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Hybrid Neural Network  
and Fuzzy Logic Approach

For characterizing fractures in EGS system, shear wave split-
ting analysis is required. For creating the accurate fracture map of 
The Geysers, it is required to consider the fuzzy compressional 
and shear wave relationship into the problem. Figure 2 shows 
the impact of fuzziness in P-wave and S-wave velocities in the 
separation of different rock types. This fuzziness can be adequately 
modeled based on the EGS parameters obtained from the Neural 
Network.

The Geysers’ MEQ Data

The MEQ data collected from 3/1/2006 to 3/31/2010 is 
catalogued at 44568 locations. Figure 3 shows the histogram 
for the number of microseismic events in the catalogues. The 

available location data is used to visualize the MEQ’s. We do 
preliminary spatial and temporal analysis to understand the 
distribution.

Some statistical analyses are accomplished on the dataset for 
a better perceptive. Figure 4 demonstrates the spatial distribution 
of the data set in different views. The distribution clearly identifies 
statistically significant zones leading us to a better understanding 
of the regions to look into for further analysis. While the depth 
range is found to be statistically significant only up to 6 km below 
the MSL, spatial distribution is limited to certain specific regions 
over the field. It is noteworthy that there is significant variation in 

the spatial distribution when time windows 
are considered which may indicate start or 
end of injection activities.

Velocity Field of The Geysers

Access to preliminary velocity models 
of a section of the field allowed us to look 
at spatial distribution of MEQ’s and to 
compare it with the velocity distribution. 
This provides us with some interesting 
zonal distributions which indicate the strong 
linkage between the velocity and MEQ’s 
as expected. Further analysis in this regard 
is contingent upon the availability of more 
comprehensive velocity models. Figure 5 
presents an example of the velocity model at 
The Geysers for the cross section at latitude 
of 38.843. 

Figure 2. Impact of fuzziness in P-wave and S-wave velocities in the sepa-
ration of different rock types.  

Figure 3. Number of microseimic events in each year.

Figure 4. Spatial distribution of the data.
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Fuzzy Clustering

Figure 6 demonstrates 3D distribution of microseismic events 
at The Geysers for the years 2006 to 2009. Given the extent of 
overlap between different regions, a fuzzy logic approach could 
prove advantageous (Aminzadeh & de Groot, 2006). This along 
with our observation of actual microseismic event locations indi-
cates that using fuzzy clustering may improve our understanding 
of said events. 

We are only interested in the high temperature zone (HTZ) for 
EGS system. Thus, α-cut of 3.2 km in depth is used for limiting 
the top of the desired locations and α-cut of 6 km in depth is used 
for limiting the bottom of the desired location for EGS reservoir. 
This α-cut representation is extracted from the geologic map of 
The Geysers. This subset of microseismic events is used for further 
analyzing and processing.

For implementing fuzzy clustering technique, the set of seismic 
events is divided into five different zones. These zones are demon-

strated in Figure 7 along with the production well locations. They 
are chosen based on the locations of production wells and also 
the locations showing aggregation of seismic events. In each zone 
three clusters were considered. Furthermore, annual time windows 
are used to analyze the MEQ events in this article. Figure 8 depicts 
cluster centers for all the years at the HTZ zone. Figure 9 to 13, 
shows these cluster centers in each zones separately. These cluster 
center locations and their movement through time may result in 
finding a new methodology to locate the appropriate locations of 
future EGS wells at The Geysers. The theory and methodology 
are described in the next section of this article.

Figure 5. MEQs events overlaid on the velocity model at The Geysers for 
the section with latitude 38.843.

Figure 6. 3D Distribution of microseismic events at The Geysers for the 
years 2006 to 2009.

Figure 7. Zones boundary for applying the fuzzy clustering technique and 
the production wells locations.

Figure 8. Fuzzy cluster centers for all the years at the HTZ zone.
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Fracture Network Characterization
Lawrence Berkeley National Laboratory mentioned four dif-

ferent mechanisms that have been hypothesized to explain the 
occurrences of these microseimic events in geothermal settings. 
Pore-pressure increase, temperature changes, volume change due to 
fluid withdrawal/injection and chemical alteration of fracture sur-
faces are the mechanisms that may explain the microseismic events 
at The Geysers or any other geothermal field. (LBNL, 2010)

Pore-Pressure Increase can reduce stresses keeping the faults 
from failing and thereby facilitate seismic slip in the presence of 
an unbalanced stress field. Water injection for hydraulic fracturing 

at EGS systems can locally increase pore 
pressure and possibly account for high 
seismicity around injection wells. Cool 
water injecting into the hot dry rock may 
create the fractures and seismicity directly 
related to thermal-elastic cooling shrink-
age. (Rutqvist & Oldenburg, 2007.)

 As fluid is produced (or also in-
jected) from a geothermal reservoir, hot 
rock may compact or be stressed. These 
volume changes cause a perturbation in 
local stresses. This situation can lead to 
seismic slip within or around the res-
ervoir. Injecting non-native fluids into 
the formation may cause geochemical 
alteration of fracture surfaces. This 
geochemical alteration may reduce or 
increase the coefficient of friction on 
the surface. In the case of reduced fric-
tion, smaller events may occur. And 
increased friction may result in larger 
events. (LBNL, 2010) 

 As discussed above, the area where 
microseismic events occurred may be a 
good estimation of fracture network at 
the geothermal field. In order to have 
EGS reservoir, large aerial distribution 
of fracture network is required. Hence, 
any fuzzy cluster of the microseismic 
events should represent a connected 
fracture network at The Geysers. Drill-

ing new EGS wells (both injection and production wells) in these 
location may ease the creation of EGS reservoir. 

For further investigation of this hypothesis, fuzzy cluster 
centers movement is depicted on Figure 14. As shown in this 
Figure, these centers have significant movement at the HTZ. 
Direction of arrows in this Figure demonstrates the direction of 
movement of microseismic events clusters. Authors believe that 

Figure 11. Fuzzy cluster centers for all the years at 
the zone three.

Figure 10. Fuzzy cluster centers for all the years at 
the zone two.

Figure 9. Fuzzy cluster centers for all the years at 
the zone one.

Figure 13. Fuzzy cluster centers for all the years at 
the zone five.

Figure 12. Fuzzy cluster centers for all the years at 
the zone four.

Figure 14. Ffuzzy cluster center movement from 2006 to 2009.
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these directions may also represent the fracture network propaga-
tion direction (in case of small movements.) Large movements 
may indicate fault movements or may have other reasons.. The 
start of arrows indicates the 2006 cluster centers and end of them 
are 2009 cluster centers. It means that centers of fracture network 
are at these locations. 

Considering the discussion above, to propose the new drilling 
locations for EGS wells, it is recommended to drill the injection 
and production well along the arrow within acceptable distance. 
This distance can be calculated by reservoir simulators.  The tech-
nique described in this section can be applied to other geothermal 
fields which have the potential of EGS system. 

Conclusion

In this article, some of the applications of soft computing like 
neural networks and fuzzy logic for characterizing EGS system 
are described.

Neural networks can be used to accurately estimate the EGS 
systems properties. Applying neural networks may result in 
functional relationships between these properties (e.g., porosity, 
permeability, fracture size, fracture spacing and reservoir discon-
tinuities) and seismic attributes. This kind of application of neural 
network needs further study of the EGS systems and microseismic 
events which will be accomplished by authors in the future.

Concept of the fuzziness in the estimation of the EGS system 
properties especially characterization of fractures is unavoidable. 
One of the applications of fuzzy logic as described in this article was 
the use of fuzzy clustering techniques to find the fracture network 
areas. The cluster centers may represent the locations of drilling new 
EGS well. These centers probably are the centers of the connected 
fracture network which is ideal for EGS reservoir creation.

The results in this article are also compatible with Lawrence 
Berkeley National Laboratory’s report about induced seismicity 
in EGS reservoir and their causes.

Finally, we are confident that such applications of soft com-
puting find their path through the exploration and exploitation of 
geothermal resources in the future.
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