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solution was studied in six long-term (> 1 yr), 1200 liter cultures.

High specific activity nuclides were added to two cultures before

growth, and to four more after the phytoplankton population had

developed. The loss of radionuclides from the tank to settling and

adsorption was examined periodically by gamma ray analysis.

Fluctuations in radionuclide concentrations were related to

biological activity and chemical behavior of the respective elements.

Both 59Fe and 54Mn tended to be lost from solution, presumably as

Fe(OH)3 and MnO2. Reappearance of 59Fe in solution corresponded

to population events, but 54Mn was not returned. Zinc-65 fluctuatLons

appeared to be largely caused by settling or surface growth of organ-

is ms.
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After several months the radionuclides and corresponding trace

metals were measured in suspended particulates (primarily phyto-

plankton) and in the seawater media. A portion of the 59Fe and 65Zn

in solution was found to be nonextractable without digestion. Pre-

sumably this was either an organic complex or colloid. Data for

59Fe were limited by its relatively short half life, but in the one case

where complete data were collected, it seemed that phytoplankton had
59a higher ratio of Fe/Fe than the water, in a culture to which the

nuclides were added after growth. Careful examination of the ratio

of 65Zn/Zn shows no difference between algae and medium in all

four cultures examined, regard1ess of the time of nuclide addition.

A demonstrable disequilibrium of 54Mn/Mn between the phytoplankton

and medium was found only for one of the vessels to which nuclides

were added after growth.

Organic complexes have been hypothesized by other workers

to explain persistent isotopic disequilibria. Such a complex was not

found for Mn, so that these explanations are not satisfactory to

rationalize the present observations. Further, the dissociation rate

of the Zn complex found appears to be too rapid to explain disequi-

librium over more than a few days.
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ISOTOPIC EXCHANGE AND COMPLEXAT ION OF IRON, ZINC,
AND MANGANESE IN A LONG-TERM MARINE

PHYTOPLANKTON CULTURE

INTRODUCTION

Trace metals are important to marine organisms both as neces-

sary rnicronutrients, and as potential toxicarits. In the past two

decades evidence has accumulated suggesting that trace metals such

as iron (Fe), zinc (Zn), manganese (Mn), cobalt (Co), and copper

(Cu) may exist in seawater not only as hydrated cat ions but also as

soluble organic complexes or colloids (Siegal, 1971; Fukai, 1973).

Organic complexes have been invoked for roles both in reducing

toxicity of high levels of trace metals, and in making scarce or

insoluble metals more available to biota (Johnston, 1964).

Such forms may also be important in the large scale cycling

of trace metals in the oceans. For example, they may affect rates

of sedimentation of metals from solution and thus, ultimately, the

concentration of metals in seawater.

Organic binding of zinc has been used as an explanation

for persistent isotopic disequilibrium between. phytoplankton and

the culture solution for 6Zn. Cross etal. (1971) reported that 12
65months after the addition of high specific activity Zn to a 2000 liter

mixed phytoplankton culture, the ratio of 6Z ri/Zn was lower in the

phytoplankton than in the water. One rationale given was that a
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nonexchanging organically bound form of zinc was created by the

organisms prior to 6Zn addition and cycled preferentially throughout

the experiment. On the other hand Bernhard and Zattera (1967)

showed that 65Zn was initially taken up by the marine diatom

Phaedactylum tricornatum more quickly than the stable Zn initially

present in the natural seawater media, but that after 1 2 days they

were present in the diatom in the same proportions as in the medium.

They also found that complexing the stable Zn prior to 6Zn addition

with the amino acid cysteine resulted in an isotopic disequilibrium

persisting beyond 12 days.

The question I have explored is whether or not marine phyto-.

plankton can effect long term disequilibrium between the stable iso-

topes of Zn, Fe, and Mn, and the artificially introduced radioisotopes

6Zn, 59Fe, and 54Mn, and secondarily whether or npt organic corn-

plexes can be used to explain the maintenance of the disequilibrium.

In essence I have attempted to duplicate the experiment of Cross

etal. (1971). The study was enlarged from one to six cultures so

that the replication of cultures over long periods could be tested.

Two of these cultures had nuclides added prior to phytoplankton

growth, to help determine if an inert trace element complex was

present in the seawater initially.

The analytical techniques used were somewhat different from

those of Cross etal. (1971). Two additional radionuclides were
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54 59added, Mn and Fe. Both elements are of essential nutrient require.-

ment, and both of their radionuclides have been released into the

environment in large quantities from nuclear activities.

If isotopic disequilibrium is found and confirmed by this type

of study, a mechanism must exist. Two mechanisms involving trace

metal complexes have been proposed in the literature (Cross etal.,

1971; Bernhard and Zattera, 1967). A very slowly exchanging corn-

plexed fraction of metal, which had lower specific activity than the

quickly exchanging inorganic fractions, might have been discriminated

for or against by phytoplarikton. An alternative mechanism which

could explain the Cross etal. (1971) findings would be that given a

long time to incorporate stable metal in culture with no label, the

organisms had incorporated sufficient metal for their metabolic needs

and, when label was added, exchanged stable for radioactive metal

only very slowly (Figure 1). This can explain only disequilibrium

in the direction of less label in the organism, In the first two models

the nonlabile fraction can be present initially or produced by biological

activities of the culture, such as excretion or decay. If present

initially, as proposed by Bernhard and Zattera (1967), the disequi-

librium can occur whether or not the nuclides are added prior or

subsequent to growth. If slow exchange by the phytoplankton is the

cause and nuclides are added prior to phytoplankton growth, the

system would develop in specific activity equilibrium. Should an
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Figure 1. Models for the production of isotopic disequilibrium betw een culture solution and 

phytoplankton. 
. 

Phytoplankton preferentially utilize high specific activity inert 

inorganic trace metal (Bernhard axxl Zattera, 1967). B. Phytoplankton preferentially 

utilize low specific activity inert organically bour nuclide (Cross et aL, 1971). 

C. Phytoplankton exchange internal trace metal for external trace metal slowly 

after radionuclide addition (Cross etal. 1971). 



5

isotopic disequilibrium be found, the specific activities of the various

fractions, and the effect of adding label prior or subsequent to growth

on specific activities will provide grounds for choice between these

hypothetical mechanisms.
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Summary of the Chemistry of Trace Metal Complexes

The equilibrium constant for the complexation of the metal (Me)

by a given ligand (L) to form the complex (MeL) (Me + L -MeL) is

given by the expression:

aML
aMeaL

Eq. 1

where a is the activity of component X, or in dilute solutions of Me

and L as:

{MeLJMeL
YM[MeIYL{Ll

Eq.2

where and [Xl are the activity coefficient and molar concentration

of component X respectively. in concentrated salt media such as

seawater, true activities and activity coefficients are difficult to

determine, and equilibria are commonly expressed with apparent

equilibrium constants:

[MeLJ Me'L Eq.3
[Me[L} MeL

These constants vary with the temperature, pressure and concentra-

tion of salts (Barrow, 1961).
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From these simple relations some important relations between

metals and ligands can be derived. There can be competition for

metals by ligands, and for ligarids by metals. Excluding the effects

of vastly different abundances, metals will be bound preferentially to

those ligan ds with which they have the greatest association constant

and metals with the greatest association constants will be complexed

to the greatest extent.

A problem of this nature can be described by a number of simul-

taneous equations relating the total concentration of metal ions,

ligands, their association constants, and the extent of complexation.

This approach was used by Morel and Morgan (1972) to treat 30

ligands, 21 metal ions, 788 possible soluble species, 88 possible

solids, and one gas phase. The greatest problem with this approach

to real systems at present is that there is very little information on

the natures, concentrations, and association constants for natural

Organic ligands.

Ligands can also provide a mechanism for stabilizing metal

ion concentrations in solution, by a mechanism analagous to buffering

in acid-base equilibrium. Rearranging Eq. 3 to:

[Me] K [MeL]
[L]

Eq.4

it can be shown that, within limits, if ionic metal is lost from solu-

tion, by phytoplankton uptake, adsorption or other processes, the
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complex will dissociate into metal and ligand, thus partially restor-
ing the initial concentration of ionic metal, and will likewise partially

correct for additions of metal (Stumm and Morgan, 1970). Such media

are useful in studying biological effects of trace metals in either as

sources for nutrients or toxicity experiments (Sunda, 1975) or as pro-

tection from excessive levels of trace metals (Steimann-Nielsen and

Wium-Anderson, 1971). Either of these functions may lie behind the

observations that chelators may increase productivity in water with
adequate major nutrients. Such observations have been cited as evi-
dence that metal binding organic compounds play an important role in
the overall productivity of the oceans (Johnston, 1964; Barber and
Rhyther, 1969).

Kinetics are also important in the consideration of natural

complexes, particularly with respect to isotopic exchange. At

equilibrium the amounts of reactant and product are constant, de-
spite continuing reaction, because the rate of the forward and the
reverse reactions are equal. This results in exchange of metal
between free ion and complex even at equilibrium (Stumm and

Morgan, 1970). In general, the rates of a given reaction are inde-
pendent of the equilibrium constant. Perhaps the most striking
example of the separation of rate and equilibrium is the persistence

of organic compounds in an oxygen atmosphere, even though they

are out of equilibrium with respect to CO2 and H20, Operationally

a nonlabile complex would be one in which the amount of exchange

of material between products and reactants is negligible over the
time of interest. For an analytical technique this might be



limited to seconds or minutes, or for a study of isotopic equilibrium

it could extend into months.

Relative to many other reactions of interest, such as acid-base

reactions, complexation reactions can be slow. For example, the

exchange of the Ni-EDTA complex with 63Ni at pH 5. 5 and 25° C was

immeasurable after 40 hours (Long etal. , 1948). Organisms create

covalently bound metal-organic compounds such as heme, cobalamin,

and certain Zn-proteins in which metals are, for all intents and pur-

poses, nonexchangable (Lehninger, 1950). These types of corn-

plexes would fit a Cross et al. (1 971) model for maintenance of

isotopic exchange particularly well since it would be an obvious

energy savings for a cell to capture these materials from their

environment, eliminating the need to synthesize meta' complexes.

The question of whether or not isotopic exchange occurs rapidly

between phytoplarikton and seawater is not solely of academic

interest. Recommendations for the maximum amount of radio-

nuclides released into the environment are occasionally based on

specific activity (National Academy of Science, 1962). That is, the

release is to be regulated so that the radionuclide, diluted by the

naturally present stable nuclide, and then concentrated by organisms

on a food chain ending in man, results in a certain maximum radia-

tion dose to that man. If the first step in the sequence, isotopic

dilution, were to be incomplete, the final step, dose to man, could be
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higher than anticipated. It is therefore also of practical value to

identify situations where isotopic equilibrium is attained slowly or

not at all.

In addition,tracer experiments involving radionuclides are usu-

ally based on the assumption that radioisotopes behave the same as

stable isotopes. In more elaborate biochemical experiments isotopes

are commonly added as known compounds, and the re suits of the

experiment interpreted in terms of the fate of that compound. In

using trace metal radioisotopes to study trace metals in natural sys-

tems, it is tacitly assumed that the radioisotopes follow exactly the

chemical behavior of the natural isotopes we wish to study. The

results of the Cross etal. (1971) and Bernhard and Zattera (1967)

experiments contradict this.,

Indirect Biological Evidence for Trace
Metal Complexes in Seawater

Evidence for soluble metal complexes in seawater comes largely

from two sources, direct analytical measurements, and inferences

from experiments with marine organisms. I have also distinguished

a third class where biological evidence is coupled to analytical evi-

dence, a somewhat rarer class which gives more specific informa-

tion on the interactions between the complexes and organisms. I will

first discuss biological evidence, which mostly predates the analytical

evidence.
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It has long been recognized that Fe is present in seawater at

much higher concentrations than predicted from the solubility of Fe3+

at the pH of seawater (Harvey, 1937). Chester and Stoner (1974)

estimated a modal value for Fe in surface seawater to be 1. 5 g/1,

whereas the predicted solubility of Fe3+ in seawater has an upper

bound of about 1. 1x102 ig/l (Byrne and Kester, 1976). Iron limita-

tion of phytoplankton growth in the sea has been observed (Menzel and

Ryther, 1961). Davies (1970), however, reported that adsorbed

Fe(OH)3 present in colloidal form can provide some marine phyto-

plankton organisms with at least part of their Fe requirement but

that an Fe-organic complex was necessary for chlorophyll synthesis.

It is widely noted that the addition of chelators or chelated

metals to artificial and natural seawater media often increases pri-

mary productivity when adequate micronutrients are already avail-

able (Provasoli, 1963; Johnston, 1964; Prakish and Rashid, 1968;

Barber and Ryther, 1969). Nonetheless, it appears that increasing

the concentration of chelators beyond a certain point results in inhibi-

tion of growth (Provasolietal., 1957; Johnston, 1964). It is a simple

logical step from these observations to the idea that chelators may

play an important role in the productivity of the ocean, as proposed

by Johnston (1964).

Toxicity experiments with trace metals also yield indirect

evidence of metal complexation. For example, although additions

of silver to a culture of Chlorella pyrenoidosa initially reduced
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growth, subsequent regrowth proved quite resistant to added silver

(Fitzgerald, 1967). Similar results were found for a marine yeast

with copper ion (Button, 1968). Addition of known chelators such as

ethylenediaminetetraacetate have often been shown to similarly reduce

the toxicity of metals to a variety of organisms. Sunda (1975) showed

that Thalassiosira pseudonana responded to toxic levels of Cu by

lowering the level of free cupric ion in the water. He proposed three

nonexciusive processes as explanations: uptake by the organisms,

chelation by excreted compounds, and pH increases which favored

inorganic complexation and precipitation of Cu.

A number of investigators have investigated compounds re

leased by certain fungi, bacteria and blue green algae in freshwater

systems under iron limiting conditions. The extent of knowledge

concerning these compounds makes them an interesting model for the

interaction of trace metals, complexes, and organisms for comparison

to other less well studied systems. Recent work indicates their

presence in an estuarine environment (E step et al., 1975). Some

of these compounds have been isolated, studied, and their structure

determined. They have certain structural features in common:

hydroxamic acid residues, and a polypeptide based structure; and

common chemical features: high stability constants for iron corn..-

plexes, and unusually high specificity for iron over other metals.

They have been proposed to solubilize ferric iron, and provide



13

intermediates for iron metabolism (Nielands, 1952; Garibaldi and

Nielands, 1955; Burnham and Nielarids, 1961; Burriham, 1963;

Simpson and Nielands, 1976).

Analytical Evidence for Trace Metal Complexes in Seawater

Fukai (1973) and Fukai and Huynk-Ngoc (1975) have reviewed

analytical evidence for the existence of organically bound trace ele-

ments and Zn respectively. Several different analytical techniques

have indicated organic complexation of trace metals in marine waters.

Each implies certain properties for the organic agent. Nearly all

these methods are indirect, that is measuring some phenomenon

presumed to be caused by complexed metal.

Trace metals are commonly present in seawater at such low

levels that concentration is generally necessary prior to measure-

ment. Some concentration techniques may fail to recover complexed

forms of soluble metal. Indeed, low recovery of metal from a sample

has been cited as evidence for the presence of soluble organic corn-

plexes (Slowey and Hood, 1966). In such cases a method for determin-.

ing the unrecovered metal must be used. For example, the complex

may be destroyed, and the total metal determined (Corcorari and

Alexander, 1964). Alternatively the sample may be labeled with

radioactive metal and the amount of radioactivity that is not recovered

by the concentration method may be determined (Barsdate, 1968). The
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former method has the advantage that uniformity of labeling is not

a problem while the latter has the advantage that radiotracer counting

is more precise than low level trace metal analysis. The latter must

assume that the tracer perfectly mimics the natural stable metal.

One concentration technique that had been used extensively for

marine trace metal determination is the chelating resin Chelex-100

(Riley and Taylor, 1968; Windom and Smith, 197Z; Evans, 1976).

Chelex-l00 has high selectivity for transition metals over alkaline

earth and alkali metals (Leyden and Underwood, 1964). Consequently,

Chelex-1 00 is a useful reagent for extraction and concentration of

transition metals from seawater for analysis.. It has been observed

that some metals are not always totally extracted (Florence and

Batley, 1975). In some cases low recovery has been cited as evi-

dence for the presence of organic binding (CallahanetaL, 1966;

Evans, 1976).

The inference that unexpectedly low extraction efficiencies for

trace metal analytical techniques is evidence for trace metal organic

complexes has not been limited to Chelex-100. Other concentrationand

spectrophotometric techniques have been used in a manner similar

to C helex-1 00 and atomic absorption. spectrophotometry.

Alexander and Corcoran (1967) used neocuproine to determine

Cu in nearshore and offshore waters near Florida, Ionic Cu was

determined in the presence of hydroxiamine (a reducing agent), and
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total soluble Cu was determined after digestion with perchioric acid.

Although ionic Cu never exceeded 2 g/l, total soluble Cu was some-

times over 20 pgIl.

Using diethyldithiocarbamate (a chelating agent), to extract Cu

into chloroform with and without persulifuric acid oxidation, Slowey

and Hood (1966) reported the presence of a nonlabile, organically-

associated Cu fraction in seawater. Corcoran and Alexander (1964)

had previously attained similar results with dithizone extraction

after perchioric acid digestion.

Slowey et al. (1 967) found direct extraction with chloroform

alone removed 8 to 50% of Cu from seawater. Since less than 1% of

divalent 64Cu added to the same samples was extractable, it was con-

cludedthattheboundCuwas nonlabilewith respect to exchangewith Cu2t

65Fukai (1973) used dithizone to extract ionic Zn from Zn labeled

seawater, Zinc-65 remaining thereafter was assumed to be colloidal.

After 10 days of standing at room temperature and pH 8 no new ionic

Zn could be detected, Thus the dissociation of the labeled colloid

must have been extremely slow. It was therefore concluded that it is

unjustified to assume that the various physico-chernical forms of Zn

in seawater are in equilibrium.

More recently elaborate analytical schemes involving several

techniques have been used to determine up to seven separate pur-

ported phys icc-chemical forms of Pb, Cd, and Cu (Batley and
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Florence, 1976).

Dialysis membrane has been used to show association of metals

in natural waters with large molecules or aggregates. Dialysis mem-

branes can be chosen to retain molecules from a molecular weight of

approximately 2000 and above. This is useful where high molecular

weight forms such as metallo-enzymes or colloids comprise a

measurable fraction of the trace metal in the system. Barsdate

(1968) determined that a large fraction of Mn, Co, and Zn in highly

colored lake water was nondialysable but exchangable with radio-

nuclides. In Arctic seawater nondialysable metals were not found,

except for 66% of the Cu in nearshore water. Slowey and Hood (1966)

also presented evidence of considerable and variable fractions of

nondialysable Zn and Cu in seawater from the Gulf of Mexico.

Electrochemical methods have also been used in the measure-

ment of complexed trace metal species in oceanic and estuarine

waters. Anodic stripping voltammetry (ASV) and polarography, use

similar principles and give similar results, but ASV is possibly

more common in oceanographic literature due to its generally higher

sensitivity. Briefly, in ASV certain metals are reduced and plated

on a mercury cathode from the sample being analyzed, then oxidized,

resulting in a current peak whose magnitude is a function of the metal

concentration. Since the plating step removes only a small frac

tion of the metal, equilibria among chemical forms are not
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greatly disturbed during analysis. Thus ASV has less potential to

dissociate complexes than equilibrium-based separation techniques.

Furthermore, certain metal complexes, such as Zn-EDTA, are not

reduced (Bradley, 1972), Piroetal. (1973), using ASV, reported a

"chelated form of Zn in seawater which did not equilibrate with added

65ionic Zn within 90 days.

As with other techniques, in studies utilizing ASV it is common

to measure complexation by the difference in metal concentration

between an untreated sample and a sample treated to release metals

from complexes, by acidification, or digestion by U. V. light or

strong oxidizing agents.

Thus various analytical techniques imply different things about

metal complexes. Solvent extraction alone can concentrate trace

metals complexed to highly nonpolar compounds, such as fatty acids.

Chelation and solvent extraction can concentrate both cationic metal

and nonpolar complexes. Dialysis shows complexation by very large

soluble complexes or colloids. Anodic stripping voltamrnetry may

give results representative of total complexation.

Biological Experiments with Analytic Evidence
for Trace Metal Complexes in Seawater

Mixed biological and chemical experiments have also been

interpreted using complexation models. For example, Small et al.

(1974) reported excretion of a nonionic form of Zn by the prawn

Palaemon serratus (Pennant).



Bernhard and Zattera (1967), studied the uptake of 65Zn and

stable Zn by a species of marine diatom in natural seawater. Zinc-65

was. initially taken up by the algae faster than stable Zn, but that after

12 days they were present in the algae in essentially the same propor-

tion as inthe medium. Complexing the stable Zn with cysteirie, a corn-

mon amino acid with chelating properties, before inoculation with algae
65and Zn resulted in 20% of the stable Zn present tn the algae, as

opposed to 85% of the 65Zn after 12 days. Zinc-65 was also taken up

by Chelex-100 faster and more completely than stable Zn initially

present in seawater. The differences in the natural media were

ascribed tentatively to different, slowly exchanging physico-chemical.

states in the solution, similar to that observed with cysteine.

Cross et al. (1971) cultured 2000 liters of mixed phytoplankton

in natural seawater. After nine months of growth 1 mCi of high spe-

cific activity 6Zn was added. Then, following another 9 and 1 2

months, the water and algae were analyzed for both stable and radio-

active Zn. The specific activity (Ci 65Zn/g Zn) of the algae nine

months after adding the radioactive spike was approximately one-half the

specific activity of the water. Three months later, the specific activi-

ties were closer, but that of the particulates was still about 30% lower.

One hypothesis constructed to explain their results was that in early

growth, prior to the addition of 65Zr excretion, lysis, or decay pro-

duced Zn containing organic compounds which were more readily



assimilated by phytoplankton. As the experiment proceeded, the

organic Zn was preferentially cycled by the organisms, thus maintain-

ing a reduced ratio of radioactive to stable Zn in the algae.

Several other features of this experiment are noteworthy. Three

types of soluble Zn were sought analytically: extractable, acid treated,

and dialysable. Extractable Zn was defined as Zn extracted by

dithizone/chioroform, without prior treatment to free bound Zn. For

acid treated Zn, water samples were digested with HNO3, HC1O4,

and HC1 prior to extraction by dithizone. Dialysable Zn was that

which would pass through dialysis membrane prior to dithizone ex-

traction. These operationally defined categories are not exclusive;

a given physico-chemical form might occur in all three classes.

Indeed, these analyses showed no significant differences among the

three treatments. Thus no multiplicity of chemical forms was

demonstrated.
Benthic algae from this tank were also collected for analysis.

Their specific activity was found to have been slightly, but signifi..

cantly, higher than that of the solution.

Now the models for specific activity disequilibrium discussed

previously can be applied. If a less labeled Zn pooi was the source

for Zn in phytoplankton, there must also have been some highly labeled

pool as the source for benthic algae. The Zn in the water could have

been composed of two forms, having different specific activities,
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an ionic fraction of high specific activity, and an organic fraction

with low specific activity. The total soluble Zn would have been

intermediate. If planktonic algae preferentially utilized Zn, and

benthic algae preferentially utilized of adsorbed ionic Zn, one would

expect results consistent with the Cross etal. (1971) experiment.

Another alternative explanation is that a vessel with a maximum

population of algae allowed by a given nutrient level might have such

a slow exchange of Zn between the algae and medium that isotopic

equilibrium might be reached only after a very long period. This

argument is diminished in that Cross et al. (1971) reported that a

planktonic bloom occurred after the addition of 65Zn.
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MATERIALS AND METHODS

Culture Conditions

Large batch cultures were grown in six double walled cylindrical

fiber glass tanks at the Oregon State University Radiation Center.

Each 0. 9 meter diameter, 2. 1 meter tall tank was lighted with a 250

watt quartz-halogen lamp mounted approximately 0.5 meters above the

top of the tank. The mean light intensity at the water level in the

tanks was found to be 197±30 microeinsteins/m2. The top was coy-

ered with clear 4. 8 mm plexiglass, to keep out dust and to minimize

contamination.

Because heat from the lights would raise the water temperature

in the tanks to above 30° C, a cooling system was also used. A 1 5

meter double coil of 12. 7 mm copper tubing, was placed in a re-

circulating cooling reservoir, and connected to a centrifugal pump,

This circulated the water through 9. 5 mm I. D. polyethylene tubing.

Six turns of the polyetheylene tubing were coiled inside each of the

culture vessels from the height equivalent to 1200 liters and down

(Fig. 2). The cooling reservoir water was fixed at 9-11° C and with

the lights on the temperature in the tanks was maintained between 11

and 14° C. (There were two breakdowns in the cooling system, one

during late December, 1975, associated with a power failure, and

one in the middle of October, 1976, when one of the copper coils
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(a
/I\\

Figure 2. Diagram of experimental vesse, a. 250 watt quartz-halogen light, b. acrylic dust cover,
c. polyethylene cooling coils, d. inner vessel, e. outer vessel, f. centrifugal pump,
g. copper cooling coils, h. cooling water reservoir.
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failed. In each case the temperature of the culture vessels increased

to 22° C before the system was repaired.

The culture vessels were lined with polyethylene bags to mini-

mize contact between the culture water and the fiberglass walls. Dur-

ing filling, some seawater was also placed on the outside of the bag,

to aid thermal conductivity for cooling.

Aeration through 1 2. 7 mm acid washed polyvinyl chloride pipe

was carried out through the experiment at approximately 1 liter!

minute.

Seawater was collected in early summer, 1 975, at the Oregon

State University Marine Science Center dock, Newport, Oregon at

high tide, and shipped in a commercial tank truck to the 45, 000 liter

concrete seawater holding tank at the Radiation Center. When it first

arrived, the water was dense green from planktonic algae and organic

detritus. After several months of storage in the dark, however,

the water became clear.

On 10 September, 1975, all six tanks were filled with seawater

pumped from the storage reservoir through a dacron fiber filter ap.d

nutrients were added. No additional trace metals or ligands were

added (Table 1).

On 1 5 September, 1 975, all tanks had 200 ml of a mixed phyto-

plankton culture added (Table 2), and approximately 0. 3 millicuries

each of 59Fe, 65Zn, and 54Mn were added to tanks E and F, the
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Table 1. Nutrient additions to the experimental cultures (Donaghay,
1975).

Nutrient Concentration

NaHCO3 100 mg/liter

NaNO3 15 mg/liter

NaH2PO4 H20 1 mg/liter

Na2SiO3 9H20 3 mg/liter

Thiourea 50 pg/liter

Thiamin HC1 20 pjg/liter

Biotin 1 g/1iter

Cobalamin 1 pg/1iter

Table 2. Phytoplankton additions to the experimental cultures.

Species Taxa

sgana green flagellate
Skeletoriema costatum diatom
Amphidinium carteri dinoflagellate
Coccolithosj coccolithiphore
Chaetoceros spp. diatom
Monochrysis spp. green flagellate
Thalassiosira spp, diatom
Dityllum spp. diatom
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control tanks. The treatment tanks, A through D, had the same

quantity of nuclides added on 14 January, 1976,

Periodic Radioactivity Analysis

Duplicate 500 ml samples were taken from the cultures on a

predetermined time series and acidified with 3 ml 1 ZN HC1 (G.

Frederick Smith Co. , Redistilled). A similar sample was drawn

through a 1. 0 im Nitex mesh to exclude phytoplankton and other

particulates. These water samples were kept at _200 C until thawing

for radioactivity analysis. After thawing the samples were trans-

ferred to a clean 1 liter polyethylene bottle. Each sample was placed

on a 3x3 inch NaT (Ti) detector in conjunction with a Nuclear Data

512 :chamnel analyzer for radioactivity analysis. Instrumental

parameters for counting equipment are given in Tables 3 and 4,

Background was subtracted, and the spectrum stored on paper tape

for computer data reduction by spectrum stripping (Eidridge, 1964).

Specific Activity Analysis

Water Samples

Several problems affected the determination of specific activity

in the plankton and water of the experimental vessels. First, since
trace metals (except Co as cobalamin) were not added as nutrients,

the concentrations in the water and phytoplankton were low. Second,
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Table 3. Gamma ray spectrometry instrumental parameters.

Detector Resolution Calibration
(%) (Key/channel)

Nat (Ti) 8.81 10

3x3 crystal

NaI(T1) 9.26 10

well

Table 4. Radioisotope analysis statistical parameters based on
100 minute counts and a well known background (Currie,
1968).

Counting Critical Lower Limit of Isotope
geometry limit of limit of Determina-

detection detection tion
(pCi) (pCi) (pCi)

500 ml 38. 4 80. 0 292 Fe
34. 2 40. 9 252. 54Zn
14.8 30.4 106. Mn

25 ml 23. 1 48. 0 176 Fe
16.3 33.7 120

7.Z3 14.9 51.6
54Zn

Mn

S ml 1. 94 4. 00 13. 9 Fe
well 1.61 3.31 11. 3 54Zn

.80 1,64 5,49 Mn
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seawater contains many other ions in high concentration which inter

fere in trace analysis. Thi!rd, there are potential contamination

problems from filtration, handling, and labware. Fourth, sample

size was limited by finite tank volumes, and slow filtration rates.

I adapted a method for trace metal analysis of seawater employ-

ing an extraction by Chelex-l00, and atomic absorption spectro-

photometry (Evans, 1976). Water samples were filtered through

0. 4 m Nuclepore filters under 20-40 lbs/in2 N2 pressure until filters

clogged. As many as five filters were necessary to collect adequate

sample volumes, 150-300 mIs. The filters were saved for particulate

analysis. Three types of water samples were collected, with five

replicates on sampling dates. Not all of these three types were

collected at each date (Table 6). One was filtered and passed directly

through prepared resin columns. Another was filtered and digested

with dilute HC1 and K2S208 before concentration. The third was

unfiltered when digested with HCI and K S 0 . For the HC1/K S 0228 228
digestion the sample was acidified with 0. 2 ml 6N HC1 (G. Frederick

Smith Co.,, Re distilled) and had 5 ml of 5% W/V K2S208, added.

The solution was heated to 95° C in a boiling water bath for 2 hours

to digest organic compounds. Five mls of saturated NaHCO3 was

then used to buffer each sample near the initial pH. Both the K2S208

and NaHCO3 were twice passed through ammonium form Chelex-1 00

resin columns to remove trace metal impurities. The samples were



then cooled for 30 minutes, and passed through prepared Chelex-l00

columns.

For quantitative analysis, sodium form Chelex-l00, of mesh

size 100-200 (Bio Rad Laboratories) was washed twice in bulk with

ZN HNO3 and three times with glass distilled deionized water (GDDW).

The resin was then converted to its ammonium form with 2N NH4OH

(generated by bubbling anhydrous NH3 gas through GDDW), and washed

twice with GDDW. It was stored in this form, as a slurry.

To prepare a column, 5 ml of resin slurry was pipetted into

disposable polyethylene resin columns (Bio Rad Laboratories) fitted

into the neck of a 250 ml Nalgene polyethylene bottle with the bottom

cut out. The bottle served as a storage reservoir over the column.

These column assemblies were washed in ZN HNO3 and rinsed with

GDDW prior to use. The ammonium form resin in the column was

then washed with 1 0 ml ZN HNO3 and two 1 5 ml portions of GDDW.

The resin was then reconverted to the ammonium form with 10 ml

ZN NH4OH and rinsed twice more with GDDW.

After extraction of the seawater samples the resin was rinsed

with 10 ml GDDW to remove interstitial sea salts, and then eluted

into the final sample container (25 ml Nalgene polypropylene) with

25 ml 2N HNO3. In some of the initial experiments another 25 ml

fraction was taken from the extracted seawater sample for determina

tion of the unextracted radionuclides. Process blanks were prepared
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concurrently with resin columns to which no seawater was added.

Radioactivity was determined in the extracted samples as it

was in the whole water samples, except that the 25 ml counting

geometry was used.

Stable metal analyses were carried out using a Varian Model

51 Atomic Absorption Spectrophotometer. For iron and manganese,

levels in the extracted samples were so low that highly sensitive

flameless techniques were necessary, using the Varian CRA-90 or

Variari CRA-63 carbon rod attachment. Background absorption was

checked using an H2 lamp, and was found to be negligible in most

cases. When needed H2 background correction was employed, Mixed

standards containing 0, 1, 2, 3, 4, 5, 1 0, 20, 30, 40, 50, 1 00, 200, 300, 400,

and 500 g/l each of Zn, Mn, and Fe were made in ZN HNO3 from

Baker atomic absorption standards. Five microliters of sample were

injected into the carbon rod analyzer. Calibration was linear up to

10 g/l Mn, and 50 ig/l Fe. Although most samples were within these

limits, higher concentrations were determined using hand fitted cali-

bration curves. The samples falling in the linear portion of the cali-
bration curve were determined using a least squares linear regression
computer program. Each sample was determined in triplicate.
Standard deviations were around 5% of the mean abs orbance for both

Mn and Fe. (Instrumental parameters are shown in Table 5.

Zinc levels in the concentrated samples were low but measur-

able with flame atomic absorption spectroscopy, using air-acetylene.



Table 5. Instrumental parameters for flameless atomic absorption spectrophotometry,

Element Drying Drying Ashing Ashing Atomization Atomize Atomjztjon
temperature time temperature time temperature time ramp rate

(°C) (sec.) (° C) (sec. ) (° C) (sec. ) (° C/sec..

Iron 120 40 500 20 2200 2 400

Manganese 120 40 700 20 1900 2 400

Zinc 120 40 400 20 1400 4 200

0
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Standard deviations for repeat readings within given samples or

standards were approximately 5% at concentrations near 100 g/l.
Five replicate readings were taken on each sample and standard.

Data reduction was carried out withtheregressionprogrampreviously

mentioned.

Particulate Samples

Particulate samples on the 0. 4 m filters were stored in acid
washed polypropylene test tubes until digestion. Since digestion of

the particulates and the filters together yielded high, variable blanks,

it was necessary to remove the particulates from the filter without

digesting the filter. This was accomplished by putting 5 ml GDDW in

the test tube containing the filters, and subjecting the contents to

ultrasonic vibration in a cleaning bath for ten minutes. Then the 5 ml

of GDDW containing suspended particulates were pipetted out into

another acid washed polypropylene test tube and the process repeated.
The 10 ml of GDDW and suspended particulates were then dried at

60°C, digested with 0. 2 ml 16N HNO3, and evaporated to wet salts.
These were dissolved in 5 ml ZN HNO3 for radioactivity and stable

metal analysis.

This procedure did not quantitatively remove the particulates

from the filter. Analysis of the filters showed variable and substan-

tial portions of the radioactivity remaining. However, this technique
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did yield a low and regular stable metal blank so that the specific

activity remained relatively constant despite variation in sample

size and extraction efficiency.

The radioactivity analysis of the particulate samples was identi-

cal to that of the previous samples, except that the well-type Nal (Ti)

scintillation detector was used.

Stable metal analysis of the digested particulates was the same

as the previous water samples.

The HNO3 used in all techniques above, was Baker Reagent

grade, which had been screened by flameless atomic absorption, and

found to contain acceptable blank levels of Fe, Zn, and Mn, i. e. , less

than 30% of the total absorbance for the majority of samples.

Chelex-l00 Absorption Experiment

In an attempt to determine the time scale of the protection of

65the unextracted Zn from Chelex-1 00, and perhaps the exchangability

of the Zn complex, a batch uptake experiment by Chelex-l00 of filtered

tank water was undertaken. Duplicate water samples from tank A

were warmed to 210 C, and stirred with a magnetic stirrer. A 5 ml

water sample was taken from each bottle. Then 5 ml and 10 ml of

ammonium form Chelex-iDO were added to bottles #1 and #2 respec-

tively. At 1, 2, 3, 5, 10, 15, 30, 60, 90, 120, and 180 minutes 5 ml

portions were pipetted out and pressurefilteredthroughO.45 jmfilters
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(Millipore) to stop radioriuclide uptake. The 5 ml samples were

counted for radioactivity remaining in the sample. A control was

run using K S 0 digested water.228
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RESULTS AND DISCUSSION

Biological Development in the Experimental Vessels

Phytoplankton growth was observed visually throughout the

experiment, since the radioactivity of the water made other analyses

impracticable. Initial growth, observed on the fourteenth day in all

tanks, was brown, and suspended, and was tentatively identified as

Chaetoceros spp., a diatom. After 30 days, growth appeared to

level off, and the color changed to green. Subsequent microscopic

observation showed that the populations were predominantly a small

green flagellate. For several months thereafter, populations in the

tanks were unstable; composed primarily of diatoms when cell num-

bers were increasing and green flagellates when declining. Eventually

(circa six months) a more stable condition developed with green

flagellates as the primary phytoplankton.

Possibly related to this phytoplankton succession was the

appearance of a harpacticoid copepod, tentatively identified as

Tisbee furcata, in all of the experimental vessels during this period.

Presumably the copepods entered the tanks through the dacron fiber

filter either as eggs or small nauplii. At no time were large enough

numbers of copepods present for radioactivity or metal analysis, so

that their effect on the isotopic equilibrium is uncertain. As the

tanks became a green flagellate monoculture, the copepod population
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disappeared almost entirely.

Radionuclide Behavior during the Expriment

On the basis of their differing chemistries, Fe, Zn, and Mn

might be expected to show divergent behavior in the experi-

mental tanks. To some extent the variations of concentrations of

the nuclides in the tanks can be explained by the chemical and bio-

logical behavior of their respective stable isotope2. Results of the

radioactivity analysis of the sequential water samples are shown in

Figures 3-8.

It was initially expected that the lpmNitex netting would be

sufficient to exclude the majority of the phytoplankton, and that the

results of the radionuclide analysis of such filtered water would

reflect only radionuclides not associated with the phytoplankton.

However, the phytoplankton that grew in the tanks were quite small,

and even under gentle filtration a large share of them passed through

the 1 m phytoplankton mesh. Consequently, the difference between

filtered and unfiltered samples does not represent the concentration

of radionuclides in the phytoplankton, but only that fraction of radio-

nuclides associated with particles large enough to be retained by the

netting.
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Iron- 59

Regardless of whether it was added before or after
59growth, Fe tended to be lost from solution. This can probably be

largely attributed to the insolubility of the thermodynamically favored

oxidation state of Fe(IH) in seawater (Byrne and Kester, 1976). This

view is strengthened by the relatively large amount of 59Fe, even at

early times in the control tanks, that fails to pass through the 1 m

netting.

In several cases, the amount of 59Fe in the total solution, and

the amount held back by the mesh, rise simultaneously. The cause

of this phenomenon is unknown, but one reasonable hypothesis would

be the biological uptake of 59Fe(OH)3 by detrital microbes and phyto-

plankton, which would transfer Fe from the tank walls to suspended

particulates. This tendency seemed far stronger in the "control

tanks" in which radionuclides were added prior to growth. In these

tanks, rises in 59Fe in the water occurred at about the time of the

first and second population peaks.

Zinc-65

Although there was some tendency for 65Zn concentration in

the whole water samples to decline with time, it was never as rapid

or as consistent as for 59Fe. However several sharp variations in

concentration for 59Fe and 65Zn were coincident, and these seemed



correlated to population peaks.

The slight loss of 6Zn from solution in the tanks, despite the

relatively high solubility of Zn in seawater, may partially reflect the

tendency of Zn to adsorb to container walls (Tomlinson, 1970). Some
65 59of the decline of Zn and Fe observed was also probably due to

settling of labeled phytoplankton and detritus.

Manganes e-54

Manganese-54 followed a very interesting pattern. [n the con-

trol tanks the 54Mn concentration seemed to be largely unaffected by

anything for up to 65 days. It neither decreased in the water nor
65 59became associated with particles, as did Zn and Fe. After 77

days the fraction of the initial 54Mn remaining in solution declined

rapidly, reaching about one tenth of the initial concentration after

200 days. In the four remaining tanks, spiked with radionuclides

after 1 22 days of growth, 54Mn showed relatively rapid loss from

solution (Figures 38).

Mn(II) in seawater containing O is known to be unstable with

respect to oxidation to Mn02(s) but the rate of the reaction at marine

temperature and pH is relatively slow. From laboratory data,

Morgan (1967) estimated that 1000 years would be necessary to oxi-

dize 90% of the initial Mn(II) in seawater (based on particle free

seawater, and therefore, efficient removal of Mn02), However the
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reaction of Mn(ll) to Mn02 is autocatalytic, that is,, the presence of

Mn02 increases the rate at which the reaction takes place.

This may provide a reasonable explanation of the 4Mn behavior

in the experimental tanks. Initially the filtered water carried very

little Mn02 and oxidation of Mn(ll) to Mn02 was quite slow. Eventu-

ally, as Mn02 was generated, the reaction speeded up. The catalytic

Mn02 could be generated by either the slow, uncatalyzed oxidation

or some surface catalysis. In control tanks, the decline of 54Mn

followed the stable Mn(Il) oxidation, slow initially, then speeding up.,

In the four tanks spiked later, the 54Mn is added at a point where the

oxidation is proceeding rapidly (Fig. 9).

Specific Activity Analy

Table 6 contains the average values and standard error for

radionuclide concentration, stable metal concentration, and radio-

nuclide specific activity for each water fraction in each analysis.

Except where noted, five replicates were used for each analysis.

Owing to certain analytical problems encountered such as sensitivity

drift in the atomic absorption spectrophotometry and variable con-

tamination between groups, exact hypothesis tests for the equality of

stable metal concentrations, and therefore specific activities has

been deemed inappropriate. Hence, I have relied strongly on ana-

lytical intuition and mass balance considerations to make these
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judgments.

lron-59

There are fewer data for the specific activity of 59Fe of the water

and plankton than for either 6Zn or 54Mn, primarily due to the rela-

tively short half life of 59Fe (45. 6 days), In addition the stable Fe

results for the particulates in the first and third attempts were

clearly affected by contamination.

lron-59 specific activities of the water and algae were deter-

mined simultaneously on only one occasion, 30-31 August, 1976, for

tank A. The 59Fe activity of the two Sets of water samples was

determined for only two samples each, because of the long counting

times that were needed (l0-l0 minutes). The specific activity of

the particulate material was several times that of the water; the spe-

cific activity of the digested water samples (representing 'inorganic't

plus "organic" Fe) was higher than the undigested water samples,

which represents only the "inorganic" Fe (Table 6),
59It would appear that the Fe specific activity of the algae more

closely matched the filtrate "inorganic" fraction. Applying a corn-

plexation model to explain the specific activity disequilibrium, one

might conclude that the algae preferentially cycled an inert "organic"

form of Fe, which had higher specific activity than the solution as

a whole.



Table 6. Summary of the results of the specific activity determinations. Activities corrected to date of addition. All data are mean one standard error of the mean.

Tank Date Sample
type

[Fe]
(ug/l)

[Zn.]
(tag / 1)

[Mn]
(tag/i)

59
Fe

( nCi/1

65
Zn

(nCi/l)

54
Mn

(nCi/1)

59 Fe/Fe
(mCi/g)

65
ZnJZn

(mCi/ g

54
Mn/Mn

(mCi/g

F 12_l3July 1 3.8+0.7 N.D.2 0.36 + 0.00 18. 4 4.2 43.24+ 0.89 23.l2 0.28 554± 1.89 N.D. 63.4 ± 1.5

1976 2 2.7+0.3 N.D. 0.42 + 0.05 54.6 15.9 73.3l 2.08 25.75+ 0.37 19.4 ± 4.5 N.D. 66.0 ± 7.5

4 N.D. ND. 0.25 4.0.03 34.3 ± 2.1 S0.51 6.19 12.96k 13.91 N.D. N.D. 54.4 4 4.2

A 3O-31.Aug. 1b
1.6 O.4 N.D. 0.33 + 0.03 1.47± 0.53 28.44k 0.54 6.97k 0.14 0,79k 0.02 N.ID. 21.7 + 1.9

1976 2 2. 2 ± .0.2 N. ID. 0. 33 ± 0.03 8. 55± 0.05 45. 47+ 1. 24 7.36+ 1) 20 3.44± 0.29 N. D. 23.3 4 2.8

4 4.1 ± 0.6 4.2 ±0.5 0.23 ±0.03 63.1 ± 8.3 8622e 12.. 21.594 2.61 15.48k 2.21 20.6 + 1.0 91.3 3.7

A 15-18 Oct. 1 N.D. 10.2 ±0.9 0,28 ± 0.08 26.2 ± 5.8 41.53k 1.75 10.04+ 1.28 N,D. 4.3 0.5 46.9 +130

1976 3 5.9 0.9 20.5 ±1.5 0.71 ± 0.11 90.0 +22.4 244.52+10. 53 41.70k 2.50 24.64k 9.35 12.1 ± 0.9 62,4 ' 6.8

4 N. ID. N. D. 0. 51 + 0.08 73.5 ± 9.2 94.81 8. 12 17.5 4 1.51 N. D. N. ID. 37.9 74

F 14 Jan. 1 N. D. 3.1 ± 0.2 0.24 ± 0.01 N. ID. 25. 01 1. 14 19. 46 0. 14 N. D. 8.0 + 0.4 83.2 4 39

1976 2 N.D. 14.7 4.8 0.35 ± 0.01 N.D. 4j,3j± 0.86 1914 0.32 N.D. 4.1 1.2 55.0 ± 1.6

3 N.D. 3.9 0i 0.43 ± 0.03 N.D. 75.58k 0.84 28.09k 0.23 N.D. 20.0 ± 0.6 66.6 + 5.0

4 N.D, 2.6 '.3 0.19+ 0.01 N.D. 12.41k 1.50 3.65k 0.41 N.D. 4.8 ± 0.3 18.7 :1.3

A l7Jan. I N.D. 10.61.4 0.24 ± 0,02 ND. 7459r 1.09 4.64k 0.09 N.D. 7.4 0.6 20.2 ± 1.0

1977 2 N,D. 14.9 1.6 0.22 ± 0.02 N.D. 94.29± 3.74 4.48k 0.15 N.D. 6.5 + 0,5 20.6 4 0.9

3 N. D. 13.9 40. 3 0.90 ± 0.05 N. D. 255.70k 2. 36 47. 49 0, 31 N. D. 18.4 ± 0.2 53.2 ± 2.7

4 N. ID. 3.1 0.2 0.27 ± .0.02 N. D. 66. 9± 3. 38 19. 19 1. 35 N. ID. 21. 2 0,1 73.3 3.5

F lOjan. I N.D. 2.9 -:0.1 0.18 ±0.01 N.D. 6.16k 0,26 4.56k 0.03 N.D. 2.1 26.4 + 2.1

1977 2 N. D. 5.2 ±0.3 0 17 + 0.01 N. 0. 24.21 ' 1. 12 4. 87± 0. 12 N. D. 4. 8 ± 0.4 29.8 1.7

3 N. ID. 6.9 ± 0. 1 0. 36 + 0.01 N. ID. 129. 55± 1. 62 13. 68 0. 24 N. ID. 18. 8 0. 2 37.8

4 N. 0. 3.6 ±0.4 0.29 ± 0.01 N. ID. 61. 04± 6.08 7. 15 1.03 N. ID. 16. 9 ± 1.7 25.3 ± 3.9

B 21 Jars. I N. ID. 5.9 0. 3 0. 34 ± 0.01 N. 0. 115. 26 1. 56 16.22 ± 0, 18 N. 0. 19. 6 ± 1.0 48.2 ± 1.4

1977 2 N. 0. 7.5 0.4 0.38 ± 0.01 N. D. 122.73 ± 2.01 16. 30 0.24 N. ID. 16.4 ± 0.7 42.6 ± 1.3

3 N. D. 10.9 ±0.1 0.56 ± .0.01 N. 0. 206. 56 0.86 25. 53 0.31 N. D. 19.0 ± 0.1 46.6 + 0.8

4 N. ID. 1.4 ±0 3 0.08 ± 0.01 N. ID. 26. 03 5,94 2. 86 0, 18 N. ID. 18.5 ± 1.3 43.6 ± 5.3

a Sample types: 4,for Mn, as = 2 for Fe "n = 3 for Mn uN ID. - Value not determined

1 undigested filtered water
2 K2S208 digested filtered Water
3 K2S208 digested unfiltered Water
4 digested particulates .

.is.



The observed specific activity difference for 59Fe might occur

in another way. If the specific activities of the algae and water were

both equal to the specific activity found in the algae, the concentration

of Fe in the seawater would be about 0.25 g/l. This is below the

limit of detection with the sample volumes employed, and a small

unaccounted for Fe blank could cause the specific activities of the

water to seem much lower than the true value.

In tanks A and F there appears to have been a high percentage
59(65-90%) of Fe in filtered water that was not extracted by Chelex-1 00

unless the sample had been digested with persulfate (Table 7). In tank

F, 12-13 July, 1976 the yield of 59Fe in digested water was about three

times higher than in undigested water, in tank A, 30-31 August, 1 976

the difference is about a factor of 5. This nonextracted fraction of

59Fe may be colloidal or a dissolved iron-organic complex, There

is no information to be gained from the procedure which would dis-

tinguish one from another. It is also essentially irrelevant to a

discussion of isotopic equilibration since both dissolved complexes

and colloids could display wide ranges of exchangability.

The half life of 6Zn is long enough (245 days) that it was easily

measurable throughout the experiment. in the first three attempts

at specific activity analysis several sets of samples were grossly

contaminated with stable Zn. In the January, 1977 analyses, the pro-

cedures for measuring stable Zn in the various fractions were better



Table 7. Distribution of radionuclides in the experimental vessels.

°/ of nuclide remaining 9 of available nuclide reta,ined % of soluble nuclide not extracted
in water colurnnC by O.4umfiltera,u by Chelex- 100 without digestione

59 65 54 59 65 54 59 65 54
Vessel Date Fe Zn Mn Fe Zn Mn Fe Zn Mn

F 12 July 1976 N. D.b N. D. N. D. N. D. N. D. N. D. 66.4 41.0 10. 1

A 30 Aug 1976 37. 3 74.7 15.2 N. D. 85.7 86.0 82.8 37.5 5. 3

A 15 Oct 1976 23.9 57.4 11.2 N.D. 74.8 73.2 N.D. N.D. N.D.

F 14 Jan 1977 N.D. 20.1 8.1 N.D. 45.3 31.9 N.D. 39.5 -1.2

A 17 Jan 1977 N. D. 56.2 13.8 N. D. 63.0 90. 6 N. D. 20.5 -3.5

E 19 Jan 1977 N. D. 36. 3 4. 6 N. D. 81. 3 64.4 N. D. 74. 5 6.4

B 21 Jan 1977 N. D. 45. 9 7.4 N. D. 40. 6 36. 2 N. D. 6. 1 0. 5

a0 4 urn Nuclepore filter

N. D. - Value not determined

in digested unfilter samples/activity at start x 100?i

d Activity in digested filtered samples
(1 Activity in digested unfiltered samples

X 100%

e Activity in undigested filtered samples
(1 Activity in digested filtered samples

) x 100%

'-0
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controlled and none of the samples showed any of the extreme con-

tamination found in previous attempts (Table 6).

Zinc-65 specific activities were determined simultaneously in

water and phytoplankton in all four extractions in January 1 977. In

one case, tank B, the analyses of the different fractions showed an

equality of specific activities, which was as close as might be expected

considering the uncertainty in the stable metal analysis.

The 65Zri specific activities between groups for the other tanks

were less consistent. The analysis of the total water fraction (unfil-

tered water digested with K2S208) consistently showed 6Zn specific

activities of between 18.4 and 20.0 mCi/g. This is reasonable if

equal quantities of 65Zn were added to the same volume of water

containing the same concentration of stable Zn despite subsequent

losses of both 65Zn and Zn from solution (Figures 3-8). Further-

more in three of these tanks (A, B, and E), the specific activities of

the digested particulateswerevery close to that of the total samples

(19. 5-21. 1 mCi/g ), indicating that the specific activities of the water

and algae were close. However, for tanks A and E the direct analysis

of the filtered water indicated a much lower specific activity (2. 7-7. 4

mCi/g). If the specific activity of the particulates and the activity of

the particulates estimated from the difference between digested

filtered and unfiltered water are used to calculate the concentration

of Zn incorporated in the phytoplankton, the apparent Zn concentration
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in the water alone was often much lower than the value measured

(Table 8).

Table 8. Stable Zn in seawater versus that calculated from the 65Zn
specific activity of the particulates, and the difference in
65Zn activity between filtered and unfiltered water for the
January analyses.
Tank Zn determined Zn calculated

&gf1 g/1a

A 14.9 6.31
B 7.54 6.38
E 5.21 0.67
F 1.47 -3.12

a121 digested f'65Zn digested 65Zn digested I 65Zn

unfiltered samples unfiltered samples filtered samples)/
p&ticulates

It appears that there may have been some problem with the

stable Zn analysis in most filtered water samples, which caused

them to be abnormally high. Thus the specific activity values derived

from them are probably high. Thus the specific activity values de-.

rived from them are probably lower than the true values. In tank F

the 65Zn specific activity of the digested particulates was found to be

far below the usual 18-20 mCi/g, and when the concentration of Zn in

the particles is calculated, it is found to be higher than in the !totap

sample. Since it is impossible for the part to be greater than the

whole, this analysis is very likely contaminated.

In view of the results in the last four experiments I have con-

cluded from the mass balance that the 6Zn specific activity of the

phytoplankton was the same as the seawater.
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Nonetheless, there was very good evidence for "complexation'
65of a fraction of the Zn in solution (Table 7). The difference in yield

between 65Zn in digested filtered water and undigested filtered water,

after considering the difference in elution between digested and un-

digested water (see appendix A) indicated that from 0 to about 60%

of the soluble 65Zn was organically bound. Furthermore the fraction of

Zn "complexed" changed with time in any one tank, as can be seen

from the multiple determinations on tanks A and F in different months.

The rise and fall of "complexation" in the tanks may be controlled by

some biological factors, but no obvious relationships were observed.

Manganese- 54

Since 0. 4 m filtration of the water usually removed a large

fraction of the Mn, and Mn was in relatively low abundance to begin

with, the levels of Mn in filtered water were often very close to the

lower limit of detection after concentration. Consequently the preci..

sion was low, and bias from minuscule contamination was possible.

Furthermore, the flameless atomic ab sorption technique is subject to

changes in sensitivity which are hard to recognize and correct.

After making allowances for these possibilities it seemed that

54Mn specific activities of culture water and phytoplanktori were equal

in three of the four tanks analyzed, B, E, and F. (See Table 6.

Again, tank B seemed most clearly to be uniformly labeled at about
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45 mCi/g, probably because its slightly higher soluble Mn

concentration (0. 35 g/l) made the analysis less subject to problems.

Tank F was analyzed twice. In neither case did the analysis indicate

perfect specific activity equilibrium, but, neither did they point to a

consistent inequality. The best summary of this tank indicates the

specific activity of all the fractions to have been near 65 mCi/g, with

consistent differences between groups due to some of the aforemen-

tioned analytical problems. The analysis of tank E appeared to suffer

slightly from the same problems, with a mean 54Mn specific activity

of about 30 mCi/g.

It is tank A that exhibited a drastic exception to this result.

There appears to have been a significant and repeatable difference in

the 54Mn specific activity between the culture solution and algae.

Analysis of the two filtered water fractions on 30-31 August,1976 and

January, 1 977 gave essentially identical 54Mn specific activities

despite differences in stable and radioactive Mn on the different

dates. in the August 1976 determination the digested particles were

found to have a 54Mn specific activity greater than three times that

of the water. In the January, 1 977 determination the 54Mn particulate

specific activity was also found to be over three times that of the

water, while slightly lower than that found for August,l976. In addi-

tion, the 54Mn specific activity of the digested unfiltered water was

intermediate between that of the water and particles individually, and
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the Mn concentration in the particles calculated from their determined

specific activity and the difference in 54Mn between filtered versus

unfiltered water roughly equaled the difference in Mn concentration

between filtered and unfiltered water. This cross check of the mass

balance of Mn, in particular, lends credence to the conclusion that

the specific activity of the algae in this tank was appreciably higher

than that of the water.
54 65 59

With Mn, unlike Zn and Fe, there was no good evidence

for a nonextractable form. The small differences in 54Mn activity

between the digested versus undigested filtered water were near the

expected difference based on the difference in elution efficiency be-

tween the two treatments. The extractions of Mn by Chelex-100

from seawater were found to be about 85% efficient regardless of the

treatment (Appendix A).

Chelex Adsorption Experiment

Kinetic Considerations

The incomplete extractions by Chelex-100 might result from a

complex with slow kinetics or one that is completely inert. The batch

Chelex-lOO uptake experiment was undertaken to help distinguish

between these alternatives.

Although Chelex-1 00 resin adsorption follows second order

kinetics (Turse and Rieman, 1961), excess Chelex-1 00 was used so



that the rates of uptake should be "pseudo first-order" with respect

to trace metals (Moore, 1972). Thus for free metal ion the uptake

rate should be proportional to the amount present, and the logarithm

of the metal concentration plotted against time should be linear.

In second order kinetics, such as Chelex-1 00 follows, the loss

of Me in the forward reaction:

follows the rate law:

55

Me+LMeL Eq. (5)

-d[MeL
dt - kf[Me][L] Eq. (6)

While the reverse reaction might ideally show first order kinetics:

k [MeL} Eq. (7)
dt r

There is a link between reaction rate and equilibrium, however. At

equilibrium the rate of the forward reaction equals the rate of the

d[MeL]reverse reaction dt
so that:

kr[MeL1 kf[Me][L] Eq. (8)

which can be rearranged to:
kf [MeL] = K' (The apparent association constant)
k {Me][L] Eq. (9)

r

In pseudo first-order reaction kinetics the concentration of one

reactant, L for example, is initially so high that its concentration is
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essentially constant so that:

-d[Me] = k [Me] Eq.(l0)
dt p

(k = k[Lj)
p f

where k is a pseudo first-order rate constant. Such a constant is,-p
of course, constant for only one value of [L].

If complexed metal is present, the Chelex-l00 may bind only

the ionic fraction. If the complex is totally inert, that is if the rate

of both forward and reverse reactions are zero, uptake will cease

when the uncomplexed zinc is removed, leaving the complexed zinc

in solution unaffected.

If, on the other hand, a significant fraction of the trace metal

resides in a labile complex, when the ionic metal is removed by

Chelex-1 00, the dissociation reaction proceeds in the absence of

the forward reaction, and more ionic trace metal is released by the

dissociation of the complex. If the dissociation reaction is first

order with respect to the concentration of the metal-ligand complex,

the logarithm of the concentration of the trace metal remaining in

solution versus time will again plot as a straight line with a lesser

slope.
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Z inc-65

Zinc-65 shows, quite clearly, a deviation from a single compo-

nent, pseudo first-order pattern of uptake. In both tests with Un-

digested water there was a rapid uptake component, approximately

log-linear (Fig. 10), and a slower uptake component which also

appears to have been log-linear. As a test to show that organic

compounds bound the 6Zn in this slow fraction, K2S208 digested

water as previously described was also used, and the results plotted

similarly (Fig. 11). In this case no slow component was observed,

and the single component of uptake appears to have been the same as

the rapid component in the two undigested samples.

The slopes of the slow component of uptake beyond 30 minutes

in both undigested samples were significantly different from zero

(p <.05, student's t-test), and not significantly different from each

other. It appears that the reverse reaction (dissociation of the metal

ligand complex) has first-order kinetics with a half time of about

200 minutes. As previously shown a consequence of equilibrium is

that the rate of the forward and reverse reactions are equal, and

in this case the slope of the slow component extrapolated to the

zero time intercept represents rate of both the forward and reverse

reactions at equilibrium. It would appear that the two fractions

would be highly exchangable isotopically over a short period, attain-

ing complete exchange in a few days.
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Figure 10. Decline of Zn on undigested filtered water in the presence of Chelex-100. Top: 5 ml
Chelex- 100 in 364g of water from Vessel A. Bottom: 10 ml Chelex- 100 in 364g of water
from Vessel A. 1 a counting error.
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Figure 11. Decline of 65Zn in digested filteted water in the presence of Chelex-lOO. 5 ml Chelex-
100 in 251 g of water from Vessel A. ± 1 0 counting error.



The dissociation rate found for the Zn complex is a factor to be

considered in certain analytical techniques for concentration of trace

metals for analysis. If the complex is not destroyed during sample

preparation, the slow kinetics of dissociation might affect recovery

of that fraction. For example, a chelation/solvent extraction proce-

dure might suffer the same difficulties as Chelex-1 00 adsorption, i. e.

rapid initial uptake of uncomplexed metal followed by slow uptake of

the complexed form as it dissociates.

Manganese- 54

The semi-logarithmic plots of 54Mn remaining in solution

versus time appear to be nonlinear, but do not seem to show a dis-

tinct second component, indicating deviation from pseudo first-order

kinetics (Figures 12-14). The most probable explanation is that Mn

failed to compete for sites held by CuZ+ and Mg2+, abundant cations ii

the seawater matrix. No change in 54Mn behavior is observed which

can be attributed to the digestion by K2S208.
59The kinetics of dissociabon for the Fe-complex could not be

studied since 59Fe had long since decayed below detectability.
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CONCLUSIONS

In this study the isotopic exchange between the radionuclides

59Fe, 65Zn, and 54Mn added to phytoplankton cultures, and the stable

isotopes present initially was studied. Previous work (Cross etaL,

1971; Bernhard and Zattera, 1967) had indicated that phytoplankton

could differentiate between some alternate physicochemical states

of Zn, with different 6Zn specific activities compared to the total

source in the medium.

This experiment was essentially an attempt to replicate and extend

the experimentof cross etal. (1971). The major differences betweenthe
54 59experiments were the two additional riuclides Mn and Fe, replicate

tanks, and control tanks in which nuclides were added at the inception

of the culture.

Alternate physico.-chemicai forms in the cultures which could

lead to specific activity disequilibrium were sought analytically. It

was hoped that if specific activity disequilibria were found, accompan-

ied by a complexed form, that the rate of isotopic exchange between

complexed and inorganic trace metal could be found to be slow enough

to account for the observations.

Information concerning whether or not the complex (if found)

was produced by the culture, or was an initial constituent of the

seawater was expected to be gained from whether or not a disequi1ib.

rium was found in cases in which the nuclides were added before
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phytoplanktori growth was significant.

The results of this experiment do not appear to fit particularly

well into this logical framework. lron-59 was found to have both an

alternate form and specific activity disequilibrium in the one case

where it was determined. However it is also possible that the obser-

vation of 59Fe/Fe disequilibrium was an analytical artifact.

Zinc-65 had a demonstrable fraction present in the water which

was likely an organic complex or colloid. However, it seems that the

65Z specific activity of the phytoplankton and medium were equal.

Thus while an alternate chemical form of Zn is present, none is

necessary to explain the results. An attempt to determine the ex-

change of 65Zn between the complex and inorganic zinc indicated an

exchange rate much too high to support disequilibrium over the time

span of the experiment.

In the case of 54Mn an unexpected result emerged. While no

analytical evidence was found to support the hypothesis of a non-

exchanging fraction of Mn in the water, evidence for a persistent

disequilibrium was found in one of the tanks. The general order of

metal-ligand specificity (Irving and Williams, 1953) makes it seem

unlikely that the Mn has a complex (which might not be detected

analytically) which could be invoked as a cause for persistent isotopic

disequilibrium.

Thus it would appear that a complexation model to explain the
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lack of isotopic equilibrium is out of order. Another model must be

found to account for this phenomenon. It can be seen from the time

history in tanks E and F that a large proportion of the 54Mn in these

tanks was removed from the solution before 54Mn was added to tanks

A through D. Presumably the stable Mn in tanks A through D followed

the same pattern. When 54Mn was added in these tanks it would be
54 2+initially present in the water entirely as Mn , whereas the major-

ity of the stable Mn in these tanks would be present presumably as

Mn02 on the walls. Thus, the treatment tanks would begin their
54radionuclide history quite far from Mn/Mn equilibrium. If the

phytoplankton were in a state of Mn deficiency when the 54Mn was

added they might take up a relatively large fraction of the added 54Mn,

Initially the water and phytoplankton would be close to equilibrium,

but a large reservoir of low specific activity Mn would be available

in the form of Mn02, and this could dilute the specific activity of the

water by exchange of MnZ+ of high specific activity with Mn02(s) of

low specific activity. The phytoplankton would also tend to exchange

Mn with the water, and thus one would expect the 54Mn specific activ-

ity of the particulates to decline in time. This is observed between

the 30-31 August, 1976 and the 17 January,1977 determinations of

tank A, (Table 6).

The fact that differences in 54Mn specific activity were observed

in one of the treatment tanks, A, and not in its supposed duplicate, B,
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is disconcerting. Considering the long time the tanks had to diverge

in character, however, it is not unreasonable to find considerable

differences between tanks.

Although no relationship was found between complexed metal and

specific activity disequilibrium, evidence for either Fe and Zn corn-

plexation or involvement in organic colloids was obtained. With only

two determinations for Fe the order of '1sequestering't was found to
3+ 2+ 2+be Fe > Zn > Mn (Table 7), which appears to reflect

the general order of transition metal complexation:
2+ 2+ 2+2+ 3+ 2+ 2+ 2+Zn <Fe > Cu > Ni > Co > Fe > Mn > Mg (Stumm

and Brauner, 1975).

An attempt was made to determine the exchange rate between

the ?TcomplexTl and ionic Zn. With ionic Zn removed from solution

continuously the lcomplex?l appeared to dissociate, with first order

kinetics, with a half time of 200 minutes. This represents a minimum

measurement of this parameter since the Chelex-100 might participate

in an associative metal ion exchange (Wilkins, 1974) where Chelex-l00

would bind partially with the metal ion before it is released from the

natural complex, This would hasten the release of the metal ion from

the complex. The minimum value determined here seems to indicate

that the complex of Zn has reaction rates too fast to cause the iso-

topic disequilibrium observed by Cross etal. (1971). If there is a

strong associative reaction between Chelex_lO0andthezincucomplex,ht



this conclus ion could be altered. A relatively small change in the

rate, from a few hours to a few days, could allow disequilibrium in

the same time range as found by Bernhard and Zattera (1967). The

results of the Bernhard and Zattera experiments are also more con-

sistent with the simpler hypothesis that complexed forms of trace

metals are less readily available to phytoplankton than ionic. How-

ever, even if analytical evidence consistently shows a strong prefer-

ence by organisms for ionic metal, it may be that surface adsorption

or some form of nonessential internal complexation of ionic metal

dominates over the uptake and incorporation of metals bound to cer-

tam organic molecules.

Critical examination of trace metal analysis, especially for low

level determinations as with natural seawater, is important. The

typical results of seawater trace metal analysis are sufficiently van-

able that extreme caution is warranted in accepting them. An excel-

lent example is a pair of laboratory intercalibration studies involved

in the GEOSECS studies (Spencer etal. , 1970; Brewer etal. 1972) in

which Zn (among other metals) in split water samples was determined

by laboratories employing different methods. Rough correspondence

between Zn in identical samples was obtained, but the correlation was

not nearly as strong as would be desirable (r0. 72).

Furthermore, contamination is a great problem with seawater

trace metal analysis, since nearly everything used in the analysis



contains far more trace metal than the seawater itself (Robertson,

1968). As previously noted, a small contamination in a very low level

determination can yield a very large relative error in the determina-

tion. Unfortunately it is very hard to verify the analysis of trace

metals in seawater. Certified seawater for trace metal analysis is

not easily available, probably because of the difficulty in assuring

that the specified concentrations remain accurate until analysis.

Even so this would not duplicate the problems in sample handling

(National Science Foundation, International Decade of Oceanic Explora-

tion, 1974; Patterson et al. , 1976). These references deal. with lead,

but the problems are general, more or less, to all trace metal analysis.

Thus the best check on seawater trace metal determinations presently

are probably complete process blanks, consistent results, and linear

increase in yield with increasing sample size.

The conflict in stable Zn values for filtered water probably

arises from the process blank, which would measure only trace metal

added by the reagents used, and part of the sample handling.

A more appropriate blank would have been a trace metal free

seawater sampled and filtered in the same way as the samples to be

determined. Even then the seawater would not behave the same in

filtration as the real samples, which required long filtratioris with a

varying number of filters to yield adequate samples. In view of the

difficulty involved in making this "best't case blank, and it failings
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the process blank employed seemed more practicaL

It would also be logical to review the finding of disequilibrium

of 59Fe between the algae and water in view of the problems encoun-

tered for Zn. The single determination of 59Fe in both water and

algae did not have the determination of the digested unfiltered water

samples which allowed the discernment of the analytical problem with

Zn. Thus, if the Fe results were due to erroneous values for the

stable Fe content of the water, there is no check on this analysis.

It would seem then, that judgement should be reserved on

whether or not 59Fe was in isotopic equilibrium. It should be noted,

however, that the tank in which 59Fe disequilibrium is observed

(tank A) is the only tank in which there appears to be a repeatably

determined 54Mn disequilibrium.

A mechanism similar to the one proposed for 54Mn could be
59proposed for Fe specific activity inequality using Fe(OH)3 as the

59source of low specific activity Fe. In the "controlit tanks Fe de-

dined from solution before the nuclides were added to the treatment

tanks. However, 59Fe showed a tendency to be returned to the cul-

ture water at critical times in the population cycles, which would tend

to reduce the efficiency of the Fe(OH)3 input mechanism for Fe.
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SUMMARY

Six large volume experimental vessels were inoculated with

nutrients and a mixed phytoplankton culture. In two vessels 0. 3 mC i
59 65 54each of high specific activity Fe, Zn, and Mn were added at the

time of the inoculation, 15 September, 1975. The same levels of

nuclides were added to the remaining four after 122 days, on 14 Janu-

ary 1976. During this time the growth in the tanks reached a maxi-

mum level and declined.

The concentration of radionuclides remaining in the water was

determined periodically. Variations were observed which could at

least be qualitatively explained by the respective elements chemical

and biological behavior.

Subsequently (July, 1976 through January, 1977) the samples

from the tanks were analyzed for stable Fe, Zn, and Mn, and for

59Fe, 65Zn, 54Mn in the culture solution and in the phytoplankton.

In these analyses, a fraction of the 59Fe, and 65Zn was found to be

unavailable for concentration by Chelex-100 analytical resin, unless

the water samples were digested with potassium persulfate in dilute

hydrochloric acid,

To study the isotopic exchange between organically bound and

inorganic Zn, a batch radionuclide uptake experiment was conducted

using filtered water from one of the experimental cultures.
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The following important points arose from these studies:

1. Observationally, 59Fe appears to have been lost from the solu-

tion generally, but was sometimes partially returned to solution

around periods of maximum phytoplankton growth. A rationale con-

sistent with the biogeochemistry of Fe would be precipitation of

Fe(OH)3 and its subsequent uptake by organisms.

2. Zinc.65 was not lost from solution appreciably until after phyto-

plankton growth was heavy, which probably indicates losses were

primarily due to settling or surface growth of 6Zri labeled

algae.

3. Manganese-54 showed a somewhat complex pattern of decline,

depending somewhat on whether the nuclide was added

prior to or subsequent to the culture growth. Although firm

evidence is lacking, this behavior can easily be rationalized
2+by the kinetics of Mn oxidation,

4. In one case in which a complete data set was obtained the 59Fe

specific activity of the phytoplankton was much higher than the

water. This may have been an analytical artifact, but is

strengthened considerably by the finding of a well documented

lack of equality of 54Mn specific activities in the same tank.

5. After careful examination of the analyses it was concluded that

the 65Zn specific activities of the phytoplankton and culture

solution were the same.
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6. In three of the four tanks analyzed 54Mn specific activities of

phytoplankton and the solution are very close if not equal. In

the fourth tank, it was found that the phytoplankton had a much

higher 54Mn specific activity than the solution. This was one

of the tanks in which nuclides were added after the culture popu-

lation had peaked. A hypothesis for a mechanism for this differ-

ence was proposed from the observations of 54Mn previously

discussed, a large pool of relatively unlabeled Mn, riot present

in the water, but on the sides and bottom of the tanks.

7. Certain proportions of the radionuclides, in solution, most
59 65particularly Fe, and Zn, were not extracted by Chelex-100

without digestion. Historically this effect is commonly attribut-

ed to either the presence of a soluble trace metal-organic com-

plex, or a colloidal physico-chemical form. Iron-59 was highly

"complexed'T (6-80%) unextractable, 6Zn was variably "com-

plexed" (6-80% unextractable), and 54Mn was only very slightly

if at all "complexed" (0-10% unextractable).

8. The dissociation rate of the 65Zn complex was studied in a batch

Chelex-100 adsorption experiment. One fraction of 65Zn in the

filtered water from the culture was taken up rapidly, in a few

minutes. A residual fraction was taken up more slowly, declin-

ing with a half-time of about 200 minutes. This presumably

represents the dissociation rate of the htcomplexedrt form of Zn.
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In digested water the 65Zn was all taken up in minutes. Thus

it appears that the Zn complex is incapable of maintaining two

different chemical forms with 6n specific activity differences

over long periods.
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APPENDIX A
Chelex-lO0 Extraction Efficiencies

The published evidence concerning the use of Chelex-lOO is

somewhat conflicting. Initially Riley and Taylor (1968) stated that

Chelex-100 removed Cd, Cu, In, Mn, Mo, Ni, Pb, Sc, Y, and Zn

from seawater quantitatively and could be eluted with 100% efficiency.

Subsequently Davey etal. (1970) reported that 25 ml of ZN HNO3

eluted less than 70% of 6Zn, ll9m, 54Mn, 54Cu, 210Pb, 63Ni

and 9Fe from the resin.

The presence of 54Mn and 65Zn in the experimental tanks allows

evaluation of this problem easily, by counting the radioactivity in the

final eluted samples, the resin after elution, and the sample water

after elution. The isotopes were counted in these samples for both

K2S208 digested and undigested water in several cases during the

specific activity determination. Results are shown in Tables 9 and

10. For 6Zn these are expressed as percents of the amount retained

initially by the resin, since the fraction not retained by Chelex-lOO

was highly variable between different tanks and different times,

apparently due to an organic complex or colloidal form of Zn.

One striking finding is the difference in the amount of isotope

retained by the resin after elution by 2N HNO3 for digested and un-

digested samples. With 54Mn, a slightly greater percentage is re-

tamed by the resin when the water is not digested with K2S208 prior



54Table 9. Mn Extraction efficiency of Chelex-1 00 from the expert-
mental vessels.

54 Mn
Final Residual Remaining

solution on resin in solution
(% of total by (% of total) (% of total)
difference)

KSO
digested 87. 8 1. 9O. 9 10. 3±0. 6

Undigested 88. 1 3. 5±0. 7 8. 4±4. 1

Table 10. 6Zn extraction efficiency of Chelex-100 from the
experimental vessels.

65Zn
Final Residual

solution on resin
(% of isotope (% of isotope
retained by retained by
resin by resin)
difference)

K 2S 208

digested 97. 5±1. 2 2. 5±1. 2

Undigested 87. 0±1. 0 13. 0±1. 0



to extraction. For 6Zn this difference is also apparent, but to a

greater extent, 1 3. 0 versus 2. 5 percent. The reason for this effect

of digestion of the samples is not clear. Two observations durng

extractions for analysis provide possible explanations. First, the

heating step in the digestion drives off excess dissolved gases from

filtering under N2 pressure, which were observed to form bubbles in

the resin in undigested filtered samples. These air bubbles may in

turn form pockets in the resin where circulation of the F-1NO3 is poor,

and hence trace metal is retained after elution. This heterogeneity of

the resin column could certainly explain the variation between differ-

ent groups of samples. It does not easily explain why 54Mri is more

completely eluted than 65Zn.

Another observation was that in undigested water samples, a

yellow-green color was observed, which appeared to transfer to the

Chelex-1 00 resin in the columns. The elutant water was colorless to

the eye. Elut ion by 2N HNO3 did not remove this yellow-green color

from the resin, It may be that 6Zn was partially bound to another

organic fraction, either this yel1ow.-green pigment or a similarly

behaving compound, which binds to Chelex-100, and is not released

by 2N HNO3. Alternatively dissolved organics in the undigested water

may bind to Chelex-1 00 and slow or prevent diffusion of trace metals

away from the resin. In either of these two mechanisms a difference

between Zn and Mn could exist.



For the purpose of future field work with Chelex-100 this effect

should be studied and better understood. Where absolute coricentra-

tions are not as important as the specific activities, this problem is

not of great significance. In quantitative field work lacking radio-

tracers, it is important to foresee this problem, minimize it if pos-

sible, and quantify it.

The other significant point is the relatively low yield of 54Mn.

Regardless of treatment only about 88% was recovered, most of the

rest passing through the resin into the elulant. This is most likely

due to a combination of kinetic and equilibrium effects: Low Mn con-

centration, competition for sites with Ca and Mg, slow uptake kinetics,

relatively low affinity of Chelex-lOO for Mn and solution flow rates

through the resin bed.



Appendix B
Table I . Individual sample data from specific activity determinations. All activities are ± one standard deviation counting error, and corrected for

phyica1 decay to date of nuclide addition.
59 65 54 59 65

Sample type Sample Fe Zn Mn Fe Zn Mn Fe/Fe ZnZn Mn/Mn

size( g) (ug/l) (ug/l) (ug/l) (nCi/l) (nCi/l) (nCi/l) (mCi/g) (mCi/g) (mCi/g

Tank F 1Z-l35uly 1976
undigested filtered 221. 0
water 251.5

257. 0
228. 0
212.5

K2S20 digested 243.0
filterjwater 200.0

216.5
215.0
231. 5

digested 221.0
particulates 251.5

257.0
228.0
212.5

Chelex-100 25.0
volume elutant 25. 0
undigested 25.0
filtered water 25. 0

25.0

6.5 N.D.a 0.37 26.2 ± 9.0 39. 82± 0.68 22.35k 0.27 4.0 N.D. 60.4
4.2 N. D. 0. 36 16. 3 ± 7.9 43. 86 0. 68 23. 18 0.27 3. 9 N. D. 64. 3

3. 6 N. D. 0. 38 S. 4 ± 7. 3 43. 73± 0.66 22. 80± 0.27 1. 5 N, D. 60.0
2. 6 N. D. 0. 35 14. 9 8, 8 43. 42 0.70 22. 99± 0. 31 5. 7 N. D. 68. 5

2.3 N.D. 0.36 29.1 ± 9.9 45.41± 0.75 23.06± 0.33 12.6 N.D. 64.0

3. 64 N. D. 0, 59 111.0 11.4 81. 35 0.90 26. 91± 0 29 30.2 N. D. 45.6
3, 1 N. D. 0.45 58.2 ± 11. 1 69. 90± 0.95 25. 5 ± 0.35 18. 3 N. D. 56. 7

3. 1 N. D. 0.43 26. 1 ± 9.6 72. 84 0.92 26. 14± 0, 32 8.4 N. D. 60.8
2.0 N. D. 0. 31 22. 6 ± 9.6 72. 23± 0.93 24. 65± 0. 33 11. 3 N. D. 84. 4

1.9 N. D. 0. 31 55 3 ± 10.2 70. 24± 0.86 25. 51 0.30 29. 1 N, D. 82. 5

N.D. N.D. 0.37 36.38k 0.24 55.00k 0.03 19.57k 0.01 N.D. N.D. 39.38

N. D. N. D. 0. 19 37. 78± 0.24 49. 63± 0.03 12. 44± 0.01 N. D. N. D. 65.47

N. D. N. D. 0. 19 29. 20± 0.23 31. 17 0.03 10. 69± 0.01 N. D. N. D. 56. 26

N.D. N.D. 0.20 31.81± 0.23 47.06± 0,03 11.61± 0.01 N.D. N.D. 55.31

N.D. N.D. 0.28 41.33± 0.24 69.48± 0.03 15.60± 0.01 N.D. N.D. 55.71

N.D. N.D. N.D. N.D. 28.5 ± 2.0 2.37± 0.51 N.D. N.D. N.D.

N.D. N.D. N.D. N.D. 21.6 ± 1.6 1.93± 0.39 N.D. N.D. N.D.

N.D. N.D. N,D. N.D. 27.0 ± 1.7 3.01± 0.43 N.D. N.D. N.D.

N.D. N.D. N.D. N.D. 24.9 ± 1.8 2.68k 0.44 N.D. N.D. N.D.

N.D. N.D. N.D. N.D. 27.8 ± 1.7 2.64k 0.44 N.D. N.D. N.D.



Table 11. (Continued)

Sample type Sample
Size (g)

Fe
(ug/l)

Zn
(ugh)

Mn
(ugh)

59Fe
(nCi/l)

65Zn
(nCi/l)

54Mn
(nCi/l)

59Fe/Fe
(mCi/g)

65Zn/Zn 54MiVMn
(mCi! g) (mCi! g

Tank A 30-31 Aug 1976

uirligested 247. 5 0. 78 N. D. 0. 31 N. D 27. 38± 0 31 6. 78± 0. 31 N. D. N. D. 21. 9

filtered water 208.0 1. 16 N. D. 0.28 0.9 ± 0. S 30. 32k' 0. 95 7. 3O 0.36 0. 81 N. D. 26. 1

204. 5 0.79 N. D. 0.28 N. D. 28. 30 0. 94 7. 24± 0. 35 N. D. N. D. 25. 8

252.0 2.7 N.D. 0.38 N.D. 27.430.94 7.02k 0,33 N.D. N.D. 18.5

270.0 2. 6 N. D. 0.40 2. 0 ± 1. 0 28. 75 0, 95 6. 52 0.29 0. 76 N. D. 16. 3

K2S208 dIgested 214. 5 2.0 N. D. 0.40 N. D. 45. 10 0, 95 6. 79 0.27 N. D. N. D. 16.9

filtered water 228. 5 1.9 N. D. 0. 34 N. D. 48. 100. 98 7. 19 0.29 N. D. N. D. 21. 1

221.0 2.7 N.D. 0.35 8.5 0.8 42.99±0.92 7.23k 0.28 3.15 N.D. 20.6

237.5 2. 3 N. D. 0. 33 8. 6 0. 8 42. 58 0.91 7. 79 0.30 3.74 N. D. 23. 6

226.5 1.9 N.D. 0.23 N.D. 58.581.02 7.81± 0.28 N.D. N.D. 34.0

digested 247. 5 4. 7 4. 4 0. 23 59. 1 85. 25 0. 03 22. 19 0.01 12. 5 19. 2 96. 5

particulates 208. 0 N. D. 5. 1 N. D. 70.4 96. 63± 0 93 23. 48± 0. 01 N. D. 18. 9 N. D.

204.5 5.6 5.2 0.33 87.3 122.10±0.04 28.85k 0.01 15.6 23.3 87.4

252. 0 3. 2 2. 5 0. 15 36.4 46.07 0. 03 12. 4 ± 0.01 11. 4 18. 6 82.7

270.0 2.8 3,5 0.21 62.2 81.07±0.04 20.70± 0.01 22.4 22.9 98.6

Chelex-100 25.0 N.D. N.D. N.D. N.D. 26.70,3 6.15± 0.08 N.D. N.D. N.D.

column elutant 25.0 N. D. N. D. N. D. N. D. 13. 1 dr 0. 3 0 52 0.06 N. D. N. D. N. D.

urligested 25. 0 N. D. N. D. N. D. N. D. 16. 0 ± 0. 3 1. 03 0.06 N. D. N. D. N. D.

filtered water 25. 0 N. D. N. D. N. D. N. D. 15. 6 0. 3 0. 03 0.07 N. D. N. D. N. D.

25.0 N,D. N.D. N.D. N.D. 46.3±0.5 7.0 009 N.D. N.D. N.D.

Chelex-100 column 30. 0 N. D. N. D. N. D. N. D. 0. 3 ± 1.0 1. 4 0 3 N. D. N. D. N. D.

elutant-digested 30.0 N.D. N.D. N.D. N.D. 0.3 ±1.0 1.4 ± 0.3 N.D. N.D. N.D.

filtered water 30.0 N.D. N.D. N.D. N.D. negb 0.03k 03 N.D. N.D. N.D.

30.0 N.D. N.D. N.D. N.D. neg 0.97± 0.3 N.D. N.D. N.D.

30.0 N.D. N.D. N.D. N.D. 0.6 d1.0 1.0 ± 0.3 N.D. N.D. N.D.



Table ii. (Continued)

Sample type Sample
size (g)

Fe
(ug/1)

Zn
(ugh)

Mn
(ug/l)

59Fe
(nCi/l)

65Zn
(nCi/l)

54Mn
(nCi/l)

59Fe/Fe
(mCi/g)

65Zn/Zn 54Mn/Mn
(mCi/g) (mQi/g)

Tank A 18 Oct 1976
urxligested 232.0 N. D. 7. 8 0. 15 32. 0 ± 9. 3 45. 3 ±0. 9 11. 8 0. 3 N. D. 5. 8 78. 7

filtered water 267.5 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

288.5 N. D. 10.0 0. 17 20.4 8.9 43.0 1.0 11.0 ± 0.4 N. D. 4. 31 69.7

236.0 N.D. 11.4 0.51 ND. 37.1 1.0 11.4 0.3 N.D. 3.25 22.3

200.5 N.D. 11.6 0.28 N.D. 40.7 ±0.7 6.25± 0.2 N.D. 3.6 22.3

K S 0 digested 188.5 5.8 17.5 0. 58 75. 8 9.8 233.4 1. 5 39. 6 ± 0.5 13. 0 13. 3 68. 3

uifiteed water 152.5 5.4 20.0 0.69 126.3 7.9 285.5 ± 1.2 51.3 ± 0.4 23.6 14.3 74.3

201.0 5.1 25.8 0.60 68.6 ±10.4 234.5 ±1.6 36.8 ± 0.5 13.4 9.1 61.3

232. 0 1. 5 21. 2 0.56 93.4 ± 15.7 235. 8 ± 1. 8 39. 7 ± 0. 6 61. 0 11. 1 70. 9

265. 0 7.0 18. 2 1. 13 86.0 ± 13.8 232. 4 ± 2. 1 41. 1 0.7 12. 2 12. 8 36. 4

digested 232.0 N.D. N.D. 0.45 63.8 ± 12.1 98.3 ±0.9 18.2 ± 0.4 N.D. N.D. 40.4

particulates 267. 5 N. D. N. D. 0. 71 76. 3 15.0 96. 0 2. 1 18. 2 0.4 N. D. N. D. 25. 6

288. 5 N. D. N. D. 0. 34 95. 7 17. 3 120. 2 2. 3 22. 1 0. 6 N. D. N. D. 65. 0

236.0 N.D. N.D. o.36 43.6 11.3 69.5 0.9 12.7 ± 0.3 N.D. N.D. 35,3

200. 5 N. D. N. D. 0. 71 88. 3 ± 8.0 89. 8 ± 1.0 16. 7 ± 0. 3 N. D. N. D. 23. 5

Chelex-l00colurnn 30.0 N.D. N.D. N.D. N.D. 20.4 ±0.4 1.20± 0.08 N.D. N.D. N.D.

elutantundigested 30.0 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.

filtered water 30.0 N. D. N. D. N. D. N. D. 13.9 ±0 5 . 48 0. 10 N. D. N. D. N. D.

30.0 N.D. N.D. N.D. N.D. 25.2 ±0.4 1.36k 0.11 N.D. N.D. N.D.

30.0 N.D. N.D. N.D. N.D. 25.6 0.3 8.16k N.D. N.D. N.D.

Chelex-100 column 30. 0 N. D, N. D. N. D. N. D. 2. 4 ± 1. 0 5. 2 ± 0. 3 N. D. N. D. N. D.

elutant 30.0 N.D. N.D. N.D. N.D. 0.5 ±1.0 1.9 ± 0.3 N.D. N.D. N.D.

K2S °8 digested 30. 0 N. D. N. D. N. D. N. D. neg 7. 5 ± 0. 3 N. D. N. D. N. D.

unfi'tered water 30.0 N. D. N. D. N. D. N. D. 1. 8 ± 1. 0 2. 6 ± 0. 3 N. D. N. D. N. D.

30.0 N.D. N.D. N.D. N.D. 0.1 1.0 2.5 ± 0.3 N.D. N.D. N.D.



Table 11. (Continued)

Sample type Sample Fe Zn Mn
59Fe

65
Zn

54
Mn

59Fe/Fe 65
ZnZn

54Mn/Mn

size (g) (ug/l) (ugh) (ug/l) (nCi/l) (nCi/l) (nd/i) (mCifg) (mCi/g) (mCi/g)

Tank F 14 Jan 1977 Cell count 2. 98 x iO6 cells/mi

undigested 310.0 N.D. 3.0 0.23 N.D. 26.82± .40 19.48± 0.17 N.D. 9.1 85

filtered water 217.0 N. D. 3. 1 0.28 N. D. 27. 81± . 53 18. 93± 0. 22 N. D. 8. 9 68

287.0 N.D. 3.3 0.23 N.D. 24.56k .38 19.69k 0.18 N.D. 7.9 88

214.5 N D. 3.2 0.23 N.D. 24.68± .50 19.7O 0.21 N.D. 7.6 86

198.0 N.D. 3.0 0.22 N.D. 21.16± .55 19.51± 0.22 N.D. 7.0 89

K S 0 286.0 N. D. 33. 1 0. N. D. 41.43k . 51 19. 22± 0. 19 N. D. 1. 3

deteI 200.0 N.D. 14.2 N.D. 39.03k .66 18.02k 0.25 N.D. 2.8 37

filtered water 210.0 N. D. 9.4 0. 37 N.D. 39.98k .62 19.05k 0. 22 N. D. 4. 3 52

207.5 N.D. 11.5 0.37 N.D. 42.09± .63 19.93± 0.23 N.D. 3.7 54

217.0 N.D. 5.3 0.33 N.D. 44.02± .61 19.49± 0.22 N.D. 8.4 59

K2S208 102.0 N.D. 3.4 0.55 N.D. 74. 66± 1.25 28.26k 0.40 N.D. 21.9 51

digested 151. 5 N. D. 4. 3 0. 47 N. D. 79. 60 .97 27. 50± 0, 32 N. D. 18. 7 59

unfiltered water 201.0 N.D. 4.1 0.39 N.D. 77.96± .86 27. 38± 0,28 N.ti. 19.1 70

251.0 N.D. 3.9 0.39 N.D. 78.60± .75 29. 15± 0.25 N.D. 20.2 75

300.5 N. D. 3. 9 0. 36 N. D. 77. 10± . 68 28. 14 0. 23 N. D. 20. 0 78

digested 286.0 N.D. 3.18 0.21 N.D. 15.94k .08 4.78k 0.03 N.D. 5.0 22

particulates 200. 0 N. D. 3. 53 0. 20 N. D. 14.57k . 10 3.84± 0. 03 N. D. 4. 1 19

210.0 N. D. 2. 52 0. 19 N. D. 13.97k . 10 339± 0.03 N. D. S. 5 18

207.5 N.D. 2.75 0.21 N.D. 8.98k .08 4Of± 0.03 N.D. 4.0 20

217.0 N. D. 1. 56 0. 15 N. D. 8.57± . 08 2. 26 0. 02 N. D. 5. 3 14



Table L, (Continued)
59 65 54 59 65 54

Sample type Sample Fe Zn Mn Fe Zn Mn Fe/Fe Zn/Zn Mn/Mn

size (g) (ug/l) (ug, 1) (ug/ l) (nCi/l) (nCi/l) (nCi/ 1) (mCi/g )
(rnCifg )

(mCi/ g

Tank A 17 Jan 1977 Cell count 5. 84 x IO6 cell/mi

undigested 131.5 N.D. 8.0 0.30 N.D. 72.40k 0.88 4.71± 0.19 N.D. 9.1 16

filteredwater 151.5 N.D. 9.3 0.22 N.D, 75.97k 0.79 4.31k 0.18 N.D, 8.1 20

207.0 N.D. 10.0 0.22 ND. 72.31k 0.68 4,63± 0.15 N.D. 6.7 21

181.0 N. D. 9.7 0, 23 N. D. 75. 8S 0.72 4, 84 0. 16 N. D. 7.8 22

200.0 N,D. 15.8 0,21 N.D. 77.90± 0,70 4.70± 0.15 N.D. 5,3 22

K S20 digested 194.0 N. D. 13. 1 0, 24 N, D. 83. 76 0.79 4. 24 0. 17 N. D. 6. 4. 18

fiterecwater 202.5 N.D. 12.5 0.25 N,D, 92,29± 0,73 4.84k 0.16 N.D. 7,4 19

203. 5 N. D. 16. 1 0. 21 N. D. 93. 26± 0. 78 4.64± 0. 16 N. D. 5. 8 22

190.0 N,D. 20.4 0.18 N.D. 95.05± 0.79 4,22k 0.16 N.D. 4.6 23

189.5 N.D. 12.0 N,D. 107.07k 0.90 8.49k
020c

N.D. 9.0 21

K3S o digested 177.5 N. D. 14.7 0. 86 N. D. 260.0 ± 1,4 46. 93 0. 37 N. D. 17.7 55

unfi'tered water 200.5 N. D. 14.2 0. 83 N. D. 258.5 ± 1.4 43. 38 0, 36 N. 11 18. 2 58

229.0 N.D. 13.5 0,79 N.D. 249.4 ± 1.2 46,70k 0.34 N.D. 18.3 59

251.5 N,D. 13.7 0.98 N.D. 256.0 1.2 47.99k 0.32 N.D. 18.7 49

199. 5 N. D. 13.2 1. 05 N. D. 254. 6 ± 1. 4 47. 47 0. 36 N. D. 19. 3 45

digested 194,0 N. D. 2.9 0.27 N.D. 68.51k 0.15 18.73k 0.06 N,D. 23.6 69

particu].ates 202.5 N.D. 2.9 0.26 N D. 62.91k 0.15 17.76k 0.06 N.D. 21.5 72

203.5 N.D. 3.8 0.33 N.D. 68.84k 0.15 20.63k 0.06 N.D. 18.2 65

190.0 N,D. 3.5 0.28 N D. 76.90k 0.21 23.46± 0.06 N.D. 22.1 85

189.5 N.D. 2.6 0.19 N.D. 56.56k 0.16 15.41k 0.05 N.D. 20.5 76



Table JI, (Continued)

Sample type Sample Fe Zn Mn 59Fe 5Zn 54Mn 59Fe/Fe 65Zn/Zn 54Mn/Mn

size (g) (ug/l) (ug/l) (ug/I) (nCi/l) (nCi/1) (nCi/i) (mCi/g) (mCi/g ) (mCilg)

Tank E 19 Jan 1977 Cell count 4. 63x103 cell/mi

undigested 306. 5 N. D. 3, 1 0.23 N. D. 6. 68 0.26 4. 57± 0.09 N. D. 2. 2 20

filtered water 242. 0 N. D. 2.7 0. 14 N. D. 6. 32 rE 0. 33 4. 63± 0. 11 N. D. 2. 3 33

252.5 N. D. 2.8 0. 17 N. D 6.61± 0.32 4.59k 0. 11 N. D. 2. 3 27

252.0 N.D. 2.9 0.18 N.D. S.23 0.31 4.48k 0.11 N.D. 1.8 26

245.5 N.D. 0.17 N.D. 5.95± 0.33 4.52± 0.11 N.D. 26

K2S20 digested 200.0 N.D. 5.1 0.16 N.D. 26.7O 0.55 5.05± 0.14 N,D. 5.2 35

filterecwater 233. 5 N. D, 4. 6 0, 17 N. D. 26. 95± 0.48 5. 23± 0. 13 N. D. 5, 7 31

253.0 N.D. 4.4 0.19 N.D. 25.18k 0.47 4.74k 0.12 N.D. 5.7 25

225.0 N.D. 6.2 0,18 N.D. 22.50k 0.53 4.84± 0.13 N.D. 3.7 27

252.5 N,D. 5.6 0.15 N.D. 20.75± 0.43 4.51± 0.12 N.D. 3.7 31

K2S 0 202.0 N.D. 7.3 0.35 N.D. 134.57± 1.03 13.20k 0.23 N.D. 18.4 37

unfiteed water 227.5 N. 11 6. 7 0. 33 N. D. 128. 43 1. 01 13. 10 0. 23 N. D. 19. 3 40

250.5 N.D. 7.0 0.38 N.D. 130.94k 0.96 14.40k 0.22 N.D. 18.6 38

276.0 N.D. 6.5 0.36 N.D. 124.67± 0.94 13,98± 0.21 N.D. 19.3 39

303.0 N.D. 7.1 0.39 N.D. 129.14± 0.89 13.74± 0.20 N.D. 18.2 35

digested
particulates 433. 5 N. D. 3. 36 0. 30 N. D. 72. 87 ± 0. 14 8.73± . 03 N. D. 21. 5 29

253.0 N. D. 3, 50 0. 25 N. D. 48. 15± 0. 16 4. 20± . 03 N. D. 13. 8 17

225.0 N.D. 4,76 0.43 N.D. 68.87± 0.16 9.25k .04 N.D. 14.7 21

252.5 ND. 2.87 0,19 N.D. 53.30k 0.16 6.42k .04 N.D. 17.7 34



Table 11. (Continued)
59 65 54 59 6S 54

Sample type Sample Fe Zn Mn Fe Zn Mn Fe/Fe Zn/Zn Mn/Mn

size (g) (ugh) (ug 1) (ug/l) (niCi/l) (nCi/l) (nCi/l) (mci/g) (mCi/g) (mCi/g)

Tank B 21 Jan 1977 Cell count2,99x106 cells/mi

undigested 202.5 N. D. 6.5 0.37 N. D. 119. 60 0. 89 16. 72± 0. 23 N. D. 18, 3 45

filtered water 228.5 N.D. 5,4 0,34 N,D, 115.80± 0.79 16.46k 0.20 N,D. 21,5 48

274.0 N.D. 6.1 033 N.D. 111,02k 0.73 16,13k 0,19 N.D. 18.1 49

204.0 N.D. 6.6 0,30 N.D, 117.50± 0.83 i6,18 0.21 N.D. 17,9 53

208.0 N.D. 5.0 0.34 N.D. 112.4 ± 0.86 15,63k 0.22 N,D. 22.4 46

K S 0 277.5 N. D. 7.2 0.40 N. D. 121. 19 0. 75 15. 83± 0, 19 N. D. 16. 8 40

d?getei 236.0 N.D. 6.3 0.35 N.D. 116.43k 0,85 15,81k 0.21 N,]D. 18,4 45

filtered water 207.5 N.D. 7,5 0.42 N.D. 128,71k 0.86 17,08± 0.22 N.D. 17,1 41

237.5 N.D. 8.7 0.36 N.D. 123.12k 0,84 16,63 0.23 N.D. 14.2 41

287.0 N. D. 8,0 0. 39 N. D. 124. 25 0.76 16. 14 0. 19 N. D. 15. 5 41

K S o 202.0 N.D. 11.2 0,59 N.D. 208.46k 1.13 25.03± 0.29 N.D. 18,7 45

dgete8d 226.0 N.D. 10.6 0.54 N,D. 2Q4.24 1.11 23.95± 0.27 N.D. 19.3 48

unfiltered water 252. 5 N. D. 10.9 0. 57 N. D. 206. 10 1. 11 23. 64± 0. 25 N. D. 19. 0 49

280.0 N.D. 11.0 0.55 N.D. 2O5.36 1,00 24.89± 0.24 N.D. 16.7 45

304.0 N.D. 10.8 0.55 N.D. 208.62k .95 25.14± 0.23 N.D. 19.3 46

digested 277.5 N.D. 1.03 0.075 N.D, 14.48k 0.07 2,31± 0.02 N.D. 14.0 31

particulates 236.0 N.D. 1.10 0.063 N.D. 23.56 0.10 3,36± 0.03 N.D, 21.3 53

207.5 ND. 2.45 0.127 N.D. 48,82k 0.10 3.02k 0.03 N.D. 19.9 49

237.5 N.D. 1.16 0,048 N.D. 20.50k 0.09 2.65± 0.02 N.D. 17.7 55

287,0 N.D, 1.14 0.096 N.D. 27.77k 0.08 2.98± 0.02 N,D. 19.8 31

aN D. Value not determined
bneg - Data reduction yielded a small negative number for this value

Coutlying value not considered in statistics given in Table 6.
'0



APPENDIX C
Table 12. Numerical data from Chelex- 100 batch uptake experiment
364 g filtered seawater from tank A + 5 ml Chelex-l00 rerin slurry 11 Dec 1976

65Zn fraction 54Mn fraction
Time net initial net itial
(mm) counts lçj- 65Zn icr Counts icr Mn 1(T

0 2731 77 1.00 0.03 822 58 1.00 0.103
1 1596 68 0.58 003 545 51 0.662 0.078
2 1725 70 0.63 0.03 514 47 0.624 0.072
3 1706 70 0,62 0.03 512 51 0.621 0,075
5 1295 67 0.47 0.03 384 50 0.468 0.069

10 896 65 0.33 0.03 296 47 0.360 0.062
15 916 61 0.34 0.02 267 46 0.325 0.060
30 702 59 0.26 0.02 171 45 0.208 0.056
60 543 59 0.20 0.02 138 44 0.168 0.054
90 485 50 0.18 0.02 171 36 0.207 0.046

120 513 59 0.19 0.02 51 43 0.060 0.050
180 403 58 0.15 0.03 N.D.a N.D. N.D. N.D,

364 g filtered seawater from tank A + 10 ml Chelex.. 100 resin slurry 11 Dec 1976
Zn fraction Mn fraction

Time net initial net initial
65 54

(mm) counts icr Zn icr counts icr Mn icr

0 2845 72 1.00 0,04 950 58 1.00 0,09
1 1801 64 0.59 0.03 529 47 0.56 0.06
2 1471 62 0.47 0.02 280 49 0.30 0.06
3 N.D. N.D. N.D. N.D. 298 48 0.31 0.05
5 1450 60 0.47 0.02 275 48 0.29 0.05

10 839 56 0,22 0.02 116 43 0.12 0,05
15 N.D. N.D. N.D. N.D. 127 40 0.13 0.05
30 763 55 0.21 0.02 101 42 0,11 0.04
60 652 53 0.18 0.02 -35 45 -0.04 0.04
90 509 52 0, 12 0.01 -5 42 -0.005 0,03

120 585 53 0.15 0.01 N.D. N.D. N.D, N,D,
180 483 51 0.12 0.01 N.D. N.D. N.D. N,D,

251 g digested filt6eed seawater from tank A + 5 ml resin slurry 21 Dec
Zn fraction

41976
Mn fraction

Time net initial net initial
counts lo 65Zn 10 counts 10 54Mn

0 3287 78 1.00 0,300 1040 61 100 0,08
1 1889 68 0,58 0.021 932 56 0,90 0,Od
2 1593 64 0,49 0.019 844 55 0,81 0.0.'
3 1039 62 0.32 0.016 734 56 0.71 0.07
5 743 56 0.23 0.014 573 50 0.55 0,06

10 178 52 0.054 0, 007 328 47 0. 32 0,05
15 99 50 0.030 0,005 217 44 0,21 0,05
30 93 49 0.028 0.004 140 43 0.13 0,04

*
N. D. = Value not determined




