RADIOACTIVITY TRANSPORT IN WATER--
CONTINUOUS RELEASE OF RADIONUCLIDES IN A SMALL SCALE ECOSYSTEM

Technical Report--21

to the

U. S. Atomic Energy Commission
Contract AT (11-1) 490

by
Earnest F. Gloyna, Project Director
Yousef A. Yousef, Research Associate*

Thomas J. Padden, Research Associate**

CENTER FOR RESEARCH IN WATER RESOURCES
Environmental Health Engineering Research Laboratory
Civil Engineering Department
The University of Texas at Austin

&JLWOW

REPOSITO a7 X
COLLECTION rs eyt Py

" al) Y-
A—78-3
BOX No. 490 ¢ A erfoa2
CRWR-75 FOLDER _f%f@e____
EHE-71-1

ORO-21 September 30, 1971

* Presently, Associate Professor Florida Technological University
** Presently, Engineer, Environmental Protection Agency, Washington, D. C.

11380 10b



ACKNOWLEDGEMENT
This project was sponsored by the U. S. Atomic Energy Commission,

Division of Reactor Development. Grateful appreciation is extended to

Mr. Walter Belter and Mr. Craig Roberts for their assistance.

11369771



ABSTRACT

Model rivers were simulated in two channels of a research flume. The
control channel of the model river system contained a typical bottom sediment
and received a potable water supply. The second channel, in addition to
bottom sediment, contained a lush community of rooted aquatic plants in one
end and received water which was rich in phytoplankton. Both channels were
subjected to a continuous release of 134Cs and 85Sr for periods up to thirty-
five days. The distribution of the radionuclides in the bottom sediment,

plants, algae and water was determined.

Under the conditions of the release, less than maximum permissible
concentration, the radioactivity continued to increase on the surface of
bottom sediments until a quasi~equilibrium level was reached at approximately
25 days after initiation of release. At this condition or saturation, the
specific activity of bottom sediments associated with 134Cs and 858r approached
55 uu c/cm2 and 3.34 uu c/cm2 respectively, and sediment concentration
factors were 275 ml/cm2 and 85 ml/cmz. In the case of rooted plants, quasi-
equilibrium for 134‘Cs (89 uu ¢/gm of plant) and for 85Sr (25 uu c/gm of plant)
was reached within two days. The plant weight was based on oven dried mass.
Plant concentration factors averaged 400 and 600 ml/gm respectively for 134Cs
and 858r. In the phytoplankton rich water, it was found that as much as 27%
of the radioactivity of the water was actually contained on or in the phyto-
plankton. The rate of 134Cs uptake by the phytoplankton was related to net
photosynthetic oxygen production.

The experimentally determined parameters were applied to predictive
models and these relationships were checked against some observed data.
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CONCLUSIONS
1. Under continuous release of radionuclides into an aquatic system, bottom
sediment and plants will concentrate radioactivity until such time as an
equilibrium state is reached. Plants reach equilibrium much faster than bottom
sediments, In 134Cs and 8SSr, under identical conditions of flow,
equilibrium was reached in less than 36 hours for plants as compared to about
30 days for the bottom sediment.
2. Radionuclides are extracted from the water phase and are concentrated by
bottom sediments or aquatic plants at a rate which is directly proportional to

the difference between the saturation concentration (concentration at equilib-

rium) and the concentration in sediments or plants at a given point in time.

dC

at = K(GCW -C)
where
K = transfer rate coefficient
= concentration factor at saturation
CW = specific activity of the water at
equilibrium condition
C = gpecific activity of sediments or plants

at time t
3. The transfer rate coefficients for plants were much higher than those for
bottom sediments. Plant transfer rate for 134Cs was 0.0293 hr“l and for 85Sr
was 0.0378 hr_l. In the case of sediments, the transfer rate coefficients
for 134Cs varied between 0.0014 hr—1 and 0.0018 hr-1 and for 8581‘ varied
between 0.0010 hr~ and 0.0013 hr ™ *.
4. The amount of radicactivity per cm2 of bottom surface (concentration
factor) to the radioactivity per ml of water above the sediment is dependent
in part on the radionuclide involved. The concentration factor of Lake Austin

sediment ranged from 250 to 300 ml/cm2 for 134Cs and from 70 to 90 ml/cm2

for 8581’.

5. The bottom sediments of Lake Austin have higher affinity for l3405 than
85Sr, but the opposite is true in the case of aquatic plants. The concentration

factor for 85Sr and for 13405 in plants averaged 600 ml/gm dry weight and
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400 ml/gm dry weight respectively.

134 85
6. In a continuous release of Cs and Sr, wherein the specific activity
remained relatively constant in the water phase, it was found that the

following existed:

[C for 134Cs] 26.2 [C_ for 85Sr] 0.66
SO SO

[Cp for 134Cs] 6.18 [Cp for 85Sr] 0.76

where

1 2
concentration of 34Cs activity in puc/cm

SO

85
concentration of ~~Sr activity inuuc/gm oven

Q
0

dry weight,
7. Suspended phytoplankton contribute to the surface concentration of
radionuclides on bed sediments. In the West channel suspended phyto-
plankton concentrations averaged about 20 mg/liter and this mass of plants
resulted in transfer rate coefficients to bed sediments which were about
25% higher as compared to the East channel.
8. Suspended phytoplankton, unlike rooted plants, showed a higher concen-
tration factor (CF) for 134Cs than for 85Sr. The CF for 134 Cs varied from
4,000 ml/gm to 13,000 ml/gm while the CF for 858r varied from 200 to 700
ml/gm. In the case of 85Sr the CF on phytoplankton was about the same as
the CF for rooted plants.
9. The uptake of 134Cs by suspended phytoplankton in the flume varied from
12 puc/liter in the early morning to approximately 50 UM c/liter during the late
afternoon. The uptake of 134Cs by suspended phytoplankton followed a pattern
similar to the diurnal cycle and photosynthetic oxygen production. A linear
correlation was found to exist between the change in rate of 134Cs uptake and
the rate of photosynthetic oxygen production:

A + Bx

y

where

134
change in rate of concentration of Cs,

( W wc/liter/hr)/hr

l<
I
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x = rate of photosynthetic oxygen production,
mg/liter/hr
A+B = constants

During a described 36-hour experiment, the equation of best fit (correlation
coefficient = 0.953) was:

y = -,42 +5.57x
10. The amount of 853r uptake associated with suspended phytoplankton
varied from 0.2 upc/liter to 0.8 uu c/liter; however, no cyclical diurnal
relationship was noted between photcsynthetic oxygen production and the

rate of uptake of 85Sr.
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CHAPTER 1
INTRODUCTION

The demand for electrical power in the past has grown at an exponential
rate, roughly doubling every ten years. Generating capacity in this nation
will increase from the present 325 million kilowatts capacity to approximately
1.5 billion kilowatts by the year 2000 (1).

The extent to which the environment will be affected and courses of
remedial action can be determined by either experience or experimentation.
Since the beginning of nuclear power development, safety to man and his
environment has been of prime consideration. Highest standards of engineering
practice and"fail safe" principles have been employed in reactor design and
effluent standards have been set at conservative levels. As a result, no body
of experience exists from which to deduce the spectrum of hazards involved
under various degrees of accidental release, environmental reaction, and
types and extent of remedial action. Likewise the threshold limits of con-
trolled released can not be determined. Without experience, knowledge and

logical decisions must depend upon controlled experimentation.

Experimentation on real rivers, while valuable, is not always practical.
Limits are controlled by the actual physical, chemical and biological char-
acteristics of the river and by safety considerations. On the other hand,
experimentation in small scale ecosystems offers great flexibility. The
experimentor can establish and control the parameters of his research. The
results of experimentation in small scale ecosystems which simulate stream
processes can be most helpful in giving a qualitative and quantitative insight

into ecological responses to radioactive stress.

The objective of this series of investigations has been to develop a
mathematical model which can be used to predict the behavior and transport
of radionuclides in small scale ecosystems. The various facets of this

research have been designed to determine the effects of specific environmental

1
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factors on transport, to estimate the uptake and release of radionuclides by
bed sediments and plants, to establish the effacts of organic and inorganic
pollution loads on radionuclide movement and to relate all of these factors
into a basic prediction transport model. Investigation included accumulation
of field data obtained from river systems, laboratory tests, aquaria studies,
and flume experiments. Various stages of this research have been completed

and published in progress reports (2-21).

Further studies were needed to evaluate the long-term effects resulting
from continuous releases of radionuclides and to verify the prediction model.
Therefore, experimentation described in this report has been designed to include:
1. Continuous release of 13405 and 858r in the flume for a period over
one month to determine the dynamic balance of water, sediment and plants in
an ecosystem.
2. Detailed studies and refinement of mass transfer coefficients for
retention and release of 13405 and 853r by sediments and biomass.
3. The mutual relationship between radionuclides in solution and suspended
algae including the factors that influence this relationship.
4., The investigation of the locus and nature of contaminated sediments
be areal distribution of radionuclides retained by bed sediments.
S. Refinement of the existing computer program and its use as a

predictive tool for transport of radionuclides. A comparison of specific

predicted activities in water, sediments and plants to the measured values

are discussed.
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CHAPTER 1II

EQUIPMENT AND PROCEDURES

A series of experiments were conducted in a research flume in which
small scale ecosystems (Model Rivers) were established. These ecosystems
simulated river processes typical of the southwestern region including bottom
sediment obtained from nearby Lake Austin and plants obtained from a stretch
of the San Marcos River, approximately 30 miles south of Austin. Radio-
nuclides were introduced into the ecosystems under continuous release
conditions and the uptake and concentration of radioactivity by the various
elements of the ecosystem were monitored. The experimental conditions are
summarized in Table 2-1.

The Model River

The Mcodel river in which the river processes were simulated consisted
of a metal flume 200 feet in length, 2.5 feet in width, and 2 feet in depth.
A center partition divided the flume into two identical channels each 1.25
feet in width, Fig. 2-1 and 2-2. Flow in the East channel consisted of
potable water supplied from the municipal water system. Into the West
channel, water rich in phytoplankton was pumped from a supply reservoir.
Flow conditions were maintained by pumping the water from the reservoir
into a constant head tank and controlling flow through a valved outlet at
the bottom of the tank so as to maintain a predetermined head over a "V"
notched weir at the inlet box. Water depth was controlled by setting the
end gate or overflow weir to provide the depth desired. Approximately 4

inches of bottom sediment were placed in both channels. Plant growth was
established in the last 50 feet of the West channel, stations W150 to W200.

Instrumentation consisted of dissolved oxygen probes (galvanic) to which
stirring mechanisms had been attached to insure sufficient velocity across
the face of the probe, thermistors, and pH meters. A dosing box Fig, 2-3

was designed and fabricated to control the radionuclide release.

In part of the experimentation oxygen was removed from the ecosystem
in both channels from stations 100 to 200 using Na2803 as the reducing
agent and cobaltous chloride as a catalyst. The method used in dosing the

Na2 803 is illustratedin Fig. 2-4. A nitrogen environment was maintained

3
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Table 2-1.

Summary of Experimental Conditions

Variable East Channel West Channel
Water Tap Storage Reservoir
Sediment Lake Austin Lake Austin
Plants None From 150 ft - 200 ft
Flow

Rate 10 1/min 10 I/min

Depth 6 inches 6 inches

Average Velocity 0.55 ft/min 0.55 ft/min
Radionuclides

Cesium-134 2.16 uc/min 2.08 yc/min
Strontium-85 0.46 uc/min 0.44 pyc/min
Dosing Rate 54 ml/min 52 ml/min
Release Period 35 days 21 days
Rhobamine "B"

Dosing Rate 54 ml/min 52 ml/min
Concentration 0.80 mg/min 0.78 mg/min
Release Period 36 hours 36 hours
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over the reducing solution to preserve its strength.

Acclimatization of Plants

In late February plants were brought from the San Marcos River and
transplanted in the West channel, between stations W150 and W200, to
provide a lush community typical of central Texas streams. The plants
included Vallisneria, Potamogeton, Myriophilum, Utricularia, and Chara.
Difficulties were encountered in growing the plants probably due to the

considerable diurnal changes in water temperature that occurred in the West
channel during the months of March and April. Also, during part of this
period, the pump which supplied water from the reservoir to the West channel
brokedown and as a result it was necessary to substitute potable water. The
potable water had a pH of 10 which probably contributed to plant die off.
Finally at the end of April the plants were harvested and replaced by fresh
plants from the San Marcos River. The new growth was dominated at the
beginning by Potamogeton and Vallesnaria. One month later, when the experi-

ments were initiated the predominant species was Chara. Chara had not been
noticeable when the plant community was established at the end of April.

Plankton Community

Before beginning the experimentation, the plankton community was
studied to better evaluate the role of plankton in the transport of radionuclides.
Accordingly, diurnal changes in numbers and species of organisms at various
depths of the supply reservoir and at various locations along the flume were
determined.

Samples from the supply reservoir were taken every three hours over a
twenty-four hour period, May 14-15 at depths of 0.5, 1.5, 3.5, and 5.5
feet, measured from the water surface. The total count of organisms remained
relatively uniform throughout the depth of the reservoir and averaged 3500
organisms/ml. Temperature and pH remained relatively constant within the
entire depth of the reservoir throughout the twenty-four hour period. Maximum
temperature differential between top (6" from surface) and bottom was less

than IOC, and maximum pH change was less than 0.40 units,

The species present in the samples taken from the West channel were the
same as observed in the supply reservoir and distribution of total plankton

population was fairly uniform. Diurnal changes in plankton count were
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measured at stations W0, W50, W100, W150, W195 (west channel, 0, 50,
100, 150 and 195 feet from inlet end) on May 15-16 before starting experi-
mentation and on June 8-9, June 12-13 and June 26-28 during experimentation.
Table 2-2 indicates the relative abundance by species in the West channel

on the above days and Table 2-3 indicatesthe organism count and the experi-
mental conditions prevailing at the time of sampling.

Dispersion Studies

During the initial two days of radioactivity release, Rhodamine B dye
was also simultaneously released through the same dosing apparatus Fig.
2-3. Samples were taken at stations 2, 22, 52, 102, 152 and 197 feet from
the inlet in both channels. The samples were prepared for counting in a
multichannel analyzer for radioactivity and for Rhodamine B measurement in
a Turner Fluorometer. In the case of radioactivity, corrections were made for
decay, self-sorption and efficiency. In the case of Rhodamine B, corrections
were made for temperature and decay by sunlight. Correction determinations
were obtained by placing aquaria containing known concentrations of Rhodamine
B alongside the flume at the same time as the experiment was being run and
measuring the decrease in concentration with time.

In the previous experimentation on the flume (21) dispersion has been shown
to be directly related to velocity. However wind and temperature may have
an exaggerated effect on dispersion. Temperature effects may stimulate mix-
ing in one case and in another case establish a stratified flow regime. Wind
in all cases will stimulate mixing. Thermal effects could not be eliminated
short of insulating the metal sides of the flume. Since the flume was not
insulated, some error will result in the experimental determination of a
longitudinal coefficient of dispersion and in the prediction of concentration
at a location and point in time. Wind effects, however, were eliminated by
covering the top of the flume with a clear plastic material.

Pollutional Stresses

The effects of pollutional stresses on the transport characteristics and
equilibrium levels of 134Cs and 85Sr were studied. In one experiment span-
ning two days dissolved oxygen was lowered by the use of a solution of
NaZSO3 and CoClZ.GHZO as a catalyst. The solution was injected in both
East and West channels respectively at stations E75 and W75, Water samples,

sediment samples and plant samples were taken every four hours and analyzed
for radionuclides.
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In a second experiment, dissolved oxygen was reduced by biological
activity., A solution prepared with powdered milk and sewage seed,
obtained from an aeration tank of the local activated sludge treatment
plant, was injected at stations E75 and W75, As in the previous experi-

ment, samples were taken every four hours. The experiment was conducted
for three days.

Areal Distribution of Radionuclides Along the Bed Sediment

Bed sediments concentrate radionuclides from overlaying water through
sorption, deposition of suspended solids, movement of contaminated sedi-
ments and bottom organisms, and through precipitation resulting from
chemical and physical interactions within the water. The cumulative efforts

of these mechanisms could be visualized through a survey of the amount and
distribution of radiocactivity on the sediments. Radioactive contamination
was expected to be on the surface of bottom sediment since migration through
bed sediments is a slow process (18). Therefore, two core samples of dia-
meter 7/8" were taken every foot along the entire length of the East channel
after drainage of all the overlaying water. The upper 1/2" of the sediment
cores was collected and composited in 10 core groups providing a total of

40 composite samples. Each composite sample represented a 5-foot length
along the flume, The composite samples were processed, homogenized and
prepared for counting and finally a profile of radioactivity or areal distri-

bution of 134Cs and 85Sr was established for the flume sediments.
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CHAPTER 1III
RETENTION AND RELEASE OF RADIONUCLIDES

When radioactivity is released into streams,part of this radioactivity
will be extracted by bed sediments, by suspended solids, and by the
stream’'s biota. Some of this retained activity may subsequently be released
and some may be stored for indefinite periods of time. The mechanisms
involved in retaining and storing radioactivity include sorption, sorption and
sedimentation, chemical precipitation, and biological uptake. However, the
activity stored in a hydrological environment may be released by changes in
dynamic, physical, and biochemical conditions. An increase in velocity
will scour bottom sediment and return radioactivity to the flowing portion
of the stream. Toxic material introduced into the stream will upset normal
biological balance, will alter the numbers and types of aquatic flora and
fauna and may cause sudden releases of stored radioactivity.

As a first step in understanding the role of bed sediments and biota in
the retention and transport of radionuclides, steady-state conditions were
considered. Described in this chapter are steady-state or quasi-steady-
state experiments.

Bed Sediment

Cesium 134 and Strontium 85 were continually released at a uniform rate
into both East and West channels of the flume. The East channel contained
potable water flowing at the rate of 10 liter/min or a velocity of 0.44 ft/min
with average depth of flow of 7 inches. Flow in the West channel was identical
to that in the East channel except that the water was from the storage reservoir
and was rich in phytoplankton. Cesium 134 was released into the East channel
at the rate of 2,6 puc/min and into the West channel at 2.08 puc/min. Strontium
85 was released into the East at the rate of 0.46 Hc/min and into the West at
0.44 uc/min. Six sediment samples were taken from each channel each day.
The samples were distributed evenly along the channel length. Radioactivity
associated with 134Cs and 858r was determined for each sample. Fig. 3-1 is

a plot of the average concentration with time of 13405 by bed sediment at six

stations along the flume. Fig. 3-2 is a similar plot for 85Sr. Radioactivity
increased with time to an equilibrium level after a period of approximately 25

days or equivalent to 100 times the hydraulic flow through time. InFigs. 3-1
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and 3-2, as might be expected, the bed sediment in the West channel exhi-
bited higher concentrations of radionuclides than did the sediment in the East
channel. The radionuclide activity in the West channel sediment was increased

by sorption and biological uptake of phytoplankton that deposited and attached
to the bottom sediment.

Sediment Surface Concentration Factors

A meaningful and useful expression for the radicactivity retained by the
bed sediment is surface concentration factor (KS) . Surface concentration
factor is the ratio of the radioactivity retained by the bottom sediment per
cm2 of bottom surface area to the radioactivity contained in one ml of water
flowing in the system. Figs. 3-3 and 3-4 indicate the surface concentration
factors (KS) obtained in the experiment. The surface concentration factor at
equilibrium in the case of 134Cs was approximately 275 and for 858r was
approximately 85. In other words, each cm2 of bottom area contained 275

times the radioactivity associated with 134Cs and 85 times the radioactivity
85

associated with ~~Sr than did each ml of flowing water. Bottom sediment had
a greater affinity for 134Cs than for 85Sr. '

Areal Distribution of 134Cs and 858r

At the end of the experiment, after 35 days of continuous release of
radioactivity, water in the East channel was drained off. Two sediment cores
were taken at each foot along the channel. The top half inch of each of ten
cores was composited and prepared for counting. Each composited sample
represented a 5-foot length of the channel, The concentration of 134Cs and
8531' in each composited sample is shown in Fig. 3-5.

The uptake of both 134Cs and 8581' follow the same general pattern.

Radionuclide concentration was relatively higher at both ends of the channel
with lower concentrations at the mid-section between 70 and 150 feet. Just
why this distribution occurred can only be conjectured. It may have been
caused by thermal stratification in which a higher velocity underflow resus-
pended and relocated deposited radiocactivity. Thermal stratification and
under-flow was noted in previous experiments (24). The area that had the
highest concentration was from 150 feet to 180 feet. This could be due to
the end weir effect. The end weir established a settling area which was

1139004
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the recipient of all of the particles moving along the bed sediment.

Since 134Cs and 85Sr activity followed the same pattern,it was decided
to correlate the 134Cs and 85Sr activity at each 5 foot station on a log-log
scale. The result was a straight line relationship, Fig. 3-6. An expression
for this relationship is

r134 r85

sr] 0.66

[Cso fo Cs] = 26.2 [CSO fo

where

C, = concentration at surface in e/ cm?

134

The average areal concentration of Cs by bed sediment in the East

channel was 55.1 u ;.r:/cm2 . This is consistent with the equilibrium level
of activity in Fig. 3-1. The average concentration of 858r was 3.34 uu c/cm2 ’
which value is consistent with the equilibrium level of activity in Fig. 3-2.

In calculating the average values the standard deviations were 25.7 puc/ cm2

for 13%Cs and 2.55 W uc/cm2 for 82gr.

Plants

Studies such as those on the Clinch River indicated that while biota
living in a river contaminated with radiocactive wastes concentrate radio-
nuclides, their effect may be neglected in a mass balance analysis of radio-
nuclide transport (22). However, when the plant growth is extensive, as it
is in some slow moving and enriched streams, a significant immediate uptake
of radionuclides is noticed and may thereby influence initial transport pre-
dictions. Species of rooted plants, Potamogeton, Vallisneria, Myriophyllum,
Utricularia, in the West channel of the flume between stations W150 and
W100 were plants typical of the Southwest. In the beginning of the experi-
ment of May 28, the predominant species were Potamogeton and Vallisneria.
One month later toward the end of the experiment the macro algae Chara
dominated the plant area and the species Myriophilum and Utricularia

disappeared. On July 3rd, the distribution of the plant species was as
follows:

Chara: 20.7 gm/ft?

Potamogeton: 11 gm/ft2

Vallisneria: 5.4 gm/ft2
The above distribution was based on air-dry weight; however, oven dry weight
was found to average 5.7 percent of the air dry weight.
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Retention of 134Cs and 858r by Plants

Fresh water plants accumulate radionuclides in varying amounts depend-
ing on the radionuclide, presence of stable element, biological availability

of the element and the plant species. On continuous releases of 134Cs and
85Sr, plants accumulated radionuclides to an equilibrium level, Fig. 3-7.

The immediate uptake of 134Cs and 85Sr by plants was relatively high and

a quasi-equilibrium state was reached in the first two days.

13 85

4Cs and ~“Sr increased or decreased at
the same time. A linear relationship on a log-log scale existed between the
retention of 13405 and the retention of 858r by the plants, Fig. 3-8. This
relationship can be expressed as follows:

134

It is interesting to note that

85,7 0.76

[Cp for Sr]

Cs] = 6.18 [Cp for
where

Cp = retention of radionuclides by plants in puc/gm dry
weight. The linear correlation coefficient is 0.86.

It would seem that the retention of 134CS by the plants was greater than
the retention of 85Sr; however, the specific activity of the 134Cs in the water
flowing in the West channel was almost five times that of the 85Sr. The

above equation obviously is only applicable for the experimental conditions.

Concentration Factors of Plants

In the case of plants the concentration factor Kp is the ratio of the specific
activity of plants in uuc/gm oven dry weight to the specific activity of water
in H_lc/ml. The average concentration factors for 134Cs and 85Sr for the pre-
dominant species of plants were determined over a 21 day period following the
initiation of the continuous release, Fig. 3-9. From the 2nd to 21st day con-
centration factors for 134('55 varied between 220 ml/gm and 580 ml/gm with an
average of 400 ml/gm. During this same time concentration factors for 858r
varied from 430 to 860 ml/gm with an average of 600 ml/gm. In other words,
the radioactivity associated with 134Cs in one gram oven dry weight of plants
is equal to the 134Cs radioactivity in 400 ml of water and the radiocactivity

associated with 8

5Sr in one gram oven dry weight of plants is equal to the
85

Sr radioactivity in 600 ml of water. These data agree with previously
reported studies (25).
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85
Loss of 134Cs and Sr by Plants

After three weeks release, the flow of 134Cs and 855:‘ was discontinued
in the West channel and the radioactivity of the plants continued to be
monitored. Initially the plants released activity at a relatively high rate
which continued for approximately a week. Thereafter, release was at a much
slower rate, Fig. 3-7. At one point the specific radioactivity associated

with 8581‘ increased for a period of 5 days. There was no readily available

explanation for this phenomenon.

The specific activity of the plants, related to time after the source of
radionuclide release was discontinued, is shown in Fig.3-10. The linear
relationship of the semi-log plot can be expressed as follows:

c =a10 2T
P

where
T = time in days after discontinuance of the radio-

1
nuclide source. The specific activity related to 34Cs can be expressed:

C, = 47.9x 10700617
and for 8551‘: Cp= 18.4 x 10"0-121T
From the above it is seen that 858r was released by the plants relatively

faster than 134Cs . That is, the percentage of 858r in the plants decreases

at a faster rate.

85
The correlation between 134‘Cs and Sr concentration in plants is valid

through the whole spectrum of uptake, equilibrium and release. See Fig.
3-10 and Fig. 3-8.

1139013
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CHAPTER IV

DISPERSION OF RADIONUCLIDES

Hydraulic mixing and dispersion of dissolved radionuclides are the most
important phenomena influencing the rate of movement and concentration of
radioactivity released into a stream. The dispersion mechanism is responsible
for the mixing that takes place before other phenomena affecting transport of
contaminants, such as sorption by sediments and biota, can occur. Disper-
sion of trace amounts of radionuclides in a flowing stream results from tur-
bulence, molecular diffusion, and convection.

Dispersion characteristics of the flume under the flow conditions of the
experiment were studied through the use of dye which was released along

with the radionuclides during the initial two days of the experiment.

Dispersion of Rhodamine B

Rhodamine B was released at a constant rate in both channels and the
concentration in the water was measured through the use of a Turner Fluoro-

meter. The fluorometer was calibrated with samples of known Rhodamine B
concentration, Fig. 4-1.

Since Rhodamine B is known to decay as a result of sunlight and high
temperature, aquaria containing known concentrations of Rhodamine B were
set along the side of the flume at mid length and during the dye experiment
the decrease in concentrations was measured with time in order to determine
the necessary correction factors.

Samples of water were taken from six stations in both channels at 2, 22,
52, 152 and 197 feet from two levels, one inch below the water surface and
one inch above the bed sediments. The average time concentration curves
of the dye at these stations in the East and West channel are shown in Figs,
4-2 and 4-3. The plotted points from which the curves were constructed were
average values considering top and bottom samples. Stratification occured
from time to time. Also, it was found that East and West channels did not
behave exactly the same, Figure 4-4 illustrates stratified flow in the West
channel and non-stratified flow in the East channel at the two-foot station.

29
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In general, the upper layers of water had higher dye concentrations in day-
light hours than did the lower layers. However, at night the dye concentrations
were evenly distributed from top to bottom.

From the dye concentration curves the flow through time of the dye can
be estimated as the time elapsing until 50% of the equilibrium dye concen-
tration had reached the effluent end of the flume., From Figs. 4-2 and 4-3
the flow through time in the East channel would be estimated at 445 minutes
and in the West channel at 460 minutes. This would establish the velocity
of flow at approximately 0.44 ft/min, a reasonable figure, considering depth
to bottom sediment varied from approximately 6 to 7.5 inches, channel width
was 1.25 ft, and quantity of flow was 10 liters/min.

Dispersion of 134Cs and 85Sr

Whenever radionuclides are continuously injected into a waterway,
concentration gradients are created within the water and across the water
solid interface. Several diffusive mechanisms will act to reduce the con-
centration gradient until a steady state condition is achieved, This steady
state condition is often upset by physical, chemical, and biological processes
which change the characteristics of the water and sorbing surfaces.

Cesium 134 and Strontium 85 were continuously released at a uniform
rate in the East and West channels of the flume., Water samples were
collected at time intervals and the specific activity of water as related to
time is shown in Figs. 4-5 and 4-6. The specific activity increased rapidly
for the first two days; thereafter, only occasional increases and decreases
in the specific activity of water were observed.

Most of the radionuclides released were discharged through the flume.
On a mass balance basis, the amount of 1:MCs and 858r that was discharged
with the water flowing through the flume is shown in Table 4-1. A higher
fraction of strontium than cesium was discharged through the flume, hence,
relatively more cesium was retained in the flume system than strontium.
East channel discharge was greater than West channel because of the presence

of plants and phytoplankton in the West channel.

1139020
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Table 4-1. Radionuclides Discharged Through the Flume
Time After Fraction Discharged through Flume (%)
Initiation Cesium-134 Strontium-85
of Release

(days) East Channel {West Channel | East Channel | West Channel
1.0 85.4 81.4 87.2 88.0
2.0 30.3 78.3 92.7 86.2
3.0 88.8 79.8 94.1 87.2
4.0 86.0 87.5 92.6 91.4
5.0 85.8 85.2 92.2 93.7
6.0 87.6 90.5 91.0 93.7
7.0 92.4 73.1 93.8 93.9
8.0 85.7 76.8 90.2 86.2

10.0 88.4 78.5 86.9 87.3

12.0 90.6 76.7 93.4 92.9

15.0 85.8 81.0 92.7 90.9

20.0 83.0 78.2 93.7 91.0

25.0 930.0 85.0

30.0 87.6 95.2

34.0 87.3 96.6

1139023
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134 85

Distribution of Cs and "~ Sr Between Solution and Suspension

The overall radioactivity transported throughthe West channel of the
flume is made up of the radioactivity of the ions dissolved in the water and
the radioactivity associated with suspended solids. Radioactivity associated
with suspended solids was determined by filtering out the suspended solids
on millipore filters (0.45 . pore size) and measuring the radioactivity thus
collected. The suspended solids in the West channel consisted of phytoplankton,
the concentration of which varied between 15 and 25 mg/liter.

Twelve days after continuous release of radionuclides, when the system
was thought to be fairly stable, the role of phytoplankton in the transport of
radioactivity was examined. Water samples were taken every four hours over
a period of 36 hours between June 8 and 9, 1970, at the 100, 150 and 197 ft
stations. A 50 ml portion of each sample was immediately filtered through
a millipore filter for radionuclide assay. Another portion of each sample
was used for identity counting of organisms. The predominant species are
indicated in Table 2-2 and the total organism count is presented in Table 4-2.

Dissolved oxygen and temperature measurements were also taken,

The portion of radioactivity in the water flowing through the West channel
that was associated with suspended phytoplankton is shown in Table 4-3. The
activity related to phytoplankton indicates uptake in traversing through the
flume to the station indicated. The percent of the activity related to 134Cs
in the phytoplankton averaged between 8.9% and 26.7% of the total activity
in the water samples depending upon the time of day during which the samples
were taken. The percentage is low early in the morning and high late in the
afternoon. On the other hand there was no similar recognizable diurnal rela-
tionship to 8581‘ activity. The percent of the activity related to 85Sr in the
suspended algae as compared to water averaged between 0.4 and 1.5%.

Figure 4-7 shows diurnal variation along the flume, during 36 hours of
sampling of water, in the activity of 13405 associated with the phytoplankton

in a liter of water, the dissolved oxygen, and temperature.

Data in Table 4-4, and Fig. 4-7 would seem to indicate a relationship
between the oxygen state of the water and the amount of radionuclide sorbed

1139024
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by the phytoplankton. Possibly a relationship existed between net photo-
synthetic production of oxygen and the uptake of activity by the phytoplankton.

Determining Net Photosynthetic Oxygen Production

The rate of net photosynthetic oxygen production can be calculated from
direct observations of oxygen deficits at stations W102, W152, and W197,
The mass balance equation follows:

42=xT -K,D+5- (P-R
where
-ELT:D_ = change in oxygen deficit during time period " At"
(mg/1/hr)

K1 = rate constant (log base e) at which BOD is being
removed from water by biological activity (hr-l)

L = average biochemical oxygen demand during time
period " At" (mg/l)

K2 = atmospheric (log base e) reaeration rate constant (hr-l)

D = average dissolved oxygen deficit during time period
“At" (mg/1)

S = sediment oxygen demand (mg/1/hr)

(P-R) = net photosynthetic oxygen production rate during

time period " At" (mg/1/hr)

The biochemical oxygen demand L of the water entering the flume was
less than 2 mg/1 and therefore negligible. Values for K2 and S were determined,
as outlined in a previous study (24), to be 0.052 hr—1 and 0.046 mg/1/hr
respectively. Substituting this information into equation (4-1), the rate of

net photosynthetic oxygen production can be determined:

(P-R) = - % ~0.052 D + 0.046

Table 4-5 illustrates the calculation of (P-R) at station W100 during the
period of this experiment.

11390279
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Relationship Between Net Photosynthetic Oxygen Production and Radionuclide

Uptake by Phytoplankton

The changes in the amount of 134Cs radioactivity retained by phytoplankton

approximately paralleled the rise and fall of the dissolved oxygen in the water
in which the phytoplankton was suspended. It was deduced that there was a
relationship between the rate of photosynthetic activity and the rate at which
134Cs was being retained by the phytoplankton.

Figure 4-8 compares the rates of change in 134Cs concentration by the
suspended organisms with the rates of photosynthetic oxygen production during
the thirty-six hour period of the experiment, The patterns are similar except
the phase is different.

If the rate of change in 134Cs concentration is plotted against the rate of

net photosynthetic oxygen production, a linear relationship is seen to exist,
Fig. 4-9 which can be expressed in the general form:

Y = A+ BX

where

Y = rate of change in concentration of 13405 (upc/1/hr)

x = rate of net photosynthetic production of oxygen in mg/1/hr

A and B = constants.
The data from station W100 showed that A = -0.40 and B = + 6.23 and

the linear correlation coefficient is 0.934. The data from station W150 showed
that A = -0.46 and B = + 5.17 and the linear correlation coefficient is 0.978.

By combining stations W100 and W150, A becomes -0.42 and B becomes +5.57
and the correlation coefficient is 0.953 as shown in Fig. 4-9. The data
obtained at station W197 was not used since the area was covered with plants

at this location and the role of plants on the overall oxygen balance was not
determined.

While there was a relationship between 134Cs uptake by phytoplankton

and photosynthesis, there was no relationship in the case of 85Sr. The amount
of 8581" in the suspended phytoplankton remained relatively small throughout

the experiment and there was no disgernible pattern. The average amount of

8581‘ associated with the phytoplankton was 0.31 1 c/liter.
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Concentration Factor of Phytoplankton

As pointed out previously, the amount of suspended solids in the West
channel ranged between 15 and 25 mg/1. Assuming an average of 20 mg/1,

the concentration factor Ka for the phytoplankton for 134Cs under the maximum

condition of 13'405 retention would be 13,000 ml/gm and under the minimum

condition would be 4000 ml/gm.

The concentration factor Ka for 85Sr ranged from approximately 200 ml/gm

to 700 ml/gm averaging 400 ml/gm. This would indicate that the concentration
factor of phytoplankton for 85Sr was very nearly equal to the concentration
factor of rooted plants for 85 Sr which varied between 430 and 860 ml/gm.

(See Chapter III). However, there was no similarity between K_ and K_ for
13405 . The concentration factor of the phytoplankton for 13402 was ai)proxi-

mately 20 times the concentration factor of the rooted plants.

Effect of Pollutional Stress

The dissolved oxygen was lowered in part in the West channel by adding
a continuous source of NaZSO3 and CoClZGHzO as catalyst at the 75 foot

station for a two-day period. Comparisons were then made between station
W52 and stations downstream of W75,

Table 4-5 illustrates the experimental data obtained between W52 and W197.
The specific activity of 134Cs in water was lower at stations downstream of
W75 than it was at W52. As indicated in Table 2-3, the number of suspended
organisms dropped from 2230 per ml at W50 to 1410 and 490 respectively at
stations W100 and W200 in a sampling taken during this experiment. This
would account for the reduction of specific activity in the water. Organisms
died, settled to the bottom carrying with them radioactivity thus reducing

specific activity in water and raising the radioactivity associated with sediments.

1139034
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CHAPTER V

MATHEMATICAL SIMUILATION
In order to simulate the transport of radionuclides by a numerical model
it is necessary to: (1) identify boundary conditions and interrelationships,
and (2) formulate physical processes and boundary conditions into algebraic

equations. The following equation best characterizes radionuclide transport
(12) -

3¢ _ Did% G3c gk G @ -c] (5-1)
d x 3 x 3 x i=]
where

c = concentration of radioactivity in water at any point (x)
at time (t)

Dx = longitudinal dispersion coefficient

3 = average velocity of flow

fi = mass or surface area of i-th sorbent affecting a unit
volume of the flow zones

Ki = transfer rate coefficient for phase " i "

Gi(c) = a transfer function relating the concentration of
activity in the water to the equilibrium level of
activity in the phase " i "

C. = specific activity in the i-th position of the

n-sorption phases

The first two terms in equation (5-1) define mixing characteristics and
dilution while the third term describes uptake and release by the various
sorbent components of the aquatic system. In previous experiments (21)
longitudinal dispersion coefficients Dx were calculated for subcritical
laminar flow with velocities ranging from 0.33 to 3.30 ft/min using the
dye Rhodamine B. From time concentration curves of the Rhodamine B
under different velocity conditions in the flume, Dx values were found to
be related to the velocity of flow and followed the empricial relationship:

D, = ag ® (5-2)

where A is a constant of proportionality and is expressed in ft/min. The

1134039
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coefficients for those elements of the system that sorb and remove radio-
activity from the water phase (i.e., bed sediment and plants) must be
determined. Bed sediments and plants retain and release radioactivity in
accordance with the following general relationship:

chi
dt =K, [GC, - Cy (5-3)
where

Ki = transfer rate coefficient for the i-th sorbent

Gi = concentration factor at saturation for the i-th
sorbent

CW = specific activity of the water at equilibrium
conditions

C1 = specific activity of the i-th sorbent at time "t"

If the specific activity "C" in the sorbent = 0 when t = 0, the solution

of equation (5-3) for concentration or specific activity at any time "t"
becomes:

C. =G, C._ (1-e i) (5-4)
and the solution for ;‘.he mass transfer coefficient is:

K = - 2+ m S5C%C

, = (5-5)
! t G.C
1 W

Mass Transfer Rate Coefficients of Bed Sediment

Detailed analysis of data obtained from retention of radionuclides by
bed sediments in the flume indicated that surface concentration increased
gradually with time to an equilibrium level after approximately 25 days,
Figs. 3-1 and 3-2. As previously discussed in Chapter III, the average
areal distribution of 13405 after 35 days of continuous flow was 55;.1\.1c/cm2
and the distribution of 85Sr was 3.34 uu c/cm2 . In determining the mass
transfer coefficients of the bed sediment applicable to 134Cs and 858r
respectively 55 pu c/cm2 and 3.34 yy c/cm2 may be used as the Gij term

in equation (5-5). Tables 5-1,5-2, and Fig. 5-3 illustrate the calculation of

1139058
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the mass transfer coefficient for the concentration of 134Cs by the sediment.
The mass transfer coefficient for 134Cs and 85Sr in bed sediments in the
East and West channels are given in Table 5-3. From Table 5-3 it is seen
that the mass transfer coefficients for the West channel are 33% higher than
the coefficients for the East channel in the case of 134Cs and 20% higher in
the case of 858r. This resulted from the deposition or sorption in the West
channel of phytoplankton containing radioactivity on the sediment in addition

to concentration of radionuclides from the water by the sediment.

Mass Transfer Rate Coefficients of Plants

The mass transfer coefficients of plants were calculated in the same
manner as were the coefficients for bed sediment. For 134Cs the equilibrium
concentration,G,C ., was 80 uy c/gm and in the case of 858r the equilibrium
concentration was 24 yy c/gm. From Fig. 5-4 the mass transfer coefficients

were determined to be 0.696 day—1 and 0.912 day"1 , respectively, for 134Cs

and 85Sr.

Table 5-3. Mass Transfer Coefficients of Sediments and Plants

Mass Transfer Coefficients (day_l)
Location Sediments Plants
134Cs 858r 134cs SSSr
East Channel 0.033 0.030
West Channel 0.043 0.036 0.696 0.912
Prediction of 134Cs and 85Sr Concentrations
13 85

4Cs and "~ Sr along the East and
West channels of the flume were predicted using the numerical solution
(20) for equation (5-1). In the East channel the draw-down of radionuclides
by sediments was considered, while plants and sediments were considered
in the West channel,

The time concentration curves for

F13904%1
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The data obtained from the transport model predicts that equilibrium
levels could be reached within three weeks of continuous discharge of
radionuclides. Equilibrium is reached when the specific activity of the
inflow water is equal to the specific activity of outflow water through the
flume. This period of three weeks was also stated earlier from the observed
data. However, the observed data oscillates around an equilibrium level
due to changes in physicochemical and/or biological conditions which is

not predictable by the transport model.

| 13G0%Y



CHAPTER VI
DISCUSSION

In the experiments described in the previous chapters, small scale
river ecosystems were subjected to continuous releases of 134Cs and 85Sr
and the roles played by bed sediment, rooted plants and phytoplankton in
radionuclide transport were investigated. Bed sediments concentrated
radioactivity on the surface at a rate at any given time directly proportional
to the difference between a saturation value and the concentration in the
water at that time. In approximately 30 days a quasi-equilibrium period
was reached. Once saturation is reached at the sediment surface, radio-
nuclide uptake by the sediment is equal to the radioactivity lost by the

surface as a result of migration into the sediment. This migration into the
sediment is a slow process.

The concentration of radionuclides in the sediment was affected by
sediment movement, Convection currents, underflow, and the impoundment
action of the effluent weir caused an areal distribution of radionuclides that
was far from uniform. Under real river conditions it can be expected that
areal distribution will not be uniform and large areas of bottom sediment will

never reach saturation while other areas will be repositories of contaminated
sediment.

Under continuous release conditions the extraction of radionuclides
from the water phase on a mass balance basis has a minor affect on the
specific activity in the water. Figures 6-1 and 6~2 indicate the amount
of activity retained in the bottom sediments during the first 22 days of
release as being approximately 10% of the released activity even in the flume's
shallow system (6-7 inches). With increased depth the relative significance
of sediment uptake probably becomes a lesser factor.

The Lake Austin sediment on a cm2 basis concentrated up to 275 times

the amount of 134Cs initially in a cm3

the 85Sr activity. While this concentration normally has relatively little
effect on the amount of radionuclides transported in the water phase, it may
be an important factor in further accumulation of radioactivity by bottom

feeding fauna.

of flowing water and up to 85 times

60
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Under continuous release of radionuclides, plants exert little influence
on radionuclide transport, Figs. 6-1 and 6-2. As in the case of sediments,
plants extracted radionuclides from the water phase until a quasi-equilibrium
situation was reached. Where it took the bottom sediment 25 to 30 days to
approach this equilibrium situation, plants required less than 36 hours. For
plants, the concentration factors for 134Cs and 8581' respectively averaged
400 to 600 ml/gm oven dry weight. This, as in the case of sediment, could

be significant if the plant was through accumulation in the food chain.

Plants and sediment are subject to physical and biochemical upsets.
An increase in flow may resuspend the sediment. Pollutional stresses, a
reduction in pH and toxic materials may be responsible for sudden releases

of radionuclides from both plants and sediment,

The uptake of 134Cs by phytoplankton was related to the diurnal photo-
synthetic production of oxygen. Uptake in the flume varied from approximately
12 uyuc/liter to approximately 48 uuc/liter depending upon the time of day.

The large amount of 134Cs uptake was probably due to the fact that the reservoir
providing water to the flume was deficient in potassium. Upon entering the
flume, the phytoplankton may have found 134Cs as a substitute nutrient for
potassium in its metabolic processes. While the lack of potassium probably
exaggerated the effect of photosynthesis on 13403 uptake, it nevertheless
demonstrated that there is a correlation between uptake and photosynthetic
production of oxygen. On the other hand, no diurnal effect on the uptake of

85
Sr was noted. However, the specific activity in the water associated with

1
these 858r experiments was small compared to that with 34Cs. Also the

water contained an abundant supply of calcium.
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