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An investigation has been made of several physical parameters

of the effluent plume of the Columbia River as it enters the Pacific

Ocean. Radioactive material in trace amounts enters the Columbia

River from the Hanford nuclear reactors at Richland, Washington.

One of these nuclides, chromium -51, has been used to determine

the distribution pattern of the plume at sea, the surface velocity of

the ocean currents transporting the plume and the lateral eddy dif-

fusion coefficient of the plume as it diffuses into the surrounding

oceanic water. This was achieved by concentrating the 51Cr from

the water with a large volume chemistry system and analyzing it

aboard a ship. In this system, the 51 Cr in a 580 liter sample of

sea water is coprecipitated with ferric hydroxide and analyzed with

a sensitive gamma-ray spectrometer. The immediate availability



of data permits adjustment of the ship's course to better follow the

plume.

Results, based on chromium -51 activity, of three plume

cruises in different seasons indicated the following: In the summer,

the tip of the Columbia River plume extended southward from the

river mouth some 380 km and was 240 km offshore. The southward

velocity of the surface current which transported the plume was

12-13 cm/ sec. The lateral eddy diffusion coefficient of the plume

was (3)107 to (8)107 cm2/ sec. In the winter, the plume extended

to the Straits of Juan de Fuca and was generally confined to within

20 km of the Washington coast. The longshore surface velocity of

the current transporting the plume averaged 11 cm/ sec northward.

The lateral eddy diffusion coefficient for this distribution was

(2)106 cm2/ sec, perhaps reflecting the effects of coastal confine-

ment.
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DISPERSION OF THE COLUMBIA RIVER PLUME
BASED ON RADIOACTIVITY MEASUREMENTS

INTRODUCTION

Purpose

The primary aim of this dissertation was to present some

measurements of the dispersion processes in the plume of the

Columbia River. Such measurements were not easily made with

existing techniques. The secondary aim, therefore, was to introduce

a sensitive shipboard system capable of trace analysis of radio-

nuclides at sea. This system was used to determine the activity

concentration of chromium -51 which is unique to the Columbia River

effluent in the Northeast Pacific ocean. With these data, the primary

aim was then facilitated.

Columbia River

The Columbia River is the largest river on the western sea-

board of the United States. From its headwaters to its mouth the

total length is approximately 1210 statute miles (Hickson and Rodolf,

1951). The river and its tributaries drain an area of 259,000 square

miles, part of which extends into Canada (Lockett, 1963).

The mass transport of the Columbia River varies with season,

Maximum discharge occurs during the months of May to July due to
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snowpack melting at the headwaters. The average flow in this period

is about 660, 000 cubic feet per second. Minimum discharge, aver-

aging about 70, 000 cfs, occurs between August and April (Hickson

and Rodolf, 1951). These seasonal flows are completely out of phase

with the maximum and minimum flow variations of neighboring

coastal streams. This is due principally to the climatic difference

in precipitation east and west of the Cascade Mountains. West of the

mountains, a maritime climate exists. The mountain barrier blocks

this from extending into the Columbia Plateau, thus producing a near-

ly desert climate eastward.

In general, the precipitation over the entire region is seasonal

with highest values in the winter and least in summer. The natural

barriers of the Coast Range and the Cascade Range accentuate the

amount of precipitation westward of their flanks so that the amount of

precipitation is gradually attenuated from west to east. The tempera-

ture range west of the Cascade Range is moderated by the constancy

of the incoming marine air mass so that mild winters are experienced.

Most of the precipitation there is in the form of rain.

East of the Cascade Mountains, the increase in elevation allows

winter freezing levels to remain at ground level so that precipitation

here is mainly in the form of snow. It is quite apparent, then, that

this storage will enhance the Columbia River flow in the summer and

decrease it in winter. Quick runoff of rain west of the Cascade Range



creates the completely opposite variations in coastal streams. There

is a winter peak flow of the Columbia River that is a function of

coastal precipitation (Duxbury, 1965), while the summer peak flow is

uniform due to snow melt. Wintertime week-to-week changes can

exceed the mean value by 100%6, at the whim of the weather, some-

times enough to displace the average curve.

Interesting enough is the observation that month to month

changes in concentration of dissolved solids, mainly bicarbonates and

calcium, are out of phase with the river stage. High concentrations

occur when the discharge is low and vice versa. Yet ratios of indi-

vidual dissolved salts are constant throughout the year (Washington

State Pollution Control Commission, 1961).

Columbia River Estuary

The Columbia River Estuary at Astoria, Oregon, is .considered

to be a positive coastal plain estuary, a term reserved for a drowned

river valley (Pritchard, 1952). Neal (1965) indicates that further

classification according to Pritchard's (1955) subdivisions (i. e. ,

type A, B, C, or D coastal plain estuary) is not so simple. Near the

mouth of the estuary, the B classification (partially mixed) applies

but during low river and maximum salinity, type D (well mixed)

applies. At the mouth, typical surface salinities at low river flow

have minimum values of 5. 8 parts per thousand and maximum values

3
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of 30. 5 ppt. During high river flow these two values are 1. 3 ppt and

18.7 ppt respectively. Haertel (1965) indicates that these values may

be generally typical.

Tidal excursions at the mouth of the estuary have a mean range

of 6. 5 feet and the tide itself is the typical mixed semi-diurnal tide

of the Northeast Pacific Ocean (Neal, 1965). Normally, this high

tidal range would provide sufficient energy for mixing the fresh and

salt water of the estuary. High river flow tends to reduce this mix-

ing and establishes a nearly two-layered type B system.

Due to the channel depth and width, the salinity intrusion

ranges from 20 to 15 nautical miles upstream from the mouth depend-

ing on whether type B or type D conditions exist. The river flow

normally limits the maximum intrusion to 13 nautical miles (Burt

and McAlister, 1959).

Columbia River Radioactivity

Since 1944, the Columbia River below Richland, Washington,. has

been made unique with respect to all other west coast rivers of North

America. At that time, the first Hanford nuclear reactors near

Richland, Washington, were placed in operation... Since then, as

many. as eight reactors have been in operation, at a time. Water

from the Columbia River is used in a primary cooling system on the

older reactors. The intense neutron flux. in the reactors activates



certain trace elements in the coolant water along with the chromium

in a compound used to clean the cooling system. The neutron

activated coolant is then piped back to the river. The result is that

the river water has now been tagged With ,a number of artificial

radionuclide s .

While other rivers and the nearby ocean may contain some

traces of artificial radioactivity due to atomic fallout, many of the

artificial nuclides in the coolant waters can only be formed in this

neutron flux. Thus they serve to distinguish the Columbia River

water from any other nearby water mass. It has been estimated that

some 25, 000 curies per month enter, the. river at Hanford (Environ-

mental Studies and Evaluation Group, 1961 and 1964). In 1965,

phasing out of three of the eight reactors occurred so this figure

must now be reduced.

While many radionuclides have been identified in the reactor

effluent, only those with long half-lives are of interest since any

fluid particle requires about two weeks to travel the 350 miles

(650 km) distance between Hanford and the mouth of the river at

Astoria. Even with decay, it is estimated that approximately 900

curies per day reach the Pacific Ocean. Due to the large amounts

of water involved, these levels of radioactivity present no health

hazard (Osterberg, Cutshall and Cronin, 1965).

5
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Tracer Usage in the Columbia River

Considerable efforts have been made to determine the fate of

the various radioactive tags and to examine their influence in the

river, the estuary and the nearby ocean. The physical and chemical

forms of the nuclides in the Columbia River are poorly known. Al-

though more than 100 radionuclides occur in the reactor effluent,

only 11 have been detected at the mouth of the Columbia River

(Perkins, Nelson and Haushild, 1966). Of these, two gamma emit-

ters are clearly dominant. These are the neutron activation products

chromium -51 with a half-life of 28 days and zinc -65 with a half-life

of 245 days. Foster and Junkins (1960) estimate that on the average

1200 curies per day of 51Cr and 70 curies per day of 65Zn are intro-

duced into the river from the reactors.

The Environmental and Evaluation Group (1963) at Hanford

cairns that 15% of the initial amount of 51 Cr is lost in the first 50

kilometers past the reactors and that 30% is lost 350 kilometers past

the reactors. A more recent comparison (Environmental Studies and

Evaluation Group, 1966, p. 5) between average annual concentrations

from Richland to Bonneville Dam 490 km downstream is: 7000 to

1700 pc/ liter for 51Cr and 180 to 70 pc/ liter for 65Zn. It is fairly

apparent that loss mechanisms other than radioactive decay -ac(count

for depletion' of the nuclide tags.
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'Neglecting radioactive decay, the fate of any particular nuclide

in the Columbia River depends critically upon how it partitions.

That is, whether or not the nuclide remains in the water, is removed

by biota or is associated with the sediment. In a river, the swift

current may hold the particulate forms in suspension. Active mixing

and the large ratio of river bed area to water volume make the affin-

ity of the sediment surface for dissolved material important. Binding

mechanisms are not well understood, but surface sediment layers

are known to be more radioactive than the surrounding water in the

Columbia River. Retention studies by Nelson and Cutshall (1965)

indicate that sediment particles may, take a part in the reduction of

Cr (VI) from the reactors to Cr (III). Nelson (1965) found, however,

that most of the 51Cr in the river remains in solution as the anion

CrO4 . More will be said of the chemistry of chromium later.

Nelson, Perkins and Nielson (1964) reported that zinc -65

enters the Columbia River in cationic form from the reactor effluent

and is rapidly taken up by suspended material. Nelson and Cutshall

(1965) found that 80% of the 65Zn associated with bottom sediment

from the Columbia River appeared in the organic fraction. Foster

and Davis (1955) found that freshwater diatoms may reach equilibrium

with 65Zn reactor effluent in an hour, thus removal occurs swiftly.

Zinc -65 is one of several nuclides in the reactor effluent that is also

associated with nuclear testing (Lowman,. 1960), although it is not a



fission product. Clearly, then, its use as a tracer of river water

should be confined to time periods free of nuclear detonations to

prevent confusing the measurements with fallout 65Zn.

Besides being the principal gamma emitters in the water at the

mouth of the river, 51 Cr and 65Zn also dominate the sediments of

the estuary (Seymour and Lewis, 1964). Nelson et al. (1964) also

reported very low concentrations of cobalt -60 (T1 / 2 = 5. 3 years)

and manganese -54 (T1 / 2 = 291 days) in the river sediment while

Seymour and Lewis (1964) found them in the estuary. Perkins, et al.

(1966) showed that 400 km downstream from the reactors, 88% of the

54Mn and 91% of the 60Co were retained on 0.3 micron membrane

filters. This compares to 76% of the 65Zn and only 7. 6% of the 51 Cr

membrane retention at the same spot. Nielsen (1963) found this

same relative comparison just below the reactors; Seymour and

Lewis (1964) found the same situation in the estuary. The point to be

made here is that 51 Cr would seem to be the preferable river water

tag for any physical analysis of the river stream. Furthermore,

60Co
and 54Mn are both present in atmospheric fallout (Perkins,

Nelson and Thomas, 1964) and it is estimated that in the river 10% to

50% of the amounts of these nuclides is attributable to this source,

depending upon nuclear testing (Gross, 1966).

8



Regional Ocean Characteristics off Oregon and Washington

Barnes and Paquette (1957) describe the area of the Pacific

Ocean into which the Columbia River discharges as characterized by

weak and poorly defined currents. In the North Pacific Ocean the

west wind drift sets eastward and diverges well offshore near
450

N

as it approaches the North American continent. The northern branch

forms a gyre in the Gulf of Alaska and the southern branch turns

southward forming the California current. This flows all year from

north to south offshore. The entire western shore of the United

States is in general a region of mixing between subarctic and equa-

torial waters.

Off the Oregon coast the water movement is significantly influ-

enced by two wincl patterns. The wind is from the south or south-

west from about October through March or April. A near-shore

northward surface current, called the Davidson Current, is present

(Burt and Wyatt, 1964). During the rest of the year, the wind comes

from the north or northwest and the surface water flows southward.

Coastal upwelling frequently, occurs at this time (Smith, 1964), and

near the coast the surface water flows southwest while the subsurface

.,water is transported shoreward.

In the Northeast Pacific Ocean, precipitation on the sea surface

and adjacent land masses exceeds the evaporation so the area is a

9
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region of net dilution. Runoff from land in the region from northern

California to Alaska contributes a line source of freshwater with the

Columbia River the largest contributer. The surface exchange of

water in the region of the Columbia River effluent is thought to differ

little from exchange over ambient ocean water and may be neglected

in the budget of river water at sea (Budinger, Coachman and Barnes,

1964). The oceanic region subject to greatest influence by the

Columbia River effluent is contained within 400 N to 500 N and 124
0

W

to
1320W. Budinger et al. (ibid.) consider this region to be subarctic

in character. Doe (1955), Dodimead (1958) and Fleming (1958)

characterize this subarctic region in the following manner. In the

upper kilometer, vertically, thermohaline structure is in three

layers. First layer: A surface zone to 100 meters is distinguished

by dilution due to land runoff and precipitation, with small vertical

salinity gradient. Thermal gradients are small in winter and large

in summer. Second layer: A quasi-isothermal halocline zone from

100 to 200 meters having a steep salinity gradient. Third layer: A

slowly increasing salinity gradient and a slowly decreasing thermal

gradient with depth. The existence of this rather permanent oceanic

front has been verified by Collins (1964).

The salinity at the lower bound of this halocline is very nearly

a constant 33.8 ppt throughout the year (Tully and Barber, 1960). At

the upper bound of the halocline, which varies between 76 to 150
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meters, the annual local salinity change is less than 0. 2 ppt. Typical

salinity, values around 32. 7 ppt are found in this upper bound within

the discharge region. Tully and Barber (1960) found that the annual

variation with time of the freshwater contribution is small within

this region. That a condition of dynamic equilibrium between fresh-

water input and upward transfer of salt across the halocline exists is

implied by the constant halocline. This delineates the upper bound

as the limiting depth of seasonal variations. The continental shelf

in the region is 30 to 70 km wide. One cane expect thermohaline

fluctuations over the shelf to be more pronounced since tidal and up-

welling influences are possible. Observations of surface tempera-

tures 9 to 25 km offshore showed a range from 6 to 170C with a mean

of 11. 60C, while surface salinities varied from 18.0 to 33.5 ppt with

a mean of 30.86 ppt (Patullo and Denner, 1965). Patullo and Denner

(ibid.) found, on the basis of temperature-salinity analysis, that

rainfall is the dominant surface modifying process in the winter.

During summer, mixing with Columbia River water and upwelling, in

conjunction with heating, replace rainfall as the dominant surface

modifying processes.

Considerable effort has been made to define the current pat-

terns off the Oregon-Washington coast. Measurements a r-e both

indirect and direct. Indirect measurements are predominantly

studies of geostrophic currents computed from the dynamic topography
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of the water structure. Examples of this technique can be seen in

the work of Barnes and Paquette (1957) and Dodimead, Favorite and

Hirano (1963), Surface currents with an average value of 5 cm/ sec

and maxima up to 20 cm/ sec in a southward direction during spring

and summer are indicated by this method. Maughan (1963) used the

geostrophic flow assumption to calculate velocities at a station 50

nautical miles off Newport, Oregon. Currents from the surface to

50 meters were found to be geostrophic, correlating well with drogue

measurements. A comprehensive treatment of the current regime

in this region by season has been given by Budinger et al. (1964).

Here geostrophic computations of currents are made assuming the

1000-decibar surface as the surface of no motion. They find that, in

general, the average surface currents out to 185 km offshore have a

northerly velocity of 10 to 20 cm/ sec in the winter and a southerly

velocity of 5 to 20 cm/ sec in the summer. Furthermore, currents

at 50 meters are similar in magnitude to those at the surface while

a shear at the halocline fixes the velocity at that point to less than

5 cm/ sec. It also appears that the direction of flow remains rela-

tively constant throughout the water column down to the reference

level of no motion.

The geostrophic computation requires a steady state assump-

tion. All flow must be horizontal, unaccelerated and frictionless.

The real ocean possesses a wide variation in temperature and
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salinity with time and local space, thus one can only infer rough

approximations to real currents. Internal waves, when present,

cause apparent eddies to appear in the pattern. In addition to these,

there is the problem that in water depths shallower than the refer-

ence level, extrapolation methods must be used to compute dynamic

height anomalies. All add to uncertainty in calculated velocity.

values.

Direct measurements of currents in the Columbia River dis-

charge region have been mainly by path methods. The end point

path method of drift bottles and.the areal path method of parachute

drogues have been used. In addition, simple observation of ship's

drift has always provided estimates of surface velocities. These

three methods are Lagrangian in principle. That is, one follows a

floating object and observes its spatial change in time, while

assuming that the object is behaving as a discrete water particle

might. This assumption of a non-autonomous float is hazardous at

best.

Early drift bottle experiments of Thompson and Van Cleve

(1936) showed a surface flow which was northerly in spring and

southerly in summer. The southerly flow velocity of 5 cm/ sec in

summer was noted by Dodimead and Hollister (1962) and Reid (1960).

Wyatt and Kujala (1962) summarize drift bottle data over a year

interval for this region. It must be remembered that findings of
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drift bottles yield no direct current measurement other than the

minimum velocity assuming straight line travel. On the basis of

such measurements, Burt and Wyatt (1964) concluded that the David-

son current results from local wind stress on the sea surface and

flows as far north as 500 N.

The U. S. Navy Hydrographic Office (1947) presents informa-

tion on surface currents in the Northeast Pacific Ocean determined

from ship's drift. The atlas shows monthly prevailing and resultant

surface currents as averages in one nautical mile squares. Direc-

tions are also indicated. Typical winter values are 8 cm/ sec

northerly in winter and 16 cm/ sec southerly in summer. As men-

tioned before, the non-autonomous nature of such a float qualifies

the values presented in the atlas. The ship' s drift is a combination

of surface water motion and movement caused by the wind forces on

the sail surface of the ship. Unknown errors are liable to bring

about divergent results when drift velocities are compared to other

types of observations.

Parachute drogues provide a float closely coupled with the

water. With these devices, subsurface current velocities and sur-

face velocities may be determined. In fact, drogue measurements

in 1961 (Budinger et al., 1964) in the Columbia River discharge

area indicate that a current velocity of 2 cm/ sec exists at 1000

meters. In view of this, charts of dynamic topography in this region
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are probably slightly in error. Maughan (1963) used parachute

drogues 50 nautical miles off Newport, Oregon to observe current

flow down to 1000 meters. Observations show that surface currents

flow predominantly northward from November to March and south-

ward from April to October. He also observed that a significant

portion of the flow is on-shore except during July. Subarctic struc-

ture is verified with the added observation that currents above 50

meters are geostrophic while those between 100 meters and 250

meters are non-geostrophic. Between 50 meters and 150 meters a

discontinuity level appears where a minimum velocity is measured.

Drogue depth nearest the surface was 10 meters. Current velocities

measured at this depth appeared to range from 10 cm/ sec northward

in winter to 20 cm/ sec southward in the summer. Stevenson (1966)

also used drogues to observe the current structure at this same loca-

tion. Here too, the shallowest depth observed seasonally was 10

meters. Summer surface current velocities tended to be 20 cm/ sec

southward with winter velocities 7 cm/ sec northward. The mean

longshore current throughout the water column was toward the south

at velocities of 5 to 10 cm/ sec.

Further observations by Stevenson (ibid.) point out that an

Ekman spiral kind of vertical shear is not exhibited by the flow of

upper water off the Oregon coast. Vertical shear was random in

the sense of rotation from cruise to cruise. Transport directions
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computed by Stevenson agree with others. Budinger et al. (1964)

used the Coriolis parameter and computed surface stresses to eval-

uate Ekman transport and velocity for the upper 40 meters of water

along the Oregon-Washington coast. By, integrating transports

during each cruise the magnitude and direction of the wind-induced

movement was obtained. The vector sum of the geostrophic current

and the Ekman transport current was then used to predict the trans-

lation of the Columbia River plume. Agreement with observed

plume movement was good, showing that surface layer transport is

shoreward in the winter and seaward in the summer.

Columbia River Plume

The Columbia River enters the Northeast Pacific Ocean at the

boundary between Oregon and Washington. This freshwater flow is

14% of the annual runoff from the United States (Langbein, 1948), and

is the major supply of freshwater along the Oregon-Washington

coast. In winter, the Columbia contributes 60% of the freshwater

added to the Pacific Ocean in this region while in summer, it con-

tributes as much as 95%. The river water mixes with approximately

two parts of ambient seawater in the estuary before reaching the

nearshore ocean environment (Budinger et al., 1964). Columbia

River water then enters the ocean at ebb tide in 12 hour pulses as

clouds of low salinity effluent (Neal, 1965). Further mixing takes
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place due to tide, surf, and hydraulic processes. Seasonal surface

currents and transports at the mouth of the river, measured by the

U. S. Army Corps of Engineers (1960), are shown in Table 1.

Table 1. Typical flow values at the mouth of the Columbia River.

Season Peak Volume Discharge Ebb Current Flood Current

-13 -1 -Summer sec17, 000 m 3.00 m sec 1.20 m sec

3 -1
-1 -Winter 7, 000 m sec 2.40 m sec 1.80 m sec

The mouth of the river between the two jetties is two miles wide and

the depth in the shipping channels is usually dredged to 35 feet. The

discharge never drops below approximately half of its average value

of 7300 m3 / sec.

The Columbia River plume at sea varies in position from

season to season (Duxbury, 1965 and Anderson et al. , 1962). Due to

wind stress, the plume is found offshore near Washington in the

winter and off the Oregon coast in the summer. It may be thought of

as a thin anticyclonic gyre embedded in the prevailing currents

(Osterberg, Pattulo and Pearcy, 1964). During the summer,

coastal surface waters are blown southwest offshore causing deep

water to upwell, forming a band of highly saline water between the

plume and the coast (Smith, 1964). Fronts of surface confluence and

sinking are well defined at the band and plume boundary (Gross,

Barnes and Riel, 1965). In summer, the sea is relatively calm and
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river discharge is high. The effluent remains relatively intact as a

shallow lens of water extending as far south as California, over-

riding the more dense oceanic water. The central portion of the

plume may be traced at this time by its low salinity, nutrient levels

and radioactivity.

Continuing runoff during the summer increases the freshwater

content as well as the area of the plume. Budinger et al. (1964)

found that the mixing of the salt water with the plume occurs in such

a way that radionuclides in the plume tend to remain in the surface

layer while salt mixes vertically upward into the plume. Little

freshwater is lost through the resulting halocline. Tully (1958)

attributes this phenomena to the lower coefficient of vertical eddy

viscosity near the pycnocline' than in the mixed layer. Freshwater

carried down is simply buoyed up again while salt water moves up-

ward, mixes and causes the plume to expand laterally. Dissolved

load in the effluent must be carried down by biologic transport or

by sorption on sinking particulate matter. Wyatt and Kujala (1962)

reported that in summer near the center of the plume, temperatures

near 170 C and salinities of about 30 ppt are common.

The effluent enters the ocean as a more or less jet of water.

Hydraulic currents at this point are considered to diminish by an

order of magnitude at a distance several times the width of the mouth

(Takano,. 1954). Beyond 40-50 km from the mouth the most important
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processes affecting dispersion of the plume and its dissolved load

are geostrophic currents, wind stress, diffusion and biological

transport. Within the 50 km range, lateral and vertical mixing

processes dilute the river water with about ten parts of seawater.

This acts as a line source of intermediate saline water some 40 km

in length at the 50 km distance from the mouth. A surface pressure

gradient due to this overlying of freshwater on dense water moves

the effluent seaward into the oceanic environment.

The plume depth offshore has been consistently found to be be-

tween 30 and 40 meters (Budinger, et al., 1964). A secondary

halocline can be found between the plume and the mixed layer. The

base of this upper halocline has been identified by a sharp change in

slope at approximately, the 32. 5 ppt isohaline. This is the same

salinity value found for surface water in the immediate area of the

plume. From this, the suggestion was made that the 32. 5 ppt

isohaline be used as an index for defining the horizontal and vertical

extent of the plume. This assumption is subject to some error be-

cause the surface water around the plume is diluted by precipitation

and runoff from other coastal rivers. The limiting precision of most

salinometers, . 005 ppt, prevents detection of the effluent after three

orders of magnitude of dilution by the seawater. Using the 32. 5 ppt

isopleth, Budinger et al. ibid.) traced the plume 760 km southward

from the mouth in late summer. Distance of the plume from the
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shore was about 210 km. They define the axis of the plume to be the

line of lowest salinity from the mouth to the terminus of the plume.

It is possible that the depth of the plume nearshore is not a

constant 30 to 40 meters, but that it may vary from season to season.

In any event, the mixed layer beneath the plume and above the per-

manent pycnocline (or halocline) acts as a partial barrier to vertical

exchange from the plume to the quiet deep water. This buffer

probably extends the life of the plume,

During the winter, the plume turns northward and lies closely

along the Washington coast. Definite limits of the plume at this

time are uncertain since other sources of freshwater may, be present.

The problem of high runoff from neighboring coastal streams is

aggravated by low Columbia River discharge at this time. The axis

of the plume has been assumed to lie halfway between the coast and

the western edge of the belt of low salinity water defined.by the 32. 5

ppt isopleth. This combined discharge as a complex plume has been

found to extend from 30 km south of the Columbia River mouth to

north of the Strait of Juan de Fuca in a belt 40 to 55 km wide

(Budinger et al., 1964).

Both winter and summer patterns are complicated by residual

river water from the previous season. In the summer, the northern

boundary of the plume is somewhat obscured by remnants of the

diluted coastal belt of winter flow which has now been carried
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southwest also. In the winter, the southern edge of the plume is

obscured by remnants of the summer plume now being forced north-

east.

Morse and McGary (1965) used the 32. 5 ppt isopleth as an

index of plume limit to study distribution patterns of the river for

the months of September and June. They found that in September,

during the period of low discharge, the near surface waters are less

stratified than in June, during high discharge. In both months, much

of the river water was found north of the river mouth. The June

pattern described by the 29 ppt isohaline extended 50 to 120 km

southwest of the mouth while the September pattern, using the same

isohaline, extended over an area 40 km west and 75 km north of the

mouth.

Duxbury (1965) also presented seasonal patterns of plume

extent. These agree closely with those of Budinger et al. (1964),

although Duxbury uses the 32. Oojo isopleth to define the outer limit of

the plume. He qualifies the winter pattern by stating that the

Columbia plume has lost its identity, in the total coastal runoff.

Furthermore, brief shifts in wind pattern change the plume distribu-

tion in a magnitude rivaling that by season. Budinger et al.. (ibid.)

also noted this possibility, and stated that the observed discrete

cells of less saline water in the plume may result from changes: in

wind pattern, These clouds of pinched-off effluent which are not
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seen in strong mixing periods were described by Tully (1958).

The seasonal surface distributions of nutrients and chlorophyl

are somewhat similar to those of salinity for the plume. Stefansson

and Richards (1963) discussed the relation between nutrients in the

river water and ambient ocean around the Columbia plume. They

found the plume to be high in silicates relative to the upwelled water

and ambient ocean in general. The excess contributed by the river

disappeared within 10 to 20 km of the mouth. Anderson (1964) con-

cluded from his measurements of chlorophyl that the Columbia

River's major influence on phytoplankton growth is to alter its

seasonal timing but does not significantly affect over-all production.

Thus chlorophyl concentrations correspond to the plume pattern.

Park (1966) has proposed using specific alkalinity (alkalinity:

chlorinity ratio) as a means of identifying the plume. Results of

such measures agree with salinity patterns for summer discharge

but application to winter discharge has yet to be made. The method

aids in distinguishing the plume from local precipitation but its

capability of distinguishing the plume from other coastal runoff has

yet to be demonstrated.

Estaurine and Nearshore Studies of the Columbia River

Mixing, sedimentation and biological processes have been

studied in the estuary and nearshore environment. Studies of
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salinity, temperature and. velocity were made in the estuary by the

U. S. Army Corps of Engineers (1960). Neal (1965) analyzed flush-

ing times of the estuary. He found that the combination of tides and

river flow may cause the flushing times of any particular pollution

distribution to vary, from two to ten tidal cycles, depending on the

season. For several years an estuaric sampling program has been

in effect (Kujala, 1966, p. 15). In this program, temperature,

salinity, transparency, dissolved oxygen, nutrients and biota are

examined monthly at several points in the estuary. Radioecological

studies are then made upon the collected biota. Uptake of 51 Cr and

65Zn, along with some of the lesser isotopes, occurs in the biota..

Studies with a freshwater mollusc have indicated that the chemical

forms of these trace radionuclides from the Hanford reactors are

the same as their stable counterparts in the environment (Johnson,

Cutshall and Osterberg, 1966).

Sedimentation processes involving trace radionuclides are of

most interest within the estuary. Jennings, Cutshall and Osterberg

(1965) used an in situ gamma ray probe to identify, and measure the

radioactive tracers in the sediment of the estuary and off the river

mouth. -Seen in the sediments were 65Zn and smaller amounts of

60Co, 51Cr and 54Mn. Johnson (1966) found that particle bound

51 Cr and 46Sc are not displaced by seawater ion exchange in the

estuary. Although some 65Zn may be displaced by exchange, the
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rest is apparently, in an organic complex. Displacement of 54Mn

does occur. C1iakravarti et al. (1964) found 51 Cr and other radio-

nuclides in sediment taken near the mouth of the river.

Other studies of radioactivity in sediments by Gross (1963),

Gross, McManus and Creager (1963) and Osterberg, Kulm and

Byrne (1963) showed that these sediments remained on the continental

shelf near the mouth of the Columbia River. Zinc -65 was dominant

in the sediments, but 51 Cr, 60Co and 54Mn were present. Gross

(1966) found that sediment from the river moves predominantly

northward on the continental shelf near the shore. Activities were

easily measured to and into Willapa Bay. He concluded that little or

no sediment moves through the estuary as a bed load but instead must

be carried as suspended and re-suspended particulate matter.

Radioactivity in near shore biota has also been investigated.

Watson, Davis and Hanson (1961) examined 65Zn concentrations in

oysters and mussels along the Oregon-Washington coast to distances

of 160 km. Mellinger (1966) examined the variation of 65Zn in

mussels as a function of distance both north and south from the river

mouth in the intertidal zones. He was able to determine the distance

of the river half activity values as being 24 km south and 96.5 km

north of the mouth. This agrees well with the observations of

Seymour and Lewis (1964) whose nearshore determination of the

river half activity values in the same organisms places these
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distances at 32 km south and 64 km north of the mouth. These

latter measurements were averages over several years.

Radioactivity in the Columbia River Plume

There have been many studies of the radioactive effects of the

Columbia River plume. Most of these were on the uptake and.trans-

port of radionuclides by biota, and of sedimentation processes. Few

studies have been made of the physical dispersive processes of the

nuclides in the plume.

In the plume at sea the observed artificial radionuclides from

Hanford exhibit at least three modes of behavior. They may move

with the surface water, or maybe in particulate form associated

with sedimentary particles, or may be taken up and concentrated by

marine organisms.

The induced radionuclides have been detected in a variety of

animals in the Northeast Pacific Ocean as far as 490 km off central

Oregon and to depths of 2860 meters (Osterberg, Carey and Pearcy,

1966). Zinc -65 is biologically. the most active gamma-ray emitter

entering the ocean from the Columbia River even though 51 Cr is

more abundant. These nuclides have been detected in phytoplankton,

zooplankton and nekton in the upper layers of the water column, and

in bottom invertebrates. Organisms have been used as biological

monitors or indicators of radioactivity. Their concentrating ability
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makes them more radioactive than the water and hence easier to

analyze. Investigations on food chains were made by Osterberg,

Pearcy and Curl (1964). Several trophic levels were examined for

preferential uptake. Chromium -51 was abundant in single cell

plants, but 54Mn and 60Co were found only in herbivores and carni-

vores. All marine organisms contained 65Zn. Pearcy and Osterberg

(1964) found that vertical migrations of biomass resulted in a vertical

flux of radiozinc. This transport even occurs across the halocline,

indicating that biological transport of nuclides may be considerably

more rapid than physical transport in carrying 65Zn to the ocean

floor. A survey by Seymour and Lewis (1964) of 65Zn in plankton

and demersal fish out to 150 miles from the Oregon-Washington

shore showed that the plankton was the best biological indicator of

65Zn. It was found that 65Zn from fallout was a small percentage

of the total 65Zn at the river mouth. Osterberg, Carey and Curl

(1963) found 65Zn in bottom dwellers out to 200 meters depths. Since

Johnson (1966) had found that the majority of 65Zn should be in

particulate form in the river discharge, it would be more available

to benthic organisms near the river mouth. Carey (1966) has since

been able to detect 65Zn in benthic fauna on the continental shelf and

down to 1500 meters near this area but was not able to detect 65Zn

in the sediments at these depths.

As has been indicated before, the Hanford radionuclides
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involved in sedimentation are mainly confined to the shelf region

opposite and north of the Columbia River mouth (Gross, 1966).

Gross et al. (1963) were able, however, to find detectable amounts

of 51Cr and 65Zn in sediments 180 miles south and west of the river

mouth in a pattern similar to the plume distribution. Osterberg,

Kulm and Byrne (1963) also detected these two nuclides out to 35

miles from the river mouth. Recently, Barnes and Gross (1966)

used the activity ratios of 65Zn and 60Co to estimate the minimum

transit time for radioactive particles measured at a distance from

the mouth of the river. The assumption is made that the nuclides

are conservative in behavior. They conclude that sediments on the

continental shelf move at a rate of 10 to, 30 km/ year in a northerly

direction and 5 to 10 km/ year in a seaward direction.

Dispersion of Radionuclides in the Plume

Few studies have been made of the physical dispersion of the

plume by using the radioactive tags as a tool. A study by Park,et al.

('1965) determined 90Sr and 137 Cs concentrations as far as 300 km

from the river mouth in the summer. The assumption then had to be

made that the contribution to the river by the Hanford reactors of

these two nuclides could be distinguished from world wide fallout in

which both are present. Uncertainty was injected ;.t this point since

the investigators did not know what the contribution was in terms of
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concentration. Results indicated that, to a first approximation, the

nuclide concentrations are proportional to the contribution of the

river waters as determined from salinity. The method of analysis

is tedious, however, and required transport of 100 liter surface

water samples to Tokyo, Japan.

In another investigation, Osterberg, Pattullo and Pearcy (1964)

attempted to use 65Zn concentrations in Euphausia pacifica as a

means of determining the plume distribution. Sampling was done on

a seasonal basis (15 months) south of the Columbia River mouth.

Correlations of 65Zn activities were then made with salinity distribu-

tions measured at the same stations. The sampling region covered

an area from Astoria to Brookings, Oregon, up to 305 km from

shore. After collection in oblique trawls to 200 meters the

euphausiid samples were radioanalyzed. Results showed the ex-

pected negative correlation between 65Zn and salinity in most, but

not all cases. It became evident that animals are essentially. inte-

grator s and do not truly, reflect the radioactivity of their immediate

environment. The 65Zn in euphausiids did not fall back to background

levels in the absence of the plume in this area in winter. Vertical

stability of the water structure, seasonal current reversal accom-

panied by shear and the diurnal migratory, behavior of the animals

maintained high 65Zn levels all year. The biological half life of the

6.5Zn is apparently long and tended to maintain a reservoir of high
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65 Zn levels. The authors suggested that a more conservative radio-

active tag such as 51 Cr be used as an indicator of river water at sea.

Lewis and Seymour (1965) likewise attempted to display the

plume pattern by measuring the fallout corrected 65Zn activity levels

of plankton collected in nets from 150 meters to the surface. Zinc

-65 in plankton collected near the mouth could be correlated with the

concentration of 65Zn in the river water at Vancouver, Washington.

A concentration factor of 11, 000 was estimated for 65Zn in plankton.

The distribution of 65Zn by area and season roughly resembled the

horizontal distribution of the Columbia River plume out to 135 miles

from the river mouth. A geometric means presentation was given

of the data which did not attempt to describe the plume by contours.

The authors did not qualify the results with respect to salinity anti-

correlation but indicated that the mean values of 65Zn concentration

may be in error due to a recognized loss of up to 25% of radiozinc

in the preservative of the samples.

In a different approach to the determination of the plume dis-

tribution, Gross et al. (1965) used an in situ gamma ray probe in

the surface waters (three meter depth) of the plume. The under-

water scintillation detector was essentially, a Nal (Tl) crystal and

photomultiplier in a steel pressure housing connected via conducting

,armored cable to the power supply and multichannel spectrum

analyzer on the ship. With this device, they were able to detect
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51 Cr and 65Zn in the summer plume distribution. The 51 Cr was

detectable in a band parallel to the coast up to 115 km south of the

river mouth and 25 km north and west of it. Radiozinc, however,

was usually only detected within 15 km of the river mouth, indicating

that rapid removal and dilution precludes its use as a tracer of the

plume. The 51'Cr distribution corresponded roughly, to the observed

salinity distribution. The 31 ppt isohaline was used to define the

core of the plume but 51 Cr could not be determined with accuracy at

this isohaline distance. The probe sensitivity was not mentioned in

the report but activities less than 30 pc/ liter were not contoured.

The calibration procedure was also not mentioned.

Osterberg, Cutshall and Cronin (1965) introduced a new method

of measurement of 51 Cr to determine the Columbia River plume

distribution. With this technique they, followed the plume 350 km

southward from the river mouth during summer. The activity con-

tours agreed well with those made by salinity. This technique,

modified in several ways, is used in this thesis to determine the

physical dispersion of the plume in winter and summer.
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THEORY

The dispersion of the Columbia River plume is a physical

process which may be separated into two distinct modes. The first

mode is that of simple transport (advection) of the plume waters by

currents and winds. The second mode is that of diffusion in which

the plume is diluted by turbulence and molecular diffusion until it

becomes indistinguishable from the surrounding ocean. To detect

the processes and to find quantitatively meaningful values for each

requires that one be able to follow the plume water itself or some

conservative non-autonomous substance within it. By non-autonomous,

one means that the substance is strongly coupled to the water and

follows it faithfully without affecting the water motion. An ionic

solute would be such an example of a non-autonomous substance.

Efforts to follow the plume water by salinity have already been

discussed. It was apparent that freshwater from sources other than

the plume masked it to an uncertain extent. Measures of dispersion

were not possible on the basis of salinity alone. Other efforts to

achieve the same goal with radionuclides peculiar only to the plume

did not produce meaningful results in most cases. The non-conserva-

tive nature of most of these nuclides introduced uncertainties both in

the plume distribution and in dispersive processes affecting the

plume. The recent verification of the existence of one and perhaps
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two radionuclides of conservative behavior in the plume (Cutshall,

1966) has lead to the following treatment of the plume dispersion.

Transport of the Plume Water

Let us assume that one is able to measure the activity concen-

tration, A, of a conservative non-autonomous radionuclide found only

within a certain river discharge. Assume also that the horizontal

profile of the plume is the simple representation shown in Figure 1

and that the input discharge is offset by dispersion so that a steady

state condition of dynamic equilibrium maintains the distribution pat-

tern. Let the surface salinity of the:. neighboring oceanic water be

S3 and the salinity at the source be zero. Then A
0

is the initial

concentration of a radionuclide and Al, A2, A3, Si, S23 S3 are the

concentrations and salinities at three points along the core of the

plume. The core is defined by an imaginary line cutting across the

activity-salinity isopleths at the points of maximum curvature. If

the S3 isopleth indicates the boundary of the plume, then A3 should

be zero. Transport of the plume water is in the direction of the core

line away from the source, and transport velocity is assumed to be

a constant, u.

Due to the imposed conditions on the nuclide, there should exist

a linear relation between measured surface salinity and activity con-

centration at any point along the core line if radioactive decay of the



source core
line

Figure 1. Idealized plume representation.
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nuclide has not occurred. The simple expression for this relation-

ship at, say, station no. 2 on the line is:

S2 = mA2 + S3

and the slope, m, is simply:

m =
S3

A0

(1)

(2)

Combining (1) and (2) and solving for A2 yields:

(3)

This expression reflects the change in activity concentration

due solely to diffusion in the distance, x2, from the source. We

have accounted for the effect of dilution with seawater and have a

relation that shows the dilution of the concentration within the fresh,

water of the plume as if it were spreading over a flat surface. The

activity concentration actually measured however includes loss by

radioactive decay as well as diffusion. Denote this measured value

by A2m. The loss by such decay is compensated for by augmenting

the measured value with the factor, exp(X At2) . The result of this

is plainly the value to be anticipated had such decay not occurred

and is simply A2, the value due to diffusion:

(4)A2 = A2m exp(X At2)

A
2
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Here, A A is the decay constant of the radionuclide being observed

and t2 is the time elapsed since the nuclide load at the station was

first injected into the plume from the source.

Equating (3) and (4) and solving for A2m yields:

A2m =
A0 ex.p(-% At2) (5)

an expression that involves the activity concentration at the source.

In practice, the source concentration, A0 is difficult to determine

if the source itself is poorly defined. In this event, one may measure

the activity concentration at another point, say for example, station

no. 1. The measured value of activity concentration at this point,

by analogy is:

Alm A0 exp(-% At1)

We may solve this expression for the source concentration, A0 :

S3

A0
S3 S1 Alm exp(X At1

Inserting this expression for A0 in (5) yields:

A2m = Aim exp[-AA(t2-tl)] (6)
3 1

=
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or by rearrangement:

Aim

A2m
= exp[AA(t2-t1)] (7)

S3-S2

S3-S1

The uncertainty implicit in the measure of the source concentration

is now removed. Equation (7) may be solved for the time variable

by taking the natural logarithm of each side in the usual manner

yielding:

(A1 S Sm3- 2
t,. - t Ln

1 X A
A2m b3-S1 f

The constant velocity, uA, may be represented by the finite differ-

ences of time and source to station distances at the two stations.

The time interval may be expressed as:

t2-t1 =
x2 - x1 ax

12

uA

This is equated to (8) and the result solved for the velocity, uA :

I

U
A

AA6x12 (9)

We now have an expression for the horizontal transport velocity

of the hypothetical plume along the core line based on the known

values of decay constant, station separation, salinity, and measured

(8)
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activity concentrations of the observed radionuclide at these two

stations.

The question may now be raised as to what effect may occur

in the determination if the radionuclide is non-conservative. Con-

sider the existance, then, of another non-autonomous conservative

radionuclide present only in the plume. Let the measured activity

concentration of this be denoted by B. Repeating the above pro-

cedure for this nuclide should yield an expression similar to (9)-

u
B

X 6x12 (10)

Now consider the difference in the transport velocity calcula-

tions given by (9) and (10) which may be represented by:

n uAB = uA uB

This differential velocity should be zero if both nuclides are

conservative. It is clear, however, from the form of the two velocity

expressions, (9) and (10), that it will be definitely a non-zero value

if one or both nuclides are non-conservative.

Equations (9) and (10) are affected by an external freshwater in-

trusion into the plume from another source, Such an intrusion is pos-

sible from neighboring coastal streams or by precipitation over the

plume. The measured activity concentration ratio of either nuclide

-1
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and the corresponding salinity ratio form a product that do not re-

main unchanged in the event of such dilution. Transport velocity

calculations in this event will not be equally as valid as if the fresh-

water dilution had not occurred. By contrast, (11) will not change.

The value of S3, the salinity of the neighboring oceanic surface

water, must be known a priori to calculate the surface velocity. If

it is not, the method cannot be applied. The boundary isopleth will

be assumed to occur at a salinity of 32. 5 ppt. This value has been

previously suggested as being the delineating isohaline of the plume.

Diffusion of the Plume Water

Ocean currents are not steady streams. Within them exists a

complicated fine structure of eddies, jets and filaments. These

serve to disperse a contaminant in the water by the process of diffu-

sion. Both turbulence and diffusion in the ocean have been studied

by a myriad of workers. All the work tends to show that the large

number of variables involved complicate prediction of diffusion

(Revelle and Schaefer, 1958). The calculated rates of a diffusion

process can only indicate trends and orders of magnitude.

Observed diffusion rates are much higher than can be attri-

buted to molecular diffusion. These high rates are due to turbulence

and the process is referred to as eddy diffusion. Horizontal eddy

diffusion is at least a million times higher than molecular diffusion
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and depends upon wind velocity, current shear, vertical and horizon-

tal density gradients, and the dimensions of the area considered.

Vertical eddy diffusion is a thousand times higher than molecular

diffusion and depends upon the wind magnitude and uniformity of

stress, the vertical density gradients, convective processes and

tidal effects (Wooster and Ketchum, 1957). It would be redundant

here to recite the history of the past efforts in the study of turbulence

and diffusion. An excellent review of this is given in Chapter 13 of

the text by Neumann and Pierson (1966). Reviews of the many dif-

fusion models thus far advanced have been made by Waldichuk (1963),

Schoenfeld and Groen (1961), Okubo (1962), and Ichiye (1965). Most

of these studies have been of eddy diffusion after the instantaneous

release of material, such as dye, into a water mass. These models

are not directly applicable in the present case since a more or less

steady state distribution has been assumed for the plume in the dura-

tion of a cruise.

In the absence of abrupt changes in processes or concentrations

one may assume a 'continuous' treatment of the diffusion problem.

When a contaminant cloud is small compared to the eddy dimension,

there is an increase of diffusivity with the scale length between

moving elements (Waldichuk, 1963). This is termed macro-scale

diffusion and is best treated by statistics. When the cloud is large

compared to the eddy size, then the diffusivity is relatively constant
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and is termed micro-scale diffusion. The rate of molecular diffusion

a given property, chemical or physical, through a unit area is

proportional to the concentration gradient of that property along a

line normal to the area. This type of diffusion is referred to as

Fickian. This same term is sometimes applied to micro-scale dif-

fusion since the mathematical expressions for the two are alike.

There are many arguments against the validity of the Fickian equa-

tion in describing diffusion phenomena in the ocean but Ichiye (1964)

indicates that the equation is valid when applied to a process occur-

ring in a steady state system. Corrsin (1961) also indicates that the

Fickian model of eddy diffusion is valid for large clouds of dispersing

material such as may occur in a steady state field. Stommel (1949)

had shown that the Richardson (1926) equation for the 'distance-

neighbor concentration' describes oceanic turbulent diffusion in a

range of scale up to 104 centimeters. The plume of the Columbia

River far exceeds this dimension.

The scale of the phenomena is considered to be the size of an

eddy, or the distance between neighboring particles or the size of

the water body (Stommel, 1949). Many laws have been used to

relate the scale length to the eddy coefficient of diffusion. These

laws are in the form of KOr-Lm where m has a value between 1

and 4/3. The choice of scale appears to be somewhat arbitrary.

For an incompressible fluid the expression for the distribution
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of a conservative non-autonomous concentration is given by:

dA a (K 8A)+ 8 (K 8A) + 8
(K

2A) (12)
dt 8x x 8x 8y y 8y 8z z 8z

where A is the concentration and K , K , K
z

, are the eddy diffusion
x y

coefficients in the indicated directions. In a steady state flow in the

x-direction, this equation becomes:

8A 8 (K 8A ) + 8 (K 8A) + e (K 8A) (13)ax ax x 8x ay y ay 8z z 8z

If a high density stratification occurs at some point, such as the

halocline, vertical diffusion is impeded. This is the case for the

Columbia River plume as a surface layer of freshwater overlying

dense water. In this discharge region, advection exceeds diffusion

in the dispersion process (Waldichuk, 1963). In this case, K
z

is

negligible compared to K ,x
K

y
. The equation becomes:

8A 8

(

8A)+ 8 (K 8A
)

u 8x 8x Kx 8x ay y ay

One further assumes that the diffusion coefficients are either con-

stant within the area of investigation or they may vary according to

the scale of the phenomena. Then:

u aA = K 82A + K
82A

8x x 8x2 y 8y2

A simple graphical evaluation of the lateral eddy diffusion

(14)

coefficient, K
Y

, may be made if one assumes stationary mixing to
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take place mainly in the y-direction. Then (14) becomes:

u
aA

K
82A

ax y ay2

or:

K 8A/ 82A
u 8x

8
2

(15)

This method was used by Proudman (1953) and Defant (1955),

and is well illustrated in the literature (Neumann and Pierson, 1966).

If one allows K to be scale variable, then the method is applied
y

along the core line of the plume at the maximum curvature points of

the isopleths. The expression arrived at for the approximation is:

K = u (by)
2

y 4 Ex
(16)

where 4x is the distance along the core line between the two iso-

pleths and Ly is the length of a tangent line between the intercepts

on the outer isopleth. The tangent is taken at the core line inter-

section of the inner isopleth. Both A x and Ay may be graphically

measured and the velocity may be calculated from the previous sec-

tion. Figure 2 illustrates this method.

Solutions to (13) have been given by Roberts (1923) and Gifford

(1959). Sutton (1953) has also solved this expression for the problem

of effluent from a smoke stack. The diffusion coefficients were
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core
line

Figure Z. Measurements necessary to calculate Kv .
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assumed to be spatially independent. Equation (13) becomes:

8A 82A 82A 82A
U 8x Kx 8x2

+ A
y
-
8y2 +

Kz 8z2
(17)

The solution of (17) for the diffusion process is analogous to

the random-walk solution. Here, boundary conditions are applied

to the solution for convergence reasons. Another constraint is that

the total flux of contaminant is a constant.

Assuming that the longitudinal diffusion coefficient is negligible

and that the vertical diffusion coefficient is unity, then the solution

(see Appendix II) is:

2
uuA

4Tr xK z exp ( 4xK
y y

(18)

where Q is the total flux in picocuries per second at a distance of

one centimeter from the source. The total flux is given by:

1

Q = 4Tr A0Ky 2 (19)

where A0 is the source concentration. If the contaminant is being

diluted by radioactive decay, then (18) becomes:

A8
A = exp (- 4xK

y

where A is the measured value.m

The time factor may be removed in the same manner as was

done in the last section. The calculated velocity allows us to write
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t = x/u. The lateral eddy diffusion coefficient may be solved for by

taking logarithms and re-arranging the results:

2
K = uy

y 4x
(20)

All variables can be measured or calculated. For comparison, the

expression will be evaluated at the coordinates of interception between

isopleths and tangent line in the method previously mentioned.

Equations (16) and (20) will be used to determine the lateral

diffusivity of the plume. It should be noted that (16) does not allow

for decay of a radioactive but otherwise conservative non-autonomous

contaminant. The assumption made here is that the relative change

between neighboring isopleths due to decay is insignificant in the

calculation. Neither method yields a value for the longitudinal eddy

diffusion coefficient. The requirement that the diffusion process

be non-isotropic precludes calculation of Kx. This same consider-

ation was used by Budinger et al. (1964) in their calculations of eddy

diffusion coefficients for the Columbia River plume.

Chemistry of Chromium-51 in the Plume

To measure the dispersion of the Columbia River plume and

plot its distribution requires the ability to follow some property of

it. This requirement is met by showing that there exists one and
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perhaps two, trace contaminants unique to the plume waters. It is

proposed that these contaminants, chromium-51 and antimony-124

behave in the manner of conservative non-autonomous solutes.

Osterberg et al. (1965), Cutshall et al. (1966), and Cutshall (1966)

confirm this, and also report the development of a chemical system

suitable for the quantitative analysis of these two radionuclides.

They showed that 51Cr, after introduction into the Columbia River

from the Hanford nuclear reactors, remains largely in solution as a

hexavalent anion in the plume. Only a minor fraction of the Hanford-

induced 51Cr becomes attached to suspended particles and bottom

sediments. The reduction of the Cr(VI) anion to the Cr(III) cation

must precede or accompany such sorption. After reduction, the

Cr(III) is rapidly removed from the plume by particulate settling,

leaving the Cr(VI) in solution. Ferric hydroxide coprecipitation

techniques carried out at sea were found to give satisfactory yields

of 51Cr activity from surface water samples in the plume. This

system, with progressive modification from cruise to cruise, is

explained in the following sections.
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APPARATUS

The apparatus varied slightly with each cruise, becoming

more complex and sophisticated with time. Data gathered on all

cruises, however, were directly comparable.

Prototype

Our first use of coprecipitation techniques took place in May,

1965 (Cronin and Osterberg, 1965) aboard the USCG Lightship

Columbia anchored nine miles southwest of the south jetty at the

mouth of the Columbia River. The apparatus consisted of two

identical 170 gallon tanks, a submersible electric pump, chemical

stock solutions, sample storage bottles, a pressure filter and neces-

sary hose and cable.

Each tank was constructed from three 55-gallon steel drums

welded end to end with the bases and covers removed. The bottom

of each tank was a right circular cone, ten inches deep. A standard

one inch NPT pipe coupling was welded into the apex to accommodate

the drainage plumbing. Each tank was then spray painted inside and

out with six coats of a durable chemically inert epoxy paint to insure

against both precipitate contamination and adsorption loss on the

walls of the tanks. Heavy wooden racks held the tanks vertical and

secure in high seas. The drainage plumbing on each tank was
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composed of a tee pipe coupling to which was attached a simple gate

valve on one side and a one-way clapper valve on the other. Attached

to the one-way valve was a quick disconnect air hose fitting.

The submersible pump was chosen for a number of reasons.

It did not require priming, and provided enough pressure to force

water through a filter and up into the tanks. Plastic impellers and

corrosion free construction of the pump insured against the adsorp-

tion of trace radionuclides to the surfaces of the pump system. The

pump was raised and lowered over the side from a small boom using

a 1/ 2" polypropylene rope for physical support. A back-pressure

valve was used to prevent the impeller from being driven forward,

causing bearing failure. The hose, of heavy duty nylon braid, could

reach a depth of 50 meters.

The pressure filter was composed of a PVC filter holder with

a 10. 5 inch filter (0.45 micron pore size) and a glass fiber prefilter.

The filter holder was equipped with a pressure gage and could with-

stand internal pressures in excess of 100 psi.

Samples were stored in polyethylene containers. Sample size

was reduced by decanting. the natant from the precipitate after suit-

able settling time to a final volume of about two gallons. In the

laboratory, the precipitate was redissolved in nitric acid, reduced

to 800 ml in a steam bath, and counted (400 minutes) on a 5 x 3 inch

solid NaI (Tl) crystal attached to a Nuclear Data ND-130 AT
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multichannel analyzer. More will be said about this device in the

section on procedures. The filters were ashed and analyzed in a

5 x 5 inch well type crystal attached to a similar multichannel

analyzer.

Subsequent cruises were made aboard the USCG Cutter Modoc

in June, 1965 and the R/ V Yaquina in August, 1965. The same

apparatus was used throughout, but some chemicals were changed

and the use of a filter was discontinued after the Modoc cruise.

Shipboard System

Three later cruises found quite substantial changes in the

apparatus (Figure 3). As will, be indicated in the results, the suc-

cessful operation of the system justified streamlining the apparatus

and modifying the system to a more sophisticated one. The end

product was a highly efficient system of good reliability even while

in foul weather at sea. Because of its success, the apparatus was

made a relatively permanent part of the R/ V- Yaquina's complement

of scientific gear.

The following improvements were made on the system ulti-

mately used. First the submersible pump system was augmented

with a duplicate pump and control box for back-up protection in case

of malfunction at sea. The electrical cords to both pumps were

replaced with a very flexible neoprene jacketed power cord, and
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Figure 3. Block diagram of the processing system.
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underwater connectors were taped to relieve stress. Most pump

failures at sea were attributed to the weak connectors on the former

stiff electrical line. Minimal delays were incurred because the

back-up system was readily available.

Each pump was fitted so that it could be raised and lowered

over the side with an already existing hydraulic boom and winch on

the ship. With these improvements, stations could be completed

even in foul weather.

Each tank could be siphoned by means of a one inch 0. D.

vinyl tube. The end of the tube inside the tank was equipped with a

nylon T fitting to prevent accidentally withdrawing precipitate in the

turbulence of siphoning. The fitting provided a visual indication that

the precipitate had settled adequately to a desired depth. The siphon

tube was interrupted at the top of the tank by a gooseneck which

permitted the siphon depth to be adjusted. The uniform position

insured the removal of a consistent amount of residual water after

coprecipitation of the trace radionuclides.

Throughout the system corrosion resistent lever-type, ball

valves and clear one inch 0. D. vinyl tubing were used. Plumbing

that had to be metallic was formed from threaded heavy wall brass

pipe and fittings to minimize corrosion.

The two 170 gallon tanks, hereafter referred to as the main

tanks, were not modified. Experience had shown that the form of



52

the tank column minimized sloshing and contents were efficiently

mixed with air bubbles. The tanks were installed in a permanent

position on the deck of the ship in such a way that plumbing line

lengths could be minimized (Figure 4-). Drainage plumbing was made

of brass with a lever valve on a pipe tee between the lever valve and

cone apex. A standard quick-disconnect air fitting on the other side

of the one way valve allowed instantaneous coupling or decoupling

of the air line. The rest of the apparatus was located in a large hold

just below the main tank. Two feed-through pipes were placed

through the deck into the hold directly below the main tank. Vinyl

tubing passed upward from below deck and connected to the drain

valves. A special cap with packing glands provided a water tight

union between the vinyl tubing and the feed-through for each drain

system.

To adjust the concentrate to constant volume, it was necessary

to construct two secondary tanks, one for each of the main columns

(Figure 5). These tanks were mounted just beneath the deck under

the main tank position and halfway up the wall of the ship' s hold.

Each secondary tank was constructed in the following fashion. A 13

gallon polyethylene carboy was inverted and a ten inch hole was cut

in its base. A frame was made for the carboy so that it could be

mounted in this inverted position on the wall. The plastic cap of

the carboy was, ported to accept plumbing. The cap and neck jutted



5:3

T-

i

1

I

1

k

Figure 4. Main columns mounted on deck.



M
1

t
ttt /1

/
O

N
O

O
U

R
ssssk

T
IC

S

s

ll
.i\\

..
1\N

N
i

\\1\\\
;N

 iN
\N

llV
fir.N

N
,

I

A
r.

s1 ::j
i

..
c

JA
B

I c '1.S
 , a

r.. `r
,.

4'
-

_
.,

.....l



55

through a hole in the cylindrical support frame. A bulkhead fitting

was installed in the port which was cut in the cap. Into this was

installed the drainage plumbing for the secondary tank. This plumb-

ing consisted of a pipe nipple, a lever valve and a nylon coupling for

1 " vinyl tubing.

At the top rim of the tank (which was the carboy base) a hole

was cut so that a nylon tubing connector could be forced through.

The vinyl drain tube from the matching main tank was connected at

this point. The tank was calibrated in gallons and these points were

ruled onto the side of the tank. Holes for bulkhead fittings were

punched in the side of the tank at the 2, 5 and 9 gallon levels. Into

the fittings at the 2 and 9 gallon levels were installed dial type stain-

less steel thermometers. Each had a 6" stem which jutted into the

center of the tank.

A plumbing assembly identical to that mounted in the cap was

installed on the fitting at the five gallon mark. The fluid volume was

drawn to this mark after the precipitate had settled well below it.

A 6" pipe, threaded on one end and attached to the same fitting jutted

into the center of the tank. The purpose of this was to insure a

constant volume regardless of ship pitch and roll, since the center of

the fluid level would not rise and fall relative to the tank side. Vinyl

tubing from the side valves of the two tanks discharged the drained

natant into a nearby sink.
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For reasons to be described later, it was necessary to use the

secondary tanks to adjust the temperature of the precipitate sample

to the ambient temperature of the ship's hold. A custom made

stainless steel clad immersion heater was installed in each tank.

Each heater was wound from a single 8' long heater element with

binding post electrical connections on each end. Thermal control

was provided by a variable control voltage transformer.

Even though the heaters were mounted near the bottom of each

tank, trial tests of the heating time required to uniformly heat a

water filled tank indicated that physical mixing was necessary to

avoid temperature stratification. Therefore, an air bubbling wand

was placed in each tank. This consisted of a section of pyrex tubing

and several feet of rubber tubing. When air was gently bubbled

through the wand complete and swift heating was indicated by the

dial thermometers. The air flow could be regulated.

The heated and volume adjusted precipitate drained out of one

of the secondary tanks into a gamma ray counting chamber located

just below on the floor of the ship's hold. Details of this four ton

counting chamber are shown in Figure 6. The main purpose of the

lead was to form a background radiation shield for a sample con-

tainer in which was mounted a gamma ray detector.

The sample container was constructed from a 13 gallon

polyethylene carboy in the same manner as the secondary tanks
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Figure 6. Diagram of counting chamber.
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described above. There were no holes punched in the side, however,

and the drainage plumbing was extended at right angles to the tank

axis. The plumbing was formed from brass pipe, a lever valve and

a one-way valve for air bubbling. Mounted under the rim of this

tank on the inside was a flush ring made from a section of perforated

l " vinyl tubing and a nylon tee connector. The perforations were

bored to give complete rinsing of the inside of the tank with no

splash outside. A section of vinyl tubing led from the tee connector,

out the top of the chamber and to a fresh water tap.

A support stand constructed from marine plywood and cedar

board was made to hold the inverted carboy. These materials were

used for their salt water resistance. The dimensions of the stand

were such that it would be braced against the lead walls.

The shield itself was formed from high purity lead bricks

chosen for their freedom from naturally radioactive impurities. All

the metal in the framework supporting the lead was from stock made

before World War II, again to avoid the possibility of radioactive

contaminants.

The framework for the lead shield consisted of wide angle

iron, flat straps, and thick steel plates. The base plate rested on

a solid platform of timber to provide drain height and even weight

distribution. The framework, which was welded to the base,

measured 2' x 4' x 4', inside dimensions. Three layers (six inches)
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of lead bricks were laid on top of the base plate to shield out gamma

rays from 40K since this isotope is abundant in sea water.

The tank and stand were then put on this layer and the wall of

the shield was built (see Figure 7), leaving apertures for the plumb-

ing. This 4" thick wall extended to the top of the tank, and a Z' x 2'

sheet of steel with a 9" hole cut from the center was placed on top.

Three more layers of brick were then added on top of this, each

layer having an 8" x 8" opening in its center. On top of the final

layer of lead was placed an overlapping steel plate bolted securely

to the angle iron frame which formed an outer rim at this point. The

shield baseplate and side frame were welded to braces from the wall

of the hold, making it impossible for the assembly to fall over at

sea.

The aperture at the top of the lead shield permitted the in-

sertion of the gamma ray detector, the two drain tubes from the

secondary tanks and the water supply tube to the flush ring. It was

also the insertion point for the calibration standard used on the

multichannel analyzer.

The detector heart was a thallium activated sodium iodide

2" x 4. 5" crystal in conjunction with a 5" photo-multiplier tube. The

crystal and tube were enclosed as an integral low background

assembly in an aluminum housing. A mu-metal shield wards off

effects of stray magnetic fields on the tube. This integral assembly



Figure 7. Crystal detector and partially constructed
counting chamber.
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was potted in a dense polyester foam inside a specially fabricated

polyvinyl chloride shell. Tests showed that there was negligible

attenuation of gamma-rays, but the thermal insulation properties

were excellent.

An undesirable feature of a sodium iodide crystal and photo-

multiplier unit is that the output is highly dependent on the environ-

mental temperature. It is, therefore, necessary to maintain the

crystal at a set (preferably the ambient) temperature. For this

reason, all precipitates were heated in the secondary tanks since

they had been taken from ocean waters substantially cooler than the

ambient temperature of the ship' s hold.

Electrical coaxial leads from the detector were carried out

through a 4' long pipe that entered the shell by way of a watertight

bulkhead fitting. This pipe also served as the vertical support for

the detector in the counting chamber (Figure 7) .

A 12" x 12" steel sheet was slotted to the center and.a short

section of angle iron was welded perpendicular to the surface. This

device and two large hose clamps served to lock the detector in

place inside the counting chamber. Through the slot in the plate

were then passed the drain tubes from the secondary tanks and the

flush ring supply, tube. The plate was then stacked with three layers

of lead bricks. to prevent the detector from shifting.

The optimum height of the detector in the counting chamber
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was determined by a series of tests with a radioactive 51 Cr solution.

The optimum volume of solution in the counting chamber was deter-

mined at the same time. For different solution volumes, the vertical

position of the detector was varied an inch at a time while a ten

minute count was made at each position. The highest count, hence

the optimum position, occurred when there were 5. 5 gallons of

radioactive 51 C r solution. The halflength of 51 Cr gamma emission

in water is 10. 1 cm or about three inches. The radial difference

between the counter and the chamber was three inches. Between

the hemispherical detector and the hemispherical bottom of the

counting chamber there was a volume of 1100 cubic inches measured

up to the top of the crystal-photomultiplier tube interface. This is

close to 5. 5 gallons. Fluid in excess of this would be above the

crystal and more than a halflength away.

The electrical cable led from the top of the detector support

stand-pipe to the multichannel analyzer unit. This unit (see Figure 8)

was lashed to an angle iron platform in the hold. It was comprised

of a standard 512 channel multichannel analyzer (Nuclear Data ND-

130AT), a 2000 volt stable power supply and a Tally paper tape punch

readout. Visual checks were made with a 5" oscilloscope, providing

an analog display of the energy spectrum.

The apparatus described above was used to collect data on a

trial cruise in December, 1965, and on the Columbia River plume



Figure 8. Multichannel analyzer system.
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cruise of February, 1966. The former of these two cruises was

essentially a test run to correct problems in operation and to famil-

iarize assistants with the system. The cruises were aboard the R/ V

Ya -uina since the system was now a permanent feature of its equip-

ment.

The remaining apparatus used on the ship consisted of enough

sample storage polyethylene containers to transport the sample

precipitate back to the Corvallis laboratory for further processing.

This processing and the reason for it will be described in the pro-

cedures.

The WG cruise of August, 1966 was with two more refinements

added to the system. The vinyl siphon tubing was replaced with a

rigid polyvinyl chloride pipe. The end of the pipe inside the tank was

positioned along the tank axis. This assured uniform natant drainage

for the same reason previously mentioned.

The second refinement, involved the protective coat of epoxy

paint inside the main tanks. The paint, although impervious to the

corrosive effects of seawater, was quite rough on the surface. As a

result, the precipitate adhered to the surface and gradually formed a

film despite flushing with water. Washing the tanks with an acid

bath could not be done since there was evidence that the paint had not

bonded completely, to the metal surface. It was felt that the film,

although innocuous compared to an entire precipitate, would have
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been a source of trouble if allowed to build up.

The tanks were lined with polyethylene liners to permit acid

washing. The liners conformed exactly to the inner tank dimensions,

including the conical base (see Figure 9). The drain pipe couplings

were removed from the metal main tanks so that the polyethylene

pipe coupling on the liners would project through. These liners

proved entirely, satisfactory and were easily cleaned after the cruise

with a mild acid solution.



Figure 9. Plastic tank liners of the main columns.
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PROCEDURE

The principle of ferric hydroxide coprecipitation is well

covered in the literature (see Friedlander and Kennedy, 1955). Very

minute traces of radioisotope may be investigated with this pro-

cedure. First, a small amount of an inactive material isotopic with

the trace and in the same chemical form is added to the solution to

serve as a carrier. The bulk carrier, usually ferric chloride, is

then added to the solution. The ferric hydroxide, formed by an in-

crease in pH (using NH3OH), scavenges both the carrier and trace by

adsorption and is precipitated from the solution. The carrier ac-

centuates the amount of trace adsorbed to the precipitate. If traces

of several nuclides are treated in the same manner in the solution,

these too will be gathered by the ferric hydroxide. High yields are

possible.

Modoc Cruise

The first cruise for determining plume characteristics took

place in June, 1965 aboard the USCG Cutter Modoc. The region of

investigation extended 350 km from the mouth of the Columbia River

to Coos Bay, Oregon. Surface samples were pumped through 26. 7 cm

membrane filters into the main tank. When 560 liters had been col-

lected, salinity was measured,. the pump was secured and the ship
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proceeded to the next station. Meanwhile, precipitation was started

in the sample.

It had been found (Osterberg et al. , 1965) that several artificial

radionuclides were present in the plume. In order to scavenge these

by coprecipitation, a carrier solution for each was first placed into

the water sample. The radionuclides suspected to be present were
51 Cr, 65Zn, 54Mn, 60Co and 124Sb. Previous experiments (Cutshall

et al. , 1966) had shown that three grams of each inactive chloride

salt were sufficient for use as carriers. Reagent grade salts;

CrC13. 6H20, ZnCl2.4H2O, MnCl2.4H2O, CoC12. 6H20, SnCl2 and

SbCl3 were prepared in bulk solution and placed in 500 ml poly-

ethylene bottles. These individual containers were found to be con-

venient for handling at sea.

The purpose of the stannous ion was to reduce the hexavalent

51 Cr in the surface sample to Cr (III). The Cr (VI) anion had been

found to act as a 'hold-back' carrier and its recovery is poor in the

precipitation process. Reduction to the cationic state, however,

could produce 51Cr recovery up to 99. 6% of the amount present

(Cutshall, 1966).

This 500 ml solution was added to the surface sample. Com-

pressed air was injected at the base of the main column to provide

thorough mixing. After three minutes of stirring, the bulk carrier,

FeC13 (121. 6 gm reagent grade) was added to the sample.
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After 30 minutes of stirring, 360 ml of 28% NH4OH was added

to the water sample, adjusting the pH to 9. 5, allowing ferric hydrox-

ide to form. A 500 ml solution of 0.05% Separan was then added to

the sample (Separan NP10 is a Dow Chemical flocculating agent which

served to enhance the rate of settling of the precipitate). After

several minutes of stirring, the air was turned off and the precipi-

tate was allowed to settle. Forty-five minutes was usually sufficient

time to clear the supernatant of any turbidity. The supernatant was

then siphoned out of the tank and the precipitate flushed out the drain

at the base of the column into a carboy. The sample was returned

to the Corvallis laboratory for further processing.

Processing of a sample amounted to siphoning off further natant

water, redissolving the remaining precipitate in nitric acid, and

reducing the volume to 800 ml in a steam bath. The solution was put

in a plastic jar and counted 400 minutes on top of a solid NaI(Tl)

gamma ray detector coupled to a multichannel analyzer. Calibration

with a known activity of 51 Cr in the same 800 ml geometry had

previously been made. Gamma-ray analysis of the filters indicated

that the nuclides had passed through with negligible loss. Conse-

quently, filtration of samples was eliminated on subsequent cruises.

After analysis, the gamma-ray spectrum was read out in

digital form on a typewriter. The 51 Cr activity was calculated using

the photo-peak integration method.
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CP Cruise

The second cruise, February, 1966, aboard the R/ V Yaquina,

sampled an area extending 225 km from the mouth of the Columbia

River to the Strait of Juan de Fuca. Chemical precipitation tech-

niques were not modified, but gamma-ray analysis was carried out

aboard the ship. The precipitate was drained into the secondary

tank, heated to ambient room temperature, and after settling,

reduced to 20. 8 liters. The precipitate then flowed into the counting

chamber where it was analyzed by gamma-ray spectrometry. This

consisted of a 100 minute count followed by computer integration of

the 51 Cr photopeak. Permanent record of the spectrum was made

on punched paper tape. After counting, the sample precipitate was

flushed from the counting chamber into a small carboy. for further

processing in the Corvallis laboratory. Total time from sample

collection to data read-out averaged four hours.

The system had been calibrated prior to the cruise by spiking

a 20. 8 liter freshwater sample in the counting chamber with a known

amount of 51 Cr and FeCl3. The purpose of the FeCl3 was to simu-

late the attenuation of gamma- rays by the iron in a precipitate.

Absolute measure of the 51Cr activity was not necessary to follow

the plume. Relative comparison of photo-peak sums from sample to

sample furnished all the information needed for the plume study.
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Processing of the samples at the Corvallis laboratory pro-

ceeded as follows: The sample was allowed to settle in a carboy

until the precipitate occupied a volume less than a gallon (3. 785

liters). The supernatant was siphoned off, and remaining precipitate

was agitated to completely homogenize the precipitate. A fixed

volume of 250 ml from this was vacuum dried, taking care to prevent

boiling and subsequent loss. The dried material, with the volume

increased with sugar, was placed in a standard plastic 12 ml sample

tube.

The sample was placed in the well of a sensitive NaI(Tl)

gamma-ray detector attached to a multichannel analyzer, and counted

400 minutes. The spectrum, corrected for background, was read

out on punched paper tape, A least-squares analysis (see Appendix I)

was then performed on the data using the tape to provide digital in-

formation to a CDC 3300 computer. The read-out from the computer

lists picocuries per liter and standard deviations of the nuclides

-present.

WG Cruise

The third cruise, in August, 1966, aboard the R/ V Yaquina,

studied the region of the ocean extending from the mouth of the

Columbia River to San Francisco Bay. The procedure used to obtain
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nuclide activity concentrations of surface water samples is identical

to the previous cruise.
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RESULTS

The results of each cruise will be described separately.

Modoc Cruise

The cruise plan was to follow the suspected plume position

from the mouth of the Columbia River southward. Since there was

no certain way during the cruise to detect the presence of the plume

by its radioactivity, the cruise grid consisted of a random pattern

criss-crossing over the suspected position. Salinity measurements

were made in situ with a conductivity-temperature bridge (C. T.I. )

which is not as sensitive as a standard salinometer (Figure 10). The

51Cr activity pattern based on the Corvallis laboratory analysis is

shown in Figure 11. Stations occupied are indicated by the black

dots. The scale of the patterns is indicated by the latitude points

along the border. Contouring was first made on a standard naviga-

tion chart (U. S. C. & G. S. 5022).

The curved core line was measured by breaking it up into

segments between isopleths and then summing over the individual

segments. Chromium activity and salinity were estimated at the

maximum curvature point of each activity isopleth. With these

values, the surface velocity was calculated for six pairs of points.

The average of these six calculations yielded a southward surface
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Figure 10. Plume salinity pattern of June, 1965.
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Figure 11 . Flume pattern of June, 1965 based on radioactivity.
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velocity of 12 ± 3 cm/ sec with the error being the standard devia-

tion. For comparison, the surface velocity was calculated between

two actual stations that were near the core line. The resultant

velocity was 10. 2 cm/ sec, within the margin of error of the aver-

aged velocity. In this particular cruise, activity measurements of

a second conservative radionuclide were not attempted..

The 51 Cr activities along the core line were corrected for de-

cay over the transit time from the source. A graph of salinity vs.

corrected activity was then plotted for the six salinity -51 Cr activity

measures along the core line. The resultant curve, shown in Figure

1 2, was determined by the least squares method. Extrapolation to

zero salinity indicated a source activity for 51 Cr of 513 pc/ liter.

The source location was assumed to be at the mouth of the Columbia

River between the tips of the two jetties.

Calculation of the lateral eddy diffusion coefficient was then

made using the Proudman method. Lateral distances were measured

for four triple point sets along the core line. The average of the

four calculations based on the calculated average velocity was

(8 ± 2)107 cm2/ sec.

The lateral eddy diffusion coefficient was again calculated

using the modified expression (Equation 20) developed from Roberts'

solution to the diffusion equation. Total flux of 51 C r at the source

was calculated to be (6.45)109 pc/ sec. The same triple point sets
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Figure 12. Determination of source activity concentration.
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which were used on the Proudman method were used here. The

average of the four calculations yielded a lateral eddy diffusion

coefficient of (2 ± 1)106 cm2/ sec.

CP Cruise

The cruise plan was to determine the wintertime pattern of the

Columbia River plume. A tentative grid of stations was first made

to establish contact with the plume. This matrix was substantially

changed and the final grid bore little resemblance to it as the cruise

progressed. Direct readout of 51 Cr activity concentrations from

the shipboard system permitted us to follow the plume more or less

at will. Salinity bottles of surface water for each station were re-

turned to the Corvallis laboratory along with the sample precipi-

tates for additional processing. Salinities were determined on a

standard salinometer. The salinity pattern is shown in Figure 13

and the 51 Cr activity pattern is shown in Figure 14. The stations

are indicated by black dots, while the scale of distance is indicated

by the latitudinal border. As before, the contours were first made

on a navigation chart (U. S. C. & G.S. 5022).

The same techniques used in the Modoc cruise analysis were

used here to extract data from the patterns. Only four pairs of

points were available for the velocity calculations along the core line.

The surface velocity was highest near the mouth of the river with a
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Figure 13. Plume salinity pattern of February, 1966.
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Figure 14. Plume pattern of February, 1966 based on radioactivity.
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value of 16.1 cm/ sec. Sixty kilometers from the mouth, it dropped

to 6. 6 cm/ sec. The average of the four calculations was 11 f 6

cm/ sec. For comparison, a calculation of the velocity between two

actual stations along the core line yielded 15.4 cm/ sec. The margin

of error (i. e. , standard deviation) overlaps the two velocities. All

velocities were northward along the coast.

In order to observe the degree of conservation of
124Sb,

the

salinity and activity concentrations of 51 Cr and 1 24Sb from two

stations along the core line were used. The relative velocity, differ-

ence expressed by (11) was calculated to be 4. 6 cm/ sec, indicating

that 124Sb is not as conservative as was expected.

Five core line points were used to construct the salinity -51 Cr

activity graph in the same manner as for the Modoc cruise. The

salinity zero point extrapolation yielded a source activity at the river

mouth of 1380 PC/ liter (Figure 15).

The Proudman method was applied to four triple point sets

along the core line. The average of the four calculations of the

lateral eddy diffusion coefficient was (2 f 1)106 cm2/ sec. By

contrast, the Roberts modified solution applied to the same points

yielded an average of (3 f 2)104 cm2/ sec. The total flux at the

source in this case was calculated to be (17. 3)l09 pc/ sec of 51Cr.
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Figure 15. Determination of source activity concentration.
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WG Cruise

The cruise plan originally was to follow the southern summer

pattern of the plume to the limit of the detectability of the system.

These plans went awry when the Hanford Project was struck by a

union just after the cruise plan was formulated. As a result, radio-

activity in the plume plummetted, thus destroying the steady state

system. The weakened plume was traced nevertheless, but it

occupied a much smaller area of the ocean than was anticipated. A

total of 11 stations were sufficient to delineate the plume. The

sampling grid was somewhat erratic due to difficulty in locating the

plume.

The salinity pattern and 51Cr activity pattern were first

contoured on a navigation chart (U. S. C. & G.S. 5052). The salinity

pattern is depicted in Figure 16 and the
51Cr pattern is shown in

Figure 17. Calculations of parameters for this distribution were

done in the same manner as in the previous cruises. The surface

velocity average from five core line points was 13 f 3 cm/ sec.

This is contrasted to an over-all velocity of 16. 0 cm/ sec calculated

between two widely separated stations along the core line. The

error overlaps the two velocities. All velocities were southward.

Due to the weakened concentrations of radioactivity. in the

plume, it was not possible to detect
124Sb. This precluded
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Figure 16. Plume salinity pattern of August, 1966.
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Figure 17. Plume pattern of August, 1966 based on radioactivity.
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observation of any seasonal behavior in the concentration of this

nuclide. The salinity 51Cr graph for the plume is shown in Figure

18, with zero extrapolation of salinity giving a source activity of

264 pc/liter.

The calculation of the lateral eddy coefficient of diffusion by

the Proudman method over five triple point sets yielded an average

of (3 f 1)l07 cm2/ sec. This contrasted to the average result of

(2 t 1)10 5
cm

2 / sec over the same points using the Roberts modified

equation. Total flux of 51 Cr at the source was calculated to be

(3.3)10 9 pc/ sec.
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Figure 18. Determination of source activity concentration.
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DISCUSSION

The discussion of the results may be best approached by con-

sidering the similar phases of the three cruises collectively.

Plume Distribution Patterns

The salinity and 51Cr activity patterns for the three cruises

conformed to the known trend of seasonal behavior of the plume.

The Modoc cruise of June, 1965 and the WG cruise of August, 1966

showed the summer southward flow of surface water that has been

observed by others (Budinger et al_ , 1964). The CP cruise of

February, 1966 confirmed the trend of northward flow of the plume

along the Washington coast. Individual features of each of these

distribution patterns merit discussion.

It may be observed from the Modoc cruise plume patterns that,

in general, salinity and 51 Cr isopleths agree closely everywhere

except in a nearshore region near the mouth of the Columbia River.

This peculiar discrepancy may, be due to pooling of older plume

water brought about by a sudden, but brief shift in wind direction.

The plume itself was traced southward as far as Cape Blanco, a

distance of approximately 380 km from the mouth of the Columbia

River. Only lack of time prevented further tracking.

The wintertime patterns obtained from the CP cruise show the
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plume lying close to the entire length of the Washington coast. Up to

this time, considerable qualifications had been expressed by other

workers regarding the true winter extent of the plume. It could only

be suspected that the fresh waters laying nearshore to the Washington

coast were indeed those of the Columbia River plume, since there is

no way of separating plume waters from other coastal fresh water

sources with salinity measurements alone. This ambiguity was

definitely removed by the CP cruise. Without qualification, it may

be stated, on the basis of 51 Cr activity, that the Columbia River

plume does flow predominantly northward along the coast in the

winter. There is further evidence that, although the volume transport

of the plume is at a seasonal low at this time, it is still large com-

pared to the effluent from other neighboring coastal streams. Be-

cause the plume is closely confined to the nearshore by southerly

winds, mixing is apparently hindered and the plume retains its

identity over long distances. The plume pattern was traced as far

as Cape Flattery near the entrance to the Strait of Juan de Fuca, a

distance of 225 km from the mouth of the Columbia River. Chromium

- 51 activity was still high at this point but exhaustion of our supply

of processing chemicals (after 39 analyses) prevented further

tracking.

An interesting feature arose on the pattern of 51 Cr activity.

A side lobe of considerable extent lies westward of the main pattern
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and is definitely separated from it. Speculation on the origin of this

lobe of weak activity leads to the conjecture that the lobe is a rem-

nant of the summer plume which drifted northward after the seasonal

shift in longshore wind direction. Another speculation is that the

southerly winds shifted northerly for several days in an off-season

storm forcing the plume away from the coast. Either idea is open

to criticism, however.

Another small but interesting feature of the plume distribution

is the salinity isopleth reversal close to the river mouth and just

offshore. The 51 Cr activity pattern does not display this feature.

This could indicate the presence of an eddy but the station density is

not high enough in this localized area to justify this conclusion.

Salinity and 51 Cr activity patterns of the WG cruise also con-

tained some interesting features. These patterns agree with each

other much better than those for the previous cruises. The main

point of interest is the noticeably lower 51 Cr activity of the plume

compared to that of the Modoc cruise. There is at least an order of

magnitude less activity for comparable isopleths and distances. The

levels were high enough, however, to be easily measured.

It had been feared that the cessation of operation by the Hanford

nuclear reactors during the strike would preclude any measurement

of 51 Cr activity in this area of the plume. The reactors had been

shut down almost a full month prior to the WG cruise. Persistence
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of measurable 51 Cr at a time when theoretically there should be none

provokes an interesting idea. There is apparently enough capacitive

storage of 51 Cr in the huge dams downstream from Hanford to pre-

vent abrupt changes in nuclide concentration in the plume. Inter-

ruption of a steady state supply is offset by the gradual release from

the dams of their equilibrium content of nuclides.

Despite low levels of 51 Cr activity in the plume, the pattern

was traced as far south as Cape Blanco. This was the only instance

where the plume was traced by radiochemical techniques to its

southward limit.

Surface Velocities

All calculations of surface velocity for the three cruises are

subject to the same error. Since the contouring of isopleths for both

salinity and 51Cr activity are subject to human judgment, there is

estimated to be at least a t 25% error in their positions on the

charts. This error propagates through all the calculations and over-

rides all other errors, despite their cause. Even so, the calculated

surface velocities for all three cruises fall well within the accepted

range of surface velocities off the Oregon-Washington coast.

The summer surface velocity range in the upper three meters

of water is 5-20 cm/ sec southward (Budinger et al. , 1964). The

calculated southward velocities of 12 f 3 cm/ sec and 13 f 3 cm/ sec
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for the Modoc and WG summer cruises, respectively, fall within this

range. The accepted winter surface velocity range is 10-20 cm/ sec

northward. The calculated northward surface velocity of 11 f 6

cm/ sec for the winter CP cruise falls within this range. The high

surface velocity near the mouth of the Columbia River and the low

velocity. farther away cannot be explained. There is a possibility that

the jet-like input velocity of the river into the ocean could account

for the range. The curved core line in this regionmakes it doubtful

unless there is sufficient shear due to density gradients at the mouth

of the river.

Diffusion Coefficients

Calculations of the lateral eddy diffusion coefficient of the

Columbia River plume were based on 51 Cr activity. Values arrived

at for the three cruises are mainly useful for order of magnitude

estimates of diffusion rates. In the presence of advection, diffusion

plays a subordinate role in dispersing. the plume. Many assumptions

have been used to calculate the diffusion coefficient. The gross

assumptions that the longitudinal eddy diffusion coefficient is negli-

gibly small and that the vertical eddy diffusion is in the region of

1 cm
2 / sec are accepted by others in plume diffusion investigations

(Budinger et al., 1964 and. Schonfeld and Groen, 1961). The main

requirement, the existence of a stable halocline between the plume
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and the underlying water, appears warranted.

For the Modoc cruise and the WG cruise, the average calcu-

lated lateral eddy diffusion coefficients by the Proudman method were

(8 ± 2)107 cm2/ sec and (3 ± 1)107 cm2/ sec respectively. These

compare with the magnitude of 107 cm2/ sec based on salinity dif-

fusion (Budinger- et al. , 1964). By the Roberts modified expression,

these two values became (2 t 1)106 cm2/ sec and (2 f 1)105 cm2/sec,

indicating that the assumption of a near-Gaussian distribution of the

plume is not valid. The discrepancy in orders of magnitude cannot

be accounted for by error in the calculation of the total flux at the

source since the modified equation is relatively insensitive to this

parameter.

Apparently, no calculation of the lateral eddy diffusion coef-

ficient of diffusion has been made in the past for the winter plume

distribution, thus no comparisons of the CP cruise values can be

made. The value determined by the Proudman method appears to

be reasonable. This value of (3 ± 1)106 is low and probably reflects

the forced confinement of the plume against the coast. However,

this is open to conjecture.

The value determined by the modified expression is less than

this by two orders of magnitude, indicating a severe departure from

a Gaussian distribution.
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Source Concentrations

Concentration of 51Cr activity at the river mouth was assumed

to be the source concentration. These values, determined from the

least squares fit of the salinity -51Cr activity curve, have at least

a ± 30% uncertainty due to the errors in contouring that propagate

through the exponential term in the calculations of the decay-

corrected 51 Cr activity concentrations. The correct value for

source concentration is: (5. 1 t 1. 5)102 pc/ liter for the Modoc

cruise, (13.8 f 3.9)102 pc/liter for the CP cruise and (2. 6 f 0.9)10

51

2

pc/ liter for the WG cruise. The total flux of Cr at the river mouth

based on these source concentrations ranged from (3. 3)109 to

(17.3)109 pc/ sec. Foster and Junkins (1960) had estimated the total

flux of 51 Cr activity at Vancouver Island on the Columbia River to be

360 curies/ day. This converts readily to (4. 16)109 pc/ sec, indi-

cating that the extrapolated source concentrations are quite reason-

able.

If points on the salinity -51 Cr activity curve were plotted for

stations close to the river mouth, the resultant curve might start to

deviate from a straight line in this area. This would reflect the

collecting of particulate material onto which radioactive Cr (III) had

adsorbed. Apparently, this material quickly settles out of the plume.

Cutshall (1966) indicated that the loss is small, amounting to less



95

than 6% of the total 51 Cr in the plume at the river mouth. The cal-

culated concentrations must indicate the conservative portion of the

51 Cr at the mouth of the river.
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SUMMARY

The dispersion characteristics of the Columbia River plume

were examined by measuring the chromium -51 activity in the plume

waters. There was close agreement between patterns of salinity

distribution and 51 Cr activity concentration in each of three separate

investigations. The observed seasonal distribution patterns of the

plume were in close agreement with those found in past investigations.

The results from two summer cruises showed the plume ex-

tending 380 km southward from the mouth of the Columbia River with

the terminus of the plume some 240 km offshore. Calculations of

surface currents in the upper three meters of water yielded average

southward velocities of 12-13 cm/ sec, well within the 5-20 cm/ sec

range found in past measurements. Calculations of the lateral eddy

diffusion coefficient gave values of (3 - 8)10 7 cm 2 / sec, also in

accord with past investigations.

A winter cruise showed the plume to be nearshore along the

Washington coast extending up to the Strait of Juan de Fuca, with the

center of the plume some 20 km inshore.. This observation, since

it is based on 51 Cr measurements, erases the previous ambiguity of

the winter distribution of the Columbia River plume. Calculations of

surface currents yielded an average northward velocity of 11 cm/ sec,

which is within the suspected 10-20 cm/ sec range found in the past.
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The lateral eddy diffusion coefficient of (2)106 cm2/ sec shows the

effects of nearshore confinement. No previous determination of this

parameter had been made for the winter plume distribution.

All calculations of dispersion in the three cruises were based

on measurements of the chromium -51 concentration of the plume

waters. This nuclide is unique on the U. S. west coast to only the

Columbia River, thus providing a positive tracer of the plume waters.

Chromium -51 remains largely in the plume as a conservative

solute, dispersing with plume waters and lost largely by radioactive

decay. This time factor in its decay makes it possible to use the

concentration of 51Cr in the plume for the calculation of surface

velocities and diffusion coefficients.

In order to concentrate the 51 Cr trace and measure its activity

concentration, a large volume chemical coprecipitation system was

placed aboard a ship. This system could remove the 51 Cr tag from

a 580 liter sample of surface water by ferric hydroxide coprecipita-

tion. The 51 Cr in the sample was then analyzed in a field adapted

gamma ray multichannel spectrometer, . yielding an immediate

measurement of 51Cr activity. These data could then be used to

change the cruise plan at will to follow the plume. With a relatively

rapid collection to data presentation time of four hours per sample,

a swift and accurate picture of the plume distribution could be ob-

tained..
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This study shows the feasibility of following the Columbia River

effluent at sea regardless of season. With the techniques developed,

traces of radionuclides in the water can be used to define the distribu-

tion pattern of the Columbia River plume, and serve as timing devices

to assist in determining rates of dispersion.
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APPENDIX I

Least-Squares Analysis

The radionuclide spectra obtained from the multi-channel

analyzers in the laboratory were often complex since each sample

was composed of several radionuclides. Usual techniques to obtain

the activity of a particular nuclide from such complex spectra entail

a process called spectrum stripping or nesting. This process is

invariably subject to human error and does not utilize all the data

available. It was therefore decided that a new technique should be

sought that would provide reliable and consistent resolution of the

sample spectra into their component parts. Such a technique exists

in the multiple linear regression analysis called the least-square

method. This concept is adequately described and applied in the

literature (see Reddick and Miller, 1957 or Beers, 1957). Kaplan

(1957) uses it as a condition for completeness in orthogonal functions

and the most elementary application is that of the best fit of a straight

line to a distribution of data points. The advantages of this method

for spectrum resolution and a simple outline of the process is

described by Frederick et al. (1965), who adapted the mathematical

description by Seefeldt (1962) to a computer program for an IBM

1410. The description is carried over to the present case with some

modification.
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Each sample spectrum represents a totalling in a known time

of counts due to voltage pulses over a range of zero to 2. 55 million

electron volts (Mev). The voltage pulse height is assumed to be

directly proportional to the energy of the gamma ray giving rise to

it in the scintillator assembly of the counter. The energy range is

divided into 255 channels, each 10 kev wide. Pulses are passed

through a discriminator circuit on a differential amplifier which

sorts and tallies the pulses falling into each channel so that a poly-

energetic pulse height distribution is compiled. Since every pure

gamma-emitting nuclide has a distinct spectrum in this energy

range, the spectrum serves as a 'fingerprint' of the nuclides present,

and further indicates their activity. The sample spectrum may then

be built up by the assumed linear superposition of many different

nuclides. It must be stated at the outset that the energy spectrum

thus generated is actually non-linear with the energy photopeaks a

Poisson distribution rather than Gaussian or normal. The devia-

tion is in most cases small enough to be neglected and most of the

difficulty is overcome by applying the constraint that only positive

or zero values are allowed for the amplitude of the various mono-

energetic components (Trombka, 1962). High count rates also tend

to make this more reasonable (Lietzke, 1962).

The least-square method requires the comparison of the

sample complex spectrum to a synthetic reference spectrum built
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from a selection of standard spectra. The number and kind of such

standard spectra are estimated a priori from the analog presentation

of the data. Thus a library of standard spectra is required where

the precise activity of each nuclide is known. Let us consider the

kth channel of a sample spectrum. In this channel let:

fk = count rate in the sample spectrum

gik =-normalized count rate per picocurie in the standard

spectrum of the ith precision nuclide

Wk = weighting factor

a.i = activity in picocuries of the ith nuclide in the

sample

bai, Sfk = error in the above quantities.

It is assumed that a linear function, fk , may be formed by summing

the contribution of say N different pure nuclides to the kth channel

tally.

fk = alg1k + a2g2k
+ ... + aNgNk

= ajg,jk
(Al)

If we know all the contributions exactly, then theoretically fk = fk .

Such is not the case. The method of least squares is needed to find

values of the parameters, a
j
., that will minimize this difference. It

is essential that the gik exact values be assumed. If for all chan-

nels the fk are normally and independently distributed with constant
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variance and uncorrelated errors and if (Al) is linear with respect

to the a., then the least squares estimates of the a,
J

are both

maximum likelihood and minimum variance unbiased estimates.

This is the Markov theorem. In the present case, the deviations of

the observation, fk, from the expectation, f are subject to dif-

ferent variances of unknown magnitudes. This would mean that

undue influence will be given to energy regions of high count rates.

The situation is corrected by weighting each squared deviation in-

versely as its relative variance (Kempthorne, 1952). The expres-

sion for the sum of weighted squares to which the general linear

hypothesis must be applied is:

2

e = fk - (A2)

This must be minimized with respect to each of the N parameters,

a
J

.. For the activity of the ith nuclide, a
1

. :

k=1

be a

aa, aa.

M

I Wk
z i

k=1

= I Wk
k=1

j=1

N

-2f -F
Z gk gjk jkgik aj

i=1

N

fk - 2fk ajgjk
\21

ajgjk

M

k
k=1 j=1

M
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Setting this to zero and factoring:

M

I WkgJk
k=1

or:

M

Wk gikfk
k=1 k=1

N

fk -

L

) aj gjk = 0

Jj = 1 J

kgik (A3)

which was expected. This process of minimization of (A2) is done

for each of the N nuclides, generating N normal equations in N

unknowns. A matrix element S.. is now defined so that:
13

M

Wkgikgjk
k=1

(A4)

as can be seen by expanding the right hand side of (A3). The inter-

change of summation allows the N normal equations to be written

in generic matrix notation as:

M

I Wkgikfk
_ (Si.) a.

J J

k=l

Letting the left hand side of this be T.
1

T. = (S..)a.
1 1J J
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Now (S1.J.) represents a square matrix with N 2 elements, each

of which has M terms. Upon inversion, this becomes:

a. _
(S)-

T.
J 1J 1

This equation will now yield the desired nuclide activities in the

sample. According to the weighting requirement, the weighting

factor Wk may be represented by:

Wk = [ c- kI -,-

where o- k is the unit variance of the deviation in the kth channel

count rate. In the simplest case, o-

k
= fk if the counting time in

each channel is constant and it is assumed that there is no variance

in the gik values (Trombka, 1962). By doing this, the variance

of each factor in the T, has been made unity. Then:
1

T.
1

k= 1

Although (A5) appears to involve considerable calculation, it is seen

by (A4) that the matrix is both positive definite and symmetric,,.

(S1.J.) = (SJ..
1
). The inverse matrix, (C 1.J .) = (S

1J
..)' 1 will also be positive

definite and symmetric, that is, (C..) = (C.i) so that only
2

(N+1)
J J

terms need be calculated.

Restrictions must be placed on the matrix calculation to

(A5)
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prevent it from blowing up. There must be no singularities in

..) or its determinant will become degenerate. The inverse matrix(S
1J

will then become undefined. A more subtle restriction is that if any

channel count is zero, say in the fth channel, then any term involving

fk in a matrix element must be set to zero, or the element itself

will become undefined. This is apparent from the definition of S..
aJ

in (A4) and the requirement is justifiable to the extent that the

standard spectra should show zero count rates in the fth channel.

Having obtained the values of g
J
, and a

J
, for all nuclides that

were suspected of being present, it is possible to generate a syn-

thetic spectrum for the sample by calculating the expected channel

count rate, f
k

, for all channels:

N

fk = ajgjk k = 1,2,,M

The deviation of observed to expected count rates, (fk - f k) may

then be computed for all channels and the difference spectrum or

residual spectrum is obtained. It is at this point that any error in

the selection of standard nuclide spectra is found. Any nuclide not

accounted for in the sample may be identified by its characteristic

spectrum in this residual display providing it is of sufficient activity

to be discernible above background counting. Failure to account for

this nuclide at the beginning will result in loss of significance in the
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calculated activities for the selected nuclides.

The deviation, Sa,
J

in the calculated value of any activity, a.

is found by replacing the channel count rate, fk in (A3) with its

deviation, fk - f k . The resulting expression is:

5aj = (Sij) '
e

L wkgik ajgjk (A6)

k=l

The matrix is the same as in (A5). It should be noted that Sa
J

may

be either positive or negative.

The least square process just indicated was first programmed

in FORTRAN II for an IBM 1410 computer. Test trials were con-

ducted with samples in which the activity and kind of nuclide were

known with high precision and accuracy. Standard spectra for more

nuclides than those in the samples were deliberately introduced to

see what effect they would have. The calculated values for the activi-

ties present in the sample did not agree very well with what actually

was there. Furthermore, significant activity values were given to

nuclides not present in the sample but which were included as stand-

ards. The calculated values for the Sa., however, when added to
J

the ai with regard to sign yielded corrected values which were

extremely close to what was contained in the sample. Out of 16

trial samples only 2 yielded discrepancies of more than 0. 1% ac-

curacy between known and corrected activities.
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It is well known that in any least square fit involving the deter-

mination of a large number of parameters the accumulation of round-

off error during the course of the computation results in a loss of

significance. The difference in the computation of a,
J

and 5a
j
. is

apparently enough to offset this effect so that their sum has regained

significance. With this observation in mind, it was decided to incor-

porate in the program provision for making corrected values of

nuclide activity. The computer forms the sum:

corr a. = a. + 5a.
3 3 J

and reads this out along with the original a, for comparison. Mathe-
J

matically, this sum can be seen to be from (A5) and (A6):

corr a. = (S,
J

M M

I Wkgikfk+ I Wkgik
k=1 k=1

Combining like series yields:

M M N

corr aj = (Sij) l 1I Wkgikfk jWkgik ajgjk
L k=1 k=1

=(S.)-1

13
-2 T.

j=1

j=1

or:

corr a, = (S. ,) 1 T. (A?)
3 13 1

j=1
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The matrix element arises from the given definition in (A4). An

alternate form for Ti using the calculated count rate, f
k

, is:

T. = 2T.i i gi
k= 1

Note that Wk, (S .J.) and T. may be carried over from the original

computation with no change. This is a critical saving in the case of

limited computer storage.

The corrected activities are then used in (Al) to generate a

new synthetic spectrum which is then subtracted from the original

sample spectrum to form a corrected residual spectrum. This

residual spectrum is read out of the computer and is thought to be

a better indication of residual activity not accounted for in the

selection of the standard spectra.

At this point it becomes necessary to consider the confidence

of the value computed for the various activities. Gamma rays are

emitted by radioactive decay at completely random intervals of time.

The time, t, necessary for the observation of any finite number of

counts, F, is subject to statistical fluctuations giving rise to an error

in the observed counting rate f = F/t. This is fundamental to the

phenomenon of gamma radiation and not a property of the instruments.

It is an error of definition. The standard deviation can be shown

to be approximately NrF by first showing that the number of counts
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observed in a given time obeys a Poisson distribution and then show

that when F becomes very large, it approaches a Gaussian distribu-

tion (Bateman, 1910). Generally the standard deviation in the count-

ing rate is desired, not that of the number of counts. The counting

rate is f = F/t where t is assumed to be measured with such high

precision that its error may be neglected. Simple algebra yields

the standard deviation, 6f, in the count rate as:

f1t

In normal spectrum stripping techniques this is applied to the aver-

age count rate causing a nuclide photopeak. The activity of a parti-

cular nuclide in a complex spectrum is assumed directly proportional

to the photopeak count rate through a constant term. The rest of the

contribution to the spectrum from this nuclide is ignored. The con-

stant term combines scale adjustments and various correction fac-

tors. These must be manually determined. Included in these are

the counter efficiency factor, the geometry correction and the

Compton corrections. The latter are notorious in uncertainty. None

of these uncertainties are taken into account when the standard devia-

tion in the activity is determined. Instead, this standard deviation,

U a, is made directly proportional to a_ f through an exact constant,

which varies depending upon the nuclide under investigation. The
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resultant deviation will be, then, a minimum and must be regarded

as such.

In the least-squares method, the variance around the mean of

the count rate is by the usual definition (Kempthorne, 1952):

M

I (afk) 2
M

2 k=l 1 r

f
2

A8f M-N MN ,fk k ( )

k=1

where 6 fk is the count rate in the final residual spectrum previously

mentioned. With M channel dimensions and N nuclides as con-

straints there are left M,N degrees of freedom. The deviations

are not weighted so that standard deviation minimization will not

occur. The standard deviation of the channel count rate has already

been included in (A8) since we have used the variance of this as

weighting factors in the determination of the activities, hence f k

Dropping the weighting factor in (A3) gives:

I f kgik = I ajgjkgik I gjkgik aj
k lc j j ).z

The term in paranthesis is the matrix element, S.. which has noji
variance under the original assumptions. Introducing the dummy

index, 1, this can be solved for of by inversion of the Sji matrix:

A9)
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The assumption of the matrix exactness implies that the variance-

covariance of the product matrix must satisfy the orthogonality con-

ditions represented by the Kronecker delta:

(Al0)

It is seen from (A9) that of is a linear homogeneous function of the

count rate, so the mean variance 6 2(aI) corresponding to the varia-

tion in fk is clearly:

Var (af) = o(af) = 11 Sit Sj11 gikgjko f
k i f

or by rearrangement of summation:

The term in parentheses is just the matrix element, Sij .

2 \ \ -1 -1 Za(af)
Si.Q Sj,Q Si fJ

or by summing over the jth index:

o(a') S-1

62(a.) S
1K

k
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By virtue of the orthonomormality of the S matrix, Sj;1 = S. and
31

the term in parenthesis is just bif , so that:

2 -1 2
6 (a f) Sif sif 6 f

which implies that the covariances of the activities are zero due to

the null off-diagonal matrix terms and that more importantly, the

activity variances are given by the trace of the matrix since-

S_
1

bif if

Therefore, the variance in the fth estimated activity is:

a-2(af) = Sf1l a'
2

or by substituting (A8):

cr(a,) =

M

1 (afk
..1 k=1Sff MI-

i
a

This is possibly a better estimation of error than that used in simple

spectrum unfolding.

A FORTRAN II program was set up for use on either an IBM

7090 or a CDC 3300 computer to solve for (Al, AS, A7, All). Either

2

(A11)
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computer had sufficient digital storage space to handle the data reduc-

tion of the samples gathered for this thesis. The number M of data

channels filled by the multichannel analyzer is 255 with one extra

channel as a time monitor on the clock. The number N of nuclides

analysed for was eight. On the CDC 3300, computer processing time

per sample is approximately seven seconds. The program listing

is shown in Figure 19 and a typical sample printout is shown in

Figure 20. Note the residual spectrum printout.

Incorporated in the program is provision for computing the

elapsed time adjustment and activity concentration. The activity

on the date of sample collection is desired so each computed cor-

rected activity must be augmented by exp(X a
t) where t is the

elapsed time and X
a

is the decay constant for the particular nu-

clide. Corrected activity concentration is obtained by dividing by

the sample size (in this case liter units).

The sample spectra are removed from the multichannel analy-

zer in digital form on punched paper tapes. The tapes are processed

by an IBM 870 Document Writing System which transfers the infor-

mation to punched cards. Header cards are made to identify and

give pertinent information on each sample, such as size and elapsed

time. Each sample is then represented by 23 IBM cards including

the header. The standard spectra library is composed of similar
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3200 FORTRAN (2.1) 10/13/66

PROGRAM GAMMA
DIMENSION EL(8)Z(8)A(8)DC(R)T(8)98(8).R(8)SD(8)G(89256)9

IC(256)+W(255)F(255),X(8,8),P(255),EM(8)
25 FORMAT(15)
10 FORMAT(2X92A49F6.O9E10.4F10.0)
11 FORMAT(12F6.0)

12.FORMAT(2A4.2F5.09F8.O.A41_-_.-

13 FORMAT(12F6.0)
14 FORMAT(IH192A4.8X.4HUNIT,A4//14H COUNTING TIME,F7.095H MIN./12H SA

1MPLF 5IZE.F9.293H LT/13H ELAPSED TIME,F89095H DAYS//8H NUCLIDE989
21HA,8X96HCORR A97X.5HPC/LT97X.THSTD DEV)

15 FORMAT(IH 92A494F12.4)
- 16 FORMAT (1H-93OX921HRESIDUAL

17 FORMAT(IOF1O.2)
999 READ INPUT TAPE 59259N

IF(N)51952951
52 STOP
51 DO 61 I=19N

READ INPUT TAPE 59109ELII).EM(I) 9Z-!L)9AA-I)-sDCl11- ----.-.-.--.__-

61 READ INPUT TAPE 59119(G(IJ)Js19256)
DO 21 Is19N
Q=1./(A(I)*Z(I))
Z(I)¢0.
DO 20 J=29256
IF(G(I9J).10000O.).53.50,50-.

50 R(I9J)=D.
53 G(I,J1)=G(I,J)AQ
20 Z(I)=Z(I)G(I9J-1)
21 T(I)Z(T)

100 READ INPUT TAPE 59129SAM9PLE9CTET9SS,UNIT
54 READ INPUT TAPE

Q=1./CT
DO 1 I=19255
LI.1
IF(C(L).100000.)55.292

55 CfI)=C(L)°Q
IF (C (I )-.2) 60960956

56 W(I)=1./C(I)
G. TO 1

60 W(I)=5.
GO TO 1

2 DO 4 Js19N
-4 T(J)T(J)-G(JI).

C(I1=0.
W(T)=0.

I CONTINUE
DO 5 Is19N
DO 5 JIN
X(1.J):0....-
DO 5 K=19255
IF(C(K))5T95957

57 X(I9J)=X(I9J)+G(I9K)MG(JK)*W(K)
5 CONTINUE

DO 6 I=2N
DO 6 Jul 9I

6 X(I9J)*X(JI)
DO 314 K=19N
CCM=X(K.K)
X(K,K)1.
DO 311 Ja19N

311 X(K.J)X(KJ)/CCM

Figure 19. Least-squares program listing.
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DO 314 11+N
--__IF (I :K) 31201493,I2

312 COMaX(I+K)
X(I+K)*O«
DO 313 J*1+N

_313 XUI+J)*X(I,J)'COMM.X(K+J)_.._.
314 CONTINUE

no 30 109N
A(I)N0.
DO 30 K.1+N

30 A(I)gA(T)+X(I+K)*'T(K)
DO 316 I*1+255
P(I)*0

316 F(T)*0.
no 22 I*1+N
DO 22 J*1+255

22 F(J)*F(J)+A(I)*Q(I+J)
. DO 317 J*1+255

317 F(J)*C(J)*F(J)
no 318 1*1+N
T(I)*0
DO 318 J*1+255

318 T(I)*T(I)+W(J)*Q(I+J)*F(J)
DO 319 I*1+N
R(I)*0.
DO 319 J*1+N

319 R(I)R(I)+X(I+J)*T(J)
DO 320 I*1+N

320 P(T)*A(T)+R(I)
DO 321 1=10
no 321 J1+255

321 PtJ)wP(J)R(I)*G(I,+J)
Sl1M*0
DO 322 J*1+255
F(J)*C(J)-P(J)

_..322,SUM*SUM+F(J)*F(J)._._.
SUM*SUM/250
Q*le/SS,
DO 31 I*1+N
QQ*Q*EXPF (DC (I) *ET)
SO(I)*SQRTF(SUM*X(i+I))*OQ

31 R(I)*R(T)*QQ
WRITE OUTPUT TAPE 6+14+SAM+PLE+UNIT.
WRITE OUTPUT TAPE 6+15+(EL(I)+EM(I)+AtI)+R(I1+91I)+SO(I1+I*1,N)
WRITE OUTPUT TAPE 6+16
WRITE OUTPUT TAPE 6+17+(F(J)+J*1+255)

END

3200 FORTRAN DIAGNOSTIC RESULTS . FOR GAMMA

--"'°--NULI-STATEMENT- NUMBERS - "'
54 999

LOAD+56
RUN+

Figure 19. (Continued)

TO .100



CP-13 UNIT A

COUNTINA TIME 400 MIN.
SAMPLE 5
ELAPSEn TIME 16 OATS

NOCLTnE A CORP A PC/LT STO 0EV
SC-46 W 2781-
K-40 70.6370 72.5992 1.9360 .2415

t. 3 - x.4649 .1246 .0454
MN-54 .0929 .1632 .0045 .0150

-58-124--- -4:3523 -2--. .1620 .0644 .0224
58-125 .1248 1.2619 .0340 10209-- - 241:0521 2-8 8.a217 11.4577 .5016
CE-144 12.6297 13.6778 .3792 .0521

---PEST0uAt SPE

-0.41 .02 .39 1.06 .80 .07 .05 .60 .74 .37
=011 -003 -0.03 .79 1.36 1.O4 .75 -0.03

.75 -0.00 .94 .53 .39 .17 .48 .04 .50
.

.44
.11 -0.24 -0.46 -0.17 .06 .03 .46 -0.1ft .20 09

n7 .32 .01 -0.42 .34 -0.26 .08 -0.09 __.15
-0.10 -31 -0.16 .21 0.01 .15 .15 .02 -0.12 -0.13

n7 -0.19 .20 .15 .25 .00 -0.03 -0.20 .05 .___..._-0.1A
-0.6n -n.03 -.17-0.13 -0.02 001 -0.07 .03 49 .04
-0.04 -0.00 -0.06 -0.19 -0.04 .11 -0.11 014. - .02 .08

02 -0.01 .26 -0.01 .01 .07 .08 .00 n9 -0.15.
-0.16 -0.03 -O.n4 -0.14 -0.08

13
-0.10

0
-0.01

07
-0.01

08-0
-0.10

01-0 11-0.18 -0.03 .04 .04 . . 1 . . . .
-n.n4 .07 1-0.10 -0.04 .01 -0.08 -0.04 -0.02 0.04-0.01
-1 50 -0.06 -0.06 .OP. -0.12 -0.04 -0.06 .00 -0.05 -0.07.

On -n.ln .04 -0.22 -0.0 5 -0907 -0.09 -0.17 _-O.n2____'0.02
-O.n8- .03 -0.03 -0.05 -0.06 -0.04 -0.04 .04 n3 .08

.05 -0.03 -O.n4 -n.03 -0.03 -0.03 -0.05 -0.03 .A6 ............. 04

.n3 -0.01 -0.01 -0.03 -0.02 .00 -0.02 -0.02 0.02 -0.02

.02 -n.04 -n.nn -n.01 -0.01 .On .03 .02 e_O.nl 0.01
-n nl -0.01 1-0.02 -0.03 -0.01 -0.06 .03 -0.03 -0.03 -0.03.
-0.n3 -n.03 -0.03 -0.03 .0 1 .06 -0.01_._-0.04-_--0.01 - __-"0.04

--- -0.01 -n.00 1-0.n1 -0.01 -0.01 -0.01 .03 -0.01 -0.02 -0.02
-0.n1 -0.01 -0.n1 -n.05 -0.01 -0.02 .02 .00 -O.n2 0.03
O.n2 .01 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 .03 -0.01
-n.n0 .04 n3 -0.00 -0.03 -0.01 .00 .04 -0.00 - - .02

.n6 .05 .00 -0.00 -0.01

Figure 20. Sample print-out.

7.50 LT

.032

.31-....
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card blocks for each nuclide. Header card information in this case

indicates the activity of the precision standard nuclide and its decay

constant. Sample blocks are placed after the standard blocks in the

main deck and the entire set is processed at once. The computer

prints out the results via a high speed printer.

There are several restrictions which must be incorporated in

the program and several assumptions on the data which must be

mentioned. Restrictions on the 1(S) matrix have already been
'3

mentioned. Without these the matrix will degenerate. Another im-

portant restriction must be placed on the weighting factor, Wk . If

extremely low count rates occur in a particular portion of the spec-

trum, Wk will become very large, thus giving undue weight to this

portion. Therefore an upper limit of five was placed on Wk, mean-

ing that all count rates less than Q. 2 counts per minute will have the

same limiting weight in the least-square analysis. This value was

not chosen arbitrarily. It corresponds to count rates of concern

normally found in the midrange portion of the background spectrum

of these particular counter configurations. Nuclide activity below

this level will for all practical purposes be negligible and obscured.

Another restriction is that the program is set up for nuclides which

have negligible decay in the length of time they have been counted

in the analyzer. This assumption permits the neglection of decay

correction in (Al). All nuclides of interest to the investigator meet
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this restriction in that they have half lives much larger than any

count time used.

Further assumptions on the data include exact calibration with

no drift of the analyzer system at all times, having standards of

about the same activity as found in the samples, adjustment of nega-

tive count rates, and judicious standard selection.

Since the success of the multiple regression depends upon the

comparison of known spectral values to unknown spectral values of

nuclide activity, it is crucial that all spectra be compiled under the

same conditions of exact analyzer configuration, calibration and

stability. Without these, the results are meaningless. Calibration

is performed faithfully on a periodic schedule when possible and al-

ways -before long counts. This is done in the usual manner (U. S.

Public Health Service, 1964) with a combined cobalt -60 and cesium

-137 source to at least half channel accuracy. The analyzer configu-

ration is maintained constant as far as photomultiplier focus, gain

and pulse shape are concerned. Stability is achieved through volt-

age regulation circuity and ambient air temperature constancy of

± 1°F. Analyzer channel drift due to gain circuit instability is slow

enough to be negligible considering the frequency of calibration. It

is interesting to note that poor crystal resolution offsets drift due

to the broader flattened photopeaks. The resolution of the present

system is 9. 4% which will not quite mask drift.
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The known nuclide activity levels of the standards are usually

made within the same order of magnitude as those typically found in

the samples. This is done to compromise two conflicting'phenom-

ena. As has already been mentioned, the assumption of normal

variance depends on high count rates, the higher the better. With

high count rates, however, comes the effect of random summing in

the analyzer analog to digital (ADC) circuit. This is due to failure

of the gating circuit to separate and block off one of two pulses that

arrive in rapid succession. The pulses are summed and addressed

to a channel level not common to either pulse height. The more ac-

tive the sample or standard, the higher the count rate and hence the

random summing increases. The random time-coincidence between

pulses caused by randomly distributed gamma decays means there

is a finite chance that any two events may occur in the detector within

the resolving time of the electronic circuitry. The random sum

spectrum magnitude is given by (Heath, 1962):

I=N22T

where N is the input pulse rate, T is the gate resolving time and

I is the total number of pulses appearing in the sum spectrum. For

the Nuclear Data ND 130-AT multichannel analyzer, T is approxi-

mately two microseconds. A high nuclide activity causing an

average 104 counts per minute per channel will compile a sum
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spectrum totalling approximately (3) 10
7 counts, which is appreciable.

A typical specific activity causing an average ten counts per minute

per channel will compile a sum spectrum totalling only 36 counts,

which is negligible. The least-squares procedure cannot account

for random summing and this phenomenon must be minimized.

Blackburn (1965) indicates that wide variation in the counting time

for a sample has produced a variation of up to 2% in the results.

This enhances the argument that the standards and samples be of

the same order of magnitude in nuclide activity in order that the

counting time may be made approximately the same. It is also ob-

served that a large change in count rate will change the gain of the

analyzer. This effect is due to variable saturation of the input ADC

circuit and is inherent to the counters. To maintain consistency

from sample to sample or standard, it is further emphasized that

activities remain in the same order of magnitude in sample

and standards.

Blackburn (1965) indicates that high accuracy may be achieved

in nuclide activity determination if' one analyzes for the exact number

of nuclides present in the sample. He indicates that 0. 01% accuracy

is possible in this case. According to his results, when more than

the number of standards actually present in the unknown are in-

cluded for fitting, the nuclides actually present are computed within

5% of their actual values. Those not present are usually computed
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to 0. 1% or less in amount of those present.

From this, it is concluded that the least-square analysis of

gamma ray spectra will yield sufficiently satisfactory results of

nuclide activities. To quote from Birge (1932, p. 208):

Except in especially favorable cases, least squares
results and their computed probable errors are not as
reliable as indicated by theory . . . , but alternative
methods are, without exception, inferior.
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APPENDIX II

Diffusion Equation

The general solution to (17) (Roberts, 1923) is:

1

2 2 2 2

K K)- + K + K
Y xK y z

exp

2 2
x Y
K K+
x y

(A12)
x

K 2

For transport mainly in the x-direction and negligible longitudinal

diffusion, then:

2
x
T-
X

< < 1

In this case, the three term root may be expanded in a simple bi-

nomial series after factoring the first term..

xI
K2

x

2 2

+K KY -Z1 +
K2
x

Approximately, then:

r
2 2

Z

K +K
1+ y

z

2x 2

K
x

(A13)

It is seen by inspection that the insertion of (A13) in (A12) simplifies

1

2

'- 1

it to:

x
K
x
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2 2
-u + z (A14)A = exp

4tr (Ky
K

z
) 2x

4x K K
z

For surface measurements, y > > z . In the case of a well defined

halocline, little vertical diffusion downward will occur as compared

to lateral diffusion. The vertical eddy diffusion coefficient is then

arbitrarily small. For convenience, K z
may be chosen as unity.

When these two assumptions are applied to (A14) the resultant ex-

pression is identical to (18).

Justification for these assumptions stems from the work of

Budinger et al. (1964), indicating that Kz
is in the neighborhood of

1 cm2/sec in the Columbia River plume, and that apparently K
x

is

negligible, Waldichuk (1963) has also indicated that Kx
is relatively

small in the oceanic region off the Pacific coast of Canada and north-

western United States.


