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a b s t r a c t

Geothermal and unconventional hydrocarbon reservoirs are often characterized by low permeability

and porosity. So, they are difficult to produce and require stimulation techniques, such as thermal shear

deactivation and hydraulic fracturing. Fractures provide porosity for fluid storage and permeability for

fluid movement and play an important role in production from this kind of reservoirs. Hence,

characterization of fractures has become a vitally important consideration in every aspect of

exploration, development and production so as to provide additional energy resources for the world.

During the injection or production of fluid, induced seismicity (micro-seismic events) can be caused by

reactivated shears created fractures or the natural fractures in shear zones and faults. Monitoring these

events can help visualize fracture growth during injection stimulation. Although the locations of

microseismic events can be a useful characterization tool and have been used by many authors, we go

beyond these locations to characterize fractures more reliably.

Tomographic inversion, fuzzy clustering, and shear wave splitting are three methods that can be

applied to microseismic data to obtain reliable characteristics about fractured areas. In this article, we

show how each method can help us in the characterization process. In addition, we demonstrate how

they can be integrated with each other or with other data for a more holistic approach. The knowledge

gained might be used to optimize drilling targets or stimulation jobs to reduce costs and maximize

production.1

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Today, microseismic monitoring is a proven technology for
characterizing fracture network created from fluid injection and
hydraulic fracturing. In the last decade, many authors have
published their research about using the spatial/temporal pro-
gression of microseismic activity in order to interpret the fracture
height, length, azimuth, zonal coverage, and fracture complexity
in terms of a simple, planar fracture, or a complex fracture
network. They have also correlated production data with the
dimensions of the microseismic clouds and volume estimates
based on the density of microseismic events (Albright, 1982;
Brady et al., 1994; Rutledge et al., 1998; Phillips et al., 1998;
Fisher et al., 2004; Downie et al., 2009; Barree et al., 2002; Xu and
Calvez, 2009; Warpinski et al., 2005; Tezuka et al., 2008). How-
ever, other content of microseismic events can potentially provide
additional insight into the fracturing process. With the recent

advances in computing techniques, some authors have tried to
use methods other than hypocentral location analysis to char-
acterize the fracture network. For instance, Tezuka (2000), Moriya
et al. (2000), Rowe et al. (2002), Rutledge (2003) and Baig and
Urbancic (2010) used focal mechanism, moment tensors, and
microseismic multiplet analysis to delineate the reservoir struc-
ture and examine the associated permeability enhancements
later. Grechka and Mazumdar (2010), Hummel and Shapiro
(2011) and Rozhko (2010) predicted the permeability and pro-
duction of hydraulically fractured hydrocarbon reservoirs from
microseismic data using diffusivity equations, microseismic
events cloud geometry, and their temporal changes. Finally,
Charlety et al. (2006) used 4D tomographic inversion at the Soultz
Enhanced Geothermal System (EGS) site to evaluate the fracture
stimulation process. As mentioned, many scientists use micro-
seismic data with different methods to understand the fracture
properties in the unconventional reservoirs, here we introduce an
innovative method to utilize different types of information
inherent to 3 Component (3C) microseismic data. Compressional
and shear velocity models (Tafti and Aminzadeh, 2011), fuzzy
cluster centers (Aminzadeh et al., 2010), and shear wave splitting
(Elkibbi, 2005) can be extracted from microseismic data directly.
In this article, we demonstrate how they can be integrated to
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characterize the fracture networks in unconventional hydrocar-
bon and geothermal reservoirs.

2. Data

We apply the techniques discussed here to the data from The
Geysers geothermal field which provides a large acquisition array
and high levels of microseismicity to test the proposed methods
and workflows. The dataset used for this study includes earth-
quake catalogs ranging from the year 2006 to 2011 provided by
Lawrence Berkeley National Laboratory (LBNL) as well as an
online dataset from the Northern California Earthquake Data

Center (NCEDC)2. We analyzed an initial velocity model provided
by the LBNL extracted from 2004 events (Boyle et al., 2011).

The Geysers geothermal field is located about 100 km northeast of
the San Andreas Fault in the Northern Coast Ranges of California
about 150 km northwest of San Francisco. Fig. 1 shows the location of
The Geysers. Steam at The Geysers is produced from a network of
fractures in metamorphic and crystalline rocks. Some of these fracture
networks have been created by injecting cool water into the hot rock
while others are natural tectonic fractures with Mesozoic Subduction
and Quaternary movement within the San Andreas Fault terrain. Due
to very low permeability of the formation matrix in The Geysers

Fig. 2. Microseismicity distributions at The Geysers- 3D view.

Fig. 1. Map of The Geysers and study area (after Beall,J., Calpine).

2 http://www.ncedc.org/SeismiQuery/events_f.html
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reservoir, production depends on the presence of these natural or
induced fractures. Hence, locating fracture networks is of vital
importance. Various approaches have been used to characterize the
fracture network at The Geysers including geologic mapping (Hebein,
1986; Sternfeld, 1989), outcrop analysis (Sammis et al., 1991), core
analysis (Nielson et al., 1991) and shear wave splitting (Elkibbi et al.,
2004; Lou et al., 1997; Erten et al., 2001; Malin and Shalev, 1999).

3. Fuzzy clustering

While observing the induced microseismicity clouds around
geothermal injection wells such as The Geysers and within
hydraulic fracturing process in tight hydrocarbon reservoirs, we
find that identification of microseismic event clusters and their

Fig. 4. Movement of microseismic cluster centers at The Geysers – start of arrow is cluster center in 2006, end of arrow is cluster center in 2010.

4950 Points
(15*33)*10
Spacing ~ 600m

Fig. 5. SimulPS output structure for compressional velocity model.

Fig. 3. Workflow to find the fuzzy cluster centers of Microseismic Data.
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relation with injection process or stimulation stages is a difficult
task. Fig. 2 shows microseismic event clouds as observed at the
Geysers. It clearly indicates a high degree of overlap between
different identifiable microseismic event clusters. Therefore, to
find the movement of microseismicity cloud or possible fracture
network propagation with time, we look at the potential use of
fuzzy logic based clustering tool to solve this issue (Aminzadeh
and de Groot, 2006; Aminzadeh et al., 2010).

The fuzzy clustering algorithm involves dividing the events
into zones based on the location of injection wells in geothermal
reservoirs or stimulation stages in hydraulic fracturing of tight
hydrocarbon reservoirs where sufficient aggregations of seismi-
city exist. A radial distance is selected for clustering in order to
understand how the cluster centers move with time. The window
time for hydraulic fracturing process is normally a matter of
hours. However, for geothermal stimulation the time periods may
vary anywhere between daily and monthly periods to biannual or
annual periods based on the observed seismicity in the area.
Given the extent of overlap between different regions, a fuzzy
logic approach could prove advantageous. Fig. 3 shows the
workflow to find the fuzzy cluster centers. In this work flow, Eq.
(1) defines each membership value uij and Eq. (2) defines location
of the centers while m is the fuzzifier coefficient and can be
defined based on level of overlap of microseismic events. Inter-
preting the movement of these cluster centers can help us locate
the front of the propagating fracture network and also allows
more accurate interpretation of fracture patterns and a broader
understanding of the underlying physics.

uij ¼
1

P
k ¼ fuzzy cluster

disðcenterðiÞ,eventðjÞÞ

disðcenterðiÞ,eventðjÞÞ

� �2=ðm�1Þ
ð1Þ

ViðxÞ ¼

P
juijxP
juij

ð2Þ

Considering the tail of microseismic events within the high
temperature zone (below 3 km depth) in the Northwest Geysers
and after clustering the microseismic events, cluster centers show
significant movement within the high temperature zone from
2006 to 2009 (possible evolution of fracture network). Direction
of arrows in Fig. 4 indicates the direction of movement of these
clusters over time which we hypothesize as possible temporal
fracture network evolution. For further details on the clustering
technique, see Aminzadeh et al. (2010).

4. Shear wave splitting

One of the effective ways to detect the fracture orientation and
density in the subsurface is by using shear wave splitting of
microseismic events. When shear waves hit the fractured med-
ium, they split into two components which have fast and slow
arrivals on the seismogram. Polarization angle(y) of fast compo-
nent which is parallel to the fracture indicates the fracture
orientation and the time delays (dt)3 observed between the slow
and fast shear waves provide an indication of fracture density.
Normalized time difference, dt divided by total travel time (or to
the length of the ray path), is proportional to fracture density
along the seismic ray path (Vlahovic et al., 2003). Shear wave
splitting has been used successfully to identify the orientation of
primary and secondary stress-aligned fractures (Crampin, 1981;
Lou et al., 1997; Tang et al., 2008; Crampin, 2005; Verdon and
Kendall, 2011). We will demonstrate how these results can be

integrated with our data to accurately locate the fractured
sections of the reservoir with higher fracture density.

5. Application of seismic velocity volumes

Fig. 5 shows the tomographic inversion output from micro-
seismic data for compressional velocity model which has 4950
points and spacing of about 600 m covering the Northwest
Geysers study area. For estimating various properties from this
velocity model, integrating the same with other data types, or
finding the possible temporal change in the velocity model, finer
grid size is desirable. Hence, kriging4 is used to generate the high
resolution velocity models. We perform the kriging analysis in
SGeMS and Gslib environment. In order to create the high
resolution velocity models, we calculate variogram values for
different lag separations from 500 m to 10 km from the output of
tomographic inversion software such as SimulPS5. Then, we use
the Gaussian model with practical range of 57 and sill of 0.4 to fit
the data

ðgðhÞ ¼ 0:4 1�exp
�3h2

a2

 !" #

for kriging analysis (Fig. 6). We implement ordinary kriging on
1,395,360 points in a cartesian grid. Fig. 7 shows the final
compressional velocity model on fine grid size volume with

Fig. 7. The final Kriged velocity model.

Fig. 6. Variogram model based on the output velocity model.

3 Typically a few tens of milliseconds.

4 A geostatistical tool to estimate the value of missing points (velocity values

in fine grid mesh) from the known values (the initial velocity field).
5 http://faldersons.net/Software/Simulps/Simulps.html
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spacing of less than 100 m. We apply the same procedure for
shear wave velocity model. Although the high resolution velocity
models have inherent uncertainty within them, they can be a
powerful tool in characterizing the unconventional reservoirs.
Effective, reliable, and accurate characterization of the unconven-
tional hydrocarbon reservoirs and geothermal reservoirs, espe-
cially their complex fracture system necessitate fundamental

understanding of the geophysical and geomechanical properties
of the reservoir rocks and fracture systems. Geophysical and
geomechanical anomalies in the reservoirs can be ascribed to
various features of the reservoir such as porosity, fracture density,
salinity, saturation, tectonic stress, fluid pressures, and lithology.
Therefore, a more tedious approach is required to accurately
interpret these anomalies.

Fig. 8. (a) Diagram illustrating the fracture subjected to dimensional stress condition (Tezuka, 2000) and (b) associated fracture mode to different states of stress (Rountree

et al., 2002).

Fig. 9. (a) VP (NTR), (b) VP (HTZ), (c) VS (NTR), (d) VS (HTZ), (e) VP=VS (NTR) and (f) VP=VS (HTZ) at The NW Geysers study area.
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Having both compressional and shear wave velocity models, it
is possible to define most of the elastic rock properties of
sedimentary rocks uniquely (Toksoz and Johnson, 1981). These
velocities are approximately related to the square root of its
elastic properties and inversely related to its inertial properties.

Vðapprox:Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
elastic property

inertial property

s
ð3Þ

For instance in rock materials, VP and VS are defined in Eqs. (4) and
(5).

VP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ

4m
3

r

vuuut
ð4Þ

VS ¼

ffiffiffiffi
m
r

r
ð5Þ

where r is density (an inertial property), B is bulk modulus and m
is shear modulus. Normal stress (sn), hydrostatic stress (sh), and
Poisson’s ratio can also be described in term of these seismic
velocities6 (Toksoz and Johnson, 1981).

s2
n ¼

V2
S ð3V2

P�4V2
S Þ
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2ðV2
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After calculating the necessary property volumes, we need to
define a framework to relate these geophysical and geomechani-
cal properties to fractured reservoir properties. Martakis et al.
(2006) generalized that VP shows the structural details of the
reservoir and VP=VS illuminates lithological details. However, we
and many other authors believe that many factors affect these
velocities in all scales such as porosity (Wyllie et al., 1956; Wyllie
and Gregory, 1958; Berryman et al., 2002), fractures (Berge et al.,
2001; Berryman and Wang, 2000), pore pressure, and saturation
(Nur and Simmons, 1969; Berryman et al., 2002). In summary,
closing of small cracks due to pressure with depth, increase in
overburden pressure, and cementation are some causes of
increase in seismic velocity. Fracturing, chemical alteration,
extreme temperature gradient with depth, pore pressure, and
porosity are main causes for reduction in velocities. Fluid

Fig. 10. (a) Poisson’s ratio (NTR), (b) Poisson’s ratio (HTZ), (c) normal stress (NTR), (d) normal stress (HTZ), (e) hydrostatic stress (NTR) and (f) hydrostatic stress (HTZ) at

The NW Geysers study area.

6 Modulus are in GPa¼ 1:45� 105 psi and velocities are in (km/s).
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saturation has different effects but overall, has little effect on VP,
reduces VS and enhances VP=VS with a higher degree of impact on
VP=VS and Poisson’s ratio. For a highly fractured region, we expect
low VP and VS while high VP and VS may indicate unfractured
regions.

Fig. 8 illustrates the behavior of a fracture under a two-
dimensional stress condition. Three types of stresses typically
act on the fracture surface which are defined as: normal stress
(sn), shear stress, and static frictional stress. Each of these states
of stress can cause the associated fracture modes as shown in
Fig. 8(b). Fig. 8(a) also shows the state before pore pressure (p)
increase caused by pressurized injection from stimulation in
hydraulic fracturing or the initial contact of water with new
planes of weakness. Fluid injection reduces the effective normal
stress and raises the pore pressure which depreciates the peak
stress that the interface can support. Hence, at some level of pore
pressure increase, shear slip may occur once the peak frictional
stress becomes smaller than the shear stress. In addition, reduced
effective stress may also cause fracture dilation. In another
scenario, which is more applicable to The Geysers, cold fluids
interacting with hot rock can cause contraction of fracture
surfaces. Reduction of effective stress causes the slight opening
of the fracture, reduces static friction and triggers slip along
planes of weakness in the thermal contraction process. In both
scenarios, we can use the effective normal stress as an index for
fracture opening7 which is essential for fluid movement and
production. We can also use the hydrostatic stress as an indicator
of pore pressure and fractured areas. Tezuka (2000) and Ameen
(2003) also reported that shear slippage along pre-existing

fractures or flaws caused by pore pressure increase can create
fluid flow pathways for production. They hypothesized that since
the shear failure fractures have the associated condition where
Coulomb failure is reached for smallest pore pressure increase, this
type of fractures mainly contribute toward fluid production and
the distribution of these favorably oriented pre-existing fractures
and their interaction with the regional stress field strongly controls
the growth direction of the reservoir. Therefore, both hydrostatic
stress and normal stress distribution can be used to identify and
delineate the fractured areas from unfractured ones.

6. Result and discussion

We consider two different horizons in The NW Geysers
geothermal field to test our methodology. The first horizon is
located in the normal temperature reservoir (NTR) where the
injection and production wells have been completed (see Fig. 2).
The existing fracture network within this zone, has main role in
production of steam. Our aim in this horizon is locating and
characterizing the fracture network. The second horizon is the
area 1500 ft below the depth of deepest wells and within the high
temperature zone (HTZ) where there is little or no production.
Our goal here is identifying zones where the fracture network
propagates in order to create an enhanced geothermal system.
The same method might be applied to an unconventional reser-
voir where both velocity models are available from microseismic
data using tomographic inversion. Fig. 9 shows VP, VS, and VP=VS

on these two horizons in the NW Geysers. High VP=VS anomalies
associated with low VS anomalies may be saturation anomalies.
On the other hand, high VP=VS anomalies associated with high VP

are caused by other phenomena such as lithology effects. Finally,
it is reasonable to assume that low VP=VS anomalies associated
with low VP anomalies are fracture related anomalies. Based on
the identified framework, we can identify highly fractured zones
of interest by interpreting the observed velocity anomalies. As per
our discussion, we interpret the area below and around the SB27
and DX23 wells to have the highest fracture density. In contrast,
the area below and around LF2 and CMHC2 is interpreted to have
the lowest fracture density within this horizon. Moreover, we can
successfully locate the propagated fracture network in the high
temperature zone below the SB27 and DX77 wells.

Fig. 10 clearly shows that Poisson’s ratio anomalies follow a
similar trend when compared with VP=VS anomalies shown in
Fig. 9. This is a good indicator of fluid saturation. Reduction in
normal stress indicates the areas where fractures are open to
provide sufficient permeability along with low velocity anomalies
and this acts as a further validation that the identified anomalies
are fracture related and not from lithology or other phenomena.

6.1. Tomographic inversion versus fuzzy clustering

To accurately locate the boundaries of the connected fracture
network, hypocenters were analyzed to examine the possible
correlation between microseismic events and fracture network.
Fuzzy clustering was used to investigate the movement of
microseismic events in the high temperature zone, and velocity
models were created to find the fracture related anomalies. The
cluster centers were overlaid on the kriged compressional velo-
city models to validate the results obtained from the two
methods.

We have explored the relationship between microseismic
cluster movement and temporal change in the compressional
velocity model at The Geysers. Fig. 11 shows that the identified
anomalies from the velocity models are correlated with micro-
seismic events clusters and their movement. Fracture propagation

Fig. 11. Correlation between microseismic cluster movement and velocity anom-

aly direction, red circles are microseismic cluster center in 2006 and yellow ones

are for 2009. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this article. )

7 The fracture walls become completely separated when the effective normal

stress become zero.

F. Aminzadeh et al. / Computers & Geosciences 54 (2013) 39–49 45



Author's personal copy

Fig. 13. (a) Fracture density result from shear wave splitting modified after Elkibbi (2005), (b) Poisson’s ratio and (c) normal stress in the NW Geysers.

Fig. 12. (a) Fracture density result from shear wave splitting modified after Elkibbi (2005), (b) VP, (c) VP=VS in The NW Geysers study area.
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or fluid movement within the fracture network may be identified
by considering the contribution of fractured area on velocity
model anomalies and the movement of microseismic fuzzy
cluster centers.

6.2. Tomographic inversion versus shear wave splitting

Comparing shear wave splitting results and tomographic
inversion results can eliminate errors that are common when
they are analyzed individually. This work is aimed at integrating
our results with those by Elkibbi (2005).

Elkibbi (2005) indicated that time delays observed between
the slow and fast shear waves at The NW Geysers varies between
8 and 40 ms/km. As seen in Fig. 12, cross plotting Elkibbi’s results

with those we have obtained can help in spatial interpretation of
the fracture zone densities. Regions with low VP and VP=VS

anomalies along with high time delays should indicate zones
having high fracture densities. Our comparative analysis indicates
that our interpretation of high fracture density zones within the
reservoir correlate well with those obtained by Elkibbi.

In addition, Fig. 13 shows the geothermal reservoir near the
Squaw Creek Fault Zone in the vicinity of seismic station S4, S5,
S6, and S11 has higher fracture density than others (see Table 1).
This is consistent with normal stress distribution which indicates
open fractures. On the other hand, high time delays occur at
stations S1, S2, S3, and S8 which indicates that this area may also
have higher fracture intensity than eastern stations but they show
a higher degree of consistency with Poisson’s ratio distribution
instead of normal stress.

6.3. Tomographic inversion versus production/injection data

Fig. 14 validates that regions with higher fracture density
anomalies (such as low VP and low normal stress as discussed)

Fig. 14. NTR horizon at The NW Geysers, (a) VP, (b) VP=VS , (c) Poisson’s ratio and (d) normal stress, with production/injection data superimposed (Production: White,

Injection: Black).

Table 1
Seismic station numbers used by Elkibbi (2005) and their nearby LBNL station

names at The NW Geysers.

Station number S1 S2 S3 S4 S5 S6 S7 S8 S9

Station name STY INJ BUC SQK DRK FUM JKR DXR CLV

F. Aminzadeh et al. / Computers & Geosciences 54 (2013) 39–49 47
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correlate with higher steam production with relatively low water
injection levels. This is consistent with our hypothesis and theory
from the preceding discussions. On the other hand, lower Poisson
ratio or lower VP=VS are not self-indicative of higher fracture
intensity and these anomalies could be associated with other
phenomena such as degree of fluid saturation or fluid type.

7. Summary

In summary, after joint interpretation of velocity, Poisson’s
ratio, normal stress, and hydrostatic stress, we could identify the
NW trend of the regional fracture network and the zones having
higher fracture density within the NTR. Within the HTZ, it is
possible to identify fracture networks that penetrate the NTR and
move into the HTZ based on major variations in VP, hydrostatic
pressure and normal stress anomalies. We have demonstrated
how the integration of fuzzy clustering, shear wave splitting,
production-injection data and velocity modeling can help us
clarify our hypothesis which relates the velocity, stress anomalies
and fuzzy cluster movements with the propagating fracture net-
work. Furthermore, they provide a useful tool for long-term
improvements to well spacing plan, well design, and completion
design. This eliminates the errors in locating the fractured areas
and can help us in targeting the stimulated area for future
development plans.
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