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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 review summarizes the current state-of-the-art of processing seismic waveform recordings obtained
by a local network designed to monitor induced seismicity. Underlying physical concepts of
microseismic monitoring are briefly introduced. The principal processing steps of current microseismic
reservoir monitoring are outlined and future challenges 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 summarize the current state-of-the-art for processing
of continuous seismic waveform recordings obtained from local seismic networks
deployed for microseismic reservoir monitoring.

1.3

Aims of this report
This report aims at informing about the current best practice of examining seismic
waveform recordings for induced seismicity in producing shale gas reservoirs.
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2

RELEVANCE OF MICROSEISMIC MONITORING OF SHALE
GAS HYDRAULIC FRACTURING OPERATIONS
General awareness of induced seismicity related to different types of reservoir
treatments involving fluid injection or long-term storage has been on the rise for several
decades. It has ever since been subject of both scientific studies and public acceptance
issues. Because of their novelty in many naturally aseismic areas of the world, the small
number of hydraulic fracturing-induced and potentially hazard-prone or even damaging
local earthquakes has become a real public safety issue. The result has been a call for
regulations of underground activities in general and among them public microseismic
reservoir monitoring of shale gas exploration and production (as well as other related)
activities. As part of this challenge, the proper processing of seismic waveform
recordings is a pre-requisite to achieve best possible results from microseismic reservoir
monitoring. Most of the induced seismic events that occur in the frame of a reservoir
treatment involving injection of fluids are of small magnitude and thus difficult to be
instrumentally detected, processed and interpreted. As a consequence, state-of-the-art
processing techniques involving state of the art algorithms are essential and described in
this report. Due the in part different concepts on how to make best use of microseismic
waveform data, a report such as this one can hardly be complete or include all different
aspects of this broad field. We therefore focus on the most appropriate and widely
accepted approaches with a particular focus on waveforms of induced seismicity related
to hydraulic fracturing and related 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
(Zoback and Gorelick, 2012; Wassing et al., 2014; Van Thienen-Visser and Breunesse,
2015; Rubinstein and Mahani, 2015, Deflandre 2016). While similar monitoring
procedures apply to all 3 activities, the discussion in this report is confined to shale gas
stimulation and production induced earthquakes, but 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).
But a series of advanced monitoring surveys (mainly in the frame of research &
development projects) have been already performed in the last 25 years and have
contributed to enhance low-magnitude 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 taken on a significant role in guiding industrial
shale gas development. On the whole, while monitoring a relatively small fraction of
their frack jobs, the microearthquake data collected by industry has been used to
estimate the economic potential of oil and gas production from such well completion
techniques. The primary information obtained from the spatial distribution of induced
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earthquakes (the so-called seismic cloud) is to get a first-order approximation of the
stimulated rock volume. While gathered with more sophisticated networks than used in
public monitoring efforts, these efforts have fallen short of satisfactory results. Thus
development of more advanced methods of detecting and processing waveform
recordings of induced seismicity in shale gas exploitation has become a priority for both
the public and industry sectors.
The number of instances of hydraulic fracturing induced ‘felt’ seismicity related to
unconventional shale gas production has significantly increased over the last few years
(e.g. Ellsworth 2013; Maxwell et al., 2015, USGS webpage). 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 prerequisite 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 below zero) 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). 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.
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 sophisticated processing techniques so that the
actual P- and S-wave trains (body waves) can be extracted in the best possible manner
for further use.
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3

SELECTED PHYSICAL PRINCIPLES OF MICROSEISMIC
MONITORING
Global monitoring of seismicity detects the occurrence of earthquakes down to about
magnitude M=4. The resulting pattern of their distribution traces the plate boundaries
and highlights the most active intraplate seismic zones. In many parts of the globe the
detection threshold is 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 magnitude detection thresholds but
also resolve the focal depths and focal mechanisms of earthquakes. Such networks are
optimized for natural quakes generally generated at a few kilometres to tens of
kilometres deep underground. Frequency content of such earthquakes is quite low (from
less than 1Hz to a few as source dimensions may be large and because of wave
dispersion issues in the underground.
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. The vast majority of earthquakes induced during reservoir stimulations
and fracking 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 (e.g., Bohnhoff et al., under review).
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.
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 equipment. One selected
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example for such local and reservoir-specific microseismic networks to monitor multistage hydraulic fracturing operations is shown in Figure 1.

Figure 1: 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 ms sampling rate multi-channels acquisition systems (up to
0.2 ms for downhole 3C 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 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). We
will introduce hereafter some of these attributes and comment on their benefit.
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4

PROCESSING STEPS FOR CONTINUOUS SEISMIC WAVEFORM
RECORDINGS
This report aims at illustrating established techniques known to detect and locate
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 such as hypocentral coordinates (x, y, z), source time (t), and magnitude
(M). We also briefly outline further processing techniques and selected novel
approaches.

4.1

The role of the magnitude detection threshold and magnitude of
completeness of a local seismic network

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 WoodAnderson seismograph, and log10A0 is the reference term used to account for amplitude
attenuation with epicentral distance. This concept was further developed and
generalized by Gutenberg (1945) then including also teleseismic events 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 (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
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small events can be detected is limited and seismic 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).

4.2

Detection of P- and S-waves and their arrival time

Classic seismological observations deal with moderate and larger earthquakes. Their reoccurrence 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 STA/LTA trigger: The classic 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.
Advanced P- and S- wave onset picking: Some other processing tools have been
developed aiming at a fully automatic detection of the first P-wave motion with a high
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Figure 2: Automatic detection of P-wave first arrival onsets and pseudo-frequency (signal in
red). Example taken from the µSICSTM software (Deflandre, 2014).

level of precision by combining frequency, amplitude and noise analysis together
(Deflandre, 2003). We aimed at developing such a technique regarding the huge amount
of microseismic files we had to process for each site (tens to hundreds of thousands of
files at least). The technique is very robust in most of the cases. Figure 2 shows an
example.
In detail, this automatic detection technique determines the beginning and end of the
signal of interest as follows:


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).

D3.2 Seismic waveform data evaluation techniques

Copyright © M4ShaelGas Consortium 2015-2017

Page 12

Figure 3: µSICSTM Software signal processing step 1 for automatic first-wave picking
(Deflandre, 2003). See text for details.





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.

In Figure 3, a seismic signal is traced in the background and for each sample that
exceeds the limit value represented by the horizontal strokes; the value of the binary
function is set to 1.
The integration step of the signal Ec function is then achieved using on a sliding
window of length previously determined from the spectral analysis. We get the S
function which overlays the seismic traces (Figure 4). Then, we detect the first Fp pick
of this function S which exceeds the user pre-defined threshold and go back of one
fourth of the pseudo-period to have the first motion of the wave. If the time is different
on each channel of a 3C-sensor then we select the smallest one to be sure not to miss P
wave’s impetus.

D3.2 Seismic waveform data evaluation techniques

Copyright © M4ShaelGas Consortium 2015-2017

Page 13

Figure 4: µSICSTM Software signal processing step 2 for automatic first-wave picking
(Deflandre, 2003).

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
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experience acquired over time and is very efficient for traffic-light system regarding
safety issues.
Master event used for 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 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 5: P-S wave polarization analysis for application to source location (from Deflandre
2014).
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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.
P&S wave polarization analysis:
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 (Figure 5) on a series of
sensors as represented in Figure 6. In Figure 5, 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 6: Microseismic event monitoring network based on the use of a series of permanent
downhole geophones surrounding the area under survey (Deflandre 2002).
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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 visualize and analyse shear wave
splitting as shown in Figure 7. In this figure, the seismic traces of the 3C-sensor are
plotted in the S1 Eigen trihedron and the S2 and P waves are mainly on the two other
orthogonal axes as expected. Such kind of micro-seismic event 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
noise micro-earthquakes. In Figure 7, the upper part correspond to a microseismic event
recorded on a 3C-sensor (H1, H2, Z) with a strong noise level. In the lower part of the
figure, the signal is plotted in the Eigen trihedron corresponding to a signal window

Figure 7: P-S wave polarization analysis and shear-wave splitting within a fractured reservoir
(Deflandre 2016).
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Figure 8: Illustration of the use of the polarization analysis to extract signal from noise and
detect first arrival of waves (Deflandre 2009).

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.
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4.3

Hypocenter determination

Seismic waves emitted from a 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 Swave 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 Swaves. 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
least-square 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. 3D 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.
Coherence Analysis:
In contrast to the search for 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
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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 welldefined reservoir.

4.4

High resolution post processing

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.

4.5

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
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possibility to also observe fluid migration in the vicinity of abandoned reservoirs
possibly indicating a leakage (Hillers et al., 2015).
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5

CONCLUSIONS
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.
The main processing steps then involve high-precision and preferably fully automated
picking of P- and S-phase waveform onsets and their subsequent use to determine
further parameters such as the hypocentral coordinates (x, y, z), the source time (t) and
the earthquake magnitude (M).
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.
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