
0 

20
 

40
 

60
 

80
 

10
0 

0 

20 

40 

60 

80 
100 10

0 
80

 

60
 

40
 

20
 

0 

100 
80 

60 

40 

20 

0 

PERCENT
CALCIUM (Ca)

M
AG

NES
IU

M
 (M

g)

SODIUM
 (Na) PLUS POTASSIUM

 (K)

CHLORIDE (Cl) PLUS FLUORIDE (F)

BI
CA

RB
ON

AT
E 

(H
CO

3)
 P

LU
S 

CA
RB

ON
AT

E 
(C

O 3)

SULFATE (SO
4 )

CH
LO

RI
DE

 (C
l) 

PL
US

 FL
UO

RI
DE

 (F
) P

LU
S 

SU
LF

AT
E 

(S
O 4)

CALCIUM
 (Ca) PLUS M

AGNESIUM
 (M

g)

PE
RC

EN
T PERCENT

100 

80 

60 

40 

20 0 

20 

40 

60 

80 

100 0 

20
 

40
 

60
 

80
 

10
0 

0 

0 20
 

40
 

60
 

80
 

10
0 

100 

80 

60 

40 

20 

0 100 

80 

60 

40 

20 

0 

0 

20
 

40
 

60
 

80
 

10
0 

0 

20 

40 

60 

80 
100 10

0 
80

 

60
 

40
 

20
 

0 

100 
80 

60 

40 

20 

0 

PERCENT
CALCIUM (Ca)

M
AG

NES
IU

M
 (M

g)

SODIUM
 (Na) PLUS POTASSIUM

 (K)

CHLORIDE (Cl) PLUS FLUORIDE (F)

BI
CA

RB
ON

AT
E 

(H
CO

3)
 P

LU
S 

CA
RB

ON
AT

E 
(C

O 3)

SULFATE (SO
4 )

CH
LO

RI
DE

 (C
l) 

PL
US

 FL
UO

RI
DE

 (F
) P

LU
S 

SU
LF

AT
E 

(S
O 4)

CALCIUM
 (Ca) PLUS M

AGNESIUM
 (M

g)

PE
RC

EN
T PERCENT

100 

80 

60 

40 

20 0 

20 

40 

60 

80 

100 0 

20
 

40
 

60
 

80
 

10
0 

0 

0 20
 

40
 

60
 

80
 

10
0 

100 

80 

60 

40 

20 

0 100 

80 

60 

40 

20 

0 

15

805

15

8

Otay River
Drainage Basin

San Dieguito River Drainage Basin

San Diego River Drainage Basin

San Vicente 
Reservoir

Otay River

El Capitan 
Reservoir

Lake
Hodges

Lake
Sutherland

Sweetwater River

San Diego River

San Dieguito River

Tijuana River Drainage Basin

N
acion

La

Fau
lt

0 10 MILES5

0 10 KILOMETERS5

Multi-level
monitoring wells

Mexico
United States

SDCC
SDMC

SDOR
SDOT 

SDNB SDMC

SDOT
SDOR

SDCC

SDNB

Sweetwater River
Drainage Basin

5

15

8

117 116116 30’

33

32
30’

San Dieguito River
  Drainage Basin

San Diego River
  Drainage Basin

Sweetwater River
  Drainage Basin

Tijiana River Drainage Basin

Mexico
United States

Area of map

CALIFORNIA

Otay River
Drainage Basin

For more information see—http://ca.water.usgs.gov/sandiego

Changes in EM and Chloride Concentration
Background

Minor-ion Chemistry

Major-ion Chemistry

Stable Isotopes of H and O

Geophysical Logs

Stable Isotopes of H and O in SDNB

Delineating Zones of Seawater Intrusion in a Coastal Southern California Aquifer
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The regional assessment of groundwater resources in the San Diego area 
was designed as an integrated set of five drainage-basin investigations, to 
evaluate the suitability of the San Diego Formation and overlying unconsoli-
dated Quaternary alluvium for use as a drinking water supply.  The San Diego 
Formation is composed of thinly bedded sandstone and conglomerate, which 
originated as marine and non-marine sediment during the late Pliocene and early 
Pleistocene, ranges in thickness from about 100 feet to more than 800 feet, and is 
overlain by about 100 feet of unconsolidated Quaternary alluvium from the Linda 
Vista and Bay Point Formations. An integral part of the investigation is the installa-
tion of as many as 6 monitoring wells at 10 sites to depths depths of as much as 
2,000 feet.  Data includes lithologic information, geophysical logs, and water-
quality samples analyzed for a broad range of constituents including major and 
minor dissolved ions, trace metals, volatile organics, pesticides, wastewater indica-
tors, and stable and radiogenic isotopes.  In addition, the multiple-well monitor-
ing sites are equipped with real-time, water-level recording equipment and the 
data is available via the project website shown below.

1. Groundwater in the Sweetwater and Otay River drainage basins is characterized as 
mixed cation-Cl to Na-Cl type.  The percentages of major ions indicate also that the 
chemical composition of several groundwater water samples collected along the San 
Diego Bay resemble the major-ion composition of seawater. 
 
2. Chloride concentrations greater than seawater likely result from seawater altered by 
evaporation. 

3. The stable isotopes of hydrogen and oxygen indicate the groundwater in the Sweet-
water and Otay River drainage basins can be separated into at least three distinct 
sources of recharge.

4.  The major-ion chemistry and stable isotopic values for groundwater samples col-
lected from SDNB2 has changed since 2006. 

5. EM logs, in combination with the water-quality data, can be used to distinguish be-
tween high-salinity zones that are caused by seawater intrusion from those that are 
caused by “freshening” of a previously-saline aquifer by recently recharged water. 

Gamma and electromagnetic induction (EM) logs were obtained prior to the installation of the 
monitoring wells, and during subsequent site visits.  A natural gamma tool is designed to measure 
the total intensity of gamma-ray emissions from the formation.  EM logs are sensitive to changes in lithol-
ogy and water quality; because the lithology remains constant repeated EM logs can be used to show 
changes in water-quality due to natural recharge processes, seawater intrusion, or other processes.

Major-ion Chemistry in SDNB

The concentrations of chloride and bro-
mide ions in 48 groundwater samples 
were analyzed to distinguish between 
high-Cl- groundwater from different 
sources.  Chloride concentrations in 
sampled wells ranged from 136 mg/L to 
40,000 mg/L; the high chloride concentra-
tions suggest the presence of seawater intru-
sion in several near-coastal monitoring wells.  
The mass ratio of chloride and bromide was 
found to be 292, which is similar to the ratio 
found in seawater, and indicate that chloride 
concentrations greater than seawater likely 
result from seawater altered by evaporation. 

Changes in chloride concentrations and electromagnetic conductivity logs for SDNB are presented incre-
mentally from 2006-2008, 2008-2011, and 2006-2011. Conductivity has increased to a depth of about 580 feet 
below land surface (fbls), with a corresponding increase in chloride concentrations.  The presence of the high-
salinity groundwater indicates seawater intrusion is occurring within this zone.  Conductivity has increased below 
a depth of 820 fbls and suggests that seawater intrusion is occurring in this zone as well, although to a much 
lesser extent.  In contrast, chloride concentrations and electrical conductivity have decreased from 560 fbls to 
820 fbls and at 1,460 fbls.  The absence of high-salinity groundwater with in this zone indicates  “freshening” of a 
previously-saline aquifer by recently recharged water.  

The stable isotopes of hydrogen and 
oxygen can be used to identify the differ-
ent sources of recharge in the Sweetwater 
and Otay River drainage basins.  These dif-
ferent groups are distinguishable by: (1) iso-
topic values comprised of a mixture of 
groundwater and seawater; (2) lighter (more 
negative) ground-water isotopic values that 
are characteristic of recharge which origi-
nates in the mountains to the east of the 
Sweetwater and Otay River drainage basins; 
and (3) intermediate isotopic values which 
are characteristic of local precipitation as the 
source of recharge to the multiple-well 
monitoring sites.  

The stable isotopes of hydrogen and oxygen of 
12 groundwater samples collected from the 
SDNB multiple-depth monitoring site since 
2006 indicate the groundwater is comprised of 
a mixture of groundwater and seawater.  Also 
shown is a simple two-member mixing line be-
tween native freshwater and seawater.  The stable 
isotopic values from the coastal monitoring wells 
plot along the mixing line and suggest that water 
from these wells are as much as 70-percent seawa-
ter, and the percentage of seawater in groundwa-
ter samples collected from SDNB has changed 
since 2006. 

Major-ion composition of 55 groundwater samples 
collected from three of the multiple-well monitor-
ing sites located along the San Diego Bay and 
from two multiple-well monitoring sites lo-
cated on a plateau away from the coastal area 
is presented using a trilinear diagram.  Per-
centages of major ions on a charge-equivalent 
basis indicate the chemical composition of 
the groundwater in the Sweetwater and 
Otay River drainage basins can be charac-
terized as mixed cation-Cl to Na-Cl type.  
The percentages of major ions indicate 
also that the chemical composition of 
several groundwater samples col-
lected along the San Diego Bay re-
semble the major-ion composi-
tion of seawater.  

Major-ion composition of 9 groundwater samples 
collected from the San Diego Navy Base (SDNB) 
multiple-depth monitoring site since 2006 is 
presented using a trilinear diagram. The 
chemical composition of groundwater 
samples collected from SDNB1 and SDNB3 
resemble the major-ion composition of 
seawater.  There chemistry has remained 
relatively unchanged since 2006.  While 
SDNB2 major-ion samples plot as 
more bicarbonate and carbonate 
rich water that has changed since 
2006. These differences imply 
SDNB has multiple zones of 
water recharge some of which 
are seawater intrusion. 

A comprehensive investigation is being conducted by the U.S. Geological Survey in the 
San Diego, California area to evaluate the suitability of the San Diego Formation and 
overlying alluvial deposits for use as a drinking water supply.  As many as 6 monitoring 
wells were installed at 10 sites to depths of as much as 2,000 feet for this investigation.  Litho-
logic information was compiled from descriptions of drill cuttings collected at each borehole 
site and from observations recorded during drilling.  Electromagnetic induction (EM) logs 
were obtained prior to the installation of the monitoring wells, and during subsequent site 
visits.  EM logs are sensitive to changes in lithology and water quality; because the lithology 
remains constant repeated EM logs can be used to show changes in water-quality due to 
natural recharge processes, seawater intrusion, or other processes. Monitoring wells were 
sampled for major-ions, selected minor-ions and trace elements, the stable isotopes of 
oxygen and hydrogen, and age-dating constituents, including tritium and carbon-14, to 
identify sources of high-chloride groundwater to the monitoring wells in the San Diego area.

This paper presents lithologic, geophysical, and water-quality data collected from 
three of the multiple-well monitoring sites located along the San Diego Bay and from 
two multiple-well monitoring sites located on a plateau away from the coastal area.  
These monitoring sites were chosen based on their location near the coast and on their close 
proximity to each other.  Lithologic data indicate the hydrogeology of the San Diego area is 
characterized by alternating layers of marine and non-marine sediment lacking continuity 
over long distances.  Chloride concentrations in sampled wells ranged from 136 milligrams 
per liter (mg/L) to 40,000 mg/L, the high chloride concentrations suggest the presence of sea-
water intrusion in several near-coastal monitoring wells.  Bromide-to-chloride ratios indicate 
that chloride concentrations greater than seawater likely result from seawater altered by 
evaporation.  A relation established between EM logs, lithology, and water quality allowed 
for an estimate of the quality of water in intervals not sampled by wells.  Finally, the EM logs, 
in combination with the water-quality data, is used to distinguish between high-salinity 
zones that are caused by seawater intrusion from those that are caused by “freshening” of a 
previously-saline aquifer by recently recharged water.
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