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Examples of Active Faults in the Western
United States -- A Field Guide

By Robert C. Bucknam and Kathleen M. Haller

INTRODUCTION

This field guide has been prepared as a part of the final meeting of International Geological Correlation
Program (IGCP) Project 206--"A Worldwide Comparison of the Characteristics of Major Active Faults."
IGCP is a joint undertaking of the International Union of Geological Sciences (IUGS) and the United Nations
Educational, Scientific and Cultural Organization (UNESCO). The project was begun in 1984 to synthesize
current knowledge on the characteristics of selected major active faults on a worldwide basis. Major active
faults undergoing contemporary or geologically recent deformation are a focus of study in many parts of the
world, and studies of these faults provide critical insight into the nature and rates of tectonic processes. As
potential seismogenic sources, active faults are major keys to the evaluation of seismic hazards of the regions
in which they occur.

This field trip provides an opportunity to observe a variety of active faults occurring in diverse geologic
environments in the Western United States. Many of these faults have undergone displacements in historic
time in a generally semi-arid climate, which results in frequently spectacular preservation of geomorphic
features associated with active faults. The trip begins at the western margin of the North American plate,
traverses the Basin and Range province, and ends at the boundary between the Basin and Range and Middle
Rocky Mountains-Colorado Plateaus provinces (fig. 1-1B), passing through portions of the most seismically
active regions of the United States (fig. 1-2).
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Figure 1-2. Earthquakes (M > 1.5) in California and Nevada, 1980 - 1984 (from Hill and Eaton, 1987).

DAY 1--SAN BRUNO TO PASO ROBLES, CALIFORNIA

Summary

During the first two days through the California Coast Ranges (fig. 1-1) the field trip will focus on the
geomorphic expression of the fault, its geologic setting, and historic deformation along the San Andreas and
other major active faults in the region. The trip starts near the locality for which the San Andreas fault was
named by Lawson (1895), close to the epicenter of the 1906 San Francisco earthquake, and follows the fault
nearly 300 km southeasterly to the Parkfield-Cholame area, site of a major ongoing experiment in earthquake
" prediction.



Tectonic Setting of the San Andreas Fault

Many important geologic relations in the Coast Ranges are closely linked to the evolution of the San
Andreas fault, and an understanding of many important characteristics of the present behavior of the San
Andreas fault ultimately depends on an understanding of the local and regional geologic setting of the fault.
Current models of the evolution of the continental margin of California view the presently active San Andreas
fault as an integral feature of the evolving margin between the North American and Pacific plates. Many of the
stages in the evolution of the California continental margin also were critical in the evolution of areas far to
the east, in the region of the present Great Basin. Because the focus of this trip is on active faults, only brief
summaries of some major elements of the regional geologic setting are given in this guidebook to provide an
appropriate context for more detailed discussions at individual stops. For an extensive review of the tectonic
evolution of the region refer to papers in Ernst (1981) and the extensive bibliography of that work.

The North American continental margin in California has evolved through four basic types of tectonic
configurations since late Precambrian time (fig. 1-3) as summarized by Dickinson (1981). The San Andreas
transform system formed during the last of these four stages, and intraplate deformation during this fourth stage
also produced the Basin and Range province.
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The major rock units of the California Coast Ranges, the Franciscan complex and the Great Valley se-
quence, and the Sierran rocks to the east, are regarded as related elements of a late Mesozoic arc-trench system
that was oriented roughly parallel to the present California coast. Subduction of sea-floor lavas and sediments
produced the melanges and sheared rocks of the Franciscan complex, whereas sedimentation of detritus derived
from volcanic and plutonic rocks produced the largely coeval Great Valley sequence (Dickinson and Rich, 1972;
Dickinson, 1981). The Sierra Nevada batholith is the intrusive root of a magmatic arc associated with the arc-
trench system. Tectonic events in Paleogene time reflect a change in character of the subduction, perhaps
reflecting a decrease in dip of the subduction zone. Although abundant Paleogene clastic sediments in the
Franciscan indicate that subduction continued, magmatism in the Sierra Nevada ceased by this time (Dickinson,
1981). By Miocene time the Pacific and American plates came into contact as the intervening Farallon plate
was subducted under the continental margin (fig. 1-4B), and strike-slip movement began on the San Andreas
transform (Atwater, 1970). Dickinson (1981) points out that during Miocene time much of the transform
movement was on faults other than the San Andreas fault, probably offshore, but since Pliocene time the
transform movement has been primarily along the presently active trace of the San Andreas fault.

A NORTH AMERICAN PLATE T~
Los Angeles TRENCH

30 Ma
<
B NORTH AMERICAN PLATE ~
20 Ma
c NORTH AMERICAN PLATE ol

Figure 1-4. Evolution of the San Andreas fault since 30 Ma (modified from Dickinson, 1981). Heavy
lines are faults, double lines are spreading ridges, fine lines are continental margin, and M and R are
Mendocino and Rivera triple junctions, respectively. Reprinted by permission of Prentice Hall, Inc.,
Englewood Cliffs, New Jersey.
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Within the California Coast Ranges the San Andreas fault juxtaposes primarily clastic sedimentary rocks
that form the upper and lower plates of the Coast Range fault northeast of the San Andreas fault against crys-
talline rocks of the Salinian block (fig. 1-5). The lower plate of the Coast Range fault is composed of rocks of
the Franciscan complex, and the clastic Great Valley sequence forms the upper plate. The primary components
of the Franciscan are clastic sedimentary rocks, primarily graywacke, but minor amounts of shale, siltstone,
and conglomerate are present. Altered mafic volcanic rocks (greenstones), bedded chert, ultramafic rocks
(primarily serpentinite) and sparse, but distinctive assemblages of metamorphic rocks, including blue glauco-
phane schists (Bailey and others, 1964) are secondary but important components of the Franciscan. Shearing of
the complex is nearly ubiquitous at outcrop scale and melange is developed widely.

Great Valley sequence

Franciscan complex

> 4 Crystalline rocks of
. the Salinian block

\ Fault

C Calaveras fault

H Hayward fault

S San Andreas fault

Figure 1-5. Major structural elements along the San Andreas fault in the Coast Ranges (modified from
Irwin and Bames, 1975). The Salinian block lies west of the fault and the Franciscan complex and Great
Valley sequence lie on the east side. The Coast Range fault is the regional contact between the
Franciscan rocks and the serpentinite at the base of the Great Valley sequence. Vertically-ruled areas
are where parts of the Great Valley sequence has been removed to view subsurface relations.
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The Great Valley sequence consists of a moderately deformed, predominantly clastic sequence (Bailey and
others, 1964) that is largely coeval with the Franciscan complex. Shale locally comprises more than half of
the section, but well-bedded sandstone and locally thick lenses of conglomerate are also major components. An
ophiolite consisting of serpentinized ultramafic and volcanic rocks, interpreted as former oceanic crust, lies at
the base of the Great Valley sequence in the California Coast Ranges (Hopson and others, 1981). Intensely
sheared serpentinite at the base of the sequence, which marks the tectonic contact with the underlying
Franciscan complex, is interpreted by Emst (1970) as the result of underthrusting on a former Benioff zone.
Jayko and others (1987) have argued that, although in some places the contact between the two units may be a
thrust fault, it is generally a low-angle normal fault (detachment) related to uplift of the Franciscan complex;
they have proposed that it be referred to as the Coast Range fault.

West of the San Andreas fault, basement rocks of the Salinian block are granitic plutons, largely
Cretaceous in age, and metasedimentary host rocks genetically unrelated to the Franciscan complex which is
exposed to the east and west of the block (Ross, 1978). The Salinian block is anomalous in the context of the
subduction that gave rise to the rocks of the Franciscan complex and Great Valley sequence, and there currently
is no widespread agreement on the source of the preplutonic rocks of the Salinian block. Page (1981) believes
that plutons of the Salinian block represent a former southern continuation of the Sierra Nevada batholith and
infers that the block was moved several hundred kilometers toward its present position in Paleocene time and an
additional 300 km northward in in the Neogene. Relatively thin sections of Tertiary marine and nonmarine
clastic sedimentary and volcanic rocks locally overlie a late Cretaceous erosion surface on the Salinian
basement rocks. Correlation of one of these volcanic units, the Pinnacles rhyolite, with the Neenach volcanics
in the Mojave Desert provide some of the best evidence that about 315 km of right-lateral slip has occurred on
the San Andreas fault since the early Miocene (Page, 1981; Sims, 1989). Additional details of the Cenozoic
chronology of slip on the fault are discussed at Stop 1.3.

Historical Surface Faulting on the Central San Andreas Fault

The San Andreas is a well-defined single fault zone for over 1,100 km in length. About 840 km of that
distance has broken during historical earthquakes (Allen, 1981). Two great historic earthquakes--the 1857 Fort
Tejon earthquake and the 1906 San Francisco earthquake -- produced most of the historical surface faulting (fig.
1-6). Each earthquake was associated with several hundred kilometers of surface rupture that had as much as 6
m of right-lateral slip. Some sections of the fault have ruptured repeatedly in historic time. A striking
example of repeated slip is along the part of the fault adjacent to the San Francisco Bay area. A large
earthquake that occurred on the San Andreas fault in that area in 1838 produced surface faulting from at least
San Francisco to the latitude of San Jose, a distance of 64 km. The same section of the fault broke again dur-
ing the 1906 San Francisco earthquake (Louderback, 1947).
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Figure 1-6. Map of central San Andreas and related faults, California. Patterned intervals show extent
of surface rupture associated with 1838, 1857, 1906, and 1966 earthquakes on the San Andreas fault.

To the south, surface faulting has occurred along the section of the San Andreas fault near Parkfield dur-
ing four historic earthquakes with magnitudes of 5.5 to 6.5 in 1901, 1922, 1934, and 1966. The rupture from
the 1966 earthquake was 38 km long (Brown and Vedder, in Brown and others, 1967) and corresponds to a part
of the fault that had broken earlier during the great 1857 earthquake (Sieh, 1978a). The regularity and
similarity of characteristics of the earthquakes has led to the selection of the Parkfield area as the site of an
earthquake-prediction experiment (Bakun and Lindh, 1985).



The Working Group on California Earthquake Probabilities (1988, p. 12) has subdivided the San
Andreas fault into 10 segments that are expected to slip independently in large earthquakes. The segments are
characterized by: 1) elapsed time since the last earthquake to rupture the segment, 2) recurrence interval, 3)
amount of slip per event, and 4) the long-term slip rate. One of the segments, from San Juan Bautista to
Cholame, is characterized by creep, at rates as high as 30-34 mm/yr in the central part of the segment, and is

regarded as an unlikely site for a magnitude 7 or greater earthquake.

San Francisco Earthquake of 1906

On April 18, 1906 a major earthquake (M; = 8.3) and an ensuing fire devastated the city of San
Francisco, California. Soon afterward, the California Earthquake Commission under the direction of A.C.
Lawson prepared a detailed report on the effects of the earthquake (Lawson, 1908). Detailed study of the fault-
ing associated with the earthquake, combined with analysis of geodetic surveys of the region made before and
after the earthquake, led to Reid's (1910) elastic rebound theory of earthquakes and to the subsequent ongoing
interest in the geological nature of the fault. The earthquake may have been the largest historical earthquake in
the continental United States, inasmuch as it produced a nearly continuous surface rupture (fig. 1-6) from Point
Arena to San Juan Bautista, over 300 km to the south (Lawson, 1908). The total length of faulting, including
offshore regions, is believed to have been more than 400 km and right-lateral horizontal displacements were
locally as much as 6 m (Bonilla and others, 1984).

The southern part of the surface break intersected the Pacific coast at Mussel Rock, about 8 km north-
west of the starting point for this trip. The trace of the fault in the 25-km-long interval southeast of Mussel
Rock was described by Lawson (1908) as ". . . marked by a belt of upturned earth resembling a gigantic mole-
track. . . The typical occurrence in turf-covered fields is a long, straight, raised line of blocks of sod broken
loose and partly overturned.” It was also noted that the break commonly followed valley margins, rather than
following valleys bottoms.

Although parts of the surface trace commonly appeared relatively simple with slip confined to a narrow
zone, a comparison of measured displacements at the fault with geodetic estimates of the coseismic fault slip
by Thatcher and Lisowski (1987) showed that deformation occurred over a zone ranging from about 20 m to 2
km in width. Measured displacements at the fault average only about 70 percent of the total displacement (fig.
1-7) across the fault zone.
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Figure 1-7. Slip on the San Andreas fault associated with the 1906 San Francisco earthquake
(modified from Working Group on California Earthquake Probabilities, 1988). Solid dots show fault slip
reported by Lawson (1908); straight line segments are geodetic measurements of 1906 fault slip with one-
standard-deviation error bars shown for each determination (Thatcher and Lisowski, 1987). Patterned
rectangle at bottom of graph indicates amount of slip recovered by elastic-strain accumulation since

1906.

Thatcher (1975a) reexamined geodetic data from surveys, made as early as 1853, of an approximately
100-km-wide region affected by the 1906 earthquake to determine the mechanism of strain accumulation and re-
lease associated with the earthquake. His analysis showed that the earthquake was preceded by about 50 years or
more of relatively rapid preseismic strain accumulation, which he postulated followed an earlier period of slow
accumulation of shear strain over a broad region. Seismic slip during the 1906 earthquake, which averaged
about 4 m, appears to have been confined to the upper 10 km of the crust and was followed by at least 30 years
of relatively rapid aseismic deformation near the fault. This postearthquake rebound is consistent with an addi-
tional 3-4 m of slip on the San Andreas fault at depths between about 10 and 30 km. Since 1950, the rate of
shear-strain accumulation around San Francisco Bay has been comparatively low and has been uniformly dis-
tributed across an 80-km-wide zone immediately east of the fault and may reflect a shift in slip at depth to the
Hayward-Calaveras fault systems (Thatcher, 1975b).
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Segment 1A--San Bruno to San

Jose (43 Miles)
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Figure 1-8. Route map for Segment 1A, San Bruno to San Jose, California. On this and remaining
route maps, solid arrowheads mark endpoints of field-trip segments, open circles with numbers show
locations of field-trip stops.
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Route Narrative--The field trip begins in San Bruno near the locality in San Andreas Valley for which
Lawson (1895, 1908) presumably named the San Andreas fault. We leave from the intersection of California
Highway 82 (El Camino Real -- The King's Road) and San Bruno Avenue and drive southwest on San Bruno
Avenue, climbing up into the low hills that border the coastal zone of the bay; our route intersects the San
Andreas fault at Skyline Boulevard. The low hills are formed primarily on poorly consolidated sandstones of
the lower Pleistocene and upper Pliocene Merced Formation, which locally contains beds of white volcanic ash
dated as about 500,000 years old by Andrei Sarna-Wojcicki (Brabb and Pampeyan, 1983).

Turn left onto Skyline Boulevard at about 1.6 miles from E1 Camino Real and head southeast along a
linear ridge overlooking the valley of the San Andreas rift (on the right). The road is virtually on the trace of
the San Andreas fault for the first 0.5 mile, beyond which the fault gradually trends down the hillslope to the
southwest. Soon after turning onto Skyline Boulevard you can get glimpses of San Andreas Lake, which is
impounded by an earthfill dam built in 1870. Highly sheared Franciscan rocks in the eastern abutment of the
dam were offset about 3 m (Hall, 1984) across a narrow zone of surface faulting from the 1906 earthquake, but
the dam did not fail. The trace of the active fault lies about 100 m northeast of the axis of the valley, on the
lower part of the slope between the valley floor and the ridge that we are traversing.

At about Mile 7.5 we pass the interchange for Black Mountain Road and Hayne Road, and a mile beyond
that we cross a high bridge across San Mateo Creek. Lawson (1895) considered San Mateo Creek to be a su-
perimposed stream because it cuts across and through the broadest part of the high plateau (Buri-buri plateau)
that we have generally been driving on. The plateau, at an elevation of about 215 m, is the lower of two
prominent geomorphic surfaces in the area. The upper surface is at an elevation of about 350 m, at the level of
the flat-topped ridges several kilometers southwest of the rift, in the area between San Andreas Lake and Lower
Crystal Springs Reservoir. Lawson believed the plateaus are erosional features which developed during rela-
tively stable intervals separating periods of uplift.

Continue southeast on Interstate 280 another 6 miles and exit at Edgewood Road. Drive under the
Interstate, turn left onto the entrance ramp for northbound Interstate Highway 280, drive 0.5 mile north, exit
right on road marked "Vista", and continue to the parking area on the hilltop.

Stop 1.1--San Andreas Rift

The vista point is near the contact of Eocene Butano(?) sandstone to the north and sheared fine-grained
graywacke, siltstone, and shale of the Franciscan complex to the south. To the southwest, beyond the linear
valley of the San Andreas rift, you can see the Santa Cruz Mountains, which are underlain, on this side, by
Eocene Butano sandstone. On the other side of the Santa Cruz Mountains, near the Pacific coast, the San
Gregorio fault trends roughly parallel to the San Andreas (fig. 1-8). In the opposite direction, you can look to
the northeast across San Francisco Bay, toward Oakland and the East Bay Hills, which are visible on a clear
day. The Hayward and Calaveras faults trend roughly parallel to the San Andreas fault along and within the
East Bay Hills, respectively. Much of the movement between the Pacific and North American plates is
distributed across a broad zone that includes four major faults: the San Gregorio, the San Andreas, the
Hayward, and the Calaveras (fig. 1-8).

Based on geodetic measurements made between 1970 and 1980 in the San Francisco Bay area, Prescott
and others (1981) determined a relative horizontal deformation rate of 32 mm/yr across a nearly 100-km-wide
zone eastward from the Pacific coast. They did not detect localized slip on faults on the San Francisco penin-
sula but did find evidence that deformation is occurring over a broad zone near the San Andreas fault, consistent
with about 12 mm/yr slip on the fault at depths greater than a few kilometers. To the east, across the bay,
rigid-block slip is occurring at a rate of 7 mm/yr on the Hayward fault, and an additional 7 mm/yr of slip is oc-
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curring on the Calaveras fault, about half of which is distributed over a zone a few kilometers wide (fig. 1-9).
The net slip rate across the entire zone parallel to the plate boundary is noticeably less than the 56 mmy/yr for
the rigid plate tectonic mode! of Minster and Jordan (1978).
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Figure 1-9. Distribution of slip parallel to faults in the San Francisco Bay region (from Prescott and
others, 1981).

Geologic estimates of the long-term slip rate on faults in this area are sparse, but Hall (1984) determined
a minimum rate of 12 mm/yr for the past 1,100 years for the San Andreas fault in the vicinity of this stop.
Right-lateral offset of marine terraces along the San Gregorio fault indicate an average slip rate of 6-13 mm/yr
during the past 200,000 years (Weber and Lajoie, 1977).

Route Narrative (continued)--Reenter Interstate Highway 280 northbound. Drive 1.7 miles to the marked
exit on the right to the next vista point. Turn left under the Interstate Highway, and then turn left again onto
the entrance ramp to southbound Interstate Highway 280. Proceed south to the intersection of Interstate
Highway 280 and U.S. Highway 101 at San Jose (Mile 43).
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Segment 1B--San Jose to Hollister (43 Miles)
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Flgure 1-10. Route map for Segment 1B, San Jose to Hollister. San Juan Bautista marks the southern
end of the surface rupture of the 1906 earthquake and the approximate northern end of the creeping
segment of the fault.
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Route Narrative--From the intersection of Interstate Highway 280 and U.S. Highway 101 at San Jose
proceed southeast on Highway 101 to Gilroy (about Mile 29). About 2 miles south of Gilroy turn left off

Highway 101 onto California Highway 25. Drive south toward Hollister across the plain formed by Lake San
the west.

Benito, a late Pleistocene-Holocene lake dammed by a landslide across the narrows of the San Benito River to

In about 5 miles (Mile 37) there is a conspicuous low hill in the valley directly ahead. It is a horst be-
tween two strands of the Calaveras fault which intersects our course from the left (fig. 1-11). Several miles
further, the highway passes a few hundred meters to the west of the hill. The active trace of the fault is at the
break in slope at the base of the hill and passes beneath the house and bam to the east which are being deformed
by fault creep (Radbruch and Rogers, 1969). The active trace diverges from the hill at about this point, crosses
the road about a mile ahead, and then follows the western side of a second, echelon hill (horst block). In about

a mile (Mile 40), you will see sag ponds on both sides of the road where it crosses the southern end of the
horst. These ponds lie on strands of the fault that currently have little or no creep.
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Figure 1-11. Horst blocks, cored by early Pleistocene San Benito formation, along the Calaveras fault
north of Hollister, California (modified from Radbruch and Rogers, 1969).
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About a mile beyongd the dry sag ponds, a hill topped by a water tank is visible through a gap in the
hills at 2 o'clock. The hill, Park Hill, is the western of 3 horst blocks within the Calaveras fault zone. Field-
trip Stop 1.2 is near the foot of the far (west) side of Park Hill.

Turn right on California Highway 156; as we drive into Hollister, we will pass exposures of the San
Benito gravel of Lawson (1893) in the north end of Park Hill on the right. The southern end of surface
faulting from the 1906 San Francisco earthquake is about 10 km to the west, at the town of San Juan Bautista.
This locality is nearly coincident with the northern end of the creeping section of the San Andreas fault, which
extends from a few kilometers north of San Juan Bautista to near Cholame, 180 km to the south (Burford and
Harsh, 1980; Lisowski and Prescott, 1981).

In Hollister turn right at Third Street and stop at the intersection of Virginia Drive and Locust Avenue,
three blocks to the west (fig. 1-12).
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Figure 1-12. Map showing location of Calaveras fault at Stop 7.2 in the city of Hollister, California
(modified from Radbruch and Rogers, 1969).
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Stop 1.2--Calaveras Fault at Hollister

The Calaveras fault extends about 120 km from about the latitude of San Francisco (fig. 1-6) to a point
several kilometers southeast of Hollister (Jennings, 1975), where it swings southeast and becomes parallel to
the San Andreas fault as two closely spaced branches, the Calaveras and Paicines faults (Dibblee, 1980). Slip
on the Calaveras fault occurs primarily by aseismic creep (Prescott and others, 1981), but several earthquakes as
large as magnitude 6 have occurred on the fault (Working Group on California Earthquake Probabilities, 1988).
The effects of creep on cultural features is particularly conspicuous in Hollister, where the fault trends through
residential neighborhoods. Schulz and others (1982) have determined a slip rate of about 7-10 mm/yr for the
Calaveras fault at Hollister.

This stop is a walking tour that begins at the northwest corner of the intersection of Central Avenue and
Locust Avenue where there is a conspicuous right-lateral offset of the sidewalk and curb and an echelon series
of cracks in the asphalt to the south. Walk south along Locust Avenue as far as Seventh Street, and note offset
curbs, sidewalks, and house foundations where the fault crosses streets to the east of Locust Avenue and Powell
Street (fig. 1-12).
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Segment 1C--Hollister to Peachtree Valley (62 Miles)
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Figure 1-13. Route map for Segment 1C, Hollister to Peachtree Valley.

Route Narrative (continued)--Proceed to the intersection of Third Street and San Benito Street (California

Highway 25) and note the odometer reading. Turn right onto San Benito Street and drive south on California
Highway 25 toward the town of Tres Pinos.
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Terraces of Tres Pinos Creek and the San Benito River

About 7 miles south of Hollister we pass through the town of Tres Pinos and begin following the
course of Tres Pinos Creek, a tributary of the San Benito River, for several miles. Both of these rivers have a
well-developed sequence of fluvial terraces that are visible at numerous places along the route. Dohrenwend
(1977) has identified six terrace levels along these drainages. The three lowest terraces, at about 6 m, 15 m,
and 25 m above stream level can be correlated throughout the drainage basin on the basis of distinctive soil pro-
files. The three higher terraces, which typically range from 45 to 85 m above present stream level and are be-
lieved to be several hundred thousand years old, lack diagnostic soil characteristics and cannot be correlated
throughout the drainage basin. Dohrenwend (1977) concluded that longitudinal profiles of 20,000- to 50,000-
year-old terraces (the three lowest) showed no evidence of warping parallel to the trace of the San Andreas fault.
However, he found that terraces are more abundant on the northeast side of the valleys, indicating progressive
migration of the rivers to the southwest, which he attributes to regional southwestward tilt of the San Benito
River basin during at least the past several hundred thousand years.

Route Narrative (continued)--At Mile 12, pass through town of Paicines. Note the sign "Next Services
65 Miles.” Just beyond Stone Canyon Ranch at Mile 19, a hillside trench on the right marks the trace of the
San Andreas fault. To the southeast, at 10 o'clock, there are exposures of dark gray and pale brown rocks of the
San Benito and Etchegoin Formations in the fault zone.

At Mile 25 the route passes through Bear Valley. The San Andreas fault lies on the east side of the near
low ridge at 9 o'clock. About 2 miles past the junction with California Highway 146 (to Pinnacles National
Monument), pull off at the roadcut at the crest of the hill,

Stop 1.3--Pinnacies Overiook, Bear Valiey-San Benito Area

Looking to the west you can see the jagged skyline of the Pinnacles. These are part of an early Miocene
(23.5 Ma) sequence of flow-banded rhyolite, rhyolite breccia and tuff, and andesite, all of which overlie granitic
basement rocks. Matthews (1976) correlated these rocks with a nearly identical sequence known as the Neenach
volcanics that are exposed 315 km to the southeast on the east side of the San Andreas fault on the basis of
stratigraphic, chemical, and petrographic characteristics. Nilsen (1984) documented a similar amount of offset
of correlative Eocene rocks overlying distinctive gabbroic basement at two sites on opposite sides of the San
Andreas fault zone. Thus, there appears to have been no significant strike-slip displacement on the San
Andreas fault from Eocene to Miocene time. The average rate of slip since early Miocene has been about 14
mm/yr based on the correlation of the Pinnacles and Neenach volcanics. Sims (1989) studied the spatial rela-
tionships of blocks of crystalline basement rocks and Tertiary sedimentary and volcanic rocks adjacent to the
San Andreas fault in the Parkfield area and inferred a history of increasing rate of slip since Miocene time. The
most recent stage, which he proposes began about 5 Ma, has an average rate of slip of 33 mm/yr and is compa-
rable to Holocene slip rates and current geodetic rates of 27-34 mm/yr.

To the east, a linear trench and ridge in the foreground mark the trace of the San Andreas fault, which
crosses the road a few hundred meters to the southeast. The Paicines fault lies on the opposite side of the ridge
in the middle distance.

Route Narrative (continued)--Proceed southeast on California Highway 25. At Mile 40 cross through a
small ridge at a roadcut. Note the excellent geomorphic expression of the fault zone about 100 m to the right
of the road in this area. Continue 0.4 mile downhill to the junction with Coalinga Road, which is straight
ahead at the sharp right turn. Stay on California Highway 25 through the sharp right turn and continue into
Bitterwater Valley.
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Enter the northwest end of Peachtree Valley at Mile 51 and intersect California Highway 198 at Mile 62.
Turn left onto California Highway 198 (marked "Coalinga 38 miles").

Pleistocene Drainage from San Joaquin Valiey

The present outlet for drainage from the San Joaquin Valley is northeast of San Francisco, but it has had
different outlets through time as the geometry of drainages crossing the San Andreas fault were modified in re-
sponse to accumulating slip on the fault. The outlet for drainage from the San Joaquin Valley during late
Pliocene and most of the Pleistocene was at Bitterwater Valley, on the east side of the Temblor Range about 90
km southeast of here (see fig. 2-1). A series of corresponding underfit drainages west of the fault, which have
been displaced northerly by slip on the San Andreas fault, are preserved between Peachtree Valley and southern
Cholame Valley. Late Pliocene drainage through Bitterwater Valley crossed the San Andreas fault and flowed
into the Salinas River by way of Pancho Rico Creek (fig. 1-14) about 2.5 Ma (Sims and Hamilton, 1989).
The San Joaquin drainage was captured by Indian Valley about 2 Ma and then by Cholame Creek about 0.7 Ma
as slip on the San Andreas fault lengthened the drainage path. About 25 ka, with Cholame Creek near its pre-
sent position, the connection with Bitterwater Valley was broken, and a lake present in the previously closed
Cholame Valley was emptied.
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Segment 1D--Peachtree Valley to Parkfield (42 Miles)
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Figure 1-14. Route map for Segment 1D, Peachtree Valley to Parkfield.

Route Narrative--From the junction of Highways 25 and 198 in Peachtree Valley, drive about 4 miles
east on Highway 198 to the crest of the grade on the southwest side of Mustang Ridge, pass through a roadcut,
and park at a turnout at the gate on the north (left) side of highway for Stop 1.4.

Stop 1.4--San Andreas Fault at Mustang Ridge

Mustang Ridge is the result of vertical movement associated with two faults, subparallel to the San
Andreas fault, which bound the ridge. Franciscan rocks underlying the ridge have been thrust over Miocene to
Pliocene rocks on the northeast side of the fault and Pliocene rocks on the southwest side, forming in effect, a
thin elongate extrusion (Rymer, 1981; 1982). The instability of the ridge, reflected by numerous landslides on

its flanks, some up to 1 km wide, is probably due in part to the recency of the uplift (M.R. Rymer, 1989,
written commun.).
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Note the conspicuous modern sag pond along the trace of the San Andreas fault, which lies at the base of
the linear ridge on the south side of the highway. We will walk north along the trace of the fault to see geo-
morphic details of the fault zone.

From the gate, walk about 250 m northwest along the ridge on the northeast side of a prominent linear
gully to the first large tree. The tree is at the head of a shallow trench on the ridge crest where the linear gully
makes a right step. The tree is split and offset in a right-lateral sense. Several hundred meters northwest of the
tree you can see black mud deposits of another sag pond along the trend of the linear gully. From the vicinity
of the tree, and extending along the side of the gully to the northwest, a distinctive side-hill bench lies midway
up the slope from the bottom of the gully. This bench is, in part, marked by a concentration of burrows of
ground squirrels and likely marks the currently active trace of the San Andreas fault.

Route Narrative (continued)--Continue to the southeast on Highway 198 for 17 miles to the turnoff to
Coalinga Mineral Springs County Park. Turn left and drive 5 miles to the park at the end of the road. The
road from the main highway to the park passes through a section of Etchegoin Formation (Tertiary marine
sandstone and siltstone) dipping steeply to the south for about 1.5 miles and then enters the unconformably
underlying section of Panoche Formation (Cretaceous marine sandstone, micaceous shale, and conglomerate)
dipping more gently to the northeast (Dibblee, 1980). Locally the unconformable contact is the Curry
Mountain fault (fig. 1-15).

Approximate structural
setting of Stop 1.5
Turnoff from
SW Tt Tt Tt Hwy 198 Curry NE
Sea Level
-5 km

0 10 km Tertiary/Quaternary - - Paso Robles formation
Tertiary - - Marine sandstone, siltstone and shale
Tertiary - - Terrestrial sedimentary rocks

Tertiary - - Marine sandstone and siltstone
(Etchegoin formation)

Cretaceous - - Marine sandstone, shale, and

conglomerate
Serpentinite
Franciscan rocks (melange)

Granitic plutonic rocks

Figure 1-15. Cross section in the vicinity of Stop 1.5 (modified from Dibblee, 1980).

Stop 1.5--Coalinga Minerai Springs County Park (Lunch Stop)

Route Narrative (continued)--Return to Highway 198, turn left, and continue to the southeast 2.5 miles
to the Y intersection with the Parkfield Grade road. Note the odometer reading, and turn right onto the road
marked "Parkfield Grade--Parkfield 19 miles." The road ahead includes 10 miles of fairly steep, crooked, but
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well-graded road. Pavement ends at Mile 6. Continue to southeast to Stop 1.6 at the topographic divide at
Mile 12.

Stop 1.6--Cholame Valley Overiook

The skyline hills to the southwest are the Cholame Hills which flank Cholame Valley. Middle
Mountain, in the foreground, is believed to be the area where the next Parkfield earthquake will initiate (Poley
and others, 1987). The hypocenter of the 1966 Parkfield earthquake was about 10 km below Middle Mountain
on the San Andreas fault, which trends along the slope on this side of the mountain. The Parkfield earthquake
sequences and the experiment to predict the next earthquake along this section of the San Andreas fault will be

discussed in more detail at the next stop.
Route Narrative (continued)--Proceed down the Parkfield Grade and cross Little Cholame Creek at Mile

16, which marks the end of the gravel section of the road. Continue on to Parkfield at Mile 21.

Segment 1E--Parkfield to Paso Robles (40 Miles)
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Figure 1-16. Route map for Segment 1E, Parkfield to Paso Robles.
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Route Narrative--Head south through Parkfield, cross a bridge over Little Cholame Creek and intersect
Cholame Valley Road. The bridge, built in 1932, has been deformed by slip on the San Andreas fault both
from creep and earthquakes in 1934 and 1966 (Yerkes and Castle in Brown and others, 1967). Turn left on
Cholame Valley Road and drive southeast for 1.1 miles to Taylor Valley Ranch on the left. Stop 1.7 is several
hundred meters to the north. The site is on private property and prior arrangements must be made for access.

Stop 1.7--Parkfield Earthquake-Prediction Site at Car Hill

The Parkfield segment (Working Group on California Earthquake Probabilities, 1988) of the San
Andreas fault is the part of a 180-km-long interval characterized by continuous or quasi-continuous creep (figs.
1-6 and 1-17). Northwest of the 30-km-long Parkfield segment, the fault is characterized by creep at rates of up
to 34 mm/yr, frequent earthquakes of magnitude less than 4, and an absence of historic earthquakes having
magnitudes of 6 or greater. The 55-km-long segment of the fault southeast of the Parkfield segment (the
Cholame segment), by contrast, is characterized by a lack of ascismic slip, a low level of microearthquakes, and
a historic and geologic record of large (M > 7) earthquakes. The Parkfield section has characteristics
intermediate between the adjoining sections. Since 1857, five magnitude 6 earthquakes have occurred on the
Parkfield segment, and creep on the fault tends to occur in discrete events of a few millimeters in a period of a
few hours (Bakun and Lindh, 1985; Schulz and others, 1982).
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Figure 1-17. Generalized variation in slip rate along the creeping section of the San Andreas fault from
San Juan Bautista to Cholame (modified from Lisowski and Prescott, 1981). Pattern indicates variability
in data.

Irwin and Barnes (1975) noted that the occurrence of creep and frequent small earthquakes along the San
Andreas and related faults is associated with the fault's juxtaposition against the Great Valley sequence (fig. 1-
5); that is where serpentinite and ophiolite at the base of the Great Valley sequence intersect the fault.
Infrequent large earthquakes and an absence of creep is, in contrast, associated with segments of the fault where
the Great Valley sequence is absent. They suggested that the highly plastic serpentinite may allow creep and
prevent stick-slip type faulting. In addition they suggested that where confined by the overlying, low perme-
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ability Great Valley sequence, high pore pressures from mineral-rich water resulting from metamorphism of
Franciscan rocks may migrate to the more permeable rocks of the fault zone and allow creep.

Numerous details of the five earthquakes which occurred on the Parkfield section since 1857 led to selec-
tion of the area as the site of a major earthquake-prediction experiment. One of the main factors is the surpris-
ingly regular occurrence of the earthquakes (the mean interval between the events is 21.9 + 3.1 years). In addi-
tion, the magnitudes of the earthquakes, location of main-shock epicenters, fault-plane solutions, direction of
propagation of the rupture, foreshock and aftershock patterns, and pattern of surface rupture were all nearly iden-
tical for the 1934 and 1966 events and are consistent with what is known about earlier events (Bakun and
Lindh, 1985).

Route Narrative (continued)--Leave the Car Hill site and return to Cholame Valley Road. Turn left, note
the odometer reading and continue to the southeast. At Mile 2.4 the road follows a shutter ridge (on the right)
that is associated with 700 m of right-lateral offset of the stream which flows along the base of the ridge. The
open area at the southeast end of the ridge is underlain by sediment ponded against the shutter ridge.

At Mile 4.7, just before a broad sweeping curve leading to a bridge across Cholame Creek, note a lone
cottonwood tree on the left. There, an irrigation pipe that crosses the San Andreas fault trace was reportedly
broken 9 hours before the 1966 earthquake, indicating possible preearthquake deformation along the fault
(Yerkes and Castle in Brown and others, 1967). About 1.5 miles from here, the road crosses to the southwest
side of Cholame Valley where it turns parallel to the valley. After making the turn, look across the valley to
Gold Hill, a prominent hill at the edge of Cholame Valley flanked on either side by conspicuous side valleys.

Gold Hill

Gold Hill is underlain by a sliver of a distinctive 150-Ma quartz-bearing hornblende gabbro that is sand-
wiched between strands of the San Andreas fault. The site provides further important evidence for large lateral
displacement on the San Andreas fault. Ross (1970) correlated the rocks at Gold Hill with virtually identical
rocks of the same age (about 150 Ma) within the fault zone at a site near San Juan Bautista, about 170 km to
the northwest, and argued that both were originally part of the same terrane. The rocks at both localities may
have been part of a similar suite of related rocks at another site in the San Emigdio Mountains along the east
side of the San Andreas fault zone and just north of the Garlock fault, about 150 km southeast of Gold Hill.
The total slip indicated by these offset rocks is 320 km, essentially the same as that determined for the offset
Miocene Neenach volcanics.

Route Narrative (continued)--Drive to the southeast about 3 miles to a sharp left turn (to northeast) and
in about 1.5 miles the road makes a sharp right turn to the southeast. In 1.5 miles the route crosses the
Monterey-San Luis Obispo County line at a left bend in the road.

Cholame Valley "Puli-apart Basin”

As we cross the county line, you will see the active trace of the San Andreas fault to the left, near the
base of the hills on the northeast side of the valley. From near this point, the fault crosses to the southwest
side of the valley about 2 miles southeast of the county line. The fault here is associated with a pull-apart
basin (Aydin and Nur, 1982). Surface faulting from the 1966 Parkfield earthquake was virtnally continuous
along the fault northwest and southeast of the point where the fault crosses the valley. Despite a careful search,
no surface faulting from the 1966 earthquake was found along the part of the fault trace that crosses the valley
(Brown and others, 1967). However, Eaton and others' (1970) map and cross-sectional view of epicenters of the
1966 Parkfield earthquake show that the fault plane is continuous at depth and steeply dipping (figs. 1-18 and
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1-19), but they note that there is a sharp southwest swing in the trend of epicenters at depths of 5 to 10 km
near where the surface trace of the fault crosses the highway (15-km mark on fig. 1-18).
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35°40'

Figure 1-18. Epicenters of aftershocks of the 1966 Parkfield-Cholame earthquake (modified from
Eaton and others, 1970). The heavy solid and dashed curved lines show the trace of associated surface
faulting. The northwest trending line extending from the coordinates at the lower right is the surface trace
of a reference plane fitted by linear regression to the aftershock hypocenters.
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Figure 1-19. Hypocenters of aftershocks shown in figure 1-18 projected onto a vertical plane
perpendicular to the surface trace of the reference plane described for figure 1-18 (modified from Eaton
and others, 1970). The trace of the reference plane is shown by the heavy line.

Shedlock and others (1989) collected high-resolution seismic data along a northeasterly line that traversed
the southern end of Cholame Valley, roughly along the fence that crosses the highway at Stop 1.8, and at
several other locations in Cholame Valley. The profile (fig. 1-20), which extends northeast of the fault, shows
a series of laterally continuous reflectors, presumably sediments, which generally dip towards the fault and are
truncated beneath the presently active trace. The reflectors are broken and offset in the subsurface northeast of
the fault, possibly along step faults associated with development of a basin adjacent to the active trace of the
fault. The profile indicates that the prominent, active trace on the southwest side of the valley represents a
major structural discontinuity and does not represent a new, recently activated trace. Note the very thick basin
fill (>500 m) adjacent to the fault.
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DAY 2--PASO ROBLES TO PALMDALE, CALIFORNIA

Summary

Today we proceed south along the San Andreas fault with stops at classic sites that show the geomor-
phic expression of strike-slip faulting on the Carrizo Plain. Several of the stops provide an opportunity to
look at geomorphic details along the fault trace that have been combined with careful stratigraphic studies to
develop a late Holocene history of faulting. Most of the route is within the zone of surface faulting from the

1857 Fort Tejon earthquake, and geomorphic evidence of the young displacement is well preserved at many of
the stops.

Segment 2A--Paso Robles to the Northern Carrizo Plain (61
miles)
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Figure 2-1. Route map for Segment 2A, Paso Robles to northern Carrizo Plain.

Route Narrative--We will retrace the last part of yesterday's route and return to the southernmost part of
Cholame Valley. Leave Paso Robles from the intersection of California Highway 46 and U.S. Highway 101
and drive 24 miles east on California Highway 46 to Cholame. Continue east past Cholame for 0.8 mile and
cross the bridge over Cholame Creek. Turn right on Cholame Valley Road (paved) just after the bridge and
drive 1.1 miles to the intersection with a dirt road on the left. Park here for Stop 2.1.
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Stop 2.1--Southern Cholame Vaiiey

Youthful, small gullies and stream channels offset by the San Andreas fault are well preserved here and
illustrate some of the complications involved in using geomorphology to determine late Holocene and historic
slip rates.

The stop is within the northern part of the surface faulting produced by the 1857 Fort Tejon earthquake,
at the southern limit of surface faulting from the 1966 Parkfield-Cholame earthquake, and near the southern
limit of the creeping section of the San Andreas fault. The 55-km-long section of the fault from Cholame
southeast to the northern Carrizo Plain has been defined as the Cholame segment by the Working Group on
California Earthquake Probabilities (1988); it represents a zone of transition between large amounts of slip that
occurred in 1857 along the Carrizo segment to the southeast and relatively small amounts of slip that occurred
along the Parkfield segment to the northwest. Uncertainties in relations among fault creep, the amount of slip
associated with the 1857 earthquake, and the fraction of accumulated strain released in earthquakes in this region
strongly affect estimates of the likelihood of seismic rupture on the Cholame segment of the San Andreas fault
in the next few decades. The Working Group has assigned a 30-year probability of 0.3 to this segment, but
assign a low reliability to the value because of the uncertainties in the data.

Historical accounts of the great 1857 earthquake cited by Sieh (1978a) indicate that surface faulting ex-
tended at least as far north as Cholame Valley and possibly as far as 80 km northwest of Cholame, to the
southern end of Bitterwater Valley. As part of a study of fault slip associated with that earthquake, Sich
(1978b) measured a number of offset gullies along the Cholame segment of the San Andreas fault. He reported
offsets ranging between 1 and 9 m, and assumed that the smaller offsets are probably associated with the 1857
earthquake and that larger offsets are the cumulative result of the 1857 earthquake and other earlier earthquakes.
He favored an average slip of about 3.5 m for this segment of the fault, but noted that pre-1857 earthquakes
could have contributed to the measured total slip at some sites, such as the gully at this field-trip stop.

Lienkaemper (1987) independently repeated the measurement of offset gullies in the same 30-km-long
section of the San Andreas fault (including the gully at this stop) and concluded that the 4 most reliable mea-
surements yield values of 5-7 m. He argues that Sieh's (1978b) measurements of 3-4 m for slip from the 1857
earthquake in this area could be 2-3 m greater, depending on assumptions made about amounts of post-1857
erosion. Both authors agree that there is about 6-7 m of offset of the gully at this stop. The 1966 Parkfield-
Cholame earthquake offset the gully at this stop about 3 cm (Brown and others, 1967).

This stop is at the approximate southern limit of the creeping section of the San Andreas fault (fig 1-6).
Neither an alinement array nor a 29-year-old fence several kilometers to the southeast of this stop show evi-
dence of slip according to Burford and Harsh (1980). However, their alinement array several kilometers north of
here (Stop 1.8) yielded a slip rate of 4 mm/yr.

Route Narrative (continued)--Return to California Highway 46 and turn left toward Paso Robles. Note
the odometer reading at Cholame, and continue west for 1.2 miles to the intersection of California Highway 46
and Palo Prieto Canyon Road. Turn left onto Palo Prieto Canyon Road, cross another bridge at Cholame
Creek, and proceed south into the Temblor Range. The San Andreas fault forms a prominent slot along the
axis of this range, which separates Cholame Valley from the Carrizo Plain,

At Mile 7.4 the road enters the northwest end of the prominent linear valley of Palo Prieto Pass (also
known as Choice Valley). Continue for about 2.5 miles to a conspicuous left turn in the road at Mile 9.8.
Immediately after the turn, the trace of the San Andreas fault lies midway up the slope of the hills at 10 to 1
o'clock, parallel to the valley. About 0.5 mile further, the highway intersects the Carter Grade Road at the San
Luis Obispo-Kern County line.
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In about 2 miles, at Mile 12.3, the road makes another conspicuous left bend to the east and continues
straight for 0.25 mile toward the hill at the east edge of the valley at 12 o'clock. A trace of the San Andreas
fault lies at the base of the hill about 50 m east of the road. For about the next mile a southwest-facing scarp
along the fault trace parallels the road about 50 m to the east.

At Mile 16.5 the highway passes a ranch (on left). A southwest-facing fault scarp trends along the east-
ern edge of the ranch buildings. Note the closed depression about 500 m long on left side of the road about a
mile southeast of the ranch. The trace of the fault is marked by a southwest-facing scarp along the opposite
(northeast) side of the depression.

In 0.5 mile there is a Y intersection at the head of Bitterwater Valley to the east. Take the RIGHT fork.
The fault continues across the head of Bitterwater Valley, the late Pliocene and Pleistocene drainage from the
San Joaquin Valley inferred by Sims and Hamilton (1989), and along the southwest side of the Temblor Range
to the south. In 1.9 miles, at a right bend, the road diverges from the trace of the fault. The field-trip route
intersects the fault again in the Carrizo Plain. Continue nearly 15 miles on the paved road to its intersection
with California Highway 58 in the Carrizo Plain at Mile 32.
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Segment 2B--Northern Carrizo Plain to Maricopa (43 miles)
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Figure 2-2. Route map for Segment 2B, northem Carrizo Plain to Maricopa.

About 3 miles after turning onto the highway you pass the ARCO Photovoltaic Solar Power Production
Plant, and, 6 miles farther, 7 Mile Road intersects the highway at the mouth of San Diego Creck at the base of
the Temblor Range. Note the odometer reading again and tumn right onto 7 Mile Road.

Route Narrative--Drive 0.2 mile to the southwest, past the gas station, and turn left (south) onto

Elkhom Road (gravel). Continue on the gravel road 3.7 miles to Stop 2.2 at Wallace Creek. Do not attempt
to drive on this road during or soon after wet weather; it is likely to be impassible.

Stop 2.2--Offset Stream Channeis, Waiiace Creek

A variety of geomorphic features associated with strike-slip faults are particularly well expressed at this
classic site. From the stop at Wallace Creek (locality A on fig. 2-3) southeast along the fault for about 2.5 km
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(locality B), there are spectacular examples of offset and beheaded stream channels, shutter ridges, and sag ponds
(fig. 2-4). The description of the features in this area is a brief summary of some of the major points in a de-
tailed field guide to the site by Sieh and Wallace (1987). We will walk along the San Andreas fault, traversing

the area shown in fig. 2-3.
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Figure 2-3. Topographic map along the San Andreas fault in the vicinity of Wallace Creek (from Sieh

and Wallace, 1987). Field-trip Stop 2.2.
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Figure 2-4. Block diagram showing landforms produced along recently active strike-slip faults, such
as the San Andreas (from Vedder and Wallace, 1970).
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Detailed study of Wallace Creek (fig. 2-3) by Sieh and Jahns (1984) has shown an average slip rate at
this site of 34 mm/yr for at least the past 13,000 years. During that time, the channel of Wallace Creek up-
stream from the fault has essentially maintained its channel while the downstream section has abandoned its
channel and cut a new channel several times. The oldest abandoned channel of Wallace Creek (at the -10-m
mark, just beyond the edge of fig. 2-3) is offset 475 m relative to the upstream channel. A second abandoned
channel, active between 11,000 and 3,700 years ago is located at the 100-m mark of figure 2-3. The part of
that channel which followed the fault was partly filled by alluvium 3,700 years ago, producing a terrace 7 m
above the present channel floor near the fault. The sedimentation in the channel caused cutting of the present
channel across the fault. Displacement subsequent to 3,700 years ago along the fault has resulted in the 130-m
offset of the present channel.

Southeast of Wallace Creek, horizontal offset of the convex surface of an alluvial fan between the 960-
and 1,100-m marks has produced scarps facing in alternate directions along the fault trace. The scarp on the
northwestern (downhill) part of the fan faces uphill and the scarp on the southeastern part of the fan faces
downhill.

Continue along the fault about a kilometer to the southeast to a large shutter ridge located between
1,100- and 1,900-m marks on figure 2-3. Shutter ridges are topographic highs that have been displaced across
drainages along strike-slip faults (Buwalda, 1936). The abrupt change in stream gradient behind shutter ridges
commonly results in a conspicuous accumulation of sediment, particularly where the shutter ridge has formed a
closed depression, such as at this site.

Walk to the southeast about another kilometer to the area between the 2,350- and 2,700-m marks on
figure 2-3. A right-stepping echelon offset of the fault trace in that interval has produced a depression. A se-
vere storm in February 1978 produced a pond about 3.5 m deep in the depression. Drainage of the water into
fractures along the fault planes eroded near-surface sediment along the walls of the fractures, and slumping and
collapse into the resulting voids produced pits as much as 3 m in depth and length along the fault traces. This
process has been described in detail by Clark (1972) from study of similar features that formed following a
historic earthquake in southern California.

Route Narrative (continued)--Return to the vehicles and drive southeast 2.8 miles to an east-west road
junction. Turn left and drive east about 0.2 mile to intersect the fault trace at Stop 2.3.

Stop 2.3--1857 Earthquake Geomorphic Features, Panorama Hills.

Small geomorphic features produced by the 1857 earthquake are preserved from here to the southeast for
about a kilometer (Sieh, 1978b). At his site 31, a shallow (40-cm-deep) gully about 80 m southeast of here,
he measured 9.1 m of offset caused by the 1857 earthquake. Figure 2-5, taken from Sieh's article, is a plane-
table map at the offset stream. Walk in a southeasterly direction for about 1 km to look at various geomorphic
features produced by the 1857 earthquake.
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Figure 2-5. Plane table map (modified from Sieh, 1978b) of offset channel at Stop 2.3 along San
Andreas fault at Carrizo Plain (site 31 of Sieh, 1978b),

Route Narrative (continued)--Return 0.2 mile to the main road, drive southeast 3 miles to a prominent
road junction, turn right, drive about 0.8 mile southwest, turn left at a junction, drive about 2.5 miles and turn
left (south) on Soda Lake Road (paved). Drive southeast for 22.4 miles to Stop 2.4. Walk to the site about 30
m northeast of the road.

Stop 2.4--Offset Guillies, Southern Carrizo Plain

Several small alluvial fans at the foot of the slope have been offset from their source gullies about 6.5
m (fig. 2-6). Younger, active fans at the mouths of the gullies are slowly burying the older, offset fans. The
gullies are at sites 82, 83, and 84 of Sich (1978b) who argued that the lack of intermediate-age alluvial fans
between those offset 6.5 m (pre-1857 fans) and the currently active fans indicates that the displacement occurred
in a single event or multiple events within one or two decades at most and is most likely the result of the 1857
earthquake.
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Figure 2-6. Map of offset alluvial fans (modified from Sieh, 1978b) at Stop 2.4 along San Andreas fault
at southern Carrizo Plain (sites 82, 83, and 84 of Sieh, 1978b).

Route Narrative (continued)--Continue southeast along Soda Lakes Road (or walk) for about 0.6 mile to
Stop 2.5 at a prominent salt-encrusted sag pond. The pond lies along a linear trench in the fault zone having a
prominent scarp on the east side.

Stop 2.5--Sag Pond, Southern Carrizo Plain

This is the area of sites 86, 87, and 88 of Sieh (1978b) where he measured 3.9- to 7.4-m offset of gul-
lies in the face of the scarp and associated beheaded gullies incised into the fan at the foot of the scarp. He sug-
gests that the offset of 3.9 m may be small due to additional movement on a parallel fault, which has a very
fresh scarplet about 340 m to the southwest across the road, and by movement on a possible fault strand buried
by sag-pond sediment.

Route Narrative (continued)--Drive 1.1 miles southeast to the junction of Soda Lakes Road and
California Highway 166 at Camp Dix. Turn left onto Highway 166 and drive northeasterly to Maricopa (6.4
miles). The road crosses the fault trace about 150 m east of the intersection,
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Segment 2C--Maricopa to Palmdale (100 miles)
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Figure 2-7. Route map for Segment 2C, Maricopa to Paimdale.

Route Narrative--Note the odometer reading in Maricopa and go east on California Highway 166. At the
junction of Highways 166 and 33 (Mile 2.4), continue right on Highway 166. Ahead lie the Tehachapi
Mountains, a southwest projecting spur at the southern end of the Sierra Nevada. The northwest base of the
Tehachapi Mountains (at 11 o'clock) is bounded by the southeast-dipping White Wolf thrust fault. The fault
trends southwest from the range front to Wheeler Ridge, which is the east-trending ridge at 1-2 o'clock. Surface
ruptures formed along this fault at the base of the Tehachapi Mountains during the 1952 Arvin-Tehachapi
earthquake (Buwalda and Saint-Amand, 1955) but did not extend across the valley to the epicentral area, which
was located beneath Wheeler Ridge. At Mile 19.6, Highway 166 crosses the California Aqueduct, and at Mile
24 you reach the junction of Highway 166 and Interstate 5. Note the odometer reading again and turn right
onto I-5, southbound.

Wheeler Ridge, to the right, is an east-west-trending anticlinal spur of the Pleito Hills. Sands and grav-
els of the Pleistocene Tulare Formation, which are being mined near the east end of the ridge, are folded by the
deformation that is largely responsible for the topographic expression of the ridge (Sharp, 1976). Deformation
of Holocene alluvial surfaces at the east end of the ridge suggest an uplift rate of about 1.4 mm/yr (Zepeda and
others, 1986). Wheeler Ridge, which overlies the epicenter of the 1952 Arvin-Tehachapi earthquake, was
uplifted coseismically 70 cm during the earthquake (Stein and Thatcher, 1981) without accompanying surface
faulting.

The mountains ahead are the Transverse Ranges, which consist of a series of nearly east-west trending
ranges and valleys that are oblique to the generally northwest trending topography of California. Namson and
Davis (1988) interpret the Transverse Ranges to be an active fold and thrust belt that has had an average
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convergence rate of 18-26 mm/yr since the belt began to form about 2-3 Ma (late Pliocene time). Deformation
here on the north flank of the Transverse Ranges is associated with the Pleito thrust system, which is rooted at
depth in a common detachment fault (Namson and Davis, 1988). Folds, such as the Wheeler Ridge anticline,
are interpreted to have formed as fault-bend or fault-propagation folds (Suppe, 1985) over south-dipping splays
of thrust faults that do not reach the surface. Davis and Lagoe (1987) have suggested that the 1952 Arvin-
Tehachapi earthquake occurred on one of these buried thrusts rather than on the White Wolf fault, the
commonly cited source for that earthquake. The occurrence of earthquakes on buried faults associated with
overlying young folds is becoming recognized as a widespread geological process and as an important factor in
the evaluation of seismic hazards (Stein and Yeats, 1989). They cite the 1983 Coalinga, California, earthquake
(fig. 1-14) as another recent example of slip on a buried fault that produced uplift of an overlying anticline.

At Mile 8, as you approach the Pleito Hills at 12 o'clock, small scarps along the Pleito thrust are visi-
ble at the base of the range on the west (right) side of the highway. At Mile 15, I-5 passes the exit to Fort
Tejon State Historical Park. About 2 miles past the Fort Tejon exit, we enter Castac Valley, and, just after
the broad bend to the right at Lebec, I-5 crosses the Garlock fault. The fault trends up the valley (east) at 7
o'clock, across Castac Lake. At Mile 19 the route passes the junction of the Garlock and San Andreas faults in
Cuddy Canyon at 2 o'clock.

Turn off I-5 onto California Highway 138 about 4 miles ahead near Gorman, and follow the trace of the
San Andreas fault for about 6 miles to the road junction just beyond Quail Lake. Displacements along the
fault from the 1857 earthquake were about 6 m in this area (Sieh, 1978b). Stay left on Highway 138 at the
junction and continue east 34 miles to the junction with California Highway 14. Turn right at Highway 14
and drive south through Lancaster (6 miles) to Palmdale (8 miles).
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DAY 3--PALMDALE TO MAMMOTH LAKES, CALIFORNIA

Summary

Today we turn northeastward to follow the central part of the left-lateral Garlock fault and then northward
along the eastern front of the Sierra Nevada at the western margin of the Basin and Range, where faults show
right-slip and normal movement. The first three stops are along the Garlock fault. Later in the day, three
stops are scheduled to evaluate the mode of surface displacement resulting from the 1872 Owens Valley
earthquake, including a site where slip is predominantly right oblique and a site where dip slip has offset a 300-
ka cinder cone. Then, we continue north along the frontal fault zone of the Sierra Nevada. After our last stop
along the Owens Valley fault zone, we ascend Sherwin Summit and descend into the Long Valley caldera and
make a brief stop to view some of its features.

Garlock Fault

The Garlock fault extends more than 250 km east-northeast from the San Andreas fault near Gorman to
the Death Valley fault zone and marks the boundary between the Mojave Desert block on the south and the
Sierra Nevada and Basin and Range provinces on the north (fig. 3-1). There has probably been about 64 km of
horizontal slip on the fault since 9 Ma (Carter, 1987), based on offset of a late Mesozoic dike swarm (Smith,
1962). The lack of a similar, large offset where the Garlock intersects the San Andreas and Death Valley faults
has been modelled in several ways. For example, Hill and Dibblee (1953) suggested that the Garlock and the
Big Pine fault, west of the San Andreas, were originally continuous, and that the Garlock, Big Pine, and San
Andreas faults are conjugate shears in a regional pattern of east-west extension and north-south shortening.
Davis and Burchfiel (1973) interpreted the Garlock fault as an intracontinental transform fault separating the re-
gion extended by late Cenozoic Basin-and-Range faulting north of the fault from the relatively undeformed
Mojave Desert block to the south (fig. 3-1). In this model, westward movement (extension) of the northern
block is partly responsible for the westward bend in the San Andreas fault where it intersects the Garlock fault.
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Figure 3-1. Schematic diagram of the Garlock fault as an intracontinental transform fault
accommodating the Basin-and-Range extension north of the fault relative to the unfaulted Mojave Desert
block to the south (modified from Davis and Burchfiel, 1973).

The Garlock fault displays many of the geomorphic characteristics of the San Andreas fault, although it
has a conspicuously lower slip rate. Matching offset alluvial deposits south of the fault with source areas hav-
ing distinctive lithologies north of the fault, in the El Paso Mountains (discussed further at Stop 3.2), indicates
an average rate of slip of 7 mm/yr since about 9 Ma (latest Miocene) (Carter, 1987). Data on Holocene
deformation from sites along the fault as summarized by Astiz and Allen (1983) indicates an average latest
Pleistocene and Holocene slip rate of 7 mm/yr and a recurrence interval of 1,000+500 years for large
earthquakes.

The fault is divided into two contrasting sections by a left-stepping echelon offset of its trace midway
along the fault at Koehn Lake (Stop 3.1). The two sections differ in geomorphic expression, levels of historic
seismicity, and evidence of aseismic slip. In general, the western section is characterized by relatively poor
geomorphic expression of the fault zone (Clark, 1973), by a low but persistent level of seismicity (Astiz and
Allen, 1983), and by local evidence of aseismic slip (Louie and others, 1985). In contrast, the eastern section
is characterized by good gcomorphic expression of the fault zone (with local preservation of evidence of very
youthful movement), by a near absence of historic earthquakes, and by lack of evidence for aseismic slip.
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Segment 3A--Palmdale to Garlock (69 miles)
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Figure 3-2. Route map for Segment 3A, Palmdale to Garlock.

Route Narrative--Leave Palmdale and drive north on California Highway 14 through Lancaster (Mile 8)
and Rosamond (Mile 18). Continue north through Mojave and note the odometer reading at the intersection of
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California Highways 14 and 58, about 1 mile north of Mojave. Bear right (northeast) on California Highway
14. To the northwest of the intersection there is a large complex of windmills used to generate electric power.
The mountains at the head of the alluvial fans to the left (north) of the highway are the southern end of the
Sierra Nevada, which is truncated abruptly by the Garlock fault at the foot of the range.

At Mile 13.5 the highway passes over the crest of a hill and at 2 o'clock you get a good view of
Fremont Valley and Koehn Lake. Fremont Valley occupies a pull-apart basin at a left step in the Garlock fault
(Clark, 1973; Aydin and Nur, 1982), in a setting analogous to that at the stepover along the San Andreas fault
at the southern end of Cholame Valley (Stop 1.8). On the basis of gravity data, Mabey (1960) estimated that
more than 3 km of Cenozoic sediment underlies part of Fremont Valley; the valley has the steepest gravity
gradient in the western Mojave Desert (fig. 3-3).

t118°15 118°00' 117°45' 117°30°

35°30"

35°15'

35°00"

Figure 3-3, Gravity map along the central Garlock fault (from Mabey, 1960).

Fissuring and vertical displacement along- and on-trend with Holocene scarps of the Garlock fault have
been observed in Fremont Valley near, and to the southwest of, Koehn Lake (Pampeyan and others, 1988).
This modern ground failure, first noted in 1971, is restricted to a part of the valley in which large quantities of
ground water have been withdrawn for irrigation. Based on analysis of data from ground-water levels in wells
and geodetic monitoring of the ground surface, Pampeyan and others (1988) concluded that the faulting is a re-
sult of compaction of aquifers and not the result of tectonic activity.

At Mile 16, and for about the next 4 miles as the highway swings close to the mountain front, low
scarps (several meters high) mark the trace of the Garlock fault on the alluvial fans on the left (north) side of

42



the highway. Continue on Highway 14 to the Randsburg-Johannesburg Road intersection on the right at Mile
20.2, turn right onto Randsburg-Johannesburg Road. The road forks after turning off Highway 14; take the left
fork and note the odometer reading. In about 8 miles, as the highway crests a gentle hill to the east, there is a
good view of a lacustrine bar of late Pleistocene Fremont Lake which trends across the east end of present-day
Koehn Lake. At Mile 8.3 from Highway 14 turn onto a dirt road on the right. Follow the road for 0.4 mile
southeast along the gravel pit excavated into the lake bar to the railroad tracks and park. Stop 3.1 is at a site
where the bar is offset by the Garlock fault.

Stop 3.1--Garlock Fault at Koehn Lake

Walk 400 m to the southeast along the lake bar to intersect the Garlock fault, which has offset the bar
about 80 m left laterally and 7 m down to the north (Clark and Lajoie, 1974; Carter, 1987). A 14C age of
11,360 years on tufa deposited on the bar suggests an average latest Pleistocene and Holocene slip rate of 7
mm/yr (Clark and Lajoie, 1974). They suggest that movement has continued well into the Holocene because
the younger playa surface to the west is also offset down to the north, but by a smaller amount.

West of the bar the fault trace is marked by an elongate string of low mounds 1-2 m high. The low
mound of dirt about 300 m west of fault-bar intersection marks the location of a trench excavated across the
fault (Burke, 1979) and provides a convenient reference for locating the general strike of the fault. The trench
exposed sediment deposited during the last deep-lake cycle in Fremont Valley and younger (Holocene) fluvial
sediment. Burke (1979) reported a 14C age of 14,200 years on fossils from the older lake beds, which he as-
sociated with the last highstand of the lake. Sediment exposed in the trench is deformed into an anticline
within the fault zone. Burke (1979) interpreted the relations between buried faults and unconformities in the
trench as evidence of at least nine episodes of fault activity in the past 14,200 years. This level of repeated
faulting suggests a recurrence interval of less than 1,500 years.

Route Narrative (continued)--Return to the Randsburg-Johannesburg Road and turn right (east). At Mile
2.7 the highway intersects a dirt road (Mesquite Canyon Road) on the left and then passes to the south of low
hills of highly dissected and tilted Pleistocene rocks that are unconformably overlain by coarse alluvial fan
gravels (Dibblee, 1952). The gravels contain clasts of the Mesquite Schist, a distinctive quartz-sericite-albite
schist which nearly always contains porphyroblasts of chlorite, albite, or chloritoid (Carter, 1987).

The fault crosses the highway near the western end of the low hills, its location Iocally marked by
springs and by a prominent scarp farther east. The highway forks in about a mile, just as it bends to the right.
Take the left fork and continue 0.8 miles to the Garlock historic site monument. A dirt road on the north side
of highway about 100 m west of the historic monument leads to a flat area suitable for parking about 200 m to
the west for Stop 3.2.

Stop 3.2--Mesquite Fan at Garlock

Walk to the shutter ridge about 150 m to the south of the parking area for an overview of strike-slip fea-
tures along the Garlock fault and of grabens on the Mesquite fan. Walk about 1 km northwest along the road
from the area where the cars are parked to study the evidence for recurrent movement on the normal faults that
offset the Mesquite alluvial fan surfaces north of the Garlock fault (fig. 3-4). Note clasts of the distinctive
Mesquite Schist in the gravel along the road. The schist only crops out in a small area near Mesquite Canyon,
and any alluvial deposits south of the Garlock fault which contain clasts of this schist must have been origi-
nally deposited in the vicinity of Mesquite Canyon. Clasts of this schist are found in deposits as old as latest
Miocene on the south side of the fault and as far as about 47 km to the east, giving a long-term slip rate of 7
mm/yr (Carter, 1987).
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Figure 3-4. Map of faults and fault-related features along the Garlock fault at Mesquite Fan (from
Clark, 1973).

Route Narrative (continued)--Return to the Randsburg-Johannesburg Road and drive 2.7 miles easterly to
a closed depression along the Garlock fault at lower Goler Wash.

Stop 3.3--Goler Depression

This conspicuous depression has been formed by about 800 m of offset of the curving east bank of Goler
Gulch along the Garlock fault. Subsequent deposition of alluvium from the wash has blocked the western end
forming a closed depression (Carter, 1987). About 1 km to the east of this depression, a large graben is present
along the north side of the Garlock fault and the south side of the El Paso fault along the southern foot of the
El Paso Mountains. The fault scarp east of the graben exposes terrace gravels which underlie surficial gravels
deposited by Goler Wash. The terrace gravels, which contain abundant clasts of Mesquite Schist, now lie 11
km east of the area in which they were deposited near the mouth of Mesquite Canyon (Carter, 1987).

Route Narrative (continued)--Return to Highway 14 (15.5 miles west of Stop 3.3) and turn right,
toward Bishop. Mining in the El Paso Mountains, northwest of the route, and the Rand Mountains, southeast
of the route (fig. 3-2), began with a 1849 placer discovery by two German immigrants. Presumably John
Goller and Wolfgang Tauber left Death Valley on foot. Enroute to Los Angeles, they found signs of placer
gold somewhere in the El Paso Mountains. Although Goller returned frequently to the area, he never found the
site of the original discovery; however, his obvious interest brought other prospectors into the area. Mining
districts on the northeast side of the Rand Mountains produced more than $35 million between 1895 and 1924
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from gold and silver, and, in later years, tungsten was mined until the mid-1950's (Sharp, 1976). The ore
bodies were emplaced in the country rock during Miocene volcanic activity.

Mining in the EI Paso Mountains is evidenced by numerous placer mines and several abandoned camps;
in the 1890's, a single nugget worth nearly $2,000 was found near Red Rock Canyon (see fig. 3-5). Gold
worth about $2.5 million was mined from this area (Leadabrand, 1966). The most notable effort, however, is
the 600-m-long tunnel extending from the interior of the range (in Copper Basin) to near Saltdale. William H.
(Burro) Schmidt began excavating this tunnel in the early 1900's by to shorten the distance of hauling his ore
to the smelter (Leadabrand, 1966;). His single-minded preoccupation with the tunnel did not end until its
completion in 1938, when he was 68; after which, he sold his holdings and the tunnel.
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SEGMENT 3B--INTERSECTION OF RANDSBURG ROAD AND
CALIFORNIA HIGHWAY 14 TO OLANCHA (70 MILES)
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Figure 3-5. Route map for Segment 3B,

Garlock to Olancha.
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Route Narrative--The route enters the El
Paso Mountains, at Red Rock Canyon (fig. 3-5),
in about 2 miles; at Mile 3.8 there is a scenic turn
off. The lower part of the canyon is a steep-walled
gorge cut through pre-Tertiary crystalline rocks;
however, the upper part of the canyon forms a
broad amphitheater cut through Pliocene Ricardo
Formation, a nearly 2,000-m-thick sequence of ter-
restrial sand, silt, clay, and gravel. The particu-
larly colorful basal part of the Ricardo has a large
component of volcanic debris. The formation
contains a diverse assemblage of vertebrates and
abundant petrified wood (Sharp, 1976). This
assemblage indicates an open forest and grassland
environment; precipitation may have been about
three times what is is today.

As the route emerges from Red Rock
Canyon, the southern end of the Sierra Nevada
comes into view. Here, the mountains are less
rugged than they are to the north, primarily be-
cause exposures to the north have been freshened
by extensive glaciation. Ahead is Indian Wells
Valley, which contained one of the smallest
Pleistocene lakes (occupying approximately 155
m2) of the Owens River system (Smith and Street-
Perrott, 1983); this system of lakes was linked in a
chainlike array from Mono Basin (300 km to the
northwest) to Death Valley (120 km to the east).
The large military installation seen on the
southeast side of the valley, at China Lake, was
established during World War II as a Naval
weapons-testing site; it is still in use today.

Faulting along the southeastern part of the
Sierra Nevada is complex, consisting of pre-
dominantly dip-slip faulting along the range front
(on the Sierra Nevada frontal fault zone) and
oblique faulting having a large component of right-
lateral offset on faults several kilometers east of
the range front. Although these faults coexist spa-
tially, their late Quaternary histories often differ



markedly. Two fault zones in Indian Wells Valley, the normal Sierra Nevada frontal fault zone and the right-
lateral Little Lake fault (fig. 3-5), demonstrate this complexity. The 30-km-long Little Lake fault extends from
Ridgecrest to south of Little Lake; at its northern end, the fault nears the Sierra Nevada frontal fault zone but
the two probably do not merge (Roquemore, 1988). Earthquakes having magnitudes greater than 5.0 have
occurred every 20 years for the past 60 years, and trenching studies suggest that prehistoric earthquakes as large
as magnitude 7 have occurred. Late Quaternary slip rates may be in excess of 1 mm/yr.

The Sierra Nevada

The Sierra Nevada is a 600-km-long, asymmetrical, west-tilted mountain block composed primarily of
Mesozoic granite of the Sierra Nevada batholith, older metamorphic rocks, and isolated patches of Tertiary sed-
iments and Tertiary and Quaternary volcanics (Jahns, 1954). The eastern front of the Sierra Nevada is marked
by a system of north-trending, high-angle, echelon right-oblique and normal faults. The echelon pattern is
particularly notable along the northern part of the fault zone (from near Mammoth Lakes north) where the
individual faults step rangeward, from south to north, and bound small discontinuous basins. Faulting near the
southern end of the range is generally characterized by both oblique and dip slip; however, farther north
Quaternary displacement is primarily dip slip. The Sierra Nevada frontal fault zone marks the transitional
boundary between extension accommodated by normal faulting in the Basin and Range province and strike-slip
deformation on the San Andreas (fig. 3-1). In the southem Sierra Nevada, least-principal horizontal stress direc-
tions are approximately NW-SE; the directions change to WNW-ESE to E-W at the northern end of the range
(Zoback and Zoback, 1980). They suggest that the coexistence of strike-slip and normal faulting near the
castern flank of the southern Sierra Nevada indicates that vertical and greatest-principal horizontal stresses are
approximately equal and the trend of faults and local variation in relative stress magnitude may determine the
sense of displacement.

The Sierra Nevada became a major topographic barrier to eastward storm tracks after the end of the
Pliocene, with about 2 km of uplift occurring during the Quatemnary. Evidence indicating the initiation of the
most recent phase of uplift in this area is based on Tertiary (1) paleobotanical distributions, (2) inferred paleo-
climatic conditions, and (3) distribution and texture of stream deposits (Axelrod, 1962). Deposits at elevations
of approximately 1,500-2,700 m contain Miocene floras similar to modern floras found at elevations less than
600 m; likewise, deposits at elevations of 2,700-3,000 m contain fossils of Miocene deciduous hardwood
forests similar to modern forests found at 900 m. The hardwood forests probably occupied the summit region
of this area.

Paleoclimatic evidence also suggests this area had low relief during the Tertiary. Based on the similarity
of fossil Tertiary floras throughout the area, rainfall was essentially identical on opposite sides of the modern
Sierra Nevada. In addition, the Tertiary flora population does not show the wide zonation expected in areas of
extreme relief; therefore, high gradients for temperature or rainfall were not present during the Miocene and
Pliocene in this region.

The lateral extent of basalt flows and Tertiary river deposits preserved high in the Sierra Nevada and the
texture of the latter also suggest low topography and subdued relief when they were deposited (Axelrod, 1962).
The extent and texture of Miocene river deposits indicate they were probably deposited in wide channels (about
1,500 m wide) by streams with considerably lower gradients than modern Sierran streams. These Miocene
sediments, found at elevations of 2,100 m, are similar in texture to Quaternary sediments in the low foothills
of the Sierra Nevada, which have low gradients. The texture of the Tertiary deposits (typically sand and silty
clay) suggests that post-Pliocene tilting has steepened their gradients to nearly that of present-day mountain
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streams. In addition, Pliocene basalts extend across large areas of the Sierra Nevada, even across the present-day
range crest, indicating the divides were not present in the Pliocene.

Even though the modem Sierra Nevada is primarily the product of renewed tectonism beginning in the
early Quaternary, faulting occurred throughout much of the Tertiary in this area. As many as six episodes of
faulting separated by extended periods of erosion (and thus tectonic inactivity) are indicated. The considerable
thickening of post-Miocene strata and intervening unconformities in the basin fill of the San Joaquin Valley
(west of the Sierra Nevada) suggests periods of tilting separated by relative tectonic quiescence (Hoots and
others, 1954). Even though the landforms that we see today are young, tectonism has molded this region for a
much longer time period.

Route Narrative (continued)--Beyond the Inyo-Kem County line, the Coso Mountains (to the northeast)
contain many volcanic cones that are apparent from the highway. Beyond Little Lake, on the right (east) side
of the road (fig. 3-5), are jointed volcanic flows; Pleistocene Owens River carved a gorge in these rocks during
glacial times. Flow through this gorge probably ceased 2,000-3,500 years ago (Gale, 1914) when the level of
Owens Lake (in the next basin to the north) dropped below the level of its outlet. About midway along the
length of Rose Valley, on the west side of the highway, is a linear embankment known as Portuguese Bench,
which is a fault scarp on the alluvium flanking the Sierra Nevada (Sharp, 1976).

Glaclal Chronoiogy of the Sierra Nevada

The Quatemary record in and near the Sierra Nevada is characterized by episodes of volcanism and
glaciation as well as range-front normal faulting. Because of the interrelation of these different processes, there
is an abundance of geologic literature on the Quaternary geology of this area; however, the times of faulting
along the eastern flank of the Sierra Nevada are often constrained only by the assumed age of the deposits that
are displaced. Therefore, because the most widespread alluvium was deposited during the glacial maxima, a dis-
cussion of glacial chronology is given here.

In the past 120 years, the understanding of the glacial history of the Sierra Nevada has advanced from
Whitney's (1865) concept of glacial modification of the Sierra Nevada to a general acceptance of a Quaternary
glacial stratigraphy. In his pioneering work, Russell (1889) recognized three glacial advances separated by
recession of the glaciers, but it was not until 1931, when Blackwelder defined four Pleistocene glacial stages
(table 3-1), that these recessions were recognized as representing interglacial periods. The nomenclature of
Blackwelder has remained relatively intact, undergoing minor revisions by Sharp and Birman (1963), Birman
(1964), and Curry (1966, 1971). Although correlation problems still exist, the ages of some of these deposits
have been bracketed by K-Ar and 3%Ar-%0Ar dating of interlayered volcanic rocks.
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Table 3-1. Generally accepted glacial stratigraphy of the eastern Sierra Nevada.

GLACIAL SIERRA GLACIATION AGE! REFERENCE
STAGE TERMS
Neoglacial Matthes present to 700 yr Birman (1964)
Recess Peak 2,000 to 2,600 yr Birman (1964)
Hilgard 9,000 to 10,500 yr Birman (1964)
Wisconsin Tioga about 20,000 yr Blackwelder (1931)
Tenaya about 45,000 yr  Sharp and Birman (1963)
Tahoe 60,000 to 75,000 yr Blackwelder (1931)
Illinoian Mono Basin about 130,000 yr  Sharp and Birman (1963)
Casa Diablo about 400,000 yr Curry (1966, 1971)
Kansan Sherwin >710,000 yr2 Blackwelder (1931)
Nebraskan McGee >2.6 Ma3 Blackwelder (1931)
Deadman Pass 2.7 to 3.1 Ma#t Curry (1966, 1971)

1Ages from Curry, 1971, except where noted

2Dallrymple and others, 1965; commonly accepted age of Bishop Tuff is 740,000 yr (1zett and others, 1988)
3palrymple, 1963

4cunry, 1966

Most correlation of glacial deposits within a specific area with deposits at their type localities has been
made on the basis of relative-age characteristics of the till, on moraine morphology, and on degree of soil
development. However, recent advancement of Quaternary dating methods may aid in developing a regional
correlation based on the absolute age of the deposits. Wisconsin and Illinoian glacial till have been dated by
different methods at two separate sites along the Sierra Nevada.

Dorn and others (1987) dated rock varnish on boulders of Pleistocene till at Pine Creek (our route will
pass near this site); these dated samples were assigned to Sierra Nevada glacial stages based on the mapping and
stratigraphic correlation of Bateman (1965). The ages for these deposits (table 3-2) represent minimum ages for
each deposit; however, Dorn and others believe that the interval of time between depositing the sediments and
initiation of varnish accretion may be only a few years to a couple of decades based on modern varnish for-
mation. The 14C ages for the Tioga moraines are from three distinct ages of moraines, and therefore, retreat
from the maximum glacial extent occurred at or before 19 ka. Tenaya moraines are not preserved at this site.
The cation-ratio dates of the Tahoe moraines indicate an equivalence to marine oxygen-isotope stage 6
(Shackleton and Opdyke, 1973). The oldest moraines at Pine Creek were mapped as "old Tahoe" by Bateman
(1965); however, their ages, determined by cation-ratio dating, indicate that the moraines may correlate with the
Mono Basin glaciation (Dorn and others, 1987), as shown in table 3-2.
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Table 3-2. Comparison of 36Cl, cation-ratio, and '*C age determinations of Sierra Nevada glacial tills.

[Ages for %CI dating method from F.M. Phillips, oral commun., 1988;
ages for 14C and cation-ratio dating of rock vamish from Dorn and others, 1987]

SIERRA 14C AGE CATION-RATIO AGE 36 C1 AGE
GLACIATION (yr B.P.) (yr B.P.) (yn)
Tioga 13,200-19,000 .......... 22,000
Tenaya  cceeeeeeee eeeeenens 70,000-90,000(7)
Tahoe ... 143,000-156,000 90,000 and 180,000
Mono Basin ... 182,000-187,000 200,000 or 370,000
(Old Tahoe)

Phillips and others (1988) dated till (table 3-2) near Sawmill Canyon and Bloody Canyon (near Mono
Lake) using 36Cl dating method and the assigned glacial correlation and mapping of Sharp and Birman (1963).
This relatively new method of dating relies on the time-dependent accumulation of 36Cl in boulders that are
exposed to cosmogenic rays. Fresh rock derived from the cirque walls is transported by the glacier and
deposited in moraines. When these rocks are at the surface, they are exposed to cosmogenic rays and 36Cl be-
gins to accumulate. The ratio of isotopic chlorine (36Cl) to normal chlorine (35Cl) increases with the age of
the deposit, and age can be determined based on the time-dependent accumulation of isotopic chlorine.

Although there is some discrepancy in ages of similar-age deposits between these two methods (table 3-
2), arather crude agreement does exist. If concordant ages are correct, at least in a broad sense, these deposits
can be correlated with the marine oxygen-isotope record (Shackleton and Opdyke, 1973). The Tioga glaciation
probably correlates with oxygen-isotope stage 2, the Tenaya possibly with stage 4, and the Tahoe prob-ably
correlates with stage 6 (Dom and others, 1987). However, the discordant ages of the two Tahoe deposits
studied by Phillips and others (1988) suggest that this correlation is still problematic (table 3-2).
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Segment 3C--Olancha to Bishop (82 Miles)
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Figure 3-6. Route map for Segment 3C, Olancha
to Bishop.

Route Narrative--The Sierra Nevada along
this segment of the trip is more rugged than it is
to the south because of the effects of glaciation and
higher rates of uplift. Most of the high valleys
were occupied by glaciers during the Pleistocene,
and the remnants of some still persist today.
Southwest of Big Pine, glaciers on Mount Bolton
Brown and Split Mountain (fig. 3-6) and Palisade
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Glacier, further west, are the southernmost active
glaciers in the United States and extend down to an
elevation of about 3,400 m (Hill, 1975). Active
tectonism also has played an important role in
maintaining the youthful appearance of the
landscape. The total throw across the Sierra
Nevada frontal fault zone (including the basinward
Owens Valley fault zone) is approximately 5.5 km
(McCaffrey and Hollett, 1988).

The Inyo Mountains, composed primarily of
Paleozoic sedimentary rocks, are on the east side of
Owens Valley along this segment of the route.
They are probably bounded on the west by a
steeply dipping fault, across which the total throw
is about 4 km; maximum depth to basement in the
valley is probably 1.8 km (Pakiser and Kane,
1965). Scarps are preserved only locally on this
fault,

This segment of the trip parallels the 100-
km-long Owens Valley fault zone, which ruptured
during a major earthquake in the early morning
hours of March 26, 1872 (Irelan, 1888a). This
earthquake is generally regarded as one of the
largest historic earthquakes in the Western United
States (excluding Alaska) having an estimated
magnitude of 8.0-8.3 (Oakeshott and others, 1972);
however, a magnitude of 7.5-7.7 is more probable
if a strike-slip mechanism is considered (Beanland

and Clark, in press). Ground shaking was felt
throughout the West but was greatest near Lone
Pine, where nearly 10 percent of the population
was killed. This area was sparsely inhabited at the
time of the earthquake, Lone Pine had only 250-
300 people; however, 52 out of the 59 buildings in
the town were partially or wholly destroyed during
the earthquake (Oakeshott and others, 1972).

The entire length of the Owens Valley fault
zone, from Owens Lake to north of Big Pine
(Whitney, 1872), ruptured in 1872 (fig. 3-7).
Slip, in general, was predominantly right lateral;
the historic surface ruptures followed preexisting



scarps and mimicked pre-1872 displacements (Beanland and Clark, in press). Although the vertical component
of slip has been well documented, it is clearly subordinate to horizontal slip and is locally absent. The overall
strike of the fault zone is N. 20° E.; however, individual strands within the fault zone vary in strike, to which
the magnitude of vertical to horizontal slip is closely related. The presence of tectonic depressions, ridges, and
the predominance of left-stepping scarps all strongly suggest right-lateral movement on this fault zone. The
average displacement was 6 m horizontal and about 1 m vertical (Lubetkin and Clark, 1988). The largest
displacement values, both of which were measured at Stop 3.5, are 10 m of horizontal slip and 4.4 m of
vertical slip. Owens Valley fault zone has a late Quaternary horizontal slip rate of about 1-2 mm/yr (the
vertical slip rate is about 0.2-0.4 mm/yr), and a recurrence interval for large-magnitude earthquakes of about
5,000-10,000 years (Lubetkin and Clark, 1988). The total horizontal displacement on the Owens Valley fault
zone is on the order of 20 km based on the correlation of the Independence dike swarm and two Cretaceous
plutons (Beanland and Clark, in press).

52



118°15' 118°00°

Undifferentiated
bedrock

Pleistocene
volcanic rocks

Late Quaternary
alluvium

1872 surface
rupture--Bar
on downthrown side

Late Quaternary
. faults--Bar and ball
37°00 AMEN on downthrown side

36°45°

36°30'

Figure 3-7. Generalized map of surface rupture from 1872 Owens Valley earthquake (modified from
Beanland and Clark, in press).

Owens Lake, which is dry most or all of the year, was the site of a large Pleistocene lake of the Owens
River system. During the Pleistocene, the lake covered about 500 km? and was as much as 70 m deep (Sharp,

53



1976). Late Pleistocene shorelines are evident in many locations around the lake. The lake drained through its
outlet on the south until about 2,000 years ago; at which time, lake level dropped below the outlet. Prior to
1913, when the Los Angeles Aqueduct was constructed to divert water from this area to Los Angeles, the
historic 1ake was about half the size of the Pleistocene lake and was about 10 m deep. Owens Lake now only
contains water during exceptionally wet years when river flow exceeds the capacity of the Los Angeles
aqueduct.

The dry lake bed is mantled by alkali crusts that contain sodium chloride, carbonate, sulfate, and minor
amounts of borates, nitrates, potassium, and lithium (Saint-Amand and others, 1987). These salts form where
the water table is less than 3 m below the surface. The chemistry of the crust varies diurnally and is
temperature and precipitation dependent. The hardness of the surface depends on the chemistry of the crust; be-
cause of this, dust storms are common in the winter months. The absence of salines in the upper 280 m of
sediment in the central part of Owens Lake indicates that the lake had not been completely desiccated for several
hundred thousand years prior to the turn of the century, and the salines present near the surface represent that
which accumulated since Owens Valley became a closed basin about 2,000 years ago (Smith and Street-Perrott,
1983).

The small basin occupied by the playa of Owens Lake is bounded by two subparallel faults. The one on
the west, an extension of the Owens Valley fault zone, ruptured in 1872; here, displacements are primarily
down to the west and right lateral (Beanland and Clark, in press). The strand to the east has apparent left-lateral
displacement (Saint-Amand and others, 1987). This fault may not have moved during the 1872 earthquake, but
its total strike-slip offset may be 8 km. This value is based on correlation of a cemented, well-sorted, and
folded conglomerate (of unknown source) on the northwest shore of the lake with similar sediment on top of
the Coso Range to the southeast (Saint-Amand and others, 1987). This correlation is tentative and based on
appearance of the conglomerates; both occur in rather anomalous locations, probably the result of fault trans-
port.

The following excerpt (Sarah Beanland, 1989, written commun.) describes some of the characteristics of
1872 faulting from here at Owens Lake to Stop 3.4, 12 miles to the north.

"The southern end of the 1872 Owens Valley fault rupture terminated in Owens Lake, south of Point Bartlett [at
the northwest end of the lake]. At Point Bartlett there is no definite 1872 trace, but a zone of fault lineaments
can be seen in the playa surface. . . . Deformed strata [east of the highway] represent bulging between two
strands of the fault zone, in a left-stepping relationship, consistent with right-lateral strike-slip movement.

"On the northern side of Point Bartlett the southemmost positively identified 1872 surface rupture crosses the
playa surface. Although primarily a vegetation and groundwater contrast, in places a west facing scarp of 0.5-
1.0 m is present. To the north the trace becomes obscure, but a west-facing warp occurs across the youngest
set of beach ridges at the northwest corner of the lake. Here the youngest beach ridge has a vertical offset of
0.3 m (1872), while the older ones are vertically offset 2.2 m. Although indicating progressive offset, it is
uncertain why there is such a large difference in offset as the older beach ridges of this set are considered to
have a maximum age of only 2,000 years (Beanland and Clark, in press; Carver, 1970). The difference may
suggest that individual events have produced varied displacements at this site.

*The west-facing 1872 (and older) Owens Lake scarps contrast with the overall structural sense of
displacement of Owens Lake, which is obviously down relative to the Sierra Nevada. The dominance of strike-
slip movement, however, at least in Holocene time, explains the presence of changes in upthrown side, several
of which occur between Owens Lake and Diaz Lake [see fig. 3-6]. Much of the vertical separation of the lake
basin and the range is on the nearby parallel, normal, Independence fault [local name for this part of the Sierra
Nevada frontal fault zone].”

Route Narrative (continued)--Proceed north on U.S. Highway 395 to Stop 3.4 at the Lone Pine Visitors
Center, which is on the right (east) side of the highway at the south end of Lone Pine, 21.8 miles north of
Olancha.
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Stop 3.4--Lone Pine Visitors Center (Lunch Stop)

The Lone Pine Visitors Center has picnic tables, water, and restrooms and provides an excellent view of
Mount Whitney (elev. 4,418 m), the highest mountain in the continental United States From this stop to
about 10 km north of Lone Pine, the highway parallels the eastern flank of the Alabama Hills (fig. 3-6). The
southern part of these low hills are composed of Mesozoic plutonic rock, the northern half is composed of early
Mesozoic metavolcanic rocks intruded by the same plutonic rocks (Smith, 1989).

Route Narrative (continued)--Return to U.S. Highway 395 and proceed north into Lone Pine. Turn left
onto Whitney Portal Road (2.2 miles beyond visitors center) and drive 0.8 mile to parking lot on right for Stop
3.5. At this stop we will visit a site that is used for an on-going study of scarp-degradation rates and processes.
Please do not climb on any of the scarps, dislodge any boulders, or modify the site in any way.

Stop 3.5--Lone Pine Fault

The Lone Pine fault (Lubetkin, 1980) is a secondary strand of the Owens Valley fault zone. At this
stop, we will walk about 700 m north of the road to see abundant evidence of right-lateral slip. Even though
the presence of large scarps gives the impression of overwhelming dip-slip displacement, the average ratio of
horizontal to vertical slip on the Lone Pine fault is about 6:1 (Lubetkin and Clark, 1988). The predominantly
east-facing scarps on alluvial fans composed of late Pleistocene glacial outwash and Holocene alluvium (fig. 3-
8) are the result of two or more surface-faulting events (fig. 3-9), as evidenced by bevelled scarps and
progressively larger offset on older alluvium.
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