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

Executive Report Summary
This report summarizes the current efforts undertaken in the US and Canada to seismically monitor
hydraulic fracturing operations in shale gas reservoirs. While induced seismic events raise public
concerns the vast majority of hydraulic fracturing-induced earthquakes is of magnitudes too small to felt
or even instrumentally detected at the surface. While best practice concepts to consistently monitor and
eventually mitigate induced seismicity are needed, as of today only a small number of reservoir
treatments is monitored and regulations are under preparation in individual states or region only.
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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
The objectives of this report are to summarize the current best practice of microseismic
monitoring related to hydraulic fracturing in shale gas reservoirs.

1.3

Aims of this report
This report aims at informing about the current best practice of microseismic monitoring
in producing shale gas reservoirs.
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2

RELEVANCE OF MICROSEISMIC MONITORING OF SHALE
GAS HYDRAULIC FRACTURING OPERATIONS
General awareness of induced seismicity related to different types of reservoir
treatments involving fluid injection or long-term storage has been on the rise for several
decades. It has ever since been subject of both scientific studies and public acceptance
issues. Because of their novelty in many naturally aseismic areas of the world, the small
number of hydraulic fracturing-induced and potentially hazard-prone or even damaging
local earthquakes has become a real public safety issue. The result has been a call for
regulations of underground activities in general and among them public seismic
monitoring of shale gas exploration and production activities in particular.
Public confusion exists in differentiating induced events from hydraulic fracturing
versus both waste water disposal and fluids produced in conjunction with Oil and Gas
(Rubinstein and Mahani, 2015). While similar monitoring procedures apply to all 3
activities, the discussion in this report is confined to shale gas stimulation and
production induced earthquakes, but also considering the case of waste water injection
induced seismicity.
Monitoring of induced earthquakes has taken on a significant role in guiding industrial
shale gas development. On the whole, while monitoring a relatively small fraction of
their frack jobs, the microearthquake data collected by industry has been used to
estimate the economic potential of oil and gas production from such well completion
techniques. The primary information obtained from the spatial distribution of induced
earthquakes (the so-called seismic cloud) is to get a first-order approximation of the
stimulated rock volume. While gathered with more sophisticated networks than used in
public monitoring efforts, these efforts have fallen short of satisfactory results.
Moreover, the community is still far off the long-term target of controlling if not
preventing larger induced seismic events to occur. Thus development of more advanced
methods of detecting induced seismicity in shale gas exploitation has become a priority
for both the public and industry sectors. A state of the art microseismic monitoring
designed on a case by case incorporating local boundary conditions is needed but not
yet existing.
The number of instances of hydraulic fracturing induced ‘felt’ seismicity related to
unconventional shale gas production has significantly increased over the last few years
(e.g. Ellsworth 2013; Maxwell et al., 2015, USGS webpage) (Figure 1). This has
resulted in the necessity for developing best practice concepts for appropriate
microseismic monitoring by industry protocols enforced through regulatory agencies.
This is now a key pre-requisite to mitigate seismic hazard related to any reservoir
treatment involving all fluid injections, including hydraulic fracturing in shale gas
reservoirs.
Although only a small fraction of U.S. fracking operations and wastewater disposal
wells appear to be problematic for causing earthquakes large enough to be felt or even
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hazard- and risk-prone, the potential for injection-related earthquakes has raised several
issues and has affected oil and gas production and wastewater disposal in several areas
in the US. In response to induced seismicity concerns, the respective authorities have
started to issue recommendations for best practices to minimize and manage such risks.
However, best practice concepts for adequate microseismic monitoring are still diverse
which make it difficult to apply them in a general sense, an in particular for case-bycase specific local boundary conditions.

Figure 1. Maximum observed magnitudes of induced seismicity caused by different
anthropogenic underground activities (after US National Academy of Sciences, 2013). While
the overall largest induced seismic events are observed not in relation to fracking operations
despite the high number of about 3 million operations the maximum magnitudes have not been a
substantial issue by the time of 2013. This has slightly changes with a number of up to 70
seismic events related to fracking (Maxwell et al., 2015) and more recently with magnitude of
up to M~4.3 in Canada and M~2.8 in Oklahoma/US and Bowland/UK (2015). However, the
larger magnitudes of induced seismicity, in part reaching M close to 6 are clearly related to
waste-water injection (e.g. M5.1, 5.7, 5.8 in Colorado/US).

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 6

In comparison to larger magnitude induced seismic events related to waste-water
disposal (Ellsworth, 2013; Keranen et al., 2014), the magnitude and number of induced
earthquakes directly associated with hydraulic fracturing of conventional and
unconventional hydrocarbon reservoirs are usually smaller (typically on the order of
magnitude -2) and fewer in number (Suckale, 2010; Warpinski et al., 2012). Most of the
events induced during hydraulic fracturing operations cannot be felt or even
instrumentally detected at the surface. Only approximately 70 felt fracturing-induced
earthquakes are reported to have occurred in more than 3,000,000 wells that have been
treated (Maxwell et al., 2015). Among these the most widely publicized were the
Ml=2.3 event in Blackpool/UK (dePater and Baisch, 2011), the Ml=2.9 event in
Oklahoma (Holland, 2011; 2013) and more recently events in Ohio – the largest event at
the latter location being related to frack waste water injection as opposed to ongoing
shale gas development there (Skoumal et al., 2015). In Canada, however, the biggest
hydraulic fracturing-induced seismic event is now believed to have a magnitude around
4.4. Several such M>4 events have occurred in the Montney (British Columbia Oil and
Gas Commission Report, 2014) and in the Duvernay play in Alberta (AER, 2015).
While no reported cases of damage or injury have occurred with any of these or a fore
mentioned 70 felt earthquakes (Maxwell et al., 2015), the risk posed by them is quite
real, and very relevant to the continued exploitation of shale gas resources.
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3

SEISMIC NETWORK DESIGN AND WAVEFORM PROCESSING
TECHNIQUES
In the following we briefly layout key aspects related to microseismic reservoir
monitoring aiming at detecting and locating induced microseismic events caused by
anthropogenic underground operations with a focus on a hydraulic fracturing, reservoir
stimulation or long-term fluid injection for storage or secondary or tertiary hydrocarbon
production.
In a more general sense it is known for decades that human activities can induce
earthquakes in some instances: impoundment of reservoirs, surface and underground
mining, withdrawal of fluids such as oil and gas, and injection of fluids into subsurface
formations. With the increase in the use of horizontal drilling and hydraulic fracturing to
extract oil and gas from shale, and the concomitant increase in the amount of fluids that
are injected for high-volume hydraulic fracturing and for disposal, there are several
indications of a link between the injected fluids and unusual seismic activity. The
principal seismic hazard that has emerged from increased oil and gas production in
North America appears to be related to disposal of wastewater using deep-well injection
in some regions of the country to a substantial extent but solely to those activities. For
example, one study showed the central United States has experienced a sharp increase in
seismicity since 2009, increasing from an average of 24 earthquakes per year of
magnitude 3.0 (M 3.0) or greater prior to 2009,1 to an average of 193 earthquakes of M
3.0 or greater through 2014 (Ellsworth, 2013; update on USGS webpage) (Figure 1).
The number of magnitude 3.0 or greater earthquakes in the central United States has
continued to increase (USGS webpage).
To detect and locate such events one needs to operate adequate local networks of
seismic sensors capable to record the resulting waveforms under lowest possible noise
conditions. Based on technical developments in the 1960s that permitted the low-power
operation and recording of many seismic stations on a common time base, new seismic
networks and processing methods were developed that permitted the routine analysis of
earthquakes of magnitudes smaller than, commonly referred to as ‘microseismicity’ (see
Table 1, we refer to this later in the report). A comprehensive review of principles and
applications of microearthquake networks of this period was given by Lee and Stewart
(1981). Using a similar approach extensive research using local arrays of seismic
stations was undertaken e.g. to implement a nuclear test ban treaty. Over the last two
decades, progress in the field of passive microseismic reservoir monitoring has occurred
primarily as a result of advances in seismic instrumentation and computation facilities to
store and serve large data sets and to process them in near-real time and fully
automated. The transition to digital high-frequency full waveform data acquisition
systems with increased dynamic range also stimulated the development of more
sophisticated analysis schemes allowing refinement of existing models at local reservoir
as well as more regional and plate-boundary scale.
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A key objective of modern passive microseismic reservoir monitoring is to collect data
that can be used to resolve earthquake source processes in space and time during the
rupture process. Seismic waves observed at a receiver carry information about the
source process, but are also modified by propagation through the earth. When earth
structure is sufficiently well known, it is possible to correct the observed waveforms for
many propagation effects. As the waves propagate in the heterogeneous and inelastic
earth, information about the source process is lost due to scattering and attenuation.
Once lost, this information cannot be recovered, and so the solution is to place the
receiver “close enough” to the source. Because the losses are greatest at the highest
frequencies, to record a signal with a ~1 m wavelength the sensor must be within less
than 1 km of the source, assuming anelastic and scattering losses corresponding to a
damping factor of Q ~500. Clearly, if one intents to understand earthquake processes
on a specific scale, one needs to record close to the source (Bohnhoff et al., 2010).
Prior to the past few years, public and industrial monitoring of induced events in shale
gas plays was mostly accomplished by surface seismograph networks. Placing
individual surface seismic stations at spacing of 10 to 100 km is usually sufficient for
monitoring natural seismicity on a regional level as outlined earlier and down to
magnitudes as small as 2 or so. This, however, is by far not appropriate to detect smallmagnitude events occurring during hydraulic fracturing treatments in shale gas (as well
as in conventional oil and gas) reservoirs. As a step forward monitoring of reservoir
treatments was then partly also performed by (1) lowering down single three-component
geophones as detectors for smaller-magnitude events not seen at the surface (e.g. during
mini-frac operations in the frame of R&D projects (Sarda et al., 1988); or (2) by placing
single arrays of geophones in monitoring wells closest possible to the injection well to
detect and locate small-scale seismic events at low magnitude-detection threshold (i.e.
event magnitudes of M<0) using array techniques.
From the recorded seismic waveforms it is possible, in theory, to extract a detailed
description of the earthquake source process in space and time. The study of the
earthquake source, however, is of necessity an empirical science, as we have little
control over when and where earthquakes occur. Aside from analog experiments
performed in the laboratory or earthquakes induced by industrial modification of
underground conditions, the seismologist must be prepared at all times to capture the
earthquake when it happens (Bohnhoff et al., 2010). Modern seismological instruments
are designed to record the wide range of frequencies and amplitudes contained in the
seismic waves of particular interest. Successful PSM also requires a geographic
distribution of instruments that encircle the source. Only by recording waves from a
range of azimuths and distances is it possible to accurately determine the location of the
earthquake source (hypocenter) and determine its basic source properties (moment
tensor, focal mechanism, etc.). For most natural earthquakes recorded by surface
stations, this requires a network of instruments with at least one station within a focal
depth of each earthquake. When these conditions are met, the initial point of rupture in
an earthquake can be determined to a precision of a few hundred meters. Substantially
higher precision locations can be obtained using the seismic wave field.
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Obtaining an accurate geographic description of where earthquakes occur is among the
most basic steps toward developing a tectonic understanding of a region. Other physical
measures of the complex mechanical event producing the earthquake take many forms,
including the dimensions of the faulted region, the direction and amount of slip in both
space and time, as well as traditional measures based on the amplitudes of the radiated
elastic waves. To relate the characteristics of one event to another, the observed
quantities must generally be summarized through the use of either an empirical relation,
such as magnitude, or a quantity derived from a physical model, such as seismic
moment. Based on recordings from the Southern California Seismic Network that
initially consisted of ~10 stations at 100 km spacing, Richter (1935) developed the local
magnitude scale as a first approach to quantify the earthquake size in a physical sense
on an instrumental basis. He defined
Ml= log10A – log10A0(∆)
where Ml is the event magnitude, A is the maximum amplitude recorded by the WoodAnderson seismograph, and log10A0 is the reference term used to account for amplitude
attenuation with epicentral distance (∆). This concept was further developed and
generalized by Gutenberg (1945) then including also teleseismic events.
Based on Richter’s results, Ishimoto and Ida (1939) as well as Gutenberg and Richter
(1941) discovered a systematic relation between the magnitude of earthquakes and their
frequency resulting in
log N = a – b * M
where N is the number of events and a and b are constants representing the overall level
of seismic activity and the ratio between small and large earthquakes, respectively.
Surface seismic networks usually aim at providing good azimuthal coverage to precisely
determine earthquake hypocenters. This is typically not possible in the reservoir context
since single strings of borehole geophones can only be used to act as arrays (thereby
functioning as a kind of antenna), providing means for applying technologies such as
beam-forming to locate individual seismic events. Such installations take advantage of
being closer to the activity, but also the dramatic reduction of surface noise just a few
hundred meters underground. In either case, simply outlining the cloud of seismic
events was generally seen by the industry/operators as sufficient for estimating frack
created production.
In the context of underground natural gas storage, several campaigns were carried out,
e.g. by IFPEN and Storengy in the 90’s on pilot sites to develop appropriate equipment
suitable for long term monitoring applications such as gas migration mapping and
reservoir geomechanical studies (see also Bohnhoff and Zoback, 2010; Bohnhoff et al.,
2010). Especially on-tubing permanent downhole geophones associated with a smart
downhole and surface instrumentation have been developed for both passive and active
seismic (Deflandre et al., 1995; Deflandre et al., 2004, Deflandre et al. 2009). In

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 10

particular, downhole digitalization and digital transmission allow to improve the signal
to noise ratio on the acquired seismic waveforms. Advanced acquisition software is
used to avoid the recording of non-exploitable signals –in case of strong background
noise due to fluid flow into the well. Note also that the installation of on-tubing
permanent downhole geophones on a few well completions would allow to determine
focal mechanism while contributing to reduce location uncertainties. So, this approach
is complementary from the use of a single array of geophones in an observation well as
sensors can be deployed at greater depth in exploitation wells (until the temperature
remains below ~125°C) whereas devoted observation wells are generally shallower
because of drilling costs.
However, transferring state-of-the-art network installations and waveform processing
technology from both fundamental research and industrial sources is providing
substantially more information on reservoir-related processes. In particular this includes
the potential real-time monitoring of spatiotemporal changes in the seismicity cloud as
the principal indicator for fracture growth and potential along-well leakage. In field data
acquisition, basic research has established the significant value of recording seismic
signal several hundred meters underground. While not universally used because of
drilling costs, industry was quick to develop resource-estimation and productionmonitoring systems of 100-or more channel, 100 m deep, buried arrays of ~ 4.5-to-15
Hz geophones. Typically spread over a few tens of square km, these arrays are able to
provide faulting mechanisms for fault-plane characterization, anisotropy of the velocity
field or variations in the local stress tensor orientation related to fluid injections (e.g.
Wuestefeld et al., 2011; Kwiatek et al., 2013).
High-level seismic reflection signal processing of data from both surface and buried
arrays has also been quickly adapted by industry. In the most recent developments,
passive noise recorded by large channel (>2000 stations) systems listening for seismic
emissions for many hours (>24 hrs) have been successfully applied to image active
faults and fractures (Gaiser et al. 2011). Such methods have yet to be adapted to
forecasting and monitoring of frack-induced seismicity.
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4

BEST PRACTICE IN USE IN US AND CANADA AND
REGULATORY REQUIREMENTS
While induced seismicity is on the agenda of the public, in the strictest sense the known
instances of felt shale-gas-hydraulic fracturing earthquakes are so far actually isolated to
several specific regions. They are mainly reported from Oklahoma (US) (Ellsworth,
2013) (Figure 2), Blackpool (UK) (dePater and Baisch, 2011; Green et al., 2012), Horn
River Basin and Montney reservoirs (British Columbia, Canada, Farahbod et al., 2015),
the Duvernay play in Alberta, and the Utica play in Ohio (US), where much of the
world’s shale gas development has taken place. In other areas where significant induced
earthquakes have occurred, the source can be traced back to either waste or produced
water (i.e. water accompanying oil and gas production) injection (Ellsworth et al., 2015;
Buchanan, 2015).

Figure 2. Seismicity in the central and eastern United States during 1973-2016 (after
U.S. Geological Survey Earthquake Hazards Programme (USGS webpage,
http://earthquake.gov/research/induced/). Starting around 2009 the seismicity for M>3
increased significantly (see Ellsworth, 2013 for details).
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Summary on fracking-related induced seismicity in relation to fracking in the US and
Canada (after and following Folger and Tiemann, 2016)
Induced seismicity related to fracking in the US is concentrated on a number of specific
regions. In south-central Oklahoma, hydraulic fracturing injections between January 16,
2011, and January 22, 2011, induced a series of more than 100 earthquakes between
magnitude 0.6 and 2.9 (Holland, 2013) where most of these events remained unfelt and
even undetected at the earth’ surface. That study concluded that the lack of similar
seismic activity prior to the fracking as well as after fracking ceased, among other
factors, linked the fracking activities to those earthquakes. More recently presented
work on the link between hydraulic fracturing and earthquakes in Oklahoma seems to
further strengthen the association between fracking and earthquakes that may rarely
exceed magnitudes of 3.0 or even magnitude 4.0 in some cases (Holland, 2014). These
sequences of induced seismicity clearly indicate that only a small detection threshold
provided by a local microseismic monitoring can ensure capturing such induced seismic
activity to the extend needed to eventually correlate them to fracking activities.
The more recent work in Oklahoma also indicated that the vast majority of fracking
operations did not create anomalous seismicity. Research on a series of small
earthquakes in Harrison County/Ohio in 2013, indicated that hydraulic fracturing
operations affected a previously unmapped fault in the Precambrian crystalline rocks
lying below the sedimentary rocks that were being hydraulically fractured (Friberg et
al., 2014). None of the Harrison County earthquakes exceeded magnitude 2.2, but
various lines of evidence suggested that the fault responsible for the small earthquake
was triggered by hydraulic fracturing operations. Again, most of those events remained
unfelt or even undetected at the surface due to small signal-to-noise ratio of the seismic
waves. Some seismic activity possibly related to fracking in the Marcellus Shale and the
underlying Utica Shale led to changes in how Ohio permits wells. The permitting
changes include requirements to install seismic monitoring equipment if drilling will
take place within three miles of a known fault or in an area with seismic activity greater
than magnitude 2.0. Furthermore, if the monitoring networks would detect a seismic
event greater than magnitude 1.0, activities at the site must cease while the cause is
investigated. Such event magnitudes can in some case hardly be detected instrumentally
at the surface and thus would require monitoring in shallow boreholes where the noise
levels are smaller allowing for adequate seismic monitoring (Figure 3).
One of the major shale gas plays in the United States, the Marcellus Shale—which
underlies western Pennsylvania and portions of New York, West Virginia, and Ohio—
occurs in a region of relatively low levels of natural seismic activity. Despite thousands
of hydraulic fracturing operations in the past decade or so, only a handful of magnitude
2.0 or greater earthquakes have been detected within the footprint of the Marcellus
Shale, as measured by a regional seismographic network (Ellsworth, 2013). The
earthquake activity recorded in the Youngstown/Ohio, region was related to deep well
injection of waste fluids from the development of Marcellus Shale gas but was not
associated with hydraulic fracturing of Marcellus Shale in Pennsylvania. The linkage
between hydraulic fracturing itself and the potential for generating earthquakes large
enough to be felt at the ground surface is an area of active research. It appears to be the
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case that hydraulic fracturing operations mostly create microseismic activity—too small
to be felt— associated with fracturing the target formation to release trapped natural gas
or oil. However, if the hydraulic fracturing fluid injection affects a nearby fault, there
exists the potential for larger earthquakes possibly strong enough to be felt at the
surface, as was the case in the Horn River Basin of western Canada and other parts of
the Western Canadian Sedimentary Basin.
As for fracking-related induced seismicity in Canada, there was notable sequence of
events between April 2009 and July 2011 where over a five-day period in December
2011, nearly 40 seismic events were recorded in the Horn River Basin, northeast British
Columbia, ranging from magnitude 2.2 to 3.8 (BC Oil and Gas Commission, 2012). A
subsequent investigation indicated that the seismic events were linked to fluid
injection during hydraulic fracturing activities near pre-existing faults. In contrast to the
vast majority of hydraulic fracturing injection activities, which cause earthquakes not
felt at the surface (e.g., over 8,000 fracking completions in the Horn River Basin

Figure 3. Sketch on the site-dependence of anthropogenic and ambient noise as a function of
depth and vicinity to population centers (gray shading). Red traces represent seismic signals
with P- and S-wave trains and blue traces indicate the level of ambient noise at the various
locations, respectively (after Bohnhoff et al., 2014).
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without any associated anomalous seismicity), these anomalous seismic events were felt
at the ground surface. A statistical study associated fracking activities at 39 wells in the
Western Canadian Sedimentary Basin (WCSB) with seismic events greater than
magnitude 3.0, including an earthquake of magnitude 4.6 (Aktinson et al., 2016). The
study indicated that most of the seismic activity in the WCSB since 1985 seems to be
associated with oil and gas activity, although only a small portion of fracking operations
appear to be linked to seismic activity (0.3% of wells used for hydraulic fracturing). The
study warned that hydraulic fracturing may have induced earthquakes in isolated cases
even days after injection activities ceased, suggesting that policies that curtail injection
(such as “traffic-light” protocols, discussed below in “State Initiatives”) may not have
an immediate effect in preventing the occurrence of injection-induced events.
The crucial point in estimating the occurrence of induced seismicity prior to the start of
reservoir treatments is that we usually do not have enough information on the existence,
location, and stress state of seismic-prone or hazardous faults and fractures in the
underground until it is too late to apply mitigation measures. This pitfall can be
overcome by determining the background seismicity and applying active and passive
imaging techniques to identify hidden faults at locations targeted for reservoir
production. This can be achieved if local seismic monitoring networks are deployed in
direct vicinity to a planned fracking operation before the onset of fluid injection.
Applying well-established monitoring and data processing technologies with proven
performance in research environments to these industrial operations can help identifying
and characterizing critically stressed faults and fractures, and their potential to slip
during reservoir treatments.
The occurrence of induced seismicity in general is mainly determined by (1) the natural
stress conditions that results from the local geological setting, (2) the presence,
dimensions and properties of faults and fractures, and (3) the local stress and fluid
pressure disturbances that result from subsurface operations. Most induced seismic
events resulting from human operations are of low magnitude and do not lead to risks at
the surface (microearthquakes with typical magnitude <1, see e.g. Bohnhoff et al., 2010;
Warpinski, 2012; Davies et al. 2013) (Table 1). However, the most recent USGS report
on seismic hazard in the US suggests a similar probability to ground shaking for
Oklahoma as in California (USGS, 2016) based on recently increased occurrence of
magnitude larger than 3 induced events. If those events are hazard-prone is mainly
determined by their resulting ground shaking which is a different measure than the
actual earthquake magnitude as explained in the following paragraph.
The two most important parameters related to microseismic reservoir monitoring are the
energy relased during an induced microearthquake at the source in the reservoir
(earthquake magnitude) and the resulting ground motion at different locations at the
surface (shaking intensity). Earthquake magnitude is a number that characterizes the
relative size of an earthquake. It was historically reported using the Richter scale.
Richter magnitude is calculated from the strongest seismic wave recorded from the
earthquake based on a logarithmic (base 10) scale: for each whole number increase in
the Richter scale, the ground motion increases by 10 times. The amount of energy
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released per whole number increase, however, goes up by a factor of 32. The moment
magnitude (M) scale is another expression of earthquake size, or energy released during
an earthquake, that roughly corresponds to the Richter magnitude and is used by most
seismologists because it more accurately describes the size of very large earthquakes.
Sometimes earthquakes will be reported using qualitative terms, such as Great or
Moderate. Generally, these terms refer to magnitudes as follows: Great (M>8); Major
(M>7); Strong (M>6); Moderate (M>5); Light (M>4); Minor (M>3); and Micro (M<3).
This classification was obtained from the United States Geological survey which is
generally consistent with the Richter scale but still somewhat simplifying (USGS
webpage). A more physics-based classification of relative earthquake strength and the
most relevant source parameters was proposed by Bohnhoff et al. (2010) (Table 1).
Table 1. Overview on different earthquake magnitude ranges and relevant scales for rupture
length, displacement, dominant frequency and seismic moment. Length and displacement
scales are approximate and appropriate for crustal earthquakes with stress drops of 3 MPa. Note
that ranges given may overlap between earthquake class depending on source-receiver distances
and type of wave recorded (after Bohnhoff et al., 2010).

What monitoring efforts there are resulting in the minimum detectable earthquake
magnitude, these are done almost entirely under the control of the field operators. Their
intention usually is to extract information on the local production potential rather than
providing means for following, for example, some kind of “traffic-light system” for
stopping short of felt and damaging events due to increasing earthquake numbers and
sizes (Bommer et al., 2006). This said there is currently a process of introducing
regulatory best practice guidelines in several areas or states in the US and Canada
(Folger and Tiemann, 2016). At present the state of Ohio has the most advanced
monitoring requirements in conjunction with hydraulic fracturing enforced by the Ohio
Department of Natural Recources (2015). New rules e.g. in California are currently
underway and might be implemented in the near future. In Texas (2015), the state
legislature has authorized the installation of a state wide network designed primarily
determine whether or not felt events have locations associated with fracks or waste
disposal sites. In Oklahoma, efforts have been done to monitor and characterize the
recently observed seismicity while the Oklahoma Corporation Commission is working
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on new regulations for reporting and monitoring on waste water disposal wells (Mc.
Namara et al. 2015).
In Canada, the regulations for seismic monitoring of hydraulic fracturing operations
vary according to location. In areas where frack-induced seismicity is suspected, the
most common regulation is that operators needs to ensure than monitoring will locate
M>2 events, which also must be reported to the regulator. The operations are generally
stopped if there is an M>4 and/or events are being felt/nuisance. The details of this
arrangement vary in location and situation (G. Atkinson, U of Western Ontario, pers.
comm.).
A common regulatory system enforcing operators to install adequate seismic monitoring
networks and/or arrays is still far off. Specific monitoring of shale gas treatments is not
mandatory in most places including most of the US and Canada. Probably less than 5%
of hydraulic fracturing operations in nonconventional reservoirs are monitored by
networks with detection thresholds low enough to confidently follow the small
earthquakes lead up to felt and damaging events (W.L. Ellsworth, Stanford University,
pers. comm.). While individual guidelines and/or regulations for specific sites, states or
region exist (summarized in Walters et al., 2015a) they may not be transferable to all
situations. While usually few hydraulic fracturing treatments are seismically monitored
there are concepts on how to respond in case local microseismic monitoring is
conducted. Further developing traffic-light system concepts that simply rely on
magnitude thresholds, Walters et al. (2015b) suggest incorporating ‘operational factors’
that may influence the occurrence of triggered seismicity in a site-specific manner.
These authors propose using risk-tolerance matrices that take into consideration the
level of tolerance the affected groups (operators, regulators, stakeholders, and public)
have for earthquakes triggered by fluid injections. A potential avenue of advanced
monitoring that would significantly improve the tracking of increasing event frequency
and size would be the cooperative use of the buried multi-channel, ambient seismic
noise and microearthquake monitoring system method mentioned in the previous
section.
Setting up and operating a case-dependent seismic reservoir monitoring system forms
the base for detecting and monitoring local seismicity down to a network-specific
threshold. Such a monitoring system can (1) provide the baseline data needed to
estimate the local potential for natural felt earthquakes, (2) monitor the occurrence of
induced seismicity and the growth of the seismic cloud during permeability
enhancement operations in near real-time, and (3) monitor induced seismicity during
reservoir production and waste-water disposal or gas storage. Furthermore, the detection
of along-well leakage through distinct deployment of single sensors can be handled. At
a minimum, the seismic waveform data acquired by such local networks are to be used
to fulfil the outlined basic monitoring requirements given from regulators and the
public. These are usually limited to locating the hypocentre of the events. As a first
additional step, they should also feed traffic-light systems to a larger extent than in the
past to mitigate anthropogenic seismic hazard and risk by reducing or stopping
operations if event magnitudes of induced seismicity exceed certain thresholds
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(Bommer et al., 2006; Green et al., 2012; Zoback, 2012). The acquired seismic
waveform data, however, inherently host the widely underestimated potential for
applying further in-depth state-of-the-art applications recently established in
fundamental science or applied research. In any case they provide important constraints
for a thorough understanding of the geomechanical and seismogenic processes within
the respective reservoir and thus are of critical relevance to optimize both economic
reservoir exploitation and, likewise important, the best feasible mitigation of induced
seismic hazard and risk.
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CONCLUSIONS
Particular focus in mitigating and regulating induced seismicity is on ‘felt’ or
‘problematic’ induced seismicity, which refers to induced earthquakes large enough to
generate ground motions that can be felt by people or leads to risks at the Earth’s
surface. Observable changes in the spatiotemporal occurrence of such events and related
second-order phenomena can include (1) A sudden increase in maximum magnitudes of
seismic events (Häring et al., 2008; De Pater and Baisch, 2011), (2) Temporal
correlation of increased frequency of seismic events with fracking operations in shale
gas reservoirs (Farahbod et al. 2015; Schultz et al., 2015), (3) Alignment of earthquake
hypocentres along pre-existing faults (Wolhart et al. 2006; Norton et al., 2010), (4)
Changes in local frequency-magnitude (Gutenberg-Richter) relationships (Maxwell et
al., 2009), and (5) Reversible rotations of the local stress tensor in conjunction with
peak flow rates during stimulation (Martinez-Garzon et al., 2013).
These changes in characteristics of recorded seismicity can be used to mitigate
problematic seismicity, for example by implementing so called “traffic-light systems”
(Bommer et al., 2006; Zoback, 2012). In these systems, seismicity is continuously
monitored during operations, and operations are paused or stopped if the magnitude of
seismic events exceed a certain pre-defined critical threshold. Although most trafficlight systems are based on analyzing earthquake magnitudes alone, other characteristic
changes in induced seismicity are important to be monitored in order to improve such
systems while the long-term target of to eventually control of prevent larger induced
seismic events remains.
Implementation of traffic-light systems to mitigate and regulate induced seismicity
poses some major challenges on seismic monitoring procedures. First, in order to be
able to intervene with ongoing operations, real time monitoring should be performed.
Real time monitoring requires fast automated data processing procedures of seismic
data. This can be computational challenging, in particular when operating a local high
resolution seismic network or when the sampling rate is high to obtain information from
small events emitting higher signal frequencies. Nevertheless, given the current state of
the art this primarily reflects a computational challenge and solutions are already
available from service companies. An added problem in current traffic light system
applications is that in several cases problematic seismicity has been observed to occur
after shut-in of the injection well (Häring et al., 2008; De Pater and Baisch, 2011).
Therefore, injection should be stopped, or event reversed, at a magnitude well below the
threshold in order to prevent earthquake magnitudes above a critical threshold. This
type of system is the best currently available, a complete understanding on why such
large events tend to occur during the post shut-in phase is still pending and subject to
ongoing research.
Finally, problematic induced seismic hazard or risk is associated primarily with the
ground motion at the surface and not depending on the event magnitude alone. The

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 19

ground motion resulting from an earthquake depends on many factors, most importantly
on the hypocentral depth and the near-surface structure and associated dampening or
amplification of wave amplitudes. As a consequence, traffic-light systems should
improve considering the aspects listed above. These points make it clear that further
development and application of novel microseismic reservoir monitoring technologies is
required to implement these mitigation measures aiming towards a full understanding of
processes involved in generating larger and thus hazardous induced seismic events.
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