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EFFECTS OF OCEAN WATER ON THE SOLUBLE-SUSPENDED
DISTRIBUTION OF COLUMBIA RIVER RADIONUCLIDES

INTRODUCTION

Radionuclides introduced into aquatic environments become

distributed among the various components of the ecosystem. Both the

structure of any distribution and its rate of attainment depend on a

complex of physical, chemical, and biological factors. When and

where these factors change, a resultant change in the distribution of

these radionuctides is possible. Because the distribution of radio-

nuclides in any environment is important in evaluating the risk to man,

the effect of various factors in influencing their distribution i of great

interest.

Moreover, the behavior of radionuclides in the environment can

serve as an analog of the behavior of their stable isotopes. Knowledge

inferred from the behavior of radionuclides is useful in predicting the

pollution potential or availability as nutrients of many stable trace

elements.

Among freshwater environments, rivers rather than lakes are

the more likely receptacles of radioactive materials because they

offer the possibility of advective transport w.th ultimate dispersion in

the sea. Where a river with its load of radionuclides mixes with ocean

water in au estuary, environmental conditions change rapidly.
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Suspended matter and dissolved saLt coucentrations, temperature,

pH, Eh, and other factors may all show steep gradients. A readjust-

ment in the distribution of radionuclide' can be expected.

My interest is in the distribution of radionuclides between the

dissolved and suspended particulate phases of the water of the

Columbia River and in the changes which follow mixing with ocean

water. The close physical contact of dissolved and particulate phases

facilitates the exchange of associated radionuclides between them.

Such exchanges can mediate the transfer between water and bottom

sediments, and thus greatly affect the physical mobility of radio-

nuclides.

The biological availability of radioriuciides also depends, in

part, on their physical form. In general., radionuclides associated

with particles will be of relatively greater importance to benthic popu-

latioris and filter feeders, while truly dissolved radionuclides may

more readily be taken up by phytoplankton and will tend to remain in

the pelagic environment.

With these considerations in mind, this research was designed

to study the effects of mixing with ocean water on the soluble-

particulate distribution of Columbia River radionuclides.



BACKGR OUND

Until shutdown in late January, 1971, the plutonium production

reactors at Hanford, Washington, introduced large quantities of radio-

active material into the Columbia River. More than 60 different

radiontc1ides have been identified in the effluent (Wildman, 1966).

The many radionuclides introduced were primarily the result of

incidental neutron activation of solutes in reactor coolant waters and

corrosion products of the reactor itself. Many were of short half

life, and by the time the Columbia River reached its estuary, 600 km

51 65 46 32 124
downstream, only a few, including Cr, Zn, Sc, P, Sb,

Co. and Mn, were still in readily measurable concentrations.

Radioactive decay was not the only process which reduced the

concentrations of the radioriuclides as they moved downstream.

Chemical and biological processes were also important. Radio-

nuclides introduced into the Columbia River at Hanford were mostly

in dissolved form (Perkins, Nelson and Haushild, 1966). For the

most part, they quickly became associated with particulate phases

such as bottom sediments, suspended matter, and aquatic biota.

At Vancouver, Washington, 425 km downstream from Hanford

(see Figure 1), more than 80% 65 60 46 54
of Zn, Co, Sc, and Mri could

be removed from river water by filtration. The radionuclides 51Cr

and 124Sb remained largely in dissolved form (greater than 9C)%),
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Figure 1. The Columbia River from Hanford to the Pacific Ocean.



although significant fractions had been doposited with bottom sedi-

ments along the intervening stretch of the river (Perkins etal. , 1966).

Similar patterns of downstream decline have been observed for

various radionuclides in the Ciinch River (Parker etal. , 1966) and

for the stable trace elements cobalt and silver in some Connecticut

rivers (Turekiani, 1971).

The increasing downstream association of radionuclides with

particles is the result of several processes. These can include

sorption, ion exchange, chemical precipitation and coprecipitation,

flocculation, and biological uptake (Waldichuk, 1961). The extent and

reversibility of each of these processes depends in turn on a variety

of environmental factors. Among these are the concentrations of the

stable isotopes of the radionuclides, the concentrations of competing

elements and of substances capable of forming insoluble compounds

and complexes, the concentration and nature of various sorption sub-

strates, the standing crop and biological activity of aquatic organisms,

pH, Eh, and temperature. Many of these factors change drastically

in an estuarine system because of mixing with seawater whose chemi-

cal properties are very different from those of river water. The

result ca&1 be a redistribution of radionuclides (and stable isotopes),

with a net exchange between slution and suspended particulate matter

favoring one or the other phase.

Salinity changes are most frequently suggested as a potential



cause of trace metal redistribution in estuarine environments. Sea-

water typically contains about 35, 000 parts per million dissolved

salts, whereas rivers contain about 100 to 1000 parts per million.

The much higher concentrations of ions in seawater could be expected

to displace trace metals held on particle surfaces by ion exchange

mechanisms (Johnson, Cutshall and Osterberg, 1967). The ability of

concentrated neutral salt solutions to displace trace metals from a

wide variety of substrates found in natural waters has been repeatedly

demonstrated. Such ion exchange bonding of trace metals has been

shown for clay minerals (Elgabaly, 1950), hydrous oxides of man-

ganese (Posselt, Anderson and Weber, 1968), and living and dead

organic matter (Bachrnan, 1963). Pravd (1970) has shown that the

surface charge of various marine sediments is reversed following

salinity changes. In freshwater the charge is negative but becomes

positive at increasing salinities, passing through the zero point of

charge at salinities between 20/ and 60/. He speculates that cations

sorbed onto such sediment particles in freshwater would be desorbed

on contact with seawater in estuaries, and that anions would be capable

of adsorption on the now positively charged particles.

Some elements can 'tso be held by more specific bonds than ion

'Most of the radionuclides in the Columbia River are isotopes of

trace metals. in the absence c.f isotooic effect3, their chemical,
physical, and biological behavior should be the same as th-ir stable
isotopes.
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exchange and would not be displaceable by the sodium and magnesium

ions that predominate in seawater. They can, however, be displaced

by certain heavy metal ions. The disolacemerit of 6Zn from

Columbia River bottom sediments by 0. 05 M GuS 04 solutions has been

shown by Johnson etal. (1967), although seawater was unable to

remove much 5Zn from the same sediments. The low concentrations

of heavy metal ions in seawater suggests that while the displacement

of significant fractions of some radionuclides by this mechanism is

ultimately possible, the rates would be slow as a result of the law of

mass action.

A change in the dissolved salts concentration in estuaries also

possesses the potential to increase particulate association of some

radionuclides at the, expense oi the dissolved phase. Pravdis

hypothesis of anion sorption in estuaries has already been mentioned

in this respect. In addition, increased particulate association of

radionuclides could result from the flocculation of colloidal clay sus-

pensions. This process, known to take place in estuaries (Harris,

1963), results from the neutralizaticn of mutually repelling surface

charges of the dispersed colloidal particles by the ions of seawater,

permitting their aggregation. The flocculant clay particles can act as

new sorption sites for radionuclides or can incorporate them by

occlusion. Strictly speaking. coll.oids are not in the dissolved phase,

but neither are they truly particulate. They are intermediate in size



between dissolved molecular species of Angstrom size and true

suspended particles of greater than micron size. Because the opera-

tional distinction between dissolved and particulate phases in natural

waters is most frequently made by filtration through 0, 45 membrane

filters, the flocculation and aggregation of colloidal radionuclides

would lead to an apparent increase in the particulate phase.

At first thought, one would expect the high anion content of sea-

water to favor the formation of insoluble compounds with cations in

river water. The concentrations of trace metal cations in rivers is

usually low, however, and the ion product of trace metal cations and

the anions in seawater does riot appear to exceed the solubility product

of their 1eat solubl3 corunds (Krauskpf, 1956). An exception

might be insoluble compounds formed witti sulfide ion generated in

the anoxic regions of some estuaries,

The coprecipitatiori of radionuclides with insoluble compounds

formed in estuaries might be a more likely phenomenon. A number of

authors (Bien, Contois arid Thomas, 1958; Warigersky, 1963; Joyner,

1964) have commented on the possible precipitation of aluminum,

iron, silica, and manganese in estuaries. Radionuclides or other

trace metals might be coprecipitated with these substances as a result

of lattice substitution, occlusion, or adsorption. Coprecipitation of a

number of trace elements with ferric hydroxide has apparently been



observed by Lowrnan etal. (1966) at the mouths of several Puerto

Rican rivers.

Changes in Eh in estuaries might also influence the soluble-

particulate distribution of radioriuclides. While the Eh of well

oxygenated seawater and river water probably do not differ greatly,

local arioxic conditions in estuaries can produce reducing environ-

ments. Under such conditions of lOW Eh, the hsrdrated compounds,

Mn02 and Fe203, commonly associated with suspended and bottom
++ ++

sediments, might be reduced to the soluble ions Mn and Fe

respectively. Not only would these metals be released from particu-

late sites, but any radionuclides bound to them would also be released

into solution. Whether these radionuclidez might be rapidly repecip-

itated by sulfide ion-s normally present in anoxic environments, it is

not possible to predict.

The pH dependence of the soluble-particulate fractionation of

trace metals is well studied (Tiller and E-Iodgson, 1962; O'Conner and

Renn, 1964; Murray, Healy and Fuerstenau, 1968). Low pH tends to

favor release of cationic trace metals from particulate substrates, by

such means as ion exchange or specific desorption by hydrogen ions,

dissolution of their insoluble compounds (e. g. , ZnS or Cu(OH)2), or

dissolution of their particulate substrate (e. g. , CaCO3 or Fe(OH)3).

O'Coriner and Renn (1964) have shown the reversibility of zinc sorption-

desorp tion on river sediments in response to pH changes. Zinc was
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increasingly associated with the sedirnent as the pH was raised3 with

exchange being most sensitive to p1-i in the pH range from 6. 5 to 8. 5.

Tiller and Hodgson (1962) have shown that the zinc and cobalt distrihu-

tion in suspensions of various clay minerals varied from less than

20% sorbed at pH 6. 0 to greater than 75% sorbed on the clay at pH 7. 5.

The p1-i range of oceans and rivers coincides with the range of maxi-

mum pH sensitivity of sorption-desorption reactions of zinc and

cobalt ions and perhaps of other trace metal cations as well.

The effect of temperature on radionuclide distributions is urlpre-

dictable. Increased temperatures will accelerate reaction rates aria

shift equilibria. Carritt and Goodgal (1954) found that higher tempera-

tures favored increased sorption of phosphate ion on Roanoke River

sediments. Conversely, higher temperatures would generally favor

the dissolution of many insoluble compounds. Needless to say, bio-

logical production responds to temperature changes with concomitant

changes in the availability of organic matter as sorption sites for

radionuclides.

A few studies have been undertaken to more directly determine

the behavior of radionuclides and trace metals in estuaries as opposed

to the indirect and extrapolative efforts described above. One of the

earliest attempts to determine if trace metals could be desorhed from

river muds was performed by Murata (1939). He found that various

river sediments released significant fractions of their manganese
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when Leached with neutrai i normal amrnonium acetate solution. By

assuming that the near neutral salt solution of seawater wouLd react

similarly, he estimated that about 50% of the manganese in river muds

would be desorbed upon contact with seawater.

Surprisingly similar results were found by Johnson etal.

(1967). They report a significant fraction (varying from 16% to 74%)

of the 54Mn associated with sediments collected along the Columbia
65River couid be eluted with seawater. Less than 3% of the Zn, how-

ever, and virtually none of the 51Cr and 6Sc could be removed by

seawater elution with nominal one-hour contact times.

Kharkar, Turekian and Bertine (1968) attempted to estimate the

desorbabl.e fraction of several trace metals by spiking suspensions of

various substrates found in natural waters with radioactive isotopes

and measuring the percentage removed by subsequent seawater con-

tact. The sorption substrates included the clay minerals: montmorii-

lonite, illite, and kaolinite; manganese dioxide; ferric oxide; freshly

precipitated ferric hydroxide; and peat, used to represent organic

matter. Cationic 60Co was almost entirely sorbed by the clay

minerals and ferric hydroxide. About 60% of the 60Co sorbed on the

clays was desorbahie by seawater, and about 15% sorbed on ferric

hydroxide was similarly desorbable. Twenty-five percent of the 60Co

was sorbed on. manganese dioxide but was riot desorbable. Ferric

oxide showed no detectable sorption of 60Co. Cationic Ag arid 7Se
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showed roughly similar abilities to be sorbed and then desorbed by

seawater, although there were variations with respect to the different
51 09 -

substrates. In contrast, Cr and Mo, as the anions Cr04 and

MoO4, were not significantly sorbed by any of the substrates. While

these experiments can be criticized for the artificial nature of the

systems studied and for the short times (one hour) allowed for sorp-

tiori uptake and desorptiori loss, they strongly suggest the desorbability

of several catioriic trace metal radioriuclides from suspended river

sediments upon contact with seawater.

In experiments of a related nature, Forster (1970) spiked

unfiltered Aasco River (Puerto Rico) water with several radioactive

isotopes. Filtered seawater was added producing a series of solu-

tions ranging from 5% to 100% river water. After five days time, with

frequent intermittent agitation, the samples were separated into di.s-

solved, suspended particulate, and settled sediment fractions. The

concentration of each radionuclide was determined for each fraction.
60 155 54Go, Eu, Mn, 65 110Zn, and Ag were found to be more than

80% associated with the settled sediment fraction in all systems of

20% or greater freshwater. In the 5% river water system (corres

ponding to a salinity of about 34°/oc), however, they had become

dramatically associated with the soluble fraction, ranging from 50%

155 60 1.25soluble for Eu to 90% soiub!.e for Co. b was 50% soluble

in the undiluted river water 3ystem, becoming progressively less
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soluble at increasing salinities, but showing the same dramatic

increase in the soluble fraction in the highest salinity system, to 50%

soluble again. ''3Sn was greater than 90% associated with the settled

sediment fraction at all. salinities. For none of the radionuclides was

the concentration in the suspended particulate fraction greater than

10% of the total. These results were interpreted to show the signifi-

cant desorption of the radionuclides with increasing salinity. A

bothersome feature of the results is that desorption did not appear to

take place to any significant extent until the percentage river water

dropped to between 5% and 20%, corresponding to a salinity of about

30°/oo.

These results are the more surprising in light of experiments

performed with A?'asco River water five years earlier (Lowman et al.

1966). In mixing filtered river water with similar volumes of filtered

seawater, it was found that almost all stable Sc, Fe, Go, and Zn and

35%, 30%, and 18% of the Ni, Mn, and Cu, respectively, became

associated with a newly formed particulate phase after three hours, as

determined by filtration through 0. 45 t membrane filters. This

increase in the particulate association of trace metals was attributed

to coprecipitation with ferric hydroxide which formed upon mixing

river water with seawater.

Recently, DeGroot, DeGoeij and Zegers (17i) have reported on

the progressive seaward decline in the concentrations on fluvial
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sediments of many heavy metals in the Rhine and Ems estuaries.

They concluded that the heavy metals were "solubilized" in the brack-

ish estuary environment, probably by the formation of soluble organo-

metallic complexes. Solubilization ranged from nearly 100% for Hg to

virtually 0% for Mn.

The studies briefly discussed above often predict contradictory

behavior of radionucl.ides in estuaries. This is to be expected for

several reasons. These studies are often of a theoretical or specula-

tive nature and discuss what ought to be rather than what is. The

particular experimental studies were often peripheral to the problem

of river-seawater interactions. Furthermore, when they were not so,

they dealt with simplified systems in which hopefully co!ltrollahle

factors were studied in isolation. While this can be a powerful

scientific technique, it requires the subsequent and difficult attempt

to reintegrate the results into the complex and variable natural

system. In light of these difficulties, it is a little surprising that

more direct observational attempts to study radionuclide and trace

metal fractionation in estuaries have not been undertaken.
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EXPERIMENTAL

Radionuclide-Salinity Re!ations in
the ColitLy1bia River Estuary

Dissolved and suspended particulate gamma emitting radio-

51 65 46nuclides Cr, Zn, Sc, and 124Sb were sampled at locations of

different salinities in the Columbia River estuary. Surface water was

collected at mid-channel during a three-hour period, July 30, 1970,

by centrifugal pump on board R /V SACAJAWEA (see Figure 2 for

locations). Duplicate 50-liter filtrate samples were obtained by

pressure filtering 100 liters of water through a single 265 mm

diameter, 0.45 i. pore size, membrane filter (Geiman Type GA-6)

sandwiched between two giass fiber prefilters (Gelman Type E) held

in a polyvinyl chloride support stricture. The filtrates were collected

in 8-mi polyethylene bags supported by 70-liter plastic barrels.

Water samples for salinity determination were collected simul-

taneously and analyzed in the laboratory using an inductive salitiometer.

Coprecipitation with Fe(OH)3 was used to concentrate the dis-

solved radionuclides from the filtrate. Ten ml of carrier solution

(0. 193 M K2Cr2O7, 0, 306 M ZnSO4 arid 0. 368 NI MnSO4) was added

and mixed with the filtered water. Thirty minutes was allowed for

isotopic equilibration, and 25 ml of 0. 7 M FeSO4 was added and mixed

to reduce 51Cr and stable chromium from the +6 to the more readily
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July 30, 1970.
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adsorbed +3 oxidation state (Cutshall, Johnson and Osterberg, 1966).

After a second 30-minute period, 25 ml of 2 M FeCI3 was added and

mixed. After a final 30-minute period, 25 ml of concentrated NH4OH

was added and mixed to raise the pH, precipitate Fe(OH)3, and co-

precipitate the radionuclides and stable carriers. One hundred ml of

0.05% Dow Separan NP1O was added and mixed to promote flocculation

and settling of the precipitate. The supernatant was siphoned off, and

the precipitate slurry drained of water by filtration and dried.

The dry precipitate was ground to a powder, and a 1% sub-

sample weighed out and dissolved in 0. 36 N HCI for analysis of Zn and

Cr by atomic absorption spectrophotometry. The efficiency of

recovery of 51Cr and 6Zn was estimated from the recovery of the

stable carriers, since the amount of Cr and Zn added was known.

Chromium recoveries ranged from 76% to 95% with mean 87%. Zinc

recoveries ranged from 75% to 91% with mean 83%.

The remaining 99% of the precipitate was packed into a 12-mi

plastic counting tube and radioarialyzed using a 5U by 5' NaI(TI) well-

crystal coupled to a Nuclear Data 512-channel analyzer. The output

is a composite spectrum of the individual gamma spectra of the

radionuclides present. After subtraction of background, the activities

of the individual radioriuciides were determined by a least squares fit

of the individual spectra of radionuclide standards. Corrections for



decay- were made and the standard error of estimate of the activity of

each radionuclide was calculated.

Filters and suspended matter were digested for three hours in

200 ml of a 1:lrnixture of concentrated HC1 and concentrated HNO3 at

100°C. After cooling, the liquid was filtered from the solid residuum.

The residuum was washed three times with 0. 36 N HCI and the wash-

ings added to the filtered liquid. This mixture was then evaporated

to dryness under a heat lamp. The resuLtant dry- froth was ground to a

powder and packed in a counting tube for radioanalysis, effecting a

significant reduction in volume with greater than 95% recovery of the

radionuclides of interest.
51 65 46 124The dissolved conccntrations cf Cr, Za, Sc, and So

have been plotted versus salinity in Figure 3. Corrections for re-
51 65covery efficiency have been made for Cr and Zn. Total recovery

has been assumed for Sc and 1
4Sb. Particulate radionuclide con-

centrations are plotted in Figure 4.

If dilution by seawater were the only cause of changes in radio-

nuclide concentrations in the estuary, a plot of dissolved concentration

versus salinity should be linear for each radionuclide. The dissolved

concentrations of the radioriuclides of interest are negligibly small in

2See Appendix I for complete numerical data.

See AppendiK III for a more detailed discussion of the linear
dilution model.
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the undiluted seawater rn ixing in the estuary, therefore, such a linear

plot should have a salinity intercept equal to the salinity of the mixing

seawater. This salinity should be between 32. 6°/oo and 33. 4°/oo

(Pattullo and Denner, 1965; Conomos and Gross, 1968). The least

squares salinity intercept and linear correlation coefficients are

shown in Table 1.

Table 1. Least squares fit of dissolved radionuclide
concentrations to the linear dilution model
using data at all salinities, July 30, 1970.

Salinity intercept Linear correlationRadionuclide
(°!oo) coefficient

51Cr 38.5 0. 965

6Zn 38.2 0.860

'24Sb 32.8 0. 969

46Sc 32. 5 0. 867

124 46 51The concentrations of Sb, Sc, and Cr have significant

linear relationships with salinity at the 95% confidence level as

determined by the F test, using the duplicate data values to estimate

pure error (Draper and Smith, 1966), Both '24Sb and 46Sc have

salinity intercepts very close to that of the mixing seawater. That of

51Cr is unexpectedly high, possibly indicating changing input concen-

t.ratioris from the river during the mixing period of the waters in the

estuary. It could not he due to cJesorption from suspended particles

because the concentrations cf this possible source are too low to

account for the increase,
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In contrast, 6Z does not fit the linear model. Dissolved 65Zn

concentration reaches a maximum at salinity 4. 980/00, rather than at

0 0 65
0 too. At salinities above 4. 98 /oo, tne dissolved Zn concentration:

salinity relation is highly linear, with a correlation coefficient of

0. 971 and a salinity intercept of 32. 6°/oo, suggesting that only dilution

by seawater acts to change dissolved 6Zn concentrations in this
6R

salinity range. The dissolved Zn concentrations at salinity 1. 12 /00

and 2. 75°/oo are significantly less than that predicted by the linear

regression curve through the data points at salinity 4. 980/00 and above.

The difference between observed and predicted values can be explai.ned

65 o 0
if dissolved Zn was added between salinity 1. 12 /oo and 4. 98 /oo.

The only source of this added Zri must be 5Zn associated with

particulate phases.. At salinity 1. 12°/oo the difference that must have

been added is about 0. 15 pCi/I. The suspended 6Zn concentration

at salinity 1. 12°/oo was 0.46 pCi/I. Therefore, about 33% ( 0. 15

pCi/l divided by 0.46 pCi/I times 100%) of the suspended 6Zn would

have been desorbed. Nothing can be said about possible desorptiori at

salinities less than 1. 12°/oo.

The linear dilution model cannot be applied in the same way to

the suspended particulate radioniuclide concentrations because settling

out or resuspension of particul.ate phases in the water column can

alter the concentration of suspended radic'riuclides without requiring

exchange with the dissolved phase.
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Data collected by Flanson (1967) show more dramatically the

contrasting behavior of SlCr and 6DZrI. Water samples were collected

during a 25-hour period, May 21-22, 1966, along a vertical profile

from the Point Adams Coast Guard Station pier (see Figure 2 for

location). Samples were processed and analyzed much as described

above with the exception that recovery efficiencies were not deter-

mined and are assumed to be 100%. The radionuclide 46Sc was

relatively less abundant at thLs time, making possible the determina-

tion of 54Mn, with which it interfered. The original data reduction did

not include 124Sb; rather, it was later determined from the residuals.

Consequently '24Sb is reported in cpm rather than pCi because

counting efficiency was not knovn. Dissolved radionuclide concentra-

tions are plotted versus salinity in Figure 54 Both 51Cr and

show strong linear relations with salinity, with correlation coeffi-

cients of 0. 936 and 0. 830 respectively. The salinity intercepts were

31. 7°/oo and 38. 4°/oo respectively. The latter is higher than

expected largely as a result of two outlying high salinity data points.

These radionuclides appear to be conservative in the estuary, exhibit-

ing no net exchange between soluble and particulate phases.

Neither 6Zn nor 54Mn shows a strong linear relation with

salinity. They appear to be non-conservative; their concentrations at

salinities above 50/ are greater than would be predicted by simple

4Cornpiete numerical data are found in Apperdix U.
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dilution with seawater. An estimate of how much greater can be

obtained by plotting the concentrations on a seawater-free basis versus

salinity. Measured concentrations were divided by the fraction of

fresh (Columbia River) water present to obtain these adjusted concen-

trations (fraction freshwater equals 1 S/33. 0 where S is the mea-

sured salinity and 33. 0 is the salinity of the mixing seawater).

Dissolved concentrations plotted on this basis are shown in Figure 6.

There does not appear to be a minimum salinity above which only

dilution takes place.

It appears that 51Cr and 124Sb are constant with salinity,

65 54whereas Zn and Mn tend to increase with increasing salinity.

This increase results fro:i addition of dissolved 6Zn and Mn,

probably by desorption from suspended or bottom sediments. Using

the mean of the adjusted concentrations of the five samples with

salinities less than 10/00 as the best estimate of the dissolved concen-

trations of inflowirig Columbia River water, the concentration (on a

seawater-free basis) added by desorptiori at each salinity sampled can
65

be calculated. The mean ot these five samples is 2. 6 pCi/I for Zn

and 0. 24 pCi/I for 54Mrt, The adjusted 6Zri concentration shows a

plateau in the salinity range 6°/co to 150/00, with mean 4. 9 pCi/I, a

difference of 2. 3 pCi/I from the inflowing concentration. Adjusted

concentrations at salirdties greater than 200/00 have mean 12. 6 pCi/I,

a difference of 10, 0 pCi/I.
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If these differences were supplied by desorption from incoming

suspended particulate 6Zn, knowledge of the concentration of the

latter would permit calculation of the percentage desorption. Using

the mean adjusted suspended 6n concentrations at salinities less

than 10/00 (12. 7 pCi/I) to represent this, one finds 19% desorption

(2. 3/12. 7 times 100%) in the salinity range 6°/oo to 15°/oo and an

average of 79% des orption (10/12. 7 times 100%) at saliriities greater

than 20°/oo. While only little 6bZn has been found to be desorbed

from bottom sediments (Johnson etal. , 1967), diffusion from the

large reservoir of in bottom sediments in the estuary and

desorption from resuspended bottom sedinients might serve as partial

sources of the observed diifrence. This is probably most important

in the near bottom (high salinity) water samples. Therefore, 79% is

probably an inflated estimate of the desorption of 6n from incoming

suspended matter.

Des orption from bottom sediments, either in place or tempo-

rarily resuspended, must contribute to the increase in dissolved 54Mn

found at higher salinities. The difference between the adjusted mean

dissolved 54Mn concentration of samples with salinity greater than

20°/oo and the estimated adjusted input concentration is 1.22 pCi/I

(= 1. 46 0. 24). The incoming adjusted suspended particulate concen-

tration is 0.74 pCi/L The percentage desorbed would have been

165%, obviously imossibIe.
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An experimental approach which eliminates the ambiguity in the

contribution of the sources to the increase in dissolved radionuclide

concentrations is desirable.

Seawater Mixing Experiments

Estuarine mixing was simulated by mixing seawater with

Columbia River water in large containers. Seawater and river water

were mixed in equal volumes, resulting in a final mixed salinity of

about 16 0/00. A practical upper limit for experimental contact times

is set by the need to minimize chemical and biological reactions on

the container surfaces. This sets an upper limit of several days,

after which periphytic biolegical uptake or sorption of i'adionuclides

on the container walls would probably be important. This seems

sufficient to allow for ion exchange reactions (Wiklander 1964) or

flocculation reactions (Harris, 1963) to take place as the operate on

the time scale of minutes or hours.

The first mixing experiments were made with Columbia River

water collected October 30, 1969, from behind McNary Dam (see

Figure 1), 125 km downstream from the Hanford reactors. Fifty

liters of river 'vater were transported to Corvallis iii polypropylene

carboys. Twenty-five liters were added without filtration to 25 Liters

of filtered seawater (salinity about 3Z°/oo) The remaining 25 liters

51n this and all other samples of seawater used in the mixing
experiments negligible concentrations of the radionuclides of interest
were found.
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was left unmixed as a control, After four hours, the mixed and

control samples were filtered and the soluble and particulate fractions

analyzed for gamma emitting radionucl.ides. The analytical procedure

was as described above except that no stable carriers were added to

the filtrates, and the recovery of the dissolved radionuclides was

assumed to be complete. The results are shown in Table 2.

There was no significant difference in the distribution of 51Cr

and 6Sc between the seawater mixed and control samples. 51Cr

remains mostly dissolved (about 95%) while 46Sc remains mostly

particulate (about 75%). In contrast to this conservative behavior,

6Zn is relatively more soluble in the seawater mixed sample (68%)

than in the control sample (43%). This suggests that contact with sea-

water has caused the release of a significant fraction of the particu-

65 65
late associated Zn. The fraction of the Zn desorbed can be

calculated: fraction !desorbedI = (57% - 32%) / 57% = 0. 44.

Counting errors make the apparent 25% desorptioni of 54Mn

insignificant at the 95% confidence Level, as determined by a t-test.

A second mixing experiment of this type was performed in the

field on July 30, 1970. Surface water was pumped from the Columbia

River in the main channel, opposite Harringtori Point (see Figure 2)

and upstream of the limit of intrusion of salt water into the estuary.

Duplicate samples of 50 liters each were filtered arid mixed with an

equal volume of fiLtered seawater in 55 gallon barrels lined with



Table 2. Radionuclide distribution in Columbia River w3ter mixed with filtered seawater
October 30, 1969. Data are shown as percentages of dissolved plus particulate
activity ± 1 a- counting errors.

51 46 65 54Treatment Phase Cr Sc Zn Mn

Unmixed Particulate 4. 9 ± 0, 4

Dissolved 95. 1 ± 0. 9

Seawater mixed Particulate 4. 1 ± 0. 3

Dissolved 95. 9 ± 0. 8

73.4 ± 2. 5 57.2 ± 2.5 71 ± 12

26. 6 ± 1. 3 42. 8 ± 2. 8 29 ± 5

72.0 ± 1. 9 31.9 ± 2.4 53 ± 7

28. 0 ± 1. 1 68. 1 ± 2. 7 47 ± 6

0
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polyethylene bags. Duplicate zampes of unfiltered river water were

similarly mixed with filtered seawater. Duplicate control samples of

unfiltered river water were collected but not mixed with seawater. All

samples were allowed to stand for 24 hou-s reaction time and then

filtered. Analysis for the radioriuclides present in each phase was as

before; stable carriers of zinc, chromium, and manganese were added
65 51 46 124

thLs time. The radi.onuclides Zn, Cr, Sc, and Sb were in

quantitatively measurable concentrations.

The mixing of filtered river water with filtered seawater was

designed to test the possibility of flocculation or precipitation from

solution of radionuclides in the Columbia River estuary. Because both

river water and seawater samples hd been filtered prior to mixing,

the detection of any radionuclides on filters after subsequent filtra-

tion could be attributed to the formation of new particulate phases.

No significant concentrations of any radionuclide were found on

the filters after this second filtration, indicating the absence of floc-

culation or precipitation. It was felt, however, that the centrifugal

pump used to force the samples through the filters might have broken

apart flocculant aggregates, allowing them to pass through the filters

and thus go undetected. Therefore, this experiment was repeated

with samples collected August 26, 1971, using air pressure (3 atm) to

force the water sample through the filters. Again, rio significant

activity was found on the filters, confirming the earlier result.
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The mixing of unfiltered river water samples with filtered sea-

water had the same goat. as the earlier mixing experiment of October

31, 1969. The results are shown in Table 3.
51 46There was little change in the dstroution of Cr, Sc, and

'24Sb between the soluble and particulate phases when compared to

the control. These radionuclides would appear to be conservative.

In contrast, 6Zn was markedly more soluble in the mixed

system (54%) than in the control (17%). It would appear that about 45%

of the 6Zn associated with the particulate phase was transferred to

solution. This conclusion is clouded by the lack of a constant total of

6Zn activity among the systems. The lower total 6Zn activity of

the control could be due Lo sorption of soluble 6Zn on the polyethylene

container surface, 'thus biasing the result to indicate an apparent

udesorptiont from particles.

Seawater Leaching of Susp,ded Matter

Seawater leaching of Columbia River suspended matter separated

from river water allows a more sensitive determination of the per-

centage desorption of the radionuclides. Suspended matter collected

on filters as before was placed n one-liter polyethylene containers to

which 0. 5 liter of filtered seawater was added. The seawater was

filtered from individual sa-iple couitainei after progressively longer

contact times. The solutions were evaporated to dryness, and the sea
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Table 3. Radionuclide distribution in Columbia River water mixed
with filtered seawater July 30, i970. All values as pci/i

± 1 o counting error. Parentheses indicate percentage of
dissolved plus particulate.

Treatment Diss olved Particulate Total

Zinc -65

Filtered river water 0. 30 ± 0. 08 lost -

and seawater 0. 43 o. 07 0. 66 ± 0. 5 1. 09 ± 0. 09
(40%) (60%)

Unfiltered river water 0.48 ± 0. 14 0.53 ± 0.04 1.01 ± 0. 15
and seawater (48%) (52%)

0.85 ± 0.09 0. 56 ± 0.06 1.41 ± 0, 11
(60%) (40%)

Control: unrnLxed 0. 14 ± 0. 10 0. 46 ± 0. 07 0. 60 ± 0. 12
river water (23%) (77%)

0. 08 0.05 0. 73 ± 0.05 0.81 ± 0.07
(10%) (90%)

Chromium-5 1
Filtered river water 26. 1 1. 0 lost -

and seawater 26. 3 ± 0. 9 2. 2 ± 0. 1 28. 5 ± 0. 9
(93%) (7%)

Unfiltered river water 26. 7 ± 1. 4 2. 6 ± 0. 1 29. 3 ± 1. 4
and seawater (91%) (9%)

31.0±1.1 2.5±0.2 33.5±1.1
(92%) (8%)

Control: unmixed 25. 1 ± 1. 3 1.4 ± 0. 2 26.5 ± 1. 3
river water (95%) (5%)

26. 5 ± 0. 7 1. 8 ± 0. 2 28. 3 ± 0. 8
(94%) (6%)

(Continued on next page)
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Table 3. (Continued)

Treatment Dissolved Pa rticul.ate Total

Scandium -46

Filtered river water 0. 14 ± 0. 06 lost -

and seawater 0. 15 ± 0. 05 0. 75 ± 0.04 0. 90 ± 0.06
(17%) (83%)

Unfiltered river water 0. 17 ± 0. 07 0. 90 ± 0. 03 1. 07 ± 0. 08
and seawater (15%) (85%)

0. 17 0.04 0. 78 ± 0.04 0. 95 ± 0. 06
(18%) (82%)

Control: unmixed 0.20 0.07 0.81 ± 0.05 1.01 0.09
river water (20%) (80%)

0. 25 ± 0. 04 0. 97 ± 0. 04 1. 22 ± 0. 06
(20%) (80%)

Antimony- 124

Filtered river water 0. 35 ± 0. 05 lost -

and seawater 0. 36 ± 0. 04 0. 0 ± 0. 02 0. 41 ± 0. 05
(88%) (12%)

Unfiltered river water 0.21 ± 0.05 0.01 ± 0.01 0.22 ± 0.05
and seawater (95%) (5%)

0. 17 0. 03 0. 03 ± 0. 02 0. 20 ± 0.05
(85%) (15%)

Control: unmixed 0. 31 ± 0. 06 0. 00 ± 0.02 0. 31 0.07
river water (100%) (0%)

0. 34 ± 0. 03 0. 00 0. 02 0. 34 1 o 04
(100%) (0%)
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salts packed in counting tubes for analysis. The leached suspended

matter and accompanying filters were digested and analyzed as before.

Table 4 shows the percentage of the total activity of individual radio-

nuclides found in the seawater fraction for samples collected July 30,

1970, and a single sample collected January 6, 1970. Included are

uncertainty estimates calculated from the one standard error count-

ing errors.
65 54 51 46

Again Zn and Mn contrast with Cr and Sc. No signifi-

cant desorption of the latter two takes place. A higher percentage of

54Mn than 6Zri was desorbed. It is of interest that very little 6Zn

was desorbed within four hours contact time, suggesting that ion

exchange, which is rapid, is not the cause of 6Zn desorption. An

odor of decay in the-one- and three-week samples suggests the pos-

sible role of microbial degradation.

Seawater Leaching of Bottom Sedirients

The observed desorption of 6Zn from suspended sediments

stands in contrast to the results of Johnson etal. (1967), who found
65 .little desorption of Zn from bottom sediments in the Columbia

River. One possible explanation for these differences might be that

the one-hour seawater contact time used was too short.

To determine if longer cor tact times might result in increased

65desorption of Zn from bottom sediments, samples of bottom
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Table 4. Percentage of Columbia River radionuclides 1.eached from
suspended matter by seawater contact.

% of Total activity inSeawater seawater fractioncontact
65 54 51 46time Zn Mn Cr Sc

July 30,
1970

January 6,
1970

lhr 3±4 5±9 0±3 2±2
4hr 5±4 18±7 0±2 7±2

lZhr 16±3 18±5 0±6 0±4
lwk 41±3 64±5 0±5 2±2
lwk 30±3 55±5 0±7 3±2
lwk 36±4 50±6 0±6 3±2

3wks 14±3 29±13 1±2 1±2
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sediments (silty-sand) were collected from behind McNary Dam and

transferred to Yaquina Eay. About 5 kg of sediment were placed in a

plastic basin to a depth of about 8 cm, covered with a plastic screen

to exclude larger organisms, and suspended in the water column from

the OSU Marine Science Center dock. Sediment was also sealed in

25-cm lengths of dialysis tubing and submerged along with the sedi-

ments in the plastic basin, Samples were recovered at intervals over

an 11-week period, dried, weighed, packed into counting tubes, and

radioanalyzed. Salinity of the bay water was determined from surface

samples collected on days 12 and 26; it was 33. 7°/oo and 31. 5%o

res pectively.

Table 5 shows the results of these analyses, corrected for decay

to the date of submersion. 6Zn and all other radionuclides except

54Mn remained essentially unchanged in concentration. About half

of the 54Mn was lost by the eleventh week, confirming the results of

Johnson etal, (1967). It appears that the reaction with seawater

differs for suspended sediment and bottom sediment, at least for 6Zn.



Table 5. Radionuclide concentrations in Columbia River bottom sedi-
ments transferred to the seawater environment of Yaquina
Bay. Concentrations are in units of pCi/g icr counting
errors.

Seawater contact
60 65 54 46time Co Zn Mn Sc

(days)

o 7.1±1.3 69.7±11.9 4.4±2.1 294±37
o 6. 6 ± 1. 2 71. 5 ± 11. 1 4. 0 ± 1. 9 16. 0 ± 4 3
0 6. 8 ± 1. 3 84. 4 ± 12. 9 4. 3 ± 2. 2 33.8 ± 3. 7

o 7. 0 ± 1. 2 70. 1 ± 11. 4 4. 5 ± 2. 0 22.2 ± 3. 0

5 7. 0 ± 1. 5 69. 9 ± ii. 6 4. 4 ± 2. 0 20. 4 ± 3. 2

5* 6. 5 ± 1.2 75. 1 ± 11.4 4. 3 ± 2.0 21.2 ± 2.8
12 6. 8 ± 1. 1 74. 1 ± 10. 6 3.4 ± 1. 7 21.0 ± 3. 1

12* 6. 5 ± 1. 1 75. 3 ± 11. 1 2, 5 ± 1. 7 20. 7 ± 3.2
26 6. 3 ± 1. 2 63. 6 ± 12. 0 2. 4 ± j 9 27. 0 ± 6. 0

26* 6. 9 ± 1. 2 75. 1 ± 11. 7 2. 8 ± 1. 9 27. 0 ± 6. 0

26* 6. 7 ± 1. 3 70.4 ± 12. 1 2. 6 ± 1. 9 21. 9 ± 6. 5

50 6. 3 ± 1. 1 66. 3 ± 10. 4 3. 2 ± 1. 7 19. 5 4. U

50* 6. 7 ± 1. 2 69. 2 ± 11. 1 2. 2 ± 1. 7 16. 6 ± 3.8
50* 6. 2 ± 1. 1 70. 6 ± 10. 3 2. 1 ± 1. 6 19. 5 ± 3 9

77* 6.4 ± 1.2 74. 7 ± 11 5 1. 9 ± 1.7 17. 9 ± 4. 9

*
Samples in dialysis tubing



DISCUSSION

Summary

65 54
1. The radionuclides Zn and Mn in the Columbia River are

partially desorbed from suspended particulate matter during

estuarine mixing. The calculated estimates of percentage

suspended 54Mn and 6Zn desorbed varied over a wide range.

This is probably the result of analytical uncertainties, the

experimental procedures used, and temporal variations in the

chemical and biological character of seawater and Columbia
65River water. The percentage desorpton of Zn is in the range

5 ?1

15% to 45% while that of Mn is higher, 30% to 60%.

51 46 124
2. There was no evidence of desorption of Cr, Sc, and Sb.

3. None of the above radionuclides showed any evidence of removal

from solution as the result of flocculation, precipitation, or

absorption consequent on mixing with seawater within the

estuary.

4. Desorption of 6Zn from suspended particles by seawater is

greater than desorption of 6Zn from riverbed sediments.

Conclusions

The specific mechanism causing changes in the soluble /

suspended partitioning of 6Zn and 54Mri was not characterized in this
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study. However, the differing behavior of the radionuclides studied

may be related to their ionic states in solution in the Columbia River.

65 ,54Nelson et al. (1966) reported that Zn aria Mn exist largely as

cations (83% and 48% respectively) in samples nearest the estuary.
51 46 124

Anionic forms predominate for Cr (99%) and Sc (79%) while Sb

was reported to exist mostly as an uncharged species (84%). The

cation exchange capacity of soils and clay minerals is generally much

greater than their anion exchange capacity (Wikiander, 1964). Therefore

cationic 65Zn and 54Mn would be expected to participate more readily

in exchange reactions with the ions in seawater.

Originally it was hoped that the deviations from linearity of

. . 65 54mixing cf dssoIved Zn and Mn (a can be seen in Figure 6, for

example) would be some simple function of the concentration of the

major ions (e. g. Mg) in the estuary as measured by salinity.

Furthermore, it was hoped this function would have a simple explana-

tion in terms of chemical equilibria (e. g. , 6Zn- -Suspended matter

++ 65 ++
+ Mg = Mg--Suspended matter + Zn ). It is possible to grossly

fit many such calculated curves through the data points, but the linkage

between a largely fortuitous fit arid a demonstration of the actual

reaction mechanism is cenuous.

Until the mechanism by which 6Zn is desorbed from suspended

particulate matter is determined, it i not possible to say why bottom

sediments and suspended particulate matter differ in their
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desorbability of 6Zn. Three speculations might be tentatively offered.

First, there is a mean particle size difference between the two sorp-

tion substrates. The larger surface area to volume ratio of the

smaller sized suspended particles would favor the relative importance

of surface exchange reactions with seawater. Second, there might be

significant compositional differences between the two substrates

(e. g., a greater proportion of clay minerals or a seasonally high con-

centration of phytoplankton and suspended algae in suspended matter

in the Columbia River). Last, it has been suggested by Johnson

(personal communication) that the difference might be due to what he

terms an aging effect. He has found that laboratory radioactive

tracers of 6Zn and other radionuclides sorbed onto clay minerals and

Columbia River sediments for short time periods (less than one day

or so) were more easily desorbed by seawater than if longer sorption

uptake were allowed, perhaps because of slow diffusion into strongly

bonded, internal lattice positions. On average, bottom sediments

represent substrate particles which have been in contact with dis-

solved radionuclides in the Columbia River for longer periods of

time than suspended particles which have transient residence in the

river in flowing from Hanford to the estuary. Bottom sediments

6would therefore represent a substrate in which much of the Zn

initially sorbed on the surface has penetrated into deeper sites

inaccessible to reactiou with seawater.
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Imp ii c a tio us

65 54The desorptiori of Zn and Mn from suspended particulate

matter in the Columbia River estuary mcans that more of these radio-

nuclides will enter the Pacific Ocean in solution than would otherwise

be predicted. This has obvious effects on the availability of these

radioriuclides to estuarine and marine biota, as mentioned in the

Introduction. It is conceivable that radicnuclides or the isotopic

heavy metal pollutants carried largely on suspended particulate matter

in a river could be appreciably desorbed upon reaching ita estuary and

attain harmful or lethal concentrations in solution; safe levels existing

if desorption had not taken place.

As an example of the implications desorption has to physical.

transport of radionuclides, one can go to a recent paper by Cutshall

etl. (1971). They sought to make a balanced accounting of 6DZn in

the Continental Shelf sediments off the Oregon and Washington coasts

using suspended particulate 65Zn concentrations in the Columbia
65

River to estimate input flux. If as concluded in this thesis, Zn is

partially desorbed from suspended particulate matter in the marine

environment, then the calculated rates of sediment transport and

deposition reported in their paper have been overestimated.

These studies lend support to the argument of Kharkar et al..

(1968) that the flux of many trace elements in solutitn to the ocean,
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estimated trom the concentratLons dissolved in river waters, is low

because of the added contribution to solution by desorption from sus-

pended particulate matter in the rivers upon reaching the marine

environment. This has ramifications in any efforts to obtain trace

element mass balances, calculate their oceanic residence times, and

understand the dynamics of oceanic trace element cycles. This is but

one example of the need to give greater consideration to estuarine and

nearshore processes in the addition and removal of trace elements in

the marine environment.

Future Work

The first need is for confirmation of the reoorted desorptiori of

65 54
Zn and Mn from suspended particulate matter in the Columbia

River. Unfortunately, with final shutdown of the Hanford reactors, a

source of freshly labelled suspended matter is no Longer available.

However, seawater leaching of filter collected Columbia River sus-

pended matter might now add information on the cause of the differ-

ence in desorbability of OSZn from suspended particulate matter and

bottom sediments. Because radionuclide concentrations in solution

in the Columbia River are now negligible, the occurrence of these

radionuclides with suspended particulat.e matter must result from the

resuspension of o.d bottom sediments rather than recent adsorption

65
from solution. If appreciable Zn can again be leached from
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suspended particulate matter by seawater, the aging effect hypothesis

mentioned earlier to explain the difference between bottom sedirnent

and suspended particulate matter can he rejected.

It remains possible tc confirm or reject the observed desorption

f and 54Mn indirectly by repeating the experimental approach

of this thesis, measuring stable zinc and manganese rather than the

radioactive isotopes, although the advantages of a uniquely labelled

system are lost. In fact, this experimental approach could easily be

applied to other rivers, which is certainly preferable to extrapolating

results obtained from the Columbia River to rivers of potentially

different physical, chemical, and biological characters. Considering

the importance of trace metals a both. pcllutants and eential

nutrients, study of individual rivers would be justified. Such Large

rivers as the Columbia, Mississippi, Amazon, and Congo deserve to

be studied for their own sake, but their size and complexity make sizch

studies logistically prohibitive. Smaller and imp1er rivers might

make better study sites for determining hasc processes of sorption-

desorption. Perhaps an experimental program similar to that

described in this thesis, correlated with the measurable difforence

in the properties of various smaller rivers, coid indirectly elucidate

the critical factors and mechanisms controlling trace metal desorp-

tion in esuarine environments.
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APP1NDIX I

Concentr.tions of dissolved and particulate radionuclides In the Columhi3. River estuary, July 30, 1970. Duplicate dissolved samples and single
paticuiate samples.

65 51 46 124Sample Salinity Zn Cr Sc Sb
number ( be) (pCi/i) (pCi/I) (pCi/i) (pCi/i)

dissolved particulate dissolved particulate dissolved particulate dissolved particuiate*

J1 24.44 0.13 0.08 13.3 0.5 0.08 0,10 0.16
0.09 12.3 0.15 0.10

32 24. 52 0. 12 0.07 10.4 0. 3 0.07 0. 10 0. 14
0.09 9.0 0.00 0.09

3. 12.80 0.1 0.25 224 1.9 0.11 0.33 0.39
0,22 22.5 0.25 0. 32

34 10.57 0.31 0.24 21.8 1,7 0.15 0.30 0.34
0.32 26.4 0.2k 0.36

J5 5.82 0,35 0.42 31.3 2.4 0.21 0.40 0.45
0.33 29.4 0.27 0.36

J6 4.98 0.39 0.35 30.2 2.6 0.26 0.41 0.45

37 2. 75 0.32 0.32 28.6 2.4 0.23 0.32 0. 52
0.30 27.2 0.24 0.48

38 1. 12 0.25 0.46 29.9 2.2 0.33 0.51 0.46
0.30 29.7 0.30 0.48

Al) samples less than 0.04 pCi/I.



APPENDIX XI

Concentrations of dissolved and particulate radionuclides at Point Adams Coast Guard Station, May 2 1-22, 1966. Note as counts/mini
liLer. Snrnples collected and analyzed by Peter J. Hanson.

65 51 54 124Sample Salinity Zn Cr Mn Sb
number (°/oc) pCi/1) (pCi/I) rnJJ)_______dissojjaicu1ate dissolvcu1ate dissolved particulate dissolved particulate
PA 15-i 0.52 2.65 14.2 641 121 0.30 1.01 3.93

15-4 0. 54 2.46 11.8 626 98 0. 16 0, 58 3.76
15-2 0.56 3.01 12.5 671 101 0.36 0.51 4.09
15-3 0,58 2.33 13.1 637 113 0.15 0.81 3.75
15-5 0,58 .27 10.8 630 84 0.21 0.65 3.37
5-5 1.60 2,10 19.9 698 163 0,02. 1.05 4.26
5-4 1.61 4.73 21.0 714 172 0.06 0.90 4.23
7-5 1.63 1.70 5.6 626 61 0.21 (1,19 3.78
5-3 1,65 3.32 21.2 687 164 0, 12 0. 79 3.55
5-1 1.69 3.35 31.6 749 240 0.58 0.95 4.22
5-2 1.71. 2.82 27.8 696 221 0.12 1.31) 4.56

13-S 2.07 3.92 16.9 539 153 0.28 0.27 2.23
13-4 2,23 3.26 20.2 597 196 0.31 1.13 3,32
13-3 2.26 3.21 23.7 616 ' 214 0.11 1.49 3.32
13-1 2.28 3. 0 28.5 543 252 0.35 1.43 5.08
13-2 2.30 3.48 27,0 540 2 ti 0.01 1.01 4.21
11-5 2.63 3,74 19.3 652 156 0.29 LII 3.35
7-4 2.84 3.44 7.9 676 51 0.20 0.42 3.56

11-4 3.21 4.05 13.9 670 116 0.02 0.58 3.98
9-6 3.60 4,48 11.2 633 116 0.35 0.40 4.01
3-5 3.66 3.01 8.4 554 93 0.60 0.29 4,20
3-4 3.69 3.17 9.2 5m5 99 0.49 0.15 3.53

11-3 3,74 4,30 9,5 652 86 0,31 0.69 4.14
11-2 3.84 3.68 9,3 629 4 0.06 0.56 3.67
11-1 3.87 4.95 8.6 614 85 0,16 0.30 3.82

Ui(Continued on next page)



APPENDIX H (Continued)

Sample Salinity 6Zn 1Cr 5Mn 124Sb
number (°,/oo) ji/l) _JDCJLj_,...... (pCiLi) (cpm/l)

dissolved particulate dissolved particulate dissolved rticulate dissolved particulate
PA ?-3 4.12 3.81 11.7 604 113 0.17 0.34 2.86

3-3 4.35 3.69 11.1 578 107 0.41 0.44 3.85
17-6 4.40 2.71 7.3 482 83 0.76 0.26 3.69
3-2 4.58 5.29 41.6 554 136 0.68 1.18 3.60
7-2 4.78 2.97 13.3 477 129 0.62 0.27 3. 51

17-5 6.15 3.46 8.6 477 91 0.71 0.45 3,50
17-4 8. 16 3.60 9,3 406 95 0. 76 0.44 3.22
7-1 8.64 4.17 13.1 513 0.21 0.39 3.33

17-3 11.09 3.27 10.8 346 105 0.67 0.40 2.80
9-5 12.02 3.76 6.0 451 63 0.44 0.18 2.67
9-4 14.26 3.07 6.2 393 69 0.50 0.00 2.46

17-2 14.49 2.13 21.1 299 181 0.62 0.86 1.93
9-3 20. 80 3.06 14.0 264 120 0.43 1.00 2. 30
3-1 21.16 4.66 27.2 204 231 0.48 0.79 1.55
9-2 22. 22 6.35 18. 8 228 167 0.41 0.41 1.21
9-1 22.58 3.51 23.6 205 199 0.57 0.52 1.43

17-1 23.66 3.27 39.2 203 292 0.49 1.85 2.22

Ui
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APPENDIX Ill

Mixing and dilution models have long been used by oceanographers

to predict the magnitude of such conservative properties of seawater

as temperature and salinity in water masses of multiple water types

(Sverdrup, Fieming and Johnson, 1942). Alternatively, measurement

of several conservative properties in a water sample has allowed

determination of the relative contribution of known water types to that

water mass.

For non-conservative properties of seawater, such as the

dissolved oxygen concentration, deviations from predictions ba3ed on

the mixing of conservative properties have been used to measure pro-

duction or consumption of that prcperty (e. g. , Pytkowicz, 1971).

Mixing models are particularly useful in estuaries where mea-

surements of salinity define the degree of mixing of ocean water and

fresh river water. The most extensive use of dilution models in

estuaries has been made in studies of the fate of dissolved silica

entering from rivers. Beginning with Bien etal. (1958), numerous

investigators have interpreted the non-linearity of mixing of dissolved

silica as the biotic or abiotic removal of silica from solution.

Stefansson and Richards l963) have appided dilution models to studying

the fate of the essential nutrients, nitrogen and phosphorus, in estuarine

and nearshore regions. Recently Warner (1972) has shown that linear
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mixing explains the concentration distribution of fluorine in the

estuarine environment of Chesapeake Bay. But as far as I am aware,

this approach has not been brought to bear on the fate of trace metals

or radionuclides in estuaries.

The mathematics of estuarine mixing (or dilution) models is

simple and straightforward. Consider two water masses mixing in an

estuary and indicated by the subscripts o (for ocean) and r (for river).

Each water mass contains a conservative property of concentrations

S and Sr respectively and a non-conservative property of coricentra-

tioris C and Cr respectively. A water sample from the estuary will

contain a fraction, f, ocean water and a £raction, 1 - 1, river water.

The concentration of the conservative property will be given by:

S = IS * (1
0

If we let S represent salinity, then

S = 0 (or very nearly so),r

and therefore,

S = IS or I -p----
0 S

0

Similarly for the non-conservative property C (which might be

the dissolved concentration of 65Zn), we have:

C = IC + (1 - f)C +
0 r

where C represents the concentration of C added from other sources

(if C is a negative quantity, it represents a loss from the system).
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This equation can be rewritten substituting for 1, in effect using the

measured salinity, S, to calculate the fractions of ocean water and

fresh water. Thus,

C -p- c + (1 - --)C + C C + C + -p-- (C CS o S r S o r
0 0 0

If C equals 0 (i. e., C is a conservati.ve property), then C will be a

linear function of S. In such a case, a plot of C vs S will have a Y

intercept of C and an X intercept of [(C C )/(C )j S If, as is ther r 0 r o
65case for Zn and the other radionuclides discussed in this thesis,

C (the concentration in ocean water) is zero, then the X interceot is

S (the salinity of the undiluted ocean water).

If C is not zero, C wi].l be a linear function of S only if C is

also a linear function of S; but even in this unlikely circumstance, the

X and Y intercepts would not be the same as those predic.ed by the

dilution model of a conservative property. Thus, if C were to be

added in proportion to salinity, the X or salinity intercept would be

greater than S (the salinity of the mixing seawater), and if C were

to he removed in proportion to the salinity, the X intercept would be

less than S. If C is not proportional to 5, the X intercept of the

linear least squares line fitted through a plot of C vs S can also he

compared to S0 to determine if C is positive or negative (i. e. , if C

has been added or removed by other sources).

The important point is that one can mathematically predict the
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concentration of a conservative propertj in the estuary knowing only

the measured salinity, the saliity of the mixing ocean water, and the

concentrations of the property in the river water and in the ocean

water. By actually measuring the concutrations of the property in

the estuary and calculating the difference of these values from those

predicted if it behaved conservatively, one derives values cf C

which can then be treated as a new variable tha.t may in turn be a

function of salinity or of ocher measured variables as temperature

or pH.

The applicability of linear mixing models to estuaries requires

fulfillment of several necessary conditions that may not be strictly

met.

1. Constant concentration of the property of interest in the

river.

2. Constant concentration of the property in the ocean water

mixing in the estuary.

3. Constant salinity of the mixing ocean water.

4. No sources of freshwater to the estuary other than the

river which carries the property.

5. If the property is the concentration of a radioactive sub-

stance, there should he negligible radioactive decay of it

between the time it enters the estuary and the time of

sampling. Otherwise radioactive decay can be considered a

source i the C term.
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These conditions are only partially met with respect to the

radioriuclides in the Columbia River. The requirement of constant

concentration of radionuclides in the river is the most seriously

violated. Perkins etal. (1966) have reported that concentrations of

Columbia River radionuclides at Vancouver, Washington, may vary by

as much as a factor of two between weekly sampling periods. Further

downstream longitudinal mixing and dispersion may somewhat dampen

this variability before the estuary is reached, but it seems likely that

radionuclide concentrations in Columbia River water entering the

estuary may vary by as much as 20% to 50% during the two- to five

day mixing (residence) time of Columbia River water in the estuary

reported by Neal (1965).

While fallout contributes some radioactive Zri, 54Mn, etc. to

ocean water, the concentrations compared to those in the Columbia

River are negligibly small.

The Columbia River is the second largest river in North

America and the largest in the Pacific Northwest. All other sources

of freshwater are locally ins ig.iflcant.

The s3linity of the ocean water mixing in the estuary seems to

lie in the ran.ge 32. 60/00 to 33. 4°/oo, as mentioned in the text. The

uncertainty this contributec to the calculation of LC is sina).l until the

salinity of water samples approaches 300/00 or greater.

Finally, radioactive decay causes iit1e 10s3 in radionuclide
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concentrations in the estuary. During a cyoieal three-day residence

time of Columbia River water in the estuary, the following losses to

radioactive decay would take place: 6Zn (0. 9%), 51Cr (7. 7%),

54 124 46
Mn (0 7%), Sb (4 5%), and Sc (2. 4.%).




