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1. Introduction 

SHale gas Exploration and Exploitation induced Risks 

Experiment description 

www.sheerproject.eu 

Developing best practices for assessing and mitigating the 
environmental footprint of shale gas exploration and exploitation 

Fracking operations 
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2. Monitoring network 

!1.!Overview!
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Main Objective 

Assessing the monitoring 
performance for hydraulic fracturing 

Synthetic microseismic 
catalogue 

Seismic network 

- 6 Broadband stations 
- 3 Small-scale arrays with 8 or 9 short-period stations 
- 3 Shallow borehole stations (depth ~ 55 m ) 
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3. Methodology  

Assessing the monitoring performance using a synthetic dataset 

1.  Rupture process consistent with 
    tectonic stress 
2. Tensile fracturing upon fluid injection   

Synthetic microseismic catalogue 

1D local crustal model 

Magnitude of 
completeness   

Realistic synthetic 
waveform dataset 

Synthetic waveforms 
Noise analysis 

Probability of detection for 
each seismic station 

Monitoring performance 



4. Synthetic microseismic catalogue 
  

Rupture process consistent with 
tectonic stress 

1	

-  Background seismicity :  
Assuming double couple sources of random 
orientations, the rake is conditioned by the 
maximum horizontal compressive stress 
(SHmax) 
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Expected microseismic sources  

SHmax ≈ 15° 



4. Synthetic microseismic catalogue 
  

Tensile fracturing upon fluid injection  2	

We can model this process with positive and negative 
dipoles oriented parallel to Shmin with a random uncertainty 
of ± 25°  (according the quality data to calculate Shmin) 

Expected microseismic sources  2. Synthetic microseismic catalogue 

Inputs parameters 

Processes involving rapid fluid injection can produce tensile failures with significant 
non-double-couple components, opening in the direction of the minimal 
compressive stress, and closing after the injection  

Pressure (Mpa) 
Proppant volume (m3) 

red denotes higher density 
blue regions with few events 

Source type plot  
(Hudson et al, 1989): 

displays non-double couple 
mechanisms without regard 

to orientation 

2"

!  Expected microseismic sources (characteristics) 

GeoCanada 2010 – Working with the Earth 3 

Examples 
In figure 4, four different time windows, roughly corresponding to different proppant injection 
periods, are used to describe the changing fracture development during the treatment.   The 
events associated with the first proppant injection are dominated by crack opening events.  The 
scatter-plot of events shows that most of the events here are close to the treatment well.  
Subsequent to this time period, most of the events still cluster to the crack opening axis with 
some events occurring farther away from the well.  However, a significant amount of events 
begin to cluster around the crack closure axis, close in to the well.  The third interval 
corresponding to the start of a second phase of proppant injection, events cluster near the poles 
of the crack opening/closure axis, but now the majority are closure-type failures.  However, the 
same trend of is observed in the locations of the events: the events are distributed even farther 
away from the well, with the farthest opening events still outpacing the closure events.   Finally, 
at the end of the treatment, closure-type events are dominant.  The farthest out events in each 
phase of the treatment are progressing the fracture further away from the well and are uniformly 
crack-opening type mechanisms.  Behind this fracture front, the region in the vicinity of the well 
shows a transition: initially fractures are expanded generating opening type events and then 
relax back with closure-type mechanisms.   There is also closure front, defined by the maximum 
offset of the crack-closure events, behind the breakout front that progresses more slowly. 

 
Figure 4.  Time based representation of the treatment as scaled by the injection pressure. In the density 
contour plot red are areas of high density; the scaled pressure and proppant volume are shown along 
with the time window in yellow.   

An SMTI analysis of events recorded during a cyclic steam injection are shown in Figure 5.   
Similar to observations for the hydraulic fracture treatments, the failure or growth of the steam 
chamber outline a complex fracturing process, with many events showing isotropic components 
of failure.  Interestingly though, the observed trends show a dominance of explosive 
mechanisms, that occur early during the steaming cycle, trending towards implosive events later 
near the end of the steaming cycle. These observations suggest that the complex fracturing 
process is more volumetric in nature than observed during hydraulic fracturing.  

(1) 
(2) 
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Baig and Urbanic, 2010 

Density contour plot for different windows of the fracking treatment 
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4. Synthetic microseismic catalogue 
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Hudson plot (Gaussian Kernel density) 
for the complete synthetic catalogue  



4. Synthetic microseismic catalogue 
  

Distribution of hypocenters and magnitudes in the fracturing area 

Ø  Frequency-magnitude distribution (-1 < Mw < 3) follows a Gutenberg-Richter law with b = 
1 and a = 1.84 according 1000 events for each family  

Ø  Maximum rupture length = 350 m (considering a circular fault model of Madariaga, 1976 
and stress drop average = 2.7 Mpa, Kwiatek et al., 2011). Reasonable value according other 
experiences (Davies et al., 2012; Fisher and Warpinski 2012)  
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view  
direction  
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mapview 
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view  
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in c) 

mapview 
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Figure 3 

Double couples and Random full MT Positive and negative tensile cracks 



5. Local crustal model 
  

P-wave velocity  Grad et al., 2015 

S-wave velocity  vp = 1.73 vs 

Density (Mg /m3) Grabowska et al., 1998 

Attenuation 
Król et al, 2013 

Qp = 120 
Qs = 60 

A priori, we do not dispose of such 
information and relied on previous studies 
on the broader region of interest.  

High-resolution 3D seismic model of the 
crustal and uppermost mantle structure 

in Poland (Grad et al, 2015) 

Extract a P-wave velocity profile for the 
fracking area according: 
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6. Synthetic waveform analysis 
  

Figure 6 
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Double couple  
Mw = -0.75  

ampmax = 9.58·10-10 m 

Positive tensile crack 
 Mw = 0  

ampmax = 1.25·10-8 m 

Pyrocko package  
(http://emolch.github.io/pyrocko/)  



6. Synthetic waveform analysis 
  

Ø  The amplitude increases exponentially with the magnitude 

Ø  The effects of geometrical spreading are observed according to the 
hypocentral distance 

distance = 4.5 m 

Mw = -0.75 

Maximum amplitudes according to the MW and 
 the hypocentral distance for each station  



7. Noise analysis 
Ø  We take a random sampling of noise for each station (one month) 

Ø  The instrument response is removed and we calculate the displacement (meters) 

Ø  Band pass filtered 2 - 90 Hz  and  a notch filter at 50 Hz.  

Ø  An average value of this noise record is calculated in order to compare with the 
amplitude of the synthetic seismogram. 

2.68 · 10-9 m 

2.90 · 10-9 m 

3.23 · 10-9 m 

6.85 · 10-9 m 

3.29 · 10-9 m 

4.13 · 10-9 m 



8. Monitoring performance 
  

Using amplitude threshold 

Ø  Magnitude of completeness, Mc 

Ø  Minimum magnitude of detection, mc 

Complete synthetic catalogue 

A synthetic event is considered detected if the maximum amplitude is larger than 
2 times the average noise value 

Families synthetic catalogue 

*Same noise for all stations 

Max amp for tensile cracks are 
smaller than for double couple 



8. Monitoring performance 
  

N+ = Detected events 

N- = Non detected events 

PD (M,L) =
N+

N+ + N−

Probability of detection 

Schorlemmer and Woessner, (2008) 

Mignan et al., 2011 

Magnitude of completeness 

fit parameters C1 , C2 , C3  

Mc (r) =C1 + r
C2 +C3

!5.!Monitoring!performance!!

15!

Detection performance  
!  A synthetic event is considered detected if the maximum amplitude is larger than the 

average noise value. 

!  Plots are divided in a grid for different magnitudes and source-receiver distances, and we 
calculate the probability of detection for each station according Schorlemmer and Woessner, 
(2008). 

Probability of detection for each broadband station  

Mw 

D
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Mw Mw Mw Mw Mw 

PD (M,L) =
N+

N+ + N−

N+ = Detected events 

N- = Non detected events 

Note: These results depend on our spatial distribution of synthetic sources. 
However, we can obtain linear empirical laws a posteriori according these 
results in order to extrapolate the information for the complete domain 
(magnitude & hipocentral distance) 

Using amplitude threshold 

N+

N+ + N−

> 0.95



8. Monitoring performance 
  

using amplitude threshold  
(same noise) 

1	 using amplitude threshold  
(realistic noise) 

Ø  Magnitude of completeness is calculated at the fixed depth (-3910 m) 
requiring simultaneous detection by 4 sensors according the previous 
empirical laws.   

2	



9. Conclusions 
  

Realistic synthetic datasets before hydraulic fracturing to assess the 
monitoring performance (detection, location and moment tensor)  

Mapping probability of detection and magnitude of completeness 
using synthetic seismograms and realistic noise 

Next step: use a recently developed automated full waveform 
detection using the continuous synthetic dataset with real noise  

Ø  Poster session, ESC2016-265. Automated detection and location of 
picoseismicity of hydraulic fracturing experiment using continuous 
waveforms  

Ø  Magnitude of completeness ~ 0.0 in the fracking area  

Ø  Minimum magnitude of detection of  ~  -0.3 

 

Background (DC) earthquakes more detectable than induced (tensile 
crack) earthquakes 
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