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ABSTRACT 

The authors analyzed microseismic events of large magnitudes 
collected during and after hydraulic stimulations at Cooper 
Basin, Australia in 2003 and at Basel, Switzerland in 2006.  
The characteristics of the large events and their 
similarity/difference to the neighboring events were evaluated 
using hypocentral distribution and source radius, similarity of 
waveforms, fault plane solutions and volumetric strains 
induced by microseismic events. 

It was found that some of the large events at Cooper Basin 
brought clear extensions of the seismic cloud into previously 
seismically silent zones suggesting that some kind of hydraulic 
barrier was broken by the large events.  These events can be 
interpreted by single asperity slips in existing fractures.  
Meanwhile, it was revealed that most of the large events from 
the middle and deeper parts of the stimulated zone at Basel, 
where many hypocenters of other microseismic events can be 
seen, occurred as a result of the shear slip of multiple 
asperities.  Shallow, large events at Basel whose hypocenters 
were estimated to be spatially independent from the seismic 
cloud, are very likely to occur in fractures sub-parallel to the 
stimulated zone.  The mechanism of the large events is not 
universal and may depend on the site. The triggering 
mechanism of the large events remains unidentified. 

1. INTRODUCTION 

Hydraulic stimulation is one of the key technologies used to 
improve permeability of HDR/HFR/EGS geothermal 
reservoirs, and it has been used to create reservoirs of practical 
scale in many projects worldwide.  This technique has been 
also commonly used for enhanced oil recovery (EOR) in oil 
and gas development and production.  During hydraulic 
stimulation, the injection of fluid into the formation typically 
induces microseismic events associated with shear slips of 
preexisting fracture surfaces.  These microseismic events are 
generally seen as evidence of long-term improvements in 
permeability.  Therefore, information from the microseismic 
events such as the amount of activity, hypocentral location and 
source mechanism is commonly used to estimate the 
spatiotemporal extension of the stimulated zone. 

A problem that has recently appeared in the development of 
HDR/HFR/EGS geothermal reservoirs is occurrence of 
microseismic events with large magnitudes. It has been 
reported that some of the induced microseismic events have 
had sufficient magnitudes to be felt on the surface at Soultz 
(France), Cooper Basin (Australia) and Basel (Switzerland) 
(Asanuma et al., 2005, Baria et al., 2005, Mukuhira et al., 
2008).  Such events are hazardous because they can damage 
buildings and infrastructure in urban areas.  Meanwhile, the 
role of large magnitude microseismic events in the 
improvement of the permeability and productivity of 

engineered geothermal reservoirs has not been well interpreted, 
although it has been widely accepted by global seismologists 
that the magnitudes of natural earthquakes are highly 
correlative to the size of ruptured zones.  A clear understanding 
of the physics behind such large events and a management 
technology that prevents or controls them are essential.  
Research on such large events has been carried out worldwide, 
and their characteristics have been investigated (Bromley, 
2005, Majer et al., 2007). 

Development of a Hot Fractured Rock (HFR) geothermal 
system is underway at Cooper Basin, South Australia.  
Geodynamics Limited is undertaking the project, with plans to 
generate commercial geothermal electricity there.  During the 
fracture initiation test (FIT), long term flow test (LTF), and the 
main injection, several events of high magnitude were 
observed.  Some of these events had large moment magnitudes 
(Mw=3.0 max.) and several large events were felt on the 
surface (Asanuma et al., 2005). 

Meanwhile, Geopower Basel AG and its operator Geothermal 
Explorers Ltd. (GEL) have been developing a cogeneration 
system (3MW electric and 20MW thermal) around Basel, 
Switzerland since 1996.  During and shortly after the hydraulic 
stimulation, large events whose moment magnitudes (Mw) 
exceeded 2.0 occurred in the deeper and middle parts of the 
seismic cloud.  Two more large events (Mw>2.0) occurred in 
shallower part of the seismic cloud two months after the 
bleeding-off.  Because of occurrence of the large magnitude 
microseismic events, the project has been suspended for risk 
analysis and investigation of suitable stimulation methods in 
urban areas. 

The authors investigated the characteristics of the large events 
collected at Cooper Basin and Basel to understand the 
phenomena in the stimulated fracture system.  Descriptions of 
the results of analyses of the large microseismic events for 
both fields and interpretations of the physics behind them are 
given in this paper. 

2. OUTLINE OF THE DATA  

2.1 Cooper Basin, Australia 

Geodynamics Limited drilled the first injection well 
(Habanero-1) into a granitic basement to a depth of 4,421 m 
(754 m into granite) in 2003.  Several sub-horizontal 
over-pressured fractures were found in the granitic section of 
the well.  The orientation of these existing fractures was 
consistent with the maximum horizontal tectonic stress in the 
central part of Australia as indicated in the global stress field 
(Zoback, 1992). 

The main stimulation of Habanero-1 took place after several 
tests to initiate fractures (fracture initiation tests: FIT) and their 
hydraulic characteristics were evaluated (long term flow test: 
LFT).  The total amount of liquid injected was 20,000 m3 with 
a maximum pumping rate of 48 L/s.  All open-hole sections 
were pressurized in the first main stimulation.  A second 
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stimulation was performed through a perforated casing above 
the open-hole section, but this stimulation was dominated by 
fluid flow back into the main stimulated zone below. 

The microseismic network at this site consisted of one deep 
(1,794 m) high temperature (150˚C) instrument and four near 
surface instruments (depth: 88-114 m).  The horizontal 
distance from Habanero-1 to the deep borehole detector was 
440 m and that for the near-surface stations were in the range 
of 4880-4990 m.  The microseismic events were detected by 
the network from the initial stage of the FIT where the 
pumping rate was around 8 L/s.  Seismic signals were recorded 
by the deep detector and in most cases also by the near-surface 
stations with clear onsets of P and S waves.  The authors 
recorded 32,000 triggers with 11,724 of these located in 3D 
space and time on site during the stimulations (Asanuma et al., 
2005). 

2.2 Basel, Switzerland 

GEL drilled a deep borehole (Basel-1) penetrating into the 
granitic basement and performed the first stimulation in 
December 2006.  A total amount of 11,500 m3 of fresh water 
was injected into a 5,000 m true vertical distance (TVD) 
borehole (Basel-1) over a 6 days stimulation operation (Häring 
et al., 2008). The entire open-hole section (from 4,603 m to 
5,000 m TVD), which had some pre-existing permeable zones, 
was pressurized.  The maximum wellhead pressure was around 
30 MPa with a flow rate of 50 L/s (Ulrich et al., 2007). 

The microseismic monitoring network, which consisted of 6 
permanent and 1 temporary seismometers in the boreholes, 
detected more than 13,000 triggers during and after the 
stimulation period up to Feb. 2008.  2,900 events were located 
using the conventional absolute mapping technique (Asanuma 
et al., 2007).  The distribution of the hypocenters showed sub-
vertical planar structure with an azimuth of approximately 
NNW-SSE, which was consistent with the horizontal 
maximum stress around Basel.  Dominant source mechanisms 
estimated by the Swiss Seismological Service (SED) for some 

of the larger events were strike-slip of sub-vertical fractures 
with N-S azimuth (Deichmann et al., 2007). 

3. CHARACTERISTICS OF LARGE EVENT AT 
COOPER BASIN  

3.1 Magnitude Distribution 

During the FIT, LFT and the main injection, we observed 
several events with large magnitudes.  Because of the 
unexpectedly large seismic vibrations, the trace was saturated 
just after the onset of P wave and most of the information on 
the trace was lost after the saturation.  This prevented us from 
calculating the seismic moment and the corner frequency 
directly from the trace for the saturated events.  However, for 
small, non-saturated events, it was possible to calculate an un-
calibrated relative magnitude, which will be called the local 
magnitude here. The moment magnitude of the saturated 
events was estimated by using two reference events.  One was 
the largest event, of moment magnitude 3.0 as estimated by 
Geoscience Australia. The other reference was an event that 
had a critical amplitude for saturation.  These results were used 
to estimate the moment magnitude of all the events, and the 
resulting frequency distribution of the moment magnitude is 
plotted in Figure 1. Following the Gutenberg-Richter law, the 
accumulated histogram of event magnitudes plotted on a 
logarithmic scale should define a linear relationship.  However, 
in this case, there is an apparent inflection point at around 
Mw=1.0, suggesting that the seismic origin or mechanism may 
be different for events with higher magnitudes than Mw=1.0.  
We referred to such events as large events and analyzed 30 
large events in the FIT and LFT where rapid and 
heterogeneous reservoir extension was clearly observed. 

The relationship between the origin time and the moment 
magnitude of all the events is plotted along with the hydraulic 
record in Figure 2.  The origin time of the large events were 
also widely distributed in the FIT and LFT and little 
correlation was observed between the magnitude of the 
microseismic events and wellhead pressure.  In fact, 11 of 30 
large events occurred after shut-in. 

 

 

Figure 1: Histogram of the estimated moment magnitude at Cooper Basin. 
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Figure 2: Temporal distribution of the moment magnitude at Cooper Basin 

 

 

Figure 3: Distribution of the microseismic events at Cooper Basin in the FIT and LFT.  Star: large events (Mw>1.0), solid 
circles: small events. 

 

The locations of the large events plotted in Figure 3 were 
determined using the joint hypocenter determination (JHD) 
method with manually picked P wave onsets.  A distribution of 
all the microseismic events in the LFT (1st to 5th day) and LFT 
(after 5th day) are also plotted in Figure 3 as small dots.  The 
locations of the large events were widely distributed in the 
seismic cloud. There is no clear seismic structure of the large 
events that was able to be correlated to existing geological 
structures. The polarization pattern at each monitoring station 
was similar to that of the smaller events, suggesting that the 
source mechanism is common. 

3.2 Spatio-temporal Distribution of the Large Events 

The locations of the events before and after the large events, 
where extensions of the seismic cloud were clearly seen after 
the large event, are shown in Figure 4.  The size of the circle at 
the location of the microseismic events indicates the source 
radius of the large event estimated from the moment 
magnitude.  The seismic cloud subsequently extended beyond 
the large events which occurred at the edge of the seismic 
cloud, and a number of seismic events with small magnitude 
occurred after the large events within the source radius of the 
large events. 
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3.3 Interpretation 

In view of these analyses, we currently conclude that the 
physical processes responsible for the large events at the 
Cooper Basin site are similar to those of the small events 
(Asanuma et al,. 2005).  The induced slip of the existing sub-
horizontal fracture at this site can be modeled by the shear slip 
of a single asperity which is heterogeneously distributed on the 
fracture plane.  It has been revealed that the size of the asperity 
is correlated to the moment magnitude of the earthquake in the 
case of repeating earthquakes at a plate boundary (Nadeau 
R.M. and Johnson, 1998).  In the same manner, the magnitude 
of the events may be correlated to the size of the asperity, and 
the “after-shock” events within the source radius of the large 
events may be correlated to the non-geometrical shape of the 
asperity or remaining asperities present after the large events.  
It is reasonable to assume that prior to the large events water 
cannot easily flow beyond the asperity, and that the subsequent 
extension of the seismic cloud beyond the large events shows 
improvement of the permeability.  This suggests some kind of 
hydraulic barrier was broken by the large events. 

4. CHARACTERISTICS OF LARGE EVENT AT BASEL 

4.1 Magnitude Distribution 

The moment magnitude used in this study was estimated from 
the corner frequency of signals detected at one of the downhole 
monitoring stations.  It should be noted that the magnitude has 
also been estimated by GEL and SED (Häring et al., 2008, 
Deichman et al., 2007). The magnitude estimates from the 

three methods showed a variation of approximately ±0.5 
because of the difference in station and type of estimation 
method.  A histogram of the magnitude derived by the authors 
is shown in Figure 5. In this study, we defined a large event as 
any event with a moment magnitude larger than Mw = 2.0.  As 
a result, 9 events were identified as large events at Basel. 

Time series of the occurrence of microseismic events and their 
magnitudes are compared with pumping records in Figure 6, 
where the top figure shows records during the stimulation and 
initial stage of bleeding-off, and the bottom figure shows long 
term records until the end of May 2007.  It is seen from the 
figures that seismic activity continued for more than 6 months 
after the stop of pumping.  The occurrence of large events after 
shut-in has been reported at the HDR/HFR sites in Cooper 
Basin and Soultz (Asanuma et al., 2005, Baria et al., 2005). 
However, such a long time interval between a large event and 
the previous stimulation operation is unique to the data 
collected at Basel. 

The locations of hypocenters of the large events were 
determined by the single event determination method (SED) 
after manually picking the onset of the P and S waves.  The 
locations of the large events are shown in Figure 7, where 
locations of the other events are plotted by blue dots.  It is seen 
from these figures that 7 large events that occurred during and 
just after the pumping (on 8 December 2006) were in the 
bottom and middle of the main body of the seismic cloud.  
Two large events occurred around the shallow edge of the 
seismic cloud 50 days after the end of pumping. 

 

 

Figure 4: Distribution of the microseismic events at Cooper Basin before (top) and after (bottom) a large event. 
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Figure 5: Histogram of moment magnitude at Basel estimated by the authors using corner frequency. 

 

 

 

 

Figure 6: Time series of the occurrence of microseismic events at Basel and their magnitude. 
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Figure 7: Location of large events (red crosses) at Basel determined by single event determination method. Blue dots show 
location of small events. 

 

 

Figure 8: Hypocentral distribution and source radii of events which occurred before one of the large events (red circle) at 
the bottom of the seismic cloud at Basel. 

 

4.2 Spatiotemporal Distribution of the Large Events 

The spatiotemporal distribution of the hypocenters and source 
radii were also evaluated. Figure 8 shows the hypocentral 
distribution of microseismic events which occurred before a 
large event. These large events occurred at the bottom of the 
seismic cloud, and it can be seen that the source radii of the 
foreshocks overlapped each other. 4.3 Coherence to the 
Neighboring Events 

We evaluated the spatial distribution of coherence in reference 
to one of the large events in low frequency (1-25 Hz) where the 
corner frequency of the events does not affect the evaluation of 

coherence (Asanuma et al., 2008).  An example of the spatial 
distribution of the coherence is shown in Figure 9, where the 
reference event is a large event that occurred at the bottom of 
the seismic cloud. Coherence of the neighboring events 
showed higher values in this case, suggesting that the 
mechanism of the shear slip is common among highly coherent 
events.  In contrast, the number of coherent events for a 
shallow large event was much smaller than that for the deep 
one (Figure 10).  This result indicated that shallow, large 
events are spatially independent from the seismic cloud or their 
rupture mechanism is different from those of the neighboring 
events 
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Figure 9: An example of the spatial distribution of the 
coherence at Basel in reference to one of the large 
events at the bottom of the seismic cloud. Contour 
shows similarity to the reference event. 

 

Figure 10: An example of the spatial distribution of the 
coherence at Basel in reference to one of the large 
events at the shallow part of the seismic cloud.  
Contour shows similarity to the reference event. 

 

4.4 Relationship of Critical Pore Pressure to Large Event 

We have investigated the relationship between critical pore 
pressure and the occurrence of large events.  Stress state on 
fracture planes and distribution of the critical pore pressure for 
shear slip during the stimulation was estimated using tectonic 
stress state (Häring et al., 2008) and fault plane solution (FPS) 
(Deichmann et al., 2009).  An example of time series analysis 
of spatial distribution of the critical pore pressure from this 
analysis is shown in Figure 11, where spatiotemporal change in 
the critical pore pressure was estimated for the 300 m cubic 
zone where microseismic activity was the highest.  Increase in 
critical pore pressure at the end of the pumping and associated 
occurrence of the 2 large events can be seen. However, most of 
the large events occurred under relatively low critical pore 
pressure, which is similar to those of the neighboring events. 

4.5 Interpretation 

It is very likely that the 7 large events at the middle and bottom 
of the seismic cloud at Basel can be interpreted as shear slip of 
multiple asperities inside the stimulated zone, because the 
source radii of these large events overlapped with those of the 
preceding events and the mechanisms of the shear slip were 
common to the neighboring events. The slipping of multiple 
asperities on fractures sub-parallel to the stimulated zone is 
currently considered to be one of the most possible physical 
explanations for the 2 large events at the top of the seismic 
cloud. The hypocentral location and low coherency to the 
neighboring events suggests that the fractures which generated 
these large events maybe spatially separated, although there is 
some uncertainly in the hypocentral location. A series of 

analyses of critical pore pressure revealed that most of the 
large events occurred under similar critical pore pressures to 
those of the neighboring events, and the critical pore pressures 
were relatively low.  From this, it is currently interpreted that 
critical pore pressure is not directly correlative to the 
magnitude of microseismic event. 

5. CONCLUSION 

Results from analyses of the large magnitude events collected 
at Cooper Basin, Australia and Basel, Switzerland are 
described in this paper.  The characteristics of the large events 
are summarized in Table 1.  Some of the large events observed 
at Cooper Basin showed clear extension of the seismic cloud 
and many microseismic events occurred after the large events 
within its source radius.  Their mechanism is interpreted as the 
shear slip of a single asperity breaking some kind of hydraulic 
barrier.  Meanwhile, it has been revealed that the large events 
at the bottom of the seismic cloud at Basel can be interpreted 
by the shear slip of multiple asperities inside the stimulated 
zone.  The two large events at the top of the seismic cloud may 
have occurred in fractures sub-parallel to the stimulated zone.  
It has also been revealed that the characteristics and physical 
models of large events are quite different for each field. The 
mechanism of large events is not universal and may depend on 
the stress state, characteristics of existing fractures, and the 
pumping program. Further studies which include reservoir 
modeling with magnitude information and an inversion process 
to estimate the source function would be beneficial to 
understanding the origin of large events and their role in the 
improvement of reservoir permeability. 
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Figure 11: Spatial distribution of critical pore pressure at Basel. Squares show hypocenter location and critical pore 
pressure derived from FPS (large event) and dots show hypocenter and critical pore pressure derived from multiplet 
planes.  Red broken line indicates maximum downhole pressure (76 MPa) and blue ones indicate hydrostatic 
pressure (46 MPa). 

 

Table-1: Summary of characteristics for large events at each field. 

 Cooper Basin, Australia Basel, Switzerland 

Time series of 
occurrence of the 
large event 

-Some of the large events occurred during the FIT 
and LFT where small amount of water has been 
injected. 

-11 of 30 large events occurred after shut-in in the 
FIT and LFT. 

-Many of the large events occurred in the final stage 
and just after stimulation. 

-3 large events occurred more than a month after 
stop of pumping. 

Spatial distribution -Widely distributed within the seismic cloud. -7 large events occurred in the middle and bottom 
of the seismic cloud. 

-2 large events occurred around shallow edge of the 
seismic cloud. 

Existence of the 
silent zone 

-Clearly observed. -Not clearly observed. 
 

Extension of the 
seismic cloud 

-Clearly observed after the large events. 
-Many seismic events after large event occurred 

within source radius of the large event. 

-Not clearly observed. 

Physical model 
behind the large 
events 

-Large events occurred from a shear slip of single 
asperity. 

-The asperities were a kind of hydraulic barrier. 

-Deep large events occurred from shear slip of 
multiple asperities in existing fracture. 

-Shallow large events occurred in sub-parallel 
fracture to the mainly stimulated zone. 

Triggering 
mechanism 

-Undefined -Critical pore pressure does not directly correlate to 
the magnitude of microseismic events. 

-Increase in the pore pressure is not trigger of most 
of the large events. 
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