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

Executive Report Summary
Induced seismicity refers to earthquakes that are the results of human activity. Seismicity can be induced
by changing the stress state on a pre-existing fault. Fluid injection specifically, can cause these stress
changes by (1) altering the fluid pressure on the fault and (2) causing stress changes on a fault by inducing
volume and mass changes in the vicinity. Fluid injection plays a major role in shale gas operations and
there are a number of cases worldwide where shale gas operations are believed to have caused
earthquakes, both during hydraulic fracturing and during wastewater injection. Currently the largest know
hydraulic fracturing related induced earthquake occurred in Fox Creek, Alberta, Canada. This earthquake
had a magnitude of ML 4.4. The largest wastewater injection related earthquake to date occurred in
Prague, Oklahoma, USA. This earthquake had a magnitude of ML 5.7. Earthquakes may cause damage to
(near-)surface buildings and infrastructure such as roads, canals, gas lines, sewer lines and water pipes due
to the ground motion that is the result of an earthquake. A number of steps are suggested as possible
options to manage the risk of induced seismicity during shale gas operations. To further our understanding
of the risks posed by induced seismicity related to shale gas operations, a number of knowledge gaps need
to be closed. This report identifies three knowledge gaps that are important to our understanding of
seismic risk. (1) Site-specific conditions, (2) Predictive modelling of earthquakes and (3) Ground Motion
Prediction Equations specifically tuned to induced seismic events.
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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

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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1.2

Study objectives for this report
This report provides a comprehensive overview of the current state of the art of induced
seismicity related to global shale gas operations. Currently, commercial scale
exploration and production of shale gas is mainly limited to the US and Canada.
Therefore, this report is largely based on experience and data from shale gas operations
in the US and Canada. Site-specific conditions for inducing seismicity in general and
‘felt’ seismicity in particular are investigated and reviewed. A number of case studies is
presented, including a case study from Europe (Blackpool, UK). Methods for
assessment and mitigation of induced seismicity risks are discussed, both in the context
of the current state of the art, as well what is considered to be ‘technically feasible’. In
the conclusion, critical knowledge gaps around the assessment of the risk of induced
seismicity are presented.

1.3

Aims of this report
Public dissemination of a review of the impacts and risks of shale gas induced
seismicity and inventory with best practice operations from US and Canada. The
inventory demonstrates potential knowledge gaps related to the occurrence, impacts and
risks of shale gas induced seismicity, specifically for Europe.

1.4

Definition of scope
This report focusses on induced seismicity related to shale gas operations. Conventional
oil and gas extraction is also known to induce seismicity. However, induced seismicity
in conventional oil and gas extraction is typically caused by depletion of reservoirs and
the associated decrease of pore pressure. The geomechanical processes that lead to
induced seismicity during depletion are different from those associated with injection
(and therefore with shale gas operations). Induced seismicity in conventional oil and gas
operation are therefore not included in the scope of this report. Although waste water
injection is not a necessary component of shale gas operations, induced seismicity due
to waste water injection is included in this report. This is done because shale gas
operations often produce large volumes of waste water (not only fracking fluids, but
produced water from shale formations as well). For the disposal of such large volumes
of waste water, injection into deep permeable formations is often the most financially
attractive solution and is therefore often used in the current practice in the U.S.A. and
Canada.

1.5

Terminology
Hydraulic fracturing can involve the creation of new faults and fractures as well as the
reactivation of existing faults and fractures. As movement along fault planes can result
in seismicity, (micro)seismicity usually occurs during the hydraulic fracturing process.
The term ‘induced seismicity’ typically refers to seismicity that is the result of the
reactivation of larger scale existing faults. Particularly of interest is ‘felt’ induced
seismicity, which refers to earthquakes that can be felt by people at the earth’s surface.
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Earthquakes of magnitude 2 are usually considered to be the smallest earthquakes that
can be felt by people, but whether an earthquake is felt ultimately depends on the
ground motion caused by the earthquake. Ground motions are often expressed using
Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV). PGA and PGV are
not solely dependent on magnitude, but also depend on wave dampening/amplification
in the (shallow) subsurface, the depth of the hypocentre and the distance from the
epicentre.
Another important aspect related to induced seismicity is its use for monitoring the
development and extent of hydraulic fractures and stimulated fracture networks
(stimulated reservoir volume) which is covered in WP3 of M4ShaleGas.
In some studies (McGarr, 2002), the distinction is made between ‘induced seismicity’
and ‘triggered seismicity’. The term ‘induced seismicity’ is then used to refer to
seismicity resulting from an activity that causes a stress change of comparable
magnitude to the ambient shear stress acting on the slip plane, while the term ‘triggered
seismicity’ is reserved for cases where the imposed stress change is much smaller than
the ambient shear stress. However, it is often difficult to draw the line between these
two end-members. Here, the term ‘induced seismicity’ is used to refer to any seismic
activity that is the result of human activity.
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2

PHYSICS OF INDUCED SEISMICITY

2.1

Shale gas and induced seismicity
For the production of shale gas, hydraulic fracturing is a practical requirement, due to
the extremely low natural permeability of shale reservoirs (King, 2012). Hydraulic
fracturing opens and reactivates fractures, increasing the permeability and allowing
production of the gas trapped in the shale. Fault reactivation and associated induced
seismicity is therefore an inherent part of hydraulic fracturing.

2.2

Strength of faults
Seismicity is the result of relative movement (slip) on fault planes in the Earth’s crust.
The initiation of a seismic event requires the stress state on a plane to be such that the
shear stress acting on the plane exceeds the inherent shear strength (𝜏0 ) and the
frictional stress on the plane. This condition is described by the Mohr-Coulomb failure
criterion:
(1)
𝜏𝑐𝑟𝑖𝑡 = 𝜏𝑜 + 𝜇𝜎𝑛
where 𝜏𝑐𝑟𝑖𝑡 is the critical shear stress required for slip to occur on the plane, 𝜇 is the
coefficient of friction and 𝜎𝑛 is the normal stress acting across the plane (Jaeger &
Cook, 1969). For existing faults, cohesion is typically assumed to be negligible.
Initiation of movement along fault planes is controlled by the effective stress state.
When fluid is present in the rocks, the fluid pressure is subtracted from the normal stress
to obtain the effective normal stress 𝜎𝑛′ (Terzaghi, 1943) and the above equation is
reduced to:
(2)
𝜏𝑐𝑟𝑖𝑡 = 𝜇𝜎′𝑛 = 𝜇 (𝜎𝑛 − 𝑝)
where 𝑝 is the pore pressure. For most rock types 𝜇 has a value between 0.6 and 1.0
(Byerlee, 1978). Equation 2 shows that failure on a fault can result from an increase in
shear stress, a decrease in effective normal stress, a decrease in coefficient of friction, or
some combination of the three. Fluid injection specifically, can cause these stress
changes by (1) altering the fluid pressure on the fault and (2) causing stress changes on
a fault by inducing volume and mass changes in the vicinity (Figure 2). When failure
occurs, relative displacement along the fault will result in a new stable stress
distribution. Three modes of failure are distinguished (Figure 1). The relative
displacement along the fault can result in a seismic event (although aseismic slip is
possible as well).
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Figure 1: Mode I failure (tensile opening), movement is perpendicular to fault plane. Mode II failure
(sliding failure), movement is parallel to fault plane, crack propagation is parallel to displacement
direction. Mode III failure (tearing failure), movement is parallel to fault plane, crack propagation is
perpendicular to displacement direction

Figure 2: Different mechanisms can cause fault movement due to fluid injection. This conceptual figure
shows the two most prominent mechanisms.
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2.3

Earthquake magnitudes
The magnitude of an earthquake is a measure of the energy associated with an
earthquake. There are a number of different magnitudes scales which are used today.
Magnitude scales are indicated by 𝑀𝑠𝑢𝑏𝑠𝑐𝑟𝑖𝑝𝑡 where the subscript indicates what scale is
being used. For these magnitude scales, an increase of 2 steps (e.g. from 𝑀 3 to 𝑀 5)
indicates an increase of seismic energy released by a factor of 1000. Therefore, an
increase of magnitude with 1 step indicates an increase of seismic energy released by a
factor of 10001/2 ≈ 31.6. Considering the different nature of the different magnitude
scales, it is important to specify the scale that is being used when stating earthquake
magnitudes.

2.3.1

Local magnitude scale (Richter scale)
The most commonly known earthquake magnitude scale is the local magnitude scale
(𝑀𝐿 ), which is popularly known as the Richter scale. Richter proposed the local
magnitude scale in 1935, with the intent to rate earthquakes in terms of their original
energy, rather than their effects at the earth’s surface (Richter, 1935). The local
magnitude scale was calibrated for medium-sized earthquakes (𝑀𝐿 3.0 to 7.0) in
Southern California. It is based on the relative ground motion recorded by a WoodAnderson seismograph at a distance of 100 km from the epicentre of the earthquake
(Richter, 1935).

2.3.2

Moment magnitude scale
Because of the way the local magnitude scale is defined, it tends to ‘saturate’ for large
earthquakes (>𝑀𝐿 7). This means that all large earthquakes have a magnitude of
approximately 𝑀𝐿 ~7 using the local magnitude scale. The strength of the seismic event
can be described by the seismic moment 𝑀0 :
𝑀0 = 𝐴𝑑𝐺

(3)

where 𝐴 is the area along which slip occurs, 𝑑 is the average shear displacement along
the shearing area and 𝐺 is the shear modulus of the rock (Aki, 1966). This concept of
seismic moment is used to define a moment magnitude (𝑀𝑤 ) scale:
2
𝑀𝑤 = log10 (𝑀0 ) − 10.7
3

(4)

where 𝑀0 has units of dyne·cm (10-7 N·m) (Kanamori, 1977; Hanks & Kanamori, 1979)
or alternatively:
2
𝑀𝑤 = log10 (𝑀0 ) − 6.07
3

(5)

where 𝑀0 has units of N·m. The moment magnitude scale was calibrated to closely
match the local magnitude scale in the range 𝑀 3.0 to 𝑀 7.0, but it extents to higher
values for larger earthquakes and lower values for smaller earthquakes. The moment
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magnitude scale is now commonly used to describe earthquake magnitudes, because of
its wide range of applicability as well as its close match to the older local magnitude
scale in the range 𝑀𝐿 3.0 to 7.0.
2.3.3

Duration magnitude scale
The idea of using the duration of an earthquake to define a duration magnitude scale
was originally proposed by Bisztricsany (1958). There are many different formulas to
convert the duration of a seismic event on a seismograph to a duration magnitude.
Although not commonly used, the duration magnitude scale (denoted by 𝑀𝑑 ) can be
useful to characterize earthquakes based on fairly limited data.

2.4

Gutenberg-Richter relationship
A statistical description that is commonly used to describe the occurrence of seismic
events for a given region is the Gutenberg-Richter relationship (Gutenberg & Richter,
1956). It relates the cumulative number of seismic events 𝑁 to their magnitude 𝑀
through:
(6)
log 𝑁 = 𝑎 − 𝑏𝑀
where 𝑎 is a parameter describing the seismic activity of the region (a higher 𝑎 value
indicates more seismic activity) and 𝑏 is the slope of the frequency – magnitude plot
(Figure 3). The number of events is cumulative, counting from the earthquake with the
largest magnitude in the dataset. A larger 𝑏 value indicates a relatively large amount of
small magnitude earthquakes, while a lower 𝑏 value indicates a relatively large amount
of large magnitude earthquakes. At the low magnitudes, the curve deviates from the
straight line. The magnitude at which this happens is known as the magnitude of
completeness and is indicative for the resolution of the seismic monitoring system.
Earthquakes below the magnitude of completeness are underrepresented because they
are no longer reliably detected by the monitoring system. At high magnitudes, the curve
deviates from a straight line because observation times are often too short to register
large magnitude earthquakes, which rarely occur. The 𝑎 and 𝑏 parameter are determined
on the straight portion of the curve to avoid taking these biases into account.
Globally , the 𝑏 value for tectonic earthquakes is often close to 1, while 𝑏 is close to 2
for hydraulic fracturing operations (Maxwell et al., 2009; National Research Council,
2013). This means that (real-time) monitoring of the 𝑏 value could help determine
whether the observed seismicity is due to the creation of hydraulic fractures, or due to
reactivating large scale faults (Kratz et al., 2012). It should be noted that at this point,
the relation between 𝑏 value and earthquake mechanism is purely empirical.
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Figure 3: Gutenberg-Richter plot for earthquakes measured during hydraulic fracturing and after
hydraulic fracturing. A significant difference in the b value is noted. (Data from Maxwell (2009))

2.5

Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV)
Although earthquake magnitude and epicentre location are most often used to describe
and classify earthquakes, the overall total damage and the damage pattern are not
determined by magnitude and epicentre location alone (Wald et al., 1999b). Ground
motion parameters such as PGA and PGV often show better statistical correlation with
fatality rate and building collapse than magnitude and distance from epicentre do. PGA
and PGV are dependent on the earthquake magnitude and the location of the epicentre,
but also on the depth of the epicentre, the focal mechanism and the properties of the
rock and soil in the subsurface. The Modified Mercalli Intensity (𝐼𝑚𝑚 ) (Wood &
Neumann, 1931) is often used as an indicator for the intensity of an earthquake. At low
values in the scale, the intensity is mostly dependent on to what extent the earthquake is
felt, while at higher values, the scale is mostly dependent on damage to structures
(Table 1) (Wood & Neumann, 1931).
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Table 1: Abridged description of the phenomena associated with different intensities according to the
Modified Mercalli Intensity (data cited from Wood & Neumann (1931)).

𝑰𝒎𝒎
I
II
III

IV

V

VI

VII

VIII

IX

X

XI

XII

Description (abridged)
Not felt except by a very few under especially favourable circumstances
Felt only by a few persons at rest, especially on upper floors of buildings.
Delicately suspended objects may swing.
Felt quite noticeably indoors, especially on upper floors of buildings, but
many people do not recognize it as an earthquake. Standing motor cars
may rock slightly. Vibration like passing of truck. Duration estimated.
During the day felt indoors by many, outdoors by few. At night some
awakened. Dishes, windows, doors disturbed; walls made cracking
sounds. Sensation like heavy truck striking building. Standing motor cars
rocked noticeably.
Felt by nearly everyone; many awaked. Some dishes, windows, etc.,
broken; a few instances of cracked plaster; unstable objects overturned.
Disturbance of trees, poles and other tall objects sometimes noticed.
Pendulum clocks may stop.
Felt by all; many frightened and run outdoors. Some heavy furniture
moved; a few instances of fallen plaster or damaged chimneys. Damage
slight.
Everybody runs outdoors. Damage negligible in buildings of good design
and construction; slight to moderate in well-built ordinary structures,
considerable in poorly built or badly designed structures; some chimneys
broken. Noticed by persons driving motor cars.
Damage slight in specially designed structures; considerable in ordinary
substantial buildings with partial collapse; great in poorly built structures.
Panel walls thrown out of frame structures. Fall of chimneys, factory
stacks, columns, monuments, walls. Heavy furniture overturned. Sand and
mud ejected in small amounts. Changes in well water. Disturbed persons
driving motor cars.
Damage considerable in specially designed structures; well-designed
frame structures thrown out of plumb; great in substantial buildings, with
partial collapse. Buildings shifted off foundations. Ground cracked
conspicuously. Underground pipes broken.
Some well-built wooden structures destroyed; most masonry and frame
structures destroyed with foundations; ground badly cracked. Rails bent.
Landslides considerable from river banks and steep slopes. Shifted sand
and mud. Water splashed (slopped) over banks.
Few, if any (masonry), structures remain standing. Bridges destroyed.
Broad fissures in ground. Underground pipe lines completely out of
service. Earth slumps and land slips in soft ground. Rails bent greatly.
Damage total. Waves seen on ground surfaces. Lines of sight and level
distorted. Objects thrown upward into the air.
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The Modified Mercalli Intensity is correlated to PGA for intensity values <VII and to
PGV for intensity values >VII (Wald et al., 1999a). It should be emphasized that
induced seismicity with intensity values >III in direct relation to shale gas operations
are extremely rare (c.f. section 4). Higher intensity values (up to VIII) have only been
assigned to induced seismicity related to waste water injection (Keranen et al., 2013). In
particular, Maximum Modified Mercalli Intensity for induced seismicity directly related
to hydraulic fracturing is generally much lower.
The correlation with different ground motion parameters for lower and higher intensity
values is consistent with the fact that lower intensity values are based on felt accounts
and people are more sensitive to ground acceleration than velocity (Wald et al., 1999a) ,
while higher intensity values are based on structural damage which shows better
correlation with peak velocity (Hall et al., 1995). Although rough correlations between
the Modified Mercalli Intensity and earthquake magnitude exist, there are many other
factors that influence the intensity. For example, on September 22nd 2015, two
earthquakes occurred in Oklahoma, U.S.A. The first earthquake of 𝑀3.1 was assigned a
Modified Mercalli Intensity of I, while the second earthquake (𝑀2.8) was assigned a
Modified Mercalli Intensity of III (USGS, 2015). To better assess the potential impacts
and risks of induced seismic events, it is therefore desirable to not only constrain the
potential magnitude of induced events, but also the ground motions that are associated
with the seismic events.
Ground Motion Prediction Equations (GMPEs) are a much used tool to predict ground
motion parameters such as PGA and PGV based on a limited number of input
parameters (typically magnitude, distance from epicentre, and depth of hypocentre).
These equations are based regression analysis of recorded ground motions during
previous earthquakes (Douglas, 2003). Hundreds of studies have been published in the
last 50 years that derived GMPEs, but they typically show little agreement. This is
likely due to different data the is available in different regions, as well as the limited
amount of independent parameters that are used as input for these equations (Douglas,
2003). The applicability of most of the published GMPEs for induced seismicity is
limited because they are traditionally tuned to large magnitude tectonic earthquakes.
Induced earthquakes may result in relatively large amplitude ground motions for
relatively low magnitudes, especially at close proximity to the epicentre, due to their
shallow depths. It is important that GMPEs are developed that are specifically tuned to
induced events (Atkinson, 2015). Due to the regional nature of most seismic databases,
it is likely that many GMPEs will have to be developed to maximize regional
applicability. Alternatively, it is possible that more globally applicable GMPEs can be
developed if more independent parameters are included in the equations, as suggested
by (Douglas, 2003). In particular, these parameters should aim to include the
amplification/attenuation of ground motion in the shallow subsurface, which is
correlated to the material properties and geometry of the shallow subsurface.
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2.6

Initial criticality

2.6.1

Initial stress field
When differential stresses are small compared to the rock cohesion, tensile failure is
promoted on fractures with an orientation close to the maximum horizontal stress
direction. These conditions can be met for relatively shallow depths (few kilometres) at
hydrostatic pore pressure conditions, or for overpressured reservoirs at greater depths.
These tensile failure events are associated with smaller magnitude earthquakes, due to
the relatively small resolved shear stress and small relative shear displacements (mostly
Mode I failure, cf. Figure 1) (Fischer & Guest, 2011). Larger differential stresses may
lead to a larger stress drop when a fault is reactivated, and therefore a larger magnitude
earthquake. Larger differential stresses are promoted by: 1) increasing depth, which
increases the magnitude of stress; and 2) tectonic regime, where a thrust faulting regime
can build up the highest differential stresses. Indeed, slightly larger magnitude
earthquakes are observed in thrust faulting regimes (Klose, 2007) and a compilation of
seismicity due to hydraulic fracturing in the Barnett and Marcellus shales in the U.S.A.
shows that microseismic magnitudes increase with increasing injection depth
(Warpinski, 2012). The amount of stress change or pore pressure change that is needed
to trigger fault reactivation is dependent on the initial criticality of the existing faults.
The critically depends on the stress field and the orientation of the fault with respect to
the stresses field (Figure 4).

Figure 4: Two fault planes (denoted by the red and blue dot) are subjected to two different stress fields
(denoted by a and b). Due to its orientation, the red fault is more critically stressed than the blue fault (the
ratio between the active shear stress and the maximum shear stress that can be supported is higher for red
fault). The change in stress from a to b causes the red fault to approach failure while the blue fault is
stabilized.
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2.7

Fault behaviour during slip
Upon failure, relative movement will occur along the fault until stresses have been
redistributed and dissipated in such a way that every part of the fault is stable again.
During slip, the coefficient of friction of the fault can change. Depending on the sign of
the change, this is called velocity-weakening (when the coefficient of friction is lower
during slip), or velocity-strengthening (when the coefficient of friction increases during
slip). Velocity-weakening is a destabilizing process that leads to more displacement,
while velocity-strengthening is a stabilizing process that leads to less displacement.
Some clay shows velocity-strengthening behaviour for low velocity slip and velocityweakening for higher velocity slip (Niemeijer & Spiers, 2006). Rupture at the fault tips
will propagate as long as the stress at the rupture front exceeds the strength. This can
lead to fault propagation into regions where to ambient stress is too low to cause failure
(Ellsworth, 2013).

2.8

Seismic hazards, risks and impacts of shale gas induced seismicity
It is important to distinguish seismic hazards and risks ( (Giardini et al., 2013) c.f.
section 5). Seismic hazards quantifies the probability that specific ground motion (i.e.
PGA) occurs in an area over a certain timespan. For example, a seismic hazard map has
been compiled that displays PGA in Europe that are expected to be reached or exceeded
with a 10% probability in 50 years, and distinguished between low (PGA≤0.1g),
moderate (0.1<PGA≤0.25g) and high hazard (PGA>0.25g) areas (Woessner et al.,
2015). In general, risks are described as the probability of an event multiplied by the
effect of the event. Accordingly, the risks associated with shale gas related induced
seismicity are determined by the probability that seismicity will occur, and the
associated impacts of the seismicity as the earth’s surface (i.e. the damage caused by the
seismic event). The likelihood that seismicity of a certain magnitude occurs in an area
can be described using Gutenberg-Richter relationship (c.f. section 2.4). The most
important impacts associated with seismicity are: 1) structural damage to buildings,
infrastructure and direct environmental damage, 2) damage to the wellbore, and 3)
secondary damage. These impacts may have consequences for the general population
and the environment, such as destabilization of buildings and infrastructure, potential
groundwater contamination, and soil contamination.

2.8.1

Structural damage to (near-)surface structures and infrastructure
Earthquakes may cause damage to (near-)surface buildings and infrastructure such as
roads, canals, gas lines, sewer lines and water pipes due to the ground motion that is the
result of an earthquake.

2.8.2

Damage to the wellbore
Displacements around the wellbore can damage the wellbore cement as well as the
wellbore casing (Dusseault et al., 1998). In a worst case scenario, this can lead to loss of
well control. Non-critical damage to the wellbore was observed at the Preese Hall 1
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well, which is thought to be the result of bedding plane slip caused by hydraulic
fracturing for shale gas (De Pater & Baisch, 2011).
2.8.3

Secondary damage
Apart from the direct damage caused by the earthquake itself, secondary damage is an
important factor in assessing the risks associated with induced seismicity. Earthquakes
can trigger mass movements such as landslides, mudslides and avalanches, which are a
destructive force of their own, even when the earthquake itself was not that damaging.
Earthquakes can also cause dykes and levees to fail, causing flooding in low-lying
areas. Broken gas lines can cause explosion hazards and broken water pipes can cause
rapid erosion, washing away soil and causing structural instability to buildings and
infrastructure. Broken sewer lines can cause groundwater and soil contamination.

2.8.4

Local conditions
For all the impacts listed above, the risk associated with induced seismicity is a
combination of the seismic hazard and local conditions such as local geology, formation
materials for surface structures, population density, building density and the
vulnerability of exposed structures. The effect of local conditions on seismic risks is
illustrated by the difference between the virtually unpopulated region of the Horn River
Basin, British Columbia, Canada, where no damage or injuries were reported after the
𝑀𝐿 3.8 induced earthquake in 2011 (BC Oil and Gas Commission, 2012) and the 𝑀𝐿 2.3
induced seismicity event near Blackpool, United Kingdom (De Pater & Baisch, 2011;
Green et al., 2012), which resulted in a temporary hydraulic fracturing moratorium in
the UK.
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3

RELEVANT SITE-SPECIFIC CONDITIONS FOR SEISMIC RISK

3.1

Presence of existing ‘large’ faults
Faults and fractures are pre-existing discontinuities in a rock mass, and form planes of
weakness which preferentially accommodate deformation. The size of an earthquake
depends on the fault area reactivated, the average displacement over this area and the
shear modulus of the rock (Section 2.3.2). The displacement cannot become arbitrarily
large due to constraints on the magnitude of shear stress driving the failure process and
the ability of the surrounding rock to absorb deformation. The shear modulus typically
falls within a relatively narrow range for a certain rock type. It is therefore the rupture
area that largely controls the seismic moment of the failure event (Scholz, 2002).
The occurrence of larger magnitude earthquakes during injection activities is related to
the presence of large fault structures (i.e. larger than the typical fractures in the
hydraulic fracturing network). An increase of magnitudes recorded during seismic
monitoring is often observed in relationship with potential fluid volumes entering larger
scale faults during hydraulic fracturing (BC Oil and Gas Commission, 2012; Downie et
al., 2010; Maxwell et al., 2009; Wolhart et al., 2006). Similar relations are found for
other fluid injection activities, such as Enhanced Geothermal Systems (Dorbath et al.,
2009; Häring et al., 2008) and waste water injection (eg. Keranen et al., 2013; Kim,
2013). In Chapter 4 a few examples of the influence of larger scale faults during
hydraulic fracturing in shale will be discussed.

Figure 5: Earthquake magnitude as a function of fault size and amount of slip. Stress values indicates
stress drop. For example: a magnitude 4 earthquake requires a fault of ~1-4km and slip of several cm.
Figure from Zoback & Gorelick (2012).
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3.2

Natural (background) seismicity
Natural seismicity is indicative of active faulting and may thus be useful to identify
active faults. However, many injection-induced earthquakes takes place in aseismic
areas, with almost no or limited tectonic earthquakes recorded over the monitoring
period. Seismic records are thus not always indicative for the presence of near-critically
stressed faults. The occurrence of natural seismicity is indicative for the stress regime
and tectonic loading rates (Woessner et al. 2015), but the relationship with induced
seismicity is not well-constrained. Statistical analysis of induced seismicity related to
enhanced geothermal reservoirs suggests that in regions of very low peak ground
acceleration (PGA), indicating low natural seismic hazard, magnitudes of induced
seismicity are also limited (Evans et al., 2012). However, large scale waste water
injection in the U.S.A. in regions with very low PGA resulted in large magnitude
earthquakes (Keranen et al., 2014; National Research Council, 2013). This suggests that
injection volume as well as dimensions of fluid-affected area are important in
controlling the maximum magnitudes of seismic events.

3.3

Mechanical properties of rock formations
Failure is not only a function of the stress state, but also of the physical properties of the
fault. As described in Section 2.1, the strength (the amount shear stress that can be
supported) of faults is determined by the coefficient of friction. The coefficient of
friction for rocks typically lies between 0.6 and 1. However, some faults are filled with
clays which have much lower coefficients of friction. Because such faults are weak (i.e.
they cannot support much shear stress), they do not build up large differential stresses,
which promotes an aseismic response to stress changes on these faults.
Additionally, the mineralogy of the target shale formation are important as well. The
mineralogy of the shale (particularly its relative quartz, carbonate and clay content),
largely determines the efficiency of the hydraulic fracturing. Quartz and carbonate rich
shales are typically brittle and tend to fail along well defined failure planes. Clay rich
shales tend to respond in a ductile manner, without many fractures being opened or
created. Additionally, fractures in brittle material are relatively easy to keep open using
a proppant, while the few fractures that do appear in ductile material simply close
around the proppant particles (“proppant embedment”). This difference in response
leads to different approaches in the hydraulic fracturing operation. Brittle shales are
effectively fractured using ‘slickwater’, a fracking fluid consisting of water (98-99%),
sand or ceramic particles (1.0-1.9%) and chemicals (<1%) such as friction reducers,
disinfectants, acid, corrosion inhibitors and surfactants (King, 2012). Ductile shales
require fracking fluids that are more effective in the placement of the proppant, such as
foams or gelled non-aqueous fluids (Gandossi, 2013). The different composition of the
fluid, combined with different pumping rates, volumes and pressures, leads to a
different stress response in the target formation and surrounding rock.
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3.4

Implications for induced seismicity
Because of the many different parameters that control the potential magnitude of
induced seismicity, site-specific conditions are extremely important in a seismic risk
assessment. Figure 7 shows that there is a general correlation between the volume of
fluid injection and the maximum induced magnitude. However, the same figure clearly
shows that injection volume alone is a poor predictor for the magnitude of induced
earthquakes. In general, it can be said that induced seismicity depends on a combination
of the site-specific conditions and the injection parameters such as injected volume,
injection rate and injection pressure (Figure 6).

Figure 6: Conceptual model of the controlling factors for induced seismicity.

Figure 7: Relation between volume of injected/extracted fluid and the maximum induced magnitude. Data
from National Research Council (2013).
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4

CASE STUDIES

4.1

Case studies of ‘felt’ hydraulic fracturing induced seismicity in shales
Typical magnitudes for the seismic events associated with the creation of hydraulic
fractures range from 𝑀𝑤 -4 to 𝑀𝑤 1 (Downie et al., 2010; Warpinski, 2012), which are
not felt at the surface. In 2013, in the U.S.A. alone, there were approximately 35,000
wells in operation that used hydraulic fracturing for shale gas production; only one case
of felt seismicity (a number of seismic events with a maximum of 𝑀𝑤 2.8) is known to
be caused by hydraulic fracturing for shale gas (National Research Council, 2013).
Worldwide, there are several more cases of felt induced seismicity caused by hydraulic
fracturing for shale gas, mostly in Western Canada. One of the largest recorded
earthquake that has been linked to hydraulic fracturing occurred near the town of Fox
Creek, Alberta, Canada and had a magnitude of 𝑀𝐿 4.4 (Schultz et al., 2015). Other
earthquakes (a number of seismic events with a maximum of 𝑀𝐿 3.8) were recorded
during high-volume hydraulic fracturing in the Horn River Basin, British Columbia,
Canada in 2011 (BC Oil and Gas Commission, 2012) and in the Montney Basin in 2014
(a number of seismic events with a range of 𝑀𝐿 2.4 - 4.4) (BC Oil and Gas Commission,
2014). In Europe, a smaller magnitude earthquake (𝑀𝐿 2.3) occurred during hydraulic
fracturing of the Bowland Shale, near Blackpool, United Kingdom. The following
chapter will discuss four cases of felt induced seismicity known to be caused by
hydraulic fracturing for shale gas, as well as a number of other injection-related induced
seismicity cases.

4.1.1

Eola Field, South-Central Oklahoma, U.S.A.
Inferred mechanism causing induced seismicity: Rapid pore pressure diffusion through
existing highly permeable fluid pathway, lowering the effective normal stress on a
critically stressed existing fault.
During hydraulic fracturing in the Eola-Robbersen field a 𝑀𝐿 2.9 earthquake and 15
other earthquakes with 𝑀𝐿 > 2 were recorded over a period of 7 days (Holland, 2013).
The main producing formation in the Eola field is the Bromide formation which consists
of limestones and sandstones. The hydraulic fracturing intervals were targeting different
formations, including the Woodford shale and Viola limestone formations. Picket Unit
B Well 4-18 was stimulated in 4 stages at different depth intervals ranging from 2133 –
3134 m with injected volumes of 10,000 m3 for the first, second, and fourth stage, and
~5000 m3 during the third stage. The maximum top-hole pressure was 41.37 MPa, with
flow rates of up to 250 l/s. Most earthquakes occurred during the second stage with 15
events with ML > 2 and a maximum ML 2.9. Six events were recorded during the fourth
hydraulic fracturing stage with a maximum magnitude of 𝑀𝐿 2.0. Remarkably, the
seismic events occurred at 2 km from the well, with the first events occurring ~24
hours after the start of injection. The inferred mechanism of the earthquakes is rapid
diffusion of fluids through permeable faults and fractures, reaching a critically oriented
fault at 2 km distance. The area is part of a heavily faulted and folded thrust system,
prone to many permeable pathways for the fluids. No similar earthquakes were
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identified either prior to or post-hydraulic fracturing and the 𝑏 value for the identified
earthquakes was 0.98 (Figure 8) (Holland, 2013). When hydraulic fracturing operations
were stopped for 2 days due to bad weather, the earthquake activity ceased and resumed
when the hydraulic fracturing was continued. The locations for 86 earthquakes are well
constrained and clearly delineate a fault subparallel to a mapped fault set in the area
(Figure 9) (Holland, 2013).

Figure 8: Gutenberg-Richter plot for earthquakes detected during the hydraulic fracturing job, b≈0.98.
Figure from Holland (2013).
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Figure 9: Red crosses mark the location of the 86 earthquakes that were detected during the hydraulic
fracturing job. They delineate a fault which runs subparallel to the mapped NNW-SWE striking fault set.
Figure from Holland (2013).

4.1.2

Fox Creek, Alberta, Canada
Inferred mechanism for induced seismicity: Not reported/unknown
Before the onset of hydraulic fracturing in November 2013, the region around Fox
Creek, Alberta, Canada experienced limited seismicity. On November 26th 2013, a well
was hydraulically fractured in the Duvemay Formation. During the hydraulic fracturing
of this well, a new series of seismic event was registered on regional seismic monitoring
networks, commencing 5 days after the initiation of hydraulic fracturing. During 2014,
hydraulic fracturing operations continued in several wells in the area and more than 160
seismic events were registered (Schultz et al., 2015). The >160 seismic events from
2014 were statistically compared to the timing of hydraulic fracturing operations in the
area, and the temporal correlation was determined to be >99.99% (Schultz et al., 2015).
In January 2015, 24 events of 𝑀 >2.0 were recorded, one of which had a magnitude of
𝑀𝐿 4.4 (Atkinson et al., 2015). Due to 1 year period of well data confidentiality, this
event cannot yet be compared to the timing of hydraulic fracturing operations in the area
(Schultz et al., 2015).
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Figure 10: The red and blue histogram indicates the amount of seismic events in the Fox Creek region.
The coloured windows indicate periods during which fluid was injected for hydraulic fracturing. The fifth
(yellow) window is not based on well data due to data confidentiality at the time of publishing of Schultz
et al. (2015). At the time of publishing of this report, 5 reports of hydraulic fracturing in the region for the
period July 15th – August 20th 2014 can be found on fracfocus.ca. Figure from Schultz et al. (2015)

4.1.3

Horn River Basin, British Columbia, Canada
Inferred mechanism for induced seismicity: Fluid injection during hydraulic fracturing
in proximity to pre-existing faults.
The Horn River Basin in British Columbia, Canada is one of the largest shale gas fields
in North America. (Farahbod et al., 2015). Analysis of historical seismological data
shows that the Horn River Basin was relatively seismically quiet until hydraulic
fracturing for shale gas commenced in 2006 (Figure 11) (Farahbod et al., 2015). Since
the beginning of hydraulic fracturing operations in the Etsho area in the Horn River
Basin, the maximum magnitude of the seismicity changed from 𝑀𝐿 2.9 to 𝑀𝐿 3.6-3.8
(Farahbod et al., 2015; BC Oil and Gas Commission, 2012). The largest magnitude
earthquake occurred on the 19th of May 2011. This was also the only earthquake that
was reported to be felt at the surface. The seismicity was linked to high volume
hydraulic fracturing operations that were active at that moment in the region, targeting
the Muskwa, Otter Park and Evie shale formation at depths of ~2500-3000 m (BC Oil
and Gas Commission, 2012). Fault reactivation zones appear to be well-defined and
injection has to occur close to of within the fault reactivation zone to trigger seismicity
(BC Oil and Gas Commission, 2014).The link to hydraulic fracturing is substantiated by
the observation that the seismicity increase is only observed in the Etsho region where
hydraulic fracturing is concentrated, while other parts of the Horn River Basin do not
show a change in seismicity over the same period of time (Figure 12) (Farahbod et al.,
2015). Well pads in the area consist of up to 14 horizontal wells, into each of which
volumes of 10,000 – 100,000 m3 were injected, with individual stage volumes ranging
from several 1000’s to 10,000 m3. The uncertainty in the location of the seismic events
is very large (5 to 10 km), but in space and time the largest event may be linked to the c34-L well pad. This well pad consists of 9 wells, into each of which an average of
63,000 m3 was injected in 18 stages.
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Figure 11: Total seismic events and seismic events during hydraulic fracturing operations in the Etsho
area. The dashed line indicates the amount of days during which hydraulic fracturing operations were
carried out in the region. Data from Farahbod (2015).

Figure 12: Seismic events in the Horn River Basin during hydraulic fracturing days (left) and days
without hydraulic fracturing (right). Figure from Farahbod (2015).
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4.1.4

Montney Basin, British Columbia, Canada
Inferred mechanism for induced seismicity: Fluid injection during hydraulic fracturing
in proximity to pre-existing faults.
Following the Horn River Basin earthquakes and the following investigation by the BC
Oil and Gas Commission, eight new seismic stations were added to the existing two
stations to provide more accurate seismicity detection. Because of the expansion of the
seismic network, it is now capable of location hypocentres to within 500m and
magnitudes as low as 𝑀𝐿 1.0 (BC Oil and Gas Commission, 2014). In a 14 month
period spanning August 2013 to October 2014, 193 measured seismic events were
attributed to hydraulic fracturing in the Montney Basin. Another 38 were attributed to
wastewater injection (see Section 4.3.2). Analysis of hydraulic fracturing operations in
the region shows that 2.6% of fracking stages produced seismic events and that 0.15%
of fracking stages caused felt seismic events. No injuries or damage were reported. The
inferred mechanism responsible for the induced seismicity is fluid injection relatively
nearby (<300 m) existing faults. This is significantly further than in the Horn River
Basin. (BC Oil and Gas Commission, 2014). Almost all events occur during or within
72 hours of hydraulic fracturing and within 3 km of the operation (BC Oil and Gas
Commission, 2014).

4.1.5

Blackpool, United Kingdom
Inferred mechanism for induced seismicity: Fluid injection directly into an existing
fault zone
The Preese Hall 1 well, drilled in 2010, was the first shale gas well in the UK, and
targets the Bowland shale formation in the west of the Bowland Basin in Lancashire.
The Preese Hall 1 well is located in a seismically quiet area (Figure 13). Only a few
events were recorded in the area over the past decades, before hydraulic fracturing
commenced.
Five hydraulic fracturing stages were conducted between 31st of March and the end of
May 2011 at different depths ranging from 2670 – 3080 m. Unusually large seismic
events were recorded during these treatments. Extensive descriptions of the geological
setting, treatments and seismicity can be found in De Pater and Baisch (2011). Event
magnitudes increased with increasing injection time and volume, and seismicity
continued after shut-in of the well. The seismicity occurred mainly during stage 2 and 4,
with a maximum magnitude of 𝑀𝐿 2.3 which occurred during the shut-in phase of the
well after stage 2, and a 𝑀𝐿 1.5 during shut-in of the well after stage 4 (Figure 14). The
total volumes injected during stage 2 and 4 were 2300 m3 and 1650 m3 respectively,
with a maximum injection pressures at the wellhead of 37 and 30 MPa.
Hypocentres were located in the vicinity of the well, but the relative location of most
events could not be determined due to poor station coverage. During stage 4 a local
seismic array was employed, and a few events could be located, placing them at 300500 m from the well. The focal mechanism indicated mainly strike-slip (Harper, 2011).
The bedding plane, which dips 30 - 79 degrees across the well interval perforated, may
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have played a large role in the generation of the seismicity (Harper, 2011). It is of
extremely low frictional strength, and an increase of pore pressure can reduce normal
stresses enough to the point that shear slip along the bedding plane can occur. Casing
deformation indicated that bedding plane slip could have occurred, but it remains
unclear whether this slip was seismogenic (De Pater & Baisch, 2011; Harper, 2011).
Slip on the bedding plane may have facilitated the migration of fluids to a larger fault
structure further away from the well.

Figure 13: Historical seismicity in the Blackpool region. The largest recorded event was a M L 2.5 5 km to
the southwest of Blackpool in the offshore area, in 1970. The largest event noted in historical records was
a magnitude 4.4 near Lancaster in 1835 (British Geological Survey, 2011) Contains British Geological
Survey materials © NERC 2015.

Figure 14: Overview of hydraulic fracturing stages in the Preese Hall -1 well and recorded seismicity. The
injected volume is indicated by the blue line, the flowback volume by the red line. Seismic events are
indicated by the circles (De Pater & Baisch, 2011).
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4.2

Case studies of hydraulic fracturing induced fault reactivation without
felt seismicity

4.2.1

Jonah Field, Wyoming, U.S.A.
The Jonah Field in Wyoming contains gas in overpressured and tight (low permeability)
sandstones. Due to the low permeability, hydraulic fracturing is used to stimulate the
reservoirs to produce at economic rates (Wolhart et al., 2006). Analysis of microseismic
events during hydraulic fracturing in the eastern part of the Jonah Field indicates that
three pre-existing, large scale faults were reactivated as a result of fluid injection. Figure
15 shows the location of three suspected faults that were not visible on the 2D seismic
images of the field. Figure 16 shows four clusters of data in a magnitude vs distance
plot. This plot strongly suggests that a total of three faults were reactivated during the
hydraulic fracturing operation (Wolhart et al., 2006). The highest magnitude recorded
was < 𝑀𝑤 -1.0, which corresponds to a very small seismic event. However, it does show
that fault reactivation due to fluid injection happens at a range of scales. Events like
these are difficult to predict and prevent, because the faults are too small to be detected
on seismic surveys and their presence is typically not known prior to injection.

Figure 15: Location of all measured seismic events. The location of three possible fault is indicated. The
position of these faults is inferred from the alignment of relatively high magnitude events (see Figure 16).
Figure from Wolhart (2006).
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Figure 16: Magnitude vs. distance plot. Relatively high magnitude events that occur during the same stage
at a small distance cluster are indicative of reactivation of existing faults. In combination with Figure 15,
the most likely location of these faults can be constrained. Figure from Wolhart (2006).

4.2.2

Barnett Shale, Texas, U.S.A.
The Barnett Shale is one of largest active onshore natural gas field in Texas and one of
the major shale gas plays in the U.S.A.. A case study of a horizontal well in the Barnett
Shale by Downie et al. (2010) uses frequency-magnitude analysis as well as
microseismic monitoring to investigate fault reactivation during a 7-stage hydraulic
fracturing operation. During this particular project, microseismicity was monitored in
real-time to monitor fracture growth and allow for adjustments when fractures grew into
the underlying water-bearing formation (Downie et al., 2010). Figure 17 shows that
during the 7th and final stage, a number of higher magnitude seismic events occurred at
a distance of ~1300 ft (~400 m) from the injection point. The localized occurrence of
the higher magnitude events suggests reactivation of a larger existing structure. This is
confirmed by frequency-magnitude analysis of the separate stages. Figure 18 shows
that while for stage 2/4/5, 𝑏 ≈2 as is typical for hydraulic fracturing, for stage 7 𝑏 ≈1
which indicates fault reactivation. Stage 3 and 6 show a frequency-magnitude relation
that is less linear and with a 𝑏 value between 1 and 2 (Figure 18). Stage 6 was selected
for further analysis. Using a moving window calculation with a window of 20
microseismic events, the 𝑏 value was determined through time for the duration of the
entire stage. Figure 19 shows that 𝑏 is not constant throughout the stage, but is varying
through time (Downie et al., 2010). Periods of high 𝑏 values associated with hydraulic
fracturing are followed by periods of lower 𝑏 values associated with fault reactivation.
The highest magnitude recorded was < 𝑀𝑤 -0.5.
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Figure 17: Moment magnitude vs. distance from injection well. During the 7th injection stage, a cloud of
higher magnitude events cluster around 1300 ft from the well. Figure from Downie et al. (2010).

Figure 18: Gutenberg-Richter plot for stages 2 through 7. The b value varies between stages. Data from
Downie et al. (2010).
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Figure 19: Moving window calculation for the b value during injection (window size = 20 microseismic
events). Data from Downie et al. (2010).

4.3

Induced seismicity during wastewater injection
The risk of inducing earthquakes by subsurface fluid injection has been known since at
least the 1960s, when a deep injection well northeast of Denver, Colorado, U.S.A. was
drilled to dispose of hazardous waste produced by a chemical weapons manufacturing
centre operated by the US Army (Healy et al., 1968). Within a few months of the start
of injection, earthquakes started occurring around the injection well. Over the next two
decades, earthquakes occurred at increasing distance from the injection well, including a
𝑀𝑤 4.8 event that caused minor structural damage (Ellsworth, 2013). The migration of
the seismicity has been attributed to pore pressure diffusion and appears to have
followed a critical pore pressure increase front of 3.2 MPa (Hsieh & Bredehoeft, 1981).
Although wastewater injection is not a necessary component of a shale gas operation,
injection is often the most economical and practical method of dispose of the
wastewater that is associated with shale gas production. In some jurisdictions subsurface
injection is the only approved method of shale gas wastewater disposal (BC Oil and Gas
Commission, 2014). Shale gas wastewater is composed of flowback fracking fluid, as
well as formation brine that is often produced during the entire production lifespan of a
well. Whether shale gas wastewater injection would currently be permitted in the EU
and on what basis is currently unclear.

4.3.1

Central Oklahoma, U.S.A.
Since 2009, the number of 𝑀 ≥ 3.0 earthquakes in Oklahoma has increased
significantly (Figure 20). This increase in seismicity has been linked to the disposal of
wastewater in the Arbuckle Group, an often dolomitized limestone that sits directly
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above the crystalline basement (Walsh & Zoback, 2015). The increased amount of
wastewater disposal is directly linked to the development of the Woodford Shale gas
play. Injection of wastewater (95% formation brine, 5% fracking fluid on average) has
led to a lowering of the effective normal stress on critically stressed faults in the
crystalline basement, which causes slip of the faults and the associated seismicity
(Walsh & Zoback, 2015). The earthquake with the largest magnitude occurred in 2011
near the city of Prague, Oklahoma. The 𝑀𝑤 5.7 earthquake, with a regional Modified
Mercalli Intensity of up to VIII, destroyed 14 residential homes, injured 2 people and
caused damage to a large number of buildings and pavement (Keranen et al., 2013).
This earthquake was felt 1000 km away in Chicago, Illinois (Ellsworth, 2013).
Although the Prague earthquake was the largest earthquake in Oklahoma since seismic
monitoring started (Keranen et al., 2013), both the injection rate and the total injected
volume in the Prague area are an order of magnitude lower than in some other parts of
Oklahoma (Walsh & Zoback, 2015). This shows that relatively small changes in pore
pressure can trigger large earthquakes. This notion is supported by a hydrogeological
model of the region, which indicates that an earthquake swarm that occurred in 2010
near Jones, Oklahoma only required a pore pressure change in of the order of 0.1 MPa
(Keranen et al., 2014)

Figure 20: Number of earthquakes per year in the state of Oklahoma with 𝑀 ≥ 3.0. Data from Oklahoma
Geological Survey (2015).

4.3.2

Montney Basin, British Columbia, Canada
In the Montney Basin, a dense seismic coverage has been realized (see Section 4.1.4).
Within a 14 month period, 38 seismic events were recorded that are attributed to
wastewater injection (BC Oil and Gas Commission, 2014). Since 2005, wastewater
disposal volumes have gone up by 60%, due to the increasing amount of shale gas
development and the requirement of the provincial government that all hydraulic
fracturing associated fluids (fracking fluid and formation water) is disposed of using
wastewater injection wells (BC Oil and Gas Commission, 2014). Magnitudes of the
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events ranged from 𝑀𝐿 1.6 to 𝑀𝐿 4.0, and events started six to thirteen months after
initiation of injection . No damage or injuries were reported (BC Oil and Gas
Commission, 2014).
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5

RISK ASSESSMENT AND MITIGATION
Although the terms ‘risk’ and ‘hazard’ are often used interchangeably, in terms of risk
assessment these terms are distinctly different (e.g., Smith, 2013). A hazard is any
phenomenon that has the potential to cause harm or damage to people or the
environment with sufficient exposure. In natural sciences and engineering, risk is often
defined as the product of the severity of the hazard and the frequency of occurrence (or
probability of occurrence):
𝑅𝑖𝑠𝑘 = 𝐻𝑎𝑧𝑎𝑟𝑑 𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦 × 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

5.1

Technically feasible options
A large number of techniques can be applied during different stages of a (potential)
hydraulic fracturing operation to assess the hazards and associated risks of induced
seismicity.

5.1.1

Before commencing hydraulic fracturing
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 Chapter 3. Determining
the location and orientation of large faults, combined with information about the
stress state and mechanical properties of the rock, can be used to determine the
criticality of the faults and the potential for reactivation due to fluid injection.
Dense seismic arrays and microseismic arrays can be used to locate faults that
are difficult to detect using reflection seismic, such as small faults and strike-slip
faults (BC Oil and Gas Commission, 2014)
2. Assessment of hazards and hazard severity 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.
3. Managing the probability of inducing an earthquake
Designing the hydraulic fracturing operation to take place at a safe distance from
large pre-existing 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 permeability of the surrounding rock, the injection pressure and the
initial criticality of the fault. Some of these parameters are difficult to determine
and are subject to large uncertainty. 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.
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4. Accounting for uncertainty in analysis by trial period. Compare observed and
predicted response
Before commencing a full scale hydraulic fracturing operation, a trial period
with a small injection volume and subsequent monitoring can provide an
indication of the risk of induced seismicity (Green et al., 2012).
5.1.2

During the hydraulic fracturing operation
1. Traffic light systems for operations when observed behaviour differs from
predicted behaviour
Microseismic monitoring during hydraulic fracturing (Downie et al., 2010)
provides valuable data about the occurring seismicity. Sudden or local increase
in magnitudes, change in 𝑏 value and microseismicity lining up in a direction
other than the expected fracture direction based on the local stress field are all
indicative of fault reactivation (Downie et al., 2010; Wolhart et al., 2006).
Microseismic monitoring can be combined with a traffic light system (Green et
al., 2012) where injection is halted based on quantitative measurements such as
change in 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
Designing and implementing a hydraulic fracturing scheme that minimizes the
amount of fluid needed. Figure 7 shows that, in general, a larger injected volume
corresponds to higher magnitude induced earthquakes. However, the relation
between injection parameter such as injected volume and flow rate can be
complex. For example, at the Salton Sea Geothermal Field the observed
seismicity shows a positive correlation with the net fluid volume extracted
(extracted – injected) rather than the net injection volume (Brodsky & Lajoie,
2013). It should be noted that limiting injection volumes typically leads to less
effective fracturing (smaller stimulated rock volume) which in turn leads to
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
Actively pumping fracking fluid back to the surface or allowing rapid flow back
immediately after the injection phase could reduce the risk of induced seismicity
by limiting the rock volume that is influence by the pore pressure change (De
Pater & Baisch, 2011; Green et al., 2012). Hydraulic fractures form close to the
injection well and largely during the injection of fluids. As described in Section
4.1, migration of fluids to pre-existing faults can cause reactivation of the faults.
Minimizing the amount of fracking fluid that stays in the subsurface reduces the
pore pressure gradient and limits the distance the fracking fluid can travel
through the rock volume. This technique has been applied at the Montney Shale
in Canada and appears to be effective (BC Oil and Gas Commission, 2014).
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5.2

Current state of practice
Although there several techniques available to lower the risks of inducing seismicity
during hydraulic fracturing (as discussed in Section 5.1), the current state of practice in
the U.S.A. and Canada is largely unregulated with respect to induced seismicity and is
different for different operators and for different fields. Some jurisdiction use a traffic
light system (Colorado, U.S.A and British Columbia, Canada) and Ohio requires
accurate seismic monitoring in designated “high risk zones” (BC Oil and Gas
Commission, 2014). The United Kingdom has published industry guidelines covering
the best practice for shale well operations in the UK. These guidelines cover the
hydraulic fracturing process and public disclosure of the chemical make-up of the
fracturing fluids (United Kingdom Onshore Oil and Gas, 2015). The most widely
applied technology during hydraulic fracturing is microseismic monitoring.
Microseismic monitoring is typically used to monitor fracture growth and to ‘fine tune’
the fracturing process by changing injection parameters during the operation. The
possibility to utilize the same technique to prevent unwanted fault reactivation and
associated induced seismicity is not widely used at the moment.
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6

CONCLUSIONS & CLOSING STATEMENTS

6.1.1

Responsible mechanisms and the role of hydraulic fracturing
Seismicity is the result of relative displacement along discontinuities (faults, fractures,
planes of weakness) in the subsurface. Relative displacement along such a discontinuity
occurs when the forces driving displacement (shear force) overcome the forces resisting
displacement (cohesion and frictional resistance). Seismicity can be induced by
changing the subsurface conditions in such a way that relative displacement occurs
(Figure 2). Hydraulic fracturing is a practical necessity for any shale gas operation
(Error! Reference source not found.). Hydraulic fracturing is a technique that
mploys fluid injection to introduce a fracture network into a formation with the intent to
increase the bulk permeability of the shale formation. The fluid injection causes stress
changes in the subsurface. Hydraulic fracturing was one of the enabling technologies
that allowed the “Shale Gas Boom” in North America. In ten years (2000-2010) shale
gas went from accounting for 1.6% of the natural gas production in the U.S.A. to
comprising 23.1% (Wang & Krupnick, 2013). In 2013, approximately 35,000 wells
were used for hydraulic fracturing for shale gas in the United States alone (National
Research Council, 2013). Worldwide, there are a handful of regions where hydraulic
fracturing is known to have induced felt seismicity. Therefore, it appears that induced
seismicity occurs in a very small fraction of hydraulic fracturing operations. However,
as more accurate and dense seismic arrays are being deployed to study the link between
hydraulic fracturing and induced seismicity, the number of reported occurrences seems
to increase.

6.1.2

The role of wastewater injection
Although wastewater injection is not a necessary component of shale gas operations, it
is often used to dispose of the large quantities of wastewater that are associated with
shale gas production. In British Columbia, wastewater injection causes significantly less
felt seismicity than hydraulic fracturing (BC Oil and Gas Commission, 2014). In
Oklahoma however, virtually all felt seismicity is ascribed to wastewater injection
(Walsh & Zoback, 2015). When considering wastewater disposal wells, great care
should be given to the identification and criticality analysis of pre-existing faults. The
large injection volumes (>100,000 m3) and long operation times (years) that are
associated with wastewater injection result in an affected rock volume that is typically
much larger than the affected rock volumes associated with hydraulic fracturing. Again,
site-specific conditions are a critical factor when assessing seismic risk.

6.1.3

Lessons learned from case studies and identified knowledge gaps
In all cases studies where the physical mechanism for the induced seismicity during
hydraulic fracturing was investigated, the inferred mechanism is injected fluids
lowering the effective normal stress on a (near-)critically stressed fault (mechanism on
the left in Figure 2). In all cases, the presence of the fault was either unknown or
considered insignificant prior to injection. This emphasizes the importance of extensive
characterization of the subsurface prior to hydraulic fracturing, as well as real-time
(micro-)seismic monitoring during injection. It appears that the mechanisms responsible
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for induced seismicity are reasonably well understood. However, as shown in Figure 6,
site-specific conditions are critical to assess the seismic risk of an operation. This is
typically where the first important knowledge gap becomes apparent. Site-specific
conditions are often not known to a degree where they can be used to make an
estimation of the expected seismicity. This is illustrated by the case studies presented in
this report, where the location/existence of critically stressed faults was not known until
seismicity was induced. A second knowledge gap, deals with predictive models of
source mechanisms and characteristics for fault zones. Seismicity forecasts requires a
link between site-specific conditions and predictive models of source mechanisms.
Another knowledge gap is identified around predictions of ground motion. So far, most
studies focus on analysis of maximum earthquake magnitudes. As stated in Section 2.5,
the applicability of most of the published Ground Motion Prediction Equations
(GMPEs) for induced seismicity is limited because they are traditionally tuned to large
magnitude tectonic earthquakes. Induced earthquakes may result in relatively large
amplitude ground motions for relatively low magnitudes, especially at close proximity
to the epicentre, due to their shallow depths. It is important that GMPEs are developed
that are specifically tuned to induced events (Atkinson, 2015).

Figure 21: Conceptual model of seismic risk analysis. Currently, the most critical knowledge gaps are in
the site-specific conditions (dark blue), predictive modelling (pink) and ground motion prediction
equations (purple).
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6.1.4

Further work
Induced seismicity is a complex problem that is dependent on many variables and
processes, the relation between which is often not fully understood. However, there are
published examples of regions where an investment in knowledge gathering and public
dissemination of data has led to an improved understanding of the site-specific
conditions and an improved understanding of the seismic risk posed by shale gas
operations as a result (i.e. Montney Basin, British Columbia, Canada).
Further research into induced seismicity related to shale gas operations should involve
bridging the most critical knowledge gaps presented in the previous section: sitespecific conditions, models of source mechanism characteristics, and predictions of
ground motion for induced seismic events. To that end, predictive modelling workflows
describing seismicity from source mechanisms to surface expressions is crucial for
assessing seismic risks in virgin areas targeted for shale gas exploitation such as Europe.
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