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ABSTRACT

The factors involved and the present status of research concerning
disposal of radioactive wastes in natural streams are reviewed with respect
to: 1) waste characteristics, 2) dispersion theory, 3) sorption by
sediments, and 4) sediment transport, Some criteria for identifying
potentially hazardous streams are discussed, areas where knowledge is
deficient are pointed out, and recommendations for research are made,

Bvidence indicates that sorption of radiocontaminants by stream
sediments is the rule rather than the exception, The extent of sorxption
is dependent upon a large number of variables——such as the nature of the
sediment and the substance being sorbed, the available surface area, the
concentration and types of solute in solution, time, and to a lesser extent
temperature,

The transport of sorbed radiocactive components by fluvial sediments
depends on factors such as the types and amounts of sediment supplied by
the drainage area, channel and flow characteristics, the time distribution
of stream flow, and channel controls,

Pool and riffle type streams characterized by wide variations in
discharge and containing large amounts of fine-grained sediments appear to
be potentially the most dangerous type of stream with respect to the
development of hazards arising from radiocontaminated sediments.

Present knowledge is not adequate for the purpose of predicting the
ultimate distribution of radioactive wastes in streams, particularly as
affected by fluvial sediments, Considerable research and study will be

required in all of the subject areas of this report before this situation



can be improved materially,

Certain deficiencies in knowledge and theory stand out, For example,
there is a dearth of information in the literature on the quantities and
physicochemical properties of low-level liquid wastes,

Current theoretical laboratory, and field knowledge of the mechanics
of turbulent diffusion in cases involving a confined channel, net uptake
by sediment, and net uptake by biota is entirely inadequate.

The effect of some of the variables associated with sorption
phenomena are not well understood, This is particularly so in complex
sorption systems which include competing solutes, mixed sediments, and
chemical additives such as detergents and electrolytes,

Despite notable advances, some of the factors involved in sediment
transport phenomena remain unresolved, and much of the associated theory
is still in a stage of partial development,



INTRODUCT ION

Radioactive wastes present a unique disposal problem (Warde and
McVay, 1955) because unlike other industrial wastes they cannot be dis=-
posed of by burning, evaporation or filtering, nor can they be rendered
biologically harmless by chemical treatment. Radioactivity is not detec~
table by any of man’s five senses, In general, radioactive pollutants on
a weight basis are many thousands of (Thomas, Terrill and Gilmore, 1959),
and in some cases more than a million (Jensen, Bldridge, Bverts and Clare,
1957), times as dang;rous to the health of man as are nonradioactive
pollutants,

Since the early days of nuclear energy development, the U, S,
Geological Survey has cooperated with the Atomic Bnergy Commission on
certain problems relating to the management of radioactive wastes,
Considerations arising from the geology and hydrology of waste disposal

sites have been an important area of cooperation,

Disposal of Radioactive Wastes in Streams.

Approximately 95 percent of the short—lived, low level, liquid
radiocactive wastes are discharged into surface streams (Joseph, 1955).
The radicactivity level of these wastes is low, but the total volume is
large, At the Hanford installation, for example, an average of more than
20 million gallons per day of radioactive wastes are discharged, Since
1944, more than 2 million curies of radicactive materials have been re=
leased into the environment at Hanford (USABC, 1957).

Radicactivity surveys on the Columbia (Robeck, Henderson and



Palange, 1954) and Tennessee (Garner and Kochtitzky, 1956) River systems
have indicated that contamination of these waterways has not yet approached
the danger level. There is real cause for concern in the future, however,
when it is considered that the natim is just on the threshold of the nuclear
age, Present estimates (USAEC, 1957) predict that the nuclear power plant
capacity in the United States will increase by a factor of about five-fold
every five years in the decades preceding 1980, From an economic stand=
point, disposal of wastes by discharge into surface streams is the most
attractive method, It is only natural that the growing nuclear industry
will use streams as a disposal medium to the maimum extent permissible.

' Considering the ever intensifying domestic, industrial and agricul=
tural use of the nation’s water resources together with the expanding
nuclear industry, and the probable use of streams for waste disposal, it
becomes apparent that the chances for harmful exposure to radiation re-

sulting from accident or error are rapidly multiplied,

Radioactivity Budget in Streams
In order that the chance for error or miscalculation be minimized,
it is essential that the working of the dispersal mechanisms of atrciun
with respect to radiocactive wastes be thoroughly understood, In a
simplified qualitative form, the problem for a particular radionuclide

may be illustrated in terms of a radicactivity budget.
s o

R + s, - {g' + T+ L+ 'd] e A (1-1)

in which

R 4is the radiocactivity in curies of waste discharged inte the




stream =t time ¢t = O

is the Bukzround radioactivity in the stream due to

natural causes and fallout at time t = 0O

£, is the radiocactivity carried in solution by the water at
time ¢

2y is the radiocactivity sorbed by stream sediments at
time ¢

T is the radicactivity taken up by living organisms and
entering the ecological cycle, at time ¢

£, is the radioactivity discharged from the watershed, i,e.

T t
L FiE) 6(\ dt where | (t) is the radio-
activity discharged from the watershed as a function of
e time
eM is a radioactive decay factor dependent upon time ¢t and

the radioactive decay constant ) which depends on the
nuclide
The radioactivity budget illustrates the complexity of the problem

by suggesting the variety of physical, chemical, and biological laws which
are operating simultaneously on the system, The problem is further compli-
cated by the fact that the radioactivity in the stream is transported at
different rates which vary according to both the nature of the transporting
media, and the stream conditions, In addition, exchange of radioactivity
occurs among the various transporting media, The extent of exchange
depends on complex chemical relationships involving the characteristics of

the radioactive waste effluent, quality of the stream water, particle size,



concentration and mineralogy of the stream sediments, and the nature of the
aguatic biota.

At present, the quantities of radicactivity released into stream
waters are governed by the maximum permissible concentrations (MPC’s),
usually with a safety factor of about 10, of radioisotopes in drinking
water which have been recommended by the National Bureau of Standards
(1953, 1955, 1959). The MPC value for each radionuclide is based on its
particular radioactive and chemical properties with respect to their
biological hazard potential to man, The MPC values do not take into
account the various mechanisms in the stream system which are at work
taking up and concentrating radioactivity, in some cases many thousands of
times over the water concentration (Robeck, Henderson and Palange, 1954),

Present data and knowledge are entirely inadequate for evaluating
the radioactivity budget in any given stream system, The deficiency is
even greater with respect to use of the budget concept as a means of pre=
dicting the behavior of radioactive wastes in streams, Knowledge is
particularly lacking with respect to the uptake processes and the initial
dispersion of radioactivity in streams by the mechanism of turbulent

diffusion, »



CHARACTERISTICS OF RADIOACTIVE WASTES WHICH
ARE DISCHARGED INTO STREAMS

Perhaps the outstanding general characteristic of low=level, liquid
- wastes is the extremely wide variation in their chemical and physical pro-
perties (Blomeke, 1958), It is safe to say that as the size and complexity
of the nuclear industries increase, the wastes will increase both in
quantity and diversification,

Low=level wastes are arbitrarily defined as having a radiation
intensity of less than 50 milliroentgens per hour as opposed to high level
wastes which have an intensity of more than 2 roentgens per hour (USAEC,
1957). The activity levels of low-level wastes range up to 10* times the
levels which are considered permissible for long term exposure to humans
(Gorman, 1955),

Although the specific activity of the low-level wastes is quite low,
considerable total amounts of radioactivity are involved due to the large
volumes of waste effluents, At the Hanford plant, which is the largest
producer of low-level wastes, approximately 640 million gallons of waste
effluent containing about 50,000 curies of radiocactive materials are dis-
charged into the enviromment eafh month (USABC, 1957). On the basis of
these figures the average specific activity is on the order of 0,2

microcuries per ml ( #C/ml).

Sources of Wastes
Low=level, liquid wastes of the types which are released into streams
originate from many kinds of sources, By far the greatest source of radio-

active wastes are the chemical processing plants where irradiated reactor



fuels are processed to reclaim the unburned nuclear fuel (Blomeke, 1958),
The low-level wastes resulting from these operations arise from second and
third cycle operations, fuel dejacketing, chemical and analytical laboratories,
evaporator condensates, and cell and equipment decontamination wastes,
Another large source is the water used in reactor cooling systems, Other
sources result from the medical and industrial use of radioisotopes, various
laboratory, laundry and decontamination operations, and the processing of
naturally occurring radioactive ores.

Some of the low-level wastes are derived from intermediate and high=
level wastes which have undergone chemical treatment for removal of some
of the more dangerous radionuclides, Others have been retained in storage
for varying periods of time to permit reduction of activity by nmatural
radicactive decay.

With respect to the more hazardous radionuclides, it is probable
that in the future more problems will arise from the combined operations
of many small enterprises, than from the larger enterprises which are able
to afford elaborate treatment facilities, Accidental releases of the

hazardous radionuclides are always a possibility.

Nature of Wastes
It is impossible to formulate an adequate description of the nature
of low-level liquid wastes in a few general statements because of the wide
variety of composition among the different wastes, As with other industrial
wastes, the characteristics of atomic wastes vary not only from one installa=-
tion to another but also to some extent with respect to time at any given
site, The nature of radicactive wastes may be classified, however, with

respect to criteria such as the properties and types of radionuclides,



chemical characteristics, and significant physical characteristics,

Obviously the factor which sets atomic wastes apart from other
wastes is radioactivity, A stream has no self-purification capacity for
radioactive wastes in the sense that it does for ordinary organic pollutants
(Tsivoglou, Harward and Ingram, 1957), Organic pollutants undergo bio~
chemical oxidation resulting from bacterial attack in a stream, by which
process the stream rids itself of the pollutant within a few days, No
comparable process occurs for radioactive pollutants.

There is no known chemical treatment by which radioactive wastes can
be rendered biologically harmless, Bven though the physical and chemical
form of the waste may undergo change the radiocactivity remains unaffected
and is reduced only by natural radioactive decay which occurs at a definite
rate, different for each isotope,

The apparent concentration of radicactivity in the water may be
reduced due to uptake by stream sediments and biota, However, this does
not represent a reduction in the total amount of radioactivity in the
stream enviromment, but rather a transfer from one phase of the stream
environment to another,

Under controlled conditions, where the receiving phase can be removed
from the stream enviromment, uptake phenomena can be used to advantage in
radioactive waste disposal, However, this is usually impractical, once the
radiocactivity has been released into the stream environment,

Properties and types of radionuclides = The significant properties of

radionuclides with respect to waste disposal problems are: 1) the nuclear
2) biochemical and 3) the chemical properties,
The important nuclear properties are rate of radiocactive decay, the

type of radiation and the energy of radiation, Wastes containing



radionuclides characterized by a slow rate of decay, i.e., a long half life,
if continuously discharged into the environment in significant amounts
would build up the concentration of radioactivity in the environment over

a long period of time before reaching a condition of equilibrium with
respect to activity level, The concentration of radioactivity of radio—
nuclides having a rapid decay rate, however, would reach a level of steady
equilibrium rather quickly, Curves illustrating this phenomenon are shown
by Rodger (1954). Furthermore, radioactivity emanating from long=lived
nuclides would contaminate the enviromment for a long period if a large
guantity were released accidentally, whereas, the radiocactivity would

decay rapidly where short-lived nuclides are involved, After a time
interval of ten half=-lives, radicactivity decays to about 0,1 percent of
the activity level at the beginning of the time interval, The half-life

of radionuclides varies from fractions of a second to greater than a million
years,

The relative hazards resulting from ingestion of radionuclides aside
from the quantity and energy level of radiocactivity depends primarily en
biochemical considerations, Some of these biochemical considerations are
initial body retention, fraction going from blood to critical body tissue,
radiosensitivity of tissue, size and essentiality of critical organ,
biological half-life, and specific ionization and attenuation of emnergy
in body tissue (National Bureau of Standards, 1953).

From a biological standpoint, other factors being equal, radio=
nuclides with an intermediate decay rate, say a half-life of from 5 to 50
years are the most hazardous when ingested on a weight basis (National

Bureau of Standards, 1953), Long=lived nuclides must be present in

10




relatively larger quantities in order to give off as much radiation as
shorter-lived radionuclides during a given time interval, say a person’s
normal remaining life span, At the other extreme, radionuclides with very
short half=lives present less hazard unless exposure is maintained by
continued uptake, since the activity of such radionuclides when deposited
in the body soon decays to am insignificant level.

When taken intermally, alpha=emitters, due to their high specific
ionization, are considered to be about 20 times as damaging as either beta
or ganma-emitters, Where external sources of radiation are involved, how*
ever, gamma rays, due to their great penetrating power, are considered to
be the most hazardous,

The maximum permissible concentrations for various radionuclides as
recommended by the National Bureau of Standards (1953, 1955, 1959) have been
computed on the basis of relative hazard from nuclear and biochemical
considersi ons, It is significant to note that as more informatiom on
the adverse biological effects of radiation has become available, the
tendency has been to revise downward, in many cases rather sharply, the
MPC’s for most radionuclides, MPC’s for many of the radionuclides found
in radiocactive waste solutions are listed in Table 1, It is recommended
(USNBS, 1959) that the MPC of unidentified radionuclides in water not
exceed 10~ uC/ml.

The chemical properties of radioactive isotopes are essentially
identical to those of the corresponding non-radiocactive isotopes having the
same atomic number, With respect to waste disposal in streams, the chemical
properties are important in so far as they influence sorption by sediments,
and uptake by aquatic biota, PFor mple..stud.lu on the Columbia River

(Robeck, Henderson and Palange, 1954) revealed concentrations of P3? in

11



the river plankton which were as much as 10,000 times the concentration
in the water,

Fortunately most of the radionuclides which have been identified
in the low—level liquid wastes are of the less hazardous variety, In
table 1 are listed the nuclides together with some of their properties
which have been identified in the Columbia River (Robeck et al, 1954),
(Conley, 1954), (Foster and Rostenbach, 1954), and in the cooling water
of the Low Intensity Test Reactor at the Oak Ridge National Laboratory
(Moeller, 1957). These should be fairly typical of the radionuclides
found in reactor cooling water,

The radionuclides identified in the Columbia River which were found
in significant quantities are primarily short=lived beta emitters., If
fission products such as Sr®° and Cs*37 were contained in the water in
comparable quantities, there would be cause for serious concern,

The presence of fission products in the Oak Ridge LITR was not
entirely explained; however, it is thought that they na.y"l-xave resulted from
uranium contamination, [htt.{ng of fuel plates and spills of experimental
uranium samples,

Chemical and physical characteristics = The importance of the chemical

and physical characteristics of waste effluents is in their effect on the
reactions occurring between the radioactive materials and the stream
environment, One example is how the chemical constituents of the waste

ef fluent might affect the uptake of radioactivity by stream sediments and
biota, Physical characteristics of the waste effluent such as specific
gravity, viscosity, surface tension and temperature are important in so far

as they affect dispersion by turbulent dif fusion of the wastes throughout

12



Table 1 = Radionuclides in reactor cooling water

Location Radio— Half Radiation MPC in Mode of
nuclide life water formation
(pg/ml)
Columbia
River As?® 26,8h B,y 2x10™*
Bal4o 12,84 B,y 2x10™* FP
c°.0 ’o 3' B: Y MO"
cz® 27.8d v,EC 0,02
Cu* 12,8h B,v,EC 2x10™°
"ﬂ" 2.6h B' v lo—l
Na34 15,1h B.¥ x10™
i 14,34 B 2x10™*
si3t 2,6h 2x10™3
sz®° 53d B 10 FP
s 28y B 107 FP
Oak Ridge Ba'4® 12,84 B,y 2x10™* FP
LITR Bz®° 18m B,v,EC Induced
Be®om 4,6h ~,IT Induced
Br®? 35,9h B,y 3x10™ Induced
ca 32,5d B,y 9x10™* FP
cals? 33h B.v 4x10™ FP
Co®° 5.2y B,y Sx10™ Induced
ca*= 27,84 v,EC 0,02 Induced
on* 12,8h B.,v.,EC 2x10=° Induced
ple 1,% B s¥o™ Induced
Pe® 45.1d B,y 6x10™ Induced
ghat 8.1d B, 2x10™° FP
) St 2.3 B.v 6x10™* FP
e 21h .Y =10™* FP
23S 6,70 B.¥ 2x10™ FP
Lalise 46h B.Y 2x10™ FP
Mn3® 2,6h B,v 10~* Induced
Mo®® 2,84 B,y 4x10™ Induced
Na?¢ 15.1h B.Y 3x10™ Induced
Np?3° 2,3d B, 102 Induced
pa?33 27.4d B,y 10™3 Induced
spta2 2.8d B,v,EC 3x10™ Induced
s 9.7h B,y 5x10™¢ FP
sg%? 2.7h B,y 6x10™* FP
Te®®m 6,0h v, IT 0,06 Induced
- 7Th B,y 2x10™* FP
Xet3iml 4,8x10™ % IT FP
nl’:ml”- 5.3d B o FP
Xel3S,cst3m g on By FP
Yim 50m IT 0.03 FP
Zn®3 250d B,v,EC 107 Induced

13



Table 1 =~ Continued

"

Elecfron capture

Isomeric transition

Maximum permissible concentration, based on
hazard resulting from exposure continued over
a long period of time (USNBS, 1959)

Pission product

Seconds

Minutes

Hours

Days

Years

14



the flow cross section, These are areas which apparently have received
very little systematic study; however, some of the known characteristics
of low-level liquid wastes can be listed, and possible areas of importance
suggested,

In general, reactor cooling waters contain significant quantities of
corrosion pmducti, used solvents contain kerosenes, tributyl phosphates,
1,, and Ru, andsolmt washes contain NaOH and Na CO, (Joseph,
1958)., Condensates usually consist of very nearly pure water, The pH
range of low-level l1iquid wastes is usually between 4 and 9,

At Hanford, the reactor cooling water discharged into the river
consists of treated Columbia River water with an approximate dissolved
solids content of 100 ppm before treatment (Barker, 1959).

| At Knolls Atomic Power Laboratory, Schenectady, N, Y., radioactive
laboratory wastes and “hot’ laundry wastes are combined and discharged into
the Mohawk River, The properties of these wastes vary considerably, and
may be acidic at one time and basic at another, It has been observed at
KAPL, however, that differences in temperature between the waste and the
river water control the mixing far more than do the differences in
composition. (Barker, 1959)

At the Dresden Nuclear Power Station near Chicago, it is proposed
that several types of low—-level wastes be discharged into the river, These
include high=purity water (lppm), medium—purity water (100 ppm),
laboratory drain wastes and other corrosive waters, and laundry wastes, all
of which will be mixed together in vuying\ proportions before discharge
(Falk, 1958),

Laundry and laboratory wastes are apt to contain significant

15



quantities of detergents and water softening agents which may be important
with regard to uptake phenomena,

Where radionuclides in the waste effluent are accompanied by
isotopic carriers, their behavior in the stream environment may vary comn=
siderably from that of the corresponding carrier-free nuclides,

Scattered bits of information on the chemical and physical
characteristics of low—-level liquid wastes are available here and there,
These need to be systematically assembled and analyzed, The gaps should

be filled in where necessary, and the results should be published,

16



TURBULENT DIFFUSION THEORY FOR OPEN CHANNELS

Waste, contaminants, or tagged materials when introduced into an
ambient flow field, for example a natural stream, may be: 1) fixed in
place, 2) dispersed by molecular dif fusion, 3) dispersed by diffusion
of a submerged jet, 4) dispersed by the process of turbulent diffusion,
or 5) subjected to two or more of these processes simultaneouslyj for
example, the simultaneous occurrence of molecular and turbulent diffusion
is conmon, In nearly every field situation, however, turbulence is by far
the most important mechanism causing dilution in streams,

Considering the whole waste dispersal problem, however, dilution of
waste solutions is not the only effect produced by turbulent exchange, In
sediment-carrying streams, for example, sediment particles are distributed
by turbulence, This is a very important consideration when the nature of
the contaminant is such that it can be sorbed and subsequently released
by stream sediments.

In view of the roles of turbulent diffusion with respect to both
waste dilution and the distribution of contaminated sediments, turbulent
diffusion assumes great importance in studies concerned with use of natural
streams as a disposal medium for radicactive materials,

Application of turbulent diffusion theory to waste disposal problems
in alluvial streams, canals, and rivers appears to be slight, While
hundreds of papers on the turbulent dif fusion of material into a fluid of
homogeneous properties are in the literature, the number referring to the
roles of diffusion and fluvial sediments in waste disposal is small, It
is gratifying to note, however, that considerable work is being initiated

17



in this area,

In this chapter the field conditions which must be represented by
the boundary conditions in an analytical treatment will be discussed and
classified., Next, a summary of diffusion theory will be given, in which
specific reference will be made whenever the work reviewed was in regard
to open channel or clesed conduit flow diffusion problems. The effect of
fluvial sediments on the concentration field will also be introduced,

And lastly, some experiments rcported in the literature will be summarized.

Molecular diffusion is neglected herein, though in many field
problems it is not correct to neglect it., The relative roles of molecular
and turbulent diffusion is discussed in an excellent review of turbulent
diffusion by Batchelor and Townsend (1956), An incompressible fluid is

assumed,

Classification of Field Boundary and Initial Conditions

There are very few cases of major field problems such as radioactive
waste disposal in alluvial streams where large sums of money cannot be
saved by considering the problem on paper before going into the field,
However, before doing such paper work, it is necessary to categorize the
problems to be resolved. This section will present a typical classification
of field conditions which could be directed toward aiding theoretical
analysis of turbulent diffusion in alluvial channels,

For theoretical purposes, the field enviromment (which controls the
boundary conditions) into which wastes will be discharged, assuming an
alluvial channel, could be classified in order of increasing complexity as

follows (adding radioactive decay only at the end);

18



An open channel flow system containing necither sediment nor biota -

1, Channel of infinite width and constant slope with steady flow,

2, Channel of fixed finite width and constant slope with steady flow.

3. Channel of infinite width and constant slope with unsteady flow,

4, Channel of infinite width and variable slope with unsteady flow.

5. Finite width of uniform channel with unsteady flow.,

6, Finite width of non—uniform channel with unsteady flow,

7. Finite width of umniform channel containing curves with steady
flow,

8. PFinite width of uniform channel containing curves with unsteady
flow,

9, Finite width of non-uniform channel containing curves with
steady flow.

10, PFinite width of non—uniform channel containing curves with

unsteady f low,

An open channel flow system containing sediment but not biota — The

environment for this case becomes even more complex than in the situation
of the previous paragraph. From the viewpoint of the theoretical approach
that will probably first be applied to this case, (the centinuity equation
for mass) it seems that the presence of sediment can best be handled by
assigning to the sediment field a spatially distributed sink stremgth for
radioactivity. This will undoubtedly have to take into account the effect
of sediment size and associated chemical activity. This sink must be

added into the continuity equationj the description of the channel and flow
environment remains the same as in the section above, Since the sediment

will not, in all cases, permanently retain the sorbed radioactivity, perhaps
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the artifice of a secondary source, effective sink strength or multi~-
component continuity equations will have to be employed.

Apparently practically none of the existing diffusion theories have
been applied to this field case., However, the basic continuity equation
for conservation of mass for "k’ phases has been formulated (de Groot,
1952). The case of interaction such as exists in this case of sediment
being present is not clearly formulated in the dif fusion theories,

An open channel flow containing both sediment and biota = As before, the

problem of the first situation discussed is compounded, To date, apparently
neither the basic multiphase kinematic or dynamical equations invelved have
been publishedj nor have really appropriate boundary conditions been
developed to include sediment and biota, However, the situation of a
channel containing both sediment and biota is a common one in mature,

Parker (1958) is one of the few to attempt an analytical expression
for concentration including sediment and biota, He multiplied the con=
centration distribution derived from Fickian theory for a simple geometry
by ¢ Nt yhere e is the base of Naperian logarithms, N is a “river
uptake coefficient” and t is the time, This procedure leaves much to
be desired,

It seems reasonable to consider both the sediment and biota in the
flow system as sinks for the radicactivity, to be added to the basic
continuity equation, These sinks would have to be spatially distributed
and, of course, have appropriate nuclear decay multipliers incorporated,
The biological sinks, and secondary sources such as dying zooplankton,
would have to be idealized, Also, in using biological sinks and sources

account would have to be taken, at least if short time periods are being



considered, of the cyclic behavior both in time and location of such sinks=—
diurnal feeding and rhythmic vertical migration of the biotic life,
Radiocactive decay — Radiocactive decay of the radiocactive constituents in

the waste can be accounted for in the theory for any of the above cases

by introducing the appropriate exponential decay expressions as a function
of time,

Initial conditions for analytiecal purposes are mostly associated
with the character of the source of contaminant, However, the relative
mass density of the contaminant and the ambient flow field is also important——
density currents may completely change the origin of the source in the
analytical coordinate system employed as far as applying turbulent diffusion
theory is concerned,

The more common sources of radicactivity to be associated in the
theory with the above envirommental factors may be categorized, in general,

as follows:

1, Zero relative mass density 2, Finite non-zero relative
of contaminant compared to mass density
ambient fluid
\ A
\'4

a) Plane source; instantaneous
or of finite time
b) Source at or above the stream bed:
1., Instantaneous point or volume source,
2. Line source across or along the
direction of flowj finite or infinite
in length.
The above situations are involved in setting initial conditioms in an

analytical study. Perhaps the most common is the continuous (or infinite)
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line source from a point, such as a pipeline outlet, in the direction of
flow, A constant Source strength, in time, is usually assumed, Also, in
general, any relative mass density is usually due only to temperature
differences of the two fluids, It seems that researchers have assumed,
based on some evidence, that the viscosities and other physical properties
of the waste effluents are nearly identical to those of pure water.

In considering the turbulent diffusion problem from the viewpoint
of the type of source, it becomes evident that in many cases consideration
must be given to the turbulent dif fusion of submerged jets. In this report,
however this problem has been considered as secondary since it is primarily
a local phenomena in the wvicinity of the source compared to turbulent
diffusion from the turbulence generated by channel boundary shear and wind
shear, In cases where demsity currents of waste products are suspected,
the use of submerged jet theory (Rouse, 1950) must be given attention if
study of turbulent diffusion immediately adjacent to the source is desired,
Jet theory also becomes important if the waste is discharged into the
stream at velocities (veetorial) much different than the stream velocity.
However, in other cases it may be desirable to use density current flows

to keep the waste concentrated in a small portion of the open channel,

Turbulent Dif fusion Theories
Nearly all diffusion theories with which the fluid mechanician is
acquainted fall into two classes: the Fickian and the Statistical, The
FPickian theories are sometimes considered the “old” theories while the
statistical are the “new’ theories, A few relatively unused theories, from

the viewpoint of hydraulics also will be mentioned.
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The common equation used as a basis for analysis of diffusion is the

Fickian equation extended to turbulent diffusion

-g% + = NC = KE7E (3-1)

where C is “concentration”, t is time, 7~ is the velocity vector, K
is the diffusion “constant” and \/? is the Laplace operator. The )  \/(
term accounts for convection transfer, Seldom are the limitations of this
equation mentioned,‘f‘or the character of K, in applying it to hydraulic
problems, A derimfion adopted from Pai (1957) points out some of the
background of this equation,

If C =C(X,y,z,t) is the concentration at a point in space then
jvc d r = total mass of subject material in V,
By conservation of mass
L 4 K (T (32

Substituting in I~ = 7'+ 7~ and C = C’ + C with the customary

definitions and applying Reynold’s averaging rules,

w
(|l
—~

(€U  8(CV)  9(Tw) _ 3C-cu), CCV). alcw)
S5t * X i3 Yy X Z T +‘W +9—2 (3=3)

Applying Boussinesq’s exchange coefficients,

= ST S EXel ac
cu XX 3k +2f§<yay*7/}g 52
=TT aC
— = o+
St (3-4)
L acC
C Vzx 5% T

23



It is now evident that the [/, 'S define the diffusion tensor which in
general is a function of the spatial coordinates,

Commonly it is assumed that the x,y,z axes are the principal axes
of the diffusion temsor, In this case V7 =0 for i # j.
Now dropping the averaging bars, letting K; -Vij' i = j, and assuming
V.7 =o,

% 3
9_%+ Vel v & =Z 5%(»05’7%) (3-5)
(=]

Assuming further that Ki = cte such that K, = lz = 13 (homogeneity)
then
ISRV RN c e
(3-1)
Some of the available solutions of this equation for special cases,
largely drawn from atmospheric diffusion, will be presented later.
Statistical turbulent diffusion theories in Lagrangian form and their
applications are well summarized (Frenkiel 1953), In general, only an
infinite or semi=infinite domain has been considered, One of the most
important points made by Frenkiel is that the Fickian theories are applicable

only for large dispersion times such that
t‘;>l.ll

where I.ll is the Lagrangian time scale of turbulence such that

I'h -jo Rh(\'.) d« inwh.icth is the Lagrangian
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velocity auto—correlation coefficient defined by

Bt = u”,q (t)zu'A (£ +h) (3=6)
Ja )] JLua (t+h))?

The fundamental equation of statistical turbulent diffusion in the

Lagrangian system in an isotropic and homogeneous turbulence field is

vy T 2 dz
7' =27 [ (o= £ )R ()i =20 [ o [ Ri()dely o

where ;3 is the variance of y or a measure of the diffusion in the vy

direction as a function of time, When tT>>!..h it follows that

e s
and when t((l.h
)72;[’"(15* iﬂi’;tz (3-8)
where )\'_zh ol s e Fz!“:- ﬁ—-ﬁﬁi)

The A\ j is called the Lagrangian microscale of turbulence,
Also, if t << \jp,

Beq . (heee

>/ = -?/Mz T

(3-9)
Statistical turbulent diffusion theories in Bulerian form have been

worked on by several authors, (Batchelor,1951), (Taylor,1921), (Goldstein ,
1951), (Michelson,1954)., However, nearly no application has been made to

open channel flow problems of waste disposal, These researchers have used

or extended continuous stochastic processes or random walk theories.
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The continuous stochastic process approaches consist of finding the
equation for the probability P ([ , t) that the point defined by the
vector F lies in the volume of fluid containing the contaminant, Assuming

only that the turbulent flow field is homogmeous and the mean flow zero,

5, wenl o ks 3 POl
5 LPURE)| = U S ge (310)

from which it can be shown that ’7/.-'5 is a tensor of second order, It can be

shown that for very small (t=to)
G =t -5 Lty LepEE (311)

and for very large (t—=to) that ]_“EJ- —» consts Thus Z,‘IJ is initially zero,
then increases linearly-with time and finally tends to a constant value—
thus, demonstrating that for large times y’U ¢an be replaced by K =
constant.

The random walk or discontinuous movement method of treating turbulent
diffusion, an application of the theory of random functions, was first
extended by Taylor (1921) in considering the case of diffusion by continuous
movements, This resulted in the same equation as that listed immediately
above, Goldstein (1951) extended Taylor’s analysis to the diffusion process
upon quite rational grounds, His equation has the form of the telegraph
equation of theoretical physics. Several diffusion cases can be derived
from his basic dif ference equation, In the case of isotropic diffusion
in one dimension, (the motions are continuous and the displacements take

place at finite velocities,) the basic diffusion equation is

gty | scnt) _ .2 ICHHE)
i A 3t == JY?2 (3-12)
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where v satisfies y = wt and A is a constant, In the case of

anisotropic diffusiok, the equation becomes

QiQ*CJ

B Teiy B SE L ot
i A B/at B ay “

=)
3 y? =() (3=13)

The first form above of the telegraph equation corresponds to the
case of no leakage from the cable, The second case includes leakage, These
equations are derived on the assumption of partial correlations between the
directions of motions in any two consecutive time increments dt, Also,
these equations are of the hyperbolic type==the solutions are of a somewhat
different nature than the parabolic equations of the Fickian theory.

These above two equations, which appear on theoretical grounds teo
more truly represent the diffusion phenomena, at least in their derivation,
have been only incompletely applied to the diffusion problem, Michelson
(1954) has investigated some points in the mathematics, It is significant
to note that the parabolic form of the turbulent diffusion equation can be
derived from the same dif ference equation by assuming zero correlation
between consecutive motions and that the particles move with infinite
velocity, Harleman (1959) has pointed out that, close to the source, the
solution of these equations dif fers materially from the Fickian theory
solutions,

In the category of miscellaneous theories, there is Richardson’s
(1926) distant neighbor theory, which has some similarity to Kolmogoroff’s
subsequent work, In Richardson’s theory the basic equation for each range

of separation L, for the distribution of a quantity P is

ap . B 8
= - | F(L) aL] (3-14)
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where
2 4/3
ML) = 0 L in which (" is a diffusion
parameter, Comparison to the Fickian theory quickly shows the dependency
of the diffusion on the scale of the phenomena being investigated, 1In a

confined channel the scale must of course reach a maximum,

In the development of a theory to explain the increase of the diffusion

coefficient K in the Fickian theory with distance from the source in a
semi=infinite domain, Lettau (1951) introduced a2 term for the advection due
to boundary shear, He replaces the uswal K by K

(apparent)
where

lt(a.l;u:m.mnt) - K +K2UY ”m)
32 g

where (xxo0) is the distance from the source.

Some Theoretical Solutions Now Available

One of the best ways to evaluate the present level of theoretical
knowledge of turbulent diffusion in alluvial open channels is to summarize
some of the theoretical solutions now available, The subsequent tabulation
will make it clear that not even the simplest of cases involving sources and
sinks, such as sediment and biota, has been resolved for confined streams,
Also, only very simple cases of confined channels have been treated—most
works are for semi=infinite domains with a uni=directional flow, However,
consideration has been given by various authors to vertical velocity
profiles, elevated sources and thermal stability (in the atmosphere),
Crank (1956) includes some solutions for cases where the dif fusion co-

efficient is dependent on concentration,
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In the case of Fickian theories:
1, Instantaneous point source at the origin in an infinite
isotropic homogencas turbulence field,
If a quantity Q of material is released at a point
source at t = O from an origin moving with the mean

flow, the concentration given by Roberts (1923) is

r.Z
Q -( 7kt

2, Instantaneous point source at the origin in an infinite

ol G

anisotropic homogeneous turbulence field,
Releasing the isotropy above, Roberts (1923) gives

IS W A &

C(X:Y)Z t)= 3a‘,___.._ 4t K"+K)’+K3)(H°)
g (47ff)/2qif<x Ky Kz

3. Continwous infinite line source along the bed, normal to

the stream velocity, Roberts (1923), under the conditions

of a velocity profile such that

Y m
U=T(£)5m720; Ke=K(&) 5 2£=0
— _(m-n+2)

X
P Q Up % (m-m-z 2}()(}
C(X.2) = E.F(S)[Cm—msz{x] < st
(3=7)

where S = (m+1) /(m=m42), n & 1=m, and /' is the gamma function,
4, Same as immediately preceding, but with approximate
logarithmic velocity profile. See Calder (1949)



5. Continuous point source, infinite, isotropic demain
(Roberts, 1923), Q 4is the emission rate, = x‘+y‘+;}‘
and U is the mean velocity in the x~direction,

- :
Cxyz)= 4m<r¢' () o i3

6, Continuous point source, infinite anisotropic domain
(Roberts, 1923), Q is the emission rate, /=X +Y+2"
and U is the mean velocity in the x—~direction,

i E[_Y* S
C,"X = —Q — ¢ 4r KY KS
Ve ARG

(3-19)

7. Continuous infinite cross=stream line source in bed of
isotropic homogeneous flow field (Roberts 1923), where Q
is again the emission rate.

LTZ‘
Cixz) = _Q___ " ki

(3-20)

Solutions for continuous infinite elevated cross=—stream sources in
isotropic and anisotropic conditions may be found in Sutton (1953).
Kellogg (1952) has considered spherical volume sources, Yih (1952) solved

for several cases with m and n independent the two—dimensional equations

/ X 3 -
PR )=o) g

Many other special cases are available in the literature=—see for example,
the references in Meteorological Abstracts (1953),
-
In the case of the statistical theories, Frenkiel, (1953) gives:

1. Instantaneous point source at the origin in an infinite



2.

3.

4,

isotropic homogneous region, where Q is the quantity

of material released,

Q —
Clouwze) = 7% € 2y?

(3-22)

Gifford (1955) has considered relatively arbitrary volume
sources related to this case.

Instantaneous point source at the origin in an infinite
anisotropic homogeneous region, where Q is the total
quantity of material introduced,

f[_{ir yAaspe
Y 2323

e B Q 2l 5 5E
(X,¥%2,t) = (z70)% ( X* ,,>7z+§—2)7/ze

Continuous point source in an infinite isotropic homo=

geneous domain with origin at the source

K- ut) +Y+Z]
Rela.t:i.ve TS e
Jrem] wwe o

cmcentrati

Solutions are also given for short and long distances from
the source,

Infinite line sources normal to mean velocity,

Frenkiel gives solutions for this case also, However, they

are too lengthy to present herein,

Experiments Associated with Theory

Very few experiments directly applicable to turbulent diffusion of

material from sources in alluvial open channels are available, Those of
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Taylor (1954), Orlob (1958), Parker (1958), Glover (1956) (1957) and
Harleman et al (1959) seem the most applicable, There are, however, some
excellent papers in the literature on the use of radioisotopes for beach and
harbor drift studies. Also, numerous papers are available on experiments
in atmospheric and oceanographic diffusion, normally including only a plane
horizontal boundary and no confining walls or hills, Few of the papers
considers, analytically or experimentally, the effect of sediment or biology
on waste dispersion,

Taylor (1954) solved analytically for the diffusion coefficient K,
from the statistical theory, in the case of flow in a uniform straight

circular pipe in the turbulent flow regime, His result is

K =101 f, U It /r

U
His analysis is based on the “universal velocity distribution® equation of
mixing length theory, where F is the pipe radius, U the mean velocity
W the shear velocity, He then compared this to experiments in
straight and curved pipelines, It was demonstrated that the theory compared
well to experiment in the case of the straight pipeline, but not in the case
of a curved pipeline,

This may be transformed to the open channel situation in the form

K = 14,3 RU [/ f (329

Where R is the hydraulic radius, U the mean stream velocity and f the
Darcy-Weisbach coefficient of channel friction, No mention was made in the
paper of the required magnitude of the dispersion time before the equation

has reasonable validity.
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Orlob (1958) conducted an excellent piece of hydraulic mm_cn on
turbulent diffusion—his experiments indicate a knowledge of the implica=-
tions of current literature, He investigated the turbulent diffusion of
floating polyethylene particles in the homogeneous turbulence field at the
surface of a unif orm steady open channel flume, He demonstrated that the
Pickian diffusion coefficient increased rapidly close to the source and
gradually approached a constant value as distance from the source increased,
Some indications of a preliminary nature are given for turbulence intensity
and scale as a function of Reynolds number, channel slope, etc, These are
pioneering experiments in obtaining turbulence measurements in open
channels,

Parker (1958) reported on several field experiments in pipelines,
reservoirs and open channels, These experiments do little to elucidate
turbulent diffusion in open channels, Other subsequent field experiments
have also done little to date—theory and experiment frequeantly give con—
centrations differing by 100 percent even vhen no sediment or biota is
present,

Glover (1956) (1957) and subsequent administrative reports has
reported on two sets of laboratory experiments and one field experiment.
These data will undoubtedly be of value in future work. Glover alseo
reported some elementary theoretical work largely duplicating earlier
workers, He did, however, attempt to consider the effect of confining
vertical stream boundaries, perhaps the only author other than Taylor
(1954), Unlike Taylor, however, Glover ignored velocity gradients in his
theory. Glover considered the Fickian diffusion coefficient K to be a
constant,

Harleman, et al (1959), have conducted both an extensive literature
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review and some very fundamental laboratery research, Primary emphasis
was on the problem of waste disposal in estuaries and other large bodies
of water, They concluded from one dimensional testsin a turbulence flume
and the literature, that for waste disposal problems having large
dispersion times, the K ~ theory is as satisfactory as the statistical
theories, They also made a suggestion for translation of coordinates in
order to account for the effect of near-source deviations of K from a

constant value,



SORPTION OF RADIOCONTAMINANTS BY STREAM SEDIMENTS

One aspect of the radiocontaminants in streams problem which has
received relatively little systematic attention is concerned with the role
of fluvial sediment in dispersing, transporting, and concentrating radio=
active substances. Indications are that sorption reactions are the rule
rather than the exception when extremely dilute solutions, such as low™
level liquid wastes, come into contact with solid surfaces (Carritt and
Goodgal, 1953), Concentrations of radioactive substances on the surface
of sediment particles, which are many thousands of times as great as the
concentration 1n§the surrounding solution, are evidently not uncommon.

When significant amounts of radioactivity are sorbed by sediment
particles, knowledge of the sediment supply and the sediment transport
characteristics of the stream clearly become an important factor in assess~
ing the rate of dispersal and the ultimate distribution of radiocactivity in
the environment,

Sorption of radionuclides can be either an asset or a liability,
Under controlled conditions, concentration of radioactivity by sorption on
sediment can sometimes be used as an effective means for reducing radio-
active concentrations in waste water, In a natural stream environment,
however, uncontrolled sorption of radiocactive substances by sediments must
be considered as a potential hazard, Concentrations of radiocactivity
could be built up over long periods of time in sections of a stream where
the rate of u?unuht:l.on of radioactivity induced by sediment deposit

exceeds the rate of natural radioactive decay, Such deposits might occur
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along the convex banks of winding rivers, or in reaches of a stream where
flow velocities are reduced, Some of these contaminated deposits would be
periodically flushed out at high water, and then be redeposited as the flow
receded,

The key to the sediment aspect of the low=level liquid waste disposal
problem is sorption, To what extent does sorption occur? What forms of
sorption are invelved? What factors control the extent of sorption, and
what are the relationships among these factors? For the most part only
qualitative answers can be given to these questions at the present time,
Many of these are at best tentative and incomplete, Pollowing is a brief
summary oft 1) currently held sorption theories 2) some of the relevant

literature, and 3) factors determining the extent of sorption,

Sorption Theories

Sorption may be described as the process of taking up and helding
either by adsorption or absorption. In selutions adsorption refers to the
uptake and concentration of a solute at the surface of a sorbent, whereas,
absorption implies a more or less uniform penetration of the solute inte
the sorbent, Sorption reactions involving stream sediments and radiocactive
solutes generally belong to the adsorption category, However, in practice
it is often impossible to separate the effects of adsorption from those of
absorption, Consequently, the noncommital term, sorption is used in the
remainder of this section.

According to McBain (1950), sorption comprises a number of phenomena,
the most commonly recognized of which is the accumulation of one or more

substances at an interface, Combination of the sorbed substance with a solid
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at an interface may involve strong chemical valence bonds, weaker physical
interaction through van der Waals forces, or both, The former of these
phenomena is known as chemisorption and the latter as physical™type
sorption, The uptake of radiocactivity by stream sediments may involve
either chemisorption or physical=type sorption, and frequently invelves both
types, in which case analysis of the problem becomes considerably more
complicated.

Sorption occurs wherever there is a surface or an interface, Although
sorption ogccurs at all surfaces, the most important, and also the most com~
plex, are the interfaces between solutions and solids, such as the surfaces
of colloidal particles in a liquid medium, The substances sorbed at an
interface may be products of reaction or hydrolysis, unaltered molecules,
or particular ions, Sorption may be complicated by the orientation of
molecules at the interface, by diffusion into a solid, and by the surface
mobility of sorbed molecules,

According to Daniels (1948), there must be a layer of atoms and
molecules at the extreme surface of & solid which have some valence forces
or other attractive forces left over that are not so fully utilized as
those associated with the atoms and molecules in the interior which are
completely surrounded by other molecules, The residual forces on the sur-
face of sediment particles in solution are used up, and the free enexgy
reduced, by means of sorption reactions, The extent of sorption may vary
widely, It is dependent on the specific nature of the sorbent solid and
the substance being sorbed, the available susface area, the concentration
and types of solute in solution, time, and temperature,

Surface tension phenomena are known to be intimately related to
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sorption reactions, however, the mechanics of tensions at solid=-liquid
interfaces are not very well understood. It is kmown though that when the
surface tension of a solvent remains constant as the concentration of solute
increases, no sorption occurs (MecBain, 1950). Such behavior is typical
over a certain range of solute concentration in solutions containing soap
or a detergent, Neither the critical range of solute concentration nos
the required concentration of soap or detexgent is defined,

Sorption isotherm = The empirical classical isotherm also known as
the Freundlich equation states that

x/m = kcB (41)

x is the weight (gm,) of material sorbed by
m grams of sorbent
¢ is the concentration of ‘solution in equilibrium
with the solid
k 4is an empirical constant
n is an empirical constant having a value between
about 0,5 and 0,1
The values of the empirical constants k and n are determined by
experiment for each solute, adsorbent and temperature. Temperature, how—
ever, according to McBain (1950), does not greatly affect sorption from
solutions,
The classical isotherm applies with fair accuracy to the various types
of sorption from solution over a very wide range of concentrations, The
form of the isotherm indicates correctly that appreciable sorption occurs

even at extremely low concentrations, especially at low values of n., It
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has been shown that ¢ is a true equilibrium concentration which is
reached by both sorption and desorption for a particular value of x/m.

The classical isothesm holds true only for definite total times of
exposure, Due to inaccessibility of fine pores of solids, competition
between solvent and solute, and diffusion into the solid, sorption reactions
may require long periods of time, even up to years, to reach completion,
McBain (1950) gives Burt’s empirical formula

x/m = kt® (4-2)

where ¢ is now time and k and n again are empirical constants, for
the time effect, For very prolonged sorption, this expression is modified
to the form
- kt" (4~3)

log

c =8
where o0 is the saturation value and s is the value of x/m at any
given time,

Competition between solute and solvent for the surface of a solid is
an important factor when solution concentrations are high, However, in
extrzemely dilute solutions, as are most low-level radioactive waste liquids,
sorption of solvent has only a negligible effect upon sorption of the solute.

In mixed solutions which contain more than one solute, the competi=-

tion is more complicated, and the attainment of equilibrium is slower.,
Bach solute lessens the sorption of others, however, it has been demonstrated
that, in time, the more strongly sorbed sclutes largely displace the more
weakly sorbed solutes.

Physical sorption = Physical-type sorption is characterized by small
heats of adsorption, revexsibility and rapid attainment of eguilibrium



(Glasstone, 1940), Physical sorption is non=specific in character and
occurs on chemically inactive surfaces (Taylor and Taylor, 1942), This
type of sorption is attributed to the effect of van der Waals forces

which are thought to result from molecular attraction due to dispersion
forces. The classical isotherm is applicable to systems in which physical~
type sorption predominates,

Sorption of solutes on the surface of sand and silt particles in
streams is primarily of the physical type. Although physical sorption
also occurs with colloidal clay particles, it is secondary to other types
of sorption, particularly ion exchange.

Due to the reversibility and rapid attainment of equilibrium whigh
are typical of physical sorption, the concentration of solutes on the sur—
face of sand and silt particles would tend to be quite sensitive to the
concentration of solutes in the water, The sensitivity would be less when
diffusion of the solute into the solid is a significant factor.

Ion exchange ~ Ion exchange which is a type of chemisorption may be
described as the process by which ions sorbed at the surface of a seolid
are replaced by other ions of like sign, In a disperse system such as
that represented by a suspension of sediment particles in water ion exchange
occurs when ions in solution first displace and then replace ioms which are
sorbed on the surface of the particles,

In soil chemistry ion—exchange phenomena are generally associated
with the fine=grained soils and in particular with the expanding=lattice
montmorillonite ¢lays, Ion exchange occurs to some extent with larger—
grained sedimentsj however, exchange capacity diminishes rapidly as particle
size increases, JIon—exchghge capacity depends both on the specific surface
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and the chemical and mineralogical characteristics of the sediments
involved.

Particles in a eolloidal suspension carry an electric charge, Most
clay particles carry a negative charge and in a colloidal system behave
essentially as anions (Baver, 1956)., Consequently the negatively-charged

clay particles sorb available positively-charged cations from solution,
This phenomenom is known as ionic adsorption. The magnitude of the
electric charge on the glay particles is known as the zeta potential.
High zeta potentials are associated with high ionic adsorption capacities
and stable suspensions, Conversely potentials of small magnitude are
associated with flocculation and subsequent settling of clay particles,

The enexgy with which an adsorbed cation is held to a clay particle

is related to the position of the cation in the lyotropic or Hofmeister

ion series which are Li> Na >K >NH, >Rb > Cs for monovalent cations,
and Mg >Ca >Sg >Ba for divalent cations, The energy of adsorption
varies .iminely with the position of the adsorbed cation in the series,
thus Na is more strongly sorbed than Li, Divalent cations are sorbed
more strzongly than monovalent cations, The cation exchange capacity of
clay varies inversely with the adsorption emergy., Thus cations which are
low in the lyotropic series tend to replace those sorbed cations which
are higher in the series, and divalent cations tend to replace monovalent
cations,

Jenny and Reitemeier (1935), who contributed a great deal toward
establishing the foregoing relationships, also demonstrated that ionic
exchange increases approximately as the sixth power of the zeta potential,

Thus the close relationship among the various phenomena of catien
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exchange, energy of adsorption, zeta potential and flocculation seem to be
fairly well established,

The chemical and mineralogical nature of clays as well as the serbed
cations are instrumental in determining the surface behavior of clay
particles, Important properties of some clay minerals are listed in

table 2,

Literature Review: Sorption of Radienuclides

Radioactive materials are similar to their nonradiocactive counter=—
parts on the basis of ordinary chemical and physical behavier, Serption
of heavier atoms (atomiec no,>»10) is influenced to a negligible extent by
whether or not any of the substances involved are radioactive, Radioactive
tracers provide a convenient means for quantitative investigations of
sorption reactions, Few studies have been undertaken, however, with a
definite view toward obtaining a better understanding of the role of
fluvial sediments in concentrating radioactivity by sorption. Studies by
Carritt and Goodgal (1953) and Barker (1958) are among the few which are
directly applicable to the prcblem,

Carritt and Goodgal studied the uptake of various radioactive com—
ﬁgncnts from solution by suspensions of Roanoke Rivgr and Chesapeake Bay
sediments, bentonite, Fullers Barth, and powdered Pyrex glass, Each of
the solutions studied centained one of the following dissolved radioactive
substances 3 phosphate, iedide, sulphate, strontium, copper and iron,
Phosphate, iodide and sulphate occur as anions in waste solutioms, Strontium,
igon and copper usually occur as cations in solutions, Additional variables

which were either controlled or measured in the experiments were pii
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Table 2 = Important properties of some clay minerals

Group and lattice Name Typical formula Cation exchange Size
type capacity M)
(m.e./100 gm)

Kaglinite group Kaolinite Al, 8i3 o, (CH), 3=13 0,5 =2
(111 lattice) Halloysite Al, 81, 0, (), s N
Montmorillonite group Mentmerillenite (A, .. Mg, ,.) 8i, O, (GH), Na .. =H O 80-125 0,01-0,1
(211 expanding lattice) Beidellite Al 34 (A1 o 84, ,,) Oy, (CH), Na ., nH O 6090 0,050, 8

Nontroni te Fe, (A1, ,, Si, ,,) Oy, (OH), Na, ,, nH,0 60=70 0,01-0,1
Saponite Mgy (Al ., Siy o) Oy, (GH), Na, ,, nH,O 20~30 0.,01-0,1
Illite or hydrated mica Illite (AI‘.T. ugo.,‘) (AID.GO Si,.‘o) °;o<°H)a R o 2040 e
group
(2:1 non=expanding Pyrophyllite Al 8si, 0, (OH) —— w—

lattice)

&

4 4



(hydrogen=ion concentration), temperature, centact time, concentration of
suspended solids and reacting dissolved solids, and ionic strength,

The methods employed in these experiments were simple, Basically
they consisted of assembling measured amounts of the various ingredients,
placing them in a stoppered flask, keeping the contents in suspension by
means of a shaking machine, and withdrawing samples for analysis at periodic
time intervals, The solids in the samples were centrifuged from suspension
and analyzed for radioactivity, Analysis of the supernatant solution for
radioactivity provided an independent check,

The results of the experiments by Carritt and Goodgal indicate that
depending upon the specifie conditions involved, any or all of the variables
which they investigated mmy have an impertant influence on the rate and
extent of sorption, Meost of their data plotted according to the classical
empirical isotherm, and the extent of sorption was definitely shown te
increase with centact time, Beyond the foregoing statements not much can
be stated in the way of general conclusions, The data are too few and the
variables too many to permit an adequate cvaluation of the effects of pil,
temperature, :Lon:t.i.c strength and concex}tration of suspended solids which
would cover all the combinations of sediment types and radioactive
components,

Some of the more specific conclusions reached by Carritt and Goodgal
(1953) are listed as follows: 1) The uptake of phosphorus by Roanoke
River solids, bentonite and Pullers Earth was shown to be maximum in the pH
range (47) in which the H,PO, ion predominates, 2) REvidence was pre=

sented to demonstrate that the mechanism by which phosphorus was taken up
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involved beth a rapid adsorption process and a slow diffusion process,

3) Strontium, copper, and ferric iron were found to precipitate f rom solu=
tion as.basic salts under appfopriatc conditions, Added solids acted as a
*sweeper” aiding the settling of finely divided precipitate, 4) Very little
iodide was sorbed by any of the suspended solids, 5) The sorption of
sulphate sulphur by Roanoke River sediment was found to be maximum in the

pH range less than 4 which favors formation of the HSQ," ion,

In general the percentage of radionuclides sorbed by sediments with
respect to the initial quantity of radionuclides in solution ranged between
10 percent and 90 percent in Carritt’s and Goodgal“s experiments, The
initial concentrations of radieactivity i.n these experiments were several
orders of magnitude in excess of the recommended maximum pennissib.le
concentrations, In natural streams where radioactivity cencentrations
might be on the same order of magnitude as the MPC, a greater percent
sorption would nermally be expected under otherwise comparable cdnd'itim.

Calculations based on one of the isotherm tests in which the sediment
conecentration was 629 ppm. of Roanocke River solids and the initial solution
concentration was 11,5 microgram atoms of phosphorus per liter showed that
approximately 10 percent of the phosphorus was sorbed in one minute at
which time the concentpation of phosphorus on the surface of the sediment
particles was estimated to be more than 10,000 times that in the surround-
ing solution,

Bagker (1958) conducted sets of experiments similar te those of
Carritt and Goodgal in which sorption due to ion exchange of cesium and
stroﬁtim by kaolinite, illite, halleysite and two types of montmorillenite

was investigated., Cation—-exchange capacity determinations of these clays
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through the use of trace amounts of Sr®° and €s*3 compared well with
exchange capacity determinations by other methods, The effect of varieus
concentrations of sodium chloride and calcium chloride, which are common
electrolytes in natural waters, on the sorptien of carrier—free strontium
and cesium by illite, halloysite and montmorillonite No, 21 (bentonite)
was also investigated, Sorption of eesium and strontium by the same three
clay minerals from solutions containing added amounts of strontium
nitrate and cesium chloride carriers was studied in addition, Sediment
concentrations and contact times were maintained censtant at 4,000 ppm and
17 hrs, in these experiments,

Barker found that the percentage of carrier-~free cesium sorbed by\

clay is decreased as the concentration of calcium or sedium in solution is

. dnereased, Results for the calciim and sodium solutions were very nearly

the same, The concentration of calcium was found to have a much greater

effect on the sorption of strontium than the concentration of sodium, The

. fact that strontium sorption from the calcium solution was considerably

less is attributed to the marked chemical resemblance between strontium and
calcium, the ions of which compete for exchange positions on a nearly equal
basis, Barker concluded that as a first approximation the sorption of
small quantities of cesium by clays from most natural waters w:;uld depend
only upon the total concentration of cations in the water, but that
predictions concerning the sorption of strontium would necessitate the
additional consideration of the sodium=calcium ratio in the water,
Comparison between the results of the carrier—free and the carrier-
added experiments indicated that both the cencentration of radioactive

substance and the concentration of sodium and calcium affect the amount of
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radioactivity sorbed, Ingeneral, however, changes in the total ionic
concentration of the solution were found to have a greater effect than
changes in the cesium or strontium concentration within the range to be
expected in most natural waters,

In summary it might be said that Carritt’s and Goodgal’s more
comprehensive work, involving a relatively large number of variables, points
the way toward many areas which require further attention., However,
Barker’s more intensive work, covering a smaller scope, has resulted in more

definitive answers, Both approaches are needed at this time,

Factors Determining Extent of Sorptiem

From the foregodng discussion it is clearly evident that sediment
stream water are all intimately r elated to sorption phenemena i.nmlm -
radicactive waste compenents and stream sediments, Considering the
relatively meager amount of available knowledge and data on the subject
it would be presumptuous to draw conclusions pertaining to the relative
importance of the many factors involved, Pactors which are known to be
signifieant and their estimated qualitative effects are listed in the
follewing paragraphs,

Sediment characteristics = Probably the most important single
sediment characteristic affecting the extent of sorption is particle size,
Particle size is important in determining both the extent and type of
sorption, Sorption capacity of streamsediments is roughly propertional
to the available surface area, Prom figure 1 it is seen that for a given
weight or concentration of sediment, the total surface area of 1 micron
elay particles would be 1,000 times as great as that for 1 millimeter sand
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particles, The fact that the chemical activity of soil particles tends to
decrease as the particle size increases is instrumental in making ion
exchange the normally dominant mechanism in sorption by clays, and physiecal
sorption the principal mechanism in sorption by sands and silts,

The chemical and mineralogical nature of sediments, particularly of
clays, is also impertant in determining the extent of sorptien, The cation—
exchange capacity of the clay, and the positien of the adsorbed cations in
the lyotropic series with respect to that of the radicactive eations in
solution would be significant factors in this regard,

Apparently very little information which relates various types of
sediments to their capacities for absorption by diffusion of a solute is
available,’

Concentration of sediment in a stream is important in so far as it
is mlated to the total surface area aveilable for sorption reactions,

Characteristics of waste effluent and sireamwater = Waste effluent

and stream water are considered together because it is the mixture of the
two which determines the characteristics of the solution in the sorption
system,

Concentration of radioactive waste effluent in stream water is of
course an important factor in determining the amount of radioactivity which
is sorbed by stream sediments, The classical or Freundlich isotherm
indicates that for a particular solutien-sediment system, the amount sorbed
depends largely on the concentration in the solution of the material being
sorbed, Any one of a number of chemical characteristics of the waste
effluent=stream solution may, however, radically alter the complexion of

the entire sediment—-solution sorption system,
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The composition of the radienuclide~bearing substance is impertant
in this regard, Por example, systems containing appreciable gquantities of
sediments with exchangeable cations would show a marked preference for
sorbing radicactive cations over radioactive aniens, In systems involving
ion exchange the peosition in the lyotropic series of the 1uhpe-bux:l.us
catien is also a significant factog, Catiens in the lower end of the series
tend to displace cations which are higher in the series, Polyvalent
cations tend to displace monovalent aones,

The presence in the solution of competing nenradicactive substances
may greatly reduce the uptake of radiocactivity by sediments, In streams,
competing nonradicactive substances might eriginate from other types of
industrial wastes orfrom natural sourcese

It has beendemonstrated that the extent of sorption may be greatly
influengced by the effect of the pH on the ionic forms in solution,
Changes in the pH of the solution lead to the formation of different ions
which may be either more or less readily sorbed, Theaitical pH range
depends on the various compenents of the systemy, This is an area which
requires considerable further investigation,

Another area requiring investigation is the effect of detergents in
solution on sorption, It is well known that detergents reduce the surface
tension of water, and it is thought that sorption is reduced by the
presence of detergents in solution, However, the relationship between the
concentration of detergent and the effect on sorption is largely unknown,

Under appropriate cenditions it is known that certainmdicactive
ions will combine as salts with other materials and precipitate out from
solutien, Although uptake of radioactivity by sediments will be reduced
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by the extent to which the concentration of radioactivity in solutien is
decreased by precipitation reactions, the radieactive precipitates may
themselves beceme a source of hazard, Detergents in solutien tend to
inhibit precipitation.

Concentrations of flocculating agents in solution sufficient to
induce flocculation and subsequent deposition of clay particles congtitute
another source of potential hazard, The addition of neutral salts will in
general reduce the zeta potential or negative charge of clay particles,
thereby inducing flecculation, The flocculating power of salt increases
with the sorbability of its cation component, Flocculating agents in
natural streams may arise from such sources as industrial wastes and the
intrusion of brackish tidal waters,

The physical characteristics of the waste effluent such as density
and viscosity affect uptake by sediments insofar as they affect the distribu=—
tion of the radioactive components over the stream cross section by turbulent
diffusien, Sorption from solution is to some extent affected by the tempera~
ture of the solution, but temperature effects over the normal range of
stream t emperatures generally seem to be secondary to other considerations,

It is apparent from the preceding discussion that the factors in—
fluencing the uptake of radioactivity by sediments are many, varied, and
often not very well understood, In natural streams the sorption systems
are further complicated by the fact that several factors will normally be
operating simultaneously, thereby obscuring cause and effect relationships,
A great deal of additional research and information is a prerequisite to
adequate criteria for predicting the extent to which sorption of radio—

contaminants by sediments may occur in natural streams,
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SBDIMENT TRANSPORT AS AFFECTED BY DRAINAGE AREA
AND STREAM CHARACTERISTICS

Einstein (1950) has classified the total sediment load or sediment
transport of a stream into fine material or wash load and bed-material
load, The fine-material load consists of particles finer than most of the
mategial found in the stream bedj; whereas, particles composing the bed-
material load are found abundantly in the bed,

The particles of fine-material load are moved by small fluid forces

and, therefore, are in nearly continuous suspension by natural streams,
The quantity of such material in transport by a stream then depends on the
rate at which these fine particles become available as affected by the
environment or characteristics of the drainage area, and not on the ability
of the flow to transport them, On the other hand, sediment of the coarser
sizes found in large quantities in the stream bed of alluvial channels will
be transported at a rate depending on the relative capagcity of the stream
for moving these sizes,

Experience of the Geological Survey in measuring sediment transport
during the past two decades substantiates these general theories, Most
streams readily transport silt and clay fractions (sizes up to 0,062 mm)
as wash load, The quantity of these fines moved by the stream at a given
time is very nearly equal to that released by the environmental factors
within the drainage basin, The quantity of the various coarser sizes
(sand and gravel) in transport is closely related to water discharge——if
the supply is not proportional to the water discharge, then the stream will
aggrade or degrade its bed to maintain the load-capacity relationship,
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The sediment load, or transport, of a stream then involves
variables fgom two categories, as follows:

1, Banvirommental factors associated with the supply of sediment
from the drainage area and included within the broad terms of
climate, physieal character of the watershed, and land use,

2, Stream channel and flow factors associated with the quantity of
flow, channel geametry, particle size of sediment in transporty
and channel control,

As expected, the difficult and broad subject encompassed by the
envirenmental f actors has been investigated in only small and usually
unrelated segments=—amrelated because of studies in different geographical
areas and for different objectives, Examples would include the data from
small reservoir surveys cellected by different agencies of the Agriculture
and Interior Departments, as well as some state agencies, Limited inter—
pretation of such data are under way, as indicated by such works as:
Glymph (1954) 3 Maner (1958) § Langbein and Schumm (1958) § and Stall aad
‘Bartelldi (1959), The area of investigation is so large that progress seems
negligibled

Stream channel and flow characteristics of streams, en the other
hand, have been or are in a more advanced state of investigatien. The
magnitude and pattern of stream flow is intensively s tudied on a routine
basis, In the process of obtaining these data, much infermation a bout
chanmnel geometry is being ebtainedy Channel roughmess and certain hydraulic
characteristics as may affect sediment transport are being astively in-
vestigated with recirculating flumes, Progress in this area has been
suffigient for design and initiation of a sound cousse of study that should
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yield substantial progress in the near future,

Drainage Area Characteristics

It has been noted that the transport of fine sediment in a stream is
largely controlled by factors of supply in its drainage basin, Some of
these factors include:

1, The nature, amount, and intensity of precipitation,

2, The condition and density of the channel system.

3. The orientation, degree, and length of slope of the watershed

area,

4, The soil type.

5. The land use,

These factors can be allied logically to either or both the forces
that resist or forces that advance the rate of erosionm and transport, Pre-
cipitation, for example, if occurring at a low intemsity and at ideal inter~
vals, may advance the growth of vegetation and thereby the resisting force.
If it is very intense and following a drought, or over an area without cover,
it is likely to cause a large amount of erosion., Because of the interrela-
tionship of these factors, and the large variance associated with each, the
definition of erosion and transport from a small area is difficult to attain,

Many workers in the field of erosion and soil loss have correlated
considerable data, but find large areas within the factors that cannot be
defined by present data., In one of these recent investigations, Wischmeier
et al (1958) showed that an index comsisting of the product of rainfall
energy and maximumm 30minute intensity of the storm is the outstanding
variable for correlation with soil loss data from five locations in the

Midwest each having from 131 to 207 observations,
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One of the most perplexing problems of dealing with soil=loss data
is that of accounting for deposition within the drainage basin, The sediment
yield of a large basin is usually less than the sum of its parts because of
deposition and channel aggradation during transport from the small areas,
The factor “condition and density of the channel system” is probably the
most important index of this phenomenon, Data assembled by Glymph (1951)
shows the relation of net sediment y:l.gld to size of drainage area, For a
drainage area of § square miles, the yield ranges from 400 to 4,000 tons
per square mile, for 500 square miles, 100 to 2,000 tons, and for 50,000
square miles, 60 to 1,200 tons, ‘

Because of the coﬁplica.ted interrelations among the environmental
factors affecting sediment yield, and because they have not been studied
sufficiently, a detailed discussion of each factor will not be attempted
in this treatise, Some of these factors have been considered indirectly
in an analysis of the trend of sediment yield of the Brandywine Creek at
Wilmington, Del, (Guy, 1957), In this study, the parameters of total
runoff, rainfall intensity, and season of the year evaluate to some degree

the factors considered in this section.

General Considerations of Sediment Transport
Turbulence in stream flow results in the continuous motion of fluid
up and down across a horizontal plane within the stream and transports not
only fluid and momentum, but also suspended sediment, This condition alone
would tend to produce a uniform distribution of sediment in a givem vertical
section of stream flow; however, the constant settling of the particles due

to gravitational force counteracts this process., Under equilibrium conditions,
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the upward components of turbulence travel toward a region of lower
concentration, and the downward components toward a region of higher
concentration, Thus, the rate of increase in suspended-sediment con-
centration toward the bottom depends on the degree of turbulence in the
stream and the settling velocity of the particles,

Sediment of extremely small size (colloidal) may be suspended by
Brownian or electrolytic charges, These kinds of particles are, therefore,
suspended independently of turbulence and theoretically are transported by
a velocity equivalent to the suspending fluid.

It is logical that all particles in a colloidal suspensiom will
maintain uniform vertical as well as horizontal dispersion through a reach
of stream, if, they are dispersed uniformly at the entrance of the reach,
Observations show further that natural turbulence in most streams is
sufficient to suspend e¢lay and silt (sizes less than 0,062 mm) uniformly
for all practical purposes, Sand, however, is suspended less easily and
therefore its concentration in a vertical section of a stream must increase
from top to bottom in ascordance with the operation of the turbulence-
suspension theory, Figure 2 (U, S. Inter-Agency Report 8, 1948)
illustrates the vertical concentration of several size classes from clay
to very coarse sand, thus gcontrasting the nearly uniform concentration
from top to bottom of the clay and silt with the increasing concentration
of sand from top to bottom.

The concentration distribution of sand in suspension by a stream then
is a function of the size available for transport, the roughness of the
stream bed, and the velocity characteristics of the stream, Hubbell and

others (1956) show that the suspended sediment concentration at different
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verticals in the cross section of a sand carrying stream may vary widely
and that sand transport is associated with hydraulic characteristiecs of
the stream that fluctuate widely in both time and space for a given stream,
Streams having a relatively uniform rate of water discharge are

expected to transport sediment at a relatively umiform rate, particularly
the coarser fractions that depend on the transport capacity of the stream,
Streams having a widely varying rate of water discharge are expected to
exhibit very large variations in sediment discharge because in addition to
the increased transport capacity with increased water discharge, rainfall
causes a change in supply of fine sediment, This contrast is largely a
function of climate and its related factors such as vegetation, Table 3
contrasts the monthly water and sediment discharge of the Scantic River
at Broad Brook, Conn., with the Pecos River near Artesia, N. Mex. for the

1954 water year.

Geometrical Characteristics of Streams
Relation of eome to = A natural
stream in equilibrium condition has a geometrical pattesn of slepe and
cross section to fit the water discharge and the sisze distribution and
rate of transpert of sediment, Leopold and Maddoek, 1953, page 51, state
that

¥ esseven in the youthful topegraphy of the headlands
where streams are gradually dewncutting and are,

therefore, not graded, the stream=channel characteristics
and slope tend to be adjusted to the discharge and
sediment load, Even the ungraded parts of a channel
system exhibit 2 neat pattern characterized by a

tendency toward a regular increase of width and depth
downstream with inecreasing discharge and with a concomitant
decrease in slope,”



Table 3,~Cemparative monthly water and sediment discharges
for streams with different climate

Discharge of Scantic River

at Broad Brook, Conn,

Discharge of Pecos River

near Artesia, N, Mex,

1954 (98 square miles) (15,300 square miles)
water
year
Water Sediment Water Sediment
(cfs=days) (tons) (cfs=days) (tons)
October 1,860 56 701 321
November 2,560 60 1,710 550
Decembex 5,400 kx5 1,810 642
January 3,490 ) § 1,610 330
February 3,800 136 1,200 244
March 5,850 222 1,220 168
April 5,850 540 7,900 70,100
May 6,540 322 9,660 130,400
June 2,830 88 500 216
July 1,610 33 4 6
August 1,780 69 10,000 198,700
September 5,120 512 1,040 927
Total 46,700 2,460 37,400 402,500
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and

"Load and discharge are characteristies of the hydrology,

geolegy, and physiognomy of the drainage basin, They

are furnished to the trunk stream channels and are

essentially independent of the trunk channel system,”

In somewhat more specific terms, figure 3, armeproduction ef
figure 19 from Leopald and Maddeck, 1953, page 37, shows how slope,
roughness, sediment load, velocity,depth, and width vary with discharge
at a station and downstream, Sections A and € represent headwater con=—
ditiens of low and high flow, respectively, In considering the differences
at the headwater s ection with increase of flow, note the small increase in
slope, the small decrease in roughness, the large increase of sediment
load, the mederate increase of velocity,depth, and width, With respect
to differences in s ections A and B, where B is downstream and at the
same flow frequency as A, river slope decreases moderately, roughness
decreases s lightly, sediment load increases moderately (probably because
the water discharge increases), velocity increases slightly, and depth and
width increase moderately, The sediment lead has the greatest contrast
when considering both the increase in flow and a downstream section.

Leopold and Maddock (1953) also state that geometry varies in
response o sediment transport as followst

At constant discharge, an increased velecity at constant

width is associated with an increase of both suspended

load and bed load in transpert, At constant velocity

and discharge, an inerease in width is associated with a

decrease of suspended load and an increase in bed load

in transpert.”

Bgundary roughness — Resistance to stream flow in a given reach of a
stream is the sum of the roughness created by the size of particles on the

stream bed, the size of ripples andfor dunes made up of these particles ont
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the bed, and the bank roughness, The relative importance of any ene of
these may depend en the particle size of sediment in transpert, the stream
velocity , the shape of thecross sectien and sediment load in transpert.
For example, the important roughness facter in a wide shallow stream having
a sand bed of medium size and with a mean wlecity of four feet per seceond
is the dune and ripple roughnessy

In addition te the particle roughness, a given stream may flow
successively andfor simultaneously in several “regimes” of flow, This is
most clearly dememstrated by gradually increasing the velocity in a
laboratory flume having a deep bed of sand which has been planed smooth,
The flow regimes with increasing wvelocity are ripple, dune, plane, and
antidune, The sediment in transport increases in this order but not
necessarily so with roughness, The plane bed regime has less resistance
to flow than does the dune regime,

In a natural stream, the shift from a dune to a plane regime results
in an increase in velocity. and, consequently, a decrease in gage height even
though the quantity of flow has increased, The regime of stream flow
affects thedepth as well as the rate of bed movement, For the ripple
regime, the depth of disturbance ;s neot as severe as the dune and anti—dune
regimes, Simons and Richardsen (1959) found lenses of fines in the bed
during the ripple regime which are not present for the other regimes when
these fines are carried as suspended load, They also found that under the
dune regime the fine material does not settle and coat the bed, but there
is a constant exchange between the fine material in suspension and that in
the bed, Thus, with the return of “clear” water, and, if the stream remained

in the dune regime, the finc material would be removed from the bed,
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The banks of a stream may have little effect on the total resistance
to flow if the stream is wide and shallew, A deep narrow section, on the
other hand, may receive a large part of the total resistance from the bank,
The bank roughness may result from the shape and size of the particles of
sediment in the deposits or residual material, from vegetation, or from
man=-made devices,

The roughness condition of the bank affects the nature and quantity
of depoesition along the bank during the recession of a storm runoff event,
Sand=bed streams have been noted with muddeposits too deep and soft te
wade across after the recession of storm runoff (less than bankfull) con—
taining a large concentration of fine suspended sediment. These deposits
were lqgated at a straight reach of the channel where one would not expect

_bank 7 i)tgilding" and, therefore, it is assumed that this deposit would be
eroded away during the rising stage of the next runoff event, This kind of
deposit is then only of a semi=permanent nature, The roughness of ‘a braided
strean would l}me an increase in bank roughness proportional to the per=
centage increase of banks encountered for a representative number of cross
sections in a reach,

Alignment ef channels = Streams flowing in alluvium generally
exhibit rather poor aligmment——ranging from an occasional bend for some

- streams to a high degree of meandering for others, Suchtends affect the
secondary circulation and hence the location and depth of scour and
deposition in the stream bed, The cross section of a river with a straight
channel and a relatively flat bed is approximately trapezoidal in shapej
whereas, 2 section at a bend is mughly triangular in shape with the deep

part near the outside bank, Carey and Keller (1957) in a study of bends
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found that thedeposit of sand on the inside bank of a bend was mostly
that scoured from the eutside bank immediately upstream, Thus the sand
tends to travel across the thalweg in the reach of reversing curvature,
The coarser sands are obviously deposited at the lewer elevations and
toward the head of the bar during such depositiom, This phenomenon of cut
and fill is most active at bankfull stage, If less than bankfull, velocities
will be lewer and incapable of depositing the sand at a reasonable height
on the inside bendj and if more, flow down the valley will tend to create
currents not parallel to the bend of the stream channel and probably
reduce the cut and fill welocity. Pine sediment from many sources may be
deposited on the upper portion of the inside bamk during bankfull er
higher stages, Occasional lenses of fines (silt and clay) in the fill
bank (inside of bend) have been noted which logically are deposited by
receding flood waters, then bound in place by rank vegetation before
burial by sand during the next flood,

Model experiments at the Waterways Experiment Station (Lipscomb, 1952)
show that the size of bends becomes smaller with either a decrease in flood
discharges, the slope, or the angle of entrance to the bendj and, that the
more erodible the banks, the wider and shallower will be the crossings to
transport the greater load, ;

Both the straight or meandering types of stream on a sand bed have
a relatively unifosm gradient. However, if the stream channel contains
considerable quantities of gravel and possibly rocks, the gradient is likely
to be irregular and the channel will consist of alternate pools and riffles,
This pool and riffle type of stream is logically susceptible to the cellec—

tion of deposits of fine sediment during relatively long periods of lew flow
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follewed by r ather sudden memoval with increasing velecity during the early
part of increased flow in the channel, The deposition of these fine sedi-
ments during low flow would be relatively high in concentration of radio~
activity because of the small sediment transport of the s tream under these

conditions,

Particle Size Gradation

Bffect of chemical gquality of water — Cemcise theory en the nature
of flocculation for suspended sediment in natural stream flew is lacking,
General experience has been ebtained by noting the difference between
apparent and ultimate size gradations when a given sediment is analyzed in
settling medimms of beth native streamwater and distilled water with a
dispersant. As mentioned previously, stream flow at a given reach has
various degrees of turbulence ranging from little at the bank and other
"dead water” areas to compound secondarycirculation at midchannel, The
turbulent motion inhibits fleeculation because it, in effect, tends to
prevent the d.u.!'t.i.ng of particles t?mrd each other that would ordinarily
occur instill water. Turbulence is also a factor in disrupting flocculesy
if formed in quiet waterz.

It may be stated then that f}ooculation of sediment probably varies
of elay, and inversely, with the turbulence of stream flow. Since clay
particles are very irregular in shape, it is assumed that mechanical as
well as chemical binding is involved, This would be most likely for the
clay=to=clay fleccule and less likely for the chy—ta-si:.‘lt or clay~to=

sand fleccule,
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Effect on surface area - Average size gradation curves for both

simultaneous suspended=sediment and bed-material samples are illustrated

in figure 4 for three streams, These curves are considered indicative of
the typical mnge of sizes transported by alluvial streams. Some streams

may be encountered that are more unusual'tha.n those illustrated; for example,
streams from the Sand Hills of Nebraska may centain suspended sediment of
nearly the same character as that of the bed, and streams tending toward

the pool=and=-riffle conditien will have a much larger range of bed=-

material sizes, particularly the coarser sizes.

As indicated in the section of this report “Pactors determining
extent of sorption’, the capacity of sediment for sorption of radiocactive
waste is related to the surface area of the sediment. On this basis, the
particle size curves of three streams indicate increasing capacity to
carry such waste in the order, Middle Loup River at Arcadia, Nebraska,

Loup River at Fullerton, Nebraska, and Mississippi River at St, Louis,
Missouri, On the basis of these average size distribution curves, the sur-
face area (computed as loosely packed spheres) of the bed-material sediment
is 60y 140, and 100 square centimeters per cubic centimeter, respectively;
and the suspended sediment is 350, 4,530, and 27,400 square centimeters per
cubi¢ centimeter, respectively., The sorptive capacity of the suspended
sediment is, therefore, many times that of the bed-waterial j and since

most of the sediment is moved in the sampled or suspended zone, it is
assumed that suspended—sediment transport is the more important considera~—
tion, It is further evident that the fines or sediments brought into the
stream from sheet erosion are the most important as far as sorptive capacity

is concerned. Hence, environmental factors contributing to erosion in the
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Figure 4 .--Suspended-sediment and bed material particle size gradation for three typical alluvial streams




upland areas of the drainage basin may be more awitical withrespeet to
radioactive waste disposal than the transpert characteristics of the stream

channel,

Channel Controls

Channel controls affeet the suspension and deposition of sediment
because of their control of the flow of water, A large deep reservoir hold=
ing water for weeks or months may trap 100 percent of the inflowing sediment
and c ause separatedeposits of sands and fines, whereas, a bank lining
would change only the flow characteristics a;d thereby change the mode of
sediment tta.nsportf The effectiveness of a given contrel in altering normal
suspension and deposition depends not only on the control itself, but alseo
on th; character and concentration of the sediment in transport, and on
the chemical character of the water,

Trap efficiency = Table 4 shows the estimated efficiency of several
kinds of structures for trapping the clay, silt, and sand fractions of
sediment, The mpacity—inflow ratio fer reservoirs, or the acre=feet of
capacity per acre=feet of annual f low has been related to trap efficiency
of normally ponded reservoirs by Brune (1953), The curve defined by data

from more than 40 measurements indicates the following:

Capacity—inflow ‘Percent sediment
ratio —tEapped
0,005 30
0,02 §: 60

- Ogl 85
0,3 95
s - .0 98



Table 4. —— Bstimated sediment trap efficiency of various types
of channel and storage control structures

Trap efficiency

(percent)
Description and purpose
Clay silt | sand
Large drainage areas 10,000 square

niles or more
Reservoirs for power and storage

(high capacity=inflow ratio) 80~100 100 100
Reservoirs for irrigation and

water supply

(high capacity—inflew ratio) 70~100 100 100

(low capacity=inflow ratio) 10-100 50-100 100
Flood control reservoirs 0=50 0~80 - 20=100 -
Navigation control 0=50 0=80 20=100
Irrigation diversion 0 0 0=-50
Bank er channel control 0 0 0

SCS structures on drainage of 10
square nmiles or less
| Detention reservoir with draw=
down tubes and sediment s torage
" {high capacity—infleow ratio) 10-70 50-100 100
. (low capacity=inflow ratio) 0=30 10=~50 80~100

Drop spillways, chutes, and other

channel control structures 0 0 0
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Brune also notes that the Tennessee Valley Authority has used the
ratio period of retention to mean velocity as an index to trap efficiency,
This is similar to the capacity—inflow ratio because both imply a rate of
water movement through the reservoir.

Reservoir deposition = The ideal concept of reservoir deposition
assumes that deposition begins at the upstream limit of backwater effect
with the deposition of the largest particles in transport, Increasingly
finer particles are deposited with progressive decrease in transport
capacity of the flow until all material of the size of fine sand or larger
is deposited, The silt and clay sizes are transported, in an undefined
manner, beyond the sand, Such deposition may occur in an unknown sequence

along the floor of the reservoir, Density flows may result in the trans-

port of clay throughout the length of the reservoir, This idealistic pattern

is complicated by the forward growth of the sand deposits over previously
deposited silts, encroachment of one kind of deposit over another due to
fluctuations in pool level, re-working of deposits by waves and erosion,
and three=dimensional flow phenomena,

The headwater deposit may be relatively simple as in a long narrow
reserveoir, or it may be extremely complicated due to the presence of
numerous side channels, as for the Mississippi River at the Gulf of Mexico,

Pigure 5 (Witzigman, 1955) illustrates the relationship of sus—
pended sediment concentration and particle size of thecross—sectional area,
depth, and mem velocity for the backwater reach of Garrison Reservoir-
the narrow or confined type — on July 7-8, 1954, The concentration

decreases with increasing cross=sectional area anddepth and decreasing
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velocity in the downstream direction.

Density currents, which are ¢ apable of moving fine sediment
throughout a reservoir, are caused by differences in temperature,
salinity, and more usually, sediment content, The relatively muddy stream
entering a clear reservoir collides and partly mixes with the “still’ water
and then meves along the bottom propelled by the slope of the bed of the
impounding reserveir and the pressure of additienal muddy water on the delta
deposits, Deposits from “dead” density currents will consist of fine clays

and may occur in the deepest water near the dam,
Degradation downstream from control = The Corps of Engineers (1959)
in a study of sediment problems in the Arkansas River, notes the follewing

factors for the occurrence of degradation downstream from a control:

-

1, The stream must have carried a relatively large bed-material
load prior to completion of the contrel as this is a measure

of its ability to transport the existingbed-material,

2, The control must provide sufficient detention time to trap

most of the bed load,

3, If most of the load were t ransported by large discharges
prior to construction, then these large discharges must -
prevail to some degree after construction.

4, Material in the bed must be of a size ordinarily ecarried

as bed load with the new flow regime,
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CRITERIA FOR IDENTIFYING POTENTIALLY
HAZARDOUS STREAMS

In general the criteria for identifying streams which are
potentially hazardous with respect to the deposition of radioactive
sediments are not simple and clearcut. More of ten than not, a hazardous
situation will involve the combined action of several factors, Taken
individually, none of the factors might cause objectionable conditions,
Taken collectively, however, the addition or subtraction of a single
factor might radically alter the entire picture,

The development of a hazardous situation obviously implies the
requirements that there be: 1) wuptake and concentration of significant
quantities of radicactivity by stream sediments, 2) stream geometry and
sediment conditions conducive to extensive local deposits of contaminated
sediments, and 3) a rate of buildup of radioactivity in deposits which
exceeds the rate of natural radioactive decay, In this section the hazard
criteria are identified and briefly discussed in terms of these three

requirements,

Uptake by Sediments
With respect to the sediment itself, the total available surface
area of the suspended sediment particles is the most obvious index of
hazard potential. Concentration and size distribution are fairly reliable
indicators of surface area,
Fortunately the greater sorption capacity of the fine sediments is
to some extent offset by the tendency of colloidal materials to remain in

suspension except when flocculation occurs, Heavy concentrations of
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contaminated fine sediments might occur as demnsity currents at the bottom
of reservoirs and pools, but in such cases the chances for dangerous
exposure to humans would be small,

The chemical and mineralogical nature of the sediments, particularly
the fines, are also a factor to be considered in assessing hazard potential.
Sediments characterized by high ion—exchange capacities and high zeta
potentials would bear watching. The nature and amount of sorbed non-
radioactive components should be considered as an indication of residual
sorption capacity for radioactive components,

Concentration of radioactivity in the waste-stream water solution
is obviously related to hazard potential, The chemical composition of
radicactive components would be important in estimating the extent to which
sorption might occur.

The total iomic concentration in solution is likewise an important
factor, Normally a low—ionic concentration of nonradiocactive substances
would mean correspondingly increased sorption of radiocactive substances.

The reversibility of sorption reactions should also be considered.
Irreversible sorption reactions would in most cases be considered as
potentially more hazardous than reversible reactions,

The presence of significant quantities of a flocculating agent in
streams containing radiocontaminated clays could be a source of danger,

The degree of dispersion of radiocactivity in the stream cross section
should be evaluated, For example, concentration of the radioactive wastes
in a density current flowing along the bottom of a stream would probably
lead to an increased degree of uptake by the more stable bed sediments,

In most cases this would be considered undesirable,
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Concentration and Load of Suspended Sediment
The concentration and load of suspended sediment in streams can be
considered one of the criteria because it is logically a factor in the
amount of available surface area for sorption, and, in many cases, is
probably a factor in the nature and extent of deposition and erosion with-
in the stream system,

The nature of the concentration and/or load variation with respect

to time may be important because it is expected to indicate the capacity

or lack of capacity of the stream to transport a given input of waste,

For example, a stream with a relatively uniform water discharge and high
concentration of fine sediment would probably maintain the waste in
suspension on, or with, the fine sediment; whereas, a stream with a large
range of ut?r discharge and sediment load with the same concentration of
waste would be expected to carry the waste in “slugs’, In this latter
case, the waste not having abundance of fine suspended sediment for
sorption during low flow periods, would probably be sorbed on the particles
in the stream bed, Then, during the relatively short periods of storm
runoff with high concentrations of sediment, the waste held on the bed may
be exchanged to “free” suspended particles and/or moved downstream
considerable distances as bed load,

Discharge-weighted mean concentration of sediment is being mapped
for the United States by Rainwater (1959) as a part of a Geological Survey
project on composition of rivers, and can be used as one means of classify=~
ing potentially hazardous streams, The variation of sediment concentration
and load with respect to time, however, has not been defined, nor have

eriteria been established or sufficient data made available for this kind
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of definition, This can be approximated, however, on the basis of climate,
size of drainage basin, and control of the stream flow. The magnitude of
time variation in concentration and load would be expected to be greater,
for example, on most Kansas streams than on South Carolina streams, and on

the uncontrolled Upper Colorado than on the controlled Lower Missouri River,

Conditions Conducive to Sediment Deposition

Conditions conducive to the formation of sediment deposits containing
high concentrations of radiocactive waste are more likely to be found on the
inside of a bend on a stream near the source of waste disposal rather than
on the banks of a straight stream channel, on a stream exhibiting a con-
siderable range of concentration and water discharge rather than a stream
of nearly uniform water discharge and concentration, and on a stream with
man-made channel controls rather than an uncontrolled stream,

As mentioned in the previous chapter, sediment of the coarser
fractions deposited on the point bar on the inside of a stream bend is
mostly that being cut from the outside bank of the opposite bend
immediately upstream, The finer fractions, usually deposited only at the
upper elevations of the bar, or during the recession of the storm runoff
event, may be derived from many sources including bank cutting in the
immediate channel, or gully and sheet erosion in the upper part of the
drainage basin, The point bar at the first bend immediately downstream
from a source of waste may then be built of a large mass of contaminated
sand, In this discussion it is assumed that the waste is sufficiently
mixed with stream flow so that contact with the sediment in transport is
relatively uniform.

Streams of widely varying discharge are conducive to bank and flood
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plain deposits, The most rapid deposition on the inside bank of the
meandering channel occurs at high ratesof flow; especially so, for the
fines at the top of this deposition bank, Flood plain depesits obviously
cannot occur without the more or less unusual high rates of flow.

Deposits of fines along stream banks other than point bars usually occur
during the recession of a storm event for which relatively large concentra~
tions of fines are carried, These may be of only minor significance because
they are transported and deposited when stream flow and concentration are
considerably greater than average and, therefore, the concentration of waste
in the deposit is likely to be low, This again assumes a uniform rate of
waste disposal.

Concentrated deposits of wastes may accumulate within the controlled
channel when flow and sediment concentration are low for long periods of
time; and thus, with a constant rate of waste disposal, the concentration
of waste in the water and on the sediment would be high, Similar to channel
control, the most critical deposits on the pool=and-riffle type of stream
are likely to occur during the long periods of low flow when the fines are
deposited in the slack water resulting in a large concentration of waste
in the pool, With this type of stream, the deposit is usually removed
during the rising stage of the next period of storm runoff,

In summary then, the sedimentation criteria for identifying potentially
hazardous streams may include:

1, The sediment concentration and water discharge of load. High
concentrations may cause many kinds of deposits but may have a
relatively low concentration of waste, Low concentration of
sediment may result in some small highly concentrated deposits

of waste,
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2, The time variation in sediment concentration and load, With
a uniform release of waste, the waste is likely to build wp
during low flow and then move as a slug for possible deposit
on high banks or flood plains during high flow,

3., The nature of channel geometry, A meandering channel is
characterized by building of point bars on the inside bends.
The pool=and~riffle type of stream concentrates the waste
during long periods of low flow, A channel maintaining flow
almost continuously in the dune regime moves fine sediment in
and out of the bed almost uniformly in timej whereas, a chammel
flowing in the ripple regime most of the time may accumulate
fines in the bed as lenses and upon occasional shifting to
the dune regime will move these fines from the bed,

4. The nature and extent of water and channel controls,
Reservoirs, for example, may trap up to 100 percent of the
sediment, whereas, other controls may serve only to concentrate

the waste during the low flow,

Rate of Build=up of Radioactivity

In order to assess the hazard potential arising from the build=up
of radioactivity in sediment deposits, both the decay rates of the radio-
active components and the rate of sediment deposit at locations such as
those discussed in the preceding section would have to be investigated,
Also, the frequency at which sediment deposits are flushed out and their
subsequent movement and deposition would need to be considered, A
combination of conditions invelving an intermediate or slow radicactive
decay rate, a high deposition rate of contaminated sediments, and infrequent
flushing of deposits would usually be the most hazardous.

78



CLASSIFICATION OF STREAMS IN THE UNITED STATES
WITH RESPECT TO HAZARD POIENTIAL

The hazard potential of radicactive waste in streams may be com=
sidered in view of differences in stream flow, in channel geometry, and in
the concentration and character of sediment as they may affect deposition
of sediment and consequently waste, However, streams are very complex with
respect to magnitude and variation of these features; and, therefore,
classification with respect to hazard potential is difficult and indeed
almost remote in view of limitations concerning basic knowledge of the
relation of these features.

A review of the sedimentation criteria for identifying potentially
hazardous streams for radicactive waste disposal discussed in the previous
chapter indicates many conflicting aspects for consideration, For example,
a stream with relatively great water and sediment discharges may be con—
ducive to extensive deposition and erosion within the channelj but, because
of the high rates of water and sediment movement, the concemtration of
radicactive waste may be very low, Further, a meandering channel results
in a more or less continuous building of a depesit as a point bar, but
most of this building occurs during high rates of water discharge when the
concentration of waste is low,

The sand bed stream of good alignment and carrying a relatively
uniform water discharge and concentration of fine sediment would be the
least hazardous kind of stream to transport a given uniform amount of
radicactive waste without accumulating extensive and/or concentrated
deposits, This would assume the flow in the channel to be in the dume,

plane bed, or anti-dune regimes so that deposits of the fine sediment would



not accumulate in the bed; and, if minor bank deposition occurred, it would
be when the flow and concentration are relatively high, Such a stream
would have relatively minor and uniformly concentrated accumulations of
waste with respect to both time and space in the bed and along the banks,

One of the most hazardous conditioms may occur either on the pool=-
and-riffle type of stream or a large river controlled with low dams for
navigation purposes, For these situations, the pool or pools immediately
downstream from the disposal may accumulate extensive and highly concentrated
deposits in the bottom of the pools, This results from the relatively low
water discharge and very low concentration of sediment, and, consequently,
a very high concentration of waste, accumulating for long periods of low
water flows, When a relatively large increase in flow occurs after weeks
or months of accumulation, most of the depesit will move downstream and
these become susceptible to bed, bank, or flood plain deposition,

The range of conditions encountered with respect to 1) the
quantity of sediment and water diseharge, 2) the variation of sediment
and water discharge with respect to time, 3) the mineralogy of the
sediment, 4) the channel geometry, and 5) the nature and extent of the
water and channel controls makes it apparent that each site of radiocactive
waste disposal is unique with respect to the effect of sediment in causing
hazardous deposits of waste, Most of these criteria vary considerably in
a given stream, With respect to channel geometry, for example, Leopold and
Wolman (1957) state that straight channels cannot be readily differentiated
from meandéring and braided patterns by definitive combinmations of hydraulic
variables, yet the regular spacing and alternation of shallows and deeps is

characteristic of all patterns,



Figure 6 illustrates the general magnitude of suspended—sediment
concentration weighted by water discharge, for streams east of the
Mississippi River as one of the factors in the criteria that may be useful
for classification, This map is being extended to the remainder of the
United States at the time of this writing.

Another factor for which some data are available concerns the
particle size or the relative sorptive capacity of the sediment in transport
for the different streams, A measure of this is indicated in figure 7 where
the ordinate is a measure of the dif ference in bed and suspended—sediment
sizes and plotted as a ratio of the median bed size to the median suspendéd
size; and where the abscissa is a measure of sediment coarseness and
plotted as the product of the sizes for which both the suspended and bed
sizes contain 15 percent by weight finer., The graph indicates an increasing
potential for hazardous deposits in the direction of increasing difference
of bed and suspended size and in the direction of decreasing measure of
coarseness,

Many dimensional and dimensionless diagrams may be prepared by
different measures resulting from the particle size data of suspended and
bed sediments, These may include surface area of the particles, the
standard deviation of the size gradation (a me