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FRIZZELL AND BROWN --GREEN VALLEY FAULT

INTRODUCTION

This report summarizes a study of the Green Valley fault and documents new evidence of recent activity.
The study was conducted as part of a cooperative program between the U.S. Geological Survey and the Depart-
ment of Housing and Urban Development.

The assessment of fault activity is based on photointerpretation, fieldwork, and seismic data. The
kinds of evidence that demonstrate recent movement on the fault are systematically offset natural features,
earthquake epicenters that are alined along the fault, and offsets in manmade features.

The map that accompanies this text is designed to inform those concerned with land use and developmenF
of the location of faults that have moved recently. The mapped lines designate faults along which displace-
ments of the ground surface have occurred in the recent past and may occur in the future. Map users are
reminded, however, that these lines are intended primarily as guides to help locate the fault, and that they
are not necessarily shown with the precision demanded by engineering needs. This map is not a substitute
for a site investigation.

THE GREEN VALLEY FAULT

The Green Valley fault extends at least 30 km (19 mi) northwest from Bahia on Suisun I.Say to Wooden
Valley. It probably continues northwestward beyond Wooden Valley, although definite identification of a
specific fault trace is made difficult by numerous landslide deposits (Sims and others, 1973; Sims and
Frizzell, 1976). South of Bahia, the fault does not appear to continue directly across Suisun Bay, but in-
stead appears to be en echelon with the northernmost extension of the Concord fault, an active fault mapped
by Sha 1973) .

;) thz ((;reen)Valley fault was recognized early in this century by A. C. Lawson and his coathors (1908,
p. 17), who noted that "the western edge of the Sacramento Valley, from Benicia to Cordelia, is probably
determined by a fault with an easterly downthrow.'" Although Tolman (1931) called the Green Valley fault a
part of the Mt. Disblo thrust, he stated further that near Goodyear on Suisun Bay the "fau}t appears to dip
fairly steeply easterly and may be later than the Mt. Diablo thrusting and belong to, or lie east of, the
Sunol system of faulting." Weaver (1949) considered the northern part of the Green Valley fault a normal
fault with the downthrown side on the east.

More recently, several reports present data suggesting that the southern segment of the Greer.t Valley
fault is active. Brown (1970) shows both the north and scuth segments of the Green Valley fault in his
1:250,000-scale map of active faults in the San Francisco Bay region. Sims, Fox, Bartow, and Helley (197.'.5) z
indicate that the fault is active from Bahia to 3 km (2 mi) north of Cordelia. Likewise, Dooley (1973) gives
evidence for historical movement as well as evidence for both lateral and vertical movement on this part of
the fault. Additional evidence gathered by the U.S. Geological Survey is discussed below.

Geologic Setting

Although numerous alined topographic features indicative of young faulting are in themselves good evidence
for the presence of a fault, juxtaposition of different rock types or rocks of different ages across a zone
with young topogrgphic features adds a great deal of substantiating evidence for the presence of an active
fault. The rocks ilong the fault are described from south to north.

The Sonoma Volcanics of middle and late Pliocene age has been juxtaposed against Jurassic(?) anc‘i Creta-
ceous sedimentary rocks along the Green Valley fault. The Sonoma Volcanics is present on the east side of
much of the southern segment (south of 38°15'N.) of the Green Valley fault (Sims and others, 1973). These
nonmarine volcanic rocks range in composition from oliwine basalt to silicic tuff and rhyolite, include flows,
tuffs, agglomerates, and breccias, and range in age from 5.3 to 2.9 m.y. (Mankinen, 1972). Near Bahia the

i ks dip westward into the fault.

VOlCBI;;: E\i;a:sicig?) and Cretaceous sedimentary rocks on the wegt side of the fault along much of the southern

segment are an unmamed part of the Great Valley sequence (Sims and others, 1973). This sequence is mostly

shale and mudstone with interbeds of thin lithic feldspathic wacke (Ojakangas, 1968, and Weaver, 1949).

Locally, however, quartz-, feldspar—, and biotite-beariing sandstone predominates (Dooley, 1973). Although the

rocks are well indirated and stand in steep gully slopes, large landslides are common in some places (Frizzell
$ims and others, 1973, and Dooley, 1973). :

s ozlizgs{nlzzzéactuflith the Sonc:ma Vo]’.canics near Bamia is the Domengine Sandstone, a well-sorted wI}itlsh

nearshore sandstome that locally contains Eocene fossill fragments. The Domengine overlies the Jurassic(?) and

Cretaceous sedimentary rocks, and both these units have fold axes trending N. 60° W., a 30-degree divergence

from the trend of the fault. :

The Tehama Formation, an irregularly bedded late Pliocene volcaniclastic gravel, is present along part
of the east side of. the southern segment (Sims and others, 1973). Best seen in a small quarry on the west
side of the small hill located NEj sec. 25, T.4N., R.3W., it is also present as capping deposits on the fault-
bounded elongate north-trending ridge 3 km (2 mi) southwest of Cordelia. .

The Markley Sandstone Member of the Kreyemhagen Formation is present in the e]..ongate ridge mentioned
above and also west of the fault north of Interstate 80. This Eocene marine unit is a medium— to coarse-
grained micaceous sandstone, and except for hard boulders it is only partially indurated. Slopes underlain
by this unit display many large landslides (Frizzell amd others, 1974; Sims and others, 1973).

The northern segment of the Green Valley fault (north of 38°15' N.) traverses terrane underlain E:y the
Sonoma Volcanics (Sims and others, 1973). Along this segment of the fault the volcanic rocks are typically
flows of dacite and andesite with minor rhyolite. Ash flow tuffs are locally interbedded with the lava flows.
Although only relatively minor landslides occur west off the northern segment, east of this segment a landslide
3 km (2 mi) by 6 km (4 mi) is present (Sims and others, 1973; Sims and Frizzell, 1976).

Location of Fault Features

The faults were located chiefly through the study of three sets of aerial photographs and by field in-
vestigations of much of the fault zone. Black and white photographs at a scale of 1:80,000 (1 cm = .8 km or
1in. = 1.25 mi) taken on May 14, 1970 provide an excellent overview and emphasize the more prominent topo-
graphic features along the fault. Black and white aerial photographs taken on May 9, 1964 with a scale of
1:21,000 (1 cm = 210 m or 1 in. = 1750 ft) provide more detail than the 1:80 ,000-scale photographs. However,
1:13,500-scale (1 ecm = 135 m or 1 in, = 1125 ft) black and white aerial photographs taken on June 20 and
July 10, 1973 provide the most detail and sharpest contrast. The plotted locations of faults were transferred
from aerial photographs to topographic maps by visual imspection and optical projection.

The photointerpretation of fault lines along the southern segment was verified by field inspection ot
all of the mapped fault traces, but because we could noit gain access to some privately owned land only part
of the northern segment was similarly verified. The northern 3 km (2 mi) of the fault exhibit photogeologic
evidence for recent faulting that is as compelling as anywhere on the map. Because this part could not be
field checked, however, it is shown by long dashes instead of a solid line.

Map users should consider a line on this map not as a precisely located fault, but as a guide for field
location of fault-break features, Fault features large enough to be shown by the contour lines on the topo-
graphic map are plotted within about 30 m (100 ft) of their correct position. However, in areas where the
features are not large enough to be shown by the contours, the mapped fault line may be mislocated by as much
as 60 m (200 ft).

Surface Features Along the Green Valley Fault

Although produced in different and complex ways, the features common to recently active faults are de-
veloped by repeated displacements along the fault, accompanied by erosion and deposition. Evidence of recent
surface faulting includes topographic discordances, contrasts in vegetation that reflect varying ground water
depth or soil differences across a fault, anomalous drainage patterns, or offset manmade structures. Other
features are scarps, trenches, saddles, sag ponds, and elongate ridges. These features (fig. 1) not only
help define the location of faults, but some of them also help document recent movement. 3

The features here described as being created by faulting could have been produced individually by some
process other than faulting, such as landsliding, stream erosion, deposition of terrace materials, differen-
tial erosion along contacts, or human activities. However, the alinement of these features along a linear
trend and the coincidental evidence for bedrock faulting indicate that they were produced by recent faulting.

Fault-produced topographic features are generally ephemeral. Some, particularly those in the uplands,
are susceptible to obliteration by erosion or landsliding, or they may be obscured by soil creep. Others,
such as those in the depositional areas, may be buried by alluvium or other sediments or may be modified or
destroyed by human activities. Because these features are short-lived, their presence indicates recent origin,
and because they closely resemble features preserved along faults with a historic record of surface rupture,
they indicate active faulting.

Long-term net horizontal or vertical displacements along a fault result’ from episodic shifts (accompanied
by earthquakes) amounting to a few centimetres or a few metres, or from intervals of slow fault creep withovt
earthquakes, or from a combination of both. These types of movement produce the topographic features that
delineate the fault lines shown on the map. The annotations along the mapped faults indicate examples of these
features. Many of the examples are cited because they are exceptionally clear or well preserved, but such
features are generally present to some degree all along the mapped faults,

The southernmost prominent feature associated with the Green Valley fault is a pair of saddles between
two hills east of the fault and the main upland on the west (sec. 31, T.4N., R.2W., and sec. 6, T.3N., R.2W.).
The 2.5-km-long (1.5 mi) segment of the fault between these saddles consists of two traces. A large landslide
is also present west of the two saddles. The two hills, underlain by the Sonoma Volcanics, may actually be
large blocks that have slid some distance into part of the low Suisun Marsh. Although the easternmost trace
of the fault here may no longer be tectonic, it may be related to this large-scale downslope movement. This
trace, therefore, might act as either a fault or a landslide scarp during the next movement along the Green
Valley fault.

A prominent east-facing scarp is located near the boundary between sec. 30, T.4N., R.3W. and sec. 25,
T.4N., R.3W. North of this, an elongate ridge trending N. 30° W. is located 3 km (2 mi) south-southeast of
Cordelia. This elongate ridge probably owes its existemce to the presence of subparallel strands of the
Green Valley fault immediately east and west of the ridge.

North of Green Valley the fault consists of two subparallel faults as much as 1.6 km (1 mi) apart. These
faults follow Wild Horse and Green Valley Creeks and straddle the continuation of an unnamed ridge between
these creeks until the ridge terminates near Jenkins Rock to the north. The northernmost 3 km (2 mi) of the
western branch is defined by well-preserved hillside bemches, a linear valley and a sag depression.

ACTIVITY OF THE FAULT

The degree of hazard posed by a fault depends in part upon the activity of the fault. In their study on
faults in Santa Cruz County, Hall, Sarna-Wojcicki, and Dupré (1975) listed their criteria (modified after
Brown, 1972) for classifying faults with a high potential for surface rupture (a fault should meet two of the
criteria to be so classified):

"a. length of at least 10 km (6 mi)

b. historic records of surface faulting and large magnitude earthquakes

c. fault traces marked by abundant topographic features that are geologically ephemeral
(for example, sag ponds) or that demonstrate repeated and systematic displacements (for
example, offset drainage channels)

d. frequent small-magnitude earthquakes alomg or adjacent and parallel to fault zone

€. systematic displacement of Holocene stratta (deposits less than 10,000 years old)

f. current and measurable systematic displacements across the surface of the fault zone
(fault creep or accumulation of elastic strain)"

The Green Valley fault meets five of the six criteria listed above. The overall length of the fault is
at least 30 km (19 mi).

Seismicity in the area confirms activity on the Green Valley fault. Although epicenters should be inter-
preted with caution (Brabb, 1967), epicenters located using preliminary arrival data for earthquakes in the
period 1968-74 define a zone that is nearly coincident with the mapped fault (fig. 2). Except for an oval
zone of epicenters along the Healdsburg-Rodgers Creek ffault (not shown here), the zone of epicenters along
the Green Valley fault contrasts sharply with the seismicity of the north San Francisco Bay region which is
made up of widely spaced earthquakes of magnitude 2 or less. The epicenters along the Green Valley fault rep-
resent earthquakes with magnitude of 3.9 and less. Although no focal plane solutions are yet available, the
preliminary data indicate that the earthquakes are associated with a steeply dipping fault zone. This is con-
sistent with strike-slip faulting and the structural data collected in the field.

The Green Valley fault offsets units of Holocene age. In addition to apparent movement in the large
landslide noted 5 km (3 mi) north of Bahia, logs of the walls of exploratory trenches show offsets of clay
units (Dames and Moore, 1972; Burkland and Associates, 1973, both on file U.S.G.S. Library, Menlo Park, Calif.).
One of these trenches (Dames and Moore, 1972, trench 1) revealed an offset deposit that contained an obsidian
flake having a hydration rind date of approximately 12,000 years B.P. (U.S. Geological Survey, 1973, p. 203).

As noted on the map of the southern segment, two manmade features exhibit right-lateral offset of about
one-fourth metre. Using a method recently developed by Sharp (R. V. Sharp, oral commun.,1974), alinement of
cross members of power transmission line towers was investigated. Because of the complicated geometric re-
lation of the fault trace to all but one transmission lime, however, only the line noted on the map was
checked for alinement. Using a planetable and alidade station under the tower located at the south end of
the elongate ridge, four readings from two separate setups were taken in both the northeast and southwest
direction. These readings yielded an observed offset of .21 +.01'm (8.3 .4 in.). Projection of this observed
offset parallel to the fault yields a true right-lateral offset of .28 +.01 m (11.0 *.4 in.) as of August 13,
1974. According to a representative of the power company (J. S. Kay, written commun., 1973), this line was
built in 1922.

The second manmade feature that has been offset is a fieldstone fence coincident with the boundary be-
tween secs. 2 and 11, T.4N., R.3W., about 1.6 km (1 mi) west of Cordelia Junction. The fence is offset by
0.25 m (10 in.) of right-lateral movement. Although the fence is coincident with the boundary between these

two sections, it was built prior to the survey of the boundary line in 1862 (Robert Dittmer, oral commun., ,
1974; Beale, 1863).

Types of Movement of the Fault

Evidence at localities where historic movement has taken place indicate right-hand (or right-lateral)
strike-slip movement, the terrane on the southwest side having moved north-northwest relative to the terrane
on the opposite side. This is consistent with the sense of movement on many other vertical dipping faults
in California. In the San Francisco Bay area, the San Andreas, Hayward, and Concord faults (Sharp, 1973),
among others, exhibit this type of movement. Although strike-slip is the predominant type of historic move-
ment, this may be but a part of the net slip. Evidence from trenching (Dames and Moore, 1972; Burkland and
Associates, 1973) indicates that there also may be some west-side-up vertical component to the net slip.

POSSIBLE EFFECTS CAUSED BY SUDDEN MOVEMENT ON THE GREEN VALLEY FAULT

Although the Green Valley fault is short compared to the 1,000 km (600 mi) San Andreas fault, and may
thereby seem insignificant in its potential to produce large earthquakes, historical data indicate that the
Green Valley fault is sufficiently long to produce moderate to large earthquakes. Using the half-length
assumed by Wentworth, Bonilla, and Buchanan (1972, table 2) and their empirical method of arriving at esti-
mated earthquake magnitude, a 30-km-long fault has an inferred potential for producing a 6.75 magnitude earth-
quake with accompanying displacement of the ground surface on the order of one metre (Bonilla and Buchanan,
1970, fig. 2). However, this estimated magnitude may be scientifically conservative and should be considered
a minimum magnitude with at least two other possibilities available. If the Green Valley and Concord faults
could be considered as a single 27-km-long (17 mi) fault, an estimated 7.0-magnitude earthquake could take
place. Likewise, although much less probable, if the Green Valley, Concord, and Calaveras faults could all
behave as a single 96-km~long (60 mi) fault, a 7.5 magnitude earthquake is possible. A 6.75 magnitude earth-
quake with accompanying sudden displacement of the ground surface on the order of one metre on the Green
Valley fault could seriously disrupt human activities. (See Nichols and Buchanan-Banks, 1974, for a discussion
of seismic hazards and land-use planning.)

Should such a displacement take place, four main east-west transportation routes might be temporarily
closed. Both State Highway 21 and Interstate 80 cross the Green Valley fault. Although a one-metre displace—
ment might not completely close these highways, it almost certainly would impede full use for some time. A
displacement of 1 m certainly would temporarily close the Southern Pacific Railroad lines that cross the fault
near Cordelia and Bahia.

At least five power transmission lines cross the Green Valley fault. In addition, many towers for these
lines are located on or very close to the fault. The inferred earthquake could generate damage due to shaking
in addition to potential damage due to displacement. A few telephone lines and at least one gas pipeline also
cross the fault.

Sudden movement on the Green Valley fault could disrupt delivery of water to the city of Vallejo and the
Green Valley area. Not only does one trace of the fault go through a saddle now filled with a dam that
partially confines Lake Frey, but the pipeline delivery systems are also close to or cross the fault. In
addition, the holding reservoir located 1.6 km (1 mi) west of Cordelia Junction straddles one trace of the
fault, and pipelines carrying water from this facility to Vallejo cross the fault.

As can be seen from examination of the annotated map, the fault traces appear to lie along relatively
discrete lines. The apparent confinement of the fault-related topographic features to a single line should
not be interpreted too literally, because deformation or even displacement can take place well beyond the
main fault trace. For instance, using data limited to North American strike-slip faults, Bonilla found that
the maximum distance from the centerline to the outer edge of the main fault zone is 96 m (Bonilla, 1970,
fig. 3.8). If this is accepted for land-use purposes, a zone approximately 200 m (600 ft) when centered on
the mapped fault traces should be considered as zones of potential rupture, and as such should be carefully
investigated before locating sites for single-family dwellings or other structures of a noncritical nature,
More rigorous restrictions are appropriate for such critical uses as hospitals, emergency facilities, schools,
dams, or power plants.

Within the current limits of our knowledge, ground shaking for a magnitude 6.75 strike
is expected to be similar to that associated with the 1971 San Fernando earthquake in amplitude, frequency
content, and duration (R. A. Page, written commun., 1975). Such ground motion can greatly reduce the strength
of earth materials and help precipitate various types of ground failure. For example, if saturated, loose,
granular materials such as those found in areas of fill or interbedded in former marshland deposits are sub-

jected to accelerstion and velocity values associated with a 6.5 m earthquake, the materials could become
liquefied.,

-slip earthquake

Because of the relatively large amount of landsliding; in the immediate vicinity of the fault (Sims and
Frizzell, 1976; Frizzell and others, 19745 and Dooley, 1973), accelerated rates of downslope movement of these
deposits can be anticipated during a seismic event. This is especially true should such an event occur during
the wet season when the ground is nearly saturated.

RELATION OF THE GREEN VALLEY FAULT TO OTHER FAULTS IN THE SAN FRANCISCO BAY REGION

The San Andreas fault is an active right-lateral strike-slip fault that extends northwest from southern
California through Hollister to Cape Mendocino. It is the master fault in a system that includes the Hayward,
Calaveras, Concord, and Green Valley faults, among others. The Green Valley fault is the northernmost active
fault that has thus far been directly tied via the Concord and Calaveras faults to the divergence of the
San Andreas and Calaveras faults near Hollister. Burford and Savage (1972) believe that these subsidiary
faults are the easternmost boundaries of the San Francisco wedge or slice of the crust of the earth, the San
Andreas fault being the southwestern boundary. Recognition of the northwestern extension of the Green Valley
fault is complicated by the amount of large-scale landsliding north of the map area. However, the map of
preliminary epicenters indicates that the trend of earthquakes extends beyond the mapped trace by at least
22 km (14 mi). Still farther to the northwest the known epicenters die out, but the lack of epicenters may
only be a function of the paucity of seismographs in that area. Although there are as yet no known connections
between the Green Valley fault and active faults to the north, J. D. Sims (oral commun., 1974) notes that
active faults with strikes similar to the Green Valley fault exist in the area of Clear Lake, and Carter Hearn
(oral commun., 1975) and Robert McLaughlin (oral commun., 1975) both believe that faults with recent movement
could extend as far south from the Clear Lake area as Collayomi Valley. Possibly these faults are a continu-

ation of the easternmost boundary of the San Francisco wedge. Clearly, work needs to be done to study this
possibility.
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