
AN ABSTRACT OF THE THESIS OF

VERNON GENE JOHNSON for the M. S. in Oceanography
(Name) (Degree) (Major)

Date thesis is presented /( /9s
Title RETENTION OF ZINC-65 BY COLUMBIA RIVER SEDIMENT

Abstract approved
(Major profesor)

The relative importance of ion-exchange and specific sorption

as mechanisms of retention of zinc-65 by Columbia River sediment

have been investigated using an elution technique.

The exchangeable Zn65 fraction and the effect of sea water

per se on sediment sorbed gamma emitters were determined simul-

taneously by elution with synthetic sea water in the field immediately

upon collection of the samples using a portable lab designed especi-

ally for this study.

Specifically sorbed radiozinc was determined by elution with

a dilute solution of copper sulfate. Sediment samples in this phase

of the study were frozen upon collection and the elution carried out in

the lab on defrosted portions of the frozen sample.

Less than 5% of the sediment sorbed zinc-65 was found to be

exchangeable while from 35 to 54% was displaceable with CuSO4.

The large amount of copper displaceable radio zinc was shown not

to be simply an ion-exchange displacement nor a pH effect, but
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rather, replacement of Zn6 by Cu II appears to be due to the

greater affinity of the latter for the specific sorption sites.

It was concluded that ion-exchange is unimportant in retention

of n6 by Columbia River sediment and that a considerable portion

of the sediment sorbed radiozinc is bound by a more specific ion-

particle interaction than ion-exchange. It was furthermore concluded

that sea water should have a negligible effect on sediment sorbed

gamma emitters in the Columbia.

Implications of the results are discussed with respect to radio-

active waste disposal.
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discover it, would be systematic; most of us would
probably go further and confess that when we have
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RETENTION OF ZINC-65 BY
COLUMBIA RIVER SEDIMENT

INTRODUCTION

From an economic point of view, the most attractive means of

disposal of low level liquid radioactive waste is by direct release

into surface streams (Sayre, 1963). This is presently being prac-

ticed at a number of installations (Straub, 1964) and, with the ex-

panding nuclear industry, can only be expected to increase in the

future. In order to establish reasonable rates of release that do not

severely penalize the nuclear industry, and, at the same time, meet

standards of water quality required by those making use of the re-

ceiving stream, the behavior of the various radionuclides released

must be known. Intuitively, it would seem that a study of the mech-

anisms of uptake, transport, and distribution of radionuclides between

the water, sediment and biota at those sites presently receiving low

level wastes would provide the most accurate information upon which

to base predictions concerning the fate of radioactive waste released

in the future. Within this broad area of interest, the present work

is primarily concerned with the manner in which radionuclides are

retained by stream sediments.

Available evidence indicates that sorption by sediment and sus-

pended material plays a major role in the transport and distribution
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of liquid radioactive wastes in natural waters (Wallen, 1963;

Waldichuck, 1961; and Sayre, 1963). A knowledge of the sorptive

mechanism involved is of interest since the reversibility of a sorp-

tion reaction is an important consideration in estimating the capacity

of streams or natural waters to receive radioactive wastes. Nelson,

Perkins, and Nielsen (1964) have indicated that sorptive mechanisms

must be known in order to predict what conditions might cause release

of radionuclides from deposited sediment or cause enhanced sorption

by the particulate material.

The goal of this study, then, was to determine the mechanism

or mechanisms responsible for retention of zinc-65 by stream sedi-

ment for the purpose of predicting possible sorption and desorption

reactions that might occur as a result of either natural or artificially

induced chemical changes.
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LITERATURE REVIEW

The Columbia River as a System for the
Study of the Behavior of Radionuclides

in the Acuatic Environment

The Columbia River is without doubt the most radioactive

river in the United States. An estimated 95% of all low level radio-

active wastes released into natural waters in the U. S. are received

by this water course, with an estimated 350, 000 curies/year of neu-

tron induced radionuclides entering the Columbia River. Of over

60 different radionuclides present in the effluent from the Hanford

Works (Richiand, Washington) at least five' (Mn54, Zn65, Co60,

Sc46 and Cr51) are sufficiently long lived to be detectable through-

out the river, and therefore, of value in studies of their behavior

in the aquatic environment. The chemical forms of three of these

in reactor effluent water, before mixing with Columbia River

water are shown (table 1). The Columbia River has been receiv-

ing these radionuclides since the first Hanford reactors began

operation in 1944. Since input levels of radioactivity have been

maintained over a long period of time, radioactivity in the

Recent improvements in instrumentation have extended this
number to 11, Sc46, Cr 51, Mn54, Co58, Fe59, Co60, Zn65, Zr95-
Nb95, Ru'°6 Sb1Z4 and Ba'4° (Perkins, etal., 1965).
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environs of the Columbia has had the opportunity to come into equi-

librium with the water, sediment and biota (Osterberg, 1965). The

Columbia River, estuary, and nearby ocean, then, is perhaps the

best place in the United States, if not the world, to study under actual

conditions mechanisms of retention, transport, and distribution of

various radionuclides between the water, sediment and biota.

TABLE 1 Forms of radionuclides in reactor effluent (Nelson,
etal., 1964,p. 17).

Nuclide Form % of Total

51Cr particulate 1

cation 2
anion 97

65Zn particulate 7
cation 92
anion 1

Sc46 particulate 43
cation 36
anion 11
nonion 10

(not shown in this table, but
54 60detectable are Mn and Co

Zinc-65 was selected for primary consideration in this study

largely because:

1) it is easily detectable throughout the river and in the
marine environment off the mouth of the river, especi-
ally in aquatic organisms,

2) zinc is an essential trace element,
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3) Zn65 is also of worldwide interest, since it is a common
radionuclide occurring in low level wastes from nuclear
power plants, both land based and in ships, fallout, and
in marine waters as a result of underwater nuclear tests.

Possible Mechanisms of Retention

Several possible mechanisms of Zn65 retention appeared likely.

However, only two were considered important for examination in this

study. The reasoning behind this selection is presented concomitant-

ly with a brief review of the mechanisms by which retention might

occur.

Ion-Exchange

In studies on the fresh water zinc cycle Bachmann (1963)

showed that Zn++ was taken up by sediment and suspended material

in lakes by a mechanism which he characterized as ion-exchange.

He further alluded to the well known ion-exchange properties of

soils, clays, river borne silts, lake sediments, algae, moss, peat,

etc. , and stated that It is thus to be expected that ion-exchange re-

actions might play an important role in the cycle of zinc in lakesH

(ibid., p. 486). It would seem that this should also hold true for

rivers and streams.

Since Zn enters the Columbia River in a cationic form

(Nelson, 1964) one would expect this nuclide to undergo exchange



reactions with the suspended material and thus become incorporated

in bottom deposits via sedimentation. Furthermore, radiozinc has

been shown to be predominantly associated with, and rapidly taken

up by, suspended material in Columbia River water (Nelson, 1964

and Perkins, 1963).

Ion-exchange, then, was considered to be of primary impor-

tance for examination both because of results reported in the litera-

ture and because it is a reversible reaction. If, for example, Zn65

were bound to sediment and suspended material by an ion-exchange

bond, contact with saline waters of the ocean should bring about a

reversal of the exchange reaction, releasing Zn65 into the water;

i. e., the Zn6 would be displaced by or exchanged for the Na+ and

++Mg in sea water.

Ins oluble Pr ecipitates

At the pH and zinc concentrations of natural waters Zn(OH)2

is not expected to be formed (Sachmann, 1963). For example, the

apparent solubility product of zinc hydroxide is 2 x io
17 The

amount of Zn that could exist at various pH values before precipi-

tation begins can be calculated from the solubility product (table 2).

The zinc concentration of lower Columbia River water is about

4. 5 X lO M (Cronin, 1965) and the pH normally about 7. 5 to 8. It

is apparent (table 2) that at this pH the levels of zinc are too low for
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the formation of Zn(OH)2to occur. Under these conditions the dom-

inant zinc species present should be Zn++ (see Bachmann, 1963).

TABLE Z Maximum zinc concentrations as a fuflction of pH.

Maximum Zn conc. pH

ZX1O'M 6

zx1o_ 7

2X10 8

2x 9

Bachmann (ibid.) considers that the only other precipitate of

potential importance is ZnS. Hutchinson (1957) states that zinc

sulfide would be formed only under reducing conditions. This may

be of considerable importance for retention of zinc by sediments

when it is considered that reducing conditions are frequently en-

countered in the sedimentary environment (ibid. ). Zn6, for ex-

ample, could be removed from solution by suspended material by

exchange, settle out, and precipitate as ZnS in the more reducing

enviornment of the sediment. My primary interest in sorptive mech-

anisms is to predict or anticipate either natural or artificially in-

duced desorption. Therefore, precipitation of zinc-65 as the highly

insoluble ZnS should be of no concern; that is, any Zn retained by

the sediment as zinc sulfide will undoubtedly remain associated and
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will not be returned to solution.

Coprecipitation with (or adsorption by) compounds such as

hydrous ferric oxide is another possible means of retaining zinc by

sediments (Bachmann, ibid.). This possibility has been investi-

gated to some extent by Nelson and Cutshall (1964). Results for

experiments performed on Columbia River sediment by these work-

ers at Hanford Laboratories showed that no greater than about 9% of

the Zn was associated with the iron oxide fraction of the sediment

examined. It would appear, then, that iron oxide should play only a

very minor role in retention of Zn6 by sediment in the Columbia

River.

Specific Sorption

Many investigators have noted that pure minerals and soils are

capable of retaining transition metals by a more specific interaction

than cation exchange (Tiller and Hodgson, 1962). This process has

been referred to as "specific sorption" in order to distinguish it from

ordinary ion-exchange. The possible mechanisms that may give rise

to "specific sorption" will be the subject of this section.

Lattice Penetration and Isomorphous Substitution. Numerous

workers investigating sorption of heavy metals by silicate minerals

have noted that an appreciable fraction of the total metal sorbed

could not be displaced with the salt solutions used to determine



exchangeable cations (Tiller and Hodgson, 1962). For example,

Elgabaly (1950) found that a considerable amount of the Zn sorbed

by several different silicate minerals was held in this ITfixedu form

(table 3).

Elgabaly (1950) concluded that the zinc ion could be fixed in the

"holest' of the dioctahedral layer silicate minerals (fig. la). In

trioctahedral minerals (fig. ib) such as vermiculite, talc, and

brucite, which have magnesium in the octahedral layer, Zn++ was

considered capable of substituting for magnesium. Substitution is

possible since both atoms have similar ionic radii, e. g. , ionic

crystal radii for Mg and Zn are 0. 66 A and 0. 72 A, respectively.

TABLE 3 Amount of zinc held by various silicate minerals in a
"fixed" form (from Elgabaly, 1950).

Mineral % fixed (non-exchangeable)

bentonite 7

kaolinite 23

pyrophillite 32

muscovite 42

biotite 43

vermiculite 182

brucite 24

talc 56

'This value may be high by a factor of two, since more recent
studies have shown that the NH ion causes nearly a two fold reduc-
tion in the exchange capacity of vermiculite (see text).
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c-AXIS

:1++2::

b-AXIS

MUSCOVITE K2Al2i6A]4O2O(OH)4

Fig. la Dioctahedral layer silicate crystal structure.
One out of three octahedral positions are
unoccupied leaving "holes" for possible
occupancy (from Bear 1964, p. 90).
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o c__U14
(10-15 (055MgrrXi
or more) -_CoO 3H20

c-IIS :o+20H
*, ( 6 (Al, Fe, Fe, Mg)
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VERMICULITE, for example, X1 1(Al2, 3Si5 7)(A10 5Fe0 7Mg4 8)020(OH)4 nH2°

Fig. lb Trioctahedral layer silicate crystal structure.
Tote that all available octahedral positions are

occupied) (Bear 1964, p. 95).
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More recent work (Hodgson, 1960; Tiller and Hodgson, 1962;

and Hodgson, 1962) on the fixation of transition metal cations by a

variety of minerals has led to the hypothesis that the fixation primar-

ily involves chemisorption with surface -OH groups, at least for the

layer silicate minerals.

Since clays, micas, feldspars, etc. are common constituents

of stream sediments, retention of Zn6 by a mechanism of the above

type may be of potential importance.

Complexes with Organic Matter. Evidence for complex forma-

tion or chelation of zinc and other transition metals by soils has been

i.n part based on inability of the common salts used to determine ex-

changeable cations to displace all the zinc taken up by the soil

(Mortensen, 1963). Organic material is involved since removal

of the organic constituents destroys the ability of the soil to retain

the zinc in a non-exchangeable form (Baughman, 1956). Further

evidence suggesting that organic ligands are involved has been shown

by Himes (1957). He treated soil samples with reagents that "block"2

carboxyl and active hydrogen groups and found that this treatment

caused a marked reduction in the ability of soil samples to retain

2Diazomethane blocks carboxyl groups by conversion to a
methyl ester by displacement of the N2, and nucleophilic attack on
the methyl group of the diazomethane molecule. Dimethyl sulfate
reacts with phenol type hydrogen and alcohols to produce ethers
(Geissman, 1962).
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zinc in a fixed or non-exchangeable form. He concluded that chela-

tion was responsible for this observation.

In addition to the work in soils, several authors have suggested

that organic material in general, algae, phytoplankton, detritus, etc.,

may be capable of retaining transition metals by formation of co-

ordination complexes (Bachmann, 1963; Lowman, 1960; Goldberg,

1957; and Gutnecht, 1965).

Since sediments may have many of the same organic constitu-

ents as soil, and possibly contain algae and phytoplankton as well,

retention of Zn65 as a co-ordination complex with the organic con-

stituents of the sediment seems very likely. Of particular signifi-

cance here is the recent work of Nelson and Cutshall (1965) showing

that over 80% of the Zn6 associated with bottom sediment from the

Columbia River (behind McNary Dam) appeared to be in the organic

fraction. The two fractions were isolated by a density separation

made with bromoethanol (p 1. 7).

Lattice penetration, is omorphous substitution, chemis orption,

and formation of co-ordination complexes with either organic or

inorganic ligands, then, may all be classed as specific sorption

mechanisms. It should be noted that these mechanisms all have in

common the fact that they are irreversible reactions (i. e. , in the

sense that ion-exchange is reversible). Zn65 retained by sediment

in a specifically sorbed manner should therefore not be subject to
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displacement by contact with sea water. Furthermore, one would

expect specific sorption mechanisms to be operative in the presence

of sea water. "Scavenging" would also be likely to occur as the

particulate material settled through the water column. This process

would facilitate decontamination of the water by carrying the Zn65

into the sediments.

In view of considerations such as those presented here, ion-

exchange and specific sorption were considered to be the most im-

portant mechanisms to investigate for the purpose of predicting both

sorption and release of Zn65 from sediment in the Columbia River

and its estuary.

Determination of Exchangeable and
Specifically Sorbed Metals

Exchangeable Cations

Since ion-exchange is a reversible process by which cations

(or anions) are exchanged between a sorbent and an aqueous phase

(Bear, 1964), all that need be done to determine if an element is

held by an ion-exchange bond is to saturate the material in question

with a strong salt solution and analyze the supernatant for the ion

sought. At least three important considerations, however, must

be made regarding the solution to be used; that is, the amount of

exchangeable ion found will depend on:
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1) Complete exchange of all the cations by some cation
not present in the sample.

Z) Accurate determination of the displaced cations.

3) Determination of cations that pass into solution from
soluble substances. (Mitra and Prakash, 1957).

Over the years the most widely accepted method for achieving

these requirements has been to leach with 1 N, neutral, ammonium

acetate (NH4Ac). A standard procedure described in a recent mono-

graph on soil chemistry (Bear, 1964) involves treating a 50 gram

sample of soil with 100 ml of solution for two hours. The soil sus-

pension is then filtered through #Z filter paper in a Buchner funnel.

Successive 50 ml portions of fresh ammonium acetate are passed

through the soil sample until the total filtrate volume is 500 ml. The

filtrate is then evaporated to dryness and the residue analyzed for

the exchangeable cation sought.

Some caution must be exercised when using NH4Ac since the

ammonium ion has been shown to considerably reduce the amount

of exchangeable cations displaced from soils containing vermiculite

(Sawhney, Jackson, and Carey, 1959). These authors warned that

cations of smaller diameter than the ammonium ion should be used

to determine exchangeable cations in soils since appreciable amounts

of vermiculite are often present. Therefore, they suggest that sodi-

um ion be substituted for ammonium, because vermiculite often oc-

curs in the micas and illite in soils.



Specifically Sorbed Metals

Tiller and Hodgson (1962) found that the "specifically sorbed"

zinc and cobalt on silicate minerals consisted of two main forms

which they referred to as "exchangeable" and "non-exchangeable. "

The dominant form, the "exchangeable" fraction, could be character-

ized by displacement with certain other cations. For example, the

Co sorbed by montmorillonite in the presence of 0. 1 M CaCl2 could

be displaced by other transition metals, but not by Mg, Ca++, or

NH4+. Hodgson (1960) noted the following order of effectiveness in

displacing ability for these metals:

++ ++ ++++ ++ ++Cu >Co >Zn >Fe >Ni =Mn

The "non-exchangeable" fraction was considered to be associated with

lattice penetration and could not be displaced by either the above met-

als or acetic acid. This portion was minor, however, compared to

the transition metal displaceable form.

The same sort of observation as that shown above has been

made for organic material extracted from soils and for soils with a

high organic content. For example, Heintze and Mann (1949) found

that 0. 02 M solutions of Cu, Ni, Zn, and Co in 1 N NH4Ac displaced

manganese from an organic soil in the following order:

++ ++ ++ ++Cu >Co >Zn >Ni
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The latter observation was later interpreted as evidence for

formation of co-ordination complexes between transition metals and

organic constituents of soils since the order of effectiveness was

consistent with the order of stability for complexes between divalent

first row transition metals and a variety of ligands (Russell, 1961).

Order of Stability. The stability of a co-ordination compound

in solution is expressed in a quantitative manner by the equilibrium

constant for the formation of the complex from its components

(Kleinberg, Argersinger, and Griswold, 1960). For example, log K

for the formation constants of some EDTA complexes of divalent

transition metals are as follows:

metal log K

Cu++ 18.8
Ni++ 18. 6
Pb++ 18.0
Zn++ 16.5
Co++ 16. 3

Mn 13.8

(from Laitinen, 1960; p. 229)

Where K follows from the equilibrium expression:

MZ+ + = MY2

K (MY2)
(M2) (Y4)

Y =EDTA



The magnitude3 of the formation constant indicates the relative

energy with which the ligands are bound to the central ion. Although

the stability of complexes depends on the nature of both the metal and

the ligand, co-ordination compounds for certain divalent metals have

been found to follow an order of stability that is independent of the

nature of the ligand (Shaw, 1960). This order has appeared exten-

sively in the literature in a variety of forms. The one cited by

Goldberg (1957) is shown below:

++ ++++ ++ ++ ++ ++ ++ ++Pd > Cu > Ni > Pb > Zn > Fe > Cd > Mn > Mg

The relative metal-ligand bond strength indicated in the above

scheme can be explained, at least for the transition metals, by the

relative electron attracting power of the metal. That is, a ligand

is an electron donor and the metal exhibiting a tendency for complex

formation is an electron "attractor. " The magnitude of the attrac-

tion for electrons is intimately related to the electronic configuration

of the central ion. It has been considered that the energy required

to remove electrons from a metal is a measure of the electron at-

tracting strength of that particular metal ion for the electrons of a

ligand (Kleinberg, etal., 1960). The ionization potentials for some

3The magnitudes of log K are proportional to standard free
energy changes; i. e., F° = -R T1nK. The F° values for the
formation reactions, therefore, follow the same order.
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transition metals of approximately the same ionic radii are

shown (table 4).

TABLE 4 Ionization potentials for some 1st row transition metals.

Metal Sum of lst and 2nd
Ionization Potential, ev

Cu 28.01
Zn 27. 35

Ni 25. 78

Co 24.91
Fe 24. 08

Mn 23.07

With the exception of Ni, the above order is consistent with the order

of stability shown on the previous page.

Furthermore, the observed order of effectiveness for the dis-

placement of Co and the Mn from pure minerals and soil organic

matter by these metals fits the above orcer, suggesting that spe-

cific sorption is related to the electronic configuration of the metal

ions. That is, the degree of specificity appears to be related to

the metal's relative "electron attracting power.

In view of the experimental work reported in the literature and

theoretical considerations presented here it would appear that metals

high in the stability series could be used to determine specifically

sorbed divalent transition metals by displacement reactions. Himes



20

and Barber (1957), for example, used dilute solutions of cupric

acetate to determine the quantity of zinc retained by soil organic

matter as a complex.
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EXPERIMENTAL

The relative importance of ionexchange as a mechanism of

retention of sediment sorbed Zn65 was determined before a study of

retention by specific sorption was begun. The same experimental

apparatus and procedures were used in both investigations, however.

A description of these will therefore be given, followed by separate

presentations of the results for the two different studies.

Method Used

Both exchangeable and specifically sorbed zinc-65 were deter-

mined by an elution technique. Choice of bed volume, column size

and determination of the volume of eluant needed are described in

the following paragraphs.

Column Size and Bed Volume

Bed volume was limited to no greater than 13 cc, the size of

the sample tubes required for radioanalysis. Since fine textured

sediments were to be used in the study, it was apparent that a shal-

low bed would be needed to facilitate passage of the eluant through

the sediment column. Therefore, a 50 ml sintered glass crucible

was chosen as a column, with a bed volume of 10 cc. The bed depth

of about 2 cm obtained with this arrangement allowed the eluant to
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pass through the column at a reasonable flow rate; i. e. , 1-5 mi/mm.

depending on the texture of the sediment sample.

Volume of Eluant Required

The volume of eluant needed to affect complete displacement of

Zn65 was determined from desorption curves obtained with a device

which allowed collection of successive aliquots of eluate under con-

tinuous flow conditions. The device (fig. 2) operated on vacuum

supplied to each receiving tube from a common ballast tank (large

suction flask). With this arrangement one tube could be emptied

while the other was filling. The additional three-way stopcock

between the column and two receiving tubes permitted alternating

delivery from one tube to the other without interrupting the flow of

eluant through the column. Flow rate was adjusted with an escape

valve on the ballast tank.

R adi oanalys is

Measurement and identification of the gamma emitters in sedi-

ments and eluates was accomplished by gamma-ray spectrometry.

A lead shielded 5 X 5 inch NaI(Tl) well crystal coupled to a Nuclear

Data ND-130 AT 512-channel analyzer set at 10 key/channel pro-

vided the necessary instrumentation. Counting time was 100 mm.

(See appendix for details of the data reduction used).
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Exchangeable Zinc-65

Two types of information were desired from this phase of the

1) the relative importance of ion excharge as a retentive
mechanism for sediment sorbed Zn6D, and

2) the effect of sea water per se on sediment sorbed
radionuclides in the Columbia River.

To obtain this information, a number of widely separated sedi-

ment samples from both fresh and estuarine or saline waters was

examined. Since the fine fraction of Columbia River sediment has

been shown to contain considerably higher levels of radioactivity

than the coarse fraction (Nelson et al., 1964), it was decided that fine

textured sediment would be more appropriate for examination. Stor-

ing and/or preserving might cause either physical or chemical

changes, so it was deemed important that the samples be treated

upon collection to avoid these sources of error. The above consid-

erations guided the experimental approach described in the following

pages.

Eluant

Sea water is a strong salt solution and as such should be corn-

parable to the salt solutions commonly used for determination of

exchangeable cations. Use of sea water as an eluant had as an added





advantage the prospect of determining simultaneously the exchange-

able Zn65 and the effect of sea water per se on sediment sorbed

radionuclides. Synthetic sea water was prepared for this purpose,

following Lyman's formula, shown below:

salt

NaC1

MgC12

CaCl2
KC1

NaHCO3
H3B03

Check of the Method

g / kg

23. 47

4.98
1. 10

0. 66
0. 192
0. 026

(modified from Lyman,
The Oceans, p. 186)
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To test the ability of my elution method to determine exchange-

able zinc, a known ion exchanger with Zn on exchange sites was

eluted with sea water in the manner previously described for obtain-

ing desorption curves.

Acetone dried Dowex-50 cation exchange resin was ground to

approximately the size of a fine textured river mud (lZ4-6l).

Enough of the finely ground resin was used so that a bed volume of

about 10 cc was obtained. Zn65 tracer, as ZnC12, in a solution of

1 ppm stable zinc (as the chloride), was drawn through the resin.
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The resin was then rinsed with 50 ml of distilled water. All of the

Zn65 remained on the resin. Filtered sea water (250 ml) was then

drawn through the column and 50 ml aliquots of eluant collected for

radioanalysis. The desorption curve (fig. 3) shows that 98% of the

Zn65 was displaced from the resin, with over 70% being removed by

the first 100 ml.

The relative efficiency of sea water versus ammonium acetate

as an eluant was also evaluated as a further check of the method.

This comparison was needed since NH4Ac is the standard reagent

used for determining exchangeable cations, while the action of sea

water in this regard is less well defined. Duplicate sediment sam-

pies were eluted with 100 ml of sea water and with 1 N NH4Ac. Al-

though NH4Ac removed slightly more Zn65 than did sea water (5. 8%

and 3. 3%, respectively), neither displaced a large fraction of the

sediment sorbed Zn

facts:

These two experiments established the following important

1) sea water can displace exchangeable Zn

2) sea water is nearly as effective in removing exchangeable
cations as is ammonium acetate

3) the elution method chosen for use in this study will remove
exchangeable cations.
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Fig. 3. Desorption curve showing displacement of
Zn65 from a cation exchange resin with synthetic
sea water, (The total Zn6 activity shown above
represents all the Zn65 that was put on the resin).



Volume of Sea Water Required

The volume of sea water needed to complete the exchange re-

action for sediment sorbed Zn65 was determined by treating a

sample of the fine fraction (< 74 ) of an air dried Columbia River

sediment, as described above for the cation exchange resin, with

the exception that no stable or radio-zinc were added; i. e. , the

sediment sample only contained the Zn65 already present due to its

contact with Columbia River water. Therefore conditions were as

close as possible to those existing in the field. The desorption curve

(fig. 4) shows that, in contrast to the desorption of Zn65 from the

cation exchange resin, exchange was rapid, with most of it occurring

with the first 25 ml. However, a difference was expected since ion-

exchange in a synthetic resin is a diffusion controlled process

(Turse and Reiman, 1961). On the other hand, in naturally occurring

ion-exchangers such as soil, exchange is usually a surface reaction4

and would, therefore, go to completion more rapidly. That is to

say, if the exchanging ions must migrate through the sorbent par-

tides, the time required for exchange would be longer than if a

Bear states, MOthers have shown that the rate of cation-
exchange in soils is generally rapid, requiring only a few minutes
for equilibrium. The exchange is a surface reaction and proceeds
just as fast as ions from the solution are supplied to the exchanger
surface... "(Bear, 1964, p. 183).
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Fig. 4. Desorption curve showing displacement of Zn65
from Columbia River sediment with synthetic
sea water. (The zinc-65 activity shown above
represents only a minor portion of the total
activity that was present on the sediment).
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surface phenomenon is involved. It was concluded from this experi-

ment that 100 ml of the synthetic sea water would be sufficient for

displacing exchangeable Zn65 from 10 cc portions of Columbia River

sediment.

Sample Sites and Collection of Sediment Samples

Sampling sites (fig. 5) were chosen primarily on the basis of

accessibility and for the presence of fine sediment. The up river

samples (#1-4) were taken from near shore by scooping the surface

layer (1-3 cm) of sediment into open mouth screw top jars and re-

placing the lid under water before bringing to the surface. Estuar-

me samples (#5-8) were taken with a Phleger coring device operated

from small fishing boats (see fig. 6). Only the top lIZ inch of the

core was used for analysis.

Field Equipment

A portable lab was built so that the sediment samples could be

treated in the field (fig. 6, 7). Vacuum was supplied by a 1/1Z hp

pressure/vacuum pump (Little Giant, Gelman Inst. Co. ) secured

inside the box. Electrical power was provided for the vacuum sys-

tern and other field equipment by a 12 amp portable gasoline gener-

ator. The lab itself was a self-contained unit in which all the neces-

sary equipment (glassware, reagents, sample containers, etc)
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could be conveniently stored when not in use.

Experimental Procedure

Approximately 10 cc of freshly collected sediment were placed

in the sintered glass crucible used as a column (see fig. 2), and

about 15-20 ml of synthetic sea water added. The first portion of

sea water was slurried with the sediment so that flocculation took

place prior to elution. The sediment was allowed to settle, forming

a relatively uniform layer in the bottom of the crucible. Addition of

more eluant thereafter did not greatly disturb the interface between

the eluant and sediment. The eluant was drawn through the sediment

with the vacuum pump into a 500 ml filter flask. After 100 ml of

eluant had been passed through the sediment, the eluate was trans -

ferred from the filter flask to 500 ml plastic bottles for storage.

The sediment, which was packed into 13 cc counting tubes after elu-

tion, was ready for radioanalysis immediately. The eluate, however,

was evaporated to dryness on a hot water bath upon returning to the

laboratory, and the residue transferred to the 13 cc counting tubes

by successive washings with distilled water. Agar agar was added

to keep any undissolved salt uniformly dispersed.

Particle Size Separation

The relative proportions of sand and mud in air dried portions
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of sediment from each major sample site were determined by sieving

through 0.991 mm and 0.061 mm Tyler standard screens. Mud was

defined as that fraction passing through the 0. 061 mm screen, and

sand as that portion being retained by the 0.061 mm screen but pass-

ing through the 0. 991 mm screen. In every case virtually all of the

sample passed through the larger screen. This information allowed

a comparison of the sediment texture from one site to another

(table 5).

Results

The only distinct photopeaks in the sea water eluate were those

54 65 .

of Mn and Zn (fig. 8). Other gamma emitters in the sediment

were not removed by elution. The percent displaced for each of

these gamma emitters is shown in table 5. The 1.46 Mev peak in

the eluate is from natural K in the sea water.

Dis cus sion

Previous work on the fresh water zinc cycle reported in the

literature (see Bachmann, 1963, for a review) suggested that much

of the zinc on sediments would be exchangeable. Thus the results

of my study were unexpected. There can be little doubt that the

method used was capable of determining exchangeable zinc. A

comparison of the amount of zinc-65 removed by sea water from



Fig. 8, Gamma -ray spectra of Columbia River sediment and synthetic sea water eivate
LJ



TABLE 5 Percent Zn65 and Mn54 displaced from sediment samples by synthetic sea water.

Sample Sample Date Miles from % Sand % Zn65 % Mn54

location number taken mouth (naut.) % Mud removed removed

McNary Dam 1-A 8/24/64 219 5:95 0. 2 ± 0.03 23.6 ± 0.5
1-B O.± 0.02 21.4±0.5

Maryhill 2-A 7/18/64 160 56:44 0 22. 2 ± 0. 8

2-B 0.3±0.08 16.1±1.0

Bonneville Dam 3-A 7/20/64 111 42:58 0. 6 ± 0.02 38. 1 ± 0.5
3-B 1.1±0.07 41.4±1.0
3-C 0.5± 0.08 0

Puget Island 4-A 3/23/65 38 44:56 2. 2 ± 0. 4 18. 4 ± 4. 5

4-B 3. 3 ± 0. 3 18. 9 ± 4. 0

Miller Sands 5-A 9/3/64 23 4357 2.5 ± 0.4 69.5 ± 1.7
5-B 2.7± 0.2 73.5 ± 1.3

0 0

Tongue Point 6-A 9/3/64 18 56:41 1.5 ± 0.3 30.8 ± 0.9
0 36.5±1.1

Astoria (upper) 7-A 7/30/64 15 58:42 0 25. 2 ± 6. 3

7-C 0 0

Astoria (lower) 8-A 9/3/64 12 58:42 0 0
8-B 0 0

0 signifies that the count rate was below the limit of detectability in the leachates for these samples; 1 cpm for zinc-65 and 1. 3 cpm for
manganese -54.

A and B refer to duplicate samples from the same site and C refers to those samples leached with 100 ml of distilled water.
± values are standard deviations due to counting uncertainty.



an exchange resin and from average Columbia River sediments

(fig. 9) clearly indicates that removal is quick and complete in

the case of the resin. In the case of the sediment, much Zn re-

mains on the sediment after elution. It is concluded that the fraction

of Zn65 bound to Columbia River sediments by ion-exchange is rela-

tively minor. Therefore, the observed affinity of these natural sedi-

ments for Zn must be due to some other mechanism. This mechan-

ism is the subject of the experiments which follow.

On the other hand, the results for Mn54 seem to corroborate

the work of Murata (1939) who found that an appreciable fraction of

the total stable manganese content of several river muds was ex-

tractable by NH4Ac. He called this fraction exchangeable and postu-

lated that the manganese thus held would be displaced by or exchanged

for sodium and magnesium ions in sea water.

Specifically Sorbed Zn65

After finding that ion-exchange was not the primary mechanism

for binding of Zn65 to sediments the investigation of retention by

specific sorption was begun.

Eluant

Cu was decided upon for determination of specifically sorbed

Zn because:
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65Fig. 9. Cumulative percent Zn displaced from a cation ex-

change resin and Columbia River sediment by successive
volumes of synthetic sea water (The upper limit for
the Zn65 displaced from the sediment Is an average
of the values shown in table 5).



1) Copper appears high in the stability series for divalent
first row transition metals.

2) Cu has been shown to be more effective than other
transition metals in displacing metals such as Go, Mn,
and Zn from both pure minerals and soil organic matter
(see page 16).

3) CuAc2 has been used to determine the quantity of zinc
complexed by organic matter extracted from soils (Himes
and Barber, 1957).

The above choice was verified for use in this study by eluting por-

tions of a sediment sample collected from the river with the same

volume of equi-molar solutions of CuSO4, GoC12 and MnSO4 (table 6).

0. 05 M solutions were chosen since more concentrated solutions of

transition metal salts are highly acidic.

TABLE 6 Percent Zn65 displaced from Columbia River sediment
by 150 ml volumes of 0. 05 M transition metal salt solu-
tions.

Ionic crystal flow rate 65radii salt pH ml/min % Zn removed

0.72A CuSO4 4.6 1.25 53.9± 1.0
2.5 50.6±1.2

0. 74 A GoGl2 5. 3 2. 7 32. 8 ± 0. 6

0.78A MnSO4 4.6 2.1 22.8±0.4

It should be noted that even though the relative efficiencies

shown in table 6 appear to be consistent with what might be expected

from consideration of the order of stability, these data cannot be

used for such a comparison. That is, both the order of stability and
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order of effectiveness previously referred to (page 16) were estab-

lished from equilibrium data; the information in table 6 was obtained

by elution. Therefore, equilibrium data for displacement of zinc-65

from sediment by transition metals would be needed to make a com-

parison between the percent Zn65 displaced and the order of stability.

The important conclusion to be made from table 6 is that copper is

more efficient (see fig. 11) than cobalt or manganese in displacing

zinc-65 from Columbia River sediment.

Volume of Eluant Needed

The eluant volume of 0. 05 M CuSO4 was determined from elu-

tion curves made on duplicate portions of Puget Island sediments.

Two different flow rates were used (1. 25 and 2. 5 ml/min), and no

significant difference was observed in the amount removed by equal

volumes of eluant drawn through the sediment at these two flow rates

(see table 6). From the desorption curves (fig. 10), it was decided

that, for a 10 cc sediment sample, 150 ml would remove all of the
65 ++

Zn subject to displacement by Cu

Sample Sites and Collection of Sediment

Three sites were chosen for examination; one from fresh

water in the Columbia River (Puget Island); one from water alter-

nately fresh and salty, depending on the tide (Astoria), and one



35. 0
0

! :::

0 20.0

15.0

I 'E
0 25 50 75 100 125

Vol., ml

42

Fig. 10. Desorptlon curves showing displacement of
zlnc-65 by 0.05 M copper sulfate. (a) flow
rate - 1. 25 mi/mm. , (b) flow rate - 2. 5 mi/mm.
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from definitely marine waters (near Columbia Lightship, see fig. 5).

The Puget Island sample was taken by skin divers, the Astoria

sample with a Japanese grab sampler operated by hand from a dock,

and the marine sample with a Dietz-Lafond grab operated from the

R/V YAQUINA (in 60 meters of water at the head of Astoria Canyon).

The latter two samples were frozen upon collection. To in-

sure that freezing had not altered the sorptive mechanism, duplicate

portions of the Puget Island sample were eluted; one, immediately

upon collection, and the other after freezing. No significant differ-

ence was observed between the two portions (table 7).

Sediment samples from these three sites were eluted with

150 ml of the CuSO4 solution and the samples treated as described

in the study of exchangeable zinc-65. From 34. 8% to 53. 9% of the

Zn65 was displaced by CuSO4 (table 7).

Effect of pH

Many sorption reactions and solubilities are quite sensitive

to pH. Since pH values of the transition metal salt solutions were

fairly low, it was necessary to check the amount of Zn65 that might

be removed due to the acidity of the eluant.

Most of the buffers near the pH of interest, 4. 6 to 5. 3, con-

tamed potential chelating groups; e. g., citrate, tartrate, phthalate,

etc. Chelation by constituents of the buffer solution might also



TABLE 7 Percent Zn65 displaced by synthetic sea water and copper sulfate.

Sample Date % Sand; % Zn65 removed % Zn65 removed
location collected % Mud by sea water by CuSO4

Pugetlsland 3/23/65 44:56 2.2± 0.4 50.6± 1.2
3.3±0.3 53.9±1.0

Astoria 7/14/65 28:72 0 43.4 ± 0.8
(upper)

Columbia, 4/25/65 0:100 - 38.2 ± 1.2
Lightship 34. 8 ± 1.0

This sample was treated in the field; the one below it was treated in the lab after freezing.

Sample taken with a Dietz-Lafond grab sampler from the R/V YAQUINA near the Columbia
Lightship in 60 meters of water.

°Signifies count rate in leachate below limit of detectability.
±Uncertainties calculated from counting error.
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remove zinc from the sediment. The acetate (sodium acetate-

acetic acid) buffer chosen for this test seems least likely to re-

move zinc by chelation. When a portion of the Puget Island sedi-

ment was treated with 150 ml of 0. 1 M acetate buffer (pH 4. 9)

only a small amount, 4. 3% of the Zn65 was removed. This

probably represents the exchangeable fraction measured in the

previous experiment. Furthermore, if the large amounts of Z65

displaced by CuSO4 (shown in table 7) were due to pH alone, one

would expect MnSO4 to remove as much Zn65 as CuSO4. This

was not observed (table 6). The low pH, therefore, cannot ac-

count for the large amounts of Zn65 removed by the transition

metal salt solutions.

The fact that a large portion of the sediment sorbed Zn65 is

copper displaceable (34. 8 to 53. 9%) clearly shows that a more spe-

cific interaction than ion-exchange is involved in retention of a con-

siderable fraction of radiozinc by Columbia River sdiment. Fur -

ther evidence showing that the transition metal displaceable fraction

is bound by a more specific ion-particle interaction than ion-exchange

is demonstrated by the desorption curves for Zn65 displaced by



copper and manganese sulfate (fig. 11), Fig. 11 shows that displace-
ment of Zn65 by Mn is a much slower reaction than displacement by
Cu. Since the forces involved in an ion-exchange type of bond are
primarily dependent upon the charge of the ion, and, to some extent,
on the effective ionic radius, elution with equimolar solutions of two
different divalent transition metal salts having approximately the same
ionic radii (see table 6) should give similar desorption curves. The

desorption curves shown (fig. 11) are quite different, indicating that
the displacement reaction is more complex than the breaking of bonds
involving merely Coulombic forces. If, for example, the making and
breaking of metal-ligand bonds is involved in the displacement reac-
tion, as would be the case if the Zn65 were held as a co-ordination
complex, then one would not necessarily expect the rate of displace-
ment to be the same. Bril and Krumholz (1953) pointed out that the
displacement of Cd from Cd-ED TA by Zn++ required only a few min-

utes to reach equilibrium whereas it takes several hours for equilibri-
urn to be reached in the system Cu-EDTA-Ni.

Even though a large portion of the sediment sorbed zinc-65

appears to be specifically sorbed, there is a greater portion that

has not been accounted for. The additional zinc-65 that is not spe-

cifically sorbed may be either held in the lattice of silicate minerals,

associated with the iron oxide fraction (although Nelsonts and Cut-

shall's data indicate otherwise) or perhaps present as the the highly

insoluble ZnS.
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Fig. 11. Desorption curves showing displacement of Zn65
from sediment by 0.05 M solutions of manganese (b)
and copper sulfate (a).



GENERAL CONCLUSIONS

This study shows that very little Zn65 is held on Columbia

River sediments by ion-exchange. A considerable portion of the

sediment sorbed radiozinc does, however, appear to be bound by a

mechanism involving a more specific ion-particle interaction than

ion - exchange.

In view of this information, one would predict that contact of

Columbia River sediments with sea water will not cause release of

zinc-65; instead this radionuclide will be retained on particles, and

eventually end up in bottom deposits. One would also expect further

sorption of radio zinc (transition metals) to occur via 'specific sorp-

tion" as the particulate material settles through the water column.

It should be noted here that ion-exchange has often been used (appar-

ently erroneously) to explain the uptake of many radionuclides by the

particulate material in sea water (Wallen, 1963; Waldichuck, 1961;

Machline and Templeton, 1964; and Rice, 1963). A specific sorption

mechanism, however, could account for this observation.



IMPLICATIONS IN RADIOACTIVE WASTE DISPOSAL

We know that zinc-65 is predominantly associated with and
rapidly taken up by the suspended material in Columbia River water.

If the suspended material, as well as bottom deposits, retain Zn65

in an irreversible manner with respect to ion-exchange (e. g. , per-
haps as a co-ordination complex) then the radiozinc associated with
sediment and suspended material should remain attached to particu-

late material upon coming in contact with sea water. The major por-

tion of the zinc-65 transported to the Pacific from the Columbia River
should therefore be in a particulate form, and subject to sedimenta-
tion. Although sedimentation is a concentrating process and will in-

crease availability to benthic detritus feeders, the radiozinc should
be less available to pelagic organisms than if more were in an ionic
form (Machline and Templeton, 1964); i. e. , if sea water had a de-

sorbing effect on sediment sorbed Zn65, as would be expected if it

were initially bound by ion-exchange, then pelagic organisms would

contain more radiozinc than they would if it had remained in a parti-
culate form. Any attempt, then, to evaluate whether it is desirable
for Zn65 to remain in a predominantly particulate form in the marine
environment must weigh the possibility of reduction in uptake by

pelagic animals against possible increases in availability to the ben-
thos. In the absence of large populations of commercial bottom

fauna, the irreversible retention of radiozinc and subsequent sedi-

mentation can only be interpreted as a safety factor in estimating max-

imum permissible levels of discharge into the marine environment.
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SUMMARY

1. Sea water is capable of displacing exchangeable zinc from ion-

exchangers.

2. Synthetic sea water is nearly as effective as NH4Ac in displacing

Zn from Columbia River sediment.

3. Synthetic sea water does not displace a significant amount of the

Zn65 from Columbia River sediment, and, with the possible

ception of Mn54, the field results suggest natural sea water should

have a negligible effect on Hanford-induced gamma emitters asso-

ciated with sediment in the river. This implies that some mechan-

ism other than ion-exchange is responsible for their retention by

bottom deposits.

4. Dilute solutions of the divalent transition metals, Mn, Cu, and

Co can displace appreciable amounts of the sediment sorbed

zinc-65 not removable by sea water (i. e., non-exchangeable

Zn65). This is not an ion-exchange displacment, nor is it due

to a pH effect. The copper displaceable fraction (35 to 54%) has

been referred to as ?Tspecicically sorbed", to distinguish the radio-

zinc held in this manner from ordinary ion-exchangeable zinc-65.

Whether the ion-particle interaction involves formation of a co-

ordination complex with either organic or inorganic ligands,

chemisorption with silicate and other minerals, or lattice
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penetration cannot be concluded from this study. However, it is

significant that a more spciic interaction than ion-exchange has

been characterized.

5. The possibility that cationic transition metals may not be desorbed

from sediment or particulate material upon contacting sea water

should be considered in making estimates of maximum permiss-

ible levels of discharge into surface streams.
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APPENDIX

Data Reduction

The gamma-ray spectra obtained with the multichannel an-

alyzer were reduced by the method of spectrum stripping, compu-

tations being made with desk calculator and slide rule.

Counting error was calculated from the following equation:

[R +ZRis b
0-:;

/

Ni

where R is the count rate above background for the sample and Rb

is the background counting rate for the photopeak under consideration

(background was obtained by counting distilled water for 100 minutes).

The limit of detectability for the 95% confidence interval was

calculated from:

2 = 2 I-

Readout was by punched tape, x-y recording, and type out.

Background was subtracted before the typed readout and x-y record-

ing were made, but the punched tape was made without subtraction

of background.




