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ABSTRACT

We examine an approach to calculate seismic hazard from induced seismicity based on physics-based computations.
This is done through the formal statistical process commonly referred to as probabilistic seismic hazard analysis (PSHA).
We also examine a means to extend computations to a site-specific map for an entire region. Seismic hazard was estimated
for a 50 km radius area centered on The Geysers, California. We performed both a traditional PSHA and a physics-based
PSHA. We calculated hazard curves at 61 sites in the study area. Ambient noise samples were collected at these sites to
modify calculations for site specific information. Further, twenty-three surface geologic units were identified within the
study area and site specific calculations were extended to the entire region by interpolation along these geologic units. We
first applied the conventional approach by using the actual catalog of the past ten years of earthquakes to estimate the hazard
over this period; and thus, the sources of earthquakes were the actual fractures and faults, the rate of occurrence was the
actual rate. We then applied an attenuation relation derived with The Geysers data to calculate hazard. In the physics-based
approach, the same elements of the PSHA were employed, except physics-based calculations were used to calculate the
hazard for the same ten year period. Sources of earthquakes were known faults and random fractures, and the occurrence
of earthquakes was determined by geomechanical modeling of the distribution of stress and pressure in the development
area. Ground motion was calculated from simulated earthquake ruptures and calculations of wave propagation instead of
attenuation relations. We did not distinguish between induced and natural events in either study.

Hazard maps of the number of occurrences of two levels of ground motions over a ten and one year period were
developed for values greater than or equal to 0.0014g and 0.1g, respectively. These are generally identified as the mini-
mum level at which humans detect ground shaking and the minimum level at which damage to structures can occur,
respectively. For the area within a 50 km radius of The Geysers, the estimated occurrences of the lower level of ground
shaking exceeded 8 per year at some locations adjacent to the reservoir development area and diminished to near zero at
greater distances. For the same region the estimated occurrences of the 0.1 g or greater was 0.4 per year (approximately
once every 2.5 years) adjacent to the reservoir region and diminished to near-zero at greater distances. Remarkably, it was
found that calculations by both conventional and physics-based approaches provided very similar results. This is very
surprising since they were calculated by completely independent means. Consequently, the calculation of the conventional
approach, based on actual data, provides confidence in the physics-based approach used.

Introduction

We examine an approach to calculate seismic hazard from induced seismicity based on physics-based computations.
This is done through the formal statistical process commonly referred to as probabilistic seismic hazard analysis (PSHA).
We also examine a means to extend computations to a site-specific map for an entire region. We map the seismic hazard
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for a 50 km radius area centered on The Geysers, California (Figure 1). We only address locations outside The Geysers
development area. This is a research effort and not intended as a commercial PSHA.

The basic approach of a PSHA is to create a catalog of future earthquakes and estimate the ground motion at particu-
lar sites from the earthquake records. PSHA has historically been estimated for naturally-occurring tectonic earthquakes.
In the current study, PSHA is extended to include induced earthquakes and hazard is calculated with both a conventional
and physics-based approach. Only sources within the The Geysers geothermal volume (TGGV) are considered.

To test the physics-based approach, we used the actual catalog of the past ten years of earthquakes and ground mo-
tion attenuation relations to estimate the hazard with a conventional PSHA and compared it to physics-based PSHA over
the same period. In the physics-based approach a catalog of earthquakes was created through geomechanical modeling
and ground motion was calculated from simulated fault rupture and wave propagation.

Hazard maps of the number of occurrences of two levels of ground motions over a ten and one year period were
developed for values greater than or equal to 0.0014 g and 0.1 g, respectively. These are generally identified as the mini-
mum level at which humans detect ground shaking (National Academy, 2012; DOE, Wald et al., 1999) and the minimum
level at which damage to structures can occur (NIESE, 2010), respectively. These are hazard maps; whether or not they
disturb people or cause damage depends upon a fragility function to estimate the risk. That is not part of this study.

Two good reasons to utilize a physics-based approach are the use of fragility functions and the need to calculate
hazard for conditions that have not occurred in the past. If conditions change in the future, it would not be appropriate
to calculate hazard based upon seismicity from the past. The physics-based approach models the expected conditions for
the future. The second benefit of a physics-based approach is in the way fragility functions are used. Fragility functions
translate the seismic hazard to consequences; i.e. annoyance to humans or damage to structures. Traditional fragility
functions utilize the single parameter of the hazard curve, usually peak acceleration or spectral acceleration, and estimate
the consequences in terms of damage to classes of structures or human response. In reality fragility is dependent upon
amplitude, frequency content and duration of ground shaking and requires a full time history to be fully assessed. Con-
ventional risk studies generally seek time histories to match a single parameter amplitude, expected frequency content
and duration of ground shaking to determine the fragility of critical facilities. The physics-based approach generates the
time histories directly from the study, and it is therefore easy to include fragility functions that account for realistic time
histories as part of the calculations.

The choice to include a very low level of ground shaking in the hazard calculation dictates that the analysis extends
to smaller magnitudes than the M 4.5 normally considered in conventional PSHA, and to the shorter periods of surface
ground motion shaking gener- :
ated by nearby earthquakes. We
limited the study to earthquakes
with M > 2, since smaller events
will not propagate significant
energy outside of The Geysers
development area. We did not
distinguish between induced
and natural events in either
study. Rather, we calculated
the occurrence of earthquakes
in the area from the physical
conditions that can cause either
induced or tectonic events,
or utilized the history which
includes both induced and tec-
tonic events.

With the physics-based
approach, we utilize the work of
Altmann et al. (2013) and Bach- i h W
mann et al. (2012). Altmann et Vo7 P
al. utilize a thermo-hydro-geo-
mechanical numerical model
to calculate stress changes due
to injection and extraction of

ﬂuid?, thermal stress.es, tectonic Figure 1. Study area, 50 km radius from Cobb Mt at The Geysers development area (yellow pin). White
loading and fault slip of M >4 flags indicate where noise samples were taken. The center point of the study is 38.770 N, 122.760 W.
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earthquakes, calibrated to observations. Further, for this project Heidbach and Altmann (personal communication, 2013)
calculated pressure as a function of position throughout TGGV for the next 25 years. We subsequently use another geo-
mechanical modeling code (Bachmann et al., 2012) to calculate the number of earthquakes that will occur.

In both standard and physics-based PSHA we utilize the computer program SimRisk (Jean Savy, personnel com-
munication, 2014) to calculate hazard. SimRisk calculates hazard for non-stationary physical processes. Thus, the products
of the calculations are hazard curves that give annual probabilities for a selected set of windows in time. SimRisk uses
simulated and historic catalogs of earthquakes. Catalogs can be calibrated to ensure that the regional seismic moment is
consistent with an existing ground-truth catalog if available. Ground-motion is calculated with either attenuation relation-
ships or simulation of earthquake rupture and calculation of wave propagation. In either option, sets of ground motion
inputs can be used to account for epistemic uncertainty.

Site Specific Calculations

For both conventional and physics-based PSHA the hazard is calculated at 61 sites in the region surrounding TGGYV,
primarily in the center of commercial and residential areas. We collected ambient noise samples at these sites in order to
modify calculations for site specific information. We extend site-specific calculations to the entire region by interpolation
along similar geologic units.

Geologic Units

The area outside of TGGV is mainly composed of rocks of the Franciscan Complex, Coast Range ophiolite, and
the Great Valley Sequence (Jayko and Blake, 1984). The Franciscan Complex, a greywacke unit covers most of the Coast
Ranges of California and can be subdivided to coastal, central, and eastern belts (Blake et al., 1988; Jayko and Blake,
1989; Jennings, 1977; McLaughlin et al., 1988). The Coast Range ophiolite is composed of ultramafic, mafic, and minor
felsic igneous rocks of the late Mesozoic upon which Jurassic and Cretaceous strata of the Great Valley Sequence were
deposited (Bailey et al., 1970). Twenty-three geologic units have been identified within a 50 km radius of TGGV (Jennings
etal., 1977), which are shown in Figure 2. These units are utilized below as separate site response areas when performing
hazard mapping. Identification of units is available in Jennings et al., 1977. Table A1, Appendix lists the geologic unit
for each recording site.

Incorporating Noise Measurements

Near-surface geology is known to have a significant effect on propagating seismic energy, which is generally
referred to as site response. Near surface amplification of earthquake ground motion is well documented (Abercrombie,
1997; Ioannidou et al., 2001; Baise et al., 2001), and can directly result in greater earthquake damage (Singh et al., 1988;
EERC, 1990; Hutchings and Jarpe, 1996). We apply this principle to modify hazard calculations. Here we assume that
each surface geologic unit is more similar within the unit than with other geologies, so we extrapolate within each unit.
We took noise samples on competent
geology and not on thick soil deposits,
so results are for competent geology
and modification for sites with thick soil
deposits would have to be addressed on
an individual basis.

Our basic assumption for estimat-
ing the effect of near surface geology on
hazard calculations is that seismic noise
is amplified by near surface geology in
the same way as seismic signals from
nearby earthquakes, for the same fre-
quency band. In this case, noise refers
to the vibrations from far distant sources,
such as distant trains, oceans, forests,
and distant earthquakes that collectively
contribute a relatively constant level of
earth vibrations. Local noise sources
such a generators, traffic, people, or local
trains are excluded. Following Nakamura S
(1989), ambient noise measurements  Figure 2. Geologic units near The Geysers. Flags show where noise measurements were taken.
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have been widely used for site-specific I=s.'.1l'-ulr- - {loa :lr:‘?j, HHE -:fb-al\l,-: 1 I‘r-'ee'} ] Foudier amalilde Saeclo
investigations and in microzonation stud- i \

ies (e.g., Priolo et al., 2001; Scherbaum Al ”1
et al. 2003).

In this study we use a simple ap-
proach. First, we assume the noise has
a “white” spectra, and is modified by : , ,
the site response. We then band pass the ‘ g
ambient noise recordings between 1.0
and 25.0 Hz (the frequency band of our | % F—— ' L
interest), and measure the time series
amplitude levels in the time domain. We
than assign a site amplification factor to
the nearest whole number between 1 and
5, when compared to our sites with the . : . L
lowest level of noise, which is assumed g 2 . e U :
to be the most competent geologic for-
mation.

Figure 3 (top) shows three-compo-
nent recordings at two sites, band passed
at 1.0 —25.0 Hz (our hazard frequency range of interest) and plotted on the same vertical scale; on the right are the Fourier
amplitude spectra of a common component. First, notice the shape of the spectra below the source corner frequency of the
event is the same as the noise (i.e. they have the same slope). Now, the second set of records on the bottom shows the same
recordings, but the three traces from the first site are normalized by the amplification factor; i.e., since the ambient noise
was 5 times greater for the second site, the three records from the first site were multiplied by a factor of 5 to normalize to
the same ambient noise level, and thus to normalize the earthquake recordings. This is done for demonstration purposes.
In application, the reverse is done, i.e. sites with an amplification factor of 5 have hazard calculations multiplied by 5.
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Figure 3. (top) Records at two stations recording the same earthquake and at the same
distance. (bottom) shows the same recordings, but the three traces from the first site are nor-

malized by the amplification factor.

Sesimic Hazard Maps

The probabilistic hazard mapping methodology described herein provides a means to extrapolate and interpolate
(referred to only as interpolation below) the hazard calculated at the 61 site-specific locations to the hazard throughout
the 50 km radius. It is evident from Figure 2 that surface geology varies significantly within the 50 km radius area, which
will affect the calculation of hazard. Although mapping software such as Generic Mapping Tools (GMT) can perform
ground motion interpolation using its built-in programs, it cannot reflect the surface geology during the gridding process
(grid points lie on different soil types).

Our technique is to interpolate the hazard estimates within the same kind of geologic units since they presumably
will have similar amplification factors, as discussed previously. This procedure, of course, assumes that we have at least
one recording for each kind of geologic unit. Once we have one hazard calculation for one site within a geologic unit,
then all of the grid points within that unit will be interpolated in finely gridded points. If more than one site was sampled
in a unit (and they sometimes do not all have the same value), interpolation within the unit is weighted by distance from
each data point. In addition, interpolation assumes a 1/R fall-off or increase in the calculated values.

Conventional Probabilistic Seismic Hazard Analysis (PSHA)

Generally, for conventional PSHA, in the first step, the sources of earthquakes are identified as within zones where
events occur along randomly oriented fractures or along specific faults. Tectonic stresses are regulated by the movement
of tectonic plates that generate small and large earthquakes that are assumed to occur at a predictable long-term rate.
This is traditionally described by a Gutenberg-Richter recurrence relationship for the number of events as a function of
magnitude: Log N =a —b M. Where, N is the number of earthquakes per year greater than or equal to magnitude M, the
slope is the b-value, and « is the intercept value for number of earthquakes with 0 magnitude. Generally, different a and
b-values are identified, from historic catalogs of previous earthquakes, for all sources of earthquakes, including induced
events. The sources and their a- and b-values are used to create a catalog of all the earthquakes that can affect a site for a
period of time. This is step two in a hazard calculation. Ground motion prediction equations (attenuation relations) are used
for step three to calculate the ground motions produced by the earthquakes at sites of interest. Usually, ground motion is
described as a single hazard parameter, such as peak acceleration or the spectral response at a particular frequency. This
provides a catalog of all the occurrences of the hazard parameter expected to occur for a period of time. In step four, a
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hazard curve is calculated by integrating the occurrences of the hazard parameter, which provides an estimate of the likeli-
hood of exceedance of the parameter per year. Each time a different catalog of hazard parameters is produced by varying
the estimates for steps 1 through 3, a different hazard curve is calculated. The average of these curves is typically used to
provide the hazard estimate. Hazard can be converted to risk by fragility functions that relate the hazard parameter to the
effect on people or structures. Finally, the hazard or risk at each location is interpolated to provide a hazard or risk map.

Sources of Earthquakes

We only consider the sources of earthquakes within and bounding TGGV for the hazard calculations. Two major
right-lateral faults of the greater San Andreas transform fault system bound the geothermal field: the inactive Big Sulphur
Creek/Mercuryville Fault zone to the SW (Hartline, Calpine, personnel communication, 2015), and the Collayomi fault
to the east (McLaughlin, 1981; Allis, 1982; Donnelly-Nolan et al., 1993, Boyle et al., 2011). Only the Cobb Mountain
fault (Thomas et al., 1981; McLaughlin, 1977) lies within TGGV. Several authors argue that the general area of Clear
Lake, where TGGYV is located, is under extension (Donnelly-Nolan et al., 1993; Bufe et al., 1981; Oppenheimer, 1986;
Eberhart-Philips, 1986; Allis and Shook, 1999). However, mapped faults are primarily strike slip.

Altmann et al. (2013) included the Maacama, Collayomi, and Cobb Mountain faults in their geomechanical model.
Other known faults outside TGGYV, but within their model are two branches of the Wight Way fault and two branches of
the Geyser Peak fault. The only fault where they calculated significant stress changes is the Cobb Mountain fault. These
stress changes bring this fault, and the bounding faults, farther from failure. In view of these results, we consider any large
earthquakes along the Cobb Mountain- and bounding faults, if they occur, to be caused by normal tectonic processes and
not induced from injection. Still, our study does allow for earthquakes up to the maximum magnitude to occur along these
faults. However, such earthquakes have very long return periods and are not likely to occur within the next ten years, and
add very little to the hazard calculation.

Many small earthquakes occur within and near the steam reservoir on randomly oriented fractures. The Geysers
steam reservoir lies primarily within a fractured metagreywacke in steeply dipping packets (Thompson, 1992). Granitic
intrusions into the metagreywacke atarting about 1.2 Ma led to the formation of the felsite layer (Brikowski, 2001; Schmitt
et al., 2003; Schriener and Suemnicht, 1980), which is the source of heat for the geothermal system. The shallowest felsite
encounter is in the central and southeastern parts of the field at 0.7 km depth, and deepens towards the northwest to 2.5 km
depth (Thomas, 1981; Sternfield, 1989; Brikowski, 2001; Boyle et al., 2011). The natural heat produced from the felsite
leads to the presence of fumaroles and hot springs that appear on the surface.

Rate of Earthquakes

For the conventional PSHA we use the catalog of
earthquakes for the past ten years for the hazard calculation MEAN HAZARD CURVES
for M <4.5 earthquakes; thus, a- and b-values are naturally
included in the estimate of the seismicity. This includes
both tectonic and induced seismicity. Large tectonic 100
earthquakes along the Maacama, Collayomi and Cobb S
Mountain faults are very rare events and do not appear in
the catalogs due to the very short time period of the hazard N\
calculation. Further, the stress changes along the Maacama 10°! \
and Collayomi faults are so small that calculated induced
earthquakes along these faults do not appear in the catalogs
either. From geomechanical modeling, we assume large
induced earthquakes can occur along the Cobb Mountain
fault. These are included as characteristic events. Still,
their rate is so low that they do not affect the calculation
of the number of occurrences of either the low or higher
level of ground motion addressed in this report.

HCD
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Attenuation Relations \
Attenuation relations, often called ground motion Time (¥rs)

prediction equations (GMPEs), are generally derived by 104 Op 1oyr

regression of worldwide strong motion data (e.g., Abra- 10° 10!

hamson et al, 2003). Generally, GMPEs do not extend to G A

magnitudes below 4.5 - 5, and even then are very poorly Figure 4. Hazard curve at site HCD. Hazard calculations for each site
constrained for the smallest events and short distances  were modified by the site-specific information.
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Figure 5. Color coded contour map of the
number occurrences of 0.0014 g or greater per
ten years within a 50 km area of TGGV (black
circle). White areas exceed the range of the
scale.

(e.g., Bommer et al., 2006). For step
three (above), we use the ground motion
attenuation relations of Douglas et al.
(2013). Douglas et al. (2013) developed
GMPE’s specifically for magnitudes less
than 3.5 and short distances, based on
data from six geothermal areas. Douglas
et al. data from The Geysers are centered
along his relationship, and we therefore
conclude that the Douglas et al. (2013)
relationship is adequate for the aver-
age site conditions at The Geysers. We
modify the estimated values from this
relationship with site specific informa-
tion to modify the hazard calculations.

Site Specific Hazard

A hazard curve provides an esti-
mation of the likely annual probability of
exceeding for given values of a hazard
parameter. Typically, peak ground accel-
eration is chosen as the hazard parameter
(and our chosen hazard parameter for
this study). The ordinate of the hazard
is the likelihood of exceedance and the
abscissa is the level of hazard parameter.
The hazard curve is normalized to prob-
ability of exceedance per year. Figure 4
shows a mean hazard curve at one site
(HCD) for the conventional PSHA. The
amplification factor for this site is 1.0.
These calculations are made for each
site. Table A1, Appendix. See Hutchings
et al., (2014) for details on the hazard
calculation

Hazard Maps

Figure 5 shows a color-coded
contour map of number of occurrences
of the low level of acceleration (0.0014
g) per ten years within a 50 km radius
of TGGYV, derived from the mean haz-
ard curves at 61 sites. Figure 6 shows a
color-coded contour map of the decimal
likelihood of the higher ground motion
of 0.1g or greater occurring each year.
The small white section in the center of
the maps are areas that exceed the range
of the scale shown, primarily in TGGV.
Table Al lists the number of the low level
ground motion expected for ten years
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Figure 6. Color coded contour map of the decimal likelihood of 0.10 g or greater acceleration
per year within a 50 km area of TGGV (black circle). White areas exceed the scale range.
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and the decimal likelihood of the higher level occurring each year at the 61 sites. These values are interpolated to create
the maps. Both hazard values are statistically expected, but may not occur exactly at these rates. Rather over several time
periods the number would average out to be the expected value. Figure 5 indicates that there are over 80 low level occur-
rences per ten years at some locations adjacent to TGGV; this number diminishes to zero at greater distances. Figure 6
indicates that there is a 0.4 likelihood per year, or approximately 4 occurrences in ten years, of 0.10 g or greater adjacent
to TGGV and diminishes to zero at greater distances.

Calculation of Ground Motion Hazard (Physically-Based Hazard Calculation)

Heidbach and Altmann (personal communication, 2013) built a 3D thermo-hydro-geomechanical numerical model of
TGGYV and calculated pressure evolution throughout TGGV from 1960-2037. The model accounts for the far-field tectonic
loading and co-seismic stress changes from the M > 4 events, as well as for the pore pressure and thermal stress changes
due to fluid extraction and re-injection in TGGV. After the implementation of an initial stress state that is calibrated against
data for the orientations of maximum horizontal stress and stress regime from earthquake focal mechanism solutions, they
apply kinematic far-field boundary conditions derived from continuous GPS stations. We utilize their calculation for the
next ten years (i.e., 2014 - 2024), based upon the assumption that injection wells present today are a good estimate of the
wells in place for the next ten years. Pressure is obtained for a 300 m grid spacing, while time steps are six months. The
production and re-injection rates are assumed to remain constant at present levels.

We use a geomechanical program as implemented by Bachmann et al. (2012) and Goertz-Allman and Wiemer (2013)
to convert pore pressure changes from the thermo-hydro-geomechanical numerical model of Heidbach and Altmann (per.
comm. 2013) into a synthetic catalog of induced earthquakes for the hazard calculation. The program randomly distributes
potential failure points in the three-dimensional volume, representing pre-stressed faults or fractures, and analytically cal-
culates the Mohr-Coulomb diagram, and thus a failure criterion for each failure point. Earthquakes are induced as a result
of failure due to effective stress changes caused by the pore-pressure changes. Up to this point, the method is similar to
the earlier work of Shapiro et al (2007). However, Shapiro et al. did not determine event magnitudes, which are a critical
element for hazard analysis.

The program uses an inverse relationship between b-values
and the differential stress, found in laboratory studies and for

natural events (Amitrano, 2003, Schorlemmer et al, 2005), to SEISMIC HAZARD HCD
determine the b-values of an induced event as described by Bach- . .
mann (2011). This is based on the two papers by Bachmann et al. Time window = 0to 10 Years

(2012) and by Goertz-Allmann and Wiemer (2013). A magnitude

10t
is randomly drawn out of this specific distribution. -

Hazard Calculation

We generated 20 catalogs with Bachmann’s approach by
varying input parameters to the failure models. We use a constant 0t |
coefficient of friction for all failure points for one run, but varied
it for different runs. b-values were used to identify the magnitude
of an event. The minimum and maximum principal stresses are
based on a background stress regime. We use the same value for
the whole volume, but vary them for different calculations. We
utilized synthetic Green’s functions to calculate the ground motion,
for a total of 20 hazard curves. Figure 7 shows the mean and three
different standard deviations of the hazard curves at one station.
See Hutchings et al. (2014) for details on the hazard calculations.

Probabality ol Exceedance
=
'

=

Hazard Maps T
Figure 8 shows a color-coded contour map of number — ?E':;':"'
of occurrences of the low level of acceleration per ten years |
(0.0014 g) within a 50 km radius of TGGV. Individual values 5 859
calculated for sites where noise samples were taken are listed 1w i i
in Table Al. Figure 9 shows a color-coded contour map of the Acccleration (cm/sis)

decimal likelihood of a ground motion of 0.1g or greater occur- . . .

. . . . Figure 7. Hazard curve at site HCD normalized for exceedance
rng ?aCh year (also listed in Table Al for each selected sites). per year. Hazard calculations for each site were modified by the
As discussed, for example, an occurrence of 0.1 means there site-specific information.
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Figure 8. Color coded contour map of the
number occurrences of 0.014 g (N/yr) within a
50 km area of TGGA (black circle). White areas
exceed the scale range.

is one chance in 10 of occurring each
year, but not necessarily one will occur
each ten year period. Figure 9 shows
more site-specific detail than Figure
7 because the scale has been changed
from 0.0 - 0.5 to 0.0 - 0.1. White areas
exceed the range of the scale shown. It is
apparent from Table A1 that values from
the physics-based approach are very
similar to those from the conventional
approach, which would produce a map
very similar to Figure 7 if they had the
same scale. Figure 9 would also show
0.10 g or greater occurring approximate-
ly seven times in ten years adjacent to
TGGY, close to what was observed for
the conventional study. Here we want to
show the site-to-site variability. Figure
8 shows the low level of acceleration
values are exceeded over 80 times per
ten years at some locations adjacent to
TGGYV, similar to what was observed for
the conventional PSHA study.

Discussion and Conclusions

We examine an approach to cal-
culate seismic hazard from induced
seismicity based on physics-based
computations. We modified the conven-
tional PSHA to allow for physics-based
computations to address stress changes,
and therefore seismicity changes, in the
future. We also developed a methodology
to create hazard maps for a region. We
compared our results to a conventional
PSHA based upon actual recordings of
earthquakes over a ten year period. The
hazard is calculated at 61 sites in the re-
gion surrounding to The Geysers. Hazard
calculations were modified to be site-
specific. First, noise measurements were
obtained at the 61 sites and amplification
factors for site geology were estimated.
Then, 23 surface geologic units were
identified. A complete hazard map is
obtained by interpolating calculations
within similar surface geologic units.
The geology and noise samples are for
competent geology, so the hazard maps
are for competent geology.
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Figure 9. Color coded contour map of the decimal likely number of 0.10 g or greater occurring
per year within a 50 km area of TGGA. White areas exceed the scale range. This figure shows
more site-specific details than Figure 6 because the scale has been changed to 0.0 to 0.1.

622



Hutchings, et al.

One of the main results of this study is that the classical approach to PSHA and the physics-based approach provide
provide very similar results. This is evident by comparing the maps show in Figure 5 and 8 and values listed in Table
Al. Table A1 lists the calculated values of number of occurrences of the lower and higher levels of ground shaking at
each of the 61 sites used in this study, and for the two approaches. Comparing these values provides the best example of
how similar the results are. Figures 6 and 9 would show the same effect, but rather than show two maps that are almost
identical, we changed the scale for Figure 9. This better shows the variability in mapping we obtain by using site-specific
geologic information.

For both studies, the estimated occurrences of the lower level of ground shaking exceeded 80 per ten years at some
locations adjacent to the reservoir development area and diminished to near zero at greater distances. For the same region
the estimated occurrences of the 0.1 g or greater was 0.4 per year (approximately 4 every 10 years) adjacent to the reservoir
region and diminished to near zero at greater distances. These estimates are for competent geology and numbers would
change for sites with thick soil deposits.

It is somewhat surprising that the two approaches examined in this study give such similar results since they were
calculated by completely independent means. The conventional approach used the actual catalog of the past ten years,
while the physics-based approach used geotechnical modeling to calculate the catalog for ten years. Similarly, for the
conventional PSHA, we utilized attenuation relations from past earthquakes recorded at The Geysers to translate the
ground motion from the source to the site, while for the physics-based approach we calculated ground motion from
simulated actual earthquake ruptures wave propagation. Finally, the sources of earthquakes were the actual sources for
the conventional PSHA and identified faults and randomly distributed fractures for the physics-based approach. Since the
conventional approach was based on the actual hazard for the past 10 years, we consider that matching the calculation of
the conventional approach provides confidence in the physics-based approach. Actual recordings of ground acceleration
at several locations throughout the study area would help validate the calculations and the mapping methodology.
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Table A1. Hazard calculations at 61 sites*.

Classical PSHA Physically-Based
w/site specific factor w/site specific factor
number annual number annual
likely num likelihood likely num likelihood
occurrence damage occurrence damage
Geologic | Site per 10 yr hazard/yr per 10 yr hazard/yr
Site Latitude Longitude Dist. Unit** | Factor >0.0014 g >0.10 g >0.0014 g >0.10 g
HCD 38 47.964 -123 01.060 22.6 Q 1 13 .00042 10 .00062
HCL 38 57.622 -122 38.083 23.7 QPc 1 12 .0099 9 .00013
HGU 38 30.208 -122 59.880 36.1 Q 2 20 0.0 8 0.0
HHE 38 36.973 -122 52.348 19.6 Q 4 ~76 .0721 ~84 .0691
HHV 38 47.811 -122 33.233 18.1 QPc 1 ~13 0.0 ~12 .0007
HKV 38 58.695 -122 50.217 241 Q 5 ~110 1631 ~80 .2601
HLL 38 54.638 -122 36.390 20.5 Kl 1 ~13 0.0 10 .0042
HMT 38 45.225 -122 37.375 12.1 Q 1 ~17 .0081 ~16 .0062
HSR 38 26.448 -122 42.255 36.9 Q 4 ~44 0.0 20 0.0
HWN 38 32.548 -122 47.839 25.5 Q 1 ~10 .0055 5 0.0
NOO1 38 56.685 -122 48.931 20.0 Q 5 ~135 4661 ~70 .7871
NO002 38 55.287 -122 48.193 17.2 Qv 1 ~18 .0293 ~17 .0502
NO003 38 53.955 -122 47.454 14.6 Qv 1 ~21 .0962 ~19 .0771
NO004 38 52.586 -122 46.586 11.9 um 1 ~22 .2682 ~19 2677
NOO5 38 51.355 -122 45.667 9.5 Kijf 1 ~23 4682 ~21 .7044
NO06 38 50.091 -122 44331 7.4 Kjf 1 ~21 .5244 ~20 .7356
NO07 38 49.021 -122 42.875 6.5 Kjf 1 ~23 4082 ~21 .7990
NO08 38 47.808 -122 42.227 5.7 Kjf 1 ~24 .3382 ~22 .5292
NO09 38 46.888 -122 41.136 6.6 Kijf 1 ~21 .1993 ~21 .2542
NO10 3846.173 -122 39.566 8.7 Kijf 1 ~21 .0694 ~19 .0835
NOT1 38 45.389 -122 37.900 11.2 Q 1 ~18 .0142 ~18 .0273
NO12 38 46.700 -122 37.022 12.5 Ku 1 ~17 .0115 ~18 .0124
NO13 38 48.088 -122 36.855 13.1 Ku 1 ~17 .0079 ~17 .0043
NO14 3849.373 -122 37.746 12.8 Ku 1 ~17 .0188 ~17 .0226
NO15 38 54.616 -122 38.199 18.9 Kl 1 ~14 .00098 10 .0019
NO16 38 53.664 -122 39.409 16.5 Ku 1 ~16 .0064 ~13 .0052
NO17 38 52.823 -122 40.492 14.3 Qv 1 ~18 .0256 ~15 .0248
NO18 38 51.595 -122 40.392 12.5 J 1 ~19 .0571 ~17 .0524
NO020 38 50.416 -122 39.328 12.0 J 1 ~19 .0423 ~17 .0546
NO021 38 49.795 -122 38.349 12.4 Ku 1 ~18 .0235 ~18 .0488
NO022 38 45.356 -122 36.264 13.6 J 1 ~16 .0048 ~17 .0041
NO023 3843.517 -122 32.920 19.0 Q 1 ~12 0.0 10 .0035
N024 3842.678 -122 28.667 25.4 um 1 10 0.0 9 0.0
NO25 38 39.542 -12227.171 29.4 Q 1 8 0.0 7 0.0
NO026 38 30.663 -122 26.420 40.0 Kl 1 6 0.0 4 0.0
NO027 3832.476 -122 27.021 37.0 Tvp 1 5 0.0 2 0.0
NO028 3907.170 -123 09.584 50.0 Q 1 6 0.0 0 0.0
NO30 39 00.860 -123 07.146 41.3 Q 1 8 0.0 4 0.0

625


http://earthquake.usgs.gov/regional/nca/soiltype
http://peer.berkeley.edu/lifelines/lifelines_pre_2006/final_reports/Report_5B.pdf
http://peer.berkeley.edu/lifelines/lifelines_pre_2006/final_reports/Report_5B.pdf

Hutchings, et al.

NO31 38 56.315 -123 04.1185 32.7 um 1 10 0.0 8 .0001
NO032 38 53.210 -123 03.264 28.7 Kjf 1 10 0.0 10 .0009
NO033 38 50.719 -123 01.127 24.0 Qls 1 ~13 .00014 10 .0003
NO034 38 45.899 -122 58.083 18.1 Q 1 ~15 .0066 ~12 .00697
NO35 38 43.048 -122 55.318 15.2 Q 1 ~16 .012 10 .0104
NO36 38 40.852 -122 52.824 14.4 Q 5 ~75 .0041 ~85 .0043
NO37 3829.772 -122 46.425 30.4 Q 5 45 0.0 45 .0003
NO038 38 29.086 -122 50.584 32.5 Q 1 8 0.0 2 0.0
NO039 38 30.146 -122 54.461 32.4 TK 1 8 0.0 2 0.0
NO040 38 31.169 -122 58.663 33.7 Q 1 8 0.0 2 0.0
NO41 38 28.198 -123 00.431 39.7 Q 1 6 0.0 1 0.0
NO042 38 26.686 -123 04.884 45.7 Q 1 4 0.0 1 0.0
NO043 38 40.308 -122 48.776 11.8 Q 1 ~16 .0079 ~14 .0140
NO044 38 38.305 -122 46.019 14.6 QPc 1 ~13 .00028 ~11 .0057
NO045 38 38.530 -122 42,109 15.1 Q 1 ~13 0.0 ~12 .0038
NO046 3836.419 -122 39.166 20.4 TvP 1 10 0.0 9 .0038
NO047 38 36.169 -122 35.220 23.9 Q 1 10 0.0 8 .000007
NO048 38 34.589 -122 32.066 29.1 Q 1 9 0.0 5 0.0
N049 38 29.591 -123 04.105 40.8 Kjfm 1 6 0.0 1 0.0
NO50 38 32.537 -123 05.345 38.2 Mzv 1 7 0.0 1 0.0
NO51 38 35.197 -123 07.694 38.0 Kjfm 1 7 0.0 2 0.0
NO52 38 36.097 -123 11.568 42.0 Kjfm 1 6 0.0 1 0.0
NO53 38 37.301 -123 15.059 45.8 Kjfm 1 5 0.0 0 0.0

* missing station numbers had no data collected
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