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1. INTRODUCTION

1.1 BACKGROUND

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

Pardee Dam and Reservoir are owned and operated by EBMU for the primar purose
of municipal water supply. Reservoir enlargement options that would raise the normal

reservoir water surace by about 40 to 70 feet are curently being considered.

This report presents a sumar of pertinent geological issues pertainig to fault
capability in the vicinity of Pardee Reservoir, seismic response spectra recommended for
preliminar design, and associated ground motion acceleration time histories for
prelimiar design.

Ths study is not intended to be a complete characterization of seismotectonic sources

affecting strctures in the western Sierra Nevada. It does not include a detailed

explanation of Cenozoic and Quaternar stratigraphy in the western Sierra Nevada
foothills and central San Joaquin Valley, nor chalacterizations of far-field seismic
sources, which include active faults beyond the Pardee study area such as the Sierra
Nevada frontal fault zone, Coast Range thst fault, and San Andreas fault system.
However, contrbution of far-field seismic sources identified in other studies were
considered in the probabilistic hazard analyses.

A sumar of pertinent geologic issues pertaining to fault capability in the vicinity of
Pardee Dam are presented. Explanations of Cenozoic and Quaternar geology, soil
stratigraphy of the western Sierra Nevada, regional seismic courses, and historic
seismicity are contained in Dames and Moore (1993) and U. S. Ary Corps of Engieers
(1995).

1.2 PURPOSE

The puroses ofthis 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.
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3. Determe 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 prelimar design.

4. Recommended additional seismotectonic studies for fial design.

1.3 SCOPE OF WORK

The scope of work consisted of:

1. Review of published geologic maps.

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reports, trench logs (i.e., Corps of Engieers, 1995), and unpublished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

3. Stereoscopic examination of aerial photographs for the years 1971, 1987,

1991, 1992, 1995 and 1996.

4. Preliminar design-level geologic mapping of an approximately 3-square-

mile area west of Pardee Reservoir.

5. Reconnaissance-level geologic mapping of an approximately 25-square-mile

area generally nort and west of Pardee Reservoir.

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

7. Estimation of ground motions at the existing Pardee Dam site, downstream

dam sites, Jackson Creek Dam site, and existing outlet tower site.

8. Formulation of site specific response spectra.

9. 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 Californa Coast Ranges to the west and the Basin and Range
province to the east. Regional tectonic featues are shown on Exhbit 2-1.

Bedrock in the western Sierra Nevada consists of metamorphosed volcanc and
sedimentar rocks that provide evidence of Paleozoic and Mesozoic continental growt.
Oblique convergence between the Nort American plate and an oceanc plate (perhaps the
proto-Farallon plate) was the drvig mechansm for ths terrane accretion, which
culmated with the Nevadan Orogeny in late Jurassic time between 163 and 143 millon
years ago (Graymer and Jones, 1994). The principal terrane boundares 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 Exhbit 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 Placervlle Belt (equivalent to the Central Belt of Clark, 1964), an
approximately 7-ki1ometer-wide zone of Mesozoic-age (65-245 millon years

old), metavolcanc and metasedimentar 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 Mountai fault zone

and is composed of Mesozoic-age, metavolcanc, and metasedimentar rocks
similar to that of the Placerville Belt.

Pardee Reservoir is in the Western Belt. The Western Belt comprises thee Mesozoic-age
bedrock formations, the Copper Hil Volcancs, Salt Sprigs Slate, and Gopher Ridge
Volcancs. The regional geology in the vicinty of Pardee Reservoir is shown in section
on Exhbit 2-3 and in plan on Exhbit 2-4.

Tertiar bedrock unts of the lone, Valley Sprigs, and Mehren Formations locally

overlie the Mesozoic rocks in the vicinty of Pardee Reservoir.

The Eocene-age lone Formation (40 milion years old) is the oldest Tertiar unt in the
region, and consists of quar-rich sandstone and conglomerate and kaolintic claystone.
The lone Formation is a local source of sand and gravel, ligntic coal and pottery-grade
clay.
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The Oligocene- to Miocene-age Valley Sprigs Formation (20-25 millon years old)
consists of interbedded fluvial deposits (siltstone, sandstone and conglomerate) and'
rhyolitic tuffs. Rhyolitic tuffs south of Pardee Reservoir have been dated to be 22 to 23
milion years old (Dames & Moore, 1993) and are paricularly useful in evaluating late
Cenozoic deformation.

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

2.1 FOOTHILLS FAULTSYSTEM

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

Late Cenozoic faulting in the western Sierra has taken place priarly along pre-existing

zones of weakess 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
modem Sierra Nevada is estimated to have begu approximately 4 to 7 millon years ago
(Unrh, 1991; Pacific Gas and Electrc Company, in_progress). Based on progressive

tilting of the Miocene-age Mehren Formation, the onset of relatively continuous uplift
appears to have occured durng deposition of the uppermost par of the Mehren
Formation, which has been estimated to be between 4.6 and 5.7 milion years old

(Woodward-Clyde Consultants, 1978). Based on ths tilting and the estimated age of 
the

Mehren Formation, 5 milion years is generally selected as the intial time of uplift and
the basis for slip rate determination for late Cenozoic faults within the Sierran Block.

The Meíones fauít zone was the priar strctue of the ancestraí Foothiils fauít system,
and is considered to be the most active component of the fault system in modem time
(last 2 millon years). Both the Melones and Bear Mountains fault zones appear to be

more continuous than faults located fuher west. Faults in the northwestern portion of
the Foothills belt (e.g., Orovile area) appear to have more pronounced geomorphic
expression than the central and southern portions of the belt, reflectig greater activity in
the northwestern portion of the Foothills fault system.

C:\MSOFFICEIWlORDIHCGIPAR-VOL6.DOC
11/19/979:40 AM

2-2 ReGPi~Tt



§ Pardee Reseroir Enlargement Project

Preliminary Design Report

Volume 6 . Seismotectonic Evaluation Study

2. Geologic Setting

2.1.1 REGIONAL SEISMICITY

Compared to surounding 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 Electrc,
unpublished; Urhamer, 1991). Although compilation and analysis of earquake
seismicity was not par of ths study, a review of published reports indicates that

earquake focal mechansms show a pattern of oblique slip to dextral slip on nortwest-
strg faults and a pattern of normal dip-slip on nort-strg faults in the Sierra

Nevada (pacific Gas and Electrc Company, unpublished; Wong and Savage, 1983; Hil
and others, 1991).

The largest recorded historic earhquake along the Foothills fault system was the Orovile
earquake of August 1, 1975 (magntude = 5.7). Ths earhquake, centered

approximately 150 km northwest of Pardee Reservoir, provides direct seismologic
evidence that portions of the Foothll fault system are active. The earhquake was
dominantly normal dip-slip, with the west side down, and a focal depth of 8 km (Bolt,
1977). However, earhquake focal mechansms also indicate a stre-slip component of
movement (lateral-to-vertical ratio of 0.4:1, Wallace, 1990). Surace ruptung was
associated with a trace of the Cleveland Hil fault, and extended for a distance of 5.7 km.
Surace displacement measurements indicated 4 cm of right-lateral stre-slip and 5 cm of
normal dip-slip movement (Har 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 nortwest
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 mmyear) between the Pacific and North American plates is
accommodated by the San Andreas fault system. The remaig 25 percent (12 mm) is

accommodated by deformation east of, and parly with, the Sierran Block with much of

the movement believed to be accommodated by faults in the Greater Walker Lane
tectonic belt. The Greater Waler Lane tectonic belt is considered to be the transition
between the Sierran Block and the Basin and Range, as shown on Exhbit 2- 1. Although
regionally the Sierran Block is not considered a signficant contrbutor to plate boundar
motion, the presence of diffuse seismicity indicates ongoing, low-level tectonic activity
withn the Sierran Block from east-west crustal extension and dextral stre-slip motion.

Late Cenozoic deformation, manfested as extensional and dextral displacements, has
occured 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 Electrc Company, unpublished; Woodward-Clyde Consultants, 1978).
The previously identified studies indicate that Cenozoic faulting may involve a
component of strke-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:IMSOFFICE\WINWORDIHCGIPAR-VOL6.DOC
/2/19/979:40AM

2-3 HCGPi~'J_



§j. Paree Reserir Enlargement Project

Preliminary Design Reprt

Volume 6 - Seismotectonic Eva/Ulon Study

2. Geologic Seting

evaluate apparent tectonic offset of Tertar paleostream chanel deposits, it appears that
the Cenozoic style of movement for the central Foothlls fault system includes a
signficant component of dextral stre slip in addition to normal slip.

A geomorphic analysis of the surface of the Table Mountain Latite was conducted as par
of this study to constrain the strke-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 modem Stanslaus River approximately
40 km southeast of Pardee Dam. These ridges are the remnants of a Tertar stream

chanel that was filled by volcanc flows that now are elevated above the surounding
topography because of preferential erosion of the surounding, less resistant rocks.
Several late Cenozoic faults that displace the Table Mountain Latite were previously
identified based on geomorphic analysis and subsUface investigations for the New
Melones Dam, and Stanslaus Nuclear Power Plant (Woodward-Clyde Consultants, 1978).
Paleo seismic trench data indicate that movement of these faults is predominantly normal-
slip, with an unown component of stre-slip.

Surface topography provides a good approximation of the former chanel axis because of

the resistant natue of the latite. The chanel 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 Exhbit 2-5. The strke-slip component of
movement was computed by measuring apparent displacements of the chanel axis.
Lateral offset of the chanel axis appears to var from about 250 to 600 meters. If the
lateral offsets were solely the result of dextral strke-slip deformation over the past 5
million years, average lateral slip rates would be 0.05 to 0.12 mmyear. The actual slip
rate would likely be less than the computed slip rate, because chanel sinuosity and
normal-slip deformation may affect apparent lateral offset, and deformation may have
been initiated prior to 5 millon years ago.

Ridges capped by the Mehren Formation also were examned as par of ths study to
constrain possible slip rates of faults in the Pardee Reservoir area. Relationships between
five nortwest-trending faults and several southwest-n:ending linear ridges in the Valley

Springs area southeast of Pardee Reservoir are shown on Exhbit 2-6. Prominent linear
ridges are assumed to accurately denote axes of paleo 

stream chanels that were filled by
volcanclastic sediments. Paleostream chanel axes in the Valley Springs area canot be
established as confidently as at Table Mountain because of the lack of contiuity and the
sporadic distrbution of Mehren exposures. Lateral offsets of the ridges appear to var
from approximately 600 to 1200 meteïs, which are larger than apparent offsets observed
at Table Mountain. Larger apparent lateral offsets in the Valley Sprigs area are most
likely due to problems associated with reconstrcting paleochanel axes than from
greatèr fault slip rates. Palinspastic reconstrction of the paleostream chanels in the
Mehren Formation at both locations indicates a pattern of dextral strke-slip along the
northwest-trending faults.
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A Mehren Formation exposure north of Lake Amador, where a trace of the Devils Gate
fault has been mapped, was also examined and is presented on Exhbit 2-7. Based on
reconstrction of probable Mehren-age chanels, dextral strke-slip displacements of
approximately 150 to 450 meters were computed at ths location. Based on ths

geomorphic reconstrction and an assumption that faulting was intiated approximately 5
million years ago, the computed late Cenozoic strke-slip rate across ths fault trace is in
the range of 0.03 to 0.09 inyear.

Seismologic evidence of a dextral strke-slip component to the Foothlls fault system
includes earhquake focal mechansms indicating oblique-slip and stre-slip faulting
events in the north-central Sierra Nevada (Hill and others, 1991; Wong and Savage,
1983). Surface ruptue associated with the 1975 Oroville earhquake produced a 0.8:1

lateral-to-vertical slip ratio, and right-lateral displacements generally were greater than
vertical displacements along most of the ruptue trace (Har and Rapp, 1975).

Oblique-slip to strke-slip deformation is recognzed 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 strctues," which are tyically

indicative of strke-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: I (Wiliam Lettis and
Associates, 1994).

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

According to previous investigators (Schwarz, 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 stre-slip is a signficant, and possibly the dominant, component of

Cenozoic deformation for northwesterly trending faults in the western
portion of the Foothlls fault system.

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

3. Geomorphic reconstrction is a less preci'se method of estimatig slip rates
than fault movement indicators observed in paleoseismic trenches; however,
the geomorphic reconstrction analysis indicates a consistent pattern of
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dextral strike-slip across the faults examed for ths study. Seismicity and
limted paleoseismic trenchig data also support a signficant component of
strke-slip deformation.

2.2 FAULTSINTHEPARDEERESERVOIRARA

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 vertcal displacement of the Mehren 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 Tertiar 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 Willam Lettis &
Associates (1994) and Page (1994) believe that sufficient colluvium was exposed in the
Corps of Engineers' trench to demonstrate that no displacement occured 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 par 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 Exhbit 2-4. As shown on Exhbit 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 stre-slip and down-to-the-east normal slip). Fault ruptues logged in
Woodward-Clyde Consultants' Trench 2 (1978) are nearly vertical at depth and become
slightly concave-upward (i.e., "flower strctue"), which are tyical 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 Sunybrook East ÎauÌt to the nortwest and
other possible fault segments to the southeast. The lengt of the Sunybrook East fault is
estimated to be 8 Ia (pacific Gas and Electrc 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 margi of Pardee Reservoir and apparent offset
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of late Cenozoic deposits at two locations to the nortwest and southeast of the reservoir.
Previous estimates of fault length ranged from 20 to 40 kI (Ear Sciences Associates,
1992, and Dames and Moore, 1993). The longer fault lengt reflects the combined lengt
of the Devils Gate fault and the Peoria Pass fault located at Table Mountai. Dames and
Moore (1993) considered the two faults to be distinct segments of a single fault zone.
Pacific Gas and Electrc Company (unpublished) consider the Devils Gate fault to be one
of several fault segments that form a 60 kI fault zone' extending southeastward to Table
Mountain. Based on geomorphic mapping conducted for the Pardee Reservoir
Enlargement Study, it appears that the priar trace of the Devils Gate fault forms a

moderately strong to strong geomorphic lineament for a distance of approxiately 22 kI
as shown on Exhibit 2.3. Ths lineament may represent the nortern segment of a longer
fault zone.

In addition to the priar trace of the Devils Gate fault, a second fault trace was

identified east of the Jackson Creek Spilway, where a geomorphic lineament coincides
with a faulted contact between the Copper Hils Volcancs and Salt Sprigs Slate
formations, as shown on Exhibit 2-3. Ths fault trace, which is exposed about 340 meters
south of the Jackson Creek Spilway at low reservoir levels, is characterized by drag
folding indicative of strke-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 strctue, which is par 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 Sprigs Formation was
vertically offset (west side down) 12 meters. Woódward-Clyde Consultants (1978)
attbuted the offset to bured topographic relief rather than faulting. Recent re-

interpretation of the geomorphic profile by Pacific Gas and Electrc Company
(unpublished) indicates that west-side-down offset may be the result of faulting.

According to Dames and Moore (1993), the top of the Mehren Formation (i.e., ground
surace) is vertically offset 12 meters across the Devils Gate fault nort of Lake Amador,
which is approximately 5 kI nortwest of Pardee Reservoir. Using a vertical
displacement of 12 meters and an assumption that faulting was intiated 5 milion years

ago, the late Cenozoic normal-slip rate for the Devils Gate fault was calculated to be
0.002 mmyear. Geologic mapping conducted as par of ths study, an evaluation of the
Dames and Moore (1993) profile, and geomorphic profiles constrcted by Pacific Gas
and Electrc Company (unpublished) do not indicate only normal-slip displacement
across the postulated trace of the Devils Gate fault near State Highway 88. Palinspastic
reconstrction of probable Mehren-age chanels indicate that approximately 150 to 450
meters of dextral strke-slip displacement may have occured along the Devils Gate fault
at the State Highway 88 location. The apparent late Cenozoic strke-slip rate of
movement is in the range of 0.03 to 0.09 mmyear, based on the following assumptions:
1) 150 to 450 meters of stre-slip movement, 2) little to no chanel sinuosity, and 3)
faulting initiated 5 millon years ago. .

. .

C:\MSOFFICEIWINWORDlHCGIPAR-VOL6.DOC
/2//9/979:40AM

2-7 HCG
Puf'T~



§ Pardee Reserir Enlargement Project

Preliminary Design Reprt

Volume 6 - Seismotecionic Evaluation Study

2. Geologic Sening

2.2.3 WATERS PEAK FAULT

The Waters Peak fault was identified by previous investigators on the basis of strong
geomorphic expression, geomorphic profies, and paleoseismic trenchig. The fault is

well expressed geologically, as well as geomorphically, in the Mokelumne River gorge
and Mexican Gulch, where the fault stres 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 la, from the northeast side of Waters Peak southward to near New
Hogan Reservoir, as shown on Exhbit 2-4. Based on a lack of geologic and geomorphic
indications of faulting north of Waters Peak, the. nortwestern end of the fault is
considered to be in the vicinity of Stony Creek Road. The Waters Peak fault may be the
nortern 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 millon 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 millon years ago, the average late Cenozoic uplift rate for the Waters
Peak fault ranges from 0.009 to 0.012 rnyear.

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 Quaternar-age
deposits that show late Quaternar displacement. The vertical offset at the top of the
Quaternar-age. faulted material is less than the offset at the base, which indicates

repeated fault ruptue 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 exhbits both normal-slip and stre-slip displacement in Trench 3

(Corps of Engieers, 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 (Wiliam Lettis &
Associates, 1994).

The date of the last faulting event is unown because of uncertaity in identifyg the
age of the lowermost (oldest) unaulted deposit above the fault. The age oftlie unfaulted
deposit is estimated as 20,000 to 70,000 years by the most detailed examation of the
material (Wiliam Lettis & Associates, 1994). The COfpS of Engineers investigators and

reviewers judged the most recent movement of the Waters Peak fault to be more than
35,000 years ago.

2.2.4 lONE FAULT

The lone fault was identified in previous studies on the basis of geomorphic expression,
fault exposures in the Lake Amador spilway chanel, and apparent vertical displacement
of the Eocene-age lone Formation (40 millon years old). Earh 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 Sprigs. Geomorphic expression of the lone fault is characterized in ths study as
a 23-kilometer-long, west-facing escarment that ends about 1.8 km northwest of the
Mokelume River, as shown on Exhbit 2-4.

The strong geomorphic lineament along the lone fault zone coincides with a wide zone of
faulting exposed in the Lake Amador spillway chanel, approximately 7 km northwest of
the Mokelume River, as shown on Exhbit 2-7. Detailed mapping of exposures in the
Lake Amador spilway chanel were conducted as par of this study and are presented on
Exhbit 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 chanel are aligned generally parallel to foliation, which has a
nortwesterly stre and steep east dip (average orientation of N15W strke and dip
80""E). Faults observed in the Lake Amador spilway chanel are similar in orientation
to the east-dipping fault exposed in the Corps of Engieers' "Trench 1, lone 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 strke-slip displacement in
addition to dip-slip movement. No westerly dipping normal fault was observed in the
Lake Amador spilway chanel 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 lone Formation was vertically offset (west
side down) a distance of 185 meters across the lone fault. Using a vertical offset of 185
meters and an assumption that faulting was initiated 5 millon years ago, the computed
average late Cenozoic uplift rate is 0.037 mmyear. Based on profiling from Waters Peak
westward across the lone fault to Jackson Valley, vertical displacement of the base of the
lone Formation is estimated to be approximately 76 meters. Using 76 meters of
displacement and an assumption that faulting was initiated 5 millon years ago, the
computed average late Cenozoic uplift rate is 0.015 mmyear.

No geomorphic expression of faulting was observed between the southwestern edge of
Waters Peak and the Mokelume River, which is in dramatic contrast to the strong west-
facing escarment to the nortwest. No evidence of Cenozoic faulting was identified
between Mexican Gulch and Penn Mine, which is a distance of approximately 3 1a from
mapping rock exposures along the walls of the Mokelume River gorge. The Waters
Peak fault appears to end toward the nort, just as the lone fault appears to termnate to
the south. lfthe style of movement on the lone fault is priarly dextral strke-slip, it can
be hypothesized that motion along the lone fault may step over to the Waters Peak fault
(i.e., left-stepping faults are consistent with dextral stre-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 featues var from weak to strong and include discontinuous to

C:IMSOFFICEIWINWORDIHCGIPAR-VOL6.DOC
12/19/979:40AM

2-9 ReG
Pit'Tft



§o Pardee Reseroir Enlargement Project

Preliminar Design Reprt

~lume 6. ~ummuronk E~looiwn S~y
2. Geologic Seting

continuous (1 to 4 km in lengt) linear draiages, hillside benches, and vegetation
lineaments. Several lineaments were identified along trends of the late Cenozoic faults

í discussed above. Other lineaments appear to be associated with soil or vegetation
_ ~ changes, formational contacts, interbedding of different geologic unts, bedrock strctue,

~1 \ and faults of unown activity.
\\.

Only lineaments displaying at least moderately strong geomorphic expression and

possible association with faults are depicted on Exhbit 2-4. Two of these lineaments
cross the proposed Jackson Creek Dam site. The westernost ofthese two lineaments,

which approximately coincides with a lineament identified by Dames and Moore (1993),
roughly follows the geologic contact between the Salt Sprigs Slate and Gopher Ridge
Volcancs formations. This contact is considered to be unaulted and could be the result
of differential erosion along the contact. Faulting in the vicinity of the contact is also
possible based on scattered quarz exposures observed in the area and association
between quarz veins and other identified faults in the Pardee Reservoir area. Quar
veins also occur as dikes along fractues 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 easternost lineament closely follows the geologic contact between the Copper Hils
Volcanics and Salt Springs Slate formations. These formations are faulted at the single
exposure of the contact observed durg ths study. The geomorphic lineament could be
the result of recent faulting or differential erosion along an old faulted contact. It is our
interpretation that ths 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 stre-slip
movement was observed in the fault exposure about 340 meters south of the Jackson
Creek Spilway.

Two additional lineaments were identified in the Campo Seco area, which is downstream
from Pardee Dam and south of the Mokelume River. The eastern lineament is
characterized by several weak to moderately strong discontinuous featues, 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 CAP ABILITY AND MAXMUM EARTHQUAKES

Criteria for estimating fault activity are slip rate, time of last fault movement, and
characteristic amount of fault ruptue. Magntudes of earquakes associated with
specific active faults are estimated by considering the seismic setting and fault parameters
such as style of movement, tyical displacement amount, and anticipated length or area of
fault rupture. According to guidelines established by the State of Californa Division of
Safety of Dams (DSOD), faults that show evidence of displacement withi the past
35,000 years are considered active seismic sources for the purose 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 earquake durng the life of the project.

Inactive faults can be dismissed as seismogenic sources for seismic design.

Faults in the Foothlls 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 diffcult to resolve because of the scarcity
of Quaternar-age deposits for measurement of slip rates and assessment of recency of
faulting. Without Quaternar-age deposits it is diffcult to distinguish geologically
recent displacements from movements produced by' geologically older and curently
inactive faults. Seismogenic assessments in the western Sierra Nevada are based on
deformation of late Cenozoic deposits, evaluation of subtle featues in fault zones, and
geomorphic expression. Repeated and geologically recent fault movement tyically 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 ths study: Youngs Creek, Devils Gate, Waters Peak, and
lone, 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 nortern 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 Orovile area. It is possible

that fuher 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 stre-slip
deformation identified from geomorphic reconstrctions of paleo stream chanels and
seismicity records, as well as dominant dip-slip movement identified from paleoseismic
trench measurements of slickensided fault surfaces that plunge steeply in the diection of
fault dip, lateral-to-vertical slip ratios were developed for the faults in the Pardee
Reservoir area. Maximum earhquake magntudes were determined using magntude-
fault area relationships established by Wells and Coppersmith (1994). The following
sections sumarze 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 ruptued late Cenozoic-age
deposits, and the last ruptue event may have occured more than 14,000 to 60,000 years
ago. The Youngs Creek fault is considered to be an active seismic source for seismic
design puroses because, based on available data, movement withn the last 35,000 years
could have occured.
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Earquake Magntude: The Youngs Creek fault- exlbits a strong to moderate
geomorphic expression for a distance of approximately 22 la. Based on a ruptue length

of 22 la and ruptue width of 12 la, the maximum magntude earquake is computed
to be 6.4 using the magntude-fault area relationships established by Wells and

Coppersmith (1994).

Slip Rate: The Youngs Creek fault has previously been characterized as displaying
priarly normal fault movement by previous investigators. Based on re-interpretation of
trench logs and examination of geomorphic featues, a strong component of stre-slip

deformation was identified. A lateral to vertical slip ratio of 2: 1 and an average
cumulative slip rate of 0.002 mmyear 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 unown.
The Devils Gate fault is considered to be an active seismic source for seismic design
puroses because based on available data, movement within the last 35,000 years could
have occured.

Earquake Magntude: The Devils Gate fault exlbits a strong to moderate geomorphic
expression for a distance of approximately 22 la. Based on a ruptue length of 22 la

and ruptue width of 12 la, the maximum magntude earquake is estiated to be 6.4
using the magntude-fault area relationships established by Wells and Coppersmith
(1994).

Slip Rate: Drag folds observed at a fault exposure and palinspastic reconstrction of
probable Mehren-age chanels indicate that the late Cenozoic strke-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 mmyear 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 though mapping of fault ruptues and paleoseismic trenchig of
active faults that surface displacement vares along ruptue traces. Based on the
magntude-displacement relationships established by Wells and Coppersmith (1994), the
amount of displacement per earhquake event is estimated to be 10 to 40 cm for a

magntude 6.0 to 6.4 earquake. Paleoseismic trencl~ observations in the Waters Peak
Fault South Trench indicate a displacement of 15 cm for the most recent ruptug 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 Quaternar deposits, and the
most recent fault movement may have occured 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
puroses because, based on available data, movement withi the last 35,000 years could
have occured.

Earhquake Magntude: The Waters Peak fault exhbits a strong to moderate geomorphic
expression for a distance of approximately 15 la. Based on a ruptue length of 15 Ia

and a rupture width of 12 la, the Waters Peak fault may generate an earhquake with a
moment magntude of approximately 6.3 using magntude-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 (Willam Lettis and Associates, 1994) and previous estimates of vertical
displacement of Cenozoic deposits in the Valley Sprigs area, an average cumulative slip
rate of about 0.02 mmyear (i.e., 0.018 to 0.024 mmyear) was computed for the Waters
Peak fault.

2.3.4 lONE FAULT

Fault Activity: The lone fault has displaced Cenozoic deposits and may have displaced
late Quaternar deposits. The most recent fault movement may have occured between
9,000 to 14,000 years ago. Based on available data, the lone fault is considered to be an
active seismic source for seismic design.

Earhquake Magntude: The lone fault exhbits a strong to moderate geomorphic
expression for a distance of approximately 23 la. Based on a ruptue length of 23 la

and a ruptue width of 12 la, the lone fault may generate an earquake with a moment
magntude of approximately 6.4, according to the magntude-fault area relationship
established by Wells and Coppersmith (1994).

Slip Rate: Cenozoic deposits appear to be vertically displaced approximately 76 meters
across the lone fault west .of Waters Peak, which leads to a v~rtical slip rate of 0.015
mmyear over the past 5 milion years. Faults exposed in the Lake Amador spillway
chanel and in the Corps of Engineers' trench exhbit both dip-slip and strke-slip
directions of movement. For consistency with the dextral strke-slip pattern observed
across other nearby faults, a lateral to vertcal slip ratio of 2: 1 was used for the lone fault.
Using a lateral to vertical slip ratio of 2: 1 and identified displacements, an average
cumulative slip rate of 0.03 mmyear is estiated for the lone fault.
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EARTH MATERIALS
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Colluvlal and &iii cover (Quaternar)

Salt Springs Siale (Juraslc);
Interbedded metandslone (orange) and slate (blue)

Gopher Ridge VolcanIcs (Jurasslc):
Interbedded agglomerate (coars) and tuff (lIne)

SYMBOLS
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crushed rock and quarz veIns.
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,"0 Follatjon orientatIon
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l..\ Quarz vein

~ Contored or way foliation

__-- Axis of creek channel

. Tree
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3. ESTITED GROUN MOTIONS

3.1 SUMMARY OF NEAR-FIELD SEISMIC SOURCES

Far-field seismic sources (e.g., San Andreas fault system, Coast Range thst fault, and
Sierra Nevada frontal fault zone) provide the most liely origi of earquaes that will

result in measurable ground motions at Pardee Dam and other proposed strctues.
However, faults of the Foothlls fault are the seismic sources that will govern seismic
da design because they are much closer to the proposed strctues. Ground motions for

ths study were estiated using the Youngs Creek, Devils Gate, Water Peak, and lone

faults. General parameters of these faults are presented in Section 2 and sumared in
Table 3-1.

Table 3-1

SUMY OF FAULT PARTERS

FAULT ESTIMATED ESTIMATED ESTIMTED ESTIMATED LIKLY ESTIMATED
TIM SINCE QUATERNARY RUPTUR MA DISPLACEMENT LATERA

MOST RECENT SLIP RATE(2) LENGTHS CREDmLE TYE TORUPTURG EARTHQUAK VERTICAL
SLIP RATIO

(years ago) (mm/year) (km)
Youngs 14,000-60,000 0.002 22 6.4 Oblique-Slip 2:1
Creek

Devils Unkown 0.03 22 6.4 Oblique-Slip 5:1
Gate to

Stre-Slip
Waters 20,000-70,000 0.02 15 6.3(1) Oblique-Slip 2:1
Peak
lone 9,000-14,000 0.03 23 6.4 Oblique-Slip 2:1

(I) Increased to 6.4 for computation of design ground motion. See Section 3.2 for additional informtion.

(2) Based on average Cenozoic Slip Rate.
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Distaces from each fault to the varous Pardee facilities are presented in Table 3-2.

Table 3-2

DISTANCES TO PAREE FACILITIES

(kiometers)

FAULTS

FACILITIS YOUNGS CREEK DEVIS GATE WATERS PEAK lONE

Exitig Pardee Dam 3.9 1. 0.15 1.7

Jackson Creek Site 2.4 0.0 0.60 1.
Downtream Dam Axis B-2 4.6 2.1 0.90 1.6

Downtream Dam Axis B-3 4.9 2.4 1. 1.6

Existig Intae 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 thee rock attenuation
relationships, Boore, et aI. (1994), Idrss (1991, 1994), and Sadigh, et aI. (1993) were
used to develop the horizontal component. Site class B is considered to be rock for the
relationship ofBoore, et aI. (1994). These attenuation models were selected because they
have been evaluated by Spudich, et aI. (1996) for applicability to extensional regies.
Fewer attenuation relationships are available for the vertcal 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 strctues are located in an extensional tectonic regie
characterized by both oblique to dextral slip and normal dip-slip faulting. Based on
recent studies of small to moderate earquakes east of the Siera Nevada in the
extensional Basin and Rage provice, it appear that ground motions from normal-fault
earhquakes are lower than ground motions resultig from pure stre-slip and reverse-

slip earquakes in tranressional regies 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 recordigs
from. earquakes in extensional regimes as par of the seismic source characterization for .
the Yucca Mountain project, located in the Basin and Rage provice. Comparson of
ground motions in extensional regies to predictions using standard attenuation
relationships based on earquakes in Californa, which are priarly based on reverse-
slip and strke-slip earhquakes in transpressional regies, resulted in the development of
extensional regime scale or correction factors (Spudich, et aI., 1996). The scale factors
apply to both stre-slip and normal faultig earquakes in extenional regies.

C:\MSOFFlCEWIORDIHCGIPAR-I'OL6,DOC
11119/979:40 AM

3-2 HCG..f'T_



§ Par Reserir Enlargent Project
Preimina Design Reprt

Volum. 6 - Setectonic Evauatin Si
J. Estimaed Groun Motions

The extensional regie scale factors developed by Spudich, et al. (1996) were applied to
all four local faults, includig the Devils Gate fault, which may conta a signficant
stre-slip component of movement. Scale factors for the horiontal and vertcal
components of the attenuation relationships were based on the average for sites less than
20 km from the ruptue plane. Spudich's scale factors for horiontal and vertical
components are shown in Exhbits 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 stre of the fault plane based on Somervlle, et al. (1997).
At long periods, the fault-normal (fault-perpendicular) component is larger than the fault-
parallel component. Ths ratio increases with increasing magntude and decreasing
source-to-site distance. These directivity ("fling") factors are based priarly on data
from trpressional regies, and for this study the flng factors were reduced to one-half

of the values predicted by the Somervlle, et aI., 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 earquake (MCE) for developing design ground
motions. To compute ground motions, the MCE magntude, distance from the source
fault to the facility, and appropriate statistical level of shakg are requied 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 stadard deviation above the median. If the MCE occur, there is a 50 percent
chance that the ground motion wil be less than the median and an 84 percent chance that
the ground motion wil be less than the median plus one standard deviation.

The four faults considered in ths evaluation, which are presented in Tables 3-1 and 3-2,

have low slip rates (less than 0.1 mmyr) with recurence 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 lone faults because of the long
recurence intervals.

Ground motions were evaluated with and without extensional regie scale factors for
comparative puroses. Ground motions that include the extenional regie scale factors
were used to develop the design ground motion, because this represents curent science.
Unsealed ground motions were developed for comparative puroses.

3.3.1 RESPONSE SPECTRA

Response spectra at the existing Pardee Dam site were developed based on the
comparsons presented in the following sections. Response spectra for other project
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facilities are based on the response spectra selected at the existig Pardee Dam site with
adjustments only for source-to-site distace. 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 lone
Fault Fault Fault Fault

Existig Pardee Dam 0.70 0.90 1.00 0.85
Jackson Creek Site 0.79 1.02 0.95 0.90
Downtream Dam Axs B-2 0.66 0.81 0.92 0.86
Downtream Dam Axis B-3 0.64 0.79 0.91 0.86
Existig Intae Tower 0.74 0.92 0.97 0.75

The horizontal and verical response spectra, excludig scaling for extensional regies,

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

motions.

, )

For the Pardee facilities, the average horizontal spectr is applied to the fault-parallel
direction. Ths 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 Somervile, et al. (1997) scale factors were applied for the
fault-normal direction. The fault-parallel, fault-normal, and vertcal response spectra,
excluding scaling for extensional regimes, for the Waters Peak fault are shown in Exhbit
3-5. The fault-parallel, fault-normal, and vertcal response spectra, based on the Spudich,
et al. (1996) scale factors for earquaes in extensional regies, are shown in Exhbit
3-6.

Fault-parallel, fault-normal, and vertical spectrl accelerations for damping values from
0.5 to 20 percent with and without scale factors for extensional regies 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

Empircal recordings of earquakes with appropriate characteristics were selected and
then modified to be compatible with the taget spectra(Exhbits 3-5 and 3-6) using a time

domai spectral matchig procedure. Thee-component spectr compatible time'
histories were developed using thee sets of tie histories recorded from actual

earquakes. It is preferable that the selected tie histories be from earquakes with
simlar focal mechansm, source-to-site distace, ruptue direction, and site geology. In
reality, all factors canot be matched perfectly to actul recordigs. The most important
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factors are the magntude, source-to-site distance, and diectivity effects. The focal
mechansm and site conditions are not as signficant as long as the ground motion has a
frequency content of suffcient bandwidth.

Thee earquake records were selected for ths study:

1. Irina, Italy (M=6.8, ruptue distance = 17 la, recorded at Stuo)

2. Imperial Valley, Californa (M=6.5, ruptue distance = 1 la, recorded at El

Centro Station 5)

3. Mamoth Lakes, Californa (M=6.2, ruptue distace = 9 la, recorded at
Convict Creek)

The Stuo and E1 Centro time histories show forward diectivity effects ("fling pulse")
that are often observed in near-fault ground motions. The Convict Creek tie history
does not have strong diectivity effects, but has longer duration. The acceleration,

velocity and displacement tie histories for these thee earquakes are contaied in
Appendix B.

Each time history was modified to match the target spectr, which is the median Waters
Peak spectr shown in Exhbit 3-6. The fault-normal, fault-parallel, and vertcal
spectral fit and modified tie histories, scaled for extensional regies and diectional
effects for each record are presented in Exhbits 3-7.1 though 3-7.6 (E1 Centro), 3-8.1
though 3-8.6 (Stuo), and 3-9.1 though 3-9.6 (Convi~t Creek).

3.3.3 COMPARISON TO PREVIOUS STUDIES

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

1. Ths study considered the Waters Peak fault, which is only 0.15 la from the

existing Pardee Dam, as an active source. The previous studies considered
the more distant Youngs Creek fault (4 la from Pardee Dam) as the closest
active source.

2. Ths study is based on attenuation relationships for peak horionta ground

acceleration developed between 1991 and 1994, which reflect curent science.
Previous studies were based. on attenuation relationships developed between
1985 and 1989.

3. Verical components of ground acceleration for ths 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.

C:\MSOFF/CEIW/ORDIHCGIPAR-VOL6.DOC
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4. Ths study incorporated recent inormation on differences in ground motion

between extensional and compressional regies. Previous studies did not

consider ths difference.

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

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 OAOg. Previous estiates of
horizontal PGA were OA5g (Dames and Moore, 1992) and O.50g (Ear Sciences
Associates, 1992). The vertical PGA for the Waters Peak seismic sobrce was estimated
to be 0.52g. Although previous reports indicate that the vertical accelerations could
approach or exceed the horizontal acceleration values, the verical PGA for recommended
design based on the traditional 2/3 fraction of the horiontal acceleration is 0.30g (Dames
and Moore, 1992) and 0.33g (Ear Sciences Associates, 1992). The vertcal PGA
developed in ths study is higher than the horiontal PGA because of the proximity of the
sites to the faults and a smaller reduction for the vertical component than the horiontal
component for extensional regies, as shown in Exhbits 3-1 and 3-2.

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

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

PGA.

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

PGA.

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

4. Fault-normal without scale factor for extensional regies.

5. Fault-normal with scale factor for extensional regimes.

6. Dames and Moore, 1992.

The Seed, Ugas, Lysmer (Seed, etal. 1976) 84th percentile spectral shape scaled for
magntude using the method of Idrss (1985), and anchored to the peak acceleration
predicted by the Seed and Idrss (1982) attenuation relationship, is generally accepted by
DSOD. The mai difference between the procedure generally accepted by DSOD and the
spectra developed in ths study is the use of an 84th percentile spectral shape versus use
of the median spectrl shape. The comparson with the median spectr shape is better.
For ths case, larger ground motions are due to the use of the Seed and Idrss (1982)

attenuation relationship, because it was developed from a combination of stre-slip and
reverse dip-slip faultig events, and does not account for extensional regie effects. The
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resultig spectra is larger than the fault-normal spectr (without scalg) at perods of
0.05 to 0.4 seconds and higher than the fault-normal spectr with scalg at all periods.

3.4 PROBABILISTIC SEISMIC HAZAR ANALYSIS

A probabilistic seismic hazard analysis (pSHA) was pedormed to estimate the anual
probabilty or recurence 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 ths study is presented in Appendix C.

3.4.1 SOURCE PARMETERS

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, lone, 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 Californa Division of Mines and Geology (CDMG), in
cooperation with U.S. Geological Surey (1996) and Geomatrx (1992). The background
zone for the central valley is based on geometres of areal source zones from Thenaus
(1982) with seismicity rates updated though 1996.
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) Table 3-4

SOURCE PARTERS USED IN
THE PROBABILISTIC SEISMIC HAAR ANALYSIS

Number Mean Closest

Fault or Source Zone(l) Slip-Rate of Events Maximum Distance(2)

(mmyr) (M::)
Magnitude (kI)

Waters Peak 0.02 - 6.3 0.15

lone 0.03 -- 6.4 1.
Devils Gate 0.03 - 6.4 1.0

Youngs Creek 0.002 -- 6.4 3.9

Coast Rage/Centrl Valley (CRCV 1.5 -- 6.8 82

Green Valley - Ceda Roughs 4.0 -- 6.6 109

Calaveras Nort 6.0 -- 6.7 112

Calavera Southern 15.0 -- 6.8 123

Hayward 9.0 - 7.0 124

Healdsburg - Rodgers Creek 8.0 -- 7.0 139

San Andreas 24.0 -- 7.8 154

Maacam - South 9.0 -- 7.0 159

Huntig Creek - Lake Beny 6.0 -- 7.0 162

Barlett Sprigs 6.0 -- 7.3 162

Maacam - 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 magntude density fuctions are considered for fault sources: 1) the
characteristic model (Youngs and Coppersmith, 1985) was given a weight of 0.90, and 2)
the trcated exponential model was given a weight of 0.1. Ths 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 magntude events. The
trcated 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 ATTNUATION RELATIONS

The thee rock attenuation relations used for the determstic analysis were also used for
the probabilistic analysis: Sadigh et aL. (1977); Idrss (1994); and Boore, Joyner, and
Fumal (1994). For Boore, Joyner, Fumal, Class B was used for rock. The extensional
regie scaling factor is not included in the attenuation relationships used for the
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probabilistic hazard calculations. For all three relationships, the log-normal distrbution
was trcated at 3.0 standard deviations.

3.4.4 PROBABIliSTIC SEISMIC HAZ ANALYSES RESULTS

Results are presented as the anual probability of exceeding a given level of horiontal
spectral acceleration at the existing Pardee Dam. The combined effect of the
contrbutions from all magntudes (greater than the mium magntude) and all
distances are presented on the hazard cures, Exhbits 3-11 and 3-12. For short retu

perods (~500 years), the hazard is domiated by the Background Zone, Coast

Range/Central Valley, and San Andreas. For long retu periods (::3,000 year), the
hazard is dominated by local faults.

The hazard can be broken down into contrbutions from varous magntude and distance
rages. Ths 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 retu period of3,000 years are shown in Exhbits 3-13
and 3-14, respectively. The heights of the bar in these exhbits indicate the fraction
contrbution to the hazard. As presented on these exhbits, the peak acceleration hazard is
domiated by events of magntude 5.5 to 6.5 at distances of 0 to 5 km. For a 1 second
period, the larger magntude and slightly more distant sources have a larger contrbution
to the hazard than for peak acceleration, but the local sources are still the domiant
hazard.

An equal hazard spectr was developed by computing the spectral acceleration at each
period that has a specified anual probability of being exceeded. The computed equal
hazard spectra for retu periods of 3,000, 5,000, and 10,000 year and the unealed
median spectra computed from the determnistic analyses are shown in Exhbit 3-15 for
comparson. The unscaled determinstic spectr is used for comparson 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 spectr

with a retu period of3,000 year or the median determstic spectr. For the existing

Pardee Dam, the determinstic spectr is signficantly greater than the 3,000 year retu
period equal hazard spectr. The median determstic spectr has a retu period of

about 10,000 years. Therefore, the determstic spectr was used to specify the target
spectra. The long retu period of 10,000 years for the determstic spectra supports the

decision to use the median ground motion for design of the Pardee facilties.
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4. RECOMMNDATIONS

4.1 DESIGN RECOMMENDATIONS

Prelinar design of a raised or replacement dam at the existing Pardee Dam site should

be based on the median percentile determstic 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 earquake records: EI Centro,
Stuo, and Convict Creek, presented in Exhbits 3-7.1 though 3-7.6, 3-8.1 though 3-

8.6, and 3-9.1 though 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 existig
Pardee Dam site based on differences in source-to-site distace. 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
secondar faults that could experience surace fault ruptue durg a nearby earhquae.
Strctues crossing these lineaments should be designed to accommodate displacemep.ts

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 Californa Division of Safety of Dams criteria. For the
purose of seismic design, the Youngs Creek, Devils Gate, Waters Peak, and lone faults
were considered as active seismic sources. However, supplemental geologic and

seismologic data could be developed to better defie the activity, deformation style,
recurence interval, and displacement potential of these faults. Surace mapping of
geomorphic lineaments alone wil not result in data suffcient to reassess fault activity. A
strategy for successful assessment of fault capabilty and potential earquake magntude
would be to use the paleoseismic technque of trenching and to evaluate intrental

seismicity, which should aid in definig the style of deformation in the Pardee Reservoir
region. Supplemental seismotectonic studies could involve all or some of the following
taks:

1. Compilation and analysis of instrental seismicit for the wester Siera Nevada.

Based on available data, it is concluded that the style of deformation in the western
portion of the Foothlls fault system is oblique slip with a strong dextral stre slip

component. Earquake focal mechansms could be used to quantify the relative
components of dip-slip and stre-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
Mokelume River, could be performed durg the next level of design for the
downstream dam. The purose of ths mapping would be to acquire data to evaluate
if these lineaments are the result of faulting. Supplemental work, includig trenchig,

could be perormed if faulting is confied or suspected to evaluate late Cenozoic

activity and deformation style.

3. Supplemental mapping and trenchig 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 purose of ths work woul~ be to acquire data to evaluate the
presence of faulting, style of faulting, and displacement potential of these lineaments.

4. Supplementa mapping and trenchig of the Devils Gate fault zone could be
performed before the next level of design for the proposed Jackson Creek Dam. The
purose of this work would be to acquire data to evaluate the presence of faultig,
domiant style of faulting, probable age of past ruptue events, Quaternar slip rate,
and displacement estimates. The fault exposure along the east side of Pardee
Reservoir south of Jackson Creek Spilway could be logged in detail to fuer

evaluate the style of faulting. The Mehren-capped ridges south of State Highway 88
could be mapped in detail to examine the potential for faulting in ths area.

5. The Waters Peak fault appears to be the controlling seismic source for the existing
Pardee Dam and South Spilway, the existing intake tower, and the downstream
damsites. Detailed loggig of fault exposures and trenchig of the Waters Peak fault
could be performed to acquire data for the evaluation of the domiant style of

faulting, probable age of past ruptue events, and Quaternar slip rate.

6. Supplemental mapping and trenching of the lone fault could be performed to acquire
data for the evaluation of the presence of faulting, dominant style of faulting,
probable age of past ruptue events, and Quaternar slip rate. Trenchig at the

southern termus of the lone 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 strctues. If the fault is suspected of being a potentially controlling seismic
source in the futue, geologic mapping and trenchig could be performed to acquie
supplemental data for the evaluation of dominant style of faulting, probable age of
past ruptue events, and Quaternar slip rate. Lineaments in the vicinty of the
mapped fault trace could also be investigated to determe activity potential and
relationship to the mai fault trace.

Ground motions and response spectra recommended for prelimar design are based on

the median ground motion from a deterstic analysis. Based on the results of our
probabilistic analysis, the deterstic spectr recommended has a retu period of
about 10,000 years. Ground motions based on a retu period less than 10,000 years may
be appropriate for the Pardee strctues and should be evaluated in subsequent phases of
C:\MSOFFICEIWINWORDIHCGIPAR-YOL6.DOC 4-2 H C G
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design. Ground motions based on the results of a probabilstic analyses were not
recommended for prelimar design because the Californa DSOD does not curently
accept probabilstic analyses. Both the determstic and probabilistic ground motions

should be updated in the next phase of design based on accepted regulatory procedures

and curent science.
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APPENDIX A

SPECT ACCELERATION (G) 50TH PERCENE MCE FAULT PARLEL COMPONE
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.:
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(WITHOUT SCALE FACTOR FOR EXTSIONAL REGIMES)
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APPENDIX B

EXIIT B-l.l nME HISTORY, HORIONTAL COMPONE 000, STURNO RECORD

EXHIBIT B-l.2 nME HISTORY, HORIONTAL COMPONEN 270, STURNO RECORD

EXIIT B-l.3 nME HISTORY, VERTICAL, STUO RECORD
EXIIT B-2.1 nME HISTORY, HORIONTAL COMPONET 140, EL CENO REcORD
EXIIT B-2.2 nME HISTORY, HORIONTAL COMPONE 230, EL CENTRO RECORD

EXHIBIT B-2.3 nME HISTORY, VERTICAL, EL CENTRO RECORD

EXIIT B-3.1 nME HISTORY, HORIONTAL COMPONE 180, CONVICT CREEK RECORD
EXIIT B-3.2 nME HISTORY, HORIONTAL COMPONET 090, CONVCT CREEK RECORD
EXIIT B-3.3 TI HISTORY, VERTICAL, CONVCT CREEK RECORD
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Appendix C

Probabilistic Seismic Hazard Analysis Methodology

Mathematical Formulation

The probabilstic seismic hazd analysis follows the stadard approach developed by Cornell

(1968). The mai chages from the original work are that more parameters are randomized (i.e.,

a more complete description of the aleatory varables) and epistemic uncertty is considered.

The basic methodology involves computing how often a specified level of ground motion will be

exceeded at the site. The hazd analysis computes the anua number of events tht produce a

ground motion parameter, A, that exceeds a specified level, z. Ths number of events per year, v,

is also called the "anua frequency ofexceedance". The inverse ofv is called the "retu

period".

The calculation of the anua frequency of exceedance, v, involves severa probabilty

distrbutions for each seismic source: the frequency of occurence of earquaes of varous

magntudes, the ruptue diension and location of the earquaes, and the attenuation of the

ground motion from the earquae ruptue to the site. The occurence rates of the earquaes

of varous magntudes are determed by the magntude recurence relations. The location of the

earquake depends on the geometr of the seismic source relative to the site locations. The

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

If we assume tht an earquae with magntude greater than mL ha occured on the ith seismic

source, then the probabilty tht the ground motion at the site exceeds the test level z, is given by
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/. co MU

P¡(A::z!E) = 1. fm(m) fr(r) P(A::zlm,r) dm dr

O m=ML .r=

(1)

where E¡(mL) indicates that an event with m3mL has occured on the ith source, m is magntude, r

is the closest distace measure, mD is the maxmum magntude (for the ith source), fm(m), and

frCr) are probabilty density fuctions for the magntude, and closest distce, and P(A::zlm,r) is

the probability that the ground motion exceeds the test level z for magntude m and closest

distce r.

For point sourCe models, the density fuction for closest distace, frCr), is simple to compute; the

hypocenters are unformly distrbuted over the seismic source. For planar sources (e.g., known

faults), we need to consider the finte dimension and location of the ruptue in order to compute

the closest distace. Specifically, we need to randomize the ruptue lengt, ruptue width,

hypocenter location along stre, and hypocenter location down dip. (Since ruptue width and

lengt are correlated, it is easier to consider the ruptue area and ruptue width and then back

calculate the ruptue lengt.) For planar sources Eq (1) becomes

P¡(A::zlE¡) = 1'" 1'" 11 11 .1M' fm(m) fRA(m) fRwCm) fhx(hx) fhy(hy)

w=o RA-o ~ by- m-i.

P(A::zlm,r(hx,hy,RA,W)) dm dhx dhy dR dW (2)

where fRw(m), fRA(m), fhx, fhy are probabilty density fuctions for the ruptue.width, ruptue

area, hypocenter location (along strke 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

lengt and fault width, respectively (e.g. hx=O is one end of the fault and hx=1.0 is the other end

of the fault).
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The anua rate of events that produce ground motions that exceed z at the site is the product of

the probabilty given in Eq (2) and the anual rate of events with magntude greater th ML on

the ith source.

vi(A?z) = N¡(mi)P¡(A?zlE¡)
(3)

where N¡(mL) is the anua number of events with magntude greater than mL on the ith source

(e.g. the number of events from the magntude recurence relation).

F or multiple seismic sources, the tota anua rate of events with ground motions that exceed z at

the site is just the sum of the anua rate of events from the individua sources (assuming that the

sources are independenQ.

Nsourc

v(A?z) = v¡(A?z)
¡=l (4)

The anual rate of events given in Eq (4) is not probability; it can exceed i. To convert the

anual rate of events to a probability, we consider the probabilty that the ground motion exceeds

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

At ths step, a stadard assumption is that the occurence of earquaes is a Poisson process.

That is, there is no memory of past earquaes, so the chance of an earquae occurg in a

given year does not depend on how long it has been since the last earquae. If the occurence

of earquaes is a Poisson process then the occurence of peak ground motions is also a Poisson

process. For a Poisson process, the probabilty of an event (e.g. ground motion exceedig z)

occurng n times in time interval t is given by
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Pn(t) = exp(-vt) (vtl/n! (5)

The probability that at least one event occurs (e.g. n31) is 1 minus the probabilty that no events

occur:

P(n31,t) = 1 - poet) = 1 - exp( -vt) (6)

So the probabilty of at least one occurence of ground motion level z in t years is given by

P(A;:z,t) = 1 - exp( -v(A;:z)t ) (7)

For t=l year, ths probabilty is the anual hazd.

The basic par of the hazd calculation is computig the integral in Eq (2). All of the aleatory

varables are inide of the hazd integral (Eq 2). The randomness of the seismic source

varables is characterized by the probability density fuctions which are discussed below. The

randomness of the attenuation relation is accounted for in the probabilty of exceedig the ground

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

Epistemic (scientific) uncertainty is considered by using alternative models and/or parameter

values for the probabilty density fuctions (primarly fm(m)), attenuation relation, and activity

rate (usualy slip rate). For each alternative model, we recalculate the hazd and compute

alternative hazd cures. Epistelnc uncertty is tyically handled using a logic tree approach

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

rates.
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Magnitude Recurrence Relations

The magtude recurence relation tells how often each magntude earquae is expected to

occur. In ths formulation, it is more convenient to separate the magntude recurence relation

into an activity rate and a magnitude density fuction.

Activity Rate

There are two approaches to estimatig the fault activity rate: historical seismicity and geologic

(and geodetic) information.

lfhistorical seismicity cataogs are used to estimate the activity rate, then the estimate ofN(mL)

is usually based on fitting the trcated exponential model (discussed below) to the historical

data. Maxmum likelihood procedures are generally preferred over least-squaes for estiating

the activity rate and the b-value.

j 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 tota energy release of

earquaes. 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 earquaes. The build up of seismic moment is computed

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

Mo=¡.AD (8)
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where ¡. is the rigidity of the crut (in dyne/cm2), A is the area of the fault (in cm2), and D is the

average displacement (slip) on the fault surace (in cm). The anua rate of build up of seismic

moment is given by

dMo = ii AS-e i-
(9)

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

by

logio Mo = 1.5 M + 16.05 (10)

where M is the moment magntude of the earquae.

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

) rate is set equal to the sum of the moment released in all of the earquaes that are expected to

occur each year.

mU

¡.AS = N(mL) 1 fm(m) 10(1.5m +16.05) dm
m=Ml

(11)

Given the slip-rate, fault area, and magntude density fuction, the activity rate, N(mL) can be

computed from Equation (11).

Ma~itude Density Distrbution

The magntude density distrbution describes the relative number of large magntude and

moderate magntude events that occur on the seismic source. Two alterntive magntude density

fuctions are usualy considered: the trcated exponential model and the characteristic modeL.
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The trcated exponential model is the stadad Gutenberg-Richter model that is trcated at the

mium and maxum magntudes and renormalized so that it integrates to unty. The density

fuction for the trcated exponential model is given by

L

:E(m) = ß ex~ -ß(m-m ))
l- exp( -ßm U -m1)

(12)

where ß is 1n(10) ties the b-value. Regional estimates of the b-value are usualy used with ths

modeL.

The characteristic model assumes that more of the seismic energy is released in large magntude

events than for the trcated exponential modeL. That is, there are fewer small magntude events

for every large magnitude event for the characteristic model than for the trcated 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 "maxmum

magnitude" characteristic modeL. In this paper, we will call these two models the chaacteristic

model and maximum magntude model, respectively.

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

model is given by

:E(m) =

ß exp( -ßn-m 1) 1

l- exp( -ß(m U -.& -m1) He

ß exp( -ß(m U -ßmi-ßm2-m1) 1

l- exp( -ß(m U -ßm2 -mL)) He

U
m oem -ßm2

for

(13)
Ufor m m -ßm2

where
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ß exi: -ßm u_&n i-~-m L))c= &n
1- exp( -ß U -Mi-m1)

(14)

In the Youngs and Coppersmith model, &n i = 1.0 and &n2=0.5.

The maximum magntude model does not include any small earquaes. It is tyically a

trcated normal distrbution or uniform distrbution centered about the characteristic magntude.

Comparg the examples of the trcated exponential and characteristic density fuctions, the

density fuctions themselves are similar at small magntudes. However, when the geologic

moment-rate is used to set the anua rate of events, N(mL), then there is a large impact on

N(mL) depending on the selection of the magntude density fuction. The characteristic model

has many fewer moderate magntude events than the trcated exponential model (up to a factor

of 1 0 difference).

Recent studies have found that the characteristic model does a better job of matchig observed

seismicity than the trcated exponential model (Geomatrx, 1992, Woodward-Clyde, 1994)

when the total moment rate is constraied by the geologic slip-rate. However, there is stil an

ongoing debate about the applicabilty of these two alterntive models.

Rupture Dimension Density Functions

F or the ruptue area and ruptue width, the density fuctions are determned from regression

models, which give the ruptue area and ruptue width as a fuction of magntude. For example,

Wells and Coppersmith (1994) developed the following empircal models for ruptue area and

ruptue width:
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log10 (R) = -3.49 + 0.91 M:! 0.24 (15)

log10 (W = -1.01 + 0.32 M:! 0.15 (16)

The density fuctions, fRA(m) and fRw(m) are log normal distrbutions 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 unform distbution over the fault plane.

The resultig density fuctions for fhx(hx) and fhy(hy) are unty.
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