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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by the 
American Chemical Society as an outlet for symposia and col­
lections 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, 
their papers distributed among several journals or not pub­
lished at all. Papers are refereed critically according to A C S 
editorial standards and receive the careful attention and proc­
essing characteristic of A C S publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y S E R I E S are original contributions 
not published elsewhere in whole or major part and include 
reports of research as well as reviews since symposia may 
embrace both types of presentation. 
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PREFACE 

'his book is based on a symposium "Chemical Methods i n Oceanog-
A raphy" which arose from an obvious suggestion I made a year or so 

ago that chemical oceanographers and analytical chemists should talk 
to each other more. The lamentable fact is that analytical chemists get 
seasick and that oceanographers have to cope with shipboard conditions 
which include unthinkable per diem costs, varying acceleration i n all 
possible directions, and an unexceptional lack of items not brought aboard 
in the first place. 

These facts of marine life cause oceanographers to grow beards and 
become taciturn. Their work is specialized, and they tend to publish in 
journals which are either benthic or, at best, pelagic—and largely unread 
by land-based analytical chemists. 

The converse is not true, marine chemists are wel l informed of the 
latest tools of analytical chemistry and often use these new methods at a 
high level of sophistication. This volume is not designed to inform sea­
going chemists of recent advances by shore-based chemists, although one 
or two of the chapters may indeed do this. Rather its purpose is to ac­
quaint land-locked chemists with the accomplishments and problems of 
marine chemists so that the accomplishments w i l l be more widely honored 
and the problem solving shared. There are enough problems for all of us 
as D r . Hume points out in his keynote address. 

There is another purpose—to let marine chemists take a broader 
look at what they are doing. Analytical chemistry is more than a tool; 
it is a large body of knowledge and a discipline. A good physical chem­
ist, for example, can be a poor analytical chemist. The science of finding 
out what is present and how much has a touch of artistry in it. 

The marine chemist is faced by extremely difficult problems, and it is 
probably correct to state that some of these are wel l beyond the state 
of the art at the present time. If an océanographie theory is to be based 
on 6000 analyses for sodium glutamate, it would be wel l to know that 
those analyses are significant. They could be high every time the crew 
had chow mein for dinner. O r they could be low because there were no 
fingerprints on the sampler. Or the shipboard routine of sampling, storing, 
and analyzing just wasn't good enough. 

If we were to believe data reported for trace metals in seawater 
and fish over the years since 1900, it follows that fish must be consuming 

ix 
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trace metals and removing them rapidly from the oceans! A plot of the 
heavy metals content of seawater vs. years shows a steep asymptotic 
decline whereas the trace metals content of fish shows a startling but 
irregular increase. These results are, however, susceptible to another 
less fishy but equally embarrassing interpretation: until recently al l sea­
water samples were contaminated by the sampler, and all our analyses 
were high, sometimes by orders of magnitude! This skeleton in our closet 
is about to be buried at sea, and perhaps someone w i l l read its burial 
service from the pages of this book. 

W e have made other kinds of errors i n our analytical determinations. 
For instance many of us have been measuring the p H of seawater using 
equipment calibrated by 0.050M potassium hydrogen phthalate. Have 
we really been measuring p H ? The answer is no, and the meaning of our 
measurements is just beginning to be understood and with it the effects 
of salinity, temperature, and pressure. 

It is my hope that this book w i l l remind all of us that we have much 
to learn about the analytical chemistry of the oceans. I think it may help 
to delineate some of the major areas where work is needed and that it 
introduces some rather specialized, even exotic, areas that are quite 
fascinating. 

I should like to thank the authors, the Analytical Division of the 
American Chemical Society, and the editor and staff of the Advances in 
Chemistry Series. They did al l the work and should get al l the credit. 

THOMAS R. P. G I B B , JR. 

Tufts University 
Medford, Mass. 
February 1975 
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1 

Fundamental Problems in Oceanographic 

Analysis 

D A V I D N . H U M E 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, Mass. 02139 

The success of studies on ocean chemistry usually hinges 
on the availability of adequate analytical methodology and 
expertise. The nature of the chemical problems involved; 
the size and heterogeneity of the ocean; the extremes of 
concentration, composition, temperature, and pressure; and 
the dynamic interactions at its interfaces with the litho­
sphere, atmosphere, and biosphere create challenging and 
often unique analytical problems. Current analytical meth­
ods are limited, and improved capability in referee, routine, 
monitoring, and in situ analyses is needed. Valid sampling, 
the use of reliable standards in calibration, and the collabo­
rative evaluation of methods under real-world conditions are 
important. 

*~T*he chemistry of the oceans involves a vast number of intricately and 
A intimately interrelated systems and reactions. To be understood, 

many of these require precise and accurate analytical data, which is 
often unattainable by conventional means. This symposium has brought 
together oceanographers and analytical chemists for meaningful com­
munication. W e hope that the oceanographers can give an overview of 
the fundamental chemical problems of the ocean in terms of the equi­
librium, dynamic, biological, hydrological, geological, and meteorological 
systems involved and that the chemists can speak cogently in terms of 
what approaches may be effective in generating valid data under the 
unusual and extreme conditions which characterize the natural ocean. In 
short, we w i l l discuss what ocean chemistry is all about, what questions 
need answering, what the difficulties are, and what analytical chemists 
may be able to do to help. 
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2 ANALYTICAL METHODS IN OCEANOGRAPHY 

When one considers the size of the ocean—its 10 2 11. of water covers 
71% of the earth's surface—and its importance as the climatic mediator, 
as the source of food and materials, and as the ultimate sink for many 
of our pollutants, it is surprising how little is actually known about it. 
Only in very recent years has the volume of ocean research, chemical and 
otherwise, started increasing rapidly. W i t h this increase has come an 
awareness of the inadequacy of our methodology. 

The Ocean as an Object and a System 

The ocean is a large mass of water containing about 3.5% salt in a 
fairly uniform mixture. It is layered with respect to temperature, being 
warm enough at the surface in many places for swimming but close to 
4°C throughout most of its depths. There are various horizontal and 
vertical currents, which produce gradual mixing. From the standpoint 
of a chemist it is almost a static system because the mixing time is about 
1600 years, although this constitutes rapid turnover to a geologist who 
consequently views it as a wel l mixed dynamic system. While there are 
local variations i n total salinity because of evaporation, rainfall, and 
input from rivers, the relative proportions of the major constituents are 
remarkably uniform (Table I) ( I ) . The bulk of the dissolved salts 
( > 99.99% ) is made up of only 11 elements which vary only slightly i n 
their relative amounts. Most of the rest of the dissolved salts consist of 
the minor constituents (Table II) (2) which vary considerably in their 
relative and absolute amounts, largely as the result of biological activity. 
What is left is a little bit of everything else i n the periodic table at con­
centrations of a few parts per billion and less. 

It would be a considerable challenge just to establish accurately the 
composition and chemical properties of an isolated sample of seawater, 
but the sea is not isolated. It has three important interfaces with its 
environment: the atmosphere, the lithosphère, and the biosphere. Each 
of these interfaces involves active transport of matter and energy, each 

Table I. Concentrations of the Major Nonvolatile Constituents 
of 35%o Salinity Seawater 

Constituent 
Concentration 

(mg/kg) Constituent 
Concentration 

(mg/kg) 

Chloride 
Sodium 
Sulfate 

19,350 
10,760 
2,710 
1,290 

413 
387 

Bromide 
Strontium 
Boron 

Bicarbonate 142 
67 

8 
5 
1 

Magnesium 
Calcium 
Potassium 

Fluoride 
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1. H U M E Problems in Océanographie Analysis 3 

Table II. Approximate Concentrations of the Minor 
Nonvolatile Constituents of 35%o Salinity Seawater" 

Concentration Concentration 
Constituent ^g/kg) Constituent 

Silicon 
Nitrogen 
Li thium 
Rubidium 
Potassium 
Iodine 

~3000 Barium 
—1000 Aluminum 

170 Iron 
120 Zinc 

—70 Molybdenum 
60 

30 
—10 
—10 
—10 
—10 

° All remaining elements <10 ppb 

has special properties of its own, and each affects the others. Let us look 
at some of the problems which result. 

The Water—Sediment Interface 

First, there is the matter of marine geochemistry. Quite apart from 
the problem of what is actually present in terms of water and sediment 
composition (which is by no means an exhausted topic) there are two 
related questions: H o w did the sea get its present composition? Is the 
sea in an equilibrium condition, in a steady state, or in the process of 
change? As a rough approximation the origin of seawater can be de­
scribed in terms of the reaction of 600 g of primary rock reacting with 
1 kg of volatiles (sulfur dioxide, hydrochloric acid, carbon dioxide, and 
water) to yield 11. of seawater, 3 1. of air, and 600 g of sediments. W i t h 
the proper assumptions, this gives a plausible material balance, the de­
tails of which can only be established with a good deal more data. The 
leaching and dissolution of rocks and soil continue. Every year rain 
and juvenile water goes down the rivers of the world carrying a great 
burden of dissolved and suspended matter. The composition of the rivers 
differs drastically from that of the sea, yet the sea does not seem to have 
changed its composition in some millions of years. What are the processes 
which keep things in balance? If reactions are taking place, for example, 
at the sediment interface, very small changes in the relatively large con­
centrations of the major components w i l l result. To detect these differ­
ences and measure them with any certainty is important geologically 
and difficult analytically. Of particular interest is the composition of the 
interstitial pore water in the sediments below the bottom of the ocean. 
This is water which exchanges and mixes very slowly with ordinary 
bottom water, and its composition may be the result of centuries of 
equilibration. To sample such water reliably and without contamination 
is a particularly challenging task. It can mean sending a sampler down 
several miles to get a few milliliters by remote control under a pressure 
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4 A N A L Y T I C A L M E T H O D S I N O C E A N O G R A P H Y 

of 1000 atm and then getting it back up again unaltered in the process. 
Recent work using improved sampling and analysis techniques indicates 
that some elements previously thought to be concentrated in pore water 
are actually depleted, or vice versa, which suggests the need for a 180 
degree adjustment of some geochemical theories of sedimentary pro­
cesses (3). 

Even apparently straightforward reactions develop unexpected char­
acteristics when allowed the freedom of the seas. It has long been known, 
for example, that some planktonic organisms withdraw calcium and car­
bon dioxide from the water to grow hard-parts of calcium carbonate. 
These skeletal remains sink toward the bottom after the organisms die, 
and in fact large areas of the ocean bottom are covered with thick layers 
of sediments rich in them. It would seem obvious that surface waters, 
where the growth takes place, should be depleted in calcium, and deep 
water in contact with the excess solid calcium carbonate should be satu­
rated. In actual fact the reverse is true. Deep water is undersaturated, 
and surface water is supersaturated, sometimes by more than 200%. 
What is involved is a fascinating array of complicating factors: the effects 
of temperature and pressure on equilibrium constants, the influence of 
many things such as adsorbed films on the kinetics of the reactions taking 
place, and the changing depth of sediments through the action of plate 
tectonics. The final picture is still far from clear. Even as simple a thing 
as why the equilibrium p H of seawater is characteristically around 8.3 
is not settled. One theory is that the sea is a big pool of bicarbonate 
buffer. Another is that the governing process is an ion exchange process 
with the sediments in which potassium and hydrogen are the active mem­
bers and that the carbonate-bicarbonate-carbon dioxide system is more 
of an indicator than a buffer (4). Actually relatively little is known, 
compared with what is needed, about the kinetics and equilibria of sedi­
ment—water reactions under ocean bottom conditions. 

The Water—Atmosphere Interface 

Returning to the surface, all sorts of activities take place at the air-sea 
interface. There is active transport of gases—0 2, C 0 2 , N 2 , H 2 0 vapor, 
C O , N 2 0 , C H 4 , and He, for example—in both directions. Carbon monox­
ide is an interesting example. Unt i l very recently it was assumed that the 
sea was the principal sink for the carbon monoxide produced by man's 
civilized activities. However, careful analysis of oceanic and continental 
surface air disclosed that carbon monoxide was coming out of, not going 
into the sea, and that it represented the largest source of that gas. It is 
presumed to be of biological origin, but the actual source is not known 
(5). 
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1. H U M E Problems in Océanographie Analysis 5 

The transport of water across the sea surface is particularly important 
to us because that is the source of most of our rain. Along with the water 
are carried rather appreciable amounts of salt. Unfortunately, the simple 
explanation of spray from waves neither accounts for the quantity nor 
the composition of the salt, which turns out to be appreciably different 
from that in bulk seawater. The explanation seems to lie in transport 
by bursting of microbubbles, the solute composition of which can be 
predicted to deviate in the observed direction by invoking the proper 
sophisticated theory of l iquid water structure. The composition of the 
microscopically thin surface layer of the ocean, in which surface-active 
substances of natural and artificial origin collect and form films, actively 
affects transport of water and gases. Also of importance here is the effect 
of pollutants such as petroleum products and lipidophyllic substances 
from sewage, not only on transport processes but on biological activity 
which is concentrated near the ocean surface. 

The Water—Biosphere Interface 

This brings us to the bio-water interface and the subject of life in 
the sea. The sea, like the land, has a bioeconomy based on producing 
plants and consuming animals. Unlike the land the primary food pro­
duction in the sea is nearly all done by microscopic plant life—the phyto-
plankton. Microscopic plants are eaten by microscopic animals, the 
zooplankton, which are eaten by increasingly larger animals up to sharks, 
men, and other predators. The factors governing the productivity of sea­
water are much the same as those governing the productivity of l a n d — 
availability of the nutrient elements (mainly nitrogen and phosphorus, to 
a lesser extent silicon) and essential trace elements ( C u , M o , Fe, M n , 
Co, etc.). Many of these are present in seawater at very low levels and 
are readily depleted. Large areas of the ocean are, in fact, the aquatic 
equivalent of barren deserts because the nutrients in the surface zone 
are exhausted, and really high productivity is maintained only where 
nutrient-rich bottom water wells up to replace the supply. The study of 
the interrelationships between productivity and the concentration and 
speciation of essential trace elements calls for analytical methods of higher 
sensitivity and specificity than are yet dependably available. 

Very little detail is known about the nitrogen and phosphorus cycles. 
Dissolved orthophosphate is taken up in plant growth and returned 
eventually after serving in cell fluids and tissues. It appears to be released 
primarily in the form of organophosphorus compounds, and at certain 
seasons of the year more than half the phosphorus in the water is de­
scribed as "dissolved organic phosphorus." Yet as of a year or so ago 
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6 ANALYTICAL METHODS IN OCEANOGRAPHY 

when I last checked the literature on the subject, not one organic phos­
phorus compound in seawater had been conclusively identified. Here is 
an interesting analytical challenge. Indeed, all oceanic organic chemistry 
is a challenge. Seawater in general contains around 3 mg/1. of "total 
organic carbon," which seems to consist of a bit of every stable organic 
compound that exists together with quite a few of the more transitory 
ones. Considerable amounts appear to be in the form of difficult-to-
degrade natural polymers such as humic substances and chitin. Hydro­
carbons are found ranging from macromolecules to methane. Clearly a 
capacity to establish the detailed organic composition of a seawater 
sample would be a tremendous help in working out what was going on 
in the ocean, but present methods fal l far short of that goal. It is a sad 
fact, as w i l l be shown in one of the papers in this symposium, that even 
the standard method for determining total organic carbon is open to 
serious question. 

Limitations of Current Analytical Methodology 

It must be admitted that every analytical method is open to question 
at some level. Unfortunately, for many determinations in seawater, that 
level is right in the range of normal composition and conditions. Trace 
element analysis is a good example. A great deal of work has been done 
to measure heavy metals in seawater at their natural parts per bill ion 
levels. The results indicate considerable variation with location and 
depth. This is of great biological and geological significance, if true. 
Yet interlaboratory comparisons of results on the same samples frequently 
show shocking disagreement. Lead is a particularly well documented 
case in point. In a recent intercalibration study, several laboratories 
analyzed the same carefully taken and preserved seawater sample. Each 
worker was experienced and considered expert in his technique. H e was 
aware of the discrepancies which had characterized previous intercom-
parisons and had been alerted to the known sources of error. Neverthe­
less, the reported averages obtained by anodic stripping voltammetry or 
atomic absorption ranged from 50 to 1300 ng/kg. The accepted value, 
obtained by isotope dilution mass spectrometry with heroic efforts 
to avoid contamination, was 14 ± 3 n g / k g (6) . While this is an extreme 
example, it is by no means unique. Even the most sanguine optimist, on 
reviewing the results of trace level intercalibration studies, would have 
to concede that a large fraction of the trace element concentrations re­
ported in the literature must be essentially worthless. Close examination 
of the performance of the standard methods for determining the major 
seawater constituents suggests further that many of the conclusions 
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1. H U M E Problems in Océanographie Analysis 7 

drawn from small apparent differences in those concentrations may also 
be illusory. 

Present Needs and Future Directions 

It is evident that there is an urgent need for new and improved 
analytical methodology for ocean research. These methods must have 
genuine overall precision and accuracy high enough to provide the dis­
crimination necessary for answering the questions under study. Several 
kinds of methods are needed such as referee methods which are used 
when the right answer is essential regardless of time or cost. They vali­
date the practical methods which w i l l be applied routinely: methods 
simple and sturdy enough to be used on a ship and rapid and inexpensive 
enough to process the large number of samples produced in a survey. 
Also needed are monitoring methods which can be automated for un­
attended operation. Finally, methods by which analyses can be done 
in situ—even under the extreme conditions of temperature, pressure, and 
remoteness which are characteristic of the deep ocean—are called for if 
certain types of problems are to be studied. 

However, determination methods are not sufficient in themselves. Tra­
ditionally academic analytical chemists have concentrated on developing 
measurement methods while tending to ignore the equally important but 
less glamorous problems of sampling. Even to define what a valid sample 
should be is no trivial matter. Ought it to include particulate matter or 
not? If not, how can it be separated, and, for that matter, what criterion 
distinguishes small particles from large non-particles? Rational, reliable, 
and practical methods for sampling bulk water, interstitial pore water, 
the surface layer, and the sediments are needed. Once obtained, these 
samples must be stored, sub-sampled, and processed using convenient and 
practical nondestructive and noninterfering protocols which, for the most 
part, do not exist yet. The effort put into analytical methodology and 
measurement is wasted if the sample loses its validity or integrity. That 
the analytical effort is not all that is wasted is evident when one considers 
that taking a sample from the ocean depths may involve holding a ship, 
with an operating cost of four figures per day, stationary for 4-8 hr. 
Improvement of sampling techniques and elimination of sampling by 
development of in situ analyzers are projects of the highest priority. 

Another unglamorous, but vitally important, aspect of océanographie 
analysis is the area of calibration and standards. Standard reference 
materials appropriate for most of the constituents in seawater simply do 
not exist, and considering the low concentration levels usually involved 
and the unstable nature of natural seawater samples, the way to approach 
the problem is by no means obvious. Calibration of laboratory methods 
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8 A N A L Y T I C A L M E T H O D S I N O C E A N O G R A P H Y 

and instruments is difficult enough but is nothing like the challenge of 
calibrating sensors designed for measurement in situ 6 mi . down and 
under 1000 atm pressure. 

Clearly there are problems enough to keep many analytical chemists 
occupied for a long time. I want to emphasize, however, that working 
on these problems in the abstract is not likely to be productive. The 
methodology which is produced must work reliably and conveniently in 
the hands of the ultimate users and be applicable to real problems, or it 
really isn't much good. Rigorous evaluation and intercomparison of 
results obtained by different users on the same samples is an essential 
step in the development of any method which is to be accepted as 
standard. This means communication and cooperation between investi­
gators, particularly between those of us who consider ourselves analytical 
chemists and those of us who consider ourselves chemical oceanographers. 
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Trace Metal Contamination by 

Oceanographic Samplers 

A Comparison of Various Niskin Samplers 
and a Pumping System 

D O U G L A S A. SEGAR and G E O R G E A. B E R B E R I A N 

National Oceanic and Atmospheric Administration, Atlantic Oceanographic and 
Meteorological Laboratories, 15 Rickenbacker Causeway, Miami, Fla. 33149 

Simultaneous collections were made of water and suspended 
sediments by an Inter-Ocean pump sampling system, Niskin 
bottles with internal rubber closures, Niskin bottles with 
Teflon-coated coil springs, and newly designed Niskin bot­
tles without internal closures. The samples were examined 
for contamination, particularly of trace metals. All the 
sampling systems led to some metal contamination of the 
samples except the new Niskin bottles. However, each 
system was found acceptable for nutrient analysis. Because 
of its novel closure, the newly designed Niskin bottle is 
convenient for suspended material analysis. Samples may 
be filtered directly from the sampling bottle without con­
tacting the atmosphere. 

' T ' h e analysis of seawater for trace components, particularly metals, is 
a notoriously difficult task. Sophisticated and expensive analytical 

instruments are used, and many difficulties are incurred in the procedure. 
Considerable efforts have been expended on analytical problems ( J , 2) 
and problems of sample contamination from storage bottles and reagents 
used for analysis (3). However, little attention has been paid to the 
problem of sample contamination during the process of obtaining the 
seawater sample from the ocean. Solving the analysis problems is of 
little use if uncontaminated samples cannot be obtained. In a separate 
paper i n this volume, a new analytical technique is described, which 
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10 ANALYTICAL METHODS IN OCEANOGRAPHY 

eliminates the worst of the analytical problems for several elements (4). 
These new methods were developed for use in the National Oceanic and 
Atmospheric Administration's ( N O A A ) Marine Ecosystem Analysis 
( M E S A ) Project and for studies of water column chemistry over mid-
ocean ridges. This paper describes a parallel effort to test sampling 
systems for trace metal contamination and to develop a sampling pro­
cedure which minimizes contamination. 

Sampling Systems 

Two basically different systems, pumps and sampling bottles, are 
used to obtain seawater samples. Bottles such as the Nansen, Niskin, 
National Institute of Oceanography ( Ν Ι Ο ) , and V a n Dorn samplers have 
been used extensively throughout the world ocean. Pumping systems have 
been used less frequently, usually only in shallow water and when large 
volume samples or continuous profiles are required. A review of the 
literature reveals that little has been published regarding contamination 
of samples from sampling bottles. Cooper (5) , in reviewing the prob­
lems of seawater sampling, pointed out that contamination, particularly 
from metal and rubber components of the samplers, was a serious prob­
lem. Subsequently, sampling bottles made from polyvinyl chloride 
( P V C ) were almost universally adopted for trace metal analysis. Unfor­
tunately, the standard versions of such sampling bottles al l use either 
rubber end caps or rubber "springs" inside the bottle as a closure mecha­
nism. The most widely used sampler, the Niskin bottle, has silicone 
internal rubber closures that pass through the sampler and remain in 
contact with the sample after the bottle is closed. Such silicone rubber 
is reported to give off considerable quantities of zinc to solution. In addi­
tion, the rubber, particularly when new, gives off large quantities of 
particles to the water sample during the closing process (6). To solve 
this problem many researchers adopted a Teflon-coated stainless steel 
coil spring to replace the rubber. Unfortunately, no investigation of the 
contamination generated from this spring has been reported. However, 
Teflon is known to be porous, particularly in thin coatings or films, and 
the coatings themselves tend to crack with even very limited use. 

Faced with these sampler problems, a new design of P V C Niskin 
bottle was constructed which eliminated the internal closures (7). This 
bottle (Figures 1 and 2) is designed to be closed from the outside. The 
top and bottom plugs are both loaded at the top of the bottle before 
lowering. Upon triggering, the bottom plug free falls within the bottle 
until it closes the bottom end of the bottle by resting on an O-ring seal. 
The top plug is pulled into place by three tensioned latex rubber bands 
outside the bottle and then locked in place by three spring-loaded cams. 
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2. S E G A R A N D BERBERiAN Contamination by Océanographie Samplers 11 

Figure 1. Top drop Niskin bottle Figure 2. Top drop Niskin bottle 

The sample thus comes in contact only with P V C during its time i n the 
sampler. 

The pump sampling system used in this study was an Inter-Ocean 
O S E AS system (7) which features a submersible, multi-stage axial flow 
pump. A l l metal parts of this system are Teflon coated so that samples 
may be collected for trace metal analysis. 

Comparisons of Sampling Systems 

Upon acquisition of the Inter-Ocean pump sampling system, a series 
of seawater samples was collected from N e w York Bight at 10 m depth 
simultaneously with the pump and with Niskin 10-1. samplers with internal 
rubber closures. The samples were filtered through 0.4/x Nucleopore 
filters. One aliquot was frozen for subsequent analysis of nitrate, nitrite, 
phosphate, and silicate by standard automated techniques. A second 
aliquot was acidified to p H 1 with silica-distilled, concentrated nitric 
acid and was subsequently analyzed by flameless atom reservoir atomic 
absorption spectrophotometry, both by direct injection (4) and after 
extraction of the metal pyrollidine dithiocarbamates with methyl isobutyl 

loaded 
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12 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table I. Comparison of Pump and 

Phosphate Nitrate Nitrite Silicate 
( μς at β) ( μς at/l) ( μ$ at β) ( μς at/l) 

Station Pump Niskin Pump Niskin Pump Niskin Pump Niskin 

S 
6 0.70 0.69 3.0 2.9 0.21 0.26 <0.2 <0.2 
8 1.2 1.4 7.8 9.6 0.94 1.1 5.2 6.3 

12 0.64 0.58 2.6 2.2 0.14 0.10 0.2 <0.2 
13 0.92 0.76 3.1 3.0 0.30 0.30 <0.2 <0.2 
22 0.78 0.74 3.5 3.5 0.50 0.51 0.2 0.2 
25 0.63 0.64 2.6 2.5 0.28 0.28 0.5 0.4 

α Niskin bottle with internal closures 

ketone (9). The results of these analyses are shown in Table I. It is 
readily apparent either that no nutrient contamination or loss occurs with 
either sampling system or that any contamination or loss is identical in 
each system. This second possibility is unlikely because of the consider­
able differences in the two systems. The same conclusion—that neither 
sampler contaminates the sample—may be reached for manganese. H o w ­
ever, for copper, to a lesser extent for nickel, and possibly for iron, the 
pump system contaminated the sample. 

In light of the above data, use of the pump system was discontinued, 
and a Niskin Rosette sampler (Figure 3) was used to perform a com-

Figure 3. Rosette sampler with 104. top 
drop bottles 
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2. S E G A R A N D BERBERiAN Contamination by Océanographie Samplers 13 

Niskin Bottle0 and Collected Samples6 

Nickel Manganese Iron Copper 
fog/kg) fag/kg) fog/kg) fog/kg) 

Pump Niskin Pump Niskin Pump Niskin Pump Niskin 

4.7 4.6 6.1 5.9 110 115 17.4 3.8 
2.8 2.0 3.5 1.6 412 131 17.6 2.3 
2.4 1.9 0.57 0.59 43 32 15.3 1.4 
1.4 0.7 0.62 0.62 22 19 13.1 1.2 
1.4 1.0 0.68 0.72 37 37 13.7 1.3 
0.7 0.4 0.51 0.49 69 55 11.3 0.59 
0.9 0.7 0.58 0.60 24 23 11.7 0.66 

6 Average of duplicate samples 

parison among three Niskin bottles—one with rubber internal closures, 
a second with an internal Teflon-coated coil spring, and a newly designed 
"top drop" bottle with no internal closures. Samples were collected with 
these three samplers simultaneously at 10 m depth at a station several 
miles off the New Jersey and Long Island shores. Immediately upon 
recovery, duplicate aliquots of water were drawn from each of the bottles, 
filtered through a 0.4 μ Nuclepore filter, and acidified to p H 1 with silica-
distilled nitric acid. The Niskin bottles containing the remainder of the 
samples were then allowed to stand for 3 hr in the ship's laboratory when 
a second set of duplicate aliquots was withdrawn, filtered, and acidified. 
The samples were analyzed for iron and zinc by direct injection flameless 
atomic absorption spectrophotometry (4) . The results are presented i n 
Table II. The analytical precision for these analyses is better than ± 1 0 % 
as determined from multiple analyses of replicate samples. As was ex­
pected from previous experience, the internal rubber closure bottle clearly 
contaminates the sample with zinc. Unexpectedly, however, it also con-

Table II. Comparisons of Samples Collected by 
Three Designs of Niskin Bottle 

Silicone Teflon-
Rubber Coated 

Top Drop Spring Coil Spring 

Iron ^g/kg)a 

Drawn immediately 23 55 28 
Drawn after 3 hr in bottle 20 33 23 

Zinc ^g/kg)a 

Drawn immediately 1.3 6.2 1.6 
Drawn after 3 hr in bottle 1.1 6.6 2.7 

α Each number represents the average of multiple analyses (more than three) of each 
of duplicate eamples. 
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14 ANALYTICAL METHODS IN OCEANOGRAPHY 

taminates the sample with iron. Possibly, this iron is in the form of very 
fine particles which pass through the Nuclepore filter. This hypothesis 
is supported by the much larger drop i n iron concentration with time in 
this than in both of the other bottles. This drop i n "dissolved" iron con­
centrations is probably caused by agglomeration of colloids which become 
large enough to be retained by the filter. Newly formed colloidal-sized 
iron-containing particles generated from the rubber springs would be 
expected to agglomerate at a faster rate than the already aged material 
present naturally. 

The use of a coil spring, whose new Teflon coat was not visibly 
damaged, contaminates the sample with small but significant amounts of 
both dissolved iron and zinc. Of particular interest, is the increase in 
zinc concentrations with time in all but the top drop bottle. Apparently, 
zinc continues to "dissolve" from the coil spring and possibly the rubber 
after closure, suggesting that deep ocean samples may be more contami-

Figure 4. Top drop Niskin bottle with 
snap-on pressure fittings for filtration 
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2. S E G A R A N D BERBERiAN Contamination by Océanographie Samplers 15 

nated than shallow samples because of the longer residence time of water 
in the bottle. The loss of zinc over the 3-hr period in the top drop bottle 
is small and only marginally significant compared with the analytical 
error. If the loss is real, then it may indicate that some zinc is associated 
with an actively precipitating phase such as that apparently removing 
the iron. 

The top drop bottle is superior to other available bottles with respect 
to its lack of, or at least minimized, sample contamination for some trace 
metals. The top drop bottle has the additional advantage that it may be 
internally pressurized, permitting the seawater sample to be filtered with­
out transfer to another container. This minimizes the risk of contamina­
tion of the water and particularly of the filter by the ship's atmosphere 
or other extraneous sources. A snap-on fitting has been developed so that 
a filter head containing a filter, preloaded in a dust-free atmosphere, may 
be attached to the petcoçk of the top drop bottle. A gas-tight nylon 
fitting is installed on the top drop in place of the air vent of normal 
Niskin samplers. A supply of filtered inert gas at excess pressures up to 
1 atm is then coupled to this fitting and the water sample filtered without 
ever contacting the ambient atmosphere (Figure 4) . 

Top drop bottles were successfully and routinely operated on a 
Rosette system and on normal hydrowires during several cruises of the 
M E S A New York Bight Project. Loading and handling of the bottles is 
minimally more difficult than for the older designs. They may, therefore, 
be used without difficulty in place of the older design for collection of 
samples for other than trace metal analysis. The use of such bottles for 
trace metal or suspended particulate chemistry would appear to be 
indicated. 
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3 
Apparatus for the Sampling and 

Concentration of Trace Metals from 

Seawater 

E A R L W. D A V E Y and A L B E R T E . SOPER 

National Marine Water Quality Laboratory, Environmental Protection Agency, 
South Ferry Rd., Narragansett, R. I. 02882 

Apparatus and techniques for the sampling and concentra­
tion of particulate and dissolved trace metals (Cd, Cr, Cu, 
Fe, Mn, Ni, Pb, and Zn) from seawater were used to monitor 
ambient trace metal concentrations and heavy metal dis­
charges. Particulate trace metals were collected in 0.4 µm 
Nuclepore filter bags, and dissolved metals were concen­
trated on Chelex-100 chelating resin. The apparatus is con­
structed of polyethylene and polypropylene plastics to 
reduce possible sample contamination. 

*Tphe capabilities and limitations of analyses of water for trace metals 
A have been described by Hume ( J ) . From his discussion it can be 

inferred that few reliable methods have been available to analyze directly 
for particulate and dissolved trace metals in seawater. Therefore, it has 
been necessary to pre-concentrate seawater samples to reduce the high 
salt content and to increase trace metal concentrations to within the 
range of existing conventional instrumentation, such as flame atomic 
absorption spectrometry ( A A S ) or neutron activation analysis ( N A A ) . 
Another problem, according to Robertson (2), is that seawater samples 
can be contaminated by trace metals during sampling and subsequent 
storage. Consequently, this paper describes apparatus which is designed 
to concentrate trace metals from seawater, thereby reducing some poten­
tial sources of sampling contamination errors. 

Analysis Methods 

In 1970 Davey et al. (3) reported on a modification of the technique 
of Riley and Taylor (4) which selectively removed trace metals from 
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3. D A V E Y A N D S O P E R Sampling and Concentration of Trace Metals 17 

marine culture media. Radioactive trace elements were used to verify 
that the chelating resin, Chelex-100 (Bio-Rad, Richmond, Cal i f . ) , effec­
tively removed certain trace elements from natural or artificial seawater 
(Table I ) . Essentially identical results were obtained in these experi­
ments for either seawater collected from the Sargasso Sea or artificial 
seawater prepared according to Kester et al. (5). The water was radio­
labeled with specific trace elements and passed through 10 m l sodium 
Chelex at 5 ml /min . However, trace metals were not completely released 
(3) from Chelex-100 by using the technique of Riley and Taylor (4). 
This problem was circumvented by the following modifications: 

1. The ammonium rather than the sodium form of the resin is used 
as was later suggested by Riley and Taylor (6) . 

2. The volume of resin is reduced to 5 m l for a 4-1. seawater sample. 
3. The flow rate is decreased to approximately 1 m l / m i n to compen­

sate for the reduced resin volume. 
4. Concentrated nitric acid is used for extraction and total release 

of the metals from the resin. 

Table I. Adsorption Efficiency of Purified Sodium Chelex-100 
for Trace Metals in Seawater 

The acid-extracted metals are usually analyzed by conventional flame 
A A S . However, the Chelex-100 can also be analyzed directly for cad­
mium, cobalt, manganese, and zinc by N A A if the resin is first rinsed 
with deionized water after sample passage to reduce salt content and 
then dried. The carefully purified ammonium form of Chelex-100 after 
N A A was essentially free from trace metal contamination. 

Chelex-100 also competes against the added chelators glycine, histi-
dine, and ethylenediaminetetraacetic acid ( E D T A ) (Table I I ) . In these 
experiments, various concentrations of chelators or phytoplankton cultures 
with cells removed were mixed in seawater with 6 4 C u , and the radio­
activity was counted before and after the water was passed through 
Chelex columns. Since the only competition observed was with 10" 6 M 
E D T A , the resin should be able to compete against natural complexes 

Isotope Adsorption (%) 
6 5 Z n 

U5m C d 

6 4 M n 
6 4 C u 

210p b 

6 3 N i 

6 9 F e 

110 m ^ g 

>99 
>99 
>99 
>99 

95 
92 
92 
33 
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18 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table II. Competition for 6 4 C u Between Chelex-100 
and Various Chelators 

Chelator Concentration (M) Competition (%) 

Glycine 

Histidine 

E D T A 

Phytoplankton 0 

having stability constants less than the 10" 6 M E D T A - C u complex in 
seawater. 

Apparatus 

The apparatus in Figure 1 is arranged to sample 0.1 m from the 
sediment-water interface when the polyethylene sampling tube is at­
tached directly to the anchoring weight and 0.5 m below the air-water 
interface. However, intermediate depths could also be sampled by ad­
justing the bottom sampling tube to other desired depths. 

The depth at which the water collection bottles are placed provides 
the hydrostatic driving force to fill the bottles with seawater through the 
connecting polyethylene tubing. The bottle is designed to fill with sea­
water from the bottom to the top to carefully exclude air. Thus, the 
collected seawater can be analyzed for oxygen, p H , salinity, and trace 
metals. The apparatus is constructed of polyethylene or polypropylene 
materials to reduce potential trace metal contamination to the sample. 
The only items not made from plastics are the weights. 

The seawater from the sampler is poured into a 1- or 2-1. acid-cleaned 
and deionized water-rinsed linear polyethylene storage container. This 
can be converted later into a trace metal processing bottle by changing 
to a modified cap as shown in Figure 2. The processing bottles work in 
the following sequence. 

The sample passes through a ΟΑ-μτη Nuclepore (Pleasanton, Calif . ) 
filter bag placed in a tubulated polyethylene container. The filter bags 
are made from 142-mm filters or, if a larger surface area is needed, by 
heat-sealing rectangles cut from 8 χ 10-in. Nuclepore filter sheets. A 
small bead of silicone rubber is applied to the filter holder cap to make 
the filter assembly leak-tight. The first Chelex column removes the trace 
metals from the seawater. The second Chelex column is used as an 
analytical blank to correct for any salt matrix effects from the first column. 

After collection, the samples are processed by the following method. 
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3. D A V E Y A N D S O P E R Sampling and Concentration of Trace Metals 19 

The water collection bottles are weighed before and after sample 
passage to determine the mass of water processed. The drained filter bags 
are removed from the plastic filter containers, placed into quartz vials, 
and digested with Ultrex (J. T. Baker Co., Phillipsburg, N.J.) concen­
trated nitric acid. The solution is taken to dryness, the residue is eluted 
with 0.5 m l of both Ultrex concentrated nitric and hydrochloric acids, and 
the eluate is diluted to 5 m l with deionized water. The Chelex material 
is removed from the columns, placed into quartz vials, rinsed with de-
ionized water, and dried. The resin is digested in 3 ml Ultrex concentrated 
nitric acid for at least 1 hr before dilution to 10 m l with deionized water. 
The resin particles are removed by filtering through a porous plastic 

^STYRENE FLOAT 

1/4" POLYETHYLENE 
FILLING TUBE 

,1/4" POLYETHYLENE VENT TUBING 

1/4" POLYETHYLENE FILLING TUBE 

LPE 4 LITER ^ 
COLLECTION BOTTLE 

-POLYPROPYLENE ANCHORING LINE 

CINDER BLOCK WEIGHTS 

7 

Figure 1. Apparatus for sampling water for trace metals analysis. It 
is designed to sample 0.1 m from the sediment-water interface and 

0.5 m below the air-water interface. 
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20 ANALYTICAL METHODS IN OCEANOGRAPHY 

1/4" POLYETHYLENE 
VENT TUBING 

LINEAR POLYETHYLENE 2 LITER 
SAMPLE STORAGE β PROCESSING 
BOTTLE 

1/2" POLYPROPYLENE FITTING WELDED 
TO BOTTLE CAP 

FILTER ASSEMBLY 

l/2M X 4" POLYETHYLENE 
COLUMN FILLED WITH CHELEX 

IOO> POLYETHYLENE POROUS( 

FRITS FOR RESIN SUPPORT 

1/2" POLYPROPYLENE UNION 

1/2" X 4" POLYETHELENE 
COLUMN TAPERED TO 1/4"-
FILLED WITH CHELEX 

CLAMP 

Figure 2. Sample storage and processing bottle with modified cap, filter 
assembly, and columns 

filter. Both the acid-extracted filters and resin are analyzed by A A S for 
C d , Cr , C u , Fe, M n , N i , Pb, and Zn. 

Results 

Table III presents results obtained from the sampling and concen­
tration apparatus for both particulate and dissolved trace metals. The 
percentage of the ratio of dissolved-to-total trace metals also was com­
puted. These results compare with values reported by others for Narra-
gansett Bay (7) . 
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3. D A V E Y A N D S O P E R Sampling and Concentration of Trace Metals 21 

Table III. Concentration of Trace Metals from 
Narragansett Bay (25 October 1974) 

Metal Particulate Dissolved0 Dissolved (%) 

C d not detected 0.08 ± 0.03 100.0 
C r 0.30 ± 0.07 not detected not detected 
C u 0.38 ± 0.07 0.74 ± 0.05 66 
Fe 55.12 ± 3.39 0.30 ± 0.22 0.5 
M n 3.70 ± 0.32 11.36 ± 0.20 78.7 
N i 0.18 ± 0.06 4.08 db 0.22 95.8 
Pb 0.65 ± 0.07 0.51 ± 0.13 44.0 
Zn 0.94 ± 0.26 5.28 ± 0.18 84.9 

α All concentrations are expressed in Mg/kg (ppb) as a mean (x) of four replicates 
(n = 4) at the 95% confidence limit. 

Discussion 

The apparatus can theoretically sample to any depth. However, at 
depths greater than 100 m, it is logistically difficult to anchor and to 
retrieve. The apparatus could be used to monitor baseline trace metal 
levels, sewage and industrial metal outfalls, offshore dumping sites, and 
diffusion of heavy metals from polluted sediments. The concentration 
apparatus could also be adapted to monitor other compounds such as 
methylated mercury, chlorinated hydrocarbons, amino acids, etc. by 
replacing the Chelex-100 in the columns with other resins specific for the 
compounds to be monitored. 
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4 

Considerations in the Design of in Situ 

Sampling Techniques for Trace Elements in 

Seawater 

K E N N E T H E. P A U L S E N , E D W A R D F. SMITH, and H A R R Y B. M A R K , JR. 

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221 

Accurate determination of trace element concentrations in 
natural water systems is becoming increasingly important. 
Present sampling and storage steps, however, cause tremen­
dous changes in samples before they can be analyzed by 
more-than-adequate techniques. In order to avoid these 
alterations, we have suggested criteria for designing in situ 
sampling techniques to provide both quantitative and stable 
samples which can be directly analyzed with minimal han­
dling and expense. The three methods which we have devel­
oped use electrodeposition, ion exchange membranes, and 
glass immobilized chelates. Of these, controlled pore glass 
immobilized chelates, such as 8-hydroxyquinoline, appear 
to be the most promising for proper sampling, as well as 
pre-concentrating, trace metals in natural waters. 

/^\ne of the most important problems in oceanography and water 
resources science is the effect of the concentrations and concen­

tration changes of trace metal ions on the nature of the water system 
( 1-6). Recently, there has been much interest in the apparent increased 
concentration of metal ions such as mercury, lead, and iron. This con­
cern is, at best, speculative since there are insufficient analytical tech­
niques to establish baseline normal concentrations with the precision 
expected of good analytical methods. For example, there has been 
tremendous publicity concerning the level of mercury concentrations in 
edible fish in Lake St. Clair {7,8,9). Even in extreme cases, there was 
considerable disagreement in the true mercury concentrations in the fish 
analyzed. Rottschafer, Jones, and Mark (9) conducted a comparative 
study in which a homogenous sample of Coho salmon flesh was dis-
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4. P A U L S E N E T A L . Trace Element Sampling Techniques 23 

Table I. Representative Results of Mercury Analyses in 
Edible Fish Tissue (9) 

Method 
Sample 1 

Results (ppm) 

Atomic absorption" 0.60 Ί 
Atomic absorption a 1.0 
Atomic absorption" 0.85 
X - r a y fluorescence 0.40 
Destructive N A A 0.87 J 
Ion exchange/NAA 0.86 (10% standard deviation) 

Sample 2 
Ion exchange/NAA 0.58 (10% standard deviation) 
N B S (non-des. N A A ) 0 0.54 
Average results of 15 labs 0.51 (values ranged from 0.19 to 1.2) 

(various methods) 6 

a Atomic absorption results of three different laboratories. 
6 Results supplied by Grieg, Bureau of Comm. Fisheries, Ann Arbor, Mich. 
"Results supplied by LaFleur of NBS (1970) (10). 

Environmental Science and Technology 

tributed to 15 laboratories for analysis for mercury. Numerous random 
samples of the homogenate were also analyzed by neutron activation by 
Dr . LaFleur (10) of NBS with the results showing less than 10% devia­
tion. However, the overall results (Table I) showed an unacceptable 
spread. Similarly, a more extensive comparative study of trace elements 
in seawater by Brewer and Spencer (11) showed an even greater spread 
in results even though a carefully prepared sample which had no 
systematic error from sampling was used (Table I I ) . Results for ele­
ments such as iron and cobalt, which analytical chemists feel are easily 
analyzed with accuracy, showed especially large variations. So the 
initial problem of studying trace metal concentrations is one of analytical 
chemistry. 

Analytical methods have been developed which are sensitive enough 
to measure the low concentration levels of trace metals in seawater. W e l l 
defined methods, like emission spectroscopy, neutron activation analysis, 
anodic stripping voltammetry, atomic absorption spectroscopy, and mass 
spectroscopy, can be used individually or collectively to obtain the 
necessary data on trace metal concentrations. So why, even with these 
wel l developed methods, are we not getting reliable results from the 
analysis of trace metals in natural water? 

Sampling Problems 

The problem is not in the quantitative analytical techniques but i n 
the methods used to obtain a representative sample quantitatively which 
is free from errors introduced during sampling and storage ( I , 2, 3, 12, 
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24 ANALYTICAL METHODS IN OCEANOGRAPHY 

13). In the past, the practice has been to take a sample from any depth 
in a large metal or (better) plastic container and then transfer the 
sample to another, usually plastic, container for subsequent analysis by 
appropriate analytical methods. Obviously, a metal container w i l l con­
tribute to the trace metal content of the sample, and even plastic con­
tainers w i l l cause problems. Trace analysis studies have shown that 
plastic or glass sample containers can both absorb trace metal ions from 
the sample and/or contribute other metal ions to solution by surface 
dissolution (12, 13). Thus, the sample cannot be analyzed accurately 
because of the time-dependent effects on concentration which are related 
simply to the nature of the container and the conditions used to store 
the sample. 

Table II. Elements Ranked in Order of Increasing Coefficient of 
Variation of the Grand Means, Calculated from the 

Pooled Standard Deviations (11) 

Element Coefficient of Variation Abundance (pg/kg) 

Sr 2.5 8100 
F 2.8 1350 
R b 5.4 121 
Cs 5.5 "0.3 
U 5.6 3.3 
Sb 10.2 0.4 
Zn 18.4 5 
C u 20.37 3 
Co 22.0 0.1 
M n 24.5 1.5 
Fe 25.8 14 
Pb 29.2 5 
N i 33.5 2 

Trace Element Intercalibration Study 

One other problem also arises when the speciation of metal ions is 
of interest. The nature of the samples with respect to metal ion valence 
and/or degree of complexation can be expected to vary with changes i n 
light intensity and energy, oxygen content, biological activity, p H , pres­
sure, etc. Thus, the sample would best be maintained at the same 
dynamic equilibrium conditions from which it was taken, but this would 
be virtually impossible if a water sample were taken and stored for 
subsequent analysis. 

A t first glance, the only solution to this sampling problem is to make 
an in situ analysis without removing or perturbing the sample from its 
environment. In situ analysis has the further advantage of virtually 
instantaneous turnaround of results. Thus, if anything unusual is found 
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4. P A U L S E N E T A L . Trace Element Sampling Techniques 25 

at a particular location, the investigator knows about it immediately 
and can investigate it thoroughly. Several in situ analyses for selected 
species have been attempted (14, IS, 16, 17, 18). However, a system 
for complete in situ analysis presents many problems, especially expense 
(17), which make it unattractive at present for application to trace metal 
analysis. 

Criteria for Developing in Situ Sampling Methods 

Our approach to improving analytical results for trace metal analysis 
provides an alternative to the suggestion that the level of sensitivity and 
standardization of specific methods of analysis should be improved. W e 
feel that, presently, there is a wide variety of suitable analytical methods 
if we can provide true and stable samples and minimize handling and 
manipulation. W e have been developing in situ sampling methods to 
remove these sampling and human error factors and have been using 
the following design specifications and criteria. 

1. The sytem must be sampled in a manner so that it is rendered 
physically and chemically inert. 

2. The sample must be in a form to be analyzed by a direct non­
destructive method—preferably with one step and no chemical pre­
parative steps. 

3. The analysis method must be one that is potentially applicable 
for shipboard or field use in order to get rapid analytical results. 

4. The in situ instrumentation must be inexpensive, rugged, and 
durable. 

5. The analytical method must provide high quality resolution for 
simultaneous identification of several elements. 

6. The analytical method must also be quantitative with respect to 
initial concentration of each element in the original environment. 

7. Samples must occupy a small space for convenient storage. 
Three methods of in situ pre-concentrating/sampling have been or are 
being worked on in our laboratory which meet most of these design 
specifications. 

Methods of in Situ Pre-concentrating/Sampling 

Currently, work is being conducted on an in situ electrodeposition 
sampling device (20, 21, 22). It consists of a submersible, self-contained 
potentiostat, power supply, reference electrode, and working electrode. 
Metals are deposited on the 1-in. diameter, wax-impregnated, pyrolytic 
graphite working electrode (21, 22, 23) which can then be removed 
from the sampler at the surface and stored. The metal film can be either 
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26 ANALYTICAL METHODS IN OCEANOGRAPHY 

analyzed directly by x-ray fluorescence spectroscopy or emission spec­
troscopy, or it can be dissolved and analyzed by atomic absorption spec­
troscopy. The metals which can be sampled by electrodeposition are 
limited, however, to those with suitable reduction potentials. 

W e have done some experiments using ion exchange membranes 
(24, 25, 26), again looking for a simple direct method of obtaining a 
sample that is chemically and physically inert on removal from the 
measurement site and which can be directly (or simply) analyzed for 
trace element content. W e used N A A of the membranes but found, 
however, that this membrane approach has limitations because of the 
long times required to reach the distribution equilibrium of even suffi­
cient concentrations of trace elements in the membrane matrix. Other 
problems included interferences, such as the adsorption of organics, 
which affected the sensitivity and selectivity of the ion exchange (25). 

Recently, Sugawara, Weetall, and Schucker (27, 28, 29) have devel­
oped a controlled pore glass ( C P G ) immobilized chelate which has 
several attractive properties as an in situ pre-concentrating/sampling 
matrix for trace elements. A n amino-organosilane is covalently bonded 
to the surface of porous (550Â) glass particles (40^80 mesh and 80-120 
mesh). A selected chelating group then reacts with the bonded organ-
osilane, coupling the chelating group to the glass surface and ren­
dering it immobile. The most successful chelate so far has been 8-
hydroxyquinoline (Figure 1). The capacity of this material was deter­
mined in batch experiments and found to be in the range of 3 mg C u 2 + / 
gm glass in a neutral p H solution (30). Again in batch experiments, 
the effect of p H on chelation of selected elements was determined by 
Sugawara et al. (29) and showed that, at neutral p H , elements such 
as copper, nickel, and cobalt are effectively chelated. 

Using the glass immobilized chelate as a pre-concentrating/sampling 
matrix involves passing a constant flow of seawater (with a positive 
displacement Masterflex tubing pump, Cole-Palmer Instrument Co.) 
through a small column (2 mm X 15 cm) made in the form of a replace­
able cartridge (Figure 2) . This type of system is fairly simple, inexpen­
sive, and rugged compared with adapting an analytical instrument for 

Figure 1. Glass immobilized 8-hydroxyquinoline 
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4. P A U L S E N E T A L . Trace Element Sampling Techniques 27 

υ MILLIPORE ' 1 
FILTER 1 

(.45 μχα) 1 

PUMP IMMOBILIZED 
8-HOQ 

Figure 2. Flow system for seawater sampling/pre-concentrating on controlled 
pore glass immobilized 8-hydroxyquinoline (CPG-8HOQ) 

in situ analysis. The forced water flow through the small mesh glass 
immobilized chelate w i l l greatly increase the sensitivity compared with 
the membrane experiments. The glass immobilized chelate containing 
the trace elements can then be stored for subsequent analysis without 
significant loss of the trace elements. Analysis is by x-ray fluorescence, 
but N A A , atomic absorption, and emission spectroscopy can also be used. 

A n advantage of this sampling configuration is that particulate matter 
can be trapped on the column packing or removed by filtration prior to 
chelation. This allows analysis of either the total trace element concen­
tration or the dissolved trace metal concentration. 

Using the glass substrate is an improvement over organic ion ex­
change resins which have been used extensively by Riley (31, 82) and 
others (33, 34). The glass immobilized chelate does not expand or 
contract with loading or changes in ionic strength as do organic resins. 
Thus, the glass bead substrates give higher and more reproducible flow 
characteristics and, because the functional groups are distributed over 
the porous surface of the glass substrate, diffusion rates to the ion 
exchange sites are faster (30). 

Another advantage of using the controlled pore glass matrix is 
that its selectivity can be changed by changing the chelating group. B y 
altering the synthesis slightly, different chelating products have been 
made (27), and others are possible and are being investigated by 
ourselves and others (36). B y synthesizing products specific for different 
groups of metal ions, it is possible that a mixed bed of such products 
would provide a matrix with a high capacity for a large variety of trace 
metals. Also, by using different immobilized chelating agents having 
different stability constants, information about the speciation of metal 
ions in seawater could be determined simultaneously with the analysis. 
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28 A N A L Y T I C A L M E T H O D S I N O C E A N O G R A P H Y 

Conclusion 

The development of these sampling techniques w i l l thus solve the 
inherent problems encountered in the analysis of trace elements i n sea­
water. The additional pre-concentration which occurs during sampling 
allows for the simple analysis of samples by existing techniques with 
even moderate detection limits. In this way, we w i l l be better equipped 
to monitor the concentration of trace elements in seawater and determine 
their effect on the environment. 
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5 
Ammonium Pyrrolidinecarbodithioate­

-Methyl Isobutyl Ketone Extraction System 

for Some Trace Metals in Seawater 

R I C H A R D JAY STOLZBERG 

New England Aquarium, Research Department, 
Central Wharf, Boston, Mass. 02110 

An evaluation of the factors affecting the reliability of the 
ammonium pyrrolidinecarbodithioate-methyl isobutyl ke­
tone (APCD-MIBK) extraction system for Cd, Cu, Ni, Pb, 
and Zn in seawater established that pH control of the aque­
ous phase is important. The pH range 2.1 to 2.3 was the best 
for extracting these metals. In addition, the amount of 
APCD added was important both because of potential com­
petition reactions and because of metal contamination in 
the APCD reagent. The overall precision of the technique 
and the precision of the atomic absorption measurements 
were calculated. This technique can be used effectively in 
both clean coastal waters and more polluted harbor waters. 

"Extractive pre-concentration techniques have been used for some time 
in trace metal analysis of seawater. In particular, the ammonium 

pyrrolidinecarbodithioate-methyl isobutyl ketone ( A P C D - M I B K ) sys­
tem has found moderate use (1-7). Because of the potential for multi­
element analysis of a single extract and the applicability of the technique 
for shipboard use, this method was evaluated for the analysis of C u , C d , 
Pb, N i , and Zn at natural levels in coastal waters. The results presented 
for those five metals show that this method is a reliable and valuable 
analytical tool for trace metal analysis in seawater if the limitations of 
the method are realized and the proper precautions are taken. 

Procedure 

The extraction procedures used in this study are shown in Figure 1. 
If total chromium is of interest, the right hand side is followed, the C r ( III ) 
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5. S T O L Z B E R G APCD/MIBK Extraction System for Trace Metals 31 

is oxidized to C r ( V I ) with permanganate, and the resulting lower oxida­
tion states of manganese are reoxidized to M n ( V I I ) with hydrogen per­
oxide prior to complex formation and extraction (6). In general, a 4-1. 
seawater sample is taken, filtered through an acid-soaked, deionized 
water-rinsed glass fiber filter if desired, and divided into four 800-ml 
subsamples in 1-1. glass separatory funnels. The subsamples are spiked 
with concentrated trace metal stock solution, the p H lowered to 2.2 with 
6N HC1, the desired quantity of 5% A P C D stock solution and 25 m l 
M I B K are added, and the extraction is carried out in a separatory funnel 
by manual shaking for 1 min. After 7 min, the phases are separated and 
the 11-13 m l of organic extract are stored in recappable polypropylene 
tubes. The extracts can be stored in a freezer for at least 24 hr with no 
change in calculated concentration for C d , Cr , C u , Pb, N i , and Zn. If 
analysis for vanadium is to be performed, the analysis should not be 
delayed for more than a few hours (7). 

Stock solutions of 5% A P C D (Fisher Scientific) are made daily in 
distilled deionized water and extracted at least three times with M I B K . 
Seawater samples are stored in acid-soaked, deionized, water-rinsed poly­
propylene bottles. A l l reagents used were reagent grade or the highest 
grade readily available. Polypropylene graduated cylinders and separa­
tory funnel stoppers and Teflon stopcocks were used in al l cases. 

Atomic absorption measurements were made using standard condi­
tions. Nearly stoichiometric flames were used for all metals but chro­
mium, for which a reducing flame was used. The air-acetylene flame 
was used for all metals but vanadium, for which a nitrous oxide-acetylene 
flame was used. A single slot titanium burner was used for all of the 
metals investigated. Water saturated M I B K was used as the blank. Table 
I presents typical instrument parameters. 

Seawater samples were collected at two sites and were used to study 
various aspects of this extraction system. N e w England Aquarium ' l ine 
water" is Boston Harbor water that has been allowed to settle and is then 
passed through a diatomaceous earth filter. Massachusetts Bay water 
was collected about 40 km east-northeast of Boston in an area typical of 
clean coastal waters (8). 

Results 

These studies demonstrate that at least three factors are quite impor­
tant in determining the degree of reliability and accuracy of the A P C D -
M I B K extraction technique. The p H of the aqueous solution at the time 
of extraction controls the efficiency of extraction and thereby controls the 
precision, sensitivity, and, to some extent, the selectivity of the extraction. 
The other two factors, the presence of competing ligands and the quantity 
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5. S T O L Z B E R G APCD/MIBK Extraction System for Trace Metals 33 

of A P C D added, interact with one another and also control the extraction 
efficiency. In addition, the quantity of A P C D added affects the accuracy 
of the technique because the A P C D stock solution contains significant 
levels of some metals that are difficult to remove and thereby constitute 
a source of contamination. 

Table I. Atomic Absorption Parameters° 

Burner Lamp 
Height Current 

Metal λ (nm) Flame (mm) Lamp (mA) 
C u 324.7 C 2 H 2 / a i r 12-18 C u - C r 4.5 
C d 228.8 C 2 H 2 / a i r 12-16 C d 3.0 
C r 357.9 C 2 H 2 / a i r ~ 1 8 C u - C r 5.5 
Pb 283.3 C 2 H 2 / a i r 12-14 Pb 3.5 
N i 232.0 C 2 H 2 / a i r 12-14 N i 6.0 
Zn 213.9 C 2 H 2 / a i r 12-18 Zn 4.5 
V 318.4 C 2 H 2 / N 2 0 ~ 1 4 V 9.0 

a Instrument, Instrumentation Lab model 153; solvent, methyl isobutyl ketone; 
aspiration rate, 3-4 ml min"1; mode, 10 sec integration; slit width; 80 μ. 

Influence of p H . Of all three factors, the p H of the aqueous solution 
is probably most important. There have been conflicting claims as to the 
p H range for effective extraction for some of the metals ( I , 2, 5, 9, 10). 
The ranges quoted in the literature are considerably broader than those 
established in this work and extend, in general, to basic p H values where 
extraction of some of the trace metals studied here is much reduced. 
Whether the limited p H ranges for efficient extraction established here 
are a function of the low levels of metals we have been working with 
or a function of our matrix is not clear. Indeed, for C d , Cr , N i , Pb, and V 
at concentrations normally found in seawater, the p H of the aqueous 
phase is important. In general, in the range of p H from 1.5-8 the extrac­
tion is at a maximum from p H 2-2.5, decreases slowly through the p H 
range 3-4, and drops finally to much reduced values in slightly basic 
solution. Vanadium and chromium are especially sensitive to p H , and 
little extraction is noted if the p H is greater than 4 or 5 (6, 7). As an 
example, Figure 2 demonstrates the drop in N i - P C D extraction as the 
p H of the extracted aqueous solution varies over the range 1.5-7.5. The 
extraction of copper and zinc as P C D complexes depends much less on 
p H as shown in Figure 3 for the copper complex. Here the decrease in 
extraction efficiency is a great deal smaller over the same p H range. A p H 
plateau exists in the range 2.0-2.5 for all seven metals tested where extrac­
tion efficiency is both high and constant. By attaining a p H of 2.2 ±. 0.1 
after extraction, it is possible to get quite reproducible sensitivities from 
sample to sample. 
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(0 

Ξ 160 

1 2 3 4 5 6 7 8 
PH 

Figure 2. pH Dependence of Ni-PCD extraction from line water 

Effects of Added Ligands. Investigation of the effects of ligands 
added to seawater samples was undertaken to determine whether the 
presence of these compounds might interfere with the formation and 
extraction of metal-PCD complexes. Glycine, thiamine, citrate, cysteine, 
E D T A , salicylate, pyrogallol, and phosphate were the ligands studied. 

Typically a 4-1. sample of line water was spiked to approximately 
100 ppm with a single ligand, the sample was split into four 800-ml por­
tions, spiked with metal standard, and extractions were carried out using 
4 m l of 5% A P C D (200 mg) per 800 m l subsample. No significant 

0) 

c 
η 
8 30-
η 
CD 

1 2 3 4 5 6 7 8 

PH 
Figure 3. pH Dependence of Cu-PCD extraction from line water 
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changes in the slope of the calibration curves obtained were observed 
except in the cases of nickel and zinc in the presence of E D T A . In these 
two cases, significantly lower calibration curve slopes were observed, 
indicating competition between the P C D moiety and the added E D T A . 
Table II presents some of the results of more detailed studies with E D T A 
as the competing ligand. A significant decrease in calibration curve 
slopes occurs for zinc and nickel with an increase in E D T A concentration. 
N o significant differences in calibration curve slope were noted for lead 
and cadmium. The increases in average calibration curve slopes shown 
in Table II for zinc, nickel, and copper as the concentration of E D T A 
is increased from 0 to 10 ppm are not significant in this particular experi­
ment and have been observed to be significant only for copper in two 
similar experiments. The reason for this apparent increase in copper 
calibration curve slope with the addition of a small amount of E D T A is 
not clear. 

Table II. Effect of E D T A Concentration on Calibration Curve Slope" 

Na2 EDTA 
Added to Line 
Water (ppm) Zn Slope Ni Slope Cu Slope 

a Each value is the average slope (and standard deviation) for two extractions of 
line water. 200 mg APCD added to 800 ml line water. 

Effects of Variation of Quantity of APCD Added. As originally 
developed in our laboratory, this method was used to analyze trace metal 
levels in Boston Harbor water. It was established that 200 mg of A P C D 
for 800 m l water was the minimum necessary to ensure a high degree of 
reliability in the extraction step, presumably caused by the elevated 
levels of organic and particulate matter. However, since coastal water 
typically contains much lower levels of organic and particulate matter 
than does Boston Harbor water, it seemed that a systematic investigation 
of the effects of lowering the quantity of A P C D added might be useful. 
The amount of A P C D added to 800 m l line water could be reduced from 
200 to 10 mg with only a slight decrease in calibration curve slope for 
C u , C d , N i , and Pb. A rapid decrease in slope was observed for zinc if 
the amount of A P C D added was reduced to below 50 mg. Figure 4 
demonstrates the different behavior of copper and zinc in this respect. 
The error bars for copper represent the standard deviation of the slope 
as calculated in the linear regression analysis of the data from one 
extraction series. 

0 
10 

100 
500 

9.5(1.1) 
12.3(1.7) 
8.0(0.4) 
3.9(0.3) 

16.6(5.7) 
21.8(4.9) 
9.6(3.7) 
1.8(0.1) 

38.8(9.8) 
57.1(14.1) 
41.8(5.0) 
49.7(0.4) 
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58 

2 

0.2 0.4 1.0 10 20 

ml 5% APCD 

Figure 4. Variation of calibration curve slope with 
volume of 5% APCD added to 800 ml line water 

Another effect of reducing the quantity of A P C D added is that the 
effect of E D T A on the calibration curve slope is magnified. Comparison 
of Table III with Table II shows that the effect of 100 ppm E D T A on 
the calibration curve slopes for zinc and nickel is much more pronounced 
if only 20 mg A P C D is added instead of 200 mg. If one assumes a simple 
competition between E D T A and pyrrohdinecarbodithioate, this behavior 
is not at all surprising. 

Metal Contamination by APCD Stock Solution. During the course 
of this work suspicion arose that an appreciable quantity of some transi­
tion metals remained in the 5% A P C D stock solutions even after repeated 
extractions with M I B K . Verification of this fact was obtained i n three 
independent observations. The results of the three independent ap-
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Table III. Effect of 100 ppm E D T A on Calibration Curve Slope 
with 20 mg APCD Added per 800 ml Water 

Na2 EDTA Zn Slope Ni Slope Cu Slope 
Added to Line (and Standard (and Standard (and Standard 
Water (ppm) Deviation) Deviation) Deviation) 

0 5.8(1.2) 16.8(7.0) 47.5(4.4) 
100 1.0 1.6 55.9 

proaches closely agreed with one another as to the expected levels of 
contamination caused by unextractable quantities of cadmium, nickel, 
and lead in the stock A P C D solutions. 

Poor agreement existed in the trace metal data from 24 sites in the 
Massachusetts Bay F o u l Area obtained by both this extraction-AA method 
and by differential pulse anodic stripping voltammetry (8) . The indi ­
vidual site differences in metal concentration as determined by the two 
methods were calculated as was the t-value for each metal. The data 
in Table I V demonstrate a significantly larger concentration of cadmium 
and lead determined by the A A method as compared with the D P A S V 
method. The data for zinc show a small but insignificant difference in the 
average concentrations, indicating no visible bias. The case of copper, 
where the difference is significant but the direction of the difference is 
opposite that of lead and cadmium, appears to arise from electrochemical 
effects and w i l l not be considered in this paper. 

Although increasing the quantity of A P C D added in the extraction 
changed the slope of the calibration curves but little, it had a profound 
effect on the calculated concentration of nickel, lead, and cadmium. In 
Figure 5a, a definite increase is observed i n the concentration of cad­
mium, lead, and nickel as the quantity of 5% A P C D added per 800 m l 
was increased beyond approximately 1 ml . Figure 5b presents the results 
for copper and zinc. Copper is unaffected by the quantity of A P C D 
added. The case for zinc is less clear, no doubt because of the decrease 
in calibration curve slope and the resulting decrease in precision as the 
quantity of A P C D is reduced below 1 m l per 800 m l of sample. The 

Table IV. Comparison of A A and DPASV Data for 
Massachusetts Bay Water β 

Metal Average d Calculated t df t(95%) 

C d -0 .16 5.67 23 2.07 
C u 0.54 1.96 19 2.09 
Pb -0 .88 5.43 23 2.07 
Zn 0.22 0.30 18 2.10 

a d — ppb metal determined by ASV minus ppb metal determined by AA; 4 ml 5% 
APDC added to 800 ml seawater. t = -i; Si = standard deviation of the average d. 
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0.1 0.2 0.4 1.0 4.0 10 20 0.1 0.2 0.4 1.0 4.0 10 20 
ml 5% APCD ml 5% APCD 

Figure 5. Calculated metal concentration as a function of volume of 5% 
APCD added to 800 ml line water. Left (a): Cd, Ni, Pb. Right (b): Cu, Zn. 

lines drawn in Figures 4 and 5b were calculated as a linear least squares 
fit to the data. This line was then plotted in the more convenient semi-
logarithmic form. 

Since these two observations pointed to metal contamination caused 
by the A P C D stock solution, both extracted and unextracted A P C D 
solutions were analyzed for metal content. 

T w o bottles from two different lots of A P C D were analyzed in dupli­
cate. From each bottle, 100 m l of 5% solution was made, and two 25 ml 
portions were transferred into round bottom flasks. The remaining 50 m l 

Table V. Metal Content of Unextracted 

Bottle Lot Cd 

1 Unextracted A 0.8(0.3) 
1 Extracted A 1.0(0.4) 

2 Unextracted A 0.8(0.1) 
2 Extracted A 0.5(0.1) 

3 Unextracted Β 0.7(0.1) 
3 Extracted Β 0.5(0.1) 

4 Unextracted Β 0.6(0.1) 
4 Extracted Β 0.4(0.2) 

Average unextracted 0.7(0.2) 
Average extracted 0.6(0.3) 

β Each value is the average concentration (and standard deviation) calculated from 
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5. S T O L Z B E R G APCD/MIBK Extraction System for Trace Metals 39 

was extracted with 30 m l M I B K and then twice more with 20 m l M I B K . 
The extracted solution was then divided into two equal portions and 
transferred to round-bottomed flasks. The volume of each sample was 
reduced to approximately 5 ml . Nitric acid and sulfuric acid were added, 
and the concentrate was digested under reflux for 30 minutes. Suitable 
blanks and spiked samples were also carried through the procedure. The 
digestates were diluted to 25.0 m l and were analyzed by A A spectro­
photometry. 

The results are presented in Table V . The presence of /xg/g quanti­
ties (dry weight basis) of C d , N i , Pb, and Zn in the A P C D even after 
M I B K extraction represents a very real source of contamination when 
examining n g / g quantities in seawater. Copper levels were indistinguish­
able from zero. 

The magnitude of the trace metal contamination from the addition 
of 200 mg A P C D per 800 m l seawater was calculated for al l three sets 
of observations, and the results are presented in Table V I . The agreement 
between the sets of numbers is quite good, and the contamination expected 
in the case of cadmium, nickel, and lead is quite significant compared 
with metal levels found even in harbor waters. 

Precision of the Technique 

The overall precision of the A P C D - M I B K extraction technique 
coupled with atomic absorption analysis was obtained by analysis of data 
obtained from replicate analysis of line water over a period of a few 
months. For each experiment performed, two, three, or more extractions 
of line water were always performed in the normal fashion (4 m l 5 % 
A P C D added). Thus, although the trace metal composition of the line 
water changed over this period of time, an estimate of the precision of 

and Extrated APCD (pg metal/g)' 

Ni Cu Pb Zn 

1.8(0.8) 0.7(0.5) 3.6(1.1) 0.6(0.1) 
2.4(1.9) -0.1(0.2) 1.5(1.9) 0.7(0.7) 
4.6(0.5) 0.5(0.2) 3.4(1.2) 1.0(0.8) 
4.6(2.4) — 4.1(0.5) 0 .5 ( - ) 
3.4(2.6) 0.3(0.1) 6.5(2.1) 0.8(0.0) 
2.2(2.7) 0.0(0.0) 2.7(3.1) 0.2(0.3) 
2.7(1.0) 0.2(0.2) 4 .7 ( - ) 0.9(0.5) 
2.2(1.8) -0.1(0.2) 3.0(0.8) 0.9(0.1) 
3.1(1.6) 0.4(0.3) 4.5(1.8) 0.8(0.4) 
2.8(2.0) -0.1(0.2) 2.8(1.7) 0.6(0.4) 

one absorbance measurement on two digestates from the same original APCD solution. 
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Table VI. Magnitude of Trace Metal Contamination Caused by APCD" 

Zn Cu Cd Ni Pb 

Calculated contamination deter­
mined by acid digestion of 
A P C D (ppb) 0.1 

Calculated by varying volume of 
A P C D added to sample (ppb) 0.5 

Observed difference between A A 
and A S V data for Mass. B a y 
water (ppb) —0.1 

β 4 ml of 5% APCD was used in 800 ml seawater. 

the technique for each metal could still be made using these data. The 
standard deviation of the average metal concentration for each experi­
ment was calculated. The variance (standard deviation squared) was 
multiplied by the number of degrees of freedom for the particular experi­
ment to give a weighted variance (or a sum of the squares of the standard 
deviation). The sum of the weighted variances was calculated and 
divided by the total number of degrees of freedom to obtain the variance 
of the entire technique. The calculated values of the standard deviation 
for each metal concentration, i.e., the square root of the variance, are 
presented in Table VI I . 

The contribution of the variance of the atomic absorption analysis 
to the total variance was calculated from duplicate A A analyses of the 
same extract, usually at the beginning and end of a series of A A measure­
ments of a single metal. The variance of the A A method and the variance 
of all other factors, including the extraction itself, were calculated and 
are presented in Table VIII . It can be observed that the contribution to 
the total variance by the A A measurement is substantial for C d , N i , Pb, 
and Zn. The relative standard deviation from other sources, including 
the extraction technique itself, contamination, and variation between sup-

Table VII. Overall Precision of APCD-MIBK Trace Metal 
Extraction Scheme with Atomic Absorption Analysis 

Nominal 
Line Water Standard Relative 

Concentration Deviation Standard Degrees of 
Metal (ppb) of Technique Deviation (%) Freedom 

C d 0.5 0.15 30 22 
C u 1.4 0.34 24 25 
N i 4.3 1.17 27 9 
Pb 2.0 0.61 31 16 
Z n 7.4 0.94 13 20 
V 3.2 0.7 22 12 

0.0 0.15 0.7 0.7 

- 0 . 1 0.24 1.1 0.5 

- 0 . 5 0.16 — 0.8 
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5. S T O L Z B E R G APCD/MIBK Extraction System for Trace Metals 41 

posedly identical samples drawn at the same time, is quite good for nickel 
and zinc. This figure of 7% probably represents the upper limit of the 
relative standard deviation of the extraction technique for these metals. 
It is possible that the relative standard deviation of the extraction tech­
nique itself for cadmium is considerably lower than 16%. This inflated 
value could be ascribed to variations in contamination arising from the 
ubiquitous cadmium associated with urban laboratories. The reasons 
for the poor precision for extraction of copper and lead have not been 
elucidated. 

Table VIII. Sources of Variance in Calculated Concentration of 
Trace Metals Using APCLV-AA Technique 

Metal 

Nominal concentration (ppb) 
Total variance 
Variance of A A 
Variance from other sources, 

including extraction technique 
by difference 

R S D of other sources, including 
extraction technique (%) 

Cu Pb Zn Cd Ni 

1.6 1.9 8.0 0.45 4.5 
0.116 0.37 0.88 0.022 1.37 
0.017 0.16 0.58 0.017 1.28 

0.099 0.21 0.30 0.005 0.09 

20 24 7 16 7 

Discussion and Conclusions 

A comparison of our results with those of others investigating this 
same technique shows significant differences between what have been 
observed to be important factors. The role of metal contamination from 
the A P C D has not been extensively studied previously. Of the papers 
cited (1-7) , only one (5) touches directly on that point. They note that 
after carefully purifying the A P C D in an unspecified manner, trace metal 
contamination was not observed. However, they did note a constant A A 
blank which they ascribed to water and inorganic salts in the M I B K 
phase. They made this statement on the basis of correlating the blank 
signal absorbance with the wavelength at which they were performing the 
measurements. It should be noted, however, that their data also correlate 
well with values of solubility products for the various metal sulfides ( ex­
cept for iron). It is also possible that the purity of the reagent varies over 
a wide range of values. 

Whi le it has been reported that some m e t a l - P C D complexes are 
efficiently extracted over only a narrow range of p H values (2, 6, 10), 
two reports that are quite analogous to this one find excellent extraction 
over a wide p H range. Brewer et al. (5) find greater than 80% extraction 
of Zn, C u , N i , Co, Fe, and Pb from seawater over the p H range 2-7. They 
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calculated this by the ratio of the first and second extractions on the same 
seawater sample. Brooks et ah (1) found that the extractions worked 
equally wel l at p H 8 and in the p H range 4-5 for the same six metals. 
These results are contrary to what we observed. 

The precision of the technique for seawater analysis as presented in 
the literature (1, 5) tends to be considerably better than we have ob­
served here. The values obtained in other papers were for duplicate 
analysis of the same sample and were most likely extracted sequentially 
from the same bulk sample and analyzed one directly after the other. 
This was not the case here because the data analyzed in this paper were 
not generated specifically to analyze the ultimate precision of the tech­
nique. Line water samples run normally were as a rule interspersed 
throughout the test samples. A number of water samples would be drawn 
at the start of an experiment and stored unacidified in 4-1. polypropylene 
bottles. Over the course of up to 6 or 8 hr, extractions would be per­
formed so that differences in trace metal concentration might be expected 
between replicates run early and late in the experiments. This factor, 
which allows for significant adsorption and/or desorption of trace com­
ponents, could readily explain our high standard deviations. W e feel that 
this approach is valid to determine the precision of the technique in the 
field where non-optimum conditions often occur and where the factor of 
time between sampling and analysis is often an uncontrollable variable. 
It is likely that the actual precision of this technique in the field lies 
between those values calculated here and elsewhere ( I , 5) . 

Comparison of this technique with others is difficult. Neutron activa­
tion analysis and isotope dilution mass spectrometry are used for the 
analysis of trace metals in seawater but are in a class by themselves in 
terms of equipment needed. Co-precipitation techniques are generally 
applicable to only a limited number of metals per precipitating agent. 
A technique that does compete directly with the A P C D - M I B K / A A tech­
nique is that of pre-concentration of trace metals on chelating ion ex­
change resin followed by A A analysis of the acid effluent ( I I , 12). While 
the efficiency of uptake of added metal is excellent, there is some doubt 
about the ability of Chelex 100 to concentrate quantitatively both bound 
and labile species of C u , Pb, C d , and Zn (13). Indeed, this is a problem 
that has not been investigated for the A P C D extraction technique. The 
choice between the ion exchange pre-concentration technique and the 
A P C D pre-concentration technique is likely a matter of a large number 
of factors including time between sampling and ultimate analysis, num­
ber of samples to be run, presence of organic and particulate matter, 
identity of the metals of interest, concentration of metals, and equipment 
available. 
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It should be stressed that the A P C D - M I B K extraction technique is 
reliable for routine analysis of coastal waters wi th reasonable precision 
considering the nature of the problem to be solved. However, one must 
be aware of the contamination problem inherent in the system. As a 
result of the poor extraction of cadmium-, nickel- , and l e a d - P C D com­
plexes at the p H of a 5% A P C D solution ( p H 8.2), removal of these 
metals by the simple extraction with M I B K is not feasible. However, 
there is a viable alternative to painstakingly preparing A P C D solutions 
that are metal free. The quantity of A P C D added to a seawater sample 
can be reduced to levels where the contamination problem is very small. 
Only a slight decrease in sensitivity is realized for C d , C u , N i , and Pb. 
In the case of zinc, although a large decrease in extraction efficiency and 
sensitivity is realized, the relatively large concentrations of this metal 
found in coastal waters and high sensitivity of the A A technique would 
probably allow for precise determinations. In the case of analyzing more 
polluted water where larger quantities of A P C D are necessary to ensure 
reliable extraction, suitable blank corrections must be made. 
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6 
Determination of Trace Metals in Aqueous 

Solution by A P D C Chelate Co-precipitation 

E D W A R D A. B O Y L E and J O H N M . E D M O N D 

Department of Earth and Planetary Sciences, Massachusetts Institute of 
Technology, Cambridge, Mass. 02139 

A rapid technique has been developed for quantitatively 
concentrating several trace metals from aqueous solution. 
The metals are co-precipitated as dithiocarbamate chelates 
by adding an excess of another dissolved metal. This tech­
nique has been coupled with atomic absorption analysis 
for the precise determination of nmol/kg quantities of copper 
in seawater. Radiotracer experiments show that nickel, iron, 
and cadmium are also co-precipitated by this technique 
under proper experimental conditions. 

^ p h e precise determination of transition metals in natural waters is 
difficult because the levels encountered challenge the detection limits 

of the available instrumentation. Even when the sensitivity of a method 
is sufficient, the background of other constituents, such as sea salt, often 
masks the detection of an element through secondary effects, such as 
broadband absorption in nameless atomic absorption or background 
radiation in neutron activation. Chemical separation techniques have 
been used to overcome these problems, both to increase the concentration 
above detection limits and to remove interfering constituents. Solvent 
extraction has proved useful in many instances, but care must be taken 
to ensure phase equilibration, and large-volume sample extractions are 
not practicable. Multistage or continuous solvent extraction techniques 
have been suggested but have not found widespread applicability. Large-
volume, single-stage separation has been achieved through the methods 
of co-precipitation and co-crystallization, but the methods are time con­
suming and the recoveries sufficiently irreproducible that yield monitors 
are necessary. These difficulties have discouraged widespread use of 
such methods. A technique which combines rapidity and reproducibility 
with large-volume extraction capacity is clearly desirable. 

44 
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6. B O Y L E A N D E D M O N D APDC Chelate Co-precipitation 45 

Dithiocarbamates (RCS 2 ~) have been applied widely i n the analytical 
chemistry of trace metals i n natural water (1,2, 3). The ammonium salt 
of the dithiocarbamate of pyrrolidine ( A P D C ) is a water-soluble com­
pound which forms water-insoluble uncharged chelates with a variety of 
metals. A t the very low metal concentration levels found in natural 
waters, dithiocarbamate chelates form colloids (4). A t higher concen­
tration levels the chelates precipitate (5). Since the metal ion in the 
chelate is effectively shielded by hydrophobic groups, precipitation in a 
multi-metal system is relatively nonselective; the chelates of several 
metals precipitate together rather than as separate phases. If one transi­
tion metal is present in sufficient concentration to form particles, other 
metals w i l l be incorporated into the particles regardless of their concen­
tration. The analytical implication of this behavior is c l e a r — A P D C 
chelates of trace transition elements can be co-precipitated by addition 
of one transition element up to sufficient concentration to form chelate 
particles. 

O n the basis of the above phenomenon, we developed a rapid quanti­
tative separation technique capable of concentrating several trace transi­
tion metals from large-volume samples. Addition of C o 2 + to the samples 
produces filterable particles upon mixing in A P D C . The solution is then 
filtered and the precipitate brought into solution for analysis. By use of 
this technique, large volumes of dilute sample can be quickly reduced to 
a much smaller volume of concentrated solution for analysis. The sample 
size is only limited by that of workable container and filter sizes. W e 
have routinely concentrated from 4 1. within 30 min using a 47-mm 
diameter glass fiber filter; much larger volumes could be handled easily 
using larger filters. The procedure has a high yield ( > 90% ) for several 
metals and is quite reproducible. W e have coupled this concentration 
technique with atomic absorption spectroscopy in the precise analysis of 
copper at the nmol/kg level in seawater. 

Basic Procedure 

Reagents 

1. Hydrochloric acid: 6 N hydrochloric acid is redistilled in a Vycor 
still. 

2. A P D C : synthesized (6) and recrystallized once from ethanol. 
3. A P D C solution: 10 g A P D C are dissolved in 500 m l of distilled 

water, and the solution is purified by repeated solvent extraction with 
carbon tetrachloride. 

4. Buffer: 170 g ammonium acetate is dissolved in 500 m l of dis­
tilled water. 5 m l of A P D C solution is added, and the solution is purified 
by repeated solvent extraction with carbon tetrachloride. 
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46 ANALYTICAL METHODS IN OCEANOGRAPHY 

5. Cobalt solution: 0.4 g of reagent grade C o C l 2 · 6 H 2 0 is dissolved 
in 500 m l of distilled water. This solution contains 2000 μ% of C o 2 + per 
10 ml . 

6. MEK-HNO3: 50 m l of 0.1N nitric acid (prepared from distilled 
water and reagent grade nitric acid) is dissolved in 1 1. of redistilled 
methyl ethyl ketone. 

7. A c e t o n e - H N 0 3 : 100 m l of 0.1N nitric acid is dissolved in 1 1. of 
redistilled acetone. 

Pre-concentration 

1. Acidification: 5 m l of redistilled 6N hydrochloric acid is added 
for each liter of sample (added immediately upon collection to stabilize 
the solution from adsorption and precipitation). 

2. Cobalt addition: 2.5 m l of cobalt solution is added per liter of 
sample. 

3. Buffering: 10 m l of buffer solution is added per liter of sample, 
and the solution is well mixed. The p H of the solution should then be 
near 4. 

4. A P D C addition: 5 m l of A P D C solution is added per liter of 
sample, and the solution is wel l mixed. Slow stirring may be continued 
to produce larger particles. 

5. Filtration: The solution is vacuum-filtered through an acid-
leached glass fiber filter and rinsed with 2 m l of distilled water. 

6. Drying: The filters are dried for a few hours at 60°C. 
Atomic Absorption Determination. The precipitate is washed 

through the filter into a 25-ml filter flask with 20 m l of M E K - H N O 3 . This 
solution is then aspirated into the atomic absorption burner (we used a 

Figure 1. AA solvent enhancement for copper as 
a function of water content for methyl ethyl 

ketone and acetone 
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6. B O Y L E A N D E D M O N D APDC Chelate Co-precipitation 47 

100 

50 100 
LEAD ADDED, a moles/liter 

Figure 2. Standard curves for copper and lead using 
method described in text ana flame atomic absorption. 

Copper was determined at 324.7 nm, and lead was 
determined at 283.3 nm. 

Perkin Elmer model 403) using the pure solvent as a baseline. Standards 
made up in the pure solvent are used for calibration, and the method of 
standard additions is used to monitor recovery efficiency. 

Comments on the Procedure 

The amounts and proportions of the various reagents are optimized 
to give complete recovery with least reagent addition so as to minimize 
blanks. The A P D C is in large excess relative to cobalt to avoid competi­
tion of the trace metals with cobalt for the chelating agent. If the par­
ticles produced are not removed by the filter used, the cobalt and A P D C 
should both be increased in the same proportion until the filtration com-
pletely removes the chelates. A m e r j c a n flfemfctf 

Society Library 
1155 16th St. N. W. 

Washington. D. C. 20036 
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48 ANALYTICAL METHODS IN OCEANOGRAPHY 

The drying step is necessary because the organic solvent enhance­
ment in flame atomic absorption depends on the water content of the 
solvent. Figure 1 shows the relative variation in solvent enhancement 
caused by changes in water content for methyl ethyl ketone and for 
acetone. If the filters are not dried, the moisture on the filter increases 
the water content of the solvent and lowers the absorbance, so that 
erroneously low recovery efficiencies are calculated. 

Cobalt is used as the precipitant because its A P D C chelate is readily 
soluble in organic solvents. If the cobalt chloride produces high blank 
values, it may be purified by anion exchange (7) . Other metals have 
been used, but not al l are readily soluble. The copper chelate is readily 
soluble whereas the lead and nickel chelates are not. 

Experimental Results 

Copper and Lead. Using the conditions described above, copper and 
lead determinations were made on 1-1. distilled water solutions spiked 
with a known quantity of copper and lead. The results of these analyses 
are shown in Figure 2. Both copper and lead give linear standard curves. 
For copper the recovery is 97%, and the standard error is ± 0 . 5 mi l l i -
absorbance units. For lead the recovery is 95%, and the standard error 
is ± 0 . 4 milliabsorbance units. Both copper and lead are recovered 
reproducibly with high yields. 

Copper in Seawater. Copper occurs in open-ocean seawater at very 
low levels, a few nanomoles per kilogram. Accordingly, the precipitation 
procedure was scaled up to use 4-1. samples. The above procedure was 

Table I. Copper Spike Experiments 

Sample Depth 
Unspiked 

(nmol/kg) 
Spike Spiked Total 

( nmol/kg ) ( nmol/kg ) 

398 
1106 
2189 

5.94 
3.44 
5.87 

14.77 18.97 
14.77 16.31 
14.77 19.17 

300 
635 
906 

2.21 
2.78 
2,90 

23.42 22.51 
23.42 23.85 
23.42 23.82 

501 
1306 
1507 

3.62 
3.52 
3.60 

25.09 25.56 
25.09 25.58 
25.09 26.18 

61 F " 
1306 F a 

2544 F a 

2581 F a 

6.33 
4.76 
6.34 
5.27 

7.32 12.99 
7.32 11.16 
7.32 12.74 
7.32 11.89 

a F denotes filtered sample. Groupings indicate samples run on the same day. 
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6. B O Y L E A N D E D M O N D APDC Chelate Co-precipitation 49 

followed except that the filters were not dried (the solvent enhancement 
effect was not appreciated at that time), and a c e t o n e - H N 0 3 was used as 
the solvent system. The determinations were carried out on acidified sea-
water samples taken from 30-1. P V C Niskin bottles from a profile at 21°N 
109°W over the East Pacific rise. Each sample was determined once as 
is and once with a known spike of copper added. The recovery efficiency 
was computed from comparison of the spike absorbance with standards in 
the same solvent system. The recovery efficiency as calculated in this 
manner is a few percent lower than the true recovery efficiency because 
of the solvent enhancement effect mentioned previously. The results of 
this experiment are listed in Table I, and the complete profile for un-
filtered samples is shown in Figure 3. The recovery efficiency was con­
stant within 2% between spikes run on the same day and between days— 
this indicates the precision of the analysis. The inherent precision of this 
method of copper determination i n seawater is on the order of ± 0 . 2 
nmol/kg. While the levels found are much lower than previously re­
ported, the scatter in the data is also large, and filtered samples are higher 
than unaltered samples. Since we know of no mechanism to maintain 
such distribution in the water column, we suspect contamination of the 
samples during collection. This problem appears to be the limiting factor 
in trace metal analyses in seawater at the present time. When extreme 
care is taken to avoid contamination, oceanographically consistent results 
are obtained (8). 

O n some of the samples, lead determinations were also made; how­
ever, lead was near or below the detection limit value ( ~ 0.5 nmol /kg) . 
Consequently, this method is not suitable for the analysis of lead in 

on Seawater Samples 

Blank (nmol/kg) % Recovery Daily Av. % Recovery 

.50 

.50 

.50 

88.2 
87.1 
90.0 

88.4 ± 1.6 

.73 

.73 

.73 

86.7 
90.0 
89.3 

88.7 ± 2.0 

.29 

.29 

.29 

87.5 
87.9 
90.0 

88.5 ± 1.5 

.55 

.55 

.55 

.55 

91.0 
87.4 
87.4 
90.4 

89.1 ± 1.7 
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50 ANALYTICAL METHODS IN OCEANOGRAPHY 

POTENTIAL TEMPERATURE, °C 
5 10 34.5 

or 

SALINITY, %o 
34.7 

Og , μ. m/ kg 
100 200 

COPPER, nm/kg 

Figure 3. Profiles of potential temperature, salinity, dissolved oxygen, and 
copper for samples at 21°Ν, 109e'W over East Pacific Rise 

open ocean water without the use of larger sample volumes or a more 
sensitive instrumental method. 

Tracer Experiments—Fe, Zn, Cd, Ni , Cu, and Mn. The success of 
the method for copper and lead suggested an extension to other metals. 
Preliminary experiments with iron, zinc, and cadmium showed poor 
reproducibility. In order to establish conditions suitable for the deter­
mination of these elements, experiments using radioactive tracers were 
done inthe laboratory of M . P. Bender at the University of Rhode Island. 
The method was adapted to these experiments as follows: 

1. Instead of glass fiber filters, 15 m l gooch crucibles with fine grade 
scintered discs were used 

2. To compensate for the poorer retentivity of the sintered glass 
discs, the amounts of cobalt and A P D C added were increased by a factor 
of eight. The samples were counted by placing the crucible directly over 
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6. B O Y L E A N D E D M O N D APDC Chelate Co-precipitation 51 

a sodium iodide or germanium (lithium) detector. The standards were 
either tracer evaporated on a blotter disc placed inside a gooch crucible 
or tracer evaporated onto the sintered glass disc of a gooch crucible. 

W e estimate a 5% error i n the calculated absolute recoveries. In 
the following experiments, the p H 1.8 solutions were unbuffered, the p H 4 
and 6 solutions used an acetate buffer, and the p H 8 and higher solutions 
used an ammonia buffer. 

D I L U T E S O L U T I O N S : 1 0 7 C D , 6 4 C U , 6 9 Z N , A N D 6 5 N I . These short-lived 
tracers were prepared by neutron activation of stable isotopes and 
added in solution to 100 ml of buffered distilled water. The pre-concentra-
tion and counting are described above. The results are shown i n Figure 
4. Nickel and copper are recovered i n high yield throughout the range 
p H 1.8-8. Cadmium is recovered in high yield only at p H 1.8, and re­
covery decreases with increasing p H . Zinc is not quantitatively recovered 
at any p H although the yield increases with increasing p H . 

D I L U T E S O L U T I O N S : 5 9 F E I H , 6 5 Z N , A N D 1 0 9 C D . These long-lived tracers 
were added to 100 m l of buffered distilled water; the pre-concentration 
and counting are as described above. Figure 5 illustrates the results. As 
before cadmium is recovered in high yield at p H 1.8; the yield is less at 
higher p H except for the p H 6 sample. Zinc again is not quantitatively 
recovered at any p H . The yield is low below p H 4 and ^ 80% above 
p H 4. Iron is recovered ( > 85% ) above p H 3. 

PH 

Figure 4. Recovery efficiency as a function of pH for 
107Cd, 64Cu, 69Zn, and 65Ni in dilute solution 
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100 

>-
or 
LU 
> 
ο 
ο 
LU 

Cd 
Fe 

• / V 

. A , 

/ 

/ 

50-
J 

• Fe 
• Cd 

Dilute Solutions 

PH 

Figure 5. "Recovery efficiency as a function of pH for 
59Fe, 65Zn, and 109Cd in dilute solution 

S E A W A T E R : 5 9 F E I H , 6 5 Z N 5 A N D 1 0 9 C D . T O check for possible changes 
i n recovery arising from the ionic background in seawater, the above 
experiment was repeated for buffered seawater solutions. The results 
(Figure 6) were quite similar to those observed for distilled water. 

M A N G A N E S E . Experiments similar to those above were done with 
5 4 M n , and the results are shown in Figure 7. Manganese recovery is very 

lOOr 

Figure 6. Recovery efficiency as a function of pH for 
59Fe, 65Zn, and 109Cd in seawater 
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100 
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cr 
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> 
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Lu 
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50 

MANGANESE 

DILUTE 
SOLUTION 

ni mi—m—4 1» i 

SEAWATER / 

j — / 

PH 
8 

Figure 7. Recovery efficiency as a function of pH 
for 54Mn in dilute solution and seawater 

low in the p H range 1.8-6 and increases considerably above p H 8. The 
yield is high ( ~ 85 > ) in dilute solution at p H 9.5 but lower ( ~ 35% ) 
in seawater at the same p H . 

R E D I S S O L U T I O N O F T H E P R E C I P I T A T E . In most of the above experi­
ments the precipitate was dissolved from the disc by washing M E K -
H N 0 3 through the frit, and the cleaned crucible was recounted. The 
activity was reduced to background levels for nickel, copper, cadmium, 
and zinc, so dissolution by this method is effective. For iron, however, a 
substantial fraction of the original activity remained and was not removed 
by a second MEK-HNO3 washing. Table II shows the results of such an 
experiment using 5 9 F e as a tracer. The iron is incompletely removed by 
washing with the M E K - H N O 3 solution but is removed by a 3N H N O 3 

Table II. Dissolving Iron Precipitate from Filters 
59Fe Original 

Activity 
( counts/4 

min) 

7124 
13869 
21528 

Remaining 
after First 

MEK Wash 

28.8 
49.9 
43.5 

% 
Remaining 

after Second 
MEK Wash 

12.4 
50.5 
43.9 

Remaining 
after First 

HNOs Wash 

0.98 
3.9 
4.7 

Remaining 
after Second 
HNOs Wash 

0.36 
0.96 
1.3 
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wash. This result explains the erratic nature of early iron analysis by this 
method; despite a high precipitation recovery, not all of the iron was 
redissolved by the solution analyzed by atomic absorption. 

Z I N C . The low recovery of zinc is probably not caused by insufficient 
A P D C since the concentration of A P D C was increased by a factor of five, 
but with no increase in zinc recovery. 

Discussion 

The tracer experiments demonstrate that copper and nickel are 
precipitated with high yield throughout the p H range 2-8 using the con­
ditions described earlier. Iron is precipitated in the range p H 3-8; cad­
mium is precipitated consistently only near p H 1.8. Zinc is precipitated 
in the 70-80% range from p H 3-8, and manganese is partially pre­
cipitated only at high p H ( > 9.5). The falloff in iron and zinc recovery 
at low p H may arise from competition between the metal ions and hydro­
gen ions for the dithiocarbamate anion, as the p K a of pyrrolidine dithio­
carbamate has been reported to be 3.0 (9). Metals with a lower pyrroli­
dine dithiocarbamate conditional solubility product would be more 
severely affected by this mechanism; the reported stability sequence 
is Zn < C u < N i < P b < C d (10). The generally lower zinc recovery 
overall may also be explained by this stability sequence. W e have no 
definitive explanation for the low and erratic cadmium recovery at higher 
p H . Since the purpose of this paper is to present conditions for high 
yield co-precipitation rather than to explore the mechanism of co-precipi­
tation, this aspect is worthy of further investigation. 

Briefly, then, these experiments suggest the use of two slightly 
different precipitation procedures. One is useful for copper, nickel, and 
cadmium and is similar to that outlined in the methods section with the 
exclusion of buffer addition in order to maintain the sample near p H 1.8. 
The other method is useful for copper, nickel, lead, and iron and is 
similar to that outlined in the methods section except that a filter rinse 
with 3N nitric acid follows dissolution with the organic solvent. The 
combined organic and nitric acid washes are then evaporated to dryness 
over low heat, thus decomposing the chelate, and the residue is redissolved 
in 0.1 JV nitric acid prior to analysis. 

Although the co-precipitation method was initially conceived with 
large volume extraction coupled with flame atomic absorption analysis 
in mind, its utility may prove to lie in other areas. In particular, the 
introduction of improved flameless atomizers w i l l allow the determination 
of trace metals using much smaller sample volumes. W e have combined 
pre-concentration by this method on 100 m l samples with use of a 
Perkin-Elmer HGA-2100 graphite furnace for the analysis of copper, 
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6. B O Y L E A N D E D M O N D APDC Chelate Co-precipitation 55 

nickel, and cadmium in seawater. For copper the sensitivity is comparable 
with that reported earlier for 4.1 flame analysis, and the precision is 
better. Alternatively, if lead rather than cobalt is used as the co-precipi­
tating metal, neutron activation of precipitate can yield simultaneous 
analyses of several metals including cobalt ( I I ) . Radioisotopes can be 
concentrated by this method prior to counting; M . Bacon of the Woods 
Hole Océanographie Institution is using this technique routinely for 2 1 0 P b 
and 2 1 0 P o determinations. 
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7 

Direct Determination of Trace Metals in 

Seawater by Flameless Atomic Absorption 

Spectrophotometry 

D O U G L A S A . SEGAR and A D R I A N A Y. C A N T I L L O 

National Oceanic and Atmospheric Administration, Atlantic Oceanographic 
and Meteorological Laboratories, 15 Rickenbacker Causeway, Miami, Fla. 33149 

Flameless atom reservoir atomic absorption spectrophotome­
try, because of its extremely high sensitivity, has found many 
applications in trace metal analysis of seawater, marine 
organisms, and sediments. Direct analysis of seawater for 
trace metals was not possible with early atomizer designs 
because of matrix interferences. A new generation of 
atomizer reduces these interferences and has been tested 
for its utility in direct analysis of seawater. All elements 
so far investigated—iron, manganese, copper, and cadmium 
—can be rapidly, simply, and precisely determined in their 
normal range of concentrations in seawater. Several pre­
cautions are necessary to obtain accurate results, as matrix 
composition, injection volume, atomizer conditions, and 
changes in graphite atomizer tube characteristics all affect 
the sensitivity of analysis. 

*~r*he marine chemistry of trace transition metals is not well understood, 
despite many years of intense interest and research activity. The 

comparative lack of success of most investigations of marine geochemical 
cycles of transition elements undoubtedly arises largely from the inade­
quate analytical techniques used to determine elemental concentrations, 
particularly concentrations of metals dissolved in seawater. Not only are 
the historically preferred techniques inaccurate ( I ) , but also their length 
and difficulty normally preclude the analysis of sufficient samples to 
describe adequately environmental variations. Unless these variations, 
both in time and space, can be adequately described, little can be learned 
about marine geochemical processes. 
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7. SEGAR AND CANTILLO Flameless Atomic Absorption 

Trace metal concentrations i n seawater are so low that contamination 
of the sample and loss of metal to container walls are critical problems in 
any analytical technique. These problems are particularly severe when 
the water sample must undergo extensive chemical treatment prior to 
the determination step. Most available techniques require such a chemi­
cal step or steps, because of their inadequate sensitivity and/or inability 
to determine the metal in the presence of the other sea water salts. Even 
those neutron activation procedures established for analysis of elements 
in seawater usually require a preactivation concentration step (2). 

Recently, flameless atomization techniques have been developed for 
atomic spectroscopy, particularly for atomic absorption. Absolute sensi­
tivities of atomic absorption using these flameless atomizers are, for most 
elements, comparable with or better than those attainable by any other 
technique. Additionally, unlike most other techniques the atomic absorp­
tion method is relatively free from interferences by other components of 
the sample matrix. Therefore, flameless atomic absorption holds great 
promise for direct analysis of trace metals in seawater and other environ­
mental samples. This paper reports the successful application of a new 
design of commercial atomizer to direct analysis of several metals in 
seawater. 

Flameless Atomizers 

Flameless atomic absorption spectrophotometry is essentially very 
simple. A substrate upon which the sample matrix can be deposited is 
placed in or immediately adjacent to the spectrophotometer light beam, 
and a means of heating this substrate rapidly to 800°-3500°C is provided. 
Electrical resistance is usually the heating method used. The substrate 

REMOVABLE WINDOW 

H20 OUT 

Figure I . Cross section of HGA-2000 atomizer head 
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58 ANALYTICAL METHODS IN OCEANOGRAPHY 

itself has been made from various materials, and a large number of 
atomizer designs have been used. Two substrates—graphite and tantalum 
—appear to be best suited to routine use, and two basic atomizer designs 
—the open rod or West type and the closed furnace or Massman type— 
have been used (3) . Of the two basic designs, the closed furnace appears 
to be preferable for routine analysis of most samples (3) because it does 
not require as stringent optical alignment as open filament types, gen­
erally can accept larger sample volume, and shows fewer inter-element 
interferences because of the smaller temperature gradient observed 
within the atomization zone. One such atomizer, the Perkin Elmer 
H G A - 7 0 (later designated the HGA-2000) wi th a modified power supply, 
has been extensively evaluated for use in marine chemical analysis ( 4 -
I I ) . One of the major disadvantages of this atomizer was the physical 
arrangement which allowed the cooling, condensing atom gas cloud to 
remain in the optical path of the spectrophotometer while it was swept 
laterally out of the atomizer (Figure 1). This led to nonspecific absorp­
tion or scattering attenuation of the light beam, thereby preventing the 
analysis of high solid content matrices such as seawater (4) . This attenua­
tion was so great that it prevented the use of a background correction 
system, such as that based on the deuterium arc lamp (12). Recently, 
a new heated graphite atomizer has been designed, the Perkin Elmer 
HGA-2100 (Figure 2) , which alleviates this problem by modifying the 

Figure 2. HGA-2100 atomizer head 
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7. S E G A R A N D C A N T B L L O Flameless Atomic Absorption 59 

INTERNAL 

Figure 3. Cross section of HGA-2100 atomizer head 
showing gas flow 

gas flow within the heated graphite tube to remove the hot atom cloud 
from the light beam before the atom cloud is significantly cooled. The 
purge gas enters the atomizer tube at each end and exits through the 
sample introduction port at its center (Figure 3) . A second inert gas 
supply is provided outside the atomizer tube to prevent its oxidation. 
The atomizer can accept up to 50 /J. of solution and be heated in three 
different temperature steps up to about 3000°C. 

Equipment 

A Perkin Elmer model 503 atomic absorption spectrophotometer, 
equipped with Perkin Elmer HGA-2100 heated graphite atomizer (Figure 
2) , a deuterium arc background corrector (12), and a strip chart recorder, 
was used. The HGA-2100 graphite furnace was purged with argon. 
Hol low cathode lamps were used except for cadmium for which an 
electrodeless discharge lamp (Perkin Elmer) was used. 

The reported temperature settings for the graphite furnace were 
read from the HGA-2100 power supply readout and are approximate. 
These temperatures are based upon the applied voltage across the 
atomizer terminals. A l l absorbances were obtained from peak heights 
read from either the strip chart or the digital peak height reader of the 
Perkin Elmer 503. 

The measurement of peak areas rather than peak heights would 
undoubtedly eliminate or reduce some of the matrix effects on sensitivity 
reported below (13). However, the integration mode of the Perkin Elmer 
503 does not provide true peak area integration, but instead provides 
signal averages for a preset time subsequent to initiation of the atomiza-
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60 ANALYTICAL METHODS IN OCEANOGRAPHY 

tion step. Because of the adverse signal-to-noise relationship caused by 
this procedure, the detection limits obtained with the integration mode 
are not as good as those obtained by peak height measurement. A fast 
response integrator programmed to the output peaks would undoubtedly 
enhance the analysis of complex samples such as seawater. 

A l l standards were prepared by dilution of A l f a Inorganics Ventron 
primary standard solutions using acidified filtered surface Gulf Stream 
seawater (salinity ca. 36%0) or distilled water. Sample injections were 
made with Eppendorf microliter pipets with disposable plastic tips. 

Preliminary Assessment of Seawater Analysis 

The prehminary assessment of the behavior of seawater in the H G A -
2100 was carried out in conjunction with the Perkin Elmer Co. Some of 
these results have been published elsewhere (14). The HGA-2100 gave 
rise to considerably smaller background absorbances than the HGA-2000 
during atomization of sodium chloride solutions and measurement of the 
absorbance at the copper wavelength (324.7 nm) . The charring tempera­
ture used was low enough so that no salt was volatilized before atomiza­
tion. Plots of the molecular absorbance of sodium chloride vapor produced 
by the two atomizers as a function of concentration are shown in Figure 4. 
A 10 μΐ. aliquot of 35%0 seawater w i l l contain 350 of total salt. From 
Figure 4 it can be seen that for a sample containing this quantity of 
sodium chloride, the background signal with the HGA-2000 is more than 
one absorbance unit while with the HGA-2100 it is about 0.1 absorbance 
— a value more readily correctable by means such as the deuterium arc 
background corrector (12). Even the reduced background absorbance 
afforded by the HGA-2100 is larger than desirable, particularly when 
analyzing samples having metal concentrations close to the detection 
limits of flameless atomic absorption. This condition is encountered for 
many elements in unpolluted seawater (Table I ) , and it is, therefore, 
necessary to use the selective volatilization technique where possible 
(15) to further reduce background interference. 

Trace elements in seawater can be divided into two somewhat 
arbitrary groups according to their relative volatilities. The first group, 
including elements such as V , Co, N i , C u , M n , Fe, Cr , and M o is not 
volatilized at temperatures sufficient to volatilize the alkali chlorides. 
The second group consists of elements whose salts have volatilities similar 
to or greater than the alkali chlorides, including cadmium, zinc, lead, 
and gold. Selective volatilization can be used to remove the bulk of 
seawater salts prior to atomization of the low volatility elements but not 
the volatile elements (4). Elements which have been determined by 
flameless atomic absorption using the heated graphite atomizer are listed 
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7. S E G A R A N D CANTiLLO Fhmeless Atomic Absorption 61 

in Table I as being volatile or involatile. The division between the 
two groups is not wel l defined by observation, and some elements may 
fal l into the other group when atomization from a seawater matrix is 
attempted as opposed to atomization of the simple salts. Table I shows 
approximate detection limits obtainable for various elements in simple 
aqueous solution. In addition, the approximate concentrations of the 
elements in unpolluted seawater are fisted. A comparison reveals that, if 
detection limits comparable with those in distilled water can be obtained 
in seawater and if matrix effects can be compensated or eliminated, a 
number of elements could be determined by direct injection of seawater 
into the HGA-2100. 

/igNaCI 

Figure 4. Absorbance of sodium chloride at 
324.7 nm without background correction using 
the HGA-2000 and the HGA-2100 atomizers 

A n evaluation of direct analysis of seawater by the HGA-2100 was 
carried out for three elements with lower volatilities than the alkali metal 
chlorides (copper, iron, and manganese) and one element with higher 
volatility (cadmium). Analysis of seawater for each of these elements 
proved to be possible and sufficiently sensitive. However, a number of 
variables affect the analysis. These variables, in addition to the atomic 
absorption spectrophotometer settings, include the purge gas flow rate 
through the atomizer, the ashing temperature and time, the atomization 
temperature, the salinity of the sample, the volume of injection, and the 
changing surface properties of the graphite tube. To optimize the ana­
lytical sensitivity and precision, the effect of each of these variables was 
investigated. 

Purge Gas Flow Rate. The purge gas flow rate can be adjusted up 
to about 220 m l of argon per minute. Normally the flow rate of the argon 
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62 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table I. Trace Elements in Seawater and Detection Limits 

Volatile Elements 

Approximate Approximate 
Detection Seawater 

Element Limit* Concentration1* 

A g 0.1 0.1 
As 1 2.3 
A u 0.5 0.005 e 

B i 0.2 0.02 
C d 0.04 0.05 
H g 220 0.05° 
In 16 0.0001 
Pb 1 0.03° 
Sb 5 0.01 
Se 60 0.45 
Sn 60 0.01 
Te 600 — 
T l 3 0.01 
Zn 0.02 5 

• Detection limit in μ%/1. for a 50-̂ 1. injection. Detection limit taken to be equal 
to sensitivity listed by Perkin Elmer Corp. (21). 

5 From Riley and Chester (17) μ%/\. for salinity = 35%*. 
0 Considerable variations known to occur. 

gas is maintained as low as possible (about 50 m l / m i n ) to maximize the 
residence time of atoms in the atomizer and, therefore, the peak atoms 
population and the analytical sensitivity. To obtain maximum sensitivi­
ties, the internal gas flow may even be switched off for a few seconds 
during the atomization step (16). Higher flow rates lead to generally 
lower sensitivities and are, therefore, undesirable. However, low flow 
rates w i l l retard flushing of the cooling atom cloud from the furnace. 
When determining elements in a high salt content matrix, this significantly 
increases background absorption. Consequently, either the compensation 
ability of the deuterium arc background corrector is exceeded, or the 
reproducibility and precision of the analysis are reduced because of noise 
introduced by imperfect correction of large background signals. Thus, it 
was found that a flow rate of about 150 m l / m i n was optimal for manga­
nese and copper analysis. Despite removal of the major seawater salts 
by ashing before atomization, sufficient matrix material remains to pro-
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7. S E G A R A N D CANTiLLO Flameless Atomic Absorption 63 

of Flameless Atomic Absorption Spectrophotometry 

Involatile Elements 

Approximate Approximate 
Detection Seawater 

Element Limit' Concentration" 

A l 3 5" 
B a 6 30" 
Be 0.7 0.0006 
Co 2 0.08" 
C r 0.5 0.6" 
Cs 2 0.5 
C u 1 3° 
D y 15 0.0009 
E r 35 0.0009 
E u 800 0.0001 
Fe 0.5 3" 
G a 50 0.03 
Ir 60 — 
L i 1 180 
M n 0.2 2° 
M o 2 10 
N i 3 2 
P d 3 — 
P t 2 — 
R b 1 120 
R h 4 0.01 
Si 3 1000° 
Sr 4 8500 
T i 40 1 
V 7 1.5 

duce significant background signals during atomization at low flow rates. 
Although sensitivity for manganese and copper is somewhat less at the 
chosen flow rate than at lower values, the difference is small and com­
pensated for by improved reproducibility. For iron analysis, where a 
higher ashing temperature may be used and, therefore, more matrix 
material removed before atomization, the optimum flow rate is about 
100 m l / m i n . 

When atomizing cadmium from seawater, the atomic absorption 
signal is followed by a spurious non-atomic signal from the major salts 
(see Figure 22). The analysis depends upon the temporal separation of 
these two signals. A t high gas flow rates, cadmium is swept out of the 
fight beam before the spurious signal is generated. A t lower rates, the 
sensitivity of the analysis is improved as the residence time of cadmium 
atoms in the light beam is increased. However, this increased residence 
time reduces the separation between the atomic and spurious peaks, 
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< 

0.1 -

o l 1 1 
1000° 1500° 2 0 0 0 ° 2 5 0 0 ° 

ATOMIZING TEMPERATURE (°C) 

Figure 5. Effect of atomization temperature on 
the absorbance of 5 μΐ. of a 10-ppb spike of cadmium 

in seawater 

causing overlap and interference. The optimum gas flow rate is, there­
fore, about 70 m l / m i n . It is possible that the hmiting factor in resolution 
of the cadmium and matrix signals is the relatively slow response time of 
conventional atomic absorption spectrophotometer readout electronics. 
If this is the case, then use of a faster readout system and lower gas flow 
should improve sensitivity. 

Atomization Temperature and Time. The maximum temperature of 
the heated graphite tube during the atomization step and the rate at 
which this temperature is achieved determines the rate of volatilization 
and atomization of the sample and, therefore, the peak atom population 
and sensitivity. For involatile elements, the peak height sensitivity in­
creases with increasing temperature until a plateau is reached. The 
optimum atomization temperature is then the lowest temperature at 
which maximum sensitivity is obtained. For some volatile elements, the 
peak absorbance may reach a maximum with increasing temperature and 

Table II. Optimum Conditions for 

Atomization 
Ashing Temp. Ashing Time Temp. 

Element (°C) (sec) (°C) 

C d 400 10 1500 
C u 600 25 2500 
Fe 1250 25 2500 
M n 1100 25 2400 

• Rotameter reading HGA-2100. 
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7. S E G A R A N D C A N T I L L O Fhmeless Atomic Absorption 

0.20-

65 

25 50 75 
ASHING TIME (SEC.) 

Figure 6. Effect of ashing time on the absorbance 
of 40 μΐ. of a 10-ppb spike of manganese in distilled 
water and seawater (ashing temperature = 600° C) 

may then decrease with further temperature increase (Figure 5) . The 
optimum atomization temperatures for seawater analysis were found to 
be essentially the same as those for dilute aqueous metal salts and are 
listed in Table II. 

The atomization time is set at the shortest time necessary for com­
plete removal of the analysis element from the atomizer. Generally, a 
time is selected which continues atomization for a period after the peak 
signal is observed, corresponding to about twice the peak width at half 
height at the highest concentration to be determined. This ensures that 

Seawater Analysis by Direct Injection 

Approximate 
Atomization Detection 

Time Usual Sample Limits 
(sec) Gas Flow* νοΐ(μΐ) (pg/kg) 

7 40 10 0.01 
7 80 50 0.5 
7 60 20 0.4 
7 80 20 0.3 
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66 ANALYTICAL METHODS IN OCEANOGRAPHY 

x 10 ppb in sea water 

I I I I I 
25 50 75 

ASHING TIME (SEC.) 

Figure 7. Effect of ashing time on the absorbance of 40 
μΐ. of a 10-ppb spike of manganese in distilled water and 

seawater (ashing temperature = 1100°C) 

memory effects are eliminated and permits examination of the analytical 
baseline immediately after the absorption signal while the atomizer is 
still at the atomization temperature. For some elements, particularly 
those whose analytical lines are of longer wavelength, there is a small 
but significant baseline shift caused by black body emission from the 
incandescent atomizer tube. This shift may be minimized by careful 
alignment of the optical train but still must be corrected for when low 
concentrations are determined. 

Ashing Temperature and Time. The intermediate temperature heat­
ing cycle of the heated graphite atomizer, referred to here as the ashing 
cycle, removes as much of the matrix as possible without significant loss 
of the analyte. For involatile elements a significant proportion of seawater 
salts can be removed by this means before the atomization step. The 
choice of ashing temperature and time is made to obtain the optimum 
balance of sensitivity and reproducibility. A t too low an ashing tempera­
ture or too short an ashing time the incomplete removal of the matrix 
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7. S E G A R A N D C A N T I L L O Fhmeless Atomic Absorption 67 

salts and the consequent inability of the deuterium arc background cor­
rector to compensate precisely for nonspecific absorption w i l l reduce the 
reproducibility. Too high an ashing temperature w i l l lead to significant 
loss of analyte metal from the atomizer before atomization and conse­
quently a loss of analytical sensitivity. The effect of ashing time on man­
ganese analysis in seawater is illustrated in Figures 6 and 7. A t an ashing 
temperature of 600°C, little loss of manganese fronl the atomizer occurs 
even for long ashing times. However, the reproducibility of the analysis 
for seawater is extremely poor even at long ashing times (Figure 6) . A t 
an ashing temperature of U 0 0 ° C , although significant loss of manganese 
occurs from a distilled water matrix, the reproducibility of the analysis 
in seawater is much improved while the sensitivity is reduced by only 
about 25% (Figure 7) . Optimum ashing times required at each tem­
perature are similar. Little change in either reproducibility or sensitivity 
occurs wi th increasing time above 25 sec. 

The effect of ashing temperature upon the analysis of iron, man­
ganese, and copper is illustrated in Figures 8, 9, and 10, respectively. 

.20 

ASHING TEMPERATURE (°C) 

Figure 8. Effect of ashing temperature on the 
absorbance of 20-μΙ. injections of a 40-ppb spike 
of iron in distilled water and seawater arid of un-

spiked seawater (Fe < 0.5 ppb) 
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ANALYTICAL METHODS IN OCEANOGRAPHY 

When introduced i n chloride salt solution in distilled water, the response 
to changes in ashing temperature is, i n each instance, relatively simple. 
The analytical sensitivity falls off at temperatures above 500°C, as 
increasing amounts of metal are lost from the atomizer during the ashing 
cycle. When the salts are introduced in natural seawater, observed sensi­
tivity changes are more complex. As with distilled water, sensitivity 
drops above a critical temperature, which is different for each element, 
because of loss of the element from the atomizer during ashing. H o w ­
ever, below this temperature, the sensitivity drops instead of leveling off 
as wi th simple solutions. The cause of this sensitivity loss is unknown, 
although it must be caused by either lowered instrument response arising 
from large nonspecific absorption and considerably decreased light level 
reaching the photomultiplier or, more likely, chemical interference by the 
major seawater salts. Such chemical interference might be caused by 
suppression of dissociation of molecular species of the analyte element 
in the molecule and atom cloud by the presence of large quantities of 
more easily dissociable salts. This would be analogous to the suppression 
of ionization, achieved for many elements in flames or arcs by the addition 
of large quantities of easily ionizable elements. Sodium chloride at a 
concentration of 3.5 g/1. has a larger suppression effect than seawater 
with a total salt content of 3.5 g/1. The effect is thus not simply deter­
mined by the total quantity of elements in the sample but is also de­
pendent upon the composition of the matrix. The complexity of the 

ASHING TEMPERATURE (eC) 

Figure 9. Effect of ashing temperature on the 
absorbance of 40-μΙ. injections of 20-ppb spike of 
manganese in distilled water ana seawater and of 

unspiked seawater (Mn < 1 ppb) 
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7. S E G A R A N D C A N T I L L O Flameless Atomic Absorption 69 

0.20 • 

20 ppb IN SEA WATER 
20 ppb IN DISTILLED WATER 
20 ppb IN 3.5% NaCI SOLUTION 
SEA WATER 

0.15-

g 0.10 -
Ο 
(Λ 
m 
< 

0.05-

5 0 0 ° 1000° 1500e 

ASHING TEMPERATURE (°C) 

Figure 10. Effect of ashing temperature on the ab-
sorbance of 40-μΙ. injections of a 20-ppb spike of 
copper in distilled water, seawater, 3.5% sodium 
chloride solution, and of unspiked seawater (Cu < 0.5 

ppb) 

atomization phenomenon from a complicated matrix is further illustrated 
by the observation that, although the managanese and copper sensitivities 
are suppressed in seawater as compared with simple chloride solutions 
regardless of ashing temperature, the sensitivity for iron is considerably 
enhanced in seawater. Too little is known about the chemistry of atomic 
vapor clouds, such as are generated in the heated graphite atomizer, to 
enable more than speculation upon the cause of enhancement or suppres­
sion. However, the matrix clearly must affect such vital parameters as 
the chemical form of the analysis element deposited in the solid state 
after drying in the atomizer and the volatilization and dissociation of 
these compounds. Considerably more research, both experimental and 
theoretical, is called for in this area. 

Injection Volume. The volume of sample injected into the H G A -
2100 may be up to 100 μ\., but usually is between 10 and 50 μΐ. The 
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ANALYTICAL METHODS IN OCEANOGRAPHY 

0.7 

CONCENTRATION (ppb) 

Figure 12. Calibration for manganese (40 ppb) in seawater 
and distilled water (injection volume = 10-50 μΐ.) 
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7. S E G A R A N D C A N T I L L O Flameless Atomic Absorption 71 

injection volume affects analytical sensitivity both with simple salt solu­
tions and with seawater. Figures 11 and 12 both show calibration 
curves for manganese in distilled and seawater. Figure 11 shows linear 
calibrations obtained by injecting different concentrations of manganese 
in identical volumes of sample. Figure 12 was obtained by injection of 
different volumes of a single concentration of manganese in both distilled 
and seawater. As the injection volume increases, the peak height drops, 
in each instance leading to curvature of the calibration. W i t h distilled 
water injections, this curvature is probably caused by a change i n the 
volatilization rate of manganese because of its wider distribution on the 

CONCENTRATION (ppb) 

Figure 13. Calibration for cadmium (0-10 
ppb) in seawater and distilled water (injec­

tion volume = 5 μΐ.) 

0.20-

10 20 30 
INJECTION VOLUME (μ\) 

Figure 14. Calibration for cadmium (0.5 
ppb) in seawater and distilled water (injection 

volume = 5-30 μΐ.) 
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72 ANALYTICAL METHODS IN OCEANOGRAPHY 

floor of the graphite tube, which is not uniformly heated. Atomization 
does not take place simultaneously at al l points in the tube, which leads 
to a broader, smaller, output signal. In seawater, the curvature is much 
greater, and the large quantity of salt must have an additional effect at 
larger injection volumes. Similar calibrations were obtained for other 
elements. Figures 13 and 14 show the corresponding calibration for the 
volatile element cadmium. 

In order to show the effect of total salt quantity in the atomizer, a 
series of injections were made for cadmium and manganese analysis with 
different volumes of solution but with the same total quantity of the 
analysis metal present per injection. Three series of injections were 
made—in distilled water, in seawater, and in seawater diluted to main­
tain the total salt quantity per injection constant. The results are shown 
i n Figures 15 and 16 for manganese and cadmium, respectively. It is 

0.40-

UJ 
ο 
ζ 
< 
m oc 
ο 
CO 
m 
< 

0.30-

0.20 

χ Sea water 

350 sea water 
salts per injection 

ο Distilled water 

- i — 
10 

20 —τ— 
30 

—r— 
40 

INJECTION VOLUME (μ\) 

Figure 15. Effect of injection volume on the ab-
sorbance of 1.2 ng of manganese in distilled water 
with 350 ng of seawater dissolved salts per injection 

and in seawater of 35%0 salinity 

apparent that the injection volume alone has only a small effect on the 
sensitivity, although some sensitivity loss occurs with increasing volume 
of distilled water. The effect of increased total salt content in the atomizer 
is to reduce the sensitivity in each case, presumably because of a sup­
pression of dissociation or similar phenomenon. The effect of maintaining 
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7. S E G A R A N D C A N T I L L O Flameless Atomic Absorption 73 

x SEA WATER 
a 350 ug SEA WATER SALTS PER INJECTION 
• DISTILLED WATER 

INJECTION VOLUME ( μ I ) 

Figure 16. Effect of injection volume on the ab­
sorbance of 60 ng of cadmium in distilled water 
with 350 ng of seawater dissolved salts per injection 

ana in seawater of 35%Q salinity 

constant salt quantity and constant metal quantity while varying the 
injection volume is complex but resembles to some extent the effect of 
salinity (see Figures 17 and 20). 

Although at this time the sensitivity variations seen when changing 
injection volume with saline samples cannot be explained, it is clear that 

0.11 ι 

0.3 -

0.1 
9 18 27 36 

SALINITY (ppt) 

Figure 17. Effect of salinity on the absorbance of 40 μΐ. of 20 ppb 
manganese in seawater 
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74 ANALYTICAL METHODS IN OCEANOGRAPHY 

0.2 

o I 1 I ι 1 1 
0 9 18 27 36 

SALINITY (ppt) 

Figure 18. Effect of salinity on the absorbance of 20 μΐ. of 40 ppb of 
iron in seawater 

for accurate results all samples and standards must be injected i n the 
same volumes and with the same salinity. 

Salinity. The sensitivity of the analysis for each of the elements 
investigated depends on the salinity of the sample (Figures 17-20). 
Sensitivities for iron and manganese are both enhanced at low salinities, 
compared with distilled water standards, and in each instance sensitivity 
falls off at higher salinities. The effect of salinity on copper and cadmium 
analysis is more complex (Figures 19 and 20). A large drop in sensitivity 
occurs from distilled water to low salinities. A t higher salinities, the 
sensitivity increases again and then drops slowly. As has already been 
stated, it is not possible to explain variations of sensitivity with salinity 

0.050 

Of ι ι ι I 
0 9 18 27 36 

SALINITY (ppt) 

Figure 19. Effect of salinity on the absorbance of 40 μΐ. of 20 
ppb of copper in seawater 
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7. S E G A R A N D C A N T I L L O Fhmeless Atomic Absorption 75 

because of the lack of knowledge of the chemistry of hot atomic and 
molecular clouds. 

The maximum rate of change in sensitivity for each element takes 
place at salinities near those of fresh waters; therefore, such samples 
should always be analyzed by standard additions. This is also necessary 
because of the variability of major ion compositions of natural fresh 
water, which may be expected to affect sensitivity, along with changes 
in the total salt content. Fortunately, small changes of salt content near 
the values of salinity found i n the open sea have very little effect on the 
analytical sensitivity for any of the metals studied. Trace metal analysis 
of seawater may, therefore, be performed using standard additions on 
selected samples only. 

0.30-

ο 
ζ 
< 
m 
ο 0.25-
CO 
m 
< 

0.20 

0 9 18 27 36 

SALINITY (ppt) 

Figure 20. Effect of salinity on the absorbance of 10 μΐ. of 20 
ppb of cadmium in seawater 

Seawater Analysis, Analytical Conditions, and Procedure 

Analytical conditions adopted for analysis of iron, manganese, cad­
mium, and copper in seawater are summarized in Table II. Output peaks 
obtained are illustrated in Figure 21 for copper and Figure 22 for cad­
mium. For copper and other refractory elements, spurious signals gen­
erated by atomizing seawater salts at the ashing temperature are not 
recorded since the recorder is switched on automatically immediately 
prior to the atomization step. However, immediately following the 
atomic absorption peak for cadmium, the atomized major salts produce 
strong scattering and molecular absorption which reduces the light inten­
sity passing through the atomizer almost to zero. This leads to spurious 
signals on the recorder which at first are negative, then positive, and 
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ANALYTICAL METHODS IN OCEANOGRAPHY 

Figure 21. Reproducibility of 
analysis of copper in seawater, 
50 μΐ. injections of a 40-ppb 
spiked sample of 35%Q salinity 
(recorder scale expansion, 2X; 

chart speed, 5 mm/min) 

30/il 

20/il 

δμΐ 

5μ\ 
NO ADDITION 

Figure 22. Recorder signal for cadmium analysis in 
seawater and seawater spiked with 0.5 ppb of cad­
mium (recorder scale expansion, 5X; chart speed, 

160 mm /min) 
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7. S E G A R A N D C A N T I L L O Fhmeless Atomic Absorption 77 

then return to the baseline during the atomization cycle (Figure 22). 
These spurious peaks may be ignored and do not affect the analytical 
signal as long as the electrodeless discharge lamp and deuterium arc 
lamp beams are wel l aligned and intensity matched. Examination of the 
response at a nonabsorbing line close to the analytical line shows that 
the cadmium peak precedes, and is unaffected by, the scattering signal. 
Calibration curves for iron, copper, cadmium, and manganese are shown 
in Figures 23, 24, 25, and 11 respectively. From these calibrations, it can 

0.20 

0.15 

0.10 

0.05 

UJ 
ο ζ < 

0.15 

0.10 

0.05 

" 0 10 20 30 40 50 
CONCENTRATION (ppb) 

Figure 23. Calibration for iron (0-40 ppb) 
in seawater and distilled water 

be seen that analysis of samples of seawaters wi th concentrations of these 
elements within the normal range (17) is possible wi th acceptable pre­
cision. Precision is estimated to be better than ±10% above about 0.1 
ppb cadmium and above about 2 ppb for the other elements. The 18 
successive injections of 40 ppb of copper in seawater shown in Figure 21 
have a standard deviation of ± 4 % . The analytical procedure is, there­
fore, very simple. Analytical conditions are set, and an appropriate 
volume of acidified seawater i n injected. 

• DISTILLED WATER 
X SEA WATER 

) ) 
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78 ANALYTICAL METHODS IN OCEANOGRAPHY 

0.20 

0.10-

• DISTILLED WATER 
x SEA WATER 

20 30 40 
CONCENTRATION 

(ppb) 

Figure 24. Calibration for copper (0-40 ppb) 
in seawater and distilled water (50-μΙ. injection) 

A number of precautions must be observed to obtain accurate data. 
These are necessitated primarily by variability in graphite tubes and 
degradation of these tubes during use. No two tubes have precisely the 
same surface properties and, for example, variations of sensitivity with 
salinity (Figures 17 through 20) are completely reproducible only in 
form and not in absolute magnitude from tube to tube. In addition, 
sensitivity declines slowly with tube use as the tube surface is degraded. 
Fortunately the sensitivity loss is linear for at least the early part of a 
graphite tube life (Figures 26 and 27) and can be easily calibrated. 
Loss of sensitivity increases rapidly and reproducibility decreases dra­
matically at the end of the tubes useful life. Tubes are discarded before 

.10 

Figure 25. Calibration for cadmium (0-1 
ppb) in seawater (5-μΙ. injection) 
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7. S E G A R A N D C A N T I L L O Flameless Atomic Absorption 79 

this rapid deterioration begins. Tube lifetimes vary slightly from one 
to another, but vary more with changes in sample matrix, and analytical 
conditions. The following steps are, therefore, adopted to ensure accurate 
results. 

1. Each sample is injected at least twice or until replication of out­
put peaks is better than a desired precision level (usually ± 1 0 % ). 

2. A series of standards of various concentrations, spiked into one 
of the seawater samples, is run to establish a calibration curve with each 
new tube. 

3. A n intermediate concentration standard is reanalyzed after ap­
proximately every 20 injections, to calibrate sensitivity drift. 

4. Samples are grouped within salinity ranges covering no more 
than 5%o (smaller for low salinity samples). Spiked standards are pre­
pared in representative seawater samples from each of these ranges. 

5. Sample and standard injection volumes are always the same. 
Direct injection analysis for iron, manganese, copper, and cadmium 

has been successfully performed on more than 500 samples of seawater 
taken in the New York Bight as part of the National Oceanic and Atmos­
pheric Administrations ( N O A A ) Marine Ecosystem Analysis ( M E S A ) 
Program. Although the instrumental analysis is tedious, no problems 
have been incurred in this routine process. Approximately 50-100 sam­
ples may be analyzed for one element in a day. 

Future Developments 

The four elements investigated here are by no means the only 
elements which may be directly determined in seawater. Preliminary 
investigations for other elements, including As, Pb, Zn, Si, and A l , are 
encouraging and w i l l be pursued further. In addition, for those elements 
that cannot be directly determined, pre-concentration may be carried 
out before analysis, although this is usually tedious and may lead to 
contamination error (6). 

Biological tissues and sediments may be analyzed for many trace 
elements by flameless atomic absorption after dissolution (6, 7) . The 
reduced background signal observed with the new HGA-2100, compared 
with its predecessors, suggests that direct analysis for many of these 
elements may now be possible in these matrices. The sample may be 
introduced either directly as solids (18) or, more easily, as homogeneous 
suspensions after ultrasonic dispersion in water or solubilizing media 
(19). Perhaps the most exciting future prospect for the flameless atomizer 
in chemical oceanography is its use as a high sensitivity specific detector 
for gas and eventually l iquid chromatography (20). Such instruments 
may provide the means for determining metallo-organics such as the 
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80 ANALYTICAL METHODS IN OCEANOGRAPHY 

CONCENTRATION IN SEA WATER (ppb) 

Figure 26. Change of calibration for manganese (10-40 
ppb) in seawater with graphite tube use 

alkylated lead, mercury, and cadmium compounds i n environmental 
samples. 

Analysis of seawater for zinc, chromium, and nickel has been carried 
out successfully by the techniques outlined in this paper. Approximate 
detection limits are 0.05 ppb for zinc, 0.5 ppb for chromium, and 3.0 ppb 
for nickel. 

O 20 40 60 80 100 120 
INJECTION NUMBER 

Figure 27. Linearity of calibration drip for manganese 
(10-40 ppb) in seawater with graphite tube use 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

07



7. SEGAR AND CANTiLLo Fhmeless Atomic Absorption 81 

The strength of compression used to hold the graphite tube in place 
i n the HGA-2100 atomizer head critically affects the tube life. Optimiza­
tion of this parameter has resulted in considerably slower sensitivity 
degradation than shown in Figures 26 and 27. The sensitivity degradation 
is nevertheless linear as shown. 
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8 
Automated Anodic Stripping Voltammetry 

for the Measurement of Copper, Zinc, 

Cadmium, and Lead in Seawater 

A L B E R T O ZIRINO 

Chemistry and Environmental Sciences Division, Naval Undersea Center, 
San Diego, Calif. 92132 

S T E P H E N H . L I E B E R M A N 

Chemistry and Environmental Sciences Division, Naval Undersea Center, 
San Diego, Calif. 92132 and Department of Chemistry, California State 
University, San Diego, San Diego, Calif. 92115 

Copper, zinc, cadmium, and lead in seawater are analyzed 
by automated anodic stripping voltammetry (AASV) 
using a tubular mercury-graphite electrode. The system is 
controlled by a specially designed solid state programmer 
that controls the potentiostat, two peristaltic pumps, and 
five solenoid-operated Teflon valves and alternately circu­
lates a mercury solution, a seawater sample, or a standard 
solution through the electrode assemblage. Automated 
analyses with standard additions are made either by the 
linear sweep or differential pulse process. The system has 
been evaluated extensively in the field, where the electrode 
performed satisfactorily for over 100 analyses without re­
conditioning. Seawater concentrations of trace metals meas­
ured with the automated system generally agree with those 
available in the literature. 

A utomated analysis systems are necessary for large-scale marine surveys. 
Anodic stripping voltammetry ( A S V ) with the tubular mercury 

graphite electrode ( T M G E ) possesses adequate sensitivity and precision 
under repeated use to characterize zinc in San Diego Bay water. The 
T M G E , made by electrolysis of a mercuric nitrate solution to form a 
thin mercury film inside a graphite tube, is described elsewhere (1). 

82 
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8. zmiNO A N D L E E B E R M A N Automated Anodic Stripping Voltammetry 83 

In this work we have automated the T M G E - A S V system and have ex­
tended the procedure to determine copper, cadmium, and lead as wel l as 
zinc in marine waters. 

The automated system is controlled by a specially designed pro­
grammer which controls the potentiostat, the recorder, two peristaltic 
pumps, and five solenoid-operated valves which alternately circulate a 
mercuric nitrate solution, a seawater sample, or a standard solution 
through the electrode assemblage. Automated analyses for copper, zinc, 
cadmium, and lead were made on the pier of the Scripps Institution of 
Oceanography, San Diego, Calif. , and aboard ship in Puget Sound, Wash. 
This report describes the automated system, discusses the performance 
of the electrode under continued use, and presents the results obtained 
in the field. 

Experimental 

Instrumentation. Early work was performed with a specially built, 
cam-operated, electromechanical timer coupled to a modified Heathkit 
polarographic analyzer. Subsequently, a solid-state programmer system 
was designed and constructed. This system consists of a programmer 
unit, a relay unit, and connecting cables. The programmer unit contains 
the sequencing and control logic while the relay unit contains the out-
power relays. Control and timing are implemented with T T L integrated 
circuits and compatible output devices. The programmer is coupled to 
a P A R 174 polarographic analyzer which allows determinations to be 
made by differential-pulse anodic stripping voltammetry ( D P A S V ) . 
Current-voltage displays are recorded on a modified Sargent-Welch 
model S R G strip chart recorder which is also under program control. 
This system is illustrated in block form in Figure 1. 

The programmer unit is an upright cabinet containing an isolated 
power supply, timing and control logic circuits, operating controls, and 
program status displays. The sequence and duration of the program 
instructions are selectable with front panel switches. The ful l program 
sequence includes the following: 

1. Introduction of the sample, 
2. Application of the mercury film, 
3. Electrolysis at constant potential of the mercury film and the 

sample, 
4. Oxidation of the mercury film, 
5. Replacement of the sample. 

This sequence is a one-program cycle and may be an analysis of the 
sample or of the standard solution. A sample can be analyzed one to 
nine times, and a display shows the number of the cycle in progress. 
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84 ANALYTICAL METHODS IN OCEANOGRAPHY 

115V. ^ _ 
60 Hz, 1 φ *s 

PROGRAMMER 
UNIT 

3 Hz, 10 

i f 
VALVE 

RECEPTACLE 
BOX 

POLAROGRAPHIC 
ANALYZER 
MODEL 174 

Τ 

ELECTROLYSIS 
CELL 

1. VALVE 2 
2. VALVE 4 

3. VALVE 1 & 3 
4. VALVE 5 

5. PUMP 1 

6. PUMP 2 
7. ELECTRODE 

ASSEMBLAGE 

Figure 1. Block diagram of automated ASV system 

A t the end of the selected number of sample analysis cycles, one analysis 
of the standard is performed. The system then either terminates work 
or repeats the entire sequence at the discretion of the operator. The 
interval between analyses is under program control and may vary from 
2 min to 1 hr. A provision for making standard additions under program 
control has also been made, but as of this writing the automated pipette 
has not been installed, and standard additions were made with a hand­
held micropipette. Details of the programmer system and wiring dia­
grams are available upon request. 

Electrolysis Cel l . The electrolysis cell consists of the T M G E , three 
solution reservoirs, and a peristaltic pump. A schematic of the cell is 
shown in Figure 2. The reservoirs which contain the mercuric nitrate 
and the standard solution are 1-1. F E P Teflon bottles, and the sample 
reservoir is a 250-ml F E P Teflon bottle. Each of these may be circulated 
through the electrodes by appropriate switching of four solenoid-operated 
Teflon valves ( Valcor Engineering Corp. ) which are numbered 1 through 
4 in Figure 2. Valves and reservoirs are interconnected with Teflon 
tubing of 3/16-in. i d and nylon fittings (Swagelock, Inc.). The pump is 
a variable-speed Masterflex peristaltic pump (Cole Parmer No. 7545-15); 
formula-3603 Tygon tubing of 3/16-in. i d and 3/8-in. od is used i n the 
pump head. 

The cell has been designed to rinse automatically and to obtain a 
discrete sample of an appropriate volume from a continuously flowing 
stream. By means of an additional peristaltic pump identical to that used 
in the electrode assemblage, seawater is continuously pumped at a high 
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8. ziRiNO A N D LiEBERMAN Automated Anodic Stripping Voltammetry 85 

rate (250 m l / m i n ) through a three-way Teflon valve (No. 5 i n Figure 1) 
to a drain. Activation of the valve causes the stream to be diverted into 
the sample reservoir through an opening at the bottom. The sample fills 
the vessel and drains into the drain line through an opening on the side 
of the reservoir. The volume of the sample is controlled by the position 
of this outlet. Samples of 100 m l and 200 m l were used in this work. 
The extent of rinsing of the reservoir is controlled by the length of time 
valve 5 is activated. Oxygen is continually removed from the sample 
and from the other solutions by sparging with prepurified nitrogen, or 
carbon dioxide, or a mixture of the two (2). 

Continuous Flow and Batch Sampling. W i t h appropriate modifica­
tions of the cell, a stream of seawater may be passed directly through 
the electrode assemblage and into the discharge line. This eliminates 
recycling the sample in the reservoir but requires efficient removal of 
oxygen from the stream. A system of this type was used to conduct a 
survey i n the Gulf of Mexico where oxygen was removed from the sea­
water stream by a specially designed counter-current exchange appa­
ratus. After this trial, however, direct continuous-flow voltammetry 
was discontinued because it was difficult to calibrate in terms of con­
centrations, and it was suspected that considerable adsorption of metals 

C 
SCAN 

RECORDER 

ON CONTINUOUSLY DISCHARGE LINE 

SEA WATER ANALYSIS RELAY AND VALVE CONTROL 

Figure 2. Schematic of electrolysis cell 
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86 ANALYTICAL METHODS IN OCEANOGRAPHY 

occurred on the plates of the counter-current exchanger. Batch sampling 
from a flowing stream was thus adopted. Unfortunately, this mode of 
sampling also has inherent problems. Principally, it was observed that 
the hold-up volume of the sample in the electrode assemblage mixed 
with the succeeding sample. Solid products resulting from the oxi­
dation of the mercury film, such as mercurous chloride (3) , also tended 
to be removed from the electrode and deposited into the succeeding 
sample by flow-produced friction. However, the carry-over of metals 
from the previous analysis is a serious problem only when successive 
samples are of disparate concentrations (as after a standard addition) 
or when sample volumes are kept very small. Under the latter circum­
stances the carry-over error may be as much as 20%, and analyses fol­
lowing measurement of samples with high concentration must be 
disregarded. 

Electrodes. The procedure for preparing the T M G E remains essen­
tially as reported earlier ( J ) . However, we have noted that i t is no 
longer necessary to maintain the impregnated electrodes under vacuum 
prior to sanding and insertion into the system. Also, as of the final writing 
of this report, we observed that silver contamination from the reference 
electrode (1) seriously interfered with the copper determination. W e 
have therefore tried to identify those results which would be affected by 
the presence of silver in the sample. Finally, we have replaced the con­
taminating electrode with a newly designed tubular silver/silver chloride-
platinum reference-counter combination electrode. This and other im­
provements to the system w i l l be presented in a subsequent communi­
cation. 

Stock Solutions and Standard Additions. One-liter, 10~ 3M stock 
solutions were made by dissolving the appropriate amounts of copper, 
zinc, cadmium, and lead or their salts in nitric acid and diluting to 
volume. From these, two sets of standard solutions were prepared by 
dilution with deionized, quartz-distilled water: a quadruple standard, 
used in the zinc analysis, containing 5.0 X l O ^ M copper, 2.5 X 10" 5 M 
zinc, and 2.5 X l O ^ M cadmium and lead; and a triple standard, 2.0 X 
10~ 5M in copper, 1.0 χ 10" 5 M in cadmium, and 2.0 X 10~ 6M in lead, used 
in the analysis of these three metals. Additions of 100 /J. or multiples 
thereof were made to 100- or 200-ml seawater samples. 

Analytical Procedure. For most work, water was sampled on board 
while underway by means of the abeady-mentioned second peristaltic 
pump connected to heavy-walled, 1/4-in. i d Tygon tubing. Approximately 
250 ft of Tygon tubing were required to bring near-surface water samples 
to the ship's laboratory. Only about 50 ft of tubing were required at a 
stationary pier location. Absence of adsorption of trace metals or con­
tamination by the Tygon tubing was verified aboard ship by simultaneous 
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8. ziRiNO A N D LD2BERMAN Automated Anodic Stripping Voltammetry 87 

sampling over the side with a Teflon beaker tied to a cotton line. No 
contamination or adsorption of trace metals by the tubing was detected 
after several hours of use. 

In general, a discrete analysis is performed, as follows: the sample 
reservoir is rinsed by activating valve 5 for 2-4 min, and a sample is 
introduced and sparged with nitrogen, or carbon dioxide, or a mixture of 
the two. The mercury solution is circulated through the electrode assem­
blage, and a potential is applied to the electrode to deposit a mercury film. 
The mercury deposition potential is also the deposition potential of the 
sample. W e chose —1.4 V vs. silver/silver chloride for the electrolysis 
of zinc and —1.0 V vs. silver/silver chloride for the concurrent deposition 
of cadmium, lead, and copper. After deposition of the film the sample 
is introduced into the system by activating valves 2 and 4. In order to 
limit mixing of the mercury solution with the sample, valve 4 is activated 
a few seconds after valve 2; the actual duration of the delay depends on 
the flow rate in the cell. Constant-potential electrolysis of the sample 
is carried out for a predetermined time, usually 4-10 min. Then the 
flow is stopped, and the trace metals accumulated in the film, as wel l as 
the film itself, are oxidized by applying a linearly varying or pulsed 
potential ramp to the electrode. The anodic potential scan is terminated 
after the oxidation of the mercury film (at least +0.5 V vs. silver/silver 
chloride). The oxidation current is automatically recorded. F l o w is then 
resumed, mercury solution is reintroduced into the electrode assemblage, 
and the sample is replaced in the cell. The entire procedure can then be 
repeated at the discretion of the operator. A flow rate of 160 ml/1, was 
used for all of the work described herein. 

Results and Discussion 

Electrode Performance. For the determination of copper, cadmium, 
and lead, the performance of the electrode was evaluated by continually 
recycling a 2-1. sample of San Diego Bay water for 129 consecutive 
analyses. During the last 22 determinations standard additions of copper, 
cadmium, and lead were made every third analysis. These additions 
increased the concentration of copper, cadmium, and lead in the sample 
by 1.0, 1.0, and 0.4 ppb respectively. A l l analyses were made by 
D P A S V at p H 4.9 by sparging with carbon dioxide. The results of 
the consecutive determinations of copper and lead are presented in 
Figure 3. The relative heights of the trace metal peak currents are 
plotted on the ordinate as functions of the number of analytical deter­
minations. The cadmium data are similar to that of copper and lead and 
have been omitted from the figure for clarity. 
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88 ANALYTICAL METHODS IN OCEANOGRAPHY 

Copper, cadmium, and lead peak currents appear to increase for 
approximately 20 determinations and then decrease steadily thereafter. 
This early increase in peak currents is related to an increase in activity 
or coverage of the mercury film with successive determinations and is 
similar to the observations reported earlier ( J ) although it occurs under 
different experimental conditions. Following 100 consecutive analyses 
there is a 70% decrease i n the copper peak current, a 60% diminution 
for lead current, and a 40% reduction in the cadmium current. A n 
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Figure 3. Time history of consecutive analyses of copper and lead in San 
Diego Bay water 

abrupt increase in sensitivity which extends the useful life of the elec­
trode occurs at the 62nd cycle. This enhancement is related to the 
oxidation of the mercury film i n a carbon dioxide bubble trapped i n the 
T M G E . W e do not understand why the quality of the film should be 
enhanced by this. 

W e have also studied the performance of the electrode by carrying 
out 380 consecutive analyses for zinc in San Diego Bay water. A fresh 
sample was used for each analysis, and although zinc was of primary 
interest, copper, cadmium, and lead current peaks could also be ob­
served. The sensitivity of the electrode to zinc decreased slightly after 
the first 20 determinations and then remained relatively constant even 
after five days of continued use. Copper, cadmium, and lead peak cur-
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8. ziRiNO AND LiEBERMAN Automated Anodic Stripping Voltammetry 89 

rents increased initially, then decreased as previously described. After 
about 100 determinations they were no longer useful for quantitative 
analysis. 

A t present we do not fully understand why the electrode gradually 
loses sensitivity to copper, cadmium, and lead. Presumably the adsorp­
tion of organic and inorganic materials from seawater as well as the 
reduction and accumulation of interfering trace metals decrease sensi­
tivity. Some of these problems are discussed i n the next section. 

Interferences. Practically, interferences on the T M G E can be 
thought of as consisting of two types: those which affect the electrode 
by causing peak broadening and loss of sensitivity but which do not 
interfere with a quantitative determination by standard addition and 
those which produce measurable peak currents at the same potential as 
metals undergoing determination. The latter cannot be compensated for 
by standard addition. The successful application of the A A S V technique 
to oceanography depends on containing interferences of the second kind. 

A n initial concept of the interferences which may occur at the 
T M G E can be obtained from the work of Smith and Redmond (4) , 
who studied the stripping characteristics of several trace metals at the 
hanging mercury drop electrode ( H M D E ) in a seawater medium. Be­
cause trace metals are much less concentrated in the H M D E than in the 
T M G E , Smith and Redmond's work probably suggests the minimum 
interferences that can be expected with the T M G E . They observed that 
nickel, antimony, and zinc produced current peaks at the "zinc" potential, 
cadmium and tin oxidized at "cadmium" potential, and copper, nickel, 
and vanadium oxidized at the "copper" potential while lead appeared to 
be free from interferences. Zirino and Healy (2), however, pointed out 
that tin could also interfere with the lead determination. 

Fortunately, at equal concentrations, nickel peak currents were only 
one-seventh those of zinc and one-ninth those of copper. Antimony, be­
sides interfering with zinc, also produced a second, clearly identifiable 
peak at —0.28 V vs. the standard calomel electrode. By observing that 
this peak could not be obtained with natural seawater samples and by 
considering that antimony peak currents were only one-sixth those of zinc, 
Smith and Redmond concluded that the concentration of antimony in 
seawater was too low to cause problems. Zirino and Healy (2) also con­
cluded that tin hydrolyzed too readily in seawater to interfere i n the 
determination of lead. Finally, the relative insensitivity of the H M D E to 
vanadium as well as its low concentration in seawater made interferences 
from this element unlikely. 

A systematic study of interferences at the thin film electrode was 
made by Seitz (5), who observed that nickel and zinc interfered with 
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90 ANALYTICAL METHODS IN OCEANOGRAPHY 

the copper determination by causing the peak current to broaden. Also, 
the nickel-copper intermetallic compound did not strip out of the mer­
cury film. These interferences could be easily avoided, however, if the 
electrolysis of the sample were carried out at potentials too cathodic to 
reduce nickel and zinc. A more serious problem was that silver oxidized 
with copper and was indistinguishable from it. Moreover, silver cannot 
be easily removed from the sample, and thus the extent of silver inter­
ference in the determination of copper depends on the relative quantities 
of these two metals in the sample. For seawater, however, the expected 
silver concentration is approximately one-tenth of the copper concen­
tration (6, 7). 

Copper, nickel, and cobalt were found by Seitz (5) to diminish the 
height of the zinc current peak by broadening it. Although the concen­
tration of cobalt in seawater was deemed too low to cause serious prob­
lems, the effect of copper and nickel required further study. The inter­
ference by copper in the stripping determination of zinc was extensively 
investigated by Bradford (8). H e concluded that in the mercury film, 
copper and zinc formed a 1:1 intermetallic compound that dissociated 
to release zinc during the oxidation. Thus zinc peak areas remained 
proportional to the zinc concentration even in the presence of copper, and 
the analysis of zinc by standard addition was not affected. The interfer­
ence from nickel was found to be similar to that from copper although 
the stoichiometry of the intermetallic compound could not be determined. 

To summarize, the analysis of seawater samples of representative 
composition for copper, zinc, cadmium, and lead by A A S V with standard 
addition should yield reasonably accurate values for the concentrations of 
the metals. Although nickel and silver are present in seawater in concen­
trations high enough to interfere with the determinations of zinc and 
copper, the error caused by these metals is expected not to exceed 10 or 
15%. Nevertheless, the composition of samples cannot always be guaran­
teed, and the analysis is always made on the assumption that the standard 
partitions are present in the sample and in the film in exactly the same 
manner as the metals originally present in the sample. Because this cannot 
be known with certainty, particularly when a field survey is being con­
ducted, automated A S V with the thin film must at present be considered a 
semiquantitative indicator of trace metal activity in the water. Thorough 
intercomparisons between thin-film voltammetry and other techniques 
are needed to establish fully the quantitative aspects of this method. 

Initial efforts i n this direction have produced mixed results. In a 
careful study, H u y n h Ngoc (9) compared zinc concentrations obtained 
by A S V using a mercury-covered graphite electrode with concentrations 
obtained by extraction followed by visible spectrophotometry and by 
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8. ZIRINO AND LD2BERMAN Automated Anodic Stripping Voltammetry 9Ï 

atomic absorption spectrophotometry. Extraction yields were deter­
mined radiometrically. Atlantic Ocean samples were determined before 
and after strong oxidation procedures, and six separate determinations 
were performed with each method. For the untreated samples the mean 
result obtained by A S V was within 10% of the mean result obtained by 
the other methods. For the acidified, oxidized samples, A S V yielded a 
mean value within 20% of that produced by spectrophotometry. 

A multilaboratory program is in progress to compare lead values 
obtained by A S V with the thin film with those determined by isotope 
dilution. Initial intercomparisons with samples of Southern California 
coastal waters were disheartening but were tentatively traced to pro­
cedural errors and contamination. Recent efforts have produced some 
values which are within a factor of two of the standardized lead value 
(10). Our own initial efforts to compare copper concentrations obtained 
using the system described herein with those obtained by extraction on 
Chelex 100 and subsequent analysis by atomic absorption showed A S V 
values to be considerably higher. This discrepancy was traced to inter­
ference by silver from the reference electrode. Recent work with a non-
contaminating reference electrode yielded copper values that were essen­
tially identical to those obtained by extraction followed by atomic 
absorption ( I I ) . 

Variations in the Coverage of the Mercury F i lm. During analysis, 
mercury coverage of the graphite tube is at steady state (I ). This steady 
state depends on the duration of the mercury plate, the electrolysis 
potential, the concentration of the plating solution, and the flow 
rate and chemical nature of the seawater itself. Changes in the water 
caused, for instance, by varying the p H , as wel l as changes in the time 
of electrolysis, w i l l lead to a new steady state if these parameters are 
then kept constant. Because of the large overvoltage required for the 
deposition of mercury (12), changes of the electrolysis potential w i l l 
also disrupt the steady-state coverage. Thus, the electrode does not lend 
itself to experiments in which chemical and physical variables are rapidly 
changed. When such changes occur, the electrode must be allowed to 
pass through several plating-stripping cycles to re-equilibrate; otherwise 
the current-voltage data w i l l lead to ambiguous results. 

Linearity w i t h Concentration. Automated A S V of zinc i n Gulf of 
Mexico samples produced a standard addition curve which was linear 
in the 1 X 10"9-1 X 1 0 ' 8 M range. The linearity of zinc standard additions 
in the 2 X 10"8-2 X 10" 7 M range has already been shown (I ). L e a d and 
cadmium standard additions to Scripps Pier water were also linear in the 
1-5 X 10 ' 9 M range. Standard additions of copper to San Diego Bay water 
produced curves which showed a small negative deviation for linearity in 
the 1-6 X 10" 8 M range. This curvature has been ignored in our calcula-
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92 ANALYTICAL METHODS IN OCEANOGRAPHY 

tion of copper concentrations. These ranges of linearity are only those 
studied, not maximum ranges. 

Analytical Precision. A t sea, replicate plating-stripping determina­
tions of 100-ml zinc subsamples containing approximately 1 X 10~ 8M 
zinc yielded peak currents with a standard deviation (one sigma) of 
3.1%. In the laboratory, a seawater sample containing approximately 
1 X 10" 8 M copper and 1 X 10" 9 M lead was acidified to p H 1 with hydro­
chloric acid and measured by D P A S V . The copper peak currents deviated 
1.2% from the mean. Lead peak currents deviated 2.8% from the mean. 
Replicate plating-stripping determinations do not give a true measure 
of the analytical precision, however. That requires addition of a standard 
and fu l l equilibration of the standard with the sample and the container 
and can be better computed from the slopes of standard addition plots. 
In the 1 Χ 10" 8 M-1 X 10" 7 M range these result in an error of 10% for 
zinc, 11% for cadmium, and 15% for lead. The considerable difference 
between replicate plating stripping measurements and the analytical pre­
cision again points to the important role of the standard i n this 
determination. 

Observations on the Pier of the Scripps Institution of Oceanography. 
In August 1973 the automated A S V system was placed at the end of the 
300-ft Scripps pier over approximately 10^-15 ft of water, depending on 
tidal conditions. Seawater was sampled with a 50-ft length of Tygon 
tubing placed several feet below the surface. The apparatus was operated 
continuously each working day (8 hr) for two weeks. Electrodes and 
mercuric nitrate solutions were freshly prepared each day. Analyses were 
performed continuously by linear-sweep A S V using the Heathkit instru­
ment, and approximately every fifth sample was redetermined after 
standard addition. A n electrolysis time of 12 min at —1.4 V vs. si lver/ 
silver chloride was chosen, and most samples were measured at a p H 
slightly above the natural p H after sparging with prepurified nitrogen. 
Some samples were measured at p H 4.9 by sparging with carbon 
dioxide. 

Initially, it was observed that successive analyses were essentially 
identical and showed little variation with time. The concentration levels 
of zinc, lead, and "copper" (contaminated with silver) remained rela­
tively consistent for six days, declined over a period of about a day and 
then assumed a new low level for one more week. The results of the 
observations made at the Scripps pier are summarized in Table I. Only 
those determinations made by standard addition are included in the 
table values. Thus, the data represent approximately 50 individual 
measurements. A study of Table I reveals that the measurements in the 
period 8-10 to 8-15 belong to a different statistical population than the 
measurements made during 8-17 to 8-24. Wi th in each population each 
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8. ZIRINO AND LUMBERMAN Automated Anodic Stripping Voltammetry 93 

metal varied an average of ±33%—considerably more than the analytical 
error. Since the variability was virtually identical for each indicator 
metal, it may have been caused by temporal changes in the water. 

Greater peak currents were observed for lead at p H 4.9 for both the 
sample and the added standard, but the calculated concentrations were 
the same as those observed at p H 8. This suggests that the standard was 
in equilibrium with the sample at each p H . 

Table I. Tabulation of Zinc, Lead, and "Copper" Concentrations 
for Scripps Pier Water 

Concentration (pg/l.) 

Date Zn Pb "Cu" 

8-10 to 8-15 2.30 ± 31% 0.44 ± 34% 0.69 ± 33% 
(n = 13) (n = 13) (n = 9) 

8-17 to 8-24 0.44 ± 39% 0.20 ± 30% not 
(n = 9) (n = 12) measurable 

Overall mean 1.54 0.33 0.69 

Observations in Puget Sound, Wash. The automated A S V system 
with the solid-state programmer was tested aboard the University of 
Washington research vessel Thomas G . Thompson. Samples of Puget 
Sound water were collected while underway from Seattle, Wash., to 
Saanich Inlet, B.C. After a four-day period in Saanich, the ship returned 
to Seattle over essentially the same course. Samples were collected 
underway by attaching the Tygon tubing to the boat boom and towing 
it at ful l speed (about 2 knots) approximately 100 ft behind the ship. 
The tubing was held about 1 ft below the surface by an iron chain 
fastened 10 ft from the tubing inlet. A flow of seawater was maintained 
in the ship's laboratory during the transit. 

Analyses for "copper," cadmium, and lead were carried out con­
tinually by D P A S V . Zinc determinations were excluded to permit use of 
a lower electrolysis potential. The samples were analyzed at p H 4.9 by 
sparging with carbon dioxide. A n 8-min. electrolysis at —1.0 V vs. silver/ 
silver chloride and a 25-mV pulse were used during the Seattle-Saanich 
portion of the trip (Leg 1) while a 10-min. electrolysis and a 50-mV 
pulse were used from Saanich to Seattle (Leg 2) . Application of the 
D P A S V technique resulted in greater sensitivity and thus shorter plating 
times for the low levels encountered. It also afforded better resolution 
for "copper" than linear-sweep A S V . It should be pointed out, however, 
that D P A S V does not result in shorter analyses times because the strip­
ping portion of the analysis is very slow. Nevertheless, i t is worthwhile 
to limit the time of electrolysis because this also reduces the concentra­
tions of interfering metals accumulated in the mercury film. Under the 
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94 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table II. Tabulation of Cadmium and Lead Concentrations for 
Puget Sound Seawater 

Metal Concentrations (pg/l.) 

Date Time (PDT) Cd Pb 

Leg 1—Seattle to Saanich 
8/26/74 2200 N . D . " 0.16 
8/26/74 2330 0.1 0.14 
8/27/74 0030 0.1 0.13 
8/27/74 0050 0.1 0.11 
8/27/74 0130 0.1 0.21 
8/27/74 0150 0.1 0.13 
8/27/74 0310 0.1 0.10 
8/27/74 0330 0.1 0.11 
8/27/74 0350 0.1 0.10 

M e a n - - L e g 1 0.1 0.13 

Leg 2—Saanich to Seattle 
8/30/74 2316 N . D . * 0.06 
8/30/74 2337 N . D . 0.03 
8/31/74 0046 N . D . 0.03 
8/31/74 0106 N . D . 0.02 
8/31/74 0130 N . D . 0.05 
8/31/74 0213 N . D . 0.07 
8/31/74 0326 N . D . 0.03 

M e a n - - L e g 2 N . D . 0.04 
β N .D. indicates signal was not detectable over baseline. 

operating conditions described above, a complete analysis could be 
carried out every 20 min. 

Three types of determinations were made while underway: the sam­
ple was analyzed, the sample and a standard addition were analyzed, 
and an internal standard solution was measured. San Diego Bay water 
which had been passed through a Chelex 100 ion-exchange column was 
chosen as the internal standard. The standard appeared to have higher 
lead and approximately equal "copper" when compared with the Puget 
Sound samples. 

Data obtained on Legs 1 and 2 are presented in Table II. Concen­
trations were calculated by comparison with an added standard which 
increased the concentrations of the samples by 2.0 X 10" 8 M cadmium 
and 2.0 X 10" 9 M lead. Results for measurements which were not fol­
lowed by standard additions were estimated by interpolating between 
bracketing standard additions. The concentration levels are those gen­
erally expected for open-ocean water (13). Lead values are somewhat 
higher than those of Southern California surface waters recently measured 
by isotope dilution (10), but it must be noted that these data were not 
corrected for an analysis "blank," which in our system may include 
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8. ZIRINO AND Œ B E R M A N Automated Anodic Stripping Voltammetry 95 

desorption from the cell walls and contamination from the mercuric 
nitrate solution. Principally, we have not been able to prepare a suffi­
ciently clean salt solution to run through our cell to determine the "blank." 

Interestingly, measurements made on Leg 2 yielded values a factor 
of three lower than those made on Leg 1 for each of the metals detected; 
this observation is similar to that made on Scripps pier. Again, the 
diminution of trace metals appears to be related to some change which 
has occurred in the water. Several reasons can be advanced to support 
this statement. 

1. The measured concentrations appear to be independent of the 
quality of the performance of the electrode, as determined by standard 
additions. 

2. Prior to our departure on Leg 1, Puget Sound experienced stormy, 
windy weather followed by a lengthy period of sunlight and warm 
weather which lasted until our return on L e g 2. Planktonic uptake 
occurring during the interval between Legs 1 and 2 could account for 
the diminution in trace metal concentration. This observation would 
then agree with an earlier observation made in the surface waters of the 
open sea (14). 

(HRS) 

Figure 4. Response to standard addition vs. time of ad­
dition for Puget Sound seawater. Lower plots, Leg I . 

Upper plots, Leg 2. 
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96 ANALYTICAL METHODS IN OCEANOGRAPHY 

3. Organic matter exuded by the plankters could have complexed 
with the metals and made them more difficult to reduce at the electrode. 
The presence of organically complexed trace metals in lake water has 
been shown (15,16). If the added standard did not fully equilibrate with 
the organic matter, apparently low concentrations would have been 
obtained. 

Another inference concerning differences in the water may be made 
by plotting the peak heights of the added standards vs. the time of the 
addition (Figure 4) . Peak heights for Leg 2 were initially substantially 
higher than those for Leg 1 even when normalized for pulse amplitude 
(50 m V vs. 25 m V ) and electrolysis times (10 min vs. 8 min) . These 
peaks declined rapidly with time and eventually reached the same levels 
as the normalized standards in Leg 1. The standard additions per­
formed during L e g 1 showed no significant changes in current during 
a 5-hr period. A t present we can offer no explanation for this behavior 
other than to suggest that electrode sensitivity may have been reduced 
by trace substances, possibly of organic nature, retained by the electrode. 
Because each electrode was new at the outset of each leg and because 
each electrode was subjected to approximately the same number of 
determinations, it is unlikely that the sensitivity decrease was caused by 
the major inorganic constituents of the water. 

A n indication of the signals produced by the automated A S V system 
on L e g 1 is shown in Figure 5. The illustration displays a series of 
current-voltage scans made over a 3-hr period. The most cathodic peak 
is an unidentified contaminant present in the mercury solution. It does 
not appear to interfere wi th the determinations and serves to indicate 
electrode performance. The initial current-voltage scan ( A ) shows the 
trace obtained for the independent standard, the San Diego Bay water 
"purified" by ion exchange. The second scan ( B ) shows the current-
voltage plot for the seawater sample collected from behind the ship. 
The third ( C ) illustrates a standard addition. Part of the added standard 
is carried over to analysis ( D ) , which must then be disregarded. Cur­
rent-voltage scans ( E ) - ( G ) are the results of Une samples processed by 
the system. Finally, in ( H ) , a second determination of the independent 
standard is shown which is identical to ( A ) . The relative reproducibility 
of the system and the remarkable uniformity of the surface waters are 
notable. Because the ship was travelling at approximately 10 knots 
when these determinations were made, these samples are representative 
of approximatly 30-40 m i of water surface. 

Conclusion 

Automated A S V performed in the field provides useful data for the 
study of certain trace metals in the marine environment. The advantages 
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8. ZIRINO AND LD2BERMAN Automated Anodic Stripping Voltammetry 97 

of the system are numerous: rapid analyses can be performed on ship­
board while underway; the precision of the method is good; sample 
handling is minimized, thereby eliminating contamination from sources 
outside the system; and the process lends itself to computerization. H o w ­
ever, the accuracy of the method has not been conclusively established. 

INT. STD 
© 1:10 am 

8-27-74 
LINE SW 

Θ 1250 am 
8-27-74 
LINE SW 

Ο 12:30 am 
8-27-74 

LINE SW 
Q 11:30 pm 

8 26-74 
LINE SW 

Ο 11:10 pm 
8-26-74 

STD ADDN 
0 1020 pm 

8-26-74 

LINE SW 
Ο 10:00 pm 

8-26-74 

INT. STD 
Q 9:40 pm 

8-26-74 
POTENTIAL (VOLTS VS Ag/AgCI) 

Figure 5. Peak current vs. potential for consecu­
tive shipboard analyses of Puget Sound seawater 

Although a thorough understanding of the electrode processes is still 
lacking, changes in "apparent concentrations" may be used to study 
physical and biological processes occurring i n the oceans. Thus, data 
obtained by A S V are not much different from data obtained by other 
methods which have to be interpreted in terms of an operational defini­
tion, such as "apparent" p H , "reactive" silicate, etc. 

Finally, it must be pointed out that the automated A S V system pre­
sented herein is the result of an experimental concept which offers the 
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98 ANALYTICAL METHODS IN OCEANOGRAPHY 

opportunity for much variation and that the methodology we used is not 
necessarily optimum, but just a technique which produced data with 
some apparent analytical and océanographie significance. Improvements 
are possible. For example, a modification of the procedure which might 
yield better results would be to replace the seawater during the stripping 
step with a medium in which the oxidation of the metals would be more 
nearly reversible (17). Medium exchange can be accomplished con­
veniently with the tubular electrode configuration and would produce 
better signals for more metals and reduce the level of interfering con­
taminants. Indeed, because of the great possibility for experimentation, 
the hard-wired programmer we described is already obsolete and w i l l be 
replaced by a programmable minicomputer. It is expected that in the 
future such systems w i l l contribute new insights of the behavior of trace 
metals in the oceans. 
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9 

Mercury Analyses in Seawater Using Cold­

-trap Pre-concentration and Gas Phase 

Detection 

W I L L I A M F. F I T Z G E R A L D 

Marine Sciences Institute and Department of Geology, 
University of Connecticut, Groton, Conn. 06340 

A cold-trap pre-concentration procedure, which is incorpo­
rated into a standard flameless atomic absorption analysis 
of mercury in environmental samples, has been used for 
both shipboard and laboratory analyses of mercury in sea­
water. The coefficient of variation for seawater containing 
25 ng Hg/l. is 15%, and a detection limit of approximately 
0.2 ng Hg is attainable. In surface seawaters of coastal and 
open regions of the northwest Atlantic Ocean mercury 
concentrations appear to decrease with increasing distance 
from terrestrial sources. In the open ocean samples they are 
less than 10 ng/l. and rather uniformly distributed. The 
amounts of mercury in inshore samples can approach 50 
ng/l. A significant mercury fraction characterized by a 
stable association with organic material may be present in 
coastal waters. 

A mong the preferred analytical methods for determining mercury con-
centrations in natural samples save been closed system reduction-

aeration procedures using mercury detection by gas phase atomic absorp­
tion or atomic fluorescence spectrophotometry (1-15). In studies i n the 
oceanic regime, where the amount of mercury in a liter sample of open-
ocean seawater can be as small as 10 ng ( 11,15,16,17), a pre-concentra­
tion stage may be required. The lowered detection limits which accom­
pany a preliminary concentration step are most desirable when the 
sample materials are rare or i n limited quantities such as carefully col­
lected open-ocean biota, open-ocean rain water, and deep-ocean seawater. 

99 
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100 ANALYTICAL METHODS IN OCEANOGRAPHY 

Concentration of mercury prior to measurements can also separate 
mercury from interfering substances. Amalgamation with a noble metal 
(3,10,12, 15) and dithizone extraction (5,14,17) have been commonly 
used to both separate and concentrate mercury for analysis. I thought, 
however, that a simple condensation trap, similar to the collecting device 
used with volatile hydrocarbon determinations in seawater ( IS) , would 
effectively concentrate mercury without contamination. Knudson and 
Christian (19) described a simple U-tube cold trap that was used to 
determine volatile hydrides of arsenic, antimony, bismuth, and selenium 
by nameless atomic absorption. In addition, procedures for determining 
mercury in geological (9) and biological materials (20) have used cold 
traps at the temperature of l iquid nitrogen. 

M y students and I have carried out mercury analyses in seawater 
using a cold-trap pre-concentration modification of the closed system 
reduction-aeration flameless atomic absorption procedure described by 
Hatch and Ott ( 1 ). The cold trap is created by immersing a glass U-tube 
packed with glass beads in l iquid nitrogen. After reduction with stannous 
chloride, purging, and trapping, the mercury is removed from the glass 
column by controlled heating, and the gas phase absorption of eluting 
mercury is measured. This procedure has been applied to both shipboard 
and laboratory analyses of mercury in seawater. A detection limit of 2 
ng Hg/1. is attainable using a 100-ml seawater sample. 

Careful and accurate sampling is an integral and important part of 
analytical procedures for measuring trace constituents in the marine envi­
ronment. Thus, the sampling methodology used here for mercury meas­
urements in seawater is discussed. In addition, representative results for 
the amounts and distribution of mercury in the northwest Atlantic are 
given. Finally, mercury measurements are presented which suggest the 
presence in coastal waters of very stable organo-mercury associations. 
The analytical pursuit of such chemical species of mercury can serve as 
one point of departure for further studies of mercury in the oceans. 

Experimental 

This section presents an overview of the cold-trap pre-concentration 
gas phase detection method for the determination of mercury in seawater. 
A more thorough and complete discussion of the analytical details (e.g., 
cleaning procedures, reagent preparation, analytical manipulations) can 
be found in Fitzgerald et al. (21). 

Analyt ica l Apparatus. In the cold-trap method, mercury is detected 
by the gas-phase absorption of elemental mercury at 2537 A using a Cole­
man Instruments mercury analyzer (MAS-50) equipped with a Leeds 
and Northrup Speedomax recorder (model XL601) . The mercury ana-
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9. FITZGERALD Mercury Analysis in Seawater 101 

lyzer is placed at one end of a sampling train with nitrogen as the purging 
and carrier gas. The gas-flow system also includes a 250-ml borosilicate 
glass (Corning Glass Works) bubbler, a flow regulator, two bypass 
valves, a water absorber, a mercury cold trap, a gas cell, and a gas washing 
bottle containing a 10% solution of potassium permanganate. A schematic 
of the analytical system appears in Figure 1. 

KM η 0 4 
Hq T R A P 

C O L E M A N 

A N A L Y Z E R " « C O R D E R 

M A S - 5 0 

DEWAR F L A S K 
WITH LIQUID N2 

Analytical Chemistry 

Figure 1. Schematic of the mercury cold-trap pre-concentration system for 
mercury determination by gas phase absorption (21) 

The seawater sample solution (100 ml) is contained in the 250-ml 
bubbler. In turn this sparging vessel is connected directly to a borosilicate 
glass drying tube containing colorless silica gel (6/20 mesh) as a water 
absorbent. The mercury cold trap follows this absorbing stage and con­
sists of an 8-in. borosilicate glass ( id 4 mm) U-tube (width 1.5 in.) 
packed with glass beads (80/100 mesh) to form a 6-cm column at the 
bend of the tube. The U-tube was wrapped with Nichrome wire (diame­
ter 0.06 mm) yielding five windings/in. over the entire lower 6 in. of the 
tube. The wire-wound U-tube was placed inside an insulating borosilicate 
glass covering such that only the non-wire wrapped sections were exposed. 
This complete U-tube apparatus is designed to fit a 1-1. Dewar flask 
containing l iquid nitrogen to provide the trap and concentration step for 
mercury vapor. The leads from the heating wire were connected to a 
Powerstat variable transformer which allowed the column to be heated 
electrically when the l iquid nitrogen bath was removed. 

Three-way Teflon (DuPont) stopcocks (4 m m bore) are placed 
before the bubbler and after the drying tube to permit the sparging 
vessel and the drying column to be bypassed during the heating and 
elution step. The mercury, which is rapidly vaporized and eluted from 
the column during the heating step, was fed directly to the gas cell of 
the Coleman mercury analyzer. The absorption of elemental mercury in 
arbitrary units was displayed on the recorder, using a 2 5 χ scale 
expansion. 

VARIABLE 
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102 ANALYTICAL METHODS IN OCEANOGRAPHY 

After the carrier gas had passed through the gas cell, it was directed 
into a 300-ml gas washing bottle containing 100 m l of 10% potassium 
permanganate. A t this stage, the elemental mercury was oxidized and 
removed from the gas flow. 

Analytical Procedure. The cold-trap gas phase mercury detection 
system was designed and used for both laboratory and shipboard measure­
ments of mercury in seawater. The Coleman Instruments mercury 
analyzer (MAS-50) was incorporated into the analytical system because 
of its portable and convenient design. However, the effective use of this 
simple one-element atomic absorption unit requires scrupulous attention 
to blank determinations for each seawater sample. For example, the 
undetected presence of either naturally occurring or sampling induced 
volatile organics which may absorb at the mercury wavelength in the 
seawater sample can be a serious error. Such artifacts were observed 
when acidified seawater samples were stored in low density polyethylene 
bottles (21). Therefore, the analytical procedure used to determine the 
mercury concentration i n à seawater sample consists of the following 
steps: 

1. A n initial blank determination for each seawater sample 
2. The stannous chloride reduction-nitrogen purging step followed 

by the gas-phase measurement of elemental mercury 
3. The determination of the mercury response associated with stand­

ard mercury spikes added to the sample matrix 
4. A repeat of the blank determination with the seawater sample now 

containing stannous chloride but devoid of mercury. 
Sample Determination. W i t h the U-tube column immersed in the 

l iquid nitrogen bath, a 100-ml seawater solution (pre-acidified to ~ p H 1 
with the high purity nitric acid) is placed in the gas bubbler. A 0.5 m l 
addition of the stannous chloride reagent (20% ) reduces the mercury in 
the sample to its elemental state. The sparger is inserted, and the seawater 
solution is mixed by hand shaking for 5 sec, and then the Teflon stopcocks 
are switched to the flow-through position. The purging rate for the 
nitrogen aeration is 0.51./min at 7 psi. After purging is completed (7 
min) , the valves are returned to the bypass position, and the flow rate 
of the carrier gas is increased to 0.7 l . / m i n (7 psi) . 

The column is removed from the l iquid nitrogen bath, and the 
U-tube is heated through the wire windings using the variable trans­
former. The transformer can be simply switched on by prior calibration 
of the voltage setting to give a column temperature of 225°C measured 
on the outside wal l of the U-tube after 60 sec of heating. The elemental 
mercury is vaporized and eluted from the column in 1—2 sec, and the entire 
operation requires less than 10 sec from the time the U-tube is removed 
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9. FITZGERALD Mercury Analysis in Seawater 103 

from the cold trap. During the heating and elution cycle (60 sec), the 
flow rate of the carrier gas decreases from 0.7 l . / m i n to 0.15 l . / m i n . 

The absorption at the mercury wavelength (2537 A ) occurs in the gas 
cell 12 sec after the heating cycle is initiated. The absorption is recorded 
in arbitrary units, and the maximum height is noted. After the response 
has returned to the initial base line (60 sec), the heating is stopped, and 
the column is cooled in air for 30 sec. The U-tube is then returned to the 
l iquid nitrogen bath. The carrier gas flow is set to 0.5 l . / m i n , and the 
system is ready for the mercury spike additions. Total time for this 
operation is 9 min. Except for the stannous chloride addition, the system 
blank is established in a manner identical to the sample determination. 

IOOOt ' 

500-

01 .05 1.0 5.0 10.0 50.0 100.0 

Hg Spike Quantity in ng 

Analytical Chemistry 
Figure 2. A composite calibration curve for mercury 
in seawater samples measured over a three-week period. 
The mercury spike quantities are in ng and the mercury 

absorption in arbitrary units (21). 

Analytical Curves. Appropriate spikes of mercuric chloride stand­
ards were added to the sample matrix, and the sample determination 
procedure was repeated. Three spike additions were usually made. A 
sample blank is measured and the mercury concentration determined from 
an individual calibration curve for each sample. The working calibration 
curve for a seawater sample is prepared by plotting the gas phase absorp­
tion of mercury (arbitrary units) against the mercury spike concentration 
(ng/ l . ) . Using log- log coordinates, the mercury response is linear over 
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104 ANALYTICAL METHODS IN OCEANOGRAPHY 

a wide concentration range (10-200 ng H g / L ) , which brackets conven­
iently the expected variability for mercury in marine waters. 

In Figure 2, a composite calibration curve for seawater is reproduced. 
This curve is based on the response obtained for spike additions of 1.0, 
2.5, 5.0, and 10 ng H g to different 100-ml seawater samples analyzed 
over three weeks. The number of spikes making up this composite graph 
are 3, 19, 20, and 9, for the 1.0-, 2.5-, 5.0-, and 10-ng mercury additions, 
respectively. The average value for each addition was plotted, and the 
brackets indicate the standard deviation. The precision of analysis re­
ported as a coefficient of variation for these spike additions is 30% at 
5 ng H g / L , 20% at 10 ng H g / L , 15% at 25 ng H g / L , and 10% at 50 ng 
H g / L 

This composite calibration curve for seawater demonstrates the 
applicability of the cold-trap pre-concentration technique to low concen­
tration ranges of mercury. Approximately 0.2 ng of mercury can be 
determined with a 25 X scale expansion. Since the response depends on 
the vaporization and elution of trapped mercury from the column, the 
calibration curves were similar for other aqueous media including acidi­
fied (nitric acid) distilled deionized water. Therefore, this cold-trap 
procedure appears to separate effectively reducible mercury species from 
interfering substances that might be associated with differing solution 
matrices. 

Field Investigations 

The accurate determination in seawater of trace constituents, such 
as mercury, requires not only an accurate analytical method to measure 
the constituent but scrupulous care to prevent contamination during the 
shipboard sampling and sample manipulations. A sampler and a sampling 
procedure (e.g., shipboard handling) must be used that do not affect 
the true concentration of the constituent either during collection or 
during the period awaiting transfer to a storage container. Moreover, a 
sample storage container and preservation technique must be used that 
do not alter or artificially affect the amounts of the constituent in the 
stored seawater prior to analysis. 

Some of the potential problems that may affect mercury determina­
tions in seawater are listed below. 

1. Adsorption losses to the sample container during storage (22, 23, 
24). These investigations suggest that under nonacidified conditions, 
mercury adsorption to the container walls is rapid enough to affect 
mercury concentrations within a sampler during a hydrocast. 

2. Volatile organics, either naturally occurring or sampler-induced, 
may interfere with adsorption at the mercury wavelength (2537 A ) during 
the usual flameless atomic absorption procedure (4). 
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9. FITZGERALD Mercury Analysis in Seawater 105 

3. The mercury concentration in the seawater sample may be dele-
teriously affected by the sampler or the shipboard manipulations. 

4. The analytical method may not measure al l the chemical fractions 
of mercury present (25). 

W e found that seawater solutions pre-acidified with nitric acid to 
1.2-1.3% by volume and containing 5-50 ng Hg/1 . could be stored i n 
Teflon bottles for at least one month without significant loss of mercury. 
Therefore, we used Teflon bottles for storage containers and collection 
samplers for surface seawater. W e found borosilicate glass containers to 
yield occasional high blanks. Moreover, the presence of either volatile 
organic plasticizer material or polyethylene residue leached by the acidi­
fied seawater solution renders polyethylene containers unsuitable. 

Open Ocean Mercury Determinations. In our initial studies con­
cerned with the marine geochemistry of mercury, we obtained open ocean 
surface samples by hand from a small work boat away from any adverse 
influence of the océanographie research vessel. The concentrations of 
mercury in the open-ocean surface waters (western Sargasso Sea) were 
small (ca. 10 ng/ l . ) and rather uniformly distributed (26). However, to 
collect seawater to determine the concentrations of mercury at other 
depths, we needed an artifact-free sampling procedure. 

Table I. A Comparison of Mercury Determinations in Surface 
Seawater Collections from Pre-acidified Teflon Bottles 

and from 5-1. PVC Samplers0 

H g Concentration 
(ng/l) 

Pre-
Tempera­ acidified 

Station Salinity ture Teflon 54. PVC 
Number Station Location (%«) ( ° 0 Bottle Sampler* 

1 39°56.6'N 66°18.2'W 35.31 14.0 6 8 
2 36°35.3'N 66°03.2'W 36.26 23.8 6 5 
3 32°54.4'N 66°07.0'W 36.57 21.1 10 9 
4 32°03.0'N 64°54.0'W 36.10 22.5 8 10 

Mean and standard deviation of the 24 analyses—8 db 3 
Blank determinations (Stations 2-4)—below detection limits 

α Trident cruise 152, May 1974. 
6 Manufactured by General Oceanics, Inc., Miami, Fla. 

W e devised the following scheme to test the suitability of a widely 
used P V C sampler (General Oceanics, Inc., Miami , Fla.) with a Teflon 
coated stainless steel closing spring. During R / V Trident cruise 152 
( M a y 8-19, 1974), we obtained both surface seawater samples and 
collections at depth for vertical mercury profiles (to 750m) at four 
stations between Narragansett, R.I. and Bermuda. The locations are 
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106 ANALYTICAL METHODS IN OCEANOGRAPHY 

indicated in Table I. Prior to each hydrocast, surface-water samples were 
collected from a rubber work boat away from the influence of the Trident. 
The workboat was powered by a small electric motor, and the surface 
collections were carefully made off the bow while underway. These 
surface samples were collected by hand, using polyethylene gloves, in 
Teflon bottles pre-acidified with concentrated nitric acid (J. T. Baker 
Chemical Co. , Ultrex) to yield 1.2-1.3% nitric acid in the seawater 
sample. Following the surface seawater collection in Teflon, a sample 
of the surface seawater was also captured in a 5-1. P V C sampler. The 
Teflon bottles and the sampler were stored before and after collection in 
a polyethylene bag to avoid contact with the rubber work boat and the 
ship. 

Immediately upon return to the ship, the hydrocast was initiated 
with the closed P V C sampler (containing the surface water collection) 
placed as the first bottle on the hydrowire followed by four open and 
cocked samplers set at various depths from 25 to 750 m. The hydrocast 
and sample handling were then carried out in the usual fashion. 

Table II. Mercury Concentrations vs. Depth for Four Stations 
in the Northwest Atlantic Ocean* 

Hg Concentration (ng/l.) 

Depth 
(m) 

Station 1 
(39°56.6'N 
66°18.2'W) 

Station 2 
(36°S5.3'N 
66°03.2'W) 

Station 3 
(32°544'N 
66°07.0'W) 

Station 4 
(32°03.0'N 
64°5A.(yW) 

0 
25 

100 
250 
500 
750 

7 
5[6] 

7 
6 
8 

6 

9[12] 
10 
12 
10[10] 

10 

8 
8[5] 

12 
10 

9[11] 

4 
10 
12[9] 

9 
a Trident cruise 152, May 1974. Total mercury measurements are in brackets. 

The results of this sampler study are summarized in Table I, where 
the value for the mercury concentration in each case is the mean mercury 
concentration found by triplicate analysis. The mercury concentrations 
found in the surface seawater collected in Teflon agree within experi­
mental error with those for this same water after 1 hr in the P V C sampler 
subjected to the hydrocast procedure and sample transfer usually used. 
The mercury concentrations found at other depths (Table II) show little 
variation from the surface values. This suggests that the open samplers 
are not contaminated or affected significantly by the hydrocast procedure. 
Additional details regarding this sampling study can be found i n F i tz ­
gerald and Lyons (27). 
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9. FITZGERALD Mercury Analysis in Seawater 107 

The reported concentrations for mercury in seawater range from 
non-detectable to 364 n g / l . (11, 12, 15-17, 28-30). In several of these 
studies, the concentrations of mercury were greater than 100 n g / l . in open 
ocean waters (12, 28, 29, 30). The data from our investigations of the 
northwest Atlantic Ocean (Table II) and other studies (11, 15, 16, 17) 
indicate that the mercury concentrations should be closer to 10 n g / l . in 
these open ocean waters. 

This variability for the reported concentrations of mercury in open 
ocean waters may indicate that there are significant analytical difficulties 
associated with the proper sample collection and the accurate measure­
ment of mercury in seawater. These problems tend to override and 
preclude precise geochemical calculations and marine geochemical inter­
pretations regarding the sources, sinks, and interactions of mercury in 
the oceans. These observational discrepancies for trace seawater con­
stituents such as mercury can be resolved only through intercalibration 
programs and the use of standardized seawater samples. Such standards 
are not presently available for mercury concentrations at 100 ng Hg/1. 
or less in seawater. 

Organo-Mercury Associations. Experimentally, the mercury meas­
urements in seawater have been divided into two fractions—reactive and 
total mercury. The reactive fraction represents the amount of mercury 
measured in pre-acidified raw seawater samples at approximately p H 1. 
The total mercury measurement is carried out on aliquots of the pre-
acidified seawater samples in which the organic matter has been destroyed 
by ultraviolet photooxidation (31). This irradiation procedure is as 
effective as the persulfate oxidation method (32) commonly used to 
destroy organic matter in seawater. A complete discussion of our photo-
oxidation methodology can be found in Fitzgerald (33). The amount of 
mercury determined as the difference between the "reactive" and "total 
mercury measurements" represents a very stable organo-mercury 
association. 

In our previous investigations of the amounts and distribution of 
mercury in the surface waters of the northwest Atlantic Ocean, we found 
a mean total mercury concentration of 7 n g / l . and a range of 6-11 n g / l . 
(26). Also, we found in open ocean surface waters no significant differ­
ence between the mercury concentrations measured directly in pre-acidi­
fied seawater ("reactive" mercury) and the total mercury determina­
tion in the "organic free" samples. In the work shown in Table II, we 
also found no significant difference between the reactive mercury deter­
mination and the "total mercury" measurement, which was carried out 
in approximately one third of the samples. The "total mercury" measure­
ments appear in the square brackets for the results tabulated in Table II. 
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108 ANALYTICAL METHODS IN OCEANOGRAPHY 

The mercury concentrations increase toward the continental shelf of 
the northeastern U.S., and chemical species of mercury characterized by 
a strong association with organic material appear to be present (26). In 
Table III, measurements that we have obtained for reactive and total 
mercury are summarized for the coastal waters of the New York Bight, 
Block Island Sound, and Georges Bank. The concentrations of total mer­
cury found for the first two locations are not exceptionally large (27-45 
ng Hg/1. ) . However, greater than 50% of this mercury can be associated 
strongly with organic material. This organic fraction, however, was not 
always evident. For example, the Georges Bank stations d id not reveal 
this organo-mercury fraction. 

Table III. 

Oceanic Region 

Ν. Y . Bight 
acid dumping 
grounds 

control 

Block Island Sound Oct 1973 

Mercury Concentrations in Coastal Waters off the 
Northeastern United States 

Hg Concentration 

Time 

Oct 1973 

Georges Bank M a y 1974 

(ng/l) 

Location Depth Reactive Total 

40°22.0'N 13m 11 37 
73°34.7'W 23m 10 37 
40°19.2'N 8m 15 27 
73°32.8'W 18m 9 28 
40°21.0'N 13m 12 30 
73°09.8'W 
41°15.0'N 10m 33 45 
71°30.0'W 
40°52.0'N ~ 1 5 c m 8 10 
70°18.1'W 
42°20.5'N ~ 1 5 c m 5 11 
67°13.8'W 
41°12.4'N ~ 1 5 c m 5 9 
66°30.7'W 

A t present, we do not know how mercury is bound in the chemical 
species making up the organic mercury fraction. Moreover, our under­
standing of the role of organo-mercury species in the marine geochemistry 
of mercury is very limited and speculative. For example, the isolation 
and identification of organic mercury chemical species may provide a 
very useful means of tracing certain parts of the mercury cycle in the 
oceans. The analytical pursuit of organo-metallo species in seawater 
containing a myriad of unidentified organic material is quite a formidable 
although worthy endeavor. 

Acknowledgment 
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9. FITZGERALD Mercury Analysts in Seawater 109 

sampling was conducted with the assistance of the captain and crew of 
the R / V Trident and colleagues from the Graduate School of Oceanogra­
phy, University of Rhode Island. 
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10 
Acid-Base Measurements in Seawater 

ROGER G. BATES and J. B. M A C A S K I L L 

Department of Chemistry, University of Florida, Gainesville, Fla. 32611 

Acidity scales are used commonly to assess the chemical 
and biological state of seawater. The international opera­
tional scale of pH fulfills the primary. requirement of repro­
ducibility and leads to useful equilbrium data. Nevertheless, 
these pH numbers do not have a well defined meaning in 
respect to all marine processes. Seawater of 35%o salinity 
behaves as α "constant ionic medium," effectively stabilizing 
both the activity coefficients and the liquid junction poten­
tial. It may be possible, therefore, to determine hydrogen 
ion concentrations in seawater experimentally. One method 
is based on cells without a liquid junction and is used to 
establish standard values of hydrogen ion concentration 
(expressed as moles of H+/kg of seawater) for reference 
buffer solutions. 

*T*he sea is a living system and, like other living systems, its properties 
A are a complex function of many chemical and biological processes. 

Some of these involve, directly or indirectly, the protonation of basic 
species, and consequently the state of the seawater system—its equi­
l ibrium processes and the rate at which equilibrium is being approached 
—depends on p H . Interactions within the hydrosphere, in which car­
bonate, phosphate, and silicate play an important role, regulate the p H 
within rather narrow limits, as the acid-base balance of the human 
body controls the p H of human blood. 

The p H accordingly acquires primary importance as an index of the 
state of the many interactive acid-base systems of which seawater is 
composed. Two factors are essential to the most fruitful application of 
this acid-base parameter. The first is that p H measurements possess 
reproducibility of a high order, and the second is that the numbers ob­
tained have a clear meaning i n terms of the processes of interest. To 
achieve the necessary reproducibility, uniform procedures and standards 
for the measurement must be accepted by al l workers in the field. 

110 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

10



10. BÂTES AND MACASKiLL Acid-Base Measurements 111 

The p H scale has been defined operationally, and standard reference 
solutions based on a conventional scale of hydrogen ion activity have 
been selected ( J , 2 ) . Measurements of the p H of seawater made with 
different electrodes and instruments are satisfactorily reproducible when 
standardized in the same way (3). The results obtained, however, do 
not always have a clear interpretation. Formally, this difficulty can be 
attributed to the residual l iquid junction potential involved in the meas­
urement. The primary standards are necessarily dilute buffer solutions 
(ionic strength, I ^ 0.1) whereas seawater normally has an ionic strength 
exceeding 0.6. This difference in the concentrations and mobilities of the 
ions coming in contact with the concentrated solution of potassium 
chloride of which the salt bridge-l iquid junction is composed gives rise 
to a potential difference that is indeterminate. Consequently, the meas­
ured p H is i n error by an unknown amount and does not fal l exactly on 
the scale fixed by the primary standards. 

Pytkowicz and his co-workers (4, 5, 6) have avoided these difficulties 
in a manner that has proved highly suitable i n evaluating dissociation 
equilibria in seawater. Apparent equilibrium constants are defined in 
terms of the operational p H value, which may be regarded as an appar­
ent conventional hydrogen activity. Although the fundamental meaning 
of these two quantities is unclear in seawater, their combination yields 
correctly the desired ratio of acid to conjugate base, the correct solubility, 
etc. (7) . 

In another approach, Hansson (8) defines an activity scale based on 
a standard state in seawater rather than in the pure aqueous solvent. 
Standard values of p H for buffer solutions containing tris(hydroxy-
methyl)aminomethane (tris) in seawater of various salinities were ob­
tained by a potentiometric titration procedure in a cell with glass and 
silver-silver chloride electrodes, essentially free from a l iquid junction. 
Hanssons standard p H should correspond closely to —log m H in the sea­
water system and accordingly can be compared with p m H derived i n the 
manner described later. In a manuscript kindly furnished by Dyrssen 
before publication (9) , this scale was recently applied to in situ p H 
measurements. 

This chapter examines some possible ways in which a p H scale which 
meets fully the requirements of océanographie investigations might be 
established. First, the nature of the operational p H scale that has re­
ceived international adoption (2) is reviewed. 

The Conventional pH 

The p H unit as formally defined by S0rensen in 1909 represented 
log ( l / c H ) , where c H is the concentration of hydrogen ion in mol/1. 
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112 ANALYTICAL METHODS IN OCEANOGRAPHY 

The experimental method by which S0rensen proposed to measure p H d i d 
not, however, actually provide an unequivocal value for the hydrogen ion 
concentration i n solutions of unknown composition. Introduction of the 
concept of activity (a) and the activity coefficient (y, concentration scales 
or γ, molality scale) led to a modified definition (10) for which a modified 
symbol p a H was first suggested: 

pan- = log (1/an) (1) 

A l l difficulties were not resolved by this suggestion, however, as the 
activity coefficient of hydrogen ion could not be evaluated either experi­
mentally or theoretically, independently of that of other counter ions 
present. 

Most p H determinations are made by electrometric methods, the p H 
of the unkown solution ( X ) being calculated from that of a known 
standard (S) and the emf (Ex and £ s ) of a cell composed of a hydrogen 
ion-responsive electrode (for example, a glass electrode or a hydrogen 
gas electrode) coupled with a reference electrode (calomel, silver-silver 
chloride). This cell is filled successively with the standard solution S 
and with the unknown solution X . A l iquid junction potential E j exists 
where these solutions make contact with the concentrated KC1 solution 
of the reference electrode. From the Nernst equation for the cell reactions 
and assuming an ideal hydrogen ion response: 

p H - pH(S) + RT]nlQ + RTln 1 0 (2) 
The operational definition was formulated by omitting the last term of 
Equation 2, that is, Ε3·, the residual l iquid junction potential expressed i n 
p H units: 

p H ( X ) = pH(S) + ^ " i f i j f (3) 

Values of (RT In 1 0 ) / F are listed elsewhere (11)^ 
Under certain conditions regarded as ideal, E j is probably actually 

close to zero. This should be the case when solution X matches closely 
the primary standard solutions S in p H , composition, and ionic strength 
(which must not exceed 0.1). Then p H ( X ) doubtless approaches —log 
( ^ H 7 H ) , where m H is the molality (mol /kg of water) of hydrogen ion 
and γ Η is its conventional activity coefficient on the numerical scale 
defined by the convention adopted for the assignment of values to p H ( S ) . 
When, as in seawater, these conditions do not prevail, the meaning of 
the experimental p H ( X ) in terms of concentrations and activities becomes 
unclear. 
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10. BÂTES AND MACASKDLL Acid-Base Measurements 113 

pH and Hydrogen Ion Concentration 

The determination of p H ( X ) in seawater is thus straightforward, 
but the interpretation of the numbers obtained leaves something to be 
desired. Furthermore, the transfer of glass electrodes from dilute buffer 
solutions to seawater may sometimes be accompanied by drifting poten­
tials, caused by a changing asymmetry potential associated with the 
appreciable difference in the water activity of the two media. For this 
reason, it may be a sound procedure to use secondary standards composed 
of suitable buffers in artificial or natural seawater. A secondary standard 
consisting of artificial seawater buffered with tris was suggested by Smith 
and Hood (12). These reference solutions should have p H values near 
that of seawater itself ( p H 8-9) and be highly stable. Standard p H 
values are assigned to them by careful comparison with the dilute pr i ­
mary standards, preferably with the use of a hydrogen gas electrode i n 
a cell such as that shown in Figure 1. 

This procedure has certain experimental advantages, but it obviously 
cannot serve to clarify the meaning of the p H numbers obtained for 
seawater. Any p H value based on activities is subject, in many of its 
useful practical applications, to the uncertainties associated with the role 
of single ion activities in chemical and biological processes. By contrast, 
the hydrogen ion concentration is a wel l defined concept. In general, 
however, it is not feasible to derive — l o g m H ( p ^ H ) from p H ( X ) by 
estimating ionic activity coefficients, except at ionic strengths much lower 

M 

Figure 1. pH cell with liquid junction. Calomel 
reference electrode on the left, hydrogen electrode 
compartment on the right. A liquid junction is 
formed in the capillary tube below the hydrogen 

electrode. 
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114 ANALYTICAL METHODS IN OCEANOGRAPHY 

than that of seawater. The pertinent relationships are made clear by 
comparing Equation 3 with Equation 2. Bearing_in mind that p H ( X ) 
would be the "true" p H , that is, —log (ΑΙΗΥΗ), if could be evaluated, 
one has: 

p m H = p H ( X ) + log 7H + Ê, (4) 

and also 

p m H = pH(S) + log 7H + I j + iE
RT~fofo (5) 

Constant Ionic Media 

Seawater is a special type of solvent medium. Not only is its p H 
regulated within narrow limits, but its ionic strength is high, resulting 
largely from a single completely dissociated electrolyte (sodium chloride) 
while the molar ratios of sodium/chloride and magnesium/chloride are 
remarkably constant. Chemical and biological processes produce only 
small changes in composition compared with the total sea salt concentra­
tion. Seawater is accordingly a constant ionic medium which may be 
expected to "swamp out" changes in y H as these processes occur (13). 
If, furthermore, p H standards in seawater of the same salinity as the 
unknowns were available, E j would be expected to drop to a value 
near zero. If these conditions were achieved, an experimental scale of 
p m H could be set up. From Equation 5: 

(pm H )x = ( p m H ) s + (E
R

X
T~fofo (6) 

The analogy with the operational definition of p H (Equation 3) is evi­
dent. It remains to explore the effectiveness of seawater in rendering y H 

constant and in nullifying the residual l iquid junction potential, E j . 

Activity Coefficients 

To examine these questions, we have made emf measurements of 
cells of two types, namely: 

P t ; H 2 ( g , l atm) 
or glass electrode 

solution in 
seawater 

and 

P t ; H 2 ( g , l atm) j solution in 
or glass electrode | seawater 

A g C l ; A g (A) 

3 .5M K C l , H g 2 C l 2 ; H g (B) 
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10. BATES AND MACASKELL Acid-Base Measurements 115 

Table I. Compositions of Two Types of Artificial Seawater 

Seawater I Seawater II 
(molality) Constituent (molality) 

0.4315 N a C l 0.4186 
0.0531 M g C l 2 0.0596 
0.0442 N a C 1 0 4 0 
0 N a 2 S 0 4 0.02856 
0.01 K C l 0.01 
0.005 C a C l 2 0.005 
0.4757 Na+ 0.4757 
0.5577 c i - 0.5577 
0.553 Na+/Cl-« 0.553 
0.0653 M g 2 + / C l - e 0.0733 

19.1 chlorinity, %o 19.1 
35.6 salinity, %o 34.2 

0.66 ionic strength (J) 0.66 
β Mass ratios 

C e l l A is a cell without l iquid junction while cell B, with a l iquid junction, 
resembles the cell assembly of the common p H meter. 

The solvents consisted of artificial seawater of two compositions, 
with nearly identical salinities (35%0), chlorinities (19.1%o), and molali­
ties of sodium and chloride ions (see Table I). The composition was 
close to that selected by Lietzke et al (14). Sulfate was omitted from 
seawater I to avoid the complications of H S 0 4 " formation when strong 
acid was added. The ionic strength of the sulfate-free seawater was main-

Table II. Electromotive Force of Cell A from 
5° to 35°C: Solutions in Seawater I 

E/V 

Solute (Molality) 5°C 15°C 25°C 35°C 

H C l , 0.01 
0.03 
0.05 

0.37287 
0.34649 
0.33418 

0.37259 
0.34527 
0.33253 

0.37180 
0.34353 
0.33037 

0.37054 
0.34131 
0.32774 

H A c / N a A c , 0.01° 
0.025 
0.0442 

0.51048 
0.51034 
0.51031 

0.51376 
0.51363 
0.51360 

0.51694 
0.51682 
0.51680 

0.52007 
0.51995 
0.51990 

Bis-tris/bis-tris H C l , 0.02" 
0.04 
0.06 

0.64491 
0.64782 
0.64890 

0.64367 
0.64628 
0.64721 

0.64210 
0.64445 
0.64542 

0.63995 
0.64205 
0.64294 

Tris/tris H C l , 0.02" 
0.04 
0.06 

0.74820 
0.74835 
0.74850 

0.74317 
0.74333 
0.74348 

0.73789 
0.73805 
0.73822 

0.73234 
0.73253 
0.73271 

a Molality of each component of the buffer 
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116 ANALYTICAL METHODS IN OCEANOGRAPHY 

tained at 0.66 by adding sodium perchlorate instead of sulfate. When 
sulfate was present, the stoichiometric molalities were adjusted, taking 
account of ion pairing (15), to provide the desired ionic strength. The 
compositions in the table are expressed as molalities, that is, mol /kg 
of water. 

F ive series of solutions were prepared in artificial seawater. The 
solutions were hydrochloric acid, an acetate buffer solution ( m H A c / ^ N a A C 

= 1), and three equimolal buffer solutions ( m B H c i / W — 1) prepared 
from the following bases ( B ) : tris, 2-amino-2-methylpropanediol (bis) , 
and the JV-bis(hydroxyethyl) derivative of tris, bis-tris. The pfCa values 
of the protonated bases in water at 25°C are, respectively, 8.075 (16), 
8.801 (17), and 6.483 (18). When hydrochloric acid or buffer was added 
to the seawater solvent, the ionic strength and chloride molality were 
kept constant by reducing the molalities of sodium chloride or sodium 
perchlorate as necessary. 

Measurements of the emf (E) of cell A were made at 5° , 15°, 25° , 
and 35 °C, and the data are summarized i n Tables II and III. The results 
for solutions of hydrochloric acid were used to calculate the mean activity 
coefficient γ± of hydrochloric acid at three low molalities (m) i n artificial 
seawater (without sulfate) : 

- l n 7 ± = { E ^ ) F + \ In (mmoO (7) 

The values plotted in Figure 2 display the expected linear variation w i t h 
molality of hydrochloric acid at constant ionic strength. The intercept 
measures the trace activity coefficient, ync\tr, the limit of y± i n pure 
(acid-free) seawater. A t 25°C, y H c i t r = 0.731 as compared with 0.728 in 

Table III. Electromotive Force of Cell A from 
5° to 35°C: Solutions in Seawater II 

E/V 

Solute (Molality) 

Bis-tris/bis-tris H C l , 0.02» 0.64521 
0.04 0.64802 
0.06 0.64903 

Tris/tris H C l , 0.02» 0.74920 
0.04 0.74928 
0.06 0.74930 

Bis/bis H C l , 0.02» 0.79129 
0.04 — 
0.06 0.79146 

" Molality of each component of the buffer 

15°C 26°C 35°C 

0.64404 0.64242 0.64031 
0.64660 0.64469 0.64229 
0.64756 0.64558 0.64310 

0.74423 0.73900 0.73349 
0.74430 0.73907 0.73356 
0.74434 0.73912 0.73362 

0.78703 0.78241 0.77752 

— 0.78255 — 
0.78721 0.78261 0.77767 
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10. B A T E S A N D M A C A S E C L L Acid-Base Measurements 117 

HCl 

Figure 2. Variation of the activity coefficient 
of hydrochloric acid with molality in seawater I 

at a constant ionic strength of 0.66 

a sodium chloride solution of the same ionic strength, 0.66 (19). In other 
words, replacing all magnesium chloride, sodium perchlorate, potassium 
chloride, and calcium chloride in the artificial seawater by sodium chloride 
without changing the ionic strength has little effect on the activity coeffi­
cients of the hydrogen and chloride ions. As this is a 33% change in com­
position, the constancy of y H c i t r is rather remarkable. Furthermore, it 
suggests that adding sodium sulfate in place of sodium perchlorate and 
sodium chloride (a change involving 13% of the total ionic strength) 
should not alter y H c i t r significantly when the ionic strength and salinity 
remain unchanged. 

For some purposes, it may prove convenient to refer emf measure­
ments of cell A in seawater to a hypothetical standard state in this 
solvent medium, defined so that the activity coefficient becomes unity in 
seawater rather than in an infinitely dilute aqueous medium. This 
approach is favored by Dyrssen and Sillén (13) and Hansson (8). A new 
standard emf, E 0 * , on this basis is easily obtained by the relationship: 

E°* = E° - ?f- In m7+ = Eo - ^ Ι η γ ^ ' (8) 

The primary medium effect or transfer activity coefficient my± is the 
value of y± in the new standard state (pure seawater), referred to the 
aqueous standard state; it is therefore identical with y ±

t r . Values of log 
y ±

t r in seawater I and E ° * for cell A are summarized i n Table IV. 
The values of E° used to calculate E ° * were determined (20, 21) 

by measurements of cell A containing an aqueous solution of hydrochloric 
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118 ANALYTICAL METHODS IN OCEANOGRAPHY 

acid (molality 0.01 mol /kg) . In this way, E ° was 0.23421, 0.22865, 
0.22242, and 0.21573 V at 5° , 15°, 25° , and 35°C, respectively. 

Figure 2 makes it clear that —log γ± falls slowly as hydrochloric 
acid replaces a part of the sodium chloride in seawater I. The linear varia­
tion is in accord with Harneds rule, and the magnitude of the drop is 
a measure of —log γ Η α * referred to the new standard state. The be­
havioral similarity between seawater I and 0.66M sodium chloride is illus­
trated by the fact that the values of log 7 H C I * for these two solvents at 
WHCI — 0.06 mole/kg are —0.001 and —0.002, respectively. 

Table IV. Trace Activity Coefficient y±
tr of Hydrochloric Acid 

in Seawater for Cell A) 

t/°C - l o g T - t r E°*/V 

5 0.1298 0.24853 
15 0.1323 0.24377 
25 0.1359 0.23850 
35 0.1393 0.23276 

Buffer Solutions 

It appears that one may safely conclude that the relationship between 
log 7 H C I * and solute ionic strength ( i s ) w i l l be nearly the same when, 
instead of hydrochloric acid, small quantities of buffer substances are 
added in the same amounts to the seawater solvent. A t 25 °C, this rela­
tionship is: 

log 7 * H C I = 0.016 IB (9) 

at a constant total ionic strength of 0.66. For the buffers studied, i s is 
equal to m N a A c or m B Hci. 

W e now turn to emf measurements of cell A containing equimolal 
buffer solutions (m&cia = n\&u = m) i n artificial seawater of the two 
compositions given in Table I. The emf data are given in Tables II and 
III. One can write formally: 

p m H = R T l n 1 Q + log raCi + 2 log 7 * H C I (10a) 

= (Ιτΐηίθ + l0g m c i + °-032 I b (1°b) 

Inasmuch as 7 H C I * in the buffer solutions is not known exactly, raH derived 
from Equation 10b should be regarded as the ' apparent" molality of 
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10. BÂTES AND MACASKDLL Acid-Base Measurements 119 

hydrogen ion. The experiments described above, however, strongly sup­
port the validity of Equation 10b in the artificial seawater without sulfate 
and, as indicated already, probably also in the seawater with sulfate when 
the buffer molality is low. In view of the interaction of H + and S0 4

2 " , it 
is not feasible at this time to demonstrate experimentally the correctness 
of this assumption. 

Figure 3 is a plot of the p m H at 25 °C calculated by Equation 10b as 
a function of buffer molality m (m = maCid = fusait)· Data obtained in 
the sulfate-free seawater I are connected by dashed lines, and those for 
seawater II (with sulfate) are joined by a solid line. Two features of 
these results require further study—the separation of the two curves for 
tris buffers and the separation and curvature of the lines for bis-tris. It 
seems unlikely that the presence of sulfate can alter the ion- ion inter­
actions sufficiently to cause departures from Equation 9 of the magnitude 
(0.02 in p m H at m — 0.02) found with tris buffers. Consequently, specific 
interactions, possibly complexation with cations, are suspected. In this 
case, the differences in calculated p m H would be real. As w i l l be seen 
presently, measurements of cells without l iquid junction suggest that this 
is the case (see Table V ) . 

8.96 

8.94 
Bis 

Figure 3. pmH (Equation 10b) as a function 
of buffer mohlity in artificial seawater at a 
constant ionic strength of 0.66. ( ), sea­

water I; ( ), seawater IL 
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120 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table V. pH and Synthetic Seawater at 25°C from 
Measurements of Cells Without Liquid Junction (Cell A) 

and With Liquid Junction (Cell B) 

Hydrogen Electrode Glass Electrode 

Solution 
Cell A 
pniH 

Cell Β 
pH 

Cell A 
pH 

Cell Β 
pH 

H C l , 0.01m 
Acetate, 0.01m 
Tris, 0.02m 

2.000 
4.454 
8.189 

Seawater I 
2.009 
4.459 
8.181 

1.990 
4.448 
8.184 

1.993 
4.456 
8.184 

Bis-tris, 0.02m 
Tris , 0.02m 
Bis , 0.02m 

6.577 
8.208 
8.942 

Seawater I I 
6.580 
8.208 
8.942 

(6.573)» 
8.206 
8.938 

6.573 
8.204 
8.938 

α Reference point 

Liquid Junction Potentials 

Implicit i n the recommendations of Pytkowicz and co-workers for 
p H measurements in seawater is the belief that the l iquid junction poten­
tial between seawater of a given salinity and a saturated solution of 
potassium chloride is independent of the nature and concentration of 
solutes present at low concentrations in the seawater solvent. This would 
indeed be the case if seawater is a true constant ionic medium. Hawley 
and Pytkowicz (5) have estimated that this potential difference amounts 
to 3.2 mV. As already indicated, this constancy of the l iquid junction 
potential is essential for establishing an experimental scale of p m H . 

To shed further light on the magnitude of the residual l iquid junction 
potential, measurements of cell Β were made with the hydrogen electrode 
( in the cell of Figure 1) and with the glass electrode and a commercial 
calomel reference electrode in a temperature-controlled cell at 25 °C. To 
obtain added information, this cell also contained a silver-silver chloride 
electrode, so that the p H could be calculated, relative to a standard, 
from the emf of the glass/AgCl ;Ag cell without l iquid junction, much as 
recommended by Hansson (S). The National Bureau of Standards 
phthalate and phosphate standard buffer solutions ( I ) were used as 
standards for the measurements with a glass electrode. The results are 
compared with p m H from Equation 10b in Table V . 

The close agreement between p m H and p H can only be fortuitous 
and must be attributed to a cancellation of l iquid junction potential and 
activity coefficient terms, as Equation 4 shows. The changes in p m H and 
p H from the most acidic to the most alkaline solution are, however, sig­
nificant. They are as shown in Table V I . It thus seems clear that sea-
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10. BATES AND MACASKILL Acid-Base Measurements 121 

water at ί = 0.66 (35%<? salinity) effectively nullifies the residual l iquid 
junction potential. 

This conclusion was reinforced in another way. The observed emf 
for the glass electrode-calomel cell (with l iquid junction) in eight solu­
tions with p H 2-9 differed by a constant amount from that for the glass-
A g C l ; A g combination (without l iquid junction) in the same cell. The 
range was from 9.0 m V in the acetate buffer to 9.6 m V i n the tris buffer; 
the mean was 9.43 mV, and the standard deviation was 0.19 mV. 

Measurement of MH (Moles of Hydrogen Ion per Kilogram of Seawater) 

The work described in the foregoing sections is of a preliminary 
nature. Nevertheless, it offers hope that experimental scales of free hydro­
gen ion concentration ( p c H or p m H ) in seawater may be feasible. One 
need not know p m H or p a H to derive meaningful equilibrium data, such 
as acid-base ratios and solubilities, provided that suitable apparent equi­
l ibrium constants are chosen (7) . In these cases, the unit selected for the 
acidity scale disappears by cancellation. Nevertheless, the acidity of sea­
water is a parameter of broader impact. It plays a role, for example, in 
the kinetics of organic oxidation-reduction reactions and i n a variety of 
quasi-equilibrium processes of a biological nature. The concentration of 
free hydrogen ions is clearly understood, and its role in these complex 
interactions is more clearly defined than that of a quantity whose unit 
purports to involve the concept of a single-ion activity. 

The emf data for cell A can be used to establish standard reference 
values of ( p M H ) s h i the buffer solutions studied, where the unit of M H 

is moles of free H + / k g of seawater. W i t h the use of these standards in a 
form of Equation 6 (with p M H written in place of p m H ) , experimental 
values of ( p M H ) x in artificial seawater of about 35%o salinity (and hope­
fully also in natural seawater of the same salinity) can be obtained. 
These standard values are listed in Table VI I . 

The buffer compositions given in the table are molality (m) units, 
moles/kg of water. Inasmuch as 1 kg of seawater (35%o salinity) contains 
965 g of water, 0.965 mmol of each buffer substance w i l l be required per 
kilogram of seawater to prepare the buffer solution desired. For greatest 
precision, the ionic strength should remain always at 0.66. Thus the 
increased ionic strength caused by adding the buffer salts should be 

Table V I . Changes and p H 

Liquid Junction 

Without 
W i t h 

Hydrogen Electrode 

A p m H = 6.942 
ΔρΗ = 6.933 

Glass Electrode 

ΔρΗ = 6.948 
ΔρΗ = 6.945 
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122 ANALYTICAL METHODS IN OCEANOGRAPHY 

compensated by omitting an equivalent amount of sodium chloride from 
the artificial seawater used. The error caused by adding the buffer sub­
stances to seawater, allowing the ionic strength to increase to 0.67 or 
0.68, has not yet been carefully determined, but preliminary measure­
ments indicate that it is probably negligible for most purposes. 

Our value (8.224) for the p M H of the 0.02m tris buffer in seawater 
II (34.2%0 salinity) at 25°C is considerably higher than that (8.075) for 
the 0.005m buffer as given by Hansson (8). The buffer ratio is unity in 
both cases, in the absence of specific interactions as yet unrevealed, and 
the activity coefficients y* are close to unity. Hence, p M H should be 
nearly the same as pf£* for tris · H + in seawater, a quantity easily de­
rived from E ° * (Table I V ) and Ε given in Tables II and III. Our results 
yield p K * = 8.185 in seawater I and 8.205 in seawater II, both values 
based on the molality scale. O n the other hand, Hansson s value of p H s 

appears to be based on —log (m H ) t , where (m H ) t includes both free 
hydrogen ion and that combined with sulfate in the form of H S 0 4 " . Con­
sequently, p H s is expected to be lower than our p M H by about 0.12 unit 
(22) as found. 

Table VII. Standard Reference Values of p M H in Seawater 
( M H = moles hydrogen ion per kilogram of seawater) 

Acetate, Bis-tris, Tris, Bis, 
t/°C m=0.01" m = 0.02" m=0.02b m=0.0i 

5 4.509 6.953 8.835 9.598 
15 4.485 6.766 8.517 9.265 
25 4.470 6.593 8.224 8.958 
35 4.462 6.431 7.953 8.673 

"Seawater I—chlorinity 19.1%c, salinity 35.6%*, / = 0.66. m = WIHAC = mNaAc 
6 Seawater II—chlorinity 19.1%,, salinity 34.2%*, / = 0.66. 

Further study is needed to indicate the validity of the selection of 
buffer solutions and the assumptions on which these reference standards 
of p M H are based. Unt i l then, the values in Table V I I should be con­
sidered illustrative of the described method and should only be used with 
a recognition of their tentative character. 
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11 
Analytical Procedures for Transuranic 

Elements in Seawater and Marine Sediments 

H U G H D. LIVINGSTON, D O N R. M A N N , and V A U G H A N T. B O W E N 

Woods Hole Oceanographic Institution, Woods Hole, Mass. 02543 

Transuranic elements are extracted from seawater by co­
precipitation with either ferric hydroxide or calcium/stron­
tium oxalate or are leached from sediments with 8M nitric 
acid. Radiochemical separations are used to analyze 238Pu, 
239,240pu,

 241pu, 241Am 244Cm, and 242Cm. The electroplated 
radionuclides are measured by alpha spectrometry using 
surface barrier detectors. There are spectrometric interfer­
ences, especially those arising from natural series radio­
nuclides. Data quality is discussed in terms both of "blank" 
analyses and of analyses of seawater and sediments contain­
ing transuranics which are used in interlaboratory analytical 
comparisons. Some marine transuranic data support our 
belief that transuranics sink quite rapidly in the oceans in 
contrast with "soluble" fallout radionuclides. 

' "pransuranic elements have been introduced to the oceans at various 
times and rates since the beginning of the nuclear age. A t the present 

time, the major part of the oceanic inventory of transuranics is derived 
from global fallout of nuclear debris produced in atmospheric testing of 
nuclear weapons ( I ) . Some local accumulations of these elements are 
associated with the planned disposal of nuclear waste or releases such as 
those which follow accidents to aircraft carrying nuclear weapons. The 
only globally distributed release of a transuranic element from other than 
weapons testing derived from the malfunction of a satellite carrying a 
nuclear power source. In A p r i l 1964, a navigational satellite ( S N A P 9A) 
burned up in the stratosphere and released 2 3 8 P u from its electrical power 
source mostly into the southern hemisphere. This injection nearly tripled 
the global inventory of this isotope ( I ). 

Measurement of the concentrations and distributions of transuranic 
elements in the oceans is becoming increasingly important. A t the present 

124 
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11. LIVINGSTON ET AL. Transuranic Elements 125 

time the interest is related to their usefulness as tracers of biogeochemical 
and geochemical processes. These studies provide knowledge of the 
eventual fate of these elements in the oceans and the time constants 
involved in their oceanic pathways. The projected increase in the use of 
nuclear power towards the latter part of this century necessitates the 
development of reliable and sensitive analytical techniques of environ­
mental transuranic measurement. This ensures that adequate detection 
methods are available for environmental hazards resulting from mis­
handling of nuclear fuels and wastes. This paper outlines the chemical 
problems encountered in measuring those transuranic elements which 
have so far been detected in the marine environment. 

Only five transuranic elements exist or are anticipated to be pro­
duced in amounts which could lead to significant environmental concen­
trations. These are neptunium ( N p ) , plutonium (Pu) , americium ( A m ) , 
curium ( C m ) , and californium ( C f ) . Of these five, only two, plutonium 
and americium, have been detected and measured already in the marine 
environment as a result of global fallout of nuclear testing debris. The 
procedures described below were developed specifically to measure 
plutonium and americium. However, as w i l l be expanded later, the tech­
niques for measuring americium are also able to detect curium and 
californium should they be present in significant amounts in the future. 

The majority of the longer-lived transuranic nuclides produced by 
neutron capture reactions decay primarily by α-emission. Most environ­
mental samples contain radionuclides from the natural uranium and 
thorium series in concentrations often many times greater than transuranic 
concentrations. As a result, the chemical problems encountered in these 
measurements are derived from the requirement that separated trans­
uranics should be free of α-emitting natural-series nuclides which would 
constitute α-spectrometric interferences. Table I lists those transuranic 
nuclides detected to date in marine environmental samples, together wi th 
some relevant nuclear properties. Their relative concentrations (on an 
activity basis ) are indicated although the ratios may be altered by envi­
ronmental fractionation processes which enrich and deplete the relative 
concentrations of the various transuranic elements. Alpha spectrometric 
measurements do not distinguish between ^ P u and ^ P u , so these are 
reported together. Mass spectrometric measurements of their ratio have 
been reported for stratospheric samples (2) and for a few marine samples 
(3) . In each case the data indicate that an activity ratio, ^ P u / ^ P u , of 
about 0.8 probably has characterized worldwide integrated fallout. 
Noshkin and Gatrousis (3) suggest that individual nuclear explosions or 
test series have been characterized by unique ratios of 24opu/239pu a n ( j 
that these might be useful tracers. 
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126 ANALYTICAL METHODS IN OCEANOGRAPHY 

Most of the procedures for analysis of transuranic nuclides in sea­
water and marine sediments have been described in detail elsewhere 
both by our laboratory and those of other workers. A fu l l discussion of 
these various procedures is found in a comprehensive state-of-the-art 
review of techniques proposed for the analyses of transuranic elements 
in the marine environment (4). Here we concentrate on the procedures 
used at the Woods Hole Océanographie Institution, the problems encoun­
tered, and what is being learned from the data. 

Table I. Transuranic Nuclides Measurable in Marine 
Environmental Samples 

Half-life Principal Decay Mode Typical Activities 
Nuclide (yr) and Energy (MeV)a Relative to ™»>2A0Pub 

2 3 8 P u 87.8 « ,5 .50 ,5 .46 3.8 
2 3 9 P u 24400 «, 5.16, 5.14 \ 100e 

^ P u 6540 « ,5 .17 ,5 .12 J 
2 4 1 P u 14.9 0, 0.021 800 
2 4 1 A m 433 a, 5.49, 5.44 20 
2 4 2 C m 0.22 « ,6 .11 ,6 .07 0.3 d 

2 4 4 C m 17.9 a, 5.81, 5.76 0.1 d 

° Principal energy first. 
6 These are representative values from our data for marine samples in the Northern 

Hemisphere; the relative amounts vary with time, place, and nature of sample, but 
these data serve to illustrate general relative concentrations. 

e Measured together by α-spectrometry. 
d Only reported from samples contaminated with reprocessed nuclear fuel waste. 

Extraction and Concentration 

A ful l account of the problems considered in collecting, storing, and 
processing marine samples for transuranic analysis is given in the above-
mentioned review (4). The specific methods discussed here were found 
effective at least for the transuranic analyses of seawater and sediments 
contaminated by global fallout, nuclear fuel reprocessing wastes, or 
nuclear power plant operation waste. In these cases, a preliminary acid 
treatment of the sample in the presence of suitable yield monitors seems 
to solubilize the transuranic elements and achieves isotopic equilibration 
between the yield monitor and sample. The yield monitors used were 
either 2 4 2 P u or 2 3 6 P u for 238,239,24o,24ipu w hereas 2 4 3 A m was used for 
2 4 1 A m , 2 4 2 - 2 4 4 C m , and by inference, 2 5 2 C f . In addition, it was convenient 
to use 50 mg of a lanthanide (neodymium) as a carrier for americium to 
purify the separated americium fraction. 

Seawater. Plutonium and americium analyses were made using 55-1. 
seawater samples. The seawater sample is acidified to 0.03M with respect 
to hydrochloric acid, and yield monitors and carriers were added. Trans-
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11. LIVINGSTON ET AL. Transuranic Elements 127 

uranics were solubilized and equilibrated with the yield monitors in two 
equally effective ways—bubbling tank nitrogen gas through the acidified 
sample for several hours at room temperature or stirring the acidified 
sample by convective heating at about 50°C for several days using 
aquarium heaters. 

The extraction of transuranic elements has been made by co-precipi­
tation in several ways (5,6). W e use either one of two methods, depend­
ing on what other nuclides are also sought in the sample. The first method 
is co-precipitation with 0.5-1.0 g iron as hydroxide at p H 9-10 using 
ammonium hydroxide while the second method is co-precipitation with 
calcium and strontium oxalate at p H 5-6 using oxalic acid. There are 
about 22 g calcium and 0.44 g strontium in 55 1. of open-ocean seawater. 
Because 9 0 Sr is usually measured in the same seawater sample, we nor­
mally add 2 g strontium to that which is naturally present. 

The efficiency of these methods of co-precipitation was studied for 
plutonium, only, by comparing the chemical recovery of the original yield 
monitor with that of a second (and different) plutonium isotope yield 
monitor added to the acid solution of the co-precipitated hydroxide or 
oxalate (6). This second monitor shows all losses following the co-
precipitation step. The efficiency of the hydroxide precipitation for plu­
tonium extraction was in the range 70-80%. That for the oxalate co-
precipitation was typically 75-85%. 

Co-precipitation with Hydroxides. The hydroxides are dissolved in 
nitric acid and re-precipitated with ammonium hydroxide. A further 
precipitation is made using ammonia to neutralize most of the acid, then 
ammonium carbonate to make the solution finally basic. Uranium is 
retained in the supernate as the carbonate complex. 

Co-precipitation with Oxalates. The oxalates are dissolved in nitric 
acid ( 1000 m l 16M and 200 m l 24M ). A t this stage strontium nitrate pre­
cipitates and is separated for 9 0 Sr analysis. The solution volume is 
reduced by evaporation to about 400 m l and then diluted with water to 
about 1 1. One hundred mg iron is added as carrier, and hydroxides are 
precipitated with ammonium hydroxide. Two further hydroxide precipi­
tations are made, the second in the presence of carbonate, just as for the 
hydroxide co-precipitation method. 

Sediment. About 50 g of dried sediment was used in transuranic 
element analyses. Two teachings of the sediment with 200 ml hot 8M 
nitric acid extracted the plutonium completely and, doubtless, other 
transuranic elements. Some workers prefer to fuse sediments completely 
(7,8), but this is not necessary when the source of transuranic elements 
is global fallout or nuclear power plant waste. Fusion is probably essen­
tial when the transuranic elements in a sample are in relatively resistant 
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128 ANALYTICAL METHODS IN OCEANOGRAPHY 

oxide particles such as those produced in the destruction by fire of a 
nuclear device or found in close-in fallout situations. 

Purification 

The transuranic elements extracted from seawater or sediments are 
further purified such that: 

1. Elements are removed which would electroplate with the trans­
uranic element and cause α-spectral degradation. 

2. Natural series radionuclides are removed if the energy of their 
α-particles interferes with the transuranic elements being measured. 

3. Intra-transuranic element separation is made where resolution of 
the various nuclides being measured is not possible by α-spectrometry 
alone. 

Plutonium Purification. The same purification approach is used for 
plutonium separated from sediments or seawater. In case reduction may 
have occurred, the plutonium is oxidized to the quadrivalent state with 
either hydrogen peroxide or sodium nitrite and adsorbed on an anion 
exchange resin from 8 M nitric acid as the nitrate complex. Americium, 
curium, transcurium elements, and lanthanides pass through this column 
unadsorbed and are collected for subsequent radiochemical purification. 
Thorium is also adsorbed on this column and is eluted with 12M hydro­
chloric acid. Plutonium is then eluted from the column with 12M hydro­
chloric acid containing ammonium iodide to reduce plutonium to the non-
adsorbed tervalent state. For seawater samples, adequate cleanup from 
natural-series isotopes is obtained with this single column step so the 
plutonium fraction is electroplated on a stainless steel plate and stored 
for α-spectrometry measurement. Further purification, especially from 
thorium, is usually needed for sediment samples. Two additional column 
cycles of this type using fresh resin are usually required to reduce the 
thorium content of the separated plutonium fraction to insignificant levels. 

Interferences to Plutonium Measurement. Table II lists plutonium 
isotopes found in the environment, those used as yield monitors ( added 
in amounts in the range 1-2 disintegrations/min), and the energies of 
the α-particles produced by their decay, together with the other nuclides 
which can cause a-spectrometric interference. The interference of 2 3 4 U 
to a 2 4 2 P u yield monitor is not often serious. If necessary, a correction 
may be calculated from the 2 3 8 U α-particles at 4.2 M e V assuming the 
2 3 4 U / 2 3 8 U ratio is known. 2 1 0 Polonium interference from 2 1 0 P o incom­
pletely removed i n plutonium purification or ingrown from 2 1 0 P b and/or 
2 1 0 B i is mostly well enough resolved from 239,24oPu o r 238Pu I f 2 i o P o i s 

present in amounts such that there is some peak overlap with either 
239,24opu o r 23spUj ^ η a f t e r dissolution of the plated plutonium, another 
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11. LIVINGSTON ET AL. Transuranic Elements 129 

anion exchange column cycle usually removes this interference completely. 
2 2 8 Thor ium remaining in plutonium separated from marine environmental 
samples (sediments in particular) can seriously interfere with 2 3 8 P u 
measurement. Potential interference is indicated by inspecting the a-
spectrum for 2 3 2 T h , 2 3 0 T h and/or ingrowth of 2 2 8 T h daughters, e.g., 
2 2 4 R a , 2 2 0 R n , 2 1 6 P o , 2 1 2 B i , and 2 1 2 P o . As 2 2 4 R a , the daughter of 2 2 8 T h , is not 
electroplated, it and its immediate daughter nuclides are not detect­
able immediately following electroplating. Equilibration of this chain 
takes two to three weeks, and it is advisable to delay counting for this 
time if 2 3 8 P u is sought. In addition, 2 2 4 R a may interfere with any 2 3 6 P u 
used as a yield monitor, and correction for it may be necessary. In either 
case, correction factors can be calculated from literature branching factors 
for the decay of the various nuclides in the chain. 

Table II. Interferences in Environmental Plutonium Measurements by 
Chemical Separation and α-Spectrometry 

Plutonium Isotope Interfering Isotopes 
and a Energies (MeV)a and a Energies (MeV)a 

2 3 6 P u 5.77,5.72 2 2 4 R a 5.68, 5.45* 
2 3 8 P u 5.50,5.46 2 1 0 P o 5.31 (directly or by ingrowth) 6 

2 2 8 T h 5.42,5.34 
2 4 1 A m 5.49, 5.44 

and 24opu 2 1 0 Po 5.31 (directly or by ingrowth) 6 

2 4 2 P u 4.*90,' 4.86 2 3 4 U 4.77,4.72 
β Principal energies first. 
6 Produced by ingrowth from natural series precursors. 

Another source of interference i n 2 3 8 P u measurement can arise from 
2 4 1 A m , which is indistinguishable from 2 3 8 P u spectrometrically. Although 
2 4 1 A m originally present in a sample is easily and completely separated 
from plutonium, its production begins in the separated plutonium through 
decay of the 2 4 1 P u parent. The relative amounts of 2 4 1 P u and 2 3 8 P u from 
nuclear fallout at present are such that no serious interference to 2 3 8 P u 
measurement is likely as long as measurement is made within a month 
or so following separation of plutonium and americium. 

2 4 1 P l u t o n i u m Measurement. The last-mentioned interference is used 
indirectly to measure 2 4 1 P u . This plutonium isotope is difficult to measure 
at environmental concentrations by l iquid scintillation counting, which is 
the technique mostly used to measure its low energy ^-radiation. Since 
separated plutonium is freed of americium during chemical purification, 
2 4 1 A m activity on stored plutonium plates increases at a rate controlled 
by 2 4 1 P u . Sufficient 2 4 1 A m is produced in plutonium separated from rela­
tively plutonium-rich environmental samples to permit its measurement, 
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130 ANALYTICAL METHODS IN OCEANOGRAPHY 

and by calculation, the 2 4 1 P u which produced it, after one to two years 
delay. It is preferable to separate the newly grown 2 4 1 A m from plutonium 
before measurement. Plutonium and americium are removed from a 
stored plate with 8 M nitric acid, and 2 4 3 A m is added as a yield monitor. 
After oxidation to the quadrivalent state, plutonium is removed from 
americium, and iron and/or any thorium is removed from the americium 
fraction by anion exchange adsorption using two column steps. The first 
uses an 8 M nitric acid medium, the second 12M hydrochloric acid. Both 
can adsorb plutonium, but the first column removes any thorium still 
present while the second removes any iron leached from the plate. 
Americium is electroplated after passage through the chloride column 
and 2 4 1 A m measured by α-spectrometry. This approach to ^ P u measure­
ment is described in detail elsewhere (9) . 

Americium, Curium, and Californium Purification. These elements, 
together with any lanthanides in the sample or added as carriers, pass 
through the anion exchange column used to remove plutonium. This 
fraction is purified to remove natural-series radionuclides which interfere 
with americium, curium, or californium measurements as wel l as stable 
elements which plate with the transuranics and produce spectral degrada­
tion. This latter consideration is especially important for lanthanides as 
neodymium is used as a carrier. Two lanthanide/actinide separation 
cycles immediately before electroplating are essential for acceptable plate 
quality. 

After plutonium removal, americium, curium, and californium are 
co-precipitated with neodymium from solution as the oxalate at p H 1. 
The oxalate is dissolved in nitric acid to decompose oxalate ions, and the 
hydroxide is precipitated. After acidification and oxidation, the resulting 
solution is passed through another anion exchange column in the same 
manner as used earlier for plutonium removal. This column reduces 
further the concentration of any plutonium and thorium still remaining 
in the transplutonic fraction after the plutonium removal step. Another 
anion exchange column, with 1.5M hydrochloric acid, then removes 2 1 0 P b , 
2 1 0 B i , and 2 1 0 P o . A n additional column cycle for plutonium/thorium re­
moval is generally necessary for thorium-rich samples such as sediments. 
The final steps prior to electroplating are two actinide/lanthanide sepa­
ration cycles. Americium, curium, and cahfornium are adsorbed on an 
anion exchange resin from 2 M ammonium thiocyanate solution at p H 3-5. 
Neodymium and any other lanthanides present pass through this column. 
Americium, curium, and californium are eluted from the column with 4 M 
hydrochloric acid. Following destruction of ammonium thiocyanate traces 
by nitric acid oxidation, the samples are plated and counted. 

Interferences to Americium, Curium, and Californium Measure­
ment. Table III lists the americium, curium, and californium isotopes 
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11. LIVINGSTON ET AL. Transuranic Elements 131 

present or foreseeable in the environment, together with potential inter­
ferences. As 2 4 1 A m α-particles are energetically indistinguishable from 
2 3 8 P u α-spectrometrically, 2 2 8 T h can also seriously interfere with 2 4 1 A m 
measurement. The same considerations apply as described above for 
238 P u r e s p e c t to the identification of and correction for this interfer­
ence. 2 1 0 P o from decay of unremoved 2 1 0 B i or 2 1 0 P b can interfere with 
the 2 4 3 A m yield monitor. The 1.5M hydrochloric acid anion exchange 
column step seems quite effective in eliminating this interference source. 
It is essential for 2 4 1 A m measurement that no plutonium be present, as 
2 3 8 P u would interfere with 2 4 1 A m . The absence of this interference is 
easily established by inspection of the α-spectrum for 2 3 9 . 2 4 0 P u and 2 3 6 P u 
or 2 4 2 P u (whichever yield monitor was used). Also 2 4 1 A m may be pro­
duced by 2 4 1 P u decay. 

Table III. Interferences in 
Measurement by Chemical 

Isotope and 
a Energies (MeV)a 

2 4 1 A m 5.49, 5.44 

2 4 3 A m 5.28, 5.23 
2 4 2 C m 6.11, 6.07 

2 4 3 C m 5.79, 5.74, others 
2 4 4 C m 5.81, 5.76 

2 5 2 C f 6.12, 6.07 

Environmental Am, Cm, and Cf 
Separation and α-Spectrometry 

Interfering Isotope and 
a Energy (MeV)a 

2 2 8 T h 5.42, 5.34 
2 3 8 P u 5.50,5.46 
2 2 3 R a 5.53, several higher energy 6 

2 1 0 P o 5.31 (directly or by ingrowth) 6 

2 1 2 B i 6.04, 6.086 

2 2 7 T h 6.04 (many others) 6 

2 5 2 C f 6.12, 6.07 
2 2 4 R a 5.68, 5.456 

2 2 7 T h and daughters (complex)6 

2 3 6 P u 5.77,5.72 
2 4 2 C m 6.11, 6.07 
2 1 2 B i 6.04, 6.086 

2 2 7 T h 6.04 (many others) 6 

β Principal energies first. 
b Produced by ingrowth from natural series precursors. 

A further spectral interference with 2 4 4 C m or 2 5 2 C f detection arises 
from 2 2 7 A c (from the 2 3 5 U natural series). It does not interfere itself, 
decaying by emission of weakly energetic β-particles, but 2 2 7 T h and a 
complex series of daughter nuclides are formed after its decay. They 
are effectively removed from the americium fraction by the radiochemical 
purification steps used. ^ A c t i n i u m remains with the americium fraction 
until the actinide/lanthanide separation step, in which it appears to pass 
unadsorbed through the thiocyanate column. 2 2 7 T h is adsorbed on the 
thiocyanate column and elutes with the americium fraction. For this 
reason, as little delay as possible should be permitted between the last 
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132 ANALYTICAL METHODS IN OCEANOGRAPHY 

thorium removal column operation and the first lanthanide/actinide 
separation step. For although 2 2 7 T h might be thoroughly removed from 
the americium fraction, it immediately begins to re-equilibrate with its 
2 2 7 A c parent. However, as it takes about 18 days to reach one-half of the 
equilibrium activity value, there is time to separate 2 2 7 A c from the 
americium fraction, before 2 2 7 T h significantly accumulates. 

Measurement 

Commercially available high resolution surface barrier detectors can 
be obtained with such low background activity levels for α-detection that 
measurement of extremely small quantities of α-emitting isotopes is pos­
sible. When counting intervals of the order of several days are used, 
measurement of as little as 1 femtocurie is feasible as our reagent blanks 
are negligible. Because long counting intervals are required for marine 
environmental measurements of transuranic nuclides, our capacity for 
processing an acceptable number of samples is achieved by using a sys­
tem whereby eight surface barrier detectors (Ortec, Inc.) are used 
simultaneously. One 1024 channel pulse height analyzer (Northern Sci­
entific NS710) is used for all eight detectors, 128 channels being assigned 
to each detector. The detector signals are routed to the appropriate set 
of channels in the analyzer by an eight-input mixer-multiplexer ( Northern 
Scientific N S 4 5 9 B ) . 

To preserve the good background characteristics of the detectors 
(typically about 0.4 count/1000 min in the 2 3 M 4 o P u o r 24iA m region), 
it is necessary to observe certain precautions in their use. Recoil of atoms 
during α-decay results in the accumulation of recoil atoms within the 
detector surface (10). When these recoil product atoms are stable or 

Table IV. Transuranic Element 

WHOIb Values (pCi/kg) 

Sample 2S8Pu 239 >2*°Pu mAm 

Seawater 
SW-I-1 1 . 1 X 1 0 - 2 ± 0 . 3 X 1 0 - 2 7 . 4 Χ 1 0 - 2 ± 0 . 5 Χ 1 0 " 2 — 
SW-I-2 5 X 10~ 2 ±0 .3 χ ΙΟ"2 26 Χ 1 0 ~ 2 ± 0 . 5 X 10"2 — 

Seaweed 

AG-I -1 4 . 2 X 1 0 3 ± 0 . 3 X 1 0 3 3 0 X 1 0 3 ± 0 . 2 X 1 0 3 5 . 2 X 1 0 3 ± 0 . 2 X 1 0 3 

Sediment 
S D - B - l d 6 0 ± 5 8 9 0 ± 3 0 2 3 1 ± 1 8 

a WHOT uncertainty in reported values is the standard deviation of at least six 
analyses for each intercomparison sample. IAEA uncertainty is the standard error for 
the values reported by various laboratories after exclusion of outlying values using 
Chauvenet's criterion. 
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11. LIVINGSTON ET AL. Transuranic Elements 133 

very long-lived, no serious deterioration of the detector background re­
sults. When they are short- or medium-lived, and if they also decay by 
α-emission, the detector background may be seriously increased. This 
problem has been encountered frequently with 2 3 e P u measurement. After 
considerable exposure of a detector to M e P u , permanent contamination by 
2 3 2 U , 2 2 8 T h , and successive daughter nuclides takes place. This contami­
nation can severely limit analytical sensitivity for 2 4 1 A m , 2 3 8 P u , ^ C m , 
2 4 4 C m , or 2 5 2 C f . Serious recoil contamination can be prevented by careful 
control of the nature of the samples exposed to the detector. Yield moni­
tor nuclides should be chosen after considering the recoil contamination 
risk to detectors. The amount of a nuclide used as a yield monitor should 
be restricted to the smallest which still gives acceptable chemical yield 
precision (1-2 disintegrations/min). Furthermore, we check all samples 
soon after starting measurement in case they contain unexpected amounts 
of activity which could lead to recoil contamination. Detector back­
grounds are monitored at regular intervals to check that the background 
activity has not increased. 

Data and Discussion 

The International Atomic Energy Agency organized a series of inter-
laboratory comparisons for calibration purposes. Those completed so far 
include two seawater, one seaweed (Fucus vesiculosus), and one sedi­
ment sample. These materials were contaminated in nuclear waste dis­
posal situations and, in consequence, contain transuranic elements in 
concentrations much higher than those found in samples contaminated 
by global fallout of nuclear weapons testing debris. Nevertheless, the 
data speak directly to questions of calibration of detectors and yield 

Interlaboratory Comparisons0 

IAEA0 Average Values (pCi/kg) 
23Bpu 2 3 9 , 2 4 0 p w 2 4 1 ^ m 

0 . 8 X 1 0 - 2 ± 0 . 0 7 X 1 0 - 2 8 . 7 X 1 0 - 2 ± 0 . 5 X 1 0 - 2 — 
3 . 5 X l O - 2 ± 0 . 4 X 1 0 - 2 2 2 X 1 0 - 2 ± 2 X 1 0 - 2 — 

3 . 8 Χ 1 0 3 ± 0 . 1 Χ 1 0 3 2 7 X 1 0 3 ± 0 . 5 X 1 0 3 1) 5 . 2 Χ 1 0 3 ± 0 . 2 Χ 1 0 3 \ · 
2) 4 . 4 X 1 0 3 ± 0 . 1 X 1 0 3 J 

4 2 ± 4 9 6 0 ± 3 0 — 
6 Woods Hole Océanographie Institution. 
c International Atomic Energy Agency. 
d Preliminary data. 
β Average values not reported. Data are those reported by other laboratories. 
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134 ANALYTICAL METHODS IN OCEANOGRAPHY 

monitors and in that respect relate to the accuracy of measurements at 
the lower concentrations encountered in the analysis of marine materials 
containing "fallout" levels of transuranic elements. Ongoing exercises 
with this latter type of sample (such as large-volume open ocean sea­
water) are already producing data which support our belief that accurate 
data and good interlaboratory analytical agreement are obtainable at 
those concentrations and at the higher concentrations encountered in 
waste disposal situations. Table I V presents the results of those inter­
laboratory comparisons completed to date along with our data in these 
exercises. The data show that our measurements are of satisfactory 
quality and that our calibration methods are good. 

Radionuclide Concentration 
(disintegrations /minute /IOO Kg. J 

•OCEAN FLOOR 

Figure 1. 90Sr, 241 Am, and ™>™?u in a North Atlantic water 
column 

Analyses were made on a number of samples of seawater and marine 
sediments which appear essentially uncontaminated by any artificial 
radionuclides and which can indicate the total analytical blank found in 
these measurements. The sediment samples were deep sections of gravity 
cores from the deep ocean (sections well below the level of the least 
detectable fallout nuclides), and the water samples were from deep in 
the Southern Atlantic Ocean. These data may be compared with the 
analytical data in Figure 1 and Tables V and V I to demonstrate that the 
analytical blanks are extremely low compared with the nuclide concen-
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11. LIVINGSTON ET AL. Transuranic Elements 135 

Table V. Representative Analysis of Transuranic Elements 
in a Marine Sediment0 

Sediment Concentration 
Transuranic Nuclide (Disintegration/min/kg (dry wt) )6 

2 3 8 P u 3.3 ± 0.6 
2 3 9 , 2 4 0 p u 52 ± 2 
2 4 1 P u 430 ± 50 
2 4 1 A m 13.0 ± 0.8 
2 4 4 C m n.d. 
2 5 2 C f n.d. 

α Sediment core collected in Buzzards Bay, Mass. 5/24/72; water depth, 16 m; 
location of sediment section in core, 4-6 cm. 

6 n.d. = not detected. 

trations encountered in many areas of the ocean. For seawater, analyses 
of this type of sample gave concentrations of < 0.005, < 0.005, and 0.007 
± 0.004 disintegrations/min/100 kg for 2 3 ». 2 4 °P U , 2 38 P U j a n ( j 2 4 i A n i j r e _ 
spectively. For sediments the corresponding data were 0.2, < 0.1, and 
0.04 ± . 0.01 disintegrations/min/kg dry sediment, respectively. 

2 4 1 Americ ium, 2 3 9 . 2 4 0 P u , and 2 3 8 P u are the only transuranic nuclides 
measured in seawater where their sole source was global fallout. Figure 1 
illustrates the distribution of 2 4 1 A m and 2 3 9 . 2 4 0 P u with water column depth 
in a set of samples collected in the western North Atlantic Ocean. Also 
shown are the corresponding ^Sr data. 9 0Strontium is believed to behave 
in seawater as a "soluble" fallout radionuclide, moved primarily by physi­
cal mixing processes ( I I ) . It then acts as a tracer of the conservative 
properties of seawater. 9 0Strontium concentrations decrease with increas­
ing sampling depth. 2 4 1 Americ ium and 2 3 9 . 2 4 0 P u concentrations relative to 

Table VI. Distribution of 2 4 1 A m , 2 3 9« 2 4 0 Pu, 2 3 8 Pu, and 2 4 1 Pu 
in a North Atlantic Sediment0 

DfromSedi^ D i s i n t e 0 r a t i o n s / m i n / k 0 (dry sediment) 
Surface (cm) 2 3 9 , 2 4 0 p M WPuc mAmc 

0 - 1.3 2 ± 1 160 ± 3 n.m. 43 ± 2 
1.3- 2.6 4 ± 1 112 ± 9 1130 ± 160 38 ± 2 
2.6- 3.9 2 ± 1 73 ± 6 590 ± 110 26 ± 1 
3.9- 5.2 n.d. 47 ± 4 350 ± 70 15 ± 1 
5.2- 6.5 n.d. 23 ± 3 n.m. n.m. 
6.5- 7.8 n.d. 15 ± 2 n.m. n.m. 
7.8- 9.1 n.d. 7.8 ± 1.2 n.m. n.m. 
9.1-10.4 n.d. 6.7 ± 0.9 n.m. n.m. 

° Sediment collected at water depth of 1115 m with an 8 in. diameter gravity corer 
on R.V. "CHAIN", Cruise 105, August 6, 1972, at 60°05' Ν, 6°02' W. 

6 n.d. =s not detected. 
c n.m. = not measured. 
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136 ANALYTICAL METHODS IN OCEANOGRAPHY 

9 0 Sr increase in deeper samples. This is consistent wi th our belief that 
the transuranic nuclides sink more rapidly than 9 0 Sr and in association 
with sinking particles (12). 

Table V shows some transuranic radionuclide concentrations found 
i n near shore sediment close to Cape Cod, Mass. The total transuranic 
content of these shallow sediments agrees wel l with that predicted as 
being delivered to the latitude, arguing that the core segment represents 
part of the period of high 2 3 8 P u delivery from S N A P 9A fallout. The 
implication is that all of the delivered transuranic element is rapidly 
deposited in the sediment in contrast to the "soluble" fallout radionuclides. 

Table V I shows the distribution of 2 3 8 P u , 2 4 1 P u , 239,24oPu> a n d 2 4 i A m 

within a sediment core collected several hundred miles northwest of the 
British Isles. Concentration profiles of plutonium and americium nuclides 
are rather similar in shape. The transuranic concentrations found in this 
sediment were surprisingly high. The high concentrations are believed 
to result from deposition of these nuclides from advected water carrying 
these nuclides from another area, rather than from the direct vertical 
transport of sinking particles. 

Table V I I . Fraction of Delivered Plutonium Found in Ocean Sediments 

Our initial series of sediment analyses for transuranic elements led 
us to believe that there was an inverse relationship between the amounts 
of transuranic elements present in sediments and the depths of water 
overlying them (12). These data (Table VI I ) show that progressively 
smaller fractions of the plutonium estimated to have been delivered to 
the sea surface are found in sediments in progressively deeper water. 
More recent data seem to indicate that this relationship is not universally 
followed. For example, calculations indicated the sediment referred to 
i n Table V I contained 2 3 9.24opu equal to 114% of that predicted as having 
been delivered to the sea surface at that location. This clearly disagrees 
with that predicted at that depth from the data in Table VI I . 

These are examples of the kinds of data that are obtainable for the 
concentrations of transuranic elements presently in the marine environ-

Sediment Collection 
Year and Place of 

Depth of Water Fraction of Delivered 
Overlying Plutonium Found 

Sediment (m) in Sediment (%) 

1970 41°30' Ν, 70°50' W 
1969 41°21' Ν, 8°41' Ε 
1971 9°35' S, 12°20' Ε 
1970 21°54' Ν, 18°17' W 
1969 39°02' Ν, 42°36' W 
1971 29°59' S, 4°55' Ε 
1971 15°49' S, 2°08' Ε 

12-24 116 ± 31 
1000 17 ± 5 
1345 32 ± 18 
1410 36 ± 11 
4810 9 ± 3 
4920 6 ± 3 
5349 <2 
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11. LIVINGSTON ET AL. Transuranic Elements 137 

ment. A more complete understanding of the processes which move and 
remove these elements in the oceans is clearly possible through applica­
tion of these techniques. It is not necessary to emphasize that this kind 
of information is and w i l l continue to be necessary in a technological 
society with an increasing nuclear energy dependence. 
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Collection and Analysis of Radionuclides 

in Seawater 

W. B. SILKER 

Radiological Sciences Department, Battelle, Pacific Northwest Laboratories, 
Richland, Wash. 99352 

7Be and fission products from seawater are collected and 
their concentrations quantified by analysis. The basic sam­
pling system consists of a unit which filters the water to 
remove particulate material and then directs the sample 
flow through a bed of aluminum oxide which retains a de­
terminable amount of the various radionuclides. Fractional 
radionuclide adsorption was first evaluated in the laboratory 
under simulated field conditions and then verified by ex­
periments at sea. Analysis of the samples is done by anti­
coincidence-shielded multidimensional gamma ray spec­
trometry, which provides a sensitive means of radionuclide 
detection. 

adioactive material in the world's oceans has provided many useful 
tracers for investigations of various aspects of oceanography, geo­

chemistry, and other fields of study. These radionuclides include those 
present in the decay chains of the natural uranium and thorium series, 
fission products and plutonium isotopes resulting from nuclear weapons 
testing, and the cosmogenic radionuclides. One of the cosmogenic radio­
nuclides that has proved most useful is 7 Be, which is a spallation product 
resulting from the reaction of cosmic rays with atoms of oxygen and 
nitrogen. 

The techniques used for sample collection and analysis are varied 
and are dictated by the concentration of the particular radionuclide and 
the instrumental sensitivity available for its measurement. For those ra­
dionuclides that are present in sufficiently high concentration, a 10-100 1. 
sample of water is collected, and the material is isolated and concen­
trated by co-precipitation and radiochemical separation. Several in situ 
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140 ANALYTICAL METHODS IN OCEANOGRAPHY 

concentration methods have been developed in which the material of 
interest is collected on a matrix that is exposed to the water. Folsom ( I ) 
uses ferrocyanides of cobalt or copper which are specific for cesium collec­
tion to measure the concentration of 1 3 7 C s . The amount of water contacted 
is determined by measuring the quantity of inert cesium, a conservative 
element, retained in the collector. Jute fiber or sponges impregnated 
with hydrous ferric oxide were used by L a i (2) to extract silicon and 
3 2 S i from tens of tons of seawater. In yet another application, Moore and 
Reid (3) use acrylic fibers impregnated with manganese oxides to 
extract radium isotopes from several thousand liters of seawater. 

Radionuclide Collection 

In our particular case, we are interested in measuring the concentra­
tions of 7 Be and the gamma emitting fission products in seawater which 
are present at levels of a few tenths to hundredths of a dpm/1. To obtain 
a sufficiently large sample, characteristically 40001. of water are processed, 
and the large-volume water sampler (4) (Figure 1) is used. The 
bottom section of this unit contains eight parallel filters which remove 
particulate material greater than 0.3 μ i n diameter. Sample flow is then 
directed through a 0.64-cm thick bed of neutral alumina which retains a 
determinable fraction of the radionuclides of interest. The alkali metals 
and alkaline earths which are present in rather high concentrations in 
the ocean are not adsorbed and pass through the alumina bed. The effi­
ciency with which the aluminum oxide retained various radionuclides 
was evaluated, both in the laboratory and in the Pacific Ocean. The 
radionuclides present in the seawater served as tracers for this process. 
The ocean experiment thus eliminated any inconsistencies resulting from 
differences in either the chemical or physical state between the prepared 
solution and the natural states of the various radionuclides. 

Laboratory investigations were conducted with a small system that 
provided prefilters and a 1 cm 2 X 0.63-cm deep bed of aluminum oxide 
adsorbent. A sample of seawater containing one or more radionuclides 
of interest was passed through this system at a flow rate of 50 m l / m i n , 
which is equivalent to the operational shipboard flow rate of 37.85 l . /min 
for the large ocean sampling system. Collection efficiencies, determined 
by gamma counting, were evaluated both by comparison of the spike 
concentrations in the influent and effluent streams and by assay of the 
amounts retained by the bed with respect to the total throughput. The 
results from both of these methods were in agreement. The retention 
efficiencies for the various radionuclides measured by this method are 
included in Table I. Sorption of the radionuclides was constant at flow 
rates below 50 m l / m i n / c m 2 but decreased by 10% at 100 m l / m i n / c m 2 
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12. siLKER Radionuclides in Seawater 141 

Figure 1. The Battelle large volume 
water sampler 

and 27% at 150 m l / m i n / c m 2 . The retention efficiencies were maintained 
after the equivalent of approximately 6000 1. passed through the ocean 
system. This is in excess of the 4000 1. normally required to measure 
adequately the concentration of ocean radionuclides. 

Using the facilities aboard the R / V Yaquina, a research vessel oper­
ated by Oregon State University, the collection efficiencies of the radio­
nuclides existent in the ocean were determined in situ. A large reaction 
vessel on the ship allowed the trace elements and radionuclides to be 
separated from about 600 1. of ocean water by precipitation-scavenging 
reactions while a concurrent water sample was passing through the ocean 
sampling system. This experiment was repeated at four stations along 
the Oregon and Washington coasts, which were within the influence of 
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142 ANALYTICAL METHODS IN OCEANOGRAPHY 

the Columbia River plume yet contained 32% salinity. The Columbia 
River proximity provided adequate concentrations of radioactive tracers 
for the experiment. 

After the water was collected in the reaction vessel, 288 ppm ferrous 
sulfate was added. Addit ion of a stoichiometric quantity (100 ppm) of 
potassium permanganate thus resulted in formation of hydrous ferric 
and manganese oxides. Scavenging efficiencies for this precipitation reac­
tion have been reported previously (5,6). The resulting suspension was 
agitated for 10-20 min and allowed to settle for 12-24 hr, after which 
the supernatant l iquid was siphoned. The precipitate was removed and 

Table I. Percent Uptake of Soluble Radionuclides from 
Seawater by Alumina 0 

Radionuclide Laboratory Ocean Test 

'Be 60 66 ± 14 
«Sc 43 68 ± 35 
5 1 C r 25 0.5 ± 0.5 
M M n 1.5 44 ± 44 
6 0 C o 14 10 ± 6 
w Z n 45 44 =fc 45 
" "Zr -Nb 47 59 ± 13 

i o e R u 18 17 ± 2 
1 2 4Sb 2.5 3 rfc 2 
I 4 4 Ce 58 62 ± 29 

2 U B i ( 226 R a ) 2.5 4 =fc 6 
2 S 4 X h 56 40 ± 7 

β Those materials that pass on 0.3μ membrane filter are assumed to be soluble. 
Flow = 50 ml/min/cm2. 

eventually isolated by filtration, dried, and transferred into a suitable 
counting container. The filters and alumina, which were removed from 
the ocean sampler, were also dried and transferred into counting con­
tainers. A l l of these samples were analyzed with a multidimensional 
gamma-ray spectrometer (5) , and the amounts of the various radioactive 
species were determined from the resultant spectra. Bed efficiencies 
calculated according to the following equation are also included in 
Table I : 

Efficiency = d/m Wfr) m ( 1 ) 

d/m (ppt) — d/m (filter) 

The quantities of radioisotopes used in the laboratory tests were 
so large that the error caused by counting statistics was less than 3 % . 
Large errors attached to the values from the ocean test arise in part from 
the counting statistics from the low concentrations of radionuclides in -
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12. srjLKER Radionuclides in Seawater 143 

volved and in part from the division of a small number by the difference 
of two relatively large numbers. Good agreement was obtained between 
the two tests for all isotopes except 5 4 M n and 5 1 C r . It is felt that these dis­
crepancies resulted from differences in the chemical or physical form of 
the isotopes in the two systems, which emphasizes the need for in situ 
evaluation under the conditions from which field samples are expected 
to be obtained. These comparisons also show that for cases where the 
natural state of the radionuclides can be duplicated, laboratory evalua­
tion of retention efficiencies are satisfactory. 

Currently, we monitor the retention efficiencies in a different manner. 
Laboratory tests demonstrated that adsorption of the different radio­
active species by aluminum oxide obeyed the Freundlich isotherm. 
Successive beds of the same thickness removed the same fraction of the 
amount of radionuclide passing the preceding bed as was retained by 
the upstream bed. In other words, if a bed of a given thickness removed 
50% of a particular isotope, a second bed of the same thickness removed 
50% of the residual or 25% of the amount initially present. Thus, by 
using two 0.64-cm beds in series and by measuring the concentrations 
of radionuclides on each bed, the collection efficiencies for all radio­
nuclides can be calculated easily. 

The precision of the sampling method was determined from the 
analysis of four surface water samples collected at a station in the North 
Equatorial Atlantic Ocean. Water was simultaneously pumped through 
two sampling units which were reloaded, and the process was repeated. 
The analytical results obtained from these four replicate samples, to­
gether with the retention efficiencies for the various radionuclides are 
given in Table II. The range of the replicate measurements agrees 
reasonably well with that which would be expected from statistical con­
siderations. The poor precisions recorded for 1 4 4 C e and 2 2 6 R a arise in 
part from poor counting statistics and also from the fact that only 2.5% 
of the 2 2 6 R a is retained by the aluminum oxide bed. 

As previously mentioned, aluminum oxide is used as our primary 
collector, but other media have been used for special situations. For 
example, when the Hanford reactors were operating, quantities of hexa-
valent 5 1 C r were discharged to the Columbia River and subsequently to 
the ocean, and we were interested in studying the dispersion rate of the 
Columbia River plume. Alumina did not collect the dichromate ion 
efficiently. By using alumina saturated with stannous chloride, the 
chromium was reduced o a contact to the trivalent state, and this was 
very efficiently retained on the bed. We also found that by saturating 
alumina with barium sulfate, we could collect radium isotopes, pre­
sumably by a replacement reaction with the barium on the matrix. For 
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Table II. Measured Radionuclide Concentrations 

Sample me <*ZrNb ™Ru ™Ru 

Average 
Precision (%) 

1 
2 
3 
4 

223 ± 8 
229 ± 8 
233 ± 7 
257 ± 8 
235.6 

68 ± 1 
77 ± 1 
67 ± 1 
75 ± 1 
72.0 

35 ± 3 
51 ± 3 
39 ± 3 
42 ± 4 
41.8 

67 X 5 
62 ± 6 
63 ± 8 
71 ± 5 
65.7 

6.2 6.9 16.5 6.5 

specialized purposes, we have used beds of other materials—for example, 
potassium cobalt ferrocyanide for the removal of cesium from seawater. 
These sampling systems have been used in freshwater where ion exchange 
resins were utilized for collection and differentiation of cationic, anionic, 
and non-ionic species existing in the freshwater environment. 

Sampling Methods 

In our research we want to determine the depth distribution of 
the various radionuclides in order to determine the vertical eddy diffu-
sivity within the thermocline and the total inventory of the short-lived 
nuclides within the water column. The equipment used to obtain these 
samples, pictured in Figure 2, consists of a large motorized reel to lower 
and retrieve the sampling lines. The sampling lines are a bundle of five 

Figure 2. Water sampling equipment 
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in Replicate Samples (dpm/m 3 ) 
1 4 4Ce 20877 ™Ra 

93 ± 34 
122 db 39 
139 ± 49 
100 =b 33 
113 

3.3 ± 1.5 
3.7 ± 0.4 
3.3 ± 0.6 
3.7 zb 0.5 
3.5 

98 db 17 
158 ± 21 
118 =b 34 
134 =b 18 
127 

7080 ± 200 
7400 ± 230 
6390 ± 200 
7270 =b 230 
7035 

18.6 6.6 20 6.4 

2.54-cm diameter polyethylene hoses, each terminating at a different 
depth, the longest being 100 m. Water is drawn from each depth 
with deck-mounted centrifugal pumps, and the flow is directed to a 
sampling unit. The effluent is passed through a standard house water 
meter to measure the volume of sample processed and is then discharged 
overboard. 

If our particular ship driver is adept at handling his vessel, the hose 
angle remains at zero, an idealized situation which is generally unattain­
able. Originally we placed a timed depth recorded at the bottommost 
sampling location and would determine the other sampling depths by 
extrapolation. Realizing that this was less than satisfactory and rather 
than putting moderately expensive equipment at each sampling depth, 
we developed a very simple system for monitoring depth. Lengths of 
small bore plastic tubing, terminating at each sampling depth, are pres­
surized with compressed gas. B y measuring the equiUbrium pressures, 
we have a real time monitor of the depths from which samples are 
actually being drawn. 

Sample Analysis 

After the samples are returned to the laboratory, they are analyzed 
nondestructively on highly sensitive anticoincidence-shielded multidimen­
sional gamma-ray spectrometers. A n example of one of these counting 
systems is shown in Figure 3 ( 7 ) . This particular system has two 11-in. 
diameter by 6-in. thick sodium iodide for its primary detectors with 
a 4-in. sodium iodide light pipe, all surrounded by an anticoincidence 
shield of NE-102 plastic phosphor. The sample to be counted is placed 
between the two primary detectors. The amplified signals from each 
detector are fed through separate analog to digital converters for energy 
and coincidence analysis and then to a 4096 channel memory core which 
is set up in a 64 X 64-in. matrix array. A single photon interaction in 
one detector is stored on the corresponding X or Y axis of the memory. 
Two coincident photons, each reacting with a different detector, are 
stored in the energy-energy plane at a point uniquely characteristic of 
their energies. A n y event occurring simultaneously within either principal 
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Screw Gear 
Lead - Borate:) Lifting Mechanism 

Counting 

Figure 3. Anticoincidence shielded multidimensional gamma-ray spectrometer 

detector and the anticoincidence shield is rejected. These instruments 
characteristically have a very low background, reduced Compton inter­
ference, and good counting efficiency and by coincident gamma-ray analy­
sis provide high sensitivity for the direct measurement of many minor 
radioactive constituents. The disintegration rate of each radionuclide is 
calculated from its counting rates by computer solution of a series of 
simultaneous equations. These equations use Compton correction factors 
and absolute counting efficiencies predetermined from a standardized 
source counted in identical geometry. In addition, correction for sample 
volume, collection efficiency, and decay from time of sampling to analysis 
are made (8). 

The methods of sample collection and analysis that we used are 
constantly being improved and have proved most satisfactory for our 
particular requirements. The sampling units are in use by other labora­
tories across the country in investigations of both fresh and salt water 
systems. 
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13 
Measurement of Organic Carbon in Seawater 

P E T E R J. W A N G E R S K Y 

Department of Oceanography, Dalhousie University, 
Halifax, Nova Scotia, Canada 

The analysis of seawater for organic carbon is complicated 
by the large amount of inorganic carbon present, as well as 
by the various complex compounds. All of the methods now 
used remove the inorganic carbon by acidification and de­
gassing, thus removing and ignoring the volatile organics. 
The standard method involves a wet oxidation with per­
sulfate at elevated temperature and pressure. This method 
gives results which disagree with those found by dry com­
bustion techniques. The dry combustion results range be­
tween 1.5 and 3.0 times the wet oxidation values and show 
considerably greater structure in the organic carbon distri­
bution in the water column. None of the techniques now 
available are suitable for routine use. 

*"phe organic carbon present in seawater is usually separated into three 
·*• components—the particulate organic carbon ( P O C ) , the dissolved 

organic carbon ( D O C ) , and the volatile fraction. This division is made 
on an operational basis rather than on the basis of chemical or biological 
reactivity. Organic material is present in seawater in particle sizes rang­
ing from whales to small organic molecules such as methane; the precise 
point at which an organic molecule or collection of molecules stops being 
a particle and becomes a solute molecule is not wel l defined. For analyti­
cal purposes, the size at which an aggregation of molecules is considered 
to be particulate is defined by the separation method used. 

Particulate Organic Carbon 

The normal method of separation is filtration. The division between 
"dissolved" and * particulate" thus becomes a function of pore size and 
filtering characteristics of the particular filter chosen. The pore size 
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13. WANGERSKY Organic Carbon in Seawater 149 

generally considered as the division point is 0.45 /xm. This choice is prob­
ably a carryover from the days of the first membrane filters. However, 
this convention, like most such artificial boundaries, is more honored in 
the breach than in the observance. In order for the small amounts of 
P O C to be measured with any reliability, the filters used must contain 
very little carbon. The filters generally used are of either glass fiber or 
silver. The glass fiber filters display a nominal pore size, at best, and trap 
many particles much smaller than their stated pore size ( I ) . The silver 
filters are much closer to their stated filtration characteristics, but almost 
no one actually uses the 0.45 ion size. The filters as delivered by the 
manufacturer contain high and variable amounts of carbon which must 
be removed by combustion. This combustion alters the pore size of the 
filters to approximately 0.8 μτη. The 0.8 μιη filters do not suffer so great 
a distortion in heating (2). As a result, most workers using the silver 
filters use either 0.8 or 1.2 μτη, although 0.45 jum is still considered as the 
cutoff size for P O C . The actual cutoff size is determined by the filter 
used, and the choice of filters may be determined as much by availability 
and economics as by filtration characteristics. 

There is not too much argument about analysis methods of the col­
lected particulate material. While a few workers continue to use wet 
oxidation methods, it is acknowledged that these methods are neither as 
sensitive nor as accurate as the various dry combustion methods. Most of 
the more recent work has been done with one or another of the com­
mercially available carbon analyzers (2). However, a few laboratories 
still use units assembled before the advent of suitable commercial units 
(3). A l l of these units, commercial or home-built, oxidize the organic 
carbon to carbon dioxide at high temperatures and measure this carbon 
dioxide usually by nondispersive infrared gas analysis ( 4 ) or by thermal 
conductivity. The results of the various methods seem completely com­
parable (5). 

The only argument on methodology still existing concerns the method 
of determining the filter blank. Some investigators (2,3,6) measure the 
carbon content of filters handled just as the samples, but with no water 
passed through; other workers (7,8) have attempted to correct for ab­
sorption of D O C on the filters by using packs of two or more filters and 
using the bottom filter, presumably containing only adsorbed organic 
carbon, as the filter blank. Recent work (3,9) suggests that there is no 
appreciable adsorption and that the organic carbon measured in the 
bottom filter of a filter pack is appreciable only in surface waters. Its 
inclusion in a filter blank results in an underestimation of the P O C con­
tent of the surface waters. The values normally found for P O C range 
from 0-5 in deep water to 25-100 /xg carbon/1, in the surface waters or 
only a few percent of the total organic carbon present. 
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Volatile Materials 

The volatile fraction is also defined by the measurement technique. 
As covered in the section on the determination of the dissolved fraction, 
the methods used for removing carbonate carbon must result in the loss 
of some fraction of the organic material present. This fraction is cus­
tomarily considered as the volatile fraction, and it is different if it is lost 
by acidification and evaporation at 60 °C or by acidification followed by 
freeze-drying. In any case, the volatile fraction is not the fraction volatile 
at normal surface ocean temperature and p H but rather the fraction 
volatile at a p H low enough to permit the carbonate removal. In our 
laboratory, hydrocarbons, ethers, aldehydes, ketones, and some alcohols 
and acids can be removed by these techniques. 

A t this time there are no reliable measurements of the volatile frac­
tion as defined by any method. Russian workers (10) have estimated by 
difference that the fraction removed by evaporation of acidified seawater 
at 60°C is about 15% of the total D O C . Work has been done on identi­
fying and measuring specific compounds removed from seawater by 
sparging (11) and by the head space technique (12), but hard numbers 
and reliable distributions for the whole volatile fraction await the devel­
opment of a simple, accurate technique. 

Dissolved Organic Carbon 

The measurement of D O C is a far more difficult task than was origi­
nally thought. The difficulties stem in part from the quantities involved; 
even the most optimistic estimates range only from 1.5 to 3.0 mg carbon/1. 
The analyses are therefore always in the ppm range. Furthermore, to be 
useful for any calculations of carbon budgets, the precision and accuracy 
of the analyses should be better than 5 % ; 1-2% would be greatly pre­
ferred. W e must strive for accuracy at the 10 ppb range and be unsatis­
fied with 50 ppb. 

There are methods, generally gas chromatographic or fluorometric, 
which give us this degree of sensitivity and precision for single compounds 
or classes of compounds. However, the organic materials in seawater 
include just about every compound of any biological interest and range 
in molecular weight from 16 to greater than 100,000. The classes of 
compounds present range from the simplest of hydrocarbons, methane, 
to complex polysaccharides containing sulfate and uronic acid residues 
(13). No single, simple detector or method yet devised is equally sensi­
tive to all of these compounds. 

One way to treat this problem of extreme diversity is to convert all 
compounds to one single compound which can then be measured with 
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13. WANGERSKY Organic Carbon in Seawater 151 

sensitivity, accuracy, and precision. The compound normally chosen has 
been carbon dioxide. It is relatively easy to measure by various tech­
niques, and, as a gas, can be separated from a relatively large sample 
volume and concentrated to increase sensitivity and precision. However, 
the carbonate carbon already present in water interferes with so simple 
an approach. 

In fresh water, the amount of carbonate present is low enough so 
that reasonable accuracy can be achieved simply by measuring the car­
bonate carbon in one aliquot and the total carbon on another and calcu­
lating the organic carbon by difference. In seawater, however, there are 
over 100 mg of inorganic carbon dioxide for every 7 mg derived from the 
oxidation of organic carbon. In any determination by difference, the 
organic carbon present could be less than the analytical error of the 
method. For this reason, the inorganic carbon is normally removed by 
lowering the p H well into the acid range, usually with phosphoric acid 
and then sparging with nitrogen. Even at p H 3, however, carbon dioxide 
is notoriously reluctant to leave seawater. Since the organic carbon is so 
small a fraction of the total carbon, care must be taken to ensure that 
there is no residual carbon dioxide to bias the final measurement. It is 
in this sparging step that the volatile fraction is lost, although this step 
defines the volatile fraction. 

The small amounts of organic carbon present also increase the diffi­
culties inherent in the sampling process. It is possible, with the proper 
precautions, to ensure that no organic carbon is added to the samples 
once they have arrived at the laboratory. It is much more difficult to 
ensure that the amount of organic carbon in the water in the sample 
container is the same as the amount originally present in the water mass 
sampled. Most water samplers are lowered through the water column 
open and are closed at the sampling depth. To bui ld a sampler which 
could be lowered closed is possible, but too expensive for routine appli­
cation. The flushing characteristics of the sampling bottles are good 
enough so that there is little carry-over of dissolved materials from one 
depth to the next. However, the highest concentrations of organic matter 
in the sea are in the surface layer, in the form of hydrocarbons, surface-
active compounds, and any material contributed by the research vessel. 
Running the open bottles through this surface layer results in a consid­
erable carry-over of organic material since these compounds adsorb 
readily to the polyvinyl chloride used for the construction of sampling 
bottles (14). The amount added to the water samples is not usually 
significant in measuring total organic carbon, but it may bias measure­
ments of specific compounds. 

A greater contamination source is the ship itself. Ocean-going ves­
sels, even research ships, travel i n a smog of hydrocarbons and combus-
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152 ANALYTICAL METHODS IN OCEANOGRAPHY 

tion products of hydrocarbons. Besides the omnipresent diesel fuel, the 
lubricating oils and greases and the various organic preservatives soon 
coat even the cleanest surface. Clothing worn on cruises commonly 
retains the odor of diesel fuel through two washings. Fumes from the 
stacks and the galley often circulate freely through the winch room. 
Although the shipboard laboratory may be as clean as any shore-based 
installation, the work done there is limited by what has happened to the 
sample before it arrives at the laboratory. 

If the samples are to be brought back to shore laboratories for analy­
sis, preservation becomes a problem. As a general rule, the addition of 
preservatives is unsatisfactory. It is difficult to avoid the addition of 
organic materials along with the preservatives. Acidification, although 
often advocated, is not a reasonable procedure because some of the 
organics present can be degraded to volatile fragments by treatment with 
dilute acids over a long period. Perhaps the only useful storage method 
is freezing, but this is limited by space requirements, both at sea and in 
the laboratory. The samples, once thawed, must be analyzed and dis­
carded, but the extra handling involved in thawing and refreezing makes 
contamination almost a certainty, particularly if many samples are 
involved. 

A problem not originally anticipated was that of preparing proper 
standards and blanks. Doubly distilled water, even when distilled from 
permanganate, contains a small amount of organic carbon which may 
vary with the seasons. A range of 0.5-1.5 mg carbon/1, has been found 
in singly distilled water in Halifax, with the largest amounts occurring 
shortly after the spring bloom in the local reservoir system. Halifax city 
water is derived from acidic peat bogs and is very high in organic matter. 
Other workers have reported values for distilled water in the range of 
0.25 mg carbon/1. (15). In late March, the distilled water in this labora­
tory contained about 1.2 mg carbon/1, or approximately the level to be 
expected from surface water in the ocean. 

In order to determine whether the method we were using for the 
determination of dissolved organic carbon was truly linear at very low 
concentrations, it was necessary to remove the organic carbon at least to 
the level of sensitivity of our method, about 0.03 mg carbon/1. To do 
this, we were forced to resort to high temperature combustion of the 
water in a stream of oxygen (16). Our difficulties in removing the last 
vestiges of organic matter are convincing evidence that any analysis 
method which does not indicate a blank of at least 0.25 mg carbon/1, in 
normally distilled water is suffering from incomplete oxidation. 

Some comment should be made concerning the levels of precision 
and accuracy required of the methods. When we are concerned merely 
with determining the rough outlines of the oceanic distribution of organic 
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13. WANGERSKY Organic Carbon in Seawater 153 

carbon, we can perhaps be satisfied with a precision of ± 0 . 2 m g carbon/1. 
However, if we wish to make any quantitative calculations of the carbon 
budget or if we wish to keep track of the amounts of carbon present i n 
different fractions of the organic matter, we must aim for a precision of 
no worse than ± 0 . 0 2 mg; ± 0 . 0 1 mg carbon/1, would be considerably 
better. If we cannot achieve this degree of precision, some kinds of 
calculations, particularly of rates of formation and utilization, may simply 
never be possible. 

Wet Oxidation Methods 

The analysis methods which have been attempted fall roughly into 
two categories, wet oxidation and dry combustion. Some attempts have 
been made to use ultraviolet absorption to measure organic content (17, 
18), but these methods are no better than semiquantitative. Of the two 
classes of oxidation methods, wet oxidation has been the most popular 
since these methods are not faced with the problems presented by the 
large amounts of salt in the sample. 

The wet oxidation methods all remove the carbon dioxide present in 
seawater, usually by adding acid and sparging with purified oxygen or 
nitrogen. A strong oxidant is then added to the solution, and after suitable 
treatment, usually involving heating, the carbon dioxide generated from 
the organic carbon is removed from solution and measured. The major 
variations in method have been in the oxidants used and in the methods 
of measurement. 

There has been a progression to stronger oxidants, with each new 
oxidant showing a slight increase in the amount of organic carbon present. 
The oxidants used have included potassium peroxide ( 19), dichromate in 
sulfuric acid (20, 21, 22), silver dichromate (23), potassium persulfate at 
140°C (4), and hydrogen peroxide and high intensity ultraviolet light 
(24, 25). The changes in oxidant were made more to speed up the analy­
sis methods than to make the oxidation more complete, but the increase 
in organic carbon accompanying the shift in methods certainly pointed 
out the insufficiency of the earlier oxidants. In recent years the persulfate 
oxidation as described by Menzel and Vacarro (4) has become the stand­
ard method in limnology and oceanography. 

The methods used for measuring the carbon dioxide generated from 
the organic carbon have also varied considerably. The D O C values found 
by wet oxidation methods range from 0.5 to 2.0 mg carbon/1., so that the 
lower values produce about 22 /xg carbon dioxide/ml. The greater the 
sensitivity of the measuring device, the smaller the amount of sample 
needed. Early methods included gravimetric and volumetric determina­
tions of the released carbon dioxide. More recently, conductometric (23), 
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154 ANALYTICAL METHODS IN OCEANOGRAPHY 

gas chromatographic, spectrophotometric, and even mass spectrographs 
methods have been used. The instrument most commonly used is the 
nondispersive infrared gas analyzer which has the twin advantages of 
extreme sensitivity and extreme selectivity (4). The instrument also has 
the disadvantage of a nonlinear response and thus requires careful cali­
bration. The thermistor detectors used i n gas chromatographic adapta­
tions of the method do not suffer from this nonlinearity but are consid­
erably less sensitive. Conceivably, the helium ionization detector could 
be adapted to this technique; the gain in sensitivity would be consid­
erable, but the cost in time required to ensure the continuity and integ­
rity of the system might outweigh any increased sensitivity. 

Although the Menzel and Vacarro (4) technique has been accepted 
as the standard method in this field and is even incorporated into the 
chemical oceanographer's manual (26), there are still details of the 
method which have not been sufficiently tested. In the method as origi­
nally published, an aliquot of the sample is pipetted into a combustion 
vial , the acid and persulfate added, and the mixture bubbled to expel the 
inorganic carbon. Sharp (27) argued that the addition of persulfate at 
this point might lead to the oxidation of some of the organic compounds 
and their expulsion from the solution either as carbon dioxide or as 
volatile fragments of the originally nonvolatile compounds. H e made 
parallel determinations on a large number of samples from the North 
Atlantic to measure the effect of the time of persulfate addition; the 
samples to which the persulfate was added after a preliminary acidifica­
tion and bubbling with nitrogen to remove carbon dioxide displayed 
up to 30% more D O C than those run with the normal sequence. Further­
more, the constancy of the deep ocean D O C , so much a feature of the 
wet oxidation methods, was no longer apparent. The distributions 
instead seem to show a correlation with water mass distributions (F ig­
ure 1). 

There are other problems in the wet oxidation method. For one, the 
precision of the method is far from good. Customarily, three replicates 
are taken from each water sample. After acidification, bubbling, and the 
addition of persulfate (not necessarily in that order), the sample ampoules 
are sealed with a torch. They are then held until it is convenient to heat 
them, usually for 1 hr at 140 °C, break the ampoule, and measure the car­
bon dioxide evolved. Since there is often a considerable delay between 
sampling and analysis, sometimes as much as a month, there is no oppor­
tunity to retrieve mistakes or accidents. Our own experience has been 
that w i l d values, perhaps caused by contamination, occur in about 20% 
of the samples. The use of either subjective judgment or some empirical 
rule-of-thumb not far removed from subjective judgment, for the elimi­
nation of these w i l d values is widespread. 
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13. WANGERSKY Organic Carbon in Seawater 155 

However, no matter how precise the method may be made by future 
refinements, the fact remains that only some fraction of the total D O C 
is measured. The supposition is often made that ease of chemical oxida­
tion can be equated wi th ease of biological usage, but this is purely 
conjecture, easily refuted by examination of a few specific examples. 
Benzoic acid, for instance, is easily and completely oxidized and yet is 
used as a bacteriostatic preservative. 

DOC mg/l 

5000L 

Figure 1. DOC concentrations in the Sargasso Sea 
by various methods. X — X , wet oxidation (7); 
+—+, wet oxidation (27); 0 — 0 , total combustion 
(27); • — • , freeze-drying, total combustion (12); 

X - - X , evaporation, total combustion (30). 

What we can really infer from these data is that the fraction measured 
by the Menzel and Vacarro (4) variation includes those compounds that 
are middling difficult to oxidize or volatilize and that the distribution of 
this fraction is one of high values in the surface waters with low and 
constant values, within the large variability of the method, throughout 
the deep oceans. The extra 30% measured by the Sharp (27) variation 
of the method consists of those compounds degraded to carbon dioxide 
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156 ANALYTICAL METHODS IN OCEANOGRAPHY 

or to volatile fractions by persulfate at room temperature. N o biological 
correlations can be made with either of these fractions a priori; their 
biological significance must be demonstrated, not assumed. 

The whole concept of biological recycling of organic carbon estab­
lished by Menzel and Ryther (28) rests upon the single foundation of 
the uniformity of D O C in the deep waters (29, 30, 31). If the true 
values of D O C and P O C vary either with depth or with water mass 
structure, the rest of their elaborate structure of reasoning collapses. 
Thus, the validity of the analysis method chosen is more than simply a 
question of which numbers most closely describe the real world. Our 
concept of the way in which this piece of the world is put together 
depends upon the method we choose for our analyses. 

Dry Combustion Methods 

The obvious alternative to wet oxidation would be some variation 
of the long familiar dry combustion methods, where the sample is heated 
to 600°-900°C, usually in a stream of oxygen or in the presence of an 
oxidizer and the resulting carbon dioxide measured in some manner. 
While this method has worked admirably through the years for a variety 
of materials, seawater poses some special problems. Some of these prob­
lems have already been discussed. The presence of carbonate in the 
seawater makes an acidification and carbonate removal step necessary, 
thus also removing the volatile fraction, and the low concentration of 
D O C limits the permissible sample size. 

The various dry combustion techniques require that the sample be 
present in the form of dried sea salts. The water must be removed either 
prior to, or in the course of, the analysis. One of the major differences 
between methods is the way in which this water is removed. Perhaps 
the oldest and most straightforward method was devised by Skopintsev 
and Timofeyeva (10). They simply acidified their samples and dried 
them at 60 °C. The carbonate carbon and the volatiles were removed in 
the drying process. The sea salts remaining were analyzed for organic 
carbon by a standard microtechnique. The volatile fraction was defined 
by this technique as that material which volatilized at 60 °C from an acid 
solution saturated in sea salts. While the advantages of this method are 
obvious, it is still not completely satisfactory for routine use. The drying 
step takes too long, limiting the number of samples taken. Also, the 
possibility of contamination, always present in any organic carbon deter­
mination, is increased by the handling necessary in this method. 

The D O C values resulting from this technique are startling indeed. 
Where the wet oxidation methods give surface values between 1 and 2 mg 
carbon/1., the Russian values range between 1.5 and 3.0 mg carbon/1. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

13



13. WANGERSKY Organic Carbon in Seawater 157 

The discrepancies between the methods are even more marked in the 
deep samples, where the persulfate values are close to 0.5 mg, and the dry 
combustion values range between 1 and 1.7 mg carbon/1. The discrepan­
cies between the two methods were pointed out almost as soon as enough 
numbers were in the literature to permit a comparison (30). However, 
North American workers have chosen either to ignore the differences or 
to assume that the Russian values, although higher, showed the same 
invariance with depth as was claimed for the American values (32). 
Such an assumption was only possible because the Russian method was 
tedious, and so few deep samples were taken at any one station that a 
meaningful depth profile could not be established. Even with the sparse 
data available, it should have been noted that the difference between 
the two methods was much greater in the deep water than at the surface. 

To settle this controversy, a faster method which offered fewer 
chances for contamination was obviously needed. In 1967, V a n H a l l and 
Stenger (33) introduced a direct injection method for D O C . In this 
method, a sample of solution was injected directly into a combustion 
furnace in a stream of oxygen, and the resulting carbon dioxide was dried 
and measured by a nondispersive infrared gas analyzer. This method 
worked reasonably well for fresh water with a low carbonate and high 
organic carbon content, well enough so that an instrument quickly became 
commercially available. The method could not be applied directly to 
seawater, however, because the lower limit of sensitivity was about the 
upper limit of seawater D O C . Furthermore, removal of inorganic carbon 
was necessary for the usual reasons. A later version of the commercial 
instrument which measured both carbonate carbon and total carbon could 
not be applied to seawater because the organic carbon, measured as the 
difference between the two determinations, was less than the combined 
analytical error of the separate determinations. 

For a number of years we attempted to apply variations on this 
technique to seawater with indifferent success. The major difficulties 
were the large amounts of water vapor and sea salts involved. The act 
of injection produced a pressure pulse which had to be damped out, and 
the amount of dead volume available for damping limited the size of the 
injection. The small sample size permissible produced an amount of 
carbon dioxide barely measurable by an infrared analyzer operating at 
the limit of its sensitivity. W i t h so small a signal, integrated area rather 
than peak height was the proper measurement. Since the output of the 
analyzer was nonlinear, it was necessary to linearize the signal before 
integration. Furthermore, the combination of a pressure pulse on injec­
tion and the generally corrosive nature of the sea salt resulted in frequent 
shattering of combustion tubes, with loss of sample and time. The few 
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158 ANALYTICAL METHODS IN OCEANOGRAPHY 

bits of data coming out of these attempts seemed to agree with the 
Russian workers, however. 

Jonathan Sharp, at that time a graduate student at Dalhousie, im­
proved this technique until it produced precise, reproducible results. 
The major changes made in the apparatus were in the shape and size of 
the combustion tube and in the method of retaining the sea salts. H e 
was able to produce reasonably large peaks with 0.1 m l samples (27). 
Speed and precision were the advantages of this method. Single injec­
tions took about 3 min. Added precision could be obtained by increased 
replication. Also, the samples could be analyzed almost as soon as they 
were taken. If an area of the ocean showed interesting anomalies, they 
would be discovered during the cruise, not two months later. 

There are disadvantages to this method, however. It requires that 
the infrared analyzer, function generator, and integrator operate at the 
limits of their sensitivity. For an organic carbon content of 2 mg carbon/1., 
a 0.1-ml sample would contain only 0.2 /xg carbon. A precision of 10% 
would require the instruments to read to the nearest 0.02 μg carbon. The 
actual precision was somewhat better than 10%, but it was achieved at 
the cost of large amounts of tender, loving care. This instrument is 
basically a one-man device and could not, in its present form, become a 
standard laboratory machine. 

A more serious problem is the interpretation of the resulting measure­
ments. W e had originally hoped that we might confirm the validity of 
either the American or the Russian numbers with this method. A com­
parison of data from the Sargasso Sea, run by the various methods 
described, shows that the results obtained by this technique fal l in 
between those of the original wet oxidation method and those of the 
Russian workers (Figure 1). The results are most like those obtained 
by the Sharp modification of the wet oxidation method, in absolute value 
if not in detail. Since the combustion temperature used is 900°-1000°C, 
it seems unlikely that any major portion of the D O C is passing through 
unscathed. If this method is in fact producing an underestimation of 
the D O C , it must be the result of escape of organic matter during the 
acidification and sparging step which removes carbonate carbon. Such 
an escape might occur by the formation of particulate matter during the 
bubbling (34). The particles could adhere to the walls of the vessel or 
might simply be missed in the sampling process. 

Another approach to a total combustion is the freeze-drying method 
of Gordon and Sutcliffe (34). In this method, the seawater sample is 
acidified with phosphoric acid and taken to dryness in a freeze-drier. The 
resulting sea salts are analyzed in a commercial C - H - N analyzer. The 
results obtained by this method are higher than those of Sharp (27) and 
agree quite wel l with those of Skopintsev and Timofeyeva (10). Again, 
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the volatile fraction is missing. However, this volatile fraction, again 
defined by the technique used, is not necessarily the same as that defined 
by either the Russian workers or by the wet oxidation method. 

The necessity for freeze-drying relatively large volumes of water 
makes this a cumbersome and time-consuming method. It is certainly 
not a real-time method, any more than is the wet oxidation technique. 
Also, the dried sea salts are remarkably adsorbent; the use of a perfumed 
hair dressing or hand lotion by the operator w i l l result in impossibly 
high values for D O C . In this connection, it is worth noting that the 
original work on this method was performed with a very old freeze-drier. 
When it became apparent that the method would work, a new machine 
was purchased. Samples run on this new machine were hopelessly con­
taminated. The contamination was eventually traced to vapors produced 
by the resin used to seal the heating coils to the bottom of the shelf in 
the freeze-drier. 

We have attempted to repeat the work of Gordon and Sutcliffe (34) 
in our own laboratory, with rather mixed results. Replicate samples taken 
from a station at the edge of the continental shelf give us values which 
agree closely with those run by Sharp (27) using his direct injection 
method. Even the first batch of samples run by Gordon and Sutcliffe (34) 
may have suffered from some slight contamination and might therefore 
be too high (35). 

Shortly after we had run this comparison study, our own aged freeze-
drier collapsed into obsolescence. In order to make this method work, 
the freeze-drier must be specially constructed, without resin in the 
vacuum chamber and with traps placed in the vacuum line to prevent 
the back-diffusion of oi l vapors from the pump to the vacuum chamber. 
While we have been awaiting the rejuvenation of our own instrument, 
rebuilt to these specifications, Michael McKinnon, of our laboratory, has 
developed a variation of the Russian evaporation method. In this method, 
as in the freeze-drying method, the great problem is avoiding contami­
nation. Fortunately, when contamination does occur, it seems to affect 
an entire batch of samples. It is therefore possible to detect the contami­
nation by the judicious use of standards. This method gives values for 
D O C of the same order as the lowest freeze-drying values or the Sharp 
(27) direct injection values. 

Several methods have been developed which seek to escape the 
inherent nonlinearity of the nondispersive infrared analyzer by the use 
of other detectors. The flame ionization detector commonly used in gas 
chromatography has many useful characteristics, including sensitivity and 
linearity of response, but it does not respond equally to all carbon com­
pounds; it does not respond at all to carbon dioxide. Therefore, the 
organic compounds must be converted to a single organic compound 
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before measurement. In most of these methods, the organic material is 
oxidized to carbon dioxide, which is converted to methane and measured 
with a flame ionization detector (15). While there is no reason why this 
method should not give results as accurate and precise as any total com­
bustion method, it suffers from the same problems since it requires the 
removal of carbonates and must use a small sample to cope with the large 
amounts of water and sea salts. 

It appears, then, that the various methods commonly adopted for 
the measurement of D O C are not necessarily measuring the same quanti­
ties. The Menzel and Vacarro method (4) measures those compounds 
not oxidized by acidic persulfate at room temperature, but oxidized by 
heating with persulfate for 1 hr at 140 °C. The Sharp (27) modification 
includes the compounds oxidized at room temperature. The Sharp (27) 
direct injection method presumably measures everything which gets into 
the combustion chamber, but may lose a small fraction in the bubbling 
step. The dry combustion methods of Skopintsev and Timofeyeva (10) 
and Gordon and Sutcliffe (34) measure all of the nonvolatile organic 
carbon with perhaps some contamination (Figure 1). None of these 
methods measures the volatile fraction, and this fraction is defined 
somewhat differently for each method. 

The method we choose to adopt affects our entire concept of the 
cycle of organic carbon in the ocean. The Menzel and Vacarro (4) 
method presents a picture of a deep ocean of unvarying D O C content. 
In order to produce such an ocean, the use of organic carbon must be 
limited to the upper few hundred meters of the ocean, the addition rate 
of organic carbon to the deep water must be infinitely slow, and the car­
bon so added must be effectively biologically inert. The Sharp (27) 
modification of the wet oxidation method and the several dry combustion 
methods all produce a picture of D O C varying with the water mass 
distributions. While not enough data have accumulated to allow any real 
interpretation, it is obvious that the picture of the carbon cycle emerging 
from these analyses w i l l vastly differ from that produced by the wet 
oxidation results. 

It has been argued that the wet oxidation, although incomplete, still 
measures the biologically useful D O C . W e should keep in mind that this 
argument was the reason for retaining the permanganate oxidation 
method after it was discovered that it produced incomplete oxidation. 
There is a vast store of such data in the literature, al l abandoned because 
it cannot be interpreted. Unless we can discover just which compounds 
are to be found in the fraction measured by persulfate oxidation and their 
place in the biological cycle of carbon, we are simply accumulating 
another such store if we continue to use wet oxidation. 
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13. WANGERSKY Organic Carbon in Seawater 161 

New Directions 

W e still greatly need a real-time method allowing us to work with 
reasonably sized l iquid samples. W e must ultimately be able to analyze 
for D O C on board ship, so that interesting areas may be resampled and 
so that time series may be constructed. The plasma spectrograph may be 
the method we are seeking. 

W e still do not have a referee method for D O C . The resolution of 
the disagreement between the various total combustion methods has 
yet to be accomplished. Probably we w i l l find that the Sharp (27)-direct 
injection and the Gordon and Sutcliffe ( 34 )-freeze-drying methods are 
measuring the same quantities once the problem of contamination is 
solved, and it w i l l be the difference between their values and those of 
the Russians which has to be resolved. 

The measurement of the volatile fraction is very close and w i l l 
become a routine method within the next few years. If a reasonable total 
D O C method is developed, the next project w i l l be the qualitative and 
quantitative analysis of the compounds making up the D O C , and in this 
work both gas and l iquid chromatography w i l l play a large role. 
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14 
C 1 -C 3 Hydrocarbons and Chlorophyll a 

Concentrations in the Equatorial Pacific 

Ocean 

ROBERT A. L A M O N T A G N E , W A L T E R D . SMITH, and 
J O H N W. S W I N N E R T O N 

U.S. Naval Research Laboratory, Washington, D . C. 20375 

C 1 - C 3 hydrocarbons and chlorophyll a analyses were per­
formed on approximately 400 near-surface water samples 
( = 2 m below the surface) during a one and half month 
cruise to the Equatorial Pacific Ocean. The hydrocarbons 
were determined by a flame ionization gas chromatograph. 
Chlorophyll a was determined fluorometrically. The objec­
tive was to determine if a correlation existed between the 
C 1 - C 3 hydrocarbons and chlorophyll a in open ocean envi­
ronments. A slight correlation was found between chloro­
phyll a and ethylene and propylene (R = 0.56). No correla­
tion was found between chlorophyll a and methane, ethane, 
or propane. 

' " p h e relationship between the biological community and dissolved gases 
**• has been of interest for many years. M u c h work has been done on 

oxygen production and carbon dioxide utilization. Some recent work has 
centered around gas production by various kelp communities ( I ) and 
siphonophores (2) . However, very little work has been published eluci­
dating the relationship between organisms, primarily one-celled orga­
nisms, and dissolved light hydrocarbons ( C 1 - C 4 ) . Wilson et al. (3), 
showed the production of carbon monoxide, ethylene, and propylene with 
laboratory experiments using dissolved organic carbon produced by 
phytoplankton and with an ultradiatom Chaetoceros galvestonensis. Dur­
ing a six-month field study of a nearshore environment off Key Biscayne, 
F la . , unpublished data by Swinnerton et al. (4) showed correlations 
between chlorophyll a and carbon monoxide and between light hydro­
carbon gas production and chlorophyll a. Zsolnay (5) reported a corre-

163 
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164 ANALYTICAL METHODS IN OCEANOGRAPHY 

lation between chlorophyll a and non-aromatic hydrocarbons for an area 
off West Africa. During a recent cruise to the equatorial Pacific, chloro­
phyl l a and C1-C3 dissolved hydrocarbons were measured to establish 
whether a correlation existed between dissolved light hydrocarbons and 
chlorophyll a in the open ocean. 

Water samples, taken every 3 hr whenever possible, were obtained 
from a submersible pump which was mounted approximately 2 m below 
the surface of the water on the bow of the ship. The method of Swinner-
ton and Linnenbom (6) was used on all samples for C1-C3 hydrocarbon 
analysis. Chlorophyll a measurements were made following the method 
for the fluorometric determination of chlorophylls (7) . 

Results 

Figure 1 shows the cruise track from Ecuador to Panama via Hawai i 
and Tahiti onboard the U S N S Hayes in March and A p r i l 1974. Also 
shown is a portion of a cruise taken in November and December 1972, 
onboard the U S C G C Glacier, which intersects the 1974 cruise track. 

20° -

1 1 1 

\ ( > ^ ^ ^ ^ 

• ^ 

1 1 

PS-I 

^ 1 f T 

* V \ m e x i c o \ * \ 

10° 

ds-z ^1û^>>^ 
ζΛρΑΝΑΜΑ f^^\i 

^ ^ û ^ 1 COLOMBIA ^ " N s * —4-17-74 > 

0° V c/s-3 ^ ^ t ^ ^ - - ^ v ^ _ /ECUADOR 

GALAPAGOSi**^*gg!fc 

10° 

2 0 ° 
'rTAHnrV'. 

1 \ " l 1 1 

PACIFIC OCEAN \ ^ 

Δ - USNS HAYES TRACK \ ^ 
MARCH-APRIL 1974 > 

• - GLACIER TRACK \ . 
NOV 1972 Ν 

ι ι ι ι 1 
160° 150" 140e 130e . 120° 110° 100" 90e 80e 70e 

Figure 1. Cruise track of USNS Hayes, (Δ), denoting noon position. USCGC 
Glacier cruise track, (•). 

Figure 2 shows the ethylene ( C 2 H 4 ) concentrations in the surface 
waters between Hawai i and Tahiti (Table I I ) . Excluding the values 
obtained just outside Hawai i (3/21/74) and Tahiti (3/29/74), a broad 
general increase is apparent with a maximum average value of « 4.0 X 
10"6 ml/1 and a low average value of « 2.4 X 10"e ml/1. Plotted over 
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10 -

d 8 

2I°N I5°N I0°N 5°N 0 ° 5°S IO°S I5°S 
I29°W I34°W I36°W I39°W I42°W I44°W I46°W I49°W 

1 1 1 1 1 1 1 1— 

J Ι J L J L 
11/18 11/19 11/20 11/21 11/22 11/23 11/24 11/25 11/26 11/27 

1972 

Figure 3. Surface water ethylene concentrations, (X), of USCGC 
Glacier cruise between 20°Ν and 20°S 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

14



166 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table I. Leg I— 

Date CHS (ml/l) C2H,C (ml/l) CJHs (ml/l) CzH8
c (ml/l) 

2/28 12.22 ± 9.78 0.51 =b 0.09 11.15 =b 1.90 0.52 ± 0.19 
3/1 4.81 db 0.22 0.51 zb 0.18 8.26 zb 0.75 0.43 zb 0.20 
3/2 4.94 0.45 8.02 0.31 
3/3 5.32 zb 0.43 0.54 zb 0.07 10.07 db 1.32 0.63 zb 0.32 
3/4 5.44 zb 0.12 0.53 zb 0.02 10.79 =b 1.75 0.39 zb 0.04 
3/5 4.71 zb 0.21 0.44 zb 0.12 8.21 =b 1.59 0.30 zb 0.09 
3/6 4.40 zb 0.10 0.34 =b 0.07 4.92 =b 0.89 0.22 zb 0.05 
3/7 4.36 zb 0.11 0.30 ± 0.08 4.45 =b 0.64 0.20 zb 0.04 
3/8 4.45 zb 0.27 0.34 zb 0.08 4.28 =b 1.39 0.24 zb 0.07 
3/9 4.33 zb 0.19 0.32 ± 0.19 3.35 =b 0.07 0.17 zb 0.08 
3/10 4.45 zb 0.19 0.19 zb 0.03 2.65 =b 0.22 0.14 zb 0.03 
3/11 4.30 zb 0.09 0.24 ± 0.07 2.15 zb 0.22 0.10 zb 0.02 
3/12 4.12 zb 0.08 0.24 =b 0.08 1.82 zb 0.19 0.07 zb 0.03 
3/13 4.09 zb 0.17 0.18 db 0.04 1.65 =b 0.12 0.04 zb 0.01 
3/14 4.11 zb 0.16 0.23 zb 0.07 1.88 =b 0.18 0.05 zb 0.01 
3/15 4.11 ± 0.12 0.23 =b 0.04 1.71 =b 0.17 0.06 zb 0.02 
3/16 4.03 zb 0.13 0.21 =b 0.05 1.77 =b 0.15 0.04 zb 0.01 
a Daily averages with one σ standard deviation. Values obtained from « 2 m 

below the surface of the water. In most cases the average is of six or seven values. 

these data are the daily average chlorophyll a concentrations. The chloro­
phyl l a curve exhibits the same general shape as the ethylene curve. 

Figure 3 shows the ethylene concentrations reported by Lamontagne 
et al. (7) for the cruise in 1972 which intersects the 1974 cruise track. 
A t that time, an average maximum value for ethylene of « 5.3 X 10 r 6 

m l / l , and an average low value of « 2.6 X 10~6 m l / l was found. This 
broad 1972 maximum and the 1974 maximum fit the geographic location 
of the South Equatorial current relatively well . No chlorophyll a data 
were obtained in 1972. 

Tables I, II, and III list the daily averages for Legs I, II, and III with 
one σ standard deviation for the surface water concentrations of methane 

Table II. Leg II— 

Date CHA
b (ml/l) C2H,C (ml/l) C2H,C (ml/l) CzHg

c (ml/l) 

3/21 3.93 zb 0.51 0.19 zb 0.18 6.87 =b 3.81 0.04 =b 0.02 
3/22 3.90 zb 0.18 0.14 zb 0.03 2.41 zb 0.22 0.09 zb 0.01 
3/23 3.92 zb 0.12 0.13 zb 0.03 2.64 zb 0.21 0.05 zb 0.02 
3/24 3.89 zb 0.10 0.17 zb 0.05 2.34 zb 0.11 0.09 zb 0.04 
3/25 4.12 zb 0.09 0.26 zb 0.05 2.50 zb 0.22 0.08 db 0.02 
3/26 4.02 ± 0.14 0.24 zb 0.04 3.88 =b 0.30 0.08 zb 0.03 
3/27 3.88 zb 0.12 0.21 zb 0.05 3.32 zb 0.16 0.05 zb 0.01 
3/28 3.85 zb 0.12 0.19 zb 0.05 3.19 =b 0.68 0.04 zb 0.01 
3/29 3.81 zb 0.17 0.14 =b 0.05 4.22 zb 0.87 0.05 zb 0.02 

α Daily average with one σ standard deviation. Values obtained from « 2 m 
below the surface of the water. In most cases the average is of six or seven values. 
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14. LAMONTAGNE ET AL. Cj-Cg Hydrocarbons and Chlorophyll a 167 

Ecuador to Hawaii, 1974e 

C f l , ' (ml/l) Chl. a (mg/m3) Noon Position 

2.15 db 0.56 0.24 ± 0.08 \ Guayaquil River, 
3.11 ± 0.09 0.16 ± 0.04 J Galapagos Islands 

— — Marchina Island 
2.86 ± 0.33 0.74 ± 0.18 Santa Cruz Island 
3.43 ± 0.49 0.12 ± 0.04 0°25'N 93°46'W 
2.70 ± 0.34 0.14 ± 0.04 2°40'N 98°24'W 
1.65 =fc 0.16 0.32 ± 0.17 4°32'N 102°32'W 
1.37 ± 0.06 0.12 ± 0.02 6°34'N 107°41'W 
1.64 ± 0.53 0.17 ± 0.04 8°29'N 112°30'W 
0.99 ± 0.12 0.15 ± 0.06 10°29'N 116°50'W 
0.88 ± 0.09 0.13 ± 0.02 12°02'N 122°00'W 
0.68 ± 0.11 0.12 ± 0.02 13°48'N 126°56'W 
0.59 ± 0.07 0.10 ± 0.03 15°26'N 132°00'W 
0.73 ± 0.05 0.06 ± 0.01 16°54'N 136°48'W 
0.77 ± 0.11 0.04 ± 0.01 18°31'N 142°41'W 
0.73 ± 0.11 0.05 ± 0.01 19°49'N 147°59'W 
0.67 ± 0.05 0.05 ± 0.01 20°49'N 153°41'W 

610"6 ml/l. 
c 10"e ml/l. 

( C H 4 ) , ethane ( C 2 H e ) , ethylene ( C 2 H 4 ) , propane ( C 3 H 8 ) , propylene 
( C 3 H e ) , and chlorophyll a. The date and noon positions are also listed. 

Methane concentrations average 4.22 =t 0.15 X 10"5 m l / l for the 
entire cruise. As shown in the tables, methane varies as one changes 
latitudes and hence crosses currents of varying temperature and salinity. 
Ethane concentrations under open ocean conditions do not vary greatly 
as seen in the latter portion of Leg I, where the concentration is 0.26 ± 
0.08 X 10"6 m l / l (away from the Galapagos Islands and the Ecuadorian 
coast). Leg II exhibits an average concentration of 0.19 ± 0.06 X 10"e 

m l / l . The average concentration for Leg III is 0.25 ± 0.06 X 10"e m l / l 
with values increasing as we approach the Gulf of Panama. The agree-

Hawaii to Tahiti, 1974° 

C 3 # 6 C (ml/l) Chl. a (mg/m3) Noon Position 

0.52 ± 0.22 0.05 ± 0.01 Pearl Harbor Area 
0.88 ± 0.18 0.03 zb 0.01 17°19'N 157°05'W 
1.12 =b 0.07 0.03 zb 0.00 12 028'Ν 150WW 
0.96 =b 0.15 0.07 zb 0.03 8°05'N 155°00'W 
1.14 zb 0.12 0.09 zb 0.02 3°30'N 1 5 4 ° 0 5 ^ 
1.31 =b 0.16 0.09 zb 0.02 0°32'S 1 5 3 ° 1 5 ^ 
1.58 zb 0.07 0.08 =b 0.02 5°46'S 152°39'W 
1.40 =b 0.03 0.07 =b 0.01 l O ^ ' S 151°29'W 
1.37 zb 0.08 0.04 zb 0.01 14°30'S 150°22'W 

e 10"6 ml/l. 
e ΙΟ"8 ml/l. 
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168 ANALYTICAL METHODS IN OCEANOGRAPHY 

Table III. Leg I l l -

Date CHS (ml/l) C2Hs° (ml/l) CJIS (ml/l) CZHS
C (ml/l) 

4/3 3.75 d= 0.03 0.13 ± 0.02 3.25 ± 0.56 0.06 ± 0.03 
4/4 3.76 =h 0.15 0.14 ± 0.04 3.27 =fc 0.22 0.06 ± 0.03 
4/5 3.85 =b 0.07 0.12 ± 0.03 3.06 db 0.22 0.05 ± 0.01 
4/6 3.84 ± 0.10 0.14 ± 0.03 2.78 =fc 0.25 0.05 =fc 0.02 
4/7 3.80 ± 0.06 0.20 ± 0.09 2.69 ± 0.43 0.10 ± 0.06 
4/8 3.70 ± 0.05 0.16 ± 0.03 2.73 =fc 0.21 0.06 ± 0.02 
4/9 3.79 ± 0.04 0.20 ± 0.06 2.06 zfc 0.64 0.07 =fc 0.03 
4/10 4.05 =fc 0.21 0.22 db 0.05 3.91 =b 0.56 0.09 ± 0.05 
4/11 4.04 db 0.22 0.23 ± 0.06 4.09 zb 0.39 0.09 =b 0.02 
4/12 4.23 zb 0.10 0.24 ± 0.08 5.29 zb 0.75 0.13 =b 0.04 
4/13 4.42 zb 0.08 0.37 zb 0.06 7.18 zb 0.44 0.23 =b 0.07 
4/14 4.65 zb 0.17 0.43 zb 0.05 7.77 =b 0.33 0.23 zb 0.03 
4/15 4.64 =b 0.08 0.46 zb 0.10 9.67 =b 1.43 0.26 =1= 0.07 
4/16 4.57 zb 0.16 0.45 zb 0.04 6.91 zb 1.19 0.18 ± 0.08 
4/17 4.47 ± 0.13 0.33 ± 0.08 6.70 zb 1.55 0.15 =fc 0.03 
β Daily averages with one σ standard deviation. Values obtained from « 2 m 

below the surface of the water. In most cases the average is of six or seven values. 

ment between Legs I and III in the vicinity of the Galapagos Islands 
(March 4, 5 and A p r i l 14, 15) is good; 0.49 ± 0.06 X 10~6 m l / l and 0.44 
± 0.07 X 10~6 m l / l , respectively. 

Ethylene values can vary by almost an order of magnitude as shown 
in Table I. Concentrations as high as 10.79 ± 1.90 X 10"6 m l / l to a low 
of 1.71 ± : 0.17 X 10"6 m l / l can be found for open ocean conditions. L e g 
II has been discussed in relation to Figure 2. L e g III exhibits fluctuations 
between 2.06 ± 0.64 X 10"6 m l / l and 9.67 ± 1.43 X 10"6 m l / l . A n over­
all average value has not been calculated for ethylene primarily because 
of these wide variations. Average values of 9.50 ± 1.64 X 10"6 m l / l and 
8.72 ± 0.88 X 10"6 m l / l , respectively, were found for the area where Legs 
I and III intersect. 

Propane obtained on L e g I has its greatest value of 0.63 ± 0.32 X 
10"e m l / l in the Galapagos Islands and one of its lowest of 0.04 ± 0.01 X 
10~e m l / l near the Hawaiian Islands. Leg II has an average concentration 
of 0.06 ± 0.02 X 10' 6 m l / l which represents a clean open ocean environ­
ment. Concentrations for Leg III vary from 0.06 ± 0.03 X 10"6 m l / l near 
Tahiti to 0.26 ± 0.07 X 10"6 m l / l in the vicinity of the Galapagos Islands. 
Comparison of the values between Legs I and III in the area of the 
Galapagos Islands reveals concentrations of 0.35 ± 0.06 X 10"6 m l / l and 
0.25 db 0.05 X 10"6 m l / l , respectively. 

Propylene has the same general characteristics found for the other 
hydrocarbons. Leg I concentrations vary from 3.43 ± 0.49 X 10"6 m l / l 
near the Galapagos Islands to 0.59 ± 0.07 X 10"6 m l / l for an area located 
« 1500 miles southeast of Hawai i . L e g II exhibits what appears to be a 
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14. LAMONTAGNE E T AL. Ct-Cs Hydrocarbons and Chlorophyll a 169 

Tahi t i to Panama, 1974 e 

CzH6° (ml/l) Chl. a (mg/m3) Noon Position 

1.25 ± 0.12 
1.51 ± 0.19 
1.49 ± 0.09 
1.38 ± 0.13 
1.39 ± 0.18 
1.12 ± 0.16 
1.35 ± 0.28 
1.61 ± 0.17 
1.61 ± 0.33 
1.83 ± 0.28 
2.30 ± 0.17 
2.24 ± 0.11 
3.16 ± 0.50 
1.96 ± 0.32 
2.06 ± 0.58 

0.03 ± 0.01 
0.04 ± 0.01 
0.05 ± 0.01 
0.05 ± 0.01 
0.06 ± 0.01 
0.06 ± 0.01 
0.06 ± 0.01 
0.07 ± 0.01 
0.08 zh 0.01 
0.10 ± 0.02 
0.12 ± 0.01 
0.11 ± 0.04 
0.09 ± 0.02 
0.10 ± 0.02 
0.10 ± 0.02 

Outside Tahit i 
15°21'S 145°12'W 
14°21'S 140°10'W 
12°52'S 135°'47W 
11°35'S 131°04'W 
10°15'S 126°46'W 
8°32'S 121°39'W 
6°43'S 116°18'W 
5°08'S 112°32'W 
3°44'S 108°43'W 
1°55'S 104°14'W 
0°08'S 99°21'W 
1°37'N 95°21'W 
3°25'N 90°30'W 
4°49'N 86°25'W 

» 10-« ml/l. 
' 10-· ml/l. 

shallow and broad but significant peak. A high concentration of 1.58 ± 
0.07 X lQr6 m l / l is contrasted with a low value of 0.52 ± 0.22 Χ 10"β m l / l 
outside Hawai i and an intermediate value of 1.37 ± 0.08 Χ 10"6 m l / l just 
outside of Tahiti . Values on L e g III increase steadily from 1.25 ± 0.12 X 
10"6 m l / l found outside of Tahiti to 3.16 ± 0.50 X 10"6 m l / l near the 
Galapagos Islands. Comparison of the values between Legs I and III near 
the Galapagos Islands (see above for dates) reveals good agreement of 
3.06 ± 0.41 X 10-* m l / l and 2.70 ± 0.31 Χ 10"6 m l / l , respectively. 

The highest chlorophyll a values obtained during the entire cruise 
was in the area of the Galapagos Islands (0.74 ± 0 .18mg/m 3 ) . Values 
on L e g I decreased to 0.04 ± 0.01 m g / m 3 near the Hawaiian Islands. 
L e g II exhibits a maximum of 0.09 ± 0.02 m g / m 3 relative to the average 
low value of 0.04 ± 0.01 m g / m 3 found near Hawai i and Tahiti . Chloro­
phyl l a concentrations increased from 0.03 ± 0.01 m g / m 3 to 0.12 ± 0.01 
m g / m 3 as we progressed from Tahiti to the Galapagos Islands. Once 
again, comparison of values between Legs I and III, where they intersect, 
shows general agreement; 0.13 ± 0.04 m g / m 3 and 0.10 ± 0.03 m g / m 3 , 
respectively. 

Discussion 

Methane data show that this gas in the surface water is i n near 
equilibrium with that in the air. Methane variations do occur in bays, 
coastal, and anoxic areas, but under open ocean conditions methane con­
centrations rarely if ever undergo large fluctuations. Methane shows no 
correlation with chlorophyll a or with any of the other light hydrocarbons 
measured. 
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170 ANALYTICAL METHODS IN OCEANOGRAPHY 

Ethane concentrations exhibit the same type of relative constancy 
as methane. The only variable and high concentrations (relative to open 
ocean values) of « 0.50 X 10~6 m l / l are found near the Galapagos Islands 
and Ecuador. There is good agreement between the average concentra­
tion found in 1972 (0.20 X 10"6 m l / l . ) and 1974 ( 0.28 X 10' 6 m l / l . ) . 

Propane is quite similar to ethane in distribution. The highest and 
most interesting concentrations are also found near the Galapagos Islands 
and Ecuador. As with ethane, relative agreement is found between the 
average concentration obtained in 1972 and that found in 1974: 0.30 X 
10~6 m l / l and 0.20 X 10"6 m l / l , respectively. 

There is a broad but significant increase for ethylene between « 5° Ν 
and 10° S which corresponds to the position of the South Equatorial 
Current (S .E .C. ) . The data reported by Lamontagne et al. (7, Figure 3) 
shows this maximum for ethylene in the same area. A similar but smaller 
maximum was found for propylene in 1972, and this is also the case for 
the 1974 cruise. It is likely that these broad gentle increases for ethylene 
and propylene result from the S.E.C. sweeping biologically rich upwelled 
water away from the South American coast. Chlorophyll a data follow 
the general pattern set forth by ethylene and support this speculation. 

In regard to the work of Wilson et al. (3) where the only hydro­
carbons produced were ethylene and propylene and that of Swinnerton 
et al. (4) , we thought that an analysis of correlation between the un­
saturated hydrocarbons and chlorophyll a for the entire cruise track 
would be beneficial. A correlation coefficient, R, of 0.56 was obtained 
using ethylene and propylene against chlorophyll a. A correlation coeffi­
cient of 0.59 was obtained between ethylene only and chlorophyll a. This 
latter correlation was done because the ethylene values are much greater 
than the propylene and also because ethylene was the prominent hydro­
carbon gas produced in the work by Wilson et al. (3). 

Zsolnay published correlation coefficients for hydrocarbons and 
chlorophyll a of 0.67 (5) and 0.50 (8) for an upwelling area northwest 
of Africa and for a transect from Nova Scotia to Bermuda, respectively. 
The chlorophyll a concentrations obtained off the coast of Africa in the 
upwelling region are an order of magnitude greater than ours while those 
reported for the area between Nova Scotia and Bermuda (0.02-0.81 
m g / m 3 ) are within the same range we obtained for the 1974 cruise. 
Zsolnay analyzed for nonvolatile hydrocarbons; thus the comparison 
between his correlation coefficient and ours concerns two different sets 
of hydrocarbons. In spite of this, the comparison is useful because the 
values reported by each of us may represent about the maximum corre­
lation coefficient, with R = 1 being the optimum correlation, considering 
the number of variables encountered. The variability of the size and type 
of biomass involved, the growth phase of the organisms (i.e., log phase 
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14. LAMONTAGNE ET AL. Cf-Cs Hydrocarbons and Chlorophyll a 171 

of growth, senescence), season, prevailing current (circulation patterns), 
and availability of sunlight in the possible photochemical breakdown of 
organic matter present all contribute to the observed hydrocarbon con­
centration. A n interesting aspect of all this is the fact that comparing al l 
of the hydrocarbons taken on the present cruise to chlorophyll a gives a 
correlation coefficient of 0.50. This indicates that a correlation wi th 
chlorophyll a may not be applicable under open ocean conditions. 

A t the present time, we are conducting laboratory experiments to 
help elucidate whether the major production of these light hydrocarbon 
gases occurs by the decay of organic matter (dead biomass, etc.), photo­
chemical reactions of very labile organic material excreted by organisms, 
or direct synthesis by the living biomass. This information would be 
beneficial in assessing whether the light hydrocarbon concentrations are 
a product of the immediate time and area or whether they are the result 
of a long-term sequence of events in that given area and/or elsewhere. 

A possible area of future work on the correlation between dissolved 
fight hydrocarbons and biomass is the vicinity of the Galapagos Islands. 
The large and variable concentrations found in that area coupled with the 
transporting mechanisms there would be ideal for studying production 
and transport away from source areas. 
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Sampling and Analysis of Nonvolatile 

Hydrocarbons in Ocean Water 

R. A . B R O W N , J. J. E L L I O T T , J. M . K E L L I H E R , and T. D . S E A R L 

Analytical and Information Division, Exxon Research and Engineering Co., 
Linden, N . J. 07036 

Special sampling and analytical methods have been devel­
oped to measure dispersed nonvolatile hydrocarbons in open 
ocean water. Surface samples are collected from moving 
ships using a stainless steel bucket. Samples are also col­
lected from 3-10 m by drawing water from service lines. 
For profile samples, specially assembled Niskin bottles are 
used. In the analytical procedure lipids are extracted from 
water with carbon tetrachloride. Solvent displacement 
through a silica gel column then gives a hydrocarbon frac­
tion. Infrared (IR) measurement of this fraction provides a 
total hydrocarbon value, and then ultraviolet, gas chromato­
graphic, and mass spectrometric analyses give compositional 
detail. The method is sensitive to 6 µg and reproducible to 
± 1 0 relative percent at the 40-µg level. 

'Tphe role of hydrocarbons in the marine environment is of great interest 
A and the object of considerable study. To know and understand this 

role is a difficult, complex problem which requires much basic informa­
tion not now available. For example, we need to know the level and 
nature of hydrocarbons in open ocean water. This paper describes sam­
pling and measurement methods which were developed and applied to 
samples collected from tankers and research vessels in the Atlantic and 
Pacific Oceans during 1972-75. Research vessel sampling was accom­
plished with the help and cooperation of the Geochemical Ocean Section 
Study ( G E O S E C S ) project sponsored by the National Science Foun­
dation. These programs were variously founded by Exxon Corp., U.S. 
Maritime Administration, and the National Oceanic and Atmospheric 
Administration. 

172 
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15. BROWN ET AL. Nonvolatile Hydrocarbons 173 

This work began in late 1970 at a time when the concentration of 
hydrocarbons in ocean water was generally unknown. Initially we at­
tempted to apply the method of Simard et at ( J ) to samples of ocean 
water. However, this method, which had ample sensitivity for ppm con­
centrations in refinery effluent water, was not sensitive enough to measure 
hydrocarbons i n ocean water at the ppb (wt) level. Another problem 
was the presence of interfering organics such as acids and esters. These 
problems defined the requirements of the analytical method. By now, 
there are a number of papers to confirm the nature of this problem 
(2,3,4,5). 

In developing the method described here, many of the techniques 
used by others were considered, and some of them were incorporated into 
the final method. In the overall approach, this method most closely 
resembles that of Barbier et al (5) in which hydrocarbons were measured 
and partially characterized by compound classes. W e should add, how­
ever, that the method discussed here includes different overall measure­
ment techniques and is applicable to microgram quantities in contrast 
to the milligrams available to the above workers. 

The method can be used to measure and to characterize hydrocarbons 
which are classified as nonvolatile (bp > 235°C, =C=Ci4 and higher mo­
lecular weights). It was applied to 3-20-1. unfiltered water samples 
although the preferred minimum volume is now 8 1. 

The method is also useful for measuring extractable organics which 
include the lipids (esters, acids, hydrocarbons) found in ocean water. 
This measurement also provides qualitative information about hydrocar­
bon content. In practice, for example, hydrocarbons frequently occur in 
the range of 10-40 relative percent of the extractable organics. 

Analyses require approximately 0.5 hr for an extractable organic, 
3 hr for total hydrocarbons, and several hours for characterization by 
ultraviolet ( U V ) , gas chromatography ( G C ) , and mass spectrometry 
( M S ) . 

Sampling 

Sampling from a Moving Tanker. Samples were collected from 
moving tankers and from océanographie research vessels. When tankers 
were used, a bucket swung from a boom was used to scoop water from 
the surface as the tanker traveled at its regular speed of approximately 
14 knots. Almost simultaneously a deeper sample at approximately 10 m 
was taken from the sanitary water line. Every effort was made to prevent 
contamination. Samples were not taken during ballast or bilge discharge 
or tank cleaning operations. Extractions were performed on deck or in a 
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174 ANALYTICAL METHODS IN OCEANOGRAPHY 

room protected from the cargo. When not in use, al l equipment was 
protected from contamination. 

A n 8-1. stainless steel bucket was used to scoop water from the sur­
face. Bar weights were welded on one side so that the bucket would dip 
into the water as soon as it touched the surface. The bucket was tied to 
a previously extracted polypropylene rope and swung from a boom on 
the windward side of the vessel from as far forward a position as could 
be safely managed. Upon retrieval of the bucket the water was poured 
directly into a 1- or 3-gal. glass bottle for immediate extraction by carbon 
tetrachloride. A carbon tetrachloride rinse of the bucket was part of the 
extract which was placed in a clean 4-oz bottle with an aluminum-lined 
cap. 

Water from approximately 10 m was obtained by drawing water 
directly from the sanitary pump line into the extraction bottle. Large 
volumes of water continuously flow through this line 150gal/min) 
during a voyage, and the thoroughly flushed line (20 volume changes per 
minute) should give a representative sample. One sample was taken 
every 4r-12 hr. In practice, a reasonable variation in concentration is 
observed. 

In addition to precautions taken in sample collection, it is necessary 
to guard against contamination from the work area while extracting sam­
ples aboard ship. This can be accomplished by cleanliness in practice and 
selecting a clean work area. In favorable weather, for example, extrac­
tions are carried out on deck, and at other times, a work room which is 
free of vapors from either cargo or engine room operations should be used. 

During a voyage, it is present practice to collect several blank samples 
by extracting small water samples under shipboard conditions. Such 
samples are subjected to the same sources of contamination as actual 
samples. These blanks have revealed the inadvertent use of impure 
carbon tetrachloride (identified as rinsing grade). In such cases, the 
impurity can usually be observed in the IR spectrum routinely used to 
measure extractable organics. Thus, the spectrum provides a fingerprint 
to advise the analyst when pure carbon tetrachloride is once again in use. 
This mixup in use of carbon tetrachloride only occurred in the Atlantic 
Ocean sampling program. 

Sampling from Océanographie Research Vessel. In sampling from 
océanographie vessels, surface samples were taken with a bucket, as was 
done from tankers. Samples were taken from the windward side after 
the vessel had left a station and was under way at 2-3 knots. 

In the Pacific Ocean, samples were also collected from an uncon-
taminated seawater line which draws water from approximately 3 m. 
This fine is continuously flushed in normal use and provides a repre­
sentative sample i n the same manner as the sanitary pump line i n tankers. 
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15. BROWN ET AL. Nonvohtile Hydrocarbons 175 

Of 33 stations tested for hydrocarbons to date, a concentration range of 
0.0-6.4 ppb was observed. Twenty-two contained < 1 ppb. In addition, 
whatever hydrocarbons are detected, they usually appear to be a reason­
able portion (0.02-0.24) of the extractable organics. Overall, no measur­
able contamination occurs in this sample collection procedure. 

Profile samples were collected with 30-1. Niskin bottles, using con­
ventional hydrographie sampling techniques, except that no lubrication 
of the sampling gear was permitted. Sampling was done by first lowering 
the rosette to the deepest water to be sampled. Samples were then taken 
stepwise as the rosette was raised toward the surface. This procedure 
maximized the flushing of the Niskins. To avoid contamination from the 
Niskin bottles, construction specifications were set when the bottles were 
ordered. One specification stated that Viton O-rings were to be used in 
place of the rubber O-rings normally used. Other specifications elimi­
nated use of a lubricant (silicone oil) and a petroleum resin sealant on 
bolt heads. 

Before initial use, each Niskin was cleaned with alternate rinses of 
isopropanol and distilled water. A given bottle was considered acceptable 
only after clean water stored in the bottle and withdrawn for analysis 
contained a negligible amount of organics. Thereafter, the Niskins were 
cleaned by washing with carbon tetrachloride at the start of a voyage. 
During a voyage, the 12 bottles and rosette were used exclusively for 
our samples. When not in use, bottles and rosette were covered by a 
clean tarpaulin. 

Samples collected from aboard océanographie vessels were poured 
into 5-gal. glass jugs for subsequent shipment back to the laboratory for 
analysis. Extraction quality carbon tetrachloride was used as a preserva­
tive. Considerable care was taken in preparing these jugs for samples. 
They were thoroughly cleaned and fitted with previously extracted corks 
that were wrapped in freshly cleaned tin foi l (aluminum foil is unsatis­
factory as it corrodes upon exposure to ocean water). The last carbon 
tetrachloride rinse was checked by IR to ascertain that the jug was clean. 
After this, jugs were placed in separate wooden crates and shipped to 
the research vessel. They may be aboard for several weeks before being 
used. 

A t regular intervals during a voyage, a sample blank was prepared 
by pouring only 1-2 1. in contrast to a normal sample of 19 1. into a jug. 
This small volume of water covers the carbon tetrachloride to minimize 
its loss through evaporation. Each blank was handled as an unknown 
sample. To enhance the quality of these blanks, only relatively pure 
water collected from deep locations was used. 

Table I summarizes sample blanks observed in Atlantic and Pacific 
Ocean voyages of the G E O S E C S project. In the Atlantic Ocean sampling 
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176 ANALYTICAL METHODS IN OCEANOGRAPHY 

program, extractable organic measurements were corrected by subtracting 
a median value of 2.5 ppb whereas hydrocarbons were corrected down­
ward by 1.0 ppb. During Pacific Ocean sampling some measurements 
were lower than the median blank values. These values appeared to be 
more representative of a blank and, therefore, corrections of 1 and 0.5 ppb 
were applied to all G E O S E C S samples. A plausible explanation of why 
actual blanks may be lower than the measured blanks is that the 5-gal. 
bottle blanks contain only 1-2 1. of water while sample bottles are com­
pletely full . Thus, a blank contains 18 1. of gas space. This would permit 
breathing of atmospheric air containing hydrocarbons into this gas space. 
N o such gas space is available in actual samples. 

The R / V Melvil le leaked cycloid oi l during two different legs of 
its Pacific Ocean voyage. The cycloid oi l was compared with samples 
collected at those times and was markedly different in composition. There­
fore, there was no reason to believe that contamination with leaking 
cycloid oil had occurred. 

Surface samples were collected as usual from aboard the R / V M e l ­
ville during the G E O S E C S cruise for comparison with samples collected 
from a Zodiac raft which was approximately a quarter of a mile upwind. 
For a given station, extractable organics and hydrocarbons were very 
similar as shown in Table II. 

Analysis Method 

Chemicals. Carbon tetrachloride must have negligible absorption in 
the 3000 cm" 1 region when examined in a 5-cm IR cell. Burdick and 
Jackson "distilled-in-glass" grade is of satisfactory purity at times, but 
sometimes it must be purified by passage through a silica gel column. 
One pint of carbon tetrachloride is passed through a 30 X 1.5 cm i d col­
umn containing gel previously dried at 135 °C. The first 30 m l is dis-

Table I. Five-Gal. Glass Jug Sample Blanks 

Statistic Atlantic Pacific 

Number of blanks 10 7 
Extractable organics (ppb) a 

median 2.5 2.4 
mean 2.8 2.8 
standard deviation from mean 2.2 1.2 

Nonvolatile hydrocarbons (ppb) 
median 1.0 0.9 
mean 1.05 0.95 
standard deviation from mean 0.4 0.4 
β Based on 19 1. of water 
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15. BROWN ET AL. Nonvolatile Hydrocarbons 177 

Table II. Surface Samples from R / V Melville and Zodiac Raft 

Station Sample Extractable Hydrocarbons 
No. Position Collection Organics (ppb) (ppb) 
223 34°58'N, 151°48'E R / V 14 2.9 

raft 21 3.3 
224 34°15'N, 142°00'E R / V 12 3.5 

raft 14 2.2 
raft 11 2.2 

269 23°58'S, 174°32'W R / V 15 4.5 23°58'S, 174°32'W 
raft 13 2.4 

carded, and the remainder is collected. Chloroform, n-pentane, and 
benzene are spectral grade. 

To prepare the silica gel (Anasorb, 130-140 mesh, Analabs, Inc.) 
for use, a portion is placed i n an evaporating dish and baked overnight 
at 275° in a clean oven ( 15 g, for example, w i l l fill five columns). Longer 
heating is permissible. When removed from the oven, the gel is imme­
diately poured into a small bottle which is then tightly capped and 
allowed to cool to room temperature. Activated gel is not allowed to stand 
more than a day prior to use. Unused gel can be reheated. Hydrocarbon-
free nitrogen is tested as part of column blank measurement. 

The individual steps of the method are shown in the flow chart of 
Figure 1. Hydrocarbons are extracted from ocean water and measured 
by IR spectroscopy. Then the sample is placed on a silica gel column 
and hydrocarbons are eluted as a fraction(s) which is examined by IR 
and U V spectrometry, gas chromatography, and mass spectrometry. Each 
of the principal steps is described in the following sections. Some aspects 
of this method and typical applications were briefly described by Brown 
et al (6). 

Extraction. Simard et al ( I ) previously demonstrated that carbon 
tetrachloride quantitatively extracts hydrocarbons from refinery waste 
water. This solvent is advantageous to use because it is transparent to 
IR in the carbon-hydrogen absorption region of hydrocarbons; thus the 
extract can be measured directly. To demonstrate the suitability of carbon 
tetrachloride in this method, numerous blends of hydrocarbons in ocean 
water at concentrations in the range of 5-20 ppb for 3-1. samples were 
extracted. 

To extract at 3- or 8-1. sample, the sample bottle is rinsed with CC1 4 , 
and this rinse is added to the extract. To extract a 20-1. sample, water is 
poured into a 1-gal glass jug, and 25 m l CCI4 is added. Several 1-1. ali-
quots are extracted, an additional C C 1 4 is added to make a total of 125 ml . 
The sample is vigorously shaken 5 min, and the two phases are allowed 
to separate. Most of the water is decanted, and the C C 1 4 and residual 
water are poured into a small bottle. The remaining water is then easily 
removed with a Pasteur pipet. Whenever water is poured from a sample 
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178 ANALYTICAL METHODS IN OCEANOGRAPHY 

Obtain 3-20 1. sample 

ι 
Extract sample with 

25-125 m l carbon tetrachloride 

ι 
I R measurement of 
extractable organics 

Carbon tetrachloride 
+ n-pentane (1%) 

saturate hydrocarbons 

Reduce sample to 2 m l by 
controlled evaporation 

of carbon tetrachloride, 
add 0.1 m l n-pentane 

ι 
Silica gel column separation ι 

Chloroform 
+ benzene (1%) 

aromatic hydrocarbons 

Evaporate chloroform, n-pentane, 
and benzene replacing with 

carbon tetrachloride 

I R measurement of 
total hydrocarbons 

Evaporate carbon tetrachloride 
replacing with isooctane to 

final volume ^ 4 m l 

U V analysis 

Evaporate isooctane to ~ 0 . 5 m l 

G C , M S analysis 

Figure 1. Analytical method for nonvolatile hydrocarbons in ocean water 
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15. BROWN ET AL. Nonvolatile Hydrocarbons 179 

bottle into a separate jug for extraction, the emptied sample bottle is 
rinsed with CC1 4 , and the rinse is included as a part of the extract. 

Infrared Measurements. A n IR measurement is made immediately 
after extraction and after separation of a hydrocarbon fraction(s) on the 
silica gel column. 

For the first measurement, 5-cm cells with a volume of ^ 15 m l are 
used. The sample cell is filled with the extract, and the reference cell is 
filled with CC1 4 from the same batch used for the extraction. The spec­
trum is scanned from 2600 to 3200 c m - 1 using a scale expansion of X 1 0 , 
if necessary, and a resolution of ~ 3 cm" 1 . Absorbance of the peak at 2930 
c m ' 1 is then measured using solvent vs. solvent as a baseline. 

A similar procedure is followed for silica gel column fractions, except 
that smaller volumes of carbon tetrachloride solution are involved ( ~ 0.5 
m l ) , and the IR spectrum is observed using 2-mm microeells. 

The IR measurement can be converted to a microgram value by 
using a calibration factor based on 33 different crude oils. For a 5-cm 
cell the overall average factor, K 5 , was 2.19 l . / g cm with a 2 σ = 28 rela­
tive percent. For measuring hydrocarbons in a microcell, a slightly higher 
Κ value of 2.41 l . / g cm is used. 

Silica Gel Separation. In the procedure as shown in Figure 1, the 
total carbon tetrachloride extract, which w i l l vary from 20 to 125 ml , is 
evaporated to 2 ml . This evaporation, carried out in a hood, is carefully 
conducted on a steam bath with gaseous nitrogen sweeping out vapors. 

One-tenth m l n-pentane is added, and the sample is poured into the 
column which is then attached to the manifold (Figure 2) . In practice, 
five of these columns are attached to a manifold—four samples and a 

28/12 ^ 
Ground Glass 

12 mm 
i.d. 

150 mm 

5 mm 
i.d. 100 mm 

3 mm 
i.d. 

610 mm 

Figure 2. Silica gel column 
Glass Wool 

Plug 
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180 ANALYTICAL METHODS IN OCEANOGRAPHY 

column blank. Nitrogen pressure of 0.5 lb is applied to allow the sample 
to be slowly adsorbed into the gel until its surface layer appears to be 
free of l iquid. A t this point, the column is disconnected from the mani­
fold, and 5 m l C C 1 4 (containing 1 vol. % n-pentane) is added. Once 
again the column is connected to the manifold, and the C C 1 4 is forced into 
the gel. The column is again disconnected so that 10 m l C H C 1 3 (contain­
ing 1 vol. % benzene) can be added. The column is returned to the 
manifold, nitrogen pressure is applied, and the l iquid is allowed to flow 
slowly through the gel. Fractions are collected dropwise in small, tared 
vials. The first 6-ml eluate contains the saturated hydrocarbons. Follow­
ing this, 4-ml eluate (primarily C H C 1 3 ) is collected as the aromatic 
fraction. 

These fractions are combined and carefully evaporated on a steam 
bath to eliminate the n-pentane, CHCI3, and most of the benzene prior 
to the IR measurement. A minor amount of benzene does not interfere 
with the measurements. The ~ 10 m l of solvent is first evaporated to ~ 2 
m l and then replenished with 2 ml CCI4. A second evaporation to 0.5 m l 
cleans up the solution for a satisfactory IR measurement. 

Prior to IR examination the 0.5 m l is weighed to establish its precise 
volume which is then used along with the IR absorption to calculate 
micrograms of hydrocarbon. 

In practice, four unknown samples and a blank are analyzed as a 
group. The blank consists of 25-50 m l carbon tetrachloride which is 
handled as a sample. Small but persistent amounts of hydrocarbons are 
found for all column blanks and are subtracted from the unknown sam­
ples. Blank corrections are also applied to the U V , G C , and M S analyses. 

This column blank is not to be confused with sample blanks such as 
those determined for the 5-gal. jugs. This latter blank correction is 
applied to ( 1 ) extractable organics and nonvolatile hydrocarbon contents 
measured by the method and (2) U V and G C data. N o correction from 
the sample blank is applied to the compound type analysis by mass 
spectrometer. Very little net error can be attributed to this omission of 
a blank correction. 

A n alternative method is to analyze separately for saturated and 
aromatic fractions. While this provides somewhat more accurate compo­
sitional information, the added complexity is undesirable. 

Ultraviolet, Gas Chromatographic, and Mass Spectrometric Measure­
ments. After the silica gel fraction is examined by IR, the carbon tetra­
chloride solution is changed to isooctane by once again replacing a lower 
boiling solvent (carbon tetrachloride) wi th a higher boiling one (iso-
octane). The U V spectrum is observed over a range of 220-400 nm, using 
a 1-cm fused silica cell. As used in this method, the U V spectrum only 
provides qualitative information about the approximate level of dicyclic 
and higher aromatic hydrocarbons. Zero U V absorption is a reliable 
indication for absence of aromatics. 
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15. BROWN ET AL. Nonvolatile Hydrocarbons 181 

Table HI. Gas Chromatographic Measurement of w-Paraffins 

Sample injection: 
Column: 

Helium flow: 
Temperature program: 
Detector: 

50 μΐ with injector at 340°C 
450 cm long, 0.32 cm od, 2 % SE-30 on 

Chromosorb G 
50 m l / m i n 
start at 60°C and program at 8°C/min to 275°C 
flame ionization 

Conditions for the G C analysis are shown in Table III. In marine 
research studies it is desirable to identify η-paraffins and the common 
isoprenoids, pristane, and phytane. For 1-mg samples, this G C column 
provides high quality chromatograms of well-defined η-paraffin peaks 
with pristane and phytane occurring as easily recognized shoulders to 
n-Ci7 and n - C i 8 , respectively. In typical ocean water samples, however, 
whereas η-paraffins are reliably resolved, the isoprenoids may or may 
not be. 

A mass spectrometer is used which is on-line with an I B M 1800 
computer. This capability greatly simplifies the extensive calculations 
which are required. Prior to analysis of a sample(s), a silica gel column 
blank is analyzed to supply the computer with a spectrum which w i l l 
subsequently be subtracted from each unknown sample. A blank corrects 
each set of four unknowns that were simultaneously run through the 
silica gel separation. In practice, column blanks are quite similar to one 
another, so a given blank can be used to correct other samples sets also. 
In each instance the entire fraction is charged to the spectrometer by 
introducing the sample with a gallium-sealed frit at room temperature 
and with the sample inlet system open to the vacuum pumps. After 3 
min of pumping to remove most of the isooctane, the vacuum valve of 
the inlet system is closed, and the frit temperature is increased to 315 °C. 
This vaporizes the hydrocarbons from the frit, and the sample spectrum 
can be obtained. 

Table IV. Evaluation of the Analysis Method 

Item Observation 

I R calibration at 
2930 c m - 1 

CC1 4 extraction 

Silica gel separation 

Precision 
Sensitivity 

Average coefficient = 2.19; variation from mean 
(33 crude oils), 2 σ = 28 rel. % ; coefficient is 
applicable to biogenic source hydrocarbons. 

80-111% recovery for known blends of hydro­
carbons in ocean water. 

90-100% recovery for known blends of hydro­
carbons in CCI4. 

σ = 10 rel. % for ~ 4 0 μg of hydrocarbons 
6 μg of hydrocarbon 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

15



182 ANALYTICAL METHODS IN OCEANOGRAPHY 

The computer allows more than one method of analysis to be applied 
to a sample, so two methods are used. In one (7) , several different cali­
bration matrices are available to measure hydrocarbons by class, that is, 
paraffins and cycloparaffins by number of rings (1-6) and 1-ring aro-
matics. The calibration matrix used in this work is is0-C 2 4 . As frequently 
happens, an unknown sample may have a low aromatic content. For 
such a sample, results from the above method are accepted as its 
composition. 

Samples containing both saturate and aromatics including an observ­
able quantity of dicyclic and higher aromatics are beyond the scope of 
this method. For the analysis of this sample type, a method is used in 

6° 8° 10° 12° 14° 16° 18° 
E. LONGITUDE 

Figure 3. Nonvolatile hydrocarbons (ppb) in surface water of 
the Mediterranean Sea 
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15. BROWN ET AL. Nonvolatile Hydrocarbons 183 

6° 8° 10° 12° 14° 16° 18° 

Ε. LONGITUDE 

Figure 4. Nonvohtile hydrocarbons (ppb) in subsurface 
(—10 m) water of Mediterranean Sea 

which the mass spectral peak groupings are very similar to those of 
Howard et al (S) . 

Results and Discussion 

Considerable work was done to evaluate the efficacy of the method. 
Information on the key items of interest is listed in Table IV. The fol­
lowing examples illustrate the nature of results that have been obtained 
by the sampling and analytical procedures described. 

Nonvolatile Hydrocarbons in the Mediterranean Sea. In August 
1972, samples were collected off the Esso Liguria (a L N G ship) during 
a ballast and loaded voyage between L a Spezia, Italy and Brega, L i b y a . 
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184 ANALYTICAL METHODS IN OCEANOGRAPHY 

Nonvolatile hydrocarbons at the surface (bucket samples) and at 10 m 
depth are shown in Figures 3 and 4. These data are fairly characteristic 
of our findings in open ocean water. Surface water shows higher concen­
trations than that at 10 m. Two of the observed concentrations ( 195 ppb, 
154 ppb) are considerably higher than usually found. Monaghan et at 
(9) discuss these data in some detail. 

Bermuda Deep Sea Profile. Monaghan et al. (9) discuss a vertical 
profile of the water column (surface to bottom, 4500 m) obtained west 
of the Berumuda Islands using the chartered R / V Panularis. Sampling 
for extractable organics and nonvolatile hydrocarbons consisted of 13 
casts of three 30-1. Niskin bottles. The casts were arranged so that the 

Table V . Extractable Organic and Nonvolatile Hydrocarbons 
in Profile Sampling at Bermuda Station0 

Extractable Nonvolatile 
Depth (m) Organics (ppb) Hydrocarbons (p 

0 13, 22 4.5, 4.2 
10 15, 8.2 6.3, 3.2 
20 10, 12 2.8, 3.1 
30 6.3 2.3 

50 3.7, 2.4, 3.3 0.5, 0.8, — 
75 4.9 1.5 

100 4.4, 4.1, 4.2 3.0, 1.0, 1.7 
148 3.8 — 
195 2.4, 4.3, 2.7 — 
298 2.0, 1.7, 4.2 0.9, 0.8, — 
400 2.7 — 
495 4.8, 3.8, 2.5 1.3, 0.3, — 
591 1.8 0.0 
620 4.2 — 
693 2.2 — 
797 6.4 — 
899 1.9 0.0 
994 2 . 3 , - 0.7, 0.2 

1203 2.1 — 
1445 2.8 — 
2004 2.3 — 
2485 2.7 0.1 
2527 1.5 0.2 
2982" 2.9 — 
3976" 1.4 — 
4027 e 2.1 — 
4427° 1.9 — 

- Lat. 32°18'N, Long. 65°32'W, May 14-15, 1972 
6 Extrapolated depth 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

15



15. BBOWN ET AL. Nonvolatile Hydrocarbons 185 
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Figure 5. Extractable organics and nonvolatile hydrocarbons at 
Bermuda Station (32°18'N, 6S*32TW) 

same Niskin bottle was used at those depths where replicate samples 
were taken. Surface samples were taken with a stainless steel bucket. 
Carbon tetrachloride was added as preservative when the 5-gal samples 
were collected. Extraction with carbon tetrachloride was carried out at 
the Bermuda Biological Station a few days immediately following the 
sampling. 

Extractable organic and hydrocarbon measurements are summarized 
in Table V and plotted in Figure 5. These data show that concentrations 
rapidly decline within the first 100 m. During the next several hundred 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

15



186 ANALYTICAL METHODS IN OCEANOGRAPHY 

meters the decline is more gradual, and below that point concentrations 
are uniformly low. 

Even though the vessel was drifting while replicate samples were 
taken, measurement of extractable organics and hydrocarbons agreed 
reasonably well . 

Compositional Data . Figure 6 illustrates the nature of the compo­
sitional information provided by the method. Chromatograms of two 

SURFACE SAMPLE 
STATION 201 

J I I J 1 
50 40 30 20 

RETENTION TIME (min.) 

Figure 6. Gas chromatograms and composition of hydrocarbons at GEOSECS 
Stations 201 and 202 

G E O S E C S surface samples show a η-paraffin distribution with a maxi­
mum at C 2 8 which is significantly different from the C 2 3 maximum ob­
served for the envelope. The hydrocarbons under the envelope are a 
complex mixture as shown by the hydrocarbon type analysis. 
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16 
Identification of Specific Organic Compounds 

in a Highly Anoxic Sediment by Gas 

Chromatographic-Mass Spectrometry and 

High Resolution Mass Spectrometry 

R O N A L D A. HITES and W I L F R I E D G. B I E M A N N 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, Mass. 02139 

The sediment of the Charles River Basin (an exclusively 
anaerobic system) was analyzed by computerized gas chro­
matographic-mass spectrometry (GC-MS) and high resolu­
tion mass spectrometry (HRMS). The organic compounds 
were separated first by methylene chloride extraction fol­
lowed by gradient chromatography on alumina. This analy­
sis revealed a large number of aliphatic and olefinic hydro­
carbons, elemental sulfur, various and abundant polycyclic 
aromatic hydrocarbons (PCAH) and their alkyl derivatives, 
and two phthalate esters. Since the PCAH were the most 
abundant single class of compounds, their identification was 
pursued in detail. Possible sources of these compounds in 
the aqueous environment are petroleum, incomplete com­
bustion, anaerobic biosynthesis, or chemical dehydrogena­
tion of natural products. 

' " p h e Charles River in Boston is not one of the world s most commercially 
·*• significant rivers. It is, however, of considerable aesthetic importance 

to metropolitan Boston. Unfortunately, it is highly polluted, a condition 
which is aggravated by the geometry of the river basin and the associated 
dams. This has caused the irreversible intrusion of salt water back into 
the river. Because of its high density, this salt water wedge (shown i n 
Figure 1) prevents the normal seasonal, thermal inversion of the river. 
As a result very little if any vertical mixing of water occurs. This effect, 
taken together with the very low flow and with the occasional input of 

188 
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16. HiTES A N D Β Γ Ε Μ Α Ν Ν Organic Compounds by GC-MS and HRMS 189 

sanitary sewage, has led to a highly anoxic condition of the water. Thus 
the Charles River may be considered a typical, but extreme case of most 
bodies of polluted water. 

The Charles River is typical of other polluted bodies of water in still 
another way, namely, there is little detailed information on the specific 
chemical nature of the pollutants i n the water. Previous work in our 

CHARLES RIVER CROSS SECTION 
HIGH CHLORIDE 

MILES ABOVE DAM 

Figure 1. Diagram of the Charles River Basin in 
Boston. NYC, Newton Yacht Club; LAB, Lars Ander­
son Bridge; BUB, Boston University Bridge; HB, 
Harvard Bridge; LFB, Longfellow Bridge. The sedi­
ment sampling location is indicated by X . Data from 

Ref. 14. 

laboratory ( I ) identified some of the specific organic compounds i n this 
water. A number of normal alkanes, several alkyl naphthalenes, a few 
alkyl anthracenes or phenanthrenes, pyrene, fluoranthene, and phthalate 
esters were found. The most abundant compounds present were di-(2-
ethylhexyl) phthalate and di-n-butyl phthalate. Detailed analysis of these 
data indicated that the alkanes (see Figure 2A) were probably of natural 
origin (from algae and bacteria), the phthalate esters were plasticizers 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

16



190 ANALYTICAL METHODS IN OCEANOGRAPHY 

of ubiquitous urban origin, and the various polycyclic aromatic hydro­
carbons were probably of petrochemical origin. The hypothesis was ad­
vanced (J) that the aromatic hydrocarbons entered the water by the 
urban runoff system and originated in gasoline and other petroleum fuels 
used in the urban area. 

This paper reports further on the analysis of the Charles River 
system by a detailed qualitative examination of the organic compounds 
which are present in the river sediment. This investigation of the sedi­
ment was undertaken from two points of view. First, the sediment is an 
obvious sink for pollutants which enter the river, and it was of interest 
to determine the identities of these compounds and, ultimately, their 
primary sources. Second, the sediment is a possible pollutant source in 
itself, i.e., organic compounds may be generated in the sediment by 
chemical or biological reactions and these would, in turn, pollute the 
water. In both of these cases, a comparison of the organic compounds 
found in the water and in the sediment would provide information on 
the natural processes which tend to modify the pollutant load of a body 
of water. 

Experimental 

The sediment sample was obtained from the site indicated in Figure 
1 on September 28,1973. The sampling device was a weighted thin-walled 
brass tube with a Teflon flap closing the bottom, suspended on a cotton 
rope. It was allowed to fal l into the water where it hit the bottom ver­
tically and penetrated into the soft mud about 7 cm. When pulled up 
slowly, the flap retained the mud core and some supernatant water. The 
sample was transferred to a glass beaker, covered with aluminum foil , 
and immediately taken to the nearby laboratory. The sample consisted 
of a grey-to-olive, fine grained mud, smelling of hydrogen sulfide. In the 
laboratory it was immediately transferred to a large Buchner funnel, 
and the water was removed. The filter cake was dried in a desiccator for 
two days. The dried mud was extracted with methylene chloride ( Nano-
grade) in a pre-extracted Soxhlet apparatus for 18 hr. The solvent was 
evaporated under vacuum at 25°C, and the extract was weighed. 

Two batches of the sediment were extracted. The first batch ( 14.97 
g) was broken into pieces 2-10 mm in diameter, and the resulting methyl­
ene chloride-extractable matter was 1.92% (0.287 g) . The second batch 
(19.41 g) was powdered with a mortar and pestle, and the resulting 
methylene chloride-extractable matter was 1.96% (0.380 g) . There was 
no increase in the extractable organic fraction after pulverization, so it 
was assumed that the extraction was complete. 

The first batch of extract was dissolved in a small volume of methyl­
ene chloride and subjected to gradient chromatography on alumina. 
Woelm alumina was washed with methylene chloride several times and 
then activated at about 95°C for several hours. A 26-ml column (9 mm 
id) was prepared with a slurry of this alumina in pentane, and 122 frac­
tions were eluted with a succession of solvents as follows: pentane 
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16. HiTES A N D B I E M A N N Organic Compounds by GC-MS and HRMS 191 

(fractions 1-30), 4:1 pentane-benzene (fractions 31—40), 7:3 pentane-
benzene (fractions 41-60), 1:1 pentane-benzene (fractions 61-80), ben­
zene (fractions 81-102), 1:1 benzene-methanol (fractions 103-112), and 
methanol (fractions 113-122). A l l solvents were nanograde and were 
shown to be pure enough for this application by G C analysis. 

Each fraction was evaporated to dryness in 10-ml pear-shaped flasks, 
redissolved in a small amount of methylene chloride, and gas chromato-
graphed. G C conditions were as follows: column, 6 ft X 0.125 in. od stain­
less steel packed with 3% OV-17 on 100-120 mesh Gas-Chrom Q; tem­
perature program, 70-330°C at 12°/min, holding at the final temperature 
for up to 20 min; and carrier gas flow rate, 28 m l / m i n . Fractions contain­
ing very little material or with G C patterns very much like adjoining 
fractions were combined. These fractions were then analyzed on the 
G C - M S computer system to obtain mass spectral data on the individual 
components. For certain fractions additional information was gained 
from ultraviolet spectra. 

The second batch of extract was fractionated into pentane-soluble 
and pentane-insoluble components; 31% of the methylene chloride ex­
tract was soluble in pentane. This pentane-soluble fraction was then 
analyzed by H R M S by directly inserting the sample into the ion source. 

The G C - M S computer system consists of a Perkin-Elmer 990 gas 
chromatograph interfaced to a Hitachi R M U - 6 L mass spectrometer 
which is in turn interfaced to an I B M 1802 computer. The details of this 
hardware and associated software have been published previously (2). 
The H R M S system consists of a DuPont Instruments 21-110B mass 
spectrometer and a D . W . Mann comparator interfaced to the I B M 1802 
computer. Details on this system are available elsewhere (3). Both mass 
spectrometers were operated at 70 eV ionizing energy. 

Results and Discussion 

In general, the compounds which were identified in the sediment 
of the Charles River Basin can be divided into three groups. The first 
group comprises fractions 1-30 from the alumina chromatography and 
contains aliphatic and olefinic hydrocarbons and elemental sulfur. The 
second group is made up of fractions 31-91 and contains polycyclic 
aromatic hydrocarbons. The third group consists of fractions 92-122 and 
contains phthalate esters. 

Aliphatic and Olefinic Hydrocarbons. Of the first 30 fractions, only 
fractions 4-7 contained significant quantities of material. The explora­
tory gas chromatographic analysis of these four fractions showed them 
to be very similar; they were pooled and analyzed by G C - M S . Figure 2 
shows the total ionization plot (trace B ) and the mass chromatogram of 
m/e 57 (trace C ) for these combined fractions. The peak at scan 165 is 
elemental sulfur. Its mass spectrum shows peaks separated by 32 mass 
units and a molecular ion at m/e 256 corresponding to eight sulfur atoms. 
The presence of sulfur is not unexpected i n such highly anoxic sediment 
(4). 
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192 ANALYTICAL METHODS IN OCEANOGRAPHY 

SCAN MDMBER 

Figure 2. (A) Mass chromatogram of m/e 99 representing the distribution of 
normal alkanes in Charles River water. The numbered peaks represent normal 
alkanes of the indicated chain length. Data are from Réf. 1. (B) Total ioniza­
tion plot of fractions 4-7 from the extract of Charles River sediment. (C) Mass 
chromatogram of m/e 57 representing the distribution of alkanes in Charles 

River sediment. 
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The other components of this mixture are not resolved from one 
another and form a wide continuum in the gas chromatogram centered at 
scan 220 which corresponds i n retention time to octacosane. The general 
nature of these compounds can be determined by inspection of a l l the 
mass chromatograms from this mixture. F rom these data it can be con­
cluded that these compounds are alkanes, cycloalkanes, and alkenes 
(containing up to three double bonds) with considerable branching. A 
mass chromatogram indicative of the alkanes found in the river water ( at 
2 m depth) is included for comparison (Figure 2 A ) ; the G C peaks 
caused by the individual normal alkanes are readily apparent. In the 
sediment, however, the normal alkanes are missing as noted by the lack 
of regularly spaced predominant peaks i n the mass chromatogram of m/e 
57 (Figure 2 C ) . The lack of normal alkanes in the sediment is believed 
to result from biodégradation. The facile microbiological decomposition 
of normal alkanes (as opposed to branched species) is wel l known (5). 

Polycyclic Aromatic Hydrocarbons. Gas chromatographio-mass 
spectrometric analysis of fractions 31-91 indicated the presence of vari­
ous polycyclic aromatic hydrocarbons ( P C A H ) with molecular weights 
of 178-316. Because it is impossible to discuss in detail al l the chromato-

Table I. Polycyclic Aromatic Hydrocarbons Found in 
Sediment of the Charles River Basin by GC-MS 

. Unsubstituted Compounds 
Maximum — 

No. of No. of 
Alkyl Rings + 

Carbon Elemental Double 
Compound Found 

Anthracene or phenanthrene 
4,5-Methylenephenanthrene 
Pyrene (UV confirmation 0) 
Fluoranthene 

( U V confirmation a) 
Benzofluorenes 

(isomers unknown) 
Benzo[a]anthracene / 
Chrysene J 
Benzo[6 or fc]fluoranthene 
Benzo[a]pyrene 
Benzo[e]pyrene 
Perylene (trace quantities) 
C22H12 (isomer unknown) 
Dibenzopyrenes or dibenzo-

fluoranthenes (isomers 
unknown) 
β A UV spectrum of fraction 43 showed peaks characteristic of a 1-1 mixture of 

pyrene and flouroanthene. 

Atoms Composition Bonds MW 

12 C14H10 10 178 
9 CuHio 11 190 

15 C u H i o 12 202 

C17H12 12 216 

10 C i e H l 2 13 228 

5 C20H12 15 252 

3 C22H12 17 276 

3 C24H14 18 302 
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194 ANALYTICAL METHODS IN OCEANOGRAPHY 

36-40 Py,45mpcc,ap< 

0 5 10 15 20 25 

TIME , MIN. 

Figure 3. Gas chromatogram of fractions 36-40 from the extract of 
Charles River sediment, ap, anthracene or phenanthrene; 45mp, 4,5-
methylenephenanihrene; f, fluoranthene; py, pyrene; chry, chrysene. The 
number of superscript cs indicates the number of alkyl substituted 

carbon atoms. 

graphic and spectrometric evidence, only a few examples w i l l be pre­
sented. A complete summary of all compounds found in these fractions 
is presented in Table I. For each compound listed, the mass spectrum 
and gas chromatographic retention times agreed with those of authentic 
material. The maximum number of alkyl carbon atoms found for the 
various polycyclic systems is also given in Table I. The exact substitution 
of these alkyl carbon atoms on the ring system is, of course, not known. 
It seems likely that many isomers are present simultaneously. The data 
on alkyl substitution are based on the mass spectra and relative G C 
retention times of the methyl and most dimethyl or ethyl derivatives and 
on peaks in the mass chromatograms corresponding to the higher alkyl 
homologs. 

As an example of the chromatographic and mass spectrometric data 
for these aromatic fractions, Figure 3 shows the gas chromatogram of 
combined fractions 36-40. Examination of the mass spectra correspond­
ing to the various chromatographic peaks, the gas chromatographic 
retention times, and the l iquid chromatographic behavior allows one to 
make the structural assignments shown in Figure 3. Anthracenes or 
phenanthrenes containing one, two, and three carbon atoms as alkyl 
substituents are present. The two major components are fluoranthene 
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16. HiTES A N D B I E M A N N Organic Compounds by GC-MS and HRMS 195 

and pyrene. Methyl fluoranthene and methyl pyrene were also identified. 
Mass chromatograms indicated the presence of higher alkyl substituted 
anthracenes or phenanthrenes, fluoranthenes, and pyrenes. 

The mass spectrum of an interesting component i n this mixture (see 
Figure 4) was identified as that of 4,5-methylenephenanthrene, the pres­
ence of the methylene group causing a characteristically abundant M — 1 
ion at m/e 189. A l k y l substituted derivatives of this compound are also 
present in the combined fractions 36-40. In fact, the mass spectrum taken 
during the emergence of the largest chromatographic peak in this fraction 
(see Figure 5) clearly shows the C 2 substituted 4,5-methylenephenan­
threne. Its molecular weight is 218 amu, and it exhibits fragment ions at 
m/e 203 and 189. In addition, this mass spectrum (Figure 5) shows the 
presence of pyrene (m/e 202) and the three-carbon atom substituted 
anthracene or phenanthrene, giving ions at m/e 220 and 205. This mass 
spectrum is an example of the emergence of three different ring systems 
in the same chromatographic peak; the coincidence of differing levels of 
alkyl substitution causes them to coelute. In a similar manner, other poly­
cyclic aromatic ring systems and their alkyl substituted derivatives were 
identified in other fractions. Table I summarizes this information. 

When taken together with the previous data on the aromatic hydro­
carbons present in the water ( J ) , it is now apparent that P C A H ranging 
from naphthalene to dibenzopyrene are present in the Charles River 
Basin system. The more water-soluble of these P C A H , the naphthalenes, 
are found in the water only; those of intermediate solubility, anthracenes 
or phenanthrenes, are found in both water and sediment; and those of 

Figure 4. Mass spectrum corresponding to the peak labeled 45 mp 
in Figure 3. It has been interpreted as that of 4,5-methylenephenanthrene. 
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202 218 

189 
1203 220 

109 

, i|i,..,J..iilll Milllllllllliiin)iilllLî  

Figure 5. Mass spectrum corresponding to the most intense peak in 
Figure 3 (retention time = 18.5 min). See text for interpretation. 

low solubility, molecular weights above 228, are found only in the sedi­
ment. The sources of these compounds w i l l be discussed below. 

Phthalate Esters. Fractions 92-122 contained large amounts of 
di-(2-ethylhexyl) phthalate and much smaller amounts of di-n-butyl phtha­
late and dioctyl adipate. The ubiquity of phthalate esters as laboratory 
contaminants is wel l known. In this case, however, the very high abun­
dance of phthalates i n these later fractions and their absence in previous 

Table II. Nonlinear Abundances of Polycyclic 
of the Charles River Basin 

Total Carbon Number 

u 15 16 17 18 19 20 21 22 23 
13600 9676 7944 5208 3132 1920 1460 1732 2132 1812 
6792 6172 7028 5044 3676 2724 2132 2124 1984 1860 
2492 1248 16720 10468 7020 3932 2236 1500 1588 1104 

0 76 6320 640 12444 7036 4232 2608 1316 696 
0 532 1748 2164 9140 5404 4524 2996 1640 1484 
0 0 0 88 2388 556 14408 7576 3744 1868 

0 0 460 2g8 168 5908 1568 8152 3528 
0 0 0 1356 3188 1768 12232 4344 

0 0 0 0 92 3016 436 
0 0 0 1072 928 88 

0 0 0 0 624 
0 0 0 60 

0 0 0 
α These numbers are all divisible by four because a 14-bit A/D converter feeds a 

16-bit computer word. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.c
h0

16



16. HiTES A N D B D E M A N N Organic Compounds by GC-MS and HRMS 197 

fractions and in various blank analyses indicate that the phthalates are 
indeed present in the Charles River sediment and are not artifacts. This 
should not be surprising since phthalate esters were among the more 
abundant components in the river water ( I ) . It seems likely, therefore, 
that the river sediment accumulates these compounds from the water. 
Degradation by anaerobic bacteria, expected to be present i n the sedi­
ment, could be slow and, thus, over a period of time high abundances 
of phthalates could accumulate. 

High Resolution Mass Spectrometric Quantitation of Polycyclic 
Aromatic Hydrocarbons. Because of the striking abundance and variety 
of the P C A H found in the sediment by G C - M S , it was of interest to 
measure the relative abundance of these hydrocarbons. This was accom­
plished by HRMS. A n aliquot of the total pentane-soluble fraction from 
the second batch of extracted sediment was introduced into a high reso­
lution mass spectrometer through the direct introduction probe system 
and vaporized at a continually increasing temperature while seven 
exposures on a photographic plate were made. After development, the 
plate was read on the computerized comparator, and the exact masses with 
their intensities ( in nonlinear arbitrary units) were stored on magnetic 
tape. Later these exact masses were converted to elemental compositions 
(3), and the corresponding intensities were then arranged as tables of 
carbon number vs. number of double bonds and rings. One such table 
for each of the seven exposures was generated, and then a composite 

Aromatic Hydrocarbons Found in the Sediment 
as Determined by HRMS" 

Total Carbon Number 

Rings + 
Double 

25 26 27 28 29 80 Bonds 

1580 1276 1032 916 292 256 64 10 
1444 1052 924 716 292 152 100 11 
1148 764 616 420 116 0 40 12 

588 328 176 144 76 0 24 13 
960 564 84 20 20 0 0 14 
976 352 68 44 0 0 0 15 

1536 424 132 24 0 0 0 16 
2652 1032 268 44 28 0 0 17 
8208 2384 940 188 0 0 0 18 
4236 524 2432 536 20 0 0 19 
1420 128 6596 1520 524 24 0 20 

100 32 1104 88 2376 100 0 21 
0 324 88 0 2240 0 36 22 
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table was formed by adding the corresponding entries in each of these 
tables. This final set of data is shown in Table II. 

Because P C A H display mass spectra with extremely abundant 
molecular ions, this table can be thought of as a relative abundance 
display of the molecular ions for those P C A H present in the sediment 
sample. For example, the entry at 16 carbon atoms and 12 double bonds 
or rings corresponds to a mass of 202.0783 and represents the combined 
abundance of pyrene and fluoranthene (16,720 units). The combined 
abundance of al l of the methyl derivatives of both these compounds and 
of the benzofluorenes is given by the entry immediately adjacent on 
the right, namely 10,468. In a similar fashion, al l of the benzofluroan-
threnes and benzopyrenes are lumped together in one intensity measure­
ment of 14,408 units (20 carbon atoms, 15 double bonds and rings). 
Unfortunately, the entries in this table are not a linear function of com­
pound abundance; in fact, the exact functional relationship is not known. 
It is known, however, that the higher the entry in Table II, the more 
abundant are the compound or compounds represented by that entry. 
Thus, such a table is a crude semiquantitative indication of the relative 
abundance of the P C A H and their alkyl-substituted derivatives. 

Despite this limitation one notices a number of features about the 
relative distribution of P C A H in Charles River sediment: 

1. Pyrene and fluoranthene (m/e 202) are the most abundant group 
of isomers present; the C 2 o H i 2 group is the second most abundant. 

2. Coronene ( C 2 4 , 19 double bonds and rings) is present (4236 
units), but it is less abundant than the dibenzopyrenes (8202 units). 

3. A n additional series of P C A H based on the elemental composi­
tion C 2 6 H i 4 and including the methyl and ethyl or dimethyl derivatives 
is present. 

4. Within most series of homologs, the abundance monotonically 
decreases as substitution increases. In fact, a semilogarithmic plot of 
certain of these data (see Figure 6) shows a linear decrease in abundance 
as alkyl substitution increases within a given ring series. Indeed, the 
C i 8 H i 2 series (molecular weight 228) displays a linearly decreasing 
abundance over 10 atoms. 

The cause of this linearity is not yet clear. Nevertheless, displays 
of this sort are a particularly powerful, graphic means of semiquanti-
tatively characterizing P C A H mixtures, and, very importantly, their 
alkyl substituted homologs. 

Conclusions 

The single most abundant class of compounds identified in the sedi­
ment of the Charles River Basin is the polycyclic hydrocarbons. This 
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16. HiTES A N D Β Ί Ε M A N N Organic Compounds by GC-MS and HRMS 199 

finding is unusual and surprising, and one immediately wonders about 
their source. [Concurrent work has shown that mixtures of P C A H of 
considerable complexity and which contain many of the same compounds 
listed in Table I are also present in a recent near-shore marine sediment 
(6 ) ] . There are four possible sources of P C A H in the aqueous 
environment. 

20,000 

10,000 

3,000 

Lu 
Ζ 
< 
Ω 
Ζ 
m 1000 
< 

300 

100 
16 17 18 19 20 21 22 23 24 25 26 27 28 

CARBON NUMBER 

Figure 6. Abundance (taken from Table II) of consecutive members 
for different PCAH homologous series vs. total number of carbon 
atoms in the molecule. The molecular weight of the unsubstituted 

homolog for each series is given adajacent to each line. 

Petroleum. The presence of P C A H i n petroleum is wel l known. 
Naphthalene, phenanthrene, fluorene, pyrene, chrysene, triphenylene, 
perylene, several benzanthracenes, and various alkyl substituted deriva­
tives of these compounds have been found in crude petroleum (7) . In 
addition, the P C A H content of those petroleum products which have 
been produced by thermal cracking is much greater than in the crude oil . 
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200 ANALYTICAL METHODS IN OCEANOGRAPHY 

These petroleum-derived P C A H can enter the Charles River by 
numerous paths. The most dramatic and straightforward is dumping of 
waste motor oi l into the urban runoff system. Another more indirect 
path is emission into the atmosphere of P C A H present in fossil fuels. 
For example, P C A H present in home heating oil or gasoline can be 
transported relatively unchanged through the combustion zone into the 
atmosphere where they w i l l eventually enter the aqueous environment. 

Combustion. The incomplete combustion of fuel of all sorts (petro­
leum, methane, coal, refuse, etc.) can produce P C A H by free radical 
reactions in the flame zone (8). Emission of these compounds into the 
air can occur both from mobile and stationary sources and is usually 
associated with soot production. P C A H from combustion sources could 
reach the Charles River mostly by way of rainwater which both scrubs 
them from the air and transports already precipitated P C A H (adsorbed 
on soot) by way of terrestrial runoff. 

Biosynthesis. Although the data are somewhat preliminary, there 
are indications that P C A H can be produced by anaerobic bacteria and 
by some algae. In 1959 ZoBell (9) isolated 367 mg of "presumed aro­
matic compounds" from a 5-gal. culture of anaerobes. Specific compounds 
were not identified. Clostridium putride and E. coli seem to produce 
benzo [a] pyrene and other unidentified P C A H (JO). The fresh water 
alga ChloreUa vulgaris may synthesize several P C A H from 1 4 C-labeled 
acetate (11). It seems quite possible, therefore, that a mixed population 
of various anaerobic bacteria and algae, which would be present in an 
anoxic body of water such as the Charles River and its sediment, could 
produce considerable quantities of P C A H . 

Chemical Synthesis. If cholesterol is heated with elemental sulfur at 
150°C for several days, a mixture of P C A H results (12), the detailed 
composition of which is not known. Other dehydrogenation reagents, 
such as selenium, catalyze the production of alkyl naphthalenes and 
phenanthrenes from naturally occurring terpenes (13). Thus, in prin­
ciple, it is possible that the P C A H in an anoxic sediment could result 
from the chemical dehydrogenation of various naturally occurring com­
pounds. These reactions may take place slowly over the years and may 
be catalyzed by trace elements, elemental sulfur, and clay minerals. 

Without detailed information on the characteristics of the P C A H 
mixtures produced by each of these four sources, it is difficult to specify 
which may be the most predominant in the Charles River system. It 
seems likely, however, that al l of these possibilities play a role and that 
the P C A H which have been observed are the result of both natural 
processes and human activity. 
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Occurrence and Implication of Sedimentary 

Fluorite in Tampa Bay, Fla. 

D E A N F. M A R T I N and W I L L I A M H . T A F T 

University of South Florida, Tampa, Fla. 

Phosphate processing caused large amounts of gaseous fluo­
ride to be emitted as a waste product through stacks. Scrub­
bers were installed by a plant located on Tampa Bay, Fla., 
and the collected fluoride was then discharged into the Bay. 
In July 1973, the daily discharge of fluoride entering the 
Bay was approximately 24,000 lb. A study of water and 
sediment samples in Tampa Bay adjacent to a discharge 
canal of the plant revealed (1) a deltaic deposit of sedi­
mentary fluorite, (2) remarkably low pH meter readings 
(3.3) that indicated the buffer capacity of 50 X 106 m3 of 
estuarine water was virtually exhausted, (3) fluoride con­
centrations as much as 40 times the concentration in normal 
seawater, and (4) temperature differentials in relatively 
shallow water (0.6 m) that were the reverse of what would 
normally be expected. 

'Tphe geochemistry of fluoride in estuarine waters has received increas-
ing attention ( J , 2, 3, 4, 5) because of concern about the primary 

sources of fluoride i n continental waters—rainwater of ultimate marine 
origin, volcanic emanations coupled with atmospheric precipitation, rock 
weathering, and industrial. Generally, rock weathering is considered least 
as a primary source of fluoride. Ki lham and Hecky (6) demonstrated 
the significance of weathering of fluoride-rich volcanic rocks i n East 
Africa. The Africa site is far removed from industrialized regions and 
may provide the best area for studying the preindustrial fluoride cycle 
and estimating the impact of man. 

Tampa Bay, F la . , may wel l represent another area that is ideal for 
studying the impact of man on the fluoride cycle, particularly i n an 
estuarine environment. Indeed, we believe that the present study provides 

202 
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17. M A R T I N A N D T A F T Sedimentary Fluorite 203 

the basis for studying a situation at what may be the ecologically worst 
stage, followed by improvement. 

In Florida, fluoride and phosphate are chemically and industrially 
associated. Phosphate deposits i n Florida occur as sedimentary phos­
phorite of Miocene age (10-15 million years o ld) . The principal mineral 
is apatite, C a 5 ( P 0 4 ) 3 F , containing about 4% fluorine. The deposits are 
centered in a 500-sq mile area around Bartow. Min ing was initiated i n 
1890, and in 1972, Florida produced more than 30 mill ion tons of phos­
phate valued at about $170 million. Florida supplies over three-fourths 
of United States needs and roughly one-third of the world needs (7) . 

The processing of this resource underwent a number of changes as 
environmental degradation was noted and new technology became avail­
able to resolve those problems. According to Hendrickson (8) as much 
as eight tons of gaseous hydrogen fluoride per day was discharged into 
the atmosphere within an area of 100 sq miles as a result of treatment of 
the ores with sulfuric and phosphoric acid. That time has long passed, 
and phosphate processing companies have assumed considerable ecologi­
cal responsibility. For example, complaints by local residents, orange 
growers, cattlemen, and commercial florists led one such company, Gardi-
nier, Inc. (then owned by U.S. Phosphoric) to install scrubbers in about 
1963. Rather than being released into the air, collected fluoride was 
discharged into Tampa Bay. The amount of fluoride discharged into 
the Bay varied with the amount of phosphate produced, but in July of 
1973, the daily discharge amounted to about 24,000 lb. In addition, the 
effluent contained about 27,000 lb of phosphate and 3,000 l b of nitrate 
per day. 

This paper describes results of analyses of Tampa Bay water near 
the Gardinier plant in July 1973 and July 1974 before and after reductions 
in amounts of pollutants had been promised. Clearly, the discharge of 
24,000 lb of fluoride on a daily basis seems excessive, and in July 1973 
when the first sampling took place, Gardinier had hoped to reduce the 
discharges by 97% within six months. The data collected in July 1973 
serve as a benchmark against which to measure the results of pollution 
abatement, and the data collected in July 1974 measure the progress of 
environmental restoration. 

Physical Observations 

The location of Gardinier's plant in relation to Tampa Bay is indi­
cated in Figure 1. Two canals discharge processing wastes into the Bay. 
A deltaic deposit of fluorite that may be the only such deposit of sedi­
mentary fluorite known in the world is located at the mouth of both 
canals. In cross-section, the fluorite deposit is about 3 in. thick at the 
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204 ANALYTICAL METHODS IN OCEANOGRAPHY 

Figure 1. Study site on Hillsborough Bay portion 
of Tampa Bay 

initial discharge point and rapidly diminishes to translucent flakes at the 
outer edges of the deposit, roughly 350 m into the Bay. 

Temperature and p H data were obtained at the time of sampling. 
Temperatures were obtained using the same mercury thermometer in 
1973 and 1974. In July 1973, the temperature increased rapidly during 
equilibration while water temperature was read at the surface (30-sec 
period). Thus, the temperatures in Table I should be regarded as mini­
mum values. The thermal problem was not noticeable during the July 
1974 sampling. A l l p H values were obtained in the field with a Beckman 
model G p H meter, standardized with p H 7 buffers. The field values 
were checked again in the laboratory and generally agreed within 0.2 
units. 

Salinity was obtained using the Harvey method (9) and was checked 
with a hand-held refractometer (9). Silicate and phosphate analysis were 
obtained by a Technicon AutoAnalyzer II using standard procedures 
described in the E P A Methods Manual (10). 

Fluoride was determined mainly by using an Orion fluoride electrode 
(model 90-01) with a Corning model 10 expanded p H meter. The pro­
cedures described earlier (9, I I , 12) were modified as follows. To a 10 m l 
sample of water in a plastic beaker was added 40 m l of stock seawater 
(30% c), followed by 10 m l of total ionic strength buffer (TISB, p H — 5.5, 
ionic strength 1.9) (13). Initial reading (=EX) was recorded after 
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17. M A R T I N A N D T A F T Sedimentary Fluorite 205 

constancy was obtained (usually less than 5 min) . Readings ( = Ex) were 
also recorded after addition of stock fluoride solution (1000 ppm F") in 
0.1-ml increments (or addition of 2, 4, 6, 8, 10 ppm F" ) . The data were 
plotted on semi-logarithmic paper: Ex ( in m V ) as a function of log ppm 
added fluoride. The linear relationship was extrapolated to obtain the 
value of apparent initial fluoride, ( F " ) b knowing E i t The apparent 
fluoride concentration (F~) 0 in the original sample was calculated using 
Equation 1: 

( F - p p m ) 0 = ^ ^ (1) 

where (F~) s is the apparent fluoride concentration i n the stock seawater 
(a value obtained by using 10 m l of distilled water instead of sample), 

Table I. Physical and Chemical Properties of Tampa Bay Water Samples 

Distance 
from 

Salinity POt-P SiOi-Si F- Dischar* 
Station (°M t(°C) pH° (PPm) (PPm) (ppm) Canal (i 

1973 
I B 6 27 .8±0 .3 36 3.3 36.7 44.1 43.0 15 
2S 21 .1±0 .1 28 3.95 32 18.7 23.3 155 
2B 27 .1±0 .3 34 3.3 33 46.1 34.8 155 
3S 21 .1±0 .1 28 5.70 20.1 10.3 18.5 305 
3B 2 2 . 6 ± 28.5 4.60 22.5 17.1 14.0 305 
4S 31 .1±0 .1 30 3.8 31.3 19.0 21.5 115 
4B 29 .6±0 .3 34 3.2 35.5 46.9 30.8 115 
5S 23 .8±0 .2 33 3.5 35.4 25.5 36.5 155 
5B 3 1 . 7 ± 35 3.2 33.6 49.2 25 155 
6S 2 2 . 4 ± 0 . 4 33 3.6 35.5 25.6 34.2 305 
6B 3 1 . 9 ± 3 . 5 33 3.2 40.3 34.8 35.0 305 
7S 21 .2±0 .1 28.5 5.5 23 10.7 16.3 265 
7B 34 .8±0 .6 31 3.4 33.7 40.0 36.3 265 

1974 
S O 30 33 6.68 5.0 2.1 0 
2S 15 28 6.90 1.4 2.6 15 
3S 13 29 7.22 1.6 2.6 32 
5B 16 31 7.21 1.1 2.0 265 
7S 15 30 7.60 0.8 1.8 425 
8 G F D C 32 32 2.28 61.2 3 3 0 ± 6 « 0 

3 4 6 ± 2 0 ' 
a pH meter reading, B. 
b S, surface; B, bottom (Ca. 0.6 m at time of collection, August 23, 1973). 
c SC, southernmost canal. 
d Sample collected near gypsum field ditch (see Figure 2). 
« Fluoride ion electrode method, internal standard, dilutions at 0.1, 0.02, 0.01. 

' Colorimetric method with internal standard, dilution at 0.004. 
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206 ANALYTICAL METHODS IN OCEANOGRAPHY 

Figure 2. Location of specific sam­
pling sites in relation to southern and 

northern discharge canals 

( F " ) i is the apparent initial fluoride in the TISB-diluted sample, and D . F . 
is the dilution factor, 0.2. 

The accuracy of the method was indicated by the value of (F~) s , 
which was 1.05 ppm, and which would correspond to a value of 1.3 ppm 
for the sample of salinity, S — 35%<?. For comparison, the calculated value 
for salinity of 35%0 would be 1.28, based upon the reported value for 
standard seawater (13). The precision was estimated for samples 6S 
and 6B for which the mean and standard deviations were 34.2 db 0.8 and 
35.0 ± 0.3, respectively; the corresponding relative deviations were 2.3 
and 0.9%. There was no significant variation in fluoride values during 
the 24 hr after being stored in a plastic container and refrigerated at 
< 4°C. In addition, fluoride was also determined for one unique sample 
colorimetrically, using an lanthanum-alizarin complexone reagent (14). 
Data are compared in Table I. 

Observations of Organisms in the Sampling Area 
and Environmental Restoration 

The contrast in the organism observations before and after fluoride 
emission abatement was dramatic. During July 1973, pH-meter readings 
that were remarkably low for estuarine samples were observed within 
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17. MARTIN AND TAFT Sedimentary Fluorite 207 

the area of fluoride deposition (Table I ) , and it is not remarkable that 
there were no visible signs of life within the area. For example, an 
abundance of jellyfish were living in Tampa Bay during the field study, 
but in the study area the four to six such organisms that were seen were 
all dead. W e presume that the jellyfish had been killed by the chemical 
discharge. In addition, no barnacles were present in the area. In contrast, 
the bottom sediment during July 1974 had a normal distribution of marine 
worms and barnacles attached to sticks and sedimentary fluorite typical 
of Tampa Bay, and, in addition, fish were observed. The existence of 
the normal compliment of marine worms indicates a bottom sediment 
that is beginning ecological restoration. Most of the barnacles were dead 
which suggested a period of much less pollution discharge since July 1973 
and then an increase that destroyed the animals. A t the time of the 1974 
collections, it was not possible to determine the precise state of restoration. 

It was expected that sampling in 1974 would provide low fluoride 
concentrations and high p H values, thereby indicating a return to a more 
estuarine condition. However, as can be seen by Table I, the 1974 results 
have much higher fluoride and much lower pH-meter reading values than 
those of 1973. The company (Gardinier) explained the 1974 values by 
excessive rainfall and runoff from their storage facility. Regardless of 
the reason, concentrations of fluoride in Tampa Bay at the 1974 collection 
were excessively high and reflected a continuation of fluoride pollution 
in Tampa Bay six months after Gardinier promised to obey a temporary 
operating permit that called for a 97% reduction by January 1, 1974. 

Conclusions 

Several unique features emerged from this study. The most obvious 
was the existence of sedimentary fluorite. This deposit is considered 
unique in the world. It is a key and significant feature that the amount 
of fluorite is not greater, and this argues for considerable complexing of 
the fluoride, presumably as H 2 S i F 6 . This compound results when silicon 
tetrafluoride, obtained during the treatment of phosphatic rocks (Equa­
tions 2 and 3) is washed out of the waste gases by water and hydrolyzed 
(Equation 4). 

C a 3 ( P 0 4 ) 3 F + 5 H 2 S 0 4 -> 5 C a S 0 4 + 3 H 3 P 0 4 + H F (2) 

4 H F + S i 0 2 -> S i F 4 + 2 H 2 0 (3) 

3 S i F 4 + 2 H 2 0 -> S i 0 2 + 2 H 2 S i F ( (4) 

Study of the mass balance of hydrogen, silicon, and fluorine found 
in the bottom and surface samples should indicate the persistence of the 
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208 ANALYTICAL METHODS IN OCEANOGRAPHY 

complex. For near-bottom samples, for example, the effluent appears to 
be silicon rich, and the agreement between the amount of H 2 S i F e calcu­
lated on the basis of [ H + ] and [F"] is fairly good while agreement for 
surface samples is poorer. The relationship between [ H 2 S i F E ] F and 
[ H 2 S i F E ] H , the amount of fluorosilicic acid calculated on the basis of 
fluoride and hydrogen-ion analyses, respectively, is plotted (Figure 3) . 

0.1 0.2 0.3 ^ 0 4 0 5 " 
( H 2 S i F 6 ) H , m M 

Figure 3. Concentration of 
SiF6~\ in the sampling area (July 
1973)—F-limiting basis as a function 

of Η-limiting basis 

\jlly 

For the bottom samples, the agreement between two limiting values is 
good, and there appears to be little excess fluoride over what would be 
calculated for H 2 S i F 6 . The correlation between the two values for surface 
samples is good (r = 0.928, Ρ ^0 .001) and statistically significant, but 
the slope suggests that fluoride is in considerable excess over hydrogen 
ion, and the logical suggestion is that the disassociation of the S i F 6

2 " 
species occurs during mixing with estuarine water. Silicon is clearly in 
excess over that required for complex formation, and the excess of silicon 
relative to fluoride is greater for bottom samples. Complexing by hydro­
gen ion is also a considerable possibility at these p H values, though the 
results in Table I appear better explained by complexing as H 2 S i F 6 . 

A second unique feature is the pH-meter readings, which were re­
markably low (3.3) for several stations in July 1973. The values indicate 
that the buffering capacity [ca. 2.5 meq/kg, but see Sillén (15) for 
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17. M A R T I N A N D T A F T Sedimentary Fluorite 209 

another view] of 50 χ 106 eu m of estuarine water was exhausted. In 
contrast, the same stations when occupied in July 1974 had returned to 
a more natural p H (6-7) . O n the other hand, we were startled by the 
low p H (3.3) at a station 150 ft opposite the northernmost discharge 
canal in July 1974 (see Figure 2). A sample of the water from that canal 
had the lowest pH-meter reading that we have yet encountered (2.2-2.3), 
and this sample of water was exceptionally well buffered because the 
pH-meter reading remained constant for several weeks when the sample 
was stored in the refrigerator at < 4°C. Discharge may have accidentally 
occurred during the July 1974 sampling visit although data provided by 
another agency (Hillsborough County Environmental Protection Agency) 
suggest that the problem persisted into August 1974. 

This view is supported by another unique feature, the excessively 
high fluoride concentrations in the north discharge canal. It appears the 
concentration of fluoride was about 340 ppm. This is a value that was 
consistently obtained by two methods (specific ion electrode and colori-
metric analysis), but a 100-fold dilution was required for the first method 
and a 250-fold one for the second. W e recognize that the problems of 
errors are magnified by dilutions of this magnitude, but it is evident 
that the fluoride concentrations were unusually excessive. 

Finally, a fourth observation, the temperature differential, was ob­
served during the first sampling visit, although not during the second. 
The temperature differentials in shallow water (about 0.6 m) were not 
only significant but were the reverse of what might reasonably be ex­
pected. As noted earlier, the temperature increase at the base of the 
water column indicated a thermal pollution problem in July 1973. Tem­
perature differentials of as much as 6°C between surface and bottom 
water temperatures in such shallow waters indicate the pollutant dis­
charge did not mix rapidly with the overlying water. 

The present study indicates the use of a fluoride specific ion electrode 
as a means of measuring fluoride as a specific pollutant, but more to the 
point, the study indicates the possibility of environmental restoration when 
specific emissions are curtailed. If the abatement program is continued, 
apart from occasional accidental lapses, a significant result of the unique 
deltaic sedimentary fluorite deposit may be anticipated—fishing should 
be better there than in many places of Tampa Bay where absence of a firm 
bottom contributes to turbidity problems during storms and prevents 
benthic plants from using a useful niche. 
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Changes in the Physical and Chemical 

Properties of Biogenic Silica from the 

Central Equatorial Pacific 

I. Solubility, Specific Surface Area, and Solution 
Rate Constants of Acid-Cleaned Samples 

D A V I D C. H U R D and FRITZ T H E Y E R 
Hawaii Institute of Geophysics, Honolulu, Hawaii 96822 

General trends of decreasing solubility of acid-cleaned 
radiolarians with increasing age suggest that cherts and 
porcelanites (recrystallized cristobalite and quartz) are 
presently forming. The thermodynamic properties of bio­
genic silica are between those of silica gel and cristobalite. 
The specific surface area of biogenic silica assemblages has 
decreased by two orders of magnitude in the last 40 
million years. Heterogeneous solution rate constants for 
pure substances yield valuable information regarding the 
free energy of activation of solution processes. These 
constants are quite sensitive to contamination from a mix­
ture of various silica forms and may not be as immediately 
useful as the solubility information. 

" D iogenically precipitated silica is a metastable silica polymorph which 
must eventually alter to quartz under the earth's surface conditions. 

Present observations of deep-sea sediments suggest that this transforma­
tion may occur directly or through an intermediate, alpha cristobalite. 
Several models have been proposed to ascertain the rate at which these 
processes occur. This series of papers tests these models and offers 
simple but powerful methods for detecting changes in crystal form as a 
function of geologic age. 

As noted in the title, the first section of this research deals wi th the 
changes in solubility, specific surface area, and solution rate constants 
of the substances studied. Since it is important to understand the extent 
to which these properties change with changes in crystal form, we first 
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212 ANALYTICAL METHODS IN OCEANOGRAPHY 

review previous workers' data on each topic. In addition, we consider 
the initial properties of biogenically precipitated silica relative to its 
more stable polymorphs and how these properties change as the transi­
tions to these polymorphs occur. From the beginning it may be argued 
that the study of only acid-cleaned materials can hardly be extrapolated 
to the complex interactions occurring among silica polymorphs, metal 
oxides, and alumino-silicate minerals in the sediments. However, we 
suggest that such reactions alter only the rate and not the final outcome 
of the silica transitions. Further, if the properties of the starting material 
relative to the end products are not wel l understood, how is it possible 
to understand the extent and nature of these transitions? 

Solubility of Biogenically Precipitated Silica, Vitreous Silica and 
Silica Gel, Cristobalite, and Quartz in Aqueous Solutions 

A number of authors (1, 2, 3, 4, 5) studied the solubility of bio­
genically precipitated silica. The solubility of artificially precipitated 
silica (silica gel) and of vitreous silica, two forms of silica which have 
similar solubilities also have been studied (6-16). Biogenic silica and 
silica gel probably resemble each other more than either resembles vitre­
ous silica. Sosman (17) and Her (8) presented excellent discussions of 
silica gel and vitreous silica properties. Depending on the preparation 
method, degree of internal ordering, and specific surface area, the solu­
bilities of vitreous silica and silica gel vary widely. However, both sub­
stances share similar ranges which are at least one order of magnitude 
greater than quartz in the 0 ° - 2 5 ° C range of temperatures considered 
here. For this reason alone the two were lumped together in the present 
discussion. Equi l ibr ium values for the two in seawater, p H 7.5-8.3, are 
in the range 1500-2000 μΜ at 25° ± 1°C. 

The equilibrium solubility for low or alpha cristobalite i n distilled 
water at 25°C (by extrapolation from higher temperatures) is ca. 250 μΜ 
(18). In a later paper (19) these authors showed that this material was 
saturated sevenfold in distilled water at room temperatures and that the 
above extrapolated value was not attained during the experiment (4.5 
years). Although we believe that the extrapolated value is valid, it 

Table I. Values of Thermodynamic Properties 
Quartz6 Low Cristobalite" 

6°C 25°C S°C 25°C 
AG° 5.47 ± . 1 7 5.43 ± . 1 7 4.58 ± .2 4.58 ± .2 
AH° 6.0 ± . 1 5 6.0 ± . 1 5 4.58 ± .3 4.58 ± .3 
AS0 1.91 ± .02 1.91 ± .02 ~0 ~0 

β The signs of all values are with respect to the reaction: (solid) —» silica monomer. 
6 From measurements of Morey et al. (19) 
c From measurements of Fournier and Rowe (18) 
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18. HURD AND THEYER Biogenic Silica 213 

is clear that it is difficult to attain equilibrium in distilled water at 
room temperature. In his most recent paper, Fournier (20) give* 
high temperature (165° -250°C) solubilities for a high or beta cristo-
balite sample, which give lower temperature values (by extrapola­
tion) of ca. 1350 μΜ at 25°C and 830 μΜ at 5°C. Stôber (15) d id 
several experiments in 0.154N sodium chloride solutions at 25 °C and ob­
tained values intermediate to the above-mentioned low and high cristo-
balite data. However, his sample was not well defined mineralogically, 
and his results are therefore questionable. No data were found for sea-
water solubilities. 

Equi l ibr ium solubilities for quartz in distilled water at 25°C (also 
obtained by extrapolation from higher temperatures) are in the range 
100-200 μΜ (14,19, 21, 22); at 5°C by the same process, ca. 80-120 μΜ. 
The seawater solubility value of quartz at a slightly lower temperature 
(73 ± 5 μΜ at 2 0 ° C ) , obtained recently by Mackenzie and Gees (23), 
suggests that the data of Morey et al (19) are the most reliable. The 
latter s estimates are used in this paper. 

That each of the above forms (possibly excepting cristobalite in 
distilled water) has a reasonably wel l defined and reproducible equi­
librium value suggests that the following familiar equations may be used 
to describe the net energy changes involved on reaching equilibrium 
(24): 

Change in free energy (kcal/mole) AG° = — RTln(Keci) (1) 

Change in enthalpy (kcal/mole) AH° = R f , ^ * $ (2) 
a{i/1 ab B ; 

Change i n entropy (cal/deg K/mole) AS τ = (AH° - AG°)/(T&ha) (3) 

Thermodynamic values at 5° and 25 °C for each of the three forms of 
silica are given in Table I. The large differences in these values suggest 
that the changes in these properties as a function of the stability of the 
crystal structure should help to identify form changes in the sediment. 

The most obvious change is that of solubility. Simply by cleaning 
the sample to remove clay minerals and absorbed cations and mixing 
the sample with seawater and allowing sufficient time for equilibration, 

as a Function of Temperature and Form8 

High Cristobalite* Biogenic Silica* Vitreous Silica, Silica Gel' 

5 °C 25°C 3°C ~25°C 5°C 25°C 
3.92 ± .2 3.92 ± .2 3.83 db .03 3.81 ± .03 3.70 ± .15 3.73 ± .15 
3.64 ± .15 3.64 db .15 3.97 ± .58 3.97 ± .58 3.30 ± .03 3.30 ± .03 

-0.96 ± .35 -0.96 ± .35 ~0 ~0 -1.44 ± .45 -1.44 db .45 
d From measurements of Fournier (20) 
β From data in Appendix (this report) 1.0-6.4 X 10e years before present 
* From review of Alexander, Krauskopf, and Siever by Wollast (36) 
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214 ANALYTICAL METHODS IN OCEANOGRAPHY 

gross changes may be recognized easily in the surface properties of the 
biogenic assemblage per se. Changes in heat of dissolution are generally 
within 10% of the absolute values of the free energy changes, but alter 
at a slightly different rate producing an interesting entropy effect. There 
is a net gain in entropy when quartz dissolves and a net loss in entropy 
when either vitreous silica or silica gel dissolves. That is, not only are 
greater heats of dissolution required to remove a silica molecule from 
increasingly more stable crystal structures, but the degree of disorder of 
the hydrated monomer relative to the molecule in the more stable crystal 
structure increases as well . 

The biogenic silica values were obtained from Table III for the 
time period Recent to 6.4 millions of years before Present (mybp) . They 
show a net free energy change between that of cristobalite and the silica 
gel-vitreous silica combination as well as a similar intermediate status of 
enthalpy and entropy values. W e suggest that careful characterization 
of the solubility of a biogenic silica sample at several temperatures may 
yield useful information regarding its transformation to a more stable 
substance. Caution must be used in interpreting these changes in solu­
bility per se since: 

1. Any given assemblage contains on the order of three to five dozen 
different species of radiolarians, diatoms, and sponge spicules. Prelimi­
nary investigations based on the refractive index of each species (to be 
elaborated upon in a subsequent report) suggests that almost every 
species is mineralogically slightly different from every other in a given 
assemblage. 

2. The range of specific surface areas from Recent radiolarians to 
sponge spicules may vary by nearly three orders of magnitude. Since 
Alexander (25) has shown that for a series of silica gel sols, solubility 
varies as a function of both specific surface area and internal structure, 
only general trends in solubility can be discussed, and those, conserva­
tively. 

3. Assuming that this process occurs by dissolution of the more 
soluble phase and precipitation of the less soluble ones, a relatively thin 
veneer of less soluble material may well coat those species which are 
mineralogically more stable, further tending to preserve them at the 
expense of the less stable ones. While the bulk of the assemblage may 
be thus coated, a smaller percentage may slowly still yield high solubili­
ties given long time intervals. This is further discussed in the section on 
dissolution rates. 

Figures 1 and 2 show the change in solubility of the acid-cleaned 
radiolarian and sponge spicule assemblages at 26° ± 1°C and 3° db 1°C 
as a function of geologic age. Also shown are the estimated values of 
the high and low cristobalite and low quartz solubilities at these two 
temperatures. The open and crossed circles represent the initial leveling 
off of the concentration of S i ( O H ) 4 vs. time curves, and the dots are the 
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18. H U R D A N D T H E Y E R Biogenic Silica 215 

values reached after three to six months of constant agitation. Although 
there is some scatter in the data, there are clear trends of decreasing 
solubility with increasing sample age. A t least two types of behavior 
are apparent: a gradual decrease i n solubility with increasing age, sug­
gesting at least by 60 rb 10 mybp cristobalite solubilities w i l l be reached 
and one i n which the process appears to be accelerated by a factor of 
three to four, and quartz solubilities are approached after only 15-20 
mybp. 

Figure 3 shows the approximate age vs. number of occurrences of 
recrystallized cristobalite (porcelanite) and quartz (chert) found at 
selected sites of the Deep-Sea Dri l l ing Project. The number within each 
box gives the site at which the mineral was found in abundance. The 
age range of maximum occurrence of recrystallized silica forms (35-65 
mybp) agrees quite well with the solubility trends shown in Figures 
1 and 2. 

Work by Harder (26) suggests that quartz, i n the presence of vari­
ous metal hyroxides at p H 7 between 5° to 80 °C, spontaneously pre-

AGE OF SAMPLE, M.Y.B.P. 

Figure I . Solubility of acid-cleaned biogenic silica in pH 8.3 seawater at 
26° ± 1°C as a function of sample age. 

Samples from core S-68-24 are marked with ©; many of these samples showed 
low solubilities at much earlier ages than the other cores. # give dissolved silica 
concentrations for these same samples after an additional three to six months of 

constant agitation. 
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1400 

Amorphous Silica 
3 ± rC 
pH 8.3 

.SEA WATER. 

20 30 
AGE OF SAMPLE, M.Y.B. P. 

Figure 2. Solubility of acid-cleaned biogenic silica in pH 8.3 seawater at 
3° ± 1°C as a function of the age of the sample (symbols same as in 

Figure 1) 
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Figure 3. Number of occurrences of recrystallized cristobalite or quartz from 
selected Deep-Sea Drilling Sites as a function of the age of the sample. Num­
bers within boxes refer to drilling sites. While the listing is not exhaustive, we 

do feel that it is representative. 
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18. H U R D A N D T H E Y E R Biogenic Silica 217 

cipitated in only a few weeks time from solutions which were much less 
than saturated with respect to silica gel. Since al l deep-sea sediments 
which were squeezed at their in situ temperatures showed dissolved 
silica concentrations of not greater than 60% of amorphous silica satura­
tion at those temperatures, it is puzzling why quartz does not actually 
form more rapidly. 

Solution Rate Constants of the Various Forms of Silica 

The first order congruent solution of amorphous silica is described 
by the equation 

dC/dt = fc2(C8at - CBOi)S (4) 

where k2 is the first order rate constant in cm sec'1, C s a t , the concentra­
tion of a solution saturated at a particular temperature and p H , and C s o i 
the solution being observed at time t in moles cm" 3 , and S is the surface 
area of the solid per unit volume of solution in cm" 1 ( J , 2, 22, 27, 28). 
There are a number of concepts to consider when using such a formula 
to describe the dissolution of biogenic silica. 

The importance of the surface area per unit volume term, S, cannot 
be overstressed. In the past virtually all investigators have lumped the 
k2 and S terms together, without knowing what the S term was. This 
then generates a countably infinite number of dissolution constants and 
dC/dt combinations, none of which can be compared with another (4, 5, 
JO, 28, 29, 30). The importance of the S term, then, is that the k2 value 
for the same substance under the same conditions of temperature, p H , and 
ionic strength is the same irrespective of the amount suspended in solu­
tion. Only by knowing the S term can the surface properties of spines 
or shells from different organisms be compared since this allows calcu­
lation of k2 for a given set of conditions. 

Figure 4 shows the change in specific surface area of the acid-
cleaned assemblages with increasing age and reinforces the importance 
of determining the specific surface area of the solids involved. Even if no 
change in crystal form occurred during a 40 million year period, a com­
parison of the dissolution rate of equal weights of sample (assuming 
incorrectly that their surface areas were the same) would show a differ­
ence in initial solution rates of ca. a factor of 100. It is suggested that 
the observed two-orders-of-magnitude decrease results from both dia-
genetic and morphological changes. Although we are primarily concerned 
with these numbers insofar as they allow us to calculate S for a given 
experiment, they do allow us to quantitatively describe earlier micro-
paleontological observations relating to test structure such as "fragile" 
and "robust." Figures 5-10 show the degree of variation in geometrical 
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Figure 4. Change in spécifie surface area in m2gm~1 of acid-cleaned biogenic 
silica as a function of sample age 

Figure 5. Pleistocene age radiohrian assemblage having 
230 m2 gm'1 specific surface area. Width of smaller white 

box is 100 μ; the resulting magnification is ca. 92 X . 
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18. H U R D A N D T H E Y E R Biogenic Silica 219 

Figure 6. Late Miocene age radiohrian assemblage hav­
ing 118 m2 gmr1 specific surface area. Hollow branching 

rod on the left is a sponge spicule. 

Figure 7. Middle Miocene age radiohrian assemblage 
having 47 m2 gmr1 specific surface area 
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220 ANALYTICAL METHODS IN OCEANOGRAPHY 

Figure 8. Late Oligocène age radioUrian and sponge 
spicule assemblage having 39 m2 gm'1 specific surface area 

Figure 9. Early Oligocène age radiohrian assemblage 
having 20 m2 gm'1 specific surface area 
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18. H U R D A N D T H E Y E R Biogenic Silica 221 

Figure 10. Late Eocene age radwlarian assemblage hav­
ing 7.5 m2 gm'1 specific surface area 

complexity from one assemblage to the next as a function of the geologic 
age of the sample. 

The depolymerization rate constant kl9 expressed in moles cm" 2 sec"1, 
is the product of C s a t (or K^) and k2 ( I , 2, 22, 27). The chemical 
meaning of such a constant is that for a given temperature, p H , and 
ionic strength, fci represents the maximum solution flux per unit area 
which can be expected from a given silica sample. A t equilibrium this 
flux must be equal and opposite to the product of k2 and C^i when C s o i = 

Le., dC/dt = 0. 
The term dissolution rate also needs clarification. The dissolution 

rate is measured as a change in concentration or activity as a function of 
time. Unless the conditions of constant C^i are specified (e-g., a solution 
flowing rapidly past a solid on a filter or the amount of solid dissolving 
being so little as to leave C ^ i unaffected or the time interval studied 
being quite small) then the actual net flux of silica molecules per unit 
surface area of solid varies as a function of the difference between C s o i 

and CSat. Thus, the net dissolution rate may vary between zero and 
whatever maximum flux can be attained when Csoi = 0. In addition, 
variable amounts of solid, and therefore variable values of S, can be put 
into solution, further increasing or decreasing the dissolution rate while 
the net flux per unit area at a given distance from equilibrium remains 
the same. To compare the dissolution rate constants of different samples 
also requires that the same order equation apply to the various forms 
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222 ANALYTICAL METHODS IN OCEANOGRAPHY 

being studied unless reaction conditions are so stated as to compare net 
flux per unit area at both a given C^i and similar congruent or incon-
gruent solution patterns. The value of k2 obtained by dissolving a small 
portion of an assemblage may not reflect the true composition of the 
material studied if there is a mixture of silica forms present; thus a small 
amount of silica gel mixed in with quartz gives a dC/dt curve which 
approaches quartz saturation much more rapidly than normal. The value 
of k2 is usually determined by using the integral of Equation 4: 

In ( C ; a t ~ = -kzSt (5) 
\ ^sat ~~ / 

Since the actual value of C s a t is not used to determine k2, but rather 
the rate at which the above fraction changes with time, C s a t may be 
numerically low but if approached in an artificially fast manner could 
yield a very large value of k2. W e believe this is the case for a number 
of the older samples which exhibit quite low solubilities but have mod­
erate to high values of k2 (i.e., Nos. 27, 29, 34, 35, 36). 

Consider for example a mixture of quartz and biogenic silica having 
the following properties at 25 °C in p H 8.3 seawater as shown i n 
Table II. 

Even if we use a more conservative specific surface area value 
for radiolarians such as 200 cm 2 mg ' 1 , the initial concentration changes 
are still 500 times faster than those of the quartz, i.e., only 0.2% by 

Table III. Measured and Calculated Properties of Acid-Cleaned 

Sample Description, Age 
Specific 

Surface Area 
Upper Limit 
Solubility at fa at26°C S 

Depth in Core (cm) No. (mybp) (m2 (/m-1) 66°C (μΜ) (10-» cm sec'1) (cm2 cm'*) 
M-70, FFC2791,10-30 32 Rec. 264 1647 10.2 ± 1 . 8 2640 
M-70, FFC3693,10-30 33 Rep. 248 1685 11.1 ± 1.2 2480 
M-70-16, 600-523 4 2 71 1518 12 ± 1.3 400 
S-68-33, 610-625 5 2 150 1615 2.8 ± .2 1500 
M-70-7, 405-413 6 2 200 1583 3 . 2 ± .1 2000 
M-70-39, 1474-1479 7 4.7 56 1630 14 ± 1 . 4 400 
M-70-17, 300-325 8 4.6 150 1750 7 . 3 ± 1.6 1500 
M-70-17, 470-490 11 6.4 190 1740 4.9 ± .7 1900 
M-70-13, 310, 410, 

400 357-364 12 6.4 88 1530 16.7 ± 1 . 7 400 
M-70-17, 865-885 13 8 105 1720 7 . 3 ± .2 1050 
M-70-13, 410-420 14 8 69 1360 14.2 ± 1 . 4 400 
M-70-13, 505-515 16 10 75 1670 12 ± 1 400 
M-70-17, 1015-1040 18 13 50 1600 7.4 ± .7 400 
M-70-76, 1240-1250 20 15 53 1518 9.1 ± .9 400 
M-70-10, 246-254 21 15 19.5 1200 18.3 ± 1 195 
S-68-24, 220-230 36 16 8.5 300 16 ± 14 85 
M-70-10, 991-1000 22 17.5 23 1280 25 ± 2.5 230 

400 M-70-38, 650-660 23 17.5 33.4 1470 7.7 ± 1 
230 
400 

S-68-24-425 38 17.5 39 775 6 ± 2 . 5 390 
S-68-24, 690, 730, 740 25 18-20 16 520 6.4 ± .5 160 
M-70-38, 1474-1479 24 20.5 22 1500 8.6 ± 1 400 
S-68-24, 840-850 37 21 18.5 425 3 ± 2 185 
S-68-24, 1000-1008 26 22-23 56.7 1335 14 ± 2 . 5 567 
S-68-24, 1320 27 25 21 790 22.6 ± 2 210 
KK-72-39, 715, 765 31 28-29 39 1483 11.8 ± 1.7 390 
KK-72-39, 1215, 1265 30 34-38 56 1420 11.6 ± 1.4 560 
S-68-24, 1637-1640, 1650 29 34-38 20 660 36 ± 4 200 
S-68-24, 2091-2100, 2120 28 40 7.1 245 — 71 
S-68-24, 2145 34 40 2.2 100 146 ± 160 22 
M-70-39, 2080 35 40 20.8 625 12 ± 6 208 
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18. H U R D A N D T H E Y E R Biogenic Silica 223 

Table II. Properties of a Mi: 

k2 (cm sec"1) 
Specific surface area 

(cm 2 mg" 1) 
S (cm 2 cm" 3) 
C s a t (mole cm- 3 ) 
F lux from surface of solid 

(moles c m - 2 sec - 1 ) 
Initial dC/dt (mole c m - 3 

sec - 1) 

of Quartz and Biogenic Silica 

Quartz Biogenic Silica 

2 X 10- 8 10 χ ί ο - 8 

20 2000 
20 2000 

1 χ ί ο - 7 20 X 10- 7 

2 Χ ΙΟ" 1 6 100 X 1 0 - " 

4 X 10- 1 4 40,000 Χ ΙΟ" 1 4 

weight contamination of the lower specific surface area radiolarians w i l l 
double the initial value of dC/dt. These calculations suggest that the 
problems associated with having a mixture of silica forms i n older samples 
may be a major drawback in attempting to use fc2 as a direct indicator of 
silica form change. 

For the above reasons it is sometimes difficult to judge what value 
of C Sat should be used for a given assemblage. W e have arbitrarily 
chosen to use the highest value of dissolved silica obtained during a 
particular run for calculations involving that sample. In the case of 
older samples this tends to overestimate the value of Csat because of the 
mixture of silica forms present. Possibly a more viable technique for 
older specimens would be that used by Stober (15) and Baumann (SI) 

Biogenic Silica from the Central Equatorial Pacific 

AG0 at26°C AGX at26°C 
Upper Limit 
Solubility at ki at S°C s, AO at S°C, AGt atS°C, AHt + RT 

at8°-Z6°C 
AH at 

(kcal/mole) (kcal/mole) 

Upper Limit 
Solubility at 

(10~8 cm eec"1) (cm2 cm - 3) (kcal/mole) (kcal/mole) 
AHt + RT 
at8°-Z6°C 8°-B6°C 

3.81 14.9 959 0.60 db 0.06 2640 3.81 15.3 19.1 3.86 
3.79 14.9 970 0.60 ± 0 . 0 6 2480 3.81 15.3 20.8 3.94 
3.86 14.8 1004 1 . 3 ± 0 . 9 710 3.79 14.9 15.8 2.95 
3.82 15.7 861 0.24 ± 0.02 1500 3.87 15.8 17.5 4.48 
3.83 17.9 887 0.26 ± 0 . 0 3 2000 3.85 15.8 17.9 4.13 
3.81 14.8 849 0.4 ± 0 . 0 4 560 3.88 15.5 25.3 4.65 
3.77 15.1 995 0.6 db 0.06 1500 3.79 15.3 17.8 4.03 
3.77 15.3 927 0.36 ± 0.04 1900 3.83 15.6 18.6 4.49 
3.84 14.6 981 0.97 ± 0 . 1 880 3.80 15.1 18.8 3.71 

3.78 15.1 1006 0.7 ± 0 . 0 7 1050 3.79 15.2 18.7 3.82 
3.92 14.7 991 1.2 ± 0.1 690 3.79 14.9 17.6 2.26 
3.80 14.8 957 0.94 ± 0 . 0 9 750 3.81 15.1 18.1 3.97 
3.81 15.1 825 0.47 ± 0 . 0 5 500 3.89 15.5 19.6 4.72 
3.86 14.9 820 0.70 ± 0 . 0 7 530 3.90 15.2 18.3 4.39 
4.00 14.5 740 1.5 ± 0 . 1 5 195 3.95 14.8 17.8 3.47 
4.80 14.θ 69 — 85 — — 5.2 — 3.94 14.3 844 1.4 ± 0 . 1 4 23 3.92 14.9 20.5 3.44 
3.90 15.1 836 0.6 ± 0 . 0 6 334 3.92 15.3 17.1 4.52 
4.24 15.2 592 — 390 — — 6.5 — 4.49 15.2 389 — 160 — — 3.85 15.0 788 0.95 ± 0.09 220 3.98 15.1 15.7 5.43 
4.60 15.6 218 — 185 _ — — — 3.92 14.7 808 0.97 ± 0.09 567 3.95 15.1 19.0 4.11 
4.24 14.4 693 1.8 ± 0 . 2 210 4.05 14.7 18.0 1.67 
3.87 14.8 840 0.95 ± 0.09 390 3.92 15.1 17.9 4.49 
3.88 14.8 848 1.1 ± 0 . 1 560 3.88 15.0 16.8 3.68 
4.34 14.1 678 1.8 ± 0 . 2 200 4.12 14.7 21.3 1.30 
4.94 — 239 3.3 ± 0 . 3 71 — 14.4 — — 5.45 13.3 573 22 — — 14.2 — 4.35 14.8 443 — 208 — — 7.8 — 
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224 ANALYTICAL METHODS IN OCEANOGRAPHY 

of successive extractions followed by redetermination of specific surface 
area after a constant solution rate was attained. W e are now preparing 
to do this on several of our older samples. Younger samples, wi th their 
higher dissolved silica concentrations, have the difficulty of producing 
silica concentrations which are capable of precipitating a poorly ordered 
magnesium-hydroxyl-silicate, as shown by Wollast et al. (32), thereby 
additionally complicating reaction kinetics. 

The value of k2 increases with increasing temperature, p H , and ionic 
strength for a given form of silica ( I , 2, 9, 22). A major difficulty arises 
when unbuffered solutions of differing ionic strength are compared. As 
Stumm and Morgan (33) pointed out, the p H at the surface of a solid in 
low-ionic-strength aqueous solutions may be at least 0.9 units less than 
the bulk solution value while the surface of the same solid in seawater 
may be only 0.2 p H units less. Since H u r d (2) has shown that k2 for 
biogenic silica varies by a factor of 2-3 i n the range p H 7.3-8.3, such 
factors must be considered before the effect of a given variable such as 
ionic strength can be understood. A l l solutions must be wel l buffered. 

W i t h the above limitations in mind, the data in Table I V are pre­
sented. These values were calculated from the few articles in the litera-

Table IV. Selected Kinetic and Thermodynamic Properties 
of Several Forms of Silica 

k2 

AGk2* 
k2 

AGk2* 

k2 

AGk2* 

k2 

AGk2* 

k2 

AGkJ 

C, pH 8.8-8.6 
9% NaCl 

1-2 Χ ΙΟ"8 cm sec"1, 
15.8-16.2 kcal/mole 

(Stôber) 

Quartz—; 
Distilled Water 

5.8 X 10~9 cm sec"1, 
16.6 kcal/mole (Baumann) 
3.7 Χ 10"9 cm sec"1, 
16.8 kcal/mole (Van Lier; 

estimated and unbuffered) 
recalculated from higher 
temperatures 

Cristobalite—25°C, pH 8.5 
— .6-1.3 Χ 10"8 cm sec 

16.2-16.6 kcal/mole 
(Stôber) 

Vitreous Silica 
2 X 10~8 cm sec"1, 
15.8 kcal/mole 

(Stôber) 

2 X 10~9 cm sec-1, 
17.2 kcal/mole (Baumann 

by comparison with 
quartz in other solutions) 

4.5 Χ 10"9 cm sec"1, 
16.7 kcal/mole (recal­

culated from higher 
temperatures, pH un­
known) (Greenberg) 

Silica Gel 

k2 

AGk2* 

Biogenic Silica 

Seawater (est.) 
2-3 Χ 10"8 cm sec"1, 
15.6-15.8 kcal/mole 

2-3 Χ ΙΟ"8 cm sec"1, 
16.2 kcal/mole 

^3-4 Χ 10"8 cm sec-1, 
15.4-15.8 kcal/mole 

5-15 Χ 10"8 cm sec"1, 
14.6-15.4 kcal/mole 

2.8-25 Χ 10"8 cm sec"1 

mean value 9.6 Χ 10"8 

cm sec-1, 
standard deviation 

5.6 X lO-ecmsec-1, 
14.9 ± 0.5 kcal/mole 
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25+ T C 
pH 8-8.5 

SEA WATER 

AG* Q d i s s= 21.-21.2 
AGq , =15.6-15.8 

AGls d i s s = 18.3-19.1 
A V p t n 

= 14.6-15.4 

AMORPHOUS 
SILICA / 

= 3.73 
i 

SILICA 
MONOMER 
A G ° Q = 5 . 4 3 

QUARTZ 

Figure 11. Reaction coordinate describing the relative 
amounts of energy required by quartz and amorphous 
silica to dissolve and precipitate in 25° ± 1 °C, pH 8-8.5 
seawater. Energy changes are in kcal mole'1 and are 

given as absolute values. 

ture that contain enough information to estimate a rate constant. Methods 
for the calculation of the rate constants from the authors' data are given 
in Appendix III. Experimental methods and an illustration showing sev­
eral typical dC/dt plots are given in Appendix I. (Raw data available 
upon request) 

Figure 11 uses the data in Tables I and I V to explain the energy 
relationships among two of the different forms of silica, the hydrated 
silica monomer, and their respective activated complexes. In this illus­
tration, the term amorphous silica is synonymous with the vitreous 
silica-silica gel grouping mentioned earlier. The relative free energy 
positions of the two solid forms of silica and their activated complexes 
were plotted relative to the position of the hydrated silica monomer in 
seawater, p H 8-8.5 at 25 ± 1°C. The equations involving the calculation 
of various A G 0 and A G * values are given in Appendix II. In brief, how­
ever, the driving force behind form changes per se (amorphous silica to 
cristobalite or quartz) is the net difference in free energy of the forms 
as calculated from their solubilities. The rate at which these processes 
occur is a function of the free energy of activation which is directly 
obtainable from the heterogeneous rate constant by the equation (34): 

where the value of R in the first parenthesis is 8.31 Χ 107 erg mole" 1 

deg K'1 and that in the second parenthesis is 1.987 cal mole" 1 deg K'1. W is 

fc2 = (RT/2irWyi* exp ( - AGt/RT) (6) 
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226 ANALYTICAL METHODS IN OCEANOGRAPHY 

the molecular weight of the activated complex, and the other variables 
are as previously described. When R ( l n is plotted as a function of 
the reciprocal of the absolute temperature, the slope of the line is the 
value of the enthalpy of activation, A H * plus RT (24). Unless the 
entropy of activation is known by some other means for the process 
studied, the driving force behind the rate at which the reaction occurs, 
A G * , cannot be estimated simply by knowing the enthalpy of activation. 
This emphasizes the importance of the determination of the values of k2 

for different forms of silica under standard and reproducible sets of 
conditions before comparisons can be made of changes between phases 
and forms. It further shows the importance of increasing p H and ionic 
strength in reducing the value of A G * by increasing the numerical value 
of k2. Experiments which are performed at much higher temperatures 
to reduce reaction completion times may thus be subject to serious 
errors; an order of magnitude increase i n k2 produces an energy change 
of - R T l n ( 9 . 9 χ 10"2) in the value of A G * . 

Figure 11 shows that greater free energy changes are required for 
both the solution and precipitation of quartz than for amorphous silica, 
based simply on the differences between their solubilities and solution 
rate constants. This may account in part for the frequent supersaturation 
of quartz solutions; silica monomer can absorb to the quartz surface 
without actually becoming a part of the quartz structure. This effect is 
enhanced in solutions of decreasing ionic strength and p H where A G * 
increases as k2 decreases. 

Appendix I 

Several cores from the Central Equatorial Pacific which were pre­
viously dated (36, 37) wçre sampled at various depths to provide a 
continuous series of samples ranging in age from Recent to Late Eocene 
(40 mybp) . 

Each assemblage was cleaned first by sieving with a 62μ mesh screen, 
then heating ( 6 0 ° - 7 0 ° C ) first in dilute H 2 0 2 , then in dilute HC1 for 
several hours, followed by resieving, washing with distilled water, and 
drying overnight at 100°-105°C. The specific surface area of each 
assemblage was then analyzed by nitrogen adsorption (2). The samples 
were dissolved i n tris-hydroxymethylaminomethane-buffed, p H 8.3, sur­
face seawater at 26° db 1°C and 3° ± 1°C as described earlier (1,2). 

Unless otherwise noted each dissolution experiment contained 50 mg 
of solid in 50 c m 3 of solution. The value of S for each run is given in 
Table III. Dissolved silica was determined as in H u r d (2) . H o w long 
one must wait for equilibrium to be established depends on what form 
of silica is present and what the value for S for that experiment is. Given 
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18. HURD AND THEYER Biogenic Silica 227 

0 1 2 3 4 5 var. 
TIME, DAYS 

Figure 1A. Typical dC/dt curves for several of 
the samples studied 

S, however, and using a value for k2 representative of amorphous silica, 
one can calculate the earliest that equilibrium w i l l be established by 
using Equation 5. In this equation, simply substitute the fraction com­
pletion desired (i.e., 0.05 for 95%, 0.001 for 99.9%, etc.), insert the 
appropriate values for S and k2, and solve for t. For values of S between 
20 and 2000 and a k2 of 1 Χ 10"7 cm sec"1 for seawater at 25°C, p H 8.3, 
completion to 95% of equilibrium w i l l be attained within 4 hr-17 days. 

Figure 1A shows several typical dC/dt curves from which values 
of k2 and other properties were calculated. ( Raw data available upon 
request. ) 

Appendix II 

The following argument follows the logic presented by O'Connor 
and Greenberg (27) and V a n Lier et al (22) wherein the ratio of the 
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228 ANALYTICAL METHODS IN OCEANOGRAPHY 

foreward and reverse rate constants for the interaction of quartz or 
amorphous silica with water to form silica monomer is equal to the 
equilibrium constant of that given form. Thus: 

jr (quartz) . jr fel(amorph. eil.) 
•ft-eq(quartz) — 7 j Aeq(amorph. eil.) λ, 

«̂ (quartz) ^2(amorph. eil.) 

and, since the change in free energy going from quartz or amorphous 
silica to silica monomer is: 

jr — ( ~~ACr°(quartzA # / — A(j°(amorph. eil.) λ 
-ft-eq(quartz) — β Χ ρ I IJ Aeq(amorph. eil.) — ^Xpl J 

and since the change in free energy of activation going from silica 
monomer to the activated complex is (34): 

/ RT V " / - A G * ( q u a r t z P P M Y 

fcz(quftrtz)-vw e p v — R T — r 

h - ( RT\112 / ~ A G * ( a m o r p h . a i i . p p t . A 
^(amorph. eil.) - J β ΧΡ\^ ftf J 

Therefore, the change in free energy of activation of dissolution as 
shown in Figure 11 is: 

7 , v ( RTY* ( — AG*(pPt)\ 
or 

A(?*(dieeoiution) = AG* (pPt.) + AG0 

and by a similar argument, the ratio of the reaction rates must equal: 

fcl(amorph. eil.) _ / ~ A G* (amorph. eil. diea.) 4~ A (?* (quartz diaa.) j 
fcl(quartz) \ RT / 

= 25 to 135 

Appendix III 

A general method for determining a value of k2 from a given experi­
ment such as the repetitive extraction of a solid by a solvent for several 
weeks (15, 31) is to use the following equation: 

and assume the following: 
1. Csoi is the molar concentration of the dissolved solid in solution 

at time t; i.e., 5 X 10" 6 M after 1 day (or 86,400 sec.). 
2. C s a t is the saturation value of the form studied at a given tem­

perature and p H . 
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18. H U R D A N D T H E Y E R Biogenic Silica 229 

3. C 0 is the concentration of dissolved silica in solution when t = 0. 
4. S is the surface area of the solid per unit volume of solution in 

cm 2 c m - 3 . 

Example: in Stober (15), using Figure 15, p. 177, for vitreous silica: 

S = 200 cm" 1 , C o i = 39 ppm, C f l at = 120 ppm, CQ = 0, t = 86,400 sec 
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Arsenic (As) 62 
Ashing temperature and time . . . . 66 
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Base measurements in seawater, 

acid- 110 
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Bis buffer 116 
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Blanks 152 
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C 

Cadmium (Cd) 21, 33, 50, 62 
absorbance of 64, 73, 75 
analysis, recorder signal for . . . . 76 
calibration for 71,78 
concentration for Puget Sound 

seawater 94 
in seawater 82 

Calcium carbonate 4 
Calibration 7 

curves 35,77 
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Carbon 
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measurement of organic 148 
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Chelate, controlled pore glass im­

mobilized 26 

233 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
47

.ix
00

1



234 ANALYTICAL METHODS IN OCEANOGRAPHY 

Chelate co-precipitation, APDC . . 44 
Chelators 17 
Chelex 100 17,94 
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Chert 215 
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Chromium (Cr) 21, 33, 63, 80, 143 
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tions in 108 
Cobalt (Co) 23, 48, 63 
Coefficient of variation of the 

Grand Means 24 
Cold-trap pre-concentration sys­

tem 99, 101 
Colorimetric determination of 

fluorite 206 
Columbia River 143 
Combustion 200 
Combustion methods, dry 156 
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linearity with 91 
of trace metals from seawater . . 16 

Congruent solution of amorphous 
silica, first order 217 
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source 151 
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in Scripps Pier water 93 
in seawater 48, 82 
spike experiments on seawater 

samples 48 
Co-precipitation 44, 127 
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Dissolution rate 221 
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Dry combustion methods 156 
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Ecuador 166 
EDTA concentration 35 
Electrodeposition sampling device, 

in situ 25 
Electrodes 82, 86, 87 
Electrolysis cell 84 
Electromotive force 115 
Emf measurements 114 
Energy relationships among forms 

of silica 225 
Environmental degradation 203 
Eocene radiolarian assemblage . . . 221 
Equatorial Pacific 163, 211 
Equilibrium solubility 212 
Erbium (Er) 63 
Esters, phthalate 196 
Estuarine waters 202 
Ethylene 165, 168 
Europium (Eu) 63 
Extractable organics 185 
Extraction 126 

carbon tetrachloride 177 
procedure, APCD/MIBK 32 
solvent 44 
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silver 149 
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amorphous silica 217 

First order rate constant 217 
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Fission products, gamma-emitting 140 
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deposition 207 
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Fluorite 202, 203, 206, 207, 209 
Fluorosilincc acid 208 
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Freeze-drying method 158 

Gallium (Ga) 63 
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Gas 
chromatographic- mass spec­

trometry 188 
chromatographic measure­

ments 180, 181 
phase detection 99 

Geochemistry, marine 3 
Glass 

fiber filters 149 
immobilized 8-hydroxyquinoline 26 
sample containers 24 

Grand Means, coefficient of varia­
tion of the 24 

Graphite atomizer, heated 59 
Graphite electrode, tubular mercury 82 

H 
Harned's rule 118 
Hawaii 167 
Heterogeneous rate constant 225 
High resolution mass spectrometry 188 
High resolution surface barrier 

detectors 132 
Hydrocarbons 

aliphatic and olefinic 191 
at Bermuda station 185 
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nonvolatile 172, 182, 185 
polycyclic aromatic 193 
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ranean 182 
Hydrochloric acid 117 
Hydrogen ion activity I l l 
Hydrogen ion concentration 113 
Hydroxides, co-precipitation with . 127 
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I 
Immobilized chelate, controlled 

pore glass 26 
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Infrared measurements 179 
Injection volume 69 
Interferences 89 
Interlaboratory comparisons, trans-

uranic element 132 
Interstitial pore water 3 
Ion 

electrode method, fluoride 205 
exchange column, Chelex 100.. 94 
exchange membrane 26 

Ionic media, constant 114 
Iridium (Ir) 63 
Iron (Fe) 14, 21-23, 50, 63 

absorbance of 67, 74 
calibration for 77 
precipitate from filters, dissolving 53 

Isotopes, interfering 129 
Isotopes, radium 140 

Κ 
Kinetic properties of forms of 

silica 224 

L 
Lead (Pb) . . . . 6, 21, 22, 33, 47, 62, 82 

in Puget Sound seawater 94 
in San Diego Bay water 88 
in Scripps Pier water 93 

Ligands, effects of added 34 
Linearity with concentration 91 
Liquid junction, pH cell with . . . . 113 
Liquid junction potentials 120 
Lithium (Li) 63 

M 
Manganese (Mn) 21, 50, 63, 143 

absorbance of 65, 66, 68, 72, 73 
calibration for 70, 80 

Marine geochemistry 3 
Marine sediments, transuranic ele­

ments in 124 
Mass spectrometric measurements . 180 
Mass spectrometry, gas chromato­

graphic 188 
Mass spectrometry, high resolution 188 
Massachusetts Bay water 37 
Measurement 132 
Mediterranean Sea 182 
Medium effect, primary 117 
Membranes, ion exchange 26 
Mercury (Hg) 62 

analyses in seawater 99 
calibration curve for 103 
cold-trap pre-concentration sys­

tem 101 
concentration 106, 108 
determinations, open ocean . . . . 105 
in edible fish tissue 23 
film, coverage of the 91 
graphite electrode, tubular 82 
-organo, associations 107 

Metal contamination by APCD 
tock solution 36 

Metal-PCD complexes 34 
Methane 167 
Methyl isobutylketone extraction 

system, ammonium pyrrolidine 
carbodithioate- 30 

4,5-Methylenephenanthrene 195 
ΠΙΗ, measurement of 121 
Miocene radiolarian assemblage . . 219 
Molybdenum (Mo) 63 
Monitoring methods, automated . . 7 
Monomer, silica 228 
Multielement analysis 30 

Ν 
Narragansett Bay 21 
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Niskin bottles 11, 175 
Niskin samplers 9, 12 
Nonvolatile constituents 2 
Nonvolatile hydrocarbons . 172, 182, 185 
Nuclides, transuranic 126 
Nutrient elements 5 
Nylon 15 

Ο 
Ocean 

mercury determinations 105 
sediments, plutonium found in . . 136 
water, nonvolatile hydrocarbons 

in 172 
Océanographie analysis 1 
Océanographie samplers 9 
Olefinic hydrocarbons 191 
Oligocène radiolarian assemblage . 220 
Organic carbon 

biological recycling of 56 
dissolved 150 
particulate 148 
in seawater 148 

Organic compounds in a highly 
anoxic sediment 188 

Organics, extractable 173, 185 
Organo-mercury associations 107 
Oxalates co-precipitation with . . . 127 
Oxidation methods, wet 153 

Ρ 
Pacific, equatorial 163, 211 
Palladium (Pd) 63 
Panama 169 
n-ParafEns 181 
Particulate organic carbon 148 
Petroleum 199 
pH 

cell with liquid junction 113 
changes in 121 
conventional I l l 
hydrogen ion concentration and 113 
influence of 33 
meter readings 208 
operational 112 
recovery, efficiency as a function 

of 51 
of seawater 4 
scale I l l 
S0rensen I l l 
standards I l l 
in synthetic seawater 120 

pH(X) 112 
pmH 119-121 
Phosphate deposits 203 
Phosphatic rocks 207 
Phosphorus cycles 5 
Phthalate esters 196 
Plastic sample containers 24 
Platinum (Pt) 63 
Pleistocene radiolarian assemblage 218 

Plutonium (Pu) 125, 128, 136 
Pollution, thermal 209 
Polycyclic aromatic hydrocarbons . 193 
Polyethylene 18 
Polymorph, silica 211 
Polypropylene 18 
Polyvinyl chloride 10 
Porcelanite 215 
Pore glass immobilized chelate, 

controlled 26 
Pore water, interstitial 3 
Precipitate, redissolution of 53 
Pre-concentration 25, 46, 99, 101 
Preservation problem 152 
Primary medium effect 117 
Processing bottle 20 
Productivity of seawater 5 
Propane 168 
Propylene 168 
Puget Sound, Wash 93,94 
Pumping system 9 
Purge gas flow rate 61 
Purification 128 
Pyrrolidine, ammonium salt of the 

dithiocarbamate 45 

Q 
Quartz 215, 216 

in aqueous solutions, solubility of 212 
and biogenic silica, properties of 

a mixture of 223 
rate constants for the interaction 

of 228 

R 
Radiolarian assemblage, mio­

cène 214, 218-220 
Radionuclides 139, 140, 142, 144 
Radium isotopes 140, 143 
Rate constants 

depolymerization 221 
first order 217 
of the forms of silica, solution . . 217 
heterogeneous 225 
for the interaction of quartz . . . 228 

Recovery efficiency 51 
Recrystallized cristobalite . . . . 215, 216 
Recycling of organic carbon, bio­

logical 156 
Research vessel, sampling from 

océanographie 174 
Retention efficiencies 143 
Rhodium (Rh) 63 
Rosette sampler, Niskin 12 
Rubber closures, silicone internal . 10 
Rubidium (Rb) 63 

S 
Salinity 74 
Salts, dissolved 2 
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Sample (s) 
analysis 145 
blanks, glass jug 176 
storage and processing bottle . . . 20 
surface 177 

Samplers, Niskin 9, 12 
Samplers, océanographie 9 
Sampling 

continuous flow and batch . . . . 85 
electrodeposition 25 
equipment, water 144 
in situ 22, 25 
methods 10, 144 
from a moving tanker 173 
from océanographie research ves­

sel 174 
problems 7,23 
process 151 
of trace metals from seawater . . 16,22 

San Diego Bay water 88 
Sargasso Sea 155 
Scripps Pier water 93 
Sea 

bioeconomy of the 5 
profile, Bermuda deep 184 
salts, dried 156 
surface, transport of water across 5 

Seawater 
acid-based measurements in . . . 110 
analysis, assessment of 60 
analysis by direct injection . . . . 65 
cadmium in 82, 94 
copper in 48, 82 
lead in 82,94 
mercury analyses in 99 
nonvolatile constituents of 2 
organic carbon in 148 
pH of 4,120 
pmn in 120 
productivity of 5 
Puget Sound 
radionuclides in 139, 142 
synthetic 
trace metals in 16, 17, 22, 30, 56 
transuranic elements 124 
zinc in 82 

Seaweed 133 
Secondary standard 113 
Sediment(s) 127 

extract of Charles River 194 
North Atlantic 135 
organic compounds in a highly 

anoxic 188 
plutonium in ocean 136 
transuranic elements in seawater 

and marine 124 
-water interface 3 

Sedimentary fluorite 202, 209 
Selenium (Se) 62 
Separation, silica gel 179 
Silica 

amorphous 217, 228 
biogenic 211, 215, 223 

Silica (continued) 
from Central Equatorial Pacific . 211 
energy relationship among forms 

of 225 
first order congruent solution of 217 
gel separation 179 
kinetic and thermodynamic prop­

erties or 224 
monomer 228 
polymorph 211 
solubility of 212, 215 
solution rate constants of 217 

Silicon (Si) 63, 140 
Silicone internal rubber closures . . 10 
Silver (Ag) 62 

filters 149 
Sodium Chelex-100 17 
Sodium chloride 61 
Solubility 

of acid-cleaned biogenic silica . . 215 
of the acid-cleaned radiolarian 

and sponge spicule assem­
blages 214 

of biogenically precipitated silica, 
vitreous silica and silica gel, 
cristobalite, and quartz . . . 212 

equilibrium 212 
Solution rate constants of forms of 

silica 217 
Solvent extraction 44 
S0rensen pH I l l 
Spectrometer, anticoincidence 

shielded multidimensional 
gamma-ray 146 

Spectrometry 
alpha 125 
flameless atomit absorption 56 
gas chromatographic-mass 188 
high resolution mass spectrometry 188 

Spicule assemblage, sponge . . . 214, 220 
Standard (s) 7,152 

additions 86 
buffer solutions 118 
secondary 113 
state 117 

Stock solutions 86 
Storage bottle, sample 20 
Strontium (Sr) 63, 135 
Subsurface water 183 
Surface 

area of the acid-cleaned assem­
blages 217 

barrier detectors, high resolution 132 
samples 177 
transport of water across the . . . 5 
water ethylene concentrations . . 165 
water of Mediterranean 182 

Τ 
Tahiti 167 
Tampa Bay, Fla 202 
Tanker, sampling from a moving . 173 
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Teflon 10 
Tellurium (Te) 62 
Temperature, thermodynamic prop­

erties as a function of . . . . 212, 213 
Thallium (Tl) 62 
Thermal pollution 209 
Thermodynamic properties 212, 213, 224 
Thorium (Th) 129 
Tin (Sn) 62 
Titanium (Ti) 63 
Top drop Niskin bottle 11 
Trace 

activity coefficient 116, 118 
elements in seawater 5, 22 
metal(s) 

adsorption efficiency of puri­
fied sodium Chelex-100 for 17 

by APDC chelate co-precipi­
tation, determination of . 44 

contamination 9,40 
extraction scheme 30, 40 
by flameless atomic absorption 

spectrophotometry, direct 
determination of 56 

from Narragansett Bay, con­
centration of 21 

sampling and concentration of 16 
transition elements 45 
transition metals 56 

Tracer experiments 50 
Transition elements, trace 45 
Transition metals, trace 56 
Transuranic 

element interlaboratory compari­
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