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INTRODUCTION

Seawater intrusion in aquifers underlying the Oxnard Plain
in Ventura County, California was first observed in the
early 1930s and became a serious problem in tha :nid-
1950s (California Department of Water Resources 1965)
(figure 1). Historically, local agencies responsible for the
management of ground water used a criterion of 100 mil-
ligrams per liter (mg/L} chloride to define the leading edge
of the seawater front. It was assumed that all high-chlo-
ride water from wells behind the front originated from
seawater that entered aquifers through cutcrop areas in
submarine canyons. Recent work (Izbicki 1991; Stamos
et al. 1992) showed that other sources of high-chloride
water to-wells are present and that the areal extent of sea-
water intrusion in the upper aquifer system is smaller than
previously believed.

This report was done as part of the U.S. Geological
Survey’s Southern California Regional Aquifer-Cystem
Analysis (RASA) study of a Southein California coastal
ground water basin. It summarizes results of geochemi-
cal analysis and numerical models that redefined the ar-
eal extent of seawater intrusion in aquifers underlying the
Oxnard Plain. This report also presents management strat-
egies to control seawater intrusion developed using an
optimization model. The geologic setting and hydrologic
processes that affect seawater intrusion in aquifers un-
derlying the Oxnard Plain are similar to those in other
coastal basins in Southern Califomia.

HYDROGEOLOGY - .

The Oxnard Plain, 60 miles northwest of Los Angeles,
ias an area of 120-square miles (ini®) and is underiain by
a complex system of aquifers more than 1,400 feet thick.
These aquifers, like many similar coastal aquifer systems
in Southern California, can be divided into an upper and
a lower aquifer system (figure 2). The upper and lower
aquifer system are surrounded and underlain by marine
and volcanic rocks.
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The upper aquifer system consists of relatively flat-Iying
alluvial deposits about 400 feet thick and contains two

-aquifers that have been developed for water supply - the

Oxnard and Mugu Aquifers. The Oxnard Aquifer, about
180 {eat below land surface, is the primary water-yield-
ing zone. The Oxnard Aquifer is underlain by the Mugu
Aquifer and overlain by a thick, areaily-extensive clay
deposit. This clay deposit separates the Oxnard Aquifer
from a shallow unconfined aquifer that previous research-
ers have referred to as the “perched aquifer.” (Use of this
name in this report does not imply that perched condi-
tions exist jn the Oxnard Plain.) The Oxnard and Mugu
Agquifers crop out in the Hueneme and Mugu Submarine
Canyons less than one-quarter mile offshors (figure 2).
The perched aquifer crops out immediately offshore all
along the coast in the study area,

Native water in the Oxnard and Mugu Aquifers is gener-
ally fresh and has chloride concentrations of about 40
mg/L. However, in some areas, sspecially near Mugu
Submarine Canyon, interbedded fine-grained deposits in
the Oxnard and Mugu Aquifers contain saline water, Pror
to the onset of seawater intrusion, the Oxnard and Mugu
Aquifers were extensively pumped for water supply. The
perched aquifer contains fresh and saline water, but it is
not used as a source of water supply. Saline water in the
perched aquifer results from a combination of (1) seawa-
2o that recharged the oquifer-tiresrgh offshore owderops
or infiltrated into the aquifer through coastal wetlands or
during coastal flooding [in some cases this water was
partly evaporated prior to recharge], (2) concentration of
dissolved minerals resulting from the evaporative dis-
charge of ground water, and (3) infiltration of irrigation
return water.

The lower aquifer system, which is more than 1,000 feet
thick, consists of alternating layers of alluvial sand and
clay about 5 to 50 feet thick. These deposits grade to
marine near the coast and overlie fine-grained marine
sands that are more than 100 feet thick and are separated
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Figure 1. Chloride concentrations in water from wells in the upper aquifer system in the Oxnard Plain,
1955-89. (Data from California Department of Water Resources and County of Ventura Public Works
Agency.)
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Figure 2. Generalized hydrogeologic sections through Hueneme (A in figure 1) and Mugu Subma-
rine Canyons (B in figure 1). :
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by marine silt and clay interbeds as much as 50 feet thick.
The deposits of the lower aquifer system have been folded
and faulted. Marine seismic-reflection data (Greene et
al. 1978) and test-driiling data show that the lower aqui-
fer system crops out in Hueneme Submarine Canyon,
but it does not crop out in Mugu Submarine Canyon be-
cause of offshore faults and uplift of partly consolidated
marine and volcanic rocks (figure 2). Water in the lower
aquifer system is largely isolated from the surface by
clay layers and is not readily recharged. Carbon-14 ages
for water from some deep wells near the downgradient
ends of long flowpaths through the lower aquifer system
are as great as 23,000 years before present (Izbicki et al.

1992; Izbicki 1996c). These great ages suggest hai. -

ground water recharge is small. As a consequence, the
lower aquifer system underlying the Oxnard Plain may
be especially vulnerable to seawater intrusion and brine
invasion from surrounding and underlying marine rocks.

Native water in the lower aquifer system generally is fresh
and has chloride concentrations that range from 40 to
100 mg/L. The lower aquifer system is surrounded and
underlain by partly consolidated marine and volcanic
rocks that contain saline water. Chloride concentrations
are as high as 3,400 mg/L in the partly consolidated ma-
rine rocks and can exceed 1,000 mg/L in the volcanic
* rocks.

Ground water pumping has caused water levels in parts
of the Oxnard and Mugu Aquifers to decline below sea
level and below the water level in the perched aquifer.
Seawater entered aquifers through outcrop areas in
Hueneme and Mugu Submarine Canyons in the mid-
1950s and advanced inland (figure 1) in response to
changes in the amount and distribution of pumping. By
1980, ubout 23 mi® of :he vpper aquifer systei-was be-
lieved to be intruded by seawater. In an effort to control
seawater intrusion in the upper aquifer system, pumping
was shifted to the lower systemn and water levels in the
lower aquifer system declined to below sea level. In-

creasing chloride concentrations were observed in the-

lower aquifer system near Mugu Submarine Canyon as
early as 1985, and high-chloride water in the lower aqui-
fer system near Hueneme Submarine Canyon was dis-
covered as part of this study in 1989 (Izbicki 1991).

After 1993, a combination of changing ground water
management strategies and increased availability of wa-
ter from the Santa Clara River for ground water recharge
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caused water levels in wells near the coast to rise above
sea level and above water levels in the perched aquifer.
Water levels in parts of the lower aquifer system near
Hueneme Submarine Canyon also rose above sea level at
that time, but water levels in the lower aquifer system
near Mugu Submarine Canyon were still below sea level
as late as 1996 (United Water Conservation District
1996a}.

SEAWATER INTRUSION IN THE UPPER AQUI-
FER SYSTEM

Prior to 1989, most of the wells used to monitor chloride
concentrations in the upper aquifer system were aban-
doned (unused) agricultural supply wells, and many of
these wells were screened in more than one aquifer. As
part of this study, 32 monitoring wells were installed in
the upper aquifer system at 14 multiple-well sites within

-the area believed to be intruded by seawater (Densmore

1996). These wells are screened in individual aquifers
{the Oxnard, Mugu, or perched aquifer) to enable collec-
tion of aquiter-specific-water level and water quality data.

Chloride concentrations in water from most wells com-
pleted as part of this study were less than 250 mg/L (fig-
ure 3} and in water from many wells, chioride concentra-
‘tions were not much higher than that of native {fresh)
ground water. However, chloride concentrations in wa-
ter from some wells near Hueneme and Mugu Subma-
rine Canyons were as high as 17,000 mg/L. in the Oxnard
Aquifer, and as high as 6,300 mg/L in the Mugu Aquifer
(Izbiclkd et al. 1995). Chloride concentrations in the
perched aquifer near the coast were as high as 23,000
mg/L. For comparisons, seawater has a chloride concen-
tration of 19,000 mg/L.. The EPA Maximum Contami-
nant Level (MCL) for chloride in a public water supply

© 8230 mg/l, and sali-sensilive crops common id thestady

area, such as strawberries, are adversely affected by chlo-
ride concentrations as low as 100 mg/L.

Results of sample analyses showed that water from aban-
doned agricultural wells was not representative of ground
water in the Oxnard or Mugu Aquifers. This is because
these wells have (1) large diameter casings and are diffi-
cult to purge of stagnant water prior to sample collection,
(2) screened intervals that may be open to more than one
aquifer [as a result, chloride concentrations in individual
aquifers cannot be defined], and (3) steel casings that are
subject to corrosion and failure-especially in areas where
water in the perched aquifer is saline.
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Figure 3. Areal extent of seawater intrusion and high-chloride water from other sources in the Oxnard
_and Mugu Aquifers and the lower aquifer system, 1993.
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Figure 4. Water levels and chloride concentrations in wells 1IN/22W-27R1,3-5, November 1, 1990
(Number is chloride concentration in mg/L).
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Corrosion and failure of abandoned wells may result jn
leakage of water from the perched aquifer into underly-
ing aquifers. For example, chloride concentrations in
water from well 27R1, located in what was believed to
be a highly intruded part of the upper aquifer system,
increased from less than 70 mg/L in the early 1960s to
1,500 mg/L in 1990 (figure 4). The increase in chloride
concentrations was used as evidence of increasing sea-

water intrusion in the Uxnard Aquifer. However, less

than 150 feet away, water from well 27R4 (screened in
the Oxnard Aquifer) had a chloride concentration in 1990
of 180 mg/L. At the same time, water in well 27RS5,

screened in the perched aquifer, had a chlorideh concen- ..
trazion-of 23,000 mg/L. The water level in well 27RS - .

was higher than the water level in wells 27R1 or 27R4
(figure 4), suggesting that water could move from the
overlying perched aquifer into the Oxnard Aquifer
through the failed casing of well 27R1. Leakage of wa-
ter at a rate of 9 gal/min was confirmed on the basis of a
heat-pulse velocity log (R. T. Hanson, U.S. Geological
Survey, written communication 1994). Similar results
were obtained at two additional locations where multiple-
wel] sites were Iocated near abandoned wells. Predmore
(1993) identified more than 160 abandoned, and poten-
tially failed, wells in the area believed to be intruded by
seawater,

Results of a direct-current surface-resistivity survey in
the area believed to be intruded by seawater {Zohdy et
al. 1993) agreed with water guality data from multiple
well sites and showed that the areal extent of seawater
intrusion in the upper aquifer system was smaller than
previously believed. Interpretation of geologic, water-
quality, and surface-resistivity data by Stamos et al.
{1992) suggested that poor quality water from fine-
grained deposits may be an additional source of high-
chloride water to wells. The presence of poor quality
water in the fine-grained, lagoonal deposits near Point
Mfugu wascenfinined using test driliing datwa and electro-
magnetic logs (R.T. Hanson, U.S. Geological Survey,
written communication 1994).

Major ion data (Izbicki 1991) and oxygen and deuterium
(80 and 8D) isotopic data (Izbicki 1996a:1996b) were
used to identify the source of high-chloride water to wells
and to redefine the areal extent of seawater intrusion in
the Oxnard and Mugu Aquifers. Using this approach, it
is not possible to positively differentiate seawater from
other sources of high-chloride water at chloride concen-
trations less than 500 mg/L. The redefined areal extent
of seawater intrusion in 1993 was 5.5 mi? in the Oxnard
Aquifer and 3.3 mi? in the Mugu Aquifer (figure 3) - con-
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siderably less than the 23 mi® of the upper aquifer system
mapped in previous studies. Much of the apparent reduc-
tion in the areal extent of seawater intrusion results from
the identification of additional sources of high-chloride
water to wells in the Oxnard and Mugu Aquifers. For
example, near Mugu Submarine Canyon the seawater
front is preceded by water from fine-grained lagoonal
deposits that has chioride concentrations greater than 500
mg/L in both the Oxnard (4.5 mi® of high-chloride water)
and Mugu (3.1 mi?) Aquifers.

On the basis of the redefined areal extent of seawater in-
trusion, seawater in the Gxnard and Mugu Aquifers ad-

. vanced oniy Z.7 and i.9 miles, respectively, from aquifer

outcrops in the submarine canyons between 1955 and
1992 (figure 3). As a consequence, the seawater must be
moving more slowly than previously believed. This is
consistent with estimates of the rate of movement of the
seawaler front made on the basis of tritium and chloroi-
Inorocarbon data (Michel et al. 1997).

SEAWATER INTRUSION IN THE LOWER AQUI-
FER SYSTEM

The lower aquifer system also contains multiple sources
of high-chloride water to wells. These sources inciude
seawater intrusion and movement of high-chloride water

from partly consolidated mmarine and volcanic rocks that

sutrovud and underlie the basin. Although not discussed
specifically in this report, leakage of water through the
corroded and failed casings of abandoned wells also is a
source of high-chloride water to wells in the lower aqui-
fer sysiem. As part of this study, twenty-five monitoring
wells, some as deep as 1,500 feet, were installed in the

- lower aquifer system and underlying marine rocks at ten

sites near Hueneme and Mugu Submarine Canyons
{Densmore 1996).

Chloride concentrations in water from wells installed in
the lower aquifer systemn as part of this study were as
high as 2,500 mg/L near Mugu Submarine Canyon and
7,100 mg/L near Hueneme Submarine Canyon. Chlo-
ride concentrations in water from wells installed in the
surrounding and underlying marine rocks were as high
as 3,400 mg/L (Izbicki etal. 1995).

High-chloride water from wells in the Iower aquifer sys- .
tem near Mugu Submarine Canyon is enriched in iodide
relative to a mixture of native water with seawater (fig-
ure 5). These data suggest that high-chloride water in the
lower aquifer system near Mugu Submarine Canyon is
not the result of seawater intrusion. This interpretation

John A. Izbicki et al.
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was confirmed by 80 and 8D data, which show that
high-chloride water near Mugu Submarine Canyon is me-
teoric, rather than oceanic, in origin (Izbicki 1991). The
chemical and isotopic composition of high-chloride wa-
ter from wells near Mugu Submarine Canyon is similar
to that of high-chloride water from wells as far as fifteen

miles inland. These inland wells have been invaded by -

high-chloride water from the marine and volcanic rocks
that surround and underlie the lower aquifer system.

Analyses of water quality data suggest that the source of |

most of the high-chloride water to wells in the lower aqui-
fer system near Mugu Submarine Canyon is the partly

consolidated marine rocks, gﬂthough the voleanic rocks

'|‘\ t\"e .
S

are a locally important SOULEEA T Fidh '?

The 80 and 8D data confirm that high-chloride water
near Hueneme Submarine Canyon is a mixture of native
water and seawater. Seawater intrusion in the lower aqui-
fer system was first identified in November 1989 in wa-
ter from a well near Hueneme Submarine Canyon (fig-
ure 3). This well is screened between 720 and 760 feet
below land surface. By May 1991, water from a well at
the same site, but screened between 500 and 520 feet,
also was intruded by seawater. In August 1993, no in-
crease in chloride concentration and no evidence of sea-
water intrusion was found in water from a well at the site
screened at a depth of 830 to 870 feet or in water from
~ other, multlple well momtonng sites inland from Port
- Hueneme. .

Electromagnetic logs show that seawater intrudes the
lower aquifer system through relatively thin layers within
the aquifer (R.T. Hanson, U.S. Geological Survey, writ-
ten communication 1994). Intruded layers are presum-
ably areally extensive and more permeable than the
unintruded layers.

SIMULATION OF SEAWATER INTRUSION

The U.S. Geological Survey (Nishikawa, in press) has
completed a 2-dimensional, density-dependent, solute-
transport model study of seawater intrusion in aquifers
underlying the Oxnard Plain. The purpose of this model
was to test various conceptual medels of the physical pro-
cesses that may control seawater intrusion, The results
of the model were compared with traditional hydrologic
data, such as observed water levels and chloride concen-
trations, and are consistent with interpretations made on
the basis of less traditional data such as electromagnetic
logs and isotopic data. Contours of simulated chloride
mass fractions, expressed as a percentage of seawater,
along a geologic section through Hueneme Submarine
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Canyon (figure 2) are shown in figure 6. The modeled
onshore movement of seawater is less than 1 mile and is
far less than the areal extent of high-chloride water from
wells shown in figure 1, but consistent with the redefined
areal extent of seawater intrusion shown in figure 3.

Nishikawa’s (in press) work resulted in three general con-
clusions: (1) The aquifer system is best modeled as a flat,
heterogeneous, layered system, (2) Some of the aquifers
contain continuous clay layers of low hydraulic conduc-
tivity that minimize vertical communication between aqui-
fer layers, and (3) Relatively thin basal layers with rela-
tively high hydraulic conductivities are the pnncxpal path-
ways for seawater intrusion.

STRATEGIES FOR CONTROLLING SEAWATER
INTRUSION

In the early 1990s, ground water management strategies
emphasized increased artificial recharge, decreased pump-
ing from the upper aquifer system, and increased pump-
ing from the lower aquifer system. Operation of ground
water recharge facilities and pumping restrictions in ef-
fect at that time reflected this strategy (figure 7).

Results of a recently completed U.S. Geological Survey
simulation-optimization study of alternative water-re-
source management strategies (Reichard 1995) showed

that-a significant reduction in pumping, parti ~arly in

the lower aquifer system (figure 8) would be required to
control seawater intrusion in both the upper and lower
aquifer systems underlying the Oxnard Plain. In addition
to reductions in pumping, a large quantity of additional
water (either recharged to aquifers or used in place of
ground water pumping) would be needed to control sea-
water intrusion, Model-calculated distribution of
pumpage, water to recharge facilities, and water to users
is shown in figure 7,

Nishikawa and Reichard (1996) evaluated the decision
rules derived from Reichard’s (1995) simulation-optimi-
zation model using Monte Carlo analyses and a density-
dependent ground water flow and solute transport model.
Nishikawa and Reichard’s {1996 results indicate thai ihs
simulation optimization model generally yields manage-
ment strategies that control seawater intrusion more ef-
fectively in the upaquifer system than in the lower aqui-
fer system.

Numerous projects to reduce water demand and develop
supplemental water sources through the expansion of ex-
isting ground water recharge facilities, expansion of ex-
isting water distribution facilities, use of reclaimed wa-
ter, and injection of imported or reclaimed water into aqui-
fers underlying the Oxnard Plain are planned by local wa-
ter agencies and municipalities (Ventura County Public -
Works Agency 1995; United Water Conservation District

John A. Izbicki et al.
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1996b). Reichard’s (1995) model was used to estimate
benefits from some of these proposed projects, such as
installing injection wells into the upper and lower aqui-
fer systems. When injection wells are considered, it be-
comes possible to control seawater intrusion without re-
" ductions in water use. However, large quantities of addi-
tional water are required for these scenarios. The need
for additional water to control seawater intrusion sug-

gests that expanding existing surface water diversions for .

ground water recharge and supplementing local water with
imported water supplies are appropriate water manage-
ment strategies.
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