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ABSTRACT: Copper in estuaries has been an issue of concern for its toxicity to marine organisms. The ability to
understand the processes that control copper speciation is a key factor towards achieving an improved assessment of
the ecological risk it poses in the marine environment. Field measurements were made in August 2000, January 2001,
May 2001, and September 2001 to provide a comprehensive view of circulation and water quality both spatially and
temporally for the entire San Diego Bay. Rapid, underway, analysis of copper provided a unique, high-resolution view
of total and labile copper species. The data show that total copper concentrations in San Diego Bay have been close to
or above water quality criteria, increasing gradually from the lowest values in the mouth region (8 nM) to the innermost
region (approximately 55 nM) with elevated concentrations existing in the Shelter Island and Commercial Basins. This
work indicates that free copper activity lies between 10211 and 10213, and declines from the entrance to the head of San
Diego Bay, even though the total copper concentration increases, a likely result of complexation with organic and par-
ticulate matter. Free copper measurements also show a seasonal dependence with the highest concentrations occurring
2 wk after a winter rain event in January 2001, reaching close to or above toxic levels in some locations.

Introduction
Copper is one of the most ubiquitous contami-

nants found in many industrial and nonpoint
source effluents that enter the marine environ-
ment. Sources of copper include leaching from an-
tifouling hull coatings on ships, discharges from
industrial facilities, ships, and small craft, storm-
water and nonpoint source runoff, and resuspen-
sion of previously contaminated sediments dis-
rupted during dredging operations and ship move-
ments.

Copper in seawater exists as a number of chem-
ical species, including the free hydrated ion
(Cu(II)aq), dissolved organic and inorganic com-
plexes, colloidal complexes, and particulate cop-
per (Santschi et al. 1997). All of the species ex-
change copper with one another at various rates
via Cu(II)aq; those that exchange most rapidly are
in steady-state equilibrium with one another. While
water quality criteria for copper are typically based
on the total or dissolved concentration, a large
body of scientific data indicates that it is the free
or aqueous cupric ion, Cu(II)aq, that relates best
to copper toxicity in marine organisms (i.e., Sunda
and Guillard 1976; Buffle 1988; Buffle et al. 1990;
Campbell 1995; Eriksen et al. 2001). This is be-
cause copper is strongly complexed by organic che-
lators (or ligands) in seawater, which lowers its bi-
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ological availability and consequently its toxicity
(Sunda and Guillard 1976; Anderson and Morel
1978; Seligman and Zirino 1998). Free copper in
estuaries has been reported in the ranges of 0.16–
3.16 pM (12.8–11.5 pCu) in the Scheldt estuary
(Van den Berg et al. 1987), 0.16–6.31 pM (12.8–
11.2 pCu) in the Severn estuary (Apte et al. 1990),
and 0.32–10.00 pM (12.5–11 pCu) in Chesapeake
Bay (Donat 1995). Previous field studies in San Di-
ego Bay have shown that the concentration of
Cu(II)aq ranges from 0.5–19.9 pM (12.3–10.4 pCu;
Zirino et al. 1998a), which is ,0.01% of the total
copper measured.

To study the fate and ecological effects of copper
loading in estuarine environments, a whole-basin
project was launched in San Diego Bay in 1999.
The objective of the project was to study the rela-
tionship between copper species and ecological
risk in order to evaluate the relationship between
various copper species in an estuarine system, de-
termine the mass balance of copper in the system,
and relate the observed speciation to a range of
biological and ecological indicators of bay health.
This paper represents one part of this study, fo-
cusing on the spatial and temporal distribution of
copper species in San Diego Bay.

Study Location

San Diego Bay is a semi-enclosed, crescent-
shaped embayment bordering the city of San Die-
go on the southernmost coast of California (Fig.
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Fig. 1. Sampling transect in relation to the 1-dimensional
model grid for San Diego Bay. The Bay was broken up into 27
box segments for data averaging.

Fig. 2. A schematic diagram showing the relative distribu-
tion of copper species in San Diego Bay for the August 2000
survey.

1). The region south of the Coronado Bridge is
commonly referred to as south bay or back bay,
and the region north of the bridge to the bay’s
connection to the Pacific Ocean is considered
north bay. Several creeks feed fresh water and par-
ticulate material into San Diego Bay, including the
Sweetwater River, Otay River, Paleta Creek, and
Chollas Creek. Freshwater inflow occurs infre-
quently during the winter and is insignificant dur-
ing the majority of the year (Largier et al. 1997).

Historical data have shown that total copper con-
centrations in San Diego Bay increase gradually
from the lowest concentrations at the mouth to the
innermost region (Zirino et al. 1978; Flegal and
Sañudo-Wilhelmy 1993; Esser and Volpe 2002).
Particularly in the south bay region, dissolved cop-
per concentrations are close to or above water
quality criteria of 49 nM for chronic exposure
(U.S. Environmental Protection Agency [EPA]
1995). The primary source of dissolved copper to
the Bay is from copper-based antifouling paints
used on ship and pleasure boat hulls (Valkirs et al.
1994; Johnson et al. 1998). Studies have shown that
passive leaching and release during in-water hull
cleaning account for 67% of the total loading to
the bay (Valkirs et al. 2003; Chadwick et al. 2004).
Several hot spots with concentrations consistently
exceeding the criteria also exist: the Shelter Island
Basin (Phillips 1988; Stevens 1988; Van der Weele
1996) and Commercial Basin (Katz 1998). Both are
semi-enclosed basins where a large number of plea-
sure craft are located. A survey of boat owners and

maintenance companies with boats moored in San
Diego Bay revealed that over 90% of the vessels
used conventional leaching paints that had copper
as the primary biocide (Nichols 1988). Hull clean-
ings also add an additional source of copper into
the water.

Methods
Data was collected using the Marine Environ-

mental Survey Capability (MESC) system to char-
acterize spatial and temporal conditions in San Di-
ego Bay. The MESC system is a real-time data ac-
quisition and processing system designed and built
by the Navy to provide integrated, rapid, continu-
ous measurement and synoptic mapping of ocean-
ographic and environmental parameters in coastal
and estuarine environments (Chadwick and Sala-
zar 1991; Katz and Chadwick 1993). The MESC sys-
tem measures physical, chemical, and biological
characteristics from a moving vessel using state-of-
the-art sensors, computer systems, and navigation
equipment. This approach allows for direct, in situ
measurements at a frequency commensurate with
scales of natural and anthropogenic variability. To
assess bay conditions and contaminant distribu-
tions, surveys were conducted in August 2000, Jan-
uary 2001, May 2001, and September 2001. Data
were collected along a transect outlining 27 con-
tiguous box-like segments following the axis of the
Bay (Fig. 1). Real-time data were typically collected
while moving at speeds up to 6 kts, which at a 4-
Hz sampling rate, enabled along-track spatial res-
olution of data to less than 1 m.

The MESC real-time system employs both a
towed sensor package and a seawater flow-through
system that provides a continuous stream of sea-
water to a suite of onboard sensors. Sensors in the
towed package consisted of a Seabird conductivity,
temperature, and depth profiler (CTD), outfitted
with a pH probe and dissolved oxygen sensor, a
SeaTech light transmissometer, and a Chelsea In-
struments UV Aquatracka ultraviolet fluorometer
for hydrocarbon detection. Onboard sensors in-
cluded two fluorometers (Turner Instruments) in-
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Fig. 3. Contour plots of salinity, temperature, density, and total suspended sediments (TSS) for the August 2000 survey. These
distributions are typical of steady-state summer conditions in the San Diego Bay.

dependently set up to measure hydrocarbon and
chlorophyll fluorescence, an automated trace met-
al analyzer (TMA), and an RD Instruments Work-
horse acoustic doppler current profiler.

In addition to the real-time measurements, the
MESC flow-though system was used to collect in-
tegrated seawater samples in a 16-l carboy, pumped
from approximately 2 m below the surface during
the transect through each box. Discrete samples
were used to calibrate the real-time sensors and to
provide additional analyses. Subsamples were ana-
lyzed for total and dissolved Cu concentrations and
total suspended sediments (TSS). TSS was mea-
sured by filtering water samples from each box and
drying to determine the total weight of dry sedi-
ments.

COPPER MEASUREMENTS

A unique, high-resolution measure of near-total
and labile Cu species was obtained by using two
TMAs, one at pH 2 and the other at pH 8. Data
from the pH 8 instrument was only collected dur-
ing August 2000, after which the TMA was dedi-

cated to underway measurements of Zn. The TMA
enables near real-time (1 sample per 5 min), un-
attended measurement of trace metals in the field
with a significant cost savings over traditional
graphite furnace atomic adsorption spectroscopy
(GFAAS) and inductively coupled plasma mass
spectroscopy methods. Using the TMA for in situ
surveys also minimizes errors associated with sam-
ple collection and storage (Tercier and Buffle
1993). The TMA measured dissolved metals using
an automated Au-film (pH 2) or Hg-film (pH 8)
and a potentiometric stripping analysis technique
(Wang et al. 1995). The pH 2 technique provides
results comparable to traditional methods for truly
dissolved and colloidal copper species combined;
the pH 8 analysis provides results comparable to
the truly dissolved species, which includes Cu com-
plexed with strong chelating ligands such as eth-
ylenediamine (Zirino et al. 1998a; Fig. 2). For mea-
surements made at pH 2, approximately 3 ml of
unfiltered water from the flow-through system
were brought into an analysis cell where hydro-
chloric acid was added (to pH 2) to aid in sepa-
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Fig. 4. Box-averaged concentrations of dissolved copper, to-
tal copper, free copper, TSS, chl a, and DOC show trends along
the axis of the Bay for the four surveys. Boxes 6 and 9 represent
the Shelter Island and Commercial Basins, respectively.

rating the metal ions from the organic complexing
matrix and transferring to the Au-film. Dissolved
and colloidal copper were plated onto the Au-film
using a potential of 20.4 V for 60 s, then stripped
off at a constant 2-mA current. Serial additions of
a copper standard were made with each run to
quantify the amount of metal present in the sea-
water sample. The nominal sampling interval for
the analysis was 7 min. For the pH 8 analysis, ap-
proximately 3 ml of unfiltered water from the
MESC’s flow-through system was brought into an
analysis cell where sodium citrate and mercuric
chloride were added to aid in the transfer of metal
ions to the Hg-film, but no adjustment was made
to the pH of the solution (ambient pH approxi-
mately 8). Dissolved copper was plated onto the
Hg-film using a potential of 21.1 V for 120 s, then
stripped off at a constant 2-mA current. Ethylene-
diamine was added to the cell just before stripping
to promote the oxidation of copper (Scarano et al.
1990). Serial additions of a Cu standard were made
with each run to quantify the amount of metal
present in the seawater sample. The nominal sam-
pling interval for the analysis was 9 min. The meth-
od detection limit for the TMA is 11 nM.

The concentration of Cu(II)aq was measured us-
ing a jalpaite copper ion selective electrode (Cu-
ISE), which permits the precise measurements of
pCu in seawater (Belli and Zirino 1993; DeMarco
et al. 1997; Zirino et al. 1998b). The Orion elec-
trode measures hydrated divalent copper ions
(Cu(II)aq) in terms of pCu, where pCu 5
2log10(Cu[II]aq), when calibrated with glycine and
ethylenediamine copper buffers (Belli and Zirino
1993; DeMarco et al. 1997). The precision of the
Cu-ISE is 60.06 pCu units (Zirino et al. 1998b),
and the electrode is effective at total copper con-
centrations ,3 nM (Zirino et al. 2002). Cu(II)aq

concentrations were measured using the onboard
flow-through water system. In this mode, the con-
tinuous flow of water past the sensor permits ac-
curate measurement without rotating the elec-
trode. The Orion Cu-ISE has been shown to leach
copper when used in seawater; however, this is not
a problem in flowing systems (Zirino et al. 2002).

Discrete samples were collected through an acid-
cleaned tow system on the bow of the boat for the
measurement of filtered (#0.45 mm) and unfil-
tered total copper concentrations. Samples were
collected using trace metal clean techniques in 1-l
acid-cleaned, low-density polyethylene bottles, us-
ing acid-cleaned Teflon and Masterflex tubing and
a peristaltic pump. Filtered samples were collected
simultaneously through in-line, acid-cleaned Calix
all-polypropylene 0.45 mm pore-size cartridge fil-
ters. The copper in the samples was pre-concen-
trated by liquid-liquid extraction with ammonium
1-pyrrolidinedithiocarbamate (APDC) and diethy-
lammonium diethyldithiocarbamate (DDDC; Bru-
land et al. 1985) and was measured by GFAAS us-
ing stabilized temperature platforms and the meth-
od of standard additions. The efficiency of the ex-
traction was 102 6 8.6% (average 6 standard
deviation, n 5 4) for the standard reference ma-
terial NIST-SRM 1643d (trace elements in water),
and 98% 6 8.8% (n 5 18) for certified reference
materials CASS3 and CASS4. The variation of rep-
licate analysis was #12%, and the method limit of
detection was 0.06 6 0.03 nM (n 5 8).

Results

AUGUST 2000

Salinity and temperature values increase towards
the back of the bay, ranging from 33.5 psu and
16.38C, respectively, at the mouth to 36.0 psu and
25.18C, respectively, in the back bay. TSS values
were generally low throughout the bay (,4 mg l21)
with a sharp increase in the back bay reaching con-
centrations of 8.5 mg l21. A plume characterized
by higher TSS concentrations and often a distinct
thermal signal, has been observed to persist in the
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southernmost region of the Bay. Figure 3 shows
salinity, temperature, density, and TSS for the sur-
vey, which are typical of steady-state summer con-
ditions in the bay. Chl a concentrations were lowest
at the mouth of the Bay and increased progressive-
ly to the southernmost sampling site. Chlorophyll
values ranged 0.76–3.43 mg l21, with the highest
measured values occurring in the south Bay and
the Shelter Island Basin (Fig. 4).

TMA measurements at both pH 2 and pH 8
show an increase in copper concentration towards
the south Bay region. The TMA operating at pH 2
showed concentrations ranging from below the de-
tection limit (,5 nM) to 60 nM (Fig. 5) with max-
imum concentrations in the main channel just out-
side of Naval Station San Diego (Box 20–21). The
TMA operating at pH 8 showed concentrations
ranging from ,5 to 45 nM with high concentra-
tions recorded with both the pH 8 and pH 2 me-
ters occurring in the Shelter Island Basin. Free
copper concentrations were generally constant
throughout the main channel of the Bay (0.12 pM
or 12.9 pCu), with increased values (0.50 pM or
12.3 pCu) in localized regions of high vessel sur-
face area to water volume ratio, including the Shel-
ter Island and Commercial Basins (Fig. 6). Total
copper concentrations measured using GFAAS
show increasing values from the mouth (6 nM) to
the south bay (approximately 52 nM) with large
peaks in the Shelter Island and Commercial Basins
(Fig. 4).

JANUARY 2001
This survey took place after the onset of the win-

ter rainy season, and illustrates the changes that
take place during this time of year. Salinity de-
creased towards the back of the Bay, ranging from
33.5 psu at the mouth to 32.0 psu in the south Bay.
Temperature values were relatively constant
throughout the Bay (13.0–14.48C), with the excep-
tion of a distinct thermal plume in the south Bay
that reached 17.08C. TSS values throughout the
bay were relatively uniform but very low, ranging
from 0.3 to approximately 2 mg l21. Increased TSS
values in the vicinity of the thermal plume were
observed, reaching 10.9 mg l21. Box-averaged data
for salinity, temperature, and density are shown in
Fig. 7.

Measurements from the trace metal analyzer at
pH 2 show a general increase in copper concen-
tration towards the mid bay region (Box 20–21).
In the main body of the bay, concentrations ranged
from below the detection limit to 32 nM (Fig. 5)
with maximum concentrations in the main chan-
nel just outside of Naval Station San Diego. Hot
spots were detected in the Shelter Island and Com-
mercial Basins with concentrations reaching 94

nM. Free copper concentrations ranged from 0.32
to 1.26 pM (12.5–11.9 pCu) throughout the main
channel of the bay, with the exception of a sharp
decrease in values near Ballast Point (Box 4; Fig.
6). A marked increase in concentration is seen in
regions of high vessel surface area to water volume
ratio, including the Shelter Island and Commercial
Basins. Total copper concentrations measured us-
ing GFAAS show increasing values from the mouth
(7.8 nM) to the mid bay (55 nM; Box 22) and then
decrease slightly towards the back Bay to 39 nM.
Large peaks occur in the Shelter Island (87 nM)
and Commercial Basins (63 nM; Fig. 4).

MAY 2001
Salinity increased towards the back of the Bay,

ranging from 33.5 psu at the mouth to 34.4 psu in
the south Bay, with a strong longitudinal gradient
in the south Bay (Boxes 24–27; Fig. 7). Tempera-
ture values increase from 13.08C at the mouth,
warming to 23.78C in the south bay. A thermal
plume is evident, as well as high TSS values within
the plume reaching 30.4 mg l21 (Fig. 4). TSS values
through the rest of the Bay range from 1.5–7.5 mg
l21 and chlorophyll values increased from 1.0 mg
l21 at the mouth to 4.8 mg l21 in the south Bay.

Measurements from the trace metal analyzer at
pH 2 (Fig. 5) show an increase in copper concen-
tration from the mouth (below detection limit)
with a maximum of 47 nM in the mid bay region
(Boxes 20–21). Hotspots are located in the Shelter
Island and Commercial Basins with concentrations
reaching 72 nM. Free copper concentrations were
generally uniform throughout the main channel of
the bay (;0.10 pM or ;13 pCu), with the excep-
tion of a sharp decrease to 0.012 pM (13.9 pCu)
near Ballast Point (Box 4; Fig. 6). An increase in
free copper concentrations is seen in the Shelter
Island (5.01 pM or 11.3 pCu) and Commercial Ba-
sins (1.0 pM or 12 pCu). Total copper concentra-
tions measured using GFAAS show values increas-
ing from the mouth (;11 nM) and leveling off at
44 nM in the south Bay from Boxes 23–27. Large
peaks occur in the Shelter Island (90 nM) and
Commercial Basins (54 nM; Fig. 4).

SEPTEMBER 2001
Salinity increased towards the back of the Bay,

ranging from 33.4 psu at the mouth to 35.8 psu in
the south Bay (Fig. 7). Temperature values in-
crease from 15.08C at the mouth to 25.48C in the
south Bay. A thermal plume is evident. TSS values
ranged from 0.0 to 4.0 mg l21 throughout most of
the Bay with values reaching 18.8 mg l21 within the
plume (Fig. 4). Chlorophyll values ranged from 1.5
to 4.0 mg l21 throughout most of the Bay with an
increase at the mouth on the eastern side of the
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Fig. 5. Copper measurements from the pH 2 trace metal analyzer for all four surveys, which have been calibrated against discrete
copper concentrations from the graphite furnace atomic adsorption spectroscopy, and copper measurements from the pH 8 trace
metal analyzer during the August 2000 survey. Plus signs (1) represent sample locations.



Copper Speciation in San Diego Bay 443

Fig. 6. Free copper activity measured with the Orion jalpaite-based ion selective electrode.

channel (;6 mg l21) as a result of a red tide oc-
curring during the survey.

Measurements from the trace metal analyzer at
pH 2 (Fig. 5) show an increase in copper concen-
tration from the mouth (;4 nM) with a maximum
in the mid-Bay region (31 nM; Box 20–21). Hot-
spots were located in the Shelter Island (63 nM)
and Commercial Basins (82 nM). Free copper con-
centrations in the main channel of the Bay were
generally uniform with a mid bay maximum (0.50
pM or 12.3 pCu; Fig. 6). A sharp increase in values
is seen in the Shelter Island (2 pM or 11.7 pCu)
and Commercial Basins (1 pM or 12.0 pCu). As
seen in previous surveys, a decrease in free copper
concentrations near Ballast Point is evident. Total
copper concentrations measured using GFAAS
show increasing values from the mouth (4.7 nM)

to the south Bay (55 nM). Peaks occur in the Shel-
ter Island (44 nM) and Commercial Basins (46 nM;
Fig. 4).

Discussion

The distribution of hydrographic parameters in
San Diego Bay indicated two distinct spatial re-
gimes. Spatial distributions of salinity and temper-
ature indicate an outer bay area, north of the Cor-
onado Bridge (Boxes 2–10), that is strongly influ-
enced by neighboring coastal waters. Fall and sum-
mer conditions south of Coronado Bridge (Boxes
18–27) indicate saltier, denser waters as a result of
evaporation and limited mixing of coastal water
into the south bay. Between these two end points
is a transitional region (Boxes 11–17) where strong
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Fig. 7. Box-averaged measurements of salinity, temperature,
and density show shifts in the hydrography of the system on a
seasonal time scale.

Fig. 8. Regressions of A) trace metal analyzer measurements
at pH 8 and B) dissolved copper measurements from both
GFAAS and trace metal analyzer (pH 2) methods to total cop-
per. The slope of the regression shows the percent of total cop-
per that is contributed by the copper species measured.

longitudinal gradients of salinity and temperature
can be seen.

The distribution of salinity provides a tool to
quantitatively assess the magnitude and extent of
conservative mixing (Dyer 1997). For San Diego
Bay, freshwater inflow is sporadic and steady-state
conditions tend to develop in the summer and fall
(August, May, and September surveys) in response
to extended periods of heating and evaporation
during which time hypersaline conditions persist
in the back bay (Figs. 3 and 7; Largier et al. 1996,
1997). During the dry months, the salt balance is
a function of the net evaporation of the system.
Evaporation rates for the San Diego Bay have been
estimated at 0.3–0.5 cm d21 (Chadwick et al. 2004).
Hypersaline basins are generally characterized by
weak tidal dispersion, leading to long residence
times in the basin (Largier et al. 1997). These sys-
tems are susceptible to pollution, as even small
contaminant inputs during the hypersaline phase
may be accumulated rather than flushed from the
system. Residence times calculated for the San Di-
ego Bay increase relatively linearly from 0 d at the
mouth to 40 d at the innermost region of the bay
(Chadwick et al. 2004). During the winter rainy
season ( January survey), freshwater input from
creeks and surface water runoff is usually signifi-
cant enough to reverse the salinity gradient (Fig.
7). Largier et al. (1997) terms this type of estuary,
alternating between a classical estuary during wet
months and a hypersaline estuary during dry
months, a Mediterranean estuary. Similar systems
are Elkhorn Slough, California (Smith 1973), Lan-
gebaan Lagoon, South Africa (Christie 1981), Peel-
Harvey estuary, Western Australia (Hearn and Lu-
katelich 1990), and Tomales Bay, California (Lar-
gier et al. 1997).

Temperature measurements also show a seasonal

dependence, increasing during the dry summer
and fall months and decreasing in the winter with
the onset of cooler air and ocean water tempera-
tures. The salinity maximum in late summer co-
incides with the temperature maximum. The den-
sity structure of the outer estuary is dominated by
temperature, whereas the inner estuary is domi-
nated by salinity. During the late summer, a density
minimum is seen in the mid bay, just south of the
Coronado Bridge (Figs. 3 and 7).

Copper distributions in the Bay provide a means
of examining the relative influence of sources, res-
idence time, speciation, and sedimentation to the
overall copper balance. The relative composition
of each species to total copper for the August 2000
survey is shown in Fig. 2. A regression of raw TMA
measurements at pH 8 to total copper show that
the truly dissolved fraction makes up 48% of the
total copper (Fig. 8). Copper concentrations from
the GFAAS analysis are representative of the truly
dissolved plus the colloidally-complexed fraction of
copper, which constitute ;72% of the total copper.
These measurements are in close agreement with
discrete measurements of dissolved, colloidally-
complexed copper from the TMA at pH 2, which
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Fig. 9. Free copper concentrations for all four surveys show
that values reached a toxic level (pCu , 11.0) only during the
January 2001 survey. The mean concentration for the other sur-
veys was 13 pCu, well above the level for toxicity to occur.

yielded ;74% of the total copper. The remaining
fraction of copper is bound by particulate matter
and can be approximated as ;26% by subtracting
the dissolved plus colloidally-complexed fraction
(pH 2 results) from the total copper. This is con-
sistent with the range of percent colloids in San
Diego Bay as measured with an ultrafiltration sys-
tem by Shafer (personal communication).

Total and dissolved copper concentrations show
a strong linear relationship to one another and
also show a strong correlation with residence time
along the axis of the Bay (R2 . 0.82; Chadwick et
al. 2004). This implies that conservative mixing
along the main channel of the Bay strongly influ-
ences the distributions of dissolved and total cop-
per, regardless of the locations of the sources of
these fractions. Localized areas of elevated concen-
tration exist, predominately in small semi-enclosed
basins around the Bay where strong sources are
located and mixing is limited (i.e., Shelter Island
and Commercial Basins). Seasonally, both total and
dissolved copper concentrations change very little
(Fig. 4), confirming that the sources and sinks of
these copper species are not changing significantly
over time. This finding reinforces results from
more limited studies of San Diego Bay over the last
25 yr (Zirino et al. 1978, 1998a; Flegal and Sañudo-
Wilhelmy 1993; Esser and Volpe 2002).

Free copper is generally uniform throughout the
mid-Bay from Box 10–22, where concentrations be-
gin to decrease (Fig. 6). In contrast to total and
dissolved copper concentrations, a reduction in
free copper from Boxes 23–27 coincides with in-
creased DOC, chlorophyll, and TSS concentrations
(Fig. 4), likely due to complexation with these
binding materials. Free copper concentrations in
the main channel of the Bay were on average 6
times higher during the January 2001 survey than
for the other three surveys, and more than 10
times higher in the Shelter Island and Commercial
Basins. This corresponds to a lack of available bind-
ing material in the Bay, as TSS (,1 mg l21 through-
out most of the Bay) and DOC (,2 mg l21) values
were very low during this survey and the Bay water
was exceedingly clear. Rivera-Duarte (personal
communication) shows that toxicity to mussel lar-
vae (Mytilus galloprovincialis) was reached consis-
tently at pCu # 11.0. A histogram of pCu values
for all of the surveys showed that pCu , 11.0 only
occurred during the January 2001 survey when the
mean copper activity was ;12.0 pCu, while the
mean concentration for all of the other surveys was
;13 pCu (Fig. 9).

The data presented here provide a unique, sys-
tem-wide view of the seasonal and spatial variations
of copper in a Mediterranean estuary. The relative
uniformity of results indicates that a steady-state

balance is achieved throughout most of the year
for the dissolved, particulate, and colloidal frac-
tions of copper in San Diego Bay, reflecting the
continual input of copper from antifouling paint
on ships, small craft, and other anthropogenic
sources. While total and dissolved copper concen-
trations remain essentially constant over the four
surveys, free copper concentrations vary as a result
of changes in complexation. This shows that the
concentration of dissolved copper, which is used as
a measure of water quality, may remain constant
from survey to survey while the amount of free
copper changes based on the availability of bind-
ing materials. As a result, dissolved copper concen-
trations continually reach or exceed water quality
thresholds; however, the Bay is shown to be below
the toxic pCu limit except during winter surveys
when complexation is low.
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