Project Acronym and Title:

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

FINAL REPORT ON SEISMIC MONITORING FOR SHALE GAS
OPERATIONS

Authors and affiliation:

Marco Bohnhoff1,2, Peter E. Malin1
1

Helmholtz Centre Potsdam GFZ German Research Centre for Geosciences, Section 3.2: Geomechanics
and Rheology, Telegrafenberg, Potsdam, Germany, 2 Free University Berlin, Department of Earth
Sciences, Malteser Strasse 74-100, 12249 Berlin, Germany

E-mail of lead author:

bohnhoff@gfz-potsdam.de

D3.5
Definitive version

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

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

Executive Report Summary
This report summarizes the current state of the art in seismic monitoring of hydraulic fracturing
operations in shale gas reservoirs. It provides a synthesis of why the topic is of central relevance for
developing and producing from shale gas reservoirs, summarizes the currently implemented techniques
for both network design and data processing, and also proposes a new best practice guide to implement
adequate local monitoring networks on a case-by-case and thus cost-effective approach. Finally, also
future challenges for using microseismic reservoir monitoring for improved geomechanical reservoir
characterization are discussed.
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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 provide a synthesis of the current best practice of
microseismic monitoring technology related to hydraulic fracturing in shale gas
reservoirs for both network design, waveform processing techniques and future
potential.

1.3

Aims of this report

This report aims at informing about the current best practice of microseismic monitoring
in producing shale gas reservoirs and give future perspectives in this field.
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2

RELEVANCE OF MICROSEISMIC MONITORING OF
SHALE GAS HYDRAULIC FRACTURING OPERATIONS

There is a general public awareness of induced seismicity related to different types of
reservoir treatments involving fluid injection or long-term storage. While induced
seismicity has been known for several decades, it attracted public attention only recently
due to the tremendous shale gas boom in North America in the recent decade. First
observed back in the 1960s, the phenomenon of induced seismicity has ever since been
subject of both scientific studies and –to some lesser extent also for- public acceptance
issues. Because of their novelty in many naturally aseismic areas of the world, such as
in Oklahoma and Ohio (both US) and Canada, the small number of hydraulic fracturinginduced and potentially damaging local earthquakes has become a real public safety
issue. The result has been a call for improved microseismic monitoring of shale gas
exploration and production activities. Most of the induced seismic events that occur in
the frame of a reservoir treatment involving injection of fluids are of small magnitude
(typically below magnitude M=0) and are thus not felt and even difficult to be
instrumentally detected, processed and interpreted. As part of this challenge, the proper
design of seismic monitoring networks as well as up-to-date processing of seismic
waveform recordings is a pre-requisite to achieve best possible results from
microseismic reservoir monitoring for safe and effective production from shale gas (and
other geological) reservoirs. Moreover, local microseismic monitoring, in addition, can
also provide important baseline data for improved geomechanical reservoir
characterization.
Public confusion exists in differentiating induced events from hydraulic fracturing
versus both waste-water disposal and fluids produced in conjunction with Oil and Gas
(Zoback and Gorelick, 2012; Wassing et al., 2014; Van Thienen-Visser and Breunesse,
2015; Rubinstein and Mahani, 2015, Deflandre 2016). While similar –but not identicalmonitoring procedures apply to each one of the activities, the discussion here is
focusing on shale gas stimulation and production induced earthquakes, but by nature
also considering the case of waste water injection induced seismicity. Despite this
public demand, best practice in microseismic reservoir monitoring using the latest
technologies has yet to be uniformly established. In fact, only a small fraction of
hydraulic fracturing and storage operations are monitored with adequate local seismic
instrumentation (Van der Baan et al., 2013). However, a series of advanced monitoring
surveys (mainly in the frame of research & development or geothermal projects) have
been already performed in the last 25 years and have contributed to enhance lowmagnitude microseismic event recording (Deflandre et al., 1995, Deflandre et al., 2004),
processing and analysis from both short and long-term scenarios (Deflandre, 2016).
Monitoring of induced earthquakes has also taken on a significant role in guiding
industrial shale gas development due to its inherent potential for imaging the stimulated
rock volume or derive further reservoir parameters relevant for optimizing production.
On the whole, while monitoring a relatively small fraction of their hydraulic fracturing
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.
D3.5 Seismic monitoring for shale gas operations
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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 and under discussion, 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
(Canada, Ohio and Oklahoma/US, Sichuan Basin/China examples discussed further
below). This has resulted in the necessity for developing cost-effective best practice
concepts for appropriate microseismic reservoir monitoring by industry protocols
enforced through regulatory agencies. This is now a key pre-requisite to mitigate
anthropogenic 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 zero or below) and thus 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). More recently a shale-gas hydraulic fracturing
induced earthquake of magnitude M=4.7 has been reported from the Sichuan Basin in
China (Lei et al., 2017). If confirmed, this would be the largest fracking-induced
earthquake. 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 anthropogenic
seismic hazard and subsequent risk posed by them is quite real, and very relevant to the
continued exploitation of shale gas resources.
The vast majority of induced seismicity related to hydraulic fracturing operations is of
small magnitude as described above. Therefore, the resulting signal-to-noise ratios in
continuous waveform recordings - even if obtained under low noise conditions in
boreholes - is limited and thus requires modern monitoring network concepts involving
downhole sensors preferably to be deployed behind-casing thereby ensuring access of
the borehole, as well as sophisticated processing techniques so that the actual P- and Swave trains (body waves) can be extracted in the best possible manner for further use.
D3.5 Seismic monitoring for shale gas operations
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SELECTED PHYSICAL PRINCIPLES OF MICROSEISMIC
MONITORING

3

Starting on the larger scale, global monitoring of seismicity detects the occurrence of
every single earthquake down to a magnitude of M=4. The resulting pattern of their
distribution traces the plate boundaries and highlights the most active intraplate seismic
zones and includes about 90% of all earthquakes. In many parts of the globe, however,
the magnitude-detection threshold is substantially lower because of the presence of
regional (100s of km aperture) and local seismic (10s of km aperture) networks. Within
regions such as the west coast of North America, Japan and Western Europe regional
thresholds on the order of M=1–2 have been achieved (Bohnhoff et al., 2010). Such
well- designed local seismic networks not only record earthquake activity at low
und).

a

b

Figure 1: (a) Schematic comparison of mini-frack monitoring scenarios presented by Deflandre
(2004). The potential monitoring systems include networks of surface, shallow borehole, deep
borehole sensors. With the attempt to develop a best practice guide we build on and extend
these methods, now including more than a decade of experience in monitoring all aspects of
reservoir development. For example, a ~3000 m deep VSP array can now include 80 levels of
3-component sensors. Likewise, 100 m deep buried SET networks can include even more
stations. (b) Alternative deployments and instruments for borehole seismic monitoring. Three
types of seismic instruments are shown: Bn= cemented in behind-casing; In = mechanically
coupled inside of casing; Dn = Distributed Acoustic Sensor optical fiber – the n denoting in
each case the number of levels. Since DAS are new and currently high cost for long term data
acquisition (fibers are cheap, but recorders very expensive), these are not included in our present
discussion. It is likely they will become important soon. Other labels are: R=rock, B=borehole
wall, G=cement grout, C=steel casing, S=bow spring coupler, W=water, and T=telemetry cable.
(Figure modified from IFPEN).
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magnitude detection thresholds, but also allow to resolve the hypocentral depths, focal
mechanisms and further source parameters of earthquakes. Such networks are optimized
for natural earthquakes generally generated at a few kilometres to tens of kilometres
deep underground. Frequency content of such earthquakes is quite low, from less than 1
Hz to a few Hz as source dimensions may be large and because of wave dispersion
issues in the ground.
While permanent regional networks cover an area extending over hundreds of
kilometers with inter-station distances of several tens of kilometres have the clear aim to
monitor natural seismicity they are not efficient enough for local seismic monitoring at
reservoir scale (few kilometres). The vast majority of earthquakes induced during
reservoir stimulations and hydraulic fracturing operations in shale gas reservoirs is of
lower magnitude and is bounded to rock volumes extending over a few kilometres. The
reason for that is that the magnitude distribution of earthquakes generally follows the
Gutenberg-Richter law (Richter, 1935). This empirical law states that one unit of
magnitude less on the Richter magnitude scale means approximately a factor of 10 more
seismic events. This relation between magnitude M and cumulative number N of
seismic events can usually be fit by log10 N = a – b M , with constants a and b derived
from a best fit to data from a selected area. Because of this empirical finding the vast
majority of induced events usually remain undetected due to the limited sensitivity of
most standard monitoring networks and thus site-specific local seismic networks are
required for reservoir monitoring with an adequate low-magnitude detection threshold.
Such local seismic networks are a prerequisite to determine comprehensive hypocenter
catalogs of induced seismicity which themselves are the basis for any subsequent
seismic hazard assessment and real-time imaging of the hydraulic fracture and its
growth during reservoir treatment. In addition to denser station spacing, such local
seismic networks should also sample the ground-motion with much higher frequency
since the signal frequency of emitted elastic waves in inversely proportional to the event
magnitude.
So to monitor induced (anthropogenic) seismicity, especially nano- to micro-seismicity
as reported in Bohnhoff et al. (2010) and Deflandre (2016), it is mandatory to use a
specific microseismic acquisition network with sensors of appropriate frequency
characteristics and a digitalization system of appropriate sampling rate. Such
equipments exist, they have been developed in the last twenty years benefitting over
time of a series of technological improvements in hardware equipments. Selected
examples for such local and reservoir-specific microseismic networks to monitor multistage hydraulic fracturing operations is shown in Figures 1 and 2 combining different
monitoring foci such as short-term monitoring of reservoir stimulation (e.g., hydraulic
fracturing), long-term monitoring for production, and leakage detection realized through
behind-casing seismic sensors.

D3.5 Seismic monitoring for shale gas operations
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Figure 2: One selected design of a local microseismic network for monitoring multi-stage
hydraulic fracturing operations in shale-gas reservoirs. The network consists of vertical chains
of borehole geophones deployed in shallow monitoring wells (to achieve good azimuthal
coverage of low-noise recordings), a deep vertical seismic array in direct vicinity of the fracking
site (to achieve a low-magnitude detection threshold of the combined network), selected single
stations at the surface (to monitor ground motions from larger induced seismic events at the
surface) and behind-casing sensors (to detect or even monitor potential along-well leakage).

It is now possible to find 0.5 milliseconds sampling rate multi-channels acquisition
systems (up to 0.2 milliseconds for downhole 3-component digital acoustic sondes)
using digital transmission to the surface to reduce the level of background ambient noise
(Deflandre et al., 2004a). Service companies involved in hydraulic fracture mapping
generally started to use such acquisition tools more recently (see e.g., Deflandre 2016).
The most important boundary condition to be optimized when deploying seismic
sensors to monitor small-scale seismicity such as induced events during hydraulic
fracturing operations is the background noise level at a particular sensor. The lower the
noise level is at the sensor, the higher the number of detected events and the better is the
quality of the recorded seismic signal (typically quantified in the signal-to-noise ratio SNR). In that respect, borehole geophones generally provide better waveform data since
the background noise level decreases fast with depth below surface for the first few
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hundred meters. In addition, this also reduces the influence of the high-attenuation nearsurface layers that do not allow to record the higher part of the frequency spectrum just
which composes the signal of very small earthquake events. Initial development of
permanent downhole geophones were proposed in the 1990’s with the development of
behind-casing sondes and on-tubing geophones (Deflandre et al., 1995) but their use
remained limited mainly because of implementation costs. Later with the arrival of
downhole digitalization equipments such as presented in Deflandre et al. (2004a), it
became possible to record and to continuously digitize and store the full waveform
signals recorded at a series of sensors. For time optimization, advanced real-time
algorithms were also developed to store microearthquakes under separated and labelled
files with primary signal properties such as noise level and approximate first wave
arrival times per channel (Thérond et al., 1996).
The basic induced seismicity parameters to be determined in the frame of a local
seismic reservoir monitoring attempt are the hypocentral coordinates (x, y, z), the
source time (t) and the magnitude (M) as a measure of the energy released at the source.
Additional parameters such as corner frequency, stress drop and the source-time
function as a measure of the coseismic rupture propagation can only be determined if
station density and signal quality (SNR) are high enough. The latter are not considered
in this synthesis report.
Some other signal properties at both the elementary sensor component channel and the
global sensor level in the case of a 3C-sensor can also be determined and stored as
seismic attributes of a microseismic event (Deflandre et al., 2004b). Such attributes can
be of first interest to help at classifying and distinguishing (micro-)earthquakes origin,
especially when induced by the exploitation of particular site (oil & gas production, well
stimulation, hydraulic fracturing, gas storage, CO2 storage among others). On a long
term gas storage survey this approach has been fruitful to understand the origin of some
microseismic event families (Deflandre and Huguet, 2002, Deflandre et al., 2009;
Martinez-Garzon et al., 2013a). In the following two sections we will introduce some
key attributes relevant for the design and implementation of appropriate network
geometries as well as on subsequent processing of the acquired seismic waveform data
and comment on their benefit.

D3.5 Seismic monitoring for shale gas operations
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4

SEISMIC NETWORK DESIGN FOR MICROSEISMIC
RESERVOIR MONITORING

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 due to magnitudes below M=0 in
most cases. As a step forward monitoring of reservoir treatments such as stimulation of
hydraulic fracturing was then partly also performed by either lowering down single
three-component geophones as detectors for smaller-magnitude events not seen at the
surface (e.g. during mini-frac or multi-stage frac operations in the frame of R&D
projects (Sarda et al., 1988). Or by placing single arrays of co-located 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 array technologies such
as beam-forming to locate individual seismic events. Such installations take advantage
of being closer to the activity, but also of the dramatic reduction of surface noise just a
few hundred meters underground thereby increasing the signal-to-noise ratio multifold.
In either case, simply outlining the cloud of seismic events was generally seen by the
industry/operators as sufficient for estimating enhanced production created by hydraulic
fracturing operations.
In the context of underground natural gas storage, several pioneering field 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
D3.5 Seismic monitoring for shale gas operations
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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 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; Martinez-Garzon et al., 2013b; 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 hydraulic fracturing-induced seismicity.
To apply robust well-established as well as modern data processing schemes appropriate
network geometries involving adequate sensor types is an important pre-requisite. In
that respect, Table 1 and Figure 3 below summarize the different options for sensor
types and relevant network-design parameters as well as their role in stepwise station
densification as described in detail in Bohnhoff et al. (under review).
Table 1: Overview on different seismic sensor characteristics in relation to frequency
bandwidth, instrument outer diameter (OD), sensor cost, and suggested sensor number and
spacing for a local seismic network to monitor reservoir treatments.
TABLE II - common instruments, deployments, and relative costs for 5 x 5 km target area
Type

Usable Instrument
bandwidth
OD

Sensor
cost

BB

40s-20Hz

~250 mm

high

1 Hz

4s-100Hz

~200 mm moderate

4.5 Hz

1-500Hz

70 mm

Low

15 Hz VSP

4-2000Hz

50 mm

lowest

4.5 Hz SET

1-500Hz

70 mm

Low

D3.5 Seismic monitoring for shale gas operations

Relative sensor + deployment cost
surface
posthole deep well

Step 1
Step 2
Step 3
suggested deployment

moderate

moderate

low

low

high

~ 2 @ 30 m

~ 6 @ 30 m

low

low

moderate

~ 1 @ 300 m

~ 4 @ 300 m ~ 12 @ 300 m

moderate

~4@1m

high

< 3000 m VSP array

high

~ 36 @ 100 m buried SET array
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Figure 3: A notional stepwise development plan for a seismic monitoring network and
alternative SET buried array. The resource is assumed to be at a depth of ~1.5-2 km, the target
area to be monitored ~ 5 x 5 km, and the exploration/lease area equal to be ~ 10 x 10 km. A
production well with a ~1 km long lateral has been planned as shown by the gray circle with an
“x” and dashed lateral line. A dense face-centered hexagonal station location grid was used so
that a future expansion to a densified SET buried array could easily be accommodated. (a) Step
1 event detection – red circle: the initial seismicity-detection station, preferably as deep as
possible in a borehole. Step 2 event location – green circles: 4 additional borehole stations,
centered on the production well, depth guided by Step 1 data. (b) Step 3 tomography – purple
circles: additional stations added for more accurate determination of velocity structure and
background seismicity, and preparation for well treatment. See Figs 3 and 4 and Table II for the
suggested combination of numbers and types of stations. (c) A SET buried array – orange
circles: an alternative monitoring development strategy. This net is comprised of a total ~48
stations in 100 m deep boreholes, giving a station density of ~2 stations per square km (for
further details we refer to Bohnhoff et al., under review).
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5

PROCESSING STEPS FOR CONTINUOUS SEISMIC
WAVEFORM RECORDINGS

In this synthesis report we also review the principal processing steps that were presented
in more detail in a previous m4shale gas report (deliverable 3.2). We here aim at
illustrating established techniques known to detect, locate and analyse induced
seismicity in space and time. In the following, we summarize selected key processing
steps for detecting and locating induced seismicity from waveform recordings of local
seismic networks. We here focus on determining the basic source parameters which are
first of all the hypocentral coordinates (x, y, z), the earthquake source time (t), and the
event magnitude (M) as a measure of the strength in form of seismically released
energy. We also briefly outline further processing techniques and selected novel
approaches. Before going into detail we want to emphasize the role of the magnitude
detection threshold and magnitude of completeness of a local seismic network as a
direct outcome of an optimized sensor geometry for a specific monitoring case: To
relate the size of an earthquake, the observed quantities must generally be summarized
using either an empirical relation, such as magnitude M, or a quantity derived from a
physical model, such as seismic moment (both measures represent the energy). 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 M1 = log10 A − log10 A0 where Ml is the event magnitude (local
magnitude), A is the maximum amplitude recorded by the Wood-Anderson
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 and ultimately
formed the base for quantifying the energy emitted during an earthquake through
measuring the waveform amplitudes at the surface. While there are different magnitude
scales using different wave trains or coda measures, the magnitude consistently
determined by a local network is the key measure classifying induced seismicity related
to reservoir treatments. As of today, it is common practice to determine peak amplitudes
in the recordings of local induced seismicity in order to determine the local magnitude.
The threshold for the minimum detectable magnitude is an important parameter of a
local seismic network since it defines down to which energy induced events can be
instrumentally recorded. The detection limit strongly depends on the hypocentral
distance of the nearest seismic station, the station density and the spatial distribution of
stations, and the ambient noise level at the individual stations. In general, the
detectability of an earthquake at a particular sensor depends on the ratio with which the
earthquake signal supersedes the average background noise level (signal-to-noise ratio,
SNR). This, however, heavily depends on whether the frequency content of the
background noise overlaps with that of the signal (the more overlap the less the SNR
can be improved by adequate filtering). Waves emitted by local small-magnitude
seismicity generally have higher signal frequencies than those recorded from regional
larger-magnitude events and are thus much quicker attenuated and dispersed. Thus, the
hypocentral distance up to which small events can be detected is limited and seismic
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stations aiming at monitoring reservoir treatments need to be deployed as close as
possible to the injection well. Several methods have been proposed to determine the
minimum detectable magnitude for an area. In a recent study, Mahani et al. (2016) have
assessed the minimum detectable magnitude for a regional seismograph network in
Northeast British Columbia, Canada, performing an analysis of the ambient noise as
well as simulating ground motions.
While the detection threshold yields the magnitude of the smallest event detectable by a
given network, the magnitude of completeness (Mc) defines the smallest magnitude
down to which no event in the targeted rock volume is missed in the derived hypocenter
catalogue for the time period covered by the respective local microseismic network. In a
simple way Mc can be obtained from the bending point in the earthquake magnitude
frequency plot of a given seismicity catalogue. However, methods that are more
sophisticated are also available since Mc can vary with increasing target volume and
also depends on the station geometry (e.g., Schorlemmer et al., 2010; Kwiatek & BenZion, 2016).
A key in state of the art processing of microseismic waveform data is to precisely
determine the arrival times of the P- and S- body waves. Classic seismological
observations deal with moderate and larger earthquakes. Their re-occurrence time is
long enough to allow for manual evaluation of seismic records. Induced
microearthquakes, however, in particular those observed in conjunction with fluid
injection operations, occur in such great numbers that manual (visual) inspection of
continuous waveform recordings and subsequent localization of the source is not
feasible. This is of particular relevance also since modern processing schemes need to
be fully automated to determine earthquake hypocenters in near real-time in order to
feed traffic-light systems, which eventually would call for instant action, like reduction
or even cease of fluid flow in case of increasing event magnitudes. The most widely
applied and well-established method to detect a seismic signal emitted from an
earthquake emerging from an otherwise noisy signal is the short-term over long-term
averaging (STA/LTA) trigger. This algorithm triggers a detection if the energy of a
seismic record rises sudden enough. It is still widely used due to its computational
efficiency. Yet the long and short running windows must be adjusted to an expected
length of a wave train and reoccurrence time which depends on the earthquakes'
magnitude range and epicentral distance. It is particularly sensitive to impulsive signal
changes and thus prone to falsely detecting noise bursts. Such are usually sorted out by
accepting a detection only if it was triggered at several stations in a given time window
(coincidence trigger). In this way lots of small events that are too weak and thus are
detected at a few nearby stations only can be missed.
More advanced P- and S- wave onset picking achieved through novel processing tools
have been developed aiming at a fully automatic detection of the first P-wave motion
with a high level of precision by combining frequency, amplitude and noise analysis
together (Deflandre, 2003) (Figure 4). These automated techniques can handle huge
amounts of microseismic files (processing tens to hundreds of thousands of files.
However, those techniques have proven to be very robust in most of the cases.
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In detail, such automatic detection technique determines the beginning and end of the
signal of interest as follows (after Deflandre et al., 2014):






Firstly, the signal’s average M is subtracted, then the signal undergoes a median
filter which picks number is user-predefined in the software parameter. This filter
can suppress in an efficient manner, the impetusionnal noise while keeping
important properties of the signal. Then the signal undergoes a bandwidth filter
(Butterworth type) which limit frequencies has to be also predefined by the user).
The signal dominant frequency FDOM in the beginning of the signal containing the P
wave is then computed and it enabled to define a pseudo-period that will be used to
process the signal within the detection algorithm.
A measurement of the average signal value M is performed and the signal’s standard
deviation σ that corresponds to the noise is computed.
Each signal sample is then analysed in order to build the binary function Ec. The
function is of value 0 at times when the absolute value of samples amplitude does
not exceed M+n1*σ. The Ec function is of value 1 when this same absolute value
exceeds the M+n1*σ quantity.

Depending on complementary seismic attributes and field experience, a first sorting of
events can then be achieved in pseudo real-time, consequently a first family attribution
can be performed which is very useful considering a traffic-light system approach. In
particular, the sorting step allows eliminating parasites than can be, for example,
electric, caused by a digitizer problem or by a system malfunction. Files linked to
acoustic signals or seismic can then be selected.
The main seismic attributes deal with frequency, shape, wave content and signal
duration of each wave, amplitude ratio between waves of each elementary seismic
waveform recordings. Then we use seismic attributes at the sensor level combining or
consolidating the ones of the individual components of each 3C-sensor. An objectoriented approach in the software µSICSTM is used to manage the attributes and making
them site dependent if needed. At least 11 processing attributes are used at the
elementary seismic channel level and up to 55 at the sensor level including source
location and source parameters ones. The step above concern the microseismic event
itself which is characterized by seismic processing attributes but also data coming from
exploitation data, simulation modelling results and so on without any limit. Statistical
analysis of such information aim at labelling event, the approach benefits from the site
experience acquired over time and is very efficient for traffic-light system regarding
safety issues.
Using the master-event technique in combination with waveform cross-correlation:
Seismicity occurring in a locally bounded area or even on the same fault is likely to
display high waveform similarity despite variance in magnitude. Small events missed by
an STA/LTA search may thus be found by directly comparing continuous recordings to
a waveform template given by a previously detected and identified so-called ‘master
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event’. Comparison is achieved by cross correlation of the waveform template with the
continuous recording. Because the coherency information of the entire master wavelet is
used, this method is very sensitive and increases detection rate significantly. Yet it is
computationally extensive, especially if a multitude of master events is to be searched
for.

Figure 4: P-S wave polarization analysis for application to source location (from Deflandre 2014).

Precisely determining the arrival times of the P- and S- wave onset is the most crucial
issue to reliably determine the earthquake hypocentre as described previously. Growing
datasets and the demand for near real-time analysis require automated phase picking.
Several algorithms have been developed to retrieve body wave arrival times
automatically (Diehl et al., 2009, Küperkoch et al., 2010, Lomax et al., 2012).
Generally, the P-wave onsets can be determined more precise since the S-phase onsets
are often superimposed with the P-wave coda. Yet S-wave arrival times are essential to
constrain the depth of an event.
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Polarization analysis of P- and S- wave trains: Polarization analysis of 3C-sensor
seismic signals is a very robust technique to estimate P- and S-wave arrival times even
for some cases with very poor signal to noise ratio (Deflandre and Dubesset, 1992).
When the signal ratio is good enough (most of the time) the technique allows to
determine the source azimuth and its distance to the sensor assuming the 3C-sensor
have been oriented and the velocity model of both the P and S waves are known locally.
In combination with the advanced P-wave picking technique proposed by Deflandre
(2003) and presented above the technique can be used to give a very fast location of an
event by analysing the solution obtained sensor by sensor on a series of sensors as
represented in Figure 5. In Figure 4, the seismic traces are plotted in the Eigen trihedron
relative to the P wave (in red). The S-wave signal energy (in green) is as expected
mainly in the plane orthogonal to the P-wave polarization axis (by definition its
propagation axis or the source direction azimuth).

Figure 5: Microseismic event monitoring network based on the use of a series of permanent
downhole geophones surrounding the area under survey (Deflandre 2002).

As already mentioned, assuming 3C-sensors are oriented (generally using calibration
shots at surface of well perforations shots in the vicinity of the downhole sensors), and
assuming P- and S-wave velocities are known, it is then possible to locate the
hypocentre of the (micro)-earthquake.
The polarization technique is also very useful to detect, visualize and analyse shear
wave splitting which is of central relevance to determine velocity anisotropy within a
reservoir. Moreover, such kind of microseismic event analysis can help at characterizing
the layer where waves propagate as direction of layering or fractures can be determined.
In case of a polarized noise, quite common in industrial environments or wells, the
polarization technique can be used to subtract the noise and identify very low signal to
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noise micro-earthquakes selected just before signal arrival. The noise being polarized,
all its signal is on the R’ vector making the microseismic event visible on the other
vectors. This use of the polarization technique allows to have the wave arrival time but
not the azimuth of the source as the polarized noise interferes with the signal
polarization.
Hypocenter determination: Seismic waves emitted from a (induced) shear source are
usually recorded in such great distances that the source can be approximated as being
point like in 3D-space (hypocenter) and time (origin time). This approximation allows
constraining hypocenter and origin time by use of four independent measurements if the
wave propagation velocity in the relevant rock volume is known (or assumed). Because
such a velocity model can usually only be approximated crudely a priori, locations are
usually inaccurate and location errors can only be reduced to a satisfactory degree if the
emitted spherical wave field is captured from various directions, i.e. when the epicenter
lies in the center of a seismic network and its aperture is sufficiently large. Initial
velocity models usually assume concentrically layered earth and are thus referred to as
1D-velocity models in contrast to 3D velocity models that also reflect lateral variations
of the propagation velocity field.


Hypocenter determination with a single seismic station: As introduced above, a
single three-component seismic station can detect events of small magnitude that are
not detectable at other parts of the station network. If P- and S-wave onsets and their
particle motion can be measured too, a polarization analysis of the waves allows
revealing the incidence angle and back azimuth of the incoming P- and S-waves.
Assuming approximated velocities along the ray path this allows estimating a rough
location of the hypocentre if at least two 3C-sensors received the signal (if only one
station, one has to consider two solutions as the source mechanism remains
unknown and because of Mathematics with remaining uncertainties while
computing location equation roots.



Hypocenter determination from a local seismic network: Classic localization
schemes invert P- and S-wave arrival times for the earthquake hypocenter (x, y, z)
and the origin time (t) from phase arrival times. The most common inversion
schemes are variations of principal Geiger's algorithm (1906) performing a leastsquare inversion. Widely used freely available programs are HYPOINVERS (Klein,
1978) and HYPOSAT (Schweitzer, 2001). More recently introduced novel
approaches are computationally more extensive and based on a grid search on the
solution space yielding a probability density function for the earthquake location
(Lomax, et al., 2000).

Note that by experience, the most important challenge in microseismic earthquake
location (or generally induced seismic event location) is to have a reliable velocity
model available. Quite often a simple velocity model is sufficient enough if layering is
known and layer properties known too. 3-D full waveform techniques (Deflandre et al.,
2009) are available but unfortunately it is frequent that we cannot used this technique
due to a lack of an appropriate realistic 3D velocity model. In contrast to the search for
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absolute onset times on individual seismic traces as done in the ‘conventional’ picking
procedures described above, hypocenter location algorithms may as well rely on
differential travel times (differences between inter-station arrival times) calculated by
means of a waveform coherence analysis. Here the travel times to every station and the
coherence of accordingly shifted characteristic time series are computed for each
potential hypocenter. Characteristic time series are derived from the waveforms, e.g.
STA/LTA or vertical energy (or eigenvalue of the instantaneous covariance matrix), and
the coherence is highest for the best fitting hypocenter location. These location
procedures do not require picking of individual arrival times (Grigoli et al., 2013) and
are suitable for locally bounded sources of seismicity such as in a well-defined
reservoir.
Hypocenter locations retrieved using recordings from a dozen stations and an
approximated velocity model still are of limited accuracy. Sufficiently accurate to depict
a seismically active rock volume or to derive earthquake statistics delivering
probabilities for the occurrence of certain magnitudes, location errors do usually not
allow for the resolution of geological features. Once a multitude of earthquakes has
been located, the alignment of earthquakes along a fault for instance may only be
visualized with appropriate post processing. This includes a relative relocation of
absolute hypocenters allowing to derive a substantially reduced relative location error
while the absolute precision of the hypocenter cloud remains. The principle underlying
relative (re-)location techniques is that seismic waves emitted from nearby earthquakes
approximately travel along the same path. As a result, small differences in arrival times
at one station allow to relate them to relative distances of the earthquake hypocenters.
Novel techniques using ambient noise: Passive seismic methods that make use of the
ambient noise contained in continuous seismic recordings have recently been introduced
and proven to provide key complementary information for reservoir characterization
besides standard information like hypocenters of induced seismicity (e.g., Campillo et
al., 2011; Hillers et al., 2015). These methods are based on the proportionality between
the Green’s function and the cross-correlation function , where the latter can be
constructed from diffuse seismic wave fields, and have been applied in numerous
passive seismological imaging and monitoring campaigns in reservoirs, below
volcanoes and elsewhere (e.g., Roux et al,, 2005; Snieder and Larose, 2013).
Furthermore, this technology also hosts a large potential for mapping permeability
channels in reservoirs using non-earthquake seismic noise and is currently in a rapid
phase of practical application. For example, seismological data, if processed
accordingly, can be used to provide Tomographic Fracture Images (TFI™) that then can
be used to guide drilling and permeability stimulation operations in order to improve the
efficiency of resource development (e.g., Geiser et al., 2012). TFITM can also be of
considerable value in quantifying, forecasting and eventually even mitigating hazards
posed by induced seismicity. The biggest advantage of monitoring techniques exploiting
ambient noise is that they measure critical parameters independently of induced seismic
activity and thus offer the possibility to also observe fluid migration in the vicinity of
abandoned reservoirs possibly indicating a leakage (Hillers et al., 2015).
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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, the Utica play in Ohio (US), and recently from the Sichuan
Basin in China (Lei et al., 2017), i.e. in regions 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
M>2 events, which also must be reported to the regulator. The operations are generally
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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 sections.
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FUTURE DIRECTIONS OF MICROSEISMIC RESERVOIR
MONITORING

Purposeful local seismic monitoring is a pre-requisite for detecting small magnitude (~
M < 1) earthquakes. It is now well established these events are pertinent to forecasting
potentially damaging earthquakes with M > 3 as discussed in the previous sections. In
addition, seismic monitoring has also become relevant to gas leak detection.
Appropriately designed seismometer networks can be used to collect these small
magnitude earthquakes.
These options encompass different phases of a reservoir development plan. It begins
with detecting background seismicity before stimulation as a pre-requisite for estimating
the local potential for induced seismicity. It includes options for high-resolution
monitoring during reservoir treatment and long-term options for post-injection times.
Using well established current methods, individual behind-casing seismometers can be
installed as part of standard well completions. These can acquire important data for both
long-term management of induced seismicity as well as leakage and long-term leak
detection. More advanced methods, based on Optical Fiber technology are just
emerging.
In addition, Seismic Emission Tomography (SET), applied to passive seismic data, can
now map fracture networks. This technology will significantly improve reservoir
characterization, assessment of anthropogenic hazard, and efficient exploitation of shale
gas reservoirs.
Within the M4ShaleGas project we have developed a best practice guide for
microseismic reservoir monitoring involving a stepwise procedure towards case-specific
and cost-effective local seismic monitoring of shale gas reservoir stimulation (see also
deliverables 3.3 and 3.4) (Bohnhoff et al., under review).
We suggest a step-by-step procedure for implementing such local passive microseismic
monitoring networks involving three phases of network implementation and describe
various field kits, installations, and workflows that help avoid damaging seismicity (see
also Table 1). The same facilities can be used for seismic indicators of well stability.
They also can greatly improve reservoir management. The different steps are defined
based on cost-effective methods of monitoring treatments, production, and
abandonment. In step 1, a single downhole seismograph is recommended for
establishing baseline seismicity before development. In subsequent steps, monitoring
approaches are extended based on added value for safe, efficient and cost-effective
operations (Figure 3). We include suggestions for monitoring disposal and underground
storage, where the added value of seismic monitoring approaches have been
demonstrated. We describe how repeated SET observations can improve reservoir
management as well as monitoring aimed at following regulatory requirements for the
occurrence of seismicity.
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In summary, the three main phases comprising the stepwise implementation of a
microseismic reservoir monitoring network are as follows (see deliverable 3.3 for
further details) (Figure 3):
Phase 1 aims at determining the background level and rough locations of local
seismicity. It provides means for estimating the seismic potential of the area using the
well-known Gutenberg-Richter relation. This phase can be realized with one or several
local seismic stations to be deployed at the surface or in existing wells.
Phase 2 involves short-term monitoring of reservoir stimulation operations and requires
a multi-station - preferably borehole based - local seismic network. This allows for low
detection threshold and precise hypocenter determination. If data are processed fully
automatic it will ensure a feedback option for short-term reduction of flow rates in case
of increasingly strong induced seismic events.
Phase 3 aims at long-term passive seismic monitoring for potentially hazardous
earthquakes and along-well gas leakage, and for optimizing resource recovery. This
phase can be accomplished with a limited number of permanent –preferably behindcasing downhole seismic stations.
The 3-phase plan shall be seen as a backbone and can and should be fine-tuned for
specific case scenarios and boundary conditions to be defined by regulators, operators
and last but not least the public.
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CONCLUSIONS

The here reported synthesis on current and future best practice of microseismic
monitoring in shale gas plays allows to conclude that comprehensive and wellestablished 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.
Purposeful local seismic monitoring is a pre-requisite for detecting small magnitude (~
M < 1) earthquakes. It is now well established these events are pertinent to forecasting
potentially damaging earthquakes with M > 3. Seismic monitoring has also become
relevant to gas leak detection. Appropriately designed seismometer networks can be
used to collect these small magnitude earthquakes. Appropriate monitoring network
design and new acquisition techniques, such as Optical Fiber based Distributed Acoustic
Sensors, installed outside of casing, are current rapidly emerging. In addition, Seismic
Emission Tomography (SET), applied to passive seismic data, can now map fracture
networks. This technology will significantly improve reservoir characterization,
assessment of anthropogenic hazard, and efficient exploitation of shale gas reservoirs.
In this report we review and summarize current state-of-the-art seismic waveform
processing techniques for microseismic reservoir monitoring of hydraulic fracturing
operations in shale gas reservoirs. We outline selected widely accepted physical
concepts for local microseismic reservoir monitoring at low magnitude detection
threshold and provide the major steps leading from continuous waveforms to
hypocenter catalog. These steps contain first of all the challenge to achieve continuous
waveform recordings with highest possible signal-to-noise ratios. Optimizing this step
usually requires the installation of seismic sensors in borehole under low noise
conditions. We also point to recently introduced innovative processing techniques that
may become standard in the near future as well as novel approaches to e.g. use the
ambient noise for imaging the underground structure in and near a geological reservoir
under exploration.
We outline a best practice for microseismic monitoring in shale gas reservoirs by
selecting adequate seismic instruments and deployment schemes that can be used by
operators and regulators to ensure operations are performed in a safe and cost-effective
way. We provide step-by-step workflows to organize these technologies, starting with
the minimum needed to establish background seismicity. Each Step in the workflow is
then used to help decide on the most cost-effective way to proceed during reservoir
treatments and production. We also include applications for monitoring waste-water
disposal, long-term underground fluid and gas storage, and along-well leakage
detection.
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