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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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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 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 damaging local earthquakes has become a
real public safety issue. The result has been a call for public seismic monitoring of shale
gas exploration and production activities.
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.
Monitoring of induced earthquakes has also 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. While gathered with more sophisticated networks than used in
public monitoring efforts, these efforts have fallen short of satisfactory results. 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 still far off.
The number of instances of hydraulic fracturing induced ‘felt’ seismicity related to
unconventional shale gas production has significantly increased over the last few years.
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.
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
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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.

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 6

3

SEISMIC NETWORK DESIGN AND WAVEFORM PROCESSING
TECHNIQUES
Induced microearthquake detection and recording is a long- and well-established
technique for monitoring reservoir treatments and imaging hydraulic fractures indirectly
through locating reactivated natural fractures in its direct surrounding at depth (e.g.
Warpinski, 2009; 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
and down to magnitudes as small as 2 or so. This, however, is by far not appropriate to
detect small-magnitude 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 lowering down single threecomponent 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);
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.
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
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
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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 universially 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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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), 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).
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.
What monitoring efforts there are, 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. 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 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
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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.).
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.
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CONCLUSIONS
The here reported overview on current practice of microseismic monitoring in shale gas
plays allows to conclude that comprehensive best practice concepts are currently still far
off. While only a small number of shale gas treatments are seismically monitored, most
of these are under the control of the field operator with specific economic objectives not
necessarily matching with interests of the regulators or the public. A regulatory system
towards an appropriate concept for microseismic monitoring is underway in some
regions but not in sight as a general concept allowing for case-by-case design according
to local needs fulfilling requirements defined by regulators.

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 11

6

REFERENCES
AER, 2015, AER responding to seismic events in the Fox Creek area: Alberta Energy
Regulator (http://www.aer.ca/documents/news-releases/AERNR2015-02.pdf), visited
on 11 October 2015.
Bohnhoff, M., Zoback, M.D. (2010) Oscillation of fluid-filled cracks triggered by degassing
CO2 during leakage from its storage reservoir. J. Geophys. Res.,115, B11305,
doi:10.1029/2010JB000848.
Bohnhoff, M., Zoback, M.D., Chiaramonte, L., Gerst, J., Gupta, N. (2010). Seismic Detection
of CO2 Leakage along Monitoring Wellbores. Int. J. Greenhouse Gas Control, 4, 687697.
Bohnhoff, M., Dresen, G., Ellsworth, W.L., Ito, H. (2010) Passive Seismic Monitoring of
Natural and Induced Earthquakes: Case Studies, Future Directions and Socio-Economic
Relevance. In: S. Cloetingh, J. Negendank (eds.), New Frontiers in Integrated Solid
Earth Sci., Int. Yr. Planet Earth, doi10.1007/978-90-481-2737-5_7, Springer.
Bommer, J.J., Oates, S., Cepeda, M., Lindholm, C., Bird, J., Torres, R., Marroquin, G., Rivas,
J. (2006) Control of hazard due to seismicity induced by a hot fractured rock geothermal
project. Eng. Geol. 83: 287-306.
British Columbia Oil and Gas Commission Report (2012) Investigation of observed seismicity
in the Horn River Basin (https://www.bcogc.ca/node/8046/download), visited on 11
October 2015.
British Columbia Oil and Gas Commission Report (2014) Investigation of observed seismicity
in the Montney Trend (http://www.bcogc.ca/node/12291/download), visited on 11
October 2015.
Deflandre, J.-P., Laurent, J., Michon D., Blondin, E. (1995), Microseismic surveying and
repeated VSP's for monitoring an underground gas storage reservoir using permanent
geophones, First Break Vol 13 No 4, April 1995.
Deflandre, J.-P. , Vidal-Gilbert, S. , Wittrisch, Ch. (2004), Improvements in downhole
equipment's for fluid injection and hydraulic fracturing monitoring using associated
induced microseismicity, paper SPE 88787, ADIPEC, ABU DHABI, October 10- 13
2004, doi:10.2118/88787-MS.
Deflandre, J.-P., Dubos-Sallée, N., Huguet, F., (2009), Passive seismic monitoring of gas
storage: challenges for improving interpretation and reducing uncertainties, EAGE
Workshop on Passive Seismic, Limassol, Cyprus, 22-25 March 2009.
de Pater, C.J., Baisch, S. (2011) Geomechanical study of Bowland Shale seismicity: Synthesis
report, Report 71, Department of Energy and Climate Change.
Ellsworth, W.L. (2013) Injection-induced earthquakes. Science 341,
doi:10.1126/science.1225942.
Ellsworth, W.L., Llenos, A.L., McGarr, A.F., Michael, A.J., Rubinstein, J.,L., Mueler C.S.,
Petersen, M.D., Calais, E. (2015) Increasing seismicity in the U.S. midcontinent:
implications for earthquake hazard, The Leading Edge, June 2015, p-p 618-625.

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 12

Farahbod, A.M., Kao, H., Cassidy, J.F., Walker, D., (2015) How did hydraulic-fracturing
operations in the Horn River Basin change seismicity patterns in northeastern British
Columbia, Canada?, The Leading Edge, June 2015, p-p 658-663.
Gaiser, J., Chaveste, A., Edrich, M., Rebec, T., Verm, R. (2011) Seismic Anisotropy of the
Marcellus Shale: Feasability Study for Fracture Characterization, AAPG Search and
Discovery Article #90173, GeoConvention, Calgary, Alberta, Canada, May 9-11.
Green, C.A., Styles, P., Baptie, B. (2012). Preese hall shale gas fracturing review &
recommendations for indiced seismicity mitigation.
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/15745/50
75-preese-hall-shale-gas-fracturing-review.pdf, visited on 27 November 2015.
Holland, A. (2011) Examination of possibly induced seismicity from hydraulic fracturing in the
Eola field, Garvin County, Oklahoma, Okla. Geol. Surv. Open-File Rept. OF1-2011, 28
pp.
Holland, A. (2013) Earthquakes triggered by hydraulic fracturing in south-central Oklahoma.
Bull. Seismol. Soc. Am. 103(3): 1784-1792, doi: 10.1785/0120120109.
Keranen, K.M., Weingarten, M., Abers, G.A., Bekins, B.A. (2014) Sharp increase in central
Oklahoma seismicity since 2008 induced by massive wastewater injection. Science
express, doi: 10.1126/science.1255802.
Kwiatek, G., Bohnhoff, M., Martinez-Garzon, P., Bulut, F., Dresen, G. (2013) High resolution
reservoir characterization using induced seismicity and state of the art waveform
processing techniques. first break 31: 81-88.
Maxwell, S.C., Zhang, F., Damjanac, B. (2015) Geomechanical modeling of induced
seismicity resulting from hydraulic fracturing. The Leading Edge, Special Section:
Injection-induced seismicity. http://dx.doi.org/10.1190/tle34060678.1.
McNamara, D. E., Rubinstein, J. L., Myers, , Smoczyk, , Benz, H.M., Williams, R.A., Hayes,
G., Wilson, D., Herrmann, R., McMahon, N.D., Aster, R.C., Bergman, E., Holland, A.,
Earle, P., Efforts to monitor and characterize the recent increasing seismicity in central
Oklahoma, The Leading Edge, June 2015, p-p 628-639.
Ohio Department of Natural Resources (2015) (http://oilandgas.ohiodnr.gov/shale#SEIS),
visited on 11 October 2015.
Rubinstein, J.L., Mahani, A.B. (2015) Myths and Facts on Wastewater Injection, Hydraulic
Fracturing, Enhanced Oil Recovery, and Induced Seismicity. Seismol.Res. Lett. 86(4),
doi: 10.1785/0220150067.
Sarda, J.-P., Perreau, P., Deflandre, J.-P. (1988) Acoustic emission interpretation for estimating
hydraulic fracture extent: laboratory and fields studies, in SPE - 63rd annual technical
conference and exhibition of the Society of Petroleum Engineers, Houston, October 25, 1988, Proceedings, pp. 113-122, SPE 18192, doi:10.2118/18192-MS.
Skoumal, R.J., Brudzinski, M.R., Currie, B.S. (2015) Earthquakes Induced by Hydraulic
Fracturing in Poland Township, Ohio. Bull. Seismol. Soc. Am. 105(1): 189-197.
Suckale, J. (2010) Moderate-to-large seismicity induced by hydrocarbon production. The
Leading Edge, Special Section: Microseismic, March 2010, 310-319.

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

Page 13

Texas Comptroller of Public Accounts (2015)
(http://esbd.cpa.state.tx.us/bid_show.cfm?bidid=120507) visited on accessed 18
October 2015.
Walters, R.J., Zoback, M.D., Baker, J.W., Beroza, G.C. (2015a) Scientific Principles Affecting
Protocols for Site-characterization and Risk Assessment Related to the Potential for
Seismicity Triggered by Saltwater Disposal and Hydraulic Fracturing. Version 1
(https://pangea.stanford.edu/scits/sites/default/files/scitsguidelines_final_spring2015_0.
pdf) visited on 18 October 2015.
Walters, R.J., Zoback, M.D., Baker, J.W., Beroza, G.C. (2015b) Characterizing and
Responding to Seismic Risk Associated with Earthquakes Potentially Triggered by
Fluid Disposal and Hydraulic Fracturing. Seismol. Res. Lett. 86(4), doi:
10.1785/0220150048.
Warpinski, N. (2009) Microseismic Monitoring: Inside and Out. J. Pet. Tech. 61: 80-85, SPE118537-MS, doi: 10.2118/118537-MS.
Warpinski, N.R., Du, J., Zimmer, U. (2012) Measurements of hydraulic fracture induced
seismicity in gas shales. Society of Petroleum Engineers, Hydraulic Fracturing
Technology Conference 2012, doi: 10.2118/151597-PA.
Wuestefeld, A., Al-Harrasi, O., Verdon, J., Wookey, J., Kendall, J.-M. ,(2010) A strategy for
automated analysis of passive microseismic data to image seismic anisotropy and
fracture characteristics. Geophys. Prosp. 58: 755-773.

D3.1 Seismic monitoring of shale gas hydraulic fracturing

Copyright © M4ShaelGas Consortium 2015-2017

