top: Horizontal displacements computed in FLAC3D – represented for t=0.2s after
the onset of rupture. Center left: Equivalent force terms Fx (horizontal directon) and Center
right: Fz (vertical directon) at t=0.2s, used as input to wave propagation model in SpecFem2D.
Bottom: Specfem2d simulation for wave propagation from the seismic source at t=0.23s.
Source: Kraaijpoel et al 2017.
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