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A Geochemical Approach to Determine
Sources and Movement of Saline Groundwater
in a Coastal Aquifer

by Robert Anders', Gregory 0. Mendez?, Kiyoto Futa®, and Wesley R. Danskin?

Abstract

Geochemical evaluation of the sources and movement of saline groundwater in coastal aquifers can aid in the initial mapping
of the subsurface when geological information is unavailable. Chloride concentrations of groundwater in a coastal aquifer near San
Diego, California, range from about 57 to 39,400 mg/L. On the basis of relative proportions of major-ions, the chemical composition
is classified as Na-Ca-Cl-S04, Na-Cl, or Na-Ca-Cl type water. 82H and §'80 values range from —47.7%o to —12.8%0 and from
—7.0%0 to —1.2%o, respectively. The isotopically depleted groundwater occurs in the deeper part of the coastal aquifer, and the
isotopically enriched groundwater occurs in zones of sea water intrusion. 87Sr/8Sr ratios range from about 0.7050 to 0.7090, and
differ between shallower and deeper flow paths in the coastal aquifer. *H and '*C analyses indicate that most of the groundwater
was recharged many thousands of years ago. The analysis of multiple chemical and isotopic tracers indicates that the sources
and movement of saline groundwater in the San Diego coastal aquifer are dominated by: (1) recharge of local precipitation in
relatively shallow parts of the flow system; (2) regional flow of recharge of higher-elevation precipitation along deep flow paths
that freshen a previously saline aquifer; and (3) intrusion of sea water that entered the aquifer primarily during premodern times.
Two northwest-to-southeast trending sections show the spatial distribution of the different geochemical groups and suggest the

subsurface in the coastal aquifer can be separated into two predominant hydrostratigraphic layers.

Introduction

World population centers tend to concentrate in
coastal areas, and many of these population centers
rely on groundwater to supplement their surface-water
supplies for domestic and agricultural consumption. The
occurrence of saline groundwater in coastal aquifers,
however, can limit the use of this local resource. Many
studies in coastal aquifers have focused on sea water
intrusion as the source of high-salinity groundwater, and
the process and mechanism of sea water intrusion are well
understood (Richter and Kreitler 1993; Bear et al. 1999).
Although saline groundwater can result from recent sea
water intrusion induced by groundwater pumping, other
sources of salinity in coastal aquifers are not directly
related to sea water intrusion. These other sources include
leakage of water from contaminated shallow aquifers
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through failed well casings, agricultural return flows,
saline water entrapped in clay layers, connate saline water
from poorly flushed aquifers, and upconing of underlying
brines (Jones et al. 1999; Vengosh et al. 2002). The
impact of these other sources often is not considered
and consequently, the source zones, movement, and
composition of saline groundwater may be misinterpreted
or not fully understood.

Like other coastal areas throughout the world (Ven-
gosh et al. 1999, 2005; Fakir et al. 2002; Capaccioni et al.
2005; Chen and Jiao 2007) where the presence of saline
groundwater degrades the quality of water in aquifers,
future development of the local groundwater resources
in the San Diego area of southern California is limited
by the presence of saline groundwater in some parts of
the coastal aquifer (Danskin and Church 2005). Unlike in
other areas with significant oil, gas, or water resources,
investigations of groundwater in the San Diego area have
been sporadic (California Department of Water Resources
1967) and the state of knowledge about this coastal aquifer
relies mostly on mapping of surficial geology (Ellis and
Lee 1919; Abbott 1999).

Therefore, in contrast to most groundwater studies
which start with known subsurface geology and then
analyze groundwater quality to better define groundwater
flow paths and hydrogeologic units, this study uses
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geochemistry as an aid in the initial mapping of the
subsurface. In particular, this study uses a chemical and
isotopic approach to determine the sources and movement
of saline groundwater in the San Diego coastal aquifer.
Chemical and isotopic data were collected from seven
multiple-depth monitoring-well sites near the San Diego
coastline at discrete intervals to depths of more than
600 m. The groundwater samples were analyzed for
major and minor ions; the stable isotopes of hydrogen,
oxygen, and strontium; and the radioactive isotopes of
tritium and carbon-14. Each chemical and isotopic tracer
preserves some aspect of the hydrologic history of the
groundwater ranging from the chemical composition of
the groundwater (major and minor ions), to the source
of water (stable isotopes of oxygen and hydrogen), to the
types of rock encountered in the groundwater flow system
(strontium isotopes), to time-since-recharge (tritium and
carbon-14). No single tracer provides all the needed
information to define the source and movement of saline
groundwater, but when used together these geochemical
tracers can aid local water agencies in mapping the
subsurface and constructing a conceptual hydrogeologic
framework of a coastal aquifer.

Hydrogeologic Setting

The study area consists of five major rivers (San
Dieguito, San Diego, Sweetwater, Otay, and Tijuana) that
start in 2000-m high mountains, flow across the coastal
hills and terraces, and empty into the ocean (Figure 1). The
area extends from the drainage-basin divide formed by the
Laguna Mountains, to the western edge of the continental
shelf beneath the Pacific Ocean. The northern and south-
ern boundaries also correspond to drainage-basin divides.

The climate in the coastal San Diego area generally
is mild, with temperatures averaging 18 °C and average
annual precipitation ranging from 25 to 33 cm (Wright
and Belitz 2011). What precipitation does fall, mostly
as rain and nearly all during the winter months, quickly
runs off to the Pacific Ocean. Several small reservoirs
in the area capture some local runoff, but they are used
primarily to store imported water. On average, San Diego
must import nearly 90% of its water from other areas,
specifically northern California and the Colorado River
(City of San Diego 2011).

Much of the coastal San Diego area overlies a pull-
apart structural basin formed by strike-slip faulting, with
normal faulting on the lateral margins (Keller and Ward
2001). The major rivers cut obliquely across these tec-
tonically active features, creating narrow valleys that are
successively eroded and refilled with sediment in response
to uplift and sea-level changes (Hanson et al. 2009).

The largest volume of groundwater recharge within
the study area occurs east of a band of metavolcanics that
divide the coastal sediment from the higher elevation hard
rock (Flint et al. 2012). Although some groundwater is
extracted from low-capacity wells in the hard rock, most
potable groundwater in the San Diego area is extracted
from wells in the coastal sediment. These wells range
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in depth from about 50 to 250 m, and are believed to
extract water from the Pliocene San Diego Formation
and overlying Quaternary deposits. Groundwater with a
greater salinity is found in some parts of the San Diego
Formation and the underlying Eocene sediment; however,
the distribution and source of the saline water are not
known (Huntley et al. 1998). Similarly, only limited
information is available about the areal and vertical
distribution of aquifer characteristics. Even the boundaries
between the Quaternary deposits and the San Diego
Formation, and between the San Diego Formation and
underlying older sediment, are uncertain.

Approach

In 2001, local water agencies and the United States
Geological Survey (USGS) began a comprehensive geo-
logic, hydrologic, and geochemical investigation of the
groundwater resources in the coastal San Diego area
(http://ca.water.usgs.gov/sandiego). An integral part of the
investigation was the installation of 11 USGS multiple-
depth monitoring-well sites, each with as many as 6
monitoring wells, for the collection of groundwater sam-
ples from discrete intervals to depths of more than 600
m. The seven USGS multiple-depth monitoring-well sites
where water-quality samples were collected for this study
are listed in Table S1 (Supporting Information). The loca-
tions of these seven multiple-depth monitoring-well sites
were chosen to define the hydrogeologic setting of the
coastal aquifer (refer to Figure 1). The six domestic wells
where groundwater samples were collected are located in
the fractured crystalline rock in the eastern part of San
Diego County.

Data Collection

Groundwater samples were collected using a variable-
speed submersible Bennett sampling pump (Bennett
Sample Pumps, Inc., Amarillo, Texas) and processed
in the field following USGS field-sampling procedures
(U.S. Geological Survey, variously dated). Water samples
were analyzed for major and minor ions at the USGS
National Water-Quality Laboratory (NWQL) in Denver,
Colorado, using methods described generally by Fishman
and Friedman (1989) and Fishman (1993).

Deuterium (*H) and oxygen-18 ('80) are stable
isotopes that were used in this study to identify different
sources of recharge to the coastal aquifer (Clark and
Fritz 1997). *H and '0 values are expressed as §°H
and 8'80 in per mil (%) deviation from the >H/'H and
180/1%Q ratios in a standard known as the Vienna Standard
Mean Ocean Water (VSMOW), which is assigned §°H
and §'80 values of zero %o (Gat and Gonfiantini 1981).
8H and 8'30 samples were analyzed at the USGS Stable
Isotope Laboratory in Reston, Virginia, with a precision
(two-sigma) of 2 and 0.2 %o, respectively, using methods
described by Epstein and Mayeda (1953), Coplen et al.
(1991), and Coplen (1994).
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Figure 1. Map showing study area and the location of the
Otay, and Tijuana) in the San Diego area, California.

five major coastal rivers (San Dieguito, San Diego, Sweetwater,

Strontium (Sr) is an alkaline-earth element with
similar geochemical behavior to calcium in natural
systems and has four natural stable isotopes: 3*Sr, 3°Sr,
87Sr, and ®Sr (Shand et al. 2009). Some of the ®’Sr have
been formed by the beta decay of 8’Rb with a half-life of
48.8 billion years. Sr isotopic fractionation during most
geochemical reactions is small, making Sr concentrations
and strontium isotope (¥7Sr/%0Sr) ratios particularly useful
for detecting mixing among waters of different sources,
as well as in characterizing the effects of water-rock
interaction (Jgrgensen et al. 2008). Sr and 87Sr/%6Sr
analyses were done in the USGS Yucca Mountain Project
Branch Strontium Isotope Laboratory (now located in the
Crustal Geophysics and Geochemistry Science Center
in Denver, Colorado). Sr samples were analyzed using
methods described by Garbarino (1999). For 87Sr/%0Sr
analyses, samples were evaporated on rhenium (Re)
filaments following ion-exchange and analyzed on an
upgraded (Spectromat) Finnigan MAT262, thermo-
ionization mass spectrometer (TIMS). For instrument
fractionation, Sr isotope ratios were normalized to an
87Sr/%6Sr value of 0.1194 and 3St/%0Sr values were
adjusted accordingly by a power law. The average
87Sr/80Sr value, the NIST standard SRM-987, was
0.710280 during this study with a 2-sigma internal
precision of 0.000015.

Tritium (°H) is the radioactive isotope of hydrogen;
it has a half-life of 12.32 years (Lucas and Unterweger
2000). Because of its short half-life, tritium is useful for
identifying water that has been in the hydrologic cycle
more or less than about 60 years (Clark and Fritz 1997).
Tritium samples were analyzed at the USGS Isotope
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Tracers Laboratory in Menlo Park, California, by liquid
scintillation after electrolytic enrichment as described by
Thatcher et al. (1977). Tritium is reported as an activity
(pico-Curies per liter; pCi/L) and related to tritium units
(TUs) by the conversion factor: 1 TU =3.2 pCi/L; each
TU equals one *H atom in 10'® atoms of hydrogen. The
activity of tritium is reported with a two-sigma estimate
of precision.

Carbon-14 ('4C), the naturally occurring radioactive
isotope of carbon, has a half-life of 5730 years and can
be used to determine the age (time since recharge) of
groundwater on scales ranging from recent to tens of
thousands of years (Clark and Fritz 1997). Carbon-13
and carbon-14 analyses were performed at the Woods
Hole Oceanographic Institution, National Ocean Sciences
Accelerator Mass Spectrometry Facility using methods
described by Karlen et al. (1964), Olsson (1970), Stuiver
and Polach (1977), Stuiver (1980), and Beukins (1992).
The reference material for carbon-13 is Vienna Pee Dee
Belemnite (VPDB), which is assigned a §'*C value of
0%o (Coplen 1994). The activity of carbon-14, expressed
as percent modern carbon (pmc), is reported with a one-
sigma estimate of precision relative to the 1950 National
Bureau of Standards oxalic acid standard (Stuiver and
Polach 1977; Wigley and Muller 1981).

Results

Major- and Minor-lon Chemistry
Chemical data collected from the seven USGS
multiple-depth monitoring-well sites and six domestic
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wells in San Diego County, California, are presented
in Table S2. The major-ion chemistry of groundwater
samples in the coastal San Diego area is shown by
the trilinear diagram in Figure 2. A trilinear diagram
depicts the relative proportions of major ions on a charge-
equivalent basis for comparison and classification of water
samples independent of total analyte concentrations (Hem
1985). On the basis of the major-ion data, the chemical
composition of groundwater samples from the seven
multiple-depth monitoring-well sites and six domestic
wells can be classified into three groups.

Relative proportions of major ions in group 1
indicate the chemical composition can be classified as
sodium-calcium-chloride-sulfate (Na-Ca-CI-SO4) type
water. Group 1 is represented by 14 monitoring wells
(SDCC6; SDEP3-5; SDMCS5; SDNB2; SDOR3, 5;
SDOT3-5; SDSW4-6; Table S2). The chemical composi-
tion of group 2 is classified as Na-Cl type water and is
represented by 12 monitoring wells (SDCC1-5; SDEPI,
2; SDORI, 2; SDSW1-3; Table S2). Samples which plot
in the bottom-right portion of the diamond in Figure 2 are
considered a subset of group 2 and are represented by two
monitoring wells (SDOT1, 2; Table S2). The chemical
composition of group 3 can be classified as primarily a
Na-Ca-ClI type water and is represented by eight mon-
itoring wells (SDMC1-4; SDNBI1, 3-5; Table S2). The
relative proportions of major ions in group 3 resemble

CALCIUM (Ca)

PERCENT

the major-ion composition of sea water (Hem 1985). The
six domestic well samples located in the eastern part of
the study area have compositions most similar to group
1, but have slightly greater proportions of Ca and HCOs.

The chloride/bromide mass (CI/Br) ratio in sea water
is about 285 so most natural waters have a ratio close to
this value; typical Cl/Br ratios in coastal groundwater are
close to 290 (Davis et al. 1998). Although CI and Br are
highly soluble, and both halides are typically conservative
during subsurface transport (Jones et al. 1999), Br is
slightly more soluble than Cl. As a result, during the
evaporation process the insoluble residue (evaporite salt)
is preferentially enriched in Cl and the residual solution
is enriched in Br. The net result is that the CI/Br ratio in
groundwater samples affected by dissolution of halite in
salt beds can be higher than 4000 (Davis et al. 1998). The
average Cl/Br ratio for groundwater samples in groups
1 and 2 is about 294 (s.d.=22.8) (Figure 3; Table S2).
The Cl/Br ratio for groundwater samples close to the sea
water value indicates that chloride concentrations greater
than sea water (SDNB3, 4) likely result from evaporated
sea water rather than dissolution of halites (Davis et al.
1998; Faye et al. 2005).

Stable Isotopes
The isotopic data collected from the seven USGS
multiple-depth monitoring-well sites and six domestic

EXPLANATION
W Group1
@® Group2
@ Group3
O Domestic wells
/\ Seawater

CHLORIDE (Cl) PLUS FLUORIDE (F)

Figure 2. Trilinear diagram showing the relative proportions of major ions for three major groups of groundwater samples
from seven multiple-depth monitoring-well sites and six domestic wells in San Diego County, California.
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groundwater samples from seven multiple-depth monitoring-
well sites and six domestic wells in San Diego County,
California.

wells in San Diego County, California, are presented in
Table S2. Groundwater samples collected from the San
Diego area have §°H and §'30 values from —47.7%o
to —12.8%0 and from —7.2%0 to —1.2%o, respectively,
and indicate at least three distinct sources of recharge to
the coastal aquifer (Figure 4; Table S3). These sources
are distinguishable (Williams and Rodoni 1997) by: (1)
intermediate isotopic values which plot along the Global
Meteoric Water Line (GMWL) and are characteristic
of recharge originating in the coastal sediment (group
1); (2) depleted (most negative) 82H and §%0 isotopic
values which plot along the GMWL and reflect recharge
originating in the fractured crystalline rock more than 20
km east and upgradient from the coastline (group 2 and
most domestic wells); and (3) isotopically enriched (least
negative) 6°H and 8'80 values which plot along a sea
water mixing line (SML) and reflect variable amounts of
mixing of sea water with recharge from coastal precipi-
tation (group 1) or higher-elevation precipitation (group
2). Other water samples which plot to the right of the
GMWL (SDCC6) may have been affected by evaporation
of the water prior to infiltration (Izbicki et al. 2005).

87Sr/865r

For San Diego groundwater samples, Sr concen-
trations and ®7Sr/%°Sr ratios ranged from 0.02 mg/L
(SRVP) to 18.9 mg/L (SDNB1) and from 0.70511 (SRVP)
to 0.70898 (SDNB4), respectively (Tables S2 and S3).
The lowest Sr concentrations correspond to the lowest
87Sr/%6Sr ratios which are found in groundwater samples
collected from the six domestic wells located in the frac-
tured crystalline rock in the eastern part of the study area
(Figure 5). In contrast, the highest Sr concentration cor-
responds to the highest 87Sr/*0Sr ratio and is found in a
group 3 well (SDNB4).
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This apparent correlation between Sr concentrations
and ®7Sr/%0Sr ratios in groundwater and sea water might
be explained by mixing of groundwater with sea water
along a single flow path originating in the fractured crys-
talline rock and terminating at the coast (Vengosh et al.
2002; Jgrgensen et al. 2008). However, the lack of a direct
correlation between the Sr concentrations for water sam-
ples in groups 1 and 2 and their corresponding 87 Sr/30Sr
ratios (Figure 5) requires more complex processes than
mixing of two end members. Other explanations rely on
the isotopic composition and concentration of Sr in the
rocks and minerals that the groundwater encounters along
the flow path (Shand et al. 2009), the 87Sr/%Sr ratio of
sea water at the time of deposition (Prokoph et al. 2008),
and the contribution of a third source of water to the
mixing zone between fresh groundwater and sea water in
the coastal aquifer (Jgrgensen et al. 2008).

Groundwater Ages

Each groundwater sample collected for this study
was assigned an age classification based on the following
criteria: (1) H activity greater than 1 TU and *C activity
greater than 90 pmc was designated as modern; (2) *H
activity less than 1 TU and '*C activity less than 90 pmc
was designated as premodern or recharged before 1953;
and (3) samples having components of both premodern
and modern water were designated as mixed (Table S2)
(Wright and Belitz 2011).

Modern water occurred in two domestic wells in the
eastern part of the study area (DESD; SMWC2) and
the shallowest monitoring well at one site (SDSW6).
Mixed water occurred in three monitoring wells (SDMCS5,
SDCC6, and SDOTS). All other water samples collected
for this study, excluding one which was not measured
for tritium (SDNB1) and one which was not measured
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County, California.

for '4C activity (SDNBS5), were classified as premodern.
The presence of modern water in only the shallowest
monitoring wells and the eastern part of the study area
indicates very little modern (<60 years old) groundwater
is present in the coastal aquifer. Instead, the low '“C
activities indicate most of the groundwater in the coastal
aquifer was recharged many thousands of years ago.

A more accurate determination of the ages of
groundwater from wells in the coastal San Diego area
relies on two major assumptions: (1) the initial '*C activity
is known and (2) the subsurface behaves as a closed
system without any gains or losses, other than through
radioactive decay (Clark and Fritz 1997). In reality, *C
that has been isolated from the atmosphere is seldom
affected by just radioactive decay. Carbonate reactions
along a groundwater flow path can change the amount
of C by either the addition of dissolved inorganic
carbon (DIC) that results from dissolution of calcite or
dolomite, which gives the appearance of older water, or
by the removal of DIC that contains '“C, which gives
the appearance of younger water. To obtain a “true” age
of groundwater (the time elapsed between recharge and
discharge) based on '“C, measured '“C activities need to
be corrected by using geochemical modeling and carbon-
13 (813C) data.

The 8'3C values for groundwater samples range from
—18.9%0 to —6.9%o, suggesting that carbonate reactions
probably occur. The absence of a consistent inverse
relationship between § 13C values and '#C activities,
however, suggests that corrections of '“C activities would
be problematic (Figure 6; Table S3). Therefore, l4c
activities were retained for comparing the relative ages of
groundwater in the coastal San Diego area. '*C activities
for group 2 wells range from 0.4 to 12.4 pmc and reflect
the oldest groundwater. Groundwater samples from group
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1 wells have higher '*C activities ranging from 17.6 to
99.8 pmc. Group 3 wells have a range of '*C activities
from 2.9 to 76.9 pmc.

Discussion

The use of mixing models to better understand
the various processes occurring in a coastal aquifer
relies on measured water compositions and concentrations
calculated for conservative mixing of freshwater and sea
water. In such models, waters plotting above a mixing
line indicate the groundwater has been enriched for
an individual cation or anion, whereas waters that plot
below the mixing line indicate depletion compared to
conservative mixing (Ravenscroft and McArthur 2004;
Andersen et al. 2005).

A simple binary mixing line between sea water
and the average Na, Ca, and Cl concentrations of the
six domestic well samples (98.3 mg/L Na, 71.1 mg/L
Ca, 152.5 mg/L. Cl), along with the measured water
composition of the groundwater samples from the seven
multiple-depth monitoring well sites, indicate that Na
is only slightly enriched or depleted relative to diluted
sea water in all groups (Figure 7a). In contrast, all
groundwater samples from group 2 wells are depleted
in Ca, groundwater samples from group 3 wells are
slightly enriched in Ca, and group 1 wells contain
groundwater both enriched and depleted in Ca (Figure 7b).
The enrichment and depletion of these species in the
groundwater allow the influence of residual salinity to be
detached from the influence of the exchange and sorption
reactions (Ravenscroft and McArthur 2004).

The model by Appelo and Postma (2005) for the
process of ion exchange resulting from interactions
between sea water and fresh groundwater is applicable for
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Figure 7. Na and Ca concentrations versus Cl concentra-
tions for three major groups of groundwater samples from
seven multiple-depth monitoring-well sites in the San Diego
area: (a) Na concentrations; (b) Ca concentrations. Also
shown is the average concentration for the six domestic well
samples.

understanding the processes responsible for the presence
of saline groundwater in the San Diego coastal aquifer.
In sea water, Na and Cl are the dominant ions. When
sea water intrudes into a freshwater aquifer where Ca
is the dominant absorbed cation, Na is taken up by the
exchanger, while Ca is released:

Nat 4+ 1hCa— X, - Na— X + 1pCa® (1)

where X indicates the soil exchanger. In this case, the
dominant anion Cl remains the same, a depletion of Na
and an enrichment of Ca in groundwater relative to sea
water occur, and the sodium-to-calcium mass (Na/Ca)
ratio decreases from the Na/Ca ratio for sea water (25.6).

The reverse process takes place when fresh ground-
water flushes a previously saline aquifer:

1hCa®t +Na— X - 1hCa— X, +Nat.  (2)
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The sediment now absorbs Ca while Na is released, an
enrichment of Na and a depletion of Ca in groundwater
relative to diluted sea water occur, and the Na/Ca ratio
exceeds the sea water Na/Ca ratio.

Geochemical Tracers of Saline Groundwater

Geochemical tracers (Na/Ca ratios, Cl concentrations,
8180 values, ¥7Sr/%0Sr ratios, and '*C activities) aid in
defining the source and movement of saline groundwater
in the coastal San Diego area (Tables S2 and S3).
Groundwater from group 1 wells is characterized by low
Na/Ca ratios with low to intermediate Cl concentrations,
intermediate §'30 values, 87Sr/30Sr ratios between 0.7070
and 0.7083, and relatively high '*C activities (Figure 8a
to 8d). Groundwater from group 1 wells is considered
to be the most representative of the potable groundwater
in the San Diego area, much of which is believed to be
extracted from the San Diego Formation. The chemical
composition of the groundwater from group 1 wells
reflects slight enrichment of Ca owing to dissolution of
readily soluble minerals such as calcite near the source
of recharge (youngest groundwater) or slight depletion
of Ca as aluminosilicate minerals are weathered and (or)
calcium is exchanged for sodium on clay minerals that
are present along the groundwater flow path (Ravenscroft
and McArthur 2004).

In contrast, the chemical and isotopic composition
of groundwater from group 2 wells is characterized
by high Na/Ca ratios, intermediate Cl concentrations,
depleted 5'80 values, 87Sr/30Sr ratios between 0.7068 and
0.7085, and the lowest '“C activities in the coastal aquifer
(Figure 8a to 8d). One explanation for the high Na/Ca
ratios in group 2 groundwater is a depletion of Ca due
to a decrease in the solubility of calcium carbonate as
a consequence of microbial sulfate reduction (Andersen
et al. 2005). Some group 2 samples containing low
sulfate concentrations appear to be influenced by sulfate
reduction, although this process is limited to groundwater
samples from two wells (SDOT1, 2) and is not widespread
in the coastal aquifer (refer to Figure 2). The more
plausible explanation is that the high Na/Ca ratios reflect
a depletion of Ca as a result of “freshening” of a
previously saline aquifer by the reverse ion-exchange
process depicted in Equation 2 (Appelo and Postma
2005; Capaccioni et al. 2005; Russak and Sivan 2010).
Because reverse exchange of Ca should not affect the
87Sr/80Sr ratios, the maximum ®7Sr/%0Sr ratios of group
2 groundwater may reflect the 37Sr/®0Sr ratio of sea
water at about the time of deposition of the geologic
formation (Prokoph et al. 2008) and the smaller values
reflect variable amounts of mixing of modern water with
ancient water (Figure 8c).

The group 3 samples have Na/Ca ratios less than the
sea water Na/Ca ratio resulting from the ion-exchange
process depicted by Equation 1, consistent with sea water
intrusion as the source of saline groundwater to these
wells (Appelo and Postma 2005; Chen and Jiao 2007).
These groundwaters are characterized by the highest
CI concentrations with a few samples exceeding the Cl
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Figure 8. Na/Ca ratios for three major groups of groundwater samples from seven multiple-depth monitoring-well sites in
the San Diego area versus: (a) Cl concentrations; (b) §'80 values; (c) 3Sr/30Sr ratios; and (d) “C activities.

concentration of sea water, enriched 830 values
approaching 0.0%0 and plotting on a SML reflecting
variable amounts of mixing of sea water with recharged
groundwater, 37Sr/%0Sr ratios approaching the 37Sr/%0Sr
ratio of modern sea water (0.7092), and a range of l4c
activities (Figure 8a to 8d). The low 'C activity in one
well (SDNB1; Table S3) located along the coast suggests
that this is ancient sea water intrusion, not modern.

Geochemical Differences with Depth

The relationship between well depth and Cl concen-
trations, 8§80 values, 87Sr/80Sr ratios, and #C activities
for the three groups indicates different sources of recharge
and vertically different flow paths in the coastal San Diego
aquifer (Figure 9a to 9d).

The lowest Cl concentrations are at depths between
about 150 and 250 m (Figure 9a). The Cl concentrations
increase at shallower depths for groups 1 and 2, and
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increase at greater depths for group 2. The greatest
Cl concentrations occur in group 3 at all depths and
delineate zones of sea water intrusion within the coastal
aquifer.

The relationship between well depth and §'30 values
indicates that groundwater recharged from precipitation
flows through two different parts of the coastal aquifer
(Figure 9b). The intermediate §'%0 values of group 1
are characteristic of precipitation near the coast, which
appears to be the source of recharge to the shallower
part of the coastal aquifer. The depleted §'30 values
of group 2 in the deeper part of the coastal aquifer
are characteristic of recharge originating in the fractured
crystalline rock more than 20 km east and upgradient from
the coastline (Williams and Rodoni 1997). In addition,
the depleted 8'30 values and high Na/Ca ratios indicate
that “freshening” of the deeper part of the coastal aquifer
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Figure 9. Depths for three major groups of groundwater samples from seven multiple-depth monitoring-well sites in San
Diego County, California, versus: (a) Cl concentrations; (b) §'80 values; (c) 8’Sr/30Sr isotope ratios; and (d) 14C activities.

continues to occur, long after sea water has been replaced
by the distant recharge.

Two distinct flow paths are evident from the rela-
tion between well depth and 37Sr/%Sr isotope ratios
(Figure 9c). One flow path is characterized by 87Sr/%0Sr
ratios between about 0.7065 and 0.7075 and reflects the
range of isotopic compositions of Sr in the rocks and
minerals that are encountered by groundwater that flows
through the shallower part of the coastal aquifer. In con-
trast, the second flow path is characterized by ¥Sr/%0Sr
ratios between about 0.7075 and 0.7085 and reflects
groundwater which encounters different geologic forma-
tions as it flows through the deeper part of the coastal
aquifer. Group 2 groundwater (SDEP2; SDSW3) in the
shallower flow path and group 1 groundwater (SDCC6;
SDNB2; SDOR3, 5; SDSWS5) in the deeper flow path

NGWA.org

reflect the complex geologic structure of the pull-apart
basin in the coastal San Diego area.

Groundwater samples from group 1 wells correspond-
ing to shallower depths have '“C activities ranging from
17.6 to 99.8 pmc, which implies relatively younger water
than group 2 and most group 3 samples (Figure 9d). “C
activities for group 2 wells range from 0.4 to 12.4 pmc
and suggest the oldest groundwater travels many kilome-
ters before entering the narrow coastal aquifer. In addition,
low '“C activities and the high Na/Ca ratios suggest that
“freshening” of the deeper part of the coastal aquifer has
been occurring for a long time.

The notable exceptions are two group 2 wells
(SDCC4, 5) which are shallower than 200 m with 1*C
activities less than 8 pmc. One possible explanation for
these lower '“C activities at shallower depths is normal
faulting along the eastern margin of the pull-apart basin,

R. Anders et al. Groundwater 9
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San Diego County, California.

which would allow deep groundwater flowing from the
east to enter shallower sediment on the west. Group 3
wells, which have the highest Cl concentrations in the
San Diego area, are found at various depths and have a
range of “C activities from 2.9 to 76.9 pmc.

Geochemical Mapping of the Subsurface

Two  northwest-to-southeast trending  sections
(Figure 10a and 10b) are used to show the spatial distri-
bution of the three geochemical groups in the San Diego
coastal aquifer and to illustrate how the geochemical
approach used in this study can aid in mapping the
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incompletely characterized subsurface. One section is
located along the eastern edge of the coastal aquifer
(AA’), and the other section is located along the San
Diego Bay (BB') (refer to Figure 1).

The eastern section AA’ shows group 1 groundwater
in the shallower part of the coastal aquifer and group 2
groundwater in the deeper part; no group 3 groundwater
is found along the eastern edge of the coastal aquifer. The
distribution of the geochemical groups along AA’ suggests
the subsurface in this part of the coastal aquifer can be
separated into two predominant hydrostratigraphic layers.
The shallow layer extends to a depth of about 200 m in

NGWA.org



the northern part of the aquifer and thins to less than 100
m in the southern part. On the basis of surficial geologic
maps, the shallow layer represents Quaternary deposits
and some or all of the underlying San Diego Formation.

The western section BB’ shows that the two predom-
inant hydrostratigraphic layers extend to the coastline and
get deeper in the south. The deepening of both groups 1
and 2 groundwater in the south may indicate structural
deepening of the pull-apart basin and (or) significant ero-
sion from the Tijuana River, the largest in San Diego
County. In contrast to an absence on section AA’, group
3 groundwater is present along section BB’ and depicts
zones of sea water intrusion in the northern part of aquifer
and adjacent to the Sweetwater River. The occurrence of
sea water intrusion along the San Diego Bay may reflect
nearby groundwater pumping, a decrease in precipitation,
or a rise in sea level.

Conclusion

The chemical and isotopic composition of groundwa-
ter from the San Diego area in southern California was
investigated in order to determine the sources and move-
ment of saline groundwater in the coastal aquifer and to
aid in the initial mapping of the subsurface. Cl concentra-
tions range from about 57 to 39,400 mg/L, with the lowest
concentrations at depths between about 150 and 250 m,
suggesting the greatest quantity of recharged groundwa-
ter may flow through this part of the coastal aquifer. On
the basis of relative proportions of major-ions, the chem-
ical composition of groundwater in the coastal aquifer
is classified as Na-Ca-Cl-SOy4, Na-Cl, or Na-Ca-Cl type
waters. 8”H and 8'80 values indicate that groundwater in
the coastal aquifer originates from at least three sources:
(1) groundwater with intermediate isotopic values, char-
acteristic of precipitation originating on coastal sediment,
which flows in the shallower part of the coastal aquifer;
(2) isotopically depleted groundwater, originating in the
fractured crystalline rock more than 20 km east and upgra-
dient from the coastline, which flows in the deeper part of
the coastal aquifer; and (3) isotopically enriched ground-
water, which reflects areas of sea water intrusion along
the San Diego Bay.

87Sr/36Sr ratios range from about 0.7050 to 0.7090
and indicate that the groundwater encounters different
geologic formations as it flows through the shallower and
deeper parts of the coastal aquifer. *H and '*C analy-
ses indicate most groundwater in the coastal aquifer was
recharged many thousands of years ago; very little ground-
water in the coastal aquifer is modern (<60 years old).
By using Na/Ca ratios, in combination with Cl concen-
trations, 830 values, 87Sr/30Sr ratios, and #C activities,
we were able to identify groundwater considered to be the
most representative of potable groundwater in the coastal
San Diego area (group 1), saline groundwater resulting
from “freshening” of a previously-saline aquifer (group
2), and saline groundwater resulting from sea water intru-
sion (group 3).
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The geochemical approach used in this study was
remarkably helpful, even in the absence of detailed sub-
surface geology, to determine the sources and movement
of saline groundwater in a coastal aquifer. The many
spatial and depth-dependent geochemical findings are aid-
ing researchers and local water managers in mapping
the subsurface, in developing a conceptual hydrogeologic
framework, and in planning for additional desalination of
brackish groundwater.
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