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Active Folds and Blind Thrusts, San
Francisco Bay Region, An Overview
Jayko, A.S., U. S. Geological Survey, 345
Middlefield Rd., Menlo Park, CA 94025

The need for a better understanding of the
seismic risk posed by active blind faults is
evident from recent damaging earthquakes in
northern and southern California, including the
Coalinga 1983, Loma Prieta 1989, Petrolia
1992, Northridge 1994, and Whitter Narrows
1987 events. These events are moderate
magnitude 6.5 to 7.1 and yet represent a
substantial and costly hazard (combined damage
estimates of 30.5 billion dollars, Figure 1).

LOCATION OF RECENT LARGE EARTHQUAKES
on blind thrust or reverse faults
(1983-1994)
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Figure 1 Map showing location of recent large

damaging earthquakes in California

Understanding the paleoseismic history of
blind faults (Figure 2), the active faults which

do not breach the earths surface, and which
often terminate at depths of 5-10 kilometers
poses a challenging problem to earth scientists
because their location and displacement rates,
and thus the inferred seismic slip rate, must be
derived from inference and cannot be directly
measured.

Surface expression of
Blind Thrust

Fault Propagation Folds

Figure 2 Diagram illustrating blind thrust fault, thrust tip

line and associated surface folds.

Active folding and Quaternary vertical
displacements are the most direct indicators of
the potential location of active blind faults, thus
one of the first steps towards understanding the
seismic risk posed by blind faults is to gain a
thorough understanding of active folds, their
structural association, and their structural
geometry within the subsurface.

Major aspects to the problem of
understanding how active folding can contribute
to evaluating seismic risk associated with blind
faults are to locate the structures and establish
geologic and geomorphic criteria which indicate
the recency of displacement, and the rate of

deformation. The second is to constrain the




possible fault geometries at depth that give rise
to the observed fold sequence.

Blind thrust faults are those faults which,
unlike the major strike-slip faults in the bay
area, do not produce a rupture at the earth's
surface, and thus do not produce a readily
mappable fault trace. Such faults must be
inferred by geophysical, geomorphologic and/or
structural methods. These faults do produce
actively growing folds by repeated motion on
associated faults (Stein, Ross S., et al, 1992,
Ekstrom, et al, 1992; Yeats, Robert S, 1987;
Bullard, Thomas F., et al, 1993). Active folds
are an indicator of blind faulting, thus an effort
to portray the scale and deformation rate of
active folds is crucial for developing a complete
seismic risk assessment of the region. Vertical
displacements provide a good indication of
crustal upheaval associated with such folding.

The deformation rates of folds can easily be
an order of magnitude or two lower than those
found along active strike-slip faults in the San
Francisco Bay region (for example, 0.3 mm/yr
versus 1.0 to 3.0 mm/yr respectively). A large
amount of uncertainty is associated with
quantifying the low strain rates of the recent
past. The deformation associated with folding
will also be more diffuse thus, establishing
Holocene displacement per se, especially on
large structures is non trivial. Establishing the
Holocene-Pleistocene deformation is more
realistic for a region, such as the San Francisco
Bay area which is characterized by moderate to
low crustal shortening rates.

The topographic relief of the San Francisco

Bay region is a crude indicator of recent tectonic

activity. There is general consensus that major
regional topographic highs are structurally
controlled. There is also general consensus that
most of the topographic relief in the area is
fairly youthful, probably late Pliocene and even
younger, thus a reasonable expression of
Quaternary tectonics (cf. Lawson 1893,
Christensen, 1965; Burgmann and others, 1994).
The 1989 Loma Prieta event is considered a
good analog for indicating the potential scale of
a fold structure associated with a medium sized
earthquake on a blind thrust. Structures of the
size of Ben Lomand Mountain (mountain range
scale) are considered to be the primary target
scale for identification and compilation as these
have the greatest potential for being a seismic

source.

CONCERT Working Group

The effort to develop an active fold and
blind thrust map for the San Francisco Bay
Region was initiated during a CONCERT
(Coordinating Organization for Northern
California Earthquake Research) workshop on
Resolving the Tectonic Framework of the San
Francisco Bay Area, held April 18-20 at the
U.S. Geological Survey, Menlo Park (Brocher
and Furlong, 1994). Participants of this
workshop agreed to form a working group
(Appendix IV) to help resolve issues regarding
active folding and contribute expertise towards
the compilation. The impetus to form such a
working group is motivated by the need to
evaluate the earthquake hazards posed by blind
thrust faults.



One of the first objectives was to compile a
map from the existing sources that can be used
to assess our current understanding of active
folding in the region, and that will help define
future research needs to adequately address the
local hazards due to blind thrusts. Some of the
issues for which consensus has been sought are
1.) to define the basic tectonic and geologic
features that need to be mapped, 2.) to establish
guidelines regarding the quality and confidence
rating of the information, 3.) to set up guidelines
for database management of fold related
information, and 4.) to set up guidelines for
compilation priorities and future research
activities that address problems related to active
folding and blind thrusting.

The scope of the current task includes: 1)
proceeding with the available information to
produce a database that is essential to urban
planners, and 2.) prioritizing a longer term
research strategy so that we focus efforts
towards improving our understanding of the
crustal manifestation of active folds.

This preliminary compilation of a fold map
for the San Francisco Bay Region (Plate I) has
been compiled from existing published and
unpublished geologic data available within the
geologic community. The compilation serves
the purpose of providing a summary of the
current state of knowledge concerning blind
faults and active folding in the San Francisco
Bay Region. This map will primarily indicate
the location of areas where late Cenozoic
folding has occurred, further work will be
required to determine whether such structures

are active in the present tectonic regime, and

their relation to subsurface structures. The map
will also serve the purpose of indicating the
location of regions which require additional
study.

Although the emphasis of the project is to
identify the seismic hazard posed by potentially
active blind thrust faults, any late Cenozoic fold
of possible Quaternary age that could be
underlain by an active fault, whether that fault
has thrust, strike-slip or normal displacement
has been characterized on the map. We
recognize that the sense of displacement on a
fault which underlies an active or late Cenozoic
fold may be ambiguous based on surface data
alone, and could require further subsurface
investigation.

The urgency to compile the best available
data concerning active folding was augmented
by the need for information on the slip-rate and
location of seismically active faults that could
be integrated into the probabilistic seismic
hazard map. The probabilistic seismic hazard
map is one of the sources of data which is used
to help define new national and regional
building codes and is scheduled for revision in
1995-1996.

This preliminary compilation is an interim
product in the sense that the effort to produce an
accurate and reliable active fold map indicates
some of the paucity of data, and limitations in
available means to distinguish active folding
from Neogene and Pleistocene folding, as it
does a robust understanding of the active
tectonics. Thus, the map also serves the purpose
of directing attention to high priority areas and
topics which require additional study.



This compilation is a cooperative effort
between private consulting companies including
Cotton and Associates, Dames and Moores,
Geomatrix, Harlann, Tait and Associates, Lettis
and Associates, Norfleet Consultants, Weber
and Associates; academic institutions including
Cal State Hayward, U.C. Berkeley, Stanford
University, and government institutions
including California Division of Mines and
Geology, Lawrence Berkeley Labs and the U.S.

Geological Survey.

Project Objectives

The primary objective of this project
was to compile and provide a source for
information concerning the location, and
where possible, the rates of deformation of
late Cenozoic, in particular, Quaternary
folds. The project was narrowly limited to
folding, and potentially youthful blind
thrusts, as there has previously been
extensive work concerning Quaternary
surface faulting and fault slip rates. An
effort was made to exploit the expertise of
the local geologic community, to make
available information that exists in
unpublished and/or obscure technical
reports, and to provide documentation
necessary to estimate potential slip-rates on
active structures. This report represents a
compilation of existing data. Future efforts
will be directed towards extracting
information, and reinterpreting existing data
set with respect to magnitudes and rates of
deformation, as well as additional

Quaternary studies.

In order to be as systematic and
thorough as possible, database forms
(Appendix II) that itemize much of the
salient information were used by compilers
to list characteristics of the folds. This data
has been entered into arc-info digital
formats. The tabulated data, the fold
structures and short abstracts make up the
bulk of the report. |

Contributions to Database

There is a variety of data and levels of
synthesis presented in this report. The primary
purpose of the report is to make available the
information concerning late Cenozoic folds that
is currently known in the geologic community.
Some contributors submitted only location
information, others submitted complete database
information (see database form, Appendix IL.),
abstracts and a brief synthesis. There was a full
spectrum of material submitted for this
preliminary compilation. We are very grateful
to all the compilers and working group members
who volunteered to undertake this task within a
short time frame. We welcomed all information
that was available and encouraged contributors
to make their best estimate of strain rates for the
regions they were familiar in spite of the many
uncertainties involved. This effort indicates the
present state of knowledge concerning active
folding in the San Francisco Bay region and
helps indicate the direction and location of
future studies.

The methods for constraining active
folding and blind thrust faulting presented in

this report consist of results of Quaternary




marine terrace stratigraphy (Lajoie), regional
and detailed geologic mapping and map
compilation (Angell, Bonilla, Buising and

Wakabayashi, Crampton, Graymer, Kelson,

McLaughlin and others, Nolan, Unruh, Wagner,

Wesling, and Wentworth), gravity modeling

(Jachens; Page and Kovach), seismic reflection

profiling (Lewis, Weber-Band, Marlow,

McCarthy and others, Williams, P.L.; Williams

and others), geomorphology (Kelson and
Hitchcock; Jayko) and numeric modeling
(Roering and others). Figure 1 shows the
location of study areas and Figure 2 shows the
location of seismic reflection lines, stream

profiles, and published structural sections.

Database Fields

The folds database was designed to
accommodate structural and tectonic
information as well as that concerning active
deformation and potential seismic hazard
from blind thrust faulting. The database
fields describe the dimensions of the fold,
the vertical and horizontal deformation rates,
and the accumulated strain, which are the
most important information needed to assess
the seismogenic potential of the associated
thrust system. In most cases the strain
quantities are derived from geologic or
geomorphic data, principally through
determining line-length changes estimated
from structural or topographic cross-
sections. Fields also describe the type of
geologic and geomorphic horizons that
define the fold, and the method for dating

the horizons. This information can be used

to help assess the reliability of the strain data
that is inferred from the geologic record.
Likewise, database fields describe the
availability of drill hole and seismic
reflection data which help to constrain the
subsurface geometry of folds, and thus the
magnitude of displacement.

Many of the database fields contain a
value that is derived or inferred. An
associated field indicates the confidence in
the derived value. The confidence is
subjective and made by the compiler based
on weighing the quality of the constraints on
the various kinds of data input that
determine the age of materials and
stratigraphic position. Geologic and
geomorphic units of a wide range of ages
from Holocene to late Miocene were used to
constrain the deformation rates and potential
location of structures. A wide variety of
geochronologic methods have been used to
determine the age or age range of geologic
horizons, units, members, beds, and
geomorphic surfaces. Age determinations
have been made from soil stratigraphy,
radiocarbon dating, apatite and fission track
dating, and floral and faunal remains. The
magnitude of uncertainty varies with each
method applied, with the quality of material
preserved, and with other analytical
uncertainties inherent in the methods. For
the upper and lower age limit of various
structures, different age dating techniques
are applied at different horizons. Thus,
quantifying the age uncertainty is a

formidable problem. Likewise, the strain




rates for many of the structures were
determined by change in line lengths
determined from structural sections. The
quality and accuracy of structural sections is
in part a function of available subsurface
data including drill hole and seismic
reflection. Thus at most localities where
deformation rates were determined from
geologic data the factors contributing to
uncertainties in the derived rate values are
numerous. We have not attempted to
systematically quantify the error or
uncertainty. The confidence ratings used in
this database 5 (high) to 1 (low) represents
the compilers subjective assessment of these

factors.

Table 1 shows the list of categories and
definitions that are presented in the tabulated
data submitted by the compilers. Figure 3
shows the age range coding | - 7 that was
entered into the age-min and age-max fields
of the tabulated data. Almost all compilers
who submitted database forms for structures
also submitted short abstracts although there

are a couple of exceptions.

Report Format

The contributions in this report have
been organized geographically. All of the
information for the offshore area was
provided by S.D. Lewis. A number of
papers address structures in the Santa Cruz
Mountains, and in particular, the Monte
Vista fault zone which lies along the eastern

range front near Los Gatos. There are

several papers that describe seismic
reflection data from the east bay area along
the delta, and less comprehensive coverage
of Napa-Sonoma area and the southeastern
Diablo Range.

The contributors submitted maps of
various scales (scales of the original data
and compiled data are entered into the data
base) which were scanned and vectorized.
Nearly all of the map figures that
accompany the abstracts were extracted
from the arc-info coverage. The tabulated
data was submitted on the database forms
and extracted from the arc-info attribute
table. Only filled field areas were extracted
and tabulated. The arc-line number is listed
in the tabulated data and displayed on the
accompanying page size maps. In general,
only fold structures were submitted and
compiled. In the delta area, however; J.
Weber-Band mapped the location of the tip-
line of buried thrust faults from seismic
reflection data, which is an important new
contribution. Most of the faults that are
shown in the on-shore area were compiled
from the 1:750,000 California Division of
Mines and Geology, Quaternary Fault Map,
some faults were also compiled from the
1:250,000 scale geologic maps.

Coordination with other U.S.G.S. Projects
The results from this report contribute to two

U.S.G.S. projects concerning active faulting and

seismic hazard assessment, the Major Active

Faults of the Western Hemisphere Map that is




being coordinated by Mike Machette, and the
Probabilistic Seismic Hazard Map coordinated
by Art Frankel which meets national needs for
providing input to new national and regional
building codes. Both of these regional projects
are scheduled for completion during the 1996
calendar year. Data provided by the CONCERT
Active Folds working group will be integrated
into another consensus group database on slip-
rate magnitudes that has evolved in response to
needs outlined in the context of the Probabilistic
Seismic Hazard Map during a workshop help in
Menlo Park on the 3rd of November, 1994.

Internet Access

For those with access to the internet, a FTP
directory where files can be transferred and
stored has been set up on sierra.wr.usgs.gov.
There are two directories, one located in
/incoming/bayarea_folds/ where files can be put
for temporary storage, the other is located in
/outgoing/bayarea_folds/ where text and data
files that can be copied or read will be stored.
The directories are accessible by anonymous
FTP, which means they are accessible to the
general public. The incoming is read-copy-
write access, the outgoing is read-copy only.
Information that should not be modified at
random will be kept in the outgoing directory.
There is currently the database form in Word 5
and compilation guidelines in the outgoing
directory. ARC-INFO export files will be added
in the future for those with access to ARC GIS
systems.

The results of the initial compilation effort

synthesized herein consist of 1.) a structural

10

map showing geologic and geomorphic features
indicative of active uplift and potentially, active
folding; 2.) an index map showing the location
of information provided by compilers; 3.) a
postscript file which summarizes information on
the structures and is accessible via anonymous
ftp on sierra.wr.usgs.gov; and 4.) additional
references.

It is hoped that this compilatioh improves
our understanding of the active tectonics of the
region and helps to focus future research
activities regarding the deformation mechanisms
and rates that are responsible for the

developments of active folding in the region.
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Table 1.

The following abbreviations are found in the open-file text tables.

Arc Lnid
Compiler(s)
Institution

D of submis
Project/Contract
Map_scale
Original_source_scale
Structure_Name
age_min

age_max

Age_control

Inclined Geomorphic surface
horiz short (km)

cl

Shortening rate mm/yr
c2

vert rate mm/yr

c3

Initiation of folding (Ma)
c4

Termination of folding (Ma)
¢S

Method
Rate ave time length
Para ss

dist from fault

Ave Ori

Distance fm faults
Ave. Trend

Arc Line identity number

Date of submission to database
USGS Project or Contract number

Map_scale of submitted compilation

Fold or Fault Structure_Name

Minimum age of structure

Maximum age of structure

Source of stratigraphic or geomorphic Age_control

Inclined or otherwise deformed Geomorphic surface

Magnitude of horizontal strain (E) shortening (units km)

cl, confidence in the estimate of magnitude of horizontal strain 1(high) to 5
(low)

Shortening rate, strain rate in the horizontal direction (units in mm/yr)

c2, confidence in the estimate of the shortening rate, 1(high) to 5 (low)

Vertical displacement rate (units in mm/yr)

3, confidence in the estimate of the shortening rate, 1(high) to 5 (low)

Estimate of the timing of the initiation of folding (units Ma)

c4, confidence in the estimate of the timing of the initiation of folding, 1(high) to
5 (low)

Estimate of the timing of the termination of folding (Ma)

c5, confidence in the estimate of the timing of the termination of folding, 1(high)
to 5 (low)

Method of determining strain rates, and magnitude of displacement

Lenght of time over which the displacement rate was determined or averaged
Does the fold parallel a strike-slip fault? (yes or no)

If the fold parallels a strike-slip fault, what is the average distance from the
fault? (units km)

If the fold does not parallel a strike-slip fault, what is its obliquity with respect to
the fault.

What distance does the oblique fold lie from the fault?

Average Trend of the fold (0 - 360 degrees)
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Plunge Plunge (0 - 90 degrees)

Ave AP strike Average Axial Plane strike (0 -360 degrees)

AP dip Axial Plane dip (0 -90 degrees)

AP dip dir Axial Plane dip direction (n ne e se s sw w nw)

Confidence of location Confidence of location of the fold trace on the map (Definite, Probable,
Possible)

Verge dir Vergence direction (n ne e se s SW W nw)

Multi or seg Is the fold part of a larger zone or segmented? (yes or no)

Interlb ang Interlimb angle (O - 179 degrees)

Bck-1b strk Back-limb strike (0 -360 degrees)

Bek-Ib dip Back-limb dip (0 -90 degrees)

Bck-1b dip dr Back-limb dip direction (n ne e se s sw w nw)

Bck-lb dim (km sq) Back-limb dimension (units km sq)

Fr-Ib strike Fore-limb strike (0 -360 degrees)

Fr-ib dip Fore-limb dip (0 -90 degrees)

Fr-1b dip dr Fore-limb dip direction (n ne e se s sw w nw)

Fr-1b dim (km sq) Fore-limb dimension (units km sq)

half wvigth (km) Half wavelength of the fold (units km)

fold type fold type, anticline A, syncline, S homocline, H, upright, U, open, O gentle, G,

inclined, I, asymmetric AS

fold style fold style, fault bend fold, fault propagation fold, en echelon, unknown
Geodetic Geodetic data available? (yes or no)
Reference Reference for geodetic data

Subsurface data Subsurface data available? (cite reference)
Structure sections Structure sections available? (cite reference)
Drill Hole Drill Hole data available? (cite reference)
Seis Reflct - Seis Reflction data available? (cite reference)
Grav Gravity data available? (cite reference)
Historical Seismicity Historical Seismicity (cite reference)
Mag/event List Magnitude and name of event

Depth Depth (units km)

Distrib microseis Distributed microseismicity (cite reference)

Reference or comments
Additonal References
Extra Extra (This space was used to enter an arbitrary end of line character for

imported file)
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Figure Captions

Figure 1 Map showing location of compilation areas for the Late Cenozoic Folds and blind
thrusts of the San Francisco Bay Region.

Figure 2 Map showing sources of profile data used in the fold map compilation.
Figure 3 Time-scale showing age range of folds designated on fold map and in database.
Numbers 1-7 show the ranges of age that are used in the tables to indicate age

range under age min and age_max.

Figure 4 Map showing the location of Late Quaternary folds (<750,000 Ma), San Francisco
Bay region

Figure 5 Map showing location of Quaternary folds, San Francisco Bay region.
Figure 6 Map showing location of Pliocene and younger folds, San Francisco Bay region.

Figure 7 Estimates of vertical displacement rates in mm/yr, Coastal data from Lajoie, 1994 per.
comm. Late Quaternary folds also shown.

Figure 8 Estimates of horizontal displacement rates in mm/yr.

Figure 9 Estimates of the magnitude of horizontal displacement across individual folds, folds
shown as dotted line.

Figure 10 Inclination of fold axial planes.
Figure 11 Interlimb angles.
Figure 12 Trend of folds.

Figure 13 Plunge of folds.
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SAN FRANCISCO BAY REGION

Quaternary folds, 0.75 mybp and younger

Data extrated from arc-info digital database

s
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Figure 4




SAN FRANCISCO BAY REGION

Quaternary folds, 1.8 mybp and younger
Data extrated from arc-info digital database

1.2

Figure 5
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SAN FRANCISCO BAY REGION

Estimates of the vertical
displacement rate (mm/yr)

Data extrated from arc-info database
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Figure 7




SAN FRANCISCO BAY REGION

Estimates of the rate of horizontal
displacement normal to fold hinge (mm/yr)

Data extrated from arc-info database

Figure 8




SAN FRANCISCO BAY REGION

Folds with estimates of horizontal
displacement (km)

Data extrated from arc-info database

Figure 9




SAN FRANCISCO BAY REGION

- '5&0 i Y
~ 784 80 ; s,
% Sod . SN
sm -~
g \.“\7}7 ‘
{ “az
N\
“80
. 82
90
K
3 "3=2e0: 2 'i?}‘:‘
~~{§115 3 » - \\
” N -\~~~ ‘q‘.\p s \:\\\.\
STy, w388 Y iy
T, W90 oS
Vo ‘\
- -~ ~ -
‘:\\ S LN
-.
[N Sotad
L T w0
‘N\ \“«
KR %y, 80
s.. \.
'-:~~75
\~bo
: 4
S
85, .. 88
‘:“~‘\--ﬁl
Fold Axial Plane Dip magnitude N e
Data extrated from arc-info database '
2 “;Q
/ Ry

Figure 10

24




SAN FRANCISCO BAY REGION

Estimates of Fold Interiimb Angles m\%"q‘%
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SAN FRANCISCO BAY REGION
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OFFSHORE

Fault and Fold Map of the Central
California Continental Margin, San
Francisco Bay/Monterey Bay Region
Stephen D. Lewis, U.S. Geological Survey,
M.S. 999, Menlo Park, California 94025

One of the most important concepts that
has recently developed regarding earthquake
hazards in the San Francisco region is that the
zone of crustal strain, both coseismic and
aseismic, extends over a very broad zone that
is loosely centered about the active strands of
the Calaveras, Hayward, and San Andreas
faults. Outlying features, such as the Concord
fault to the east and the San Gregorio fault to
the west, are now recognized as important
elements that must be included in any attempt
to understand regional deformation patterns
and mechanisms of strain release.

A regional grid of Common Depth Point
seismic reflection profiles acquired by both the
USGS and by industry provides the basis for
mapping zones of active folding and thrust
faulting beneath the continental shelf and
slope of the San Francisco Bay-Monterey Bay
region. One zone, beneath the inner
continental shelf between Santa Cruz and Ano
Nuevo, is composed of an imbricate fan of
landward-dipping faults with associated folds
in the sediment section of the Outer Santa
Cruz Basin. The San Gregorio fault zone
defines the landward boundary of this zone,
which is currently seismically active. Seaward
of the San Gregorio fault, the mapped traces of
thrust faults trend more westerly than does the

San Gregorio fault itself.

28

Depth-migrated seismic profiles in this
region exhibit several horizontal to gently
eastward-dipping reflection events. The
shallowest event, between 2 and 3 km depth, is
probably a detachment related to the San
Gregorio and other faults beneath the
continental shelf. The deepest event resolved
by the pre-stack migration dips eastward from
a depth of roughly 8 km beneath the
continental slope to a depth of about 16 km
(approximately 5-8 s. reflection time) beneath
the inner continental shelf. Both pre-stack
migrated and DMO stacked profiles also show
similar landward-dipping reflectors at depths
between 5 km and 10 km. The deepest
reflection event probably represents oceanic
crust subducted beneath the California
continental margin at an unknown time, while
the shallower reflectors reflect low-angle
faults within Franciscan rock units and
Neogene sedimentary rocks deposited on the
continental shelf and slope.

A second zone of thrust faults extends for
about 75 km along the seaward edge of the
continental shelf, but appears to be seismically
quiet. This zone is characterized by a narrow
zone if discontinous faults and small folds that
parallel the continental shelf break from the
latitude of Pigeon Point northwestward to the
Point Reyes region. A third zone of thrust
faulting and folding is present in the Point
Reyes Peninsula region, where seafloor erosion

has breached actively-growing folds.
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Fold axes for the northern Santa Lucia
Mountains
Nolan, J., Weber and Associates

Folds and associated faults in the Santa Lucia
Mountains were compiled on a 1:100,000 scale
map. In addition, information summarizing fault
activities in the area is presented as a close
indicator of fold activity. The faults, as a group, are
right-lateral reverse oblique and reflect a northeast-
southwest crustal shortening. Folds closely
associated with faults tend to be tightly oppressed,
overturned synclines, while folds between major
faults tend to be more open anticlines.

Evidence for active folding includes folding of
the Plio-Plistocene Paso Robles Formation with
dips ranging up to 28 degrees, tilting or warping of
Pleistocene age stream terrace deposits, and
youthful flexural slip faulting in the Monterey
Formation. There are several folds in the southern
portion of Fort Ord, north of Highway 68, that
appear to be active. The Pliocene erosional surface
on top of the Monterey Formation appears to be
folded based on sub-surface contouring
(Rosenbertg and Clark, 1994, PLATE 1). This
surface is overlain by Paso Robles Formation. Age
estimates for the Paso Robles Formation are
inprecise in this area as the unit is a poorly defined
mixture of various depositional lithologies.

The best estimate of fold rates is 5.2x10€-5
rad/ka to 3.5x10e rad/ka based on folding of the
erosional surface and an assumed age for the
surface of 1.12 million years. With regard to
younger stream terrace deposits, deformation often
appears related to localized deformation along fault
zones rather than large scale folding, although a
systematic study of terraces might be useful in
demonstrating fold activity and fold rates. Flexural
slip faulting has not been studied and precious little
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neotectonic work has been done in the Santa
Lucias.
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SUMMARY OF FAULT ACTIVITY

Fault Activity
Ord Terrace Unknown. Mapped from subsurface data, no
Most recent expression of fault at surface in pre-
documented Holocene dune fields. Offsets earliest
movement is Pleistocene Paso Robles Fm.
early Pleistocene.
Seaside Unknown. Mapped from subsurface data, no
Most recent known expression of fault at surface, offsets Paso
movement. Robles Fm.
Early Pleistocene.
Chupines Questionable. Minor vertical separation noted on Paso
Late Pleistocene. Robles Fm. Possible offset of Late
Possible Holocene. Pleistocene/Holocene deposits.
Navy Questionable late. No direct evidence for Pleistocene offset.
Pleistocene/Holocene. | Evidence for movement is all inferential.
Activity
Sylvan Thrust Holocene! Thrust fault mapped along base of ridge.
Possible landslide origin not ruled out, but
appears to be spatially associated with
micCro seismicity.
Tularcitos Holocene' Two exposures show offset Holocene age

material. Also associated with micro
seismicity. Two right reverse oblique focal
mechanism solutions.

Holton Canyon Fault

Pleistocene!

Has some associated micro seismicity.

Cypress Point Fault Pre-Quaternary, Greene found late Pleistocene offset on an
Questionable offshore fault that aligns with the Cypress
Pleistocene (Minor) Point Fault, but no reliable evidence for
Quaternary movement on shore.
Cachagua Fault Quaternary?* Evidence precludes movement in the last
100,000 years.
Blue Rock Fault Holocene? Trenching on the over thrust block shows

(San Clemente Thrust)

soil cracking/offset that may be indicative
of extensional collapse in the thrust block.
Soil filling the cracks was dated at 2000-
3000 ybp.
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SUMMARY OF FAULT ACTIVITY

Palo Colorado Fault

Unknown

Greene (1978) has concluded that the Palo
Colorado Fault is the landward extension
of the San Gregorio. If true, the Palo
Colorado would be Holocene active.

Rocky Creek Fault

Quaternary?

Spatially associated with the MS.2 Big Sur
Earthquake of 1984*. 1st and 2nd
emergent marine terraces appear to be
warped (folded?) between the Rocky Creek
and Sur faults.®

Sur Fault Zone

Quaternary?
Holecene?

Preliminary field reconnaissance suggests
Pleistocene activity of some elements of the
fault system, but no documented
Quaternary offsets have been reported.
Some researchers® consider elements of this
fault zone to be the southward

continuation of the San Gregorio Fault, in
which case it is Holocene active.

. Rosenberg & Clark 1994.

Cotton and Associates, pers. com. 1995.

. Weber, Hayes & Associates 1995

4, Tuttle 1985.
S. McKittrick, 1988.

6. Hall, 1991.
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Late Cenozoic folds and thrust faults, San
Francisco South quadrangle

Bonilla, M., U.S. Geological Survey, 345
Middlefield Rd., MS-977, Menlo Park, Ca.,
94025

Northwest-trending folds were identified
in the Pleistocene Merced Formation within
a band extending some 3 km northeast of the
San Andreas fault. Several of these folds are
younger than the 0.4 Ma Rockland ash bed.
A few of the folds are asymmetrical, verging
northeastward, and may reflect the
northwestward extension of the Serra thrust
fault.

The Serra fault zone cuts the Colma
Formation, and one strand probably cuts an
A-horizon soil that may be Holocene
(Bonilla, 1994). The Colma Formation has
been estimated to be on the order of 0.1 Ma
(Clifton and Hunter, 1987), but some of it
may be younger; a bore-hole sample gave a
radiocarbon age of about 34,000 years
(Caldwell-Gonzalez-Kennedy-Tudor, 1982;
J.R. Powell, 1993, personal communication).
A radiocarbon age of 10,540+250 years
(Rubin and Alexander, 1960, p. 155) from a
stream terrace younger than the Colma
formation shows that the Colma is older than
10,000 years. The Serra fault zone is in line
with but spatially separated from thrust
faults to the southeast which have a similar
structural relation to the San Andreas and
have earthquakes associated with them.
Epicenters of a few small earthquakes have

been plotted in the Serra fault zone, but

whether these earthquakes are actually on

the nearby San Andreas fault is currently
unknown (Brabb and Olson, 1986; Zoback
and others, 1995).

Brabb, E.E,, and Olson, J.A., 1986, Map showing
faults and earthquake epicenters in San Mateo
County, California: U.S. Geological Survey
Miscellaneous Investigations Series Map I-1257-
F, 1:62,500.

Bonilla, M. G., 1994, Serra fault zone, San Francisco
Peninsula, California [abs.]: EOS, Transactions,
American Geophysical Union, v. 75, no. 44,
Supplement, p. 681. (1994 Fall Meeting, San
Francisco)

Caldwell-Gonzalez-Kennedy-Tudor, 1982, Bayside
facilities plan, expanded geotechnical
investigation, geotechnical reference report: San
Francisco, California, Caldwell-Gonzalez -
Kennedy-Tudor Consulting Engineers, 127 p.

Clifton, H.E., and Hunter, R.E., 1987, The Merced
Formation and related beds: A mile-thick
succession of late Cenozoic coastal and shelf
deposits in the seacliffs of San Francisco,
California, in Hill, M.L., Cordilleran Section of
the Geological Society of America, Centennial
Field Guide, v. 1, p. 257-262.

Rubin, Meyer, and Alexander, Corrinne, 1960, U.S.
Geological Survey radiocarbon dates V:
American Journal of Science Radiocarbon
Supplement, v. 2, p. 129-185.

Zoback, M.L,, Olson, J.A., and Jachens, R.C., 1995,
Seismicity and basement structure beneath south
San Francisco Bay, California:, p.31-46 in
Sangines, EM., Andersen, D.W., and Buising,
AV, eds., Recent geologic studies in the San
Francisco Bay Area: Pacific Section, SEPM,
Book 76, 278 p.
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Arc Line identity
Compiler(s)

Structure

Age minimum
Age max
Age control

Parallels strike-slip
Distance from fault

Average Orientation
Distance from faults
Axial Plane strike
Confidence of location
Multiple or segmented
Fore-limb strike
Fore-limb dip

Half wavelength (km)
Fold type

Fold style

Reference

w
OO  Additonal References

319
Bonilla,
Manud G.
1

1
1
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nology,
less than
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3 km, San
Andreas

Probable

monocline
unknown
Hengesh

Wakabaya-
shi, 1994
abst

320
Bonilla,
Manuel G.
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antcline
1
1
tephrochr
onology,
less than
Merced
ash
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3 km, San
Andreas
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Definite
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Estimates of Deformation Rates and Earthquake
Recurrence Intervals, Stanford area

Page, B., and Kovach, R., Department of Geology,
Stanford University, Stanford, California

The minimum length of the monocline is 8.5 km. Its
vertical amplitude is 8-0 m at Campus Drive West, and
17.4 m at Page Mill Road. Its maximum dip (i.e., slope of
the topographic surface) is 2 degrees at these two
localities, and is much less in some other laces. The
general slope of the Late Pleistocene alluvial fan surface
where unaffected by the monocline is less than 1 degree,
ranging from 14 to 35 minutes. The monocline involves
the Late Pleistocene alluvium, which is estimated to be
between 10,000 and 70,000 years old (Helley et al.,
1979). We have evidence suggesting that the nearby
Coast Ranges, in their present configuration, have risen at
an average rate of 1-3 mm/yr, commencing ca. 450,000
years ago (Page, 1992). However, our recent survey of the
100-year-old pavement under the arcade along the east
side of the main Stanford quadrangle did not show any
deformation ascribable to movement of the monocline,
which underlies nearly half of the length of the pavement;
hence the current growth rate is very slow or nil.

It is not clear when deformation of the monoclinal
began. It could have started 1,000 years ago or 70,000
years ago and we do not know when, or if, it has ceased
deforming. Therefore we cannot calculate the strain rate
directly.

Our best estimate of the growth rate is based on the
likelihood that the monocline did not grow faster than the
nearby Coast Ranges, which we believe rose at a rate of
1-3 mm/yr; if so, it only required 17,400 years to reach its
height of 17.4 m at Page Mill Road. The 17,400-year
growth would easily fall within the probable length of
time that has lapsed since deposition of the Late
Pleistocene alluvium that is involved in the deformation.

A blind thrust or reverse fault is assumed by us to
have produced the monocline. Current subsurface activity
in the area between the monocline and the San Andreas
fault causes micro-earthquakes which have been studied
by J.A. Olson (informal commun., 1994). A number of
the micro-earthquakes show reverse-slip mechanisms, and
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the foci lie within an elongate envelope dipping SW

quasi-parallel with some of the focal planes (Kovach and

Page, in press). If the monocline was produced by a blind

fault dipping 55 degrees, like the aforementioned

envelope and some of the focal planes within it, the total
slip on the fault was 21.1 m, producing 17.4 m of vertical
deformation at Page Mill Road. On the other hand, if the

blind fault is a 30-degree thrust, the total slip was 34.8 m.

The assumed vertical growth rate of 1 mm/yr for a period

of 17,400 years would require an average slip rate of 1.2

mm/yr for the 55-degree fault, and 2 mm/yr for the 30-

degree thrust. If the postulated fault is still active, for

which there is no compelling evidence, the strain build-up
leading to a sudden 200-mm slip and an M 5.5 earthquake

would recur every 164 years on the average for the 55-

degree fault, and every 100 years for the 30-degree thrust.

Such strain rates, if still applicable, would have produced

visible 20-cm distortion in the 100-year old Stanford

quadrangle. Therefore we tentatively conclude that the
postulated blind fault and the monocline itself are not
currently active.

Degree of confidence in estimates
The Late Quaternary age of the Stock Farm

monocline is definite, inasmuch as the flexure is younger

than the Late Quaternary alluvium which it affects. We
suppose that our estimates of the growth rate of the
monocline, slip rates on the postulated causative fault,
and recurrence intervals of earthquakes are probable

within subjective error bars of plus 100% and minus 50%.

Our tentative conclusion that the monocline and causative

fault are inactive needs critical review and a better data

base.

Scotese, T.R., 1988, manuscript report on the Lomita Mall tunnel,
Stanford. Includes geological sketches and notes along entire
length of tunnel within the Stock Farm monocline. File titled
"Notes & Reports to accompany Map 'Geological Observations

Near Stanford University," locked stack, Branner Earth Sciences
Library, Stanford Univ.

Dames & Moore, 1993, et seq., Private report on geology vis-a-vis
toxic waste, submitted to Hewlett-Packard Co. Includes logs of
drillholes in monocline, and geological cross sections. File titled
"Notes & Reports to accompany Map 'Geological Observations
Near Stanford University," locked stack, Branner Earth Sciences
Library, Stanford Univ.
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Characterizing the Deformation and
Seismic Hazard of a Blind Thrust Fault
near Stanford, California: Coseismic
Elastic Modeling

Joshua J. Roering, J Ramon Arrowsmith,
and David D. Pollard, Dept. of Geological
and Environmental Science, Stanford
University, Stanford, CA 94305-2115

The eastern side of Santa Cruz Mountains,
California, has shown high rates of
Quaternary uplift. From fission track data,
geodesy, and geomorphic analyses,
Burgmann et al. (1994) calculate uplift rates
of approximately 1 mm/yr. A series of
thrust faults including the Monte Vista,
Berrocal, Shannon, and Cascade faults,
which strike sub-parallel to and dip
southwest towards the San Andreas Fault,
would have to exhibit a cumulative slip rate
of 2-3 mm/yr to accommodate the observed
uplift. During the Loma Prieta earthquake of
1989, shortening and upheaval of sidewalks,
gutters and concrete paths occurred along the
strike of these thrust faults, which will be
referred to as the Southwestern Santa Clara
Valley (SSCV) thrust belt. This suggests
that slip along these faults is related to nearby
earthquakes. In addition, a zone of thrust-
dominated microseismicity coincides with
the position of the thrust belt. Recent
geomorphological studies conclude that the
SSCV thrust belt includes several poorly
characterized blind thrust faults. Because
blind thrust faults do not intersect the earth's
surface, methods other than conventional
geologic field mapping and paleo-seismic
investigations must be employed to identify
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and characterize them. This contribution
applies a mechanically-based model to
constrain the structural geometry, slip history
and seismic hazard of a blind thrust fault near
Stanford, California.

The relationship between blind thrust
earthquakes and near-surface folding has
been documented in several active tectonic
areas, including the Central Valley of
California, the Los Angelés Basin and the
Foothills of the Santa Cruz Mountains,
California. Our model assumes that
geological structures in active seismic areas
are generated from the accumulation of
coseismic displacements over the cycle of
earthquake events. Deformation generated
by faults within the upper 6-10 km of the
earth's crust may not be not subject to
significant interseismic stress relaxation or
isostatic response, so those processes are
treated as of secondary importance to the
model. Boundary element models that
describe the behavior of simplified fault
systems can be used to examine deformation
associated with blind thrust faults. We apply
a model that calculates displacements
resulting from the dislocation of a rectangular
plane in an elastic half-space. By modeling
observed surface displacements above a blind
thrust fault, we seek to quantitatively define
the geometry of the fault and gain insight
about its seismic potential.

The Stockfarm anticline trends northwest
from Page Mill Road (between Foothill
Expressway and El Camino Real) to the
northwestern edge of Stanford campus near



San Francisquito Creek and has a total length
of approximately 8.5 km (see Figure 1).
Sub-surface studies reveal Quaternary

folding in the upper layers of the structure,
which are primarily composed of units of the
Santa Clara Formation. The northeastern side
of the anticline dips northeast at
approximately 15 to 17°, while the
southwestern side dips southwest at about
50°. Near the crest of the anticline, an
angular unconformity indicates episodic
deformation and deposition about the same
fold axis. Ponded Quaternary alluvium on
the flanks of the anticline suggests tectonic-
induced deposition from uplifted terrane.

A profile of deformed units in the
Stockfarm anticline is modeled with the
displacement field of an initially flat surface
resulting from slip along a blind thrust fault.
Initially, we choose to idealize the buried
thrust as a single fault plane. Two distinct
fault models predict a fold with morphology
similar to that of the Stockfarm anticline (see
table). The first model is for a single
dislocation plane, the upper end of which is
located 0.4 km below the earth's surface. The
fault plane dips 20° £5 to the southwest and
has a down-dip width of approximately 0.4
km. The second model has a dislocation
plane whose top is (.25 km below the earth’s
surface. It dips 60° to the northeast and has a
down-dip width of 2 =1 km. Both models
predict regions of subsidence that correspond
with observed accumulations of Quaternary
alluvium. The displacement field for the
northeast-dipping fault model more closely

matches the observed deformation field,
however, faults of the SSCV thrust belt
generally dip to the southwest (See Figure 2).

Based on age estimates of the deformed
units and the amplitude of the fold, we
calculate the maximum uplift rate of the crest
of the anticline to be approximately 0.06
mm/yr. Assuming that the anticline deforms
by coseismic slip on the blind thrust fault, we
use the model fault dimensions and empirical
regressions relating the rupture area, moment
magnitude and slip of historical California
earthquakes to calculate the recurrence
intervals and slip rates of the two fault
models (See Table 1). For the fault plane that
dips shallowly to the southwest, we estimate
a recurrence interval of 700 180 years and
typical event moment magnitude < 5.0. This
fault would experience an average slip rate of
0.28 0.1 mm/yr. For the fault plane that
dips steeply to the northeast, we calculate a
recurrence interval of 2,400 500 years, a
typical event moment magnitude < 5.7, and
an average slip rate of approximately 0.13
mm/yr.

Both fault models produce deformation
rates that are consistent with other estimates
for uplift, shortening and slip on the
Southwestern Santa Clara Valley thrust belt.
Uplifted terrace surfaces indicate that
deformation rates in the thrust belt may be
episodic over the last 3 million years, with
the highest rate of uplift (1 mm/year)
occurring between 3 and 0.25 million years
ago. The fluctuation of these regional




Table 1. Summary of geometry and potential earthquake magnitude
for model buried thrust faults underlying the Stockfarm anticline.

Fault Model Summary Model 1 Model 2
dip SW 20 deg NE 60 deg
depth to top (km) 04 0.25
Max. uplift rate (mm/yr) 0.06 0.06
fault area (length x width, km) 8.5x04 8.5x20
recurrence interval (yr) 700 + 180 2400 % 500
moment magnitude (M)* 5.0 5.7
slip rate (mm/yr) 0.28 0.13

*Based upon empiricial regressions of magnitude vs. rupture area. (Dolan, et al., 1995)

deformation rates may be attributed to the
activation and growth of small-scale
structures such as the Stockfarm anticline.
Because the age of the Santa Clara formation
in the study area is poorly constrained, the
relationship between regional deformation
and the formation of the Stockfarm anticline
remains ambiguous.

The shallow depth of the modeled fault
planes suggests that the underlying blind
thrust fault may not be an isolated
seismogenic structure, but instead could be a
secondary feature related to deeper thrust
faults such as the Berrocal, Cascade, or
Monte Vista faults. The analysis of possible
mechanical interaction between large faults in
the seismogenic zone (e.g. the San Andreas
Fault) and small-scale structures (e.g. the
Stockfarm anticline) is yet to be completed.
Nonetheless, estimated Quaternary
deformation rates of the Stockfarm anticline
indicate that the Santa Clara Valley near
Stanford University could be at risk not only

from large strike-slip and reverse mechanism
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earthquakes, but also from coseismic slip
along a blind thrust fault underlying the
Stockfarm anticline.

Burgmann, R., Arrowsmith, R., Dumitru, T. &
McLaughlin, R. 1994a. Rise and Fall of the
southern Santa Cruz Mountains, California, from
fission tracks, geomorphology, and geodesy.
Journal of Geophysical Research. 99, 20,181-
20,202.

Dolan, J. F., Sieh, K., Rockwell, T. K., Yeats, R.
S., Shaw, J., Suppe, I., Huftile, G. J. & Gath, E.
M. 1995. Prospects for larger or more frequent
earthquakes in the Los Angeles metropolitan
region. Science. 267, 199-205.

Hitchcock, C. S., Kelson, K. I. & Thompson, S. C.
1994. Geomorphic investigations of deformation
along the northeastern margin of the Santa Cruz
Mountains. Open File Report U. S. Geological
Survey. 94-0187.

Kovach, R. L. & Beroza, G. C. 1993, Seismic
potential from reverse faulting on the San
Francisco Peninsula. Bulletin of the
Seismological Society of America. 83, 597-602.

Schwartz, D. P. & Ponti, D. J. 1990. Field guide to
neotectonics of the San Andreas fault system,
Santa Cruz Mountains, in light of the 1989 Loma
Prieta earthquake. USGS-Open File Report 90-
274.32-34.
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Geomorphic Signatures of Potentially
Active "'Blind"' Reverse Faults:
Comparison of Santa Clara and San
Fernando Valleys

Christopher S Hitchcock and Keith I Kelson
(Both at: William Lettis & Assoc., Inc.,
1000 Broadway, Suite 612, Oakland, CA
94607, tel. 510 832/3716, e-mail:
wla@netcom.com)

The 1994 Northridge earthquake beneath
the San Fernando Valley emphasized the
need to identify and characterize "blind"
reverse faults as potential seismogenic
sources. We compare geomorphic evidence
for potentially active reverse faults beneath
the Santa Clara Valley in northern California
to the similar geomorphic signature of
known active structures beneath the San
Fermando Valley in southern California.

Deformed geomorphic surfaces (see
figure, longitudinal profile, Stevens Creek)
and probable fault-related lineaments within
surficial deposits provide evidence of late
Quaternary deformation along the western
margin of the Santa Clara Valley.
Topographic and vegetation lineaments
coincident with changes in stream-channel
and stream-terrace gradients, and with the
distribution of late Quaternary fan apices,
are evidence of deformation within 3 to 5
km-wide northwest-trending zones. These
zones coincide with a series of southwest-
dipping reverse faults and ground water
barriers that parallel the valley margin, and
are interpreted as related to potentially
active northwest-trending folds. We believe
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the folds are the surface expression of active
deformation within the hanging walls of late
Quaternary thrust faults beneath the Santa
Clara Valley.

Similar geomorphic features are present
along the northern margin of the San
Fernando Valley in southern California, in
the vicinity of the 1971 San Fernando and
1994 Northridge earthquakes. Vkegetation
lineaments and changes in stream channel
gradients coincide with zones of primary
and secondary deformation produced by the
1971 San Fernando Valley earthquake.

This deformation is similar in width,
discontinuity, and association with a range-
front embayment to deformation within the
Santa Clara Valley. Although faulting along
the northern margin of the San Fernando
Valley probably is more common,
comparison of the location, pattern, and
style of late Quaternary deformation
between the two valleys may provide
information on the relative activity of

structures within the Santa Clara Valley.



Hitchcock and Kelson, W. Lettis and Associates, Los Gatos area

o

SCALE 1:150000

46

Location of Stream Profile

Anticlinal area




HITCHCOCK and KELSON Stream Profiles

Legend

200+
Geomorphic
1904 Age Fluvial Temaces __ Alluvial Fans
Undifferentiated

Holocene B Qus

180+ @ Qs
Sorg and McLaughlin Pleistocenc | @ 83_: i
170- (1975) A
syncline anti¢line

—~ 160

o

5] 2e-q —y Zone within which the Monte
B 1504 \‘t—x‘ Vista Fault is confined

€140 \
el -® Ay
@ 130
@
W 120+ e,
Stevens Creek 9
110+ | Reservoir A N\“
o3

100+ ,
Range Front McClellan Road l

90-
o Vertical Exaggeration=15x Stevens Creek Boulevard 4
I 1] L
0 1000 2000 3000

Horizontal Distance (meters)

Longitudinal profile of geomorphic surfaces along Stevens Creek east of Stevens Creek Reservoir. Anticline
and syncline traces shown on profile are projected from mapping by Sorg and McLaughlin (1975).

47




Arc Line identity
Compiler(s)

Structure

Age minimum

Age max

Age control

Inclined Geomorphic
surface

Horizontal shortening

(kam)
cl

Shortening rate mm/yr

Q

Vertical displacement rate

mmiyr
3

Initiation of folding (Ma)

of

Termination of folding

Ma)
Method

Rate averaged, time length

Parallels strike-slip
Distance from fault

Trend

Plunge

Axial Plane strike
Axial Plane dip

8v

Axial Plane dip direction
Confidence of location

Vergence direction

Multiple or segmented
Half wavelength (kun)

Fold type
Fold style

Geodetic
Reference

Drill Hole

Seismic Reflection
Gravity

Historical Seismicity
Magnitude/event
Depth

Distributed
microseismicity
Reference

Additonal References

12
Kelson, K.
Mclaughlin
Regnart anticline

1
4
paleontologic
fluvial, lacustrine

03

10 4.8my.
1
0.3-0.120

terrace
correlation
125ka

yes
0 - 2, Monte

Vista, Shannon

340

20-90

145

57

w

Probable
ne

0.25-1.0
A, $,0,U,1LAS
fault propagation

yes
yes

3540

0-8 km
yes

Oppenheimer,
Olsen, Zoback
Hitchcock, C.S.,
Kelson, K. I., and
Thompson, S.C.,
1994; Sorg and
Mc Laughlin,
1975;
McLaughlin,and
Clark, in prep

3
Mclaughlin, R |
Kelson, K
Stevens Creek
symline
1
4
paleontologic
lacustrine, fluvial

03

2
1048my.
1
03-0.120

terrace
correlation
10m.y. and .12
my.
yes
0-2 km, Monte
Vista fault
150
2090
145
s7
w
Probable
NE
yes
08
A,8,0,U I AS
fault propagation

yes

yes
yes

3540

0-8 km
yes

Oppenheimer,
Olsen, Zoback
Hitchcock, C.S.,
Kelson, K. 1., and
Thompson, S.C.,
1994, Sorg and
Mc Laughlin,
1975;
McLaughlin,and
Clark, in prep

44
Kelson. K 1

Santa C'lara
Valley folds

1
5

paleontologic
fluvial

yes

ne
yes

A,8,0,U
fault
propagation?

CDWR, 1975

yes
Loma Prieta?

71

13

Hitchcock et
al, 1994

438
Kelson, K 1

Santa (lara
Valley folds
1

Py

paleontologic
fluvial

ves

ne
yes

A,8,0,U
fault
propagation?

CDWR, 1975

yes

Loma Prieta?
71

13

Hitchcock et
al, 1994

436
Kelson, K. L.

Santa Clara
Valiey folds

1
5

paleontologic
fluvial

yes

ne
yes

A, S,0,U
fault
propagation?

CDWR, 1975

yes
Loma Prieta?
71
13

Hitchcock et
al, 1994

Kelson

437
Kelson, K. 1.

Santa Clara
Valley folds
1

2

paleontologic
fluvial

yes

ne
yes

A,8,0,U
fault
propagation?

CDWR, 1975

yes
Loma Prieta?
71
13

Hitchcock et
al, 1994

438
Kelson, K. I.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes

ne
yes

A,S$,0,U
fault
propagation?

CDWR, 1975

yes
Loma Prieta?
71
13

Hitchcock et
al, 1994

439
Kelson, K. 1.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes

ne
yes

A,S,0,U
fault

propagation?
CDWR, 1975

yes
Loma Prieta?
71
13

Hitchcock et
al, 1994

440
Kelson, K. L.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes

ne
yes

A,8,0,U
fault
propagation?

CDWR, 1975

Hitchcock et
al, 1994

441
Kelson, K. I.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes

ne
yes

A,S,0,U
fault
propagation?

CDWR, 1975

yes

Loma Prieta?
YA |

13

Hitchcock et
al, 1994

442
Kelson, K. I.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

443
Kelson, K. I.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes yes

ne ne

ys yes
A,8,0,U A,8,0,U
fault fault
propagati ? Propag: tion?
CDWR, 1975 CDWR, 1975
yes yes

Loma Prieta? Loma Prieta?
71 71

13 13

Hitchcock et Hitchcock et
al, 1994 al, 1994

444
Kelson, K. I.

Santa Clara
Valley folds
1

2
paleontologic
fluvial

yes

ne
yes

A,8,0,U
fault

propagation?

CDWR, 1975

yes

Loma Prieta?
71

13

Hitchoock et
al, 1994




Gravity modeling of the Monte Vista Fault
Zone

Jachens, R. C., U.S. Geological Survey, 345
Middlefield Rd., MS-975, Menlo Park, Ca.,
94025

The map figure shows an area representing
the geophysically defined, concealed Monte
Vista Fault Zone in the Los Altos-Los Gatos
area at the north-east base of the Santa Cruz
Mountains, California. The Monte Vista fault
zone where exposed near Los Altos Hills,
California according to Sorg and McLaughlin
(1975) "is composed of two parallel, closely
spaced, northwest- trending fault strands that
bound a diapir of unnamed late Miocene
sandstone and shale.”

The sub-surface fault plane area (hatchered
line in map figure) was constructed from gravity
data as follows: 1) Gravity data that were
collected along a series of 11 profiles normal to
the mountain front and spaced 1.0-1.5 km apart,
with data points spaced about (.4 km along the
profiles, contain anomalies that are interpreted
to reflect the concealed northeast tip of a
hanging wall block of Franciscan Complex
rocks thrust over the unnamed late Miocene
sandstone and shale unit of Sorg and
McLaughlin (1975). The southwest edge of the
inferred fault plane area is located 0.3 km
southwest of the characteristic gravity anomaly,
in order to account for uncertainty in the
location of the block tip due to the 0.4 km
spacing of the gravity data, the 1.0-1.5 km
spacing of the profiles, and the inherent

uncertainty in gravity interpretations.
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Aeromagnetic data collected at a nominal
height of 0.3 km above the ground surface along
profiles oriented N. 70 degrees E. and spaced
0.8 km apart, with data points spaced about 0.1
km along the profiles, contain anomalies that are
interpreted to reflect the concealed juxtaposition
of nonmagnetic rocks of the unnamed late
Miocene sandstone and shale unit of Sorg and
McLaughlin (1975) to the southwest against
weakly magnetic Santa Clara Formation or
alluvium across a southwest-dipping reverse
fault. The northeast edge of the polygon is
located 0.3 km northeast of the characteristic
magnetic anomaly, in order to account for
uncertainty in the location of the fault due to the
0.3 km height of the magnetic survey, the 0.8
km spacing of the profiles, and the inherent
uncertainty in magnetic interpretations. To
summarize, the magnetic data define the
northeast side of the inferred fault plane area
and gravity data define the southwest side of the

fault area.

Sorg, D.H., and McLaughlin, R.T., 1975, Geologic map of
the Sargent-Berrocal fault zone between Los Gatos
and Los Altos Hills, Santa Clara County, California:
U.S. Geological Survey Miscellaneous Field Studies
Map MIF-643, scale 1:24,000.




Location of sub-surface fault plane
Gravity data, Jachens, Los Gatos area
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Quaternary Contractional Faulting and Folding
Northeast of the San Andreas fault, Portola
Valley-Palo Alto, California
Angell, M., and Crampton, T. A., Geomatrix
Consultants

In order to help assess the location and intensity
of potential surface rupture associated with the
Stanford fault and other previously mapped faults
that lie between the San Andreas and the
northeastern topographic range front of the Santa
Cruz Mountains, cross sections extending to mid-
crustal depths were constructed using surface
geologic data (Dibblee, 1966; Pampeyan 1970;
Brabb and Olson, 1986; this report) seismicity data
(Brabb and Olson, 1986), and water well and
gravity data (Oliver, 1990). The structures are
"balanced," meaning they are internally consistent
with respect to the geometry and kinematics of fold
development by slip on underlying faults, and can
be "retrodeformed" or restored to a geologically
reasonable pre-contraction geometry. Using this
method, the amount of reverse slip responsible for
the observed contractional deformation and
assessment of the potential intensity and location of
future ground rupture in the region is estimated.

Cross section Y-Y' extends from the San
Andreas fault at Portola Valley northeast across the
foothills to the-Stanford fault zone at Palo Alto.
The cross section shows two southwest-dipping
reverse faults, the Hermit and Stanford faults, that
join the San Andreas fault along branch lines at
about -4 and -9 km, respectively. Both faults have
significant reverse components of slip as indicated
by the associated contractional structures that lie in
the hanging wall. The amount of lateral slip is not
determined.

The smaller fault is the steeply southwest-

dipping high-angle (right) reverse Hermit fault

(Herd, 1982 in Brabb and Olson, 1986). The
surface trace of the Hermit fault splays off the San
Andreas fault a few km along strike to the north
and crops out about 3 km east of the San Andreas
fault along the line of section. Reverse slip on the
fault has produced a tightly-folded fault-
propagation fold cored by Franciscan Complex
basement in the hanging wall. The fault places a
moderately to tightly folded anticline of Butano
sandstone and Franciscan Complex over a tight to
isoclinal syncline in the footwall composed of
Monterey Formation and unnamed sandstone. Plio-
Pleistocene gravel deposits of the Santa Clara
Formation and shallow marine deposits of the
Merced Formation are also folded and faulted by
the Hermit fault. Very little data are available
constraining the displacement history of the Hermit
fault. Because of its close proximity and linear
trace subparallel to the San Andreas fault, the fault
probably accommodates secondary deformation
during large rupture events on the San Andreas
fault and results from a significant component of
night-lateral strike slip, as well as the reverse slip as
represented on the cross section.

The larger, deeper fault in section Y-Y'is a
compound structure composed of the Pulgas and
Stanford faults. The Pulgas fault is a poorly-
defined structure at the surface that lies along the
range front between Atherton and south of the
Stanford campus (Dibblee, 1966; Brabb and Olson,
1986). The fault juxtaposes Tertiary age
sedimentary bedrock of the Butano Formation and
unnamed sandstone (Ladera Formation?) on the
southwest against steeply east-dipping Santa Clara
Formation on the northeast. (NB: relationships
exposed in Frenchman Road trench excavated by
Kovach and Page (1994) are not yet incorporated,

but appear consistent with this model). The




Stanford fault is composed of a moderately to
steeply southwest-dipping flat and ramp system that
has propagated northeastward through the footwall
from a pre-existing synformal bend in the Pulgas
fault and ends at a blind thrust tip beneath the
Stanford anticline. The Stanford anticline and
associated deformation front (Stanford fault zone of
Brabb and Olson, 1986) are therefore the surface
expression of youthful hanging-wall fold
deformation associated with northeastward

(reverse) propagation of the Stanford fault thrust
tip.

Kinematic Interpretation.

The cross section Y-Y' shows that the Pulgas
and Stanford faults are part of the same fault system
and are kinematically linked. The Pulgas fault is
here interpreted as having originated as a
southwest-dipping basin-bounding listric normal
fault that subsequently has been inverted by reverse
slip. Following initial compression, the Stanford
fault broke through the footwall of the Pulgas fault,
possibly because the Pulgas fault was unable to
accommodate further contraction due to its
inherently steep dip. Continued slip on the
Stanford fault results in hanging-wall deformation
due to translation through the anticlinal bend at the
junction of the two fault segments. This
deformation may be expressed at the surface along
the Pulgas fault. It is possible that slip on the lower
fault segment beneath the junction is translated
entirely to the Pulgas fault and does not reach the
Stanford segment.

The subsurface geometry of the reverse fault
system includes two phases of compressive
deformation, possibly continuous, for both the
Stanford-Pulgas faults and the Hermit fault. The

relationships between fault geometry , stratigraphy,
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and regional deformation history suggest some
components of the Pulgas fault represent a
reactivated previously existing normal fault that
was the boundary structure to a half graben
developed adjacent to the ancestral San Andreas
fault. The initial phase of contraction reactivated
the Pulgas normal fault in a reverse sense and
produced a major fault-propagation fold in the
hanging wall, the Los Altos anticline. A second
fault-propagation fold also developed during this
period with the initiation of the Hermit fault.

Timing and Amount of Contractional Deformation
The total shortening represented by the cross
section is 3800 m £ 10% , or between 3400 and
4200 m. The restored section indicates this
contraction has occurred since the top of Monterey
time, at about 5-6 ma. The range in rates of total
shortening for this section therefore are calculated
at 0.6 to 0.8 mm yr. Based on the elevation of
bedrock and thickness distribution of the overlying
Santa Clara Formation gravel's determined from
local well logs and gravity data, approximately 350
meters of reverse slip on the Stanford fault ramp is
required to produce the structural relief of the
Stanford anticline as shown on the cross section.
Regional stratigraphic interpretations of the Santa
Clara Formation suggest the deposit formed by
alluvial sedimentation due to uplift of the Santa
Cruz Mountains. Local stratigraphic and structural
relationships to the underlying bedrock indicate the
Santa Clara Formation represents sedimentation
that records the onset (and progression) of
deformation of the Stanford anticline.
Unfortunately, the age for the Santa Clara
Formation is not well constrained. For the purposes
of this assessment we assume an age of between 0.5
ma and 2.5 ma, which is consistent with published




age estimates (Helley and others). If we further
assume an uncertainty in the slip estimate of + 100
m, then we arrive at a range in slip rates for the
Stanford fault of 0.1 to 0.9 mm/yr. Also shown are
hypocentral locations of well located earthquakes in
the vicinity (Brabb and Olson, 1986).

The reverse slip rates are approximately 0.1%
to 1.0% of the 12 mm/yr minimum strike slip rate
on the adjacent peninsula segment of the San
Andreas fault determined by Hall (1984).
Therefore, if we assume a maximum of 5 m slip per
characteristic event for the San Andreas fault and
also assume that events on the San Andreas fault
and Pulgas/Stanford fault system are kinematically
linked, this results in a maximum of ~5 cm
coseismic reverse slip. If this slip reaches the
surface, it will likely be manifested as folding and
minor fracturing of the Stanford anticline at the
deformation front and possibly the Pulgas fault at
the range front. In the case of the Hermit fault,
where the total reverse component of slip is on the
order of 75-1250 m, the same analysis translates to
an expected 8 to 17 cm of reverse slip per
characteristic event. The amount of slip on the
Hermit fault is not well-constrained, though larger
and/or more frequent strains should be expected
due to the larger amount of total reverse slip
indicated by the cross section and its close
relationship to the San Andreas fault. Also because
of its steep angle and close relationship to the San
Andreas fault in both geometry and location the
Hermit fault probably has a high strike slip-dip slip
ratio and slip will be localized in the vicinity of the
surface trade of the fault. High ground motions can
be expected in this area during events on adjacent
segments of the San Andreas fault, as indicated by
the ground motions experienced in this region
during the Loma Prieta earthquake.

Conclusions and Implications for Seismic
Hazard Assessment

A regionally extensive system of compressive
structures lie northeast of the San Andreas fault
along the range front of the Santa Cruz Mountains
in northern California. Three cross sections have
been drawn parallel to the San Andreas fault across
this system of structures in the northern, central,
and southern regions of the range (the southern X-
X' and central, Y-Y' cross sections are shown in this
paper). Several characteristic features of the
compressive system are common to the cross
sections: uplifted Tertiary and/or Quaternary
marine sediments are bound by structurally lower
Mesozoic Franciscan Complex basement; a
southwest-dipping and downward-steepening
reverse/right-reverse "floor thrust” terminates at a
blind thrust tip along a deformation front northeast
of the San Andreas fault; and a topographic range
front bounded by a high angle, right-reverse,
oblique-slip faults. Cross sectional plots of
seismicity form a northeastward-tapering wedge of
microearthquake activity, and strongly deformed
late Quaternary sediments indicate the system is
active in all three locations.

The cross sections are kinematically balanced
(i.e. they are consistent with observed structural
and geological relationships and distribution of slip
on the various segments of the fault systems) and
therefore provide a meaningful estimate of the
observed contractional strains normal to the San
Andreas fault. Deformation represented by the
Pajaro Gap cross section (X-X") in the southern
Santa Cruz Mountains is calibrated using a well
preserved flight of fluvial terraces as a strain gauge.
The observed elevations and relative spacings are

used to calculate an uplift rate of 0.3 m/yr which




can be produced by about 0.5 mm/yr of dip slip on
the underlying reverse fault ramp. Total dip slip
(i.e. shortening) for the section determined
independently from structural geometry is about
1700 m, or between 1500 and 2000 m. The range
in total strain divided by the strain rate suggests the
onset of observed contractional deformation began
between 3.0 and 4.0 ma for this region. This is
consistent with the age of onset of regional
transpression along the San Andreas transform
system at about 3.4 to 3.9 ma as suggested by plate
motion kinematic models (Harbert and Cox).

The Stanford cross section (Y-Y") in the central
Santa Cruz Mountains is kinematically balanced
and geometrically restored to a half-graben
structural configuration of Eocene to Upper
Miocene age. The Palo Alto section restores to a
Miocene half graben, indicating a pre-existing
basement structure controls the location and
geometry of contraction for that location.
Contraction of the half-graben geometry can
explain the local observation of structural and
stratigraphic inversion of an elevated Tertiary
syncline overthrusting a lowland valley underlain
by Franciscan basement near the surface.
Stratigraphic evidence for normal growth faulting,
structural evidence for down-dropped basement
west of the range front, the preservation of a
predominantly synclinal structure within the
uplifted foothills, erosion of the principal anticline,
and youthful breakthrough of the footwall are all
consistent with tectonic inversion of a pre-existing
normal fault. Tectonic inversion of pre-existing
extensional structures may help to explain similar
regional observations elsewhere in the Coast
Ranges (e.g. Southern Santa Cruz Mts., East Bay
Hills, San Luis Range).

The total shortening represented by the cross
section (Y-Y") is 3800 m + 10%, or between 3400
and 4200 m. The restored section indicates this
contraction has occurred since the to of Monterey
time, at about 5-6 ma. The range in rates of total
shortening for this section therefore are calculated
at 0.6 to 018 mm/yr. The slip represented by the
young blind thrust tip only using the geometry of
the overlying Stanford anticline, which is well
constrained by bore-hole and gravity data, is about
350 m, or a range of 300 to 400 m. The onset of
development 9f the Stanford anticline is
constrained by the age of the overlying Santa Clara
Formation growth strata at between 0.5 and 2.5 ma.
The resulting range in rates for Quaternary
deformation is therefore 0.1 to 0.8 mm/yr.

The San Bruno cross section (not shown in this
paper) in the northern Santa Cruz Mountains is
problematic in that distributed horizontal shear is
likely pervasive at short distances from the San
Andreas fault. Total contraction parallel to the
section can still be reasonably assessed however
because the section is approximately normal to the
strike of the compressive structures. Also vertical
strain 1s well constrained by bore-hole data that
provide the elevation and attitude of the erosional
contact between the Merced Formation and
underlying Franciscan Complex basement.
According to the geometry of the deformed and
restored sections, the total contractional strain for
this section is about 150 m, or 100 to 200 m, since
the top of the Merced Formation at about 400 ka for
this area. These ages and shortening strains suggest
a range of shortening rates of 0.25 to 0.5 mm/yr.

Based on area/magnitude relationships (Wells
and Coppersmith, in review), the mapped lengths of
the compressive fault systems intersected by cross
sections X-X' (Carnadero/Sargent) and Y-Y'




(Stanford/Pulgas) are 30 and 15 km, respectively,
and the average down dip widths suggested by the
cross sections (8 and 10 km, respectively) indicate
that the floor thrusts to these systems have
sufficient area to produce large magnitude seismic
events. Using these parameters the calculated
Maximum Credible Earthquakes (MCE) for the
Carnadero/Sargent fault system is M6.5 and for the
Stanford/Pulgas fault system is M6.2, though the
parameters are not well constrained. Given the
rates cited above the average displacements for the
MCE's of about 0.5 to 1.0 for an M6.2 and of about
1.0- to 2.0 m for an M6.5 simple recurrence rates of
between 600 and 4000 yrs are implied assuming all
observed deformations produced by a succession of
MCE's.

Alternatively, because the magnitude of total
contractional strain observed in the geologic record
for these regions is low, and because the floor
thrust and overlying faults in the hanging wall slip
during large events on the San Andreas fault, as
indicated by observations of secondary
contractional deformation along the range front
following the 1989 Loma Prieta earthquake
(Haugerud and Ellen, 1989), coseismic secondary
faulting during large magnitude "characteristic”
events on the San Andreas fault may account for all
of the local San Andreas fault-normal contraction,
precluding the need for independent large
magnitude events on the compressive structures. In
either case, the strains exhibited by faults between
the San Andreas fault and the deformation front
must be considered when assessing the seismic

potential for that segment of the San Andreas fault.

55



Geomatrix 1 on regio

Angell, Crampton et al, Geomatrix, Pajaro area
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Constraints On Slip Histories Of Thrust
Faults Of The Southwestern San Francisco
Bay Area From Geologic Mapping
Investigations

McLaughlin, R.J., Sorg, D.H., and Helley, E.J.,
Office of Western Regional Geology, U.S.
Geological Survey MS 975, 345 Middlefield
Rd., Menlo Park, California 94025

Eastwardly-vergent thrust and reverse faults
that root in the San Andreas fault zone, bound
the eastern side of the Santa Cruz Mountains.
These faults have been recognized for many
hears as having displaced Pleistocene deposits,
and locally they display youthful
geomorphology. They are considered to be
secondary in importance to the San Andreas
fault and its major strike-slip branches.
However, evidence that coseismic compression
and other associated surface deformation was
focused along faults of the thrust system during
the 1989 Loma Prieta earthquake, has brought
new attention and concern over the level of
seismic hazard posed by these faults.
Information gathered from mapping the various
faults of the thrust system, and from numerous
site-specific investigations over the time frame
of about 1970 to the present, allows a number of
constraints to be placed on the slip history of the
thrust belt.

In the southwestern Santa Clara Valley, the
most well-studied members of this thrust belt
include the Sargent, Hooker Gulch, the
Berrocal, Shannon, and Monte Vista fault zones.
Based on K-Ar ages of hydrothermal K-feldspar
formed along the southern parts of the Sargent
and the Berrocal faults near Mt. Madonna, both
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the Sargent and Berrocal faults were active in
the early to middle Miocene. These faults were
initiated at least 17 to 18 Ma, since field
relations indicate that hydrothermal K-feldspar
with a 17 Ma K-Ar age was deposited from
fluids circulating along the faults. A younger K-
Ar age of 10 Ma from hydrothermal K-feldspar
deposited along the Loma Prieta thrust segment
of the Sargent fault, which displaces Jurassic
ophiolite on the southwest, over Cretaceous and
Eocene strata, suggests that substantial, if not
most up- to the southwest displacement on the
Loma Prieta thrust had occurred by 10 Ma. The
chronology of slip surfaces in the Sargent fault
zone indicates that prominent strike-slip
displacement on steep-dipping segments of the
fault zone truncate and thus are younger than the
low-dipping Loma Prieta thrust segment. The
Miocene components of slip on the Sargent fault
measured from structure sections include about
1.6 km of vertical displacement, 1 km of
shortening, and 2 km of reverse slip. The
Hooker Gulch fault, which has displaced the
same rock units as the Sargent fault during the
same time frame, has accommodated an
additional 1.4 km of vertical displacement, 1 km
of shortening, and about 2 km of reverse slip.
Together, the Sargent and Hooker Gulch fault
zones account for about 3 km of vertical
displacement, 2 km of shortening, and about 4
km of reverse-slip, most of which occurred in
the Miocene.

The component of dextral slip on the
Sargent and Hooker Gulch faults, most of which
post-dates 10 Ma, is unknown, but probably

large. A speculative fault block deformation




model which involves oblique dextral reverse-
slip across an ancestral (Miocene) San Andreas
fault, suggests that the Sargent fault could
accommodate up to 26 km, and the Hooker
Gulch fault as much as 10 km of right-slip.

Fission track studies by Biirgmann and
others (Journal of Geophysical Research article,
in press, 1994) of rocks above and below the
Loma Prieta thrust indicate that these rocks have
been uplifted an additional 3 to 4 km since 3 to
4 Ma. This displacement is younger and larger
than measured displacements across the Sargent
and Hooker Gulch faults. The younger uplift
therefore may be associated with deeper
structures that accommodate compression such
as blind thrusts or folds above blind thrusts at
depth, or with structurally lower thrusts that
surface to the northeast.

Northeast of the Sargent and Hooker
Gulch faults are several additional thrusts
known to have Pleistocene displacements, and
which also root southwestward in the San
Andreas fault zone at depths of 10-11 km.
These faults include the northwestern part of the
Berrocal fault zone, the Shannon fault, and in
the Cupertino area, the Monte Vista fault.
Because these faults are complexly interwoven,
and merge with or diverge from each other
along their length, they are collectively treated
as one belt of faulting here, termed the
Southwestern Santa Clara Valley thrust belt.
Faults of the Southwestern Santa Clara Valley
thrust belt are part of the same family of thrusts
as the Sargent and Hooker Gulch, but the
Southwestern Santa Clara Valley thrust belt

exhibits evidence of more youthful displacement
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along its length (ie., these faults displace Plio-
Pleistocene and younger deposits). This may
indicate that thrust faulting has migrated
northeastward, away from the San Andreas fault
with time, or alternatively, that Plio-Pleistocene
and younger deposits have been completely
eroded from upland areas southwest of the thrust
belt front.

Earliest slip on the Southwéstern Santa
Clara Valley thrust belt is not well constrained.
However, the Berrocal fault appears to have
been active in the early Miocene along with the
Sargent fault in the vicinity of Mount Madonna.
Faults of the thrust belt displace early to middle
Miocene shallow marine strata of the Temblor
Sandstone, and other middle Miocene marine
strata of the Monterey Group, indicating that
major displacements post-date 10 Ma. Uplift
and unroofing of the area, perhaps above blind
thrusts, apparently began at depth in the Oligo-
Miocene, as indicated by the major
unconformity at the base of the Temblor
Sandstone. Later unroofing and uplift of the
Santa Cruz Mountains is signaled by the
unconformity at the base of the 3 Ma (Blancan)
and younger fluvial Santa Clara Formation.
This major tectonic event apparently
corresponds to the timing of initiation of major
transpression between the North American and
Pacific plates. .

Several lines of evidence suggest that the
slip history of the Southwestern Santa Clara
Valley thrust belt has been episodic. Uplifted
older fluvial terraces of ancestral Los Gatos
Creek, are cut into the folded and tilted Santa

Clara Formation. These older terraces are




estimated at 250 ka, based on the degree of
weathering of the flat, boulder strewn terrace
surface. The elevation of these terraces above
the present drainage (152 m) indicates a post-
250 ka incision rate (= uplift rate?) of about 0.6
mm/yr; somewhat less than the rate of about 1
mm/yr since 3 Ma derived from fission track
data across the Sargent fault.

A gravity investigation for a Masters thesis
at Stanford University by R.J. Fleck in the
1960's, concluded that Franciscan Complex
rocks of the Black Mountain area override a 2 to
3 km wide belt of buried, lower density Miocene
and Plio-Pleistocene strata along a 10 km length
of the thrust belt. Assuming a 45° southwest dip
for this segment of the thrust belt, yields about 3
km of shortening, 3 km of uplift, and about 4
km of reverse slip. This suggests uplift and
shortening rates on the order of 0.3 mm/yr since
the late Miocene (10 Ma). However, if most
post-early Miocene uplift and shortening has
occurred since the beginning of Santa Clara
Formation deposition 3 Ma, as the stratigraphic
evidence suggest, then Quaternary uplift and
shortening rates have approached or exceeded 1
mm/yr episodically.

Near the mouth of Stevens Creek Canyon in
the hanging wall block of the Monte Vista fault,
another uplifted terrace surface estimated to be
120 ka 1s displaced about 43 m vertically from
the correlative surface north of the fault,
yielding an uplift rate of 0.4 mm/yr since 120
ka. Thus, the available data appear to indicate
that uplift and shortening rates across the
Southwestern Santa Clara Valley thrust belt
since 0.25 and 0.125 Ma have been considerably
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lower than 1 mm/yr. If uplift and shortening
rates have approached or exceeded 1 mm/yr
episodically, it therefore is likely that these
higher rates occurred between 3 and 0.25 Ma.

A tally of total uplift, shortening, and
reverse slip from the Sargent fault to the
northeastern edge of the Southwestern Santa
Clara Valley thrust belt suggests that about 6 km
of uplift, 5 km of shortening and 8 km of reverse
slip have been accommodated between the San
Andreas fault and the southwestern Santa Clara
Valley thrust front since about 18 Ma. Since 3
Ma, about 3 km of uplift, 3 km of shortening,
and 4 km of reverse slip have occurred.

Thrusting in the southwestern San Francisco
Bay Area appears to be migrating
northeastward, suggesting the possible presence
of buried east-vergent thrusts beneath Santa
Clara Valley. As thrusting has migrated
eastward to younger, structurally lower faults of
the thrust belt, fault members closer to the San
Andreas fault are rotated upward to steeper
orientations, and accommodate larger
components of dextral slip. Larger components
of uplift and shortening indicated from field
relationships in predominantly Eocene and older
rocks of the area require movement on buried
flat faults, possibly associated with a tectonic
wedge complex and (or) blind thrusts. These
hypothetical flat faults that have accommodated
long-term regional compression, may account
for at least 15 km of uplift, and 220 km of
shortening across the Pacific-North American

plate boundary.
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High-Resolution Geophysical Profiling
Across the Monte Vista Fault, Los Altos,
California

R.A. Williams, USGS, Denver Federal
Center MS 966, Denver, CO 80225;
williams@gldvxa.cr.usgs.gov, R.T.
Williams Geology Dept., University of
Tennessee, Knoxville, TN, 37996, R.D.
Catchings, USGS, 345 Middlefield Rd, MS
977, Menlo Park, CA, 94025, K.I. Kelson,
and C.S. Hitchcock , both at: Wm Lettis &
Assoc., Inc., 1000 Broadway, suite 612,
Oakland, CA 94067, M.J. Rymer, USGS,
345 Middlefield Rd, Menlo Park, CA,
94025, J.K. Odum USGS, Denver Federal
Center, Denver, CO 80225

The Monte Vista fault is a northwest-
trending reverse fault located 5 km northeast
of the San Andreas fault, along the eastern
margin of the Santa Cruz Mountains, and
adjacent to the heavily urbanized Santa
Clara Valley. Geologic and geomorphic
evidence shows that the fault at this locality
has had late Pleistocene and possibly
Holocene activity. High-resolution seismic
reflection and refraction profiles, and
ground-penetrating radar profiles, were
acquired obliquely across the mapped trace
of the Monte Vista fault in Rancho San

Antonio Park, to image the fault at depth and

to help identify a specific location for future
trenching and other paleoseismological
studies (scheduled Sept. '95).

Strong, unbroken reflections from about
600 m depth, are observed immediately
southwest of the mapped surface trace of the

fault, and continue for a distance of 180 m,
with an apparent dip of about 5 degrees to
the southwest. These reflections abruptly
terminate into non-reflective zones at both
north and south ends. An interval of low
reflectivity and discontinuous reflections
was found from about 10 to 500 m depth.
No clear fault plane or rupture zone was
observed in the reflection data, but the
continuous reflector at about 800 m depth
constrains possible dips of the Monte Vista
fault to be either vertical or with an apparent
south dip of about 75 degrees (about 800
true dip). The refraction data indicate two
locations where 2- to 3-m-high stratigraphic
warps may exist in the subsurface at a depth
of 6 to 8 m. One such warp underlies a 3-m-
high scarp at the ground surface. The
ground-penetrating radar, which was
effective to depths of a few meters, shows
discontinuities that also occur about 5 m to
the southwest of the surface scarp.




¢l

Williams, R.A., et al, USGS, Location of seismic reflection line

\&
\.)\

¢ C,\L\
i nfmf hig_p"rés_qlgtion ‘g"ggphy

<"‘- f/*",, _—

\
3 Q/‘f&-’»!’ d
N

SCALE 1:62500
1 (3 [ 1 2 3 4 13 MILES
| CEARER S R B A S B RS
1 5 0 1 2 3 4 5  KILOMETERS
 aEESES S I

V] 1 2 3 4 5 6 7 8 9 0 n THOUSAND FEET




South North
Seismic-Reflection Profile Across Monte Vista Fault: Los Altos, California
distance (m) 0 100 200

1
O I THIK T VT T e
. ‘l I ” , b ' V L )] ]U,’b)'” HIM l ’ m ‘h‘l‘ 7 '“
1) }))mmp %)\ M 500 0 Nl ",.: )& |
{"f’ : ‘D _gl_’ }.;(,m A (411 W
) "
)
©
C
» : o
@ B 03 @
o) » 2,
© Y o
é Neld ,l’ J': 10 4 g
e oy v.‘ U K =
g , i i , 2
8 e S LT W K )3 z =
-9600 3 )30 ) ENIPHIN ' ,;.‘1 > ;J); 05%
£ 5 ‘ e ' G i o LS =
~ .E 3 ))\) )5 Y ,{J)) 2 s i?’\é 1
w S )bz ans : ; e S ;% ) 0B g
‘g it S ‘ ggy ey =
< B, : g i’ ’ E i
R 0.7
; IR AR )
800 ) i A

B 2 S
D
1) é
.
:

) g ’
SIS 3 SRRy
R ; : 1.0

Figure 1. Stacked seismic-reflection profile across the Monte Vista fault, Los Altos, California. Seismic
sources used for this profile were 1 Ib. charges fired approximately every 10 m into 96 channel
geophone spread with 28-Hz sensors spaced at 3-m intervals. Coherent reflection at about 800-
m depth abruptly terminates into potential fault zones. Two potential fault orientations (dashed
lines) are inferred in the data.




Late Cenozoic strain rates across the
La Honda Basin
Jayko, A.S., U.S. Geological Survey, 345
Middlefield Rd., MS-977, Menlo Park, Ca.,
94025

The uplift of Late Cenozoic marine
deposits (Lawson, 1893, Alexander, 1953,
Bradley and Griggs, 1976, Lajoie, et al.,
1979b, Lajoie, et al., 1979a) indicates that
widespread deformation is on going and
involves warping or folding between fault
bound blocks. The extent to which this
deformation is accommodated by buried
faults is a crucial issue to earthquake hazard
evaluation. Much of the topography that
makes up the San Francisco region and
nearby central coast ranges is less than two to
four million years old (Lawson, 1893,
Higgans, 1960, Higgans, 1961, Christensen,
1965, Anderson, 1990, Montgomery, 1993).
Recent geodetic and fault-slip inversion work
associated with the Loma Prieta earthquake
has led to greater efforts to quantify the rates
and mechanisms of structural and thus
landscape evolution (Anderson, 1990,
Valensise and Ward, 1991). Much
geological and geophysical work suggests
that the regional scale topographic highs and
lows are controlled by the location of actively
deforming structures (Lawson, 1893,
Christensen, 1965, Montgomery, 1993).

The tectonic style of the San Francisco
Bay region has recently been imprinted by
passing of the Mendocino triple junction
during Late Miocene time prior to

development of the present transform fault
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system. Thus, many structures that
developed during this tectonism are favorably
oriented to accommodate additional
shortening within the present tectonic regime.
A period of intense upper Miocene
deformation followed by relative quiescence
in the lower Pliocene and renewed tectonism
in the early Pleistocene has been noted by
many earlier workers. The Pacific-Farallon-
North America triple junction was in the
vicinity of Santa Cruz and the Peninsula area
between about 6 to 10 m.y.b.p. during the
latest Miocene and possibly earliest Pliocene
time (Atwater and Molnar, 1973, Dickinson
and Snyder, 1979). During this time Tertiary
basins were rapidly uplifted and strongly
deformed; in addition, the regional structural
fabric characterized by northwest trending
faults and folds was established (Graham, et
al., 1984). The late Cenozoic tectonics near
the Mendocino Triple Junction show that
rapid uplift and pervasive deformation are
associated with the cessation of subduction
and initiation of the transform boundary. The
uplift rate in that region is on the order of 2-5
mm/yr (McLaughlin, et al., 1983, Merritts
and Bull, 1989, Merritts and Vincent, 1989,
Carver, 1987, Lajoie, 1982). The approach
of the triple junction was signaled by the
development of a regressive sequence
associated with emergence of the basins
(Blake et al, 1978). Uplift rates taper off
quickly to about 0.3 mm/yr by about 60 km
south of the triple junction (Merritts and Bull,
1989). The vertical displacement rates

determined from Quaternary terraces range




between 0.3 to 0.5 mm/yr through much of
northern and central California (Alexander,
1953, Bull, 1986, Bradley and Griggs,
1976, Lajoie, et al., 1979b, Lajoie, 1986,
Lettis and Hanson, 1992, Wehmiller, et al.,
1977). Assuming that more rapid horizontal
deformation rates are associated with the
higher uplift rates then it appears that a
discreet deformation wave migrates along the
continental margin associated with migration
of the triple junction and is followed by much
less intense deformation associated with the

transform faulting.

Results from geodetic surveys in the San
Francisco region indicates that much of the
relative plate motion (DeMets, et al., 1990)
can be measured across the transform
system, and that there is little or no
measurable convergence during the present
time except at localized regions (Sauber, et
al., 1989, Lisowski, et al., 1991b). This
observation contrasts with crustal thickening
and horizontal shortening that were
accommodated by folding, thrust faulting,
and basin emergence in the late Neogene
(Page, 1982,’Aydin and Page, 1984,
Namson and Davis, 1988, Page, 1990,
Jones, et al., 1994). A rigorous examination
of Quaternary intra-block structures will
provide constraints on the active tectonic style
and help determine whether there has been a
significant change in rate during the last two
or three million years that can account for
discrepancies between the geologic and

geodetic records..
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If the tectonics of the active Mendocino
triple junction is an analog to the recent past
history of the San Francisco Bay Region,
then many structures defined by late
Cenozoic strata evolved in the late Neogene,
prior to development of the presently active
transform. The deformation rates and
structure style of the active Mendocino triple
junction (Merritts and Bull, 1989, Mc
Laughlin and others, 1983) probably serve as
indicators of the recent past tectonics that
profoundly affected the present structural
fabric. Structures which are primarily a
consequence of passing of the triple junction
(Graham, et al., 1984, Dickinson and
Snyder, 1979) about 7.5 m.y.b.p. have not
yet been distinguished from those that are
presently active.

Preliminary analysis of structural data from
the late Cenozoic in the La Honda Basin area
suggests that the deformation rate has slowed
considerably from about 1.2mm/yr since the
Late Miocene to about 0.3 mm/yr in the late
Quaternary, and that the highest deformation
rates are coincident with passage of the
Mendocino fracture zone at this latitude
(Figure 1).
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Rates estimated from structural sections in San Mateo County
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Jayko, La Honda-San Gregorio area
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Half Moon Bay Syncline and Pillar Point
Dome

K.R. Lajoie, U.S. Geological Survey, MS-977,
Menlo Park, California, 94025

Half Moon Bay Syncline

The Half Moon Bay syncline is expressed by
a gentle downwarp in the emergent Half Moon
Bay marine terrace (105 or 82ka) on the central
coast of San Mateo County (Figure 1).
Generalized structural contours on the buried
wave-cut platform and the longitudinal profile of
the shoreline angle delineate a broad westward-
plunging syncline flanked by two minor
anticlines. The syncline plunges obliquely into
the northwest-trending, right-lateral Seal Cove
fault, suggesting a drag-fold relationship.

Neither the wave-cut platform nor the shore-
line angle of the next higher Miramar terrace
(probably 124ka) is exposed, but the longitudinal
profile of its topographic surface reveals
synclinal warping slightly tighter than that
expressed by the Half Moon Bay terrace,
indicating progressive deformation. Well
developed, but widely separated remnants of at
least three higher marine terraces notch the
hillsides above Half Moon Bay, but their
longitudinal profiles are too poorly constrained to
provide independent evidence of synclinal
warping. However, the broad embayment of
Pilarcitos Creek east of Half Moon Bay, in which
some of the high terrace remnants occur, and the
saddle in the ridge crest at the head of the
embayment might reflect long term synclinal
folding.

The local drainage pattern clearly reflects the
synclinal warping expressed by the Half Moon
Bay terrace. The high reaches of the major
streams draining the hills above Half Moon Bay
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trend southwestward (Figure 1), roughly
following linear joints in the underlying Pliocene
marine sedimentary rocks of the Purisima
Formation. However, where the streams leave
the hills and cross the Half Moon Bay terrace
their courses deflect toward the synclinal axis
(Figure 1). Exceptions to this general pattern
occur at the northern and southern ends of the
terrace where the stream courses trend down the
back sides of the two minor adjacent anticlines.
The Holocene depositional and erosional
patterns also reflect the synclinal warping
expressed by the Half Moon Bay terrace. The
Holocene rise in sea level raised the base level of
the streams crossing the central, downwarped
part of the Half Moon Bay terrace, forming Half
Moon Bay and causing the streams entering it to
deposit alluvial fans over the Pleistocene terrace
sediments. In marked contrast, the mid-Holocene
stabilization of sea level resulted in sea-cliff
erosion along the uplifted southern limb of the
syncline, locally lowering base level and causing
the major streams crossing the terrace to deeply
incise their late Pleistocene to early Holocene
floodplains, the Pleistocene terrace sediments and
the underlying Pliocene bedrock. However,
minor streams unable to incise the bedrock
cascade over the sea cliffs as seasonal water falls.

Pillar Point Dome

The Pillar Point dome is expressed
geomorphically by the narrow ridge, Seal Cove
bluff, northwest of Half Moon Bay (Figures 1A
and 2); Pillar Point, the prominent headland at the
southeast end of the ridge, defines the northern
end of the Half Moon Bay. An uplifted and
warped remnant of the Half Moon Bay terrace
truncates the crest of the ridge forming a flat
summit surface (Figure 2). The wave-cut
platform and its thin veneer of overlying terrace




sediments are exposed high in the modern sea
cliff along the southwest side of the ridge. Two
relict sea stacks protrude through the terrace
sediments at the center of the ridge (Figure 2)
and at its southern end (Pillar Point).

Detailed bathymetry reveals upturned and
faulted beds of the Pliocene Purisima Formation
on the active wave-cut platform (Jack, 1969).
The areal extent of these deformed beds probably
reflect the lateral dimensions of the Pillar Point
dome (Figure 1A). Poorly constrained structural
contours on and projected from the uplifted
remnant of the wave-cut platform of the Half
Moon Bay terrace reveal that the dome is
probably a narrow, northwest-trending structure
truncated along its northeast side by the Seal
Cove fault. The configuration of the dome is so
poorly constrained that its axes cannot be
determined with confidence. However, its major
axis probably lies adjacent and parallel to the
fault, while its minor axis probably trends
southwestward away from the fault at a high
angle.

Projecting the structural contours onto a
vertical extension of the fault plain yields an
approximate longitudinal profile of the Pillar
Point dome (Figure 1B). This profile contrasts
markedly from the profile of the Half Moon Bay
syncline northeast of the fault. Because no
piercing points can be¢ identified, neither local slip
directions nor slip rates can be determined.

The southern extent of the Seal Cove fault is
not known. However, linear scarps revealed in
the detailed bathymetry of Half Moon Bay (Jack,
1969) indicate the fault side steps and bends to
the south at Pillar Point (Figure 1). The fault
might extend offshore to Pescadero and connect
with a strand of the onshore San Gregorio fault.
In any event, the Pillar Point dome and the
opposing Half Moon Bay syncline probably

reflect structural complexities at the bend in right-
lateral Seal Cove fault. As such, both structures
are minor features superimposed on the broader
antliclinal uplift of the Santa Cruz mountains.
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FIGURE 1:

Map and profiles of the Half Moon
Bay terrace showing the Half Moon Bay
syncline and the Pillar Point dome (PP:
Pillar Point). Amino-acid and molluscan
faunal data correlate the Half Moon Bay
terrace with either the 105 or 82ka sea-level
highstands (Kennedy and others, 1981). A:
Generalized structural contours on the
buried wave-cut platform define the broad
Half Moon Bay syncline and two minor
anticlines northeast of the Seal Cove fault,
and the narrow Pillar Point dome (actually
half dome) southwest of the fault. Platform
elevation data are from shallow bore holes
and sea-cliff exposures. The contours
defining the dome are projected over an area
of deformed beds of the Pliocene Purisima
Formation (Tp) exposed on the Holocene
wave-cut platform. Note that stream
channels deflect toward the axis of the
syncline where they leave the hills and cross
the warped Half Moon Bay terrace. B:
Longitudinal profiles of the wave-cut
platform of the Half Moon Bay terrace. The
profile of the shoreline angle (solid line)
delineates the broad syncline and two minor
adjacent anticlines northeast of the fault. The
concave upward profile (dashed line)
delineates the intersection of the platform
northeast of the fault with the projected
vertical fault plain. The convex upward
profile (dash-dot line) delineates the
intersection of the platform southeast of the
fault (Pillar Point dome) with the projected
fault plain. Uplift is referenced to the 105
and 82ka sea-level highstands, Om and -7m,
respectively (Bloom and Yonekura, 1985).
Because no piercing points can be identified
neither local slip directions nor slip rates can
be determined. See Figure 2 for cross-
section A - A. Modified from Lajoie and
others (1991).

FIGURE 2:

Cross-section A - A northeast of Half
Moon Bay showing offset of the Half Moon
Bay terrace across the right-lateral Seal
Cove fault. The Pillar Point dome is defined
by structural contours projected from the
uplifted remnant of the terrace platform
(PWCP) truncating the summit of Seal Cove
bluff. The lateral extent of the dome is
constrained by the extent of deformed
Pliocene Purisima beds exposed in the
Holocene platform (HWCP) (Jack, 1969).
The maximum vertical separation of the
platform across the fault is 49m, but because
there are no definable piercing points, the
actual vertical displacement is not known.
Uplift is referenced to the 105 and 82ka sea-
level highstands, Om and -7m, respectively.
See Figure 1 for location.
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Northeast Santa Cruz Mountains
Thrust/Fold Belt

K. R. Lajoie, U.S. Geological survey, MS-
977, Menlo Park, California, 94025

The northeast Santa Cruz Mountains
thrust/fold belt comprises the recently
uplifted hilly to mountainous terrain northeast
of the San Andreas fault (Figures 1 to 4) that
extends from San Francisco in the northwest
to the Pajaro River in the southeast.
Structurally, the belt consists of numerous
southwest-dipping high-angle reverse and
thrust faults, and related folds that collectively
form a complex hemi-antiform (Figures 7 to
11). The belt reflects northeast-southwest
crustal shortening adjacent to the San
Andreas fault, which in turn reflects minor
plate convergence across the fault (Figure 2).
Topographically, the belt divides into a
foothill region with ridge crests below 300m
and an upland region with ridge crests
ranging from 700 to 1200m (Figures 5 and
6). The Monta Vista and Berrocal faults
separate the regions, with precipitous relief
across the faults.
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FIGURE 1

Structurally, the northeast Santa
Cruz Mountains thrust/fold belt comprises a
series of southwest-dipping high-angle
reverse and thrust faults that deform
sediments ranging in age from Mesozoic to
Holocene. The Monta Vista (MV) and
Berrocal (BE) faults separate the foothill
region from the upland region (Figures 5 and
6), with precipitous relief across the faults.
For example, the elevation near Felt Lake
(FL) is 250m, while just 9km to the
southeast it is 850m at Black Mountain
(BM). Locally, the Serra (SE) and Monta
Vista (MV) faults appear to define a
structural boundary between foothill region
and the alluvial plain to the northeast.
However, other thrust faults buried beneath
the Pleistocene to Holocene basin sediments
probably lie to the northeast of this apparent
boundary. Possible evidence for a buried
thrust beneath the alluvium is the Stock
Farm Monocline trending northwestward
across a Pleistocene fan surface on the
Stanford campus in Palo Alto (Figure 10)
(Kovach and Page, 1995). Other examples
are the zones of surface lineations, stream-
terrace convexities and topographic scarps
trending northwestward across the Los
Gatos embayment (Hitchcock and others,
1994, J. Coakley, 1996, personal
communication). Locally, the Serra (SE) and
Monta Vista (MV) faults overthrust and
deform late Pleistocene and possibly
Holocene sediments (Smith, 1960; Bonilla,
1971; McLaughlin, 1974; Pampeyan, 1993,
1994; Hitchcock and others, 1994).
Displacement across all the faults in the
thrust/fold belt is probably right oblique, not
pure thrust. Ground-surface deformation
occurred between the Monta Vista and
Berrocal faults during the 1906 San
Francisco Earthquake (Lawson, 1914), and
along the same and related faults during the
1989 Loma Prieta earthquake (Haugerud and
Ellen, 1990). Scattered micro-seismicity ,
some with oblique solutions, persists
throughout the thrust/fold belt (M. L.
Zoback, 1996, personal communication;
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Kovach and Page (1995) (Figure 10). Folds
involving Mesozoic to late Pleistocene
sedimentary rocks are associated with most
of the high-angle reverse and thrust faults
shown here, and some of the faults originate
in sheared folds. Fault data generalized from
Bonilla (1971), McLaughlin (1974), Chin
and others (1993), Pampeyan (1993, 1994),
Hitchcock and others (1994) and Kovach
and Page (1995). See Figures 7 to 11 for
cross sections A- Ato E - E.

FIGURE 2

Map of the northeast Santa Cruz
Mountains thrust/fold belt showing North
American-Pacific plate convergence across
the San Andreas fault. The NUVEL-1 model
predicts that the tangent to the circle of
rotation between these plates strikes about
N34° W in the San Francisco Bay region
(DeMets and others, 1990). The predicted
right-lateral relative plate motion is 48mm/a,
with about 17mm/a concentrated on the San
Andreas fault (Lisowski and others, 1991).
At Daly City, the San Andreas strikes N35°
W, yielding a plate convergence angle of 1°
and a convergence rate of 0.3mm/a normal
to the Nuvel-1 plate boundary. Near Loma
Prieta, the fault strikes N52° W, yielding a
convergence angle of 18° and a
convergence rate of 5.5mm/a. The height
and width of the thrust belt increases to the
southeast as the convergence angle increases
(Figures 5 and 6). If the bend in the San
Andreas formed when the Coast Ranges
began to rise about 3.5 million years ago, the
total crustal shortening across the thrust/fold
belt has been about 10km normal plate
boundary near Loma Prieta. There the belt is
19km wide, indicating about 30% crustal
shortening between Coyote and the San
Andreas fault. However, summation of
crustal shortening across the thrust faults
themselves yields an estimate of Skm (R.
McLaughlin, 1996, written communication).
The 5km difference in these estimates might
indicate that the bend has evolved through
time.




FIGURE 3

Map of the northeast Santa Cruz
Mountains thrust/fold belt showing crest
elevations and uplift rates. The crest of the
foothills region lies below 300m, while the
crest of the uplands region lies between 700
and 1200m. These elevations, which inrease
nonlinearly to the southeast as the plate-
convergence angle increases (Figures 2, 5
and 6), most likely reflect relative long term
uplift rates. The Colma terrace (CT), here
tentatively correlated with the 124ka sea-
level highstand (6m), crops out at 26m in the
modern sea cliff at Daly City (Hall, 1966;
Bonilla, 1971). The elevation and assumed
age of this terrace yield an uplift rate of
0.16m/ka. If instead, the Colma terrace
correlates with either the 105ka (Om) or
82ka (-7m) highstand, the uplift rate would
be 0.40 or 0.25m/ka, respectively. The
Rockland ash (RA), dated at 400ka (Sarna-
Wojcicki and others, 1985), crops out at
150m in the upper part of the shallow-
marine Merced Formation at Daly City (M.
Bonilla, 1994, personal comunication), and
at 180m in the Woodside facies of the
alluvial (?) Santa Clara Formation in
Woodside (Cummings, 1972; Sarna-
Wojcicki, 1976). At both localities, the beds
containing the ash are tilted and erosionally
truncated, indicating that the outcrop
elevations represent minimal uplift.
Assuming the ash was deposited near
present sea level, the uplift rates would be =
0.38nv/ka at Daly City and = 0.45m/ka at
Woodside. Six sedimentary apatite samples
from a transect near Loma Prieta yield
fission track ages averaging 4.6Ma (Bii
rgmann and others, 1994). This age dates the
time of crustal cooling below 110° C and
suggests that about 3km of unroofing has
occurred in the upland region over the last
4.6ka. Allowing for the present elevation of
about 1km, these data suggest a long-term
uplift rate of 0.87m/ka.
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FIGURE 4

Map of the northeast Sant Cruz
Mountains thrust/fold belt showing its
regional structural axes. Both
topographically and structurally, the Santa
Cruz Mountains form an elongate, doubly
plunging antiform that reflects
compressional uplift at the broad left bend in
the San Andreas fault. The San Andreas
asymmetrically bisects the antiform along its
major axis, producing two hemi-antiforms,
the thrust belt to the northeast and the tilted
block to the southwest. The axes of these
structures lie along the zones of maximum
uplift adjacent to the fault, and their minor
axes plunge away from it. The uplifted
thrust/fold belt is the most conspicuous
element of the general, northeastward tilted
San Francisco Bay block between the San
Andreas and Hayward faults. The
northeastward tilt of this block produced the
the asymmetrical basin now partly flooded
by San Francisco Bay.

FIGURE 5

Elevations of selected sites along the
crest of the northeast Santa Cruz Mountains
thrust/fold belt plotted as a function of
distance from the coastline at Daly City (*);
the projection plain lies along the NUVEL-1
plate boundary, trending N34° W. In the
foothill region the crest lies below 300m,
while in the upland region it lies between
700 and 1200m. The precipitous scarp
separating the foothill and upland regions
between Felt Lake (FL, 250m) and Black
Mountain (BM, 850m) reflects the vertical
component of displacement on the Berrocal
and Monta Vista faults, shown here
diagramatically. Also plotted is the width of
the thrust belt as a function distance from
the coastline (A ). In general, both the
elevation and width of the belt increase to
the southeast, as the convergence angle
between the North American and Pacific
plates increases along the eastward bend in
the San Andreas fault. These trends are not
linear because NE-SW crustal shortening




represented by the belt occurs mainly along
discrete failure surfaces, not as plastic
deformation. See Figures 1 through 4 for site
localities.

FIGURE 6

Elevations of selected sites along the
crest of the northeast Santa Cruz Mountains
thrust/fold belt plotted as a function of the
convergence angle between the North
American and Pacific plates across the San
Andreas fault (¢); the projection plain lies
along the NUVEL-1 plate boundary,
trending N34° W. In the foothill region the
crest lies below 300m, while in the upland
region it lies between 700 and 1200m. The
precipitous scarp separating the foothill and
upland regions between Felt Lake (FL.
250m) and Black Mountain (BM, 850m)
reflects the vertical component of
displacement on the Berrocal and Monta
Vista faults, shown here diagramatically.
Also plotted is the width of the thrust belt as
a function distance from the coastline (A ).
In general, both the elevation and width of
the thrust belt increase to the southeast as
the convergence angle increases along the
eastward bend in the San Andreas fault.
These trends are not linear because the NE-
SW crustal shortening represented by the
thrust belt occurs mainly along discrete
failure surfaces, not as plastic deformation.
See Figures 1 through4 for site localities.

FIGURE 7

Cross section A - A at Daly City
(Figure 1). A virtually uninterrupted, 1800m
section of the predominantly shallow-marine
Plio-Pleistocene Merced Formation crops
out in the modern sea cliff in this area (Glen,
1959; Hall, 1966; Clifton and Hunter, 1989).
Strontium-isotope data date the Merced at
3.2 to 0.2Ma (Ingram, 1992). The Rockland
ash, in the upper part of the Merced, is dated
at 400ka (Sarna-Wojcicki and others, 1985).
This ash crops out at an elevation of 150m in
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Daly City (M. Bonilla, 1994, personal
communication). Assuming the ash was
deposited near present sea level, the
minimum uplift rate at that site is 0.38m/ka.

FIGURE 8

Cross section B - B at San Bruno
(Figure 1), showing rocks of the Mesozoic
Franciscan Formation (KIf) thrust northeast
over the late Pleistocene Colma Formation
along the Serra fault (Bonilla, 1971). The
Colma Formation and terrace are here
tentatively correlated with the 124ka sea-
level highstand. The erosional Buri Buri
surface forms an irregular summit plateau
along the crest of Buri Buri ridge, the local
topographic manifestation of the northeast
Santa Cruz Mountains thrust/fold belt. The
Buri Buri surface extends as far south as
Palo Alto (Smith, 1960), and possibly as far
south as Coyote, along the crest of the
foothills region. The age of the Buri Buri
surface is not known, but its northernmost
remnant truncates beds of the Merced
Formation that might be as young as 400ka.

FIGURE 9

Cross section C - C in Burlingame,
southeast of Daly City (Figure 1), showing
rocks of the Mesozoic Franciscan Formation
(KJf) thrust northeast over sediments of the
Plio-Pleistocene Merced Formation along
the Serra and related faults (Smith, 1960;
Pampeyan, 1994). This section clearly
illustrates the complex thrust faulting that
accomodates the NE-SW crustal shortening
accross the northeast Santa Cruz Mountains
thrust/fold belt. Southeast of the San
Andreas fault, the crest of the Santa Cruz
Mountains rises to 500m, which illustrates
the sharp topgraphic and structural contrast
across the fault.

FIGURE 10

Cross section D - D through Palo
Alto (Figure 1) showing the close
relationship between the high-angle reverse




and thrust faults, and the folds in the
northeast Santa Cruz Mountains thrust/fold
belt. Sedimentary rocks involved in the
deformation range in age from Mesozoic to
late Pleistocene, and possibly Holocene.
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