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ABSTRACT

Steam at many geothermal fields including The Geysers is
produced from a network of fractures in crystalline rocks. Some
of these fracture networks have been created by injecting cool
water into the hot rock while others are natural tectonic fractures
associated with the nearby San Andreas Fault plate boundary. Due
to very low permeability of the formation matrix in The Geysers
reservoir, production depends on the presence of these natural
or induced fractures. Hence, locating and characterizing fracture
networks is of vital importance. During injection of water, newly
created fractures induce microseismic events. A small number
of triggered seismicity could also be created from fault failures.
Although pinpointing the locations of microseismic events is a
useful characterization tool, we go beyond the simple locations
identification to characterize fractures more reliably.

We apply tomographic inversion to the microseismic data
to obtain high resolution compressional (P) and shear (S) wave
seismic velocity volumes of the area of interest. We show how
these velocity models can help us in characterization process.
In addition, we demonstrate how P and S velocity volumes can
be integrated with each other or with other data sets to derive
additional reservoir property volumes. Such additional informa-
tion can then be used to optimize injection schedule, improve
the production rates or locating the potential zones for enhanced
geothermal systems.

1. Introduction

In the last decade, many authors have published their research
about using the 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 tried to correlate production
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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).
For instance, Tezuka (2000); Moriya et al. (2000); Rowe et al.
(2002); Rutledge (2003) used both focal mechanism analysis as
well as microseismic multiplet analysis to delineate the reservoir
structure and examine the associated permeability creation later.
Grechka and Mazumdar (2010); Hummel and Shapiro (2011)
predicted the permeability and production of hydraulically frac-
tured reservoirs from microseismic data using diffusivity equation,
microseismic events cloud geometry, and their temporal changes.
Finally, Charlety et al. (2006) used 4D tomographic inversion in
Soultz EGS site to evaluate the stimulation process. Moreover,
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), microseismic analysis (Tafti
and Aminzadeh, 2011), fuzzy clustering (Aminzadeh et al.,
2010), and shear wave splitting (Elkibbi, 2005). In this article,
we demonstrate how we can interpret the high resolution veloc-
ity models, extracted from microseismic data, to characterize the
fracture network at The Geysers. We try to obtain the fundamental
understanding of the relationship between seismic velocity models
(both shear and compressional wave) and reservoir properties to
accomplish this task.

Effective, reliable, and accurate characterization of the frac-
ture network especially their complex fracture system at this
site necessitates fundamental under-standing of the geophysical
and geomechanical properties of the reservoir rocks and fracture
systems. Geophysical and geomechanical anomalies in the reser-
voirs can be associated 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. We will rely on
realistic assumptions and data such as lithology logs, laboratory
measurement of rock properties and other information about mi-
croseismic data to find the best possible solution to characterize the
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fracture network. The dataset used for this study include velocity
models provided by the Lawrence Berkeley National Laboratory
(LBNL) extracted from 2004 micro-seismic events (Boyle et al.,
2011; Hutchings et al., 2011). Then the resolution of these veloc-
ity models enhanced using the method described in our previous
publication, (Tafti and Aminzadeh, 2011).

2. Fracture Mapping
Using Seismic Velocity Models

explains the effect of saturation resulting from three different
scenarios: fluid density, fluid compressibility, and shear weaken-
ing. Saturation raises the Vp / Vg and reduces Vg in two of these
scenarios, with little resulting effect on V. Hence, we can conclude
that high V;/ Vg anomalies associated with low Vg anomalies are
saturation anomalies. In the other hand, low V, / Vg anomalies
associated with low V, are caused from another phenomenon
such as lithology or fracture density variations (Boitnott, 2003).

Table 1. Effect of saturation on seismic velocities (Boitnott, 2003).

Having both compressional and shear wave Mechanism Description \43 VS VP/VS
velocity models, it is possible to define most of . . Saturation causes a increase in bulk den- No
. X . Fluid Density . L . .. Decreases | Decreases

the elastic rock properties uniquely (Tokosoz and sity, resulting in a decrease in velocities Change

Johnson, 1981). These velocities are approximate- Fluid Adding an incompressible fluid stiffens the

ly related to the square root of its elastic properties Compressibility pores to compression, increasing the bulk | Increases | No Change | Increases

. .. . . modulus of the rock

and inversely related to its inertial properties.
Shear The presence of liquid water acts to Decreases | Decreases Increases
Weakening weaken the shear modulus of the rock.

(M

Elasti
V(approx.) = last.zc property
Inertial property
For instance in Rock materials, Vp and Vg are defined in
equation 2 and 3.
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Where p is density (an inertial property), B is bulk modulus
and p is shear modulus. Normal stress (o,), hydrostatic stress (o),
and Poisson’s ratio can also be described in term of these seismic
velocities' (Tokosoz and Johnson, 1981).
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After calculating the necessary property volumes, we need to
define a framework to relate these geophysical and geomechanical
properties to fractured reservoir properties. Martakis et al. (2006)
generalized that V;, shows the structural details of the reservoir
and V, /Vg 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; Berry-man et al., 2002), fractures (Berge et al., 2001; Ber-
ryman and Wang, 2000), pore pressure, and saturation (Nur and
Simmons, 1969; Berryman et al., 2002).

White (1975) reported an increase in V, with saturation, while
V¢ remained unchanged, while Figure 1c clearly shows that satura-
tion? has small or no effect on the V;, but we can observe modest
reduction in the Vg at The Geysers’ core measurement. Table 1
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Figure 1b shows V; is negatively correlated with porosity. It
is notable that different lithologies demonstrate dissimilar trends.

4000 700
o oM
@ o
2 g 9
(@ ¢ i -
> L]
-
QA
olo x -
2000 LO, 2000
e Vi (i) oo o Vo (als) o0
7000 7000
-
(b) £ ° g e N
] G
> g A o >
o
o
3000 3000
13 2 ) § 02
VpiVs porosity
3100_1a 4072_7a
7000 7000
e e
7 7 ] ro—t0—=0——9
2 Compresions Z Compressional
() :]= z
K] 2 Te—r———%
I = ™ ™ — 2 Shear
Shear
0 0
0 . 60 0 . 60
Effective Pressure (MPa) Effective Pressure (MPa)
5091_1a

7000

Velocity (m/s)

Effective_Pressure (MPa)

Figure 1. Seismic velocities for various rock samples versus (a) depth for dry
samples, (b) porosity for dry samples, (c) effective confining pressure for dry
and brine saturated rocks (Boitnott, 2003).



Some with wide range of velocities confined in narrow range of
porosities, some have wide range of porosities confined in narrow
range in velocities, and some show a strong correlation of veloci-
ties with porosities. Charlety et al. (2006) also reported decrease
in Vp with porosity using velocity and flowrate correlation. In
conclusion, velocities are sensitive to porosity and rock-type, but
other factors such as textural and mineralogic variations can also
impact this behavior. Figure 1c illustrates that seismic velocities
are insensitive to pressure, persisting to high effective pressures.
Charlety et al. (20006) reported that reservoir pore pressure can
reduce the V; in field scale measurement.

Furthermore, Effective medium theories® would suggest that
low Vp and Vg indicate highly fractured regions, while high V,
and Vg may indicate unfractured regions (Berge et al., 2001). In-
creasing depth may close fractures and cracks which can increase
seismic velocities (Figure la illuminates no clear separation
between lithologies and no apparent signature with depth in core
analysis where we do not have overburden pressure to close the
fractures). In addition, Charlety et al. (2006) reported that the
porosity created from microcracks, increase fluid saturation, and
raise the pore pressure. They reported the slow increase in seismic
velocity with time which related to the cooling of the rock by the
injected colder fluid and the increase in water saturation. But, he
observed overall reduction in the P-wave velocity by creating
microcracks in the reservoir.

Figure 2a 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 (on),
shear stress, and static frictional stress. Each of these states of
stress can cause associated fracture mode as shown in Figure 2b.
Figure 2a also shows the state before pore pressure (p) increase
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shear stress

frictional stress

pore pressure

b Mode I Mode II Mode ITI
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-
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Figure 2. (a) Diagram illustrating the fracture subjected to dimensional
stress condition (Tezuka, 2000), (b) associated fracture mode to different
states of stress (Rountree et al., 2002).
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caused by 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. We can use the effective normal stress as an index
for fracture opening* which is essential for fluid movement and
production. We can also use the hydrostatic stress as an indicator
of pore pressure. Tezuka (2000); 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 small-
est pore pressure increase, this type of fractures mainly contribute
towards fluid production and the distribution of these favorably ori-
ented pre-existing fractures and their interaction with the regional
stress field strongly controls the growth direction of the reservoir.

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 po-
rosity are main causes for reduction in velocities. Fluid saturation
has different effects but overall, has little effect on V,, reduces
Vg and enhances V; / Vg with a higher degree of impact on V, /
Vg and Poisson’s ratio. For a highly fractured region, we expect
low V;p and Vg while high V; and Vg may indicate unfractured
regions. In addition, both hydrostatic stress and normal stress
distribution can be used to identify and delineate the fractured
areas from unfractured ones.

3. Results and Discussion

We consider two different horizons in The NW Geysers geo-
thermal 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. 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 completion points
within high temperature zone (HTZ) where we have no production.
Our goal here is finding zones where the fracture network propa-
gates in order to create an enhanced geothermal system. Figures 3
shows Vp, Vg, and Vp /Vg on these two horizons in the NW Gey-
sers. High V;, /Vg anomalies associated with low Vg anomalies are
saturation anomalies. On the other hand, high V, /Vg anomalies
associated with high V; are caused by other phenomena such as
lithology effects. Finally, it is reasonable to assume that low V, /
Vg anomalies associated with low V 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 can identify the
area below and around SB27 and DX23 have the highest fracture
density. On the other hand, area below and around LF2 and CMHC2
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.
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Figure 3. NTR horizon at The NW Geysers (a)V;, (b) Vs, (c)Vp /Vs, HTZ
horizon (d)V;p, (e) Vs, (H)Vp /Vs.

Figure 4 clearly shows that Poisson’s ratio anomalies follow
a similar trend when compared with V; /Vg anomalies and 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.

3.1 Tomographic Inversion Versus Shear Wave Splitting

Comparing shear wave splitting results and tomographic in-
version results can eliminate errors that are common when they
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Figure 4. NTR horizon at The Geyser (a)Poisson’s ratio, (b) Normal stress, (c)Hydrostatic stress,

HTZ horizon at The Geyser (d)Poisson’s ratio, (e) Normal stress, (f)Hydrostatic stress
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are analyzed individually. This work is aimed at
integrating our results with those by Elkibbi (2005).
Table 2 illustrates station numbers and their corre-
sponding names.

Table 2. Seismic station numbers and their corresponding
names at The NW Geysers.

Station Number Station Name

S1 STY
S2 INJ

S3 BUC
S4 SQK
S5 DRK
S6 FUM
S7 JKR
S8 DXR
S9 CLV

-2696000 ~2694000

-2698000 -2694000

-4180000
-4180000
|

-4182000
!

4184000
-4184000
~4184000

-2696000

(b)

-2698000 -2694000

Figure 5. (a) Fracture density result from shear wave split-
ting (Elkibbi, 2005), (b) V., (c) Vp /Vs in the NW Geysers.

Elkibbi (2005) indicated that time delays observed
between the slow and fast shear waves at The NW
Geysers varies between 8§ to 40 ms/Km. As seen in
figure 5, 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 /Vg 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, figure 6 demonstrates that stations
near Squaw Creek Fault Zone (S4, S5, S6, and S11)



have higher fracture density than others. 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 western stations but they show a higher degree of
consistency with Poisson’s ratio distribution instead of normal
stress. Hence, it can be hypothesized that the time delays observed
in this particular case are due to fluid saturations or other fluid
properties.
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Figure 6. (a) Fracture density result from shear wave splitting (Elkibbi,
2005), (b) Poisson’s ratio, (c) Normal stress in the NW Geysers.

3.2 Tomographic Inversion Versus
Production/Injection Data

Figure 7 validates those regions with higher fracture density
anomalies (such as low Vjp and low normal stress as discussed)
correlate with higher steam production with relatively low wa-
ter injection levels. This is consistent with our hypothesis and
theory from the preceding discussions. On the other hand, lower
Poisson ratio or lower V, /Vg 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.

4. Summary

In summary, after joint interpretation of velocity, Poisson’s ra-
tio, 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 Vjp, hydrostatic pressure
and normal stress anomalies. We have also demonstrated how
the integration of shear wave splitting, production-injection data
and velocity modeling can help us clarify our hypothesis which
relates the velocity, stress anomalies with the propagating fracture
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Figure 7. NTR horizon at The NW Geysers, (a)Vp, (b) Vp /Vs, (c)
Poisson’s ratio (d) Normal stress, with production/injection data
superimposed(Production: White, Injection: Black).

network. Furthermore, they provide a useful tool for long-term
improvements to well spacing plan, well design, and completion
design at The Geysers. 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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become zero.





