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1 | NTRODUCTI ON

1.1 Context of M4ShaleGas

Shale gas source rocks are vyddistributed around the worlahd nany countrieshave
now started to investigate their shale gatential.Someargue thatlsale gas has
already proved to be a game changer in the U.S. energy market (EIA. 2015
European Commission's Energy Roadmap 2050 identifies gas as a en#ggl source
for the transformation of the energy systena system witthower CQ emissionghat
combines gas withncreasing contributions eénewable energgnd increasing energy
efficiency. It maybe argued that in Europe, natural gas replacing cobbihmvill
contribute to emissions reductionthe short and medium team

There are, however, several concerns related to shale gas exploration and production,
manyof them beingassociated witthe process diydraulic fracturing. There is also a
debae on the greenhouse gas emissions of shale gasaft@Onethane) and its energy
return on investmerdompared to other energy sourd@aestionsare raisedbout the
specific environmental footprint of shale gas in Europe as a velsolell asn

individud Member States. Shafms basins are unevenly distributed among the
European Member States and are ndticded within national borders, which makes
close cooperation between the involved Member States ess€héet is relatively

little knowledge orthe footprint in regions with a variety of geologiealdgeopolitical
settings a are present in Europ@oncernsand risksareclusteredn the following four
areas: subsurface, surface, atmosphere and societye Asiropean continerg

densely popuked,it is most certainly of vital importande 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 faoenprehensiviénowledge bas on

potential environmental, societal and economic consequehnsesle gagxploration

and exploitationKnowledgeneeds to be sciendmsedneeds to beeveloped by

research institutes with a strong track record in shale gas stadéseeds toove the
different attitudes and approaches to shale gas exploration and exploitation in Europe.
The M4ShaleGas pjectis seeking to providsuch a scientific knowledge base,
integrating thescientific outcomef 18 research institutesross Europdt addesses

the issues raised in the Hoon 2020 call LCE 16 2014 onUnderstanding, 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 20d05. Energy Information
Administration (vww.eia.goy.
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1.2  Study objectives for thisreport

The objectives of thiseport are tgrovide an overview on the state of the art of
potential alongwvell leakage using passive seismic methods

1.3  Aims of this report

This report aims at informing about the current best practidetettion alongvell
leakage in shale gas resemngaiising entirely passive seismic techniques
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2 RELEVANCBEOECTI NG AMEQNEAKAGE
USI NG PAASISDVACTIBEJMES MMECT HOMAND
NEW TYPES OF SENSORS

One of the keychallenges in the frame of losigrm operation of shale gas (and other
geological) eservoirsis to deliver appropriatenonitoring techniques to document and
guantifypotential alongwell leakageThis is a crucial issue since potential leakage from
the reservoir along or through producing or abandoned wells could affect shallow fresh
water bearing layers and polluting fresh water obviously is adnmd¢r topic in the entire
process chain of loaerm operation of shale gas reservoirs.

The potential for subsurface leakage of-Joanventional oil and gas wells or other types

of wells, sich as waste disposal wells, carbon dioxide injection (for carbon sequestration,
and enhanced oil recovery), water injection (for hydraulic fracturing, and enhanced oil
recovery), and abandoned and orphaned wells of all types present serious issués of publ
interest and concern. This concern relates directly to the overall integrity of wells, both
long and short term, and the various mechanisms used to protect aquifers from
contamination during the lifetime of all wells (Haas, 2013). The public generally
perceives that there issabstantiatisk that drinking water resources, both surface and
subsurface, may ultimately be adversely impacted by well installation, operation, and
abandonment. This public concern has been recently fueled by a variety ofaflémas
contamination of subsurface drinking water aquifers by oil and gas industry operations.

Whatever the cause of the public concern, to date there is no proof of subsurface leakage
contamination pathways into subsurface drinking water aquifers. |latks of proof

exists, because there is mell-established unifornrmethod that provides continuous,
reattime monitoring of well integrity that is able to determine whether aquifer
contamination has occurred, or is currently occurring in a variety of wallsvell
operations. Only inferences of contamination pathways have been made thus far, and as
such, association with well integrity can only be presumed, not independently verified
(Haas, 2013).

In this report, we focus on the detection of potentiahghwell leakage in shale gas
reservoirs discussing three principgbasts/methodologies. These are 1. Passive seismic
monitoring techniques with a focus dime seismic detection of elevated noise levels
caused by alongell leakage based on a case studyifan enhanced oil recovery project

in Canada(chapter 3) 2. Active seismic monitoring techniquésat allow to detect
leakage from the surface using modified versions of established active seismic methods
(chapter 4); and 3. Recent developmentsawsensor technology (chapter 5).

Public confusion exists in differentiating passive seismic detection (e.g. enhanced noise
levels as discussed in detail below) of alavejl leakage and the monitoring of induced
seismic events from hydraulic fracturing verdasth waste water disposal and fluids
produced in conjunction with Oil and Gas (Zoback and Gorelick, 2012; Wassing et al.,
2014 Van ThienerVisser and Breurse, 2015; Rubinstein and Mahani, 2015, Deflandre
2016). While similar monitoring procedures apfaall these activities, the discussion in
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this report is confined tpassive and activeetecton ofalongwell leakage with seismic
sensors. Since only a few such studies exist for shale gas reservoirs and those are typically
not open available due toqprietary issue of the relevant data, we here give in an
overview with case studies and recent developments mostly from other types of reservoir
engineering activities such as underground storage of carbon dioxide or new sensor

developments in the industrfor different purposes of passive seismic reservoir
monitoring.
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3 PASSISVEH SMIECTECT IOBGN AL OWESL L
LEAKAGE THROUGH FIl AN ON OEDELEVAT
NOI SE LEVELS

3.1  Background and relevance

Passive microseismic reservoir monitoring a wellestablishedmethod in many
industriesshale gas, conventionaydrocarbon and geothernahong them. It is usdd
monitor reservoir stimulation as well as in fundamental research covering various
applications in earthquake seismolofjumerousstudies have used thiechnique to
characterize the treatment of different types of reserf@utiedge et al., 1994; Majer et

al., 2007; Shapiro, 2008; Bohnhoff et al., 2010; Kwiatek et al., 2013; Angus and Verdon,
2013; Verdon and Wuestefeld, 2Q18s introduced abovanddiscussed in detail in other
M4ShaleGas reports (e.g., D3.1, D3@assive seismimonitoring technologgan also

be used to detect potential alewgll leakage in various environmengell-documented

case studies from shale gas reservoirs are stiltfssp&or several reasons, the
confidentiality of relevant data sets among them.

In the followingwe refer to a case studpcumenting the seismic detection of along well
leakage in a CO2 enhanced oil recovery (EOR) prdjech the Pembina oil field in
Alberta/CanadéMartinezGarzon et al., 2013). Therthe Cardium Formation (capping
siltstones, shales, and sandstones) is confined between Marine Shales and the Blackstone
Formation(Krause et al., 1987We refer to this particular case study since it pfes

the means for directly transferring the knowledge gained here to shale gas environments.
The Penn West project wastablished by the Alberta Government started injecting
supercritical CO2 to Enhance the Oil Recovery at the Pembina (Geidter, 208;

Hitchon, 2009) This treatment was monitored by an arrayeaht threecomponent
borehole geophones. Since the geophones are placed below the uppermost weathering
layer and closer to the target reservoir, some of the advantages of using borehole
geophmes are the substantial improvements of noise conditions with respect to the
surface as well as the reductiorthve attenuation of the signals.

While the array was originally deployed to detect eventually induced microseismic events
related to the CO2 jaction, it actually detectedovel seismic signatures including
elevated levels of ambient noise that are directly relatedsiabatantial outflow of CO2

and CH4that wasobserved at the wellead of the monitoring well where the sensors
were deployedin the following webriefly summarize themain findings due to their
immense relevance for extending the classical microseismic monitoring techniques
towards systematic detection of leakage in geological reservoirs including shale gas.

3.2  Data Acquisition

To achieve a comprehensive mydarameter monitoring of the target reservaithe
Penn West projecinstrumentation was deployed in a4{gpasting vertical production
a)
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Figure 1. (a) Map of the location of the Pembina oil field and laoatof the monitoring well
(triangle) with respect to the injector and the producer well$ 6Rte productionvells. 1.1+ 1.2

are njector wells (directional wells); (b) Lithological column and instrumentation deployed in the
monitoring well. Geophone (@.1) is the deepest sensor, placed at 1,640 m. Geophone 8 (g.8) is

the shallowest, placed at 1,500 m.
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well that was especiallsefurbished as monitoring well. The monitoring well was located

at approximately 300 m lateral distance to the nearest injactlril where carbon
dioxide was injectedFigure 1a). The deployed instrumentation at the monitoring well
consisted of eight geophones, three presgmperature sensors and two fhs@mple
sensors (Figuréb). The instrumentation was attached todpiction tubing and placed
inside the production casing. This procedure is common to reduce the installation damage.
To improve the acoustic coupling of the sensors to the formation, cement was retained
during the tubing string. However, cementing operstidid not proceed as designed and

a channel was created in the cement anr{dlaisbraneNarvaez and Chalaturnyk, 2007)

This fact could affect the coupling of some of the sensors.

The geophones, fabricated from 316 ELC stainless steel arecthmgmnenshortperiod
sensors with a natural frequency of 24 Hz
(ZambraneNarvaez and Chalaturnyk, 201They were placed between 1,500 m and
1,640 m depth. Sampling frequency for continuous seismic recordings waslddtiz.
Theoretically, they allow to record signals up to 500 Hz. Assuming a conservative average
stress drop of 1 MPa, the sensor array should be able to detect nearbgaisicriaity

with reasonable high signred-n oi se r at i o (Kiviatek etelw20B) Thid . 5
magnitude corresponds to seismic events with source radii of a few r{idtetnez

Garzon et al.,, 2013)The data from the geophones was analogically acquired and
transmitted to the surface. A maximum of four geophone housings couldKael li
together on a single, Zbnductor (12 pair) stranded copper electrical cable (one pair per
each geophone component). Cables were jacketed for safety. This resulted in two
electrical cables running to the surface. As the casing was lowered into lthéheve
geophones were still able to rotate around the vertical axis. For this reason, the horizontal
orientation of each sensor is differé@bueslan, 2007)

3.3 Methods

Different passiveseismological techniquewere appliedto the continuous seism
recordings to investigate the quality of the data, potential rsieigmic activity and
potentialleakage signatures. Téemmethodologies arexplained irthe following:

1. Spectrograms were generated to visually inspect the general frequency cbtitent o
waveform recordings. By using spectrograms, mggsmic events can be identified by
shortterm amplitude increases in the higher frequency parts (usually >100 Hz, depending
on magnitude and hypocentral distance). For this analysis, the waveforras we
previously corrected for the baseline shift (detrended) andgagh filtered (0.8 Hz) to
remove potential longeriod signals associated with seismic events not recordable by the
used instrumentation. Additionally, the data displayed significant a»i§6 Hz and its
multiples caused by electrical equipment located nearby. Signals at these frequencies
were supressed by applying two notch filter
respectively. We generated spectrograms for the entire analgsesedby taking 1 min
time-windows of verticalcomponent waveform data and calculating the sivoe

Fourier transform of the input signal.

D3.4 Seismic sensors and data evaluation for leakage detection Copyright © M4ShaelGas Consortium 2015-2017
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2. Background noise levels were theyrstematically anaed at each individual sensor

to determine times of enheed levels that might be associated with external processes
such as e.g., nearby fluid flow. This analysis can also provide information as to the quality
of the individual geophones (e.g., due to poor coupling or mechanical dysfunction). The
noiselevel analysis for each individual geophone through the entirevi&ek data was
based on oneninute long subsets.

3. dgnaldetection through applying aShort Time Averagéong Time Average
(STA/LTA) [27] algorithm to identify potential micro-seismic signature in the
continuous waveform recordings. A STA/LTA trigger detects onset times of
characteristic signals (e.g., seismic P and S waves) based edefipesl minimum ratio

of average absolute amplitudes of two time windows with different length. The SBA/LT
ratio will increase once an elastic wave reaches a geophone. When the threshold of the
STA/LTA ratio is reached at a particular sensor, the time is saved. For this analysis, the
data was processed as for the spectrogram calculation. First, the algordbm
appropriately tuned for this specific dataset. Then, we run the algorithm on the vertical
components of the geophones over the entire aedlyme period. Finally, a coincidence
trigger was applied to the obtained geophspecific detection lists teelect only those

seen at a minimum number of four geophones within a given time window (40 ms). To
define the time window of the coincidence trigger, a homogeneous velocity model of VP
= 3.5 km/s (slightly lower than the estimated VP for the formatiqg@6§) was used.

4. Search for signals related to slgiip processes in the reservolit reservoir scale,
Long-Period and Longouration (LPLD) events were found in a midtage hydraulic
fracturing experiment [28]. The authors described events obsewdtg fracturing
periods that have a typical duration of 100 s and most of their frequency content is in

the 10 80 Hz interval. Recent studies [29] indicated that such events are not necessarily
occurring in the frame of reservoir treatment involvirygiraulic fracturing. We note that

our project was designed to inject large amounts of fluids without causing hydraulic
fractures in the target formation, and thus it was not very likely for such signals to occur.
Nevertheless, such studies are still qudearse and it is worth analysing the
corresponding frequency band. Note that the frequencies lower than 24 Hz (the natural
frequency of the sensors) will be diminished by the transfer function of the sensors.
However, since LPLD are reported up to 80 tHe, available bandwidth to investigate is

still sufficient to detect them if they occurred. For this analysis we applied apaasd
filter in the 5 100 Hz interval. We first
components), and then calculagggectrograms of 50 min timeindows by stacking the
spectral density of the vertical components.

34 Results

Before the described seismological analysis, manual review of the data revealed that for
the last 1.5 days of the tweeek period none of thehannels of g.2, g.4 (partially) and
g.6 were functioning. Additionally, it was also noticed that the horizontal components

D3.4 Seismic sensors and data evaluation for leakage detection Copyright © M4ShaelGas Consortium 2015-2017
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Figure 2: Vertical component waveform recordings and corresponding spectrograms calculated
for each geophone framing twentyinute timewindows around the onset time of the outflow
(09:41). The amplitude of each frequency appears -@looded. g.2 and g.7 have much lower
energy recorded than the other geophones. g.1, g.3 and ¢.8 recorded many shaigrepike
although they daot occur at the same time. g.5 and g.6 show spikes with high amplitude,
probably triggered internally. Additionally, they still display high electronic noise despite of the
notch filter.

D3.4 Seismic sensors and data evaluation for leakage detection Copyright © M4ShaelGas Consortium 2015-2017



Page 11

M4ShaleGas
Moracns i ey e A

of these sensors display much lower amplitudes than the verdigaig) the entireanalyzed
period.

3.4.1 Spectrograms

The calculated spectrograms show that most of the energy in the recorded time series was
transferred in the frequency interval up to 200 Hz (FigRB)e Interestingly, the
spectrograms show seveshort time intervals of elevated energy up to 500 Hz (our
Nyquist frequency). Such signals are part of the frequency characteristics of micro
seismic events and thus would need to be checked in detail. However, most of such signals
generally do not showany temporal correlation between the individual geophones. This
suggests that their origin cannot be external (e.g., related to the injected CO2 in the
reservoir). For this reason, none of the clear {aigiplitude signal seen at the sensors
could be relaté to an induced micrseismic event occurring off the arrayhe
spectrograms shown in Figu2ecover a period of time framing the onset of the outflow
(09:41). Many of the sensors show clear changes in the recorded frequency content before
and after th@nset of the outflow (Figure 2). After 09:41, much more energy is recorded.
This energy is especially prominent up to approximately 12@Gpectrograms were also

used to investigate the quality of the coupling of the geophones to the tubing string. A
gereral rule of thumb is, that the better the coupling, the larger is the bandwidth of the
transfer function of a borehole geophone. In general, all eight geophones are capable to
record also high frequencies indicating a reasonably good coupling to theasial

(Figure 2). However, the deepest sensor (g.1) and also g.3 recorded overall higher
energies.

3.4.2 Noise Analysis

In general, noise amplitudes at the sensors g.1 and g.3 are higher than the noise levels at
the other sensors. In addition, g.2dam6 recorded significantly lower amplitudes (on
average three orders of magnitude less) than any other sensor. Comparing these
observations and the manual data review with the field protocols, we found geophones
with odd ID numbers shared one common eadhd the geophones with even number
shared a second one. This resulted in two cables running to the surface. Since common
characteristics between the even geophones are found, a second explanation for the low
amplitudes recorded would be a higher resistanf the cable resulting in higher
attenuation of the signal.

During the reported time of the enhanced CO2/CH4 outflow along the monitoring well
(9:41), we find an increase of the noise level for seven out of the eight geophones (Figure
3a). Figure3b shows twentyminute waveform recordings framing the onset of the
outflow. Clear differences are visible in the waveform signals before and after the onset
of the outflow, which might indicate the arrival of the CO2/CH4 front at the geophone
array. The igreased noise levels are maintained for the remainder of the monitoring
period studied. No clear preference for the outflow detection in terms of channel
orientation is found. During the onset of the outflow, most of the sensors present
extremely disturbedoise levels but no uniform waveform signatures can be identified.
Interestingly, the arrival times of the elevated noise levels are not displaying a linear move

D3.4 Seismic sensors and data evaluation for leakage detection Copyright © M4ShaelGas Consortium 2015-2017
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out along the array, but in contrast they are tdalayed with no systematic order. To
further analyse these signals, we investigated the pressure data measured by
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Figure 3. (a) Four hours average noise levels at the sensors including the time of the outflow
(09:41). Each trace is normalized to its overall maximum; (b) Twenty minetésal component
waveform recordings framing the onset of the outflow. Each trace is normalized to the overall
maximum. g: Geophone. Time of the outflow is indicated by the arrow.

the sensors installed at the monitoring well (FigdyeAt the time 6 the onset of the
outflow, the pressure at the sensor at 1,640 m depth decreased by 1 MPa, while the
pressure in the sensor installed at 1,300 m increased by 300 kPa. Therefore, there was a
dramatic gradient of pressure with both depth and time whiclegqubstly recovered to

the respective preutflow level after approximately 2 h. The pressure gradient confirms
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the interpretation of the detected noise level perturbations as a signal related to the
CO2/CH4 migration along the well.
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Figure4: (Left): Pressure measured by the sensors inside the observation well during-the two
week time period analysed in this study. (Right): Zoom on the pressure perturbations at the
reported time of the CO2 leakage (1 September 2005, 09:41).

3.4.3 STA/LTA Analysis:

Due to the lack of regional seismicity and since no calibration shots were available, we
tuned the algorithm parameters based on the accurate detection of several different signals
visually identified. Figure5 shows a waveform data example and cooedmng
detections of the STA/LTA algorithrithe resulting detections of the STA/LTA analysis
were visually checked and classified into six different categorieype detections
display large amplitudes at only one geophone, which suggests that thevsigmaadpike

e.g., caused during digitization-Bype detections typically occur close to the start or end
times of periods without recordings (i.e., no seismic origir).yPe detections display
larger amplitudes at more than one, but less than four Isei3@ype detections have
extremely low SNR and thus they can be excluded of further analy$igod=detections
belong to periods when the time series exhibit perietéctronic signals. These signals

are not introduced by the data processing, sinaeawebserve corresponding waveforms
also in the raw data. Finally,-Fype detections are signals that have high similarity
between the different geophones. Therefore, they have a higher potential to be weak
seismic events. However, these signals cannotgsssciated with typical induced
seismicity, since it is not possible to observe P and S phases. For this reason, none of the
categories actually represent clear elastic waveforms resulting from failure of rock but
rather very local (in part sensspecifig signals of different origin. Figure 6b shows the
daily number of detections for each type. Nearly allype and most of the-Eype

signals occurred after the onset of the outflow. Since both types of detections might be
related with electrical disturbaes, they can be seen as an indicator that the leakage of
CO2/CH4 impacted the instrumentation and/or the cables used for the data transmission
to the surface. Interestingly, the highest number of Fymwents is registered on 31
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August 2005, which is ongay after the shuith of CO2 injection into the reservoir. It is

well known that one of the periods with highest likelihood for induced rgersmicity

due to fluid injection is in the shin phase. This could be a reason in favour of
considering Typd- events as weak induced seismicity. However, the number of events
induced is rather small to be able to establish any conclusion in this respect. Additionally,
on 3 September 2005, when injection was resumed, electronic spikes and spurious signals
increasd substantially. Consequently, the last injection might again have damaged the
cabling/instrumentation resulting in increasing spurious signals. Alternatively, the
recording equipment at the surface might be responsible for generating these signals
(throudh induction or direct impact of the power net).
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Figure5: Example of waveform analyzed with STA/LTA. Upper part: filtered recordings for 20
s of data. The green vertical lines are the detections of the STA/LTA. Middle part: STA (black)
and LTA (red)functions for the corresponding data period. Lower part: STA/LTA ratio.

3.4.4 Analysis of Low-Frequency Signals

We found potentially relevant signals that display a similar spectral content and duration
as the LPLD events (FiguBa). However, othgpossible sources for these signals cannot

be excluded and, after manual review of the relevant signals in each individual sensor, no
coherent signal in several geophones could be identified. Thdrdgwency data
processing pointed our attention towamksveral signals with similar waveforms of
micro-earthquakes, especially following the CO2/CH4 outflow. Figlveshows the
waveform data stacking vertical components for a tiviredow of 100 min and then
calculating spectrograms. As pointed out alreadtgr the onset of the outflow (09:41),
there is a clear change in the frequency content and several signals with waveforms
similar to microseismicity can be identified. However, these signals have lower
frequencies than those of typical miggeismic evets, and most of them are only
detected in one individual geophone. In consequence, we interpret these signals to be
associated with the CO2/CH4 flow along the monitoring well and passing by the
geophones.
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Figure6: (a) Example of signals with highmsilarity to LPLD events (framed by red rectangles).

Upper part: stacking of the amplitudestioé vertical components. The plot has beefiltered
withabandpass between 5 40 Hz to reduce electrical
change. Lower part: Spectrograms for the same time period,;

(b) Similar signals to microseismic eventsaffred by red rectangles). Upper part: Stack of the
amplitudes for the vertical components of every geophone (100 min time window). Lower part:
Spectral density stacking for the vertical components of every geophone.
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