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SECTIONONE Introduction

At the request of RMT, Inc., the following report presents an evaluation of the potential for
induced seismicity and its environmental impacts at Calpine’s proposed Enhanced Geothermal
System (EGS) Project site at The Geysers. This study is part of an Environmental Assessment
being prepared by the U.S. Department of Energy, in accordance with the National
Environmental Policy Act (NEPA) of 1969. Seismicity induced by The Geysers steam
production and injection has been identified as an environmental impact in previous projects.

The proposed EGS site is part of an undeveloped 10 square-mile area of the northwest Geysers
between the Aidlin and Ridgeline Power Plants (Units 7 and 8; Figure 1). The candidate wells to
be reopened and converted to injection are Prati State 31 (PS-31) and Prati 32 (PS-32). In the
project area, the High Temperature Zone (HTZ) is at its shallowest depth at 1,676 to 1,829 m
(5,500 to 6,000 ft).

In this study, the potential for seismicity induced by the injection of fluids at the EGS site and
potential associated adverse environmental impacts to local residents and communities have been
evaluated. Adverse impacts to local residents in Anderson Springs and Cobb will be due to
ground shaking and so this effect is quantified in this study. The future rate of injection at the
EGS site is a key parameter for assessing the onset of induced seismicity and this is factored into
our analysis. The seismotectonic setting of The Geysers and active faults also are described to
provide a framework for the discussion of induced seismicity.

1.1  SCOPE OF WORK

The following tasks have been performed as part of this study:

Task 1. Review the available information and data relevant to the seismotectonic setting, active
faults, historical seismicity, and induced seismicity at The Geysers to evaluate its potential
adverse impacts on the local population.

Task 2. Evaluate the seismicity at The Geysers particularly at the nearby Prati State 9 (PS-9)
well as recorded by the U.S. Geological Survey’s (USGS) Northern California Seismic Network
(NCSN) and the Lawrence Berkeley National Laboratory (LBNL) seismic network since 1970
when adequate seismographic coverage came into existence.

Task 3. Based on data collected by Calpine strong motion stations and an evaluation of felt
reports collected by Calpine since 2003, assess the potential for local resident disturbance and
property damage from ground shaking as a result of induced earthquakes.

Task 4. Prepare a final report describing the results of these analyses.

12  ACKNOWLEDGMENTS

Our thanks to Tania Treis and RMT Inc. for support of this study. Our appreciation to Melinda
Lee for assisting in the preparation of this report and Keith Knudsen for his review.

m WAX_WCFS\PROJECTS\CALPINE EGS\CALPINE EGS_SEISMIC EVAL FINAL.DOC\13-JAN-10\OAK 1‘1



SECTIONTWO Seismotectonic Setting, Active Faults, and
Historical Seismicity

The following describes the seismotectonic setting, active faulting, and historical seismicity of
The Geysers and the surrounding region.

2.1  SEISMOTECTONIC SETTING

The Geysers geothermal area is located within the Coast Ranges geomorphic and tectonic
province of northern California. The region is underlain primarily by highly deformed and
metamorphosed volcanic and sedimentary rocks of the Jurassic-Cretaceous Franciscan
assemblage, which are juxtaposed against similar aged Great Valley Sequence rocks along the
Coast Range thrust fault. These older rocks were intruded and overlain by Pleistocene igneous
rocks during a phase of late-stage volcanism attributed to the northward migration of the
Mendocino triple junction. The Pleistocene rocks crop out to the northeast of The Geysers near
Clear Lake and to the east on Cobb Mountain as the Clear Lake Volcanics. Within The Geysers
area itself, the igneous rocks are largely confined below the surface. The heat source driving The
Geysers geothermal system is postulated to be a steam reservoir heated by a magma chamber
located at mid-crustal depths. Overlying the bedrock are a variety of Quaternary deposits,
including recent alluvium along river valleys and landslide deposits, which are ubiquitous in
areas of steep topography underlain by sheared Franciscan assemblage rocks.

The Coast Ranges are characterized by steep and rugged topography with a pronounced
northwest fabric. This fabric, of northwest-trending ranges separated by subparallel river
valleys, is controlled by the northwest-striking structures of the San Andreas fault system
(Figure 2). The San Andreas fault system is a 100-km-wide swath of subparallel, primarily
right-lateral strike-slip faults along the western edge of California. It comprises the boundary
between the North American and Pacific tectonic plates and accommodates most of the
transform motion between the two plates. The San Andreas fault is the dominant fault in the
system, but numerous smaller faults accommodate some portion of the plate motion (Figure 2).

2.2 ACTIVE FAULTS

The Geysers lies within a zone of right-lateral shear and localized extension between two
Holocene active faults of the San Andreas fault system: the Maacama fault to the southwest and
the Bartlett Springs fault to the northeast (Figure 2). Both these faults have documented
Holocene (< 11,700 years) activity, and the Maacama fault is actively creeping along much of its
length. Significant seismicity (Figure 3) and crustal deformation has been documented in The
Geysers area (Lofgren, 1978; Ludwin et al., 1982; Oppenheimer, 1986; Mossop, 1997). Studies
attribute most of the activity to the withdrawal and injection of fluids associated with
development of the geothermal resource (e.g., Lofgren, 1978; Marks et al., 1978; Oppenheimer,
1986). However, geodetic studies suggest that there is active right-lateral shear, ESE-directed
extension and natural regional tectonic subsidence occurring between the Maacama fault and
Clear Lake. Extension also is reflected in normal faulting mechanisms and the presence of
depositional, pull-apart basins within the region. Regional tectonic deformation rates are about
an order of magnitude slower than induced rates (Lofgren, 1978). Faults within The Geysers
area include numerous inactive bedrock faults associated with earlier tectonic regimes, as well as
a number of faults active in the Quaternary. Several of these faults are discussed below.
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SECTIONTWO Seismotectonic Setting, Active Faults, and
Historical Seismicity

Maacama Fault

The right-lateral, strike-slip Maacama fault, which extends from near Santa Rosa to at least
Laytonville, is the northern extension of the Hayward-Rodgers Creek fault zone (Figure 2).
North of Laytonville the fault is not well expressed geomorphically but strikes into the
Garberville-Briceland fault at about latitude 40°N. The slip rate on the Maacama fault is not well
constrained, and the California probabilistic seismic hazard maps use the slip rate of the
Hayward-Rodgers Creek fault (9 = 2 mm/yr) for the Maacama-Garberville fault assuming the
slip to carry through (Cao et al., 2003). Recent GPS studies in the region suggest that about 14
mm/yr of slip occurs on the Maacama fault (Freymueller et al., 1999), while the Garberville
extension accommodates a much smaller 5.3 £ 3.5 mm/yr (Freymueller et al., 2002). The
Maacama fault is creeping at rates of about 6 to 7 mm/yr near Willits and 4 to 5 mm/yr near
Ukiah (Galehouse, 2002). Geologic studies indicate long-term geologic surface slip rates of 8.7
to 13.4 mm/yr near Ukiah (Sickler et al., 2005) and a minimum of 8 mm/yr near Willits (Larsen
et al., 2005), suggesting the fault is storing some of its total strain to be released in earthquakes.
Prentice and Fenton (2005) report paleoseismic evidence for four to five surface rupturing
earthquakes (moment magnitude [M] > 6.5) in the Holocene near Willits.

Collayomi Fault Zone

The Collayomi fault zone is a northwest-striking right-lateral fault zone that defines the
southwestern edge of the Clear Lake basin. It also marks the northeastern extent of The Geysers
reservoir area. McLaughlin (1978) and Hearn et al. (1976) map it as a broad (up to 1-km-wide),
complex zone of faults that have predominantly right-lateral slip with a component of dip-slip.
Hearn et al. (1976) reported it as predominantly normal, but offset features and geomorphic
expression are more consistent with a dominant right-lateral sense of slip. Hearn et al. (1995)
mapped the fault as right-lateral. The fault offsets Pleistocene Clear Lake Volcanics and late
Quaternary (< ca. 130,000 years) terrace deposits. Bryant (1982), however, concluded that the
geomorphic expression of the fault is not pronounced along most of its length and is not
consistent with Holocene displacement, nor is there evidence of latest Quaternary (< 15,000
years) displacement. The late Quaternary slip rate on the fault is poorly known, but is most
likely less than 1 mm/yr. Hearn et al. (1988) report 1.1 km of offset on 1.5 million year old Clear
Lake Volcanic rocks, and Hearn et al. (1976) show about ca. 400 m offset of a 600,000-year-old
rhyolite, suggesting a slip rate of about 0.7 mm/yr (Bryant, 2000). The Working Group on
Northern California Earthquake Potential (1996) used a slip rate of 0.6 + 0.3 mm/yr, based on
Clark et al. (1984). No paleoseismic studies have been carried out on the Collayomi fault, and
the age of the most recent rupture of the fault is unknown. The Working Group assigned a
maximum magnitude of M 6.5 to the fault.

Faults Between the Maacama and Collayomi Faults

McLaughlin (1974; 1978) mapped several northwest-striking faults, some of which have
apparent Quaternary (< 2.58 million years) activity, in The Geysers area between the Maacama
and Collayomi faults. From northeast to southwest, these include the Squaw Creek and Burned
Mountain fault zones, Dianna Rock fault, Big Sulphur Creek fault, Mercuryville fault zone,
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SECTIONTWO Seismotectonic Setting, Active Faults, and
Historical Seismicity

Geyser Peak fault zone, and Little Sulphur Creek fault (Figure 4). Most of these faults are
exposed only in Franciscan bedrock, so there is little information as to their recent activity.
Quaternary deposits along many of them are restricted to landslide deposits, whose morphology
often masks fault-related geomorphology and makes identification of fault features difficult to
identify. Along most of these faults, McLaughlin (1974; 1978) mapped the landslide deposits as
covering the fault, indicating that the most recent faulting occurred prior to deposition of the
landslide material. However, he asserts that given the lack of Quaternary materials and the
complicated geomorphology, Quaternary activity is unknown for many faults (R. McLaughlin,
USGS, personal communication, 2009).

The Mercuryville fault (Figure 4) defines the southwestern edge of The Geysers reservoir, where
it forms a hydrothermal alteration boundary (Miller et al., 1980). McLaughlin (1974; 1978)
maps it as right-lateral oblique-slip fault with a component of east-side up motion and does not
provide a dip. Its mapped expression suggests it may be relatively low angle and have a reverse
or thrust component of slip. No Quaternary activity has been identified along this fault.

The Big Sulphur Creek fault is east of and subparallel to the Mercuryville fault (Figure 4) and
may be the controlling structure in The Geysers area (Bacon et al., 1974). The fault zone has
been defined to include older low-angle thrust faults and/or younger high-angle strike-slip faults
(Thomas et al., 1981). The fault has also been identified as being high-angle in boreholes drilled
as part of geothermal exploration. The right-lateral oblique fault loosely follows Big Sulphur
Creek and, unlike the long and continuous Mercuryville fault, comprises numerous short,
discontinuous, en echelon fault strands, linked by north-striking normal faults. It merges to the
north with the Squaw Creek fault. Thomas et al. (1981) consider it to be part of a deep-seated
wrench fault system analogous to the Maacama fault. McLaughlin (1974; 1978) mapped the
fault as offsetting late Quaternary, possibly Holocene (R. McLaughlin, USGS, personal
communication, 2009) terrace deposits within Big Sulphur Creek drainage. It is, however,
locally overlain by unfaulted Quaternary landslide deposits. No slip rate is reported for the fault,
and no paleoseismic investigations have been carried out. The fault is not included in the USGS
Quaternary fault and fold database.

The Geyser Peak and Cobb Mountain faults (Figure 4) are included in the USGS Quaternary
fault database. The Geyser Peak fault is subparallel to and about 1 to 2 km west of the
Mercuryville fault; the Cobb Mountain fault is to the east of The Geysers and just west of the
Collayomi fault. Little detailed information is available about these faults. They are mapped as
undifferentiated Quaternary (< 2.58 million years), except for a couple of small cross faults of
the Geyser Peak fault northwest of The Geysers, which are mapped as late Quaternary (<
130,000 years). McLaughlin (1974; 1978) mapped the Geyser Peak fault as steeply dipping and
right-lateral, with a component of west-side-up dip-slip.

Of unknown activity and minor length are a series of northeast-striking faults that developed
subsequent to the dominant northwest-striking faults in The Geysers area. Stanley and
Rodriguez (1995) and Stanley et al. (1998) attribute development of these faults to localized
northwest-directed extension associated with the migration of the Mendocino triple junction
through the area about 3 million years ago.
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2.3  HISTORICAL SEISMICITY

The historical earthquake record of north-central California dates back to the early 1800’s when
this portion of the State became settled. Until the early 1900’s, when the first seismographic
stations were installed by the University of California at Berkeley (UCB), the historical record
was based on observed intensities.

Seismographic coverage of The Geysers to detect earthquakes smaller than M 3 (Richter local
magnitude [M_] is approximately equivalent to M) did not come about until mid-1975 when the
USGS Central California Seismic Network (CALNET) reached The Geysers area (Oppenheimer,
1986). Prior to that time, dating back to the early part of the 1900s, there was only regional
coverage of northern California by the UCB Seismographic Network.

Currently the USGS operates an array in The Geysers, which is part of the much larger regional
network operated by the USGS (Figures 5 and 6). Since 1976, station density in The Geysers
area has been sufficient to achieve location thresholds ranging from M_ 1.2 to 1.5, therefore
recording virtually all events likely to be felt by humans. The system records and locates about
9,000 events per year in The Geysers area. Recently, data from a new Lawrence Berkeley
National Laboratory (LBNL) network (described below) have been integrated into the NCSN
system, significantly lowering the magnitude threshold and thereby increasing the number of
events captured in the dataset.

In 1989, a 22-station network was established by Unocal, and later was assumed (along with
Unocal’s steamfield holdings) by Calpine in 1999. The network provided coverage of most of
the field, with the notable exception of the Aidlin area in the extreme northwest end. Data were
transmitted continually via analog telemetry to a central processing facility in a Calpine field
office, where events were automatically identified, recorded, and located. The location threshold
for the array ranged from M, 0.9 to 1.0. The system recorded and located about 12,000 events
per year, of which the majority were too small to be felt by humans. The Calpine network was
discontinued in mid-January 2008 and has been superseded by the LBNL/USGS system.

The initial 26 modern digitally telemetered LBNL stations were installed near those of the
Calpine array, with minor adjustments including expansion to the southeast to improve coverage
of the Anderson Springs community. Currently the network includes 23 stations (Figures 5 and
6). The LBNL network began recording data in April 2003, and has been operational since 14
October 2003. By the end of 2004, the LBNL data flow had been integrated into the NCSN
system, providing public access to the data via the Internet. The integrated NCSN/LBNL dataset
appears to be reliably recording earthquakes down to My 1.0. The LBNL network is being
expanded to the northwest by 5 stations, which will cover the EGS site (Figure 1). This will
provide the needed coverage to calculate high-precision event locations and other analyses.

Two strong motion stations were installed by Calpine in February and March 2003 to record
ground shaking in the towns of Cobb (COB) and Anderson Springs (ADS), the communities
affected by The Geysers earthquakes (Figures 1, 5, and 6). In September 2009, a third strong
motion instrument (ADS2) was installed in Anderson Springs by Alta Rock (Figure 1).
Recording is individually triggered at each station and the stations operate in a dial-out mode to a
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processing site at the USGS allowing near-real time access to a summary listing of event
parameters.

Accuracy of the hypocentral locations of earthquakes observed in The Geysers is largely
dependent upon the seismographic coverage, thus the accuracy has improved through time. The
horizontal and vertical precision of earthquakes located using data from the USGS network has
been about 400 m and 600 m, respectively, since 1975 (Oppenheimer, 1986).

The Geysers and surrounding region exhibited a low level of known seismicity prior to 1970
(Figure 7). However, seismographic coverage north of San Francisco Bay was only sufficient to
record and locate events M, 4 and larger. A number of significant earthquakes have occurred in
California prior to 1970 that have probably impacted The Geysers and surrounding region. The
two most significant events are the 1906 Great San Francisco earthquake, because of its size and
location along the northern San Andreas fault to the west (Figure 2), and an earthquake in 1955
near The Geysers (Figure 7).

The 1906 M 7.9 earthquake was the most destructive earthquake to have occurred in northern
California in historical times. The earthquake was felt from southern Oregon to south of Los
Angeles, and as far east as central Nevada. It ruptured the northernmost 430 km of the San
Andreas fault, from San Juan Bautista to the Mendocino Triple Junction. Damage was
widespread in northern California and injury and loss of life was particularly severe. Ground
shaking and fire caused the deaths of more than three thousand people and injured approximately
225,000. The intensity of shaking in the vicinity of The Geysers was about Modified Mercalli
(MM) intensity VII-VIII (Stover and Coffman, 1993). Descriptions from towns such as
Geyserville include downed brick walls and generally cracked brick buildings (Lawson, 1908).
The local butcher shop lost one side of the building and several walls. Over half the chimneys in
town were reported down.

An earthquake of M 4.2 on 7 May 1955 occurred 10 km north of the locations of PS-31 and PS-
32 (Figure 7). The earthquake had a maximum intensity of MM VI, which was felt in Anderson
Ranch, Kelseyville, Clearlake and Lower Lake (Murphy and Cloud, 1957). Damage included
cracked ceilings and fallen plaster, damage to light fixtures, fallen grocery store stock, and jarred
chimneys. In Middletown, the earthquake was felt at MM V (Murphy and Cloud, 1957). The
earthquake was felt as far away as Kenwood.

Other significant earthquakes in the region surrounding The Geysers included two 1 October
1969 Santa Rosa earthquakes, M 5.6 and 5.7, which were felt at MM V in Middletown (von
Hake and Cloud, 1971). The earthquakes occurred at the juncture of the Rodgers Creek and
Healdsburg faults (Wong and Bott, 1995).
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SECTIONTHREE Induced Seismicity at The Geysers

The Geysers geothermal area is the site of a vapor-dominated steam field from which electric
power has been generated since the early 1960’s. It is also among the most seismically active
areas in north-central California (Figure 2). Earthquakes are concentrated at the steam
production field (Figures 2 and 3) and extend to a depth of 6 km (Eberhart-Phillips and
Oppenheimer, 1984). Prior to the onset of power production, the region surrounding The
Geysers was characterized by a very low level of seismicity (Figure 7), albeit seismographic
coverage was poor (Section 2).

The USGS NCSN catalog lists a total of 25 probable Geysers induced earthquakes of M, or M
4.0 and greater (Table 1; Figure 2). (M. and M are assumed to be equivalent.) This translates to
a rate of one M > 4.0 event per 1.5 years since 1972. The rate, however, has significantly
increased since 2002 to about one M > 4.0 event every 7 to 8 months (Figure 8) after a dramatic
increase in injection.

The largest earthquake observed in The Geysers has been an estimated M 4.6 on 9 May 1973
(Figures 9 and 10). This event occurred on the northwestern edge of the concentrated induced
seismicity although its location is poorly constrained because seismographic coverage of The
Geysers was relatively poor at the time. Its depth was estimated at about 12 km. Thus whether
this was induced or not cannot be determined. Its magnitude is also uncertain (David
Oppenheimer, USGS, written communication, November 2009). A M 4.5 event occurred on 20
October 2006 on the northern margin of The Geysers area (Figures 9 and 10). It had a shallow
focal depth (3.5 km) and is thought to have been induced.

31 CAUSATIVE MECHANISMS

A causative relationship between steam production and fluid injection was suggested in the late
1970’s by USGS scientists. That relationship has now been accepted based on numerous studies
(e.g., Denlinger and Bufe, 1982; Eberhart-Phillips and Oppenheimer, 1984; Oppenheimer, 1986;
Stark, 1990; Greensfelder, 1993). Although it is clear that steam production and injection causes
The Geysers seismicity, the exact causative mechanism is still not well defined. Eberhart-
Phillips and Oppenheimer (1984) found no direct correlation between the volume of cold water
injected or the volume of steam withdrawn and the number of earthquakes per month.
Correlations have been subsequently observed at some wells by others. Eberhart-Phillips and
Oppenheimer (1984) suggested that there are two plausible mechanisms, which could explain the
induced seismicity at The Geysers: (1) volumetric contraction due to mass withdrawal, which
could perturb the stress field and cause faulting in the reservoir rock already near failure due to
the regional stress field, and (2) aseismic deformation due to regional tectonism may be
converted to strike-slip deformation due to an increase in the coefficient of friction along fault
surfaces (Eberhart-Phillips and Oppenheimer, 1984). For both mechanisms, Eberhart-Phillips
and Oppenheimer (1984) expected seismicity to continue to increase in spite of declining
reservoir production and for seismicity to occur in areas where new production is initiated.

Stark (1990) made several significant observations on The Geysers seismicity: (1) earthquake
clusters associated with injection wells image the injected fluid and this correlation is more
apparent for hypocentral depths deeper than about 2 km; (2) temporal correlation between the
onset of injection and seismicity is generally observed; and (3) not all injection is accompanied
by seismicity and some seismicity, especially shallower events, does not correlate with injection.
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SECTIONTHREE Induced Seismicity at The Geysers

In a comprehensive review of the literature on induced seismicity in The Geysers, Greensfelder
and Parsons (1996) concluded that there exists a relationship between injection and seismicity,
although the correlation is highly variable and poorly understood. The relationship is clearer for
some wells and some portions of The Geysers than for others and it appears to vary with time.
Induced seismicity also is related to production, although the correlation is less clear
(Greensfelder and Parsons, 1996). Greensfelder and Parsons (1996) concluded that there may be
multiple causes of induced seismicity but they involve both increases and decreases in the
reservoir rock strength caused by changes in confining pressure (normal stress across cracks) or
in the coefficient of friction. For steam withdrawal, the induced seismicity may be caused by an
increase in rock strength while for injection it is a decrease. Although the two processes would
seem to be contradictory, they appear to operate independently over distinct reservoir volumes
located within 1 km of any well (Greensfelder and Parsons, 1996).

Most recently, Rutquist and Oldenburg (2007) state based on coupled thermal-hydrological-
mechanical modeling that the most important cause for injection-induced seismicity is injection-
induced cooling and the associated thermal-elastic shrinkage that alters the stress state such that
mechanical failure can occur. Several investigators have previously suggested that cooling
played a role in induced seismicity (e.g., Stark, 1991). Cooling shrinkage results in an unloading
and associated loss of shear strength in critically shear-stressed fractures, which are then
reactivated (Rutquist and Oldenburg, 2007). Results also indicate that there is a time lag of a
few months related to the time it takes for the injected cold water to induce local cooling of the
rock. The Rutquist and Oldenburg (2007) modeling is in agreement with observations that most
of the injection seismicity occurs near injection and production wells and can spread several km
below injection wells. The deeper seismicity may be due to both thermal-elastic cooling and
increased pore pressure.

Greensfelder (2003) estimated conservatively that the maximum induced earthquake at The
Geysers is a M 5.0. At the time of his assessment, the largest reported event was a M 4.2. The
value of M 5.0 is still generally agreed upon by experts knowledgeable with induced seismicity
at The Geysers (Majer et al., 2007).

3.2 TEMPORAL AND SPATIAL PATTERNS OF INDUCED SEISMICITY

In response to reservoir pressure declines, steamfield operators have turned to supplemental
water injection projects to sweep heat from the rock and thereby sustain the geothermal resource.
Some of these projects, including the Santa Rosa Geysers Recharge Project (SRGRP) (Figure 6),
have been subject to environmental impact analysis, with induced seismicity studied as a
potentially important impact (Greensfelder and Parsons, 1996; 2003).

As The Geysers field expanded during the 1960°s and 1970’s, earthquake activity increased
along with production and injection (Figure 11). Steam production peaked in 1987, declined
steeply through 1995, and has been fairly stable since then. During the early history of the field,
water injection closely followed steam production, because condensed steam was virtually the
only water injected. On average, only about 25% (by mass) of the steam used in power
production is condensed, with the remaining 75% evaporated in the cooling towers. Starting in
the 1980’s, development of supplemental water sources (creek extraction) allowed higher levels
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SECTIONTHREE Induced Seismicity at The Geysers

of mass replacement, and during the late 1980°s and early 1990’s, injection increased in spite of
declining steam production (Figure 11).

From 1975, when the location threshold of the USGS network was about M, 1.5, seismicity at
The Geysers steadily increased till 1985 corresponding to the dramatic increase in steam
production (Figure 11). From 1985 to 1998, seismicity at the M. > 1.5 level was relatively
stable corresponding to a decline in steam production with two spikes in activity in 1985 and
1987. Since 1995, steam production has been nearly level (Figure 11). In late 1997 and 1998,
there was an increase in M, > 1.5 seismicity coinciding with the startup of the Southeast Geysers
Effluent Project (SEGEP) injection. With the startup of SRGRP in 2003, injection of
supplemental water increased although there has been a slight decline since 2005 to present
(Figure 11).

From the mid-1980’s through the startup of SRGRP, seismicity has averaged about 830 events of
M 1.5 or greater per year, and 23.3 events of M 3.0 or greater per year (URS, 2009) (Figure 11).
From 2004 through 2008, the years of SRGRP operation, the field averaged 1,171 events of M
1.5 or greater, and 19.2 events of M 3.0 or greater. For 2008, the numbers were 1,027 and 15,
respectively. Thus there has been an increase in earthquake activity compared with pre-SRGRP
years, but the incidence rate of M 3.0 to 4.0 has, if anything, decreased slightly since SRGRP
came online (Figure 11). As stated previously, the rate of M 4.0 to 4.5 events has increased
since 2002 (Figure 8).

Figures 9 and 10 illustrate the distribution of induced seismicity at The Geysers within 10 km of
the EGS injection wells PS-31 and PS-32. Injection-induced seismicity generally occurs within a
few hundred meters of the injection well (Oppenheimer, 1986). Note that M > 4.0 earthquakes
are distributed throughout The Geysers area. Interestingly, the area in the immediate vicinity of
the two EGS wells has exhibited few events larger than M 3.0 (Figure 10). The three
earthquakes of M > 4.0 in 2000 to the southwest of the EGS site (Figures 9 and 10) are deep
(~12 km) and thus of tectonic origin.
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SECTIONFOUR Predicted Induced Seismicity at the EGS Site

The planned EGS injection in PS-31 and PS-32 will be at a low rate. SRGRP water will be
diverted from existing SRGRP injectors to the two wells. No pumping will be performed.
Depending on the ability of the fractures to accept the fluid, the injection rate will be increased in
stages such as 100, 200, 400, and 800 gpm (0.14 to 1.15 mgd). The rate of the fluid injection is
designed to evaluate if pressure increases will result in the opening of pre-existing fractures in
the HTZ and whether the changes are reversible. High-resolution seismic monitoring of the
induced seismicity will be performed by LBNL to image how the injection response moves
through the reservoir over time.

The characteristics of the induced seismicity from the EGS is expected to be similar to the
induced seismicity observed at other injection wells such as PS-9 (Figure 1), although the rate of
seismicity may be even lower. Injection of SRGRP water began on 20 November 2007 at PS-9
(Figure 12). The average injection rate at the well has been 625 gpm (0.90 mgd) but with
seasonal fluctuations. At the end of 2008, injection peaked at over 2 mgd (1,380 gpm). The
monthly rate of induced seismicity for events of both M > 1.2 and > 2.0 increased dramatically
in response to injection and the correlation with injection rate is obvious (Figure 12). The
seismicity induced by PS-9 is located west of the well-course (Figure 13). In cross-section the
seismicity is located west of and near the bottom of the well (Figure 14). For the year preceding
injection, there were only two observed earthquakes, in stark contrast to the injection-associated
activity (Figure 13). The magnitude of induced events also increased with the rate of injection
peaking in 2008 and 2009 (Figure 12). The largest event observed to date at PS-9 has been a M
2.8 on 2 December 2008 (Figure 13).

Greensfelder (2003) estimated based on past behavior that injection rates of 0.69 to 1.38 mgd
will probably induce earthquakes in any given well at The Geysers. These rates have some
uncertainty, since lower rates in the Calpine lease area, 0.4 mgd, have been observed to induce
seismicity. According to Greensfelder (2003), higher rates may result in 10 to 30 events of M >
0.7 per month and the rate increases with greater injection. Thus it is expected that induced
seismicity will occur at the EGS wells. However, because of the comparatively lower injection
rates, the rate of seismicity is expected to be comparatively low and dramatic increases in
seismicity such as observed at PS-9 can be mitigated by the planned staged increases in injection.

It is difficult to estimate what the largest possible earthquake might be at the EGS wells.
According to Bromely and Mongillo (2008), the largest earthquakes associated with EGS
projects worldwide have ranged from M 2.9 to 3.7, with the largest event occurring in the
Cooper Basin of Australia. There is no apparent correlation between the largest earthquake to
date and the amount and rate of injection at the existing SRGRP wells. The maximum
earthquake is probably controlled by the size of pre-existing fractures near the well and thus is
not so much affected by injection rather the injection acts as the trigger. The maximum
earthquake, however, is unlikely to be larger than M 4.5 and most likely lower. The average
maximum earthquake observed near the 15 SRGRP wells is M 3.45 (URS, 2009).

41 MAXIMUM EARTHQUAKE AT THE PROPOSED ALTA ROCK EGS

ICF Jones & Stokes has proposed to test several technologies for an EGS Project in the northern
California Power Agency (NCPA) leasehold. Unlike the proposed Calpine EGS Project where
no pumping of water will be performed, Alta Rock proposes to inject water at pressures
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SECTIONFOUR Predicted Induced Seismicity at the EGS Site

sufficient to cause slip of pre-existing fractures (hydroshearing) to create a reservoir (ICF Jones
& Stokes, 2009). These pressures will not be high enough, however, to cause tension fracture in
the rock. Seismicity associated with the hydroshearing is expected to be significantly smaller
than M 1.0 (ICF Jones & Stokes, 2009).

ICF Jones & Stokes (2009) estimates that the largest event that will be associated with their EGS
Project is unlikely to exceed a M 2.3 or more likely a M 2.0. Their “maximum probable event”
is a M 2.9 comparable to the largest event observed at the Soultz EGS Project in France (ICF
Jones & Stokes, 2009). They believe an event larger than M 4.0 is impossible at the Alta Rock
EGS Project based upon three different geomechanical models they evaluated. ICF Jones &
Stokes will be using the NCPA well E-7 as the injection well. The well will be deepened to a
depth between 3,500 to 3,800 m (11,500 to 12,500 ft) into the felsite. The Geysers normal steam
reservoir is contained in the metasediments above the felsite (ICF Jones & Stokes, 2009). Most
of the induced seismcity is expected to occur during the hydroshearing and little to no seismicity
is expected during the long-term data collection and monitoring period or during the long-term
production phase if there is one (ICF Jones & Stokes, 2009).
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SECTIONFIVE Estimating Ground Shaking From Induced Seismicity

The most significant environmental impact resulting from induced seismicity at the proposed
Calpine EGS Project will be ground shaking. Ground motions can be expressed in terms of
acceleration, velocity, or displacement and by several different parameters. The most commonly
used engineering parameter is peak horizontal ground acceleration (PGA).

PGAs can be roughly correlated to perceived shaking or intensity using the classification of
Wald et al. (1999). They have classified the following levels of ground shaking.

PGA Perceived Shaking
<0.002 Not felt
0.002 -0.014 Weak
0.014 -0.039 Light
0.039 - 0.092 Moderate
0.092-0.18 Strong

Correlations between any single ground motion parameter and intensity are highly uncertain.
The above correlation is very approximate for The Geysers since it was developed based upon
eight larger California earthquakes of M > 5.8 (Wald et al., 1999) that were tectonic events,
which occur much deeper than the shallow Geysers earthquakes.

Calpine has operated two strong motion stations in or near The Geysers since 28 February 2003
at Anderson Springs (ADS) and 14 March 2003 at Cobb (COB) (Figure 1). The stations
continuously measure three components of ground acceleration (east-west, north-south and
vertical). They are configured to trigger, record, and store the time series data for any event
during which the PGA exceeds a preset trigger. For each component of each recorded event, a
PGA is measured.

Figure 15 shows the PGA values from PS-9 recorded by the ADS and COB instruments since the
two strong motion instruments were installed. PS-9 is somewhat closer to the two communities
than PS-31 and PS-32 (Figure 1). Although there are only about two years of recording since
injection began at PS-9, the ground shaking as indicated by PGA has been low and probably not
felt by residents of Cobb and Anderson Springs (Figure 15).

The traditional approach in predicting ground shaking or ground motions at a site utilizes
empirical attenuation relationships, which are derived from strong motion data. Attenuation is
defined as the decrease in amplitude or intensity of seismic waves with distance. This decrease
results from a number of factors including geometrical spreading, damping or absorption by the
earth, scattering, reflection, refraction, diffraction, and wave conversion.

Empirical attenuation relations have been developed in regions where there are numerous strong
ground motion recordings by applying statistical regression methods to these data. Because the
data correspond to geologic conditions and earthquakes typical of the region, they are generally
applicable only in that region. Because the vast majority of strong motion records available in
the U.S. are of California earthquakes, numerous attenuation relationships have been developed
for California. However, almost all attenuation models have been developed based on
earthquakes M 5.0 and larger because only events of this size typically produce any structural
damage. An attenuation model for small earthquakes in California has been developed by
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SECTIONFIVE Estimating Ground Shaking From Induced Seismicity

Campbell (1989) but again it is for the generally deeper tectonic events. The strong motion data
is not consistent with the Campbell (1989) model (URS, 2009).

The PGA data are very site-specific and hence the ground shaking at even nearby locations to
these two strong motions sites may vary considerably due to local site effects. In fact,
preliminary analyses appears to indicate that ADS records higher than expected ground shaking.
Based on the strong motion data recorded to date, the largest PGA has been 0.21 g from a M 3.0
induced earthquake at a distance 2.0 km from ADS. Based on preliminary analyses of the strong
motion data, for a M 3.0, which is slightly larger than the maximum event observed at PS-9, the
PGA values at ADS and COB would be about 0.005 g corresponding to weak ground shaking.
The relatively long distances from the EGS injection wells result in lower ground shaking in
these two communities than other Calpine injection wells.

ShakeMap is a product of the USGS that provides near real-time estimates of ground shaking
intensity following an earthquake. A ShakeMap of the 20 October 2006 M 4.5 event (Figure 10)
is shown in Figure 16. As indicated on the ShakeMap, moderate ground shaking of MM V was
felt locally out to about 10 km and weak to light shaking out to 50 km or more. This is
consistent with the PGAs recorded at COB (distance 4.5 km) and ADS (distance 12.5 km), which
were 0.13 g and 0.07, respectively.
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SECTIONSIX Estimating the Impacts of EGS Operations

The proposed EGS injection operations at PS-31 and PS-32 will result in induced seismicity, as
has been observed elsewhere in The Geysers. However, based on comparisons with other
Geysers injection wells, the seismicity is expected to be comparatively low due to the low
injection rates (< 800 gpm). PS-9 averages 1.5 events of M 2.0 and larger per month with an
average injection rate of 1,380 gpm. The monthly average for 15 SRGRP injector wells is 1.3
events of M 2.0 and larger. Injector wells 87G-21 since February 2007, CA1862-4 since August
2007, Aidlin 11 since February 2008, and DX-47 since February 2007 have had injection rates
averaging less than 800 gpm and the monthly rates of M 2.0 and larger events during those
periods have been less than 1. M 3.0 where events only produce weak ground shaking at ADS
and COB.

The largest earthquake recorded at PS-9 in the nearly two years of injection has only been a M
2.8 and the induced earthquakes at PS-9 have not generated any significant shaking (PGA <
0.005 g) at ADS and COB due to relatively long distances.

The ground shaking from induced events at PS-31 and PS-32 is expected to be even less than at
PS-9 because they are slightly more distant to Anderson Springs and Cobb (Figure 1). Even if
the maximum event, a M 4.5, was to be generated at the EGS wells, the ground shaking (median
PGA ~0.05 g) will only be at a moderate level and such an event is unlikely to occur given that
only one induced M 4.5 event has occurred over the past 40 years over the entire area of The
Geysers.

Injection at the EGS wells will be performed in stages from 200 to 800 gpm and will be closely
monitored by the LBNL seismic network. The resulting induced seismicity will be evaluated
looking for patterns that might indicate an increased rate of larger events that might be felt in
Cobb and Anderson Springs. If such patterns emerge, the injection can be changed to possibly
mitigate for such effects.
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Table 1
Induced Earthquakes at The Geysers (M > 4.0)
1970 to Present

Latitude | Longitude Depth Magnitude | No. of Gap Dmin RMS
ID Year Month Day Time (degrees) (degrees) (km) Magnitude Scale Stations | (degrees) | (km) (sec)
1 1982 5 29 1:02:25 PM 38.801 -122.822 2.2 4.0 M, 50 25 3 0.07
2 1984 9 22 6:52:03 PM 38.798 -122.823 2.8 4.0 M. 43 30 3 0.06
3 1985 8 8 7.03:11 PM 38.792 -122.778 0.0 4.0 My 36 34 2 0.37
4 1985 11 12 4.06:57 PM 38.848 -122.772 0.0 4.1 M, 5 263 3 0.05
5 1990 8 14 7:05:13 PM 38.825 -122.792 2.4 4.1 M, 45 37 2 0.07
6 1992 9 19 11:04:47 PM 38.860 -122.792 3.9 4.4 My 50 34 6 0.06
7 1995 1 16 1:34:38 AM 38.823 -122.797 2.0 4.0 My 46 36 2 0.04
8 1996 12 4 9:21:15PM 38.792 -122.757 2.9 4.1 My 47 30 4 0.06
9 1999 2 18 8:58:36 AM 38.785 -122.770 2.2 4.1 M 36 39 3 0.05
10 2000 12 8 7:41:11 AM 38.782 -122.767 4.3 4.2 M, 51 29 4 0.07
11 2003 5 20 4:50:42 PM 38.801 -122.803 0.6 4.1 M 55 35 1 0.09
12 2003 8 3 12:00:53 PM 38.799 -122.769 0.9 4.2 M 46 37 1 0.06
13 2004 2 18 8:37:46 PM 38.834 -122.768 1.9 4.4 M 53 42 1 0.09
14 2004 12 27 10:36:23 AM 38.749 -122.726 3.7 4.3 M, 46 26 3 0.08
15 2005 5 9 10:37:39 PM 38.789 -122.755 0.3 4.4 M 63 32 2 0.12
16 2006 5 12 10:37:29 AM 38.816 -122.817 2.9 4.4 M, 61 31 2 0.09
17 2006 5 12 10:38:36 AM 38.843 -122.854 2.6 4.2 M, 21 54 8 0.04
18 2006 10 20 5:00:08 PM 38.867 -122.787 3.5 45 M 62 39 5 0.08
19 2007 4 24 9:08:29 PM 38.795 -122.797 2.5 4.4 M 55 23 1 0.09
20 2008 2 24 5:32:10 AM 38.819 -122.810 3.0 4.0 M 60 41 2 0.08
21 2008 5 30 4:48:30 AM 38.779 -122.768 1.0 4.3 M 38 61 2 0.06
22 2008 5 30 4:48:37 AM 38.739 -122.752 2.1 4.2 M 49 127 15 0.57
23 2009 1 4 17:27:10 PM 38.7823 -122.773 4.7 4.3 M 66 25 1 0.08

Mgy = Duration magnitude

M_ = Local Richter magnitude

M = Moment magnitude

Dmin = Closest station to the epicenter

RMS = Root-mean — square error

Gap = Widest gap in azimuth where there is no seismographic coverage
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