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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

CONVERSION FACTORS

Multiply By To obtain
acre 0.004047 square kilometer
foot (ft) 0.3048 meters
acre foot (acre-ft) 1,233. cubic meter
cubic foot (ft) 0.02832 cubic meter
gallon (gal) 3.785 liter
inch (in.) 0.3048 meters
mile (mi) 1.609 kilometers
square mile (mi?) 2.590 square kilometer

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

9F=1.8 °C+32.

VERTICAL DATUM

Sea level:

In this report, “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD

of 1929)—a geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.

Altitude, as used in this report, refers to distance above or below sea level.

ABBREVIATIONS

°C

S

GIS
mg/L
NIU
pCi/L
per mil
pmc
PVC
RMSE
SMCL
SS
TDS
TU

degrees Celcius

delta

Geographic Information System
milligrams per liter

Newport Inglewood Uplift

picocuries per liter

parts per thousand, as used with delta (8) notation
percent modern carbon

polyvinyl chloride

root mean square error

Secondary Maximum Contaminant Level
sum-of-square error

total dissolved solids

tritium unit

Conversion Factors, Vertical Datum, and Abbreviations

ix



ng/L micrograms per liter

puS/cm microsiemens per centimeter at 25°C
UTM Universal Transverse Mercator
VSMOW Vienna Standard Mean Ocean Water
yr year

Organizations

LACDPW Los Angeles County Department of Public Works
USGS U.S. Geological Survey
WRDSC Water Replenishment District of Southern California
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WELL-NUMBERING SYSTEM

Wells are identified and numbered according to their location in the rectangular system for the subdivision of
public lands. Identification consists of the township number, north or south; the range number, east or west; and the
section number. Each section is divided into sixteen 40-acre tracts lettered consecutively (except I and O),
beginning with "A" in the northeast corner of the section and progressing in a sinusoidal manner to "R" in the
southeast corner. Within the 40-acre tract, wells are sequentially numbered in the order they are inventoried. The
final letter refers to the base line and meridian. In California, there are three base lines and meridians; Humboldt
(H), Mount Diablo (M), and San Bernardino (S). All wells in the study area are referenced to the San Bernardino
base line and meridian (S) Well numbers consist of 15 characters and follow the format 004S012WO005HO05S. In
this report, well numbers are abbreviated and written 4S5/12W-5HS. Wells in the same township and range are
referred to only by their section designation, SH5. The following diagram shows how the number for well

4S/12W-5HS5 is derived.

Approximately
1/4 mile

RANGE Approximately
R14W R13W R12W R1IW R10W 1 mile SECTION 5
T1S — ___R2W_____----ooooooiiToe
o D|C|B|A
s 6 5 4 3 2 1
o . - ]
% 7 819 | 10-4.11 | 12 E F G H
g 38 e ——
2 181716 | 15 [~14_| 13 M| L |K/|[J
T4S T4S
- 19120 | 21| 22| 23|24 |- N PlalR
T5S N
30 | 29 | 28 | 27 | 26 | 25 -
= IRl 45/12W-5H5
Approximately \\\\\ 31| 32| 33| 34| 35| 36
6 miles o
Well-numbering diagram (Note: maps in this report use abbreviated well numbers such as "5H5")

Well-Numbering System  xi






Geohydrology, Geochemistry, and Ground-Water
Simulation-Optimization of the Central and West Coast
Basins, Los Angeles County, California

By Eric G. Reichard, Michael Land, Steven M. Crawford, Tyler Johnson, Rhett R. Everett,
Trayle V. Kulshan, Daniel J. Ponti, Keith J. Halford, Theodore A. Johnson, Katherine S.

Paybins, and Tracy Nishikawa
ABSTRACT

Historical ground-water development of the
Central and West Coast Basins in Los Angeles
County, California through the first half of the
20th century caused large water-level declines and
induced seawater intrusion. Because of this, the
basins were adjudicated and numerous ground-
water management activities were implemented,
including increased water spreading, construction
of injection barriers, increased delivery of
imported water, and increased use of reclaimed
water. In order to improve the scientific basis for
these water management activities, an extensive
data collection program was undertaken,
geohydrological and geochemical analyses were
conducted, and ground-water flow simulation and
optimization models were developed.

In this project, extensive hydraulic,
geologic, and chemical data were collected from
new multiple-well monitoring sites. On the basis
of these data and data compiled and collected from
existing wells, the regional geohydrologic
framework was characterized. For the purposes of
modeling, the three-dimensional aquifer system
was divided into four aquifer systems—the
Recent, Lakewood, Upper San Pedro, and Lower
San Pedro aquifer systems. Most pumpage in the
two basins is from the Upper San Pedro aquifer
system.

Assessment of the three-dimensional
geochemical data provides insight into the sources
of recharge and the movement and age of ground
water in the study area. Major-ion data indicate the
chemical character of water containing less than
500 mg/L dissolved solids generally grades from
calcium-bicarbonate/sulfate to sodium
bicarbonate. Sodium-chloride water, high in
dissolved solids, is present in wells near the coast.
Stable isotopes of oxygen and hydrogen provide
information on sources of recharge to the basin,
including imported water and water originating in
the San Fernando Valley, San Gabriel Valley, and
the coastal plain and surrounding hills. Tritium
and carbon-14 data provide information on
relative ground-water ages. Water with abundant
tritium (greater than 8 tritium units) is found in
and downgradient from the Montebello Forebay
and near the seawater barrier projects, indicating
recent recharge. Water with less than measurable
tritium is present in, and downgradient from, the
Los Angeles Forebay and in most wells in the
West Coast Basin. Water from several deep wells
was analyzed for carbon-14. Uncorrected
estimates of age for these samples range from 600
to more than 20,000 years before present.
Chemical and isotopic data are combined to
evaluate changes in chemical character along flow
paths emanating from the Montebello and Los
Angeles Forebays.

Abstract 1



A four-layer ground-water flow model was
developed to simulate steady-state ground-water
conditions representative of those in 1971 and
transient conditions for the period 1971-2000.
Model results indicate increases in ground-water
storage in all parts of the study area over the
simulated thirty-year period. The model was used
to develop a three-dimensional ground-water
budget and to assess impacts of two alternative
future (2001-25) ground-water development
scenarios—one that assumes continued pumping
at average current rates and a second that assumes
increasing pumping from most wells in the Central
Basin. The model simulates stable or slightly
increasing water levels for the first scenario and
declining water levels (25 to 50 ft in the Central
Basin) in the second scenario. Model sensitivity to
parameter values and to the assumed Orange
County boundary condition was evaluated.
Particle tracking was applied to simulate advective
transport of water from the spreading ponds, the
coastline, and the seawater injection barriers.
Particle tracking results indicate that most flow
within the Upper San Pedro aquifer system occurs
within about 20 percent of the total aquifer system
thickness and that virtually all water injected into
the seawater barrier projects has flowed inland.

The simulation model was linked with
optimization to identify the least-cost strategies for
improving hydraulic control of seawater intrusion
in the West Coast Basin by means of increased
injection and (or) in-lieu delivery of surface water.
For the base-case optimization analysis, assuming
constant ground-water demand, in-lieu delivery
was determined to be most cost effective. Several
sensitivity analyses were conducted with the
optimization model. Raising the imposed average
water-level constraint at the hydraulic-control
locations resulted in non-linear increases in cost.
Systematic varying of the relative costs of
injection and in-lieu water yielded a trade-off
curve between relative costs and injection/in-lieu
amounts. Changing the assumed future scenario to
one of increasing Central Basin pumpage caused a
small (7-percent) increase in the computed costs of
seawater intrusion control.

INTRODUCTION

Background

Water use and water needs have been very
closely tied to the development of greater Los Angeles,
from its agricultural origins through its subsequent
urbanization. As stated by Mendenhall (1905b) “...the
story of the growth of this region becomes a story of
the utilization and application of its available waters.”
Since the first water wells were drilled about 150 years
ago, ground water has been a significant component of
water supply in the region. In the Central and West
Coast Basins (fig. 1), which are the focus of this report,
ground-water development through the first half of the
20th century resulted in large water-level declines and
associated problems such as seawater intrusion. This
led to the adjudication of the basins in the early 1960s
and the initiation of ground-water management
activities including injection, spreading, pumping
restrictions, and delivery of surface water to replace
some pumping. Ground water currently supplies about
one third of the water supply for the 4 million people
who live in the Central and West Coast Basins.

Sound management of the ground-water
resources of the Central and West Coast Basins
requires understanding of the geohydrology and
geochemistry of the region. The first regional
assessment of ground-water conditions in the Los
Angeles coastal area was completed by Mendenhall
(1905a,b,c). A series of reports by Poland and co-
workers (Piper and Garrett, 1953; Poland and others,
1956; Poland and others, 1959) provided a detailed
description of the geology, geohydrology, and ground-
water chemistry of the area. A series of reports by the
California Department of Water Resources (1961,
1962, 1966) presented an analysis of the regional
geohydrology, including explicit delineation of
aquifers. The Central and West Coast Basins are within
the Los Angeles Geologic Basin. Overviews of the
geology and tectonic history of the Los Angeles Basin
were provided by Yerkes and others (1965) and Wright
(1991).
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Surface geology of the study area, Los Angeles County, California.
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Although numerous studies have been conducted
on specific ground-water issues in the Central and
West Coast Basins, there has been no regional
assessment of the regional geohydrology and
geochemistry since the work of the California
Department of Water Resources in the 1960s and no
development of a three-dimensional computer
simulation model of the multi-aquifer ground-water
system.

Purpose and Scope

The objectives of the work described in this
report were to characterize the three-dimensional
regional ground-water flow system and geochemistry
in the Central and West Coast Basins and to develop
and apply appropriate models for evaluating ground-
water management issues in the Central and West
Coast Basins in Los Angeles County, California. This
work was conducted by the U.S. Geological Survey
(USGS) during 1995-2002 in cooperation with the
Water Replenishment District of Southern California
(WRDSC). The report describes data compilation and
new data collection, provides an overview of the
geologic/hydrogeologic frameworks and the ground-
water flow system, details the regional geochemistry,
documents the development of a regional ground-water
simulation model, and describes the use of the model
and its linkage with optimization methods to evaluate
alternative water-management strategies.

Description of Study Area

The study area, shown in figure 1, lies within the
coastal part of the greater Los Angeles metropolitan
area. The study area is bounded by the Santa Monica
Mountains to the north; the Elysian, Repetto, Merced,
and Puente Hills to the northeast; Orange County to the
southeast; and the Pacific Ocean (Santa Monica Bay
and San Pedro Bay) and the Palos Verdes Hills to the
west and southwest. The study area incorporates the
four coastal ground-water basins in Los Angeles
County: the Central Basin, the West Coast Basin, the

Hollywood Basin, and the Santa Monica Basin
(California Department of Water Resources, 1961).
The total onshore area covered by these four basins is
about 480 mi2. All four basins are considered generally
in this report; however, the focus is on the Central and
West Coast Basins.

The study area is drained by three main rivers;
the Los Angeles River, the San Gabriel River, and the
Rio Hondo (fig. 1). The Los Angeles River, which
drains the San Fernando Valley to the north, enters the
study area through the Los Angeles Narrows. The San
Gabriel River and Rio Hondo, which drain the San
Gabriel Valley to the northeast, enter the study area
through the Whittier Narrows. The areas downstream
from the Los Angeles Narrows and the Whittier
Narrows are known as the Los Angeles Forebay and
the Montebello Forebay, respectively. As described
later, these forebay areas were delineated by the
California Department of Water Resources (1961) as
areas where surface water could freely percolate into
the ground-water system. The non-forebay part of the
Central Basin, where such percolation is more
restricted, is referred to as the Pressure Area.
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DATA COMPILATION AND NEW DATA
COLLECTION

A major component of this study was developing
a Geographic Information System (GIS) for the study
area. The GIS, which is a spatially relational database,
serves as a tool for combining data and geographic
features from a variety of sources. It also provides a
mechanism for analyzing combinations of data,
visualizing the data, and interfacing the data with other
applications, including a ground-water model. The GIS
can store features and attributes of the ground-water
system, analyze data between spatial layers, and
display data in the form of maps and graphics. Details
of the GIS are in Appendix I.

Development of the GIS enabled the compilation
and coordinated analysis of the existing data for the
study area. However, despite the abundance of existing
data, it was necessary to collect new data to
significantly improve the understanding of the regional
ground-water flow system. Most existing data
(collected prior to this investigation) for the study area
are collected from production wells with large screened
intervals. The two major data-collection tasks in this
study have been the drilling and logging of multiple-
well monitoring sites and conducting water-quality
sampling and analysis.

This report incorporates data collected at 24 new
multiple-well monitoring sites (fig. 24). The spatial
distribution of the sites encompasses the Montebello
Forebay, the Whittier area, the Los Angeles Forebay,
the Pressure Area of the Central Basin, and the West
Coast Basin. Each multiple-well site consists of four to
six polyvinyl chloride (PVC) monitoring wells
installed at different depths in the same drill hole.
Perforated intervals of the different wells are isolated
from one another by low-permeability bentonite grout.
Considerable data have been collected from each
monitoring site. The cuttings were logged as the well
was drilled. Two to four cores were collected during
the drilling of each site and were analyzed for
hydraulic properties. Geophysical and temperature logs

were conducted at each well. Water levels were
measured regularly and water-quality samples were
collected and analyzed.

The data collected from these monitoring sites
provide information on the vertical variability of
hydraulic properties, water levels, and water quality at
each site. This depth-dependent information is needed
to improve the characterization of the three-
dimensional ground-water system. A compilation of
data collected from the monitoring sites is provided by
Land and others (2002). A summary of construction
information for these sites is in Appendix II

GEOLOGIC FRAMEWORK

The current understanding of the structural and
tectonic history of the Los Angeles Basin has been
described by Wright (1991); he summarizes and builds
on a considerable body of previous work, including the
seminal work of Yerkes and others (1965). The Los
Angeles Basin is at the northern end of the Peninsular
Ranges geomorphic province. Structurally, the
Peninsular Ranges province is characterized by fault
zones that trend northwest to west-northwest. The Los
Angeles Basin is of considerable geologic interest as an
area of major oil-production and active seismicity.

The study area of this report lies within the
central and southwestern structural blocks of the Los
Angeles Basin. The Central and Hollywood ground-
water basins are within the central block, and the West
Coast and Santa Monica ground-water basins (fig. 2)
are within the southwestern block. The Newport-
Inglewood Uplift (NIU) is a northwest-trending zone
that separates the central and southwestern blocks
(fig.1). The NIU extends from Beverly Hills southeast
to Newport Beach in southern Orange County. The
fault zone can be projected at least 45 mi southward
offshore (Wright, 1991). The NIU is a series of en
echelon anticlinal folds and discontinuous faults. It is
characterized by wrench-style deformation, which is
inferred to be predominantly right-lateral strike slip
(Harding, 1973; Yeats, 1973). Total displacement
along the NIU is estimated to be less than 2 mi (Hill,
1971).

Data Compilation and New Data Collection 5
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The faults and folds of the NIU include Beverly
Hills, Baldwin Hills, Inglewood Fault, Portrero Fault,
Rosecrans Anticline, Avalon-Compton Fault,
Dominguez Anticline, Cherry Hill Fault, Railroad
Grade Fault, Northeast Flank Fault, Reservoir Hill
Fault, and Seal Beach Fault (fig. 2). Wright (1991)
excludes Beverly Hills from the NIU, considering them
to be a part of the Santa Monica Fault system. Yerkes
and others (1965) stated that oil field data indicate
middle Miocene displacement along the NIU and noted
that the “arching and erosion of marine upper
Pleistocene and of younger nonmarine strata in the hills
along the zone, and numerous seismic shocks,...attest
to continuing activity.” The NIU has been considered
to approximately coincide with the boundary between
western basement Catalina Schist and eastern basement
granitic rocks (California Department of Water
Resources, 1961; Yerkes and others, 1965). Wright
(1991) stated that this distinction between the eastern
basement and western basement material is less clearly
defined.

Yerkes and others (1965) divided the geologic
and structural evolution of the Los Angeles Basin into
five phases: (1) predepositional phase, (2) prebasin
phase of deposition, (3) basin inception phase,

(4) principal phase of subsidence and deposition (upper
Miocene to lower Pleistocene), and (5) basin disruption
(upper Pleistocene to Holocene). Biddle (1991) stated
that recent research has begun to address the
underlying processes, but that the five phases of Yerkes
and others (1965) have generally remained valid. Of
main relevance to the geohydrology are phases 4 and 5.
Subsequent research has incorporated new
understanding of the effects of plate tectonics on the
formation of the Los Angeles Basin. During Phase 4,
much of the present form of the current Los Angeles
Basin was established (Yerkes and others 1965).
Wright (1991) described the multiple tectonic
mechanisms at work during this period.

Blake (1991) detailed the complexities of the
nomenclature for Pliocene sediments in the subsurface
of the Los Angles Basin. He described the Pico

Formation in the Los Angeles Basin as upper Pliocene
to upper Pleistocene deposits containing “lower middle
bathyal to neritic deposits” (fig. 3). Poland and others
(1956, 1959) defined the Pico formation in
hydrostratigraphic terms; the lower and middle
divisions consist of sandstone, siltstone, and claystone
and the upper division of “semi-consolidated sand, silt,
and clay of marine origin.” This hydrostratigraphic
unit, which is referred to as the Pico unit throughout
this report, does not necessarily correlate to the Pico
formation as defined biostratigraphically in Blake
(1991).

Also deposited in the Palos Verdes Hills area
during the early Pleistocene were the Lomita Marl,
Timms Point Sand, and San Pedro Sand members of
the San Pedro Formation. In this area, which contains
the type section of the San Pedro Formation described
by Woodring and others (1946), the San Pedro
Formation unconformably overlies the lower Pliocene
and Miocene deposits. In contrast, the San Pedro
Formation conformably overlies Pliocene deposits on
the south margins of the Puente Hills. Poland and
others (1956, 1959) described the San Pedro Formation
in the subsurface as including virtually all Pleistocene
strata of predominantly marine origin that overlie the
Pico hydrostratigraphic unit. Ponti (1989) stated that
the subsurface San Pedro Formation is middle to upper
part of the lower Pleistocene in age and appears to
conformably overlie the Pico Formation in the
southwest part of the Los Angeles Basin. Yerkes and
others (1965) described the San Pedro Formation as
consisting of marine silt, sand, and gravel deposited at
moderate to shallow depths. Blake (1991) states that
the San Pedro Formation represents a transition from
inter-neritic deposits to nonmarine deposits. In this
report, two hydrostratigraphic units are identified in the
San Pedro Formation: a lower San Pedro unit that was
deposited in deep water and includes local turbidite
deposits and an upper San Pedro unit that apparently
was deposited in shallower water and consists of
packages of regressional sequences.
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Yerkes and others (1965) described Phase 5 of
basin development in the Los Angeles Basin as being
characterized by tectonic uplift and erosion during the
mid-Pleistocene, resubmergence and marine deposition
during the late Pleistocene, and uplift and alluvial
deposition from the late Pleistocene to the Holocene.
Davis and others (1989) described this as a period of
compressional shortening. Ponti (1989) used
aminostratigraphic techniques to determine that, in the
southern part of the West Coast Basin, most of the
apparent disruption during this period was the result of
eustatic sea-level changes rather than tectonic activity.
During the late Pleistocene, shallow-water marine
sediments [referred to as unnamed upper Pleistocene
deposits by Poland and others (1956, 1959)] including
the Palos Verdes Sand of Woodring and others (1946),
as well as nonmarine fluvial, alluvial, and eolian
sediments were deposited. These late Pleistocene
deposits are referred to collectively by the California
Department of Water Resources (1961) as the
Lakewood Formation. Yerkes and others (1965)
characterized the upper Pleistocene deposits as
consisting of marine terrace deposits, nonmarine
terrace cover in the southwestern block (West Coast
Basin), and nonmarine fluvial and lagoonal deposits in
the central block (Central Basin). An angular
unconformity exists between the middle part of the
upper Pleistocene Lakewood formation and the
underlying San Pedro Formation in some locations.

Late Pleistocene and Holocene sediments were
deposited in canyons incised into the Pleistocene
deposits during sea-level low stands (Yerkes and
others, 1965; Ponti, 1989). Gaps (including the
Dominguez and Alamitos Gaps) were cut into the
rising hills along the NIU, and channels were cut into
the emerged sea bottom. When sea level rose again,
these entrenched channels and gaps were filled with
sequences of fluvial, lagoonal, and estuarine deposits.
The California Department of Water Resources (1961)
stated that the incising of the channels occurred during
sea level low stand during the most recent glacial
period (60,000 yr before present to 15,000 yr before
present), and that the channels were then filled with
Holocene deposits as sea levels rose. The basal part of
these channel deposits is coarse grained and very
permeable. Away from the channels in alluvial-fan and
flood-plain depositional environments, thin layers of
sand and silty sand were deposited (Yerkes and others,

1965). Ponti (1989) suggested that several stages of
cutting and filling occurred during both Pleistocene
and Holocene time and that the basal zone contains
restricted marine deposits as well as fluvial deposits.
Although all the deposits above the Lakewood
Formation will be referred to as recent deposits in the
remainder of this report, it is important to keep in mind
that some of these deposits are likely of Pleistocene
age.

HYDROGEOLOGIC FRAMEWORK

The first characterizations of the aquifers in the
Los Angeles coastal basins were completed by Poland
and co-workers (Poland and others, 1956, 1959). The
California Department of Water Resources (1961) built
on the work of Poland and further analyzed the ground-
water flow system. Identified aquifers are shown in the
stratigraphic column in figure 3. Cross sections
developed by the California Department of Water
Resources (1961) were, for the most part, based on
drillers’ logs.

One goal of the current study was to develop
new sections utilizing geophysical logs along with
ancillary information, including geochemical data.
About 150 geophysical logs were compiled and
digitized (fig. 2B). Five cross sections, A-A”, B-B’, C—
C”, D-D’, and
E-E’ (figs. 2B and 4) were developed for this study.
The sections were chosen to include new USGS
monitoring sites and to cover as much of the Central
and West Coast Basins as possible. Only electrical
resistivity logs are shown in figure 4; however,
spontaneous potential (SP), natural gamma ray, caliper,
and geologic logs of drill cuttings also were evaluated
where available. For this study, aquifers were grouped
into four aquifer systems: the Recent, Lakewood,
Upper San Pedro, and Lower San Pedro aquifer
systems (fig. 3). The Pico unit also is shown and is
defined as a non-transmissive zone that underlies the
lower San Pedro aquifer system. Factors considered in
defining the aquifer systems include unconformities,
lithology, depositional characteristics, geochemistry,
and vertical water-level differences. Considerable
emphasis was placed on the characteristics of the
geophysical logs.
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Figure 4. Geohydrologic sections A-A", B-'B’, C-C", D-D’, and E-E’, in
the study area, Los Angeles Country, California (lines of sections are shown
in figure 2B).
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Recent Aquifer System

The geohydrologic units that compose the
Holocene (Recent) age deposits of the Recent aquifer
system include the semiperched aquifer, the Bellflower
aquiclude, the Gaspur aquifer, and the Ballona aquifer
(California Department of Water Resources, 1961).
Although these geohydrologic units are referred to in
this report as consisting of Holocene-age deposits,
some of these units consist of deposits of Pleistocene
age. The semiperched aquifer is a relatively thin layer
of coarse sand and gravel near the land surface; it
consists of alluvial sediments and, in parts of the West
Coast Basin, marine deposits that may include the late
Pleistocene Palos Verdes Sand. Because of low yields
and poor water quality, little water is pumped from the
semiperched aquifer. Except in parts of the Montebello
and Los Angeles Forebay areas, this semiperched zone
is separated from the underlying aquifers by a zone of
lower permeability materials referred to as the
Bellflower aquiclude. The Bellflower aquiclude is very
heterogeneous and includes all of the fine grained
sediments that extend from the ground surface or from
the base of the semiperched aquifer, down to the
underlying aquifer (California Department of Water
Resources, 1961).

The coarse, basal zone of the Recent aquifer
system is called the Gaspur aquifer. The California
Department of Water Resources (1961) defined the
extent of the Gaspur aquifer to be limited to two lobes
in the Montebello and Los Angeles Forebays merging
near the city of Downey and extending along the
current Los Angeles River channel through the
Dominguez Gap to the ocean. In the forebay areas, the
Gaspur aquifer is nearly all sand and gravel. Hydraulic
conductivities have been reported as high as 800 ft/d
(California Department of Water Resources, 1961).

Although the Ballona aquifer, which extends
along the western part of the Ballona Creek channel in
the Santa Monica Basin, also consists of Holocene
(Recent) deposits, it is not explicitly included in the
Recent aquifer system in the model developed for this
study. The Ballona aquifer is the stratigraphic
equivalent of the Gaspur aquifer and may have been
deposited by the Los Angeles River system (including,
perhaps, the downstream reaches of the Rio Hondo and

San Gabriel River) when it flowed out into Santa
Monica Bay. The yield of the Ballona aquifer is quite
variable and the Ballona aquifer is not a major source
of water supply.

Delineating the Recent aquifer system can be
difficult because parts of its deposits are unsaturated
and geophysical information is not dependable.
However, the basal Gaspur aquifer is indicated by a
high-resistivity zone in some of the logs. There also
tends to be an SP shift and an increase in the natural
gamma emission below the Gaspur aquifer. The
Gaspur aquifer is typically 40 to 50 ft of coarse pebbly
sand. Depth to the base of the Gaspur ranges from close
to land surface to 175 ft below land surface. Geologic
logs indicate oxidized conditions at shallow depths that
may indicate Pleistocene deposition. The Holocene
deposits were likely laid down rapidly and underwent
little oxidation. The uppermost Pleistocene deposits, in
contrast, likely were deposited more slowly and
subjected to oxidation. The use of a surficial geology
map developed by John Tinsley (U.S. Geological
Survey, written commun., 1997) helped determine,
when other sources of evidence were not conclusive,
whether or not Holocene deposits were present.

Lakewood Aquifer System

The main aquifers of the Lakewood aquifer
system are the Exposition, Artesia, Gardena, and Gage
aquifers (fig. 3). Generally, the Lakewood aquifer
system is a heterogeneous unit dominated by sandy
silts and silty sands interbedded with sands that
become coarser and thicker near the base of the aquifer
system. Gamma logs from many wells show the
alternating lithologies in the upper part of the
Lakewood aquifer system; the lower coarse-grained
units typically are indicated by decreases in gamma
emissions. Because deposition of the Lakewood
Formation was controlled by sea-level fluctuations,
pre-existing topography, and, to a lesser extent,
subsidence or uplift, the Lakewood aquifers have
varying thicknesses and degrees of sorting. The entire
Lakewood aquifer system ranges in thickness from 150
to 400 ft.
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Sediments within the Exposition and Artesia
aquifers in the upper part of the Lakewood Formation
(fig. 3) are considered to have been deposited
contemporaneously. The Exposition aquifer is
associated with the Los Angeles River and the Artesia
aquifer with the San Gabriel River (California
Department of Water Resources, 1961). The
Exposition aquifer is very heterogeneous and
characterized by discontinuous sand and gravel zones
separated by silt and clay lenses. The Artesia aquifer
consists of coarse gravel, coarse to fine sand, and
interbedded silts and clays. The age of parts of both
aquifers may be similar to deposits that form the
Gaspur aquifer (California Department of Water
Resources, 1961). The Exposition and Artesia aquifers
commonly are poorly defined or absent.

The Gardena and Gage aquifers are at the base of
the Lakewood Formation (fig. 3). The Gage aquifer
was referred to by Poland and co-workers(1956, 1959)
as the 200-foot sand—although, as noted by California
Department of Water Resources (1961) and confirmed
during this study, the depth to the base of the
Lakewood aquifer system can be considerably deeper
than 200 ft in the Central Basin (fig. 4). The Gardena
aquifer consists of coarse deposits of probable fluvial
origin that are inset into the dominantly shallow-water
deposits that compose the Gage aquifer. The Gage
aquifer consists of sand and gravel with lenses of sandy
silt, silty clay, and clay. In this study, the Gage and
Gardena aquifers were viewed as a single but complex
aquifer system that is a source for water supply in some
parts of the study area.

Upper San Pedro Aquifer System

The Upper San Pedro aquifer system
incorporates the Hollydale, Jefferson, Lynwood, and
Silverado aquifers (fig. 3). An angular unconformity
exists between the Lakewood Formation and the
underlying San Pedro Formation. The boundary
between the Lakewood aquifer system and the Upper
San Pedro aquifer system is identified on most
geophysical logs by a shift in the SP log and a change
in the character of both the gamma and resistivity logs.
Large resistivity spikes, with accompanying SP shifts
and decreases in natural gamma emission, coincide
with the coarse-grained productive aquifers within the
Upper San Pedro system. The Upper San Pedro aquifer
system thins toward the margins of the forebays and at

structural highs such as those along the NIU. This
thinning is presumed to result, in part, from mid-
Pleistocene emergence (as sea level declined) and
subsequent erosion. In the Los Angeles Forebay area,
the Upper San Pedro aquifer system appears to be finer
grained overall than elsewhere in the basin.

The Hollydale and Jefferson aquifers are the
uppermost aquifers within the Upper San Pedro aquifer
system. The California Department of Water Resources
(1961) defines the areal extent of both aquifers to be
limited to the Central Basin. Neither aquifer is
considered an important source of water supply. The
Hollydale aquifer is presumed to contain fluvial
deposits in the northern part of the basin—in the Los
Angeles and Montebello Forebays—and shallow
marine deposits in the southern part. The underlying
Jefferson aquifer was defined strictly on the basis of
drillers’ logs and is considered to be generally fine
grained (California Department of Water Resources,
1961). Individual units correlative with the Hollydale
and Jefferson aquifers are definable only locally.

The Lynwood aquifer is an important source of
water. It is believed to consist of continental deposits in
the forebay area and shallow marine deposits to the
south and west. The Lynwood aquifer is seen on many
resistivity logs as upward-coarsening sequences as
indicated by upward-increasing resistivities.

The Silverado aquifer is in the lower part of the
Upper San Pedro aquifer system (fig. 3) and produces
the most water in the study area. In its type area, in
Long Beach, the Silverado aquifer has been correlated
to the marine San Pedro Sand by Poland and others
(1956, 1959). In some areas the Silverado aquifer is
associated with sediment deposited by the ancestral
Rio Hondo and San Gabriel River systems (California
Department of Water Resources, 1961). Overall, the
aquifer system appears to be of mixed origin, with
nonmarine deposits consisting of sand and gravel that
are interbedded with silt and clay, and marine deposits
characterized by blue-gray sand, gravel, silt, and clay,
along with shells and wood fragments. The Silverado
aquifer merges with overlying aquifers in the forebay
areas. It also merges with both overlying and
underlying aquifers near Santa Monica Bay (California
Department of Water Resources, 1961). In many wells,
the resistivity log for the Silverado aquifer indicates a
fining-upward package.
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Lower San Pedro Aquifer System

The Lower San Pedro aquifer system includes
the Sunnyside aquifer (also referred to as the Lower
San Pedro aquifer). The upper part of this system tends
to be characterized by alternating fine-grained and
coarse-grained zones. The fine-grained zones tend to
pinch out or disappear near the forebay margins, such
as at USGS Pico Rivera-1 (2S/11W-18C4-7) and
1S/13W-34F (fig. 4A.B). The coarsest part of the
aquifer system generally is at the base and is as much
as 100 ft thick. The Lower San Pedro aquifer system
becomes very shallow and merges with the Upper San
Pedro aquifer system in both the Los Angeles and
Montebello Forebay areas. Most of the geophysical
logs compiled in this study do not reach the base of the
Lower San Pedro aquifer system. The total thickness of
the Lower San Pedro aquifer system is as at least 600 ft
in the center of the Central Basin. The typical
resistivity-log signature of the Lower San Pedro
aquifer system can be seen at the USGS Lakewood-1
(4S/12W-5H5-10) monitoring site at depths greater
than 790 ft (fig. 44).

Pico Unit

Underlying these four aquifer systems is the Pico
hydrostratigraphic unit. On resistivity logs, the unit is
characterized by a flat, low-resistivity signature.
Resistivity within the Pico unit in some zones
(generally 10 ft thick or less) is higher than that in
some of the overlying units. This high resistivity may
reflect thin zones of higher consolidation and (or)
better water quality.

Analysis of Hydraulic Conductivities

Laboratory estimates of saturated vertical
hydraulic conductivity were made from 48 cores taken
at the USGS monitoring sites (Land and others, 2002,
table 33). These values give some indication of the
range of vertical hydraulic conductivities in the aquifer
systems. Cores were generally taken in finer grained
material; good recovery was not possible in the
coarsest materials. Vertical hydraulic conductivity
values ranged from less than 2.8 x 107 to 8 ft/d with a
geometric mean of 2.7 x 102 ft/d. The vertical
hydraulic conductivity estimates can be categorized by

the lithologic description of the drill cuttings for that
interval. The geometric mean vertical hydraulic
conductivity of cores taken in materials described as
predominantly clay, silt, and sand was 3.9 x 1073 ft/d,
1.0 x 1072 ft/d, and 1.0 x 107! ft/d, respectively.

Slug tests were conducted at 69 USGS wells
(Land and others, 2002, table 32). The estimated
hydraulic conductivities, computed for two assumed
values of specific storage (1.0 x 10 and
1.0 x 100 ft'1), ranged from 11 to 27 ft/d in the Recent
aquifer system (2 wells), 1 to 140 ft/d in the Lakewood
aquifer system (15 wells), 3 to 70 ft/d in the Upper San
Pedro aquifer system (34 wells), 1.5 to 65 ft/d in the
Lower San Pedro aquifer system (16 wells), and 0.1 to
8 ft/d in the Pico unit (2 wells). An assumption in the
slug-test analysis is that the imposed stress affects the
entire perforated interval of the well. In general, the
slug tests appear to underestimate hydraulic
conductivities relative to those computed from multi-
well aquifer tests (for example, Attachment 2, table C,
California Department of Water Resources, 1961).
Complete discussion of the procedures and analyses
used for the slug tests is provided by Land and others
(2002).

REGIONAL GROUND-WATER FLOW
SYSTEM

Sources and Movement of Water

The ground-water system is recharged by direct
precipitation, irrigation return, stream recharge, runoff
from the surrounding uplands, artificial recharge of
water through spreading grounds, injection of water in
the seawater-barrier wells, and underflow from
adjacent basins. Recharge from streams is limited
because most of the streams are concrete lined. The
Los Angeles River is lined throughout the study area
except just upstream from where it enters San Pedro
Bay. The San Gabriel River is lined except in the upper
parts of the Montebello Forebay and near the Alamitos
Gap, and the Rio Hondo is lined throughout the study
area. The study area is hydraulically linked to three
adjacent basins: the San Fernando Valley to the north,
the San Gabriel Valley to the northeast, and the Orange
County Basin to the southeast.

Regional Ground-Water Flow System 19



Under current conditions, most recharge occurs
in the Montebello Forebay. This recharge includes
artificial recharge in spreading ponds adjacent to the
Rio Hondo and the San Gabriel Rivers and within the
stream channels (fig. 1). Even before the artificial-
recharge program began, the Montebello Forebay was
a major recharge area because of the unconfined
conditions and the presence of the San Gabriel River
and Rio Hondo. No artificial recharge is conducted
within the Los Angeles Forebay. The California
Department of Water Resources (1961) stated that,
because of its more highly urbanized conditions,
natural recharge in the Los Angeles Forebay has been
less than that in the Montebello Forebay.

Before significant ground-water development
began, ground water moved from the forebay areas
(and from the Santa Monica Mountains on the
northwest) south and west toward the Santa Monica
and San Pedro Bays. Water moved laterally outward
and vertically downward to underlying confined
aquifers. The water eventually discharged either in
wetlands or offshore.

The NIU is a major structural feature that acts as
a partial barrier to ground-water flow between the
Central and West Coast Basins. Other faults (fig. 2) in
the study area also appear to have hydraulic effects.
Poland and others (1959) stated that faults in the Los
Angeles area affect ground-water flow because of
displacement of units and cementation within fault
zones. The degree to which different faults affect flow
in different aquifers is uncertain. The ground-water
simulation model developed as part of this study has
been used to test hypotheses regarding the permeability
effects of faults. The California Department of Water
Resources (1961) discussed the hydraulic effects of
faults (and other structures) within the NIU, including
the Rosecrans Anticline and the Inglewood, Portrero,
Avalon-Compton, Cherry Hill, and Northeast (NE)
Flank, Reservoir Hill, and Seal Beach Faults (fig. 2).
Bawden and others (2001) used interferometric
synthetic aperture radar (InSAR) to correlate seasonal
land deformation with ground-water pumpage. Their
results clearly showed a discontinuity in land

deformation across the southern part of the NIU.
Because the NIU affects interflow between the Central
and West Coast Basins, considerable effort has been
directed at quantifying the ground-water flow rates
across it. (Montgomery Watson, 1993). Further
discussion of flow across the NIU is provided later as
part of the water-budget analysis of the ground-water
modeling section of this report.

In addition to the NIU, Poland and others (1959)
noted water-level discontinuities associated with the
Charnock and Overland Faults in the West Coast Basin
(fig. 2). In the Central Basin, the Pico, Rio Hondo, and
Los Alamitos Faults may restrict flow in the aquifers in
Pleistocene sediments (California Department of Water
Resources, 1961). In the Santa Monica Basin, the Santa
Monica and Portrero Canyon Faults potentially restrict
ground-water flow in Pleistocene formations (Wright,
1991; Pratt and others, 1998). As can be seen in
figure 2, there are numerous other faults in the study
area that may affect ground-water flow. In addition,
there likely are unmapped faults that are affecting
ground-water movement.

Ground-Water Development

The first water wells were drilled in the mid-
1800s, and by the early 1900s there were more than
4,000 wells in the study area (Mendenhall, 1905a,b,c).
Poland and others (1959) reported the presence in 1895
of a flowing well 2 mi north of Signal Hill that had
water levels 80 ft above land surface. Mendenhall
(1905a,b,c) reported many flowing wells in the area. At
that time, approximately 30 percent of the area was
under flowing artesian conditions.

Historical quantities of pumping, injection, and
spreading in the Central and West Coast Basins are
shown in figure 5. Note in_figure 5 that pumpage for
1935-57 is from the California Department of Water
Resources (1962), whereas that for 1961-2000 was
reported to the Water Masters and published in 2000 by
Water Replenishment District of Southern California
(WRDSC).
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Figure 5. Historical pumpage, injection, and spreading of water in the Central and West Coast Basins, Los Angeles

County, California.

From 1900 to 1930, pumpage increased
considerably owing to increasing urban demand, lack
of surface-water supplies, and development of the deep
well turbine (Poland and others, 1959). By the 1920s,
water levels were below sea level throughout much of
the West Coast Basin. The entire ground-water flow
system had changed dramatically; ground water no
longer discharged into wetlands or offshore. Instead,
seawater began moving inland in aquifers from both
Santa Monica Bay and San Pedro Bay. By the 1940s
elevated chloride owing to seawater intrusion was
noted in all coastal areas (Poland and others, 1959,

PI. 16). The continuing trend through the 1950s was
one of increasing pumpage (fig. 5) coupled with a shift
from agricultural to urban water use. The increase in
ground-water pumpage led to further declines in water
levels. In many ground-water basins, large ground-
water-level declines are accompanied by land
subsidence. Poland and others (1959, p. 145) stated that
ground-water withdrawals likely caused some
subsidence in the West Coast Basin, but that it was not
possible to quantitatively distinguish between
subsidence strictly caused by ground-water pumping

and subsidence caused by tectonic effects and to
hydraulic connection to oil-producing areas. More
recently, the InSAR work of Bawden and others (2001)
showed significant seasonal land-surface oscillation in
parts of the Central Basin that correlates with seasonal
pumping patterns. They also saw evidence of possible
longer term land-surface changes between 1993 and
1999.

Paralleling the increasing ground-water pumping
were two important surface-water developments:
importation of water via pipelines and use of surface
water for artificial recharge. Importation of water
began in 1913 when water from Owens Valley was
first delivered to the area via the Los Angeles
Aqueduct. In 1948, Colorado River water was first
delivered to the area via the Colorado Aqueduct. In the
late 1930s, spreading of local runoff in ponds in the
Montebello Forebay began. In the early 1950s,
imported water began to be used for this spreading.
Also in the 1950s, well injection of imported water at
what is now the West Coast Basin Barrier Project
(fig. 2) began on an experimental basis; the principal
goal of this injection was to create a hydraulic barrier
to seawater intrusion.
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The continuing depletion of ground-water
storage eventually led to the adjudication of both the
Central and West Coast Basins in the early 1960s. The
WRDSC was formed in 1959 to protect and manage
ground water in the two basins. The dramatic changes
that occurred after the basins were adjudicated are
illustrated in figure 5. In particular, there were large
decreases in pumpage and large increases in injection
and spreading rates. The pumpage decreases reflect the
increasing direct use of imported water. The injection
and spreading increases reflect the construction of new
facilities (the Alamitos Gap Barrier Project in 1965 and
the Dominguez Gap Barrier Project in 1971) and the
increasing use of imported and reclaimed water.
Reclaimed water began to be used for spreading in the
1960s and for injection at the West Coast Basin Barrier
Project in the 1990s. An additional source of imported
water, the State Water Project, became available in the
1970s.

The distribution of pumpage for water year 2000
is shown in figure 6. It can be seen from figure 6 that
there is a greater density of active production wells in
the Central Basin relative to the West Coast Basin and
that there are several local areas of concentrated
pumpage throughout the study area.

Long-term hydrographs for key wells monitored
by Los Angeles County are shown in figure 7. The
hydrographs clearly show the long-term declines
though the mid-1950s, the differing patterns of post-
adjudication recovery in different parts of the study
area, and the change in annual and seasonal trends in
parts of the Central Basin Pressure Area since the mid-
1990s.

GEOCHEMICAL ANALYSIS

Introduction

Water-Quality Network

Ground-water samples were collected from
170 wells at 78 ground-water sites from August 1995
to May 2001 (fig. 8). Additional chemical data from
the California Department of Health Services Title-22
monitoring program (California Department of Health
Services, 1998), the Los Angeles County Department
of Public Works Hydrologic Report (Los Angeles
County Department of Public Works, 1998), and the
Water Replenishment District Regional Groundwater

Monitoring Report (Water Replenishment District of
Southern California, 2000) were compiled.

Construction and Well Selection

The ground-water quality network includes
24 multiple-well monitoring sites (Appendix II),

20 existing observation wells, and 38 existing
production wells. Nearly all samples were collected
from the Central and West Coast ground-water basins;
a few samples were from adjacent ground-water basins.
The multiple-well monitoring sites consist of four to
six wells installed at various depths within a single
borehole and vertically sealed using bentonite grout
(fig. 9).

Existing observation and production wells were
incorporated into the monitoring network to help meet
additional water-quality data-collection needs.
Observation wells sampled as part of this study are
screened over relatively short intervals, typically 10 to
40 ft, to provide information from a single water-
bearing unit. These 20 wells are constructed of 2- or
4-inch-diameter PVC or galvanized steel. Existing
production wells sampled as part of this study were
designed for municipal water supply. Production wells
were selected for sampling on the basis of location and
limited perforated range (commonly less than 100 ft).
Unlike observation wells, some of these wells have a
screened interval that is open to several water-bearing
units; consequently, water from these wells is a mixture
of water from those units.

Data Collection and Purpose

Water-quality samples were collected using a
portable submersible pump or at a spigot near the
production well head. Water-level depth, specific
conductance, pH, temperature, dissolved oxygen, and
alkalinity were recorded during the collection
process.To assess general water-quality conditions and
study the chemical character of the ground water,
samples were analyzed for major ions, nutrients, and
trace elements. To study the source and movement of
ground-water recharge through the basin, samples were
analyzed for the stable isotopes of deuterium (*H) and
oxygen-18 (180). To estimate the residence time of
water in the ground, samples were analyzed for the
radioisotopes tritium (3H) and carbon-14 ( 14C). Data-
collection procedures, well identification and
construction, and other information from the
monitoring network utilized in this report are presented
by Land and others (2002).
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Components of typical USGS multiple-well monitoring site.
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Definition of Hydrologic Regions and Aquifer Systems

For the purpose of evaluating the regional
ground-water quality and geochemical conditions, data
collected from wells are divided into three groups
following the model-layer hydrostratigraphy: the
Upper aquifer systems, which include the Recent and
Lakewood aquifer systems; the Lower aquifer systems,
which include the Upper San Pedro and Lower San
Pedro aquifer systems; and the Pico unit (fig. 3).

Discussion of much of the geochemical data is
grouped by subareas with emphasis on the USGS
multiple-well monitoring sites. In the Central Basin,
the subareas and the multiple-well monitoring sites
associated with them, are the Montebello Forebay
(Pico Rivera-1, Pico Rivera-2, and Rio Hondo-1), Los
Angeles Forebay (Huntington Park-1 and Los
Angeles-1), Pressure Area near the forebays
(Willowbrook-1, South Gate-1, Commerce-1, and
Downey-1), Pressure Area distal to the forebays
(Inglewood-2, Lakewood-1, Cerritos-1, and Long
Beach-1 and -2), and Whittier Area (Whittier-1 and
Santa Fe Springs-1). In the West Coast Basin, the
subareas and the multiple-well monitoring sites
associated with them are the interior margin
(Gardena-1 and Carson-1) and coastal margin
(Hawthorne-1, Wilmington-1, and Wilmington-2).

Ground-Water Quality

In general, the quality of most water in the study
area is suitable for industrial and public supply.
Dissolved-solids concentrations are low throughout
most of the aquifers, often less than 500 mg/L (table 1).
Concentrations are lower, and less variable, in water
sampled from wells in the Central Basin compared
with the West Coast Basin. Similarly, chloride
concentrations are low throughout most of the
freshwater aquifers, commonly less than 50 mg/L. In
several areas, however, particularly shallow units and
coastal regions, dissolved-solids concentrations exceed
500 mg/L and sulfate concentrations exceed 500 mg/L.
Water is generally under sub-oxic or slightly reducing
conditions. In some portions of the basin, manganese
and iron concentrations exceed the drinking-water

limit. In water from deeper or distal wells (on the basis
of field observations), hydrogen sulfide gas is inferred
to be present.

Dissolved Solids

Dissolved-solids concentrations, commonly
referred to as total dissolved solids (TDS), ranged from
181 to more than 12,000 mg/L (fig. 10A4). Water
throughout much of the Central and West Coast Basins
contains less than 500 mg/L TDS. In general, TDS
concentrations decrease with increasing depth and with
increasing distance from forebay areas. In some
areas—such as the Whittier Area, near the Palos
Verdes Hills, and especially along the coast—dissolved
solids concentrations exceed 1,000 mg/L in wells
perforated in both the Upper and Lower aquifer
systems.

In figure 108, the median value for TDS is lower
for water in the Central Basin than for the West Coast
Basin and lower for water in the Lower aquifer systems
than for the Upper aquifer systems. The median value
for TDS in water from wells in the Upper aquifer
systems of the Central Basin is 443 mg/L. Most water
in the first quartile of this group is not located in the
forebay areas, but is similar to native water in the
Montebello (225-300 mg/L) and Los Angeles
(275-350 mg/L) Forebays (Poland, 1956). Upgradient
from the study area in the San Gabriel and San
Fernando Valleys, water in shallow monitoring wells
1S/11W-25D1 and 1N/13W-28L1 contained relatively
low TDS concentrations, 392 and 331 mg/L,
respectively.

The median value for TDS in water from wells
perforating the Lower aquifer systems of the Central
Basin is 359 mg/L (fig. 10B). Some of the lowest
observed TDS concentrations in the study area occur in
the Central Basin Pressure Area, particularly in the
Lower aquifer systems near Lakewood and Long
Beach, where concentrations are as low as 181 mg/L.
(4S/12W-5H5). High outlying concentrations in wells
in the Central Basin represent water sampled from
wells in the Whittier Area (3S/11W-2K4 and 2K5) or
near the coast (5S/12W-1E1, 4S/12W-25QG5).
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In the West Coast Basin, the median value for
TDS in water from wells perforating the Upper aquifer
systems is 843 mg/L (fig. 10B). All of these wells
exceed the Secondary Maximum Contaminant Level
(SMCL) of 500 mg/L for TDS set by the
U.S. Environmental Protection Agency
(U.S. Environmental Protection Agency, 1996). The
median value for TDS in the Lower aquifer systems of
the West Coast Basins is 534 mg/L. In general, TDS
concentrations are lower in the interior part of the basin
near the NIU, and appear to increase toward the coast.
Most wells in the first quartile of this group cluster near
Dominguez Gap (fig. 10A)(such as 4S/13W-9H9;
207 mg/L). High outlying values in the West Coast
Basin group are commonly found for wells located
near the coast, such as 4S/14W-9D1 and 4S/13W-
27E2. Water from all wells at Inglewood-1 and
Lomita-1 monitoring sites exceed the SMCL.

Dissolved-solids measurements from the Pico
unit are limited and vary with respect to depth and
location. For example, in the relatively shallow portion
of the Pico unit, wells 2S/11W-18C4 and 4S/13W-1N3
yield relatively fresh water (362 and 200 mg/L,
respectively) (fig. 10B). In the relatively deeper portion
of the Pico unit, however, wells 2S/12W-7J1 and
2S5/14W-28M3 yield relatively saline water (12,200
and 4,340 mg/L, respectively). These results are
consistent with earlier observations in the basin (Piper
and Garrett, 1953; Zielbauer and others, 1962).

General Chemical Character

The major-ion data for all ground-water samples
collected for this study are summarized in the trilinear
diagrams in figure 11. Piper and Garrett (1953) used
trilinear diagrams to study the occurrence of native,
blended, and contaminated ground water in earlier
investigations of the Los Angeles area. The diagram
shows the relative contribution of major cations and
anions (on a charge equivalent basis) as a percentage of
the total ion content of the water (Piper, 1944). In this
report, the dominant cation and anion species are used
to describe the chemical character—or hydrochemical
facies (Knobel and others, 1998)—of a water sample.
Where no one species exceeds 50 percent, the first and
second most abundant ions are given for description
purposes. For example, water from well 4S/13W-28A6
is termed a sodium/calcium-chloride type.

Major ion data in figure 11A is grouped
according to TDS concentrations. Water containing
more than 1,000 mg/L TDS is characterized principally
by sodium and chloride ions. Water containing
dissolved solids from 500 mg/L to 1,000 mg/L displays
a mixed composition, typically a calcium-bicarbonate
or calcium/sodium-bicarbonate/chloride character.
Water containing less than 500 mg/L TDS shows the
broadest range of chemical composition, collectively a
calcium-bicarbonate/sulfate to calcium-bicarbonate to
sodium-bicarbonate character. Of this group, water
dominated by sodium and bicarbonate ions is located
away from the forebay area and generally is lower in
TDS.

Major ion data in figure 11B is grouped
according to depth. Distinct ground-water
compositions are not always exclusive to a particular
aquifer system, or region. In general, wells yielding
water of calcium-bicarbonate or calcium-
bicarbonate/sulfate composition are perforated in the
Upper aquifer systems or are located in or near the
forebay areas. Wells yielding water of calcium/sodium-
bicarbonate or sodium-bicarbonate composition
typically are perforated in the Lower aquifer systems or
are located away from areas of recharge. Wells
perforated in the Pico unit, with the exception of
2S/12W-7]1 (Commerce-1; see fig. 11C), also yielded
water of sodium-bicarbonate composition. Wells
yielding water of sodium-chloride composition are
located near the coast and are perforated in the Upper
or Lower aquifer systems.

Central Basin

Historically, the main sources of water in the
Montebello Forebay were the San Gabriel River and
Rio Hondo, subsurface flow through the Whittier
Narrows, and local precipitation. Water currently
utilized for spreading consists of seasonally varying
proportions of local runoff, imported water [Colorado
River and (or) State Water Project], and, increasingly,
reclaimed water. Values for dissolved solids in the
Montebello Forebay are considerably higher now than
during the 1930s and 1940s (typically less than
300 mg/L; Poland and others, 1956, 1959), suggestive
of the long-term effects of artificial-recharge
operations.
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Figure 11. General chemical character of ground water sampled in the Central and West Coast Basins with grouping by total dissolved solids concentration
(A), grouping by aquifer systems (B), and labelling of selected wells (), Los Angeles County, California.
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STATE WELL NUMBERS FOR SELECTED
WELLS SHOWN IN FIGURES 11A AND B
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Figure 11.—Continued.
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Data from the Pico Rivera-1 and Rio Hondo-1
(2S/11W-18C4-7 and 2S/12W-26D9-14, respectively)
monitoring sites show significant differences in
chemical character with depth (fig. 11). Calcium-
bicarbonate/sulfate type water, common in the Upper
aquifer systems, was not observed in parts of the Lower
aquifer systems or the Pico unit. In other parts of the
Lower aquifer systems, such as 2S/11W-18C5
(307 mg/L TDS), calcium-bicarbonate water is present
(fig. 11). Farther downgradient, water yielded by
2S/12W-26D9 (280 mg/L TDS, the lowest observed
value in the Montebello Forebay) grades to a
calcium/sodium-bicarbonate composition. Water from
well 2S/11W-18C4 (362 mg/L. TDS) had a strongly
sodium-bicarbonate character typical of most water
from the Pico unit.

As noted earlier, the Los Angeles Forebay differs
from the Montebello Forebay in that there is no
artificial ground-water recharge program in place.
Changes in chemical character, though more subtle,
occur with depth and reflect this difference. Water
from the Lower aquifer systems (wells 2S/13W-17F2,
25/13W-22C2) has a calcium-bicarbonate character
and is relatively low in TDS (373, 353 mg/L,
respectively); in deeper parts (well 2S/13W-11R4)
water has a calcium/sodium-bicarbonate character.
Water observed at these locations resembles native
water of the Los Angeles Forebay as described by
Poland and others (1956, 1959) in terms of overall
chemical composition and range of dissolved solids. In
contrast, relatively shallow monitoring wells at the Los
Angeles-1 (2S/13W-17F5; 641 mg/l TDS) and
Huntington Park-1 (2S5/13W-22C4; 658 mg/L TDS)
sites indicate calcium-bicarbonate/chloride and
calcium-bicarbonate/sulfate water, respectively, is
present. A possible explanation for these differences
might be a long-term shift or degradation in the water
quality of the Los Angeles River.

In the Central Basin Pressure Area,
calcium/sodium-bicarbonate water is commonly
present downgradient of the Los Angeles Forebay
(wells 3S/13W-8J2, 3S/13W-10L3, 2S/13W-31C3, and
2S/12W-31H2) but is limited to a few deep wells

downgradient of the Montebello Forebay (3S/12W-
6B4, 3S5/12W-9J1). This water is relatively low in TDS
(211-377 mg/L) and is quite similar to native water
described by Poland (1959). Most wells sampled
downgradient from the Montebello Forebay yielded
calcium-bicarbonate/sulfate water (3S/12W-6B6-7,
3S/12W-9J3-5, 3S/12W-14F1, and 3S/11W-19E2)
containing 447-529 mg/L TDS (fig. 104, 11).

In the Whittier Area, data collected from the
Whittier-1 monitoring site indicate water is generally
higher in dissolved solids than elsewhere in the Central
Basin; TDS values increase significantly with depth
(see fig. 10A). The chemical character within the
Lower aquifer systems grades with depth from mixed
cation-bicarbonate (3S/11W-2K7) to sodium-sulfate
(3S/11W-2K4). This sulfate-rich water was not
observed elsewhere in the study area.

Further downgradient in the Central Basin
Pressure Area, nearly all wells sampled, especially
those at the Lakewood-1 (4S/12W-5H59) monitoring
site, contained water that ranges from a calcium-
bicarbonate to calcium/sodium-bicarbonate to sodium-
bicarbonate composition. Calcium-rich water from this
group differs from the calcium-rich water in (or near)
the Montebello Forebay in that dissolved sulfate and
dissolved solids are relatively low. Additionally, the
ratio of calcium to sodium generally decreases with
depth. Monitoring wells (4S/12W-25G1-3) at the Long
Beach-1 site and a few nearby production wells
(4S/12W-25E1 and 4S/12W-28H1) perforating Lower
aquifer systems yielded sodium-bicarbonate water that
was notably warm, tan-yellow colored, and among the
lowest in TDS (196-212 mg/L).

In the Central Basin Pressure Area, water in parts
of the Upper aquifer systems is distinguished as having
a calcium-chloride character. At well 4S/12W-5H10
(Lakewood-1 #6; 610 mg/L TDS) (fig. 10A), this
composition likely results from local recharge to the
Upper aquifer systems. In comparison, a similar
chemical character at well 4S/12W-25G5 (Long
Beach-1 #5; 1,630 mg/L TDS) is attributed to an influx
of seawater or other brine water.
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West Coast Basin

The chemical character of water in the West
Coast Basin varies considerably with respect to depth
and distance from the coast. In the interior of the West
Coast Basin, as in the Central Basin, TDS content
generally decreases with depth. Calcium/sodium-
chloride water from Gardena-1 (3S/14W-13J8),
perforating the Upper aquifer systems, contained
977 mg/L TDS. Data collected from wells at the
Gardena-1 and Carson-1 (3S/14W-13]J7,
4S/13W-9H11, respectively) monitoring sites indicate
that the top part of the Lower aquifer systems contains
calcium-bicarbonate water, also low in TDS (325 and
320 mg/L, respectively) (fig. 10A4). The chemical
composition of this water is similar to that of several
upgradient wells (especially at the Willowbrook-1 site)
across the NIU. At greater depths in the Lower aquifer
systems, the composition of water shifts from
calcium/sodium-bicarbonate (4S/13W-9H10 and
4S/13W-131J6) to sodium-bicarbonate (4S/13W-9H9
and 4S/13W-17D2). The sodium-bicarbonate character
of water from Gardena-1 #1 (3S/14W-13J5) in the
lower San Pedro Aquifer system is distinguished from
other deep water by a moderate sulfide odor and
significant concentrations of dissolved ammonia
5.8 mg/L as N), indicating reducing ground-water
conditions. This water is similar to native water across
the NIU (3S/13W-8J1) but differs from deep water in
the Los Angeles Forebay (2S/13W-11R4 and
2S/13W-17F1).

The chemical character of water near the coast is
influenced by the variety of water sources, including
the ocean and the seawater-barrier projects. Wells
sampled within approximately 4 mi of the coast had
TDS ranging from 282 to more than 12,600 mg/L. Of
these, water from wells 4S/14W-2N1-2, and -15N1;
3S/14W-21M1 and -22L.1; 2S/14W-31H1; and
4S/13W-32F3 is calcium/sodium-bicarbonate to
sodium-bicarbonate in character with TDS ranging
from 282 to 544 mg/L. The sodium-bicarbonate water
noted in well 4S/14W-15N1 (Upper San Pedro Aquifer
system) is similar to native water observed locally in
the Silverado aquifer by Poland (1959). Most other

wells near the coast yield water that is primarily
comprised of sodium and chloride ions and typically
exceeds 1,000 mg/L TDS. At the USGS Wilmington-1
monitoring site, however, wells 4S/13W-28A3 and -
28Ad4, perforated in the Lower aquifer systems, yielded
sodium-chloride type water, but with only 490 and
787 mg/L TDS, respectively (fig. 10A).

Dissolved Chloride

Dissolved chloride in ground water is generally
unreactive and attributable to both natural and
anthropogenic processes. Chloride concentrations in
water from sampled wells ranged from 4 to more than
7,000 mg/L (fig. 12). Chloride concentrations correlate
strongly (R% = 0.98) with TDS and are higher in wells
near the coast, near uplifted basin margins, and in
selected shallow wells. The SMCL for chloride is
250 mg/L (U.S. Environmental Protection Agency,
1996).

In the Central Basin, the median chloride value
for water in the Upper aquifer systems is about
60 mg/L. In the Lower aquifer systems the median
value is 30 mg/L. Relatively higher chloride water is
present in a pair of wells in the Whittier Area
(3S/11W-2K4 and -2KS; 280 and 240 mg/L,
respectively) (fig. 12).

In the West Coast Basin the median chloride
values for the Upper and Lower aquifer systems are
300 and 95 mg/L, respectively. Near the coast, water
from wells 4S/13W-27E2 and -32F5, and 45/14W-9D1
contain significant dissolved chloride (3,200, 5,200,
and 6,800 mg/L, respectively). A two-part mixture
between native West Coast Basin ground water
(table 1) and seawater yields partial seawater
compositions of 17, 27, and 35 percent for these wells.
However, there may be other sources of high-chloride
water besides seawater—including water from shallow
or semi-perched aquifers (Piper and Garrett, 1953),
water from applied irrigation (Izbicki, 1991), water
from fine-grained marine deposits, and water from the
dissolution of evaporite minerals. Chemical data for
some of these sources are given in table 1.
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Figure 12. Dissolved-chloride concentration in ground water sampled in the study area, Los Angeles County, California.
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Dissolved Oxygen

Dissolved oxygen is supplied to the ground-
water system by the infiltration of recharge water and
by the movement of air throughout the unsaturated
zone above the water table (Hem, 1992). Surface water
may contain significant dissolved oxygen, depending
on the temperature and, to a lesser extent, source.
Decomposable organic material (especially peat or
lignite) is abundant in coastal aquifers and will react, in
the presence of certain bacteria, with dissolved oxygen
in the ground water (Hem, 1992). In the Central and
West Coast Basins, dissolved-oxygen concentrations
range from less than measurable to almost 6 mg/L;

80 percent of the values are less than 1 mg/L (fig. 13).

The median value for dissolved oxygen in the
Upper aquifer systems of the Central Basin is
0.3 mg/L. In most of the Central Basin, including the
Los Angeles Forebay, concentrations decrease with
depth and (or) with increasing distance downgradient
(fig. 13). In and near the Montebello Forebay,
however, dissolved-oxygen concentrations appear to
increase with depth. For example, dissolved oxygen in
most water collected from the Upper aquifer systems is
low (less than 1 mg/L). Such concentrations have been
attributed to the rapid microbial oxidation of nutrient-
rich reclaimed wastewater (Leenheer and others, 2001)
that currently averages about one-third of the
artificially spread water. In contrast, dissolved oxygen
is much higher in parts of the Lower aquifer systems
(2S/12W-25@G35) and near the Montebello Forebay
(3S/12W-6BS5 and -9J2 and 3S/11W-19E2) (fig. 13).
Artificial recharge containing a greater percentage of
imported water during the 1960s may account for these
higher concentrations. In the distal part of the Central
Basin Pressure Area, dissolved oxygen is usually low
or less than measurable (3S/13W-26N5 and
4S/12W-5H6).

Dissolved-oxygen concentrations in the West
Coast Basin are much less variable than those in the
Central Basin. The median value for water in the Upper
and Lower aquifer systems is 0.1 mg/L; most wells
contain concentrations that are less than measurable.
High outlying values are associated with water from
relatively shallow wells and may result from the

infiltration of local precipitation (3S/14W-13]J8,
25/14W-28M7) or from the injection of imported water
(4S/13W-28A7) along the coast (fig. 13).

Dissolved Sulfate

Sulfate, unlike chloride, is not conservative and
is controlled by redox conditions in the ground-water
system. Dissolved sulfate in ground water is commonly
attributed to dissolution of evaporites (for example,
gypsum) or oxidation of pyrite minerals. Dissolved-
sulfate concentrations exceeding 250 mg/L are an
aesthetic concern (U.S. Environmental Protection
Agency, 1996) and occur in 7 percent of all wells
sampled during this study (fig. 14). Locally, sources of
high-sulfate water include seawater, applied irrigation
water, and imported Colorado River water (table 1).

Dissolved-sulfate concentrations range from less
than measurable (0.1 mg/L) to 1,300 mg/L (fig 14). In
the Central Basin, the median value for sulfate is
110 mg/L in the Upper aquifer systems and 74 mg/L
the Lower aquifer systems; concentrations do not
always decrease with increasing depth. Sulfate
concentrations generally decrease away from the
forebays. In distal parts of the Central Basin Pressure
Area, the decrease in sulfate concentrations is abrupt
(see, for example, 2S/14W-26N5, 3S/13W-8J1, and
4S/12W-5H7, and -1N4) because little or no artificially
recharged water is present. Very low or less than
measurable sulfate in the study area is also consistent
with sulfate reduction, a microbially mediated process
that occurs in the absence of dissolved oxygen (Piper,
1953; Drever, 1988). The reduction of dissolved sulfate
significantly influences water quality in portions of the
study area.

Very high values of sulfate in the Central Basin
were measured in water from wells at several depths in
the Whittier Area (3S/11W-2K45, -2K8) (fig. 14). Near
the Alamitos Gap Barrier Project, seawater may be a
source of high sulfate to well 4S/12W-25GS5. Other
locations that exceed the SMCL (250 mg/L) include a
shallow monitoring well at Downey-1 (3S/12W-9J6)
and at the Long Beach-2 site along the Los Angeles
River (4S/13W-1N78), near the NIU.
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Figure 13. Dissolved-oxygen concentrations in ground water sampled in the study area, Los Angeles County, California.

42

Geohydrology, Geochemistry, and Ground-Water Simulation-Optimization of the Central and West Coast Basins, Los Angeles County, California



Inglewood-1 Inglewood-2 Los Angeles-1 Huntington Park-1  Commerce-1 Rio Hondo-1 Pico Rivera-1 Pico Rivera-2 EXPLANATION

-1J1-6 -18C4-7
<
3 USGS mulitple-well
M7l 34 C5 -- D14y 3 A3 ¢ | G8 1 monitoring site and
I ’ NG I B L] J6f 57 3 G7 2 abbreviated number —
Mel 2 LCap_ 13| === D130 _ .3 g 1] Name on top i
2 pis
| N5 I <1 F5 26 JSh 48 6 2l 2 66 3 common name
M5 1 mt—- C3f 17 D12§ 3 _(;_5___& Boundary between
| R Upper and Lower
J4 6 G5 .. 35 aquifer systems,
F4 5 where present
C2f 5 DIy 9
J3 3 Well perforation
N3[ <1 G4y 33
M4 c1 9 cal Boundary between
F3 - 2 2 D10y 6 o Lower aquifer systems
(Rl | R 3 and Pico unit, where
5 resent
2 4 psl 2 p
G3d 25 Aquifer systems
grouping for
geochemical analysis
VELEE F18 4 Jif] <1
< Less than
) . . . -- No data
Hawthorne-1 Gardena-1 Willowbrook-1  South Gate-1 Downey-1  Santa Fe Springs-1 La Mirada-1 Whittier-1
IEFI -8J1-4 -6B4-8 ‘Tilli EE e O ETE oxygen
J6 2 concentration —
G8 2 J8 6.0 m 9 D5 » K7 12 In milligrams per liter
F= 4= E6 . F=4——
oy <tf | || I Y A 'Diﬂ'*z_r HEy--2 mg/L)
77 K 13 N Ja 9 Color Range of values
G6 2 ‘ | F———= A Less than .2
J6 5 ) E5 2 K6 9 .
G5f 2 g . sl ., 9 W 2-9
B7h 3 3y 32 ' K8 6
: 25 [l Greaterthan
6ag <1 Eag 9
D2 -
a8 B6T 41
. K5 .
Gy <! J50 <1 J2f 33 | E3 l <1 :
A
Jig 2 E2 K4I 5
B | 25 1 | ~
B4G 2
Lomita-1 Wilmington-2 Wilmington-1 Carson-1 Long Beach-2 Lakewood-1 Long Beach-1 Cerritos-1
ooz 5Po-14
A7 - 2 N8 4
A6l il ) M-
F=q—— A6 2 [H124 .2 NG 8
A5H < F4 g <1 G5 5
H11 3 N5 g <1 H7 2
A4l < By <l A5 <2 5
Wl <1 G4 P11 6
A3 - N4 2
FRE < bl 2 H10y 2
F1 <1 A3 2
) Hot <1 N3G <1 H58 <1 G3f <1 Piol 2
P9g 2
A2l 2 G2f
G1f <1

Figure 13.—Continued.

Geochemical Analysis 43



18° 25' 20' 15' 10' 05' 118° 00
o - b I
/ S. Z, .5:90 t?é/.,.
ni s e
Santa < /k?//el/
D Los Angeles &
i Narrows O «
34° 05’ Hollywood Basin o Q@\\\ [
\0 ~ @
3 Whittier v IN
; r S
7 Narrows P S IIUO
/Ife’o I \h> N
. e N[
Santa Monica =) i
Basin Igemes = -~
} 27476 1305/ N N2
34° 00— Yy i ey,
N e |
0 >y 140 )/ Sl 7]
AU 28M3- 26D 9- 14 /A G
. 6j 120 §2125G3-8
o Q o100, ©
33 2 120 o
J ® 6B4-8 ® 2120 o
A i S R AL 5. /-5 C 2K4-8
s ) (417655 s o %o o Tt 9075 o
\ - 13J5-8 73 n® 130® 1p®.. @
\ K - <
Santa |\ o West Cg & N Central [ Basin S C L /
Monica \', | Basin © § @IIO J—'
¢, | Barrier o @42 -
Bay \ *Project " < 74 63 |2 —_
Y 1% West Coast Basin ©® & |
\ 8 5H5-10 = I
L . ¢ e I 5po- 4
: © 9HI- 12 IS CS) o
| : g 5 @%6 o J 14
% : § € &
s ° S S /‘I4
. 26A2-7 31 @
2 ¢ J S 4
28272 oY
32F1-5 «* Dominguez Gap Barrier / 25G /-6
> | / "...-° Project )i
e/% 4 **2 2 230)
Ib@fo« %200
{ : T é pd Alamitos Gap
33°45'— [ NS Barrier Project |
A= ~
| I] L1 IMILES o
A T T T T @
Pacific Ocean I" San Pedro Bay | g 5 KILOMETERS
I I I I |
R15W R14W R13W R12W RUIW
EXPLANATION
. . 32F1-5 . o . . -
I:I Unconsolidated deposits USGS multiple-well monitoring site and number — Dashed line Dissolved sulfate
. . indicates sites sampled for sufate (see facing page) concentration — In
Consolidated deposits P gpag milligrams per liter
. Spreading grounds Production well and number — Wells with perforations located in the: Color  Range of values
o Less than 25
TL_  Model boundary © Upper aquifer systems @ Lower aquifer systems 5 B 520
Model subareas . . ) 460 . Greater than
Other well and number — Wells with perforations located in the: 250
+« Seawater barrier project . .
cscser® w er proj O  Upper aquifer systems @ Lower aquifer systems
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Sulfate concentrations are relatively low
throughout most of the West Coast Basin, with median
values of 100 and 14 mg/L in the Upper and Lower
aquifer systems, respectively. Concentrations vary
considerably in the Upper aquifer systems and, along
the coast, exceed the SMCL (250 mg/L) in water from
wells 35/14W-17G8, 4S5/14W-9D1, and 4S/13W-27E2.
In the Lower aquifer systems, less than measurable
sulfate concentrations occur in water from several
wells (3S/14W-17G3 and 4S/13W-9H9, -28A3, and
-32F3). A rotten egg odor, presumed to be hydrogen
sulfide gas, was observed in water outgassing from
these and other wells in deep parts of the study area.
Sulfide, generated as a product of sulfate reduction,
also is indicative of strongly reducing ground-water
conditions.

Dissolved Manganese

Dissolved manganese in the study area generally
is present as Mn*? and controlled by the redox
condition of the ground water (Hem, 1992).
Concentrations range from less than 1 g/L to more than
1,000 g/L. About 40 percent of the sampled wells
yielded water exceeding the SMCL, which is set, for
aesthetic reasons, at 50 g/L. (U.S. Environmental
Protection Agency, 1996).

The median value for manganese in the West
Coast Basin (72 g/L) was higher than in the Central
Basin (30 g/L). The median value for the Upper aquifer
systems (76 g/L) was higher than in the Lower aquifer
systems (26 g/L). The data indicate a general pattern of
increasing concentrations along flowpaths. Relatively
low (less than 5 g/L) concentrations of manganese
were found in the forebay areas and in Lower aquifer
systems wells several miles downgradient from the
Montebello Forebay. Low manganese concentrations
are expected under oxic conditions. Relatively high
(greater than 50 g/L) concentrations of manganese
were found in most water from the Upper aquifer
systems outside the forebays and in the Lower aquifer
systems along the coast, in the Whittier area, and in the
southeast part of the Central Basin Pressure Area.
Higher concentrations are expected in the absence of
dissolved oxygen prior to the reduction of iron-
oxidized minerals (Berner, 1981). Particularly high
manganese concentrations were measured in water

from several wells in the Central Basin (4S/12W-5HS,
3S/11W-26ES, and 4S/11W-25G5) and the West Coast
Basin (3S/14W-17G8 and -13J6, and 2S/14W-28M5)

(fig. 8).

Dissolved Iron

Iron, like dissolved oxygen and sulfate, is not
conservative in the ground-water flow system.
Dissolved iron in ground water is controlled by pH and
redox conditions and is dependent on iron-bearing
minerals in the aquifer (Hem, 1992). In the study area,
concentrations ranged from less than 3 g/L to more
than 1,000 g/L. The SMCL for dissolved iron is set at
300 g/L (U.S. Environmental Protection Agency,
1996).

Iron exceeded the limit in only 6 percent of all
measured samples. These samples were collected from
wells near the coast (4S/13W-27E2 and 4S/14W-2N4),
in deep portions of the Whittier area (3S/11W-2K4-5),
or in the Pico unit (2S/14W-28M3 and -26N3, and
2S/12W-711) (fig. 8).

The median value for iron in wells sampled in
the West Coast Basin was 38 g/L; concentrations
generally were more variable in the Upper aquifer
systems than in the Lower aquifer systems. The median
value in the Central Basin was 22 g/L; higher
concentrations (30-300 pg/L) were found in portions
of the Upper aquifer systems.

Isotopic Composition of Ground Water

Isotopes help yield interpretations that may not
be apparent from traditional chemical or hydrologic
data. In this study, isotopes were used to evaluate the
source of ground-water recharge, ground-water
movement, and relative residence time of water within
the aquifer systems in the study area.

Deuterium and Oxygen-18

Oxygen-18 and deuterium (hydrogen-2) are
stable isotopes of oxygen and hydrogen. These isotopes
are heavier than the common oxygen and hydrogen
isotopes (oxygen-16 and hydrogen-1, respectively)
and, as a result, show slightly different physical and
chemical behavior.
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The isotopic composition of water is measured
as a ratio (for example, oxygen-18/oxygen-16 or
deuterium/hydrogen) and is expressed in terms of per
mil (parts per thousand) differences (delta oxygen-18,
8180, or delta deuterium, sD) from the international
standard composition of ocean water, known as Vienna
Standard Mean Ocean Water (VSMOW) (Gonfiantini,
1984). Differences are computed as:

{(Ratiog,,,, ./ Ratioygyop)—1} - 1,000

By convention, VSMOW has sD and 5'80
values equal to 0.0 per mil. Water that has an isotopic
ratio less than VSMOW will have a negative 5D value
and is depleted in deuterium relative to the ocean-water
standard.

The 5D values for all wells sampled in the study
area are shown in figure 15. 5D values ranged from
-34 per mil (near the West Coast Basin barrier project)
to -88 per mil (near the Alamitos Gap Barrier Project).
Isotopically light water (D more negative than -50 per
mil) was generally observed in the eastern half of the
study area; isotopically heavy water (5D less negative
than -50 per mil) was observed in the western half of
the study area. Isotopic fractionation and mixing are
two processes that affect the stable-isotope
composition of ground water.

Changes to 8D and 5'80 of water as a result of
isotopic fractionation typically occur prior to recharge.
When water evaporates or condenses, slight differences
in mass preferentially cause more of the lighter
isotopes to partition into the less dense phase. These
changes do not readily occur in low-temperature
ground-water systems. Changes to sD and 580 of
water as a result of mixing require two or more
isotopically distinct sources of water. 5D and 5'80 are
conservative in mixing; a binary mixture will therefore
produce an isotopic composition proportional to each
source.

Since most precipitation in the study area
originates from evaporation of seawater, 3D and 5'80
values of precipitation are linearly correlated and can
be plotted along a line referred to as the meteoric water

line (Craig, 1961). In_figure 16A, as one moves up the
meteoric water line, one moves from isotopically
lighter water (more negative 5D and §!30) to
isotopically heavier water (less negative sD and 5'80).
The isotopic composition of samples relative to each
other and to the meteoric water line provides
information on source and evaporative effects of the
water (Mazor, 1991; Izbicki, 1996).

The isotopic composition of precipitation is
highly variable and dependent on meteorological
factors including—air mass source, temperature,
elevation, proximity to the coast, and rainout effects
(Williams and Rodini, 1997; Kendall and McDonnell,
1998). Large, short-term variations in the isotopic
composition of precipitation (which becomes ground-
water recharge) are eventually dampened by dispersion
within the ground-water system yielding a well-
averaged composition that relates to a particular source
of recharge (Clark and Fritz, 1997). On a regional
scale, water condensing at cooler temperatures (or
higher elevations) is isotopically lighter then water
condensing at warmer temperatures (or lower
elevations).

In figure 16A, D and 8180 data for sampled
wells indicate that a range of isotopic compositions is
present in both ground-water basins. Most ground
water ranges from -37 to -64 per mil §D. Imported
Colorado River and State Project water sampled as part
of this study has a lighter isotopic composition (about
-100 and -73 per mil §D, respectively) and plots
substantially below the meteoric water line (fig. 16A)
due to extensive evaporation (Williams and Rodini,
1997).

Central Basin

In the Central Basin, 5§D for water in sampled
wells ranged from -34 to -88 per mil (fig. 16). Most
samples having an isotopic composition that plots
above the meteoric line cluster into two groups of
values based on geographic regions within the basin.
These differences indicate that, historically, separate
sources of recharge have existed for each forebay in the
Central Basin.
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One group of samples plots above the meteoric
water line at about -47 per mil 8D (fig. 16B) and is
associated with wells located within the Los Angeles
Forebay (2S/13W-17F3-4, -22C1, and -22C2), near the
Los Angeles Forebay (2S/14W-23H3, 2S/13W-32R13,
3S/12W-6B4, and -6B8, and 2S/12W-7J2), and
downgradient of the Los Angeles Forebay
(3S/13W-8J2, -21R3, and -26C1, 3S/12W-30K2,
2S/14W-26N5,). Water in this group originates as
precipitation falling on the lower lying hills of the San
Fernando Valley (feeding the Los Angeles River) and
is a source of recharge and underflow to the Los
Angeles Forebay. This water occurs throughout the
western half of the Central Basin, primarily in the
Lower aquifer systems; extensiveness in the Upper
aquifer systems is uncertain.

A second group of samples plots above the
meteoric water line at about -55 per mil §D (fig. 16B)
and is associated with numerous wells perforated in the
Lower aquifer systems throughout the distal part of the
Central Basin Pressure Area (4S/12W-28H1, -25G2,
-5H6, and -10H1, 4S/11W-5P10, and 3S/11W-26E3)
and in a few deep wells near the Montebello Forebay
(2S/11W-18C5, 25/12W-26D9, and 3S/12W-9]1).
Water in this group originates as precipitation falling
on the relatively higher San Gabriel Mountains and is a
source of recharge and underflow to the Montebello
Forebay. This water also is present in some wells
perforated in the Upper aquifer systems in the distal
part of the Central Basin Pressure Area (4S/13W-1N3,
4S/12W-5H9, and 4S/11W-5P13).

In addition to these two main groups, other sets
of samples in the Central Basin have an isotopic
composition that plots above (or near) the meteoric
water line. Isotopically heavy water (from -36 to
-43 per mil 8D) present in wells 4S/13W-1N7-8 (near
the Dominguez Gap area) and 2S/12W-7J6 (near
Commerce) (fig. 15) is attributed to local precipitation
in the coastal plain and surrounding hills. In general,
this water seems to be limited to shallow portions of
the Central Basin, although it is present at all
monitored depths at the Whittier-1 monitoring site
(3S/11W-2K4-8; fig. 16B). Isotopically light water
(less than -60 per mil 5D) in a few wells perforated in
the Lower aquifer systems or Pico unit (2S/14W-26N4,
2S/11W-18C4, 4S/13W-1N4, and 4S/12W-5H5) is
depleted by -6 to -11 per mil D and chemically distinct
from samples collected from overlying wells at the

same location. These isotopic values are consistent
with recharge during cooler conditions during the late
Pleistocene (Clark and Fritz, 1997). Water that plots
between the Los Angeles and the Montebello forebay
groups (fig. 16B) may result from a combination of
recharge from these sources (for example, wells
4S/13W-1N5-6 and 4S/12W-6K4; between the
Montebello Forebay and Whittier Area (wells
3S/11W-9D2 and -9D4).

Most samples in the Central Basin with isotopic
compositions that plot below the meteoric water line
and contain less than -50 per mil 8D are associated with
wells proximal to the Montebello Forebay. Within the
Montebello Forebay, values for the Upper and Lower
aquifer systems cluster at about -55 and -61 per mil §D,
respectively (fig 15). Many wells in the Lower aquifer
systems have an isotopic composition (fig. 16A) that is
nearly identical to that of several wells within 500 ft of
the Montebello Forebay spreading grounds (Schroeder
and others, 1997).

In the study area, the extent to which a sample is
offset below the meteoric water line often reflects the
degree of mixing of native and artificially recharged
water. For example, the distinct isotopic composition
of water from wells 3S/12W-9J3, 4S/11W-25G5, and
2S5/12W-26D11 in the Central Basin (fig. 8) can be
explained by substantial mixing with an imported
source of water. This mixing is evident in water from
well 5S/12W-1E2 because only imported Colorado
River water is injected at the nearby Alamitos Gap
Barrier Project. Recharge to this well (assuming a two-
component mixture) is estimated to be approximately
25 percent native Central Basin water and 75 percent
imported Colorado River water.

West Coast Basin

In the West Coast Basin, §D values for water in
sampled wells ranged from -34 to -76 per mil. Many
samples from the Lower aquifer systems (for example,
4S/13W-9H11 and 3S/14W-13J7 and -17GS5) and a few
from the Upper aquifer systems (4S/13W-9H12 and
3S/14W-17G7) plot above the meteoric water line at
about -47 per mil 3D (shaded area, fig 16C). This range
of D and 5'80 is typical of most native ground water
in the West Coast Basin. The similarity in isotopic
composition between this group and water in the Los
Angeles Forebay suggests they share the same source
of recharge.
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Relatively heavy water, which plots near the
meteoric water line (-39 to -43 per mil §D; fig. 16C), is
present in selected wells located near the coast
(2S/14W-31H1), close to the Newport-Inglewood
Uplift near Baldwin Hills (3S/14W-13J8 and
2S/14W-28M5-7), and near Palos Verdes Hills
(45/14Q-26A2-3, and -26A6) (fig. 15). Recharge of
precipitation in the coastal plain and surrounding hills
is the likely source of this isotopically heavy water.
5D values as heavy as -32 per mil have been measured
in shallow ground water at a monitoring site on the
Palos Verdes Hills (T. Johnson, Water Replenishment
District of Southern California, written commun.,
1999).

Another source of isotopically heavy water in the
basin is seawater (0 per mil 6D). The heaviest water
sampled in the West Coast Basin was in well
4S/14W-9D1 (about -34 per mil D). Given the high
chloride concentration (6,800 mg/L), an isotopic
composition depleted by more than 3 per mil §D below
the meteoric water line, and proximity to the coast,
seawater appears to be a significant source (about
30 percent) of water to this well.

Injection of imported water along the West Coast
Basin and Dominguez Gap Barrier Project is an
important source of recharge to the West Coast Basin.
The effect of this recharge is evident in the isotopic
composition of water from wells 4S/13W-27E2, -
28A6, and -28A7, 25/14W-28M7 and 4S/13W-32F5.
Mixing of imported and native West Coast Basin water
yields very light water that plots below the meteoric
water line fig. 16C). For example, deuterium measured
in water from well 4S/13W-28A6 (-76 per mil D)
suggests a source of recharge composed of at least
60 percent imported water.

Relatively light water, which plots above the
meteoric water line (-48 to -60 per mil sD; fig. 16C),
indicates another distinct source of recharge in part of
the West Coast Basin. At least two explanations are
possible. First, some of this water may have recharged
under cooler climatic conditions in the Los Angeles

Forebay. For example, water from two wells
perforating the Pico unit (3S/14W-17G3 and
25/14W-28M3) is chemically distinct and is
isotopically light relative to overlying water commonly
found in the Lower aquifer systems (fig. 16C). This
range (about -51 per mil D) and pattern also is evident
in water from a few deep wells within the Lower
Aquifer systems (3S/14W-13J5 and -17G4 and
4S/14W-2N1) (figs. 8, 15). Second, some of this water
may have recharged through the Montebello Forebay.
The isotopic composition of water from wells
4S/13W-32F1-2 (relative to overlying water; fig.
160)) is too light to be explained by climate change
alone and, moreover, is identical to the composition of
natural recharge originating from the Montebello
Forebay (fig. 16B). Movement of water from the
Central Basin through the Dominguez Gap to these
wells is supported by isotopically light water from
upgradient well 4S/13W-1N4 (-61 per mil §D) (fig.
15). It appears that this water may be limited to deep
parts of the Lower aquifer systems downgradient from
the Dominguez Gap.

Tritium

Radioisotopes, such as tritium, can be used to
estimate the age of water in the ground. To distinguish
water that was recharged relatively recently from older
water, samples were analyzed for tritium content.
Tritium is a naturally occurring unstable isotope of
hydrogen that decays by beta-particle emission into
helium-3 (half-life of 12.4 years). Because tritium is
part of the water molecule and is affected only by
radioactive decay, it serves as a natural tracer for
identifying (that is, age dating) recently recharged
waters (Michel, 1989). Tritium is present—in varying
concentrations—in seawater, precipitation, surface
water, and recycled wastewater. In this investigation,
tritium values are presented as absolute concentrations
in tritium units (TU); one TU is equivalent to a SH/'H
ratio of 10718, or an equal activity of 3.19 picoCuries
per liter of pure water.
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Prior to 1952, the tritium concentration in
precipitation in coastal southern California was about
2 TU (Izbicki, 1996). Assuming that water recharging
the Los Angeles coastal basin prior to 1952 had a
tritium concentration of 2 TU or less, the tritium in that
same ground water would have decayed to a
concentration less than 0.1 TU (less than measurable in
this study) by 2000. Beginning in 1952, significant
quantities of tritium were released into the atmosphere
from the testing of hydrogen bombs, reaching a
maximum in 1963 (fig. 17). Owing to enrichment in
water vapor across the continental land mass, the
tritium concentration in precipitation for the Colorado
River Basin—water that was subsequently imported
for spreading and injection—is higher than in
precipitation originating in coastal southern California
(Michel, 1989). Also, because of the time required to
transport Colorado River water, the concentration of
tritium entering the ground-water systems lags the
values shown in figure 17 (Michel and Schroeder,
1994).

Tritium values in water from wells sampled as
part of this study range from less than measurable to
31 TU, and are categorized in figure 18. Water with
very low, or less than measurable, tritium content is
interpreted as “older” water recharged prior to 1952.
Water with tritium content greater than 1.0 TU is
interpreted as “recent” water recharged after 1952.
Water with relatively high tritium content (greater than
8 TU) has a significant portion of recharge that
occurred around the peak period of weapons testing
(fig. 17). Water with moderate tritium content (1.0 to
8 TU) is interpreted as recent but not necessarily
attributable to recharge during any specific period after
1952. Interpreting tritium analyses is complicated by
the potential mixing of older and younger water, by the
potential leakage of younger water into deep wells
through well bores (Mazor, 1991; Izbicki, 1996), and
by values that could be attributed to either side of the
1963 peak (fig. 17).

Central Basin

In the Central Basin, tritium values commonly
ranged from less than measurable to as high as 31 TU.

Recent water occurs extensively in the Upper and
Lower aquifer systems within the Montebello Forebay
and for several miles downgradient in the surrounding
Central Basin Pressure Area near wells 2S/12W-7]J5,
3S/13W-13F4, -3S/12W-14F1, and -25C1 (figs. 8, 18).
Recent water also is present in wells near the Alamitos
Gap Barrier Project (4S/12W-1E2) and along Los
Angeles River near the Dominguez Gap
(4S/13W-1N78). The shaded area in figure 18 shows
the approximate extent of recent water in the Lower
aquifer systems.

Significant concentrations of tritium (greater
than 8 TU) occur within the Montebello Forebay, but
concentrations were generally highest in wells
downgradient in the Central Basin Pressure Area. Near
the spreading grounds along the San Gabriel River,
abundant tritium is present in water at all monitored
zones (2S5/12W-25G3-8; Pico Rivera-2). Near the
South Gate-1 monitoring site, water containing
abundant tritium extends to a depth 1,340 ft below land
surface (3S/12W-6B5; 17 TU). These data, which are
consistent with stable isotope, chemical, and
temperature data, show recently recharged water is
present in the Lower aquifer system. However, tritium
values at a few locations in or near the Montebello
Forebay (2S/12W-26D9 and 3S/12W-9J1 and -6B4)
suggest that the age of water in other deep portions of
the Lower aquifer systems (as well as the Pico unit)
exceeds 50 years.

The highest tritium concentration (31 TU) was
observed in water from well 3S/12W-9J3 (fig. 18),
possibly corresponding to water recharged near the
peak period of weapons testing. The maximum tritium
concentration (decay-corrected to 1996, when the
sample was collected) in water recharged d