Project Acronym and Title:

M4ShaleGas - Measuring, monitoring, mitigating and managing the
environmental impact of shale gas

CLASSIFICATION OF SHALE GAS SITES IN TERMS OF INDUCED
SEISMICITY POTENTIAL

Authors and affiliation:
1

Brecht Wassing , Ellen van der Veer1, Jan ter Heege1
1

TNO, Energy Division, Utrecht, the Netherlands
E-mail of lead author:

brecht.wassing@tno.nl

D2.3
Definitive version

Disclaimer
This report is part of a project that has received funding by the European Union’s Horizon 2020 research
and innovation programme under grant agreement number 640715.
The content of this report reflects only the authors’ view. The Innovation and Networks Executive Agency
(INEA) is not responsible for any use that may be made of the information it contains.
Published December 2017 by M4ShaleGas Consortium

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

Executive Report Summary
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 fracturing. The potential of (felt)
induced seismicity during hydraulic stimulation for shale gas production is expected to be controlled by
the pre-existing geological site conditions and hydraulic fracturing operational parameters. Aim of this
report is to present a workflow to classify European shale gas sites in terms of their potential of (showstopping) seismicity. The workflow specifically focusses on a classification of shale gas sites upfront
during the exploration phase, before start of the actual shale gas exploitation.
The presence and density of large critically stressed faults, and the distance of the shale gas operations to
these fault structures is considered to be the key geological factor used for classification. Availability and
quality of the data used as input to the workflow depend on the exploration stage and the imaging
techniques used (2D or 3D seismics). The induced seismicity potential of the shale gas sites can be
significantly reduced if injection into, or close to critically stressed faults is avoided. Indicative bounds on
magnitudes, associated to either the largest fault encountered, or to the volume of the injected fluids and
related pressure disturbance can be obtained, using different techniques.
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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. The potential of (felt) induced seismicity during hydraulic stimulation for
shale gas production is expected to be controlled by the geological site conditions and
hydraulic fracturing operational parameters. Aim of this report is to present a workflow
to classify European shale gas sites in terms of their potential of felt (i.e. 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.

1.3

Aims of this report

In this report we present a workflow to classify shale gas sites in terms of induced
seismicity potential. In chapter 2, we shortly discuss the different components of the
workflow, such as the presence and density of critically stressed faults and indicative
bounds of magnitudes which can be obtained from either fault area and volumes
injected. In addition, we address data availability during the exploration stage of shale
gas operations, the information that can be obtained from the data and how this can
serve as input for classification. In chapter 3 we discuss results and present the
conclusions of this study. Details on individual components of the workflow are
described in Appendix A, which is attached to this report.
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2

CLASSIFICATION WORKFLOW FOR ASSESSING THE
POTENTIAL OF FELT INDUCED SEISMICITY

2.1

Introduction

For the production of gas from shale gas reservoirs with low natural permeability, preexisting fracture networks in the shales need to be stimulated through the injection of
fluids under high pressures. During the process of hydraulic fracturing new tensile
fractures are formed and natural fractures in the shales are opened and reactivated. This
reactivation of faults and fractures can be associated with seismicity. The majority of
the recorded seismicity induced by hydraulic fracturing operations is of very small
magnitude, i.e. ML <1 (Warpinski 2012), and felt induced seismicity is associated with
only a limited number of hydraulic fracturing wells. Atkinson et al. (2016) report that
induced seismicity with magnitudes Mw >3 is associated with 0.3% of all the
hydraulically fractured wells in the Western Canada Sedimentary Basin. The largest
recorded earthquake to date that has been linked 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) occurred during hydraulic fracturing of the
Bowland Shale, near Blackpool, United Kingdom. For a more detailed review of shale
gas induced seismicity, we refer to Osinga et al. (2015).
Considering that seismic events with magnitudes exceeding Mw 3 can occur during
hydraulic fracturing operations and may cause either damage to surface structures or
raise public concern, seismicity can become a potential showstopper for shale gas
operations. Here we present a workflow which enables a priori assessment of the
seismicity potential of candidate shale gas plays. The workflow can be used to obtain a
first-order indication of the potential of (felt) seismicity related to shale gas operations.
It can be used as a classification method for the potential success of shale gas operations
in terms of seismicity. In this chapter, the main workflow and input parameters for the
workflow are described.

2.2

Description of the workflow

In this section the method for classification of the shale gas sites is presented. 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. Data availability is discussed in section 2.3.
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 (see section 2.4)
Indicative bounds on the maximum magnitude can be obtained using different
techniques (see section 2.5)

It is emphasized here that for 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
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first order estimate of the seismic potential can be used for de-risking the target shale
gas sites in terms of induced seismicity, and to modify planned operations to minimize
induced seismicity. In this report we address the potential for felt induced seismicity
caused by hydraulic stimulation for shale gas. Here, we consider earthquakes of
magnitude 1.5 to 2 to be the smallest earthquakes that can be felt, however whether
earthquakes are felt ultimately depends on the resulting surface ground motions. The
seismic risk associated with induced seismicity is a combination of seismic hazard (i.e.
the probability that a certain ground motion at the surface level will be exceeded) and
the associated impact of the ground motion, in terms of e.g. damage to surface
structures. 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). 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 shale gas sites in terms of seismic risk, the above workflow should be
extended to include information on e.g. ground motion prediction equations, shallow
site conditions and the main characteristics of surface structures and population density.

2.3

Data availability during different exploration stages

Different stages of shale gas exploration correspond to different types and amounts of
data available. In the very first stage of exploration, typically only limited data will be
available. In this phase of exploration, geological maps and potentially available crosssections can be analyzed. If available, well logs can provide additional valuable
information. In this early stage of exploration, some insight into the geological
complexity of the area, the density and size of the large scale fault structures can be
obtained and large scale fault zones can be mapped. In case other subsurface operations
have been deployed in the same shale gas basin, the sensitivity of the basin to induced
seismicity can be taken into account.
With ongoing exploration, more data will become available. Seismic profiles can be
used to map smaller faults, and natural seismicity can be used to infer if faults are
critically stressed. It should be noted that the availability of different data sources
significantly constrains the quality of the upfront classification. In case only 2D
seismics are available, large errors may occur in determination of fault location, length,
etc. In well-understood areas, these data may still be helpful in avoiding injection near
faults, but we want to emphasize that for complex areas (e.g. high fault density and
differential stresses), higher resolution seismics are needed to map faults in detail.
During later stages of exploration, 3D seismics and attributes in combination with well
data can be used to model the faults more accurately. In-situ stress data can be used as
input to slip tendency analysis (see section 2.4.2) to determine whether injection
pressures can result in fault reactivation. Information on the in-situ stress regime can be
obtained from image logs and borehole break-out analysis, mini-frac and XLOT tests.
Additionally, in case natural seismicity occurs in the area, focal plane mechanisms of
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natural earthquakes can be inverted to constrain the orientation and relative magnitudes
of the in-situ stresses at the site, as has been demonstrated by Walsch et al. (2016).
After the start of the actual shale gas operations, additional data and monitoring data
gathered during stimulation will become available and improve the predictions of
induced seismicity potential. This will help designing the hydraulic fracturing
operations in such a way as to avoid felt seismicity.

2.4

The presence of large and critically-stressed fault structures

Not all of the fault and fractures pose risks to hydraulic fracturing operations. Moreover,
smaller scale faults and fractures may contribute to production because of their
enhanced permeability. In particular, critically stressed fractures are more permeable
(Barton et al., 1995). Faults and fractures may also not be simple planar surfaces, but
consist of an interlinking network of smaller fractures which are reactivated separately.
This is repeatedly seen in hydraulic fracturing experiments, where structures of up to a
few 100 m are reactivated by the fluid injection in many small events.
2.4.1

Relation between fault size and magnitudes

The seismic moment M0 (and related moment magnitude Mw of the seismic event) that
is released on a fault depends on the fault area (A) which is reactivated, the average slip
displacement (d) over this area and the shear modulus (μ) of the rock (Aki, 1966, see
also Osinga et al., 2015), with:
𝑀0 = 𝜇𝐴𝑑
2

𝑀𝑤 = log10 (𝑀0 ) − 10.7
3

(1)
(2)

Slip displacement, fault slip area and seismic moment release are closely tied to the
stress released by the earthquake, i.e. the stress drop. The dependence of seismic
moments and magnitudes on reactivated fault area, average slip displacements and
stress drop is plotted in Figure 1. It is clear from the graph that the larger magnitude
earthquakes which occur during hydraulic stimulation activities, e.g. those reported in
the Western Canada Sedimentary Basin up to M 4.6, are related to the presence of larger
fault structures (km-scale).
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Figure 1. 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 still generate a M 3– 4
seismic event, whereas a fault of 300m that is undetected (for example due to limitations in
resolution of 3D seismics) can still generate a M 2-3 event (adapted from Zoback and Gorlick,
2012, see also text below).

Fault lengths which can be resolved strongly depend on the quality of the available data.
Geological maps generally only provide information on larger scale faults cutting the
surface and/or bedrock, with fault lengths > 1 km. In addition to geological maps,
information on fault structures can be obtained from 2D and 3D reflection seismics. 3D
seismics provides a much higher spatial resolution of the rock layers and fault
geometries (in terms of scale, dip and orientation) than 2D seismics. An indication of
the vertical resolution of various data sources is given in Table 1. In case of 2D and 3D
seismics, the vertical resolution may be taken as the minimum fault throw that can be
imaged. Typical scaling relations between fault throw and fault length have been used to
obtain fault lengths in Table 1 (for further details we refer to Appendix A). If only the
length of the fault is known, the fault area can be estimated assuming a certain length to
width ratio (aspect ratio). Aspect ratios of faults typically vary between 1 to 10, whereas
smaller faults often have smaller aspect ratios. Aspect ratios reported for faults in North
Sea sands and shales generally vary between 1:1 to 1:3 (Nicol et al. 1996). Magnitudes
for different fault length resolved, assuming an aspect ratio of 1:2 are shown in Table 1,
assuming that the entire fault area ruptures seismically.
In theory, hydraulic fracturing operations should be performed at a safe distance from
large faults indicated on geological maps, or faults that have been mapped using seismic
profiles (for definition of safe distance, see section 2.4.3). However, it is still possible to
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reactivate subseismic faults. We can assess the magnitude of the seismic event,
resulting from reactivation of the largest fault that can be missed in a seismic
interpretation. This magnitude can be considered as an upper bound estimate, since it is
unlikely that such a fault will rupture over its entire length in one single event, which is
required for generating the calculated maximum magnitude.
If we take into account the data available during shale gas explorations, and related fault
lengths which can be resolved based on these data, fault lengths F < 300m can be
missed, even if 3D seismics with attributes is available. Rupturing of such faults can
correspond to a seismic event of magnitude M > 2. So, it is clear that if the occurrence
of a M > 2 seismic event needs to be ruled out upfront, the resolution of seismic
imaging will generally not be sufficient. Whether a (felt) magnitude of M > 2 is
considered as a showstopper for shale gas operations depends on local factors such as
population density and public perception as mentioned before.
Table 1. Indication of vertical resolution for geological maps and seismics, and corresponding
fault lengths and earthquakes magnitudes. We assumed a 1:2 length to width fault ratio and a
shear modulus of 16 GPa, and converted the seismic moment to magnitude.
Type of data
Geological map
2D seismics
3D seismics
3D seismic attributes

Resolution
>1 km
Vertical ~10-50 m
Vertical ~10-50 m
Vertical 3 – 10 m

Fault length L
>1 – 10 km
1000 – 5000 m
1000 – 5000 m
300 - 1000 m

Magnitude (L/W=2)
>3.4
3.4 - 4.8
3.1 - 4.1
2.1 – 3.1

As stated before, not all faults pose risks to hydraulic fracturing operations. Next to fault
size, the initial proximity of fault stresses to failure is important. In order to reduce the
probability of reactivating large scale fault structures and felt induced seismicity, it is
crucial to avoid large, critically stressed faults.
2.4.2

Critically stressed faults: slip tendency analysis

The changes in fluid pressure and temperature, which are caused by the injection of
fluids during hydraulic fracturing can potentially reactivate faults by altering the stress
state in the reservoir. Whether or not fractures and faults are reactivated due to the pore
pressure and/or temperature changes depends on the initial stress state on the faults and
fractures, and the proximity of the stress state to failure conditions. Fault slip is likely to
be induced on critically stressed faults. In a recent publication, Lund Snee et al. (2016)
show that induced earthquakes in Texas, which are related to fluid injection, all involve
fault slip compatible with the tectonic stress field, which suggests all events took place
on already active (i.e. critically stressed) faults.
A slip tendency analysis can be performed to assess the reactivation potential of the
faults, fractures, or any other planes of weakness, such as bedding planes in the ambient
stress field. The slip tendency of a fault is defined by the ratio of the absolute shear and
normal effective stress on the fault plane:
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𝑆𝑙𝑖𝑝 𝑇𝑒𝑛𝑑𝑒𝑛𝑐𝑦 =

‖𝜏‖
‖𝜏‖
=
‖𝜎′𝑛 ‖ ‖𝜎𝑛 − 𝛼𝑝𝑓 ‖

(3)

Slip will occur when the slip tendency is larger than the frictional resistance on the fault,
which is described by the Mohr-Coulomb failure criterion:

𝑆𝑙𝑖𝑝 𝑇𝑒𝑛𝑑𝑒𝑛𝑐𝑦 ≥

𝐶0
+𝜇
𝜎𝑛 − 𝛼𝑝𝑓

(4)

In which: τ is the shear stress on the fault, σ’n and σn are the effective respectively total
normal stress acting on the fault plane, pf is the pore pressure, α is the Biot coefficient,
C0 is the cohesion of the fault and μ is the friction coefficient of the fault.
For a cohesionless fault slip will occur when:
𝑆𝑙𝑖𝑝 𝑡𝑒𝑛𝑑𝑒𝑛𝑐𝑦 ≥ 𝜇

(5)

The coefficient of friction usually varies between 0.6 – 1.0 (Zoback 2007). Coefficients
of friction may be lower for faults containing minerals such as phyllosilicates. The
above formulas for slip tendency can be used to assess the amount of pressure increase
at which the fault is reactivated.
As input to a slip tendency analysis the following input data is required:
 Orientation and dip of fault plane
 Orientation and magnitude of the principal stresses
 Pore pressure and an estimate of the pore pressure increase during hydraulic
fracturing
 An estimate of the cohesion and friction coefficients of the faults
The slip tendency of a fault depends on the orientation of the fault (i.e. strike and dip) in
the ambient stress field and the magnitude of the stress field. The tectonic stress field
can be defined by the principal vertical and horizontal stresses Sv, SHmax and Shmin.
Considering the principal stress axes as the coordinate system, the orientation of the
fault plane is given by the 3 directional cosines of the unit vector normal to the fault
plane, i.e. nx, ny and nz.
The shear and effective normal stresses on the fault plane can then be computed from:
′
′
′
𝜎𝑛′ = 𝑛𝑥2 𝜎𝑥𝑥
+ 𝑛𝑦2 𝜎𝑦𝑦
+ 𝑛𝑧2 𝜎𝑧𝑧
2

2

(6)

τ = √(𝑛𝑥2 𝑛𝑦2 (𝜎𝑥𝑥 − 𝜎𝑦𝑦 ) + 𝑛𝑦2 𝑛𝑧2 (𝜎𝑦𝑦 − 𝜎𝑧𝑧 ) +𝑛𝑥2 𝑛𝑧2 (𝜎𝑥𝑥 − 𝜎𝑧𝑧 )2 )
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The ratio of which can then be used to compute the slip tendency of the fault.
A slip tendency analysis can be used to identify critically stressed faults. In most cases
however, input parameters to the slip tendency analysis will be uncertain. Depending on
the exploration stage and data availability, the magnitudes and direction of the in-situ
stress field and the cohesion and friction coefficients of the faults are usually not
accurately known. Stress orientations can vary spatially, and rotation of stresses may
occur close to active faults.
Walsch et al. (2016) use the technique of quantative risk assessment (QRA) to assess
the probability that a mapped fault might slip by an increase in pore pressures. In this
probabilistic quantitative risk assessment for fault slip, all uncertainties related to the
various geomechanical and stress state parameters can be accounted for. In the early
stages of exploration accurate information on the geometry of the faults is usually
missing. Probabilistic distributions of fault dip and strike which are consistent with the
(historical) tectonic setting of the area can then be used. In a similar way, uncertainties
in fault strength parameters (cohesion and friction coefficient), and pore pressure
increases can be taken into account. As pointed out by Walsch et al. (2016) the
conditional probability of fault slip that is obtained with the QRA is not the same as the
probability of an earthquake. Recent tectonic earthquakes may have occurred on the
fault, which have invoked stress drops. At these locations the proximity to failure may
be reduced and the probability of fault reactivation may be less than obtained from the
regional stress field.
In addition to slip tendency for fault planes, slip tendency can also be determined for
bedding planes, as these can act as planes of weakness and be prone to slip and
associated seismicity when critically stressed.
Baseline seismic monitoring of background seismicity before stimulation can be used to
estimate the local potential for induced seismicity (Bohnhoff et al. 2017). Natural
seismicity is indicative for active faulting and may thus be useful to identify active
faults.
2.4.3

Safe distance from large critically-stressed fault structures

The potential for induced seismicity can be reduced assuring that the hydraulic
fracturing operations take place at a safe distance from large pre-existing critically
stressed faults. The magnitude and the distance from the injection site over which stress
changes are felt depend on the volume of injected fluid, the existence and density of
fluid and diffusion pathways from the injection site to the fault, the bulk permeability,
porosity and elastic properties of the surrounding rocks and the injection pressure.
Pore pressures in the subsurface are increased by migration of fluids and diffusion of
pore pressures through the fracture network and surrounding rocks. These processes
continue after injection stops, and may cause the occurrence of post-injection
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seismicity. In addition to these so-called direct pressure changes, poro-elastic stress
changes may occur extending into areas which are not directly affected by the pore
pressure increase. Both newly formed hydraulic fractures and pre-existing fractures and
faults may provide pathways for rapid pore pressure diffusion. Ter Heege and Lavrov
2017 describe model predictions for dimensions of single hydraulic fractures and
fracture networks for the Posidonia Shale Formation in The Netherlands, analysing the
sensitivity of hydraulic fracture dimensions to the treatment schedule (injection rate and
volume, number of injection stages, and total proppant mass). Maximum modelled
fracture half-lengths are around 100 m. Generally, lengths of hydraulic fractures
reported in literature are in the order of several hundreds of meters, as illustrated by
microseismic monitoring.
The pressure disturbance itself may reach much further than the dimensions of the
fracture disturbed zone, as shown in the example of the induced seismicity in the Eola
Field. During the hydraulic fracturing operations in Picket Unit B Well 4-18, a M 2.9
event and 16 other seismic events of magnitude M>2 were recorded (Holland et al.
2013). Hydraulic fracturing intervals were targeting the Woodland Shale and Viola
Limestone at depths between 2133 and 3134m. The seismic events occurred at 2 km
from the Picket Unit B Well 4-18, with the onset of seismicity only 24.4 hours after the
start of the injection operations. Holland et al. (2013) explain the occurrence of
seismicity by rapid diffusion of fluids through permeable fractures and faults in the
heavily folded and faulted thrust system, which raised pore pressures and reactivated a
critically oriented fault at 2km distance of the injection well.
To obtain an indicative estimate of the safe distance from faults, the above factors need
to be taken into account. The total safe distance Xsafe from the injection operation to a
critically stressed fault, that is required to avoid stress changes destabilizing the fault
can be described by:
𝑋𝑠𝑎𝑓𝑒 (𝑃, 𝑉, 𝑡) = 𝐿𝑝𝑢𝑚𝑝 (P, V, t) + 𝐿𝑝𝑜𝑠𝑡 (𝑃, 𝑉, 𝑡) + 𝐿𝐶𝑆𝐶 (𝑃, 𝑉, 𝑡) + 𝑤𝑑𝑎𝑚 + 𝑑𝑙𝑜𝑐

(8)

where Lpump is the distance over which the pore pressures diffuse during the injection
operation, Lpost is the length over which pressure increases significantly after injection is
stopped due to ongoing fluid migration and pore pressure diffusion , Lcsc is the length
over which the effects of poro-elastic stressing are felt, wdam is the width of the fault
damage zone (see also Appendix A), and dloc is a measure of the location errors of the
fault, which depend on the imaging method.
There is no universal approach to compute the first three parameters of equation 8, and
the choice of the modelling approach will depend on factors such as data availability
and the preference of the individual researcher. Many analytical and numerical
approaches exist to estimate the propagation of single hydraulic fractures and
dimensions of the fracture networks during hydraulic stimulation (see also Ter Heege
and Lavrov 2017). Additionally, a wide range of (simplified) analytical solutions to
advanced coupled HTM (hydro-thermal-mechanical) models can be employed to assess
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the spatial and temporal evolution of permeability and pore pressure changes and its
effect on fault stability.
In general input parameters to modelling will be difficult to determine before the start of
the hydraulic fracturing operations and will be subject to large uncertainty, which
should be taken into account (e.g. Westwood et al. 2017, Walsch et al. 2016). The
choices in assigning uncertainty ranges to parameters and assessing the safe distance
will depend on the magnitude of the potential earthquake as well as the projected
consequences of the earthquake at surface level.
In a recent publication, Westwood et al. (2017) address the required ‘respect’ distance
between the hydraulic fracturing site and pre-existing fault structures. They use
geomechanical modelling and Coulomb failure analysis to assess the magnitude of
stress changes which are caused by hydraulic fracturing operations. Using a Monte
Carlo approach they create different discrete fracture networks as input to modelling.
For various fracture intensities, geomechanical and operational parameters that are
representative of hydraulic fracturing operations in the Bowland shale in the UK, they
derive the spatial distribution of Coulomb stress changes away from the injection well.
In their study a maximum horizontal respect distance of 433m is calculated, assuming
that faults can be reactivated at a minimum Coulomb stress threshold of 0.001 MPa. The
study by Westwood et al. (2017) focusses on hydraulic fracturing operations in the
Bowland shale; for other shale gas sites similar methods could be used to obtain the
horizontal respect distance, based on site specific geological and operational parameters.
The maximum horizontal respect distance obtained by this method does not yet include
the damage zone of the fault (wdam) and location uncertainty (dloc), nor does it take into
account the effects of poro-elastic stressing. Segall et al. (2016) show that poro-elastic
stressing due to fluid injection can have a significant impact on fault stability.

2.5

Other site factors for classification

In addition to the presence of large critically stressed fault structures, other site
conditions and geological factors can be indicative of the induced seismicity potential of
a shale gas site. These site conditions and geological factors are:







Proximity of crystalline basement to the shale gas reservoir and the presence of
large critically stressed basement faults
Basin sensitivity to induced seismicity (seismogenic index)
Depth of the shale gas reservoir
Tectonic stress state
Fault slip stability
Lithology and mechanical rock properties
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Proximity of the crystalline basement to the shale gas reservoir and the presence of
critically stressed basement faults
The proximity of large faults in the crystalline basement rocks to shale gas operations
appears to increase the likelihood of induced seismicity. For the Fox Creek area in
western Canada, in which a number of larger magnitude events related to hydraulic
fracturing operations were reported, Bao et al. (2016) describe the reactivation of fault
segments in the upper part of the crystalline basement. Two mechanisms played a role
in fault reactivation, i.e. stress changes imposed by the poro-elastic response of the rock
mass, and pressurization of the basement faults by pore pressure diffusion. The
hypocenter of the largest event was located in the deepest part of the Precambrian
crystalline basement.
Critically stressed basement faults also play a crucial role in the generation of seismicity
related to salt water disposal in Oklahoma, US (Keranen et al. 2014). Nearly all induced
seismic events related to the disposal of salt water in the sedimentary formations of the
Arbuckle group in Central Oklahoma occurred in the crystalline basement at depths
between 5 – 6 km (Walsh et al. 2015). Here the permeable Arbuckle group is in
hydraulic communication with the underlying crystalline basement rocks, which enables
the downward propagation of pore pressures into the basement rocks. Walsch et al.
(2015) argue that critically stressed faults in the basement are potentially active – and
hence are likely to have higher permeabilities than basement rocks and inactive faults
which are less favorably oriented in the stress field. Thus, pore pressure changes will
predominantly affect the critically stressed fault and even small pore pressure can
trigger seismicity on these faults. They also note that for large earthquakes to occur,
large fault areas must be present. As the sedimentary layers above the basement rocks
have limited thickness – for large earthquakes large faults extending into the crystalline
basement rocks are required.
Basin sensitivity to induced seismicity
The earlier occurrence of induced seismic events in a shale gas basin may give a hint
on the sensitivity of the basin to induced seismicity. The relation between injected fluid
volumes and seismic moment released during injection operations and the dependency
of maximum magnitude on injected volume shows large variability for different
injection sites. Shapiro et al. (2010) explained the variability by considering the
seismotectonic state of a site, and expresses the sensitivity of the basin to induced
earthquakes by the seismogenic index Σ:
Σ = log10N>=M(t)-log10VI(t)+bM

(9)

The seismogenic index is constant with time at a certain locality, but varies significantly
between sites (Dinske and Shapiro 2013). It can provide a measure of the
seismotectonic characteristics of a shale gas site or shale gas basin, as it gives the timeindependent potential for induced seismicity per unit volume of injected fluid. The
seismogenic index can be calculated if other subsurface injection activities have been
deployed in the same shale gas basin. Seismogenic index Σ can be derived from the
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observed frequency-magnitude distribution of induced earthquakes (with N number of
earthquakes with magnitudes >= M and b the parameter of the Gutenberg-Richter law)
and the injected fluid volume VI at time t. Bao et al. (2016) report a relatively high
seismogenic index (between -2.7 and -1.5) for the Fox Creek area in western Canada,
which clearly exceeds indices for other shale gas plays (-9.4 to -4.4).
Depth
The stress drop of an earthquake is the difference between the shear stress on a fault
before and after a seismic event. The stress drop of an earthquake has a strong influence
on the surface ground motions. Huang et al. (2017) report a depth-dependency of the
stress drop of both tectonic and induced earthquakes in the Central United States and
North America. The depth-dependency of the stress drops, i.e. increasing stress drops
for increasing depths, can be explained by the increase of stress magnitudes and
effective normal stresses on faults with depths. Warpinski et al. (2012) show that
microseismic magnitudes increased with increasing injection depth in the Barnett and
Marcellus shales in the USA (Warpinski 2012).
Tectonic stress state
High differential stresses promote shear failure rather than tensile failure. Thereby, fault
planes are closer to failure for high differential stresses. Larger differential stresses can
build up in reverse-faulting regimes, than in strike-slip or normal-faulting regimes,
which means that higher seismic magnitudes may be expected in reverse faulting
regimes. In their dataset of tectonic and induced earthquakes in the Central United
States and northern America, Huang et al. (2017) observe that stress drops are higher for
reverse faulting regimes than for strike slip faulting regimes. As noted above, stress
drop influences ground motions.
Fault friction coefficients and fault slip stability
Failure is not only a function of the stress state in the subsurface, but also depends on
the physical properties of the fault itself. Faults with low friction coefficients cannot
built up large differential stresses, which promotes an aseismic response to stress
changes on these faults. Some rock types are more prone to stable (aseismic) sliding,
whereas in other rock types fault slip is unstable (seismic). Friction experiments on
shale samples from different shale reservoirs in the US demonstrate a strong
dependence of frictional and fault slip behavior on shale and total organic content
(Kohli and Zoback (2013)). The authors observe a decline in the frictional strength of
the shale samples with increasing clay and organic content, and a transition from
instable (velocity weakening regime) to stable (velocity strengthening regime) slip at
approximately 30% by weight clay and organic content. Samples from mudstones and
bedding plane material (quartz and organic material) at the Preese Hall, UK shale gas
site showed stable sliding, whereas the limestones exhibited unstable slip (Harper,
2011).
Lithology and mechanical rock properties
Time-dependent creep or so called viscoplastic behavior in sedimentary rocks can cause
relaxation of differential stresses over relatively short times, and can lead to a relatively
D2.3 Classification of shale gas sites in terms of induced seismicity potential
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isotropic stress state in the subsurface (i.e. low differential stresses). This viscoplastic
behavior of stress relaxation is generally higher in shales with a high clay and organic
content (Sone and Zoback 2013 2014) and has also been observed in carbonate rich
rocks (Zoback 20172). The presence of clay and carbonate rich rocks in sedimentary
sequences can thus reduce the potential of large seismic events, as the associated low
differential stresses limit the extent of seismic rupture (Zoback 2017).

2.6

Operational conditions

In case of the Preese Hall 01 hydraulic stimulation, five hydraulic fracturing stages were
conducted in the Bowland shale (Figure 2). During these fracturing stages different
volumes of slickwater were injected in a near-vertical well. Some dozens of seismic
events were recorded, most of which were related to the injection stages 2 and 4. Figure
2 shows that these were also the stages with largest volumes of fracturing fluids
injected, whereas little flowback was applied after these injection stages. The total
volumes injected during stage 2 and 4 were 2300 m3 and 1650 m3 respectively.
Seismicity during these stages started almost immediately after the onset of injection;
the largest seismic events (stage 2 M 2.3 and stage 4 M 1.5) took place at
approximately 10 hours after the start of injection, while the well was shut in under a
high pressure. Also during fracturing stage 5 large volumes of fracturing fluids were
injected, however in this case significant flowback of fracturing fluid was applied. This
may be taken as an indication that the (net) injected volumes is an important operational
factor for the induced seismicity potential, and that seismicity may be reduced by
controlling the volumes injected and hence the related increase in pressures.

2

http://www.seismo.ethz.ch/en/research-and-teaching/schatzalp-workshop/download2017/1_Schatzalp2017_Zoback.pdf; visited on August 30th 2017.
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Figure 2. Overview of hydraulic fracturing stages in the Preese Hall -1 well and recorded
seismicity. The injected volume is indicated by the red line, the flowback volume by the blue
line. Seismic events are indicated by the violet and green symbols. The red diamonds represent
the two felt seismic events during frac stage 2 and 4. The yellow triangle represents the seismic
event that provided the hypocenter and focal mechanism. (Source: Clarke et al., 2014, with
permission of RightsLink / John Wiley and Sons).

An extensive analysis of injection-related seismicity (McGarr 2014, Wassing et al.
2016) shows that the injected volume is a key operational factor affecting the magnitude
of induced seismic events. Figure 3 shows the cumulative injected volume at the moment
of the occurrence of maximum magnitude events versus the magnitude of the events for
different types of injection operations. A clear relation between injected volume and
magnitudes is visible. McGarr (2014) uses this relation is to derive a maximum seismic
moment (M0max) which depends on the volume of injected fluids (ΔV) times the shear
modulus of the rocks (μ), i.e.:
𝑀0 𝑚𝑎𝑥 = 𝜇|∆𝑉|

(10)

As shown in the database study discussed in Wassing et al. (2016) a number of seismic
events related to fluid injection for hydraulic fracturing and waste water injection plot
above the upper bound as proposed by McGarr (2014), see also Figure 3. A similar
conclusion was drawn by Atkinson et al. (2016) for seismic events induced by hydraulic
fracturing in the Western Canada Sedimentary Basin. Based on seismicity data
associated to hydraulic fracturing, Atkinson et al. (2016) point out that a significant
amount of their data falls above the upper bound suggested by McGarr (2014). These
high values of seismic moment release may reflect a large tectonic influence on the
induced events.
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Figure 3. Relation between scale of the activity (in terms of injected volume or volume change)
at the timing of Mmax, versus the seismic moment release and maximum magnitude M max
plotted for different injection technologies. Red line indicates the upper bound for seismic
moment release as proposed by McGarr (2014); purple lines indicate the bounds for selfarrested rupture as proposed by Galis et al 20173.

Ampuero et al. (2016) and Galis et al. (2017)3 use a different approach than McGarr
(2014) and Atkinson (2016), which is based on the theory of fracture mechanics. They
derive an expression for the maximum seismic moment before a transition from selfarrested to runaway rupture will occur, as a function of injected volume:
𝑀0𝑚𝑎𝑥−𝑎𝑟𝑟 =

0.4255 𝜅𝜇𝑑
(
) ∆𝑉 3/2 = 𝛾𝛥𝑉 3/2
ℎ
√𝛥𝜏0

(11)

In which : M0 max-arr is the maximum seismic moment released by self-arrested rupture,
ΔV is the volume of the injected fluids, Δτ0 is background stress drop, h is reservoir
thickness, μd is dynamic friction coefficient of the fault and κ = (3λ+2G)/3, with λ and

3

http://www.seismo.ethz.ch/en/research-and-teaching/schatzalp-workshop/download2017/2_Schatzalp2017_Galis.pdf; visited on August 30th 2017.
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G the Lamé’s elastic parameters. De parameter γ in equation 11 roughly varies between
106 – 1010.
Galis et al. (2017)3 show that for a broad range of injected volumes and associated
magnitudes of injection-induced earthquakes, data predominantly plot below the upper
bound for self-arrested rupture (see also Figure 3). This could be taken as evidence that
the rupture process for the majority of these injection-induced earthquakes is largely
controlled by the pressure disturbance due to the injected volume (for the majority of
the events no strong evidence is observed in their dataset for runaway rupture, driven by
the release of tectonic stresses).

2.7

Constraining maximum magnitudes

The magnitude of an earthquake resulting from a certain subsurface operation has
physical bounds, depending on factors like fault size, fault criticality and pressure
disturbance. A very indicative estimate of an upper bound on seismic magnitude can be
obtained upfront based on fault area, as described in section 2.4.1. An alternative
approach is to assess the upper bound for the seismic moment release based on the total
net injected volume, as proposed by McGarr (2014) or derive an upper bound for the
maximum seismic moment release (for injection-controlled self-arrested rupture events)
based on the equations in section 2.6, Figure 3 and Error! Reference source not f
ound.. Other methods for constraining maximum magnitudes have been proposed in
literature, e.g. based on pumping energy (Vörös and Baisch 2009) and the minimum
dimensions of the stimulated reservoir volume (Shapiro et al. 2011). It is emphasized
here that these maximum magnitudes should be considered only as very indicative
values, and are subject to large uncertainties.
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3

DISCUSSION AND CONCLUSIONS

In the former chapter a number of geological site characteristics were presented, which
can be used to classify shale gas sites in terms of their induced seismicity potential. One
of the main geological factors used for classification is the presence of large critically
stressed faults, especially those that are present in and/or connected to the crystalline
basement. We have shown that, even in the optimistic case where 3D seismics (with
attributes) are available, fault structures sufficiently large to generate earthquakes with
M ≈ 2-3 can still be missed. Whether these magnitudes (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 perception. For large
damaging earthquakes to occur, however, large critically stressed fault areas must be
present. The risk of inducing or triggering these events can be significantly reduced if
fault structures are mapped at an early stage, prior to the hydraulic stimulation, based on
e.g. seismic surveys. The criticality of these structures in the current stress regime can
then be determined in either a slip tendency analysis, or, preferably, in a quantitative
risk assessment (Walsch et al. 2016) taking into account uncertainties in e.g. in-situ
stress conditions and fault strength parameters.
A literature review of data availability, geological factors and seismicity induced by the
hydraulic fracturing operations at the Preese Hall -01 well site in Lancaster, UK, shows
that the strike-slip focal mechanism of the best-recorded seismic event is consistent with
the regional faults observed in seismic data and outcrops, and is also consistent with the
orientation of optimally oriented faults under the ambient stress conditions. The
hypocentre location for this best-recorded event lies some 300-400m east and 330-360m
below the injection point. At the same location, a fault was imaged on 3D-seismic data,
which was obtained during a survey performed after the hydraulic stimulation
operations. The similarity of the waveforms of this best-recorded event to the other
seismic events, amongst others the larger felt M 2.3 and M 1.5 event, suggests that these
felt events were triggered on the fault structure detected on the 3D seismics (Clarke et
al. 2014). It is worth noting here that this fault was only revealed after the hydraulic
fracturing operations were performed. In hindsight, major faults near the injection well
could have been detected if 3D seismics had been available before the start of the
hydraulic stimulation. Geomechanical analysis (slip tendency or QRA) would further
have indicated that the optimally oriented fault could have been reactivated by the
increasing pore pressures.
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,

D2.3 Classification of shale gas sites in terms of induced seismicity potential

Copyright © M4ShaleGas Consortium 2015-2017

Page 20

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.
In addition to the presence of critically stressed (basement) faults, other factors also
contribute to (or decrease) the potential for induced seismicity. Factors that can be used
for classification of the induced seismicity potential of shale gas sites, prior to hydraulic
stimulation or waste water injection, have been summarized in Table 2 below.
Table 2. 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 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

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

Finally, indicative estimates of magnitudes of seismic events associated to the largest
fault area detected (or largest fault area likely to be missed on seismics) or to the
pressure disturbance related to the volume injected can be obtained. An overview of the
workflow is given in Figure 4.
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4

CONCLUSIONS

We have presented 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 exploitation. The presence and density of large critically stressed faults,
and the distance of the shale gas operations to these fault structures is considered to be
the key geological factor used for classification. Availability and quality of the data
used as input to the workflow depend on the exploration stage and the imaging
techniques used (2D or 3D seismics). The induced seismicity potential of the shale gas
sites can be significantly reduced if injection into, or close to critically stressed faults is
avoided. Indicative bounds on magnitudes, associated to either the largest fault
encountered (or potentially missed on seismics), or to the volume of the injected fluids
and related pressure disturbance can be obtained, using different techniques.It is
emphasized here that the magnitudes obtained from injection volumes should not be
considered as a strict upper bound, as the potential release of tectonic stresses, nor
potential runaway rupture is not accounted for.

Figure 4. Workflow for classification of shale gas sites in terms of induced seismicity potential.
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6

APPENDIX A VERTICAL RESOLUTION OF SEISMIC
DATA – RESOLVED FAULT LENGTHS

Vertical resolution of seismic data – resolved fault lengths

The vertical resolution of seismic surveys is determined by the wavelength λ (m). The
wavelength depends on the wave velocity V (ms-1)and the dominant frequency f (Hz) of
the seismic signal:
𝜆=

𝑉
𝑓

Though vertical resolution can be as low as 1/8λ (Widess, 1973), usually ¼ λ is used for
estimation of the vertical resolution. The horizontal resolution can be obtained from the
Fresnel zone, which is described with a radius r (m) of:
𝑟 2 = 𝜆𝑧/2
where z (m) is the depth of the reflection point. The frequency ranges of onshore source
equipment (explosives, vibrators) typically vary between ~5 – 100 Hz (eg. Bagaini et
al., 2010). For typical shales encountered at a depth of approximately 3000 m, with a
velocity of 2500 ms-1 and a dominant frequency of 50 Hz, the vertical resolution is then
12.5 m and the horizontal resolution ~275 m. In 3D seismics, this horizontal resolution
can be improved by migration of the data to about λ/2, which in this case would be 25
m. Higher resolutions, up to 1 m, can be obtained from high-resolution 2-D and 3-D
seismics, which employ higher frequency ranges. However, as high frequencies rapidly
attenuate at larger depth, this higher resolution can only be achieved up to a few
hundred meters depth, which means this method cannot be applied for the typical shale
reservoir at larger depth.
The resolution of faults in 3D-seismics can be enhanced by a number of data processing
techniques, i.e. by the use of seismic attributes, including curvature, ant tracking, and
variance. In Abul Khair et al. (2012) faults and fractures with offsets of 3 m and
sometimes less were mapped in shale intervals at 3000 km in the Cooper Basin,
Australia.
In case of 2D and 3D seismics, the vertical resolution may be taken as the minimum
fault throw that can be imaged. An indication of the fault length can then be obtained
from typical fault scaling relationships. These relations between length and
displacement (throw) is generally expressed as: (see also Figure 5)
𝑑𝑚𝑎𝑥 = 𝛾𝐿𝑛

where dmax is the maximum displacement on the fault and L is the horizontal length of
the fault (Cowie & Scholz, 1992; Schultz & Fossen, 2002; Schultz et al., 2008).
Generally n is around 1 and γ varies between 0.1 and 0.001.
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Frequency vs. fault displacement or fault length show similar power law relationships
(Figure 6). If we combine well log data and seismic data, relationships can be
extrapolated to subseismic length scales. These latter relationships can be used to
characterize the reservoirs and for example determine the fault density, the number of
faults of a certain size or throw per km.
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Figure 5. Compilation of data relating maximum fault displacement (Dmax) to fault length along
strike (L) showing typical D/L ratios and fields covered by fault data compiled by Schultz et al
(2008) and Torabi and Berg (2011). (Figure source: Ter Heege et al 2016).
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Figure 6. Normalized cumulative distribution of fault lengths for Cambrian–Ordovician
sandstones in the Tayma region of NW Saudi Arabia from outcrop, aerial photographs and
satellite images showing a lognormal distribution of lengths of individual datasets and an
overall power law distribution for the combined datasets covering the full scale of observation
(data from Odling et al 1999). (Figure source: TerHeege et al 2016).

It is noted here that faults are generally expected to be longer than observed in seismics
section, as those fault sections with offsets less than the resolution of the seismics
cannot be resolved.
Damage zone of faults
Faults are flanked by relatively permeable damage zones, which should be taken into
account when determining safe distances of hydraulic fracturing operations from faults.
The damage zone scales with the displacement on the fault (throw) with a factor of ~0.8
for faults with a displacement <1000 m (Savage and Brodsky, 2011), see also Figure 7.
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Figure 7. Fault zone width versus fault displacement (Source Savage and Brodsky 2011, with
permission of RightsLink / John Wiley and Sons).
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