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FOREWORD

This report is a product of the San Francisco Bay Region Environment
and Resources Planning Study, an experimental program designed to
facilitate the use of earth-science information in regional planning and
decisionmaking. The study is jointly supported by the U.S. Geological
Survey, Department of the Intenor, and the Office of Policy Develcyment
and Research. Department of Housing and Urban Development.The Asso-
ciation of Bay Area Governments participates in the study and provides a
liaison and communication link with other regional planning agencie- r.d
with county and local governments.

Although the study focuses on the nine-county, 7,400-square-mile
19.000-square-kilometers) San Francisco Bay region, it bears on an issue

that is of national concern. This issue-how best to accommodate orderly
development and growth while conserving our natural resource base,
insuring public health and safety, and minimizing degradation of our
natural and man-made environment-is difficult and complex. The com-
plexity, however, can be greatly reduced if we understand the natural
characteristics of the land. the processes that shape it,its resource potential,
and its natural hazards. These suojects are chiefly within the domain of the
earth sciences: geology. geophysics hydrology, and *he soil sciences. Ap-
propnate earth-science information, if available, can be rationally applied
in guiding growth and development, but the existence of the information
does not assure its effective use in the day-to-day decisions that shape
cievelopment. Planners. elected officials, and the public rarely have the
training or experience needed to recognize the significance of basic earth-
science information, and many of the conventional methods of communicat-
ing earth-science information are ill suited to their needs.

It is hoped that the study will aid the planning and decisionmaking
community by (1) identifying important problems that are rooted in 'he
earth sciences and related to growth and development in the bay region;(2)
providing the earth-science information that is needed to solve these prob-
lems; G interpreting and publishing findings in forms understandable to
and usable by nonscientists; <4) estaolishing new avenues of communica-
tion between scientists and users. and (5) explonng alternate ways of
applying earth science information in planning and decisionmaking.

Since the study was started in 1970, it has produced more than 100
reports and maps. These cover a wide range of topics: reduction of flood and
earthquake hazards, unstable slopes engineerir;;charactenstics of hillside
and lowland areas, mineral and water resources management, disposal of
solid and liquid waste, erosion and sedimentation problems, bay-water
circulation patterns. and others. The methods used in the : tudy and the
results it has produced have elicited broad interest, and a wide range of
applications, from planners, covernment officials, industry, universities,
and the general public.

This report on flatland deposits and their land-use significance exa-
mines the low lying areas of the San Francisco Bay region where urban
centers are numerous and the population is dense.These areas oflow relief
are also likely to be favored sites for future growth, for they are easily
reached by existine roads and railroads, and their relatively level surfaceis
adapted to a variety ofintensive uses of the land. But the lowlands are not
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uniform. They include valley Goors and terraces, plains, low alluvial slopes.
. arshlands, and marine terraces. These landforms result from a number of
different geologic processes, they are underlain by deposits with different
physical and chemical properties, and they respond differently to the impact
of use.

This report evaluates the different flatland deposits, both in terms of
their natural properties and in terms of the geologic procuses that they
record. It also discusses how earth-science knowledge of the deposits and the
processes that forrn d them may be incorporated into planning for better use
of the land. These two closely related topics are addressed in separate
secticns of the report. The first section identifies the different kinds of
deposits that underlie flatlands of the bay region, describes their properties
and the processes that formed them, and demonstrates how this knowledge
can be used to predict the consequences of changing land use. The second
section of the report shows how planners and decisionmakers working
within the conventional framework of comprehensive planning can use
interpreted earth science information to assess alternative uses of land.

Y N,

R. D Brown Jr.
Project Director

San Francisco Bay Region Study
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DEFINITION OF TERMS

For the convenience of readers unfamiliar with Plate tectonics. An Earth model tn which a small numbert 10-25)

some of the geologic terms used in this report, the f l^r"e, broad, thick plates of the Earth's surface believed to
. . . "noat . on an underlayer and move more or less independently.tollowing glossary has been prepared.%. hopeit wille gnnding against each other like ice noes in a nver. rhe plates
save a number of trips to the dictionary and make the are propelled from the rear by sea-as spreading The conti.
text easier to understand, nents form part of the plates and move with them like blocks of

wood in an ice floe.
Alluvintion. The process of building up of sediments by a stream Pleistocene. An epoch of geologic time extending from 10.000

at places where stream selocity is decreased. The coarsest years ago to 1.9 million years ago, it includes the last Ice Age.
particles are the rirst to settle and the finest muds the last. Pliocene. The epoch of gaologic time before the Pleietocene. Its

Anticyclone. An atmosphene high presaure system in w hich the age covers the span of 1.8 to 7 million years ago.
wmd blows spir !!y outward m a clockwise direction in the Pore pressures. The pressure exerted by the nuid that fills the
Northern Hemisphere. pore spaces between the partiJes in a rock layer.

Aquic!ude. A relatively imprevious rock layer that forms the P wave. A type of earthquake wave that moves by alternating
upper or lower boundary of an aquifer but does not transmit compression and expansion of matenal m the direction of
enough water to supply wells or spnnes movement. The P stands for pnmary because it is the fastest of

Aquifer. A permeable layer of rock that contams enouan ground
the earthquake waves and so arnves before the secondary or Swater to yield significant quantities cf water to wells and wave.

spn us.
Quaternary. A penod of geologic time thought to cover the past

Bey.n. A low bench or narrow terrace on the back shore of a beach 13 million years. It consists of two epochs-the Pleistocene andtormed of matenai thrown up by storm waves. Holocene.Colluvium. Any !oose mass of soil or rock fragments that moves Radiometric age. An age determined by measurmg the disinte.
downslope largely by the force of gravity L suallyitis thicker at gration rate of radioactive elements. The age may be calculated.he base of the slope.

by measunry a short. life element like carbon-14. or a long-lifeDiatom. A microscopic single-celled plant that secretes siliceous
element gius its decay product such as potassium-40 argon.40.cell walls in a great vanety of forms.

Eolian. Deposits laid down by the wind. landforma eroatd by the Sea.noor spreading. A theory that the oceanic crust is forming
wmd. or structures such as nppie marks made by the wmd by upwelling and cooling of lava along the midoceanic Kdges

Facies. A rock unit distinguished from others by appearance or and is movmg away from the ndges at the rate of I-10 ce" time.
composition as a result of environment of deposition. ters per year This movement is thought to provide the source of

Geomorphic. Pertaining to the form of the surface features of the p w+r for the movement of large " plates" of the Earth's crust.
(See " plate tectanics.")

earth Specifically. geomorphology is the analysia ofland orms | Seismic impedance (acoustic impedance). The product ofand their mode o'f ongm.

Holocene.The mmt recent epoch of geologic time. extending ' rom ] Seismic velocity. The r.,te of propagation of an elastic wave The
se smic S. wave velocity and bulk density.

10.u0 years ago to the present time.
Indura ted. Rock or soil compacted by pressure, cementation. and vel city depends upon the type of wave and the elastic properties

heat. and density of the Earth matenal through which it travels.
Interfluvial. The land lyme between streams. Shear wave. S wave. A type of urthquake wave that moves oy a
Isoh> et. A hne connectmg points of ecual precipitation sheanne of matenal. so that there is movement perpendicular to
Isoseismal line. A ;ine connectmg points on the Earth s surface ; the direction of propagation. S stands for secondary because it

at which earthquake intensity is the same travels slower than the P or pnmary body waves.
Lithified. The consolidation of a loose sediment mto a solid rock. Soil horizon. A layer of soil distmguished from adjacent layers
Lithostatic load.The verticalload at a pomt in the Earth's crust ; by such charactenstics as structure. color, texture or chemical

equal to the load that would be exened by a column of the i composition. Seil honzo is are generally desi :nated by capital
overlymg rock or soit i letters. for example. A h ;nzon or B honzon.

Littoral drift. Matenal esuch as sand. gravei and shell frag. ; Soil profile. A ver+ical section of a soil that sho a allits layers
mentsi that is moved along the coast by an ocean current. and the matenal from which it was denved.
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Subduction. The process of one crustal block moving beneath Tsunami. A sea wave produced by anylarge-scale,short duration
another-by foldmg, faulting, c- both. disturbance of the ccean tloor, pnncipally by a shallow submar-

Tectonics. A study of the ongm. relations, and evolution of ine earthquake. Tsunamis are charactenzed by great speed and
structural features of the Earth's crust, such as folding and may cause considerable damage along an exposed coast thou-
faulting of the rocks. sand of miles from the source.
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FLATLAND DEPOSITS OF THE
SAN FRANCISCO BAY REGION, CALIFORNIA-

THEIR GEOLOGY AND ENGINEERING PROPERTIES, AND
THEIR IMPORTANCE TO COMPREHENSIVE PLANNING

_

Bv E. J. HELLEY and K. R. LAJOIE

ABSTRACT relatn e capabWty for aenculture. urban residential development,
ground water recharge. and sand and gras el extraction. The study

Geologic maps of the deposits underlymg the Catlands < sione shows that bav mud has low capabihty for all uses considered. that
less than la percents of the San Francisco Bay region provide relatively few units has e high eapability for agneultureor ground-
urban and regional planners and decisionmakers with earth- w ater recharge, and that most units have high or moderate capa-
science mtormanen regardme geologic hazards and resource * I bihty for urnan residential developrr . t. The ratmgs bnng into
The Catlands are particularly suitable for development becaus" | focus potential land-use conflicts P equire resolution through
the low rehef permits simple. relatn ely low cost construction. but | evaluatmg economic. pohtical social ano other envir3nmental
parts of the datlands possess unusual geoingic charactenstics that i information Land-capa hiitty studies can assure that natural

imust be taken mto account if des eiopment and the use of resources factors are given full consideration in the planning process and
are to be ef fectn eiy managed. i direct anenticr. to areas and problems needing further investiga-

To examme the Catland characteristics svstemancailv. n ee"~ i tion bef,re land-development decisions are made.logic units are mapped m the area surroundmg an F rancisc Three examples cf plannmg response to particular flatland
Bay. m the outlyng s alleys and in the coastal zone The geologic | potential problems are i1i the policies and permit procedures
units are studied and mapped by unconsentional methods. These ! of the San Francisco Bay Conservation and Development Com-
mclude the use of bth century maps and cc astal charts. and pre- | mission under w hich development proposals for construction on
W40 aenal photography; studies of environments of deposition. 4 GH over hay mud are reviewed by a board including earth-science
soil. and stratigraphv. and age determmanens fmm radiometn' and r gmeenng professionals. d policies and project-reviewmethods. paleontology. and archaeolm:v Among the geologic af the Association of Bay AreaGovernmentsemphasizmg
units that can be recogmzed and mappes are the estuarme d hav' ! cntenthe regional importance of pnme agricultural land. and it the
muds and marsh deposits. and allu iai-far.. channel. Coo +basm. gmlogic and soils report requirements of Santa Clarn County,
ies ee. dune. and he ich deposits The M geologic units shown on ' w hich are related to mapped nsk zones in the baylands. These
the map that accompantes the report range m age ' rom oldest i exampies show how geologic studies can be effrctivelv used m
Pleistocene i1 milhon 3 earu to deposits th it are snH for .iry land use plan r mg to foster saf e. economical. and environ' mentally
nia > sound land-use densions.,

The engineenne propernes of the** units are Jetermmm by
,

analy zmg unpubusnrd repom by prn ate consultant 3 nee mlog

ic and enemrerme hterature horr-ho;e loes for his . y and INTRON TTIONbndge construcu an. and l' S t moogical Surs ey fiem mdies. The
enemeerme properties are show n to be systemancaHv related to

Bi w tu m E m Lt M sa nn L BLsIR Eow suo J HELLE \ andthe age of the g~ioete units These propernes mciude buik densitv. KmtTH R Lvltmoisture content. penetranon remstance. sei<mic w au s elocities.
and hquefaction potential. The depositional processes and age of PROBLDIS \ND Pt RPOSES
each unit en e a basis for prrdictme potential eenlogic hazare as
""" 3' ""t u r I r"""rc" ?""t P"'"""ai h az rd s are relaten t" The San Francisco Bay region consists of the nine
water or to earthquakes W ater related hazards include Gooding.

i counties surroundm.g b,an Francisco Bay (fig. IF-therapid channel changes. sait w ater intrus.on subudence. grmund
largest estuary on the California coast. The area issett!ement. and shnnkme and sweihng Smrme hazards includg i

ground motion ampuncanon and hq ue f acnon with posub;e . characterized by diversity in topocraphy, natural
ground failure. The young estuanne muds and Cao i basm depos. resources, and climate. It is nchiv endowed with

!
~

its are most 4uscepuble to 3etsmic hazard * outstanding scenic and recreational resources; a mild
Natural rewurce* ire also es a!uated for each unit The aencul- climate; large open-space areas; large areas of flat,turai potential or the soils is probably mo<t important berausethis

vital rrsourcr o e*nerailv lost %reser atter urnanization The easily developed land; fertile soils; good water sup-
natlands are al30 a source for sand and grawl. clav. pot. Sheus. plies; extensive inland waterways; and fine harbors.
and salts These favorable natural features have attracted a

The hazards and r"sourw pot +nnal are identa:ed for each unit large population which has produced a vigorous and
so that regional pianners w nl h.n e mund inf ormation on w hich to diverst!!eo social and economic system. The area is

. .~ , .

base their dect-ions regarding land uw
How this mformatmn can he es aiuated and apphed is show n m a one of the most attractive urban suburban complexes

hypotheticalland-capatuhty studv Each eroiogic unit s rarrd for in the United States.
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FWL RE 1.-The nine <.ounties in the San Francisco Bay Region.

The region, however, is not without its environ- form ition of the San Francisco Bay Region Study
mental problems. Many natural constraints to land |j jointly funded by the U.S. Geological Survey and the
use in the bay region were ignored or were not recog- Department of Housing and Urban Development.
nized in the period of rapid population growth since This study was designed to provide some of the basic
World War II. As a result, valuable and irreplaceable geologic data needed to develop guidelines for the use
natural resources such as prime agricultural land of the land and natural resources of the San Francis-
were destroyed, houses and public facilities were co Bay region.
built on landslides and active faults, overdraft of Most of the residential, agricultural, industrial,
ground water aquifers caused severe subsidence in and commercial development in the bay region is in
some areas, and development took place on active the nearly Gat lowland areas surrounding the bay
flood plains. Recognition in the late 1960's that many and extending into the outlying mountainous areas
of thes 3 problems relate to geologic factors led to the as narrow valleys (fig. 2). In effect, these Rat low-
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FM o 2.-The deseloped areas and dat lowland areasin the San Francisco Bay region. Developed areas consist oflow , medium , and
high-density residen .al, commercial.:ndustrial. military.and transportation fac.lities as of 1965 Data from Assoc:ation of Bay Area
Governments.1366

lands are themselves an important natural resource cess. the powers and objectives of the agencies in-
of thebay reemn..T!ost future urban development can | volved in planning, and the natural features and
be expected to occurin these flatlands. The purpose of : processes of the planning area. These aspects of the
this report is twofold: t litoidentify the geologic units , San Francisco Bay region provide the basis for the
and processes of these lowland areas, placing parti- | interpretation and c pplication of geologic informa-
cular emphasis on the opportunities and constraints tion in regional planning.
asmeiated with the deposits that underlie these Planning is the process of devising and carrying
areas. and d to show h< information concerning 1 out a course of action to reach anidentified objective.
the natural characteristics of :latland areas can be ; As an organized governmental activity, planning
used in regional planning to influence future land- | seeks to improve the decisons of public bodies and
use decisions. ; administrators. Comprehensive planning treats the

; long-term development of an area considering all
PL\NNING TND DECl*lON\1 WING major determinants of growth and change--econom-

ic. political social, and physical.
The information needed in regional pianning and A land-use plan is a key component of a compre-

the e. tent to which it can affect decisions depend on hensive plan providing a link between more genent
the nature of the planning and decisionmaking pro ' goals and policies and the pattern of land develop-

.
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4 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION. CALIFORNIA

ment. A land-use plan includes objectives, policies, cipation is essential throughout the planning pro-
and proposals for the type, pattern. and intensity of cess. Success in implementing a plan depends on
land use. A functional plan desc-ibes needed facili- wideopread public support, which can be gained only
ties and operations for a speciSc function of govern- if all major segments of the public participate in the
ment such as transportation water development, planning process.
flood control, or emergency response; it is mere spe- Decisions occur throughout the process, ranging
cific than a comprehensive plan and usually has a from the decision to engage in a planning effort to the
shorter range Any plan, when adoptcd by the gov- final approval of a plan and adoption ofimplement-
.rning body of an agency, is official puMic policy. ing regulations. programs, and procedures. Elected
This report is primarily concerned with land use public officials have final res,onsibility for most key
planning and decisionmaking carried out by region- policy decisions, although persons in nonelective
al agencies. positions actually make many important day to-day

The process of developing comprehensive, land- decisions.

use, and tunctional plans generally consists of six j The process shown is generally applicable regard-
sters: identifying problems and defining goals and less of jurisdictional level, subject area, or size of
ol tives, collecting and interpreting data, formu- planning area. However, the actual content of the
lat; g plans, evaluating impacts, reviewing and dl depending on the responsibility,
ado ting plans, and implementing plans. These | plans varies wi e yauthority, and financial position of the planning
steps, shown in figure 3 areinterrelated. Plan formu. | agency: the diversity of the planning area: scope of
lation often indicates the need for additionalinfor i the planning effort; and availability of data. For
mation, additional information may alter the con. I

and problems, and plan ! example, regional councils of governments iCOGs>are likely to emphasize developing procedures andcept of the objectives
implementation may reveal the need for more addi- J criteria for usein reviewing major projects and plans.

The steps in the planning process consitute a | This is beacause the COGS' primary power derives
tional information or modification of the plan.

; from federally mandated review proceases. Local
systematic approach to informed decisionmaking ' agencies are more likely to emphasize objectives,
applicable to most governmental activities. The pro ' policies, and criteria to provide a basis for land use
duct of the process is a logical and internally consist. and development regulation-traditionally a local
ent plan or set of plans and programs to guide public ; responsibility.
and private decisions. The planning process is ongo- '
ing, prodt.cing refinements. revisions. 2 nd new plans AGENCIES FOR REGION AL LANDYSE PL\NNING
and implementing programs as additional informa-
tion is obtained, new issues and problems raised, or . In the San Francisco Bay region, planning and
changes in public attitudes recognized. Public urti- decisionmaking authority at the regional level is
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INTRODl'CTION 5

diffused among more than 20 agencies with different required Environmental Impact Reports and any
but sometimes overlaping responsibilities and juris- project it deems to be regionally significact. In addi-
dictional boundanes. The agencies with duties or tion, ABAG can direMy participate in planning
powers affec'ing land use fallinto the following five programs with other public agencies through joint
basic categories: memoranda of agreement. As a voluntary associa-

* Comprehensive planning agencies. tien with advisory functions, ABAG's powers of plan
* Functional planning agacies. implementation ultimately depend on its ability,
* Agencies with permit autho.ay. through well-conceived plans, development and dis-
* Regulatory agencies. semination ofinformation, and the art of persuasion.
* Single-pur* ase planning ann operating dis- to influence the decisions of other public agencie:-

tners. regional, Federal, State, and local.

CON 1PREHENi!VE PLANNING AGENCIES

The Association of Bay Area Gavernments !
( ABAG) is responsible for areawide comprehensive | Fl'NCTIONAL PLANNING AGENCIES
planning. Established in 1961 to dev 40p plans and
policies pertinent to regionwide proble.ns ABAG is a i The 51etropolitan Transportation Commission
voluntary association oflocal governments. Present j (SITC) and Bay Area Comprehensive Health Plan-
voting membership includes 7 counties and 55 cities m u ,, Council (BACHPC) have specific mandates to
out of a potential voting membership of 9 counties | engage in areawide functional planningwith respact
and 92 cities. However. all 9 counties are included | to transportation, health facilities, and waste-water
within the ABAG planning area. I treatment, respectively. The planning and project-

ABAG's adopted regional plan consists of the review responsibilities, and other duties these agen-
Regional Plan 19701990 < 1970),the Regional Airport ' cies may be authorized to perform, are normally
S3 stems Study Final Plan (1972), Regional Open 1 coordinated with ABAG activities. Each agency
Space Plan, Phase II(1972). Regzonal Ocean Coast ' reviews local plans and projects for conformance
line Plan (1973i, plus goals and policies adopted from I with its functional plan.
time to time by the General Assembly or Executive 51TC was established to coordinate the develop-
Committee 51emorandum to staff frum Revan A. F. ment of regional transportation facilities. It is
Tranter, Executive Director. ABAG, November 11 ' charged with preparing and adopting a Regional
1974L An important aspect of ABAG's planning Transportation Plan including proposals for major
activity is developing procedures, standards, and , highways, mass transit, transbay bridges, airports,
criteria for identifying and reviewing regionally and harbors. It must also develop a transportation
slenificant projects and plans. Geologic information improvement program and a financial program for
is needed by ABAG to carry out a'1 of its planning carrying out the program. The adopted Regional.

functions. ; Transportation Plan is to be the bay area component
ABAC's pnmary power to implement its plans and of a statewide transportation plan required by As-

pohcies derives from its designation by the Federal sembly Bill 69 (1972) Sletropolitan Transportation
government as the areawide clearinghouse agency Commission.1975.
for the San Francisco Bay region In this capacity, 51TC has stronger project review pcwers than the
A B AG reviews loca! requests for Federal funds avail- other functional agencies. 51TC's approval is re-
able from aLout 150 Federal programs including q uired for certain proj ects. including transbay
among others local applications for Community De , bridges, public multi county transit systems on ex-
velopment Block Grants and Comprehensive Plan- clusive nghts of way, construction of State high-
nine Assistane- Grants authorized by the Housing ways, and all applications from local governments or
and Community Development Act of 1974 As a distncts for State or Federal funds foc any kind of
clearinghouse agency ABAG also reviews proposed transportation facility. In addition to reviewing pro.
Federal projects and federally required Environmen jects,51TC administers, fer the bay area, the public
tal Impac+ Statements. ABAG s review is advisorv. transit funds acquired from State and local sales
However. because the fundine agency must explain taxes on gasoline. 51TC needs geologic information
in writing a decismn to override a negative finding by in planning the location of transportation facilities
ABAG and because many projects are usually com- and reviewing transportation proposals.
peting for limited funds. ABAG's recommencations BACHPC is a voluntary federation of nine county
are usually heeded. ABAG may also review state- health planning councils. It is recognized byfStatE O5 3J'" '
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6 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION, CALIFORNIA

and Federal authorities as the agency to undertake ' ber 1975 for adoption and implementation. In 1976,
and coordinate comprehensive health planning. The the California Coastal Act was enacted, establishing
agency was organized to prepare a regional health the policies and governmental mechanism for ensur-
plan to evaluate proposals for construction of new ing wise use of the State's coastal areas. Coastat
health facilities. BACHPC's prima y power is the areas of the bay region are represented by two com-
review of requests for Federal and State funds. The missions: Central (San Mateo Countyi and North
comments are advisory, but since requests for funds Central (San Francisco, Marin, and donoma Coun-
"sually exceed funds available, the BACHPC review ties). CCZCC used geologic inGrmation in preparing
e.nments can be determining. BACHPC needs to the coastal plar. and, if maintained as a permanent

consider geology, particularly seismic 1 azards. in organization, will continue to need geologie data.
locating and designing medical facilities.

AGENCIES %ITH PERMIT AUTHORITY

Regional agencies with a primary purpose of esta.
The San Francisco Bay Conservation and develop- olishing, enforcing, and administrating regulations

ment Commission < BCDC) and the California Coast- are the Bav Area Air Pollution Control District < BA-
al Zone Consers ation Commission (CCZCC) are the APCD) and the San Francisco Bay Regional Water

'

major agencies having permit authority. BCDC was Quality Control Board (RWQCB). The BAAPCD is
created by the State Legislature to prepare a compre- responsible for establishing and carrying out a pro-

'

hensive plan for San Francisco Ba" and its shores gram to reduce air contaminants from both station-
and to control development within its area ofj unsdic- arv and moving source and the RWQCBis responsi-
tion. The plan was adopted by the State Legislature- ble for formulating and adopting a water-quality
and BCDC became a permanent agency charged control plan. Howes er, the major iniluence of eacia
with carrying out the plan. The adopted plan has agency on land-use decisions denves from its author-
legal status and guides the review of projects. BCDC itv to set and enforce standards. For exemple, the
shares authority over land use decisions with the R'WQCB has issued moratonums on sewer hook ups
cities and counties, which retain normal land-use in certain localities to prevent detenoration of water
and building-permit controls. However, with certain I
minor exceptions,a permit from BCDC is required for | quality. In addition. any project that may have aneffect on water quality must receive a permit from the
all projects within its area of junsdicuon. Thus. in ' board before it can be undertaken. Similarly, the
effect.it holds veto poweroverany project proposalin ! BAAPCD, with jurisdiction over the n;ne counties,
conflict with the San Francisco Bay Plan. Geologic except for parts of Solano and Sonoma Counties, is
information was extensively used by BCDC in pre ' required to consider che effects ofland-use decisions
panng its plan and is almost always needed for | on airquality.The BAAPCD haslittle potentialneed
project review. I for geologic information, but the RWQCB can use

In 1972, California voters adopted, by initiative, ! such information to help determine the effect of
legislation to create the California Coastal Zone
Conservation Commission and subordinate regional ! proposed projects on water qualitv-

commissions.
The CC7CC, working with six regional commis ' slNGLE-PURPmE PL \NNING

sions,is charged with prepanng a plan for the future UPER \ TING DI Tk!UT,

of the California coastal zone. While the plan was
being prepared. the commissions controlled all devel ' A number of agencies typically are given taxing
opment, through a permit process. to insure consis- | powers and he rer ,onsibility to plan, develop, con-
tency with the objectives of the established legisla- struct, operate, and maintain particular facilities or
tion and the emergmg plan policies. The plan was ssrvices. Bay Area Rapid Transit District. East Ba:,
presented to the Governor and legislature in Decem. Regional Park Distnet, Golden Gate Bridge High-
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INTRODUCTION 7

way and Transportation District, and East Bay can assist thm regional agencies to plan and act
Municipal Utility District are examples of si.ch agen- with greater awareness of the physical environment.
cies.These agencies use geologic information primar-

aEcroNrt sErrINGily in locating and designing regional facihties.
GEOGRAPHIC SETTING

INTERGOVERNMENTAL RELATIONS
The San Francisco Bay region lies between lat 36o

The diffusion of planning responsibility and regu- and 39 N. and extends across thelowest and narrow-
latory powers among so many regional agencies est segment of the Coast Ranges in central California
works against develc pment of a coordinated, compre- and into the west edge of the Great Valley of Califor-
hensive aporoach to the solution of regionalland-use nia (fig. 4). This region covers an area of 7,461 square
and environmental problems. This diffusion is com- miles (19,320 km2) consisting of northvtest trending
pounded by the authority cnd responsibility lodged mountain ranges, broad basins, and narrow valleys
with governmental agencies at the otherjurisdiction- generally paralleling major geologic structures and
al levels. The operations of regional agencies affeci the coastline of central California.
and are affected by the planning and decisionmak- About 65 percent (4,920 mi;,12,740 km2) consists of
ing of government agencies at Federal, State, cnd rounded hills and rugged mountain uplands with
local levels. many ridge crests rising above 1,000 feet (300 m) and

Federal and State agencies often p7eempt or limit a few peaks rising above 4,000 feet (1200 m)(fig. 5).
regional decisionmaking by imposing requirements Almost 11 percent (784 mi2,2,030 km ) consists of the2

for funds, criteria for programs, shared responsibil , open water and tidal marshlands of the bay itself
ity for specific functions such as transportation. and ' that lie at or close to sea level. The remaining 24
regulations concerning. for example, environmental percent (1,757 mi2, 4,550 km2) consists of the rela-
quality or the content of local plans. tively flat lowland areas (generally less than 200 feet

Regional and, to an increasing extent, local gov tj (60 m) above sea level) that constit ite the broad allu-
ernmental agencies are highly dependent on Federal , vial plain surrounding the bay, the broad to narrow
and State funds to carry out their responsibilities. ! valley bottoms extending . rom the bay plaininto the
This means thz t plans and programs developed at ! surrounding hills, and the narrow elevated marine
the regional and local level are often framed with m I terraces cut into the mountains along the Pacific
eye not only to locally expressed objectives and ' Coast.
concerns but also to Federal and State program- !

CLIMATEfunding requirements. Thus, individual governmen-
tal decis ans become part of the network of decisions The San Francisco Bay region has a mediterran-
made b.x other agencies at different jurisdictional | ean climate with mild wet winters and warm dry
levels over a period of time. ! summers (fig. 6). This type of climate is common en

Land.use decisions are made within this context of ; western continental coaste between lat 30 and 50*
complex inter-governmental relat;ons. The effective | N. where coastal ocean currents moderate the effects
use of geologic information in planning by the vari ' of seasonal changes in temperature.
ous regional agencies often depends on complemen , The climate along the coast is marked by moderate
tary decisions of other regional, Federal, State and and even temperatures, heavy persistent summer
local agencies. All the regional agencies described ' fog, and winds from the west-northwest. In contrast,
above engage in, or have some impact on land.use inland areas have a wider range of temperature and
planning and de cisionmaking. Many make use of have less wind. Temperatures are in'luenced by
geologic information in developing plans. establish- | elevation and local topography. Higher summer
ing criteria, reviewing projects, locating and design- temperatures and lower winter temperatures occurin
ing facilities. or enforcing regulations. The informa ' low areas isolated by mountainous terrain.This kind
tion on the geologic characteristics, problems, and of climate is also true of areas far distant from the
potentials of flatland areas presented in this report | bay and its temperature-moderating waters. Precipi.
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Fu u 5 -The San Francisco Bay recon snowing mountainous upiands the flat alluviated 'owlands, and the bay and its tidal marshes.

tation is distinctly seasonal most falling between heaviest on the western , lopes of the Coast Ranges
November and March, very little between June and and decreases. in general, from north to south. This
September. The seasonal distribution of precipita- pleasant mild climate provides for a long growing
tion is largely controlled by the location of the anti- season as well as making an attractive place for
cytlonic cell t high pressure systemi that is normally humans to live.
found off the California coast, particularly in the The native vegetation in the bay region north
summer. Winter precipitation occurs when this anti- through Sonoma County and south through Santa
cyclone is absent or far south of its normal position. Clara County is dominated by plants adapted to mild
which blocks storm systems from the ( mlf of Alaska. chmatic conditions meludin'r a summ<>r drought.The
Almost all precipitation is in tha for: of rain and hay area is actually a meeting ground for many nlant
what little snow falls usually soon meln species from the north Pacific Coa ,t that reach their

Averace annual precipitation rances from 10-20 southern limit in the hay region and other plants
mehes <23-30 cm)in the dry mterior vallevs to 10-60 from southern California that reach their northern
inches ilon-130 cm i and locally to o inches . 200 cm i limit here. The native plants ev >lved here in their
in the high coastal mountains a fie. A Precipitation is own ecoloeical niches, which we refer to as biotic
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m s 80 Community Charactersstic t egetatwn
.

Av rag. monthly pr.cipit. tiong

C %j !l
, ,n f latum)

Scrub oak (Quercus dumosa)No-aia..iv m.m,4 n ,
! :j | ,,

@j || '** * *' 'If1_ , ,'' 's | 3 Buckb ush (Ceanothus cunea-
tus)5- || ,' j N ; e

~f*y Coffee berry (Rhamnus califor-
5( f| '

o - ..a.,,,...r.s

t .- o - .y. ! o nica)!g, | |i
,

- N Leather oak (Quercus durata)' ' i o,gz: i;

. , L <,,, ,, m y ,, , ,,, ,Q];! Interior live oak (Quercus wisli -
4;9 so I$;2 ;

,,,,

p eni)t.~ o.r.t o r.

7mg5||{! | ; : | 2 Coast live oak (Quercus agrifol-|

of,u 1 ', I 'i any ia)
!, Cj \ t blanzanita ( Arctostaphylos ca-

i :!{|, !|| . 3 nescens)'

3
'I |:

,

! :i ., m _ _ n i i! , |! Wild lilac (Ceanothus sp.)
,

*

?
1

Grasslands------- Blue bunch grass (Festuca ida-J F V A V J J A S O N o

voNw hoensis >
California oat goss (Danthonra

Fmru 6.-Annual temperature and precipitation variations californica)in San Francisco. Foothill sedge (Carex tumulico-
I"I

communities. These plant communities are bay and Soft chess (Bromus hordeaccus)salt marsh, freshwater marsh, the open coast, cha- Red brome iBromus rubens)
parral, grasslands, broad leaved forest, and conifer- Wild oats ( Arena fatua)ous forest. The flatland deposits underlie almost all Coyote bush (Baccharis pilula-but the last two communi ies. However, the broad-

*)
leaved and comferous forests do cover stream terrace Coast live oak (Quercus agrifol-
deposits in the outer valleys. The native plant com- -

'"#'

munities are summarized below from Sletcalf(1539) California buckeye ( Aesculus
and Smith < 1968). "
Com m u nit.s Characteristic t egetation

California laurel ( L. bellulariamBav and
salt marsh------ Salt grass t Distichilis spicata, i californica)~

Cordgrass tSpartina foliosa) ! Before discussing the broadleaf and coniferous
Pickle-weed ( Salicornia. spp.) | communities, it is worth noting that the native trees
51arsh rosemary (Limonium of the bay area can be divided into three groups

commune) primarily on the basis of their leaf characteristics.
Ntarsh Grmdelia (Grindclia cun. These are the conifers, broadleaf evergreens, and

eifoiia) | broadieaf deciduous trees. Conifers are cone-bearing
Sea bite (Suaeda californica) i evergreen trees distinguished by their simple needle-

Nar$1NE------- Common tule(Scirpus acutus. S. ' like or scalelike leaves. Broadleaf evergreens are
, those trees that keep all or most of their leaves.

robustus. and S. communis) " I" Y' 0"#' * F "" '' " ""I
Califorma bulrush iScirpus cali- dec.duous trees are those that lose their leaves infornicus , winter. Their leaves are usually tMnner and less
Cat-tail i Typha latifolia n

! eathery than the broadleaf evergreen (Williams andlSedge (Carex senta)
' Al nroe 1967).Open coast------ Surf grass t Phyllospadi.t torrey

and P. scouleri)
Com ""'m n Cha' 'winic a exetarmnTree lupine iLupinus arboreus>

Sea rocket (Cahile edentula) ' Broadleaf forest--- Sir :more < Platanus racemosa \
Blue grass (Poa douglass) Riparian
Sand verbena ( Abronta sp.) woodlands-------Willow ( Salix sp.)
Beach grass t Ammonphila aren- Bigleaf Staple < Acer macroph.rl-

dria s lu m >,
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Com m unity Characteristic t egetation Com m unity Characteristic tegetation

Riparian woodlands- Ripirian woodlands-
Continued Oregon ash iFraximus latifolia) Continued Creek dogwood (Cornus califor-

California buckeye ( Aesculus nica)
californica) Poison oak (Rhus diversiloba)

California laurel ( Umbellularia Hoary nettle ( Urtica holosericar)
californ.~ca )
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12 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION, CALIFv a

community Charactenst c cegetation heavy winter rains, is another dominant erosional

Oak woodlands Live cak (Quercus agrifolia) process and commonly forms steep, irregular slopes
California buckeye (Aesculus on exposed hillsides and in deep narrow canyons.

californica) The weathered rock debris that accumulates in gulley

California laurel (Umbellulcria and canyon bottoms is eroded and transported to the

californica) alluvial lowlands mainly by winter floods. In the
Black oak (Quercus kelloggi) recent geologic past, when climatic conditions were
Blue oak (Quercus douglasi) cooler and moister, the rates and relativeimportance

Oregon oak (Quercus garryan. of various weathering and erosional processes were

na) probably slightly u. . .it from those of today.

Interior live oak (Quercus u islit. The moderate and stable climatic conditions result
eni) in more than 300 argicultural growing days per year

Sladrone ( Arbutus menziesii) over much of the area, but the summer drought
Poison oak (Rhus diversiloba) prevents summer crep cultivation without irrigation.
Slanz mua ( Arctostaphylos sp.) Local ground. water supplies are usually insufficient
Coyote bush (Baccharis pilule.. for intensive irrigation, so water impoundments and

ris) imports are necessary for summer cultivation.

Chamise ( Adenostoma fascicu. The total argicultural, domestic, and industrial
latum) demands for water are far greater than local supplies.

Lupines (Lupinus sp.) Consequently, water imports, primarily from the
Coniferous forest--Coast redwood (Sequoia semper. Sierra Nevada, are necessary for immediate use and

cirens) recharge of ground. water aquifers in much of the
~

Douglas fir (Pseudotsuga men. region.

:iesii)
Slonterey cypress ( Cupressus DRAINAGE

merocarpa)
31.mteray pine (Pinus radiata) The Sacramento and San Joaquin Rivers, which
knobcone pme (Pinus attenua. drain nsst of the Great Valley ofinterior California

, about 27 percent of the state), coalesce in a broad(ta)
Bishop pine tPinus muricata) marshy delta east of the bay region and empty into
Wax myrtle (Myrica californica) the Pacific Ocean through Suisun Bay. San Pablo
Redwood sorrel (Oxalis oregona) i Bay, and the Golden Gatet fig. Si. Almost all the fresh
Ponderosa pine (Pinus pondero. water entering the estuary is derived from thisinteri-

sa) ; or drainage area, which is about 50 times larger than
Thimble berry (Rubus parviflo. i the local drainage area emptying directly into the

ra) San Francisco Bay estuary <51cCulloch and others,
California sword fern (Polysti. ,1970).

chum munitumi | The San Francisco Bay region itselfis drained by a
Firs ( Abies sp.) network of ephemeral streams and small rivers (fig.i

Spruce (Picea sp.) 9). Only the broad valleys in the central 50 percent of
Western yew ( Taxus brecifolia) the region drain directly into the bay. About 25
Incense cedar ( Libocedrus decur. percent of the region drains northward and westward

ren s) ; into the Pacific Ocean,20 percent drains eastward
i into the Great Valley, then into the bay through the

The mild climatic conditions result in relatively { delta, and the remaining 5 percent drains southward
moderate ock weathering and erosional conditions ! into Afonterey Bay.

iwhich give a characteristic rounded aspect to much The streams that drain these basins transport
of the upland landscape. Weathered rock materialis weathered rock debris from the upland areas to the
not removed rapidly from the hilly uplands, so bed. i owlands where it is deposited to form flat alluviall
rock >utcrops are few and decomposed rock debris ' plains and estuarine mudflats. The two large rivers
mant es most hillslopes. Soil creep caused largely by ! draining the Great Valley bring debris into the hav
seasc ial shrinking and swelling of expansive clays , region from as far away as the Sierra Nevada and
in thi mantle of weathered rock debris is a dominant , Klamath 31ountainsmg. m. 51ost of thecoarse gravei
erosic tal process that tends to form smooth, rounded and sand carried by these rivers is deposited in the
hills Landsliding, induced in large measure by Great Valley. iGilbert. 1917,31uch of the fine grained

+M5 F1 287 c,c ofh,y p ; c- aa,a
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silt and clay carried in suspension is transported into distribute this debris throughout the bay and into
San Pablo Bay, into San Francisco Bay, and even southern San Francisco Pay where it settles to the

directly into the Pacific Ocean through the Golden bottom during s;ack water r eriods and forms the fine-

Gate. Estuarine currents produced by tidal action grained, water-saturated deposit called " bay mud." ur
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14 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION, CALIFORNIA

Most of the debr s forming the sedimentary deposits. | al fans is merely in temporary residence, however,i

particularly tl e alluvial deposits, is derived locally, and will be eventually reworked, broken down, and
however, and is transported only short distances transported to lower elev ations w nere it will become a
from the upland to immediately adjacent lowlands. permanent part of the thick sedimentary deposits
These sediments generally consist of broken rock filling the slowly subsiding basins.
debris (gravel, sand, silt, and clay) eroded, transport-

GEOLOGY AND ENGINEERING PROPERTIESed and deposited by streams to form alluvial fans on
broad lowlands and stream terraces in narrow val. OF THE FLATLAND DEPOSFTS

leys. The mineralogic and lithologic composition of Bv Eow uto J. HEttEs and KENNETH R L sjoIE

these sediments is variable and is governed by the
composition of the rocks exposed in .'ource areas. GEOLOGIC HISTORY
weathering and depositional processes, and post-
depositional alteration. Much of the alluvial matem The known geologic history of the San Francisco
in the narrow valleys and on the upper part of alluvi . Bay region is only about one-fortieth as long as the
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GEOLOGY AND ENGINEERING PROPERTIES OF THE FLATLAND DEPOSITS 15

earth as a whole. The oldest known rocks on earth are lie all other deposits at depth.
about 3.5 billion years old, whereas the oldest ex- Granitic rocks, which solidified from molten mag-
posed in the bay region are only 100 million years old. ma about 90 million years ago in the area now

'
In turn, the oldest deposits considered in detailin this occupied by southern California, were subsequently
report are only about one-half million years old, and moved northwestwarc. along the San Andreas fault
the geologic history we con 0 .'er in detailis less than to a position opposite San Francisco Bay. They now I

one t vo-hundreth that of t:ie bay region as a whole. underlie at depth all land areas and the continental
' foungest deposits are still forming today.There- shelf west of the fault and are exposed at the surface
fore, the geologic materials exposed at the surface in on 31ontara 31ountain, on the Point Reyes peninsula,
the dat lowland region, though formed of debris the Farallon Islands, and Bodega Head. ,

eroded from much older rocks in the surrounding During most of the Cenozoic Era (the last 65 mil-
,

uplands, are extremely young in geologic terms anu ! lion yearsi, the crustal blocks that are now the San
most of the geologic processes that formed them are ' Francisco Bay region appear to have been divided
still actis e today and are of concern in land-use ! into smaller sinking areas. that formed basins and
plannmg. ; embayments, interspersed with areas of uplift that

Figure 10 gives a perspective of geologic time from | formed highland areas. Sand, clay, and gravel
the origin of the earth to the present. Figure 11 shows ! eroded from the highlands or broughtin from the east
the types of rocks that occur in the bay region togeth I were deposited beneath the sea or on alluvial plains
er with their geologic age, above sea level in the subsided basins and were

The following paragraphs are a brief summary of interbedded with accumulations cf diatom ooze and
the history and character of the older bedrock forma , locally of volcanic rocks. The positions of basins and
tions of the bay recion from which the deposits that ; uplifts shifted from time to time, and areas that had
concern us were derived. The history weinfer for the , been basins of accumulation were uplifted and rice
oldest of these deposits depends largely on modern ' versa. During periods of crustal movement. the sedi-
concepts of sea-Goor spreading and plate tectonics. , mentary accumulations were lithified into sand-
For a more complete review of plate tectonics, see stone. sh ale. conglomerate. and chert and were tilted,
Oxburgh.19R folded, and faulted. In general, they did not become

Between 100 and 65 million years ago, during the as hard as the 51esozoic rocks. the younger rocks are
closing phases of the Alesozoic Era. great quantities less deformed and less lithified than the older rocks.
of basaltic lava Dows, red siliceous ooze, and muddy , When a former basin of accumulation was uplifted
sand and mud accumulated in irregularly inter- to form a highland,its Cenozoic cover was eroded (in
bedded layers on an ocean Soor west of what is now part. at least) to fill nearby newly formed basins und
California. Dunne this same time, an equally large the 51esozoic basement was re-exposed. Remnants of
quantity of mud. sand, and eravel accumulated in the Cenozoic rocks are found today mainly beneath
regular beds on the Goor of a deep trench along what the Coors of existing basms, but they also make up
was . hen the margin of the North Amencan Conti- two important highlands of the bay region, the Santa
nent and is now the site of the Great Valley and Cruz 51ountains west of the San Andreas fault, and
eastern Coast Ranges. The ocean-door sequence was the Berkelev Hills Sit. Diablo area.
lithified to hard sandstone, chert. and greenstone Volcanic rocks are found in the Santa Cruz 51oun-
t metamorpho3ed basalt). partly crushed. and thor- tains and Berkeley Hills and make up several moun-
oughly mixed as the sea-Goor on which it rested was tain ranges north of San Pablo Bay in Sonoma,
dragged beneath the edge of the continent by subduc- Napa. and Solano Counties.
tion. This sequence is now known as the Fran. The alternation of highland and basin is still going
ciscan Formation. The regularly bedded sequence on. frr the Berkeley Hills was a lowland as recently
on top of the surface of underthrusting was not so as 6 cmilion years ago, and is now a major highland,
intensely disturbed, although it too was lithified to an< the San Francisco Bay valley, which was proba-
relatively hard sandstone, shale, and conglomerate. bly a highland at that time,is apparently now slowly
These rocks are now known as the Great Valley subsiding.
sequence. At the time of underthrusting, masses of The geography of the bay region was signi6cantly
gabbro and rock that later formed serpentine, origi- different 2-3 million years ago from what it is today,
nally part3 of the Earth's mantle and lower crust. for example. Alt. Diablo and the Carquinez Straits
were incorporated into the Franciscan Formatwn did not exist < Sarna-W ajcicki,1971). The bay as we
and along the base of the Great Valley sequence. East know it did not exist, and the mterior of California
of the San Androas fault these rocks now make up probably did not drain to the Pacific Ocean through
most of the high mountams and uplands and under- this region until about 1 million years ago. Geologic

l,fF mm -.m.4_ #.
,,

q 't1

f? i l' .H N
J'j l _j r" " % L ./



'

.

16 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION, CALIFORNIA

evidence throughout coastal California indicates past 1-3 miaion years. Throughout this time the
that the terrane west of the San Andreas fault has ancestral bay basin was subsiding and filling with
been moving northwestward relative to the terrane sediments that today are highly folded and faulted
east of the fault at a rate of about 1-2 inches (2.5-5.0 (Hall,1966). These partly indurated sediments are
cm) per year for the past several million years as a now exposed only in discontinuous outcrops around
result of displacement along the fault. Therefore, the the margins of the lowland basins (fig.11). Dunng
Point Reyes peninsula prch,bly lay south of the ; this timethebay,whenitexisted,wasconnected with
present Golden Gate within the past several million | the ocean through passages far different from the
years and actually may have blocked it within the I present Golden Gate.
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In additic.i to tectonic effects.majorchangesin sea , continents in glaciers. During these periods there
level caused by worldwide climatic fluctuations over ' was no bay and the ocean shoreline was located as
the past million years or so have left their geologic far west as the Farallon Islands. When the climate

i

imprint on the bay region. When the climate was ' was relatively warm, asit is today, sea level was close
colder than it is today, sea les e! was lower because to its present position because the glaciers partially
large volumes of ocean water were stored on the , melted and the water they contained returned to tbt
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18 FLATLAND DEPOSITS OF THE SAN FRANCISCO PAY REGION. CALIFORNIA

ocean Dunng warm periods, the bay basin was Bridge about 8,000 years ago. Suosequent shoreline
partially Doeded, as it is today, and the ocean shore- changes have been more gradual because of a de-
line was located approximately in its present pesi- crease in the rate of seau tel rise since about
tion. During each of these major sea level high- 5,000-6.000 years ago. The ocean reached its present
stand 3, estuarine sediments were deposited in the level at about this time and so should have San
bay and wave erosion cut a nearly Dat manne terrace Francisco Bay (fig.12L However, the active tectonic
into the coastal mounta ns. A vertical succession of nature of the bay region strongly suggests that thei

as many as six of these terraces capped by a thin bay waters are stil! _xpanding, especially in the
veneer of marine sediments occurs along the coast southern part of thebay. Assealevelrose throughout
indicating general uplift of the coastal mountains this interval, the base levels of the streams in the bay
400-600 feet (120-180 m) dunne the past 5-1 million region were raised slightly, the younger alluvial
years. Tha youngest marine terrace, which is the sediments were deposited on the Good plains around
lowest and usually the best preserved, probably I the growing bay, and the younger bay mud was
formed during the last major highstand of sea level deposited beneath the nsmg water. All theseyounger
between 120,000 and 70,000 years ago. Uplift and deposits exposed on the alluvial apron around the
deformation of these manne termes by faulting and bay plain and the extensive valleys of the region are
folding clearly record the tecton ctivity that has less than 5.000 years old. These deposits are also
aff-ted the coastal region in the iairly runt geo- found buried beneath the transsressive bay muds,
logic past. The deformation was quite irregular- and here they are older but stillless than 9.300 years

se areas were uplifted and others depressed. old.s

Dunng the last Ple.stocene glacial advances be- In most areas along the coast. the post-Pleistocene
tween about 70.000 and 10.000 years ago. sea level nse in sea level inundated the lower parts of the
stood as much as 30G-400 feet (90-120 m) below its deeply incised valleys of the large coastal streams
present elevation (fig.12L The streams presently and caused them partially to fill with sediment. The
draming into the bay were merely tributaries of a , lower course of the Russian River is a Ene example.
large nver dowing through the bay region from the ! The bedrock of the Russian River valley lies at least
Great Valley and across the broad coastal plain i 125 feet (38 mi below sea level near the nver mouth
between the narrow canyon that is now the Golden and at least 80 feet (24 m) below sea level near
Gate and the Farallon Islands. Camels, bison. mam- Guernevine. about 12 miles (19 km> upstream (Hig-

moths, sloths. and horses roamed the broad mland j gins,1952).
valleya whose nearly Gat doors, now partly occupied The modern depositional processes operating on
by the bay, were covered by fresh-watermarshes and ! the lowlands are mainly the result of the region's
open coniferous woodlands consisting mainly of ' mediterranean climate and at:ive tecton setting.
Douglas fir iPseudostaca menacsrit and incense ' l ded tedrock '.nd
cedar (Libocedrus decurrens >. two species tolerant of | The interaction between easi y erothe heavy wmter rains causes large seasonal Guetua.
cooler climates. ' tions in the sediment loads carried by streams from

reasonable to believe that Sequoia were not abund j the uplands down to the bay. Durice times of high
Because the coastline lay so much farther west. it is

i surface-water runoff, sediments are supplied from
ant, for today they are found only withi. 30 miles M9 slopewash, landslides, and gullying. . hen carned by
km) of the coastal fog belt. Perhaps tF e lack of oak is shifting alluvial channels to the mershlands and
indicative of a wetter climate, at least one without a , bay. Some matenalis deposited on the allunal plam,
summer drought- especially when streams overtop their banks and

About 15.000 years ago, sea level began to rise as spread their sediment-laden waters over the low
glaciers in the northern latitudes began to melt. pia;ns and basins. The finest grained sediment
Subsequent chanees in sea levelin the San Francisco reaches the bay and is moved by tidal curren:s and
Bay area are recorded by tidal-marsh deposits 10- waves. It may be deposited as fine estuanne raud or
cated at the base of Holocene estuanne sedirr.ents. be eroded and transported out of the bay through the
These morsh sediments accumulated near sea level Golden Gate. The modern depositional and erosmnal
whea it was lower than today, so their radiocarbon rocesses operating along the b - are summar zed in
ages closely approximate the ages of sea levels in the figure 13.
past. The local record of Holocene sea-level changes Along the coast. the oepor,itmnal and erosional
indicat.% that the nsmg sea entered the Golden Gate processes are controlled less by the climate tFan by
10.000-11,000 years ago. The newly formed hav then wind and wave action. Sediment is supphed to the
spread across land areas as rapidly as 100 feet einmi coastline by streams and nvers but much is al3o
per year; it reached the vicimty of the Dumbarton derived by erosion of sea cliffs. Littoral dnft mm m

-pr m r n 'l-.

h[" I

. yw w . . " -
m-

' } ' "- i|/i
,



.

GEOLOGY AND ENGINEERING PROPERTIES OF THE FLATL\ND DEPOSITS 19

ing San Francisco Bay, the Ener grained sedimems
the sediment along the coast where some is lost to | like clay and silt arecarned farther from their source.deeper water, some is blown off the beaches to form ,
dunes and the rest remains as beach material. Just | When sediment ceases to be supplied to the coast, the
as with the sediments on the alluvial plain surround i supply of sand for beach material decreases, but the
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lit: oral drift and wind erosion continue, and the , ic, and engineering reports. These diverse and readi-
beaches can disappear. During winter months most ; ly available sources provided the data for construct-
beaches are smallest, and bedrock m r be exrosed 1 ing an in~tial working m idel mad determined where
where strong wave action during storms has re ' subsequer.t dating information was needed. Many of
moved the sand. The reverse is true during summer the samples dated specifically for this study were
months when most beaches are largest. A summary obtained from the numerous drill cores collected as
of coastal processes is shown in figure 14. much as 25 years ago for engineering foundation

!

I studies of vanous proposed or existing trans. hay
bridges. Extensive ':se of radiocarbon dating wasGEOLOGIC MAP OF FLATLAND AREAS

I made when appr.;priate sample material was already
The map units 5 at appear on plates 1,2. and 3 are | availabla or was discovered during the course of

described according to geologic age from oldest to !
youngest. Most of the information used for establish- | fieldwork.In addition to each map unit listed by age the
ing an absolute chronology and for -orrelating sedi ! following geologic charactenstics are discusse<i
mentary deposits in the bay region was obtained ph sical description and lithology, thickness, age,
from published and unpublished geologic archeolog- distribution and stratigraphy, origin of depi sit and
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topographic form and relation to modern drainage. ' Thickness much as 120 feet (37 m) be-
Since the amount ofinformation known about each | neath the bay. Thins to less than I foot
characteristic varies widely. some units can be de ' < 0.3 m) around the margins of the
scribed in much greater detail than others.The data j bay. Probably less than 10 feet (3 m)
are tabulated here for convenience. thick in small coastal lagoons and:

! estuaries.
IlOI.OCENE DEPGwIT5 i LES Tli \N id e YL\Ri OLD' | Age

Estuarine deposits. Bay mud iQhbm> Presently forming. Oldest dated depos-
Physical description and lithology its in bay basin 9.600 years old(Atwa.

Unconsolidated. water saturated. dark. . ter anc others 1976).
plast:c clay and siity clay rich in or. ! Locaily contain Holocene molluscan
ganic material. Locally contains ! fossils. Upper part contains mollus-
lenses and stringers of well-sorted silt , can species introduced by man in past
and sand as well as beds of peat. ! 100 years.

Locally contains fresh- and brackish. | Distribution and stratigraphy
water gastropod and pelecypod shells , Underlies the waters of San Francisco
and beds of peat. i Bay and small coastal lagoons and

See Pestrong (1972) for more detailed . estuaries. Found generally below 5
information on composition and phys. ' feet (2.5 m) above rr.ean sea level. In-

'ical properties of bay mud. terfingers with Holocene alluvial de-
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22 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION, CALIFORNIA

posits along the margins of the bay level The largest, most permanent
an,i in the lowest parts of broad val- deposits occur in sheltered coves and
leys along the Pacific Coast and also embankments such as IIalf 51oon Bay,
overlies undifferentiated young alluvi- Bodega Bay, and Point Reyes peninsu-
al deposits and older alluvium. Forms la. Dune sand occurs locally above
Cat marshlands with low levees adja- beaches but is most extensive on head.
cent to tidal sloughs and ger.tly slop- lands, such as Bodega Head, Point
ing muddats exposed only durmg low Reyes, Franklin Point, and Aso Nue-
tides. 51uch of the area of exposure vo Point. Beach sand overlies bedrock
shown is used as sai: water evaporat- except where it overlies marine terrace
ing ponds and much is covered by a deposits. Dune sand generally overlies
thin veneer of artificial fill. See Ni- marine terrace deposits.
chols and Wright (1971) for more de- Origin of deposit
tailed information on distribution of Beach sand is generally drived locally
young bay mud. by wave abrasion of sea cliffs and by

Origin of deposit stream erosion in adjacent hills. Wave
Between mean sea level and high tide action winnows silt and clay from rock

line US ft,2.5 m). Deposited primarily debris supplied to the beaches and
in brackish to salt-water marshes leaves a residuum of clean, well sorted
along the margins of the bay and in sand. Dune sand is denved from
coastal lagoons. Below mean sea level beaches by the wind.
deposited on tidally exposed muddats Human activity, such as damming

and beneath the shallow waters of +he streams and stabilizing sea cliffs and
bay. beaches, may have locally disrupted

Beach and dune sand deposits (Qhsi sand supoly.
Physical description and hthology Topographic sm and relation to modern

Loose well sorted fine- to medium- drainage
grained sand. Includes some small uach sand forms seasonally and
deposits stabilized by vegetation. 51in. changes configuration from broad,
eral composition is variable and gen- Dat,gentl3 sloping beaches to steep
erally redects local bedrock litholo. beaches with high berms. Dune sand
gies. forms low mounds in small deposits

but forms parabolic dunes (U shaped
Locally may contain lenses of gravel or !clay rich in organic material. Some in the direction of the wind) and longi.

dune deposits contain abonginal arti. ! tudinal aunes (linear ridges oriented
facts and kitchen middens. parallel to the wind direction) in the

Thickness large deposits at Point Reyes, Bodega
The thicknew of beach sand vanes sea- Head, Franklin Point, a .d A6o Nuevo

sonally. Heavy surf strips sand from Point.
beaches and deposits it in shallow Fine-grained alluvium tQhaf)
water offshore during the winter. , Physical description and lithology

'

51ilder surf pushes the sand back onto !
Unconsolidated, plastic, moderately to

the beaches during the summer. Dune poorly sorted silt and clay rich in or-
sand thickness varies constantly but f ganic material. Seasonally saturated.
may locally exceed 25 feet (8 m). 1 Irregularly bedded.

Presently forming. Large dune fields on |*
Age Locally contains fresh-water gastropod

and pelecypod shells, aboriginal arti.
Frankhn Point, Aho Nuevo Point. I facts, and skeletal remains.
Point Reyes, Toms Point. and Bodega ' Thickness
Head. Probably initially formed about ! Generally less than 10 feet (3 m) thick.
5,000 years ago when sea level at , Age
ta ied its present elevation. | Presently forming where basins are not

Distnbution and statigraphy artificially drained or filled. Oldest'

Beach sand is found intermittently I deposits, along bay plain, are proba-
along the Pacific Coast close to sea ! bly 5,000 to 7,000 years old.
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Locally contains Holocene molluscan organic material. Seasonally saturat.
fossils. ed. Irregularly bedded; carbonate no-

Distribution and stratigraphy dules and mottled weathering profile
Found in poorly drained, nearly hori- common.

zontal basins between active and Contains fresh water gastropod and pe-
abandoned stream levees at the outer lecypod shells; locally contains abor-
margins of alluvial fans adjacent to iginal artifacts and skeletal remains.
San Francisco Bay and in the lower Thickness
parts of broad coastal valleys. Inter- Generally less than 10 feet (3 m).
fingers with and grades into coarser Age
cred atream deposits toward high- Presently forming where basins are not
er elevations and 9th finer grained artificially drained or filled. Oldest
salt-water marsh deposits toward low- deposits along bay margin, probably
er elevations. Overlies older alluvial 5,000 to 7,000 years old.
fan and stream terrace deposits on the Distnbution and stratigraphy
bay margin and bedrock along the , Exposed along margins of south San
coast. Francisco Bay from latitudes of San

Origin of deposit Lteo and Hayward southward only.
Deposited from standing Goodwaters Interfingers with and grades into

that periodically inundate low inter- t coarser grained stream deposits tow-
Guvial basin areas and locally form | ard higher elevations and with finer
seasonal fresh water marshes. grained salt water marsh deposits

Presently being formed but depositional j toward lower elevations.
processes severely disrupted by mod j. Origin of deposit
ern cultural activity. I Similar to fine-grained alluvium.

Topographic form and relation to modern ! Topographic form and relation to modern
drainage | drainage

Forms dat Goodbasins between stream i Similar to fine-grained alluvium.
levees at or near sea 'evet i Medium-grained alluvium (Qham)

Presently being depooted by modern Physical description and lithology
streams but recent cultural activity Unconsolidated, moderately sorted,
has disrupted formative processes. f

Potential resources and uses
'

moderately permeable fine sand. silt,
and clayey silt with occasional thin

Agricultural soils developed on these , beds of coarse sand. Well bedded.
deposits provide good to fair farming ' Contains minor amounts of organic
if well drained. ! matter including fresh water gastrop-

Potential geologic hazards and problems i od and pelecypod shells; locally con-
Shnnk-swell problems; periodic Good i tains abonginal artifacts and skeletal

ing; poorly drained, seasonal standing remains.
water due to high water table; poten ! Thickness
tially liquefiable where loca: shallow Thickness ranges from 0 to about 12 feet
sand beds exist and are saturated. (4 m >. Generally thickest in levees

Poor to fair foundation conditions be ' along streams and where deposits in-
cause of the shnnking and swelling terdnger with and grade into coarse-
and poor drainage. grained younger alluvial fan deposits.,

Low shear strength, high seasonal wa- Distribution and stratigraphy
ter content, and potentially liquefiable In some narrow canyons as valley fills
layers near the surface suggest strong and stream terraces. Interfingers with
ground-motion amplification dunng and grades into coarse-grained depos-
earthquakes and the possibility of its along streams in broad valleys and
ground failure. on Good plains in broad valleys and on

Fine-grained ,, alt affected alluvium iQhafs > the outer edges of large alluvial fans
Physical description and lithology on the broad alluvial plain marginal

Unconsolidated, plastic, moderately to tc San Francisco Bay. Interfm' gers
poorly sorted silt and clay rich in with and grades into finer graP d
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basin deposits in the lower parts of the heads of alluvial fans where
broad coastal valleys and in theinter- streams flow from narrow bedrock
fluvial basins adjacent to San Fran- canyons onto alluvial plains marginal
cisco Bay. Overlies bedrock in narrow to the bay or onto low marine terraces
valleys; overlies older alluvial fan de- along the Pacific Coast. Interfingers
posits on the alluvial plain marginal with and grades into medium-grained
to the bay and older alluvial fan depos- alluvium on flood plains, in broad
its and marine terrace deposits on the valleys, and at the outer edges of allu-
lower marine terraces along the Pacif- vial fans. Overlies bedrock at fan
ic Coast. heads and in valleys; overlies late

Origin of deposit Pleistocene alluvial fan deposits and
Origin similar to younger alluvial fan the Colma Formation on the alluvial

deposits but deposited farther from plain marginal to the bay; overlies late
source, therefore finer grained than Pleistocene olluvium and marine ter-
coarse-grained alluvium. Local bed. race deposits on the lower marine ter-
rock characteristics may control grain races along the Pacific Coast.
size in narrow canyons. Origin of deposit

Age Fragmented and transported material
Presently being formed but depositional derived from bedrock uplands and

processes disrupted severely by recent older unconsolidated sediments depos-
human activity. ited by flowing water on active stream

Topographic form and relation to modern levees and Good plaias primarily dur-
drainage ing floods. When streams overDow

Forms flat Good plains in some narrow their banks during floods, the coarsest
valleys. Forms active levees and flood debns is deposited close to : stream
plains in broad valleys and at the , channel to form natural levees. The
outer margins of large alluvial plain ' factors that initiated the cycle of depo-
marginal to San Francisco Bay. sition represented by the younger sedi-

Presently being deposited by modern mentary deposits are probably related
streams. but recent cultural activity to the climatic and ba.elevel changes
has disrupted formative processes. associated with the drastic nse in sea

Coarse-grained alluvium (Qhac) ; level between 15.000 and 5,000 years
Physical description and lithology I ago.

Unconsolidated. moderately sorted, ) Depositional processes disrupted severe-
permeable sand and silt with coarse | ly by recent human activity.
sand and gravel becoming abundant ! Topographic form and relation to modern
toward fan heads and in narrow can- j drainage
yons. Well bedded. Forms flat flood plains and terraces in

Locally contains aboriginal artifacts narrow valleys. Forms well-drained
levees and flat Good plains in broadand skeletal remains. >

Thickness valleys. Forms well-drained small al-
, Thickness ranges from less than 10 feet luvial fans where small streams now

(3 m) to as much as 50 feet (15 mi. i from narrow bedrock valleye onto

Thickest deposits in valley bottoms ' marine terraces. Forms well-drained
and at the heads of alluvial fans. ! stream levees and dat Good plains

Age near the heads of large alluvial fans
Presently forming. Oldest deposits prob- on the alluvial plain marginal to San

ably 5,000 to 7,000 years old ,
Francisco Bay.

Distribution and stratigraphy |

On active stream terraces and as valley ' PLEISTOCENE DEPOSIT 3 il 4tlLLION-m am EARS OLD,
fills in narrow canyons where it inter 1 Early P'eistocene alluvium (Qpea)
fingers with and grades into colluvi ' Physical description and lithology
um along the walls and at the heads of 1 .\1oderately consolidated, deeply weath-
the canyons. Found along streams in ' ered. poorly sorted, irregularly inter-
the lower parts of broad valleys and at bedded clay, silt, sand, and gravel.

- n=

bt ... a.



GEOLOGY AND ENGINEERING PROPERTIES OF THE FLATLAND PF."0SfTS 25

Lithology is variable and dependent Physical descri;) tion and Jehology
on local source rocks: for example. ; In the northwat and cer. tral parts of the
deposits in the north bay generally 1 exposed area, the Ccima consists of
indicate the Sonoma Volcanics as a ; pale-colored, loose or friable, well-
sou rce. sorted. Gne- to medium grained sand

Thickness t with subordinate grav.1, sandy silt,
.\laximum thickness unknown but at I and clay. In the southeast part of area,

least 150 feet < 46 mi thick and proba. i it consists mostly of sand and silty
bly reaches a maximum thickness of ' clay. See Bonilla t 1965) for more com-
500 feet t 130 m) under south San Fran. ' plete description.
cisco Bay. Thickness

Age 31aximum thickness about 200 feet (60
About 70.000 years and older. \taximum m i t Bonilla.1965 i.

age unknown but probably between Age
70.000 and 1.8 million years old. Exact age unknown Nt may beone-half

D;stribution and stratigraphy to one million years old.
Exposed primarily along the highest Distribution and stratigraphy

parts of narrow valleys outside the Occurs in a narrow zone between Burlin-
immediate San Francisco Bay valley. game on the southeast, through Col-
such as along Dry Creek north of ma Valley to Daly City on the north.
Heald., burg the Santa Rosa Plain west. Overli-s bedrock. Locally

south of the Russian River.and west of overlain by younger deposits. Proba.
L a in Redwood Valley. These de- bly correlates with oldest marine ter-
posits generally represent the highly race deposits in the southern part of
dissected remnants of alluvial terrace San .\lateo County.
deposits. The rivers and streams that Origin of deposit
laid them down were probably similar Deposited in shallow marme and conti-
to those that deposited the late Pleisto. nental environment. The Colma was
cene alluvium. The early P!eistocene probably deposited a' or near present
deposits generally overlie b~irock; sea level and ha3 been subsequently
some deeply dissect < .channei w th. uplifted and tilted to the east by tecton-
m them are filled with younger depos. ic forces. The site of Colma Valley was
its. a shallow n:arme passageway con-

Ongm of depo 3it necting the ocean with an ancestral
Deposited from dowmg water on stream nay during the time the Colma Forma-

terraces and alluvial fans. Similar m tion was deposited. The ancient site of
origm to late Pleistocene alluvium. Polma Valley was probably very
Greater age is indicated by the deeper much like the Golden Gate is today.
dissection and erosion of *he soil pro. Topographic form and relation to modern
files. As with the late Pleistocene allu- drainage

vial deposits, these earlier ones may Forms southeasterly tilted door of Col-
have been laid down durme a lower ma Valley. 31odern streams dissecting
stand of sea level. oriemal dat surface have formed low

Topographic form and relation to modern rolling hills.
drainaee Late Pleistocene and Holocene alluvial

Forms very old highly dissected alluvial deposits partially fill the lower part of
terrace deposits. Farther removed small valleys ecoded into the Colma
trom the streams that deposited them Formation.
and related. in fact, only by being in Undifferentiated bedrock
the same valley. No mappine was attempted for the older

The Suvial regime that deposited these consolidated rock units such as the
sediments was cohabh similar to the Franciscan asmmblage or Great Val-
one that dep, .ted the late Pleistocene ley secuence.
alluvium. Ni skin E I LR R wE tillu nil' UPst~1

31arme and Continental deposits ypme, Physical desenption and lithology G[} S
"
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26 FLATLAND DEPOSITS OF THE SAN FRANCISCO B W REGION, CALIFORNIA

Weakly consolidated, slightly weath. tectonic forces.
ered sand and gravel. Usually consists Topographic for.n and relation to modern
of an undifferentiated lower part of drainage
shallow water marine sediments and Forms Gat, gently tilted and warped
an upper part of alluvium and colluvi. terraces along the Pacific Coast. Lat-
um. Lower part commonly consists of eral continuity of terraces has been

~

conglomeratic sand or fine- to destroyed by faulting, folding, wave
medium grained mica eous sand over. erosion (cliff retreat) and steam dissec-
lain by horizontally bedded and cross. tion. Terraces have generally elevated
bedded medium- to coarse-grained above sea level and are not part of the
sand. Upper part generally consists of modern terrme erosion cycle, which
poorly sorted, irregularly bedded sand was initiated about 5,000 years ago
and gravelly sand. when sea level reached its present ele-

Lower part of deposits on youngest ter. vation.
race contains shallow water mollus- Late Pleistocene alluvium (Qpa)
can shells and occasional marme Physical description and lithology
mammal skeletal remains. Weakly consolidated, slightly weath-

Thickness ered, poorly sorted, irregtdar inter-
As much as 70 feet (20 mi thick in the bedded clay, silt, sand, a.ui gravel.

Half Stoon Bay area but generally less Grades progressively from coarse-
than 30 feet (10 m) thick. grained stream deposits on aban-

Age doned terraces in bedrock can sns
Deposits on the lowest and most exten- and at the heads of old alluvial fans

sive marine terrace are probably into fine-grained alluvial fan and

70,000 to 120,000 years old. The depos- fresh-water marsh deposits near the
its on the highest terraces may be one- present shore of the bay.
half to ont milli sn years old and may Contains local accumulations of fresh-
correlate with the Colma Formation in water gastropods and pelecypods and
the northern part of San 51ateo Coun- continental vertebrate fauna includ-
ty. ing camel, bison, horse, sloth, and

Lower part of younger (lowest) terrace mammoth.
deposits contain late Pleistocene mar- Thickness
ine molluscan fauna. N!aximum thickness unknown, but at

i

Distribution and stratigraphy : least 150 feet (46 m) thick. Af aximum
Occurs on Gat. gently slopine, wave- | thickness or entire sedimentary pile

eroded platforms along Paci5e Coast beneath south San Francisco Bay is
i

between sea level and 500 feet above probably between 1,000 and 2,000 feet
sea level. Overlies bedrock. Lo< ally ; (300-600 m).
over;ain by alluvial deposits and by Age
sand dunes. Some of the deposits on About 10,000 yean old and older. Staxi-
the highest terraces in the southern mum age unknown but probably be-
part of the coast may correhte with tween 35,000 and 70,000 years old.
the Colma Formation in the northern | Locally contain late Pleice:ene iran-
part of San 31ateo County. cholabreani vertebrate and inverte-

Origin of deposit
'

brate fossil faunas.
Lower marme part derosited in shallow, | Distribution and stratigraphy

nearshore marine environment. Up ' Exposed primarily along the highest
per continental part deposited as al- part of the broad alluvial plain margi-
luvium and (or) colluvium by streams , nal to the bay. Along the northern bay
and (or) mudGows. Starine terraces margin and along the Pacific Coast
and their deposits formed during peri ' occurs on abandoned flood plains
odic high stands of sea level. All ter- i deeply incised by channels that are
races were probabiy formed at or near ' partly filled by younger alluvial depos-
present see level but have been subse- | its. Along the muthern bay margin
quently uplifted, tiltei and folded by overlapped by younger deposits. Inter-
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fingers with and grades into older the bay and may correlatein part with
basin deposits near and under the bay. dune deposits in San Francisto.
Overlies bedrock and marine terrace Origin of deposit
deposits along the Pacific Coast. Over. Probably derived chie0y by wind erod-
lies bed. ek, the Colma Formation, ing and transporting stream sedi-
and deformed older sedimentary de- ments during lower stands of sea level
posits (bedrock) on alluvial plain mar- that occurred more than 40,000 years
ginal to the bay. ago but probably less than 100,000

Origin of deposit years ago. Slay have been modified by
Deposited from Dowing water in stream beach or shoreline processes as sea

channels, on stream terraces, and on level rose.
alluvial fans. Similar in crigin to Topographi- form and relation to modern
younger alluvial fan deposits; greater "f rain a ge
age is indicated by slight consolida. 1 oe distribution and shape suggest that
tion and better soil profile develop- the present form is little modified and

ment than on younger deposits. The ; is probably pnmary. The large prong-
uprer part of this unit in the bay basin like dunes are oriented parallel to the
was deposited by streams graded to ancient northwest wind direction.

3

lower stands of sea level; the bay dia '
not exist during period of deposition. !

Topographic form and relanon to modern I
drainage !. GEOLOGIC MAPPING TELIIN!Qt'ESForms old, slightly dissected alluvial

fans with subdu 3 levees and stream One of the main purposes of the current geologic
channels. Fornis dissected, aban. study of the San Francisco Bay region has been to
doned Good plains in bedrock anyons differentiate the alluvial and estuarine deposits un-
and on coa 3tal marine terraces. In , derlying the gently sloping (less than 15 percent)
cised by modern streams in canyons sedimentary plain hetween the bay and the surround-
and at the heads of old alluvial fans. ing hills. Specificially, attempts were made to relate

The Ouvial regime that depositea these ' deposits to the processes that u responsible for
sediments was very similar to the re. their origin. Shortcuts and innovatiu mapping tech-
cent one that deposited the younger niques have been used because appn.:wuly 7,500
alluvial deposits. square miles < 19.425 kmq was mapped in only 3

Beachm and dune sand deposits i31erritt Sand) years. The alluvial units are de0ncd oy vari;us
(Qps) geologic criteria such as depositional environment,

Physical description and lithology , geomorphic expression, soil profile development,
l .oo s e. well sorted fine- to m ediu m- age. induration, compaction, and texture. The distri-
grained sand with subordinate silt. bution of the uz.its is determined primarily from

Thickness topographic maps, published soil series maps, and
5!aximum thickness near Oakland of aerial photographs. Figures 15,16,17, and 18 illus-

about 30 feet a 15 mt trate the evolution of such a geologic map for a small
Age area near Palo Alto. The late Quaternary deposits of

Overlies peaty mud older than 40.000 the entire region are mapped on plates 1.', and 3.
years iradiocarbon-dated t therefore This mrpping differs from a soil senes map in that it
oldest deposits at least 40,Wo years considers greater thicknesses than tha upper few feet
old but may include younger deposits. and is largely based on the process by which the

Distribution and stratigraphy deposit was laid down. For example. Goodbasin de-
Exposed at northeast end of south San , posits are shown separately from alluvial fans.

Francisco Bay near southwest Oak i On the basis of relative soil pro 0le development,
land, in Alameda. and on Bay Farm the Is alluvial soil senes described in the Soil Conser-
Island. Recoenaed in borehole logs to vation Service < 196M report on the region (fig.16i fall
extend under San Francisco Bay into two distinct groups that redect some basic differ-
southwestwarc the latitude of the ences in the deposito on which they are developed.
San 51ateo Hayward Bndee. Alw ex- The soil units with strongly developed weathenne
tends westward intermittently across profiles constitute one group, and those with. weakly 7 e p
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.o moderately developed weathering profiles consti- sequence of s ery recent stream erosion, transporta-
tute the other. Soil profiles are developed bv physical tion, and deposition. Th coarsest rock debns eroded
and chemical weathering processes at the surface of from the bedrock uplands is deposited near the base
the Earth: therefore, well-developed soil profiles gen- of the hills where the rapidly flowing streams enter
erally indicate that the materials en which they are the broad, gently sloping alluvial plain. Only the
formed have been exposed to either intense weather- finer grained debris is carned by the ever slackening
ing conditions or moderate weathenng conditions for water to the lower parts of the alluvial fans and
a considerable length of time. The alluvial deposits | eventually into the bay itself whereit is deposited as
on which the strongly developed weathering profiles bay mud. The landward extent of the saturated,
occur were inferred to be sigmficantly older than the plastic bay mud underlying the former marshes and
deposits on which the weakly to moderately devel- tidal mudRats of San Francisco Bay (fig.15) was
oped profiles occur because the weathering conditons ; established from early (ca.1550) U.S. Coast and
in the bay region are relativelv uniform. These two Geodetic Survey hydrographic charts <Nichols and
groups of deposits. therefore. 3 imply indicate youne- Wright.1971) rather than from direct field observa-
er and older alluvial deposits. ifig ITL i ion. because human activity over the past 50 years

The youncer deposits make u,3 the alluvial fans aas obscured its onginal distribution.
bemg formed under the-xistmg recime. The streams Long exposure to erosion and weathering pro-
forming these youne fans are graded to present sea cesses has altered the original geomorphic expres-
level. These youncer deposits and the bay mud into , sion and physical character of the late Plsstocene
w hich they grade are informally referred to as Holo- alluvial deposits, thus they have not been separated
cene deposits ific 1m The older alluvial deposits. | into depositional facies similar to those of the Hole-
now partly covered by the Holocene deposits, make cene alluvial deposits in this study.
up alluvial fans formed by these same streams when In the areas of the bay region where detailed soils
they were graded to lower stands of sea level dunne data are not available, the alluvial deposits have
the late Pleistocene i pnor to about 10.@0 years agot been differentiated by using or.ly the geomorphic and
Thes older deposit 3 are informally referred to as late genetic criteria derived from aerial photographs and
Pleistocene alluvium i fig.14 extrapolated from areas where detailed soils data

The Holocene alluvium is lifferentiated further provide the main and most reliable means of recogni-
into depositional umts called facies < fig.14 on the tion. Fossils, archeological remains, and radiometne
basis of textural charatteristicsithatis. gravel.3and, ages corroborate the relative ages and correlations
silt, and clay > obtained pnmanly from published soil based on theselimited data.The upper part of thelate
reports and unpublished engineeriug foundation Pleistocene alluvial deposits contains a Ranchola-
reports, and the depositional environment isuch as brean fossil vertebrate fauna consisting mainly of
stream levees and Goodbasinsi determined from extinct species ;for example, camel, horse, bison,
geomorphic expression as shown on topographic mammoth, and ground sloth). whereas the Holocene
maps and aenal photoeraphs. These fac.es grade alluvial deposits contain a fossil fauna completely
from coarse-grained eravel and sand deposits.which modern in aspect < for exampie. deer and elk).
'orm prominent 3tream levees at the highest part of The upper part of the late Pleistocene alluvium
the alluvial fans. into medium erained sand and sitt contains fossil wood and fresh-water molluscan
deposits, which torm broad Good plams and subdued shells that yield radiocarbon dates of about 22.000
levees along the lower margins of the alluvial fr years ago. Holocene alluvial deposits contain fossil
Th ae stream deposits grade mto and intertmeer wood, shells and archeological remains that yield
with fine-gramed silt and clay deposits. which form radiocarbon dates of about 3.000 years or less. Peat
the dat door of doodbasms between stream levees on and shell deposits in the bay mud . ' radiocarbon
the outer marems of the alluvial fans directly adja- dates that range from about 9.6ac yea. 3 at the base of
cent to the bay marshlands These firegrained basin the unit in thelowest parts of the basin to modern age
deponts and some of the mediu n eramed levee de- at the top of the unit. These ages from the ba" mud
posits mterfine-r with and erade into the bay mud- date the latest manne transeression into the basin-
the carbonaceous silty clay that was deposited in the a transgression that agrees very well with the post-
marshes and on the mudCats of San Francisco Bay Pleistocene nse in sea level established from world-
durme Holocene time roughly the past In.nou years). wide data Ofilliman and Emery,196h In general.

This eradation from coarse.erained to fine-grained the partial doodine of the basin resulting from this
sediment m the Holocene al!uvium is a natural con- nse in sea leve! raised the base level of the local
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EXPL AN ATION PHYSICAL PROPERTIES OF GEOLOGIC 1:MTS

Sud Senes .n the Palo Alto nea*
Physical properties of the various geologic units

-MI.n ul sud senes with weails to moderateh desel. ped weathermg prot. des
such as texture, thickness, bulk density, induration,

),' d'[,'|nj,'[u, and seismic velocity are needed to assess their poten-
ccr en sdn cu> ioam tial for becoming geologic hazards. These propertiesc., e

cc cu,reen sdn aa> ua, cu> susstrate were compiied or interpreted from readily available
S Er7cI'.[.I Nr'ebem acres sources (fig. 20) and were augmented by direct meas-
(tc crorie> us . : to +rercem e es urement where no data existed or where verificationr
cm crocies cu> hum. & s :Ter em d"res of existing data was necded. This information also
[ ' N U 7 ^ 7 (" C .' #' ''" ""P'' was used to differentiate units where soil series weree .. s . ,

ss ss.m m un an aumea ambiguous or had not been mapped.
u v v . ., + . :Se m ne su re s Very few data are available on the total thickness

[ U |[N.", $ me$7Z';' , nes of the unconselidated and semiconsolidated deposits
zr s w u un an i um. i. % cm acres filling the bay 'oasin. A few deep drill holes and
zw w . u an iram : . +rere t & res several seismic pro 61es (Hazelwood,1974) indicate
ze z ou .us n u m. + . :re u m uor#' that these sediments are probably more than 1,970

w o ut masenes e , ,4, aes ewca aernenn; cr. "#'s

feet (600 m) thick in the San Jose Area and decreasePd Pbsamon hum. o Me-
Pleasamon cln loam. 0 Io :cem 4 res Irregularly to 200-300 feet (60-90 m) to the north near

.

Per Terant s!cres
PrA P!enamon grned) h.m. 0- t a $e ent Weres San Francisco.

Pr{t
P!eaunton cneU) da > hu m. 2- i4?ercem acres The thickness of the younger units is fairly well

Ra Rma Jn hum. 's ' ) :Tercent s'cres
known from numerous shallow bore holes desenbedRi Remn cin loam. 2- u 9$erc e n t sL r es

sJ s s u w an ior u - m :qe m m a mes in engineenng reports (fig. 20) and from shallow
* San i "d' b"m 2 m 9Te " * m seismic surveys where bore-hole data are lacking.
SdB2 San i aara hum. 2 M 9-rercent s.opet 'mdeJ ~

; The Holocene alluvium (fig.18) generally ranges ini run J wd senes i nordn ui du
g truckness from about 50 feetI10 m) near the heads of.. .

yg ,, 3 g, , , &,, , ,,, s

u D: u.de * .u> han . 4 m u-rercem ures alluvial fans to about 10 feet (3 m) near the margins of.

w u.de an us n om. i s u Mresem +res the bay. The Holocene bay mud ranges in thickness
"'4 D"'' J" 2<'""''"

Duni i Jn . t. ' ' Aresem sb Tes from 0 to as much as 120 feet (36 m).Dal m
The thickness of the late Pleistocene alluvium (fig.wre -- ees ina num an e ,

! 15) is not precisely known because its base is notGd Gnou kr . e ' , omercem s <es

yo os , u. car.q .userem a es ' distinctly defined in the thick sedimentary sectionna um an con u- r , ~meum s , es
beneath the bay and the surrounding alluvial plain.cm cn wat s cas -r.es. : 5- ren m w res

La tesc os us m i Where the base of the late Pleistocene alluvium ccn
tg tms *enem 4 res ! be seen on stream terraces in narrow valleys, thesean um. e 's

N $ N/O[#' YsN . Nel'" ""#'
f sediments are about 10 feet (3 m) thick. They are. en

r, we e m w res . probably as much as 130 feet (40 mithick beneath theP-c Pvaesce a kam :
su sne cuem Lu I bav where thev overlie an old estuarine mud identi-u sc~ ,P~uu am.: o wer.em +re' EU by manne fossils brought up in a drill sample.wencess,eoe.a

Still older Pleistocene alluvial deposits probablyun wen maaens eeoWa e
em onei m underlie these deeply buried estuanne muds, but
D w mats ! their total thickness is not known. In the southern

! bay area, these deposits may grade downward into-i mm i. s s~a cm own<ew N

| the Pliocene and early Pleistocene alluvial depositsFn .a l u. Cont m ued. i -

' or may lie unconformably on them.
j Published soils maps and unpublished engineering

streams and began %e present depositional cycle , reports from highway departments and engineenng
represented by the Holocene alluvial deposits. The ' consultants are the main source of data on the physi-
fact that the Holocene alluvial deposits around the cal properties of the vanous geologic units. Each unit
margins of the bay are graded to the present sea level generally has a distinctive range of values for pro-
is used as one means of identifying these deposits perties such as grain size, sorting, bulk density,
and adds credence to the relative ages and correla- compaction, induration, and moisture content. This
tions based on other criteria. The stratieraphic rela- relation is true partly because some of the units, in
tions of the vanous alluvial facies are shown in Sgure particular the three facies of Holocene alluvium, are
19 for the plain bordering San Francisco Bay. ' defined and delineated by using physical properties
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such as grain size and induration. Tun L-Factors and cond;twns controlling luuefactwn--
The primary physical properties such as grain size ' " d""d " * " " 'U" d" "

and sorting are controlled by the depositional envi- T ,, t ., , _ n,n .,mno - c,o-imo nei ,ena,cm,
ronment, whereas the secondary properties such as "* ~ "c ^ = = a""-
induration, compaction. and bulk density generally Lateral

of the secondary physical properties with age is ;

"""""m""
Ngn"eDeam Lanu Nedodasm"is' sin"s"u$ as a

increasewith ageof thegeologicunits Thisvariation
r

Near ciar races
indicated by the increasing penetration resistance Flat plain

from the Holoceae deposits to the vanous bedrock ;jspe--------- Gentle to steep slopes fionzontal to gentle
units. The very low penetration resistance of the bay ! ^y$""5 (" ysitT$nal surfaces
mud is attributable to its extremely high water con- | Flat thors of
ter.t. Gne grain size, and loose packing, which reflect ; 'Md * * *

its youthful age. Older, deeply buried estuarine muds , Loadme------ N"Q'jf y".QM*i U"$75"@'Q"%i
nuniturm loadme Uniform loadme

would have higher penetr ation resistances due to loss | f f

of water dunng compaction. Penetrometer resistance |Ican be used to estimate relative densities which, with (sheari wave velocities as a function of depth (also
data on grain size. sorting.and moisturecontent can i age > at Ravenswood Point. San Mateo County.
be used to evaluateliquefaction potentialin shallow. | The stratigraphic relations and seismi- velocities
unconsolidated deposits. Liquefaction of unconsoli- | iP. wave and S-wave) of the vanous depoaits are
dated materials may ormay not causeground failure; ; shown in a block diagram for part of south San
the conditions that determine whether or not ground i Francisco Bayifig. 2th This area was chosen because
failure is likely to occur are given in table 1. ! reliable information on depth to bedrock as well as

Figures 21-21 illustrate the range of some physical r< liable velocity data were available.
properties of the geoloeic map units. These properties
were compiled and interpreted from readily available POTENTI AL PROBLEMS IN FL ATLAND REGIONS
sources, such as bridge and highway data and pri- ' The geologic units shown on the regional flatlands
vate engineering reports. and were augmented by map (pl. li have characteristics that constrain or
direct measurement where no data existed or where favor particular uses of the land. Some potentialvenfication of existing data was needed. Numerical

problems and opportunities can be quite accurately
values were excluded because statistical validity identified from the map. Others can be only broadly
could not be determined for so vast an area. These ~

diagrams. then, are to be interpreted only as a gen- interred; definition requit es additional, more specific
information.eral guide to the physical properties and should not

be substituted for on-site investigation. 'NA TER RELATED PRt WLEMS

The datland deposits are traversed by the many
SEISMIC PROPERTIES streams that formed them. These water courses, big

and small, can Good, overtopping their banks and
The relation between seismic behavior and specific inundating lowlands. High ground water conditions

physical properties is still not well known. Seismic usually xist during the winter rainy season and can
properties of the various units are described in terms cause problems in hw lying basins and marshes
of their response to seismically mduced energy rather fringine the bay that are underlain by units such as
than m terms of any inherent physical characteris- bay mud fine-grained alluvium, and fine-grained
tic. Expenence has shown. however. that low- salt-affected alluviu-
density, water-saturated soft sediments tend to During the summe ought. ground water sup-
amplify some components of seismic energy. Conse- plies are usually heavily used for irrigation. Over-
quently. more shaking will occur in areas underlain draft of the ground water has led to both land subsi-
by these sediments. Because of the amplification of dence and salt water encroachment. A general
bedrock motion, great damage may be expected ede- summary of the water related processes is shown in
pending on the nature of the structure: where these figure 27. The diagram shows the kinds of problems
soft sediments are thickest. Areas with different that may be associated with the different flatland
shaking characteristics can be determined from stu- deposits from the foot of the bedrock uplands down to
dying good geologic maps. Distinctions can common- the tidal muddats. Surface water obviously plays a
ly be made on the basis of firmnes3 and geologic age significant rale in distributing the sedimentary mate-
(Borcherdt. Joyner. Warrick and Gibbs. lCo. Figure nals. which :n turn can control the ground water
25 shows the change in P <compressionali and S charactenstics.
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FIGURE b EXPLANATION alluvial fans gravel becomes dominant toward fan
kWK l' NITS 'N THE PALO ALTO AHEA heads Locally contains beds of w el!+orted silt.

sand. and gras el. contains modern vertebrate
Description of Map U nits fos 3ils and fresh w ater pelecypod and gastropod

snelis Thu knew rances from as much as M feet t MHon ene deposits den than 1o.000 3 ears old >
mi at fan heads to .M feet ui m * w here these deposits

Estuarine depo its m-9 oon years o;di mternneer with and erade into medium grained
Qhbm Has mud. Wate saturated estuarme mud predomi- | aHuvium. overise* late Pleistocene iHuvium and

n

nanth clay and elty cln underiving marshlands t bedrock
and ndal mmt: Lits of 8an Franusco Bay C ntains

p P m dem i m'pw ean old ta few lenses of well-orted line sand and si.t and a
P 3toet ne aHuvium i;n.mo-N.non? y ears oldtfew Qem an i peatv larrs intertineers with and

grWes mto finrerained and medium-eramed anu L atnered 3.ichtly consohdated and indurated

s tum gene ra!h merhes eariv HWo(ene ahuvium or i
alluttal tan depo 3its const3tme primarily of gravel;

and sand with some silt. Less permeable thanlate P:entocene aHusium o-Co tt m-40 m > thicx.
H docene aHuvium Locaily contains fresh w ater,

AHus ial dgo-a- o years 'ddi i->

yhat r me erained aun tum. Pla>nc. poor!> sorted carn a. p,d and gastropod sheils and extinct late
n and wilty dn m pooris .ir.uned mter , PMstocene vertebrate fossils oserlain by Holo-acrou- i

t,.us .ai ba-ins maremai to ba marsniands Lot aHs c-ne deposits on lower parts of alluvial plain. in-
used by channei that are partly fiHed with Holo-cont.uns thin beo, of w en wrted *dt. and. and nne

,

ern ei. contains modern wrtebrate to--ils and cene allusium on nicher parts of aHuvial plain.
.

Maximum thukness unknow n but at least IM feettre n w ater ea-t- mod and , eiec> pod shells Inter. !
fineers witn and erade* into ha3 mud and medium 4 > m' near margin- if present bay w here these
er nned .n,lu tum. m erhes . ate l,leist< cene an u- deposit s overbe deep.iy buriri PMotocene estuarine, o

s zum Generalh lew than l's feet '; mi thick. depo it3
r

. Hrd roc kyha!3 Sait atf.
eeted tine guned a;l;vium. same a3 Qhat but ypea Earls PMstocene and Phocene alluvium. Tectonic-< n t.u n m g h i.: n . n( entrati"n of .-ait' '

. any deformed aHusial fan d-posits with local mi-yham .W tit.m erained .n|u s iu m. L. o,e. mocera t en
nor amounts of snaHow-w ater marme depuits.drained. mnder neh ortri -an .rrnine aHuua,

;>iam s a nd tream 'es ee Locau.'t : sAea,Kh to moderately mdurated ern el. sand. and.s i ontam s bed 3 of ,
.

w ed -ortrd cla v. .-u t. and gra v-1. contain mm sut with subordmate amount., ot lacustrine sdt andern
clay: .incal thm tuf f .neds contams late I3hocene ands ertebra t e :o ,ii- and t.resh-w ater gastropoa md

pe W. pod -heH* Intermediate in character an 1 earlv PM3tocene s ertebrate fossils. l. derhes laten

Lucral extent betw e- n fine eramrf and coar e-
P!eutocene an,. unum oseriies or m fau t contactl

eramri aH'n ium with w hich it mter:ineers. gener- 4 ith F.ranciscan F.orm anoa. (.onsists et the Santa
.

a,n os.-ne- : ate P'ratocene aHus ium (,wnera.h t,lara Formanon m southwest hav area..

than /1 l eet ~ ' ' thKN br k nd;IteT"ntihed I"TIiaTV bedrocN bk!'inikur iIed,w

Qhac Coar-r-grameo a n n ium Lo we w e ' dramed mo ier- and<t. ne 3na! . ind volcanic rocks. In map areaaten m.rted. permeaN- , a l and ern ei : .rmin e underias r :, .n tau!! contact w.th Phocene and
-t re a m M e-- and ? ,od piams on mener part3 ot early I' eim 4 ene .nius tum
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posits were partly derivei The sudden decrease in the driv- and the underlying late Pleistocene alluv:um.
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Fn.t u 2_.-Ranges of relatise natural moisture content of the >

geologic map units shown on plates 1-1 Wisture content is
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b56 ' 'H I' expressed as weight of water divided by weight of oven-driedN
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V4s b ,, ;, & j material, usually multiplied by IN to give a percentage. Usu.
ally moisture content decreases with geologic age: however,
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12 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION. CALIFORNIA

areas inundated by historic tloods. A comparison of stkLot nisNNLL utAsuts

maps showing the distribution of Holocene deposits
ifig. Im and flood-prone areas derived from historical Natural lateral stream micration is a slow process
flood data and hydrographic data ifig. 2m indicates generally caused by streambank erosion and occurs
that this correlation is strongest on modern flood , most commonly on flat valley floors where streams
plains underlain by the coarse- and medium-grained ' rework their own levee and flood plain deposits
Holocene deposits and the low 11oodbasms underlain iprincipally the coarse and medium grained Holo-
by fine-grained deposits at the outer edges of the ' cene depoota H owever, the channels of most
H olocene alluvial fans. Without modern flood-control streams have been severely modified by artificial
measures the correlation would probably have been channels and revetments, and lateral migration
greater in the alluviated areas. As expected. the tidal caused by streambank erosion has been greatly
marshes underlain by Holocene estuarine deposits red uced.
are flood prone ; Under natural conditions, sudden changes in

The map of flood prone areas provides a more stream courses may occur on gently sloping alluvial
accurate delineation of areas currently subject to fans and flat valley floors when floodwaters cut
floodine than the flatland deposits map However.in through natural levees or when stream channels are
areas where direct information pertaming to flood- filled with flood-borne debris and the stream is divert-
mg is not available, an approximate delineation of ed. The numerous abandoned natural stream chan-
flood-prone areas can be made if the distribution of nel and les ee systems branching from each other and
younc alluvial deposits is known. In addition to radiatine from the heads of large Holocene alluvw
geoloeic maps of unconsolidated deposits. such as fans indicate that stream course changes were com
the flatland tieposits map, soils maps showing allu- mon over the past 'i.oon years or so (fig. In Many
vial matenals may be uad to locue flood prone streams. particularly those in the developed areas,

have been artificially diverted into buried culverts orareas.
fairly straicht lined ditches for flood control. Alone
many other -treams naturallevees have been ouilt up

' 33 '22*, and streambanks revetted. These and other flood-
i control practice.s have virtually eliminated the possi-| w

'~%f '

$s bihty or sudden stream course changes., -

!

3 f45' - %N w3
\r ,Y s st r w s rER IN rRI sli a

\7~' % mob ;ns- v
q[V ment of salt water into a cround water aquifer nor-

:

< alt water intrusion or encroachment is the move-j N'~ v.n N

'((?s . _-
'

fv J mally containing fresh water. Encroachment in the'.Q- _

-A has region is possible only along coastal regions
,'

? .
'

f
' .. r . - in hydraulic continuity with sea water. Salt water

\ N where fre3h-water aquifers lie below sea level and are
'

g. .s _

| $e 7 .

intru8 ion is natural in some coastal areas and bay
E- \ y}g charge from upland areas is insufficient to prevent

margin where precipitation is low and aquifer re-
y 3|

- *

| the sea water from percolatme into the aquiter. alt-s _ ) < <

0 water intrusion can also be caused artificially byIf
_ ) overdratt of tround-water aquifers that are m hv-

W draube continuity with ocean water. Figure 29 illus-
,

trates four ways fresh water aquifers may be in-
3 ' '5' |- - / / truded by sa!t d ater.

t
-

In the coastal area of central California, precipita-
, y ,

tion and ground-water recharge are generally <utti-
o to :o 3o moversas cien t to pres en t salt water intrusion. In the San

Francisco Bay region where most ground-water
a em are uncomoMad dmentary hpoh[ l en e ent entha ed ni tr i salt-water intrusion is possible iri alluviated low-

the ground sortace within the -haded ared are dep-nH pre.

dominanth b> r' udwaters mer the pa t b oia < ai s ear A:ter lands <urroundine the bay and in lower parts <>f
Limennes. Lee, and Luo ilCD narrow alluviated coastal valleys ifig. 3m. In all

1 l 3hc i
'

~

,. r; ~'O' 1, a; . a
, g
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these areas aquifers consisting of medium to coarse- flow to penetrate farther upstream and contaminate
grained alluvium are in hydraulic continuity with , ground water from the surface (Page and Wire.1969i.
salt water but under natural conditioris have a suffi ' Water from shallow wells in the northern Santa Clara
cient head of fresh water to prevent intrusion. Valley commonly contains 100 parts per million

Salt-water intrusion has affected the shallow chloride but may contain as much as 700 parts per
aquifers iless than 100 feet (30 mi deep in the south- million i Page and Wire,1969). The chloride conten t of
ern San Francisco Bay region.Several factors contri- water from these areas has not changed since it was
buting to this condition include decline of pressure in first recorded in the late 1930's(Tolman and Poland,
the deep confined aquifers. Iowerine of the wate" 1940i. Restoring ground water levels sealine aban-
table in the shallow aquifers. and subsidence. which doned wells, and restricting deep dredging in the bay
has lowered stream channels and allowed tidal in which micht expose fresh water aquifers can eventu-
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ally eliminate this problem (Page and Wire.1969). hydraulic continuity with ocean water, (2) .,ubsi-
Man-induced causes of salt water intrusion in the dence of coastal regions owing to withdrawal of
bay region are (1) overdraft of fresh-water aquifers in liquids or gas, which allows tidal ocean water to
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penetrate farther up coastal streams.t3) depletion of ' of these ponds. The public cost, as of 1971, of levee
discharge of coastal rivers, which allows tidal ocean ! construction due to subsidence was about 59 million,
water to penetrate farther upstream, and < 4ipenetrat. ! and general cost of repair to water wells damaged or
ing aquieludes beneath estuaries by dredging or destroyed by compaction was at least $4 million.

drilling, which allows salt water to enter underlying |,
The primary cause of the rapid subsidence in the

fresh-water aquifers. Santa Clara Valley area was the compaction of fine-
' grained, clayey sediments in the central part of the

q piggsg,~ vak wh & gmunham taw was bwd
j drastically by pumping. These fine grained materi-

Subsidence is the gradual settling ar sinking of an ; als suen as clay, silt, and s. m y clay, which are
area with little or no horizontal motion. Subsidenceis compres3ible and which restric the movement of
common in tlat!aad areas and creates land-use prob- ground water, constitute a major part of the valley fill
lem> especially in coastal regions if land subsides and are most abundant m the central part of the
below sea level ; basin. The valley fill around the margine of the basin

Subsidence is caused by natural processes such as i is incompressible coarser grained material such as
oxidation. solution. thawine, drying, wetting, com- { sand and gravel which allows ground waterinfiltra-
paction of subsurfa:e materials, tectonic downwarn- ' tion. To a depth of N0 feet il53 m) the deposits at
ing. or by a combnation of these factors.The rate of Campbell are about 75 percent gravel. whereas the
natural subsidence is not known but is so low that it deposits between Agnew and Alviso to 500 ft are 50
has not sig:aficantly affected man's activities in the percen t elay. The subsidence poten tial due to compac-
bay reon over the pa3t 200 years. tion of fine grained sediments is therefore much

Sansidence may also be caused by man's activities, greater m the central part of the basin than around
such as removal of subsurface solids. liquids. or its margins ifig. 32t
gases. or by wettine certain types of dry Jay rich Subsidencein the Santa Clara Valley was virtually
<ediments resulting in collapse ofintergranular sup- halted by 1971 because the water table was raised by
portmg structures. SubMdence caused by these pro- an extensive ground water recharge project. Water
cesses may be relatively rapid and have sienificant was imported and stored in percolation ponds located
impact on man's activities. This rapid subsidence is in the permeable deposits < primarily late Pleistocene
generally not hazardous to human life except where alluviumi around the southern margins of the basin.
conditions are created that may trigger the failure of Poland i1971 predicts that if ground water manage-
a dam or levee. Hcwever. subsidence has caused ment can raise and maintain artesian E ad at least
mdlions of dollars worth of ;3roperty damage and 2n feet < 7 mi above 1971 levels, manaduced subsi-
ns ce3sitated expensive protective measures through. dence will be stopptd permanent!r in the Santa Clara
out the country. Valley.

Withm the bay region subsidence pnmarily is In general the potential for subsidence caused by
restacted to the flatlands .fie. 31, and is mamly ground . vater withdrawal in flatland regions is
caused by three different processes: ili collapse of greatest m areas underlain by thick sequences of
clay-nch beds at depth in the center of the bay region fine-gramed sediment and least in areas underlain
owme to excessive ground water withdrawal. <2i by a thin veneer of sediment or by coarse-grained
oudation of peat-rich beds near the surface in the deposits. On the basis of this generalization. the
delta region afterlowerme of the ground watertable, potential for ubsidence in the hay region is highest
and G withdrawal of naturai gas from Tertiary in the low central part of the bay basin where bay
rocks at depth m the Rio Vista area. Subsidence due mud and nne crained Holocene alluvium are under-
to the first tw o processes is <iirectly related to the lain by a thick sequence of similar deposits, and
character and distribution of :latiand deposits. lowest at the nigh basm perimeter where coarse-

Subsidence caused by grounda ater withdrawalis eramed sediments at the surface are underlain by
a major problem m several parts of the bay region. thick sequences of similar deposits Such a ;:enerali-
Subsidence m Santa Clara Valley has been described zation can serve only as a very rough approximation
by Poland < 1971t The land adjacent to the bay sub- of possible problem area 3 which need to be investi-
sided 2a feet iOA-2.4 mi between 19i2 and %7 gated in more rietad. M a ny other factors. particularly
because of overdraft of water from confined aquuers man's activities. influence the occurrence and rate ot
<more than !?o :t do m i deep o:ies. T and 3A I)ikes subsidence. It should beemphasized that compaction
and levees have been constructed to prevent :loodine of tine-grain-d ieposits makes subudence irreverst-
o. about 30 -quare miles < 7- km , of < alt evaporation bie. hence it is extremeiy important to avoid an
pond" and 17 square mdes i 4 ; km- > of area landward overdraf t of the ground water m the first place

C i 1 7m9d 1(C. g;L' 5)5 mg_J
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Subsidence primarily caused by oxidation and i square miles t 1.165 kmq of the Sacramento San
compaction of artificially drained peat deposits as | Joaquin delta, affects a smallareain theeastern part
m ich as 10 feet i 12 mi thick, which underlie about 130 of the San Francisco Bay region < Weir 1950L Peat is
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oWmi between 1925 and 1%7. which re3uited in a 13 ft # 4 mi sun-idence of the bench mark.

an uncimsolidated deposit of partially carbonized ecomes greater as subsidence continues.
marsh or bog plant remains with a high water con- Three tracts of land adjacent to Contra Costa
tent. Peat generally accumulates under acidic condi- County-Bac m Island. Stildred Island, and Roberts
tions in quiet wate; where there is little bacterial Island-which were originally at or slightly above
activity. Subsidence in area 3 underlain by peat-rich sea level were between 10 and 11 feet (3.0-3.4 mi
sediments is caused by drainace. which results in >elow sea levelifig. 34 L Between 1922 and 19pithese
shrmkaee from drying, oxidation, and wind erosion three islands subsided at rates between 0.2-0.3 feet
M eir. 1950 a. Compaction by farm machinery ar.d io.0+i m-0.09m i peryear.The most recent data on the
burning also contributes to subsidence :a these subsidence in the deltr. were publiched in 1948 Un-
drained. peat-rich sediments. fortunately no later data are available. An extensive

The total sum,idence pattern m the delta area is network of dikes is needed to protect the: stands from
complicated because subsidence due to ground water Goodi' e. Dike failure during high tides and perincis
withdrawa: is occurring throuehout much of the of heavy runoff has resulted in flooding of extensive
delta region and subsidence due to natural-gas ex- areas. In 1932 the levers on Franks Tract in ea. stern
tracnon from bedrock units is occurrme around Rio Contra Costa '' nty failed and the island was
Vista ific. ali. The proportion of subsidence due to Gooded. This i id was not drained after the flood
each proces3 is not presently known.The subsidence and is now a state recreation area uced for sport
due to gas extraction is not related to the flatland fishing. In the winter # 19 tis-ti9 a section oflevee on
deposits but contributes to a serious local problem. Sherman Island faileu and the island was Gooded

The main problem created by subsidence in the (Poland.19ti9t This island was inundated by Good-
delta region :s Gooding where low Gatland areas waters acam in the winter of 1970-71. The potential
have sunk below sea level. Several parts of the delta for Gooding :s even higher during earthquakes when
have Gooded in recent years, and the Good potential levee failure may be extensive.
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GEOLOGY AND ENGINEERING PROPERTIES OF THE FLATLAND DEPOSITS F

SEA the load and produce bulges or mud waves aronad the
tevey sinking structure. It is likely that both these pro-

a' -; cesses work simultaneously but at different rates
! .2

I under real but variable conditions. In any case the

! b rate of settlement is usually most raoid im' mediately
~

$ ? ~' ~e \. 1 after loading and gradually decreases with time.The
~

i
y

%.,,, \ q { total amount of settlement that may occuris depend-;j d-

s- % J ent on the physical properties of the sediment. its;.

Q? g 4., ,% _
thickness, laterally ' confining conditions, and theo;
size and distribution of the load (fig. 35).>

,

4~
3 1 The deposit that most frequently is associated with
d j -a - - settlement problems in the San Francisco Bay region

f ., _ ; is the fine-grained Holocene estuarine mud. The,

j
~ ' ' ~

j extremely low shear strength of this loose, water-
j saturated material, which is a major cause of settie-

"'

| "'d 300 ft sec(90 m secHfigs.2a_"and 26L Leeand
E "b 5M " "i922 is2e isso 1924 issa 1942 1948 ' aroun,

! Praszker < 1969) review the causes of settlement and
FM u 34.-Progressive subsidence of Mildred. Bacon. and discuss several case histories in the bay region.

Jones Islands in the Sacrarnento. San Joaquin delta pri: Settlement problems u asually associated with!rnaruy due to peat oxidation between 1922 and 1940
3

< rrorn we:r. im. j structures placed on artificial fills overlying thick
deposits (> 10ft.3 m) of bay mud. Structures placed on

Levee-maintenance problems will increase in the ,, piles founded on secure materials beneath bay mud
delta region as continued drainage for cultivation ! may also have problems if the surrounding region
lowers the lend surface fartheriPoland,1969t Total ' settles and leaves the structure stranded above
subsidence will be greatest in those areas where the grade. This problem is particularly serious at the
proportion of peat to mineral detritus in the sediment Alameda Naval Air Station where ramps have been
is highest. In some areas where peatconstitutedonly | built to maintain access to several buildings (case
a small part of the accumulated sediment and has ' history 3. Edgar Becker,in Lee and Praszker,1969).
been completely oxidized subsidence may have If a structure on artificial fill settles uniformly, the
ceased or is at least greatly reduced. Where peat has major problems created are poor drainage and failure
been completely depleted, the residual mineral silt of rigid subsurface utility connections. If one part of a
and sand are still nch in organic nutrients and make structure settles more or at a different rate than
excellent agricultural soil. another part-differential settlement-mechanical

components such as doors and elevators may no
longer work. but more importantly the structure itself

s ETT L EM ENT ' may be seriously weakened. Structures weakened by
differential settlement may not perform well, particu-

Settlement is the gradual downward movement of larly during earthquakes. Structural weakening due
an engineered structure due to compaction of the to differential settlement prior to and during earth-
unconsolidated material below the foundation. Set- quakes may be the main cause of the greaterobsers ed
tlement is most extreme over mud and loose fine- damage to buildings on artificially filled land over
grained sediments a clay and silt) having a high water unconsolidated mud iSteinbrugge. 1969). Modern
content. If the load of an engineered structure is engineering practices can minimize the effects of
relatively small or is emplaced gradually. the water settlement but the costs of mitigating measures are
in the voids between the silt and clay grains can high, and there is still the greater likelihood that an
escape slowly until the grains arein sufficiently close average modern building on bay fill will have greater
contact to carry the load and resist further compac- preearthquake stresses within it then will a similar
tion. In this case the settlement of an engineered building on structurally firm ground iSteinbrugge.
structure would be relatively slow and would eventu- 1969).
ally cease. If the load is relativtly large or applied Nme af the most severe settlement problems in the
suddenly, the high pore water pressures produced in ba, -ion exist in the low basin areas of San Fran-
the underlying mud will reduce the shear strength of cisco. ae Embarcadero waterfront. (Lee and Prasz-
the mud. which may result in failure. L'nder these ker 19696 ific. 36L and the Mission basin (Stein-
conditions the mud may ficw laterally out from under bruege.1969)ifig. 3~'t In these areas structures were
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Fu u 35.-Diagrammatic cross sections showing examples of set- causes and " ts of differential settlement. The lateral vari-
tiement. A. Settlement of an engineered structure placed on ability in th underlying mud results in differential settle-
artificial fill overlymz mhd that has low shear strength. R ment, which may damage the engineered structure.

built on randomly placed fill, consisting p-incipally ! 5HRINK-SW ELL
of rubbish, overlying Holocene bay mud. ! Shrink-swell is a cyclic change in volume that

Settlement problems also occur on more recently > occurs in fine-grained sediments because of expan-
placed fills overlying the bay mud at the toll plaza of i sion and contraction of clay caused by wetting and
the San Francisco-Oakland Bay Bridge, Treasure i drying (fig. 38L
Island, and the Alameda Naval Air Station a Lee and ! The potential for shrink swell problems in the bay
Praszker, 1969L The phenomenon of differential region is highest in areas underlain by the Holocene
settlement is clearly observed and felt along freeway bay mud and the fine-grained Holocene basin depos-
segments constructed on engineered fills overlying its, which contain high quantities of expansive clay
bay mud,such as theCandlestick Causewayin South ' denved from the uplands by erosion.ThePleistocene
San Francisco, where the flexible asphalt road sur ' alluvial deposits may contain large quantities of
face is deformed into a series oflow amplitude waves. , expansive clay at the surface. (This clay was formed
Small offsets in runways caused by minor differen- in place by weathering.) The coarse- and medium-
tial settlement are a continuous maintenance prob- ' gramed Holocene alluvial deposits containlessdetri-
lem at airports built on fill overlying bay mud. tal expansive clay and are not intensely weathered,

Differential settlement has also created problems therefore, they have moderate or low shrink-swell
in some residential communities built on artificial problems.
fills overlying bay mud. A recently constructed apart- | Because of the relatively minor economic losses
ment complexin LarkspuralongCorteSladeraCreek j resulting from shrink-swell conditions on alluvial
was severely damaged by settlement and had to be i deposits, this problem is usually ignored in determin-
abandoned < Brewer,1973L Several homes in Foster j ing land uses. however, large economic losses have
City, whien is built on artificial fill overlying bay i occurred on such soils formed on bedrock 01eehan
mud along the bay shore of San Alateo County, are and others,1975L Shrink-swell problems can usually
beginning to show signs of structuraldamagecaused | be overcome with proper foundation engineering.
by differential settlement. ; The main effect, therefore, is on the cost of construc-
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Fu n 36.-Settlement of the land surface on the San Francisco waterfront. From Lee and Praszker (1969). I J/

tion in areas underlain by clay rich deposits with subsidence!, temporary changes of condition such as
shrink-swell potential. ' liquefaction. and ground failure, lurching, lateral

| spreading, and landsliding (fig. 39). The level of
5EI.sNllC H \L\R Ds , ground shaking at a particular site depends on dis-

t tance from the epicentral region and local geologic
SEIS.\ TIC RESPON5E conditions. In regions underlain by bedrock, ground

shaking will be greatest at the epicenter and decrease
Seismic response is the total reaction of a particu- with distance away from the epicenter. In regions

f ar area to earthquake shaking. Therefore. seismic underlain by thick sequences of unconsolidated sedi-
response it.cludes the type and intensity of ground mentary deposits, certain frequencies of ground
shaking, permanent changes of elevation i uplift and shaking may be amplified above bedrock levels ow-

i
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Fu m 37.-subsidence of San Francoco buildmes butit on tii!ed ground that was forrnerly swarnp Street and sidewalk hau been
raised by additional fi!!. the top of the garage door on the lett side of the house s now onh abou: 2 feet io 6mi above the sidewalk
iCalifornia Dive. ion of Mmes and Geology, tW. p 45h

ing to resonance and impedance contrasts.The block amplification increases as the impedance contrast
diagram (fie. 39i summarizes potential seismic ha- between adjacent layers increase if other parameters
zards from the bedrock uplands downslope across the such as stratigraphic thickness are constant. Be-
alluvial plain and across the tidelands into the bay cause thickness is important. downhole measure-
itself. In this example seismic energy originates at ments are necessary to help predict amplification.
the San Andreas fault zone and is attenuated in the Amplification of seismic waves from nuclear test
bedrock with distance from the fault. Seismic ampli. blasts was measured at three surface sites ifig. 40).
fications at t.be land surface on different materials- and amplification of horizontal ground motion gen-
alluvium and bay mud. foc exampir-may differ from erated by the San Fernando -arthquake of February
the bedrock amplification in response to conditions 1971 was measured at a mwnhole site at Ravens-
described in the following section. wood Point, San NIateo C :ty ifig. li t The trend of

the amount of amplificatmn recorded at the three
different e rface sites is quite similar to the trend of
the amplification measured at different levels at the

SE15.\ llc A.\lPLIFICATION downhole site.
51edvedev i196 n showed that seismic impedance Density. S-wave velocity. and therefore impedance

(defined as the product of S-wave s elocity and bulk of geologie units increase with age ifig. 42L
density. L o can be used roughly to predict rela. The Holocene bay mud has the lowest impedance
tive ground response. The potential for seismic owing to both its low density and its low S-wave
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tion potential using only impedance data is not very
. M | precise. These crude predictions are consistent. how-~9 ,. . ., / . ; f ,s .

.
. s y _, ,

r(f 7 , g .3y- .

' y q ., , N
f ever, with comparative low-strain ground motion

% ;- '
'

;-'- -' k' * j . m. mea 3urements which show that the highest amplifi-
'

e, n ''? cation occur on hay mud sites. It 's probably signifi-O
3 i- 'r v cant that four of the generalized geologie units with-[v - b .,

.

~ ''
distinct low-strain amplifications roughly corre-

' ' *r ~.;
h y''"- ^

. , , spond to the four groups of geologic units with simi-
4 J ' . '| ].~ ' tar impedance values igroups separated by heavy* ' . . ,-

~ -e .

?.
. , ;

,
qa -- lines in figure 42).

Combining the geologic units into groups with-
. . , . -

-' - -

- -
y | ,]

.e
,

similar impedance values provides a useful means ofn -
,

,

n ' ' g e ., evaluating earthquake mtensity data and low-strain-*
. .

,
level response data. For example, if deposits with

' - -
'

.

:
, .

- -
.

' .I *
- similar impedance values behave differently in an.

earthenake. other variables such as stratigraphic- :
,

.
~

4 ,4 w ] thickness might be mvestigated. Borcherdt, Gibbs.,-

( .j~. - ,7 - g
,

,] and Lgoie < 1975>. using intensity data from the IW6
- . an I rancisco ea rthq ua ke. amplification spectra

,

F. u hSurface cram r. rmed m . lav-run -ediment due to from nuclear explosions, and seismic properties of
the geologic map units, produced a map showingshrmkage durmz deuctation When the-e sediment 3 are azam

wetted. the evpan n e clas mmt!y rm nt morillonitei w d! abern stimated relative intensities of ground shaking that
water and espand. thus tausme a chanze m soiume that wdl would be produced in the south San Francisco Bay
c!me these cracks and eies ate the -urf ace -hihth hement
cau-ed by tna esc!ic change :n soiume m n he f amazme to ;m- recion hv a large earthquake on either the San An-

-

properik deuzned m atures Long unweathered c,ar e- dreas or the flaywara. .f ault (fig. 4A..

grained depouts eenernly base hw cat content and theretore Althoueh we cannot now predict w' hen, where.and
hase low shrmk aweil potential Oider, deepls weathered coar e. how great the next earthquake will be, we can for
gramed depouts mas i entam h:zn un(entranons or t iav ;n tne planning purposes anticipate where the effects of
B horizon of -oii, des eleped on t nem. and thererere mas hat e a ground shaking will be severe. That this can be donemoderate to high -nr:nk ,wed potenni

may he een m thecompanoon between localgeology
and earthquake damage for the February 1974 earth-

velocity. The th we fac:es of the loose fIolocene alluvi- quake m Dunedin. New Zealand ifies. 44 and 45>.
um ipl.1. 2. and a have very similar phys: cal propert- Areas expenencing greate t damage are commonly
ies and therefor ~ ce combined mto one geoloeic unit; underlain by loo e unconsolidated sediments. Holo-
this umt has only slient'y lower impedaner values eene estuanne mud. and Pleistocene and IIolocene
tha the weakly consolidated late P!eistocene alluvi- alluvium. csj

7, Tdnum. i ce vanabilit- 4;)hysical properties within and JW i.~

between the bedrocs uait.s i3 retlected in their relat-
iwly wide rance of mt dorate to hich impedance LHWVTU W PO IUTI AL
v alue .. Iaquefaciton u defined a3 the transformation of a

The schematic cros sect on m fleure 12 shows the loo e. water ~aturated granular material such as
eeneralized -trancraphic r4!atmn in the -outhwest- <and from a sohd state to a liquefied state as a
ern hay region with the nich impedant e contrasts consequence of increased por" water pressure Woud
between umt: repre-ented by 3!iehtly neavier con- and others. lo7A In the solid state. the sand grains
tact lines. Con aderme only theimpedance contrasts. are touchine rach other and the w eight of any overly-
amplification of bedrock motion wouhi be expected to ine matenal is supported 53 these intercranular
be low to moderate where hay mud overlies late contacts. In a !iquefied state. the sand grams lose
Pleistocene alluvium or where Holocene alluvium contact. usua!!y oniy momentanly. and the weight ot
overhes Pliocene and early Plei-tocene alluvium.The ans overlyme matenal is transferred to the water.
impedance data succest that the hiehest levels of which is incompree.ihle. filline the spaces between
amphficanon would occur where thick ,irpo3us of sand crams. In thr. state the : and can flow like a
hay mud direct!v overbe Franco can bedroes. Suu! but wd! do -o only if it is not confined. This

Beca use 3eumic amplincation :3 arpendent fre- desenpnon ot ;iquetacnon defines hquefact:on a3 a
quently on and therefore controlled hv ather factors tran tormation proce- rather than the actual thw or
such as stratigraohic thicsne .s. predicted ampafica- hquefied mat >nal mr ground tailure, that might
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result from this flow.Therefore, a potential forlique- | material present) silt and sand lying within about
faction does not necessarilyimply a similar potential 100 feet below the ground surface Woud and others,
for ground failure. f 1975i. At greater depths the pressure from the weight

A major cause of liquefaction is ground shaking i of the overlying materials is generally too high to be
during earthtm vs. Seismic shaking raises the pore ; overcome by the seismically induced increated fluid
water pressure .peatedly so that the sand grains are
momentarily forced apart. The geologic materials ! pressures, and liquefaction rarely occurs.If a bed of silt or sand liquefies during an earth-
most likely to iiquefy during an earthquake are loose : quake and can flow toward a free face such as e cliff
water-saturated well-sorted ti.e.. little or no clay-size ! or down a gentle slope, ground failure may occur.

20

Foa a 40.-Seismic amplification iGibbs and Borcherdt,
197 0. This diagram illustrates the effect of local geology on
ground monon. Seismic waves generated in Nevada by un-7

-g 33_ z derground nuclear test blasts were recorded at three different
_,

j sites in the southern San Francisco Bay region. Site I was on,

bedrock. site 2 was on a thick sequence of alluvial deposits.u
(-

ar.1 site 3 was on bay mud. The bedrock signal was slightly
f amp!ified where it traveled upward through a thick 3equencej 'O ~

{
~ of alluvium This same bedrock signal was amphried esen

j.
more where it traveled upward through a thick sequence of
alluvium and then through a layer of bay mud. Note that the

g seismic waves with frequencies between 1 and 1.5 hertz were
; 5- amphfied the most. The seismic waves recorded at these,

A three sites were so small that they could not be feit. For seis-" " " , , ,
mic waves that are large enough to be feit. the amp!ification
ratios most hkely would be smaller than tho>e illustrated

'3*'"'"# -- here. but the general relation of bay tnud amphfying more
1 2 than alluvium would be maintained.

FREQUENCY, IN HE RTZ

DISTANT EARTHQUAKE

YaNua' _YW h1 h of M savace
2

12 m (39 f t) [|',,'d
a
b

' * "o 40 m (131 ft) -om

-- -- - ^ - x - N o r- 1-J 186 m (610 ft) searacx
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F" u 41.-Horizontal ground motions at Rasenswood ute recorded -n downhoie aisrnometer< from a distant earthquake
e Borcherdt. Je ner. Warrick. and Gibbs.1979 The horizontal motions mt the bedrwk were amputied ugnificantly as they
traseled upward through the ;71 te*f i174 m e or weakh to moderateh ; onsoudated allusium and 13 f eet i12 mi of unconsoh-
dated estuarine mud. Note that the trend in amphfication at ths one ute s s.miiar to the trend ob-ersed on thrae different
sites s tic 406 n 'Z7-
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Severe and extensive ground failure occurred during ; beneath them liquefied and could not support the
the 1906 San Francisco earthquake in the Monterey uneven load of the buildings.

potentially liquefiable can beBay region where large areas along the Pajaro and Areas that are
Salinas Rivers shifted laterally due to liquefaction ! mapped if the physical properties of the sediments
and the tiow of sand and silt beds underlying the ' are known or can be reasonably inferred. Beds of
river banks Waud 1975L At severallocalities in this loose water saturated well sorted silt and sand have
area. liquefied sand flowed upward through cracks to ' the highest liquefaction potential, and beds of dry,
the ground surface and formed small volcanolike poorly sorted well indurat _d sediment have the low-
craters. Also during the 1906 earthquake. ground ' est liqucfaction potential (fig. 4GL A map ofliquefac-
failure was extensive in Colma Valley in south San i tion potential for moderate to large earthquakes in
Francisco where liqueiied alluvium caused lateral the southern San Francisco Bay region Woud and
shittine of several tens of feet down the gentle slope others. 19 h was produced using standard pene-
along the axis of the valley Woud.1971. trometer data to assess relative density of the geo-

Liquefaction-mduced ground failure can also occur loeic units mapped by the present authors and by
on level ground if the liquefied materialis unevenly Webster (1971. The saturated clay free coarse silt
loaded. In this case the liquefied sand may tlow out and sand with relative densities less than 65 percent
from under the area bearing the heaviest load. Tall ipoorly consolidated) are considered to have high
apartment buildings in Niieata Japan toppled over liquefaction potential even in a moderate earth-
during an earthquake m 1961 because sand beds quake (M4-6.5t Water-saturated ciay free sediments
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with relative densities greater than 90 percent thigh. I clay-free sediments with relative densities between
ly consolidated) are considered to have low liquefac- | 65 and 90 percent have moderate liquefaction poten-
tion potential, even in a major earthquake. Saturated I tial that depends on intensity and duration ofground
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shaking and textural properties of the sediments. In : penetration data used to determine the liquefaction
general, granular sediments in the young alluvial ' potential of the variousalluvialdepositsin thesouth-
and estuarine deposits exhibit more of the properties , ern hay region a Youd and others.193. Because the
conducive to liquefaction than the older alluvial alluvial deposits over the entire bay region were
deposits ifig. 46). Table 2 summarizes thr: standard ! distinguished by using the same critena. conclusions
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fine grained sediments. di .tribution of the various sedimentary deposits.
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Te t-Factors atfectma Poros4ty and Permeabahty of delineate areas with recharge potential and with
sed:mentary deposits probable drainage problems.

F., sne emnn e

Grain size: SOIL
Fine grained Smaller pore space Lower
Coarse gramed---Larger pore space Higher Soil, the natural medium for growth ofland plants,

sorting- is one of the primary elements in the life support
well sorted Increased pore space Higher system of c" errestriallife andis thereforeoneof the
Poorly sorted------Decreased pure space Low er

gricultural soils are fine- to medium-grained, well-Y"n"co#"rpa5ted Pore space at
maximum Increases drained sediments that are high in nutrients, easih

Compacted-------Pore spaced reduced Decrease * worked, and have moderate water-holding capacity.
Cementanon In the San Francisco Bay region, these conditions are

. jot cemented Pore < pace open Increases found most frequently on the Holocene alluvial de-
t emented Pore space reduced Decreases posits on fiat valley bottoms and on the gently slop-

Depth of bunal ing fans marginal to the bay. These deposits have
onallow Low pressure, pores High been built up primarily by noods over the pastopen
Deep High pressure. Low.but Trans- 5,000-7,000 -vears. Because these deposits are very

pures closed missibthty may
be high youthful, they have not been deeply weathered nor

significantly indurated. The soil profiles developedGeolegic age:
Young At maximum At maximum on these deposits lack well developed clayev B hori-~

Old Decrea3tng Reduced zons and are there ore permeable and easi1y tilled.f

Also, the lack of ;eep weathering means that the
mineral nutrients have not been leached. Along

and the low Goodbasins at the outer margins of levees and flood plains that are frequently Gooded,
alluvial fans, which are underlain by fine-grained fresh material brought in from the uphnd areas
alluvial deposits. Low water tables occur along the periodically replenishes the supply of mineral nu-
higher well-drained parts of the alluviated areas trients.
underlain by coarse-grained alluvial deposits. The most widespread ranking ofland for agricultu.

Information concerhing infiltration rates is im , ral uses is done by the U.S.SoilConservation Service
portant in land use planning for several reasons: (1970% it has developed a standard format for ex-

1. Areas with low infiltration rates are likely to | pressing land capability for agriculture. Information
present drainage problems that can affect developed by USGS for this report uses Soil Conser-
both rural and urban use of the land. vation Service soil survey data wherever available.

2. Areas with very high infiltration rates are In those areas where modern soil surveys have not
potential sites foraquiferrechargeareas. Ur , been done, agricultural capability is inferred from
banization of such areasinhibits the replace- | the usual characteristics of the soil associated with
ment of ground water supplies lost through each mapped geologic unit.
natural seepage or withdrawal by man. I Figure 49 contains a brief description of the SCS

3. The quality of ground water is affected by ; capability classes and shows a typical topographic
land uses within and near areas of high distribution of the eight classes. Generally speaking,
intiltration potential For example, theloca- class I, II, and Ill soils, those most suitable for
tion of solid-waste disposal sites in such agriculture. occur in 0atland areas. U tilizing the Soil
areas may cause ground water contamina- | Conservation Service ranking system. the geologic
tion. units with the highest potential for agricultural use

Areas favorable for ground water recharge can be : class I, II, and III soils) are Holocene fine , medium ,
precisely delineated by means of resistivity investi- | <and coarse-grained alluvium, Pleistocene alluvial
gations (fig. 4M. By comparing maps that show t fans, and Quaternary marine terraces.
favorable recharge areas with other maps that show | The flatlands map (pl.1) provides a generalized
areas known to have high infiltration rates,unfavor- j overview of areas that may have agricultural poten-
able or undesirablerecharge areascan beeliminated. i tial. However in areas where modern soil surveys
It can also serve as the basis for determining where i have been completed, the soil surveys more accurate-
resistivity investigations should be undertaken. A > ly identify agricultural potential.
modern soil survey also e valuates soil units in terms . The distribution of water and soil resources in the
of permeability and, if available. can be used to | Satlands bordering thebayis shownin figure 50.The
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E5 k k *z gbest soils are to be found on the active alluvial fans. \tlNER \L Rbol. R(

which are the Holocene map umts. These same units
also provide the best sites for infiltration to recharge . The mineral resources of the San Francisco Bay
the ground water reservoir. The lower areas of the | region are evaluated in detail by Bailey and Harden
active fans are finer grained and less permeable but < 1975i. and those found in the datlands are discussed
provide fair agriculturaisoils when properly drained. here only briefly. The most important and essential
The Datlands immediately adjacent to the bay are mineral resources in the datlands are sand and
useful as Good basins and also provide areas in gravel. All other mineral resources-clay, salines.
which to evaporate salt from the bay water. shell and peat-are of lesser economic importance.
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$ \ND TND t,R \\ EL undesirable physical or chemical properties. The
most stringent quality requirements apply to sand
and grava used for concrete aggregate. This material

Though sand and gravel-basic construction ; should consist of durable minerals, such as quartz
materials-are widespread in the flatlands. they are ; and feldspar, and should contain minimal amounts
not unlimited resources. Indeed. minable sand and | of unstable minerals idark minerals or clay, for
gravel resources are smallin terms of projected needs : example > and reactive minerals < opal, zeolites, and
iBurnett and Barneyback 1973n About half the sand | glasst Unweathered hard tough dense well rounded
and gravel used in the bay area is for aggregate in rock granules are the most desirable for concrete
concrete and the rest for bituminous pavement, road aegregate. This type of material is commonly found
base, and fill iBucnett and Barneyback.1975L in the stream beds and on the alluvial fans of streams

Deposits of sand and gravel occur in all bay area ; draining terrain underlain by old volcanic rocks and
counties, but much of this material is unusable be- highly indurated sedimentary rocks.
cause it is of poor quality. Minable deposits occur in The particle size distribution is also important in
half the bay counties in both modern and ancientI concrete aggregate. particularly in the sand fraction
stream-channel Good-plain, and alluvial fan depos ! < Price 1966; in Burnett and Barneyback 1975L In
its i fig. 31 L Small quantities of sand have been mined | general, the largest grain size of aegregate consistent
from the beach and dune deposits along the coast. i with pract:callimitations is desirable.The grain-size
Much of the originally available sand and gravel is | distnbu: ion of an aggrmate is controlled by process-
not presently minable because of urbanization. ing. but the primary ratio of various sizes is import.

Much of the sand and gravel in the alluvial low- ant in deter.mning the feasibility of exploiting a
lands cannot be used for concrete because of certain particular sapd and gravel deposit.Therefore,depos-
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From I'.S. Department of Agriculture t 1970).

its of relatively well sorted (low silt and clay content) ; percolation ponds for ground water recharge. At
sand and gravel consisting of tough, resistant parti- : Livermore, open pits left after sand and gravel were
eles are the most valuable for concrete aggregate. extracted have been converted to recreation lakes.
Deposits with these charactenstics are abundant in
outlying areas of the bay region igg. Sli, but many cLa
are a considerable distance from market centers.and
many of those that are close are being eliminated as In the early days of California, rEolt hrick dn8i
an exploitable resource by urbanization. sewer. pipe clay used was of alluvial Trigin and was

The deposits along the southern margin of Liver- found in valley-fill and flood plain deposits of rivers
more Valley in Alameda County have supplied a and streams < Turner.1951). Local red burning clay
major part of the sand and gravel used in the bay for bricks and terra cotta has been produced from the
region. This high-quality material, which has been Holocene and late Pleistocene deposits of Livermore
excavated to depths of 125 feet cb mi. consists of ; Valley and the Niles area of Alameda County. Clays
Holocene and most likely, late Pleistocene alluvial | have been mined extensively from deposits ofsimilar
fan deposits of Arroyo 31ocho and Arroyo del Valle. age in the area north of San Jose in Santa Clara
which drain a large mountainous area underlain by County
Franciscan rocks. The clay resources in the alluviated Gatlands have

The extraction of sand and gravel in large quanti- never been systematically mapped or evaluated.
ties can have very deletenous environmental effects. Alost clay deposits of cornmercial value probably lie
Large open pits frequently remain after the gravel in the Goodbasins of the central lower parts of the
and sand have been removed. The material removed alluviated lowlands where the streams carry and
is lost for ground. water storage. but in some areas c eposit predominantly fine-grained silt and clay.
such as Los Gatos, the resultant oper pits are used as Clay may also accumulate in quiet water filling cut-
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66 FLATLAND DEPOSITS OF THE SAN FRANCISCO BAY REGION. CALIFORNIA

off meander loops and other natural depressions in of available shell, about 40 million tons (36.3 million
the higher parts of alluviated areas, but these depos- tonnes > usuable. Stost of tne shell extracted to date
its are smaller than those in Goodbasins. , lies at or near the bottom of the bay and is therefore

! very young. The living populations of Ostrea lurida
have been almost completely destroyed by pollution

s A LIN E.8 of bay waters and dredging of the oyster beds so the
,

commodity is not being replenished. Consequently,
dalines in the bay area are derived entirely from when the present oyster beds are depleted. older and

sea water t\,er Planck,1951). The earliest European more deeply buried shell beds may be exploited.
settlers in the area gathered naturally precipitated
salt from tidallagoons along the margins of the bay. ,
When these natural deposits were depleted around |

PEAT1860, arti6cial evaporating ponds were constructed i
and continually expanded until most of the salt Peat reserves in the bav region are described bv
marsh areas in the south bay and some in northern Stinson < 1973>. Peat, which is used exclusivelv as a

' ~

dan Pablo Bay were converted to salt production by soil conditioner, occurs in the eastern parts of Contra
1970 t fig. a,l). | Costa and Solano Counties in fairly pure beds greater

The main natural f actors that make salt produc-
tion by solar evaporat.on a profitable busmess are ;' than 30 feet < 10 m) thick in some places and in threesmall areas near Gilrov in southern Santa Clara
the broad expanseoflow lying salt marshes adjacent ' County ifig. 50i. At present peat is recovered only
to the bay and the cloudless summer weather. The ' from Franks Tract, a subsided and Gooded island in
marshes are at or close to sea level, which minimizes ; eastern Contra Costa County where it is mined by a
pumping, and the fine-grained Holocene bay mud Roating clamshell dredge in 6-8 feet (2-3 m) of fresh

iprovides a natural water tight bottom that reduces
> water.

leakage Ner Planck.1951 >. The extraction of peat from permanently flooded
I ormer salt ponds are presently being converted t

'

Foster City and Redwood ' areas does not conflict with other high priority land, !

urban lands such as uses. Peat extraction from diked and drained lands in
dhores. However, the preservation or salt ponds for the delta region would con 0ict with the agricultural
salt production. which is an important e onomic uses of these areas. Peat is obtainable from other
product of the bay region, and open space, such as the parts of the Sacramento-San Joaquin delta outside
Federal wildlife preserve. will probably prevent the the bay region and therefore is not a particularly
rapid conversion to other uses at least in the near valuable resource in the bay region. Also, various
future 4 Goldman.1969i- substitutes for peat are available for agricultural and

i horticultural uses.

* HELL

Deposits of oyster shell, primarily Ostrea lurida,
151PORTANCE OF FLATLAND GEOLOGY TOoccur as thin discontinuous lenses on the surface of

C051PREHENSIVE PLANNINGand within the upper 20-@ feet 17-9 mi of Holocene
bay mud in the southern part of the bay. Roughly 30 Bv h nu .snsou and w nn L ai m
million tons of these shells have been dredced from
San Francisco Bay since 1924 iHart.1973; Goldman. Knowing the characteristics of Gatland deposits is
1969t .\1ost of this material was used in the manufac- obviously important in land use planning. Alany
ture of cement but some was used as a source of costly and hazardous situations can be avoided or
calcium in poultry and livestock feed. The dredging mitigate i if good geologic information is available
of oyster shells and mud from the bay for cement before land-use and development decisions are made.
manufacture ceased in 1970 due to environmental in the past. planners have relied on soil maps to
and economic reasons. but small amounts used for identify the problems and resources of dat alluvial
poultry and livestock feed and soil conditioning are areas. Soil maps show deposits at the surface to a
still recovered by a single operator < Hart.1973>. depth of rarely more than a few feet. Geologic map.

The distribution and character of shell deposits pine considers deposits at greater depth and is large-
within the bay are not well known so the reserves of ly based on the processes forming the deposits. The
this locally important ecmmodity cannot be definite. delineation. description, and interpretation of Cat-
ly determined, but Welday un Hart 1973.p.64-74i land deposits are a new approach to geologie map-
estimates that of 60 million tonsi31.4 million tonnesi ping and interpretation. designed explicitly for appli.
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IMPORTANCE OF FLATLAND GEOLOGY TO COMPREHENSIVE PLANNING 69

cation to land-use planning. In the past, geologic ural capability of each land unit to accommo-
maps rarely differentiated the various alluvial depos- date each potential use.
its common to lowland areas. These differences, as 3. Formulate plans.
described in the entitled sections " Potential Prob- a. On the basis ofland-capability maps, appropri-
lems in Flatlands Regions" and " Resources and ate projections, and economic. social, and
Potentials," have important planning implications. political analyses, consider feasible alterna-

Because the information presented here is new, tive arrangements of land uses.
actual examples of successful application toland-use b. Prepare alternative land-use policies and plans,
pianning do not exist. Thus, to describe the potential incorporating as much detail as necessary to
planning application of data on Gatland deposits, guide future decisions.
two approaches are used. First, a hypothetical exam- t Evaluate impacts.
ple of the use of flatlands information in land- | a. Evaluate alternative land-use policies and
capability studies is presented to illustrate how the ! plans for environmental, economic, and so-
interpretations of the preceding two sections can be cial impacts.
integrated and related directly to land use planning b. Evaluate exposure to risk from natural hazards
and decisionmaking. Second. actual planning re- associated with alternative land-use policies
sponses to selected Ratland issues are described to i and plans.
show how land-capability considerations and infor- .i Review and adopt a plan.
mation describing flatland characteristics can be i a. Present plan alternatives for review and selec-
incorporated into a planning and decisionmaking i tion by the appropriate legislative body.
process. In both approaches. the objective is to de- b. Schedule and hold public heanngs.
scribe a planning framework for the effective use of ' c. Adopt plan with such modifications as may be
data on Gatland deposits. needed to respond to information provided

A basic planning and decision making framework and opinions expressed at public hearings.
is outlined in the section "Introductionf' Geologic 6. Implement the plan.
and other earth-science information is important in a. Prepare and seek adoption of land-use regula-
each step of the planning process shown in figure 3. tions and any land-acquisition and capital-
The outline below provides a general framework improvement programs needed to carry out
indicating how planners, working with earth scien- the plan.
tists, can effectively introduce geoloeic considera. b. Establish guidelines and a procedure for con-
tions throughout the process. ducting the geologic investigations needed to
1. Identify problems and define goals and objectives. evaluate development proposals.

a. Obtain readily available geologie information c. Develop the procedures and capability for re-
for preliminary identification of natural haz- viewing soils and geology reports. environ-
ards and resources. mental im pact assessmen ts. and project prop-

b. Review the data in relation to current land use osals.
plans and policies, projected growth trends, d. Arrange for modification of previous steps as
and anticipated changes. new or more detailed information becomes

c. Develop a tentative set of objectives and priori- available.
ties. giving special consideration to hazards
and resources. DE8CRIPTION OF LAND-CAPARILITY STt* DIES

1 Collect and interpret data. Land-capability studies are an important element
a. Evaluate adequacy of available geoloeic data of the land use plannmg and decisionmaking frame-

and develop a program for compiling new work outlined above. In any area. the existing natu-
data. ral features and processes present a range of con-

b. Arrange with earth scientists to prepare basic straints and opportunities for different uses ofland.
and interpretive maps and texts. .\ lap infor- It is well known that the natural characteristics of
mation should relate m scale and detail to different parcels of land vary as well as the physical
other basic planning information. requirements for different uses of the land. For exam-

c. Estimate the probable future demand for land. ple, farmers seek fertile soils; manufacturers in
considenne projections of pgulation growth heavy industry want level sites with good foundation
and distribution. economic activity, social conditions: golf course developers look for rolling
and cultural needs. and transportation re- terram with adequate surface and subsurface soil
quirements. condinons.

d. Pre;)are land-capability maps showing the nat- Land-capability studies systematically record and
,_ - q--
.
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formalize judgments concerning the physical fea- directly in terms of the dollar costs associated with
tures of the land with regard to particular categories hazard-mitigation measures, potential property da-
of land uses. Such studies evaluate, for a specified mage from natural hazards, and loss of natural
land use, the relative physical merits of thelandsin a resources. The method was tested in a pilot land-
study area. The natural features and processes con- capability analysis of part of theSanta Clara Valley.
sidered usually include topography, hydrology, geol- The pilot study focuses on geologic and hydrologic
ogy, soils, vegetation, and climate. hazards and resources and makes excellent use of

Methods of evaluating land capability differ. A many San Francisco Bay region reports. Natural
study may be largely descriptive, pulling togetherin factors considered in evaluating land capability in-
narrative form information concerning the natural clude earthquakes, Gooding, bearing materials prob-
features and processes relevant to a particuiar land lems < potential for shrink and swell, settlement,
use. Or a study may involve a fairly sophisticated liquefaction, and subsidence), slope stability, erosion
effort to quantify, weigh, and aggregate the earth and sedimentation, septic tank limitations, and na-
science information relevant to specific uses for all tural resources. Lands in the study area were evalu-
lands within a planning area. In any case, judgment ated for a range of uses: agricultural or rural, semi-
is needed and the studies should be carried out by rural residential, single-family residential,
planners with the assistance of experienced earth . multi-family residential, regional commercial,down-
scientists. Land capability analysis involves four j town commercial, industrial manufacturing, and
basic steps: | free'vay.

1. Defining the focus of the study and the land The total expected cost associated with each natu-
use or uses to be considered. ral constraint and resource for each land use was

2. Determining the natural characteristics af- calculated. Cost information for all natural resources
fecting capaoility for the use or uses select- and problems for each 24.9-acre grid cell was aggre-
ed, gated for each land use. The resulting number indi-

3. Gathering, analyzing, and presenting infor- | developing that cell with that land use.The range of
cates for each cell the expected dollar cost per acre of

mation describing the natural characteris-
tics, and total costs was divided in to six capability levels a nd a

4. Evaluating relative capability ofland units to land-capability map for each use was printed by
support the selected use or uses. computer.

Judgments concerning the importance of each . Analyses ofland capability provide only part of the
factor as well as the range of conditions within each ! nformation needed for land use decision. Economic,i
factor can be expressed numerically. The main ad- | social, political,and aestheticconsiderations arealso
vantage of a quantified analysis is not greater preci :
sion of results. but greater ease in combining many ) important.The physicalcapability of a parceloflandto support an intensive use may be poor, but other
judgments into an overall rating of land capability. ! facters. such as location and accessibility, land cost,

Land capability studies vary in focus as well as ' absence of alternative lands, or overriding public
method. A study may focus on identifying con ! need may well indicate that the parcel should be
strain a for particular uses; another on factors favor- | intensively developed.
able for particular uses; and another on both con- A study that systematically evaluates economic,
straining and favorable factors using positive and social. and political factors, in addition to physical
negative ratings. A common variation is a risk analy ! capability factors, is called a " land-suitability
sis. which rates land within a study area in terms of , study. A land-capability study is often undertaken
relative risk from selected natural hazaras. A study ' as part of a broader and-suitability study. On occa-
may be very detailed. dividing an area into small sion, capability is, or should be, the determining

i

units which are evaluated for a specific use such as a factor. Areas with very low capability for sustaining

sanitary landfill; or it may be general dividing a ! a particular use can sometimes be eliminated from
-

study area into large units which are evaluated for a further consideration on that basis alone, allowing
broad use category such as urban development. the planner to focus attention on more realistic

Judgments about relative costs involved to over- options.
come natural conditions adverse to particular uses , Land-capability studies are becoming increasingly
commonly affect values assigned in a land- important to land use planning at all governmental
capability study. The Association of Bay Area Gov- levels. They assure that physical charactenstics of
ernments in a land capability study recently com- the land will be given systematic consideration in the
pleted as part of theSan Francisco Bay Region Study development of land-use plans and policies. The
(Laird and others.1979) expressed land capability earth-science information requirements.. (or sucp .
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studies vary with the totalland area and the specific i natural environment by wise use of the opportunities avail-
use to be studied. At the regionallevel, for example, able ie.g., use of natural drainage systems for park and

mwan nal mast g Department of Housing and L*r.fairly generalized data may be appropriate for an
ban Development,19.a. p. 3,6A60)analysis ofland capability for regional open space.

On the other hand, a study undertaken, at any gov. Regional or areawide planning agencies are also
ernmental level, to locate specific sites with good being funded by the Environmental Protection Agen-
capability for sanitary landfill will require detailed cy (EPA) under Section 208 of the Federal Water
information. Pollution Control Act of1972(U.S. Congress,1972)to

carry out waste-water management planning. Each
plan must contain a land use element. EPA and HUDDEI T hI CI . LS L ES
have signed an interagency agreement to assure that

Regionalland use planningis primarilyconcerned land use plans prepared tmder one program meet the
with those issues that s.re independent oflocal politi- requirements of the other.
cal boundaries and thus require a coordinated re- Because of Federal support for areawide land-use
sponse. .\1oreover, many areawide problems, such as planning emphasizing environmental concerns,
water and air pollution, are directly linked to the use land-capability studies are needed and are likely to be
of land. An appropriate focus of a regionalland-use applied with increasing effectiveness. Evaltiating

~

plan is to identify areas where urban growth can land capability is important in developing policies
occur with mimmum environmental damage, loss of with regard to "where growth should and should not
resources, private and public cost, and risk to persons take place"(U.S. Department of Housing and Urban
and property. Development,1975h Such evaluation helps identify

Federal regulations governing eligibility for funds (1) areas where land preparation, building, and main-
under the Comprehensive Planning Assistance Pro- tenance costs are likely to be higher than average;(2)
gram (U.S. Congress,1970 require that all agencies areas where structures are subject to damage from
applying for grants must have an adopted land use natural processes and occupants may be subject to
element by August 22,1977. For areawide agencies ' injury or loss oflife; and t 3) areas where certain uses
this element must include the following: ' of the land may alter or interfere with natural fea-

t1) Long and short term policies. and where appropnate admin- tures or processes.
istrative procedures and legislatne proposals. with regard t In the San Francisco Bay region, evaluation of

tie"tIpe.'in mIoNr th\ capability of Gatland areas to accommodate urbans a t

nb studies. cntena. sta idards and implement:ng procedures uses is part:cularly important, because most urban
necessarv for effectnely guiding and controlling major decisions gro th is expected to occur in these areas ( Associa-
as to w here growth shall and shall not take place. and | ti,n of Bay Area Governments,1970, p. 6h Urban

m Fohcies, procedures. and mechanisms necessary for coordi- ! growth is a process of converting land from rural or
natme !ccal, areawide. and State land use pohcies with functional
planmng and capitalinsestment strategies. when avadable, and ' other relatively nonintensive uses to urban use.Thus
improvements in governmental structures. systems and prece. evaluating capability of lands for agriculture arid
dures that will facihtate the achievement ef land use objectn es. other open-space uses is also essential in order to
CS Department of Housing and Urban Development. IC'L p. | identify areas of conflicting capability and possible
M3 i trade-offs. As stated in ABAG's adopted regional

The regulations also require that federally funded
planning activities be conducted in accord with the | plan:

| It is on the Bav plain area that circles the Bay. and the larger
National Environmental Policy Act of 1969 Public ' valleys of Santa C! ara.Napa.8onoma.Petaluma. Livermore.and
Law 91-190. t U.S. Congress.1969i through the inclu- Yenacio that the rreatest amount of urban development has
sion of environmental planning in the compreben- "ccurred. These v allev | ands. separated eniv by mtenenme

ndges. ara beme 3tead av converted from agneuituralto urban u3esive pi .nning process. Specifically, each agency to serve the nr-is of a growmg urban ropulatio i Due to theshall: I dilficulties of haddme on steeper slopes. those valley lands that
(1. Identify saitent aiements of the natural and the man made ' remain unurbamzed are pnme targets for future urban deselop-

environments. their m terrela tionships. and major problems ment. The regwn will hase to choose either to retain the pnme
and or opportunities thes present tor commumty des eiopment, agncuitural lands and unique natural settmes that these lands

C Assess those environmental factors w hich will i proside. or to allow them to be *ransfonned by urbanization
m Mmimize or prevent undue damage. unwise use. or | < Association of Bay Area Governments. ID. p n
unw arranted pre-empting of natural resources and oppor ! Regional evaluation of land capability must also
'""'t"*- include hillside lands. Options for location of needed'

mi Recoemze and make prudent ailowant e for maf r r latent
environmental dangers or nsks ie e . trocs. mud sudes housing or facilities are limited by existing develop-
eartWanes. :e and water poilutioni. and ment. In some areas. it may be necessary to choose
um Fo3ter the human benefits obtamahie from u3e of the ' between hillsides and unstable Darlands for needed
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development. Information on relative capability of are selected. Capability for agriculture is based on
all available lands within a planning area is neces- soil characteristics of each geologic unit as interpret-

Capability studies are especially helpful in evalu- f ed on p. 62. Capability for ground-water recharge is
sary for rational land use decisions.

based on permeability of the Catland materials (as
ating lands for uses in which natural characteristics ' shown in fig. O and capability for sand and gravel
are critical. Forinstance, urban uses can be physical- ! extraction is derived from figure 51 and the discus-

I

cost, but only land with specific naturalcharacteris- | sion on p. 64. Capability for urban residential use is
ly accommodated on most land, at some development

affected by several Datland charactenstics: Good
ties can accommodate agneultural uses. Sand and | potential. permeability, shrink-swellpotential settle-
gravelextraction. fish and wildlifehabitats. sanitary i ment potential, possibility of liquefaction-induced
landfills. and ground-water recharge areas are other ground failure, and seismic-wave amplification.
examples ofland uses with specific physical require- | Table 5 lists < li the characteristics affecting land
ments. Early identification, at the regional level, of ; capability for urban residential development derived
areas capable of sustaining such uses can avert from the map of 0atlands deposits. t2) the nature of
unnecessary loss of resource potential. Recent em- ' the impact. and G the general relation of thecharac-
phasis by State and areawide agencies on identifying ! teristic to the map of datland deposits.
and protecting areas of critical environmental con. Other characteristics that affect land capability
cern recognizes the relation between land use and for urban residential uses include soil ~ earing capac-o

natural characteristics of the land. ity, erosion potential, scenic qualities, vegetation,
, slope stability and faulting. These characteristics
ar" not considered in this example because theyAPPLYING INFORMATION ON FLATLAND DEPOSITS
cannot be directly derived from tne map of datland|

The maps of flatland deposits and the interpreta- deposits.
tion derived from these maps provide a basis for
ranking the Gatland areas m terms of capability for
some uses. An example of the use of the Catlands
ir formation in regional land-capability analysis is T m ,-acrun ,sncs of gananc sposas circcnna

'""*"'f"'*""""*""cl"""''outlined in the followme sections.The exampleindi-
cates how the information can be used to identify -

. , , , - s. .w . ,a %- 1
potentials and problems that need further analysis. - ~ ,a

For direct use in plan formulation. the capability FCine.___~_ZTi".tennal1%,ofare. F!-d potential
evaluation should cover the entire planning area t not damaee to +ructures conrined to

personal propertv. Hoiocenejust Gatlandst and incorporate information f. rom ern ion. cost et :1ood m- ailuuum and
other sources. The example serves two purposes: surance. increa- m thd bav mud.

extent or depth1. It indicates possible implications of theinter- Perm. anatv-- -- Poname. xovanon Proniems seure
pretations contained in the preceding two problems cost "i eneme- m hav mua and

sections for regmnal !and use planning. piY$n$")$[ I'"EN"""" '"'
'

2. It illustrates a method that is useful in regmn-
..rm n n -w rn----- r.x tra s -t at mundanon

.. w a terprootin e
Pro, i-ms mostnal land-capability analysis. en e m e-rm e iam im. iike m sat mud

The example is presented according te the four basic tr~m <hitnne and crac k and rme eraned
.ul u u u m.steps of land-capability studies already listed. *' "'CC "n em.,

Sememe n t------- ! )a m a e- to -t ru ctu r% Pate n n ai -x13 n,-

m ':a G \ it ' !!eronn'd <inlV in ha\
settlemen t ',ccu rs extra mud and ae;ta

DEFININi THE H q t s i 4 THE -Il Di '*t of -pet ui !"unaa- area peats
non -nemeerme

The example uses the charactenstics of datland N""Z.E"$
deposits to identify areas with potential land-use ta d u re--------- Mt rut no n o r a a m a ee t o H:en potenna; m

condicts based on capability for urban resiaential ;'T."f"'*""#"""" Ur"NOS#atn

development, agneulture. ground-water recharee. .

mud
. %et-rn'c w aveand sand and gravel extraction. ampununon-- Damae- and pownna: h Pa-nna! m aC

truenon or -t rm :ur% 1anand mat-
- it h t ' rom - -m ie -r:a r i-pe n a -

DETER \llNIN. Tlli N \1I R \E ' H \R M'lERI'lls ' c maut-d erouna me on tha o
\F F EC Ti% , L \NI) < \P WIL!li -h a x m e ne" undern ine

matenal m ' '-t

O s"m=t mIn the next step. those flat:and charactenstics i i:'

affecting the capabihty of land to support each use _. __ __ __ __ . _ _

7Ad y3 p , ,, , , mni u.-t
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GATHERING. ANALYZING AND T ABu; 6 -Capabdity u e:ghting and scoring system for urban
PRESENTING THE INFORMATION residen tial det clop men t

The objective of the next step is to rate the relative *~ %f <;;dd"r* "'*h' *

capability of selected land units for the uses being
considered. Several tasks are usually involved. First Floodme ligh o

the land units to be rated are defined. These may be Low 3 15

census tracts, political units, grid cells, or virtually Perme abihtv ----- H ig h 5 6any con 6guration that can be mapped and that is mderate 2 4,generally consistent in size with the scale of the data '""
-'
! -

and the purpose cf the study. In tne example, the land Shrmk-swell H:gh 1 1

units evaluated are the geologic units on the map of U" '" i i!

Gatlands deposits (pls.1, 2, and 3).
A scoring system is then devised to express.the S""I*'#"'

fiArate b N
'"

degree each natural factor affects the land capability. 5Low i 9
In the example, a simple scoring system is used. 3. ugnon... _- High 1 3indicates high capability: 2. moderate capability; 1, mderate
low capability: and 0, no capability for the use. More ! '*

- 3 6
3 9

complex scoring systems can be used to define high, ! 8
moderate, and low categories more precisely. For I eismic wave (j'#A7,m i $

*P""c3"""
4example, categories of Gooding might be: Areas sub- Low 1 12

Ject to Gooding on the average of once every 1-10 j
'vears, once every 10-100 years, once everv 100-500 , f ctors. This judgment is based on the high

. . .

vears, or areas not subject to nooding. Regardless of cost, both monetary and environmental, of
'how precisely the categories are described, the as- providing Good protection: the relatively
signment of a numerical scoreis ajudgment based on sm 11 re inv Ived; the importance of
knowledge of the factor. Omd-prone areas for other uses: and the

j

A weight is also ass;gr'ed to each natural factor high social and economic loss caused by
representing the importance relative to the other dwds in residential areas.
factors as a determinant of capabilitv. The judg. | <2) Shrink-swell is judged the least important of
ments made in assigning the rating and weights are the factors because the potential for dam-
crucial to the conclusions and should aiways be ge c n be readily and fairlyinexpensively
explicitly stated. In the example, a simple weighting identified and mitigated with appropriate
scale of 1 to 5 was chosen. siteinvestigation and foundation engineer-

The score is multiplied by the weight to get a i, ." K -
weighted capability ratmg. The ratings for all natu- (3) deismic. wave amplification can cause severe
ral factors for eacii unit are totalled to produce an damage to residential structures but, be-

e use f the infrequency of major earth-aggregated weighted rating. The aggregated weight.
ed ratings permit a comparison of relative capability qu kes. uncertainties in delineating areas
of each unit for each use. Tables 6 and 7 summariz'e . f high potential, and abihty to design
these operations. The scores shown in table 6 are ! residential structures to withstand ground
based on the following judgments: shaking. this factor is judged slightly less

important than Gooding.(1) High permeability and low potential for n) Settlement and liquefaction are consideredGooding, shrink-swell, settlement,liquefac , moderately important. Damage to resi-tion. and seismic was e amphrication are
dences caused bv settlement can usually befavorable for urban residential develop- averted with appropriate site investiga-ment.

<2) High potential for Gooding is a severe con- tions and properly engineered fills. Ground
failure from liquefaction can cause severestraint for urban residential development

and, accordingly, is given a score of zero- damage to residential structures, but it
occurs infrequently and only in parts of the

The judgments made in assigning weight are less areas with high or moderate liquefaction
evident. They include the following considerations: potential.

i3> Permeability is important primarily if septic-
(1) Flooding affects capability for urban residen- tank systems are to be used in a residential

tial development more than the other five development. Problems resujting from Law
s
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permeability can generally be overcome by those for the other uses being considered te identify
installing adequate drainage and sewer areas of potential conflicts.
systems. Developing a capability rating of theland units for

agriculture, ground-water recharge, and sand and
gravel extraction is, in this case, very simple. The

EV \Lt'ATING RELATIVE CAPABil.lTY ratings expressed in terms of high, moderate, and low
OF LANL' L NITS capability are derived directly from the section, on

" Resources and Potentials." These are summarized,
The capability ratings in table .mdicate that along with the ratings for urban residential develop-i

Holocene deposits generally have lower capability ment, in table 8.
for urban development than do Pleistocene deposits,
and among the Holocene deposits, bay mud appears
to be in a category by itself with very low capability.
The numbers employed in the analysis provide only a cSE OF LAND-CAPABILITY STUDIES

means of aggregating the impact of various physical At this point it is appropriate to see what has been
characteristics of each unit on urban development. lea >ned from this preliminary exercise as a start in
The results thus need to be expressed in generalized I directing subsequent more complete and detailed
terms. Possible avgregated ratings range from 13 t

,

a4. Dividing the ra.m ;nto three nearly equal ranges | investigations. The following observations can be
* *representing high, moderate, and low capability - 1) Bay mud has low capability for all the uses

gives the following results: considered. Special attention should be
'

13-26 low capability: bay mud iQhbm) given to identifying positive attributes for
27-40 moderate capability: fine-grained alluvi ! other uses. Fish'and wildlife habitats, ovs-

um, fine-grained salt affected alluvium, ' ter shell deposits, salt production, and
'

.nedium grained alluvium, and beach and ' water related recreational activities should
dune sand deposits be identified and evaluated.

41-54 high capability: coarse-grained alluvium, , (2) High capability for all uses exists in areasi

late Pleistocene alluvium, early Pleisto i underlain by coarse-grained alluvium and
cene alluvium, Pleistocene sand, Quater- ; moderate E high in areas underlain by
nary marine terrace deposits, and Colma ' medium-grained alluvium and late Pleisto-
Formation | cene alluvium. The need t ) determine ap-

These ratings can then be mapped as shownin figure | propriate land uses for these areas is obvi-
52 to show the general distribution of areas with ; ous. Since relatively few areas have high
high, moderate, and low capability for residential ' potential for agriculture and ground water
uses based on the factors considered in the example. i recharge, these uses should be given prion-
This map and ratings can then be compared with ty consideration in land-use ddermina-

TABLE 7.-Capability rating cf geologic units for urban residential developrnent

'Qhsc. whah is snown on the map. .s not rated because it occurs oniy n octne cream channels and as not sustanle for urban development |

t'apanmit retmg Low here;e Hign

Geoime t.n.ts

Characteristic ynbm what y nar s yham yhs ynac ypa yga ype ypmt ypmc

Flooding _ _ _ _ _ _ _ _ _ _ _ _ 0 0 0 0 5 5 5 .; 15 15 15
Permeability _ _ _ _ _ _ _ _ _ 2 2 2 4 6 6 6 6 6 6 6
Shrink sweli _ _ _ _ _ _ _ _ _ 1 1 1 2 3 3 2 3 3 2 3
Settlement ________ _ 3 9 9 9 9 4 9 9 9 9 9
Liquefaction' ________ 3 6 6 6 3 9 9 9 6 9 9
beismic wave

amphfication _ _ _ _ _ _ _ _ 4 12 12 12 12 12 12 12 12 12 12
Aggregated weighted

ca pa bility _ _ _ _ _ _ _ _ _ _ 13 30 30 2 38 44 53 5-. 51 53 54

Qha ehere it uret.re as beech sand. to sub'es t to dadv todai ibw.1mg. abere #1.rcers as hnes it mn not be hoed at ad
't.squetection potential ettsta only e here = cab,nrted granular material at *hadow septh .s satarated *.th mater and re con 6ned within impermeable layers

cALTION Tas.ng these numoerg htereuv may he hazardaus ta vour pianning area
-4
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TABLE WCGPabdify ratmg of geologic umts for seketed u5es tors can be usefully incorporated into the original
analysis. This is because most land can physically
accommodate most uses. The question is, usually, at" " " " '
what cost and risk. The answer to these questionsI ~ouoo n%n

""M7 .J."ito 4%"n involves suitability factors.un-
The ratings based on characteristics of Ratinnd

$aII~N17 aerate N $wI kCderate deposits can focus further investigation by identify-
Q h a t s ---- Lo w Low Low Stoderate ing problems and potential to be considered through-

$$----N5N fYN"" NUN fff[n"* ut the planning process. Table 9 sets forth, by way of

Qh s-- ---- Low High E derate Ederate example, the planning implications of the capabih,ty

aZ~ I .Nde"r][ |T yj$ ratings for urban residential development."

yps Iew m aerat- Iow Han Basically, as noted earlier, a capability rating for
j;,,t, ,

Urban uses provides an overview Gf potential publicrate wp ---- erate

Low Hwn H:gh Not appheable and private costs; risks to property and persons; and,YEs. combined with capability information for priority

. MW. C,"#JLo en w a._m., uses, some possible adverse impacts.
am me 2 y moa -o 4 % ,a .oo . . m ., -

tions. Suitability factors are likely to be PLANNING RESPONSF TO E LATLAND ISStJES

important in these areas. PLANNING FOR TiiE BAYLANDS
43 51any of the units have high capability for

urban development. Natural characteris- i The capability ratings for urban residentialdevel-
tics are less constraining for this use than | opment provide a generalized view of differences in

I the ease and cost of construction and risks of buildingfor the other uses considered. The ratings
indicate where constraints to urban devel ! on different Gatland deposits. Characteristics of
opment may occur and where potential for Gatland deposits rare'y cause land to be totally
urban growth con 0icts with potential for incapable of supporting residential uses.They may,
priority uses. however. strongly affect the cost ofland preparation.

Capability ratings are only part of theinformation i construction, and maintenance. Shrink-swell and
needed 'o formulate land-use plans. Final decisions I s, ttlement problems. poor permeability, and inade-
must rest upon other environmental. social, econom ' quate drainage can generally be overcome using well-
ic, and culturalinformation. Combining all relevant ; established engineering technigt.es, but these tech-
information can beaccomplished through a suitabili ; niques can be expensive, and they do not always
ty study, as noted earlier. The method is the same as , avert continuing maintenance oroblems.
for a capability study, but the information require- j In the San Frar cisco Bay reLion, such problems
ments are broader. For most urban uses, capability | are particularly severe on bay mud, as shown in the
analysis is appropriately carried out as an integral i ca9 ability enmple and described in the section "Po-
part o. a broader suitadlity study. Even for uses ; tential Problems in Flatlands Regions." Stost land
where ,atural charactens:ics may be paramount. i areas underlain by bay mud are sutject to tida!
such as agriculture, sanitary landfills.orotheropen , acuon and must be (or have been) diked and filled
space uses. the final decision on land use usually ' r<ior todevelopment.In many places.thedemara for
depen is, at least in part, on suitability factors. Ac- dat. buildable land, adjacent to existing urban areas
cessibility, distance from markets. and ecological | has been strong enough to make diking and fillin
constraints, for example, may be critmal. A capabili 3 worth the cost. Cmmercial, industrial, and residen-
ty studyis.however.valuablein definingoptionsand I tial developments as well as major public facilities
limitations early in the planning process and can be including two international airports and a r.aval air
effective in narrowing the scope of a subsequent stath have betn built on fill over hay mud. It is
suitability analysis. For example, identifyir.g lands possible to develop the land fill on top of the bay mud,
with high capability for agricultural uses orly in the but the cost will be high
planning process focuses the analysis of suitability > Foster City is a privately developed new town
factors on those lands with high capability. Squen. started in 1963 on a diked and filled island in San
t,al analysis can save the time and expense of acquir- Francisco Bay just south or 5e San Francisco Inter-
ing needless data concerning agricultural suitability national Airport < 21so built an filled land). Buildines
for land clearly incapable of supportmg such 2ses. require foundations of reinforced concrete with con-

In evaluating la" for urban uses, suitabi:ity fac- tinuous footings er piles. In the mid-1960's founda-
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TABLE 9.-Regiortal planning implications of capability rating for urban residential development

m pe in Panmns informaucr'ai Land L se Developroental
Pr*ew Pew remente Es a kawn Futern

Data collection
and mterpretation _ _ _ _ _ _ Other natural data an/ vonom. Mditional detailed information Information detailing potential

ic, social, political, esthetic, mncerning characteristics of for open space or other nonm-
and other relevant mformation flatland deposits, particularly tensive uses of such areas
shauld be collected. potential for agriculture, should be collected.

e should be couected.

Plan formulation _ _ _ _ _ _ _ _ _ Areas can be considered for ur- Evaluation of other natural and Areas can be considered for open
ban development by process of economic, social, political, es- space by process of elimina-
elimination. thetic factors is needed to tion; presence of wildlife habi-

make initial judgments con- tats, sensitive ecological
cerning land u*e Agricultural systems, potential for water-
uses should be considered. related recr7ation may be im-

portant. Urban development
should be recommended only if
great pt.blic benefit can be
shown.

Project renew A45 review I As.
Soc. of buy Area Governa.ents
or permit prncess i Bay Conser-
vation and Deselopment
Commission _ _ _ _ _ _ _ _ _ Uniess other factors indicate Site investigations of soil and ge. Site investigatians of soil and

problems, additional mforma- ology may be r'eeded in review- geolcgic conditions needed.
tion concerning datland depos- ing projects. Dewloper must provide evi-
its may not be needed. dence that site can be safely

des eloped.
Environmental Impact State-

ment and Enviraranental
Impact Report . _ _ _ _ _ _ _ Environmental problems not re- Environmental assessment Detaileu environmental assess-

lated to nature of Catland de- should consider constraints ment of flatland constramtsposits likely to be more posed by Gatland deposits. should be provided and consi-
im portant. dered.

tion construction alone cost an average of pipelines, and other public improvements.Thus con-
$1.00-51.50 per square foot of floor space more than it struction on bay mud involves a public as well as
would have on firmer ground; the cost would be private economic commitment. This fiscal impact is
higher today iRona!d Campbell. oral commun.. July an appropriate concern of land-use planning
20,1975L An additional cost of approximately $100 As discussed in the section on " Potential Problems
per house was required to provide utility service in in Flatlands Regmns,'' risks from Gooding,liquefac-
the mid 1960's: the additional cost today i T is tion. and seismic wave amplification are also high on
about $300 iLee Ham, oral commun., July 25,1975L lands underlain by bay mud. The ecological-

Land-preparation costs are also high. The land environmental impact from filling the bay for urban
must be diked, drained, and filled to be usable. At developments is also great. Yet in spite of these
Redwood Shores, a major community development constraints, urban development on bay mud has
on hay fill just south of Foster City, it costs an taken and continues to take place. The San Francisco
averaee of 54.000 per acre to dewater. demulch, and Bay Conservation and Development Commissmn
recondition the already diked land prior to filling. Plan states:
The tilling operation costs about $6,000 per acre per

.\s the Bas Area s population increases. pr~sure to Gil *he Bavtoot of Al to place spread, and compact < Gene .\las- e many purpo-e4 will increase New dat land wat he sought for
carelli. oral commun., July 25,1975L many urban mes because most. if not all. af the dat land m

Costs such as these can be readily justified bv a communmes hororme tne Hav is a; read > in use._for residences.

land developer, because of the high mari<et value of * **"I" *;',"""" " "d ""'
b'"'""""* d "' t r:"* "'rP"rts. roadw ys. etc. Past diking and

the prepared land. In Redwood Shores, filled residen- "" "' " ""d " d"""d " "f
the Hav from about %quare miles a area to little more than Mtial land commands a price between 3'UNO and
Although ome of this diked land remams. at least temporaniv, as

$EWO per acre. The costs of land preparation and <aa pond-r mana.mi wetlands it has nevertheless hoen removed
construction are assumed by the private sector of the f om the tides of tne Hav. Nn Francisco Bas conservation andr

economy. But public costs may also be hieh. particu- D"*"pment comm-ion. m p a

larly for mamtenance of roads storm and sewer The reduction in size of the bay by diking and
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filling i fig. Mi became a major publicissue during the , bay h<l to State adoption of the McAteer-Petrie Act of
1960's. because of the environmental. ecological.and i 1965, creating the BCDC. (Bay Conservation and
climatological impacts of continued bay filling as Development Commission). BC DC was authorized to
well as growing concern ever the safety of structures prepare a com prehensive plan for the conservation of
on bay fill-particularly during an earthquake. | the bay and development of its shorelands and to

Public e forts to stop indiscriminate filling of the ! recommend appropriate procedures and institutionsr
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TMPORTANCE OF FLATLAND GEOLOGY TO COMPREHENSIVE PLANNING 79

to carry out plan. The San Francisco Bay Plan The following section, adapted from San Francisco
was completed in 1969 and adopted by the State Bay Conservation and Development Commission
Legislature (San Francisco Bay Conservation and (1969, p.15,17), lists the findings and policies of the
Development Commission,1969). BCDC became a BCDC plan relevant to safety of fills.
permanent organization with responsibility to revise Finding.-Virtually all fills in San Francisco Bay
and implement the plan. The findings, policies, and are placed on top of bay mud, which presents many
regulatory procedures that are set forth in the San engineering problems. The construction of a sound
Francisco Bay Plan demonstrate how earth-science fill depends in part on the stability of the base upon
information was used to address problems of re- which it is placed. Safety of a fill also depends on the
gional concern. manner in which the filling is done and the materials

Although no formal capability analysis was under- used for the fill. Construction of a fillor building that
taken in preparing the Sen Francisco Bay Plan, will be safe enough for the intended use requires (1)
apecific information concerning known natural con- recognition and investigation of all potential
straints and opportunities for various land uses was hazards-including f a) settling of a fill or a building
sought and applied in the planning process. Twenty. over a long period of time, and (b) ground failure
three separate technical reports on the physical, caused by the manner of constructing the fill or by
ecological, social, and economic aspects of the bay shaking during a major earthquake-and (2) con-
and its use were published during the planning ; struction of the fill or building in a manner specifi-
period, including several related to the nature of i cally designed to minimize these hazards. While the
datland deposits. The plan addresses the issues of construction of buildings on fills overlying bay de-
the environmental impact of bay fill and the safety of posits involves a greater number of potential hazards
fills (San Francisco Bay Conservation and Develop- than construction on rock or on dense hard soil
ment Commission,1969, p.1). deposits, adequate design measures can be taken to

Major undcsirable effects of fill were recognized reduce the hazards to acceptable levels.
(San Francisco Bay Conservation and Development , Policy.-The bay agency should appoint a Fill
Commission,1969, p.1-2) as: (1) loss or degradation | Review Board consisting of geologists, civil
of an important fish and wildlife habitat,(2> decrease | engineers specializing in soils engineerme, structu-
in the abi!ity of the bay to assimilate pollutants,(3) | ral engineers and architects competent to and ade-
reduction of the moderating effect of the bay upon
local climate and an increase in the danger of air ! quately empowered to ra) establish and revise safetycritena for bay fills and structure thereon, a b> review
pollutien, and (4) diminished scenic beauty of the ' all except minor projects for the adequacy of their
bay. , specific safety provisions and make recommenda-

Despite these harmful impacts, some bay filling tions concerning these provisions, (c) prescribe an
may be desirable or necessary if the benefits out- inspection system to assure placement of fill accord-
weigh the disadvantages. A permit is required from ing to approved designs, and (d) gather and make
BCDC for any filling or dredging of the bay and ' available performance data developed from specific
lands subject to tidal actioa. Permits may be issued projects. These activities would complement the func-
for fills if one of the following four conditions is met: tions of local building departments and local plan-

ning departmen ts, none of which is presen tly staffed
t h The filhne is in accord with the Bay Plan pohcies as to the to prcvide soils insoections.

Bav related purposes for which Sihne may be neaded ii.e.. ports. ' Even if the bay plan indicates that a fill may be
w ater-related industry. and water related recreat on.and is shown permissible, no fill or building should be constructed
on the Bay Plan maps as hkely to be neaded. or @ The nihng :s in if hazards cannot be overcome adequately for theaccord with Bav P!an pohcies as to purpom far w hich some 61
may be needed if there is no other alternatn ei n y airports. roads. intended use in accordance with the criteria Ere-
and utthty routen or i D The 61hng is in accord with the B w Plan ! scribed by the Fill Review Board.
pohcies as to minor 6Hs for imprm me shorenne appearance or !To provide vitally needed information on the ef-
pubhc access. om The Elhng would proside on privately-owned fects of earthquakes on all kinds of soils installation
property for new pubhc access to tne Bay and for improvement of of strong-motion seismographs should be required onshorenne appearanc&in additmn to wnat wou.d be provided by g ggg gg ,the other Bay Plan pohcies-and the nihng would be for Bav.
onented commercialrecreation and Bay-oriented puNic assemNy , cy should encourage installation of strong motion
purposes iSan Francisco Bay Conservauon ind Deveiopment seismographs in other developments on problem
commission. im p m. soils, and in other areas recommended by the U.S.

Geological Survey, for pur;,oses of data comnarison
The question of safety of the fill must also be and evaluation.

addressed before BCDC can iss :e a permit for filling. Findmg.-Flood d. image to fills and shore-line
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areas can result from a combmation of heavy rain- | general information of geologic characteristics is
fall, high tides. and winds blowing onshore. To pre. L used to help determine what site-specificinformation
vent such damage, buildings near the shoreline I sbould be required from the applicant.
should be above the highest expected Good mark (9 I The Fill Review Board, as presently constituted,
feet above sea levelis generally set as the safe mark | has the expertise to review and evr.luate soils and
except in the southern part of the south bay, where ! geologic reports provided by an applicant.This activ-
the higher tides require almost a foot more elevation) | ity is a critical factor in the agency's effective use of
or should be protected by dikes of an adequate height. geologic information. Significant improvement in

Policy.-To prevent damage from flooding, build- the seismic engineering of fills and design of struc-
ings on fill or near the shoreline should have ade- tures has resulted from the board's insistence on a
quate Good protection as determined by competent thorough evaluation of geologic hazards at a project
e ngineers. As a general rule. buildings near the ' site iSan Francisco Bay Conservation and Develop-
shoreline should be at least 9 feet above maan sea I ment Commission.1974, p. M.

i

level < standard USGS datum) or should be protected The availability of geologic information presented
by dikes of an equivalent height and by any neces , in a form understandable to nongeologists is consid-
sary pumping facilities. In thesouth halfof the south ! ered very important to BCDC. Such information
bay, this height should be at least to feet. Exceptions , expands the understanding of both decisionmakers
to the general height rule may be made for develop- ! and project applicants and can improve thequality of
meat specifically designed to tolerate periodic flood- project proposals and commission decisions.
m e. ;

Findinc.-Excessive pumping from underground t
fresh water reservoirs has caused extensive subst- !
dence of the ground surface in the San Jose area and ! THE URBAN .umICUI.TI'RAL mNFI.ICT
as far north as Dumbarton Bridge iPoland,1971,

shows subsidence from 1934 to 1967). Indications are | The generally high capability of many flatland
that if heavy eround-water pumping is continued ' areas for both agricultural and urban uses is a maior
mdefinitely in the south Bay area. ;and in the Alviso land use planning concern. In California. the process
area awhich has already subsided about 7 ft since ' of urban growth is, for the most part, the process of
19m rould subside up to 7 ft more: if this occurs, I converting land from agricultural to urban uses.

Iextensive dikes may be needed to preventinundation Nearly L3 million acres of the State's most produc-
of low-lying areas by the high tides. tive farmland have been converted to nonagricultu.

Po icy.-To minimize the potential hazard to bay- ral uses since 19471 Dean,1975. p. ISL The Californial

side development from subsidence due to ground- OPR iOttice of Planning and ResearchiiCalifornia
water withdrawal. all proposed developments at the Office of Planning and Research,1974, states that
lower end of thesouth bay should be sufficiently high | over the last two decades. 15.000-20.00) acres of
above mean 3ea level or sufficiently protected by highly productive land per year have been converted
dikes to allow for the effects of additional subsidence, to nonagricultural uses. Although OPR ieports that
utilizing the latest information available from the from 1960-72 California had a net gain of 36.000

C.S. Geological Survey. acres of agricultural land per year. reversing the
A permit from BCDC is also required for develop- trend of the 1950's. the gain is in irrigated land,

ment of the bay shoreline-the area extending inland which commonly requires intensive use of energy
from the bay a maximum of 1.000 feet M05 mi. The and chemical fertilizers to produce high yields.
control over shoreline development is considered Planning future land uses to meet the land require-
necessary to reduce pressures for hay filline and ments of both agricultural and urban uses must be
provide pubiic access to the bay. Water related uses based on the best information available concerning
such as ports, recreation. and wildlife preserves are land capability for both categories of use. As de-
given priority. scribed in the section on "I.and Capability Studies. '

The BCDC plan and permit procedures provide a information on flatland deposits is important in
framework for the continume use of geoloeic infor- evaluating agricultural and urban land capability.
matmn in land-use planning and decisionmaking. The map of flatland deposits ipl.1. 2, and 3 > provides
The kmd of information summarized in this report a generalized view of agricultural capability (see
can be used directly by BCDC in revising its plan and section on " Soil"t Information such as this can be
in a State +ponsored study of Suisun Marsh. BCDC used m combination with Soil Conservation Service
uses information on flatland deposits in its permit soil ratings. if available, to identify lands meriting
process to evaluate the safety of proposed fills. This further investigation for agricultural potential.
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Planning for the use of agriculturalland requires a In addition to project review. ABAG recommends
broad, even a global, perspective of future prod' tive preserving agricultural lands thraugh local install-
capacity and food needs. Within a national an atate ment purchase and saleback or zoning i Association
policy framework, regional planning can be particu- of Bay Area Governments,1972L Installment pur-
larly important in reconciling urban and agricultural I chase and saleback has not been used to any extent,
demands for land. The Association of Bay Area ! but local zoning has been effectively used. For exam-
Governments < 1970) recommends a " city-centered" I ple, most of the productive agricultural land of the
pattern of development accommodating new growth | Napa Vallev has been zoned " Agricultural Preserve"
through in-filling and extension of existing urban ! < AP) smee 19M <Napa County,196et Minimum lot
areas and development of new communities. A major ! size for new parcels within the 21000-acre" preserve"
justification for this growth pattern is to preserve ! is 20 acres.This zoning, permitting extensive agricul-
resources, particularly agricultural lands. i ture and processmg in addition to grazing and culti-

The need to preserve agricultural lands is more vation clearly establi3hes agriculture as the primary
explicity expressed in ABAG's Open Space Plan , use of the valley.
Phase II < Association of Bay Area Governments. The AP zone was challenged in the courts by the
1972t This plan includes lands with agricultural Napa Valley United Farmers but was upheld by the
capability in the category. "open space for managed ' Superior Court of the County of Napa. in a decision
resource production" # Assocwtion of Bay Area Gov ; on February 17,1971, as a proper exercise of police
ernments,1972t ABAG's draft report. Areas of Criti- powers which benefited, not only the public at large,
cal Environmental Concern i As30ciation of Bay but also those whose land was regulated (Overview
Area Governments.197.h spells out more specific ' Corp .1973 p. 20L
ally the " regional interest"in agriculturallands.The
report sets forth the following policies concerning
agricultural lanu,s: PL\NNING FOR H AZARDOl'S ARE Aw.

i li Preserve aencu;turai lands w hich sene the fo;!"wme Information on flatlands deposits can help identify
tunction" areas posing risk from natural hazards. The degree of

.a. Productmn of a unme or sp-cia tv crop a high perren risk depends on the severity, pervasiveness, andta er of w hich is erow n m the trei n .e e . wine frequency of hazardous events together with theetapn bru-Is sprouts, '

ibi Prod uctmn "t crops and commodities w hu h. in order to i land use intensity, building type, and occupancy of
reahze their producm r s alue. must ' * predaced m the hazardous areas. Decisions regarding risk in-1

locatrns rrmomate m urban areas e e . i orv pro- volve balancing the pu md private bene 6ts fromt

t$$ r2anas tnr,ues the support ot puohc EN N "d" " em N hshold pointe Prot -

*ernce pohcies w hich presen t the premature cens ersmn beyond which no further public action is considered
of such ! ands to urban ws Awociatwn 'f Has Area necessary or worthwhile to reduce risk is often re-
Gm ern men t t in a w ferred to as the" acceptable level of risk". The Califor-

Specific criteria. aased on evidence of the capabili. ' nia Council on Intergovernmental Relations defines
ty of land for various agricultural uses. were deve. risk levels as follows:
loped by ABAG to identify " critical areas. ' Lands AccreaNe Rm The les el of nsk beiow which no specific action
meetmg these criteria are regionally significan t ' hV !"C'l d*"'""""t * d""med necewary. other than makmg the

areas of critical environmental concern. Local plans "$,|""""gy, y,, r ,,,3 of n sg , gov, m g,c3 ,p,c,fic ,c mn gyand projects are to be reviewed by ABAG for consis- em ernment :s wmed nrc-san to protect hfe and propertv
tency with the policies and criteria. ABAG also .h ehNc R.s e Rak n"t no essary to ta ke Wause the mcivviu.c

expects local projects and plans to be reviewed for al"r pubbnowan nr whin ed ar the same or bu total cost' h3
consistency with policies and criteria regarding "ther mean, wun"ut taxmgjhe nsk Cahfornia Counc:1 or Inter-

em ernmental Reianons. :1 x p. I\ .hareas of critical environmental concern as part of
required environmental impact statements or re- Individual judgments concerning acceptable, un-
ports. As stated by ABAG acceptable, and avoidable risks are highly subjective

judgments at the community level and are madeAn Enuronmentai Impact Statement or Report. ifit u to be
considered adequate by AHAG. shou;d Mow a tw o-tep pro < eu through the political process. These judgments can

1. It shouid aness first of all w hether a prm. wd plan or be improved if information relating the possible
prwet faMs withm the pururw of thr Unt: cal Area poli- losses fn,m the hazards to the cost of reducing them is
""- provided and widely disseminated.

2 It shvuld make a findme as to w h-ther 4uc.h em itv a g , pconsistent w:th the pohcirs .ma < ru. na c~ntamed m tnis
document . A-iaoun et Has Area Gm ernm.nts f> sion of Mines and Geology 1973) attempts to place
opi risk from natural hazards in perspective by project-
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ing losses from major hazards from 1970-2000 as- ing to the relative degree of potential damage to
suming the present level of nsk mitigation.The study structures and are commonly related to an earth-
estimates both the costs of hazard mitigation and the quake of stated magnitude tcalled the" design earth-
benefits that could be achieved if all feasible methods quake"
of hazard mitigation were employed. This provides Knowledge of the properties and thickness of nat-
the framework for assigning a benefit cost ratio for land deposits is critical in evaluating the potential
risk reduction efforts. Table 10 summarizes the re- risk from ground shaking, whether this risk results

The benefitz cost approach can help a public agen- | from seismic wave amplification or from liquefaction
sults for hazards present in many flatland areas.

potential. The planner, working closely with a seis-
cy assign priorities for the use of funds for risk mic specialist, can then relate land uses, building,
reduction. A thorough understaadingof thenatureof and occupancy types to the risk zones. Guidance in
the hazard is necessary to evaluate risk and risk this task is provided by the California Joint Commit-
reduction measures. tee for Seismic Safety (January 1974). Table 11 de-

scribes acceptable risk in terms of the kinds of struc-
tures and their occupancy.

At the regional level seismic nsk studies are useful*ElullC 11 V\RIN \ 'PECI AL PRUBLEM
in formulating regional growth policies. Careful

A major cause of structural damage from earth ! study of high risk areas will indicate the cost of
-

quakes is ground shaking. The severity of damage | hazard mitigation andmay revealareas thatarewell
from ground shaking depends on both the nature and i suited for low mtensity recreational and open-space
design of the structure and on the geologic materials ! uses.
that underlie it. A structure resting on bedrock may Many areas underlain by unstable bay muds. for
be relatively little damaged by ground motion, while , example are marshes that provideimportant wildlife
another of similar design and construction but locat- ; habitats. Areas with open-space potential together
ed on thick, water saturated unconsolidated deposits i with risk to urban uses can be important elements of
may be heavily damaged. regional open-space plans and preservation efforts.

In seismically active areas. the need to plan urban !
facilities to minimize nsk is extremely important. In -

recent years new information on the causes and
nature of earthquakes and their effects has led to ,w73 cusg3 cot 37y 33yt33gs g eny
efforts to mitigate those effects where possible. In '
California, a seismic safety elementis now a required Santa Clara County prepared a subarea plan for
part of the general plan for all c ties and counties. the baylands within its jurisdiction which takes intoi

Development along active faults is controlled under account the hazards-seismic and nonseistnic-
provisions of the Alquist-Priolo Special Studies associated with Gatland deposits. Consultants stud.
Zones Act < California State Legislature Public Re- ies of geologic and structural enaneering problems
sources Code. Sec. 2621,2625.1972 as amended 197.h. were used to identify the natural hazards of the
and plans for disaster preparedness are now being , planning area and to describe their implications for
developed for all seismically active areas of theState. specific land uses. The resulting report divided the
Consequently, many planning agencies need infor- ' pianning area into risk zones < the basis of potential
mation of the effects of earthquakes, and if this for settlement an( ground failure, under both seismic
information is available, its use is assured. Seismic and nonseismic conditions. Table 12 lists the risk
risk maps are one means of predicting earthquake zones and the nature of the hazard in each. Figure 54
effects in a +'orm useful to land use planners. Such is a map of the risk zones. Table 13 relates land and
risk maps divide a planning area into zones accord- building uses to the risk zones.

TABLE 10 --Projected lanes due to geologic problem in Califorrua.1%o-3mo

; Adapted from Cahfarram DWmon of %r'es and (icono. IM. p 4]
'

t .c. woc pr. .nte n W > ei ted hmnce P =vib!* h as G at of h m. Heaef.t con
i s'N a m i red uct en retucuon reno

Earthquake shaking ________ $21 billion $10.5 bdlion $2 bdlion 5

17 billion 15 bdlion so mdlion 167Loss of mineral resources _____
d5 bdlion 3 4 bdlion 2.7 bdhon 1.3Flooding ______________
600 mdlion 400 mdlion 250 milhon 1.5Erosion _______________
150 mdlion 149 mi,llion

}9 mdlion
20 ,Expnsive sous ___________ 5 mdlion

Subsidence _____________ 26 mdlion 13 muhon 1.a

,

W
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,
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TwLe 11 -- A scale of acceptable nsks Tme 12-Risk :ones for settlement and cound failure
-

[F.uba* red M subourfm e ennden. in m, r.au.nd. of 4.nt4 C|.ra Wunts Adap ed
jr f rorn A.nA *.rd 4 h a, and Assoc .nJ M 1 ' ar* .nd it,.sm er i im p 10 j

Le,el d inert A, .. Mn t. cf ,tncur" '

h uon, surf.ce erf,o we.urf.ce causer t.,

.r. ucepto.e
" ' '

A ------- Little nsk of settlement or
ground failure

Extremely low ---Structures whose continued func. No set per.
tioning is enucal. or w hose centage B DL Significant settlement Liquefaction of confined
failure might be catastrophic: i w hatever granular layer in al-
nuclear reactors. large dams. is requir. luvium i seismic loadingt
power intertie systems. plants ed for
manuf actunne or stonne ex. maximum C 4------Moderate to substantial Consohdated of bav mud
piosnes or toxic matenais attain. settlement andiori dif- or soft clay (stauc un-

able fe renual settlement loadmgt
saf ety i

Do----- Substantial settlement Consolidation of uncon-
Shghtly higher andiori differential settle- troued dump fill or sani-

than under ment tary land ful tstatic
les ei 4 - -------Structures w hose use is entically ~4 per. loadmg t

needed after a msaster im. cent af pro-
portant unhty centers ject cost. D SL-----Failure o. 3round surface Liquefaction of granular
nospitals. fire pohce. and surface layer iseismic

loadme temergencv communication i

facmties. fire stations and I
D tj Failure of ground surface Lateral spreading towardenucal transportanon elements i

suc h as bnages and os er- free face iseismic
ipa,oes. also smaller dams loadmg t
i

lewest possible -

The plan adopts these uses with the stipulationnn to occu !

, ) that any developerin the baylands provide data frompants of the
structure ------ Structures of high occupancv, w i ,, per- t

"r w n-e use aner a aisasier cent of test boring and sample testing in depth to demon-
wouu be part cularlv con. prmect strate that a proposed development site is not in a.

venient 'nools, enurches. cost'
theaters. large hoteis. and hieher risk zone than shown. Establishing an Advi-
hien nse buildmds housme sory Review Board was recommended to advise pub-ilarge numb *rs of ,wpie. other -.

,-laces normant attractme ; lic agencies on the adequacy of engineering investi-
Itarge concentrauons of peop? gations, design, and construction methods in the

cnic hundmgs such 28 nre
stauons. secondary unhty baylands.
structures. extremely large On tl e basis of the plan, the county adopted an'

commenial enterpnses. mos!
roas alternauve or nonenu. i ordinance requiring a soils report for all major subdi-.
cal hndges and us erpasses i visions unleSS specifically exempted. Geologic re.

An "ordmarv" ports and site investigations are required for all
level of nsk .to 1 subdivisions on or adjacent to potentially hazardous
5"e"s"t ucYuN . The vast majenty of structures

"

1-2 percent areas as depicted on official county hazard maps.
most commercial and mdus of proiect < The map of risk zones for land use planningifig.50
"NpYrNen't bu!Mn[sI$nd Nt is one of the official hazard maps. Geologic reports

' "
n

and smele family residences cases d- are normally required for development in risk zones
NnQ | C and D and may be required in risk zones A and B.
prmect A key feature of the successful integration of geo-'

,r 7$t logic considerations into plan development and ad-
"

of casese ministration in the Santa Clara County Baylands
program is the use of the appropriate expertise at

I each stage of the planning process. In the baylandsn m.,. -o e,.n.n.m m.
ts. 4 . ., . . ,- t u , m n ,,, m m, . ..-, u n.- , . . - .e . m, m,. - study, an engineering geologist gathered available

. m,
- a nm - % , . , - a i , m r ~. :n .n mn o. u.o .,
t.w :n, , .m % m- ,,o . a . . m. w , w ,,-

,,r , ... , _4,- ~
.u m , .,,m.m,n e. , . m -.a geologic data, and together with a structuraln... mai ~ , ,, m.u n, ma r ,

o., r. . . - m m,% ,om.,~non;ng. ,,, m n e m n . . ' "" '

engineer, divided the study area into zones on the
. e , m ,, 4 . .,., ,m m. . a o. i m ._ m. . w .w . . .,, basis of tne expected surf ace effects of geologic condi-

!n ,,,usm.. .-a ,.. v. . n m ...m m

-.m.~ n ._mm n , ,,, ., m r m, s .-n a ..m.n. r..- e. . . un -- tions. They then worked cooperatively to determine..
u,.i me ,. . ~ a . , , m e- m mt . .m
u.a_. y~, m .. u .,, m m . ~. a m e .,

,-u ,m .m..... ~,u..m.,n m,, the range ofland uses and building types that cou,
,, . .. n

on. .u ., n g
m. v. m. . . . . . .

.g .. < m - n , n w . , a me. . n m.,' " "

be accommodated in each zone with reasonable safe-
w.%. c, .n .. u,,,, ,, . n ~ , - n o. e. . , . un a n , u .r., ,,. .,- m ..e..msm.,, m ,mu u u, u, , , , , n .u m u.r u, , ,. .i ~ r tv on the basis of:.

4 r, ,, , , , , , 4 ,, . ,_ , a.om -

. . . ..wm . u.v m .a wr , irnr m .. . .. - e , u u m u, :, m.t ,1, The pusible types of geologic nsh such as sett'ement. !iq uefac-%
.trunn. a . n ww mm .xin urn u, ,,,n n m . m .-w., ma ~
naut,o wr,p.a.%, wnn, o.n,.n m uon. !ateral spreadmc. ground shakmg. tsunamis and fault rup-

'[
(J \

,i
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SUMMARY 85

Tmr 11-Land and building uses for carious risk ones planning areas with known or suspected geologic
a - %msm s .,.c monm % o,,m c g ._ hazards. However, the sequence as described as-

ums & wMbMW d bk pMwk hm het ,a .na o aam .., it .. ,

process ofincorporating geologic considerations into%w

G a p .4 M idin o . AncD land use planning starts with basic geologic maps or
Ho<pital and nursing homes X -- - .- more specialized maps such as the map of Gatland
Auditonums and theaters X

Transportation and airports-------
X -

deposits and continues through successive refine-Schools --
X ments of the basic geologic data and interpretations

Pubhca --- X ~ to relate geologic conditions to particular land usesMajor L,nd pns ate ottices -trhty X -

Other buildmv uses X , and structural types.
IGroup B bidings

Residentul multik 2 family-le units XX --

Residentui. I an --- X X
Small Commercial ------- - -- X X iSmall pu bhc ------- -- ------ -- X X | SOf51ARYdmall schools. one storv- -------------- X X
Unhoes

'

-- ------ X X I Geologic information about Garland areas is of
Group C b!dinis , particular importance in land-use planing because
"!ndustrial park" commercul - -XXX ~ ' most urban devehpment occurs in relatively CatLignt and heavv industry - -XXX

..<mr.!! pubite, if mandatory -- X X X | terrain. Geologic studies can help identify potentialAirpor' maintenance- - ------ X X X i problems such as dooding, stream-channel changes.
Group D b/ ding I sa}t water intrusion. subsidence, settlement, shrink
mter-onen ted md ustrv -------- XXX and swell. and various earthquake-induced hazards.
NeEe"d d"'" ' ---------__--.:::::::::::: [}[ In addition. geologic studies can locate many natural- -

resources includin; ground-water recharge and stor-#'
. ncultubNaI pubhc and pnvate open age areas. agricultural soils, and deposits of sand,XXXX

spaces. m irsnianas and ,airponds. and smaji salt. gravel. and clay. A planning jurisdiction can
appurtenant bunamgs then direct future growth to reduce risk from natural

ha,.ards. avoid excessive development costs, and
preserve essential resources.

ture; c The abihty to - ufy land areas w here these typn of ' The maps of datland deposits included with this
geologic nsks are possio.e. O The abihty to assien either quahta- report Ipls.1, 2. and 3) illustrate an innovative ap-
tive or quantitive hmits on tre possibie effects of these nsks. O The proach to geologic mapping. Unconsolidated alluvial
types gf 'and and buildme .2ses and their socioeconomic import- deposits occurring in areas with slopes ofless than 15ance. u The benavior at bundings ar d otherimprovements under
stanc and scismic condinons. + The abthtv, f" normal" practices pmd are differentiated largely on the basis of
of nustonen. desien. construenon m3pection. and enforce. composition and age. These characteristics are im-
ment to develop recommendanons and procedures to proude portant in determining the engineering properties of
admuate les eis of protecnon. C The abinty to des e!op and impir- the deposits. particularly the potential for seismic
ment sp-cui musneauon. desien construenon. mspecnon. and wave amplification and liquefaction. With the aid ofenforcement procedures wnere normal prou-dures are considered
m aceq uate < Santa Clara County Plannmg Pohey Commatee, existing soils data, topographic maps, aerial phot >
te p n graphs, and limited fielawork, geologists completei

the mapping of Catland deposits of the entire 7.25.
Using the interpretations and recommendations of sq uare mile < 19. 316 km4 San Francisco Bay rs gion 'n

the engineering geologist and structural engineer, only three years.
plus other relevant informanon, the planner deve- The maps were prepared speci6cally for use in
loped land-use policies and recommendations and land.use planning. Each map unit is describel in
defined proceduces for obtaining more detailed geo- terms of its geologic characteristics, engine < ring
logic investigations. if needed, at the time of an properties. resource potential, and any special prob-
application for a zoning change, land division, grad- lems related to the safety and cost ofland develop-
mg permit or buildme permit. After adoption of the m e n t.
policies and procedures. a geologist was added to the In the past planners have used modern soils series
County staff to assist planners and engineers in maps prepared primarily by the U.S. Soil Conserva-
admimstering the policies and review procedures. tion Service to identify the problems and resources

The relation between planning phaso and the use discussed here. Where available, these maps are an
of geologic expertise in tne Santa Clara County excellent source ofinformation. particularly to evalu-
Baylands study provides a model applicable to other ate land capability for agriculture. erosion potential.

- D-
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and tendencies of the soil to corrode or expand. A qualified earth scientist, on or available to, the
However, the approach used herc adds a new dimen- planning staff to assist in interpreting and applying
sion to the usual soils data by considering greater geologic data is essential. Wisely used, geologic infor-
depth of deposits and the processes by which they mation can lead to safer, less costly, and more envi-
formed. This added dimension is especially import- ronmentally sensitive use of our valuable, but limit-
ant ia geologically active areas such as the west ed, land resources.
coast, but it can also be useful elsewhert in the

country. The geologic approach to mapping flatland
surt'icial deposits is essential in seismically active
areas in order to evaluate ground shaking and the
possibility of ground failure. In addition, geologic itEFERENCES CITED
information is needed to assess potential for ground-

^""ci^ti"" "f H ? ^" ' """"m"" t" * P"i""i" ? "'"i""31water storage and recharge, and problems of settle- plan for the dan F|rancisco Bay region. Herkeley, L alifornia,
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