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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are
not accepted. Papers may include reports of research as well
as reviews, because symposia may embrace both types of
presentation.
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This book is dedicated to the memory of Prof. F. A. Richards
(1917-1984), mentor, friend, and colleague,
who clearly understood, loved, and encouraged
interdisciplinary oceanic exploration.
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PREFACE

THIS BOOK IS A COLLECTION of invited papers originally presented at a
symposium entitled “Analytics for Mesoscale and Macroscale Processes.”
This symposium focussed on current approaches to chemical and biologi-
cal mapping of the oceans, and it brought together many of the scientists
currently engaged in this task. By presenting the collective experiences of
seasoned investigators rather than just descriptions of methods, this book
attempts to give a practical overview of “chemical” mapping, including
discussions on method development, sampling, data collection, and analy-
sis. No single chapter covers all of these topics in great detail; however,
all of the chapters stress environmental applications as well as method-
ology.

The general approach to mapping is to develop high-resolution
analytical techniques for the measurement of chemical, biological, and
physical parameters so that their changes in time and space can be
followed. Chemical mapping, therefore, is considered throughout this
book to be an interdisciplinary analytical problem, and no artificial
boundaries are created to separate traditional scientific fields. Indeed, the
authors consist largely of physicists, chemists, and engineers who use
methods originally developed in their respective fields and who have
joined biologists to study biological questions. This consequence is natural
when working in an environment in which chemistry, biology, and
physics are inextricably related, and in which changes over smaller spatial
and temporal scales are either controlled by or manifested in biological
processes.

I hope that by bringing forth many novel or very recent observations
made with new and diverse methodologies the book will encourage
traditional analytical scientists to adapt their own methods to marine
environmental monitoring and perhaps join the authors in their chosen
task of ocean exploration.

I gratefully acknowledge the Analytical Division of the American
Chemical Society, the Office of Naval Research, and the Naval Facilities
Command for sharing the registration and travel costs associated with the
symposium. Many thanks are also due to Florence Edwards and Deborah
Corson, the American Chemical Society’s in-house editors who did much
of the work associated with the production of the book and who deserve
most of the credit for getting it into print. I also wish to thank my

Xi

In Mapping Strategies in Chemical Oceanography; Zirino, A.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1985.



Publication Date: August 1, 1985 | doi: 10.1021/ba-1985-0209.pr001

colleagues and sponsors at the Naval Ocean Systems Center, San Diego,
who have supported the concept of real-time ocean mapping over the
past 15 years.

Finally, I wish to thank Antonio, Herta, Barbara, Laura, Aline, and
Marco Zirino for contributing liberally, though indirectly, “their” time to
this book and to marine chemistry.

ALBERTO ZIRINO

Naval Ocean Systems Center
San Diego, CA 92152

August 1984

xii

In Mapping Strategies in Chemical Oceanography; Zirino, A.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1985.



Publication Date: August 1, 1985 | doi: 10.1021/ba-1985-0209.ch001

New Problems for Chemical
Oceanographers

EDWARD ]. GREEN
Office of Naval Research, Arlington, VA 22217

The development of new methodologies in chemical ocean-
ography—techniques such as underway sampling, fiber-op-
tic technology, laser-induced fluorescence, flow-injection
analysis, and other new autoanalyzer methods—promises to
initiate a revolution in the scope of problems that can be ad-
dressed by marine chemists. The new problems are to be
found in chemical variations occurring on short spatial scales
and short time scales in upwelling and other frontal regions
where chemical patchiness and biological patchiness are
strongly interactive.

WILLIAM DITTMAR PUBLISHED HIS RESULTS FROM THE FIRST 2 years of the
H.M.S. Challenger expedition almost 100 years ago (1). His results demon-
strated that, to a very good first approximation, seawater could be consid-
ered a two-component system (water and sea salt). Consequently, 99.5%
(by weight) of all the chemical components of seawater became relatively
uninteresting to water-column chemists. However, 80 of the elements of
the periodic table could be found in the remaining 0.5% . Consequently,
marine chemists have tended to concentrate on the minor and trace compo-
nents of seawater because the interesting variations occur in them; that is,
they reveal information about the processes and mechanisms that influence
the chemistry of seawater. Chemical oceanographers, as all scientists do
when their field of study matures, naturally progress from the survey mode
to process-oriented investigations, from correlations of observations to hy-
potheses of mechanisms, and from the general understanding of the chem-
istry of seawater to highly specialized and focused interests.

Evolution of Chemical Oceanography

Chemical oceanography has evolved from the study of the major elements
to the investigation of minor components—the nutrients, silica, and dis-
solved oxygen—then on to radiotracers, trace metals, organics, and bio-

0065-2393/85/0209-0001$06.00/0
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genic gases (Figure 1). Simultaneously, analytical methods and techniques
have also evolved. Initially our basic tool was based on the hydrographic
wire and the Nansen bottle, a technology rooted in the 19th century. De-
spite limited vertical and horizontal resolution, the data obtained still rep-
resented the most valuable base for discussion of the general circulation of
the oceans.

In the past 20 years the Nansen-bottle technology has been replaced
with the conductivity, temperature, and depth (CTD)-rosette system. Ver-
tical resolution of samples is now within centimeters, temperature mea-
surements are within the accuracy of the best reversing thermometers, and
data are transmitted directly to computer, which not only eliminates te-
dium but also safeguards against transcription and calculation errors. The
advent of the CTD-rosette has, however, some disadvantages. Nansen bot-
tles are purely mechanical, and, therefore, can be deployed, maintained,
and repaired by technicians with little specialized training. CTD systems
are sophisticated electronic instruments that require personnel trained es-
pecially in their maintenance. Moreover, they are linked to complex com-
puters and software that also need highly skilled and trained operators.
Therefore, data acquisition has not only become much more expensive, it is
now limited, at least in the modern sense, to large institutions. The net
result of these changes is that much more coordination and planning are

TOOLS STUDIES
Nunsen Bottles Properties of Seawater Challenger
Expedition
Water Mass Characteristics General Circulation

Global Distribution of
Rosette Sampler Chemical Parameters GEOSECS

Mesoscale

Eddies Warm-Core Rings

Towed Pumping Systems

Figure 1. The evolution of chemical oceanogralphy, 1884-1984. Oceanic

fronts are characterized by areas of enhanced biological activity—the major

process by which the chemistry of the upper ocean varies on a short time
scale.
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required of scientists who wish to justify and mount major field efforts in
oceanography.

These trends will continue and the specialization and sophistication of
data gathering will intensify. A major driving force in this direction is the
increasing interest in problems characterized by shorter time and space
scales. For many years the equipment and techniques available to physical
oceanographers made it almost impossible to study any phenomenon other
than the general circulation in the ocean. These very large scales of motion,
the general circulation, are set by the large-scale wind stress pattern, the
large-scale solar heating and cooling, and the broad bathymetry of the
ocean basins.

However, as advanced techniques and equipment allowed measure-
ment on finer grids and shorter time scales, the mesoscale fluctuations were
found to be much more energetic than the general circulation. The great
bulk of the energy supplied to the ocean does not drive the general circula-
tion, but rather drives the finer scale fluctuations in the ocean, with hori-
zontal space scales of tens to several hundreds of kilometers, and time scales
not of decades or years, but of many days to several months.

Possible New Tools

We foresee a parallel development in chemical oceanography. In the past 7
years, considerable attention has been paid to the chemistry of Gulf Stream
rings, features with spatial scales of tens of kilometers and lifetimes of
months. To study still smaller phenomena—ocean fronts that may have
spatial scales of tens of meters and evolution periods of days—the old hy-
drographic cast method of observation is inadequate. One possible direc-
tion for the future is the deployment of underway towed pumping systems.
Some investigators have already made significant progress toward this
goal.

Advances in plankton sampling have been made by Alex W. Herman. !
He deploys his Batfish vehicle to measure chlorophyll a fluorescence, con-
ductivity, temperature, and depth with a CTD device, and zooplankton
numbers with a conductivity sensor. Eugene Traganza? has been surface
sampling with an on-deck pump in his studies of the California current
upwelling system. In this region, where strong chemical variability extends
all the way to the surface, significant work can be done with surface sam-
pling. In most cases, however, sampling over a range of depths within the
photic zone will be necessary. David R. Schink® and his colleagues have
employed a modified version of a commercially available towed pump to
study biogenic dissolved gases in the ocean. Richard J. Mousseau? and his

IBedford Institute of Oceanography.
2Naval Postgraduate School.

3Texas A&M University.

4Gulf Science and Tecl}llnology Company.
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coworkers have had a similar hydrocarbon “sniffer” operational in petro-
leum exploration for several years. The National Oceanic and Atmospheric
Administration has put some effort into developing a six-port pumping sys-
tem for the study of dispersion of wastes in the sea.

Other Needed Instrumentation

Underway water sampling is only part of the solution. Underway chemical
analyses are essential to the investigation of small-scale, rapidly evolving
features. Continuous, in-situ specific electrodes for all the chemical param-
eters of interest would be ideal, but currently we have only the pH elec-
trode and the dissolved oxygen sensor, and very few ideas on how to pro-
ceed with in-situ sensors for other chemical species at trace concentrations.
The next best thing is to mate underway water sampling with continuous
or very rapidly repetitive, on-board chemical analyses. Considerable prog-
ress is being made in this area also.

The autoanalyzer represented a substantial advance in the ability to
make repetitive on-board chemical measurements. The development of
flow-injection analysis promises to enlarge enormously the scope and speed
of such methods. The flow-injection methods were pioneered in clinical
chemistry, and are being developed for oceanography by Kenneth S. John-
son® and Robert L. Petty.’ Dana Kester® and Richard W. Zuehlke® are also
developing new autoanalyzer techniques for the rapid analysis of certain
trace metals in seawater. One of the most technologically exciting prospects
for the future involves the use of fiber optics to transmit a spectroscopic
signal from an in-situ sensor to the ship’s deck.

Just as with underway water sampling, these analytical systems are
becoming complex, expensive, and require highly trained technical special-
ists to maintain and operate them. This effort and expense can only be justi-
fied if significant oceanographic problems are being tackled. Understand-
ing the biology and chemistry of frontal processes is such a significant
problem.

The Importance of Fronts

Ocean fronts are regions where vertical advection and the exchange of mo-
mentum and other properties are intense. In addition, two-sided conver-
gences are very effective in collecting and concentrating suspended partic-
ulate matter. For these reasons, in part, fronts are regions of enhanced:
chemical variability. Moreover, an understanding of the role of biological
fronts is needed in both diagnostic and prognostic biological productivity
models.

A number of intensely interesting questions can be posed about the

5 University of California, Santa Barbara.
6University of Rhode Island Graduate School of Oceanography.
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biology and chemistry of fronts: Do distributions of chemical properties at
ocean fronts follow general patterns; what mechanisms—physical, biologi-
cal, or chemical—are important for these patterns in chemical properties;
can predictive chemical models be developed based on physical distribu-
tions and remote sensing imagery; what diffusional processes occur across
ocean fronts and how can understanding of these processes be used for
ocean prediction purposes? Many of the contributors to this volume are in
the forefront in answering these questions.

Recent Progress in Upper Ocean Chemistry

Traganza and his students have studied the eddies of the California upwell-
ing (2-3). His system allows continuous chlorophyll a and temperature
measurements. Nutrients are processed by autoanalyzer every 2 min
(~500-m spacing at 9 knots); adenosine triphosphate (ATP) and guanosine
triphosphate (GTP) are processed every 10 min (~2.5-km spacing). These
densely spaced data show the expected close correlation of temperature and
nutrient chemistry; the cold water is high in nutrients, the warm water is
low. Most interesting, however, is the location of biomass concentrations as
determined by ATP and chlorophyll. Traganza’s data show strongly that
the blooms are occurring not in the cold, nutrient-rich water, but rather on
the thermochemical gradients. This occurrence is particularly true for the
equatorial side of cyclonic cold water spirals.

This observation was supported by the agreement between in-situ
data and color imagery from the Nimbus-7 coastal zone color scanner. Be-
cause of the location of the phytoplankton blooms in the sharp nutrient
gradients, and because these features persist, Traganza has suggested that
the gradients may act as “natural chemostats” in which the specific growth
rate is equal to the dilution rate, and the total biomass is proportional to the
concentration of the nutrient supply. His study provides evidence that, in
certain situations, the biological patchiness may be set initially by the
chemical patchiness that is a consequence of the physical oceanography.

The reverse situation may be true with respect to the distribution of
dissolved molecular hydrogen in the ocean. Schink’s observations (4) of diel
variation of hydrogen concentrations in the controlled ecosystem popula-
tion experiment containers and in the Marine Ecosystem Research Labora-
tory tanks have been confirmed in the open ocean by Herr et al. (5). Hy-
drogen is probably produced either in the guts of zooplankton or fish, or
by cyanobacteria. Dissolved hydrogen typically decreases with depth be-
low the photic zone; apparently, the gas is consumed by microflora in the
deep ocean. Such consumption occurs in freshwater (6) and anaerobic (7)
systems.

The studies in this book (by Zuehlke and Kester, Herman, Schink,
Traganza, and others) indicate that biological activity is the major process
changing the chemistry of the upper ocean on a short time scale. Unravel-
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ing the biological-chemical relationships will provide some of the most
challenging problems for chemical oceanographers in the years ahead.
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Flow-Injection Analysis for Seawater
Micronutrients

KENNETH S. JOHNSON, ROBERT L. PETTY, and JENS THOMSEN
Marine Science Institute, University of California, Santa Barbara, CA 93106

Flow-injection analysis (FIA) is a technique for automating
chemical analyses. The principles of FIA are reviewed here.
Methods for applying FIA to the anayses of nitrate, nitrite,
phosphate, silicate, and total amino acids in seawater are ex-
amined. Analyses of other nutrients, metals, and carbonate
system components are also discussed. Various techniques to
eliminate the refractive index effect are reviewed. Finally,
several examples of the application of FIA to oceanographic
problems are presented.

THE BENEFITS OF AUTOMATING NUTRIENT ANALYSES IN SEAWATER have been rec-
ognized and utilized for several decades. Automated analyses allow sam-
ples to be processed faster and generally with better precision and accuracy
than is possible with most manual methods. The only technique that was
available at a reasonable cost for the automated analysis of seawater nutri-
ents, until recently, was segmented continuous-flow analysis (CFA). Seg-
mented CFA is characterized by the use of air bubbles to segment the liquid
in the reaction tube so that dispersion of the sample is limited.

Segmented CFA has been used widely at sea, and it has proven to be an
extremely valuable tool. The analyses of all major nutrients in seawater
have been automated by segmented CFA, including the determination of
nitrate and nitrite (1, 2), silicate (2, 3), phosphate (2, 4), and ammonia (5).
The applications of segmented CFA to analyses in seawater were sum-
marized previously (6-8).

A second technique that is capable of automating chemical analyses
was developed by Ruzicka and Hansen (9), and Beecher, Stewart, and
Hare (10). This technique, called flow-injection analysis (FIA), is also a
form of continuous-flow analysis. However, it differs from segmented CFA
in several respects. The main distinction between segmented CFA and FIA
is that the continuous mixing of sample and reagents in a turbulent stream
segmented by bubbles is replaced by periodic mixing in an unsegmented,

0065-2393/85/0209-0007 $07.00/0
© 1985 American Chemical Society
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laminar stream. Periodic mixing is achieved by injecting the sample, or in
some cases the reagent, into a carrier stream flowing to the detector. The
analyte species forms in the reaction zone that contains both sample and
reagent. The reaction does not have to go to completion. The residence
time of the sample is very reproducible because the flow is incompressible;
therefore, the extent of reaction will be similar in all of the samples. This
similarity results in several advantages, relative to segmented CFA, includ-
ing faster analyses and less complex equipment.

FIA is readily adaptable to the determination of dissolved nutrients in
seawater. Methods for the determination of nitrate (11, 12), phosphate
(13), and silicate (14) in seawater have been developed. We have used FIA
methods at sea and they have proven to be quite reliable. Because high
sampling rates are possible with FIA (I5), it is well-suited for oceano-
graphic investigations of small-scale and mesoscale features in the ocean. It
is particularly well-suited to applications where it is interfaced with the ef-
fluent of a submersible pumping system.

This chapter examines the use of FIA in oceanographic investigations
and begins by reviewing the principles of FIA. The methods that can be
used for the analysis of micronutrients (nitrate, nitrite, phosphate, silicate,
and total amino acids) in seawater will then be discussed. Finally, the ap-
plication of FIA to the determination of the nutrient structure across an
ocean thermal front will be presented.

Principles of Flow-Injection Analysis
The principles of FIA were reviewed in several articles (16-20) and a book
(15). Therefore, only a summary is given here.

A simple FIA system consists of a length of small bore tubing [ < 1-mm
inside diameter (ID), ~1 m long] through which a carrier stream. is
pumped, a valve that can introduce the sample (typically 20-200 pL) into
the stream as a discrete plug, and a flow-through detector at the end of the
tubing (Figure 1). The successful operation of this system requires
reproducible sample injection, timing, and analyte dispersion. Dispersion
must be reproducible so that the sample is diluted with the carrier stream
by the same amount during each analysis. The residence time of the sample
in the reaction tube must also be constant so that the extent of reaction will
be the same in all samples and standards. The sample volume injected must
be reproducible because it affects the dispersion reproducibility.

Although this seeems to be a difficult combination of conditions to
achieve, it is in fact simple. Inexpensive rotary injection valves, such as
those used for low-pressure liquid chromatography, will inject highly re-
producible volumes. Dispersion and timing are also reproducible if a con-
stant flow rate (= 1%) is maintained in the reaction tube. Constant flow
rates can be produced with peristaltic pumps. A simple FIA system can,
therefore, be assembled from common components.
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Figure 1. The manifold (top) for the determination of phosphate by FIA.
Key: P, the pump (Gilson Mini Puls); IV, injection valve (Rheodyne Model
50); D, LED photometer (24) with an IR LED (880-nm maximum emission);
and R, recorder. Typical results for a series of standards are shown (bottom).

A variety of operations can be performed on the sample as it flows
through the reaction tube. In the simplest case, the sample merely disperses
into an inert carrier stream. It is then measured directly at the detector, as
in the determination of seawater pH. The contact time between the sample
and the pH electrode is short so that only a fraction of the steady-state re-
sponse is obtained. However, this fraction is very reproducible [ +0.002
pH, (15)], which is the key to the success of FIA.

The carrier may also contain a reagent that reacts with the sample to
form an analyte species. For example, the carrier stream used for the analy-
sis of phosphate contains molybdate and ascorbic acid, which combine
with the injected phosphate to form the reduced phosphomolybdate dye
(Figure 1). Reagents may also be pumped into the carrier stream at T-
fittings if the sequential addition of several reagents is necessary. This tech-
nique is used in the determinations of silicate and nitrate. More complex
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operations, such as gas diffusion through membranes, solvent extractions,
or column operations may also be used (15-20). Any type of detector that
has a flow-through cell can be interfaced to an FIA system.

The periodic injection of the sample into the flowing carrier stream
creates a heterogeneous composition in the carrier stream. The detector
will normally see the undiluted carrier stream flowing past it. The sample
bolus will, however, pass the detector at intervals and cause a response to
the analyte species. The output of the detector is a normally flat baseline in-
terspersed with peak-shaped responses shortly following each sample injec-
tion (Figure 1).

Air bubbles are necessary in segmented CFA to prevent excessive
broadening of the sample bolus as it flows through the reaction manifold.
However, segmentation of the flow is not necessary in FIA to limit tailing of
the sample. The most important factor limiting sample tailing is the use of
narrow (<1 mm) tubes. The flow in a narrow tube will be laminar (Rey-
nolds number < 20) at the flow rates (< 10 mL/min) used in FIA (17). Ra-
dial diffusion can proceed at a rate comparable with flow along the tube
axis under these conditions (21). Any portion of the sample that lags behind
in the low-velocity region along the tube wall will rapidly diffuse back into
the high-velocity region in the center of the tube where it will “catch up”
with the rest of the sample (15, 17).

These processes were studied in detail by Vanderslice et al. (22) with
numerical models. Their results were confirmed experimentally (22, 23).
Their numerical results (22) show that dispersion will depend on the diffu-
sion coefficient of the sample compound. Gerhardt and Adams (23) used
these results to determine diffusion coefficients of inorganic and organic
compounds with an accuracy of a few percent by injecting the compounds
in an FIA system and measuring their dispersion.

A reaction need not go to completion before the sample enters the de-
tector in FIA (15-20). The extent of reaction will be the same in all samples
and standards if constant flow rates and sample volumes are maintained.
Successful FIA systems have been used in which the extent of reaction was
less than 10%. However, the extent of reaction is surprisingly high for
many reactions with residence times less than 30 s. The reaction used for
the determination of phosphate is greater than 90% complete in less than
155 (13) even though the manual method calls for at least 5 min for full color
development (2). This extent of reaction was accomplished by heating a
portion of the manifold to 50 °C. Greater than 90% of the nitrate in sea-
water is reduced to nitrite in a cadmium reductor in less than 2 s (11, 12).
The reaction of nitrite to form an azo dye is complete in less than 15 s (15).

A sample injected into a carrier stream must mix with the reagents before
a reaction can proceed. A minimum dispersion factor of about 3 is neces-
sary to produce uniform mixing of the reagent and sample so that smooth
analyte peaks are formed (Figure 1). The dispersion factor is defined as the
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ratio between the sample concentration in the injector, before mixing has
occurred, and the maximum sample concentration at the detector in the
absence of any reaction. The dispersion factor will increase as the residence
time increases (22). If the sample must mix with several reagents added se-
quentially, or if the reaction kinetics are slow, then the dispersion factor
may exceed 10.

The dispersion of the sample decreases the analyte concentration and
reduces the sensitivity of an analysis. If two or more reagents must be added
to the carrier stream, or if the initial sample concentration is low, then dis-
persion may lower the analyte concentration below detection limits. How-
ever, by reversing the role of the sample and the carrier-reagent stream
from that used in normal FIA, the relationship between dispersion and sen-
sitivity is also reversed (13). In this procedure, called reverse flow-injection
analysis (rFIA), the sample is used as the carrier stream and the reagents are
injected. The sample concentration in the zone of the injected reagent will
increase as time and dispersion also increase. This increase results in a
greater sensitivity compared to a similar analysis by FIA in which the sam-
ple is injected and its concentration decreases as time and dispersion in-
crease. The manifold for the determination of phosphate by rFIA is shown
in Figure 2.

The continually increasing sample concentration in the reagent bolus
in rFIA is the reason for the increase in sensitivity of rFIA compared to con-
ventional FIA. If the analyte is produced by a reaction of the sample and re-

W
Sample1
0 T
3V v =\ D W
n%in 7 150%C_ _|
Sample 2
P
Mixed Reagent - R
Ascorbic Acid

Figure 2. The manifold for the determination of phosphate in seawater
(13). All symbols are as in Figure 1. In addition, 3V is a three-way valve
(Rheodyne Model 5301) used to switch between samples and standards.
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agent, however, the analyte peak will still tend to be diluted with increas-
ing dispersion. Thus, there is some trade-off between increasing dispersion
in rFIA and analytical sensitivity.

The sensitivity of FIA and rFIA, using a photometric detector with 1-
or 2-cm path-length cells, can approach that obtained by manual methods
using 5- and 10-cm cells as long as the reaction kinetics are not unusually
slow. The analyte concentrations approach the values that would be found
if the sample and reagent were mixed in batch, particularly in rFIA. The
detector baseline is also quite stable in FIA because the cell is stationary and
few air bubbles are present. Electronic noise and refractive-index interfer-
ences are the main factors that affect the detection limits of an analysis. The
effects of refractive index errors, which are discussed later, can usually be
eliminated by matching the refractive indices of the carrier stream and the
injected solution. The electronic noise in the simple light-emitting diode
(LED) photometers (24) that we used for most colorimetric analyses is
about +0.0005 absorbance units, which is about an order of magnitude
better than the reproducibility obtained with long path-length cells when
they are removed from the spectrophotometer in each manual analysis.
Thus, the signal-to-noise ratios for analyses performed by FIA and rFIA are
about the same as those obtained with manual methods if the extent of reac-
tion is 50 % or greater. The detection limits for the analyses of phosphate,
silicate, and nitrate confirm these results (Table I).

The question of whether to use FIA or rFIA is not just one of greater
sensitivity, however. There are additional trade-offs. The sample size nec-
essary for a high-sensitivity analysis by FIA is about 500 pL (15); a 5-mL
sample is required for rFIA (13). If the sample volume is limited, as in the
analysis of sediment-pore waters, then FIA might be the method of choice.
In addition, interfacing an FIA analysis to an autosampler is easier. An ad-
ditional three-way valve is necessary in an rFIA setup (Figure 2) to avoid
drawing air when changing samples. Discrete samples can also be analyzed
at a higher rate by using FIA because the length of tubing from the sample
inlet to the injector can be made shorter. The mixiag zone between adja-
cent samples will, therefore, pass much more quickly. The consumption of
reagent solution is lower in rFIA because the sample is used as the carrier
stream rather than the reagent. This consideration is important if reagents
are expensive, or if data are to be taken at sea for extended periods.

The behavior of blank peaks is also different in FIA and rFIA. Turbid-
ity in the samples will add to the peak height in FIA; however, sample tur-
bidity has little effect in rFIA because the carrier stream has nearly the
same turbidity as the carrier stream-reagent bolus. However, if there is a
significant reagent blank, it will automatically be compensated for in FIA
because the carrier stream contains all of the reagents.

In summary, rFIA seems best suited for analysis of near-surface sam-
ples where concentrations are low. In situ pumps can be used to sample the
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water and deliver it to the rFIA system where semicontinuous measure-
ments of concentration are made. FIA would, perhaps, be better suited to
the analysis of deep samples obtained from a hydrocast. Nutrient concen-
trations in these samples are larger, and FIA allows the discrete samples to
be processed faster. The same apparatus is used in both applications, and
only a simple rearrangement of the manifold is required to convert from
one application to the other.

Apparatus

A flow-injection analyzer can be assembled from readily available compo-
nents (15, 25). The minimum requirements are an injection valve, pump,
detector, recorder, and manifold tubing and connectors. Peristaltic pumps
are most often used in FIA to propel the liquids. The flow produced by the
pump should be steady and have low pulsation. A peristaltic pump should
have 8-10 rollers on the pump head. A recently developed (25) low-cost
FIA system uses air pressure to propel the liquid streams. This pressure pro-
duces a virtually pulse-free flow, but it may be prone to motion-related
problems at sea.

Injection valves designed for FIA are produced by a number of manu-
facturers. These valves are often microprocessor controlled (26) and are
quite versatile. However, for all of the analyses described later, a simple
low-pressure rotary injection valve designed for liquid chromatography is
adequate (e.g., Rheodyne Model 50). Pneumatic and electric actuators are
available for automated operation. An injection valve that can be ma-
chined quite easily from poly(tetrafluoroethylene) (PTFE, Teflon) and
Plexiglas is described elsewhere (25, 27).

Any type of detector with a flow-through cell can be used for FIA.
Photometric detectors are most often used in FIA (15-18, 25). However,
many other analyses using fluorimeters (28, 29), refractometers (24),
atomic absorption (30, 31), and inductively coupled plasma emission spec-
trometers (32) have been described. Electrochemical detectors based on
potentiometry with ion-selective electrodes (15, 33), anodic stripping vol-
tammetry (15, 34), potentiometric stripping (35), and amperometry (36)
have also been used.

Betteridge et al. (24), designed an extremely simple and inexpensive
LED photometer for use in FIA. A block diagram of the detector and its elec-
tronics is shown in Figure 3. An LED is used as the light source, and a pho-
totransistor is the detector. These components are glued into the block of
Plexiglas that forms the flow cell, and they act as the windows of the cell.
These detectors are ideal for use at sea. They are insensitive to motion be-
cause the light source and detector are rigidly mounted in the flow cell. The
maximum emission wavelengths of the LEDs range from 560 to 950 nm.
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Figure 3. Partial schematic of the LED photometer electonics and flow cell
designed by Betteridge et al. (24).

The LED photometer can, therefore, be used for the determination of ni-
trate, silicate, phosphate, and ammonia with the analyses commonly used
for these groups (2, 7).

The manifold can be constructed from any appropriate small-diame-
ter tubing. We used PTFE tubing because it is inert and can be obtained in
various diameters. Altex-type tubing connectors and T-fittings provide
a convenient means of joining the tubing components. A low-cost tool for
flaring PTFE tubing for these fittings was described elsewhere (37).

Future directions for FIA include improved methods for determining
concentrations in FIA (19, 20), an advanced modular system using fiber op-
tics or ion-selective field-effect transistors in the detectors (20), and a sys-
tem of solid microconduits for handling the solutions (20). These develop-
ments suggest even greater reductions in the size and cost of automated
chemical analyses.
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Analytical Methods

Most of the work done with FIA has tended toward developing high analy-
sis rates, rather than high-sensitivity analyses (15-20). However, sensitiv-
ity is the most important factor when developing analyses for seawater mi-
cronutrients. The concentrations of the essential micronutrients such as ni-
trate, nitrite, ammonia, phosphate, and silicate are all regularly found to
be less than 1 M in surface seawater (38). Nitrate concentrations as low as
0.01 uM have been found (39) with a chemiluminescence detector (40).
Analytical methods for these compounds must have detection limits that
are considerably less than 1 uM if the factors that limit primary production
in the euphotic zone of the ocean are to be understood.

Anderson (11) was the first to report on the use of FIA for the analysis
of seawater micronutrients. He developed a method for the simultaneous
determination of nitrate and nitrite. The chemical reactions for the analy-
sis of nitrate were based on the reduction of nitrate to nitrite by a copper-
ized cadmium column placed in the flow path. The nitrite was then ana-
lyzed as an azo dye (11). This reaction sequence is conventionally used in
both segmented CFA and manual analyses of nitrate and nitrite in seawater
(2, 6, 7). The detection limits are 0.1 uM for nitrate and 0.05 uM for nitrite.

The high sensitivity and precision of the analyses (relative standard
deviation less than 1%) demonstrated the potential of FIA in marine re-
search. However, the sampling rate obtained by Anderson (11) was rather
low. Only 30 samples could be analyzed per hour, although both nitrate
and nitrite were determined on each sample. Long residence times were
necessary to obtain sufficient extent of reaction.

Following Anderson’s work, we investigated the application of FIA to
the determination of dissolved phosphate in seawater (13). Concentrations
of phosphate above 4 uM are rare in seawater, and concentrations near the
surface are typically less than 0.5 uM. The determination of phosphate re-
quires an analysis with a very high sensitivity. Initial experiments indicated
that an FIA procedure lacked sufficient sensitivity for surface water sam-
ples, and this finding led us to the development of an rFIA method using the
manifold shown in Figure 2. The detection limit obtained with this analysis
is 0.05 uM with a 1-cm path length flow cell. This result is comparable to
that obtained by manual methods with 10-cm path length cells (2, 7). The
sampling rate is 90 per hour when a continuous seawater stream is analyzed.

After developing this method, however, we learned that the Bausch
and Lomb flow cell used in that work (13) has a design that acts to minimize
refractive index errors (see following discussion). As a result, the manifold
shown in Figure 2 does not work well with a simple flow cell such as that used
in the LED photometer (Figure 3). We have, therefore, redesigned the
manifold to minimize the refractive index error (Figure 4). This redesigned
manifold works well and has performance characteristics similar to those of
the original analysis, that is, a detection limit of 0.08 uM and a sample
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Figure 4. Modified manifold for the determination of phosphate.

All symbols are as in Figures 1 and 2. The LED photometer flow cell has a 2-¢cm path
length and 1.5-mm inside diameter (ID). The LED and phototransistor are both Radio
Shack (276-143 and 276-145, respectively). The mixed reagent is the same as that used
by Johnson and Petty (13), but 250 mL is diluted to 1L before use. The reductant con-
tained 4 mL of stannous chloride stock solution (11 g of SnCly in 100 mL of concen-
trated HCI) and 2.5 mL of concentrated sulfuric acid in 100 mL of water. The prein-
jector mixing column is 35 cm of 0.8-mm ID PTFE tubing, and postinjector column is
60 cm of 0.8-mm ID PTFE tubing.

throughput of 75 per hour. The use of stannous chloride as a reductant,
rather than ascorbic acid, allows the analysis to be performed at room
temperature. The detector output for a series of seawater standards using
this manifold is shown in Figure 5. The calibration curve is linear and has a
slope similar to that obtained in our initial phosphate analysis {A = 0.0156
+ 0.0169 [PO4], (uM), R2 = 0.999}. A 2-cm path-length flow cell was
used, however, so the extent of reaction with stannous chloride as the
reductant at room temperature is about 50 % of that obtained with ascorbic
acid at 50 °C.

rFIA procedures for the determination of nitrate, nitrite, and silicate
in seawater have also been developed (12, 14). The manifolds for these
analyses are shown in Figures 6 and 7. The nitrate and nitrite analysis is
based on the same reactions used by Anderson (11). The rFIA technique
allows about 75 determinations per hour with a detection limit of 0.1 uM, a
rate 2.5 times greater than obtained by Anderson using FIA.

Silicate is determined as a reduced silicomolybdate dye (14). The
method is sensitive to the reductant used, either stannous chloride or ascor-
bic acid. The reaction kinetics with stannous chloride are much faster than
with ascorbic acid. The analysis with stannous chloride is more sensitive,
therefore, and has a detection limit of 0.5 uM compared to 1.0 uM when
ascorbic acid is used. Eighty determinations can be made per hour at these
detection limits. A detection limit of 0.1 uM can be obtained if the sampling
rate is decreased to 50 per hour (14). The analysis with stannous chloride
has a smaller salt error than with ascorbic acid, but the interference due to
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sea water
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Figure 5. Recorder signals obtained with the manifold shown in Figure 4.

The blank solution is artificial seawater (7). The remaining solutions were natu-

ral seawater containing ~ 0.9 uM PO3~ to which phosphate standard solution
was added.

Standard _L
Sample

{3V
Buffer

Sulf.
NED

L

Figure 6. Manifold for the determination of nitrate and nitrite. A four-way
valve (Rheodyne Model 50, 4V) is used to switch the cadmium column out of
line for the determination of nitrite only. (Reproduced with permission from
Ref. 12. Copyright 1983, American Society of Limnology and Oceanography.)

Pump Waste
Oxalic Acid 05 Injection Detector
Mixed Re 02 Valve i
> sgent 10 ——»-Waste
Samplel

1.9 8

05 \
Sample 2
Reductant 02 Recorderd

mi/min

Figure 7. Manifold for the determination of silicate (14).
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phosphate is larger. The interference should be insignificant in most ma-
rine applications, however.

Petty et al. (29) developed an FIA procedure for the determination of
total amino acids in seawater. Total dissolved amino acids can be deter-
mined with a detection limit of 0.01 uM and a sampling rate of 150 per hour
with the manifold shown in Figure 8. The amino acids are determined as
fluorescent isoindoles (41), which are formed by reaction of primary
amines with 1,2-benzenedicarbaldehyde (o-phthaldialdehyde) and mer-
captoethanol. The fluorescence quantum yields of the isoindoles formed
from most amino acids are similar (41, 42), and the sensitivity of the FIA
analysis is similar for most amino acids (29). Ammonia also forms a fluores-
cent product with 1,2-benzenedicarbaldehyde, but its fluorescence quan-
tum yield is about a factor of 15 lower (29, 42). The ammonia interference
is low, therefore, in most areas of the ocean.

Other analyses of oceanographic interest have been adapted to FIA.
The detection limits reported for these analyses are often too high to be of
use in oceanographic investigations. However, great improvements in de-
tection limits can be made with the techniques just discussed.

Ammonia has been measured by using phenol and hypochlorite to
form 4-(4-oxocyclohexadienylimino)phenol (indophenol) (15). Ruzicka
and Hansen (I15) also discussed a sensitive method that uses a gas-diffusion
cell to transfer ammonia from the sample stream to an acid-base indicator
stream. Urea can be determined as ammonia after reaction with urease

W-—

Figure 8. Manifold for the determination of total amino acids by FIA (29).
Key: S, an automatic sample changer; F, a filter fluorimeter (Turner Model
111); and R, the 1,2-benzenedicarbaldehyde reagent used as the carrier stream.
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(I15). Leggett et al. (43) have adapted the determination of sulfide as
methylene blue to FIA. Nanomolar quantities of hydrogen peroxide can be
determined by fluorescence by using horseradish peroxidase to catalyze the
reaction of hydrogen peroxide with leucodiacetyldichlorofluorescein (28).

Components of the inorganic carbon system can also be determined by
FIA. The measurement of pH by FIA (15, 33) with a glass electrode appears
to be a practical alternative to static measurements. The pH can be mea-
sured with a precision of +0.002 pH units on 240 samples per hour. This
method of measurement would eliminate the relatively long period of time
for glass electrodes to reach equilibrium. However, the effects of liquid
junction potentials in the heterogeneous carrier stream and the effects of so-
lution composition on the degree of electrode response need to be consid-
ered further. A total dissolved-COy analysis, which might be particularly
well-suited for pore water samples, is discussed elsewhere (44). Acid-base
pseudotitrations are also possible in FIA (15, 19). Pseudotitrations differ
from conventional titrations because the endpoints occur when the equiva-
lent concentrations of the sample and titrant are the same, rather than
when their equivalent amounts are equal as in a conventional titration
(19). Ramsing et al. (45) have developed the techniques for a rapid pseudo-
titration that could be suitable for a moderate precision (0.5% ) determina-
tion of alkalinity.

Dissolved metal determinations with a large range of sensitivities are
also possible. Manganese can be determined colorimetrically with dihy-
droxyiminomethane (formaldioxime) (46). An iron determination with an
amperometric detector that can resolve iron(II) and iron(III) has been re-
ported (36). Dissolved iron can also be determined with ferrozine (47). The
detection limits obtained with these analyses are on the order of 1 uM. This
level is not low enough for work in open ocean water, but the analyses
would be of use in anoxic water and the interstitial water of sediments.

Flow-injection analysis is also well-suited for the automation of
anodic stripping voltammetry. Metals can be plated from the sample solu-
tion as it passes over the electrode. Stripping is then carried out in the deox-
ygenated carrier stream (15, 34). The sample itself does not have to be deox-
ygenated. Detection limits of 3 nM have been reported for lead by this
technique (34).

Olsen et al. (48, 20) have described an interesting method for the
determination of lead in polluted seawater using FIA and flame atomic
absorption spectroscopy. The system incorporates a Chelex-100 column for
on-line preconcentration of the sample. The preconcentration and elution
step improves the detection limit for lead by a factor of four (50 nM). Fur-
ther increases in sensitivity are easily possible. The combination of this
preconcentration step with a more sensitive detector, such as anodic strip-
ping voltammetry, may make possible the determination of trace metals in
seawater on a routine basis.
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Refractive Index Effect

When designing a high-sensitivity FIA or rFIA analysis with a photometric
detector, the influence of refractive index must be considered (24, 49). The
heterogeneous composition of the carrier stream, which is caused by injec-
tion of the reagent or sample, can create a refractive index gradient along
the reaction-tube axis. The parabolic velocity profile across the radial axis,
characteristic of laminar flow, will cause the isolines of refractive index to
form a parabolic profile (24). These parabolic isolines of refractive index
will act as a liquid lens and will alternately focus light on the detector and
refract it away as they pass through the flow cell (24). The refractive index
signal is easily noted because of its resulting sinusoidal shape (Figure 9).
This signal will occur whether or not the sample has a different molar ab-
sorptivity than the carrier if there is a large refractive index difference be-
tween the carrier stream and the injected solution; therefore, eliminating
this interference is essential.

The simplest way to remove the signal due to refractive index differ-
ences is to match the refractive indices of the carrier stream and the injected
solution. For example, the reagent N-(1-naphthyl)ethylenediamine (NED)
is injected into the seawater stream in the analysis of nitrate and nitrite in
seawater by rFIA (12). The concentration of NED in the reagent solution is
low (1 g/L) compared to the seawater carrier stream. A refractive index sig-
nal equivalent to 5 uM of nitrate will be detected when seawater is ana-
lyzed. However, the refractive index signal is completely suppressed by
adding 10 g of NH,Cl to each liter of NED reagent solution. The refractive
index signal can be suppressed by a similar technique in the analyses of sili-
cate and phosphate. This procedure works well for the analysis of oceanic
water where changes in salinity are small. If salinity changes larger than
30% of the total salinity are expected, as in estuarine samples, then a differ-
ent procedure should be used to eliminate refractive index errors.
Bergamin et al. (49) suggested that refractive index signals can be sup-
pressed by injecting the sample into an inert carrier stream that then
merges with the reagent streams. This method leads to an unacceptable
decrease in sensitivity for most oceanographic measurements.

Automatic matching of the refractive indices of the injected reagent
and the sample stream is possible in rFIA (14). The reagent to be injected in
the silicate analysis is combined with a portion of the sample stream before
the injection valve (Figure 7). The resulting solution has the proper reagent
concentration in a matrix that has the same refractive index as the sample
stream. The blank peaks produced by this method are shown for seawater
of various salinities in Figure 10. Also shown for comparison are the blank
peaks in the same seawater samples when the refractive index of the in-
jected reagent (ascorbic acid) is adjusted to match only that of undiluted
seawater. Large refractive index peaks are produced in the latter case when
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Figure 9. Refractive index signals obtained when 150 uL of distilled water is

injected into a seawater carrier stream (a). The postinjector column was 90 cm

of 0.8-mm ID tubing. On the abscissa, 100 % corresponds to seawater with a

salinitg of 33.3 ppt and 0% corresponds to distilled water. The seawater was

diluted by volume to produce the intermediate solutions. The peak-to-peak
signal is also plotted (b).

diluted seawater is analyzed; they are almost completely suppressed when
automatic refractive index matching is used.

The silicate in the injected reagent cannot react in the sample stream
because the oxalic acid added upstream of the injector destroys the excess
molybdate. However, the quenching of the silicate reaction before injec-
tion of the reagent is not essential. Automatic refractive index matching
also works well in the phosphate analysis (Figures 4 and 5). Any phosphate
in the injected reductant is reactive in this case. The additional phosphate
will only make the peaks proportionately larger. Standards must be ana-
lyzed by the same procedure used for the samples.
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Figure 10. The blank signals obtained in seawater of various salinities in the

silicate analysis (14). Key: top, automatic refractive index matching using

the mam’fol(g shown in Figure 7; and bottom, the refractive index of the in-

jected reagent was adjusted with sulfuric acid to minimize the blank signal

when 34 ppt of seawater was analyzed. Automatic refractive index matching
was not used.

In addition to the procedures just discussed, the refractive index sig-
nals can be reduced by proper design of the flow cell. Increasing the diame-
ter of the flow cell can result in a large decrease in the refractive index sig-
nal. The increased diameter and lower flow rate reduce the curvature of
the liquid lens and result in less refraction of the light. The Bausch and
Lomb flow cell (Model 33-30-01) used in our initial phosphate analysis
(13) has a 3.5-mm diameter and is designed so that the sample flows into the
cell at six ports arranged radially around one end of the cell, rather than the
usual single port. These features help reduce the refractive index signal by
about a factor of 20 compared to a flow cell based on the design shown in
Figure 3. Flow cells with a tapered flow path can also act to reduce the re-
fractive index signal (50). Ham (51) found that long path-length cells also
tend to reduce the refractive index effect.

The refractive index effect does have one redeeming feature. The sig-
nal is directly proportional to the salt content of the sample (24). Injecting
deionized water into a seawater carrier stream is, therefore, a simple means
of measuring the salinity of the carrier stream (Figure 9). The relative pre-
cision of replicate analyses is about 0.5% when 100 uL of deionized water is
injected into seawater of 33 ppt* salinity (unpublished work). Cooling the
seawater to 10 °C did not cause a significant change in the signal. Although
the precision of the salinity analysis is not sufficient for physical
oceanographic measurements, it would be useful for estuarine research.

Field Applications

On two cruises we used rFIA for the determination of nitrate in the Santa Bar-
bara Channel. The results obtained on these cruises are examined briefly here
to illustrate the capabilities of rFIA for use in oceanographic investigations.

*Parts per thousand
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Oceanographic (52, 53) and satellite thermal measurements (54) show
indirect evidence of a thermal front in the eastern end of the Santa Barbara
Channel. This front is the boundary between warm southern water carried
by the California Counter Current into the channel and cold water flowing
south. The source of the cold water may be upwelling in the channel and
Point Conception regions, or it may represent a branch of the California
Current. The purpose of the two cruises was to investigate the biological
and chemical structure across this front. The front was located by measur-
ing the temperature at 2 m until large gradients were found. These gra-
dients were followed into the 85-m isobath, where the ship was anchored
for the remainder of each cruise.

Vertical profiles were made to 70-m depths with a submersible pump
at the anchor station. A thermistor, fluorometer, and the inlet for the rFIA
system were placed in line with the effluent from the pump. The tempera-
ture and chlorophyll fluorescence were recorded continuously. The con-
centration of nitrate was determined 75 times per hour. The residence time
of water in the pump was about 4 min. A typical vertical profile is shown in
Figure 11. The cadmium column was switched out of line at each depth to

Nitrite (uM)
0 0.5 1.0 1.5 2.0
] T 1 BRE ]
Nitrate (uM)
00 5 10 15 20

11 12 13 ]? 15 16
Oc)

Temperature

Figure 11. Typical vertical profiles of nitrite, nitrate, and temperature.
(Reproduced with permission from Ref. 12. Copyright 1983, American
Society of Limnology and Oceanography.)
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allow nitrite to be determined. The primary nitrite maximum of 0.5 uM is
readily detectable.

The temperature, nitrate, and chlorophyll fluorescence data obtained
on each cruise are plotted in Figures 12 and 13. Large oscillations appear in
the data. These oscillations have the same period as the semidiurnal tidal
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Figure 12. Temperature (top), nitrate (middle), and chlorophyll fluo-

rescence (bottom) at an anchor station in the Santa Barbara Channel,

May 25-27, 1982. Dots represent the depths sampled. Station location is
34°01.6 N, 119°19.3 W.
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Figure 13. Temperature (top), nitrate (middle), and chlorophyll fluores-
cence (bottom) at an anchor station in the Santa Barbara Channel, August
10-12, 1982. Station location is 34°04.0 N, 119°19.5 W.
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cycle in the channel. A cursory inspection of Figures 12 and 13 indicates the
presence of internal tides [internal waves of tidal period (55)] with a 40-m
amplitude. However, closer examination of the temperature and nitrate
data indicates that these are not the vertical oscillations of an internal tide,
but are horizontal motion of the front as it is advected back and forth past
the anchored ship by tidal currents.

To illustrate this point, nitrate is plotted versus temperature for a se-
ries of three vertical profiles with the pump beginning at 10:00 a.m.,
August 10, 1982 (Figure 14). Distinctively different temperature-nitrate
plots are obtained from the first and last profiles. This finding indicates the
presence of two water types at the anchor station in a short period of time.
The intermediate profile shows both water types and the frontal boundary
separating them. The results shown in Figure 14 could only be a result of
the horizontal oscillation of two water types, separated by a sharp boun-
dary. An idealized picture of the position of the front is shown in the inset in
Figure 14. Solar heating and uptake of nitrate could not be responsible
because these results are repeated throughout the two data sets. Vertical
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Figure 14. Nitrate vs. temperature for three vertical profiles beginnning at
10:00 a.m. August 10, 1982. The inset shows the sample depths and the
position of the front. Symbols correspond to those in the inset.
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Figure 15. Nitrate (top), temperature (middle), and chlorophyll (bottom)

measured as a function of time at 15 m in the Santa Barbara Channel.

(Reproduced with permission from Ref. 12. Copyright 1983, American
Society of Limnology and Oceanography.)

oscillations induced by internal tides would require that whole water
masses disappear during part of an oscillation, and then reappear.

The sharpness of the boundary in the frontal region is shown in Figure
15. The submersible pump was lowered to a depth of 15 m and held there
while the ship drifted in the frontal region before it was anchored. The ex-
treme fluctuations in temperature, nitrate, and chlorophyll must be due to
the interleaving of the two water masses in the front. An upper limit for the
horizontal span of the frontal boundary can be calculated as follows: the
transition from one water type to another occurs in 3-4 min in Figure 15; if
the current shear from the surface to 15 m is 1 knot (0.5 m/s) then the water
is only advected 100 m in the time it takes for the transition from one water
mass to another to occur. The oscillations in Figure 15 suggest that rapid
changes in current direction occur. If so, then the horizontal span of the
front may also be smaller.
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Determining Trace Gases
in Air and Seawater

S. D. HOYT and R: A. RASMUSSEN

Department of Environmental Science, Oregon Graduate Center, Beaverton, OR
97006

A systems approach using stainless steel sample cans, vacuum
extraction flasks, and a field purge-cryogenic trap apparatus
was used to collect air and seawater samples for the determi-
nation of 30-50 trace gases by gas chromatography (GC)-
electron capture-flame ionization—flame photometric detec-
tion and GC-mass spectrometry (MS). The field sampling
equipment was operated on board the National Oceanic and
Atmospheric Administration’s Discoverer in the central Pa-
cific. This equipment provided an economical method for the
collection of virtually contaminant-free samples for studying
the global mass balance of trace gases. Analytical procedures
are described for the GC-MS technique, which can simulta-
neously measure and identify 23 trace gases at 1-1000-parts
per trillion by volume with a precision of between 5 and
20%. The study methods were successful in determining the
concentrations and relative saturations of 15 trace gases and
showed the ocean to be a source of OCS, CH5Cl, CHCl;, and,
potentially, a source of organobromine compounds.

THE MEASUREMENT OF TRACE GASES in the atmosphere and the ocean is nec-
essary to understand their global budgets. The ocean can act as a source or a
sink for gases produced in it by biological activity; it is the major source for
OCS (1, 2), CH3I (3), CH3Cl (4, 5), (CHa),S (6-8), and CHCl; (9).

Many of these naturally produced gases play important roles in atmo-
spheric chemistry. For example, OCS may maintain the stratospheric sul-
fate layer (10, 11). Changes in the concentration of this aerosol layer could
alter the global temperature. Dimethyl sulfide is produced in the ocean and
is released to the atmosphere where it probably is rapidly oxidized to SO,
which contributes substantially to the background acidity of rainwater
(12). Methyl chloride, which is produced in the ocean, is the dominant
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source of natural chlorine in the atmosphere, and plays a key role in the
stratospheric ozone cycle (13, 14).

The recognition of the importance of oceanic sources of trace gases has
led to increased research on the measurement and modeling of these gases.
Early efforts concentrated on measuring one or two gases in samples ob-
tained from limited areas. These results showed that concentration distri-
butions in the ocean are variable, and that accurate estimates of the global
fluxes for biogenic gases require large numbers of samples to be analyzed
from many locations (2). To do in situ analyses on large numbers of samples
is costly and usually results in the measurement of a limited number of com-
pounds. Accordingly, we developed procedures to obtain the number and
diversity of samples required and to routinely measure 30-50 trace gases in
each sample. The analytical method developed uses liquid oxygen to con-
centrate the gases in two steps on freezeout loops and a fused-silica
capillary c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>