
Automated detection and location of picoseismicity of  
hydraulic fracturing experiment using continuous waveforms 

1. INTRODUCTION   
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2. AUTOMATED FULL WAVEFORM DETECTION (LASSIE)   
An in situ hydraulic fracturing experiment was performed at Äspö Hard Rock Laboratory 
(Sweden) aiming at optimizing geothermal heat exchange in crystalline rock mass (Zang 
et al. 2016). A near field network with 11 acoustic emission (AE) sensors was installed 
410 m below surface to map the seismic response of hydraulic fractures for different fluid 
injection scenarios (Figure 1). The basic idea of the experiment was to compare hydraulic 
fracturing growth and induced seismicity under controlled conditions in a horizontal 
borehole 30 meter long for conventional fluid injection versus cyclic fluid injection, and 
dynamic pulse hydraulic fracturing (Zang et al., 2016). The piezo-electric sensors have 
their highest sensitivity in the frequency range 1 to 100 kHz. Sampling rates were 
extended to 1 MHz. The acquisition system was capable to operate in trigger and 
continuous mode. In this poster, we present the results obtained during the conventional, 
continuous water-injection experiment HF2 (Hydraulic Fracture 2), and discuss the 
detection performance using a recently developed automated full waveform detection 
algorithm. 

We consider continuous recordings and apply a recently developed automated full 
waveform detection and location algorithms (Lassie, https://gitext.gfz-potsdam.de/
heimann/lassie, Heimann et al., 2016). This friendly earthquake detector is based on the 
stacking of smooth characteristic functions calculated from normalized amplitude 
envelopes (Figure 2). A visual inspection of seismic waveforms reveals different kinds of 
detected signals that we have classified as: acoustic emission (AE) detections, false 
detections, electronic noise, anthropogenic noise, long period noise and other signals 
(figure 3 and 4). 

a) b) c) 

d) 

Figure 1. Test site for hydraulic fracturing in an experimental tunnel of Äspö Hard Rock 
Laboratory, Sweden (top). Sensors are employed in the near-field (bottom): a blue line indicates 
the hydraulic testing borehole, the blue star identifies the fluid injection segment corresponding to 
the HF2 experiment. 

We consider continuous recordings and apply a recently developed automated full waveform detection 
and location algorithms (Lassie, https://gitext.gfz-potsdam.de/heimann/lassie, Heimann et al., 2016). 
This friendly earthquake detector is based on the stacking of smooth characteristic functions calculated 
from normalized amplitude envelopes (Figure 2). A visual inspection of seismic waveforms reveals 
different kinds of detected signals that we have classified as: acoustic emission (AE) detections, false 
detections, electronic noise, anthropogenic noise, long period noise and other signals (figure 3 and 4). 

Figure 2. Example of acoustic emission detection (the origin time is 08:35:24.477). a) Waveforms sorted by 
hypocentral distance. b) Characteristic function (normalized amplitude envelopes) for each trace. These are used 
for travel-time stacking corrected with P-wave speed (red lines) and S-wave speed (green lines). The markers 
indicate the (best-fit) synthetic arrival time of the respective phases at each sensor. c) Coherence (stack) map for 
the search region. Dark colors denote high coherence values. The location of the detected event is marked by a 
white star. Sensor locations are shown with black triangles. d) Global detector level function in a processing time 
window from -0.1 to +0.2 seconds around the origin time of the detected event. The cut-out time window used for 
the coherence map is shown in gray color. White stars indicate this and other detection within the same processing 
time window, exceeding a detector level threshold of 500. 

Figure 3. Events detected by the Lassie algorithm (Heimann et al. 2016) during HF2, showing 
timing and amplitude of the characteristic function (Acf). Waveforms are band-pass filtered in 
the frequency range 3 – 70 kHz. The time (ms) is shown on the x-axis and the reference time 
is displayed in the lower left corner of each box.  

The highest rates of acoustic emission detections are found during the fluid injection stages (figure 4a). A 
low detector threshold is chosen not to loose weak events. However, a large number of false detections is 
also found (figure 4b). Electronic noise is found associated with the fluid injection stages and hinders the 
search of real events requiring a posteriori classification. Anthropogenic noise, long period and other signals 
are also detected and distributed through the whole experiment. For such cases, the values of amplitude of 
the characteristic function are usually low (see examples in figure 3). 

Figure 4. a) Acoustic emission detections using continuous recordings. b) Other kinds of detected signals from a visual 
inspection that do not correspond with seismic events. Amplitude of the characteristic function (left ordinate), injection 
pressure and flow rate (right ordinate) for hydraulic fractures in the experiment HF2 are shown.  

-  A detector based on the stacking of smooth characteristic functions can be 
successfully used to detect AE signals for massive datasets with large number of 
sensors and/or extremely high sampling  (here 1 MHz); our results supports the 
adoption of similar techniques for other induced and natural seismic activity 
monitoring systems. 

-  The choice of detection threshold influences the detection performance. A low 
threshold allows the detection of weak events at the cost of a higher number of false 
detection. 

-  The detection setup can be combined with a classification algorithm (here we showed 
results of a visual classification) to distinguish true and false events, and classify 
different signals.  

-  The posterior waveform analysis illustrates that noise from different anthropogenic 
processes is found during fracking operations. 
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Dress rehearsal and research resource
The Äspö HRL outside Oskarshamn is a unique facility. SKB is conducting  
full-scale research and development here in preparation for the construction  
of a final repository for spent nuclear fuel.

At the Äspö HRL outside Oskarshamn, a dress rehearsal is being held for  
construction of a final repository for spent nuclear fuel. The picture on the left 
shows the research village. The underground part of the laboratory consists of  
a tunnel that reaches down to a depth of 460 metres (see illustration at right).

Understanding the long-term changes 
in a final repository for spent nuclear 
fuel requires research, both in the 
laboratory and in the field. The 
Äspö HRL is SKB’s unique facility  
for such research. 

We are conducting a variety of tests 
and experiments involving both 
Swedish and international experts  
in this underground hard rock labora-
tory at a depth of nearly 500 metres. 

PRACTICE MAKES PERFECT

The purpose is to find out how the 
final repository’s barriers (copper  
canister, bentonite buffer and rock) 
prevent radioactive substances in the 
spent fuel from reaching the ground 
surface. The laboratory is continuing 
the work previously conducted in the 
Stripa mine.

However, most of the activities being 
conducted in the Äspö HRL have to  

do with development of technology.  
A dress rehearsal is being held here  
of various work operations in the final 
repository. We are practicing depos-
iting canisters, backfilling and plugging 
tunnels, and retrieving previously 
deposited fuel. Another important  
task is testing different machines that 
will be used in the final repository.
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Figure' 4:' Sensors' employed' in' near?field.' PRELIMINARY' PICTURE' –' Claus' Milkereit:' PLEASE' PROVIDE' YOUR'
COORDINATES'OF'GEOPHONE'NETWORK'OF'NEAR?FIELD'SENSORS.'Monitoring'borehole'M3' is'equipped'with'
sensors'AE1?AE2,'borehole'M2'is'equipped'with'sensors'AE3?AE5,'and'borehole'M1'contains'sensors'AE8?AE10.'
Short' boreholes' are' drilled' for' pairs' of' accelerometers' and'AE' sensors' (ACC13?AE11,' ACC15?AE7' and'ACC16?
AE6),'and'a'single'ACC14'in'the'roof'of'tunnel'TASN.''

'

'

Figure'5:!Sensors!employed!in!the!far1filed.!Figure!to!be!provided!by!Claus!Milkereit!and!Eva!Schill.!
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