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Abstract

We describe a new ocean observation system that integrates mass spectroscopy, hydrographic instrumentation, and satellite

imagery (SeaWIFS). We used a quadrupole ICP mass spectrometer at sea to acquire continuous trace element data during

separate surveys of the Baja California coastal margin, and the San Diego Bay and coastal environment. There is evidence for

extreme Ba depletion in surface waters off the Baja coast, which is the result of biological productivity and marine barite

precipitation. The synoptic data are used to elucidate the biochemical mechanism of barium removal; to constrain the spatial and

temporal boundaries over which the phenomenon occurs; and to quantify surface flux to sediments. Further systems application

led to mapping of the distribution of a suite of biologically active trace metals (Mn, Ni, Zn, Cu, and Cd) in San Diego Bay, and

the Bay signature was tracked in tidal plumes into the coastal ocean. The continuous data provided chemical gradients within

the Bay, with which we estimate the contaminant metal flux that is discharged from the Bay into the coastal ocean during tidal

pumping. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oceans and coastal ecosystems are vital to the

health and sustenance of people all over the world.

Mankind is exerting tremendous pressure on coastal

oceans through over-fishing, land runoff, waste

disposal, spills, and destruction of habitats. Inter-

disciplinary research has led to an understanding of

the interplay among physical, biological, geological,

and chemical processes that control the complex

exchanges in ocean waters (Butler, 1998; Falkowski

et al., 1998; Jickells, 1998; McGowan et al., 1998;

Uppenbrink et al., 1998; Mason, 2001). Until

recently, marine geochemical measurements

involved analysis of a single analyte made on

discrete bottle samples. Although important for

allowing a first-order characterization, such an ana-

lytical and sampling strategy yields a record that is

discontinuous in time and space. In dynamic coastal

environments, this record is inadequate for quantify-

ing the fluxes and impact of anthropogenic inputs

on the coastal biosphere.

To address the issue of undersampling for trace

metals in the coastal ocean, we took a system
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approach to measure chemical composition at high

spatial resolution, and developed an integrated system

of in-situ real time analytical instruments. This system

included a trace element capability based on induc-

tively coupled plasma mass spectrometry (ICPMS)

instrumentation (Volpe et al., 2001) and nonhazardous

methods for rapidly concentrating gamma-ray emit-

ting radioisotopes (Bandong et al., 2001) that was

integrated with traditional oceanographic sensors and

fluorometers on a towed body. ICPMS is a proven

technology for inorganic analysis, and it is an appro-

priate technology to adapt for at-sea operation,

because it achieves low detection levels at the parts-

per-trillion (one in 1012) level with high precision and

accuracy (1% or better). The technologic challenge we

met was to deliver high sensitivity measurements of

trace elements at a rate rapid enough to acquire large

spatially and temporally continuous data sets (Volpe et

al., 2001). This integrated capability is an advance-

ment in our ability to observe phenomena affecting

marine biology and chemistry that directly addresses

the technological challenges set forth by the National

Academy of Sciences (NRC, 1998) for improvement

in ocean observation. It can be incorporated with other

regional ocean studies (Boyd and Law, 2001; Dickey

et al., 2001; Koeve and Ducklow, 2001), which would

benefit from additional at-sea analytical measure-

ments.

The purpose of this paper is to describe the

integrated analytical system, and then show how the

trace element and isotope data can be used in a system

approach to better understand biogeochemical coastal

processes. We discuss real-time ocean chemical meas-

urements acquired during two at-sea experiments with

synoptic hydrographic data and chlorophyll a concen-

tration derived from satellite ocean color radiance

(SeaWIFS). The first experiment was conducted off

the coast of Baja California. It provided insight to the

coupling between rapid changes in biological produc-

tivity and removal of Ba, which serves as a proxy for

biological productivity, from surface water (Esser and

Volpe, in press (a)). The lack of significant input from

rivers, rain, or groundwater makes the Pacific Ocean

off Baja California an ideal location for studying the

effects of coastal productivity on barium cycling.

The second experiment involved in-situ trace tran-

sition metal (Mn, Ni, Cu, Zn, and Cd) characterization

of San Diego Bay water, and real-time tracking of this

effluent plume offshore through the San Diego Bight

during tidal flushing. San Diego Bay ranks as one of

the most contaminated coastal areas in the nation.

This ranking is based on high levels of organic and

metal pollutants in sediments and fish, and demon-

strated biological effects in fish (Martin, 1985;

McCain et al., 1992). San Diego Bay is also a

significant source of pollutant metals to the adjoining

coastal ocean. Quantifying the flux of metals out of

the Bay is important in determining the major sources

and sinks of pollutant metals in the heavily impacted

Southern California Bight.

2. Methods and data

2.1. Field programs

We performed extended at-sea tests of the ICPMS

equipment from October 17 to November 4, 1998

aboard the R/V Roger Revelle on an expedition to the

Alarcon Basin in the Gulf of California (Fig. 1).

Though the primary objective was to study geophys-

ical and geochemical aspects of the ocean spreading

ridge in the Gulf of California, the expedition pro-

vided an extremely cost-effective opportunity to

conduct at-sea evaluation of instrumentation. Mea-

surement and testing of the ICPMS and ancillary

equipment was performed in a specially outfitted

analytical van on the aft-deck of the R/V Revelle. To

our knowledge, this experiment was the first at-sea

deployment and use of a quadrupole ICP mass spec-

trometer.

The ICPMS operated daily (12 days) and met all

performance criteria for land-based mass spectrometry

operation (Volpe et al., 2001) while the ship transited

to the Gulf of California and during geophysical

surveys that were conducted in the Alarcon Basin.

On the northern transit from the Alarcon Basin to San

Diego (Fig. 1), the ICPMS operated continuously for

66 h, and returned over 3500 discrete Ba and Mo

measurements. At an average ship speed of 12 knots,

the spatial resolution of the trace metal and hydro-

graphic data across nearly 1500 km of coastal water

was about 370 and 10 m, respectively. Though trace

element and hydrographic data were available real

time during this northward transit, prior science

scheduling and deployment of a towed seismic array
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precluded deployment of another towed body, or

deviation from course (i.e., other experiments drove

the ship). The hydrographic sensor system was sus-

pended vertically in a light-tight stainless steel tank.

Ocean water was pumped through the tank from the

ship’s clean water intake, which is located in the bow

Fig. 1. R/V Revelle ship track on the 3-day northward transit from the Alarcon Basin to San Diego. Calendar dates (yymmdd) are shown at the

start of the day (00:00 GMT) with circles indicating ship position at 6-h intervals.
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of the Revelle, approximately 5 m below water line.

Additional water from this intake was plumbed to the

iso-van for trace element analysis. Contamination

studies conducted during hydrocasts in the Alarcon

basin confirmed little effect from ship intake on a suite

of trace elements including Ba and Mo.

At-sea science experiments in the San Diego Bay

and coastal margin were conducted September 13–

17, 1999 aboard the R/V Robert G. Sproul using the

same ICPMS and support analytical van. The pur-

pose of these experiments was the scientific appli-

cation of an enhanced analytical system as a first

step towards full chemical characterization of the

impact of harbor, bay, and lagoon outflow on

coastal waters around San Diego (Fig. 2). In this

experiment, the hydrographic sensor system was

deployed on a towed body. A titanium and Teflon

gear pump on the towed body delivered seawater

through Teflon tubing, which was part of the

electromechanical cable, to the shipboard analytical

lab for myriad chemical analyses.

The ICPMS was used to quantify elemental com-

position of waters in Southern California embayments

and the coastal zone in conjunction with simultaneous

sampling of invertebrate larvae (crabs, barnacles,

bivalves), chlorophyll, and dissolved organic carbon

Fig. 2. R/V Sproul ship tracks showing surveys conducted in and around San Diego Bay (B1–B3) during 15–16 September 1999. B1 (closed

circles) survey was around Bay entrance at 32.64jN; B2 (solid line) survey was inside San Diego Bay to the southern end of the Bay, and back;

B3 (open squares) survey included the Coronado coast and two east–west transits at 32.60jN and 32.55jN.
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(Gieskes et al., in preparation). We mapped Mn, Ni,

Cu, Zn, and Cd in San Diego Bay from the entrance to

the southern portion of the bay (Fig. 2; B2), and in the

coastal ocean of the San Diego Bight (Fig. 2; B1, and

B3).

2.2. Satellite imagery

Satellite images showing surface chlorophyll a

concentration measured by the sea-viewing wide

field-of-view sensor (SeaWIFS) were obtained from

the NASA Goddard Distributed Active Archive Cen-

ter. Images were examined from October 16 to

November 8, 1998 for the regional survey off Baja

California, and September 7–14, 1999 for the survey

of San Diego Bay and adjacent coastal waters. Sea-

WiFS Level 1A LAC data files for October 31 and

November 2, 1998, acquired by the Monterey Bay

Aquarium Research Institute HRPT station HMBR,

were obtained from the Goddard Earth Sciences Dis-

tributed Active Archive Center (GES DAAC) archive.

The files were processed to Level 2 to generate

chlorophyll a concentrations using SeaDAS Version

4.0. Default atmospheric correction parameters were

used. The standard chlorophyll a concentration palette

was modified to emphasize the chlorophyll a varia-

bility over the concentration range found in this

region. The ship track and coastline were overlain

on the image using SeaDAS functions. Maximum

pixel resolution for SeaWiFS LAC data is 1 km at

nadir.

The remote sensing of ocean color from space

allows estimation of chlorophyll a concentration,

which can provide information on the abundance

of phytoplankton in surface ocean waters. Ocean

color data can also be used to detect the presence of

dissolved and particulate species in surface water.

Ocean color data are therefore valuable in interdis-

ciplinary research involving terrigenous runoff,

physical transport, and biological productivity in

coastal ocean ecosystems. However, the images

are dependent on the algorithms used to derive

pigment concentration and other geophysical varia-

bles from measured radiance. The SeaWIFS algo-

rithm generally overestimates the chlorophyll a

concentration in turbid and organic-rich waters

flushed from coastal bays and harbors like San

Diego Bay (i.e., Case II water).

2.3. Hydrographic and nutrient data

Oceanographic data were collected using a Seabird

Electronics (Bellvue, WA) SBE 911+ underwater

CTD system on a towed body that was outfitted with

a Chelsea Aquatracka UV-fluorometer, a WETLabs

chlorophyll fluorometer, a Sea Tech transmissometer,

and a Seapoint turbidity meter. Temperature (jC),
salinity, FDOM (Ag/l), chlorophyll (Ag/l), and light

transmittance (%) data were acquired every 1.5 s

during the surveys. The data were filtered using a

moving median (n = 11) algorithm to remove spikes,

and the plotted data were averaged over 30 s using a

moving (n = 20) average algorithm.

The UV-fluorometer that measured FDOM used a

pulsed 239-nm excitation light source, and a photo-

multiplier for the detection of fluorescent organic

matter at 440-nm wavelength emission. The trans-

missometer measured light transmission across a 25-

cm water path length using a modulated LED and a

synchronous detector. The WETLabs chlorophyll flu-

orometer used a blue light (455 nm) excitation source,

and measured red light (685 nm) emission. The

electronic responses of the UV-fluorometer and chlor-

ophyll fluorometer were calibrated with solutions of

quinine sulfate and coproporphyrin, respectively.

Chlorophyll absorbs blue light and re-emits a

portion of this light as fluorescence at a longer wave-

length. Characterization of the voltage output was

performed using a standard solution containing 0.5

mg of coproporphyrin methyl ester dissolved in 20 ml

of 6 M HCl and 980 ml of deionized water. A suite of

standard dilutions was used to determine linearity of

the response. This 0.5 mg/l coproporphyrin solution is

nominally equivalent to 50 Ag/l of chlorophyll, though
absolute values are estimates at best, since the fluor-

ometer was not calibrated using known chlorophyll

species or standards. However, during the San Diego

Bay experiment, there was good correlation between

the values obtained from the fluorometer and the sum

of chlorophyll and pheophytin (E. Renger, SIO)

measured using laboratory methods (Gieskes et al.,

in preparation). The ratio of fluorometer to lab meas-

urement was 2.2 for San Diego Bay surface waters

having chlorophyll plus pheophytin concentrations

between 2 and 8.5 mg/m3.

Salinity values were calibrated with bottle samples

collected during the experiments and analyzed at the
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Oceanographic Data Facility (SIO). The ratios of lab

to field (salinometer/CTD) salinity measurements

have an average value of 1.000 with an uncertainty

of 0.1%. Filtered (0.45 Am) water samples for labo-

ratory analysis of silica, nitrate, and phosphate

(nutrients) were collected hourly in a HEPA-filtered

glove box, and analyzed at the Oceanographic Data

Facility (SIO).

2.4. Trace elements—ICPMS

Components of the ICPMS capability were eval-

uated during extended at-sea experiments aboard the

R/V Revelle on the Alarcon expedition (Volpe et al.,

2001), and in San Diego Bay aboard the R/V Robert

Gordon Sproul (Esser and Volpe, in press (b)). During

the experiments the ICPMS operated in a temperature-

and environmentally controlled analytical van on the

aft deck of each vessel. Instrument operation was

similar, but sample processing differed in the experi-

ments. During the survey off the Baja California

coast, seawater was processed through an on-line

dilution system prior to ICPMS analysis. The survey

of trace metals in and around San Diego Bay required

on-line separation and extraction methods before

analysis. In both field experiments, seawater was

filtered (0.45 Am) prior to ICPMS analysis.

2.4.1. On-line dilution

In order to analyze trace elements, such as Ba and

Mo in seawater at the nanomolar level, at rapid

analytical rates, an on-line dilution and internal stand-

ardization system was fabricated (Volpe et al., 2001).

Simple dilution of seawater, rather than matrix elim-

ination ion exchange and analyte preconcentration, is

possible because Ba and Mo concentrations are high

(10–100 nmol/l) relative to ICPMS sensitivity

( < 0.01 nmol/l). Also, there is little molecular inter-

ference from major and minor ions present in seawater

on the isotopes of Ba and Mo. The on-line system

mixed filtered (0.45 Am) seawater with a diluent

containing internal standard elements, and then deliv-

ered the mixed solution directly to the ICPMS plasma

source interface. The optimal dilution factor was

determined by the trade-off between loss of signal

due to dilution effects and the loss of signal due to

matrix effects. Measured mixing ratios were consis-

tently 22 parts diluent to 1 part seawater. Dilution and

mixing of discrete samples, such as the calibration

standards, were identical to the on-line seawater

method. Molybdenum is normalized to the same

internal standard as Ba, and it was measured to

monitor internal standard corrections and dilution

ratio stability (Volpe et al., 2001). For this experiment,

Mo is considered a conservative element in seawater,

since the ratio of Mo to salinity is uniform within the

combined analytical uncertainty (1–2%) of the

ICPMS and the conductivity meter.

Each ICPMS data acquisition took about 36 s per

repetition, including settle times between masses.

Data reduction and processing sequence information

took an additional 20 s, for a total analytical cycle of 1

min. For each element, concentration was determined

by external calibration against the appropriate set of

calibration standards using a simple linear calibration

curve after internal standardization against the nearest

internal standard mass. Six-hour performance tests in

surface water of the Gulf of California with uniform

salinity (35.00F 0.03) prior to the return transit

indicated that internally standardized signals averaged

over 5 min were highly reproducible; Mo (2r = 1.8%),

and Ba (2r = 4%).

2.4.2. On-line pre-concentration

First series transition metals are typically present at

picomolar to nanomolar levels in open ocean surface

water, though their abundance can increase signifi-

cantly in coastal areas due to pollution and flux from

rivers and sediments. In addition, major and minor

ions present in seawater cause molecular interference

with isotopes of the first series transition metals that

have atomic mass between 40 and 80 amu. These

factors restrict direct quadrupole ICPMS analysis, and

matrix elimination and pre-concentration methods are

required for sensitive and accurate measurement of

transition series metals in seawater.

Flow injection systems utilizing low-pressure ion

chromatography with 8-hydroxyquinoline or iminodi-

acetic acid resins have been coupled to ICPMS in

research laboratories. These techniques are capable of

parts per trillion detection limits with turnaround

times of a few minutes (Ebdon et al., 1993; Bloxham

et al., 1994; DeCarlo and Resing, 1998; Willie et al.,

1998). We modified these methods and used

ToyopearlR AF-Chelate 650M resin, which is an

iminodiacetic acid resin with a macroporous metha-
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cryalate backbone, as the ion-exchanger. This resin is

commercially available and has been employed to

process seawater for pre-concentration and matrix

elimination in flow injection ICPMS analysis (Willie

et al., 1998). We constructed a column of 1/8-in. OD,

1/16-in. ID TefzelR tubing and 1/8-in. natural PEEK

fittings. The resultant 3-cm column contained approx-

imately 50 Al of resin, and sustained flow rates in

excess of 2 ml/min at peristaltic pump pressures. They

were easily incorporated into and removed from the

flow injection system with standard 1/8-in. chroma-

tography fittings. In addition to the analytic column,

clean-up columns, constructed in the same manner,

were placed on the buffer line and carrier line to

reduce reagent blanks (Esser and Volpe, in press (b)).

An automated flow injection scheme was designed

and tested using reference seawater standards from the

National Research Council of Canada (Esser and

Volpe, in press (b)). Each analysis takes 4 min and

processes 3 ml of seawater. The protocol efficiently

separates transition metals from seawater matrix ions.

Measured seawater isotopic ratios for metals of inter-

est are identical to the same ratios measured in

aqueous standards. This indicates the effectiveness

of the method to separate transition metals from the

saline matrix. In addition to rapid analysis, the tech-

nique is sufficiently accurate, precise, and sensitive

for high-resolution coastal seawater surveying.

Systematic offsets for Cu were observed between

at-sea and laboratory analyses (Esser and Volpe, in

press (b)). The Cu concentrations determined at sea in

continuously sampled, unacidified seawater are half

the concentrations determined in acidified preserved

seawater (0.50F 0.03), even though both are buffered

to the same pH before loading on the column. These

observations suggest that only half of the Cu in

unacidified seawater is retained by the iminodiacetate

resin column. These effects have been attributed to the

presence of naturally occurring organic ligands, which

in unacidified seawater strongly complex copper and

effectively compete with the iminodiacetate functional

group (Abdullah et al., 1976; Bruland et al., 1979;

Rasmussen, 1981; Paulson, 1986). The existence of

organic ligands, which strongly complex a large

fraction of total copper in seawater, is well established

(Coale and Bruland, 1988, 1990; Donat et al., 1994;

Miller and Bruland, 1994; Moffett, 1995; Moffett et

al., 1997; Zamzow et al., 1998; Zirino et al., 1998).

Since our data are consistent with such an interpreta-

tion, and since differences between Cu measurements

at-sea relative to laboratory analysis are consistent

(ratio = 0.50F 0.03), we have corrected the at-sea

data. The plotted Cu data are total dissolved Cu, and

may be compared with literature Cu data.

2.5. Gamma-ray emitting isotopes—radiocesium

For several decades, radiocesium has been used as

a conservative tracer of water circulation (Kupferman

et al., 1979; Livingston, 1988). Large volumes of

seawater ( > 1000 l) were processed through a particle

and dissolved ion extraction system during the Alar-

con expedition off Baja California aboard the R/V

Revelle to measure radiocesium, 137Cs. This system

isolates coarse suspended particulate material (SPM)

greater than 1 Am, fine SPM between 0.1 and 1.0 Am,

and a suite of dissolved ions, which are extracted

using solid phase sorbent material, such as hexacya-

noferrate (Bandong et al., 2001). Total suspended

material in surface water off Baja was very low ( < 1

mg/l). Data collection and analysis focussed only on
137Cs in the dissolved fraction, since it is a conserva-

tive, soluble element in offshore waters. Samples were

processed during transit to and from San Diego and

the Gulf of California (Volpe et al., 2002). All samples

were returned to the counting facility at LLNL for

gamma spectroscopy analysis.

3. Baja California: coastal productivity and surface

chemical flux

3.1. Hydrography

The California Current System extends from

Vancouver Island to the tip of Baja California,

and is divided into three geographic regions with

the Baja Peninsula being the southernmost (Hickey,

1998). The California Current is a major eastern

boundary current, which flows equatorward year-

round bringing cold Pacific Subarctic water from

the north. There have been few current measure-

ments off Baja Peninsula, so variability and forcing

mechanisms are not well understood. However, the

large-scale wind stress field channeled by mountains

that extend the length of the Baja Peninsula leads to
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surface water offshore transport, which is replaced

by upwelling of deeper water (Bakun and Nelson,

1977; Bakun, 1990).

Continuous hydrographic, nutrient, and barium

data (Fig. 3) were collected during the 3-day northern

transit from warm waters at the mouth of the Gulf of

Fig. 3. Plots of oceanographic data (salinity, temperature, FDOM, chlorophyll, nutrients and trace elements) taken aboard the R/V Revelle during

northward transit along the Pacific Coast of Baja California from the Alarcon Basin to San Diego.
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California (23jN), across the Baja California coastal

margin to San Diego (32.5jN). About 6 h was spent

transiting from the Alarcon Basin to Cabo San Lucas,

followed by a 70-h southeast-to-northwest transit to

San Diego (Fig. 1). Fig. 3 shows hydrographic,

nutrient, and trace element data for the complete

transit. Panel 1 shows continuous salinity and temper-

ature (jC) data. Panel 2 shows continuous fluorescent

dissolved organic matter (FDOM), and chlorophyll

data. Hydrographic data were averaged over 30-s time

intervals using a running average algorithm. Panel 3

shows silica, nitrate, and phosphate data from bottle

samples that were taken hourly and returned for post-

cruise analysis. Finally, panel 4 shows continuous

ICPMS data for Ba and Mo, which were collected

once per minute and averaged over 5-min intervals.

Major transitions in surface water temperature,

salinity, and chemical properties occurred at Cabo

San Lucas (22.8jN), Cabo San Lazaro (24.8jN),
Punta Eugenia (27.8jN), and in the San Diego Bight

near the US–Mexico border (32.5jN). In the Alarcon

Basin at the mouth of the Gulf of California, surface

water was warm and saline, which is typical of

evaporated Equatorial Pacific water (Bray, 1988).

Surface circulation in the Baja coastal region between

Cabo San Lucas and San Diego was dominated by the

California Current and California Countercurrent.

These waters form by mixing of Pacific Subarctic,

Fig. 4. SeaWIFS ocean color image of chlorophyll for October 31, 1998. Ship track (white line) shows position of the R/V Revelle on the

northward transit to San Diego from the Gulf of California, on November 2, 1998. Arrows A and B indicate prominent eddies of high

chlorophyll a content. Image shows relative chlorophyll a concentration from low values, 0.10 mg/m3 (magenta), to high, 5 mg/m3 (red).
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North Pacific Central, Equatorial Pacific, and upw-

elled coastal water (Lynn and Simpson, 1987; Hickey,

1998). South of Cabo San Lazaro (25jN), the ship

crossed into the California Current, and surface water

temperature and salinity dropped (Fig. 3). Finally, as

the track approached the US–Mexico border

(31.8jN), nutrients, chlorophyll, and FDOM

increased while temperature dropped 1–2j C (Fig.

3). These variations are related to a sharp onshore

component of the California Current system dividing

northern eutrophic waters from southern oligotropic

waters (Segovia-Zavala et al., 1998). To the north,

near San Diego Bay (32.5jN), there are pronounced

increases in turbidity, FDOM, and chlorophyll that are

discussed below.

3.2. Satellite observation

SeaWIFS ocean color images corresponding to

chlorophyll a concentration in surface water off the

coast of Baja California for October 31, 1998 and

November 2, 1998 are shown in Figs. 4 and 5,

respectively. Chlorophyll a concentration derived

from satellite imagery, as well as at-sea surface

Fig. 5. SeaWIFS ocean color image of chlorophyll for November 2, 1998. Ship track (white line) shows position of R/V Revelle during

northward transit on November 2, 1998, similar to previous figure. Arrow A shows dissipating eddy; arrow B shows three eddies of high

chlorophyll; arrows C shows areas of Ba-depleted surface water.

A.M. Volpe, B.K. Esser / Journal of Marine Systems 36 (2002) 51–7460



temperature and salinity data (Fig. 3), provide evi-

dence for pronounced filaments and eddies off

coastal promontories (Figs. 4 and 5, arrows A and

B). Some eddies, such as those near Punta Eugenia

between 27jN and 28jN, were due to upwelling of

colder, less saline Pacific Intermediate water (Bakun

and Nelson, 1977; Bakun, 1990; Hickey, 1998).

Fortuitously, the ship surveyed close to the coast

(Fig. 1) south of Punta Eugenia (27–28jN). Sharp
and correlated changes in temperature (3 jC),
FDOM, chlorophyll, and nutrients were indicative

of nearshore upwelling and increased biological

productivity (Figs. 3–5).

Though upwelling is usually strongest in spring

and summer, Figs. 4 and 5 show that there were

visible filaments of biologically productive waters

around promontories like Punta Eugenia and Cabo

San Lazaro, and west of Isla Cedros (28jN). Coastal
upwelling and surface eddies produced thin filaments

of cold water enriched in organic matter, chlorophyll,

and silica, and bounded by pronounced density fronts

(Fig. 3). These filaments and eddies were more

pronounced on October 31, 1998 (Fig. 4A–B) than

several days later on November 2, 1998 (Fig. 5A–B).

Nevertheless, both SeaWIFS imagery and shipboard

hydrographic data show clearly filaments of cold,

nutrient-rich surface waters coincident with increased

biological activity between 27jN and 28jN on

November 2, 1998 when the R/V Revelle transited

through this area.

3.3. Radioisotope tracer

Radiocesium (137Cs) behaves as a conservative

element in seawater, similar to other alkali metal

ions. It has a half-life of 30.2 years, and persists in

the environment from previous atmospheric nuclear

testing, and from nuclear power and processing

facility discharge. Radiocesium provides important

age information for characterizing upper ocean

water circulation, because its half-life is short

compared with the time scale of ocean circulation

and mixing. Combined with in situ water density

(sigma–theta) data, it provides additional constraint

for upwelling of Pacific Intermediate water along

the Baja coastal margin.

There are few hydrographic and 137Cs data showing

lateral and vertical distribution offshore Baja. During

this survey (Fig. 1), we measured 137Cs in surface

water from San Diego to the Gulf of California (Volpe

et al., 2002). Surface water between Punta Eugenia and

Cabo San Lazaro had low 137Cs activity (0.85–1.07

mBq/l) and high sigma-t (23.62–23.75) compared

with surface water in the California Current (2.33–

2.44 mBq/l, 23.82–23.91) and the Gulf of California

(1.44–1.55 mBq/l, 21.85–21.90) (Volpe et al., 2002).

Radiocesium activity levels in surface water south of

Punta Eugenia are two to three times lower than

California Current surface water off the Baja coast.

Previous vertical profiles of 137Cs activity taken in the

North Pacific during GEOSECS (stations 201, 347),

the Farallons, and Santa Monica Basin (Noshkin et al.,

1978; Bowen et al., 1980; Livingston et al., 1985;

Wong et al., 1992) showed 137Cs decreasing with

depth. Activity levels decreased to method detection

limits by 400–600-m depths, which indicated that
137Cs was mostly confined to the mixed layer in the

upper surface above the thermocline. Therefore,

Pacific Intermediate water is characterized by little or

no 137Cs activity, because it has been isolated both

from initial fallout on the ocean surface and subse-

quent runoff from land. The radiocesium data are

corroborative evidence with hydrographic (in-situ

water density) and SeaWIFS imagery (chlorophyll a)

for lateral offshore transport of California Current

surface water, which was replaced by upwelling of

deeper, nutrient-rich Pacific Intermediate water.

3.4. Biological activity

Fig. 6 shows the positive correlation between

increasing chlorophyll and FDOM in surface water

off Baja California between 24.91jN and 28.81jN,
on November 2, 1998. There are three separate

trends evident in Fig. 6 that correspond to chlor-

ophyll and FDOM enrichment of varying degree.

One trend (26.07jN) was characterized by high

FDOM (0.17 Ag/l) and low chlorophyll ( < 0.02

Ag/l). These data delineate a large filament seen

on satellite imagery that extended westward off-

shore between 25.2jN and 26.1jN (Figs. 4 and 5,

arrow A). Relatively low chlorophyll observed ship-

board is consistent with the SeaWIFS chlorophyll a

observation on November 2, which showed reduced

biological activity (from 0.7 to 0.3 mg/m3) over

several days. This trend of high FDOM and rela-
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tively low chlorophyll is correlated with waning

phytoplankton activity.

A second trend (27.71jN) showed positively

correlated chlorophyll and FDOM between 27.1jN
and 27.7jN (Fig. 6). Shipboard measurements of

three distinct peaks in chlorophyll and FDOM

concentration (Fig. 3) coincided with three filaments

of relatively high chlorophyll concentration (>1 mg/

m3), which are evident in the November 2 SeaWIFS

image (Fig. 5, arrow B). These filaments were less

pronounced on the October 31 SeaWIFS image

(Fig. 4), suggesting that the increase in phytoplank-

ton activity observed in this area developed over a

short period ( < two days). Surface waters exhibiting

positively correlated chlorophyll and FDOM trends

(e.g., 27.71jN) are also characterized by relatively

recent increases in phytoplankton activity (Sea-

WIFS).

There is a third trend (28.09jN) of chlorophyll

increasing relative to FDOM (Fig. 6) due west of Isla

Cedros, where the ship changed course from north-

westerly to northward (Fig. 1). Though the cloud

cover west of Isla Cedros partially obscured the

SeaWIFS image for November 2, 1998 (Fig. 5), the

ship track crossed an area that exhibited high chlor-

ophyll a concentrations 2 days earlier on October 31

(Fig. 4). This trend of markedly increasing chloro-

phyll relative to FDOM may indicate a very recent

increase in phytoplankton activity associated with

upwelling of cold nutrient-rich water.

3.5. Barium and biological activity

Between these areas of increased biological

activity and elevated chlorophyll concentration,

there was significant depletion of nearly 65% in

surface water Ba off Punta Eugenia (28jN) (Esser

and Volpe, in press (a); Volpe et al., 2001). This Ba

depletion occurred over a distance of nearly 25 km,

from 27.8jN to 28.0jN, where the ship changed to

a northward course west of Isla Cedros (Fig. 5,

arrows C). These surface waters had relatively

warm temperature, and low chlorophyll, FDOM,

and silicic acid (Fig. 3). Consecutive SeaWIFS

images suggest that surface water chlorophyll a is

increasing to the south and dissipating to the north

of this area (Figs. 4 and 5). There was another

locality that showed surface water Ba depletion of

25% between 28.1jN and 28.4jN, due west of Isla

Cedros (Fig. 5, arrows C).

Fig. 7. Plot of chlorophyll (Ag/l) versus Ba (nmol/l) content in

surface waters off Baja California (same as Fig. 6).

Fig. 6. Plot of chlorophyll (Ag/l) versus FDOM (Ag/l) in surface

waters off Baja California between 24.91jN and 28.81jN
(November 2, 1998). Geographic coordinates correspond to maxima

or minima shown on Fig. 3.
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Besides the two areas that showed Ba, chlorophyll,

FDOM, and silicic acid depletion in surface water,

there was little correlation between Ba and chloro-

phyll (Fig. 7), Ba and salinity or temperature (Fig. 8),

and Ba and silicic acid (Fig. 9). Dissolved Ba was

between 35 and 39 nmol/l, which is consistent with

GEOSECS data for North Pacific surface water

(Bender et al., 1972; Broecker and Peng, 1982).

Salinity and temperature values ranged from 33.5 to

34.5 and 17 to 24 jC, respectively. In comparison, Ba-

and chlorophyll-depleted surface waters near 27.97jN
and 24.80jN were relatively cold (17.5–19.0 jC) and
less saline (33.5–33.7). In situ water density values

ranged between 23.4 and 24.3, while Ba-depleted

surface waters had intermediate sigma-t values

(23.85–23.95), and silicic acid was at the low end

of the observed values ( < 1 Amol/l).

Typically, barium distribution shows relative

enrichment as water depth increases, with maximum

values beneath the upper mixed layer (Chan et al.,

1977; Östlund et al., 1987). Other processes that

control Ba distribution, such as mixing with deep

or coastal waters, or upwelling of nutrient-rich deep

water, like that observed near Punta Eugenia, lead

to enhanced, not depleted surface concentrations of

dissolved Ba. River runoff typically elevates coastal

Ba concentrations (Falkner et al., 1994; Shaw,

1999), however, freshwater flow into the Pacific

Baja coast is negligible. The observed Ba depletion

in surface waters near Punta Eugenia can be

explained by elevated biological productivity in

surface waters, which led to barite precipitation,

or possibly by uptake of Ba by phytoplankton

(Esser and Volpe, in press (a)).

Recent studies suggest that acantharians, which

are protists that secrete celestite, may play an

important role in the marine chemistry of Ba and

Sr (Bernstein et al., 1992, 1998). The lateral offset

between silicic acid and chlorophyll maxima and

the Ba minima argues against active Ba uptake by

phytoplankton, such as acantharia. There was little

supporting chemical evidence for acantharian (cel-

estite) removal, since strontium concentrations,

which were measured by isotope dilution ICPMS

in the bottle samples returned to the lab, were

Fig. 9. Plot of silicic acid (Amol/l) versus Ba (nmol/l) in bottle

samples taken off Baja California (same as Fig. 6).

Fig. 8. Plots of salinity and temperature versus Ba (nmol/l) in

surface waters off Baja California (same as Fig. 6).
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uniform (Sr/salinity ratio varied by less than 0.5%)

for these strongly Ba-depleted surface waters (Esser

and Volpe, in press (a)). Barium removal associated

with biological productivity (Bishop, 1988; Dehairs

et al., 1991; Stroobants et al., 1991) is the most

consistent explanation for the observed Ba depletion

in surface waters near Punta Eugenia (Esser and

Volpe, in press (a)).

The frontal zone across which the Ba minima

occurs probably reflects the waning stage of a bloom,

in which nutrients were depleted, and phytoplankton

were no longer abundant. In this case, dying phyto-

plankton and zooplankton fecal material provided an

environment for the precipitation and export of marine

barite from productive surface water to seafloor sedi-

ments. It seems that the Punta Eugenia Ba depletion

zone was on the northern edge of an upwelling event

(Figs. 4 and 5). If so, then the Ba, hydrographic, and

satellite data suggest that Ba removal due to biological

activity is a relatively rapid phenomenon, which

occurs over a period measured in days.

In contrast, satellite imagery indicates reduced phy-

toplankton activity in several areas (i.e., 26.07jN)
over 2 days with little indication of any anomalous

depleted Ba concentration in surface water (Fig. 3).

Thus, for reasons not yet understood, post bloom

waters may not always result in reduction of dis-

solved Ba concentrations. On the other hand, it may

be that Ba removal occurred beneath the sampling

depth of the bow intake on the Revelle. In this

instance, a vertical cast would have been informa-

tive.

The dissolved Ba deficit in the depletion zone

corresponds to removal of particulate Ba of approx-

imately 19 nmol/kg (Esser and Volpe, in press (a)).

This is a factor of 2 higher than particulate Ba

concentrations of 9 nmol/kg observed in productive

surface waters of the southern ocean (Dehairs et al.,

1997). Integrating the deficit over a vertical column of

10 m, and assuming the monthly averaged Ba removal

from this water mass was dominated by this transient

event yields a monthly averaged Ba export rate of 200

nmol/cm2/year. This flux is three times higher than

monthly averaged Ba fluxes of 60–80 nmol/cm2/year,

which were determined from sediment trap data in the

Atlantic and Pacific (Dymond et al., 1992; Dymond

and Collier, 1996; Fagel et al., 1999; Dehairs et al.,

2000). The Ba depletion events at 28.0jN and 28.4jN

seem to occur in discrete areas and last for a short

time. Sediment traps set at depths of 600 to 3500 m

would average these transient events over the collec-

tion interval, and may miss confined events. More-

over, if mixing between particulates in adjacent water

masses (i.e., advection) occurs during settling, then

sediment traps will record a spatially averaged signal.

Both effects would dampen surface peak flux. This is

another instance where vertical casts would be infor-

mative. Nevertheless, deployment of an integrated

analytical observation system provides a means to

observe short-term effects of ocean productivity phe-

nomena.

The hydrographic, trace element, radiocesium,

and satellite SeaWIFS data constrain physical ocean

models, which suggest that biological productivity

and upwelling off Baja promontories is a highly

fluctuating process in time and space. In recent

years, barium has been used to investigate changes

in ocean circulation, upwelling conditions, and sur-

face water productivity over a variety of time

scales, and to measure net export of carbon from

the euphotic zone (Falkner et al., 1993). This

unexpected variability in dissolved Ba illustrates

that even for elements with well-known distribu-

tions, the coastal ocean is grossly undersampled

(Johnson et al., 1992), and that solid-phase Ba

can serve as a proxy for modern and paleo-ocean

productivity (Esser and Volpe, in press (a)).

4. San Diego Bay: seaward chemical flux and

coastal productivity

High population density along the Southern

California coastline has a significant effect on water

quality along the coastal margin. There have been

previous studies of trace metal distribution in San

Diego Bay (Zirino et al., 1978, 1998; Flegal and

Sañudo-Wilhelmy, 1993), the adjacent coastal areas

(Sanudo-Wilhelmy and Flegal, 1991, 1992, 1994,

1996), and even some research linking chemical

contamination and biological toxicity (McCain et

al., 1992). Recently, several studies describe phys-

ical exchange between San Diego Bay and the

coastal ocean, which is dominated by tidal pumping

during ebb (tidal jet) and flood (tidal sink) cycles

(Chadwick and Largier, 1999a,b). These investiga-
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tors used flow measurements and a dissolved

organic UV fluorescent tracer to model the tidal

pumping process, and quantify exchange between

the bay and ocean. Still, the fate and dispersal of

chemical plumes from San Diego Bay as well as

Mission Bay and the Tijuana River have been little

studied.

These plumes are the primary mechanism for

exchange and transfer of nutrients, biological organ-

isms, and trace metals between the bays and the

coastal ocean. Important parameters include the

rates of exchange of nutrients and trace metals in

mixed waters, the effects of these trace metals on

biological productivity, and the short-term fate of

dissolved and particulate material flushing from the

bays. A first step in understanding these aspects of

coastal biogeochemical processes is to quantify the

distribution, both temporal and spatial, of biological

and chemical species. The main purpose of this

survey was to use the at-sea ICPMS to quantify

trace metal composition of waters in the San Diego

coastal zone in conjunction with simultaneous sam-

pling of invertebrate larvae (L. Levin, SIO). In the

future, continued high-resolution water chemistry

measurements will permit full characterization of

the spatial variation (within bay, bay vs. coastal)

and temporal shifts (within the tidal cycle) in

elemental signatures.

4.1. Satellite observation

SeaWIFS chlorophyll a concentrations in San

Diego coastal water for September 11, 1999 are

Fig. 11. Tidal range (m) versus time (GMT) for San Diego during

the survey. Periods for legs B1, B2 and B3 are shown.

Fig. 10. SeaWIFS ocean color image for San Diego Bight on

September 11, 1999 (S1999254195708_L2_chla). Chlorophyll

concentration varies from less than 0.10 to 5 mg/m3.
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shown in Fig. 10. Surface waters with high chlor-

ophyll concentrations, greater than 5 mg/m3, were

confined to a 10-km-wide zone that extended long-

shore from the San Diego Bay entrance to the

southern end of the image, near Ensenada, Mexico.

To the north, beyond the image boundary, there was

a chlorophyll a enriched filament that extended

longshore southward from Long Beach into the

Santa Monica Basin. There were several large

eddies with chlorophyll a concentrations up to 1.0

mg/m3 in the Santa Monica Basin. Surface waters

due west of San Diego had uniformly low chlor-

ophyll a less than 0.2 mg/m3. The image resolution

is approximately 1 km, and it provides an overview

of the spatial distribution of chlorophyll a along the

Southern California coast. However, ocean surface

Fig. 12. Oceanographic and trace element data from the September 1999 cruise aboard the R/V Sproul in San Diego Bay (B2) and the adjacent

coastal ocean (B1, B3). Times are in Julian Days (GMT). Panel 1: Cu (nmol/l), dark circles; Zn (nmol/l), gray circles. Panel 2: Mn (nmol/l), dark

circles; Ni (nmol/l), gray circles. Panel 3: Chlorophyll (Ag/l), dark line; light transmissivity (%), gray line. Panel 4: Salinity, black line;

temperature (jC), gray line.
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radiance is more complicated in coastal areas (Case

II waters) than in deep ocean, and the image

provides little information that elucidates either

San Diego Bay chlorophyll a distribution, or dis-

persal of Bay waters in the coastal ocean.

4.2. Hydrography

The San Diego coastal margin survey consisted

of sequential segments corresponding to B1, B2,

and B3 in Fig. 2. Survey B1 was conducted around

the entrance to San Diego Bay offshore Pt. Loma

during low slack tide (Fig. 11). Depth of the tow

body varied between 2.1 and 2.5 m. This survey

was conducted to establish a baseline for delineat-

ing the tidal jet as it entered the coastal ocean

during ebb flow. It coincided with the study area of

previous research that examined tidal exchange

between San Diego Bay and the coastal ocean

(Chadwick and Largier, 1999a,b). The next survey

leg was a continuous sampling loop of San Diego

Bay from outside the entrance through the outer

bay to the 24th Street Marine Terminal and inner

bay, and then back to the entrance (Fig. 2, B2).

The survey began outside the bay with the onset of

flood tide (Fig. 11), and ended near the starting

point on slack tide. On the transit into the bay,

the tow body depth was 2.35F 0.05 m, and

1.34F 0.04 m on the return transit. The last survey

was conducted along shore and across the San

Fig. 13. Chlorophyll (Ag/l), closed circles and FDOM (Ag/L), open
circles versus salinity for surface water in San Diego Bay (survey

B2).

Fig. 14. Mn (nmol/l), closed circles, and Cu (nmol/l), open circles

versus salinity for surface water in San Diego Bay (survey B2).

Fig. 15. Chlorophyll (Ag/l), closed circles, and FDOM (Ag/l), open
circles versus Cu (nmol/l) for surface water in San Diego Bay

(survey B2).
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Diego Bight (Fig. 2, B3), during high slack tide

(Fig. 11). Tow body depth varied between 2.2 and

3.1 m. The purpose was to establish the limits of

the San Diego Bay tidal jet as it dispersed into the

Bight.

4.3. San Diego Bay and trace metals

Trace metal and sensor data show that San

Diego Bay was enriched in Mn, Ni, Cu, Zn, Cd,

and FDOM with respect to the coastal ocean (Fig.

12). Salinity, temperature, FDOM, and trace metals

show increasing gradients from the entrance and outer

bay to the inner bay (Fig. 12, Cd is not shown).

Chlorophyll shows monotonic decreasing values with

increasing temperature and salinity through the bay

(Figs. 12 and 13). The strong inverse correlation

between chlorophyll and light transmissivity in San

Diego Bay and the adjacent coastal surface water

suggests that biomass (represented by chlorophyll)

was the principal component degrading water clarity

(Fig. 12, panel 3). San Diego Bay is a semi-enclosed

embayment with little river input at this time of the

year.

Fig. 16. Plots of Mn/Ni, Cu/Zn and Mn/Cu for the inbound portion of B2 San Diego Bay survey versus distance (arc-seconds). Distance is

calculated from the center of the shipping channel west of the tip of Pt. Loma, with positive distance being into the Bay.
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Though nonlinear, there is strong correlation

between chlorophyll and salinity, and FDOM and

salinity in San Diego Bay water (Fig. 13). Chlorophyll

decreases rapidly from outside the bay entrance to

Ballast Point, and then gradually from the outer bay to

south bay. FDOM increases uniformly with salinity

(Fig. 13). The inverse relation between chlorophyll

and FDOM is striking compared with the strong

positive correlation seen in productive surface waters

offshore Baja California (Fig. 6). Previous investiga-

tion noted a strong ultraviolet fluorescence gradient in

the outer bay of approximately 3 Ag l� 1 km � 1 that

was associated with leaching of polycyclic aromatic

hydrocarbons from creosote saturated pier structures

(Chadwick and Largier, 1999b). The values of FDOM

in this study are lower than in the previous study, but

the emission wavelength of the UV-fluorometer (440

nm) in this study is different than that typically used to

investigate hydrocarbons (360 nm).

Both Mn and Cu show uniformly increasing

concentration with salinity and distance into the

bay (Fig. 14). Zinc, Ni, and Cd show similar

positive trends. However, there was markedly dif-

ferent surface water near the southern end of the

24th Street Marine Terminal, where the inbound

transit ended. At this location in the south bay,

temperature (23 jC), salinity (34.89), FDOM (1.0

Ag/l), and Mn (519 nmol/l) were at maxima, while

Cu, Zn, and Ni concentrations fell 45%, 30%, and

10%, respectively. The sudden decrease in Cu was

uncorrelated with change in chlorophyll concentra-

tion, which was already at the minima (4 Ag/l) for

the survey (Fig. 15—trend A). In contrast, FDOM

increased while Cu decreased across this surface

water front (Fig. 15, trend AV). On the return

transit, surface water near the bay entrance had

elevated chlorophyll (10–14 Ag/l) with little change

in Cu (25–35 nmol/l) (Fig. 15 trend B). Similar

trends were observed for the other trace metals at

the bay entrance, which suggests tidal mixing of

bay water and ‘‘new’’ coastal water.

Trace element ratios of surface water on the

inbound leg of the B2 transit are shown in Fig.

16. Distance was calculated in units of arc-seconds

from a reference point in the center of the shipping

channel west of the tip of Pt. Loma (32.67jN,
117.23jW). Locations for Ballast Point and the

24th Street Marine Terminal are + 73 and + 650

arc-seconds, respectively. Mn/Ni (11–12) and Cu/

Zn (0.3) ratios of tidally mixed bay and coastal

water are low compared with bay water (Fig. 16).

The ratio of Mn to Ni increases smoothly from

Ballast Point (Mn/Ni = 20) to the south bay (600

arc-sec: Mn/Ni = 37), and then it sharply increases

(Mn/Ni = 45) near the 24th Street Marine Terminal.

Cu/Zn ratios are uniform (0.37) between Ballast

Point and downtown San Diego (400 arc-seconds),

where the ratio increases toward the 24th Street

Marine Terminal (Cu/Zn = 0.47), and then it sharply

decreases (Fig. 16). Mn/Cu ratios of surface water

are somewhat uniform through outer bay to south

(Mn/Cu = 7–9), and then the ratio increases sub-

stantially near the southern terminus of the survey

due to relatively high Mn and low Cu.

There are distinct changes in trace metal con-

centrations and ratios near the 24th Street Marine

Terminal that probably reflect differences between

main channel surface water that is controlled by

tidal mixing, and water from the shallow southern

portion of the bay. Elevated levels of Ni (and

probably Mn and Cd) have been attributed to

sediment and pore water diagenetic processes in

South San Diego Bay (Flegal and Sañudo-Wil-

helmy, 1993). Since Ni, Mn, and Cd are linearly

correlated, elevated Mn and Cd mostly like reflects

Table 1

San Diego Bay chemical gradient and flux

Ballast Point-24th Street Marine Terminal

Transit in

(24-m depth)

Transit out

(1.4-m depth)

Flux into

coastal ocean

MN 18 � 16 200–440

Ni 0.29 � 0.26 11–17

Cu 1.7 � 1.7 27–78

Zn 2.8 � 2.8 120–200

Cd 12 � 21 3

Chlorophyll � 0.40 0.28

FDOM 0.021 � 0.022 20

Temperature 0.26 � 0.23

Salinity 0.041 � 0.041

Chlorohyll and FDOM are in Ag l-1 km-1; trace metal concentrations

in nmol l-1 km-1, except Cd, which is in pmol l-1 km-1; temperature in

jC km-1; and salinity in km-1. Negative values represent decreasing

concentration with distance. Chemical fluxes are in units of kilogram

per average tidal prism.
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input from sediments in the south. In contrast, Cu

and Zn concentrations reach maxima at lower

salinity (Fig. 14), and Cu/Zn ratios increase

between downtown San Diego and the 24th Street

Marine Terminal (Fig. 16). These changes may

indicate a near-point source in this region that is

not totally dispersed by tidal mixing. The decrease

in Cu and Zn concentrations and Cu/Zn ratios with

increasing salinity and FDOM to the south may

reflect selective removal on suspended organic-rich

material.

Table 1 summarizes chemical gradients of dissolved

constituents and chlorophyll in San Diego between

Ballast Point and the 24th Street Marine Terminal.

Changes in the chemical parameters varied two- to

threefold and were well correlated (r2>0.9) with dis-

tance. The inbound and outbound gradients of each

constituent were the same, with several minor excep-

tions. The gradients forMn (18 vs. 16 nmol l � 1 km � 1)

and chlorophyll (0.40 vs. 0.28 Ag l � 1km � 1) reflect

minor differences in surface water near Ballast Point on

flood (inbound) versus slack (outbound) tide. Previous

work estimated that approximately one half of the

water entering the bay on a flood tide is ‘‘new’’ coastal

ocean water, and one half is bay water that was dis-

charged on the ebb tide (Chadwick and Largier, 1999a).

Fig. 17. Plots of Cu (nmol/l), Mn (nmol/l), chlorophyll (Ag/l) and salinity along east–west transects in the coastal ocean adjacent to the mouth of

San Diego Bay: B1 survey along 32.64jN, dark line and closed symbols; and B2 survey along 32.60jN, gray line and open symbols.
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4.4. San Diego Bay plume

The trace metal enrichment patterns can be used to

tag tidal jet Bay water as it enters the San Diego Bight

(segments B1 and B3). Fig. 17 shows detailed plots of

trace metal enriched water along the 32.64jN (B1)

and 32.60jN (B3) transects. The first transect is

approximately 3.3 km south of the bay entrance, and

the other is 7.8 km south. The San Diego Bay tidal jet

plume is evident in elevated Mn (100 nmol/l) and Cu

(10 nmol/l), as well as Ni, Zn, Cd, and FDOM

abundance along the 32.64jN transect (Fig. 17).

Elevated chlorophyll and salinity are also character-

istic of the plume signature. It is undetermined where

the chlorophyll increase occurs, since this is atypical

of inner San Diego Bay water. The trace metal

concentrations along this transect are approximately

half those in surface water inside the bay, near Ballast

Point. The survey segment along 32.60jN is note-

worthy in that the trace metal enriched Bay plume is

not evident in San Diego Bight 8 km south of the bay

entrance. This is consistent with calculations showing

the tidal jet extending approximately 4.3 km beyond

the mouth of the bay for an average tidal range of 1.4

m (Chadwick and Largier, 1999b).

It is possible to estimate the flux of trace metals

from San Diego Bay given the gradients, tidal plume

concentration in excess of coastal water, and an

average tidal prism volume of about 5.5� 107 m3

(Chadwick and Largier, 1999b). Table 1 shows a

range for the trace metals based on concentrations

observed near the mouth of bay (e.g., what is avail-

able) and in the tidal jet offshore (e.g., what escapes).

Manganese (200–400 kg) and Zn (120–200 kg) are

the principal metals discharged from the bay, though

Cu (27–78 kg) may be underestimated depending on

the fraction sequestered with organic compounds.

5. Conclusions

We described a new ocean observation system

integrating mass spectroscopy, hydrographic instru-

mentation, and satellite imagery. We have shown that

a mass spectrometer can be successfully taken to sea

without deleterious effect, and used to rapidly deter-

mine trace metals in seawater for many days. This

permits mapping of important biologically influenced

elements, such as Ba, at high spatial resolution over a

regional scale. We extended this capability to a wider

range of biologically active trace elements (Mn, Ni, Cu,

Zn, and Cd) that are present at very low concentrations,

and effected by seawater matrix interference, which

required on-line pre-concentration and matrix elimina-

tion. The combination of field-based instrumentation,

parts per 1012 detection limit, and rapid analytical

cycling allowed mapping of trace metals in the coas-

tal environment at spatial resolutions previously un-

achievable. In the future, this type of system will

dramatically increase our understanding of the distri-

bution and geochemistry of these metals, and of near-

shore ocean biology and productivity. Applications

include mapping pollutant flux at critical interfaces

(bay–ocean) over tidal cycles that vary in intensity,

observing the regional effect of extreme discharge due

to storms and river runoff, and correlating trace metal

distribution with biological diversity and productivity.
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