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ABSTRACT 

IMPACT OF SEAWATER INTRUSION CONTROL 

ON THE LIQUEFACTION SUSCEPTIBILITY OF THE COASTAL PLAIN, 

VENTURA COUNTY, CALIFORNIA 

by 

Larry Lynn Peterson 

Master of Science in Geology 

Ground water degradation due to the intrusion of 

seawater is an ever-present threat to the numerous consumers 

who pump from the aquifers underlying the coastal plain of 

Ventura County. The extensive use of ground water for 

municipal, industrial, and agricuitural purposes has 

resulted in a serious overdraft condition that has allowed 

seawater to flow inland to replace the extracted ground 

water. Because of this situation, the Governor of California 

has designated the coastal plain as an area with substantial 

water quality control problems, in conformance with the 

Federal Water Pollution Control Act Amendments of 1972. 

Since 1975, preliminary planning studies have been conducted 

by the County of Ventura in an attempt to formulate an 

ix 



effective solution to the problem. 

As part of the planning process, an analysis of 

environmental impact has been conducted by the County of 

Ventura to identify the potential effects that may result 

from implementation of a selected plan adopted in 1978. 

However, on the basis of guidelines established by the State 

of California for implementation of the California 

Environmental Quality Act, it is suggested in this thesis 

that the Environmental Impact Report on the selected plan is 

substantially deficient in its evaluation of how the seismic 

hazards of the coastal plain, specifically liquefaction 

susceptibility, will be impacted if the plan is implemented. 

Previous studies have documented the fact that the 

susceptibility of a sedimentary material to liquefaction is 

dependent on the environment of deposition, the age of the 

deposit, the depth of burial, and the depth to unconfined 

ground water. It has also been documented that inherent in 

most methods of seawater intrusion control is the 

requirement to increase the fresh water level elevation in a 

ground water basin. On the basis of a field pumping test 

conducted to determine the permeability of the aquitards 

beneath the coastal plain, it has been shown that there is 

sufficient hydraulic conductivity between water-bearing 

zones so that hydrologic changes in one aquifer can affect 

other aquifers. It is therefore reasoned that if piezometric 

levels are raised in the uppermost confined aquifers in an 

effort to control seawater intrusion, shallow semiperched 
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ground water levels may also rise, which, in turn, could 

cause certain areas of the coastal plain to become more 

susceptible to the potential threat of liquefaction and 

associated ground failure. Evaluation of the various 

elements of the selected seawater intrusion control plan has 

led to the conclusion that as more and more elements of the 

plan are implemented, the risk of earthquake-induced 

liquefaction will become greater. However, further studies 

are needed to accurately delineate areas that could be prone 

to liquefaction during future earthquakes. 

xi 



I. INTRODUCTION 

Background 

Since the early 1950's, seawater has steadily intruded 

the onshore portions of the ground water aquifers underlying 

the coastal plain of Ventura County, California (Figure 1). 

The actively advancing seawater intrusion front has been in 

response to the continued overdraft of the ground water 

supply caused by extensive pumping to support the demands of 

a rapidly increasing population and a major agricultural 

community. As a result of the extensive pumping, the 

piezometric surface in the uppermost confined aquifers has 

been lowered below sea level, allowing seawater to flow 

inland to replace the extracted ground water. Because of 

this situation, the California State Water Resources Control 

Board (referred to hereinafter as the SWRCB) recently 

concluded public hearings to determine if action should be 

taken in Superior Court to restrict ground water pumping. 1 

The reason for the SWRCB action is simple. Ground water 

in Ventura County now supplies about 80 percent of the total 

demand, which is typical of many coastal areas in southern 

California. The heavy reliance on ground water in the 

coastal plain is due to the fact that facilities for 

importing water are limited and pumping ground water is 

1 Under Section 2100 of the California Water Code, the 
SWRCB is authorized to commence judicial proceedings which 
can result in pumping restrictions or physical solutions, or 
both, to the extent necessary to prevent further degradation 
of the quality of ground water. 
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economically a better alternative than construction of 

additional expensive importation systems. However, as long 

as increasingly large quantities of ground water are 

extracted, seawater will continue to intrude the aquifers 

and the ground water in the coastal plain will become 

further degraded. 

Local efforts to halt seawater intrusion in the 

coastal plain have a long and varied history. Dating as far 

back as the 1930's, local agencies have made inadequate 

attempts to prevent seawater intrusion by simply limiting 

overdraft of the ground water supply. However, the various 

agencies involved have still not been successful in reaching 

agreement on a long-term solution. Complications in recent 

years, such as the inability to finance needed projects and 

the failure to resolve environmental concerns and 

jurisdictional problems, have posed what may be 

insurmountable obstacles to the solution o f the seawater 

intrusion problem at the local level. 

Recognizing th~t something must be done soon, either at 

the local or state level, to halt seawater intrusion, the 

SWRCB developed a proposed action scenario (SWRCB, 1979) to 

ensure that necessary steps are taken to avoid destruction 

of or irreparable harm to the ground water basins beneath 

the coastal plain. According to the SWRCB report (page 55), 

there are four interrelated measures that appear to have 

considerable merit in solving the seawater intrusion 

problem. The aim of each alternative is to stabilize and 
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eventually reverse the intrusion of seawater into the 

onshore aquifers by reestablishing the normal seaward 

hydraulic gradient of the ground water basins underlying the 

coastal plain. 

The SWRCB realizes that unless a solution to the 

seawater intrusion problem is found soon, a significant 

portion of Ventura County's ground water will be unfit for 

municipal and agricultural uses. Without water for 

irrigation, a multi-million dollar agricultural industry 

would be severely curtailed. However, the social and 

economic dangers of the geologic environment are also 

important factors that must be taken into consideration when 

planning the future of a region. It has taken years to 

beneficially exploit the coastal plain, but a large 

earthquake in the vicinity of Ventura County could cause 

major damage and injury if liquefaction-induced ground 

failure were generated. 

In a recent study by the U. S. Geological Survey (Hardt 

and Hutchi~son, 1980), a finite-element mathematical model 

was used to evaluate the response of confined aquifers to 

selected water management schemes in order to avoid the 

possible detrimental effects of ground water levels rising 

to near land surface in urbanized areas of the San 

Bernardino Valley. According to the authors, liquefaction 

during seismic shaking is one of the main problems that 

could result. Likewise, the writer believes that the same 

problem may be created by the control of seawater intrusion 
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in the coastal plain of Ventura County, mainly because the 

hydrogeology of each area is somewhat similar. 

Purpose and Scope 

It is the main purpose of this thesis to reiterate 

that certain areas of the coastal plain are in fact 

susceptible to liquefaction, to point out that the 

environmental impact of current plans to control seawater 

intrusion has not been adequately evaluated in terms of 

potential seismic hazards, and to recommend a large-scale 

program to accurately determine whether such plans will or 

will not increase the liquefaction susceptibility of the 

coastal plain. The writer recognized the need for this 

project after he thoroughly researched the history and 

current status of both state and local plans to prevent any 

further degradation of the ground water supply beneath the 

coastal plain. He noted that none of the planning studies 

completed to date address the fact that a direct 

relationship may exist between the control of seawater 

intrusion and the relative likelihood that the sedimentary 

materials of the coastal plain will undergo liquefaction and 

ground failure during intense seismic shaking . In the 

writer's opinion, there is a need to demonstrate, to Ventura 

County planners in particular, that the selection of an 

appropriate solution to the adverse effects of degradation 

by seawater must be based on more than legal, financial, 

and/or institutional concerns. Although the primary 

objective of this thesis is to describe, in very broad and 
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qualitative terms, how the liquefaction susceptibility of 

the coastal plain may be affected by the control of seawater 

intrusion, the scope is limited to describing the impact 

that may result from implementing the seawater intrusion 

control plan recommended by the Ventura Regional County 

Sanitation District in 1978. 2 

In order to conduct this investigation, it was 

necessary to acquire a large number of previous reports, 

both published and unpublished, written on the phenomenon of 

liquefaction, on seawater intrusion, and on the study area 

itself. The major conclusions by each author were then 

critically reviewed and evaluated so that the basic 

information required to undertake writing of this thesis 

could be compiled. 

To accomplish the goals previously set forth, this 

thesis contains six chapters, several of which are included 

to aid the reader in understanding (1) the complexity of the 

study area and (2) the possible connection between 

liquefaction susceptibility and the control of seawater 

intrusion. Chapter II contains a detailed description of 

the physical characteristics of the coastal plain, 

abstracted from other investigations that are referenced in 

that chapter; Chapter III provides information on the 

relationship between earthquakes and liquefaction and 

2 Ventura Regional County Sanitation District was 
appointed by the Governor of California to provide a 
countywide management and implementation program to improve 
water quality for local residents. 
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distinguishes liquefaction susceptibility from liquefaction 

potential; and Chapter IV consists of a brief discussion of 

the problem of seawater intrusion, alternative methods of 

control, and structural facilities and regulatory controls 

specified by Ventura Regional County Sanitation District. In 

Chapter V, the possible impact of seawater intrusion control 

on the liquefaction susceptibility of the coastal plain is 

described. The final chapter contains conclusions and 

recommendations for future studies. 

Previous Investigations 

Surfa~~ W~t~~ and G~6Und W~t~~ Studi~~ 

The first intensive investigation of the water 

resources of Ventura Couqty was conducted by the California 

Division of Water Resources from 1927 to 1932 and resulted 

in two publications (California Department of Public Works, 

1933a and 1933b). The study was primarily an evaluation of 

water resources (both surface and ground water) for the 

entire county. The report describes the hydrology of the 

coastal plain and vicinity and contains data on rainfall, 

percolation, and ground water storage of the area; a 

significant amount of data was collected on water levels in 

wells and on the quality of ground water. However, the 

geology of the water-bearing deposits was not studied in 

great detail. 

In 1947, a report on the water supply for the Naval Air 

Missile Test Center at Point Mugu was made for the 

Department of the Navy by the consulting firm of Leeds, 
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Hill, and Jewett (Leeds and others, 1947). The report 

briefly discusses the ground water conditions in the 

southern part of the coastal plain, points out the potential 

for seawater intrusion, and suggests that arrangements be 

made for obtaining water from the City of Oxnard. Also in 

1947, a report was made to the Santa Clara Water 

Conservation District (now known as United Water 

Conservation District) on the water supply of the District 

(Conkling, 1947). The report treats in considerable detail 

the conditions of water supply and use within the area, 

estimates the annual deficiency in the coastal plain area, 

presents many data on water level fluctuations, discusses 

the possibility of seawater intrusion due to the extensive 

drawdown of water, and indicates the need for construction 

of reservoirs to conserve surface water and conduits to 

distribute it. The report also contains chapters on the 

geology and hydrology of the coastal plain and vicinity. 

A U. S. Geological Survey report, prepared by Poland, 

Garrett, and Mann in 1948, deals with the possible sources 

of an additional supply of water for the expanding Naval Air 

Missile Test Center at Point Mugu. The report compiles basic . 
data and includes a brief statement of the geologic and 

hydrologic conditions beneath the coastal plain, summarizes 

the then-current knowledge with respect to possible seawater 

intrusion near the test center, and outlines additional work 

to be done by the Geological Survey to obtain field data 

related to seawater intrusion. 



In 1953, the United Water Conservation District 

reported on the present and future demands for water in the 

entire Oxnard area. The report proposes darns, reservoirs, 

and spreading grounds (to meet the anticipated demand) and 

includes cost estimates for construction. Also in 1953, a 

report was issued by Hinds recommending the construction of 

spreading grounds and diversion works for supplementing the 

water supply of the coastal plain and vicinity. The report 

contains geologic cross sections and maps showing ground 

water level contours and locations of g round water basins. 

Several years later, the California State Water 

Resources Board (1956a and 1956b) published a report on the 

hydrology and geology of Ventura County, which describes 

ground water basins, reservoir sites, and projects for 

importing water and discusses the possibility of seawater 

intrusion in the coastal plain. The report also includes 

data on precipitation, runoff, water requirements and uses, 

and chemical quality of ground water. 

In 1957, the U. S. Geological Survey began its second 

ground water investigation of the Naval Air Missile Test 

Center at Point Mugu. ~he investigation, like the one 

conducted by Poland and others (1948), was made for the 

Department of the Navy. ~he ground water resources of the 

test center were appraised to determine if the supply would 

be adequate to meet future needs. The study resulted in an 

open-file report (Page, 1960), which was later published as 

Water Supply Paper 1619-S (1963). 
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In the early 1960's, the California Department of Water 

Resources conducted an investigation to determine the extent 

and rate of seawater intrusion in the coastal plain. The 

main purpose was to gather data which could be used in the 

development of plans for the protection and optimum 

operation of the ground water basins. The study resulted in 

the 1965 publication of Bulletin 63-1. 

Five years later, the California Department of Water 

Resources (1970) released another bulletin (147-6) 

describing the design, construction, and operation of an 

experimental extraction-type seawater intrusion barrier in 

the vicinity of the City of Port Hueneme. The barrier had 

been constructed to determine (1) the hydraulic feasibility 

of creating a pressure trough in a confined aquifer by means 

of extraction wells, and (2) the effectiveness of such a 

trough in preventing seawater intrusion. The report 

concludes that an extraction-type barrier is technically 

feasible to protect the shallow aquifers in the vicinity of 

Port Hueneme from further seawater intrusion. Additional 

background on the experimental facilities used to test the 

barrier concept is presented in Chapter IV of this thesis. 

In 1975, the California Department of Water Resources 

and the Ventura County Flood Control District conducted a 

cooperative water resources investigation of Ventura County. 

As each phase of the study was completed, pertinent 

information was documented in various office reports. Three 

of the reports (Mukae and Turner, 1975; Turner, 1975; and 
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Turner and Mukae, 1975) pertain to ground water studies in 

the coastal plain region. Numerous other comprehensive 

studies were also conducted as part of the cooperative 

investigation. The results were summarized in Bulletin 104-8 

(Caiifornia Department of Water Resources, 1976). 

In a relatively recent study by Stone (1978), potential 

seawater intrusion control alternatives for the coastal 

plain were analyzed with respect to necessary structural 

measures and water requirements, water supply sources, and 

water quality. Economic impacts of the selected alternatives 

were also discussed. The main intent of the study was to 

present information in such a manner that the most feasible 

seawater intrusion control alternative can be selected. In 

his report, Stone included: (1) a brief summary of previous 

and existing seawater intrusion studies for both Ventura and 

Los Angeles Counties; (2) a prediction of future seawater 

intrusion boundaries for various projected land uses; (3) a 

study of existing and potential seawa t er intrusion problems 

on the coas ta.l plain; ( 4) a determination and preliminary 

design of structural alternatives required to control 

seawater intrusion; ( 5) an economic analysis of these 

alternatives; and (6) a detailed analysis of several 

alternative water supplies for the coastal plain. However, 

the report does not discuss whether or not any of the 

proposed alternatives will significantly change local 

geologic conditions. 

The omission of such a discussion played a major role 
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in formulating the writer's previously stated belief that 

the potential seismic hazards related to the control of 

seawater intrusion have not been adequately evaluated. The 

belief is influenced to a great extent by a relatively 

recent study (to be discussed in the next section) whi~h 

shows that certain sediments underlying the coastal plain 

may be highly susceptible to liquefaction. Although it can 

be argued that the possibility of liquefaction occurring in 

the future seems remote (Peters, oral communication, 1981), 

the following section should begin to discredit that i dea. 

Liqtiefa6tibn StUdy 

As shown in the preceding paragraphs, numerous surface 

water and ground water studies of the coastal plain have 

been made by private consulting firms, as well as by many 

local, state, and federal agencies. Most of these, however, 

were conducted in an effort to preserve the ground water 

supply of the coastal plain. It was not until 1975 that the 

seismic hazards of Ventura County were studied. 

Open-file report 76-5 LA, prepared by the Los Angeles 

District Office of the California Division of Mines and 

Geology, contains the findings of four separate studies 

conducted to provide information needed by the County of 

Ventura to fulfill the requirements of the state-mandated 

Seismic Safety Element of the County General Plan. A 

cooperative agreement between the state and the county 

specified that maps be prepared showing geologic hazards 

associated with surface fault rupture, ground shaking, 



liquefaction, landslides and slope stability, tsunamis, and 

seiches. Emphasis of the work was on the mainland region of 

the county, south of the line separating townships 4 and 5 

North, San Bernardino Base and Meridian. 

One of the reports (Sprotte and Johnson, 1975), 

discusses two interpretive maps of the coastal plain that 

designate several levels of seismically-induced hazards 

associated with differential settlement and liquefaction. 

The intent of the maps is to aid regional land-use planners 

by focusing attention on the nature and gross geographic 

distribution of these hazards, thus providing a means for 

ascertaining levels . of acceptable risk that can be used to 

derive alternative land-use plans. Figure 2 is a reduced 

version of the liquefaction potential map prepared by 

Sprotte and Johnson (original scale 1:48,000). 

The findings of the investigation conducted by Sprotte 

and Johnson suggest that permanent ground movement or ground 

failure could take place in various loosely and poorly 

consolidated, flat-lying Holocene sediments underlying the 

coastal plain. As shown on Figure 2, the authors identified 

several areas as having a high potential for liquefaction. 

Other portions of the coastal plain reportedly appear to 

have a lower hazard level, based on a smaller amount or the 

absence of near-surface granular material and/or deeper 

historic ground water levels. However, it is important to 

point out that Figure 2 is based on hydrologic conditions 

under which liquefaction would be least likely to occur. In 
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Figure 2. Liquefaction Potential Map Prepared by California 
Division of Mines and Geology (from Sprotte and Johnson, 1975). 

15 



delineating areas that may be prone to liquefaction, Sprotte 

2 and Johnson have used the maximum depth to ground water 

since the beginning of record (approximately 1923). Because 

those historic conditions no longer exist, it is readily 

apparent that Figure 2 does not accurately show which areas 

of the coastal plain might undergo liquefaction if an 

earthquake occurred today. 

In their report, Sprotte and Johnson admit that "the 

unavailability of detailed ground water level data presents 

some difficulties, and results in some vagueness in this 

investigation of estimating potential geoseismic 

deformations." They also state that "the interpretations 

presented, therefore, are based on a conservative judgment 

of available data." According to Sprotte (oral 

communication, 1978), the study was mainly limited by a lack 

of time. As a result, the extent and distribution of 

liquefaction potential are presented in a map that is very 

general. Moreover, in Chapter III it will be shown that 

Sprotte and Johnson's map does not actually depict areas of 

relative "potential" for liquefaction, because the study did 

not take into account the future regional seismicity. This 

reasoning is based on terminology recently established by 

the U. S. Geological Survey (Youd and Perkins, 1978) that 

2 In their report, Sprotte and Johnson also make no 
distinction between ground water levels (unconfined 
conditions) and piezometric levels (confined conditions). 
In subsequent chapters, it will be shown that the 
distinction can affect the determination of liquefaction 
susceptibility. 
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makes a clear distinction between maps which simply 

delineate geologic and hydrologic conditions and those which 

actually analyze the future probability of certain levels of 

seismic shaking. 

Although the map prepared by Sprotte and Johnson may be 

somewhat general, it is important to realize that the 

authors have developed sufficient information to show with 

reasonable certainty that various sediments beneath the 

coastal plain could undergo liquefaction, resulting in 

widespread ground failure. An equally important concept 

presented by Sprotte and Johnson, with which the writer 

concurs, is that within the foreseeable future, both 

confined and unconfined ground water elevations beneath the 

coastal plain may rise because of the curtailment of ground 

water extractions and the use of imported water. It is 

therefore set forth that the study conducted by Sprotte and 

Johnson provides a significant portion of the evidence 

needed to tentatively establish a premise that sediments 

susceptible to liquefaction do in fact exist throughout the 

coastal plain. Moreover, there is reason to believe that 

seawater intrusion control could result in future ground 

water conditions significantly different from those which 

allowed the intrusion to occur. Both of these propositions 

will be expanded on in subsequent chapters and used in 

formulating the conclusions of this thesis. 
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II. PHYSICAL SETTING 

General Statement 

Before the important aspects of liquefaction can be 

related to seawater intrusion control methods, a thorough 

discussion of the physical setting of the coastal plain is 

needed. Some of the more distinguishing characteristics to 

be discussed are the geographic and geologic setting and the 

hydrogeology of the area. 

The information presented in this chapter was mainly 

compiled from the numerous surface water and ground water 

studies discussed in Chapter I; however, other geologic 

sources were also used. Throughout the chapter, reference 

will be made to specific authors when necessary to properly 

identify or quote the source of certain material. 

Geographic Setting 

Physiography 

The major physical features of southern Ventura County 

are the coastal plain, bordering mountains and hills, and 

intermountain valleys. The coastal plain is a relatively 

flat alluviated area which extends for approximately 18 

miles (29 kilometres) along the Pacific Ocean and for an 

average of nine miles (14 kilometres) inland (Figure 3). The 

mountains and hills that border it on the other three sides 

are composed mostly of consolidated rocks which yield little 

water. In general, the sharp increase in slope from the 

coastal plain to the more rugged highland areas defines the 
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contact between consolidated and unconsolidated rocks. The 

mountains range in elevation from about 1,600 feet (488 

metres) on the east to about 2,700 feet (823 metres) in the 

north. The highland areas are separated by alluvium-filled 

interior valleys, commonly known as the Santa Clara, Las 

Posas, Simi, and Ojai Valleys. 

The coastal plain, which covers approximately 83,450 

acres (33,771 hectares), is basically a broad sedimentary 

basin whose land surface resembles a large compound alluvial 

fan. The uppermost sedimentary sequences of the coastal 

plain were formed by the deposition of clay, sand, and 

gravel from the Santa Clara River and Calleguas Creek 

drainage areas. Smaller creeks draining the hills north of 

the coastal plain have formed an alluvial piedmont 

consisting of smaller, but steeper, alluvial fans. Wi~dblown 

sands, backbay deposits, and shallow marine sediments also 

occur along the oceanfront. 

The Santa Clara River is the dominant surface water 

feature of the coastal plain. Calleguas Creek and Revolon 

Slough drain the areas east of the coastal plain. Yearly 

runoff is highly variable due to the irregularity of 

precipitation. 

The mean elevation of the coastal plain is 

approximately 50 feet (15 metres), although it ranges from 

sea level to about 150 feet (46 metres) just south of the 

Santa Clara River. The slope of the ground surface ranges 

from moderate to flat, with a gradient of about 15 feet per 
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mile (3 metres per kilometre) in the central portion of the 

coastal plain near the City of Oxnard. 

Climate 

The climate of Ventura County is a Mediterranean type, 

similar to that of most southern California coastal regions. 

The Pacific Ocean has a moderating effect on climatic 

conditions, particularly along the coastal plain and in the 

coastal valleys. The ocean's semipermanent pressure system 

results in a dry, warm summer season followed by a wet 

winter period accompanied by cooler temperatures. Monthly 

mean temperatures range from 53.3° F (11.8° C) in January to 

65.2° F (47.4° C) in August. Temperature extremes generally 

increase with elevation and distance from the coast. This 

directly affects the growing season, which decreases with 

distance inland. Coastal fog is common, particularly during 

the summer. Light to moderate winds from the west and 

southwest usually dissipate the fog by midday. 

Average annual precipitation for the Oxnard region is 

14.75 inches (374.65 millimetres), of which approximately 95 

percent falls between November and April (Table 1). 

Precipitation occurs generally in the form of rainfall, 

except in the mountainous regions where there is snowfall in 

most years. 

Land Us~ 

The climate of the coastal plain is particularly 

favorable to agricultural development. At one time or 
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TABLE 1. Climatological Data for the Oxnard Region.* 

Honth 

January 

February 

M3.rch 

April 

Moly 

June 

July 

August 

September 

October 

November 

December 

Annual 

Monthly 
mean 

53.3 

53.9 
55.2 

57.2 

54.4 

61.5 
64.8 

65.2 

64.5 

62.2 

58.6 

55.2 

59.3 

Temperature 
(Fahrenheit) 

Mean daily 
maximum 

64.5 

65. 1 

66.5 

67.7 

69.2 

71.0 

73.8 

74.0 

74.5 

73.7 
69.8 

66.8 

69.7 

Mean daily 
minimum 

42. 1 

42.7 

43.9 

46.7 

49.6 

51.9 
55.8 

56.4 

54.5 

50.6 

47.4 

43.7 

48.8 

Extremes 
High Low 

86 32 

91 31 
88 34 
go 36 

96 42 

102 42 

94 48 

97 49 

98 45 

103 38 

97 38 

96 34 

103 31 

Precipitation 
(inches) 

Monthly 
mean 

3.33 
2.99 

2.27 

1.13 
• 14 

.05 

.00 

.03 

.08 

.40 

1. 14 

3.20 

14.75 

Greatest 
daily 

5.96 

3.79 

3.30 
1.80 

.62 

.56 

.05 

.43 

1.67 

1.46 

4.30 

3.59 

5.96 

*Source: Uo S. Weather Bureau, Climatic Sllinmary of the United States: California Publication No. 86-4. 
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another, the entire coastal plain area (except for stream 

courses and dune and marsh areas) has been used for 

agriculture. Nevertheless, because of residential, 

commercial, industrial, and military developments in the 

area,. the total amount of land devoted to agriculture has 

decreased to slightly le~s than 60 percent. Except in the 

northern section of the coastal plain, where land uses are 

becoming intermixed, firm demarcation lines exist between 

agriculture and urban areas. Table 2 presents relatively 

recent data on land use on the coastal plain. 

TABLE 2. Land Use on the Coastal Plain.* 

Types of use 

Agriculture 
Pasture 
Citrus 
Avocados 
Truck crops 
Field crops 
Deciduous fruits and nuts 
Small grains 

Subtotal 

Urban and suburban 
Rights-of-way and waste 

Total 

Acres 

640 
14,370 

560 
32,330 

780 
240 
100 

49,020 

18,040 
16z390 

83,450 

Percent of total 

0.77 
17.22 
0.67 

38.74 
0.93 
0.29 
0. 12 

58.74 

21. 6 2 
19.64 

100.00 

*Source: United Water Conservation District, 1974. 

Currently, the coastal plain of Ventura County is one 

of the fastest growing areas in the State. It is anticipated 

that the population will double over the next 20 years. 
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Geologic Setting 

Regional Setting 

The coastal lowland area of Ventura County occupies the 

southwest portion of the central trough section of the 

Ventura basin, which is a major structural depression that 

extends from the San Gabriel fault westward down the Santa 

Clara River Valley and across the Santa Barbara Channel to 

the continental slope (Yeats, 1976, p. 19). The Ventura 

basin is bordered on the north by the Santa Ynez-Topatopa 

Mountains and on the south by the western Santa Monica 

Mountains and the northern Channel Islands. All these 

features are part of the Transverse Range geomorphic 

province, which is characterized by topographic and 

structural features that transect the dominant regional 

rtorthwest-trending structural grain of California. 

Geologic History 

Chapter III of California Division of Mines Bulletin 

170 (1954) outlines the stratigraphic record in southern 

California and correlates the major features of 

sedimentation and life history of the region during 

Paleozoic, Mesozoic, and Cenozoic time. However, one of the 

oldest references containing a focused discussion of the 

Cenozoic geologic history of Ventura County is the study 

published by the California State Water Resources Board 

(SWRB) in 1956. Although muah of the basic data contained in 

the report is outdated, it nevertheless remains the most 

complete refenence covering the coastal plain from a 



hydrogeologic standpoint. However, recent marine geophysicL 

investigations of the Santa Barbara Channel region by the 

U. S. Geological Survey (Greene, 1976; Greene and others, 

1978) have provided new data on the tectonic and sedimentary 

history of the Ventura basin which suggest several revisions 

to the older, classical interpretation of the area's 

geologic history. The new data confirm, though, that for the 

past ten million years, the Ventura basin has been 

controlled by regional basin-forming tectonics and that the 

present topography of the area began to form in late Miocene 

time. 

In general, the entire Cenozoic history of the area has 

been closely related to the history of a much larger region, 

which includes much of Santa Barbara County, the Channel 

Islands, and a portion of Los Angeles County. However, the 

geologic history of the coastal plain region prior to 

Tertiary time is obscure, because pre-Tertiary rocks are not 

extensively exposed (SWRB, 1956b, p. B-37). 

In a study by Clarke, Howell, and Nilsen (1975), it was 

shown that during most of Paleogene time, the ancestral 

Ventura basin was a broad east-west trending down-folded 

belt, with gentle uplift occurring north and south of the 

basin axis. It is believed that in approximately Eocene 

time, the axis of the basin was located in the northern 

portion of Ventura County and that with time, the axis 

migrated slowly southward. Originally it was thought that 

this progressive southward displacement of the depositional 



axis, which culminated during the middle Pleistocene, is 

what caused the present topographic discordance between the 

Ventura basin and the Santa Barbara basin (an area that 

constitutes the deepest portion of the Santa Barbara 

Channel). However, U. S. Geological Survey studies have 

shown that the Santa Barbara basin is not simply the 

foundered western continuation of the Ventura basin but 

rather is a younger topographic feature superimposed across 

an older one whose character as a basin of sedimentation has 

been destroyed or greatly altered by Pleistocene deformation 

(Campbell and others, 1975, p. 301). 

Beginning in Miocene time, regional subsidence was 

accompanied by a widespread marine transgression and 

sediment deposition. This deposition continued through much 

of middle and late Miocene time as the area continued to 

subside. During this time, the water depth increased as the 

sea advanced northward. However, normal sedimentation along 

the south, east, and northwest margins of the area was 

interrupted by sea-floor extrusions of volGanic material 

(Vedder and others, 1969, p. 11). 

Restriction of the basin began during early Pliocene 

time as the margins to the north and south were elevated 

above sea level. Concurrent with this, a narrowing and 

deepening of the Santa Clara River Valley took place, 

resulting in nearly continuous deposition of marine clastic 

sediments, sometimes in water as deep as 4,000 feet (1,219 

metres) (Vedder and others, 1969, p. 11). The source of 
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sediments was primarily the northern mountains, which were 

being rapidly uplifted and eroded. The same general pattern 

of restriction of the basin and sedimentation continued 

uninterrupted into early Pleistocene time. 

In about mid-Pleistocene time, the basin filling ceased 

and the main Coast Range orogeny began. The orogeny had 

widespread effects, including intense folding and uplift. 

Most of the structural and geomorphic features evident in 

the region are the result of this major tectonism (Greene 

and others, 1978, p. 88). In response to north-south 

compression, various Pliocene and early Pleistocene strata 

were uplifted, folded, tilted, and faulted. Emergent areas 

were extensively eroded. The mid-Pleistocene stratigraphy of 

the Ventura basin is therefore represented by a period of 

non-deposition, explaining why there are no known deposits 

of middle Pleistocene age beneath the coastal plain. At 

approximately this time in history, the Santa Clara River 

sought out its present line of drainage along downfaulted 

and downfolded strips of soft rock (Greene and others, 1978, 

p. 89). 

During middle Pleistocene time, great thrust and steep 

reverse faults, with maximum displacements of 10,000 feet 

(3,048 metres) to more than 15,000 feet (4,572 metres), were 

developed in and along the margin of the Ventura basin. Some 

marine terraces were raised to elevations of more than 2,000 

feet (610 metres) above sea level. The marginal Santa Ynez

Topatopa Mountains, Santa Monica Mountains, and intrabasin 

27 



highs were strongly accentuated and severely folded and 

faulted. Numerous steep to gently dipping normal and reverse 

faults and folds were developed in en echelon-type trend as 

a result of the intense north-south compressive forces 

(Mukae and Turner, 1975, p. 26). 

The middle Pleistocene diastrophism was followed by a 

regressive sea as a result of the last major glacial stage. 

Evidence indicates that the streams which drained the 

coastal plain were adjusting to a new base level, 

approximately 300 feet (91 metres) below present sea level. 

At this time, folded and faulted lands were eroded into 

gently rounded hills and mountains. Then, during the 

beginning of the late Pleistocene, the sea probably 

transgressed to within 6 miles (9.5 kilometres) of the 

present shoreline. Concurrent with this, a broad floodplain 

was formed in the area of the coastal plain as the Santa 

Clara River unconformably deposited upper Pleistocene 

sediments of gravel, sand, and silt. 

The termination of the late Pleistocene was marked by a 

regressive sea and local diastrophism that resulted in a 

period of erosion that affected both the marine and 

nonmarine clastic sediments that were deposited during the 

upper Pleistocene. During this time, the Santa Clara River 

continually shifted its course, resulting in varying degrees 

of erosion throughout the coastal plain. 

At the start of Holocene time, the sea transgressed to 

approximately the present strandline and the modern marine 
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and nonmarine sediments began to accumulate. This has been 

accompanied by subdued folding and faulting as a result of 

regional uplift that has continued essentially to the 

present time, but at a slower pace. In Chapter III, the 

significance of the geologic history will become apparent. 

Stratigraphy 

The stratigraphy of the onshore part of the Ventura 

basin includes a succession of sedimentary and volcanic 

rocks ranging in age from lower Miocene to Holocene. In 

general, the oldest sediments underlying the coastal plain 

are of marine origin with locally abundant volcanic and 

continental deposits. Even though rocks older than Miocene 

are not exposed in or around the coastal plain, subsurface 

evidence suggests that the basement complex is composed of 

pre-Cretaceous igneous and metamorphic rocks. 

Tertiary sedimentary rocks are generally well indurated 

and thus are essentially nonwater-bearing. The important 

water-bearing zones, therefore, only are found in 

sedimentary deposits of Pleistocene and Holocene age 

occurring relatively near the surface. 

The Quaternary sediments that form the uppermost 

portion of the coastal plain and the nearshore parts of the 

eastern Santa Barbara Channel were deposited by the 

prograding delta of the Santa Clara River. However, deposits 

of Calleguas Creek can be found in a narrow belt flanking 

the Santa Monica Mountains. These deposits restricted the 

deposition of the Santa Clara River delta. Therefore, even 
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though deposits of the Santa Clara River were spread more or 

less evenly between natural lateral boundaries, they tend to 

thin toward the south/southeast. Figure 4 shows the nature 

and sequence of the Quaternary sediments found beneath the 

coastal plain. 

Some discrepancy seems to exist regarding the name of 

the sediments comprising the lower Pleistocene series 

beneath the coastal plain. Although this problem has no 

bearing on the present study, a short discussion of the 

various names applied to lower Pleistocene deposits has 

been included as background. 

In the previously mentioned study published by the 

California State Water Resources Board in 1956, the terms 

Santa Barbara formation and San Pedro formation are used to 

define the lower Pleistocene. A review of subsequent 

literature reveals that most investigations related to 

ground water agree with the SWRB stratigraphy. These same 

terms are also used by the California Division of Oil and 

Gas in a report on the Oxnard oil field (Dosch, 1965). 

However, in two relatively recent studies (Jakes, 1979 and 

Yeats, 1977), the term Saugus formation is used in 

reference to shallow marine and nonmarine clastic sediments 

in the Ventura basin that range in age from Pliocene through 

lower Pleistocene. According to Jakes (1979, p. 25), the 

term Saugus formation is used in her report on the Camarillo 

and Las Posas Hills area because it more clearly describes 

the lithologic and stratigraphic nature of the marine lower 
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Pleistocene rocks in that area. 

In 1902, Hershey applied the name Saugus formation to 

predominantly nonmarine Pliocene and lower Pleistocene rocks 

found in Soledad Canyon near the town of Saugus, California. 

The term was subsequently used by Kew (1924) to describe 

lower Pleistocene deposits on the south side of South 

Mountain in Las Posas Valley (Fig ure 3). However, on the 

basis of the marine character of lower Pleistocene deposits 

in Ventura County, Pressler (1929) redefined the sediments 

in Kew's study area as the Las Posas formation (a locally 

restrictive name). At the same time, Pressler applied the 

name Santa Barbara formation to upper Pliocene deposits also 

found in the South Mountain-Las Posas Hills area. In 1935, 

Bailey also recognized the marine nature of lower 

Pleistocene deposits near Ventura but called the sediments 

San Pedro after Arnold's original 1903 definition of the 

southern California marine Pleistocene in the Los Angeles 

basin. In contrast t o Pressler, however, Bail ey applied the 

name Santa Barbara formation to basal lower Pleistocene 

deposits. In a subsequent paper, Bailey (1943, p. 1556-1562) 

provided additional evidence which confirms his reasons for 

abandoning the terms "Saugus" and "Las Posas" when referring 

to lower Pleistocene deposits. Based on Bailey's evidence 

and to be consistent with SWRB terminolog y, lower 

Pleistocene deposits will be referred to as the Santa 

Barbara and San Pedro formations in this thesis. 

32 

I· 



Lo~Sr PlSistocerte D~P6~it~ (Sartt~ Barb~ra Form~ti6rt) 

As shown on Figure 4, the oldest sediments that can be 

included in the group of water-bearing deposits are found in 

t he uppermost member of the Santa Barbara formation. In 

general, the formation, which attains a maximum thickness of 

4,000 feet (1,219 metres) near Ventura (SWRB, 1956b, p. B-

24), consists of massive to laminated silty shale and 

mudstone with short lenses of coarse conglomerate or silty 

sand in the lower few hundred feet (Bailey, 1943, p. 1560). 

However, the Grimes Canyon member at the top of the 

formation is composed primarily of sand with only minor 

amounts of gravel (Turner, 1975, p. 21). Limited subsurface 

information tends to suggest that this uppermost water

bearing zone is only found beneath the southern and eastern 

portions of the coastal plain. Its offshore extent is 

unknown. The lithology of the Grimes Canyon member indicates 

beach or littoral deposition. 

Lowsr Plei~tocens DSp6~it~ · rs~rt Ped~6 F6~m~tion) 

Beneath most of the coastal plain, the San Pedro 

formation conformably overlies the Santa Barbara formation. 

The formation as a whole consists of marine and continental 

deposits of sand, gravel, and silts with minor beds of clay. 

According to the SWRB (1956b, p. B-25), the maximum 

thickness of the formation is approximately 4,000 feet 

(1,219 metres). Locally abundant fossils near the base of 

the formation indicate that deposition beg an in a 

predominantly shallow marine environment. However, as the 
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sedimentary basin filled with detrital material and 

Pleistocene folding began, the shoreline apparently moved 

slowly westward resulting in lateral differentiation between 

marine (beach sands) and continental (alluvial fan) 

deposits. 

It can be seen on Figure 4 that a prominent water

bearing zone (Fox Canyon), which underlies the entire 

coastal plain, occurs at or near the base of the San Pedro 

formation. A second water-bearing zone (Hueneme) exists 

within the upper part of the formation, although it appears 

to be continuous only beneath the northern portion of the 

coastal plain. 

Upper Pleistocene DepoSits (Urtdiffe~entiated) 

An erosional hiatus, or unconformity, separates the 

base of the upper Pleistocene sediments from the underlying 

San Pedro formation. As shown on Figure 4, the upper 

Pleistocene series includes interbedded marine blue clay and 

sand, alluvial silt, and stream deposited sand and gravel 

(SWRB, 1956b, p. B-27). The sediments attain a maximum 

thickness of about 500 feet (152 metres). The principal 

water-bearing zone (Mugu) in this interval of sediments is a 

widespread middle mBmber of sand and gravel deposited by the 

Santa Clara River. The materials of this water-bearing zone 

are found under a major portion of the coastal plain. 

Holocene Deposits (Urtdiffe~ertti~ted} 

Holocene sediments form a mantle of undisturbed or 
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gently folded deposits that, in places, are in contact with 

both upper and lower Pleistocene deposits. These sediments, 

which range in thickness from less than 200 feet (61 metres) 

to about 400 feet (122 metres), were deposited during a 

post-glacial period in an environment of rising sea level. 

This condition resulted in the deposition of fluvial sands 

and gravels, deltaic and lagoonal silts and clays, and dune 

sand (Mukae and Turner, 1975, p. 14). 

On the basis of differences in lithology, the 

undifferentiated deposits of Holocene a g e can be divided 

into three somewhat separate members (Figure 4). Boundaries 

between the individual members, however, are not precise and 

well defined due to the lenticularity of the sediments. 

The basal member of the Holocene deposits contains an 

important water-bearing zone (Oxnard) consisting of 

permeable layers and lenses of sand and gravel with lesser 

amounts of silty or clayey strata. Average thickness of this 

member is about 90 f ee t (27 metres); its ma x imum thickness 

is about 160 feet (49 metres). An unconformity exists 

between the base of this member and the underlying deposits. 

In the northern portion of the coastal plain, the exact 

subsurface limit of this basal ~ember has not been 

determined. However, the deposits are known to be 

distributed uniformly throughout the area south of the Santa 

Clara River. 

Forming the middle member of the Holocene sediments is 

a series of intercalated layers and lenses of silty or sandy 
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clay and clayey or sandy silt, with moderate amounts of 

sand, silty or clayey sand, and occasional gravel. The 

thickness of this member reaches 150 feet (46 metres), 

although its average thickness is only 35 feet (11 metres). 

The upper member of the Holocene deposits consists of 

unconsolidated layers of cohesionless sand and sandy gravel. 

These layers are generally fine- to coarse-grained, poorly 

graded., and permeable. However, thin layers and lenses of 

silty or sandy clay are also present locally. The upper 

member has an average thickness of approximately 30 feet 

(9 metres), ranging to a maximum of 80 feet (24 metres), and 

is found only in certain areas south of the Santa Clara 

River. The contact with the underlying middle member is not 

well defined. 

Structure 

As shown on Figure 5, folds and associated faults form 

the major structural features in and around the coastal 

lowland area. Both have played a major role in the geologic 

setting. Deposits beneath the base of the Holocene 

sedimentary sequence have been folded into broad, east-west 

tr·ending anticlines and synclines. Major east-west trending 

faults occur primarily in the northern and southeastern 

portions of the coastal plain. 

Surrounding the coastal lowland area are four prominent 

anticlinal structures -- the Topatopa Mountains, Oak Ridge

South Mountain~ Las Posas-Camarillo Hills, and Simi Hills

Santa Monica Mountains. ~hese mountains are composed of a 
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variety of maturely dissected Cenozoic sediments and 

volcanics which have been folded and uplifted along major 

fault zones to maximum elevations approaching 6,000 feet 

( 1, 829 metres). · 

The low-lying coastal plain consists of several 

interrelated structural depressions. Directly offshore of 

the coastal plain is the relatively shallow Santa Barbara 

Marine Basin to the west and the deeper Santa Monica Marine 

Basin (with Hueneme and Mugu submarine canyons) to the 

south. 

Faults 

In a study of the Ventura metropolitan area, Quick 

(1973) tentatively revised the traditional concept of the 

subsurface geology of the area north of the Santa Clara 

River. Supporting evidence was gathered from a variety of 

scientific disciplines. The study resulted from the need to 

determine if undiscovered active faults, such as the one 

that generated the 1971 San Fernando earthquake, exist in 

the vicinity of Ventura. Even though the interpretations are 

somewhat speculative, they suggest that seismically 

significant faults probably transect the area. The first 

four faults discussed in the following paragraphs are the 

ones postulated by Quick (1973, p. 257-262). 

The Ventura Foothills fault (also called the Pitus 

Point fault) is thought to be a reverse fault, the trace of 

which is reported to be along the base of the foothills of 

the Santa Ynez Mountains immediately north of Ventura. The 
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fault apparently strik es east-west and has a northerly dip 

of approximately 60 to 70 degrees. Oil and water well data 

show a stratigraphic separation at the base of the San Pedro 

formation ranging from 400 to 600 feet (122 to 183 metres) 

(Geotechnical Consultants, 1972, p. 21) to approximately 800 

feet (244 metres) (Ogle and Hacker, 1969). Other evidence 

for the existence of this fault consists of uplifted and 

faulted marine terraces, rapid changes in ground water 

quality, and the presence of an oil seep near its suspected 

location. 

Water level differences in wells originally indicated a 

fault-produced ground water barrier at the inferred location 

of the Country Club fault. Additional subsurface data have 

shown that the fault strikes approximately N 80° W and that 

it is a steeply south-dipping reverse fault (south side up) 

with an appreciable left-lateral displacement. The fault is 

also postulated to be displaced by the Ventura Foothills 

fault on the basis of formations encountered in recent test 

wells. The Country Club fault is an effective barrier to the 

flow of ground water because it displaces the principal 

water-bearing zone (Fox Canyon) that occurs in this area of 

the coastal plain. 

The Oak Ridge fault, which crosses the northern portion 

of the coastal plain and extends from beneath the Pacific 

Ocean to and beyond the western end of South Mountain, is 

the most dominant major structural feature in the area. From 

South Mountain, the fault trends generally east-west along 
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the south edge of the Santa Clara River Valley. At a point 

about 2 miles (3 kilometres) southeast of the town of Piru, 

the fault turns southward into Oak Ridge. On the basis of 

both oil and water well logs, it has been determined that 

the fault dips to the south approximately 60 to 70 degrees. 

Evidence of relative movement indicates that the south side 

of the fault has been uplifted, even though the fault has 

historically experienced left-lateral movement. However, 

near the present coastline, approximately 500 feet (152 

metres) of flat-lying upper Pleistocene and Holocene 

sediments show very little if any displacement, suggesting 

that fault movement ended before the upper Pleistocene. 

The McGrath fault is apparently a more recent branch of 

the Oak Ridge fault, based on the fact that both faults are 

nearly identical in their structural characteristics; the 

MOGrath fault is also a left-lateral reverse fault with a 

dip to the south of about 70 degrees. As shown on Figure 5, 

the two faults appear to branch from each other in the 

vicinity of the Santa Clara River just west of South 

Mountain. The trace of the McGrath fault is postulated to 

reach the coast about 2 miles (3 kilometres) south of the 

Oak Ridge fault. Like the Oak Ridge fault, the McGrath fault 

appears to extend several miles offshore (Greene and others, 

1978, p. 67). 

The southern portion of the coastal plain is also 

affected . by faulting. However, most of the faults south of 

the Santa Clara River are much farther inland. 
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The Springville fault zone is located at the southern 

edge of the Camarillo Hills. It consists of two north

dipping strands. The south strand is well documented in the 

subsurface to be dipping 55-78° north. However, based on 

available data, the orientation of the north strand fits 

either of two alternatives: a low-angle reverse fault or a 

high-angle reverse fault (Jakes, 1979, p. 60). Pasta (1958) 

believed that both strands were near vertical, although he 

did not give his evidence. In a recent study by Turner 

(1975, p. 26), it was reported that the Springville fault 

zone acts as a ground water barrier at the base of the 

Camarillo Hills, mainly because it displaces a major water

bearing zone (Fox Canyon). This function can best be 

explained with a high-angle fault. 

Because the Springville fault zone cuts lower 

Pleistocene deposits (San Pedro formation) and older rocks 

in the Camarillo Hills, it can be assumed that faulting 

occurred after the lower Pleistocene, which ended as 

recently as 0.2 million years ago in the Ventura area 

(Yerkes and Lee, 1979, p. 31). However, upper Pleistocene 

deposits are not cut by either strand of the fault, 

suggesting that fault movement ended before the upper 

Pleistocene. It therefore appears that the fault formed 

during the Coast Range orogeny and is now inactive. 

The Springville fault zone and Simi fault zone are both 

part of the west-trending Simi fault system. The two fault 

zones, which parallel subsurface structural trends, are en 
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echelon, right-stepped segments of the fault system (Jakes, 

1979, p. 61). 

The west-trending Camarillo fault is located on the 

south side of a narrow, west-trending ridge south of the 

City of Camarillo. From downtown Camarillo, the fault 

apparently curves northeasterly in the direction of Santa 

Rosa Valley. The SWRB (1956b, Plate B-18) first mapped this 

fault with north-side-up displacement. Turner (1975, p. 26) 

agrees with the SWRB's relative sense of displacement and 

estimates 150 feet (46 metres) of separation of lower 

Pleistocene and younger deposits. However, according to 

Jakes (1979, p. 72), subsurface data neither confirm nor 

deny the actual existence of the fault, even though limited 

oil field.data indicate that upper Pleistocene deposits may 

be displaced nearly vertically by the fault. If so, it means 

that faulting postdates upper Pleistocene deposition. 

Moreover, Mukae and Turner (1975, p. 19) infer that the 

fault may have undergone late Quaternary movement. 

According to Mukae and Turner (1975, p. 19), the 

Camarillo fault has displaced lower Pleistocene deposits in 

such a way that local drawdown of pumping wells does not 

extend across the fault. This barrier condition is also 

apparent in the upper Pleistocene deposits, as evidenced by 

past ground water levels north of the fault which have been 

considerably higher than those south of the fault. This 

suggests that the Camarillo fault may interrupt the 

southward flow of ground water toward the Point Mugu area 
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and that the age of the fault is most likely late upper 

Pleistocene or Holocene. 

According to Jakes (1979, p. 68), the Bailey fault was 

first mapped (in unpublished form) by T. L. Bailey in 1951 

at the embayed northwest-facing front of the Santa Monica 

Mountains. However, in a subsequent published map, Bailey 

(1954) does not show the Bailey fault. Although good 

evidence for the presence of the Bailey fault can be found 

in the geohydrology study of Mukae (1974), Jakes (1979, 

p. 68) reports that oil and water well data neither confirm 

nor deny the fault's existence. 

Contours of the base of the effective ground water 

reservoir in Pleasant Valley show that the ground water 

level is about 600 feet (183 metres) higher on the east side 

of the Bailey fault. Moreover, the content of total 

dissolved solids in the water is much more variable east of 

the fault. Mukae and Turner (1975, p. 19) interpret the 

Bailey fault as near vertical, displacing lower and upper 

Pleistocene deposits with approximately 550 feet (168 

metres) of normal (south-side-up) separation. 

A cross section done by Mukae and Turner (1975, Plate 

8) shows the juxtaposition along the Bailey fault of lower 

Pleistocene deposits against volcanic rocks and a probable 

offset of basal upper Pleistocene deposits. The structure, 

as determined by Mukae and Turner, can be explained by: (1) 

pre-Pleistocene Bailey fault movement with subsequent 

buttressing of lower and possibly upper Pleistocene deposits 
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against the fault scarp; (2) mid-Pleistocene Bailey fault 

movement with lower Pleistocene deposits faulted against 

volcanics and a buttressing of upper Pleistocene deposits 

against the fault scarp; or (3) Bailey fault movement after 

deposition of the basal upper Pleistocene deposits. However, 

in light of the fact that the west-facing range front of the 

Santa Monica Mountains is highly dissected and embayed 

(rather than sharp and linear), the range front resembles a 

Class 2 or 3 terrain as defined by Bull and McFadden (1977). 

Based on this geomorphic classification of the western front 

of the Santa Monica Mountains, it would appear that the area 

is inactive to moderately active tectonically and that 

faulting predated deposition of the lower Pleistocene 

deposits (alternative 1). Moreover, no fault scarps are 

found in the alluvium along the inferred trace of the 

Bailey fault. One would expect to see these features if the 

upper Pleistocene deposits were offset (alternative 3). 

Unfortunately, because of a lack of conclusive evidence, the 

exact age of the Bailey fault cannot be determined, although 

movement along the fault since the upper Pleistocene seems 

unlikely (Jakes, 1979, p. 71). 

Folds 

With the exception of the Holocene alluvial floodplain 

deposits, all sediments underlying the coastal plain have 

been folded to some degree. However, only those folds which 

appear as major physiographic features or which affect the 

transmission of ground water in this region are discussed. 
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As do the faults, prominent folds conform to the structure 

of the Transverse Range geomorphic province and trend in a 

general east-west direction. 

The Santa Clara River syncline extends from the Pacific 

coast up the Santa Clara River into Los Angeles County. The 

origin of the syncline is closely related to north-south 

compressional forces during the Cenozoic era. South of this 

syncline and approximately parallel to it, the Montalvo 

anticline trends to the east. 

In the northwest part of the coastal plain, the axis of 

the Las Posas syncline follows a course almost parallel to 

that of the Montalvo anticline. This fold extends east from 

the coast into the area of the Las Posas Valley. 

Hydrogeology 

Major Aquifers 

The aquifers underlying the coastal plain consist of a 

largely unused semiperched zone and five major recognizable 

confined aquifers which readily yield water to wells. In a 

downward sequence, as shown on Figure 6, the confined 

aquifers have been named the Oxnard, Mugu, Hueneme, Fox 

Canyon, and Grimes Canyon (California Department of Water 

Resources, 1965). The major part of the recharge to the 

ground water supply for agricultural, domestic, and 

industrial use on the coastal plain comes from natural 

infiltration from the Santa Clara River and from spreading 

grounds utilizing water diverted from the river. 

The four uppermost producing aquifers have a common 
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forebay area. However, on the basis of differing piezometric 

levels, water quality, and geologic structure, the major 

aquifers have been grouped into two separate units, 

designated as the Upper and Lower Aquifer Systems. The Upper 

Aquifer System comprises the Oxnard and Mugu aquifers. The 

Lower Aquifer System contains the Hueneme, Fox Canyon, and 

Grimes Canyon aquifers (Figure 6). 

Because of poor water quality, the surficial deposits 

of the semiperched zone (which are equivalent to the upper 

member of Holocene deposits) are not a major producer of 

ground water. They have therefore not been included in 

either aquifer system. However, in the Point Mugu area, the 

semiperched zone is merged with the underlying Oxnard 

aquifer, which is significant because it means that 

hydrologic changes in the Oxnard aquifer can directly affect 

the semiperched zone. 

Although the confining middle member of Holocene 

deposits appears to separate the semiperched zone from the 

Oxnard aquifer in most areas of the coastal plain south of 

the Santa Clara River, it does have variable permeability, 

both in the vertical and horizontal direction. This occurs 

as a result of abundant amounts of silt and sand and the 

general lenticularity of the sediments, as shown on Figure 

4. In terms of liquefaction, however, this study is mainly 

concerned with the fact that the middle member forms a 

generally confining layer which can create perched water 

conditions in a large area of the coastal plain. 
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As previously stated, the Oxnard aquifer is the initial 

water-bearing zone penetrated by water wells on the coastal 

plain. Throughout its areal extent, the Oxnard aquifer is a 

single unit of high permeability with no interruptions by 

prominent silt or clay lenses. 

The Oxnard aquifer extends several miles offshore and 

contains a thick, continuous layer of coarse, gravelly 

deposits. During the early stages of deposition, coarse 

deposits were spread over the entire coastal plain. In the 

later stages of deposition, the coarse deposits were not so 

widespread, but were restricted to the forebay area. Within 

the forebay, the Oxnard aquifer is considered to extend from 

the ground surface to a depth of about 150 feet (46 metres). 

However, there is a gradual thinning seaward to a thickness 

of about 100 feet (30 metres) at the coastline. In the area 

between the McGrath fault and the Las Posas syncline, the 

Oxnard aquifer overlies lower Pleistocene deposits. In the 

remainder of its distribution, howev e r, the Oxnard aquifer 

overlies upper Pleistocene deposits. 

Except in the forebay area, the Oxnard aquifer is 

separated from the Mugu aquifer by a confining layer of 

upper Pleistocene age composed of silty clay with some 

interbedded sandy clay lenses. The average thickness of this 

aquitard is approximately 30 feet (9 metres), although the 

maximum thickness may be as much as 150 feet (46 metres). 

The average thickness of the Mugu aquifer is 

approximately 175 feet (53 metres), with the top of the 
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aquifer ranging from 200 to 300 feet (61 to 91 metres) below 

ground surface. In the forebay area, where the Santa Clara 

River enters the coastal plain (arid also near Mugu Lagoon), 

the Mugu aquifer merges with the Oxnard aquifer. The 

offshore extent of the Mugu aquifer is also very similar to 

that of the Oxnard aquifer. 

Underlying the Mugu aquifer is an aquitard composed of 

silty clay which reaches a maximum thickness of 80 feet 

(24 metres). This aquitard is continuous except in the 

forebay area, where the Hueneme and Mugu aquifers merge. 

The Hueneme aquifer ranges in thickness from 100 feet 

(30 metres) within the City of Port Hueneme to about 300 

feet (91 metres) north of the City of Oxnard. North of the 

City of Port Hueneme, the Hueneme aquifer is estimated to 

extend offshore for at least 5 miles (8 kilometres). The 

Hueneme aquifer is also known to extend into Pleasant 

Valley. 

The Hueneme aquifer is separated from the underlying 

Fox Canyon aquifer by an aquitard that is composed of silt 

and clay. This aquitard is absent only where the Fox Canyon 

aquifer merges with the Hueneme aquifer in the northern 

portion of the forebay area. Although the average thickness 

of the aquitard is not known, the maximum thickness is 

approximately 170 feet (52 metres). 

The Fox Canyon aquifer, which is the second most 

important ground water producer beneath the coastal plain, 

has a maximum thickness of approximately 550 feet (168 
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metres). Variations in characteristics from place to place 

have been produced by differences in the manner of 

deposition and by extensive folding and faulting during the 

middle Pleistocene orogeny, with subsequent removal of some 

layers by erosion. Westerly from Saticoy, the Fox Canyon 

aquifer can be traced on both sides of the McGrath fault to 

the coastline. However, the offshore extent of the aquifer 

is difficult to determine because of structural deformation. 

The deposits of the Fox Canyon aquifer pinch out in a 

northerly direction beneath the Santa Clara River syncline. 

Beneath the Fox Canyon aquifer is an aquitard composed 

of silt and clay that separates the aquifer from the Grimes 

Canyon aquifer. This aquitard attains a maximum thickness of 

about 40 feet (12 metres). 

Because few water wells penetrate the Grimes Canyon · 

aquifer, most of the information concerning this zone has 

been derived from oil well electric logs. These logs 

indicate that the aquifer consists of fine- to coarse

grained material and has a maximum thickness in excess of 

1,500 feet (457 metres). As mentioned in a previous section, 

its offshore extent is unknown. 

G~b~nd W~te~ B~Sins 

By definition, the ground water bas~ns beneath the 

coastal plain comprise those areas that contain water

bearing deposits and thus exclude the areas to the north and 

east in which older nonwater-bearing consolidated bedrock 

are exposed. Based on the geologic and hydrologic 
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characteristics of the water-bearing deposits found beneath 

the coastal pla iri, four ground water basins have been 

delineated (SWRB, 1956a, p. 2-49). Figure 7 shows the 

location and approximate extent of each basin. 
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III. ASPECTS OF LIQUEFACTION 

General Statement 

Urban planners and public officials in California and 

in many other parts of the United States have become 

increasingly concerned about the possible effects of future 

earthquakes and ways to minimize damage and reduce loss of 

life. Interest in seismic hazards has increased further 

after the adoption in 1971 by the California legislature of 

an amendment to the State Planning Law that includes the 

Seismic Safety Element as a mandatory element of a county 

General Plan (Chapter 50, Section 65302 of the Government 

Code). This requirement, along with concerns for other 

geologic hazards and for conservation of natural resources, 

has focused the attention of planners on the contributions 

that geology and other earth sciences can make to the 

planning process. 

In this chapter an attempt will be made to demonstrate 

that a liquefaction problem exists in the vicinity of the 

coastal plain. This will be done first by discussing the 

relationship between earthquakes and liquefaction and the 

criteria that control the occurrence of liquefaction, and 

then by showing that the necessary geologic, hydrologic, and 

seismic conditions can be found in the area. 

Effects of Earthquakes 

Earthquakes commonly give rise to various geologic 

phenomena that may cause severe damage; these include 
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surface faulting, ground shaking, associated ground failure, 

generation of large waves in bodies of water, and regional 

subsidence or downwarping. However, ordinary earthquake 

damage is usually related only indirectly to the causative, 

tectonic process. 

The process which does cause most major earthquake 

damage is simple. When deeply buried rocks are ruptured, 

waves of elastic energy spread out through the solid earth. 

These waves arriving at the surface can cause violent ground 

shaking which, in turn, can induce ground failure phenomena 

such as liquefaction, differential settlement, lurching, 

landslides and avalanches, and offshore slope instability. 

Data from past earthquakes have shown that the 

intensity 1 of ground shaking can be several times larger in 

areas underlain by thick deposits of saturated sediments 

than in those underlain by bedrock~ Consequently, the 

greatest losses, resulting solely from ground shaking, may 

occur where relatively tall structures are built on thick, 

somewhat soft, saturated sediments and least where they are 

built on firm bedrock (Wallace, 1968, p. 67). 

As shown in Chapter II, the coastal plain of Ventura 

County is a region that is mostly underlain by saturated, 

1 Intensity is a qualitative, noninstrumental rating of 
the degree of ground shaking at a specified place. The 
intensity at each locality within an area shaken by an 
earthquake is rated on the basis of an ''~arthquake intensity 
scale". The abridged and rewritten Modified Mercalli 
Intensity Scale of 1931 (also known as the "Modified 
Mercalli Scale, 1956 Version") is the one most commonly used 
today in the United States (Richter, 1958, p. 137-138). 
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unconsolidated to poorly consolidated, alluvial sediments. 

This is an important point, because similar earth materials 

throughout the world have proved to be not only prone to the 

harmful effects of ground shaking , but also pa rticula rly 

susceptible to liquefaction. 

Earthquakes and Liquefaction 

In the past several years, various empirical procedures 

for evaluating the liquefaction potential of water-saturated 

granular materials have been developed. These methods 

usually involve the determination of some in-situ sediment 

characteristic as a means of comparing the liquefaction 

potential of a proposed area with that of other areas where 

liquefaction is known to have occurred in previous 

earthquakes. The results of recent earthquakes, such as the 

ones tha t occurred in Anchorage, Alaska, and Niigata, Japan, 

during 1964, stimulated geotechnical engineering studies of 

seismically-induced liquefaction probably more than any 

other single factor. It is now known that ground failures 

associated with liquefaction do not occur at random, but 

rather are limited and related to certain geologic and 

hydrologic settings and to certain types of sediments. Also, 

a threshold of seismib shaking (acceleration and duration) 

is required to induce ground failure. 

The cause of liquefaction (as defined by Youd, 1973, 

p. 3) has been understood, in a qualitative way, for many 

years. When a cohesionless sediment is subjected to ground 

shakihg caused ~Y an earthquake, it tends to compact and 
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decrease in volume. If the sediment is saturated and the 

water cannot drain instantaneously to accomodate the volume 

change, the volumetric compaction is retarded. This tends to 

transfer most of the intergranular stress to the porewater 

and to increase the porewater pressure. Once porewater 

pressure builds up to the point where ·it is equal to the 

confining (overburden) pressure, the intergranular (or 

effective) stress becomes zero, transforming the sediment 

from a solid to a liquefied state (Seed and Lee, 1966, 

p. 106). As this occurs, the sediment experiences a complete 

loss of shearing resistance and is able to deform rapidly. 

By itself, liquefaction may pose no hazard; however, 

when it leads to some form of ground movement or failure, it 

may be a serious problem. Three basic types of ground 

failure associated with liquefaction ha v e been identified. 

According to Youd (1973, p. 8-9), these are low-angle flow 

landslides, lateral spreading landslides, and quick

condition failures. 

Liquefaction of a sediment may develop in this way in 

any zone of a geologic unit where the necessary combination 

of in-situ conditions and earthquake motions are likely to 

occur. Such a zone may be at the surface or at some depth, 

depending only on the parameters of the seismic motion and 

the properties of the sediment as they relate to resistance 

to liquefaction. 

Liquefaction Susceptibility and Potential 

In a recent paper by Youd and Perkins (1978), a 
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technique is proposed for mapping liquefaction-induced 

ground failure potential. The technique requires the 

compilation of two constituent maps, which are then combined 

to form a single map depicting liquefaction potential. The 

first map delineates sedimentary materials with relatively 

different likelihoods of containing sediments susceptible to 

liquefaction. The second map takes into account the 

seismicity of the area and the rate of occurrence of 

earthquake ground motion of sufficient intensity to produce 

liquefaction in susceptible materials. It should be 

apparent, however, that in order to apply the technique, a 

distinction must be made between liquefaction susceptibility 

and liquefaction potential. 

According to Youd and Perkins (1978, p. 440), 

liquefaction susceptibility is the relative ease with which 

sediments in a given area can be liquefied during strong 

ground shaking, resulting in permanent ground displacement. 

On the other hand, liquefaction potential is based not only 

on the locations where liquefiable sediments are most likely 

to exist, but also on the frequency of ground motions strong 

enough to cause liquefaction (Youd and Perkins, 1978, 

p. 443). Therefore, because liquefaction susceptibility is 

independent of the expected seismicity of an area, changes 

in the susceptibility of certain sedimentary deposits can be 

evaluated without going into a thorough analysis of future 

regional seismicity and correlations between earthquake 

magnitude and distance from potential seismic energy sources 
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to areas of possible liquefaction. With this in mind, it is 

apparent that the map prepared by Sprotte and Johnson 

(Figure 2) does not actually depict liquefaction potential; 

what it does show is the generalized liquefaction 

susceptibility of the coastal plain. 

Application of Liquefaction Criteria to Study Area 

su-sceptibiTity 

On the basis of data contained in the historical 

record, Youd and Hoose (1977) have compiled information 

concerning the geologic and hydrologic factors that control 

liquefaction susceptibility. In general, it can be said that 

liquefaction susceptibility is a function of the 

geotechnical properties of a deposit and its topographic 

position. However, to more accurately describe liquefaction 

susceptibility, the following information (quoted from Youd 

and Hoose, 1977, p. 37-38) is provided. 

ENVIRONMENT OF DEPOSITION. -- Deposits most commonly 
disturbed by liquefaction have been those laid down in 
a fluvial environment. Deltaic deposits, though not so 
widespread as fluvial deposits, have also been commonly 
and, in many instances, catastrophically disturbed. 
Colluvial and eolian sand deposits, in instances when 
they were saturated, have been commonly affected as 
well. Alluvial-fan, alluvial-plain, beach, terrace, 
playa, and estuarine deposits have been affected in 
many instances, but not so commonly as the deposits 
listed above. Glacial till and laterite deposits have 
been generally immune to liquefaction. It is inferred 
from these rankings that degree of sorting, amount of 
compaction during sedimentation, and grain-~ize . class 
are the major factors contr·olling liquefaction 
susceptibility; the greater the sorting and the looser 
the packing during sedimentation, the greater the 
liquefaction susceptibility. Clay-rich sediments are 
generally immune to liquefaction. 

AGE OF DEPOSIT. -- Holocene deposits have been much 
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more commonly disturbed by liquefaction than 
Pleistocene deposits, and pre-Pleistocene deposits have 
rarely been affected by liquefaction. Even within the 
Holocene, liquefaction susceptibility apparently has 
diminished with age. Cementing and compaction by 
natural process are important factors that reduce 
susceptibility with age. Changes in topography, water 
table depth, and depth of burial due to post
depositional geologic processes are indirect factors 
that commonly reduce, and occasionally increase, the 
liquefaction susceptibility with age. 

WATER TABLE DEPTH AND DEPTH OF BURIAL. -- Most episodes 
of liquefaction have apparently developed at relatively 
shallow depths (probably less than 10 m) and in areas 
where the water table depth (free or perched) was near 
or within a few metres of ground surface. Vulnerability 
to liquefaction has decreased with water table and 
sediment depth, and only a few instances of 
liquefaction were reported at depths as great as 100 m. 
Increase of overburden pressure and general increase in 
sediment compactness with depth are likely the primary 
factors controlling this tendency. 

Table 3, compiled by Youd and Perkins (1978, p. 441), 

provides a qualitative estimate of liquefaction 

susceptibility of various sediment types. By the criteria 

given in Table 3, it can be seen that the susceptibility to 

liquefaction (as previously defined) depends largely on the 

age of the deposit. For example, river channel deposits less 

than 500 years old are expected to have a very high 

susceptibility to liquefaction, whereas pre-Pleistocene 

river channel deposits apparently have a very low 

susceptibility. In general, water-saturated, clay-free 

Holocene deposits less than 500 years old have a high 

susceptibility to liquefaction, whereas clay-free late 

Pleistocene deposits usually have low susceptibility. 

However, because the present study is mainly concerned 

with how the liquefaction susceptibility of the coastal 
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TABLE 3. Estimated Susceptibility of Sedimentary Deposits to Liquefaction During Strong Seismic Shaking.* 

Type of deposit 

River channel 
Flood plain 
Alluvial fan and 

plain 
M:l.rine terraces 

and plains 
Delta and fandelta 
Lacustrine and 

playa 
Colluvium 
Talus 
Dunes 
Loess 
Glacial till 
Tuff 
Tephra 
Residual soils 
Sebka 

General distribution of 
cohesionless sediments 
in deposits 

Likelihood that cohesionless sediments, when saturated, 
would be susceptible to liquefaction (by age of deposit) 

500 years Holocene Pleistocene Pre-Pleistocene 

Continental Deposits 

locally variable very high high low very low 
locally variable high moderate low very low 

widespread moderate low low very low 

widespread -- low very low very low 
widespread high moderate low very low 

variable high moderate low very low 
variable high moderate low very low 
widespread low low very low very low 
Hidespread high moderate low very low 
variable high high high unknown 
variable low low very low very low 
rare low low very low very low 
widespread high high ? ? 
rare low low very low very low 
locally variable high moderate low very low 

0'1 
0 
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TABLE 3. Estimated Susceptibility of Sedimentary Deposits to Liquefaction During Strong Seismic Shaking.* 
(Continued) 

Type of deposit 

Delta 
Estuarine 
Beach 

High wave energy 
Low wave energy 

Lagoonal 
Fore shore 

Uncompacted fill 
Compacted fill 

General distribution of 
cohesionless sediments 
in deposits 

widespread 
locally variable 

widespread 
widespread 
locally variable 
locally variable 

variable 
variable 

*From Youd and Perkins, 1978, Table 2. 

Likelihood that cohesionless sediments, when saturated, 
would be susceptible to liquefaction (by age of deposit) 

500 years 

Coastal Zone 

very high 
high 

moderate 
high 
high 
high 

Artificial 

very high 
low 

Holocene 

high 
moderate 

low 
moderate 
moderate 
moderate 

Pleistocene Pre-Pleistocene 

low very low 
low very low 

very low very low 
low very low 
low very low 
low very low 
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plain may be affected by the control of seawater intrusion, 

the concept of "water table depth and depth of burial" is 

more significant than the age of the deposits underlying the 

coastal plain. Moreover, in 1967, Seed and Idriss reported 

that in the course of their investigation of the 1964 

Niigata earthquake, it was determined that if the ground 

water had been a few feet deeper, liquefaction would 

probably not have developed. This serves to show that the 

depth to unconfined ground water should be given special 

consideration in areas where liquefaction could occur. 

It has been shown that liquefaction susceptibility 

decreases with depth because: (1) the deeper the water 

table, the greater is the normal effective stress action on 

saturated sediments at any given depth (liquefaction 

susceptibility decreases with increased normal effective 

stress), and (2) age, cementation, and compactness of 

sediments generally increase with depth. Therefore, in order 

to increase the resistance to liquefaction, it would only be 

necessary to increase the depth to the water table. Lowering 

the water table into older, more cemented, more compact, and 

more stressed deposits effectively reduces the liquefaction 

susceptibility. Raising the water table can have exactly the 

opposite effect. 

As a result of the 1971 San Fernando earthquake, the 

U. S. Geological Survey conducted a study (Youd and others, 

1978) to develop a map of liquefaction potential (as defined 

by Youd and Perkins, 1978, p. 443) to show general areas in 
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the San Fernando Valley where conditions may be favorable 

for the development of liquefaction. In that study, criteria 

were developed which relate ground water depth and sediment 

age. Table 4 is a summary of the criteria applied to the 

geologic and hydrologic data the authors compiled during the 

course of their study. 

TABLE 4. Probable Susceptibility of Clay-free Granular 
Layers.* 

Sediment~ry ~nit Ground w~ter depth (in fee·t§) 

(less than 30) ( 30-50) (more than 

Most recent Holocene 

Other Holocene 

Late Pleistocene 

Late Pliocene and 
early Pleistocene 

Tertiary 

High Low 

Moderate Low 

Low Low 

Very LoH Very Low 

Very Low Very Low 

*Source: Youd and others, 1978, Tabl e 2. 
§To convert to metres, multiply by .1048. 

Very Low 

Very Lmv 

Very Low 

Very Low 

Very Low 

To further support the established premise that the 

coastal plain actually has areas which are susceptible to 

liquefaction, it would only be necessary to show that 

Holocene sediments (particularly the highly susceptible 

50) 

types shown on Table 3) exist and that ground water levels 

locally occur at depths of less than 30 feet (9 metres) 

below the ground surface. 

Figure 8 is a reduced version of a preliminary map 
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EXPLANATION OF MAP SYMBOLS 
(from McCoy and Sarna-Wojcicki, 1978) 

Artificial fill (af): Various natural and artificial materials. 
Specific materials used in filling vary from site to site . 

Artificial ponds (ap): Areas used for wild fowl and infiltration 
ponds. Original surface materials unknown but probably similar to 
those in areas adjacent to ponds. 

Coarse-grained alluvium (Qhc): Loose, gravelly sand and sandy 
gravel, particles generally not coarser than pebble-sized, in a 
matrix of sand and silt. Very permeable. 

Medium-grained alluvium (Qhm): Loose, medium to fine sand 
containing variable amounts of silt. Poorly- to fairly-well sorted. 
Generally very permeable. 

Fine-grained alluvium (Qhf): Loose to compact silt and clay, with 
variable amounts of fine sand and organic material. Somewhat 
permeable to impermeable. 

Estuarine sediments (Qhes): Loose, soft, water-saturated muds, 
mixtures of silt, clay, sand, and organic material, in various 
proportions. Poorly-sorted. Locally may contain stringers of 
well-sorted silt and sand, and beds of peat. 

Eolian sand ahd beach sand (Qhs): Loose, well-sorted fine- to 
medium-grained sand. Locally may contain lenses of gravelly sand, 
or silts and clays. 

Landslide colluvium (Qls): Generally incoherent, poorly-sorted 
~aterial derived by downslope movement of bedrock materials in 
hilly and mountainous areas. 

Late Pleistocene alluvium (Qpau): Undifferentiated. These deposits 
include the same spectrum of textural and grain size types as 
described for Holocene deposits. 

Middle to early Pleistocene and late Tertiary sedimentary deposits 
( QTs) : Undifferentiated.. These deposits include the same spectrum 
of textural and grain size types as described for Holocene and late 
Pleistocene deposits. 

Tertiary sedimentary rocks ( Ts) : Undiffer·entia ted. M3.rine and 
nonmarine sedimentary rocks. These rocks range widely in texture, 
grain size, degree of induration, and other physical properties. 

Tertiary volcanic rocks (Tv): 
rocks, pyroclastic rocks, and 
rocks range widely in texture, 
and other physical properties. 

Undifferentiated. Volcanic flow 
reworked volcanic material. These 
grain size, degree of induration, 
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prepared by the U. S. Geological Survey (McCoy and Sarna

Wojcicki, 1978) that delineates surficial materials of the 

coastal plain and vicinity (original scale 1:125,000). The 

main purpose of the map is to classify materials exposed at 

the surface with respect to textural characteristics 

(primarily grain size) and degree of induration. The 

information presented is intended to serve as a basis for 

studies in earthquake hazard zonation, particularly studies 

concerning the response of surficial materials to seismic 

shaking. 

Figure 8 shows that most of the coastal plain is 

covered with fine-grained (Qhf) and medium-grained (Qhm) 

Holocene alluvium with minor amounts of estuarine sediments 

(Qhes) plus eolian sand and beach sand (Qhs). On the basis 

of information presented previously in this section, 

specifically the factors controlling liquefaction 

susceptibility (Youd and Hoose, 1977) and Table 3, it can be 

seen that there are areas on Figure 8 where the criteria in 

Table 4 could be applied. Therefore, depending on the depth 

to ground water, it would appear that in certain areas of 

the coastal plain, the liquefaction susceptibility of clay

free Holocene sediments has ranged from very low to high • . 

The areas most likely to contain clay-free sediments would 

be those designated as Qhm, Qhes, and Qhs. 

In regard to shallow unconfined ground water levels, it 

is virtually impossible to obtain the data needed to prepare 

a hydrograph that would represent historical water level 
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fluctuations in the semiperched zone. The reason, as 

explained in Chapter II, is that the semiperched zone is not 

a major producer of ground water. There has been no need, 

therefore, to gather and record ground water level data. 

However, Figure 9 depicts the fluctuation in the depth to 

ground water for a few key wells located in both the Oxnard 

Plain Basin (confined conditions) and the Oxnard Forebay 

Basin (unconfined conditions). The locations of the wells 

are shown on Figure 8. 

By looking at Figure 9, it can be seen that since the 

early 1900's there have been numerous times when piezometric 

levels and ground water levels throughout the coastal plain 

have been within 30 feet (9 metres) of the ground surface. 

The hydrographs also show that fluctuations in the depth to 

both confined and unconfined ground water correspond fairly 

well with each other. It is recognized, of course, that 

piezometric levels in the Oxnard aquifer are not necessarily 

a reflection of the depth to ground water in the semiperched 

zone. However, in Chapter V, it will be shown that both 

water-bearing zones respond in a similar manner to ground 

water recharge and extraction and that hydrologic changes in 

the semiperched zone are at certain times related to changes 

in the Oxnard aquifer. 

On the basis of the information presented in this 

section, it is hereby set forth that part of the premise 

established in Chapter I has now been substantiated; 

sediments susceptible to liquefaction do in fact exist 
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throughout the coastal plain. Additional evidence will be 

presented in Chapter V to substantiate the proposition 

concerning changes in future ground water conditions. 

Potential 

In accordance with the terminology established by Youd 

and Perkins (1978), the potential for liquefaction is based 

on the expected seismicity (earthquake activity) of an area, 

which can be expressed as a list of magnitude 2 ranges and 

the expected annual frequency corresponding to each rang e. 

The magnitude of an earthquake, which is always calculated 

from instrumentally recorded data (seismograph records), is 

the most commonly reported parameter used to define an 

earthquake. In general, the magnitude of an earthquake is 

interpreted to represent its size or the energy released 

during the earthquake process. The frequency of earthquake 

occurrence has normally been estimated by two techniques: 

(1) by making extrapolations from historical and 

instrumental records of past earthquakes, or (2) by 

conducting geologic field studies of the recent evidence of 

fault displacement. 

Although the coastal plain is not known to have been 

the site of a "great" earthquake (magnitude 8.0 or larger), 

2 The logarithmic magnitude scale in current use was 
devised by C. F. Richter to define local magnitude in terms 
of the motion that would be measured by a standard type 
seismograph located 100 kilometres from the epicenter of an 
earthquake. The scale is open ended, but the largest known 
earthquake magnitudes are near 8.9. 
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the rapid rates of deposition and uplift (among the highest 

in the world) that have occurred in the Ventura basin during 

the last ten million years indicate that the area is 

seismically active. Moreover, recent structural activity in 

the vicinity of the coastal plain attests to modern 

tectonics, although the 200-year historical record of 

earthquakes seems to indicate that local high seismicity is 

not a problem. It is therefore possible that the entire 

Ventura basin region is now in a seismic time gap - a period 

of relative quiescence that could be followed by renewed 

earthquake activity (Yeats, 1976, p. 30). In a study by 

Engineering-Science, Inc., (1975, p. IV-31), it is reasoned 

that a local earthquake with a magnitude of approximately 

7.5 could someday occur in the vicinity of the coastal 

plain. If so, it would be very similar in magnitude to the 

7.3 earthquake that shook Niigata in 1964 and caused 

extensive liquefaction damage. 

According to Weber and Kiessling (1975, p. 39), the 

geologic and geomorphic pattern of faults in proximity to 

Ventura County suggests that the largest earthquakes and the 

greatest displacements have occurred along the most 

prominent faults. However, displacements and possible 

associated ground rupture are known to have also taken place 

on less prominent faults. Although the number of earthquakes 

that have occurred within Ventura County implies that the 

region is seismically active, epicenters are widely 

dispersed; no distinct trend or alignment of earthquake 
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epicenters has been noted near the trace of any major fault. 

This may be because the distribution of seismograph stations 

in the county has been and is less than desired to achieve a 

satisfactory level of earthquake location accuracy. Figure 

10, prepared by Sherburne (1975, p. 273), is a summary of 

epicente~s ·for earthquakes with a magnitude of 3.5 or 

greater occurring within Ventura County over a 42-year 

period. 

In an attempt to summarize the local seismicity of 

Ventura County, Sherburne (1975, p. 272) concluded that most 

of the earthquakes originating within the county between 

1931 and 1972 occurred along the eastern margin of the 

county, but that most of the reported damage has been within 

the level areas of the county and has come from earthquakes 

originating outside the county. 

The largest magnitude earthquake ever recorded in the 

vicinity of the coastal plain was a local magnitude 6.0 on 

February 21, 1973, offshore of Point Mugu at 34°04.2'N, 

0 . 
119 02.0'W, with a focal depth of approximately 11 miles 

(17 kilometres). The earthquake occurred within a west-

trending zone of deformation that marks the southern front 

of the Transverse Range province along the south flank of 

the Santa Monica Mountains. It caused only minor damage to 

structures in the Oxnard area and no loss of life. 

According to Morton and Campbell (1973, p. 287), all 

the onshore surface effects of the 1973 Point Mugu 

earthquake can probably be attributed to ground shaking 
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rather than to fault rupturing at the surface. The most 

striking features were numerous sand craters, sand fans, and 

lurch cracks, which indicate liquefaction during the 

earthquake. The features, which were apparently restricted 

to saturated sediments in Mugu Lagoon and nearby stream 

channels, are evidence that even a moderate earthquake in 

the vicinity of the coastal plain can generate liquefaction. 

At the time of the earthquake, the depth to ground 

water in well 01S/21W-08L02, located immediately south of 

the lagoon, was 13.6 feet (4.1 metres). This particular well 

was drilled in 1962 by the California Department of Water 

Resources to gather geologic data on the water-bearing 

deposits near the coast and was perforated only in the 

Oxnard aquifer. However, as mentioned in Chapter II, in this 

area of the coastal plain the confining middle member of 

Holocene deposits is absent. Because of this, the water 

surface elevation represents water table (unconfined) 

conditions, which may explain why liquefaction occurred. 

Although somewhat smaller in terms of energy released, 

the 1973 Point Mugu earthquake bears several similarities to 

the 1971 San Fernando earthquake of magnitude 6.6. Both 

earthquakes appear to have taken place on frontal fault 

systems of mountain blocks in the Transverse Range province. 

During the San Fernando earthquake, both the San Fernando 

Valley Juvenile Hall and the Sylmar Converter Station were 

severely damaged as a result of strong ground shaking and 

differential ground movement (as a consequence of 
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liquefaction) within a single zone of displacement (Youd, 

written communication, 1981). Another effect of the 

earthquake noted was a major slide in the upstream slope of 

the lower Van Norman Reservoir. The slide was the result of 

an increase in porewater pressure in the embankment soils 

caused by ground shaking, leading to a loss of strength and 

liquefaction of the hydraulic fill near the base of the 

embankment. 

The phenomenon of liquefaction also occurred during the 

San Fernando earthquake at the Joseph Jensen Filtration 

Plant in Gra nada Hills. As a consequence, a major landslide 

developed along the eastern portion of the plant site and 

caused extensive ground and structural damage. Although 

liquefaction-induced ground failure was noted in the other 

areas mentioned above, this event is sig nifi c an t because the 

soil that · liquefied was located at a depth of as much as 55 

feet (17 metres) (Dixon and Burke, 1973, p. 934). The fact 

that liquefac t ion occurred is somewhat contrary to the 

· information compiled by Youd and Hoose (1977) regarding the 

concept that liquefaction susceptibility is apparently a 

linear function of depth of burial. According to the 

criteria, the area around the filtration plant would 

probably have been mapped as having low susceptibility; yet 

liquefaction took place. The inferences are that the 

geologic and hydrologic criteria are not absolute and that 

liquefaction can and does occur in areas where the 

possibility seems unlikely. 
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IV. SEAWATER INTRUSION IN THE COASTAL PLAIN 

General Statement 

The purpose of this chapter is to provide some general 

background on the problem of seawater intrusion, 

specifically, the physical laws governing the intrusion of 

seawater and the wide range of methods that can be used to 

control it. In addition, the seawater intrusion control plan 

developed for the coastal plain is summarized to familiarize 

the reader with the manner in which Ventura County planners 

propose to solve the problem. 

Background on the Problem 

Physical Characteristics 

There are two fundamental conditions that must exist 

before a coastal ground water basin can be intruded by 

seawater. First and most important, an extension of the 

water-bearing sediments contained in the basin must merge 

with the ocean floor. Second, the normal seaward ground 

water gradient must be reversed or be too flat to counteract 

the greater density of seawater, which weighs 1.025 times as 

much as fresh water. Under normal undisturbed conditions of 

equilibrium, the hydraulic gradient within a coastal ground 

water basin slopes seaward and ground water flows to the 

ocean. However, when the slope is reversed, seawater moves 

inland. 

When fresh water comes in contact with seawater in an 

aquifer, an interface forms, with the lighter fresh water 
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floating on the more dense seawater. The overlying body of 

the lighter fresh water conforms to Archimedes' law of 

buoyancy, which states that any floating object will 

displace its own weight of the medium in which it floats. 

This principle, as applied to the relationship between fresh 

water and seawater, is commonly known as the Ghyben-Herzberg 

principle. It was described by W. Badon-Ghyben in 1888 and 

applied to seawater intrusion problems by Alexander Herzberg 

in 1901. It is important to note, however, that the 

relationship is derived directly from an assumption of 

hydrostatic equilibrium which generally is not correct for 

ground water flow conditions. Nevertheless, most 

observations have confirmed the Ghyben-Herzberg principle, 

even though it is a simplification of the actual ground 

water picture (Todd, 1953, p. 750). 

The following equation, as presented in California 

Department of Water Resources Bulletin 147-6 (1970), 

expresses the relationship between the water table elevation 

or piezometric surface above sea level (h) and the depth 

below sea level to the fresh water-seawater interface (H). 

SH = H + h 

1.025H = H + h 

1.025H- H = h 

(1.025 - 1)H = h 

0.025H = h 

H = 40h 

The relationship between h and H is dependent upon the 
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specific gravity (S) of seawater. This relationship is 

important because it shows that, in theory, a floating body 

of fresh water assumes a shape such that its depth below sea 

level is everywhere 40 times its surface elevation above sea 

level. According to the principle, a decline in the fresh 

water elevation causes a corresponding decrease in the depth 

to the fresh water-seawater interface, thus allowing the 

inland migration of seawater. This fact also makes it 

possible to determine the minimum fresh water level 

elevation required to prevent seawater intrusion. 

Along a coastal aquifer, the intruding seawater assumes 

the shape of a wedge, with an inclined surface that always 

slopes landward and advances or recedes in response to 

changes in the hydraulic gradient (Figure 11). Advance and 

retreat of the seawater wedge commences at its toe, while 

the position of the upper end of the fresh water-seawater 

interface remains fixed at the coast until all fresh water 

near the coast is depleted to sea level. At that time, the 

upper end of the interface begins its advance, and the 

entire wedge moves inland as a body. Theoretically, no water 

flows across the interface of the seawater wedge. 

The classic static seawater wedge is characterized by a 

balance among inflow, outflow, and changes in storage. Part 

of the outflow, or seaward flow, is fresh water that moves 

to the ocean, a phenomenon which stabilizes the fresh water

seawater interface. As onshore pumping of fresh water is 

developed and ground water levels or piezometric levels 

77 



i 

.I 

GROUND SURFACE 

PIEZOMETRIC -
SURFACE 

SEA LEVEL ------------

PACIFIC OCEAN 
H 

~r:I! ! [~~~~~i ii illiil~~~[[[~ . . ::: : : W.Alr:Eft :: : :: : : : :: : lnlEHHm~ FRESH I WATER 

. ::i mnl!~~~~~ i ii iimm: ::: :: :: ::illlill l iiiiiiilllil ii i l lllllll ! !ll ll llllllll l ill l1lli liiiiiiilH [ [[!!nn~H~~Lmn:: :: :: :: , , ,, ,, ,, .... .... .. , 

Figure 11. Diagrammatic Section throug h a Co nfined Aquifer 
(from California Department of Water Res ources, 1970). 

-.:] 
(X) 



approach sea level, the interface moves inland. Even though 

only the offshore extension of the aquifer will initially be 

subjected to seawater intrusion, the intrusion front will 

continue landward to degrade onshore storage unless the 

declining fresh water elevation can be reversed. This 

requirement tends to suggest that the control of seawater 

intrusion could bring about an increase in the liquefaction 

susceptibility of the coastal plain, assuming, of course, 

that there is sufficient hydraulic continuity between the 

uppermost confined aquifers and the semiperched zone so 

that as piezometric levels increase, so will shallow ground 

water levels. In Chapter V, evidence will be presented which 

suggests that such a relationship does exist. 

History and Status of Intrusion 

The first indication that seawater was beginning to 

degrade the ground water supply of the coastal plain 

occurred during the drought period of the early 1930's, when 

- piezometric levels in the vicinity of the coast were drawn 

down to as much -as 5 feet (2 metres) below sea level. At 

that time, ground water pumped from the Oxnard aquifer 

through wells located near the heads of Mugu and Hueneme 

submarine canyons began to exhibit abnormally high chloride 

ion concentrations, which is indicative of seawater 

intr;usion. 

Between the years 1937 and 1945, piezometric levels 

recovered and chloride ion concentrations decreased, 

suggesting a withdrawal of the seawater intrusion front. 
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However, after 1945, piezometric levels in the Oxnard 

aquifer began to decline again; by 1949, piezometric levels 

had been lowered to more than 30 feet (9 metres) below sea 

level in some areas of the coastal plain. By 1952, three 

water welLs located in the Port Hueneme area yielded water 

which exceeded the recommended chloride ion concentratiori 

for most uses, providing definite evidence that seawater was 

actively invading the Oxnard aquifer. By the summer of 1963, 

44 water wells had to removed from service because of the 

onshore migration of the seawater intrusion front. By 1977, 

approximately 20.6 square miles (53.4 square kilometres) of 

the onshore portion of the Oxnard aquifer had been intruded 

by seawater. 

Alternative Methods of Control 

Within the last 30 years, experience has shown that 

five basic methods can be used for the prevention and 

control of seawater intrusion. These methods, originally 

described by Banks and Bookman (1951, p. 5-8), are 

designated: (1) reduction of ground water extraction and/or 

rearrangement of the patterns of extraction, (2) increase in 

artificial and/or natural recharge, (3) development of a 

fresh water injection ridge, (4) development of an 

extraction barrier, and (5) construction of a subsurface 

physical barrier. The first four methods constitute dynamic 

systems, which require continued and sometimes significant 

operational and oaintenance time. The fifth method is a 

static type which requires only the expense of periodic 
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monitoring. In addition, a sixth method, devised through the 

combination of two basic methods, is designated as an 

extraction/injection ridge barrier. The following is a 

discussion of how these methods could be theoretically 

applied to the coastal plain. However, to bs consistent with 

the purpose and scope of this thesis, no attempt will be 

made to speculate on how each method individually mi g ht 

affect the liquefaction susceptibility of the coastal plain. 

Reduction of Gr6Urtd Watsr E~tradti6rt 

Basically this method would consist of both reducing 

ground water extractions from the intruded Upper Aquifer 

System (to allow piezometric levels to be restored to 

elevations just above sea level) and maintaining those 

elevations, except for short periods of peak demand. 

However, the restoration and maintenance of piezometric 

levels to such elevations throughout the coastal plain 

could require the continued diversion of the natural surface 

supply for ground water recharge and either a shift in 

pumping to deeper water-bearing zones or the development of 

a supplemental water supply to be used in lieu of ground 

water. In light of the fact that the demand for water 

currently exceeds the available supply, it would appear that 

the alternative of pumping deeper aquifers would not provide 

an adequate solution to . the problem of ground water 

overdraft. 

A correlative method consists of simply redistributing 

the areal pattern of pumping. By minimizing the current 
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pumping trough, a seaward hydraulic gradient could possibly 

be reestablished and maintained, resulting in at least 

partial recovery from seawater intrusion. A minor problem 

with this method is that it might not allow the full 

development and utilization of the available ground water 

storage capacity. 

Increase in Recharge 

Increased artificial and/or natural recharge of the 

Oxnard Forebay Basin is another possible method for 

providing seawater intrusion control. To begin with, 

supplemental recharge would be needed to offset the current 

overdraft, which would then allow supply to equal demand. 

Subsequently, an additional increment of recharge would most 

likely be needed to raise piezometric levels to desired 

~revations. To do this, it would presumably be necessary to 

develop a supply of locally conserved water, imported water, 

or possibly treated reclaimed wastewater. (or a combination 

of these) for recharge purposes. 

A~i mentioned in Chapter II, the potential for recharge 

exists because the Oxnard aquifer is hydraulically connected 

to the Oxnard Forebay Basin. This was readily apparent 

during the wet year of 1969 when intruded portion~ of the 

Oxnard aquifer were replenished to the point where an 

overall seaward hydraulic gradient was restored throughout 

most of the Oxnard Plain Basin~ As a result, many wells in 

the Port Hueneme area became artesian, indicating that 

natural recharge can raise piezometric levels above sea 
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level. However, a mathematical model developed by the 

California Department of Water Resources has shown that the 

underflow capability of the Oxnard Forebay Basin is not in 

itself adequate to convey sufficient quantities of 

replenishment water to prevent seawater intrusion at present 

rates and patterns of extraction (Stone, 1978, p. 39). In 

other words, the rate at which ground water moves from the 

forebay area to areas of concentrated pumping is not 

sufficient to keep up with the rate at which ground water is 

currently being pumped. Therefore, even if sufficient 

quantities of replenishment water could be made available, 

this alternative would, at best, provide only a partial 

solution to the intrusion problem. Moreover, preliminary 

calculations by the Ventura County Flood Control District 

indicate that it would be a lengthy process to repel 

seawater intrusion by means of additional replenishment in 

the Oxnard Forebay Basin. According to Stone (1978, p. 39), 

if it were possible to raise piezometric levels in the 

Oxnard aquifer through recharge and to reduce ground water 

extractions from the current pumping trough, approximately 

50 years would be required to flush seawater from the 

onshore portion of the aquifer, or almost twice as long as 

the period of overdraft which led to the present seawater 

intrusion configuration. However, it is not known how this 

determination was made. 

Development of Fresh Water Injection Ridge 

This method would require the creation and maintenance 
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near the coast of a fresh water injection ridge in the Upper 

Aquifer System. This type of barrier, which would create a 

seaward hydraulic gradient only in the immediate area of the 

beach, would be just as effective in repelling seawater 

intrusion as would a seaward hydraulic gradient extending 

the entire distance from the Oxnard Forebay Basin to the 

ocean. An advantage, if a sufficiently steep landward 

gradient were maintained, is that most of the water used to 

maintain the injection ridge would flow landward into the 

Oxnard Plain Basin and could be recovered. However, a 

smaller portion of the water injected would also move toward 

the ocean under the influence of the seaward hydraulic 

gradient and would be lost. 

Development of Ext~action Ba~ri~~ 

An extraction barrier would also be effective against 

seawater intrusion, if it were created along the coast. To 

implement this method, a continuous pumping trough would 

have to be developed adjacent to the ocean. This would then 

induce the desired seaward hydraulic gradient over a major 

portion of the coastal plain. Under the influence of the 

resultant gradients, seawater would move a short distance 

from the ocean toward the extraction trough and fresh- water 

in the basin would move seaward as far as the trough. 

To develop information on the hydraulic feasibility of 

using this method in controlling seawater intrusion, the 

California Department of Water Resources designed and 

constructed a 2600-foot (792-metre) experimental extraction 
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type barrier near the City of Port Hueneme in the mid-

1960's. The facilities consisted of 5 extraction wells, 25 

piezometers (at 18 drill sites), one anode well for cathodic 

protection, and a discharge pipeline. The 5 extraction wells 

were spaced about 650 feet (198 metres) apart along the 

barrier alignment and averaged about 250 feet (76 metres) in 

depth. The wells were drilled in the Oxnard aquifer only. 

After the test facilities were constructed, the actual 

operation of the barrier was turned over to the United 

Water Conservation District for a 2-year test period. By the 

end of the operation, approximately 9,000 acre-feet (11,100 

cubic dekametres) of degraded ground water was extracted. 

This amount, combined with two years of heavy rains, reduced 

the area intruded with seawater by a~proximately 1,300 acres 

(526 hectares). The main problem encountered during the 

barrier operation was with the cathodic protection system, 

which experienced anode malfunctioning and · severe corrosion. 

Throughout the operation of the barrier, the depth to 

confined ground water (Oxnard and Mugu aquifers) in the test 

area was monitored. However, it is not known how ground 

water levels in the semiperched zone were affected, because 

none of the piezometers were perforated in that aquifer. 

Construction bf Sub~U~f~6~ Phy~i6~l B~~ri~~ 

To control seawater intrusion by this method, a 

subsurface barrier composed of sheet piling or a puddled 

clay cutoff wall would have to be established to prevent the 

inflow of seawater into the Oxnard Plain Basin. Emulsified 
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asphalt, cement grout, bentonite, silica gel, plastics, and 

other similar materials could be injected to form a vertical 

zone of reduced permeability, which would retard or preve~t 

intrusion of seawater into the fresh water portion of the 

Oxnard aquifer . . 

Many unknown factors surround consideration of a 

subsurface physical barrier in the coastal plain. For one 

thing, a barrier of this type and magnitude has never been 

constructed. Therefore, nothing is known about the 

feasibility of construction, life of a barrier under 

constant exposure to seawater, capacity of a barrier to 

withstand a high differential head, and possible effects of 

tectonic disturbances on a barrier~ Moreover, implementation 

of this method of control would require precise information 

on the location, extent, thickness, depth, and other 

physical characteristics of the water-bearing deposits. 

DSVSlopmertt of Co~binSd E~t~adti6ti Ba~~iS~/IrtjSdtioti RidgS 

An extraction barrier and a fresh water injection ridge 

could be combined to control seawater intrusion. Extraction 

wells would be operated on the ocean side of the barrier and 

injection wells on the land side. The main advantage of this 

method is that slightly smaller total quantities of fresh 

water would be injected to achieve the same effect as would 

be for an injection ridge alone and about one-third as much 

extraction would be required to achieve the same effect as 

for an extraction barrier alone. 
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I. 

Solution to the Problem 

Sel~Cted Se~~~t~r Int~U~i6n C6ntrol Plan 

The Federal Water Pollution Control Act Amendments of 

1972 (Public Law 92-500) were passed by Congress with the 

primary purpose of restoring and maintaining "the chemical, 

physical and biological integrity of the Nation's waters" 

and "to achieve a level of water quality by July, 1983, 

which provides for recreation in and on the water, and for 

the propagation of fish and wildlife." 

Section 208 of P. L. 92-500 requires planning for the 

control of point and nonpoint sources of pollution. 

Geographic areas with "substantial water quality control 

problems" have since been designated for areawide planning 

in an effort to control and disperse water pollutants. 

Following guidelines set forth by the Environmental 

Protection Agency, the Governor of California, in March 

1974, designated Ventura County as a Section 208 planning 

area because of three primary water quality problems: ground 

water mineralization, ground water overdraft, and seawater 

intrusion. As stated in Chapter I, the Governor selected the 

Ventura Regional County Sanitation District as the most 

appropriate organization to function in a leading role for 

development of a Section 208 Water Quality Control Plan 

(referred to hereinafter as the initial 208 plan) and to 

operate "a continuing areawide waste treatment management 

planning process." 

Funded by a federal "208" grant, Ventura County 
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planners undertook a comprehensive assessment of their water 

quality problems between 1975 and 1978. The initial 208 plan 

(Ventura Regional County Sanitation District, 1978a), 

adopted by 23 local agencies, addresses both point and 

nonpoint sources of pollution. The point source element 

recommends improvements in local source control programs and 

describes certain wastewater treatment plant improvements. 

The nonpoint source element is divided into three phases and 

consists of four short-term nonstructural measures as well 

as intermediate and long-term structural solutions aimed at 

resolving the problems of ground water mineralization/ 

overdraft and seawater intrusion. 

As part of the early Section 208 planning process, it 

was decided that the Ventura County Board of Supervisors 

should be designated as the agency to assume responsibility 

for both monitoring the implementation of the initial 208 

plan, as adopted, and directing future Section 208 planning 

efforts. Because of this, it is now a function of the Board 

of Supervisors to assess all environmental, social, and 

economic impacts of problem solutions in order to prepare 

(on a biennial basis) a revised and updated Water Quality 

Control Plan. 1 

Sh6rt-t~tm Plart 

The four measures of the short-term plan for water 

1 The final plan for controlling seawater intrusion 
will not be recommended until the end of the 1980-82 
planning cycle. 
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supply and water quality management are (1) formation of an 

Association of Water Agencies; (2) promotion of Best 

Management Practices on irrigated lands (in accordance with 

U. S. Department of Agriculture Soil Conservation Service 

standards); (3) institution of water conservation; and (4) 

establishment of a moratorium on new wells into the Oxnard 

and Mugu aquifers. 

The Association of Water Agencies was created in August 

1978 to advise the Board of Supervisors on the status of 

continuing Section 208 planning. ~he main purpose of the 

association is to promote coordinated planning for water 

resource management and to encourage cooperation among 

member agencies. ~he association consists of Ventura 

County's three water wholesalers (Calleguas Municipal Water 

District, Casitas Municipal Water District, and United Water 

Conservation District) and the Ventura County Flood Control 

District. Participation in the association is also solicited 

from the county's 150 water purveyors. 

Best Management Practices, which are currently used on 

many Ventura County farms, emphasize irrigation and soil 

management plus runoff, erosion, and sediment controls. The 

effect of Best Management Practices is to reduce the 

buildup of salts and sediments in surface water and ground 

water. In some cases, Best Management Practices can reduce 

water consumption. Unlike some of the elements of the 

initial 208 plan, Best Management Practices can be applied 

countywide~ Under the plan, most of the effort will be 
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directed toward promoting Best Managem~nt Practices in the 

Santa Clara River Valley and the Oxnard Forebay Basin. In 

these areas, ground water is unconfined and readily affected 

by activity on the land surface. 

The water conservation element of the initial 208 plan 

requires a ten percent reduction in agricultural water use 

and a fifteen percent reduction in municipal/industrial 

water use. The objective of water conservation is not only 

to reduce the overdraft of ground water, but also to 

partially decrease the future demand for imported water. In 

1978, the Association of Water Agencies developed a 

countywide conservation program. Since that time, a pilot 

agricultural conservation effort has been started in 

conjunction with the California Department of Water 

Resources. 

The moratorium on new wells into the Upper Aquifer 

System has been proposed as another means of reducing the 

overdraft of ground water. As par·t of this measure, proposed 

restrictions on pumping water from both the Oxnard and Mugu 

aquifers have also recently been reviewed by the Association 

of Water Agencies. It is expected that the moratorium will 

also support some of the elements of the long-term plan 

which require a shift to alternative water supplies. · 

Intsrwediate-te~m Pl~n 

The intermediate-term plan includes a shift in pumping 

to the Lower Aquifer System beneath the coastal plain and a 

continuation of the short-term measures. The initial 208 
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plan proposes pumping ground water from a well field aligned 

parallel to the coast in the northwestern portion of the 

Oxnard Plain Basin. The project would require the 

construction of wells into the Lower Aquifer System and 

delivery of this water (on an interim basis) to consumers 

who currently obtain water from the Oxnard and Mugu 

aquifers. The resulting reduction of pumping from the Upper 

Aquifer System would enable piezometric levels in that 

system to recover, thereby stabilizing and possibly 

reversing seawater intrusion. However, initial economic 

studies indicate ~hat other methods may be more feasible and 

timely, eliminating the need for this project (Stone, 1978, 

p. C-8 to C-10). 

Long-term Plan 

This part of the initial 208 plan suggests that the 

direct surface delivery and agricultural use 6f reclaimed 

municipal wastewater, in conjunction with a reduction of 

ground water pumping from the Upper Aquifer System, will 

stabilize arid then repel the seawater intrusion front. · 

Currently, 9,000 acre-~eet (11,100 cubic dekametres) per 

year of wastewater is being reclaimed; however, a study is 

now under way, funded by a grant from the Environmental 

Protection Agency, which could lead to the development of an 

additional 50,000 acre-feet (61,675 cubic dekametres) per 

year. 

The U. S. Bureau of Reclamation (USBR) recently 

completed a feasibility study, initiated in 1973, on the 
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Ventura County Water Management Project (USBR, 1981). The 

purpose of the study was to develop alternative plans for 

meeting countywide water needs, with emphasis on the 

reclamation and reuse of municipal wastewater. During the 

study, the long-term plan identified in the initial 20 8 plan 

was formulated. Despite this fact, however, the Association 

of Water Agencies of Ventura County has requested that the 

USBR terminate any additional studies which are needed to 

implement the project. The request was based on a lack of 

local support for federal authorization and construction of 

the project as planned. 

According to the USBR, several measures will be 

instrumental in complementing wastewater reuse on the 

coastal plain. These are the Saticoy Diversion Improvement 

Structure, Santa Paula Basin salt balance pumping, and the 

Quality Management Pipeline. 

Although the moratorium on new wells (short-term 

measure) into the Upper Aquifer System will help prevent an 

increase in ground water pumping, removal from service of a 

large number of existing wells drilled into the Oxnard 

aquifer (and possibly the Mugu aquifer) may be necessary as 

part of the long-term solution to the problem of seawater 

intrusion. Particularly will this be necessary if the 

intermediate-term solution of the initial 208 plan does not 

effectively reduce ground water pumping from the Upper 

Aquifer System. 
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Although the initial 208 plan for Ventura County 

proposes local measures to solve the problem of seawater 

intrusion into the coastal plain, the specific steps which 

must be taken to implement the selected plan were not set 

forth. As mentioned in Chapter I~ the SWRCB recently 

developed a proposed action scenario to guarantee that 

something is done soon either at the local or state level to 

ensure that the necessary steps are taken to overcome the 

political, legal, and institutional obstacles which prevent 

the implementation of the initial 208 plan. In view of local 

efforts under way at this time, the proposed action scenario 

provides every possible opportunity for local implementation 

of required measures to halt seawater intrusion. However, 

should local agencies fail to implement measures to control 

seawater intrusion, the scenario identifies the various 

actions that the SWRCB can take under Section 2100 of the 

California Water Code. It therefore seems reasonable to 

assume that at some time in the relatively near future, 

seawater intrusion control measures will be implemented in 

the coastal plain of Ventura County. 2 Implementation of such 

measures is certain to bring about changes in the ground 

water system that, in turn, may significantly affect the 

liquefaction susceptibility of the area. 

2 Resolution No. 81-100 was adopted by the SWRCB on 
November 19, 1981, giving local agencies 90 days to file a 
lawsuit for the purpose of adjudicating ground water rights. 
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V. IMPACT OF CONTROL ON SUSCEPTIBILITY 

General Statement 

Integral parts of the comprehensive process of project 

planning are (1) the identification of the significant 

effects that a proposed project may have upon the 

environment and (2) consideration of the effects early 

enough so that changes in the concept can be made if the 

potential impact warrants it. In Chapter III, it was stated 

that recent legislation in California has focused the 

attention of planners on the contributions that geology and 

other earth sciences can make to the planning process. 

Unfortunately, this is not evident in the environmental 

impact analysis prepared for the Section 208 Water Quality 

Contrql Plan for Ventura County. Despite the fact that a 

final environmental impact report (EIR) has been completed 

for the initial 208 plan, almost no information has been 

published on how implementation of the plan might affect the 

seismic hazards of the coastal plain. 

Statutory Guidelines for Evaluating Impact 

Title 14, Division 6, Chapter 3, of the California 

Administrative Code contains "Guidelines for Implementation 

of the California Environmental Quality Act of 1970" which 

deal with ways to evaluate both public and private projects 

and direct the preparation and evaluation of an EIR. As 

defined in Section 15027 of the State EIR Guidelines, an EIR 

is intended to be a concise but detailed statement setting 
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forth the environmental effects and considerations 

pertaining to a proposed project, as is specified in the 

California Environmental Quality Act 1 (CEQA). In general, an 

EIR is used by governmental decision-makers and the general 

public in determining whether and how a proposed project 

should be approved. 

Appendix G of the State EIR Guidelines provides a 

convenient checklist for evaluating the environmental 

effects of a proposed project. The purpose of the checklist 

is to serve as a reminder of the full range of actions and 

impacts on the environment that may relate to a particular 

activity. Although 24 significant effects are listed, the 

one that is pertinent to this thesis is "a project will 

normally have a significant effect on the environment if it 

will expose people or structures to major geologic hazards." 

On the basis of the information presented in Chapter III, 

which suggests that a liquefaction problem exists in the 

vicinity of the coastal plain, the writer is inclined to 

believe that a necessary part of the initial 208 plan EIR 

process should have been a detailed discussion of the plan's 

impact on liquefaction susceptibility. 

Previous Impact Analysis 

In a final impact analysis summary report, prepared by 

Ventura Regional County Sanitation District (VRCSD, 1978b) 

in response to comments on their draft EIR (VRCSD, 1978a), 

1 Division 13, Public Resources Code, 21000 et seq. 
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it is indicated that the potential for exposure to natural 

hazards is "none" for every element of the initial 208 plan. 

The writer believes that this is not the case and that by 

omitting a detailed statement of potential seismic hazards, 

the final EIR for the initial 208 plan may be in violation 

of CEQA requirements. Moreover, from a geologic/seismic 

viewpoint, the EIR also does not comply witn guidelines 

established in 1975 by the California Division of Mines and 

Geology (CDMG) to assist those who prepare EIRs in 

identifying geologic problems. 

In the draft EIR itself, supposedly prepared to fulfill 

the requirements of the National Environmental Policy Act of 

1969 (as well as the requirements of CEQA), only five 

significant ·irreversible environmental changes have been 

identified (VRCSD, 1978a, p. 97). Furthermore, in the 

discussj_on of environmental impacts and mitigation measures 

(VRCSD, 1978a, p. - 72-89), very little mention is made of 

impacts on the earth. 

In regard to seismic hazards, on page 35 of the draft 

EIR a so-called "liquefaction potential map" is presented. 

However, in the text, only one paragraph is devoted to 

discussing various environmental hazards and, in that 

paragraph, no mention is made of the phenomenon of 

liquefaction itself. According to the draft EIR, the only 

seismic hazards of southern Ventura County are "many active 

faults with the attendant earthquake potential." The writer 

feels that such a cursory evaluation of geologic problems is 
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substantially deficient, particularly in light of State EIR 

and CDMG guidelines. 

By supposing that liquefaction of coastal plain 

sediments could occur again during future earthquakes, there 

appears to be a need to thoroughly analyze whether 

implementation of the initial 208 plan will or will not 

aggravate the problem. To provide a justification for such 

a regional analysis and a foundation for the conclusions of 

this thesis, the following section contains a conditional 

discussion of some of the potential effects that may occur 

as a result of implementing the initial 208 plan. It should 

be kept in mind, however, that the discussion does not 

affirm that areas of the coastal plain will actually undergo 

liquefaction during future earthquakei; neither Ventura 

Regional County Sanitation District nor the writer could 

make such a statement with the information currently 

available. The intent of the following discussion, 

therefore, is to suggest that, on the basis of the 

information presented in this thesis, there is a strong 

possibility that the conditions requisite for liquefaction 

may be impacted by the control of seawater intrusion. 

The reason that the potential effects can be described 

hypothetically only is that a causative relationship between 

the control of seawater intrusion and liquefaction 

susceptibility has not yet been researched and documented. 

However, there is adequate empirical evidence contained in 

several previous studies which indirectly shows that it may 
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someday be possible to establish a quantified relationship 

between the two phenomena. 

One of the best examples that suggests such a 

relationship is a study of the Oxnard Plain Basin (where the 

Oxnard aquifer is confined) published by the California 

Department of Water Resources (1971). One of the salient 

findings of the study is that over prolonged periods of time 

and with appreciable hydraulic gradients, a substantial 

amount of ground water can leak downward from the 

semiperched zone through the middle member of Holocene 

alluvium. Calculated values of vertical leakage through this 

confining zone indicate that the water it percolates is an 

important source of recharge to the underlying aquifer 

systems. The study resulted in the conclusion that the 

coastal plain is underlain· by a multiple system of leaky 

aquifers. The significance of this is that neither the 

semiperched zone nor the Oxnard aquifer can be considered as 

an independent geohydrologic unit; a certain degree of 

hydraulic continuity exists between them. 

Figure 12 shows the results of a field pumping test 

performed for the California Department of Water Resources 

as part of a study conducted by the University of 

California, Berkeley. The purpose of the test was to 

evaluate how effectively the uppermost aquitards of the 

Oxnard Plain Basin are able to prevent vertical migration 

from one aquifer to another. To do this, it was necessary to 

calculate the hydraulic diffusivity of the aquitards above 
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and below the Oxnard aquifer. Representative values ranging 

-1 2 -1 2 from 1.47 x 10 em /sec. to 5.99 x 10 em /sec. indicate 

that the uppermost aquitards are not true confining beds. 

The upper graph on Figure 12 represents the response of 

5 piezometers perforated in the Oxnard aquifer. It can be 

seen that after approximately one week of pumping (10 4 

minutes), local drawdown in the Oxnard aquifer was 

approaching 10 feet (3 metres). As shown in the lower graph 

on Figure 12, a piezometer (well no. 4A) perforated in the 

semiperched zone was beginning to show a slight amount of 

drawdown after the same length of time. Although the 

magnitude of drawdowns is not the same, the pumping test 

results indicate that hydrologic changes in the semiperched 

zone can be caused by changes in the Oxnard aquifer. 

For several months prior to the pumping test, the Ua C. 

Berkeley investigators also noted (Neuman and Witherspoon, 

1971, p. 69) that both piezometric levels and ground water 

levels were continuously rising in the immediate area of the 

pumping test piezometers, as shown on Figure 13. It can be 

seen that while piezometric levels in the Oxnard aquifer 

rose approximately 5 feet (2 metres), the elevation of 

ground water in the semiperched zone increased by almost 2 

feet (1 metre). In other words, both water-bearing zones 

had a similar response to ground water recharge. 

On the basis of Figures 12 and 13, it is hereby set 

forth that the study conducted by Neuman and Witherspoon 

provides valid evidence that the vertical migration of 
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ground water between the semiperched zone and the Oxnard 

aquifer does occur, despite the low intrinsic permeability 

of the intervening aquitard material. Thus, it is reasonable 

to assume that the initial 208 plan could have an impact on 

other coastal plain aquifers as well as the Oxnard aquifer. 

The following discussion is conditioned on that assumption. 

A certain portion of the following discussion is also 

based on computer model analyses of water supply 

alternatives for the coastal plain that were conducted by 

the California Department of Water Resources in 1977. The 

analyses, which were made to evaluate the impact of various 

water supply plans on piezometric levels and water quality, 

further substantiate (in quantitative terms) the premise 

established in Chapter I; seawater intrusion control will 

eventually result in future ground water conditions 

significantly different from those which allowed the 

intrusion to occur. 

Possible Impact of 208 Plan 

Itiitial EffSdt 

The effect of the short-term elements on the 

liquefaction susceptibility of the coastal plain will 

probably be minimal, because only one of the elements (water 

conservation) actually has any potential to change the 

current relationship between ground water recharge and 

extraction. In general, two things will happen once water 

conservation practices are implemented. First, because less 

water will be applied for irrigation of crops, lawns, 
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plants, and other vegetation, there will be a decrease in 

the amount of irrigation return flows percolating through 

the upper and middle members of Holocene alluvium into the 

underlying aquifer systems. Second, because the demand for 

ground water will be slightly reduced (by ten to fifteen 

percent), piezometric levels in the uppermost producing 

aquifers should gradually increase. However, the manner in 

which these changes will affect liquefaction susceptibility 

is difficult to predict; reduced irrigation return flows 

could mean less shallow ground water, but increasing 

piezometric levels in the Upper Aquifer System could, in 

turn, slightly retard the vertical migration of irrigation 

return flows from the semiperched zone into the Upper 

Aquifer System. Consequently, ground VJater levels in the 

semiperched zone might increase . 

In conjunction with water conservation, the moratorium 

on drilling new wells into the Upper Aquifer System is 

proposed to help stabiliz e the amount of ground water 

pumped from the Oxnard and Mugu aquifers. However, it is not 

likely that piezometric levels will recover sufficiently on 

a permanent basis unless ground water rights are 

adjudicated. 2 In the absence of ground water pumping 

restrictions, pumping from existing wells will probably 

continue at whatever rates are necessary to meet demand. ~t 

2 In Ventura County, local agencies and individuals 
strong ly oppose adjudication (especially a state-mandated 
program that would reduce water availability), but generally 
support a locally implemented physical solution. 
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is reasoned, therefore, that the moratorium on new wells 

into the Upper Aquifer System will not result in a 

significant change in the liquefaction susceptibility of the 

coastal plain. This element of the plan only ensures that 

pumping from the Upper Aquifer System will not increase to 

meet increasing demands for ground water. 

Intermediate Effect 

According to Hassan and others (1977, p. 27), computer 

analysis has shown that a modification of pumping patterns, 

combined with water conservation, would raise Upper Aquifer 

System piezometric levels in the Oxnard Plain Basin, Oxnard 

Forebay Basin, and Mound Basin. At the same time, 

piezometric levels in the Lower Aquifer System beneath the 

Oxnard Plain Basin and Pleasant Valley Basin would gradually 

decline. Obviously, this situatj_on would help to reverse 

seawater intrusion, but in certain areas of the coastal 

plain, particularly around the current pumping trough, the 

shifting of ground water pumping to the Lower Aquifer System 

could also indirectly increase liquefaction susceptibility. 

The manner in which this would happen would be similar to 

that resulting from water conservation: a higher piezometric 

surface in the area of the current pumping trough could 

retard the downward movement of irrigation return flows. 

Long-range Effect 

The long-range part of the initial 208 plan will 

probably have the most significant effect on the environment 
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in terms of the liquefaction susceptibility of the coastal 

plain. Hassan and others (1977, p. 31) have predicted that 

piezometric levels in the Upper Aquifer System will change 

from 0 to 50 feet (0 to 15 metres) below sea level in 1980 

to 50 and more feet (15 and more metres) above sea level in 

the year 2000. They also feel that between 1980 and 2000, 

the total gain in ground water storage could exceed 450,000 

acre-feet (555,000 cubic dekametres). This is approximately 

equivalent to an average annual increase of 87,000 acre-feet 

(108,000 cubic dekametres). It seems logical to conclude 

that an increase of this magnitude would result in a higher 

susceptibility to liquefaction than currently exists, 

assuming, of course, that ground water elevations in the 

semiperched zone correspond to the criteria presented in 

Table 4. 

To assess the impact of the long-term plan over present 

trend conditions, Hassan and others (1977) conducted a 

computer model comparison of piezometric level conditions 

between 1980 and 2000. Results show that piezometric level 

increases on the order of 125 feet (38 metres) could occur 

in the central portion of the coastal plain (Oxnard Plain 

Basin). This is mostly due to a combination of reduction in 

ground water extraction and use of reclaimed water for 

irrigation. 

During a study conducted by Isherwood and Pillsbury 

(1958, p. 1106), it was determined that percolation through 

the semiperched zone into the deeper aquifers occurs at 

105 



between 0.45 to 0.9 foot (0.14 to 0.27 metre) of water per 

year. However, these measurements were made while the Oxnard 

aquifer was in a state of overdraft. Increasing piezometric 

levels in the Oxnard aquifer w6uld tend to lower these 

values, thereby forcing an increase in the amount of ground 

water in the semiperched zone. If this were to happen, it 

could create a higher susceptibility to liquefaction. In the 

San Bernardino Valley area, a similar situation is currently 

occurring (Hardt, oral communication, 1982). The U. S. 

Geological Survey has been asked to analyze why increased 

piezometric levels have led to an extremely high water table 

and to recommend a solution. 

As one of their objectives, Isherwood and Pillsbury 

(1958) also evaluated shallow semiperched ground water 

levels and found that, during the years 1953 to 1956, the 

mean depth to unconfined ground water was only 6.8 feet 

(2 metres). However, as shown on Figure 9, neither 

piezometric levels nor ground water levels in various areas 

of the coastal plain were at their highest point 

historically. On the basis of the initial 208 plan, it is 

presumed that piezometric levels in the Oxnard aquifer will 

have to be increased higher than they were in the mid-1950's 

to control seawater intrusion. If so, the findings of Neuman 

and Witherspoon (1971) tend to suggest that ground water 

levels in the semiperched zone will experience a 

corresponding increase. The recurrence of the conditions 

noted by Isherwood and Pillsbury would undoubtedly make a 
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large portion of the coastal plain have a moderate to high 

susceptibility to liquefaction (according to the criteria in 

Table 4). 

It is interesting to note that at the time of the 1973 

Point Mugu earthquake (referred to in Chapter III), both 

piezometric levels and ground water levels in various areas 

of the coastal plain were very similar to those during the 

years when Isherwood and Pillsbury calculated a mean depth 

to unconfined ground water of only 6.8 feet (2 metres). Xhe 

fact that liquefaction occurred at Point Mugu during the 

earthquake is evidence that, in 1973, the necessary 

combination of geologic and hydrologic factors existed and 

also that a moderate 6.0 earthquake is capable of inducing 

liquefaction in susceptible sediments . . On the basis of the 

computer model analyses by Hassan and others (1977), it is 

proposed, therefore, that if piezometric levels are raised 

above 1973 elevations to reverse the overdraft of the Oxnard 

aquifer and if an earthquake of magnitude 7 . 0 or greater 

takes place in the vicinity of the coastal plain, the 

occurrence of liquefaction could be much more widespread 

than in 1973. 
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VI. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES 

General Statement 

In the preceding chapters, an attempt has been made 

both to amplify (from a different perspective) previous 

conclusions (Sprotte and Johnson, 1975, p. 223) that, in 

certain areas of the coastal plain of Ventura County, the 

necessary in situ conditions exist which could lead to 

liquefaction and ground failure during intense seismic 

shaking and to show that further study is needed to better 

define areas which might be affected if a seawater intrusion 

control program is implemented. The conclusions developed 

herein are timely in that the proposed and adopted water 

quality control plan for the county has not yet been 

implemented. Because of this, an opportunity still exists 

for Ventura County planners to consider (as required by 

California law) that the seawater intrusion control elements 

of their comprehensive plan may adversely affect local 

geologic conditions. 

From the information pre~ented in this thesis, it 

should also be apparent that a need exists for utilizing 

more geologic and other earth science information before the 

Section 208 planning process is completed. If more 

information is evaluated, Ventura County _planners may 

realize that a large-scale investigative program (as 

recommended herein) should be undertaken, one which could 

ultimately lead to an engineering seismic risk analysis for 

earthquake-induced ground failure by liquefaction that would 
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take into account regional changes in ground water 

conditions brought on by seawater intrusion control. 

Conclusions 

The most obvious conclusion that can be drawn from this 

thesis is that as more and more of the proposed elements of 

the initial 208 plan are implemented (particularly those of 

the Long-term Plan), the surficial Holocene sediments of the 

coastal plain which can be classified as susceptible to 

liquefaction (based on Tables 3 and 4) may become more prone 

to liquefaction and associated ground failure during future 

earthquakes. The areas most likely to be affected include 

much of the near-coast area, the Calleguas Creek and lower 

Santa Clara River areas, and the northe~st-trending areas 

which possibly are relict stream channels that formerly 

crossed the central portion of the coastal plain. As 

previously stated, however, this is not to say that the 

phenomenon of liquefaction will definitely occur in the 

future. Although the granular sediments underlying the 

coastal plain may become more susceptible to liquefaction, 

unless ground motions strong enough to induce liquefaction 

are generated, the possible impacts of implementing seawater 

intrusion control measures may never be fully known. 

A second conclusion that appears to be valid is that 

legal, financial, and/or institutional concerns have had a 

greater influence on the development of the initial 208 plan 

than have any of the potential geologic hazards that may 

result from implementation of the plan. This conclusion is 
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based on the finding that none of the planning studies 

completed to date address the fact that a direct 

relationship may exist between the control of seawater 

intrusion and the relative likelihood that the sedimentary 

materials of the coastal plain will undergo liquefaction and 

ground failure during intense seismic shaking. The 

occurrence of liquefaction during the 1973 Point Mugu 

earthquake is proof that the necessary geologic, hydrologic, 

and seismic conditions can be found in the area. 

Recommendations for Future Studies 

Based on the writer's conclusions, the following 

recommendations seem to merit consideration by persons 

involved in the Section 208 planning process for Ventura 

County. 

1. A more thorough and detailed analysis should be 

conducted in an attempt to prepare a "liquefaction 

susceptibility map" similar to the one presented by Youd and 

Perkins (1978, p. 443). However, such an analysis would be a 

major task because data would have to be developed on the 

distribution and engineering characteristics of subsurface 

soil and geologic materials, as well as on the presence of 

ground water. A significant part of the study would also 

consist of researching and evaluating available data. 

Because the liquefaction "potential" map prepared by Sprotte 

and Johnson (1975) is somewhat similar to the liquefaction 

susceptibility map of Youd and Perkins (except for the 

determination of the depth to unconfined ground water), it 
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could possibly be used as a basis for such an analysis. 

2. To effectively evaluate liquefaction 

susceptibility, subsurface investigations should be 

conducted similar to the liquefaction analysis that was made 

by the U. S. Geological Survey for the Imperial Valley of 

California (Bennett and others, 1981). As part of the study, 

highly detailed profiles were delineated from cone 

penetration tests (mechanical friction), standard 

penetration tests, large-volume disturbed samples, and 

undisturbed Shelby tube samples. 

According to Bennett and others (1981, p. 21), the cone 

penetration tests served as the primary tool for defining 

the geometry of sedimentary units and for estimating 

sediment density and strength. Using the data that were 

developed, shallow subsurface cross sec t i ons were then 

constructed. In turn, the profiles were used to position 

standard penetration tests at selected points to determine 

N-values (blows per foot) for evaluating liquefaction 

susceptibility and to obtain samples for soil 

classification. 

By conducting such a study on the coastal plain, data 

could be developed and used to prepare a detailed 

liquefaction susceptibility map, incorporating such factors 

as age and type of sedimentary deposits, standard 

penetration resistance, and depth to perched or other 

unconfined ground water. 

3. Using the technique proposed by Youd and Perkins 
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(1978, p. 434-440), a "liquefaction opportunity map" should 

also be prepared. As defined, opportunity for liquefaction 

in a given area is a function of the seismicity of the area 

and the rate of occurrence of earthquake ground motions of 

sufficient intensity to produce liquefaction in susceptible 

materials. The primary information required in generating a 

liquefaction opportunity map is location and frequency of 

earthquake occurrence (such as Figure 10), together with the 

relations between earthquake magnitude and distance from 

earthquake sources to possible locations where liquefaction 

could occur. 

4. After completion of the liquefaction susceptibility 

and opportunity maps, the two should be superimposed to 

develop a single map of seismically-induced liquefaction 

potential (Youd and Perkins, 1978[ p. 444). 

5. On the basis of such a revised liquefaction 

potential map, a procedure developed by Yegian and Whitman 

(1978, p. 929-933) should be used for estimating the overall 

probability of ground failure to liquefaction at critical 

sites in areas of high potential. The procedure requires the 

development of a probabilistic model based on an empirical 

method of analysis for liquefaction which employs earthquake 

magnitude and the distance to its focus. The model is then 

incorporated into a risk analysis for liquefaction. 

6. Once the overall probability of liquefaction has 

been established, a program should be initiated to develop 

mitigation measures aimed at reducing the liquefaction 



susceptibility of cohesionless sediments in high risk areas. 

This might help to eliminate, or reduce to an acceptable 

level, the possibility of a significant geologic hazard that 

could result from the implementation of seawater intrusion 

control methods on the coastal plain. 
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