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1. Introduction

Preliminary Design Report

1. INTRODUCTION

1.1 BACKGROUND

The East Bay Municipal Utility Water District (EBMUD) has embarked on a water
supply management program to investigate alternatives to meet water supply needs for
projected population increases and drought security. One alternative project is the Pardee
Reservoir Enlargement Project.

Pardee Dam and Reservoir are owned and operated by EBMUD for the primary purpose
of municipal water supply. Reservoir enlargement options that would raise the normal
reservoir water surface by about 40 to 70 feet are currently being considered.

This report presents a summary of pertinent geological issues pertaining to fault
capability in the vicinity of Pardee Reservoir, seismic response spectra recommended for
preliminary design, and associated ground motion acceleration time histories for

preliminary design.

This study is not intended to be a complete characterization of seismotectonic sources
affecting structures in the western Sierra Nevada. It does not include a detailed
explanation of Cenozoic and Quaternary stratigraphy in the westérn Sierra Nevada
foothills and central San Joaquin Valley, nor characterizations of far-field seismic
sources, which include active faults beyond the Pardee study area such as the Sierra
Nevada frontal fault zone, Coast Range thrust fault, and San Andreas fault system.
However, contribution of far-field seismic sources identified in other studies were
considered in the probabilistic hazard analyses.

A summary of pertinent geologic issues pertaining to fault capability in the vicinity of
Pardee Dam are presented. Explanations of Cenozoic and Quaternary geology, soil
stratigraphy of the western Sierra Nevada, regional seismic courses, and historic
seismicity are contained in Dames and Moore (1993) and U. S. Army Corps of Engineers

(1995).

1.2 PURPOSE
The purposes of this study are to:

1. Briefly describe the tectonic setting of the western Sierra Nevada.

2. Identify and evaluate near-field seismic sources likely to affect the Pardee
Reservoir Enlargement Project.

C:AMSOFFICE\WINWORD\HCG\PAR-VOL6.DOC -
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Determine design ground motions at the existing Pardee Dam site, the
downstream dam site, the Jackson Creek Dam site, and the existing outlet

tower for use in preliminary design.

Recommended additional seismotectonic studies for final design.

1.3 SCOPE OF WORK

The scope of work consisted of:

Review of published geologic maps.

Review and analysis of previous investigative findings, including maps,
reports, trench logs (i.e., Corps of Engineers, 1995), and unpublished
geomorphic profiles (Pacific Gas and Electric Company).

Stereoscopic examination of aerial photographs for the years 1971, 1987,
1991, 1992, 1995 and 1996.

Preliminary design-level geologic mapping of an approximately 3-square-
mile area west of Pardee Reservoir.

Reconnaissance-level geologic mapping of an approximately 25-square-mile
area generally north and west of Pardee Reservoir.

Interpretation and analysis of existing and newly acquired data and
characterization of near-field seismic sources. :

Estimation of ground motions at the existing Pardee Dam site, downstream
dam sites, Jackson Creek Dam site, and existing outlet tower site.

Formulation of site specific response spectra.

Development of design acceleration time histories.
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2. GEOLOGIC SETTING

Pardee Reservoir is in the western Sierra Nevada, near the margin with the Central
Valley. Together, the Central Valley and Sierra Nevada form a single tectonic province
termed the "Sierran Block," which is a block of basement rocks tilted downward to the
west, situated between the California Coast Ranges to the west and the Basin and Range
province to the east. Regional tectonic features are shown on Exhibit 2-1.

Bedrock in the western Sierra Nevada consists of metamorphosed volcanic and
sedimentary rocks that provide evidence of Paleozoic and Mesozoic continental growth.
Oblique convergence between the North American plate and an oceanic plate (perhaps the
proto-Farallon plate) was the driving mechanism for this terrane accretion, which
culminated with the Nevadan Orogeny in late Jurassic time between 163 and 143 million
years ago (Graymer and Jones, 1994). The principal terrane boundaries near Pardee
Reservoir are the Melones fault zone and Bear Mountains fault zone. These two
pronounced fault zones separate the bedrock complex of the western Sierra Nevada into
three northwest-trending tectonic terranes, as shown on Exhibit 2-2. From east to west,
the three tectonic terranes are:

1. The Calaveras Terrane, which is composed of Paleozoic-age rocks (245-570
million years old).

2. The Placerville Belt (equivalent to the Central Belt of Clark, 1964), an
approximately 7-kilometer-wide zone of Mesozoic-age (65-245 million years
old), metavolcanic and metasedimentary rocks bounded by the Melones (on
the east) and Bear Mountains (on the west) fault zones.

3. The Western Belt, which is located west of the Bear Mountains fault zone
and is composed of Mesozoic-age, metavolcanic, and metasedimentary rocks
similar to that of the Placerville Belt.

Pardee Reservoir is in the Western Belt. The Western Belt comprises three Mesozoic-age
bedrock formations, the Copper Hill Volcanics, Salt Springs Slate, and Gopher Ridge
Volcanics. The regional geology in the vicinity of Pardee Reservoir is shown in section
on Exhibit 2-3 and in plan on Exhibit 2-4.

Tertiary bedrock units of the Ione, Valley Springs, and Mehrten Formations locally
overlie the Mesozoic rocks in the vicinity of Pardee Reservoir.

The Eocene-age Ione Formation (40 million years old) is the oldest Tertiary unit in the
region, and consists of quartz-rich sandstone and conglomerate and kaolinitic claystone.
The Ione Formation is a local source of sand and gravel, lignitic coal and pottery-grade
clay.

C:\MSOFFICE\WINWORD\HCG\PAR-VOL6.DOC 2-1 HCG
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The Oligocene- to Miocene-age Valley Springs Formation (20-25 million years old)

consists of interbedded fluvial deposits (siltstone, sandstone and conglomerate) and
thyolitic tuffs. Rhyolitic tuffs south of Pardee Reservoir have been dated to be 22 to 23

million years old (Dames & Moore, 1993) and are particularly useful in evaluating late

Cenozoic deformation.

The Miocene- to Pliocene-age Mehrten Formation (4.6-10 million years old) consists of
volcaniclastic sediments, volcanic agglomerates, tuffs and local lava flows deposited in
stream channels. The Mehrten deposits are highly resistant to erosion and Mehrten-filled,
Cenozoic-age stream channels form a series of discontinuous linear ridges that strike
roughly perpendicular to the regional structure. The Table Mountain Latite, which forms
a prominent southwest-trending series of ridges approximately 40 km south of Pardee
Reservoir, is an older member of the Mehrten Formation.

2.1 FOOTHILLS FAULT SYSTEM

The Foothills fault system is a wide zone of faulting located along the western slopes of
the central Sierra Nevada. The Foothills fault system includes the Melones and Bear
Mountains fault zones and other recently recognized faults to the west that together form
a fault system extending a distance of approximately 230 km, from Mariposa
northwestward to Oroville. The closest faults to Pardee Dam that appear to exhibit late
Cenozoic activity are shown on Exhibit 2-4. These are the Youngs Creek fault (4000
meters east); Devils Gate fault (1070 meters east); Waters Peak fault (152 meters west);
and Jone fault (1370 meters west).

Late Cenozoic faulting in the western Sierra has taken place primarily along pre-existing
zones of weakness that are relics from the Mesozoic-age Nevadan Orogeny and resulted
from a strong pulse of uplift and westward-tilting of the Sierran Block. Uplift of the
modern Sierra Nevada is estimated to have begun approximately 4 to 7 million years ago
(Unruh, 1991; Pacific Gas and Electric Company, in.progress). Based on progressive
tilting of the Miocene-age Mehrten Formation, the onset of relatively continuous uplift
appears to have occurred during deposition of the uppermost part of the Mehrten
Formation, which has been estimated to be between 4.6 and 5.7 million years old
(Woodward-Clyde Consultants, 1978). Based on this tilting and the estimated age of the
Mehrten Formation, 5 million years is generally selected as the initial time of uplift and
the basis for slip rate determination for late Cenozoic faults within the Sierran Block.

and is considered to be the most active component of the fault system in modern time
(last 2 million years). Both the Melones and Bear Mountains fault zones appear to be
more continuous than faults located further west. Faults in the northwestern portion of
the Foothills belt (e.g., Oroville area) appear to have more pronounced geomorphic
expression than the central and southern portions of the belt, reflecting greater activity in
the northwestern portion of the Foothills fault system.

C'WSOFF]CE\WWO@WCGWAR-VOL6.DOC -
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2.1.1 REGIONAL SEISMICITY

Compared to surrounding regions, the Sierran Block is characterized by a low level of
seismicity. The Sierran Block is considered to be”a relatively stable crustal block
between the San Andreas fault system and the Basin and Range (Pacific Gas and Electric,
unpublished; Urhammer, 1991). Although compilation and analysis of earthquake
seismicity was not part of this study, a review of published reports indicates that
earthquake focal mechanisms show a pattern of oblique slip to dextral slip on northwest-
striking faults and a pattern of normal dip-slip on north-striking faults in the Sierra
Nevada (Pacific Gas and Electric Company, unpublished; Wong and Savage, 1983; Hill
and others, 1991).

The largest recorded historic earthquake along the Foothills fault system was the Oroville
earthquake of August 1, 1975 (magnitude = 5.7). This earthquake, centered
approximately 150 km northwest of Pardee Reservoir, provides direct seismologic
evidence that portions of the Foothill fault system are active. The earthquake was
dominantly normal dip-slip, with the west side down, and a focal depth of 8 km (Bolt,
1977). However, earthquake focal mechanisms also indicate a strike-slip component of
movement (lateral-to-vertical ratio of 0.4:1, Wallace, 1990). Surface rupturing was
associated with a trace of the Cleveland Hill fault, and extended for a distance of 5.7 km.
Surface displacement measurements indicated 4 cm of right-lateral strike-slip and 5 cm of
normal dip-slip movement (Hart and Rapp, 1975).

2.1.2 STYLE OF LATE CENOZOIC DEFORMATION

The rate and style of tectonic deformation in the Sierran Block is influenced by northwest
motion of the Pacific plate relative to the North American plate and crustal extension in
the Basin and Range. Approximately 75 percent of the dextral plate motion (i.e., about
36 mm of the total 48 mm/year) between the Pacific and North American plates is
accommodated by the San Andreas fault system. The remaining 25 percent (12 mm) is
accommodated by deformation east of, and partly within, the Sierran Block with much of
the movement believed to be accommodated by faults in the Greater Walker Lane
tectonic belt. The Greater Walker Lane tectonic belt is considered to be the transition
between the Sierran Block and the Basin and Range, as shown on Exhibit 2-1. Although
regionally the Sierran Block is not considered a significant contributor to plate boundary
motion, the presence of diffuse seismicity indicates ongoing, low-level tectonic activity
within the Sierran Block from east-west crustal extension and dextral strike-slip motion.

Late Cenozoic deformation, manifested as extensional and dextral displacements, has
occurred locally along reactivated fault segments within the Foothills fault system. This
has been demonstrated by geomorphic analyses and paleoseismic trench studies (e.g.,
Pacific Gas and Electric Company, unpublished; Woodward-Clyde Consultants, 1978).
The previously identified studies indicate that Cenozoic faulting may involve a
component of strike-slip movement, but slip rate estimates only pertain to normal slip
movement. Based on our field mapping of several fault exposures, development of
criteria to assess sense of slip in exposed faults, and geomorphic analysis designed to

C:\MSOFFICE\WINWORD\HCG\PAR-VOL6.DOC -
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evaluate apparent tectonic offset of Tertiary paleostream channel deposits, it appears that
the Cenozoic style of movement for the central Foothills fault system includes a
significant component of dextral strike slip in addition to normal slip.

A geomorphic analysis of the surface of the Table Mountain Latite was conducted as part
of this study to constrain the strike-slip component of Cenozoic deformation along the
Foothills fault system. The Table Mountain Latite, which is about 9.6 million years old,
forms a series of resistant ridges adjacent to the modern Stanislaus River approximately
40 km southeast of Pardee Dam. These ridges are the remnants of a Tertiary stream
channel that was filled by volcanic flows that now are elevated above the surrounding
topography because of preferential erosion of the surrounding, less resistant rocks.
Several late Cenozoic faults that displace the Table Mountain Latite were previously
identified based on geomorphic analysis and subsurface investigations for the New
Melones Dam and Stanislaus Nuclear Power Plant (Woodward-Clyde Consultants, 197 8).
Paleoseismic trench data indicate that movement of these faults is predominantly normal-
slip, with an unknown component of strike-slip.

Surface topography provides a good approximation of the former channel axis because of
the resistant nature of the latite. The channel axis is displaced laterally at four locations
in the area examined. All four of these locations coincide with previously identified
faults or steep monoclinal folds as shown on Exhibit 2-5. The strike-slip component of
movement was computed by measuring apparent displacements of the channel axis.
Lateral offset of the channel axis appears to vary from about 250 to 600 meters. If the
lateral offsets were solely the result of dextral strike-slip deformation over the past 5
million years, average lateral slip rates would be 0.05 to 0.12 mm/year. The actual slip
rate would likely be less than the computed slip rate, because channel sinuosity and
normal-slip deformation may affect apparent lateral offset, and deformation may have
been initiated prior to 5 million years ago.

Ridges capped by the Mehrten Formation also were examined as part of this study to
constrain possible slip rates of faults in the Pardee Reservoir area. Relationships between
five northwest-trending faults and several southwest-trending linear ridges in the Valley
Springs area southeast of Pardee Reservoir are shown on Exhibit 2-6. Prominent linear
ridges are assumed to accurately denote axes of paleostream channels that were filled by
volcaniclastic sediments. Paleostream charmel axes in the Valley Springs area cannot be
 established as confidently as at Table Mountain because of the lack of continuity and the
sporadic distribution of Mehrten exposures. Lateral offsets of the ridges appear to vary
from approximately 600 to 1200 meters, which are larger than apparent offsets observed
at Table Mountain. Larger apparent lateral offsets in the Valley Springs area are most
likely due to problems associated with reconstructing paleochannel axes than from
greater fault slip rates. Palinspastic reconstruction of the paleostream channels in the

Mehrten Formation at both locations indicates a pattern of dextral strike-slip along the
northwest-trending faults.

C-\MSOFFICE\WINWORD\HCG\PAR-VOL6.DOC 2-4 HCG
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A Mehrten Formation exposure north of Lake Amador, where a trace of the Devils Gate
fault has been mapped, was also examined and is presented on Exhibit 2-7. Based on
reconstruction of probable Mehrten-age channels, dextral strike-slip displacements of
approximately 150 to 450 meters were computed at this location. Based on this
geomorphic reconstruction and an assumption that faulting was initiated approximately 5
million years ago, the computed late Cenozoic strike-slip rate across this fault trace is in
the range of 0.03 to 0.09 mm/year.

Seismologic evidence of a dextral strike-slip component to the Foothills fault system
includes earthquake focal mechanisms indicating oblique-slip and strike-slip faulting
events in the north-central Sierra Nevada (Hill and others, 1991; Wong and Savage,
1983). Surface rupture associated with the 1975 Oroville earthquake produced a 0.8:1
lateral-to-vertical slip ratio, and right-lateral displacements generally were greater than
vertical displacements along most of the rupture trace (Hart and Rapp, 1975).

Oblique-slip to strike-slip deformation is recognized in trenches on several faults in the
south-central portion of the Foothills fault system as follows:

1. Trenches excavated across the Youngs Creek, Negro Jack Point and
Rawhide Flat East faults exposed "flower structures,” which are typically
indicative of strike-slip faults (Woodward-Clyde Consultants, 1978).

2. Slickensided surfaces identified in a trench across the Waters Peak fault
indicate a lateral-to-vertical slip ratio of 1:1 to 2:1 (William Lettis and
Associates, 1994).

3. A lateral-to-vertical slip ratio of 1.8:1 was measured in Mehrten deposits
offset by the Maidu East fault near the Auburn Dam site (Woodward-Clyde
Consultants, 1977).

According to previous investigators (Schwartz, D., 1997; Page, W. P., 1997), faults in the
eastern portion of the Foothills fault system (i.e., Melones fault zone) appear to be more
continuous, more active, and characterized by dominantly normal-slip movement
compared to faults in the western portion of the fault system. Based on the information
presented above, it is concluded that:

1. Dextral strike-slip is a significant, and possibly the dominant, component of
Cenozoic deformation for northwesterly trending faults in the western
portion of the Foothills fault system.

2. Cenozoic movement on northerly trending faults may be predominantly
characterized by normal-slip.

3. Geomorphic reconstruction is a less precise method of estimating slip rates
than fault movement indicators observed in paleoseismic trenches; however,
the geomorphic reconstruction analysis indicates a consistent pattern of
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dextral strike-slip across the faults examined for this study. Seismicity and
limited paleoseismic trenching data also support a significant component of
strike-slip deformation.

2.2 FAULTS IN THE PARDEE RESERVOIR AREA

2.2.1 YOUNGS CREEK FAULT

The Youngs Creek fault was identified in previous studies as having late Cenozoic
displacement on the basis of moderately strong to strong geomorphic expression and a 5-
meter vertical displacement of the Mehrten Formation in trenches excavated by
Woodward-Clyde Consultants (1978). Faults exposed in the trenches display down-to-
the-east movement.

The Youngs Creek fault is characterized as a 30- to” 60-meter-wide zone of intensely
sheared and slickensided serpentinite and displaced Tertiary deposits that is close to the
western contact of a melange zone that forms the contact between the Western Belt and
the Placerville Belt tectonic terranes (Corps of Engineers, 1995). Both William Lettis &
Associates (1994) and Page (1994) believe that sufficient colluvium was exposed in the
Corps of Engineers' trench to demonstrate that no displacement occurred in the past
14,000 to 60,000 years. In contrast, the Corps of Engineers’ report states that the trench
did not expose sufficient soil cover to allow an assessment of fault activity. '

Geologic field mapping of the Youngs Creek fault was not conducted as part of the
Pardee Reservoir enlargement studies; however, geomorphic analyses were conducted
using aerial photographs and topographic quadrangle maps. The Youngs Creek fault
exhibits a strong to moderate geomorphic expression for a distance of approximately 22
km as shown on Exhibit 2-4. As shown on Exhibit 2-6, a strong lineament, which is
indicative of late Cenozoic movement, is a short distance west of the fault trace trenched
by Woodward-Clyde Consultants (1978) and the Corps of Engineers (1995). Based on
geologic and geomorphic data, the late Cenozoic displacement is probably oblique
(dextral strike-slip and down-to-the-east normal slip). Fault ruptures logged in
Woodward-Clyde Consultants' Trench 2 (1978) are nearly vertical at depth and become
slightly concave-upward (i.e., "flower structure"), which are typical of faulting produced

by lateral slip.

The Youngs Creek fault may represent a segment of a longer fault zone aligned along the
Bear Mountains fault zone that inciudes the Sunnybrook East fault to the northwest and
other possible fault segments to the southeast. The length of the Sunnybrook East fault is
estimated to be 8 km (Pacific Gas and Electric Company, unpublished).

2.2.2 DEVILS GATE FAULT

The Devils Gate fault was identified by previous investigators on the basis of strong
geomorphic expression along the eastern margin of Pardee Reservoir and apparent offset
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of late Cenozoic deposits at two locations to the northwest and southeast of the reservoir.
Previous estimates of fault length ranged from 20 to 40 km (Earth Sciences Associates,
1992, and Dames and Moore, 1993). The longer fault length reflects the combined length
of the Devils Gate fault and the Peoria Pass fault located at Table Mountain. Dames and
Moore (1993) considered the two faults to be distinct segments of a single fault zone.
Pacific Gas and Electric Company (unpublished) consider the Devils Gate fault to be one
of several fault segments that form a 60 km fault zone extending southeastward to Table
Mountain. Based on geomorphic mapping conducted for the Pardee Reservoir
Enlargement Study, it appears that the primary trace of the Devils Gate fault forms a
moderately strong to strong geomorphic lineament for a distance of approximately 22 km
as shown on Exhibit 2.3. This lineament may represent the northern segment of a longer
fault zone.

In addition to the primary trace of the Devils Gate fault, a second fault trace was
identified east of the Jackson Creek Spillway, where a geomorphic lineament coincides
with a faulted contact between the Copper Hills Volcanics and Salt Springs Slate
formations, as shown on Exhibit 2-3. This fault trace, which is exposed about 340 meters
south of the Jackson Creek Spillway at low reservoir levels, is characterized by drag
folding indicative of strike-slip movement, which is associated with late Cenozoic
movement.

The Devils Gate fault may coincide with the western edge of a shear zone referred to as
the Spring Valley structure, which is part of the Bear Mountain fault zone located east of
the town of Valley Springs (Woodward-Clyde Consultants, 1978). Based on a
geomorphic profile, the Castle Rock Tuff member of the Valley Springs Formation was
vertically offset (west side down) 12 meters. Woodward-Clyde Consultants (1978)
attributed the offset to buried topographic relief rather than faulting. Recent re-
interpretation of the geomorphic profile by Pacific Gas and Electric Company
(unpublished) indicates that west-side-down offset may be the result of faulting.

According to Dames and Moore (1993), the top of the Mehrten Formation (i.e., ground
surface) is vertically offset 12 meters across the Devils Gate fault north of Lake Amador,
which is approximately 5 km northwest of Pardee Reservoir. Using a vertical
displacement of 12 meters and an assumption that faulting was initiated 5 million years
ago, the late Cenozoic normal-slip rate for the Devils Gate fault was calculated to be
0.002 mm/year. Geologic mapping conducted as part of this study, an evaluation of the
Dames and Moore (1993) profile, and geomorphic profiles constructed by Pacific Gas
and Electric Company (unpublished) do not indicate only normal-slip displacement
across the postulated trace of the Devils Gate fault near State Highway 88. Palinspastic
reconstruction of probable Mehrten-age channels indicate that approximately 150 to 450
meters of dextral strike-slip displacement may have occurred along the Devils Gate fault
at the State Highway 88 location. The apparent late Cenozoic strike-slip rate of
movement is in the range of 0.03 to 0.09 mm/year, based on the following assumptions:
1) 150 to 450 meters of strike-slip movement, 2) little to no channel sinuosity, and 3)
faulting initiated 5 million years ago. ]
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2.2.3 WATERS PEAK FAULT

The Waters Peak fault was identified by previous investigators on the basis of strong
geomorphic expression, geomorphic profiles, and paleoseismic trenching. The fault is
well expressed geologically, as well as geomorphically, in the Mokelumne River gorge
and Mexican Gulch, where the fault strikes approximately N37-44W and dips steeply (64
to 70 degrees) to the northeast.

The Waters Peak fault forms a strong geomorphic lineament for a distance of
approximately 15 km, from the northeast side of Waters Peak southward to near New
Hogan Reservoir, as shown on Exhibit 2-4. Based on a lack of geologic and geomorphic
indications of faulting north of Waters Peak, the northwestern end of the fault is
considered to be in the vicinity of Stony Creek Road. The Waters Peak fault may be the
northern segment of a longer fault zone that includes the Green Springs Run fault
southeast of New Hogan Reservoir (Dames & Moore, 1993).

The Castle Rock tuff member (22 million years old) of the Valley Springs Formation is
offset vertically 46 to 62 meters by the Waters Peak fault (Dames & Moore, 1993; Page,
1994). Using these vertical displacements and an assumption that faulting was initiated
approximately 5 million years ago, the average late Cenozoic uplift rate for the Waters

Peak fault ranges from 0.009 to 0.012 mm/year.

The Waters Peak fault was exposed in "Trench 3, Waters Peak Fault South," Corps of
Engineers (1995). Fault planes exposed in the trench extend upward into Quaternary-age
deposits that show late Quaternary displacement. The vertical offset at the top of the
Quaternary-age ‘ faulted material is less than the offset at the base, which indicates
repeated fault rupture events. Approximately 15 cm of displacement was measured at the
uppermost faulted deposit, which may have an age of approximately 100,000 to 300,000
years. The fault exhibits both normal-slip and strike-slip displacement in Trench 3
(Corps of Engineers, 1995) and exposures observed in Mexican Gulch. The lateral to
vertical slip ratio observed in the trench was estimated to be 1:1 to 2:1 (William Lettis &

Associates, 1994).

The date of the last faulting event is unknown because of uncertainty in identifying the
age of the lowermost (oldest) unfaulted deposit above the fault. The age of the unfaulted
deposit is estimated as 20,000 to 70,000 years by the most detailed examination of the
material (William Lettis & Associates, 1994). The Corps of Engineers investigators and
reviewers judged the most recent movement of the Waters Peak fault to be more than

a) f\f\f\ Sremre o
35,000 years ago.

2.2.4 IONE FAULT

The Ione fault was identified in previous studies on the basis of geomorphic expression,
fault exposures in the Lake Amador spillway channel, and apparent vertical displacement
of the Eocene-age Ione Formation (40 million years old). Earth Sciences Associates
(1992) continued the lineament south to the town of Valley Springs; Dames & Moore
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(1993) extended the fault south to Valley Springs Peak, but not as far south as the town of
Valley Springs. Geomorphic expression of the Ione fault is characterized in this study as
a 23-kilometer-long, west-facing escarpment that ends about 1.8 km northwest of the
Mokelumne River, as shown on Exhibit 2-4.

The strong geomorphic lineament along the Ione fault zone coincides with a wide zone of
faulting exposed in the Lake Amador spillway charnel, approximately 7 km northwest of
the Mokelumne River, as shown on Exhibit 2-7. Detailed mapping of exposures in the
Lake Amador spillway channel were conducted as part of this study and are presented on
Exhibit 2-8. Numerous shears and faults over a length of about 200 meters were
identified within the Salt Springs Slate Formation. All of the faults observed in the Lake
Amador spillway channel are aligned generally parallel to foliation, which has a
northwesterly strike and steep east dip (average orientation of N15W strike and dip
80~>E). Faults observed in the Lake Amador spillway channel are similar in orientation
to the east-dipping fault exposed in the Corps of Engineers' "Trench 1, Ione Fault" (Corps
of Engineers, 1995). Differences in materials exposed in the north and south trench walls
indicate that the fault in Trench 1 may have experienced strike-slip displacement in
addition to dip-slip movement. No westerly dipping normal fault was observed in the
Lake Amador spillway channel or in the Corps of Engineers trenches, which is
contradictory to the west-side-down normal fault postulated by the Corps of Engineers.

Dames and Moore (1993) reported that the Ione Formation was vertically offset (west
side down) a distance of 185 meters across the Ione fault. Using a vertical offset of 185
meters and an assumption that faulting was initiated 5 million years ago, the computed
average late Cenozoic uplift rate is 0.037 mm/year. Based on profiling from Waters Peak
westward across the Ione fault to Jackson Valley, vertical displacement of the base of the
Tone Formation is estimated to be approximately 76 meters. Using 76 meters of
displacement and an assumption that faulting was initiated 5 million years ago, the
computed average late Cenozoic uplift rate is 0.015 mm/year.

No geomorphic expression of faulting was observed between the southwestern edge of
Waters Peak and the Mokelumne River, which is in dramatic contrast to the strong west-
facing escarpment to the northwest. No evidence of Cenozoic faulting was identified
between Mexican Gulch and Penn Mine, which is a distance of approximately 3 km from
mapping rock exposures along the walls of the Mokelumne River gorge. The Waters
Peak fault appears to end toward the north, just as the Ione fault appears to terminate to
the south. If the style of movement on the Ione fault is primarily dextral strike-slip, it can
be hypothesized that motion along the Ione fault may step over to the Waters Peak fault
(i.e., left-stepping faults are consistent with dextral strike-slip motion). Direct evidence
to support or negate this hypothesis is not available.

2.2.5 GEOMORPHIC LINEAMENTS

Several geomorphic lineaments were identified and evaluated for this study. Geomorphic
expressions of these features vary from weak to strong and include discontinuous to
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continuous (1 to 4 km in length) linear drainages, hillside benches, and vegetation
lineaments. Several lineaments were identified along trends of the late Cenozoic faults

(" discussed above. Other lineaments appear to be associated with soil or vegetation

changes, formational contacts, interbedding of different geologic umits, bedrock structure,
and faults of unknown activity.

Only lineaments displaying at least moderately strong geomorphic expression and
possible association with faults are depicted on Exhibit 2-4. Two of these lineaments
cross the proposed Jackson Creek Dam site. The westernmost of these two lineaments,
which approximately coincides with a lineament identified by Dames and Moore (1993),
roughly follows the geologic contact between the Salt Springs Slate and Gopher Ridge
Volcanics formations. This contact is considered to be unfaulted and could be the result
of differential erosion along the contact. Faulting in the vicinity of the contact is also
possible based on scattered quartz exposures observed in the area and association
between quartz veins and other identified faults in the Pardee Reservoir area. Quartz
veins also occur as dikes along fractures and fold axes. This western lineament closely
parallels the Waters Peak fault (located approximately 700 meters west), and late
Cenozoic faulting along this lineament is possible.

The easternmost lineament closely follows the geologic contact between the Copper Hills
Volcanics and Salt Springs Slate formations. These formations are faulted at the single
exposure of the contact observed during this study. The geomorphic lineament could be
the result of recent faulting or differential erosion along an old faulted contact. It is our
interpretation that this lineament is an active trace of the Devils Gate fault because: 1)
the lineament closely parallels a mapped trace of the Devils Gate fault, which is
approximately 350 meters east, and 2) drag folding indicative of late Cenozoic strike-slip
movement was observed in the fault exposure about 340 meters south of the Jackson

Creek Spillway.

Two additional lineaments were identified in the Campo Seco area, which is downstream
from Pardee Dam and south of the Mokelumne River. The eastern lineament is
characterized by several weak to moderately strong discontinuous features, including a
vegetation lineament, linear drainage, and a hillside bench. The western lineament is a
more westerly trending linear drainage and hillside saddle that appears to intersect the

eastern lineament.

2.3 FAULT CAPABILITY AND MAXIMUM EARTHQUAKES

Criteria for estimating fault activity are slip rate, time of last fault movement, and
characteristic amount of fault rupture. Magnitudes of earthquakes associated with
specific active faults are estimated by considering the seismic setting and fault parameters
such as style of movement, typical displacement amount, and anticipated length or area of
fault rupture. According to guidelines established by the State of California Division of
Safety of Dams (DSOD), faults that show evidence of displacement within the past
35,000 years are considered active seismic sources for the purpose of seismic design.
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Faults that can be demonstrated not to have moved in the past 35,000 years can be
considered inactive, and not likely to produce an earthquake during the life of the project.
Inactive faults can be dismissed as seismogenic sources for seismic design.

Faults in the Foothills fault system are considered conditionally active seismic sources by
the DSOD because evidence pertaining to recency of movement is inconclusive. Fault
activity assessments in the Sierran foothills are difficult to resolve because of the scarcity
of Quaternary-age deposits for measurement of slip rates and assessment of recency of
faulting. Without Quaternary-age deposits it is difficult to distinguish geologically
recent displacements from movements produced by geologically older and currently
inactive faults. Seismogenic assessments in the western Sierra Nevada are based on
deformation of late Cenozoic deposits, evaluation of subtle features in fault zones, and
geomorphic expression. Repeated and geologically recent fault movement typically leads
to strong geomorphic expression. Weak geomorphic expression of a fault indicates a
very low rate, or lack, of recent faulting.

All four faults examined in this study: Youngs Creek, Devils Gate, Waters Peak, and
Ione, are considered to be active for seismic design considerations based on strong
geomorphic expression, apparent late Cenozoic style of deformation (i.e., lateral or
extensional displacements), and uncertainty regarding the time of last fault movement.
These four faults may be less active than faults in the eastern and northem portions of the
Foothills fault system because they display more subtle geomorphic expression than
faults associated with the Melones fault zone and faults in the Oroville area. It is possible
that further study may determine that all or some of the faults in the Pardee Reservoir
area are not active.

Characterization of the style of deformation is an essential component in understanding
fault behavior. To account for the indications of oblique slip and dextral strike-slip
deformation identified from geomorphic reconstructions of paleostream channels and
seismicity records, as well as dominant dip-slip movement identified from paleoseismic
trench measurements of slickensided fault surfaces that plunge steeply in the direction of
fault dip, lateral-to-vertical slip ratios were developed for the faults in the Pardee
Reservoir area. Maximum earthquake magnitudes were determined using magnitude-
fault area relationships established by Wells and Coppersmith (1994). The following
sections summarize the seismic hazard assessment of the four faults in the Pardee
Reservoir area.

2.3.1 YOUNGS CREEK FAULT

Fault Activity: The Youngs Creek fault appears to have ruptured late Cenozoic-age
deposits, and the last rupture event may have occurred more than 14,000 to 60,000 years
ago. The Youngs Creek fault is considered to be an active seismic source for seismic
design purposes because, based on available data, movement within the last 35,000 years
could have occurred.
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Earthquake Magnitude: The Youngs Creek fault exhibits a strong to moderate
geomorphic expression for a distance of approximately 22 km. Based on a rupture length
of 22 km and rupture width of 12 km, the maximum magnitude earthquake is computed
to be 6.4 using the magnitude-fault area relationships established by Wells and

Coppersmith (1994).

Slip Rate: The Youngs Creek fault has previously been characterized as displaying
primarily normal fault movement by previous investigators. Based on re-interpretation of
trench logs and examination of geomorphic features, a strong component of strike-slip
deformation was identified. A lateral to vertical slip ratio of 2:1 and an average
cumulative slip rate of 0.002 mm/year is estimated for the Youngs Creek fault.

2.3.2 DEVILS GATE FAULT

Fault Activity: The Devils Gate fault appears to have displaced late Cenozoic-age
deposits, but has not been trenched. The timing of the last fault movement is unknown.
The Devils Gate fault is considered to be an active seismic source for seismic design
purposes because based on available data, movement within the last 35,000 years could

have occurred.

Earthquake Magnitude: The Devils Gate fault exhibits a strong to moderate geomorphic
expression for a distance of approximately 22 km. Based on a rupture length of 22 km
and rupture width of 12 km, the maximum magnitude earthquake is estimated to be 6.4
using the magnitude-fault area relationships established by Wells and Coppersmith

(1994).

Slip Rate: Drag folds observed at a fault exposure and palinspastic reconstruction of
probable Mehrten-age channels indicate that the late Cenozoic strike-slip rate of
movement is greater than the normal dip-slip rate. A lateral to vertical slip ratio of 5:1 for
the Devils Gate fault and an average cumulative slip rate of 0.03 mm/year is estimated for

the Devils Gate fault.

Fault Displacement: Fault displacement is a consideration for foundation design because
a trace of the Devils Gate fault passes close to the proposed Jackson Creek dam. It has
been demonstrated through mapping of fault ruptures and paleoseismic trenching of
active faults that surface displacement varies along rupture traces. Based on the
magnitude-displacement relationships established by Wells and Coppersmith (1994), the
amount of displacement per earthquake event is estimated to be 10 to 40 cm for a
magnitude 6.0 to 6.4 earthquake. Paleoseismic trench observations in the Waters Peak
Fault South Trench indicate a displacement of 15 cm for the most recent rupturing event,
which is consistent with the estimated range of 10 to 40 cm.

2.3.3 WATERS PEAK FAULT

Fault Activity: The Waters Peak fault has displaced late Quaternary deposits, and the
most recent fault movement may have occurred between 20,000 to 70,000 years ago. The
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Waters Peak fault is considered to be an active seismic source for seismic design
purposes because, based on available data, movement within the last 35,000 years could

have occurred.

Earthquake Magnitude: The Waters Peak fault exhibits a strong to moderate geomorphic
expression for a distance of approximately 15 km. Based on a rupture length of 15 km
and a rupture width of 12 km, the Waters Peak fault may generate an earthquake with a
moment magnitude of approximately 6.3 using magnitude-fault area relationships
established by Wells and Coppersmith (1994).

Slip Rate: Based on the estimated lateral to vertical slip ratio of 2:1 estimated from a
trench exposure (William Lettis and Associates, 1994) and previous estimates of vertical
displacement of Cenozoic deposits in the Valley Springs area, an average cumulative slip
rate of about 0.02 mm/year (i.e., 0.018 to 0.024 mm/year) was computed for the Waters

Peak fault.

2.3.4 IONE FAULT

Fault Activity: The Ione fault has displaced Cenozoic deposits and may have displaced
late Quaternary deposits. The most recent fault movement may have occurred between
9,000 to 14,000 years ago. Based on available data, the Ione fault is considered to be an

active seismic source for seismic design.

Earthquake Magnitude: The Ione fault exhibits a strong to moderate geomorphic
expression for a distance of approximately 23 km. Based on a rupture length of 23 km
and a rupture width of 12 km, the Ione fault may generate an earthquake with a moment
magnitude of approximately 6.4, according to the magnitude-fault area relationship
established by Wells and Coppersmith (1994).

Slip Rate: Cenozoic deposits appear to be vertically displaced approximately 76 meters
across the Ione fault west of Waters Peak, which leads to a vertical slip rate of 0.015
mm/year over the past 5 million years. Faults exposed in the Lake Amador spillway
channel and in the Corps of Engineers' trench exhibit both dip-slip and strike-slip
directions of movement. For consistency with the dextral strike-slip pattern observed
across other nearby faults, a lateral to vertical slip ratio of 2:1 was used for the Ione fault.
Using a lateral to vertical slip ratio of 2:1 and identified displacements, an average
cumulative slip rate of 0.03 mm/year is estimated for the Ione fault.
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3. ESTIMATED GROUND MOTIONS

3.1 SUMMARY OF NEAR-FIELD SEISMIC SOURCES

Far-field seismic sources (e.g., San Andreas fault system, Coast Range thrust fault, and
Sierra Nevada frontal fault zone) provide the most likely origins of earthquakes that will
result in measurable ground motions at Pardee Dam and other proposed structures.
However, faults of the Foothills fault are the seismic sources that will govern seismic
dam design because they are much closer to the proposed structures. Ground motions for
this study were estimated using the Youngs Creek, Devils Gate, Waters Peak, and Ione
faults. General parameters of these faults are presented in Section 2 and summarized in

Table 3-1.

Table 3-1
SUMMARY OF FAULT PARAMETERS
FAULT | ESTIMATED ESTIMATED | ESTIMATED | ESTIMATED LIKELY ESTIMATED
TIME SINCE | QUATERNARY | RUPTURE MAXIMUM [DISPLACEMENT | LATERAL
MOST RECENT | SLIP RATE(2) | LENGTHS | CREDIBLE TYPE TO
RUPTURING EARTHQUAKE VERTICAL
SLIP RATIO
(years ago) (mm/year) (km)
Youngs | 14,000-60,000 0.002 22 6.4 Oblique-Slip 2:1
Creek
Devils Unknown 0.03 22 6.4 Oblique-Slip 5:1
Gate to
Strike-Slip
Waters | 20,000-70,000 0.02 15 6.3 Oblique-Slip 2:1
Peak
Ione 9,000-14,000 0.03 23 64 Oblique-Slip 2:1
(1) Increased to 6.4 for computation of design ground motion. See Section 3.2 for additional information.
(2) Based on average Cenozoic Slip Rate.
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Distances from each fault to the various Pardee facilities are presented in Table 3-2.

Table 3-2
DISTANCES TO PARDEE FACILITIES
(kilometers)
FAULTS
FACILITIES YOUNGS CREEK DEVILS GATE | WATERS PEAK | IONE
Existing Pardee Dam 39 1.1 0.15 1.7
Jackson Creek Site 24 0.0 0.60 1.1
Downstream Dam Axis B-2 4.6 2.1 0.90 1.6
Downstream Dam Axis B-3 49 24 1.1 1.6
Existing Intake Tower 3.2 0.85 0.40 3.0

3.2 ATTENUATION RELATIONSHIPS

Vertical and horizontal ground motion components were estimated -using recent
attenuation relationships developed for rock sites. The average of three rock attenuation
relationships, Boore, et al. (1994), Idriss (1991, 1994), and Sadigh, et al. (1993) were
used to develop the horizontal component. Site class B is considered to be rock for the
relationship of Boore, et al. (1994). These attenuation models were selected because they
have been evaluated by Spudich, et al. (1996) for applicability to extensional regimes.
Fewer attenuation relationships are available for the vertical components of ground
motion, so the average of two rock attenuation relationships, those developed by Sadigh,
et al. (1993) and Abrahamson and Silva (1997), were used.

The proposed Pardee structures are located in an extensional tectonic regime
characterized by both oblique to dextral slip and normal dip-slip faulting. Based on
recent studies of small to moderate earthquakes east of the Sierra Nevada in the
extensional Basin and Range province, it appears that ground motions from normal-fault
earthquakes are lower than ground motions resulting from pure strike-slip and reverse-
slip earthquakes in transpressional regimes due to a lower stress drop for normal-fault
events (Silva, 1994; Wong, et al., 1996).

Recently, Spudich, et al. (1996) completed an evaluation of strong motion recordings

from earthquakes in extensional regimes as part of the seismic source characterization for
the Yucca Mountain project, located in the Basin and Range province. Comparison of
ground motions in extensional regimes to predictions using standard attenuation

relationships based on earthquakes in California, which are primarily based on reverse-

slip and strike-slip earthquakes in transpressional regimes, resulted in the development of
extensional regime scale or correction factors (Spudich, et al., 1996). The scale factors

apply to both strike-slip and normal faulting earthquakes in extensional regimes.
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The extensional regime scale factors developed by Spudich, et al. (1996) were applied to
all four local faults, including the Devils Gate fault, which may contain a significant
strike-slip component of movement. Scale factors for the horizontal and vertical
components of the attenuation relationships were based on the average for sites less than
20 km from the rupture plane. Spudich’s scale factors for horizontal and vertical
components are shown in Exhibits 3-1 and 3-2, respectively.

In addition to applying the extensional regime scale factors, directional effects are
incorporated (for average directivity conditions) by increasing the component of motion
oriented perpendicular to the strike of the fault plane based on Somerville, et al. (1997).
At long periods, the fault-normal (fault-perpendicular) component is larger than the fault-
parallel component. This ratio increases with increasing magnitude and decreasing
source-to-site distance. These directivity (“fling”) factors are based primarily on data
from transpressional regimes, and for this study the fling factors were reduced to one-half
of the values predicted by the Somerville, et al., model. The increase in the fault-normal
component is about 35 percent at periods greater than 3 seconds for the Waters Peak fault
at the existing Pardee Dam site.

3.3 DETERMINISTIC GROUND MOTIONS

The DSOD uses the maximum credible earthquake (MCE) for developing design ground
motions. To compute ground motions, the MCE magnitude, distance from the source
fault to the facility, and appropriate statistical level of shaking are required to estimate
design ground motion. The MCE and distance to the Pardee facilities are presented in
Tables 3-1 and 3-2, respectively. Traditionally, either the median (50th percentile) or
84th percentile ground motions from attenuation relations are used. The 84th percentile
is one standard deviation above the median. If the MCE occurs, there is a 50 percent
chance that the ground motion will be less than the median and an 84 percent chance that
the ground motion will be less than the median plus one standard deviation.

The four faults considered in this evaluation, which are presented in Tables 3-1 and 3-2,
have low slip rates (less than 0.1 mm/yr) with recurrence intervals of thousands of years.
The median ground motion for the MCE is appropriate for developing the design spectra
for the Youngs Creek, Waters Peak, Devils Gate, and Ione faults because of the long
recurrence intervals.

Ground motions were evaluated with and without extensional regime scale factors for
comparative purposes. Ground motions that include the extensional regime scale factors
were used to develop the design ground motion, because this represents current science.
Unscaled ground motions were developed for comparative purposes.

3.3.1 RESPONSE SPECTRA

Response spectra at the existing Pardee Dam site were developed based on the
comparisons presented in the following sections. Response spectra for other project
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facilities are based on the response spectra selected at the existing Pardee Dam site with
adjustments only for source-to-site distance. The source-to-site scale factors are

presented in Table 3-3.

Table 3-3
SOURCE-TO-SITE SCALE FACTORS

Youngs Creek Devils Gate Waters Peak Ione

Fault Fault Fault Fault

Existing Pardee Dam 0.70 0.90 1.00 0.85
Jackson Creek Site 0.79 1.02 0.95 0.90
Downstream Dam Axis B-2 0.66 0.81 0.92 0.86
Downstream Dam Axis B-3 0.64 0.79 0.91 0.86
Existing Intake Tower 0.74 0.92 0.97 0.75

The horizontal and vertical response spectra, excluding scaling for extensional regimes,
for the Waters Peak fault for each attenuation relationship are shown on Exhibits 3-3 and
3-4, respectively. The average horizontal and vertical response spectra for the attenuation
relationships considered, are also shown on Exhibits 3-3 and 3-4, respectively. The
average horizontal and vertical response spectra were used to develop the design ground

motions.

For the Pardee facilities, the average horizontal spectrum is applied to the fault-parallel
direction. This is a conservative assumption because the fault-parallel motion is expected
to be lower than the average motion at long periods by the same ratio as the fault-normal
to the average motion. The Somerville, et al. (1997) scale factors were applied for the
fault-normal direction. The fault-parallel, fault-normal, and vertical response spectra,
excluding scaling for extensional regimes, for the Waters Peak fault are shown in Exhibit
3-5. The fault-parallel, fault-normal, and vertical response spectra, based on the Spudich,
et al. (1996) scale factors for earthquakes in extensional regimes, are shown in Exhibit

3-6.

Fault-parallel, fault-normal, and vertical spectral accelerations for damping values from
0.5 to 20 percent with and without scale factors for extensional regimes for the median
ground motion for Waters Peak fault at the existing Pardee Dam are contained in

Appendix A.

3.3.2 ACCELERATION TIME HISTORIES

Empirical recordings of earthquakes with appropriate characteristics were selected and
then modified to be compatible with the target spectra (Exhibits 3-5 and 3-6) using a time
domain spectral matching procedure. Three-component spectrum compatible time -
histories were developed using three sets of time histories recorded from actual
earthquakes. It is preferable that the selected time histories be from earthquakes with
similar focal mechanism, source-to-site distance, rupture direction, and site geology. In
reality, all factors cannot be matched perfectly to actual recordings. The most important
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factors are the magnitude, source-to-site distance, and directivity effects. The focal
mechanism and site conditions are not as significant as long as the ground motion has a
frequency content of sufficient bandwidth.

Three earthquake records were selected for this study:
1. Irpinia, Italy (M=6.8, rupture distance = 17 km, recorded at Sturno)

2. Imperial Valley, California (M=6.5, rupture distance = 1 km, recorded at El
Centro Station 5)

3. Mammoth Lakes, California (M=6.2, rupture distance = 9 km, recorded at
Convict Creek)

The Sturno and El Centro time histories show forward directivity effects ("fling pulse™)
that are often observed in near-fault ground motions. The Convict Creek time history
does not have strong directivity effects, but has longer duration. The acceleration,
velocity and displacement time histories for these three earthquakes are contained in
Appendix B.

Each time history was modified to match the target spectrum, which is the median Waters
Peak spectrum shown in Exhibit 3-6. The fault-normal, fault-parallel, and vertical
spectral fit and modified time histories, scaled for extensional regimes and directional
effects for each record are presented in Exhibits 3-7.1 through 3-7.6 (El Centro), 3-8.1
through 3-8.6 (Sturno), and 3-9.1 through 3-9.6 (Convict Creek).

3.3.3 COMPARISON TO PREVIOUS STUDIES

The main differences between this study and previous studies completed by Earth
Sciences Associates (1992) and Dames and Moore (1992) are:

1. This study considered the Waters Peak fault, which is only 0.15 km from the
existing Pardee Dam, as an active source. The previous studies considered
the more distant Youngs Creek fault (4 km from Pardee Dam) as the closest
active source. .

2. This study is based on attenuation relationships for peak horizontal ground
acceleration developed between 1991 and 1994, which reflect current science.
Previous studies were based on attenuation relationships developed between
1985 and 1989.

3. Vertical components of ground acceleration for this study were based on two
attenuation relationships developed between 1993 and 1997. Vertical
components of ground acceleration in previous studies were based on a
traditional fraction of the horizontal component.
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4. This study incorporated recent information on differences in ground motion
between extensional and compressional regimes. Previous studies did not
consider this difference.

5. This study included near-fault directivity effects {hat result in larger long-
period motion for the horizontal component that is oriented perpendicular to
the fault strike.

These changes have resulted in ground motions that are different than those in previous
studies. The fault-normal and fault-parallel peak horizontal ground acceleration (PGA)
for the Waters Peak seismic source was estimated to be 0.40g. Previous estimates of
horizontal PGA were 0.45g (Dames and Moore, 1992) and 0.50g (Earth Sciences
Associates, 1992). The vertical PGA for the Waters Peak seismic sotirce was estimated
to be 0.52g. Although previous reports indicate that the vertical accelerations could
approach or exceed the horizontal acceleration values, the vertical PGA for recommended
design based on the traditional 2/3 fraction of the horizontal acceleration is 0.30g (Dames
and Moore, 1992) and 0.33g (Earth Sciences Associates, 1992). The vertical PGA
developed in this study is higher than the horizontal PGA because of the proximity of the
sites to the faults and a smaller reduction for the vertical component than the horizontal
component for extensional regimes, as shown in Exhibits 3-1 and 3-2.

The horizontal response spectra for the Waters Peak fault vdeveloped from the following
procedures is presented as Exhibit 3-10:

1. Seed, Ugas, Lysmer (1976 84th Spectral Shape) with Seed and Idriss 1982
PGA.

2. Seed, Ugas, Lysmer (1976 Median Spectral Shape) with Seed and Idriss 1982
PGA.

3. Seed, Ugas, Lysmer (1976 Median Spectral Shape) with a peak acceleration
updated based on the Sadigh, et al., Idriss, and Boore, et al., attenuation
relations scaled for extensional regimes.

4. TFault-normal without scale factor for extensional regimes.
5. Fault-normal with scale factor for extensional regimes.
6. Dames and Moore, 1992.

The Seed, Ugas, Lysmer (Seed, et al. 1976) 84th percentile spectral shape scaled for
magnitude using the method of Idriss (1985), and anchored to the peak acceleration
predicted by the Seed and Idriss (1982) attenuation relationship, is generally accepted by
DSOD. The main difference between the procedure generally accepted by DSOD and the
spectra developed in this study is the use of an 84th percentile spectral shape versus use
of the median spectral shape. The comparison with the median spectral shape is better.
For this case, larger ground motions are due to the use of the Seed and Idmss (1982)
attenuation relationship, because it was developed from a combination of strike-slip and
reverse dip-slip faulting events, and does not account for extensional regime effects. The
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resulting spectra is larger than the fault-normal spectrum (without scaling) at periods of
0.05 to 0.4 seconds and higher than the fault-normal spectrum with scaling at all periods.

3.4 PROBABILISTIC SEISMIC HAZARD ANALYSIS

A probabilistic seismic hazard analysis (PSHA) was performed to estimate the annual
probability or recurrence interval of exceeding a specified level of ground motion. The
PSHA follows the standard approach developed by Cornell (1968). The mathematical
formulation for the hazard analysis used in this study is presented in Appendix C.

3.4.1 SOURCE PARAMETERS

The mean source parameters for the faults used in the hazard analysis are listed in Table
3-4. Source parameters for near-field faults (Waters Peak, Ione, Devils Gate, and Youngs
Creek) were described in Section 3.3. Source parameters for far-field faults are based on
the seismic hazard studies by the California Division of Mines and Geology (CDMG), in
cooperation with U.S. Geological Survey (1996) and Geomatrix (1992). The background
zone for the central valley is based on geometries of areal source zones from Thenhaus
(1982) with seismicity rates updated through 1996.
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SOURCE PARAMETERS USED IN

Table 3-4

THE PROBABILISTIC SEISMIC HAZARD ANALYSIS

Number Mean Closest
Fault or Source Zone®” Slip-Rate of Events Maximum Distance”

(mmyr) M>5) Magnitude (km)
Waters Peak 0.02 - 6.3 0.15
Ione -0.03 - 6.4 1.5
Devils Gate 0.03 - 6.4 1.0
Youngs Creek 0.002 - 6.4 39
Coast Range/Central Valley (CRCV) 1.5 - 6.8 82
Green Valley - Cedar Roughs 4.0 - 6.6 109
Calaveras North 6.0 - 6.7 112
Calaveras Southern 15.0 -- 6.8 123
Hayward 9.0 - 7.0 124
Healdsburg - Rodgers Creek 8.0 - 7.0 139
San Andreas 240 -- 7.8 154
Maacama - South 9.0 -- 7.0 159.
Hunting Creek - Lake Berry 6.0 - 7.0 162
Bartlett Springs 6.0 -- 7.3 162
Maacama - Central 9.0 -- 7.1 198
Background Zone 25 -- 0.0085 6.25
Background Zone 26 -- 0.0153 6.25

(1) A mean b-value of 0.9 is used for all sources.

(2) Distance is to existing Pardee Dam.

3.4.2 MAGNITUDE DENSITY FUNCTION

Two alternative magnitude density functions are considered for fault sources: 1) the
characteristic model (Youngs and Coppersmith, 1985) was given a weight of 0.90, and 2)
the truncated exponential model was given a weight of 0.1. This weighting was used
because an exponential model for faults where the activity rate is computed from slip-rate
leads to a large overprediction of the historical rate of moderate magnitude events. The
truncated exponential model was given a weight of 1.0 for the background zones because
these rates are based only on historical seismicity.

3.4.3 ATTENUATION RELATIONS

The three rock attenuation relations used for the deterministic analysis were also used for
the probabilistic analysis: Sadigh et al. (1977); Idriss (1994); and Boore, Joyner, and
Fumal (1994). For Boore, Joyner, Fumal, Class B was used for rock. The extensional
regime scaling factor is not included in the attenuation relationships used for the
HCG
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probabilistic hazard calculations. For all three relationships, the log-normal distribution
was truncated at 3.0 standard deviations.

3.4.4 PROBABILISTIC SEISMIC HAZARD ANALYSES RESULTS

Results are presented as the annual probability of exceeding a given level of horizontal
spectral acceleration at the existing Pardee Dam. The combined effect of the
contributions from all magnitudes (greater than the minimum magnitude) and all
distances are presented on the hazard curves, Exhibits 3-11 and 3-12. For short return
periods (<500 years), the hazard is dominated by the Background Zone, Coast
Range/Central Valley, and San Andreas. For long return periods (>3,000 years), the
hazard is dominated by local faults.

The hazard can be broken down into contributions from various magnitude and distance
ranges. This process is called deaggregation, and it provides useful insights into which
events are controlling the hazard. The deaggregated hazard for peak acceleration and 1
second spectral acceleration for a return period of 3,000 years are shown in Exhibits 3-13
and 3-14, respectively. The heights of the bars in these exhibits indicate the fraction
contribution to the hazard. As presented on these exhibits, the peak acceleration hazard is
dominated by events of magnitude 5.5 to 6.5 at distances of 0 to 5 km. For a 1 second
period, the larger magnitude and slightly more distant sources have a larger contribution
to the hazard than for peak acceleration, but the local sources are still the dominant
hazard.

An equal hazard spectrum was developed by computing the spectral acceleration at each
period that has a specified annual probability of being exceeded. The computed equal
hazard spectra for return periods of 3,000, 5,000, and 10,000 years and the unscaled
median spectra computed from the deterministic analyses are shown in Exhibit 3-15 for
comparison. The unscaled deterministic spectrum is used for comparison to be consistent
with the attenuation relationships used in the probabilistic hazard analysis.

The Board of Consultants recommended using the larger of the equal hazard spectrum
with a return period of 3,000 years or the median deterministic spectrum. For the existing
Pardee Dam, the deterministic spectrum is significantly greater than the 3,000 year return
period equal hazard spectrum. The median deterministic spectrum has a return period of
about 10,000 years. Therefore, the deterministic spectrum was used to specify the target
spectra. The long return period of 10,000 years for the deterministic spectra supports the
decision to use the median ground motion for design of the Pardee facilities.
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4. RECOMMENDATIONS

4.1 DESIGN RECOMMENDATIONS

Preliminary design of a raised or replacement dam at the existing Pardee Dam site should
be based on the median percentile deterministic ground motion for the Waters Peak fault
adjusted for extensional regime effects. Modified records for the fault-normal, fault-
parallel, and vertical components of movement for three earthquake records: El Centro,
Sturno, and Convict Creek, presented in Exhibits 3-7.1 through 3-7.6, 3-8.1 through 3-
8.6, and 3-9.1 through 3-9.6, should be used for design. Designs for the other facilities
should be based on records developed by scaling records developed for the existing
Pardee Dam site based on differences in source-to-site distance. The source-to-site scale
factors are presented in Table 3-3.

Geomorphic lineaments crossing the Jackson Creek Dam site should be assumed to be
secondary faults that could experience surface fault rupture during a nearby earthquake.
Structures crossing these lineaments should be designed to accommodate displacements
of 10 to 40 cm.

4.2 ADDITIONAL STUDIES

Faults in the Pardee Reservoir area are classified as “conditionally active seismic
sources” based on the State of California Division of Safety of Dams criteria. For the
purpose of seismic design, the Youngs Creek, Devils Gate, Waters Peak, and Ione faults
were considered as active seismic sources. However, supplemental geologic and
seismologic data could be developed to better define the activity, deformation style,
recurrence interval, and displacement potential of these faults. Surface mapping of
geomorphic lineaments alone will not result in data sufficient to reassess fault activity. A
strategy for successful assessment of fault capability and potential earthquake magnitude
would be to use the paleoseismic technique of trenching and to evaluate instrumental
seismicity, which should aid in defining the style of deformation in the Pardee Reservoir
region. Supplemental seismotectonic studies could involve all or some of the following
tasks:

1. Compilation and analysis of instrumental seismicity for the western Sierra Nevada.
Based on available data, it is concluded that the style of deformation in the western
portion of the Foothills fault system is oblique slip with a strong dextral strike slip
component. Earthquake focal mechanisms could be used to quantify the relative
components of dip-slip and strike-slip, which could lead to a revised interpretation of
deformation style and estimated ground motions.
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2. Detailed mapping of geomorphic lineaments in the Campo Seco area, south of the
Mokelumne River, could be performed during the next level of design for the
downstream dam. The purpose of this mapping would be to acquire data to evaluate
if these lineaments are the result of faulting. Supplemental work, including trenching,
could be performed if faulting is confirmed or suspected to evaluate late Cenozoic

activity and deformation style.

3. Supplemental mapping and trenching of geomorphic lineaments in the Jackson Creek
area could be performed before the next level of design for the proposed Jackson
Creek Saddle Dam. The purpose of this work would be to acquire data to evaluate the
presence of faulting, style of faulting, and displacement potential of these lineaments.

4. Supplemental mapping and trenching of the Devils Gate fault zone could be
performed before the next level of design for the proposed Jackson Creek Dam. The
purpose of this work would be to acquire data to evaluate the presence of faulting,
dominant style of faulting, probable age of past rupture events, Quaternary slip rate,
and displacement estimates. The fault exposure along the east side of Pardee
Reservoir south of Jackson Creek Spillway could be logged in detail to further
evaluate the style of faulting. The Mehrten-capped ridges south of State Highway 88
could be mapped in detail to examine the potential for faulting in this area.

5. The Waters Peak fault appears to be the controlling seismic source for the existing
Pardee Dam and South Spillway, the existing intake tower, and the downstream
damsites. Detailed logging of fault exposures and trenching of the Waters Peak fault
could be performed to acquire data for the evaluation of the dominant style of
faulting, probable age of past rupture events, and Quaternary slip rate.

6. Supplemental mapping and trenching of the Ione fault could be performed to acquire
data for the evaluation of the presence of faulting, dominant style of faulting,
probable age of past rupture events, and Quaternary slip rate. Trenching at the
southern terminus of the Ione fault could be considered to evaluate the extent and

style of faulting.

7. The Youngs Creek fault does not appear to be a controlling seismic source for
proposed structures. If the fault is suspected of being a potentially controlling seismic
source in the future, geologic mapping and trenching could be performed to acquire
supplemental data for the evaluation of dominant style of faulting, probable age of
past rupture events, and Quaternary slip rate. Lineaments in the vicinity of the
mapped fault trace could also be investigated to determine activity potential and
relationship to the main fault trace.

Ground motions and response spectra recommended for preliminary design are based on
the median ground motion from a deterministic analysis. Based on the results of our
probabilistic analysis, the deterministic spectrum recommended has a return period of
about 10,000 years. Ground motions based on a return period less than 10,000 years may
be appropriate for the Pardee structures and should be evaluated in subsequent phases of
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design. Ground motions based on the results of a probabilistic analyses were not
recommended for preliminary design because the California DSOD does not currently
accept probabilistic analyses. Both the deterministic and probabilistic ground motions
should be updated in the next phase of design based on accepted regulatory procedures
and current science.
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TABLE A-1

TABLE A-2

TABLE A-3

TABLE A-4

TABLE A-5

TABLE A-6

APPENDIX A

SPECTRAL ACCELERATION (G) S0TH PERCENTILE MCE FAULT PARALLEL COMPONENT
(WITHOUT SCALE FACTOR FOR EXTENSIONAL REGIMES)

SPECTRAL ACCELERATION (G) S0TH PERCENTILE MCE FAULT NORMAL COMPONENT
(WITHOUT SCALE FACTOR FOR EXTENSIONAL REGIMES)

SPECTRAL ACCELERATION (G) 50TH PERCENTILE MCE VERTICAL COMPONENT
(WITHOUT SCALE FACTOR FOR EXTENSIONAL REGIMES)

SPECTRAL ACCELERATION (G) S50TH PERCENTILE MCE FAULT PARALLEL COMPONENT
(WITH SCALE FACTOR FOR EXTENSIONAL REGIMES)

SPECTRAL ACCELERATION (G) 50TH PERCENTILE MCE FAULT NORMAL COMPONENT
(WITH SCALE FACTOR FOR EXTENSIONAL REGIMES)

SPECTRAL ACCELERATION (G) S50TH PERCENTILE MCE VERTICAL COMPONENT
(WITH SCALE FACTOR FOR EXTENSIONAL REGIMES)

97158\REPORTS\VOL.6\APPNDIXA.DOC



20Q'1-VATEVIN TOAS LIOdTdBS 1L6

‘soungol [RUOISUA)XS 10} J0J0R] S]eds apnjouf jou sa0 (])

€200 G200 1200 6200 LEOD $€0°0 9€0°0 6€£0°0 L¥0'0 0§
€00 L€0°0 L¥0'0 G0°0 8v0°0 £60°0 950°0 2900 9900 ov
€600 8600 G900 1200 800 9800 Z60°0 €010 (432" 0€e
S60°0 5010 02t 0 £EL’0 9L 0 $91°0 810 1020 6120 0%¢
445 8510 810 020 | {44 $5C0 8.2°0 GlEo Lye0 Sl
1A 920 12€°0 19€°0 00¥°0 650 050 9160 L£9°0 0l
0yE'0 y8€°0 6vy'0 8050 G9S'0 0590 9120 £28°0 €16°0 S.°0
6050 .50 1290 65,0 ¥¥8°0 Z.6°0 10| 6¢c’1 Goe'L g0
8190 869°0 9i8'0 €260 920'L 18i'L 10€°) o'l 099'1L 0
L2L0 1280 096°0 980°} 02} 06g't 45N} 8SL°L ¢G6'| £0
1110 880 S0’} 0oLl 0621 g8yl L89°L 8.8°1 980T LA
9080 0L60 ¥90°L ¥0Z'L 6€€°1L 341 1691 6v6°'L 4] 4 0
6610 €£06°0 G604 ¥6l'L L12€°L 8251 £89°1L £€6°L orL'e L0
£08°0 €060 6¥0°1 18’1 90€°L 96¥'1L ro’l Gl8°1 €.0°C GLo
0810 1280 <00’} och'lL (AN 16€°} GZa'l L2L'L 868°L [4%0)
99.1'0 S¥8°0 6660 6G0°L PSL°L £6C'L 86€°L £96°1 L0L'L 010
1el0 182°0 998°0 ov6'0 6001 801°1L 1814 6L 88¢’L G100
8£9°0 §190 G2L0 89.°0 9080 0980 6680 85660 S00°} S0°0
9260 8ES0 G650 8950 0850 L6G°0 1090 ¥29°0 L£90 €00
0850 0850 0850 0850 0850 0850 0850 08S°0 08G°0 200
0850 08S°0 0850 0850 0850 0850 085°0 0850 0850 100
{a0s)
%002 %0°'S ) %0°01 %0°L %09 %0°¢ %0°¢ %0°L %S0 polad

1N3NOJINOD 13 TIVYVd 11NV
30W IULNIOUId H10S
 (BINOILVYIT3DOV TVHLO3dS
1-v alqey




J0A'T-VATHY .\ TOA\SLHOdIM8S 1 L6

"SAUI3al [BUOISUS)XA 10 J0joe] 9[eds apnjoul jou s3o (1)

$£0°0 €00 0¥0°0 £¥0°0 900 0500 £60°0 8500 1900 0s
6100 £60°0 6G0°0 $90°0 6900 9100 . 180°0 6800 G600 oy
1200 800 880°0 1600 G010 110 GgecLo orL0 IS0 0€
6110 leL0 0s10 491°0 [4:1%] 9020 220 1620 G120 0¢c
1AL°0 0610 6120 S¥20 0420 90€°0 SEE0 6.€0 LIy0 Gl
0820 SIE0 L19€°0 Eiv0 L8%°0 G2s0 9160 8590 8c.0 0l
2lE0 0cy'o L6¥'0 9660 8190 L0 £8.°0 0060 6660 SL0
6060 150 1290 65820 P¥80 _¢l60 120°1 6¢¢C'| S9¢E°L S0
8190 8690 9180 €260 920'L 181°1 10€°L eyl 099°'1L | &Y
1220 12870 0960 980°'L 1021 06€°l [A% N} 8G.L°1 256°1 £0
LLL0 8.8°0 G201 091°1 062’1l S8yl LEQL 8.8°L 980°¢C veo
9080 0160 ¥S0°L voc'l 6€€} Sl 1691 6¥6°1 ¥91°¢ 20
6640 €060 GGt veL'l Jx4" 8¢Sl £89°L £E6'L apvi¢ FAN)
£08°0 060 6v0°L 18L°1 90¢€’} g6v’L cro'l G/8'L £.0¢ Si°0
0840 1280 200°L 4N [AXA" LBE’L Sca'L X IN" 868°1 210
99.°0 S¥8°0 6596°0 6S0°L |13 €621 86¢€°1 £9G°) oL’ 010
12,0 1820 9980 0¥6°'0 600°1 80L°) 1811 vee'l 88¢c°1L 500
8E€90 5290 - 62L0 89.°0 9080 0980 6680 8560 S00°L S0°0
9250 8€6°0 GSS0 89G°0 0850 16G°0 2090 ¥29'0 L£90 €00
0850 0850 0850 0850 0850 0850 0850 0850 0850 200
0850 0850 0860 0850 0850 0850 0850 08S°0 0850 - 100
(o9s)
%0°02 %0°'S) %0°01 %04 %0'S %0°¢ %0'C %0} %S0 pouad
ININOJWOO TVINHON LINV4
JOW FTLNIONAd H10S

) (BINOLLVYITIOOV TvHLO3dS
Z-v ejqel




204 £-VATEV 1I\9 TOA\SLIOJTNES 146

‘seunSal [BUOISUA)Xa JOJ J0jor] 9feos apnjoul jou s30(] (1)

9100 8100 6100 0200 2200 #20°0 9200 820°0 0€0°0 0's
€200 G200 8200 0£0°0 €00 9800 6€0°0 £v0°0 L¥0°0 oy
9€0°0 6€£0°0 00 6v0°0 £50°0 0900 9900 ¥.10°0 080°0 0t
0900 1900 L.0°0 S80°0 ¥60°0 8010 8LL'0 9€1'0 0S40 0¢C
€800 €600 8010 [T4%0) GEL'0 9610 €210 0020 £2¢0 Gl
9210 194 X1 8910 1610 vLco 0520 8.¢°0 T4 99€°0 0l
€.L'0 9610 LETO S9¢°0 1620 6v£°0 16€°0 850 8150 S0
8¥Z'0 1820 ZEE0 08€'0 9z¥'0 1050 1960 8690 L0 S0
00€°0 [4440] ¥0¥°0 Zor'0 6150 6090 2890 0080 $06°0 0
08€'0 (4% 4] [43:11] 1860 2990 6410 €180 620°L oLl €0
990 6250 6290 SLL0 ¥08°0 60 9G0°'L 6ET'1 66€°1L 20
0£6°0 G090 020 828°0 SE6°0 GoiL'lL el 89’1 999°1 20
06590 9/9°0 8080 ¢€6'0 Gso'y £ee’l 454" 99’1 806°1 210
£¥9°0 LEL0 1880 8l0'4 1215 [41Y ByS’L ov8’lL 960°C GlL0
€€L0 0v¥8'0 100} SGlL'1 20€°} 0ss'L oLl 690¢C beee L0
26.0 €06°0 £L0°} [4X4) L6g’l [44 ) 8l 9/.1°C 19v¢C 0L0
2880 1660 ELL’L 8G6c't Lov'L [44° )" 96.1°1 080°¢C £€2€°¢C G200
1820 980 $86°0 060'L 1611 She'L Gov'| 9G69°1 9i8°lL S00
€60 €250 €950 8650 1€9°0 6290 L0 8920 1180 €00
1€9°0 1€9°0 L€9°0 L€90 1€9°0 LES0 1€9°0 1€9°0 L£9'0 00
1€9°0 1€9°0 1£9°0 1€9°0 1€9°0 L£9°0 1€9°0 1€9°0 L€9°0 100
(oas)
%002 %0°G 1 %001 %0°L %0°S %0°€ %0°C %0°'L %S0 pouad
ININOJINOD TVYILLYIA
dOW 3TLNIOHId H10S

« (BINOILVYI 1300V TVH193ds
¢V o|qel




J0A+VATEVI9 TOAS LUOJTH\BS 1 L6

"soun 3ol [BUOISUSIXS JOJ J030E) Seas sapnjou] ()

0200 2200 ¥20'0 9200 1200 _0£0°0 LEOO €0°0 9€0'0 0s
0€0°0 €€0°0 9€0'0 6€0°0 Zr0'0 9y0'0 050°0 ¥580°0 8500 0¥
9v0°0 1G0°0 15900 £90°0 8900 9200 - 1800 1600 8600 o€
#80°0 2600 G010 L0 82l0 | svio 2610 410 £61°0 0¢
S¢lo 6€1°0 03t0 6210 610 $2C’0 S¥C0 1120 S0E'0 Sl
910 £vC0 2820 8LE0 Z5€°0 00 |44 &\ 2050 1950 0l
[AXA) L0€0 6SE'0 90¥°0 [44)d0) 0250 2lG0 2890 0EL0 6.0
9G€'0 20v'0 0.0 1€6°0 1660 0890 0S1°0 0980 9660 S0
eEv'0 680 1460 9%90 8140 1280 1160 90’ 29L°L v0
6050 G.S0 .90 09.0 S¥8°0 £.6°0 0} LECL L9871 €0
¥¥G0 vigo 8140 2180 €060 6€0°L 9y’ viEL o9y’ 2o
¥95°0 €90 Sy, 0 £¥8°0 L£6°0 BL0'L 8811 yog’1 Silg’l [40]
6550 290 6€L0 9e8°0 6¢6°0 6904 8171 £GE°1 206°}) L0
€950 1€9°0 ¥ELO 9280 ¥i6°0 L¥0'L 6vL’L 454} LSl - SLo
9¥s0 609°0 1020 810 2980 860 890} 602°1L 8ze’L ZLo
9€G°0 2650 12970 ivl0 8080 S06°0 6160 $60°1L 1611 oLo
S0S°0 LyS0 9090 8890 9040 9.0 1280 906°0 €160 G200
L0 €L¥'0 80G6°0 €60 ¥95°0 2090 6290 1290 0.0 S0°0
89€°0 LLE0 88€°0 86€£°0 90¢°0 8lL¥'0 T4 4y LEV'O 90 £0°0
90t°0 90v'0 90v'0 90’0 900 900 9010 9040 900 200
900 90¥°0 900 90t'0 90¥'0 90b'0 aOr'o 0r0 900 100
. (0as)
%0°02 %0°GL %0°0L %0°L %0°G %0 %0°C %0°L %S0 pouad

ANINOJWOD TATIVEVd LNV
JOW FLNIOHId HLOS
w (BINOLLVY31300V TVHLDadsS
¥V 9iqe)




20Q'S-VATEVING TOA\SLEOdTHS 1 L6

*SOWFal [RUOISU)XS I0] J0joe] a[ess sopnpou] (1)

0£0°0 2e0'0 GE00 8€0°0 0rv0'0 ¥#0°0 90’0 1600 ¥S0°0 0g
£¥0'0 ¥0°0 2800 2800 1900 2900 1200 8200 £80°0 (184
£90°0 6900 8100 G800 £60°0 €010 0iL'0 €210 €EL'0 o€
S0L0 alio [45 1] JA4aY 1910 18L°0 1610 [444)) (4441 0¢
0510 8910 €610 9le0 8€2°0 0.2°0 S6C0 yEE0 89€°0 Sl
L¥20 8120 £CE0 ¥9€°0 £0¥°0 (A A\ 8060 0850 Zv9'0 0L
1620 9ee’o Z26€'0 144! v6¥'0 8960 9290 6110 8620 GL0
9s¢'0 c0r'0 0.¥°0 1£G°0 1660 0890 0.0 0980 9660 S0
£ev0 68¥0 1LS°0 99’0 8110 1280 116°0 90’1 (4] ¥0
6050 G150 2.90 09.°0 S¥8°0 €16°0 ci0'L LET') 19¢°1 €0
#¥S0 190 810 280 €060 6€0°1 oLl viE'L 0gv'L ¥20
$95°0 1£90 S¥.'0 £¥8°0 L€6°0 8.0°1L 8811 ¥9g’L SlG'L Z0
68590 €90 6€L°0 9£8°0 6260 690°L 8LL°) £GE'L 205} 10
2950 LES0 peLO 9¢8'0 ¥16°0 10} 6vL'L 4% 34 4" S0
9r¥G'0 6090 1020 ¥8.°0 2980 8160 890°L 60C'L 8ce’l Zlo
9€g'0 ¢65°0 1290 Ll 0 808°0 G060 6160 ¥60°1L 16L°1L 0l’0
G0S'0 L¥S0 9090 8690 9010 9.0 1280 9060 2l60 G200
Lvv0 €L¥0 8060 €90 #96°0 2090 6290 1290 $0.°0 S0°0
89€°0 LLE0 88€°0 86€°0 900 8l¥0 _Sero LEV'O ary'o £0°0
900 90¥'0 90v'0 90¥°0 90v'0 90¥°0 90¥°0 90%0 . 90v'0 200
900 900 901’0 90¥'0 900 90¥'0 90%°0 90%°0 90¥0 100
{o9s)
%0°02 %0°SL %0°0} %0°L %0°'S %0’ %0°C %0} %S0 polad
1ININOdWOD TVINEON 1INV
JAOW 3ATIINIDYId HLOS

w (BINOILVHI 1300V TV4103dS
S-v o|qeL




2009 VATAV.L9 TOASLIOINES 1L6

‘sourn8aJ [BUOISUS)XO u.& 10108} ofeas sapnpul (i)

0200 2200 ¥20°0 G200 8200 0€0°0 2€0'0 Se0°0 8€0°0 0's
- 6200 2€0'0 GE0'0 8£0°0 1¥0°0 9v0'0 6¥00 $#G60°0 6500 oV
S¥0°0 8¥0°0 G800 180°0 9900 . G100 28070 ¢60°0 00L'0 o€
S/0°0 £80°0 9600 010 8i10 9€L0 80 LLLO 8810 0¢
00 9iL0 SEL'0 [44] X1) 0.0 G610 2120 1620 0820 St
8SL°0 6110 0ico 6€2°0 8920 gLeo 6¥€°0 L0V 0 860 0l
9120 S¥20 6820 LEE0 C¢lE0 LEV'0 680 £.5°0 6¥9°0 GL0
0620 8¢€0 88€°0 |44 dl0) 66%°0 986°0 9690 69.°0 698°0 G0
8EE0 G8E0 ¥Sy'0 0250 850 9890 29.°0 0060 2101 ¥0
£0¥'0 8510 £¥S0 2¢90 10,0 9280 G260 060°} £eT’l £0
P¥S0 190 8120 80 €060 6E0°} oLl 450" 09¥’'L ¥Zo
02¢s0 €650 S0.°0 1180 9160 £80°L LTl 8eY’L A% N - 20
0950 ¢r90 1920 G880 200’} 68L°1 ove'L 165} 1181 L1'0
¥6G6°0 1890 G180 60 190°} 892 0t 00L°1L 1E6') GL0
1¥9'0 PEL'O 9180 0L0L evlL GGe'L 125°L 018l 860°¢ ZLo
£99°0 6610 8680 1€0°L £91°} PLEL Zre'L [34: 4" 902 0L'o
€120 0080 1£6°0 £G60°L cLi'l - 16¢°) c0S'L ovl'lL pp6'L G.0°0
8690 S¢l0 £28°0 Ti6'0 L66°0 9cl'L oze'L g8l 6161 S0°0
ELY0 8Er'0 LLY0 106°0 8250 89G6°0 1650 cr90 6,90 €00
8250 8250 8¢S°0 8cs'0 8250 8250 8250 8250 8250 20’0
8250 8280 8250 8250 8250 8260 8260 ° 8250 8250 100
, . {a0s)

%0°0Z %0°'S1 %001 %0°L %0°S %0°¢ %0°C %0°L %590 polad

IN3INOJINOD TVIILY3A

JOW JULNIONHId H10§
w (BINOILVHI13D0V TV103dS
9-v a|qe),




APPENDIX B

EXHIBIT B-1.1 TIME HISTORY, HORIZONTAL COMPONENT 000, STURNO RECORD
EXHIBIT B-1.2 TIME HISTORY, HORIZONTAL COMPONENT 270, STURNO RECORD
EXHIBIT B-1.3 TIME HISTORY, VERTICAL, STURNO RECORD

EXHIBIT B-2.1 TIME HISTORY, HORIZONTAL COMPONENT 140, EL CENTRO RECORD
EXHIBIT B-2.2 TIME HISTORY, HORIZONTAL COMPONENT 230, EL CENTRO RECORD
EXHIBIT B-2.3 TIME HISTORY, VERTICAL, EL CENTRO RECORD

EXHIBIT B-3.1 TIME HISTORY, HORIZONTAL COMPONENT 180, CONVICT CREEK RECORD
EXHIBIT B-3.2 TIME HISTORY, HORIZONTAL COMPONENT 090, CONVICT CREEK RECORD
EXHIBIT B-3.3 TIME HISTORY, VERTICAL, CONVICT CREEK RECORD
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APPENDIX C

PROBABILISTIC SEISMIC HAZARD ANALYSIS METHODOLOGY



Appendix C
Probabilistic Seismic Hazard Analysis Methodology

Mathematical Formulation

The probabilistic seismic hazard analysis follows the standard approach developed by Cornell
(1968). The main changes from the original work are that more parameters are randomized (i.e.,
a more complete description of the aleatory variables) and epistemic uncertainty is considered.
The basic methodology involves computing how often a specified level of ground motion will be
exceeded at the site. The hazard analysis computes the annual number of events that produce a
ground motion parameter, A, that exceeds a specified level, z. This number of events per year, v,

is also called the "annual frequency of exceedance”. The inverse of v is called the "return

period".

= The calculation of the annual frequency of exceedance, v, involves several probability
distributions for each seismic source: the frequency of occurrence of earthquakes of various
magnitudes, the rupture dimension and location of the earthquakes, and the attenuation of the
ground motion from the earthquake rupture to the site. The occurrence rates of the earthquakes
of various magnitudes are determined by the magnitude recurrence relations. The location of the
earthquake depends on the geometry of the seismic source relative to the site locations. The

ground motion at the site is estimated from the attenuation relation.

If we assume that an earthquake with magnitude greater than my, has occurred on the ith seismic

source, then the probability that the ground motion at the site exceeds the test level z, is given by



Pi(A>ZE;) = ' fm(m) f(r) P(A>z|m,r) dm dr ()
=0 Jm-ML

where E;(ml) indicates that an event with m*ml has occurred on the ith source, m is rﬁagnitude, T
is the closest distance measure, mU is the maximum magnitude (for the ith source), f,(m), and
fy(r) are probability density functions for the magnitude, and closest distance, and P(A>zjm,r) is
the probability that the ground motion exceeds the test level z for magnitude m and closest

distance r.

For point source models, the density function for closest distance, f(r), is simple to compute; the
hypocenters are uniformly distributed over the seismic source. For planar sources (e.g., known
faults), we need to consider the finite dimension and location of the rupture in order to compute
the closest distance. Specifically, we need to randomize the rupture length, rupture width,
hypocenter location along strike, and hypocenter location down dip. (Since rupture width and
length are correlated, it is easier to consider the rupture area and rupture width and then back

calculate the rupture length.) For planar sources Eq (1) becomes

MY

Pi(A>Z[E;) = f f f f . f frm(m) fra(m) frw(m) fox (hy) fry (hy)

hx=0 Ml

P(A>zm,r(hy,hy,RA,W)) dm dh, dhy dRA dW )

w=0

where frw(m), fra(m), fix, fhy are probability density functions for the rupture width, rupture
area, hypocenter location (along strike and down dip), respectively. In Eq. (2), hx and hy give
the location of the energy center (hypocenter for small events) in terms of the fraction of the fault

length and fault width, respectively (e.g. hy=0 is one end of the fault and hy=1.0 is the other end

of the fault).



The annual rate of events that produce ground motions that exceed z at the site is the product of
the probability given in Eq (2) and the annual rate of events with magnitude greater than ML on

the ith source.
Vi(A>z) = Ni(mp )P;(A>Z[E;) 3)

where Nj(ml) is the annual number of events with magnitude greater than mL on the ith source

(e.g. the number of events from the magnitude recurrence relation).

For multiple seismic sources, the total annual rate of events with ground motions that exceed z at
the site is just the sum of the annual rate of events from the individual sources (assuming that the

sources are independent).

Nsoun:c
V(A>2z) = Vvi(A>z) 4

i=1

The annual rate of events given in Eq (4) is not probability; it can exceed 1. To convert the
annual rate of events to a probability, we consider the probability that the ground motion exceeds

test level z at least once during a specified time interval.

At this step, a standard assumption is that the occurrence of earthquakes is a Poisson process.
That is, there is no memory of past earthquakes, so the chance of an earthquake occurring in a
given year does not depend on how long it has been since the last earthquake. If the occurrence
of earthquakes is a Poisson process then the occurrence of peak ground motions is also a Poisson
process. For a Poisson process, the probability of an event (e.g. ground motion exceeding z)

occurring n times in time interval t is given by



Pn(t) = exp(-vt) (vt)*'/n! )

The probability that at least one event occurs (e.g. n*1) is 1 minus the probability that no events

occur:
P(n*l,t) =1 - po(t) =1 - exp( -vt) (6)
So the probability of at least one occurrence of ground motion level z in t years is given by
PA>zY) = 1- egp( -v(A>Z)t ) ' (7
For t=1 year, this probability is the annual hazard.

B The basic part of the hazard calculation is computing the integral in Eq (2). All of the aleatory
variables are inside of the hazard integral (Eq 2). The randomness of the seismic source
variables is characterized by the probability density functions which are discussed below. The
randomness of the attenuation relation is accounted for in the probability of exceeding the ground

motion, z, for a given magnitude and closest distance (the last term in Eq 2).

Epistemic (scientific) uncertainty is considered by using alternative models and/or parameter
values for the probability density functions (primarily f,(m)), attenuation relation, and activity
rate (usually slip rate). For each alternative model, we recalculate the hazard and compute
alternative hazard curQes. Epistemic uncertainty is typically handled using a logic tree approach

for specifying the alternative models for the density function, attenuation relation, and activity

rates.
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Magnitude Recurrence Relations
" The magnitude recurrence relation tells how often each magnitude earthquake is expected to
occur. In this formulation, it is more convenient to separate the magnitude recurrence relation

into an activity rate and a magnitude density function.

\ctivity R
There are two approaches to estimating the fault activity rate: historical seismicity and geologic

(and geodetic) infofmation.

If historical seismicity catalogs are used to estimate the activity rate, then the estimate of N(ml)
is usually based on fitting the truncated exponential model (discussed below) to the historical
data. Maximum likelihood procedures are generally preferred over least-squares for estimating

the activity rate and the b-value.

When using geologic information on slip-rates of faults, the activity rate is computed by
balancing the energy build-up estimated from geologic evidence with the total energy release of
earthquakes. Knowing the dimension of the fault, the slip-rate, and the rigidity of the fault, we
can balance the long term seismic moment so that the fault is in equilibrium. (e.g., Youngs and

Coppersmith, 1985).
The seismic energy release is balanced by requiring the build up of seismic moment to be equal
to the release of seismic moment in earthquakes. The build up of seismic moment is computed

from the long term slip-rate. The seismic moment, M, (in dyne cm), is given by

Mo=pAD (®)
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, where p is the rigidity of the crust (in dyne/cm?2), A is the area of the fault (in cm?), and D is the
? average displacement (slip) on the fault surface (in cm). The annual rate of build up of seismic

moment is given by

dM, _
& - MAS

®

where S is the slip-rate in cm/year. The seismic moment released during an earthquake is given

by
logio Mo= 1.5M + 16.05 (10)

where M is the moment magnitude of the earthquake.

To balance the moment build up and the moment release, the annual moment rate from the slip-

' rate is set equal to the sum of the moment released in all of the earthquakes that are expected to
occur each year.

mU

HAS = N(mL) f firn(m) 10(1.5m +16.05) qm _ an
m=Mb

Given the slip-rate, fault area, and magnitude density function, the activity rate, N(mLl) can be

computed from Equation (11).

Magnitu i
The magnitude density distribution describes the relative number of large magnitude and
moderate magnitude events that occur on the seismic source. Two alternative magnitude density

functions are usually considered: the truncated exponential model and the characteristic model.
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The truncated exponential model is the standard Gutenberg-Richter model that is truncated at the
: minimum and maximum magnitudes and renormalized so that it integrates to unity. The density

function for the truncated exponential model is given by

L
fm=-B Xp(Benm ) (12)
I- exp(-B(mU-mL))
where f is In(10) times the b-value. Regional estimates of the b-value are usually used with this

model.

The characteristic model assumes that more of the seismic energy is released in large magnitude
events than for the truncated exponential model. That is, there are fewer small magnitude events
for every large magnitude event for the characteristic model than for the truncated exponential
model. There are different models for the characteristic model. Two commonly used models

- are the characteristic model as defined by Youngs and Coppersmith (1985) and the "maximum
magnitude" characteristic model. In this paper, we will call these two models the characteristic

model and maximum magnitude model, respectively.

The density function for the generalized form of the Youngs and Coppersmith characteristic

model is given by

Bexppam’) 1 m<mYAm,

1- A T+ for
. exp(-B(m"-Am,-m")) 1)

U
B exp(f(m -Am;-Ampm') 1 form  mAm,
1-exp(-B(m"-am,-m") 1+

where
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U ) L |
e B exp(-Bm Am |-Am,-m ")) A (14)
1- exp(-Bn"Amym")

In the Youngs and Coppersmith model, Am;=1.0 and Am,=0.5.

The maximum magnitude model does not include any small earthquakes. It is typically a

truncated normal distribution or uniform distribution centered about the characteristic magnitude.

Comparing the examples of the truncated exponential and characteristic density functions, the
density functions themselves are similar at small magnitudes. However, when the geologic
moment-rate is used to set the annual rate of events, N(mL), then there is a large impact on
N(mL) depending on the selection of the magnitude density function. The characteristic model

has many fewer moderate magnitude events than the truncated exponential model (up to a factor

- of 10 difference).

Recent studies have found that the characteristic model does a better job of matching observed
seismicity than the truncated exponential model (Geomatrix, 1992, Woodward-Clyde, 1994)
when the total moment rate is constrained by the geologic slip-rate. However, there is still an

ongoing debate about the applicability of these two alternative models.

Rupture Dimension Density Functions
For the rupture area and rupture width, the density functions are determined from regression
models, which give the rupture area and rupture width as a function of magnitude. For example,

Wells and Coppersmith (1994) developed the following empirical models for rupture area and

rupture width:



10g10 (RA) =-3.49 + 0.91 M + 0.24 (15)

log1g (W)=-1.01 +0.32 M = 0.15 (16)

The density functions, fr A(m) and frw(m) are log normal distributions centered about the

median values given by Eq. (15) and (16).

Energy Center Location Density Functions
For the energy center locations, we typically assume a uniform distribution over the fault plane.

The resulting density functions for fhy(hy) and fiy(hy) are unity.
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