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ABSTRACT

The transport of two radionuclides, Sr85 and 05137, was observed
in a model river containing lake sediments, typical rooted plants, and
suspended plankton. Measurements of uptake and release of these radio-
nuclides in aguatic systems following a single release were conducted
at various locations and times during 120 days. In support of these
radionuclide transport data, measurements were also made of pH, oxidation-
reduction potential, dissolved oxygen, temperature, total and filtered
light intensity, carbon dioxide, biomass geochemical analyses, and flow.

The results describe the relative upteke and transport by the
components of the flume system. Graphical techniques were developed to
describe the distribution of radionuclides in the liquid phase and
analytical expressions were obtained to relate the measured detenticon

to the amounts of plants, sediments, and suspended solids.
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CONCLUSIONS

85

1. In a sluggish stream system, the greatest fraction of Sr and

03137 will remain in the water phase; however, a significant amount of Sr85

1
and Cs 31 will be temporarily removed by aquatic plants and bottom sediments.
The radionuclides sorbed by aquatic plants will be released back into
solution within a few days following the introduction of the radionuclides
into the stream, whereas the radionuclides sorbed by bottom sediments will
be released back into solution after a few months following the initial
release.
85 137 . .
2. The net transport of Sr and Cs across a given section of

stream as used in this experiment can be formulated as follows:

where:
F = net transport,

¥ = cumulative fraction of radionuclide discharged through the
release point,

k = slope of line (semilog plot), and
X = distance downstream from the point of release.

85 137

3. The depth of penetration of Sr and Cs into the bottom

sediments can also be defined in terms of a first order reaction by

where:
C = concentration of radionuclides at depth 4,

C. = concentration of radionuclides at interface,



o
[

depth of penetration, and

constant defined by the slope of the line.

e}
1

L. The selectivity coefficients of Lake Austin sediments in the

flowing system were found to be about 3.47 x lO_3 for K§£+Mg and about
Cs
o ml for K .
3-35 e/ Catilg

5. The range of fluctuations of‘Sr85 in various stream components

85

is more

137

was found to be larger than that of Csl37. It appears that Sr

readily released and resorbed by various stream components than Cs

6. The relative uptake of Sr85 by aquatic plants was as follows:
Spirogyra sp.>»> Potamogeton sp. > Zannichellia sp. >
Myriophyllum sp.> Chara sp.s Cladophora sp.

The uptake of 05137 exhibited the following order:
Cladophora sp.> Potamogeton sp. > Chara sp. > Spirogyra sp.:

Myriophyllum sp. > Zannichellia sp.
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CHAPTER I

INTRODUCTION

This study is concerned with the transport of Sr85 and Cs137 in a flume
58 65

system. Similar studies using the radionuclides of Co and Zn ~ were made

simultaneously with the strontium and cesium investigations and are reported

(22,419 (22,41 ,k44)

separately. Reports related to this project are also available.
Purpose

The objective of this research was to investigate the distribution and
transport of radiocactive strontium and cesium in a model river system. In
addition, the purpose was to determine the influence of various environmental

factors on the uptake and release of these two radionuclides.

Scope
The scope of this study included: (1) comparisons of the concentrations
of Sr85 and 08137 that were associated with suspended solids, sediments, aquatic

85

plants, and the water phase; (2) measurement of the distribution of Sr and

05137 in various phases of the aquatic system; (3) measurement of the penetration

137

of radioactive Sr85 and Cs into the sediments; and (4) determination of the

relationship between Sr85 and 05137 and the aguatlc system.



CHAPTER IT

LITERATURE SURVEY

The disposal of radioactive wastes generally consists of the removal of
the radionuclides by isolating them from the environment or diluting the waste
to an acceptable 1evel.(1:L> The dilution method can only be used for a few
short-lived radioactive isotopes that are not significantly incorporated into
the food chain. Usually, the removal of radionuclides from liquid wastes has
bgen achieved by unit processes such as ion exchange, precipitation, sedimentation,
and. evaporation,(Bg)
In streams radionuclides are accumulated in the biocta, sediments, and
suspended debris. Thus, there is the possibility that a waste having radio-

nuclide concentrations below the permissible concentration for drinking water

may be concentrated to significant levels by various components of a stream.(37>

Sorption on Clays and Sediments

Sorption of radiostrontium and radiocesium from solutions by minerals
may occur as a result of both adsorption and absorption. Adsorption is the
uptake of a solute at the surface of the sorbent, whereas absorption 1s the
penetration of a solute into the sorbent.(33) Adsorption and absorption are
also classified as non=specific electrostatic adsorption ahd gpecific
adsorptiono(9)

Non=-specific electrostatic adsorption occurs mainly in the region of
the ionic double layer by attractive forces of an electrostatic nature. Non-
specific adsorption is also termed "physical adsorption” since the adsorption

is affected only by the surface charge density of the lattice, the valence of



the ion, and the concentration of electrolyte. Specific adsorption is a result
of a strong chemical or geometrical interaction between the adsorbed ion and the
surface of an adsorbing lattice. Specific adsérption is termed "chemical
adsorption' since it is generally attributed to the presence of excess salts
and valence forces.(5)

Physical sorption is believed to be the predominant method of sorption
of isotopes by the coarser grained soils such as silts, sands, and gravels.(75)
Ion exchange 1s a special type of chemical sorption in which ions in the

(5)

sclution replace ions held by the sorbent. Ion exchange is the predominant
method of sorption of isotopes by the finer grained solls such as clays.(75)
There are several isotherms used to express the sorption by a solid.

(5)

The Freundlich isotherm, which is an empirical equation, is

X n

n - K (2-1)
where x, m, and C are the weight of sorbate, the weight of sorbent, and
concentration of solute in the solvent at equilibrium, respectively. The
constants, k and n, are determined by experimentation. The Freundlich formula
has been found to apply to both physical and chemical sorption in dilute
solution;(75> however, a long time may be required to reach an equilibrium

condition.

Burt's isotherm takes into account time, t. In Eq. 2-2 the terms

X n
= = kt
m (2-2)
X, m, k, and n are the same as those used in Eg. 2-1.
For prolonged durations, Burt's formula may be modified into
og ~2- = 1", (2-3)

FT=8



where ¢ represents the saturation value of %. and s represents the value
of ¢ at time .

Another similar sorption equation is the Langmuir isotherm 5) which
is based on the amount of saturation occurring in & monomolecular layer of
sorbed molecules on the sorbent surface, Eq. 2-b.

X _ akC

m 1+kC (2-4)

The term a is the weight of sorbed solute at saturation of the molecular layer.
The Langmuir equation can apply to both physical and chemical sorption where
the concentration of the sorbate at the ligquid-solid interface is less than
that required to cover the surface with a monomolecular layer.

Many other isotherms have been obtained by numerous investigators.
It has been found that the extent of sorption is a function of the specific
nature of solid scrbent, the solute, the surface area available, the solvent,

9)

and the duration involved.

Ion Exchange

Ion exchange is a type of chemical sorption particularly
characteristic of clays, fine grained silts, and some special exchangers. This
gbility is caused by exlistence of replaceable cations and anions held in
exchange sites. The replaceable lons have a charge opposite to the surplus
charge within the exchanger structure, and these ions are teken into the
exchange sites to compensate for the unbalenced electrical charge within the
lattice of the exchanger. The exchangeable ions are also termed 'counter
ionso"(l9) The reactions‘of ion exchange occur when the counter ions are
displaced by other ions with the same charge.

19
Ion exchange reactions follow the law of mass-action and are

stoichiometric and reversible. For example, the reaction between cesium and



a clay mineral containing a monovalent exchangeable cation may be expressed:

st +  M-Clay &= Cs<Clay + M (2-5)

The equilibrium constant will be:

M c. g (2-6)

where g and C represent the respective cation concentration in the solid and

C
liguid phases. Also, K ® is termed the selectivity constant or mass-action
M

constant.
The distribution coefficient, Kq 1is defined as the ratio of the

concentration of lonic species in solid and liguid phases; i.e., Kq = 4,
c

The equilibrium constant therefore can be written

Ko =C
KCS - '(;u 'S . (2_7 )
M Kgq-M

In order to express the amount of radionuclides removed from solution

by clay minerals or other exchangers, the distribution coefficient may also

L

be written( 5)
f /M
s s

Kd = 5 (2_8)

£V

where fgo is the fraction of radionuclide activity sorbed to the solid phase
and fo 1s the actlvity remaining in the solution. Mg is the mass of exchanger

and V is the solution volume.

f

The rate of ion exchange is dependent upon the diffusion of counter

ions into and out of the structure of exchanger. Thus, the kinetics of ion

(19)

exchange reactions differ from those of other chemical reactions.



The kinetics of an lon exchange reaction depend upon the size of exchanger,
extent of mixing, lonic concentration of the solution, temperature, and the

(1)

lonic radius of the replaced ion.

Cation Exchange by Clay Minerals: Since the capacity of an ion

exchange material is a function of the number of fixed ionic sites that can
enter into the exchange reactions, the exchange capacities of clay minerals

(7)

depend upon the structures and chemical compositions of the minerals. The
most common crystalline clays are kaolinites, illites, montmorillonites, and
vermiculites. The structures are composed of unit sheets consisting of
octahedral and tetrahedral units arranged in layers. These clay minerals

are frequently called three-layer clays. Usually, the octahedral unit

consists of six oxygen or hydroxyl groups in an octahedron configuration

with an atom of Mg, Al, or other metals in the center. The tetrahedral unit
consists of four oxygens in tetrahedral arrangement usually with & silicon atom
in the center. The unbalanced charges of the clays result from substitutions

34 Lyt 24

within the lattices. The usual substitutions are Al for Si or Mg

for A13+ ,(16)

The montmorillionites and vermiculites are expanding clays because
the sheet-to-sheet spacings or C-spacings vary with the cations and water
molecules present in the interlayer positions. The kaolinites and illites
are non-expanding clays because the sheet-to-sheet C-spacings are fixed.

The expanding clays generally have the greatest exchange capacities.
The cation exchange capacities of kaolinites and illites are only about 20

percent of those for the montmorillonites and vermiculites, because the

ilonic exchange sites of non=-expanding clays are broken bonds around the



edges of the lattices and the replacement of hydrogens from the hydroxyl
groups at the edges of the lattices.

The cation exchange capacities that have been found for crystalline
clays are shown in Table 2—10(16> The magnitude of the ion exchange
capacity is expressed in milliequivalents (meq) of exchangeable ions per 100
gm of exchanger at pH 7.

Table 2-1

Cation Exchange Capacitiegs of Common Clays in Water

Clay Exchange Capacity
(meq/100 gm)

Kaolinite 3 - 15
Tilite 10 - ho
Montmorillonite 8 - 150
Vermiculite 100 - 150

Anion Exchange by Clay Minerals: Most clay minerals, except some

kaolinites and illites, have a smaller anion exchange capacity (AEC) than
cation exchange capacity (CEC). The AEC results mainly from the substitution
and gbsorption of the hydroxyl groups to the lattice edges. Generally, the
AEC's of kaolinites and illites are of the same magnitude as the CEC's

while the AEC's of montomorillonites and vermiculites are insignificant.

Factors Affecting Ton Exchange: The major factors affecting cation

exchange are the selectivities of the exchange and exchanged cation,

concentration of competing cations, pH values, time of reaction, particle



size of the exchanger, temperature, the nature of clay or counter ion, and
the lonic or colloidal states of any contaminants.

In general the replaceability of a cation is dependent upon its

(43)

position in the Hofmeister or lyotropic series; i.e., exchangers tend
to have greater selectivity for ions with higher valence, ions with smaller

equivalent volume, polar ions that react strongly with fixed ilonic groups in

(9)

the mineral lattice, and ions participating least in complex formation.

The magnitude of cation exchange decreases with decreasing pH because

(16)

of the competition caused by the H% ion in the acidic range. The
preference for particular ions by the clay minerals varies for different
types of clays. For example, the selectivity order for various radionuclides

60
by montmorillionites has been found to be Sr85 > 05137 > Co > Zn—Nb95,

95
but the selectivity order for kaolinites has been found to be Zn-Nb >

Sr85 > Csl37 > 0060'(19)

Decreasing particle size increagses the cation
exchange capacity of non-expanding clays, such as the kaolinites and illites;
however, the size of the mineral particles does not appreciably affect the CEC
of the expanding clays. As temperature increases, the CEC of clay minerals
decreases gradually, but within the temperature variation encountered in a
stream, the effect of temperature is negligible.(16) Organic matter sorbed

by the soil increases the CEC because organic materials have an unusually

high exchange capacity.

Biological Uptake of Radionuclides

Biological uptake of radionuclides by organisms may be achieved by
sorption to the surface, engulfment, or metabolic processes. HElimination

of radiloactive materials in orgenisms may occur by surface exchange, excretion



(26)

through natural physiological channels, or through cell lysis after death.
Biological uptake may lower the concentration of radiocactive materials
sorbed on sediments through metabolic competition.(18)
Biological uptake of radionuclides is affected by factors such as
the trophic level of the food consumer, method of uptake, specificity of the
organism for the isotope, pH value, temperature, light intensity, age and
growth rate of the organisms involved, retention and elimination rate, rate
of the reproductive processes, and the competition by other elements present.
The pH variations affect biological uptake indirectly because there
is an optimum pH range for microbial and biological activity. Since
temperature affects the rate of metabolism of microorganisms, plants, and
cold-blooded animals, the seasonal differences in temperature will cause
changes in the rate of radionuclide uptake.(26) Light intensity will
affect the rate of radionuclide upteke since light intensity affects photo-
synthesis.(25)
The radioactive materials removed by the primary producers (the
organisms in the first trophic level) are nmainly in an ionized state,
although a certain amount of particulate materials may be sorbed to surfaces,(25)
The degree of specificity for certain radionuclides by organisms

varies from species to species. The concentrating ability of organisms is

usually expressed by the concentration factor, Kc’ which is

K _ concentration of activity in the organism
c - concentration of activity in the water

Bacterila have been found to possess the greatest concentrating ability among

(26)

organisms.



10

In an aquatic system, there are two main types of photosynthetic

12) The

plants, the rooted or large floating plants and phytoplankton.(
phytoplankton tend to concentrate the induced activity products to a

greater extent than the fission products because the transition elements

formed by fission have the ability to form complexes with the microplankton.<28)
Furthermore, the phytoplankton are able to concentrate elements such as Co,

Zn, and Fe to the extent necessary to meet the metabolic requirements of the

higher aguatic organisms.(lg)

Dispersion of Radioactive Nuclides in a River System

Because the percent uptake in a sorption reaction is dependent upon
concentration,(26) the dilution of radiocactive wastes brought about by
diffusion and turbulent mixing processes affects the degree of uptake.(BS)
Algso, the diffusion mechanisms are important in establishing radionuclide
concentration in the sedimentsﬂ(ES)

In turbulent streams, molecular diffusion, as represented by Fick's
law, is insignificant in comparison with turbulent diffusion. However,
turbulent diffusion is anisotropic and a simple coefficient cannot be used.

(38)

Gloyna and Patterson found in flume studies that if y = 0 and

v * 0, the solution of two-dimensional dispersion becomes

111

¢ M exp [—(x—Ut)E/MDXt]; (2-9)

b gzt W DXDy

where;

=
[

= mass of diffusant,

o>
o

cross sectional area of flow,

Z = depth of flow,
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D, = © /2T,
n

ci = ' Z Cq (ti~T)2/ .E Ci,

i=1 i=1
Uu = mean velocity component along X axis,
Cy = concentration for each time increment,
Ti = time increment,
y o= distance from source of flume in transverse direction, and
vV = velocity component along the direction of y.

They also found that the long-term dilution of a mass of radiochuclides

instantaneously introduced into a stream can be represented by

X

C = Mexp [~(x-Ut)/4Dt] /(ANT aDT - (2-10)

Thus, by flume studies and field measurements, the empirical formula for

the longitudinal coefficient has been formulated by

D, = 0.8 exp (0.034 U JA ). (2-11)

X

Survey of Previous Uptake Studies

Previogs studies have been made on the fates of some radionuclides
in systems containing ion-exchange materials and in ecological systems. Most
of these systems have not been of the continuous flow and controlled-environ-
ment type.

Uptake by sediments: Ion exchangers have been used as a means of

20,21
disposal for radiocactive wastes.( ’ ) The most common exchangers used

were clay minerals because of theilr abundance, durability, and low cost.

The reported distributions of sorption capacity of bed materials from nine
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2
rivers are shown in Table 2—2.( l)

Table 2-2

Sorption Capacity of Bottom Sediments (%)

Bed Materials (%) Suspended Materials (%)
Range sand silt clay sand silt clay
Average 25 Ls 31 10 21 68
Max imum 92 85 62 36 L5 90
Minimum L 3 2 1 8 52

The cation exchange capacities, CEC, of sand fractions were 0.5 to

18.9 meg/100 gm. Similarly, the CEC's of clays were 20.4 to 77.6 meg/100 gm,(gu)
The CEC of untreated sand was high when clay particles were encrusted on the
surface of the sand. E
The distribution coefficient, Ky, for strontium and cesium for various
soils and minerals varied from 35 to 2,470 ml/gm and from 1290 to 100,000
ml/gm, respectively.
Jn the Clinch River study,(u6) the CEC's of kaolinites and
montmorillonites at the end of seven days of contact were essentially the
same as after one hour. TFor illites, the CEC's were three and nine times
greater after a seven-day contact period than after a one-day contact

137 85

period. The Cs sorption was relatively independent of pH, but Sr

(Lh,45)

sorption increased with increasing pH.
o)
Uptake of Sr9 is affected by the concentration of sodium ions and
total salt content; however, the presence of calcium will cause the greatest

L)

reduction in uptake. Furthermore, the presence of stable isotopes of
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the same element or other stable ions of the same group in the periodic

LoL6
table may influence the uptake of the radionuclides by sediments.(3 H0)
Reynolds and Gloyna studied the transport of Sr89 and C3137 in
Lo
both freshwater and marine systems.< ) They found that the most important

89

factors affecting the uptake of Sr and C8137 by river and lake sediments
were the CEC of sediments, the concentration of competing cations in water,
and the mass=-action coefficients for the system. The mass-action coefficients
were relatively constant as long as the potassium concentration in the
solution did not vary appreciably. The mass-action coefficients were

relatively uniform for freshwater systems; however, this was not the case

for marine waters. The average mass-action coefficients were:

Sr
K

~ 1.55
Ca + Mg
and.
Cs 6
K ~ 5.7 x 10° ml/gn.
Ca + Mg

Because of the increase of competing cation concentration, some of the
radionuclides in the river-borne sediments were released when the sediments

were deposgsited in salt waters. The order of release was:

33T 5> e85 s g103 s w9 s

The monovalent cations were more inhibitive to 08137 uptake than the divalent

89

cations, but the reverse was true for Sr uptake. The orders of the

inhibition were as follows:

+ 137

k' s mat o> caTt= Mgt

for Cs

and

ca’t > Mg++ > K > Na for Sr
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Reynolds and Gloyna show that the uptake of Sr89 and 03137 is proportional
to the concentration of sediment.

Jacobs(23> has found that 05137 in a waste solution composed
primarily of sodium and calcium salts is ordinarily sorbed by most clay

minerals.

(48)

1
Tamura et al. have gtudied methods of entrapping Cs 31 in the

137

interlayer positions of vermiculites. They concluded that the optimum Cs
removal was obtained with an influent potassium concentration of 0.0005 M

which gave a cst3T Ky value of 366 ml/gm and a final CEC of 46.8 meq/100 gnm.
137 85

Also, they studied the CEC of heat-treated Gibbsite for Cs and Sr

removal and found that the heat-treated Gibbsite had more affinity for Sr85
than cs137,

Biological Uptake: In the past few years, the bilological uptake of
3,6,14)

radionuclides has been studied by many investigators.( Some

investigations involved the determination of the degree of decontamination
of radicactlve wastes achieved by biological systems while other studies
investigated the amount of radiocactive materisls ingested by man through

various food chains.

The biclogical uptake of Csl37

(26)

reported. Table 2-3 shows the concentration factors, K., of some plants

by various organisms has been

and plankton. Algae have been reported to demonstrate the highest

concentration factors. The uptake of aquatic plants was about 500 times

137

that of rooted plants. The concentration of Cs in plants found in

(48)

White Oak Lake at Oak Ridge wag considerably less than that found in
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Table 2-3

137
Concentration Factors of Cs 3 by Organisms

Organism Concentration Factors, K,
Experimental Field

Green algae 400 - 4,000 ‘ 1,200

Submerged plants hoo - 1,000

Floating plants 250 - 600 70 - 2ko

Emergent plants 500 - 600

Plankton 1,000 - 25,000

the sediments. Some uptake data are shown in Table 2-k,

Table 2=k

Uptake of Radionuclides by Various Plants

Concentration (upe/gm of oven dry wt.)

Plant Genus 05137 CO6O Sr9o
Festuca 1.60 1.h2 0.38
Festuca (stem) 1.36 1.08 0.34
Polygonium 2.85 6.20 1.33
Tupatorium 1.50 1.99 0.38
Rumex 1.83 3.h2 2.05

137
The concentrations of Cs 3 in plants such as Eloda, Myriophyllum, and

Ceratephyllum are lower than concentrations found in some marine organisms,
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Table 2—5,(3)
Table 2-5

Concentration Factors in Some Marine Organisms

Element Concentration Factors (wet wt.-vol. basis)
Cs Sr
Limacina (0.2} --
Centropages 0.1 -1 ~-
Calanus 0.1 -1 0.8%
Ommestrepes (0.1)+ (0.3)*
Saggita -- 70
Euphausia -- (0.3)%

Values in parenthesis are for analyses made on closely related genera.
* Derived from Ca analysis and Sr/Ca ratio given by Chow and Thompson (1956).
+ Based on analysis from K, assuming Cs/K ratio in the organism to be the same
as that in water.
Burkholder has studied some plants from both fresh and marine
waters that had been contaminated by fallout. Since all the submerged plants
exhibited considerable radicactivity, it is believed that the radionuclides

were removed from the water and not through the root system. Additional data

are provided in Tables 2-6 and 2-7.




Total PB-Radiation in the Ash of Flowering Aquatic

Table 2-6

Plants, Algae and Plankton

17

No. of Beta Activity
Organisms Samples Range Average
(apm) (apm)
Phanerogams (freshwater)
Brasenis 1 310 310
Ceratophillum 2 90 - 123 106
Elodea 2 120 - 399 259
Lemna 12 107 - koo 201
Myriophyllum 5 W7 - 207 127
Nuphar 15 73 - 317 158
Nymphaea 7 137 - 506 238
Peltandra 1h 43 - 600 235
Pontederia 8 106 - 1170 hsT
Potamogeton 3 80 - 3ko 170
Typha 2 56 - 247 151
Utricularia 3 2ho - 1134 735
Wolffia 11 107 - 373 172
Phanerogams (marine)
Zostera 10 23 - 164 78
Macro-algae (marine)
Green 19 8 - 130 57
Red 12 60 - 332 167
Brown 12 93 - 2ho 156
Plankton and Micro-algae
Marine 37 25 - 2193 L66
Freshwater 21 20 = 750 215




18

Table 2-7
Total f and T-Radiocactivity in Representative

Aquatic Vegetation

Beta and Gamma Activity

Plants Source Total B Total @
(dpm) (dpm)
Utricularia Edgewood Pond, Saranac, N.Y. 625 1,230
Nymphae Turtle Pond, Saranac, N.Y. 173 L66
Vaucheria Westwood Pond, Westwood, N.dJ. 323 87k
Gracilaria Iong Island Sound, Conn. 139 143

Disintegrations per minute per gram of dried plants are based on a counting
efficiency of B-radiation emitted from Potassium-4O and of ¥ -radiation
from Cesium-137.
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CHAPTER ITI

SAMPLE COLLECTION AND PROCEDURE

This chapter describes the model river system, sample collection

methods, and analytical procedures.

Flume System

The model river system consisted of a metal flume; two large circular
concrete tanks; and a pumping system. The rectangular flume was 200 ft long x
2.5 't wide x 2 ft deep. The slope of the flume was adjustable through the
range of zero to 0.0C6 ft/ft by using screw jacks. The details of the flume
are shown in Figs. 3-1 and 3-2. The two reservoir tanks were 12 ft deep and
each had a capacity of 500,000 gallons. One was used as a supply reservoir
and the other as an effluent monitoring tank.

The supply pump was driven by a 10 hp, 860 rpm electric motor and was
primed by a "wobble" pump. The capacity of the supply pump was about 1.7l cfs
at a 35 ft head. The flow through the influent pipe was regulated by a gate
valve and the depth of water in the flume was controlled by an adJjustable weir
at the outlet.

Aquatic Environment: The water in the reservoir was a mixture of well

water from Balcones Research Center and treated city water. The supply water
was hard since both sources had been in contact with the surrounding limestone

formation. An analysis of the water is shown in Table 3-1.
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Table 3-2

Results of Botanical Surveys

I. Macro-plants found growing in the research flume (April & May,

196k ).
. Potamogeton sp. (3 types)
*% Myriophyllum sp.
* Echinodorus sp.
*3¥ Zennichellia sp. (2 types)
*% Chara (a macro-alga)

II. ist of algae collected from the flume. (Observation dates
were: March 23; April 1; April 24; May 6; May 18.)

(A) CYANOPHYTA (blue-green algae)
(1) spirulina sp. 3/23; L/1; L/24
(2) Oscillatoria sp. 3/23; 5/6
* (3) Merismopedia sp. 3/23; 4/1; 4/2h; 5/6; 5/18
(4) Comphosphaeria sp. 5/6; 5/18
(5) Lyngbya sp. 4/2h

(B) CHLOROPHYTA (green algae)
order CHLOROCOCCALES

(1) Cryptomonas sp. 3/23; 5/6

* Scenedesmus sp. (4) - 3/23; 4/1; L/2k; 5/6; 5/18
* Ankistrodesmus sp. 3/23; 4/1; 4/24; 5/6; 5/18

Selenastrum sp. 4/1
Dictyosphaerium sp. 4/1; 5/6; 5/18
Echinosphaerella sp. 4/1
Franceia sp. /1
Polyedropsis sp. 4/1
order ULOTRICHALES
* (1) Stigeoclonium sp. 3/23; 4/2k; 5/6; 5/18
order VOLVOCALES
(1) Chlamydomonas sp. 3/23; 4/1
(2) Pandorina sp. 3/23
order CLADOPHORALES

N TN TN AT N N
o~ OV Fw o
e S e S e e

* (1) cladophora sp. 3/23; 4/24k; 5/6; 5/18
(2) Coleochaete sp. 3/23; 5/6; 5/18
(3) Aphanochaete sp. 3/23

+ Number of asterisks indicates relative abundance (the more asterisks,

the greater the frequency).
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order OEDOGONTALES

* (1) Oedogonium sp. 3/23; b/24; 5/6; 5/18
order ZYGNEMATAIES
* (1) Spirogyra sp. 3/23; 5/6
CHAROPHYTA
*% (1) Chara contoria 3/23
CHRYSOPHYTA

% (lass BACILLARICPHYCEAE (diatoms)
(1) Ggomphonema sp. 3/23; 4/1; L/2k; 5/6

(2) Cocconeis sp. 3/23; 4/1; W/2k; 5/6
(3) Synedra sp. 3/23; b/1; b/2k; 5/6
(4) TNavicula sp. 4/1
(5) Rhopalodia sp. 4/1
III. Tist of organisms collected in water storage reservoir.
* (1) Euglena (animal)
* (2) Scenedesmus sp. 4/1; 4/24; 5/6; 5/18
(3) Chlamydomonas sp. 4/1
* Ehg Ankistrodesmﬁs Ep. L/1; 5/6;5 5/18
5) Lyngbya sp. 4/2
(6) Navicula sp. 4/1; L/2h
(7) Spirulina sp. 4/1
(8) Cladophora sp. 5/6
(9) sStigeoclonium sp. 5/6
* (10) Daphnia sp. (animal) 4/1

IV. Details of observation dates.

(1) 3/23 = general collection from the flume - water and
filamentous samples.

(2) 4/1 = 15 bucketsful of water from each of 10 stations
located on flume and storage reservoir poured through plankton net.
The samples were later cultured and the results observed on 5/6/6k.

(3) 4/2h = slides 1 week old taken from stations on the
Tflume and in the storage reservoir.

(4) 5/6 = observation of plankton samples cultured in BBM
media taken on 4/1/6k.

(5) 5/18 = observation of slides from stations located on
the flume and in storage reservoir. These slides were over 3 weeks
in growth age.




Table 3=3

Animals Teken From the Flume Ecosystem

el

Protozoa
Ciliophora
Ciliata
Holotrichida
Paramecidae
Physalophrys sp.
Coelenterata

Hydra hymsnae

Annelida
Oligochaeta
Naididae
Chaetogaster sp.
Arthropoda
Crustacae
Cladocera
Moinodaphnia macleayii King
Ostracoda
Copepoda,
Calanoida
Insects
Odonata
Coenagrionidae
Ephemeroptera
Oligoneuriellidae
Diptera
Chironomidae
Chironomous sp.
Mollusca
Gastropoda

Lymnaea columella Say




25

The sediment in the flume was taken from Lake Austin and was placed
in the flume at depths of about 10 to 15 cm. X-ray diffraction showed the

Austin Lake sediment to be composed of the following minerals:

Mineral Approximate Content (%)
Calcite 50
Quartz 10
Dolomite 8
Clay mineral 30
Organic material 2

The clay fractions contained illites, vermiculites, and other degraded
clays. The catlon exchange capacity, as determined by the tagged cesium method,
was about 29 meq/100 gm of sediment.

The agquatic plants in the flume were transplanted from several rivers,
and the ecosystem had reached a quasi-equilibrium condition before the experiment
was started. The major plants and animals in the flume at the time of the X

release of radionuclides are shown in Tables 3-2 and 3-3. During the first

several weeks of the experiment, the dominant species were Myriophyllum, Chara,

and Potamogeton, but at the end of the experiment Cladophora, Spirogyra, and

Myriophyllum predominated. Of the plants mentioned above, only Cladophora

and Spircgyra were floating phytoplankton.

Equipment Used: Equlipment used during the experiments is listed in

Table 3-4 and shown in Fig. 3-3.

Hydraulic Characteristics: The diffusion and dispersion mechanism

of flow was determined by use of Rhodamine B and a Turner Fluorometer. The
calibration curve is shown in Fig. 3-4. For this test, the flow was 0.847 cu

f4 per min (24 liters per min). Based on an average cross sectional area of



Table 3-4

Instrumentation of Model River
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Equipment and Tocation No.

Manufacturer (Distance Used Measurement
from Inlet)

Electronic Thermometer 5' and 195' 2 Temperature

(Research Associates

Model F7-2)

Galvanic Oxygen Cell 5' and 195' 2 Dissolved Oxygen

Expanded Scale pH 5" and 195' 2 pH

Meter (Beckman,

Model T6)

Zeromatic pH Meter 100! 1 ORP

(Beckman, Model 9600)

Pyroheliometer 100" 2 Light Intensity

(Eppley, 180)

Dual Channel Record
(Ys1, Model 81)

Conductivity Cell
(U~type with Self-
contained Line
Operator Portable
Conductivity Bridge

Fluorometer (Turner
Model III)

Scintillation
Spectrometer

(Nuclear Chicago)

Rectilinear Recorder

512-Channel Gamma
Spectrometer (RCL)

(One with filter
and one without)

5', 100", 195' 3
100" 1
195" 1
195" 1
195' 1
Iab 1

Continuous record
for pH, D.0. and
Light Intensity

Conductivity

Dye

Evaluation of
Radioactivity

Continuous Record of
the Radioactivity in
Solution

Radiocactivity - gamma
(Gross)
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2.5 sq £t (1 ft depth), the calculated mean velocity was 0.0057 ft per sec
(0.342 £t per min).  The slope of the flume was 0.00021 ft/ft.

One hundred mg of Rhodamine B was dissolved in one liter of water and
released instantaneously at the mid-depth near the inlet. Samples were taken
at the top, mid-depth, one-third of the depth from the bottom, and at the
bottom at stations which were located 5, 50, 100, 150, and 195 ft from the
releage point. The fluorometer was located near the outlet and a continuous
flow sampling apparatus provided a means of recording the concentrations
directly.

Using the distribution of the dye along the flume as shown in Figs.
3-5 through 3-8, the concentration-time relationship can be described. By
comparing the time-concentration curves of the 5-ft station and 50-ft station,
it can be seen that thorough mixing was observed at the 50-ft station. This
was caused by the presence of the rooted plants and phytoplankton.

The mean flow-through times and dispersion coefficients calculated
by the dye release study are shown in Table 3-5. The dispersion coefficient
varied from 0.022-0.059 ftg/sec, which agreed fairly well with prior

(38)

investigations.

Sampling Procedures

Water samples of 100 ml were taken at three different depths in the
channel: namely, 2, 6, and 10 inches from the surface. The sampling apparatus
is shown in Fig. 3-9. Water samples were refrigerated until duplicated aliquots
of 10 ml could be transferred to aluminum planchets for processing and radio-

85 137

activity analysis. The concentrations of Sr and Cs agssociated with the

suspended materials were determined by the difference in the counts of the



CONCENTRATION OF RHODAMINE B {ppb)

CONCENTRATION OF RHODAMINE B {ppb)

100 T T T
90
80
7OL
60
501
40}
30+
20
10

SCALE VALUES

i i3 1

L1

| 1 L |

L
0 10 20 30 40 50 60 70 80

| L
90 100 110 120 130 140 150

CONCENTRATION OF RHODAMINE B (ppb)
FIG.3-4 LINEARITY OF RHODAMINE B

T T

o =
o o

s

;\l/Mid depth

1

o ~N W W
o o © o

o A O
O O O

20k

10 F
04 o=

~.

Top (One-third depth)

Average

Bottom { Two-thirds depth)

PO G S

7308 9,10

Ih 12Noon | 2py3 4
TIME (hrs) '

FIG.3-5. VERTICAL DISTRIBUTION OF RHODAMINE

CONCENTRATION OF RHODAMINE B (ppb)

T T T T T 1 T
zﬁ‘“\\/Boﬁom ( Two-thirds depth)

!
{
i
15 |
! N Mid depth
i N
104
[ \\
I o'
| N\
Sy Top \"*\

/ (One-third depth)

BAM. 9

12 Noon | 2 3
TIME (hrs)

FIG.3-6. VERTICAL DISTRIBUTION OF RHODAMINE

B AT 5 FT  STATION B AT 50 FT STATION
25 T T T T T T T :é 10 T T T T T
Mid depth @ °
20~ T %" 84 o -
§ o fo o
15} A 2 6 o -
o
/l ( 8 o] o
10+ One-third — -4l
/ N\ depth) g4 A !
4 Bottom \\ 5
5~ ( Two-thirds depth ))‘Q‘g\\ N £ er 7
N [rs)
g
0 g 0 I i L 1 l | I !
I0AM. 1l {2 Noon | 2 3 4 5 6 PM. 2PM. 4 6 8 10 12 2 4 eﬁ'/)A M
TIME (hrs) TIME (hrs) o

FIG.3-7 VERTICAL DISTRIBUTION OF RHODAMINE

FIG.3-8.
B AT 100 FT STATION G.3-8.CONCENTRATION OF RHODAMINE B

AT EFFLUENT (200 FT STATION)



30

liquid phases before and after centrifugation (3000 G for 10 minutes).

Table 3-5

Mixing Characteristics

. 2 2
Station 1) ag Dx
(Distance from T T 5 X 5 5
inlet in ft) (hr) (hr®) (£t7) (£ft°/sec)
5 1.16 1.036 436.23 0.053
50 3.50 1.654 696 .45 0.028
100 5.50 2.106 886.77 0.022
200 13.67 13.640 5743.39 0.059

T = Mean flow through time (hr) 5

DX = Dispersion coefficient along X-axis (ft /sec)
Gé = Variance in time units (hr2)
a2 = . . . . . 2
°. * [Longitudinal variance in length units (£t°)

The sediment sampler consisted of a lucite tube, an aluminum piston,
and steel sample holder as shown in Fig. 3-9. The sediment samples were
collected by forcing the lucite tube into the sediment. The piston in the
tube helped to keep the core intact as the sampler was removed from the flume.
After collection, both the sample and the tube were frozen. Then the top
one inch of the frozen sample was pushed out and cut off. This section of
sample was ashed at 600°¢C for 15 minutes, cooled, and from this material
almost 3 gm, representing an equivalent depth of 0.7 cm, were transferred to

an aluminum planchet for counting.



Sediment Samplers

FIG. 3-9. SAMPLERS.



32

The plant samples were collected individually and washed with water;
approximately one half of the sample was washed a second time in a wesak
solution of citric acid. In processing, the plant samples were ashed at 6OOOO,

and a 100-mg portion was placed in a planchet for counting.

Counting Procedures

Since all the samples contained Sr85, C8137, Zn65, 0058, and an impurity
of 0060, the multi~channel gamme spectrometer incorporating a four-inch diameter
thallium~activated, Nal crystal in a shielded cabinet was used. The size of
the cavity in the shield was 24 x 24 x 27 inches. The cabinet walls, top,
and floor consisted of four inches of lead that were interlined with 0.75
inch magnesite, 0.063 inch copper, and 0.125 inch aluminum plates. All data
were punched on paper tape and typed on regular printout paper.

In order to minimize the "drift" of the gamma spectrometer, a calibra-
tion test with a 0060 standard was made during each counting period. The
selected energy span was 2 Mev for the 256-channel group size. 0060 peaks
of 1.172 and 1.333 Mev were adjusted to channels 150 and 170. The values
of the contribution of each isotope are reported in Chapter IV.

The counting efficiencies for Sr85 and. 08137 were 15.4 and 17.5

85 137

percent. Calibration was accomplished by counting Sr and Cs standards

with known concentrations of the radionuclides. All the data were corrected
for counting efficiency, background, absorption, decay, and contribution from

other radionuclides. The correction coefficients for self-absorption were

85

obtained by counting the same known concentration of Sr and 03137 associated

with different weights of sediments. Correction coefficients for the plant

85 137

samples were 1.0 for Sr and 0.99 for Cs . For sediment samples the
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137

8
2 and 0.99 for Cs . The geometry

correction coefficients were 0.97 for Sr

remained the same for all samples.

Releasge Studies

In order to effect a release of radionuclides from the plants, 105 ft
of the flume from near the influent was covered with boards on July 29, 1964.
Water samples and sediment samples were taken at 50, 100, 150, and 195 ft from
the inlet twice a day for the first week after the flume was covered, and plant
samples were taken at a point 175 ft from the inlet once each day. After the
Tirst week, the sampling frequency decreased to once every two days. On
August 17, 1964, the flow of the flume was stopped in an attempt to produce
an anaercbic enviromment and thereby provide some information relative to
release and changing environments.

In general, the collection and analyses program remain similar to

the previously discussed procedures. Since Myriophyllum and Cladophora were

predominent, only these two species were gtudied in detail.



CHAPTER IV

DATA ANATYSIS

The results of the water, sediments, and plant samples are described
in detail in this chapter. The environmental factors are reported as they
related to this study. However, no correlations were attempted since this

effort i1s part of another study.

Description of the Gamma Spectrum

85

The gamma spectrum of each sample consisted of the photopeaks of Sr 7,
08137, 0058, (0060 impurity), Zn65 and 0060. The radionuclides were released
in the model river on April 24, 1964,

A typical gamma spectrum is shown in Fig. L4-1. The energy of the

137

gamms. ray for Sr85 is 0.51 Mev, that of Cs s 0.66 Mev. Because of pair

production and backscattering, contributions from the higher energy isotores

137 85 e

of Co58 and Zn65 were made to the photopeak values of Cs and Sr
photopeak of the background usually fell below an energy level of 0.3 Mev.
Contributions from higher energy sources were calculated with the aid of a
CDC 1604 computer. These coefficients are listed in Table L-1.

In order to check the drift of the gamma spectrometer, a 0060 standard
was used. The Co60 peaks of 1.172 Mev and 1.333 Mev were adjusted to fall in
85

channels 150 and 170, respectively. As a consequence, the photopeaks of Sr

137

and Cs were positioned in channels 66 and 85, respectively. The half-
photopesk channel 1s the channel with one-half of the counts of the maximum
channel in the photopeak. By summing up the counts of all channels between

the two, half-photopeak channels of each isotope, the total counts for that
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isotope in the spectrum were obtained.

85

A geries of standards of various known concentrations of Sr and

Cs137 were used to calibrate the spectrum. After correction for background,

the counting efficiency was 15.4 percent for Sr85 and 17.5 percent for Csl37°
Calibrated with standards of each radionuclide used in this study, the

channel range for the summation of counts was from channel 64 to chanmnel 71

8
for Sr > and from channel 82 to channel 90 for 05137.

Table 4-1

Contribution Coefficients

Influenced Isotopes

PP

”OﬁéiiESZQHg e ol 028 705 0020
Sr85 1.00000 0.0066 0.00738 0.00843 0.00659
cs3T 0.03651 1.0000 0.00637 0.00101 0.00111
0058 0.27400 0.0070 1.00000 0.16000 0.04100
Zn65 0.15800 ~0,1120 0.16010 1.00000 0.02610
0060 0.21700 0.2526 0.31810 0.60000 1.00000

Because of the necessity for the constant terms used in the simultaneous
equations used in solving for the true counts for each isotope, the areas
between the half-photopesks under the spectrum for each of the photopeaks

58 65 60 . . . .
for Co” , Zn 7, and Co =~ were required. By analyzing various concentrations

of standards for each isotope, the channel range was determined from channels
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8 6 60
100 to 109 for 005 , from 137 to 148 for Zn 2 and from 164 to 175 for Co

(2nd peak).

Data Handling

The computer program was written for the general use of gamma
spectrometer data. The program can be used to analyze 50 unknowns simultaneously
provided the proper coefficients for the simultaneous equations are available.

In order to save computer time, the input data were punched on Friden
perforated tape after counting. On the paper tape, the binary number system
was used and each channel was furnished with space for six digits. This
information was then condensed on magnetic tape for reading into the
computer.

Each paper tape uéually contained 20 spectra which were grouped
according to the counting date, the sample content, and the counting time.

The background spectrum of the same counting date was attached to the
beginning of each roll.

The Subroutine Program CON(IABC) was designed to change the binary
number system on the magnetic tape into digital numbers. CON(IABC) was

also programmed to pick out and eliminate erroneously punched spectra.

Mathematical Interpretation of the Program

In order to give a clearer interpretation, five linear equations were
set to solve the true counts of each isotope involved in the flume study.
The solutions were obtained by use of Gauss's method of elimination with
row pivoting and back substitution. The matrix condition parameter was
chosen to be 0.000001L. The contribution coefficients used in these linear

algebraic equations are shown in Table 4-1. The elements in the first row



8
were for Sr 5, the 2nd row for 05137, 3rd row for 0058, Yth row for Zn65

and 5th row for 0060. Fach element in the column vector was the sum of

the counts under the spectrum between the two half-photopeak channels.

85

The elements in the column vector were, from top to bottom in order, Sr

03137 0058 Zn65 60.

R ) , and Co

The coefficlents may be arranged as follows:

a = the coefficients in the simultaneous equations
and
b = the constant terms in the equations.
all a12 a13 alh al5 bl
"1 P2z %p3 %2k %25 Py
A= 1831 83 833 A3 A5 3 = b3
1 e W3 AW A oy
%51 %52 %53 %5k P55 ®5

Matrix A was triangularized by adding multiples of one row to another row

and subtracting the value of 811 (aij) from row i where,

811

2,3,4,5

i

1, 2, 3, 4, 5.

]

J

Then the elements in column 1 below the principal diagonal were
eliminated. By the same process of pivoting, the elements below the
diagonal in columns 2, 3, and 4 were also eliminated.

The process of addition of multiples of rows 1s also applied to

>

2

38

vector B. Finally, a new matrix F is formed by combining the triangularized

matrix A and vector B as follows:
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12 1o 13 Ty 15 f16
0 Top fo3 o o5 o6
P o= 0 0 o £y fi I
0 0 0 f B Tig
0 0 0 0 T fog

Back substitution was then used where,

f,_=6 - S
X; = —i§7—__ i = 1, 2,3, 4, 5.
ii
and when

i = 5, S = O and when

. V = 5

i 4 5, S Z £%

k=1+1

According to the solutions from simultaneous operations, the disintegrations

per minute for each isotope in the sample were calculated by the following

formula:
DPM = (Xi) exp (0.693 t/Tr)/E/M/ Ab,
where
DPM = Disintegration per minute of a certain isotope for the
content in planchet,
X5 = Jolutions of simultaneous equations,
t = Time interval between the counting date and date of
release (April 24, 1964k) in days,
Tr = Half-life of radioisotope decay in days,
B = HKfficiency of gamma spectrometer, calibrated by internal

standards,



Ab

l

]

4o

Counting time of sample in minutes, and

Self-sbsorption coefficient of each sample.

Arguments in the Program

11)
12)
13)
k)

15)
16)

KJJ

KJI

KIT

Is0

EFF

DECAY

Number of isotopes to be analyzed on each spectrum

Number of rolls of paper tape to be analyzed in the batch
Order for isotopes to be analyzed, such as 1, 2, 3,
Channel number of lower limit for summation range of each
isotope derived from standards

Channel numbers for photopeak of each isotope

Channel number of upper limit for the summation range

of each isotope derived from standards

Name of each isotope, such as SR (85), ¢S (137)
Efficiency of counting by the RCL Gamma Spectrometer

for the specific isotope

Half-life of specific isotope in days

FRAC (I,J) - Contribution coefficient on a specific isotope I,

CNN

DAYS

BOX

from another isotope J

Counting time for background in minutes

Counting time for samples in minutes

Number of days between release date and counting date
Arbitrary catalog number to identify the roll of paper
tape

Self-absorption coefficient for typicai sample

Net counts of each channel after stripping out the

corresponding background qounts



17)
18)
19)

20)

21)

23)

2l)

25)

26)
27)

28)

IRIM

IJK

X2

TDELTE

IDRLT?

IKL

IKT

COUNT

DIs

I2

41

Order number of spectra in each paper tape roll

Total summed counts between the two summation limits
Total summed counts between the two summation limits

in real numbers

Check to determine if spectrometer has drifted excessively
Number of channels between two summation limits derived
from standard of specific isotope

Number of channels between two summation limits

figured from sample spectrum

The matrix array for the coefficients and constant term
of simultaneous equations

Error flag (fixed-point)

1 indicates no error

2 indicates that the equations are inconsistent or
dependent

Channel number of photopeak of certain isotope in
spectrum

Solutions of simultaneous equations

Radiocactivity of specific isotope in the sample in
disintegrations per minute

Counts for half-peak=-value

The printout and Fortran flow chart are provided in Appendixes A and B.
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Analyses
85

Generally, as Sr and 05137 are transported downstream the radio-
nuclides are transferred from the aqueous phase to the bottom sediments and
plants and then back into solution.

Analyses of Water Samplegs: Although the aguatic plants in the flume
85 137

and Cs during the first day following release, the

137

8
fraction of Sr 2 and Cs in the agueous phase remained as high as 88 percent

85 137

and 93 percent, respectively. The relative distributions of Sr

gsorbed some of the Sr

and Cs
in suspended solids were 12 percent and 14 percent, respectively.

Time-Concentration Relationships: The relative concentrations of

85

0137 and sr in the aqueous phase of the flume at stations 5, 50, 100, 150,

and 195 ft from release point are presented in Figs. 42 and 4-3. The average

value was derived from sample data obtained from the three different levels

137 85

at each section. The data show that the amount of Cs and Sr along the

length of the flume decreased very rapidly after the first day following
137

release. During the following three months, the concentrations of Cs in

the aqueous phase fluctuated between 0.5 to 4.0 dpm/ml. The concentrations

85

of Sr 7 fluctuated between 0.3 and 8.0 dpm/ml.

Since the rapid change in the concentration of both C8137 and Sr85
in the aqueous Ifraction occurred during the first two days following release,
a more detailed study was made of the vertical distribution of the radio-
activity during this period. The results from this investigation are shown
in Figs. 4-b and 4-5. Tt appears that the areas under the curves differ

85

from one station to another. TFor Sr the areas under the curves for
stations 50, 100, 150, and 195, respectively, were 43, 29, 25, and 21 percent

of the area derived from the dats co;lected at station 5, i.e., five feet
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from the entrance. For 03137, the areas under the curves developed at the 50-,
100~-, 150-, and 195-ft stations respectively, were 52, 4o, 38, and 36 percent
of the area under the curve for station 5. Notably this percentage decreased
along with increased distance from the release point. This decrease in
percentage characterizes the existence of sorption of the radionuclides by
the aquatic plants and sediments that were present between the stations.

From the time-concentration curves and the discharge through the

137

8
and Sr 2 passing each station

137 85

flume, an estimation of the total mass of Cs
at any time can be computed. The cumulative quantities of Cs and Sr
passing each station during the first week following the release are shown
in Tables 4-2 and 4-3.

Table 4-2
137

ILongitudinal Transport of Cs in the Flume Water

Days After Percent of the Total Released Csw3! Carried in the Water
Release 5-t 50-ft 100-f1% 150-f1t 195-ft
Station Station Station Station Station

1 61.2 Lh.7 32.0 25.7 18.4

2 65.0 hog.2 36.3 31.1 25.6

3 69.3 55.1 Lo.6 35.4 28.0

L 72.4 58.6 L. o 39.7 30.8

5 76.6 61.h L.k hi.2 3h .k

6 80.2 6.1 51.0 LL .6 36.6

7 8k.0 67.1 54,0 Lh7.1 38.0
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Table 4-3

Longitudinal Transport of Sr85 in the Flume Water

Days After Percent of the Total Sro” Released Carried in the Water
Release 5-Tt 50-Tt 100-ft 150-ft 195-%
Station Station Station Station Station

1 66.3 57.7 b1k 32.2 oh.1

2 Th.5 63.2 hh.1 37.7 29.0

3 78.2 66.4 67.9 Lo.9 33.1

L 80.6 69.7 50.6 43.9 34,9

5 83.1 72.9 53.2 ek 36.8

6 8.7 Th.6 56.1 ho.2 38.6

7 86.2 7.4 59.4 51.4 Lo.2

From Tables 4=2 and 4-3, it can be seen that more than 38 percent of
08137 and 33 percent of Sr85 released in the flume remained within the first
5 feet of the flume after one day. This is quite different from the results
shown in the dye release experiment which showed that only 10 to 20 percent
of the dye remained. The considerable decrease of both 05137 and Sr85 passing
from one station to the next was mainly a result of the uptake of radionuclides
by bottom sediments and plants existing between the stations.

Peak Concentrations: The peak concentrations of 08137 at the 5-, 50-,

100-, 150-, and 195-ft stations were found to be 12, 100, 886, 388, 27k, and
129 dpm/ml, respectively. It appears that for both 05137 and Sr85, there was a
large difference between the peak concentrations at the 5-ft and 50-1t

stations. Thig is caused by the radionuclides at the 5-ft station not having
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diffused appreciably. The travel time and the average velocity of the peaks

137 85

of Cs are shown in Tables 4-4 and 4-5. The travel time was

and Sr
derived from the time which had elapsed after release until the occurrence
of the peak concentration. The theoretical travel time for plug flow is

690 minutes for 195 feet of flume length.

85 137

The peak values of Sr in solution at each station were

and Cs

correlated with distance of travel in Fig. 4-6. There is a significant change

137 85

in slopes of the curves for both Cs and Sr Therefore, the transverse
dispersion across the section of the flume was not complete as the peaks
passed the 5-ft station. The peak concentrations for different levels in
the vertical section of the flume were found to occur at different times
for both 05137 and Sr85. This indicates that the dispersion through the

cross section of the flume was not homogeneous.

Table L=k
137

Movement of Cs Peak Concentration in the Flume Water

Travel Time From Pesgk Average Velocity
Station Release Point Concentration of Peak
(ft) (min) (dpm/ml) (ft/min)
50 135 886 0.37
100 285 388 0.35
150 420 27k 0.36

195 6l5 129 0.31




k9

Table 4-5
85

Movement of Sr Peak Concentration in the Flume Water

Travel Time From Peak Average Velocity
Station Release Point Concentration ~of Peak
(ft) (min) (dpm/ml) (ft/min)
50 150 1,500 0.33
100 270 700 0.37
150 235 600 0.34
195 600 395 0.33

Vertical Dispersion: The vertical dispersion of 05137 and Sr85 are

plotted in Figs. 4-7 and 4-8. The data represent the levels of radionuclides
at 2, 6, and 10 inches of depth and at the 5-ft, 100-ft, and 195-ft stations.
It is recognized that the radionuclide concentrations were similar although
somewhat cyclic. This similarity suggests that complete longitudinal mixing
was accomplished, probably by the plants.

It 1s observed that the peak concentrations of both 05137 and Sr85
did not occur at the same time. This indicates that the movement of the
radionuclides was highly affected by the presence of the plants. Also, it

is noted that the vertical dispersion across the flume was not homogeneous.

137

Mass Curve: The total amounts of Cs and Sr85 discharging through

the flume were obtained by the total accumulated products of concentrations

, 1
and flow discharges at the 195-ft station. As cited in Table 4—2, the Cs 31

137

leaving the flume after one day was 10.4 percent of the total Cs released,
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as compared with 38.0 percent after one week. Also, as shown in Table b3,
the Sr85 discharged through the flume was 24 and 4O percent, respectively,

of the total released after one day and one week of elapsed time. It appears
that the amount of Sr85 sorbed by the aquatic plants and bottom sediments

137
was less than that of Cs 3 . In Figs. 4-9 and 4-10, the accumulated
137

8
percentage of Cs and Sr 2 discharged through the flume was correlated with

the time following the release of radionuclides. After three months of

137

continuous discharge, the total Cs leaving the flume was 88 percent of the
8
initial amount released, whereas 93 percent of the total Sr 2 passed through
137
the flume after three months. The remaining 12 percent of Cs 3 and 7 percent

8
of Sr 2 remained in the bottom sediments and aguatic plants.

85

Suspended Materials: The average percentage of Sr

137

and Cs

asscciated with the suspended material was 12 and 1k percent, respectively,
Tebles 4-6 and 4-7. As the total concentration of radionuclides in water
solution was lower than 10 dpm/ml, the fraction sorbed on suspended solids
became undetectable. The results presented in Tables k-5 and 4-6 were
derived from the data collected during the first week following the release
of radionuclides.

After the first day of release, the Sr85 concentration in solution
varied between 390 dpm/ml and 27 dpm/ml at the 195-ft station. Thus, the

8 associated with suspended solids varied between 2340 dpm/mg

137

fraction of Sr
and 145 dpm/mg. For Cs -, the fraction in water varied between 128 dpm/ml
and 35 dpm/ml, but following the release on the first day the 03137 assoc;ated
with suspended solids at the 195-ft station ranged between 895 dpm/mg and

246 dpm/mg. The concentrations of Sr 2 associated with suspended solids

137

exhibited greater variation than those of Cs
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Table L4-6
. 85 . .
Fraction of Sr Associated with

Suspended Solids in Flume Water

5l

Fraction Sr85 Sorbed on Suspended Solids

Stations 2 in. from 5 in from 10 in. from Average
(£ft) Surface Surface Surface
5 0.16 0.15 -- 0.16
50 0.05 0.08 0.14 0.09
100 -- 0.15 0.07 0.11
150 0.04 0.06 0.26 0.12
195 0.08 0.07 0.09 0.08
Table 4-7
. 137 . .
Fraction of Cs Associated with
Suspended Solids in Flume Water
Fraction 08137 Sorbed on Suspended Sclids
Stations 2 in. from 5 in. from 10 in. from Average
(£t) Surface Surface Surface
5 0.20 0.12 - 0.16
50 0.1k 0.11 0.16 0.13
100 - 0.21 0.13 0.17
150 -- 0.08 0.13 0.11
195 0.10 0.09 0.17 0.12
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The suspended solids content in the flume water varied from 6 mg/1
to 54 mg/l as shown in Fig. 4-11. The components of the suspended solids
were primarily organic suspensions consisting of algae, etc. It can be seen
in Fig. L4-11 that the suspended solids concentration fluctuated along the
mean value of 20 mg/l until July. At this time, the concentration of
suspended solids suddenly increased, reflecting a change in the biomass. The
volatile fraction of the suspended solids varied between 7O and 90 percent.

85

It appears that the concentration of both Cs137 and Sr in the

aqueous solution finally decreased to almost undetectable levels after three

months of continuous discharge even though there was about 12 percent of

0e k37 85

remaining in the flume. Actually, the

85

and [ percent of Sr

137

concentration of Cs and Sr was very low one month after release

Analyses of Bottom Sediments Samples: The amount of 05137 and Sr85

associated with bottom sediments in a function of both the mixing
characteristics and contact time. The radionuclide uptake in the flume by
the sediments increased with regard to: (1) the longitudinal distribution
along the flume, (2) the average percentage of total 05137 and 508 added

in the flume, and (3) the depth of migration. The uptake was dependent upon
the suspended organic debris and the changes of environmental factors;

i.e., pH, ORP, temperature, etc.

85 137: As shown in Figs. 4-12

Longitudinal Digtribution of Sr and Cs

~and 4h-13, the C8137 in the bottom sediments varied between 1000 dpm/gm and
25 dpm/gm, while the Sr85 varied between 1,600 dpm/gm and 13 dpm/gm. This
85

suggests that the uptake of Sr~ by bottom sediments was more sensitive to
environmental changes than 05137. Generally, the concentration of both

08137 and Sr85 in the bottom sediments increased with time until a peak
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value was reached and then a rapid drop occurred. There was a strong

tendency to maintain equilibrium concentration. The peak concentrations

85

of Sr at different stations occurred within the first week following the

137

release but the peak concentrations of Cs at different stations occurred

at different times, varying over a period of more than two months. The

8

Sr 2 assoclated with the sediments was displaced more readily than 05137.

85

Figures 4-12 and 4-13 also show that the concentration of both Sr -~ and

137

Cs in the bottom sediments increased appreciably during June and July.
During this periocd there was a considerable change in the ecosystem.

Average Concentration: The average concentrations for Sr 2 and

137
Cs 3 were derived from the data at all sampling stations for the same
sampling time. The weight factor used for each station was 1, 2, 2, 2,

and 1, respectively, for the 5, 50, 100, 150, and 195-ft stations. As

8
shown in Fig. 4-1k, the fluctuation of the average concentration of Sr >
1 8
was much more than that of Cs 37. The variation of Sr 2 content was also
1
greater than that of Cs 37. These differences imply that the inter-

8
changeability of Sr 2 between the attached phase and the liquid phase was

1
higher than that of Cs 37.
Percentage of Total Sorbed Sediments: The percentages of Sr85 and
08137 sorbed on or in the bottom sediments are presented in Figs. 4-15 and

1371

416, The average percentage of Cs associated with bottom sediments

increased to its peak value of about ol percent on May 2 and then decreased

137

to 3 percent on June 1. After June 10 the percentage of Cs associated

with sediments increased again to 18 percent and by July 3 decreased to the
8

lowest value of 2.6 percent. The peak percentage of Sr > of 17 percent

occurred on April 27; the percentage fluctuated until a value of 0.5 percent
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85

was reached on June 1. The percentage of Sr increased to about 1l percent

by June 23 but decreased to 2.5 percent by July 25. The minimum concentration

85 137

of Sr ™~ was 2.2 percent, that of Cs 2.7 percent. Some of the radionuclides

which were absorbed probably were held in the interlayer positions of the clay
minerals in the sediments. The appearance of the pesk percentage values of

85 137

both Sr and Cs at the beginning of July was caused by the re-uptake of

radionuclides which were releaged from dead plants.

Migration of the Radionuclides: The depth at which the Sr85 and
05137 penetrated into the sediments was dependent upon the amount of radio-
nuclides present and time of contact, Figs. 4-17 and 4-18 and Table L4-8. It
can be seen that more than 65 percent of the 05137 and 70 percent of the
or 2 in the sediments were in the top inch.

85
The uptake of Sr and 05137

by bottom sediments is related to
: 85 137 :

the concentration of Sr and Cs at the interface of the flume water and
bottom sediments, the elapsed time, the plant growth rate, and a number of
environmental factors. However, considering the pH range of 6.8 to 7.5, the

85 137 :
uptake of Sr and Cs 3 by the bottom sediments should not change appreciably.
This is especially true i1f the final sorbed radionuclide concentrations are
considered to be taken up mainly by ion exchange. However, because of the
settled organic debris from dead plants and the transport of released radio-

8 137
nuclides from dying plants by water, the concentrations of Sr 2 and Cs
assocliated with bottom sediments changed significantly. Thus, the uptake
85 137

of Sr and Cs by the bottom sediments was affected by environmental

changes.
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Table 4-8
85 137 . .
or and Cs Penetrating into the Bottom Sediments
15 Days Following Release 60 Days Following Release
Depth 1
(cm) Sr85 Cs 31 Sr85 C 137

(%) (%) (%) (®)

i - 65 - -

2 29 71 22 25
1 39 82 39 33
2 67.5 90 70 60
3 19 93 82 76
4 87 % B 88
5 93 98 98 ol
6 98 99 100 99
7 100 99.5 100

Analvses of Plant Samples: The aquatic plants played an important

role, by rapid sorption of radionuclides on the plant surfaces and by

causing eddy turbulence, thereby providing contact opportunity. The immediate

137
137

uptake of Cs by all rooted and floating plants was about 20 percent of

the total Cs added in the flume, that of Sr85 about 14 percent. The
radionuclides sorbed during the first day were released back into the water
very rapidly. This indicates that the sorption was mainly a surface
reaction. During the study, it was revealed that the radionuclides sorbed

on a certain species of the plants were transferred to other speciles after

the original species died.



6l

Distribution of 05137 and Sr85 in Aquatic Plants: The studies

showed that there were six predominant species of macroplants and algae

present in the flume at the beginning of the study. These were Myriophyllum

sp., Potamogeton sp., Zannichellia sp., Chara sp., Cladophora sp., and

1 8
Spirogyra sp. The longitudinal distributionsof Cs 3 and Sr 2 assoclated
with plants are shown in Figs. 4-19 and 4-20. It appears that the maximum

uptake by the aquatic plants occurred on the first day following the release

137 85

of radionuclides for all the species. The concentration of Cs and Sr

sorbed on the plants was found to decrease with an increasing distance from
the release point during the first two days following the release. However,
. . 85 137
after one week following the release, the concentrations of Sr ~ and Cs
sorbed on plants were approximately the same for samples collected at all

85
stations. In June, both the Sr and 05137

uptake by aquatic plants
increased considerably. This was believed to be caused by the death of

large amounts of Potamogeton, Zannichellia, and Chara.

Change of Ecological System: The effects of die-off of certain

prlants and the increase in uptake of 05137 and Sr85 by the remaining
plants can be seen in Fig. 4-21. The ORP reading dropped from 400 mv to
100 mv; the pH value dropped from 9 to 7.5; the DO dropped from 8 mg/l to
2 mg/l; and the conductivity dropped from 1,500 mho/cm to 1,000 mho/cm.
Accordingly, there was a concomitant decrease in the biomass. Samples
from nine different stations showed that the average biomass, ashed welght,
decreased from 13 gm/sq.ft to 8 gm/sq.ft.

Percentage of Radionuclides Sorbed by Plants: The total uptake of

1
both Cs 31 and Sr85 by all aquatic plants was estimated by the product of

the average uptake of all species per weight and the weight of the biomass.
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137 sorbed by plants are shown in Figs. 4-22

The percentages of Sr85 and Cs
and L%n23° It appears that the percentage of 05137 sorbed by the plants was
higher than that of Sr85. During the period from May 10 to June 10, the

85

increase in percentage of both 08137 and Sr sorbed on plants was believed
to result from the normal adjustment back to equilibrium. During this
period, the percentage of radionuclides associated with bottom sediments

decreased significantly as shown in Figs. 4-15 and 4-16.

Concentration Factors: The ratio of the radiocactivity in one gnm

of ashed plant weight to the radioactivity in one ml of the surrounding
water is defined as the concentration factor, KE. Cladophora exhibited the
highest KC and Zannichellia the lowest for uptake of 03137. Conversely,

. s . 85
Spirogyra exhibited the highest Kc and Cladophors the lowest for Sr™7. 1In

Figs. 4-24 and 4-25, the K_ values are shown for 585 ana 37, Tt can
be seen that the KC values changed with time.

For macroplants, Potamogeton exhibited the highest K, value for both
Sr85 and 05137. Among the algase group, Cladophora exhibited the highest Kc
value for the uptake of 05137, Spirogyra for Sr85, Table 4-9.

Plants Washed by Citric Acid: Plants were washed with citric

85

acid to determine the degree of sorption. The Sr sorbed on the surface
of various plants in the flume was estimated to vary from 12 to 37 percent,
cst3T from 15 to 46 percent, Table 4-10.

Analysis of Release Study: On July 30, 1964 the first 105 ft of the

flume was covered with plywood in an attempt to produce an anaercbic condi-
tion that would kill all the plants in the first half of flume. By August 11,
all the aguatic plants in the first 100 ft of the flume died and settled

to the bottom. Since the concentration of both 05137 and Sr85 in the
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plants before the flume was covered was very low, there was no significant

137 85

increase of Cs and Sr in aqueous solutions as shown in Figs. 4-8, h-9,
L-1, and 4=2. In Figs. 4~7 and 4-8 there were a few values that increased
suddenly because of the additional suspended debris. However, in the
sediment samples, there were only small increases as shown in Figs. 4-15 and
4-16. These changes were mainly caused by the settled organic debris contain-
ing radionuclides. There was a difference between the data derived from the
\
covered area and that of the uncovered area, Fig. 4-26. ORP readings in the
sediments were mostly negative, which showed that an anaerobic condition
existed. The DO values dropped during the day from 8 to 2 mg/l after the
flume was covered. By August 17, the flow was stopped but the distribution
of radionuclides in the various components of the flume system did not
change significantly. The DO values, however, dropped from 4 t0 0 mg/l as
shown in Fig. hk-26.

Table 4-9

85 137

Maximum Concentration Factor, Kc’ of Sr and Cs

for Freshwater Plants in the Flume

Maximum K

Plant 05137 ¢ Sr85
Macroplants

1. Zannichellia sp. 3,200 8,060

2. Potamogeton sp. 6,500 12,400

3. Myriophyllum sp. 5,005 7,450

Algae

1. Spirogyra sp. 5,300 14,500

2. Cladophora sp. 7,250 3,400

¥3, Chara sp. 5,600 5,700

*Macroalgae
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Table 4-10

137

8
Releage of Sr 2 and Cs from Aquatic Plants

after Washing with Citric Acid

Plant Release of 03137 Release of Sr85
(%) (%)

Macroplants

1. Zannichellis sp. 14 37

2. Potamogeton sp. L6 20

3. Myriophyllum sp. 15 29
Algae |

1. Spirogyra sp. 27 23

2. (Cladophora sp. Ll 12

3. Chara sp. 36 19




CHAPTER V

DISCUSSION

137 85

This study showed that the transport of Cs and Sr after an

instantaneous release in the flume system was primarily a function of
hydrodynamic mixing; however, sorption reactions were significant.
Sorptive materials included the bottom sediments, aquatic plants, and

the suspended solids in the water. It was determined that the distributions

137

of both Cs and Sr85 in the components of the stream were affected by

such envirommental factors as measured in pH, dissolved oxygen content,

oxidation-reduction potential, conductivity, and light intensity.

137

8
Generally, the fractions of the S5r 2 and Cs in the agqueous solutions

8
were larger than those of 005 and Zn65. These latter radionuclides are

(22,41) It was also realized that variations

137

discussed in separate reports.

8
in uptake of Sr 2 were greater than those of Cs

137

Dispersion of Cs and Sr

In comparing the radionuclides and dye data, it was found that
80 percent of the total Rhodamine B discharged passed the 5-ft station during
the first 24 hours. The amounts of Sr85 and. Csl37 which passed the same
distance were 66 and 61 percent, respectively. It was found that the
areas under the concentration curves for the 5-ft station in Figs. 4-4
and 4-5 were greater than the corresponding areas for downstream stations.
The area ratios are presented in Table 5-1 and represent the area for the
5-ft station. Tt appears that the difference of the area ratio between
the 5-ft and 50-ft station was much larger than that between other stations.

Moreover, the slope for the plot of maximum concentration along the flume

5
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as shown in Fig. 4-6 changed significantly at about the 50-ft station.
It appears that the transverse dispersion across the flume was not complete
until the plume of radionuclides reached the 50-ft stat;on.

Table 5-1

Normalized Areas Under the Time-Concentration Curves

Stations (Distance from Inlet in ft)

Isotope 5 50 100 150 195
Sr85 1.0 0.k43 0.29 0.25 0.21
ast37 1.0 0.50 0.l0 0.38 0.36

8
Estimation of Sr 2 and C5137 in Agueous Solution

It was found that a linear relationship exists between the
cunulative fraction value and the distance from the releasge point as
shown in Figs. 5-1 and 5-2. These curves are plots of the data presented

in Tables 4-1 and 4-2. The general formula is shown in Eq. 5-1.

log ¥/ = log ¥+ kx, (5-1)
where
F = the cumulative fraction of the radionuclides discharged
X through a section x feet from point of release,
FO = the cumulative fraction of total radionuclides discharged
through the release point after release, and
k = slope of the straight line of the plot. The k value should

be negative.
The fraction of total release passing through a certain section after

a given time period can be determined graphically. As cited in Figs. 5-1



Tr

and 5-2, the lines representing a certain time period following release can
be approximated by the following characteristics:
(1) No intersection between two different lines representing two
different times after release.
(2) The longer the time after release, the smaller the slope of
the straight line.
(3) The longer the time after release, the less the difference of
Fo values per time interval.
Also, by knowing t@e total release and the fracticonal value as
determined graphically, the concentration of radionuclide associated with

the water at a particular time and place can be calculated.

85 and. 03137

Fastimation of Sr in Sediments

The amount of radionuclides penetrating a unit depth of sediments
is dependent upon the total concentration of radionuclides present. It

must be assumed that the bottom sediments are graded homogeneously.

N o= N e_ph (5-2)
where
N = concentration of radionuclides present at depth
No== concentration of radionuclides present at the interface
P = penetration constant, which is the probability of sorption

per number of radionuclides present per unit path length

The first-order reaction plots are presented in Figs. 5-3 and 5-b.
The slope of the line is the penetration constant, p. In each plot, it was
found that the point for the first centimeter of depth was always lower

than expected on the basis of a straight-line plot. The reduced value occurs
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because of the continuous adjustment of the equilibrium between the
radionuclides in solid phase and the radionuclides in liquid phase, an
ad justment that 1s initiated by the flowing water body. However,

the concentration of radionuclides in any depth can be calculated with

the known value of p by Eq. (5-2).

Selectivity Coefficients for Sr85 and 03137

The selectivity coefficients, Ksr and KCs , are presented to
: 85 Cat+Mg CatMg

characterize the uptake of Sr 137 by bottom sediments. Gloyna

(o)

and Reynolds found that almost the entire cation exchange capacity

and Cs

of Leke Austin sediments i1s occupied by calcium and magnesium. Thus,
the concentration of cations in solid phase, qCa+Mg’ was 0.35 meqg/gm which
was also the cation exchange capacity of the bottom sediments in the flume.

The concentration of cations, CCa+M , was 0.017 meq/ml as shown in Table 3-1.
>
The concentrations of Sr and Cs13 in solid phase, qu and qC , and in
S
137
& and Cs 3

liquid phase, C and CCS’ were the concentrations of Sr

Sr

associated with bottom sediments and water solution, respectively. The

Sr
values for K and K were calculated as follows:
Cat+Mg Catiig ‘

Table 5-2
85

Selectivity Coefficients for Sr and Cs

137

Equilibrium in the Flume

Stations from Entrance (ft) Average Ki:+Mg Average KSZ+M€ (em/ml)
5 7.40 x 107 9.90
50 2.58 x 107 2.50
100 7.86 % 1075 1.75
150 1.71 x 1073 0.60
195 3.80 x 107 2,26
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As shown in Table 5-2, the average value of KSr and KCS

3 Cat+Mg Ca+Mg

were found to be 3.47 x 10 ° and 3.350 gm/ml, respectively. The values

of KSr and KCS differ greatly from the value of 1.55 and 5.7 x

6CmMg Cat+Mg o
107 gn/ml that were obtained by Gloyna and Reynolds. However, KCS in
atMg
the flume was much greater than Cz+Mg' This corresponds to the

same inequality obtained by Gloyna and Reynolds. The major reason for the
difference between the value obtained by Gloyna and Reynolds and that
from the flume study may be due to the presence of organic debris and the

specilal plant population in the flume.

137

85 N
Sr and Cs in Biota

8
For Sr 2 uptake, the various species of aguatic plants exhibited

different concentration factors, KC, as follows:

Spirogyra sp. > Potamogeton sp. > Zannichellia sp. > Myriophyllum

sp. > Chara sp. > Cladophora sp.

137

For Cs uptake, the various species of aquatic plants exhibited

the following uptake order:

Cladophora sp. Potamogeton sp. 3» Chara sp. > Spirogyra sp. >

Myriophyllum sp. > Zannichellia sp.
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Print out GAMAZ2

~FTNsL sE 9P

C

W N

PROGRAM GAMA2
PROGRAM BY Ce Se SHIH SEPTe 1964

COMMON/MM/TII(300)

DIMENSION JJJ(300)sIJK(8)9sA(8)sKII(8)sKJII(8)y FRAC(84+8)sF (859},
¥COUNT(8)sKJJ(B)>EFF(8)+sIS0(8)sIX2(8)9sIX1(8)sIKI(8)s EV(8)sDIS(8))
*IBACK(300)sABS(8)sDECAY(8)

FORMAT( 5Xs22HPAPER TAPE ROLL NUMBER F6e2 )

FORMAT(/50Xs15+6F10s2/ )

FORMAT(2X+3HJOB 5Xs7HISOTOPE 5X912HPOTOPEAK AT 5X912HUPWARD SHIFT
*#5Xs 15HDISCENTGRATIONS
#*/1Xs6HNUMBER 14Xs14HCHANNEL NUMBER 4Xs12HOF PHOTOPEAK 8X.

% 310HPER MINUTE/Z//)

10

42
43

44
45
46

47

48
50

101

11

"FORMAT(8110)

FORMAT(4155A852FB8e3s5F6e4)
FORMAT(//10Xs4110)

FORMAT(6F10e3}

FORMAT(2X» 14 56XsAB8s7Xs15912X915945XsF1563)
FORMAT(///55Xs5F1242)

FORMAT(8F1042)

 FORMAT (1H1 )

CALL TIME

READ 44N sMMN

M= N +'1

DO 10 K = 1sN

READ SelsKJJ(I)oKJII(T)oKIT(I)YoISO(I)+sEFF(I)sDECAY(I)
¥{FRAC(IsJ)sJ=1sN)

IF{MMN1299+299+43

READ 888 sCNNsAMMo DAY S BOX

READ 7s (ABS(J)sJd=1sN)

PRINT 999

PRINT 1sBOX

PRINT 3

IRLM = 0

CALL CON(IABCQC)

IF(TABC)1199+444199

DO 45 [ = 14256

IBACK(IY = III(D)

CONTINUE

IRLM = IRLM + 1

CALL CON(IABC)

IF(IABCYI199:47+199

DO 50 I = 1,256

JIITI=1ITICI)~{ IBACK{I)*AMM) /CNN

IF(JJJ(1)1)484550450

JJI{IY =0

CONTINUE

DO 20 IX = 14N

TJK(IX) 0
IX2{1X) 0
IDELTY = KII(IX) =KJJEIX)
KI = KJI(IX)

KJ = KI - 1

IF(JJJIKI =JJJ(KJ} 11112912
KI = KJ

on



87

GO TO 101
12 KJ = KI + 1
IF(JJIKIN=JIJ(KII 13914914
13 KI = KJ
GO TO 12
14 1 =0
IX2¢IX) = KI ~ KJI(IX)
145 IF(ABSF(IX2(IX))elLTe5)196s156
156 12 = JJJ(KII/2
15 K = KI -1
IF(JJIK)=I2)17+17916
16 1 =1 + 1

GO TO 15
17 J = K
I =0
18 K = KI + 1
IF(JJJ(K)~-12)1195+195419
19 I =1 +1 ’
GO TO 18

195 IDELTZ2 = K = J
IF(IDELT2«IDELT1-2)19751975399
399 IF(IDELT2-IDELT1+23197,197+196
196 CONTINUE

J o= KJJIX)
K = KIT(IX)
KI = KJI(IX)
197 IKI(IX) = KI
DO 20 TA=JsK
TUKCIX) = TJKCIX) + JJUJ(IA)

20 A(IX) = TJK(IX)
DO 23 I=1sN
DO 23 J=1sM
IF(J~-M)21+224522
21 F(lsJ) = FRAC(JsI)
GO TO 23
22 Filed) = A(I)
23 CONTINUE
" PRINT 777s(A(K)sK=1sN)
CALL GAUSS2(Ns1se¢000001sFsCOUNTsLKL)
PRINT 2oLKLe(COUNT(I)sI=14N)
NR = N =1
DO 24 I = 1sNR
DIS{I) = COUNT(I)*EXPF(DAYS *4693/DECAY (1)) /(EFF(1)*AMM®ABS(1))
24 PRINT 8s IRLM o ISO(I)s IKI(I)s IX2(I)s DIS(I)
GO TO 46 ‘ '
199 MMN = MMN - 1
GO TO 42
299 CONTINUE
CALL TIME
PRINT 999
END
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Flow chart in Fortran

{ IV, MMIV

=N+ 1

I,KJ0(1),KJ1(T)
KII(I),150(I),EFF(I)
DECAY (1)

./ CALL \
TIME

CINI, AMM,
DAYS , BOX

\

-
ABS(J),J = 1,N

"PAPER TAPE ROLL
NUMBER" BOX

__O/’"

IRIM =

88



199

MMN = MMN - 1

IABC = O )

L5
T = 1,256

TBACK(I) = ITI(I)

TRIM = IRIM + 1

/ CALL
CON(IABC)

)

>

L.

I=1,25

89
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JIJ(I) = ITI(T) - (IBACK(I)*AMM)/CNN

0 \ F
CJJJ(I) <0 D,

T

JII(I) =

o

TIK(IX) = 0 e (1X) =
TDELTL = KIT(IX) = KJJ( IX)
KI = KJI(IX)

|—'KiJ =KI -1

GJJ( KI) < JJJ(KJ)

r KT

= KJ

T
12 e

KT =KI+ 1

QJ:J(KI\ < JI3(KJ >__l_>

KT

= KJ

¢
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|

o(IX) = KI-KJI(IX)

I,
| [mem)]> 5 - 7@

&

2 = JIJ(KI)/2

15

f
K = KI-T
CJJJ(K) > 1:2) T 4@ ‘T= T4+1 }-
7

5

_——

H oy
it u

o

18 ==

KI+1T

=
n

o]
1}
H
+
I._.I
L

CJJJ(K)> I2> T @

N
F




IDELT2 = K - J

GIDELE[Q - IDELT1 ;6>

T

((1oerTe - IDELTL) <- 2}_—_.» 197)

#

J = KJJ(1X)
K = KII(D()
KI = KJI(IX)
IKI(IX) = KI
20
IA = J,K

iJK(IX) = TIK(IX) + JIJ(IA)
A(IX) = 1IK(IX)

L

92



22

lF(I,J) = A(1)

G

PRINT
A(K), K = 1,N

_/r'ﬁ

/

CALL

P

GAUSS2
(1,1, .000001,F,COUNT,IKL)

i

93

P(I,J) = FRAC(J,I)




PRINT

IKL,(COUNT(I),I = 1,N)

D = (DAYS*.693/DECAY(I))
DIS(I) = COUNT(I)*EXP(D)/(EFF(I)*AMM*ABS(T)

PRINT
IRIM,ISO(TI)
IKI(I),x2(1)
DIS(I)

ol
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11
12
13
14
20
30
31
32
33

34
40

41
42
43

50
75

APPENDIX C

Print out Subroutine CON(IABC) and GAUSS2

SUBROUTINE GAUSS2({NsMsEPsAsXsKER)
DIMENSION A(8s9)sX(158)
NPM=N+M

DO 34 L=1sN

KP=0

2=040

DO 12 K=LsN
IF(Z~ABSF(A(KsL)))11s12512
Z=ABSF(A(KsL))

KP=K

CONTINUE

IF(L=KP)13+20+20

DO 14 J=LsNPM

Z=A(LsJ)

AlLsJ)=A(KPsJ)

A(KPsJY=Z
IF(ABSF(A(LsL))-EP)50450+30
IF(L=N)31+40440

LP1=L+1"

DO 34 K=LP1sN
IF(A(KsL))32934432
RATIO=AIKsL)/A(LsL)

DO 33 J=LP1lsNPM

A{Ks JI=A(KsJ)=RATIO*A(LsJ)
CONTINUE

DO 43 I=1N

II=N+1-1

DO 43 J=1sM

JPN=J+N

5=0.0

IF(IT=N)41+43443

1IP1=11+1

DO 42 K=IIP1lsN
S=S+HA(IT s KI®X(Ke J)
X{IleJd)=(A(IIsJUPN)=S)/A(IISI])
KER=1

GO TO 75

KER=2
CONTINUE
END
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11

12
13
14

15

16
17

18

185

19
20
21

215
22
23
29

30
31
33
335
34

35
36

SUBROUTINE CON(IABC)
COMMON /MM /JJJ (300)

DIMENSION I11(4000)
FORMAT(10110)

FORMAT(5Xs 12HBAD SPECTRUM )
PIE = 341415926536

IABC = 0

DO 5 I=154000

I1(1) =0

DO 6 I
JJJI)
Jo=1
L =1
K =J + 49

BUFFER IN (2052)(I1(J)sII1(K))
IF(UNIT»20)125135104513
IFCIT(L) 117914917

L=1L +1

IF(L=50)13513511

CONTINUE"

J=J + 50

K = K + 50

BUFFER IN (2052)(I1(J)sI11(K))
IF(UNITs20)165175104517

L=0

IF(K=4000)185185100

1+300
0 .

{1}

o i

L=L + 1

IL = L

IF{L- K}19s19515
L =L + 1

IF(L- K)19s19s15
IF(IT(L))20518+20
IF(IT(L)—=161185+21,185
L =L +1

IF(L= K)2155215+15
IF(IT(L)=16)22s21422
IF(II(L))Y23,18s23

Iy =L % I = 0
J = J + 50
K = K + 50
L =L + 50

BUFFER IN (20523 (11(J)sI1(K})
IF(K=4000)305305100
IF(UNIT»20)305315104531
IF(IT(K)129533429
IF(L-1L=1750)20053355335

L= 1Y

L=1L +1

IF (I1(L)eEQe0)37535
IF(IT(L)~ 16)34536,34

I =1 +1
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37
40
41
42
43
100
101
102

500

503
501
502
200

104

I6 = (II(L-1)-1)/2

I5 = (II(L=-2)~1)%5

I4 = (II(L=3)-1)%50

I3 = (II(L=4)-1)%500

I2 = (IT(L=5)-1)%5000

I1 = (II(L=-6)-1)%50000
JIJ(I)= T1+12+13+14+15+16
GO 70O 34

L =L+ 1

IF(II(L)eEQeQ) 40435
IF(200elTeloANDeI oL Te260)414942
RETURN

IF(LeLTo200134443

PRINT 2 $ L1 =L =25 §%
PRINT lsbLsKeI o (IIT(N)sNz=L1lyL2) '
RETURN ‘

PRINT 2

PRINT lsLsKsI

Iy =1Y + 1
IF(II(1Y)eEQe0)1025101

L1 = Iy - 80 % L2 = 1Y + 60
PRINT 1sLsKeIs(IT(N)sN=L1yL2)

L =20
Jo=1
K =50

BUFFER "IN (202)(II1(J)sII(K))
IF(UNITS20)503+501+1044501
IF(II(K)eEQe0)502450
RETURN ' ‘
PRINT 2
PRINT 1sbLeKsl
RETURN:
CONTINUE
IABC = 1
RETURN
END '
END

FINIS

L2

L + 24

91
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