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ABSTRACr 

The factors involved and the present status of reseuch concerning 

disposal of radioactive wast~s in natural trea.ms 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 .ue pointed out, and recommendations for research are made. 

Bridence indicates that sorption of radiocontaminants by stream 

sediments is the rule rather than the exception. The extent of sorption 

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 radioactive 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 conuols. 

Pool and riffle type streams characterized by wide variations in 

discharge and containing large amounts of fine,rained sediments appear to 

be potentially the aost dangerous type of stream with respect to the 

deYelopment of hazards arising from radiocontaminated sediments. 

Present knowledge is not adequate for the purpose of predicting the 

ultimate distribution of radioacti.-e wastes in streams, particularly as 

affected by fluvial sediments. Considerable research and study wlll be 

required in all of the subject areas of this report before this situation 
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can be improved material! 1. 

Certain deficiencies in tnow:ledge and theory stand out. Por ezample, 

there is a dearth of information in the literature on the quantities aDd 

physicochemical properties of low-le.el liquid .astes. 

Current theoretical, laboratory, and field knowledge of the aech&nica 

of turbulent diffusion in cases involving a confined channel, net uptake 

by aedimen t, and net uptake by biota is entire! y inadequa t • 

The effect of so of the Yariables associated with sorption 

phenomena are not well understood. This is particularly so in coaaplex 

sorption systems Which include competing solutes, lllixed sediments, and 

ehemica.l additiYes such as detergents an4 electrolytes. 

Despite notable advances, saae of tbe factors involved in sec1illent 

transport phenomena r in unresolved, and aueh of the associated theory 

is still in a stage of partial development. 
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INTROOUCTI~ 

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 eases more than a million (Jensen, Bldridge, :averts and Clare, . 
1957), times as dangerous to the health o! man as are nonradioactive 

pollutants. 

Since the early days of nuclear energy development, the u. s. 
Geological Suney 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. 

Approxi.ately 95 percent of the short-lived, low level, liquid 

radioactive wastes are diaeharged into surface streams (Joseph, 1955). 

The radioactivity level of these wastes is low, but the total volume is 

large. At the Hanford installation, for example, an average of more than 

20 llilllon gallons per day of ra.dioaeti ve wastes are discharged. Since 

194-4, more than 2 million curies of radioactive materials have been re-

leased into the environment at Hanford (USABC, 1957). 

Radloaeti vi ty surveys on the Columbia (kobeek, Henderson and 
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Palange, 1954) and Tennessee {Gamer and ~ochtitzty, 19.56) River ayatas 

have indicated that contamination of these watez:ways has not yet approachecl 

the danger level. There is real cause for concern in the future, however, 

ldlen it is considered that the naticn is just on the threahold of the nuclear 

age. Present estimates {USABC, 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. Prom an econoaic: stand-

point, disposal of wastes by discharge into surface streams is the most 

attractive method. It is only natural that the growing nuclear induatry 

will use streams as a disposal medium to the maJliaua extent penisaible. 

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 diapo•al, it 

becomes apparent that the chances for harmful exposure to radiation re-

sulting from accident or error are rapidly multiplied. 

Radioaetivi ty Budget in Streams 

In order that the chance for error or miscalculation be llil'limized, 

it is essential that the working of the dispersal mechanisms of streams 

with respect to radioactive wastes be thoroughly understood. In a 

simplified qualitative form, the problem for a particular radionuclide 

may be illustrated in terms of a radioactivity budget. 

(1-1.) 

in which 

R is the radioactivity in curies of waste disc:h&rged into the 



streaa at time t • o 
rn is the backsround radioactivity in the stream due to 

natunl causes and fallout at time t • 0 

is the radioactivity carried in solution by the wat r at 

time t 

rs is the radioactivity sorbed by stream sediments at 

time t 

r0 is the nd.ioac:tivity taken up by livins orsanisms and 

entering the ecological cycle, at time t 

rd is the :ra.dioactiTity clischarged from the watershed, i.e. 

i t A-t 
o r(t)e dt Where r (t) is the radio-

activity discharged from the watershed aa a function of 

time 

e:;u is a radioactive decay factor dependent upon time t and 

the ndioac:tive decay constant X Which depends on the 

nuclide 

The ndioactivity 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 pJ:oblem is further compli-

c:ated by the fact that the radioactivity in the stream is transported at 

clifferent rates mich vary according to both the nature of th transporting 

media, and the stream conditions. In addition, exchange of radioactivity 

occurs among the various transporting media. The extent of exchange 

depends on compl~ chemical relationships involving the characteristics of 

the radioactive waste effluent, quality of the stream water, particle size, 
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concentration and mineralogy of the stream sediments, and the nature of the 

&4U&tic biota. 

At present, the quantities of radioactiTity releued 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, 19$4). 

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 

particular! y lacking with respect to the uptake process and the initial 

dispersion of radioactivity in stre&JIIS by the mechanism of turbulent 

diffusion. 
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CHARACTBRISTICS <P RADIOACriVB WASTES WHICH 
ARB DISCHARGBD INTO STRBAMS 

Perhaps the outstanding general c:ha.ra.cteristic of low-level, liquid 

wastes is the extremely wide variation in their chemical and physical pro-

pertiu (Blomeke, 1958). It is safe to say that as the size a.nd complexity 

of the nuelear industries increase, the wastes will increase both in 

quantity and diver.ification. 

Low-level wastes are arbitrarily defined as having a radiation 

intensity of less than 50 milliroentgens per hour as opposed to high leYel 

wastes lllhich have an intensity of more than 2 roentgens per hour (USASC, 

19.57). The activity levels of low-lnel wa•t~ range up to lot times the 

levels which are considered permissible for long te1'Dl exposure to humans 

(GonuLD, 195.5). 

Although the specific activity of the low-level wastes is quite low, 

considerable total amounts of radioactivity a.re involved due to the large 

volumes of waste effluents. At the Hanford plant, mich is the largest 

producer of low-level wastes, approximately 640 million gallons of waste 

effluent containing about 50,000 curies of radioactive aterials are dis-

charged into the environment eUh month (USABC, 1957). Oil the basis of 

these figures the average specific: activity is on the order of 0.2 

microcuries per 1111 ( J.LC/Ill). 

Sources of Wastes 

Low-level, liquid wastes of the types Which are released into streams 

originate from many kinds of sources. By faz: the greatest sot.ll'ce of radio-

active wastes are the chemical processing plants lllhere irradiated reactor 
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fuels a.re processed to reclaim the unburned nueleu fuel (Blomeke, 1958). 

The low-level wastes resulting from these operations arise froa second and 

third cycle operations, fuel dejacketing, chemical and analytical laboratories, 

evaporator condensates, and cell and equipment decontamination wa8tea. 

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 decontaminatioo 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 nrying periods of time to permit reduction of activity by natural 

radioactiv 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 lfhich 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 ~ture 

of lOW""'level liquid wastes in a few general statements because of the wide 

variety of composition among the differ nt wastes. As with other industrial 

wastes, the characteristics of atomic wastes vary not only from one installa-

tion to another bu-t also to some extent with respect to time at any given 

site. The nature of radioactive wastes may be classified, however, with 

respect to criteria such as the properties and types of radionuclides, 
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chemical chuac:teristics, and significant physical characteristics. 

Obviously the factor wbich sets atomic: wastes apart from otbu 

wastes is radioactivity. A strea.Jil has no sel.f""Purificatioa capacity for 

radioacti.e wastes in the sense that it does for ordinary Ol'ganic pollutants 

(Tsivoglou, Harward aD4 Ingraa, 19.57). 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 

COilparable process occurs for radioactive pollutants. 

There is no knoVn chemical treatment by Which radioa.c:tive wastes can 

be rendered biologically ha.rlll.ess. Bven though the physical and chem.ica.l. 

form of the waste may undergo change the radioactivity remains Wlaffected 

and is reduced only by natqral radioactive decay lltlich occurs at a definite 

rate, different for each isotope. 

The apparent concentration of radioactivity 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 radioactiYity in the 

stream enviroument, but rather a transfer from one phase of the stream 

enYironment to another. 

Undel' controlled conditions, where the receiving phase can be r oved 

from the stream environment, uptake phenomena can be used to advantage in 

radioactive waste disposal. Howv; r • this is usually impractical, once the 

radioactivity has been released into the stream envircmaent. 

Properties and types of radionuclides -The significant properties of 

radionuc:lid.es with respect to waste disposal probl 

2) biochemical a.nd 3) the chemical properties. 

ares 1) the nuclear 

The important nuclear properties are rate of radioactive decay, the 

type of radiation and the energy of radiation. Wastes containing 



radionuelides 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 enviroDmeDt over 

a long period of time before reaching a condition of equilibrium with 

respect to activity leve~. The concentration of radioactivity of radio-

nuclides having a rapid decay rate, howe,-er, would reach a level of steady 

equilibrium. rather quickly. Curves illustrating this phenomenon are shown 

by Rodger (19.54). furthermore, radioactivity emanating from long-lived 

nuclides would contaminate the enviroument for a long period if a large 

quantity were released accidentally, .tlereas, the radioactivity would 

decay rapidly where short-lived nuclides are involved. After a time 

interval of ten half-lives, radioactivity 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 fraa ingestion of radionuclides aside 

from the quantity and energy le,-el of radioactivity depends primarily on 

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 ionizatie11 aDd attenuation of energy 

in body tissue (National Bureau of Standards, 19.53). 

Prom a biological standpoint, other factors being equal, radio-

nuclides with an intermediate decay rate, say a half-life of from .5 to .SO 

years are the most hazardous when ingested on a weight basis (National 

Bureau of Sta.ndards, 19.53). Long-lived nuc:lides muat be present in 
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relatively larger quantities in omer to give off as much radiation as 

shorter-lived radionuclides during a given tille interval, aa.y a person's 

nonal remaining life span. At the other extreme, radionuclides with very 

Short half-lives present less hazard unless exposure is aaintained by 

continued uptake, since the activity of such radionucli4es vhen deposited 

in the body soon decays to an insignificant level. 

When taken internally, alpha-emitters, due to their high specific 

ionization, are considered to be about 20 ti.Jies as damaging u either beta 

or gamma-emitters. Where external sources of radiatioa are involved, how-" 

ever, gamma rays, due to their great penetrating power, are considered to 

be the- most h&zudous. 

The maziaua permissible concentrations for nrious radionuclides as 

recO!IIIIleDded by the Mational Bureau of Sta.Ddama (19.53, 19.5.5, 19.59) have been 

coaputed on the basis of relative hazard from nuclear aDd biocheaical 

conaider ,.. It is significant to note that as more infonaation 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 radioactive waste solutions are listed in able 1. It is recouaended 

(USNBS, .l959) that theMPC of unidentified radionuclides in water not 

exceed 10_, f.l c /Jal. 

The chemical properties of radioactive isotopes are essentially 

identical to those of the corresponding non-radioactive isotopes having the 

same atomic number. With respect to waste disposal in streams, the c:heaical 

properties are hlportant in so far u they influeDCe sorption by Hdillents, 

and uptake by a-quatic biota. Por exaaple, studies on the Columbia River 

(Robeck, 'Henderson aDd Palange, 19.54) re¥ aled coneentrationa of p~a in 
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the river plankton which were as aueh as 10,000 times the concentration 

in the water. 

Fortunately most of the radionuelides 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), (Poster and Rostenbach, 1954), and in the cooling water 

of the Low Intensity Test Reactor at the Oak Ridge National Laboratory 

(Noeller, 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 teta emitters. If 

fission products such as Sr90 and cs137 were contained in the water in 

comparable quantities, there would be cause for serious concern. 

The presence of fission products in the Oak Ridge LrrR was not 

entirely explained; however, it is thought that they may have resulted from 

uranium contamination, p :tting of fuel plates and spills of eJq>erimental 

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 

effluent might affect the uptake of radioactivity by streaa sediments and 

biota. Physical characteristics of the waste effluent such as specific 

gravity, viscosity, surface tension and temperature are iaportant in so far 

as they affect dispersion by turbulent diffusion of the wastes throughout 
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Table 1 - Radionaelides in reactor cooling water 

Location R.adio- Half Radiation MPC in Mode of 
nuclide life water fos-ation 

(J.1c;tal) 

Co1\albia 
River AsT 6 26.8h {3.-y 2:d0 .... 

Ba2.4 ° 12.8d {3,-y 2zl.O...,. pp 
Co60 .5.2y {3,-y kl~ 
Cr51 %7.8d y,EC o.oa 
Cu64 12.8h {3, y, EC 2:d.o-3 Mn". 2.6h {3,-y 10-a 
Na" l.S.lh {3,-y 3d.O_. 
p32 14.3d f3 2:xl.O_. 
Si31 2.6h 2xl~ 
sr•• $3d f3 10 .... pp 
Sr90 28y {3 10 ... pp 

Oak Ric:Jae Ba14o 12.8d {3.-r 2sl<r"' pp 
LrrR sr8o 18a {3,-y,EC Induc:ed 

Br8 om 4.6h "f,IT Induced 
Br83 35.9h f3.-r 3xl<J8 Induced 
Ce141 32.Sd f3."Y 9xl<r4 pp 
caa.t3 33h f3."Y 4xlo-4 pp 
Co60 .s.2y f3.-r .ld0-4 IDduced 
cr51 27.8d "Y,EC o.oa Induced 
cuM 12.8h {3,-y,EC 2::110-3 Iodueed 
ph 1.911 {3 o-3 IDduced 
Pe• 4.5.14 f3."Y 6x10 ... Iuduced 
JJ.U 8.14 {3,-y 2x10...., pp 
t"» 2.3b f3,y 6zl0 ... pp 
I'-33 21h f3,y '7Xl.o-.s pp 
J'-U 6•"7h f3.~ 2x10-4 pp 
Lal4o ~ {3.-r 2d.O-t pp 
MD"• 2.6h {3,-y 1~ Induced 
Mo99 2.84 {3,-y 4xl.O...,. I~ueed 
Na" 1S.lh {3,-y 3x10 .... Induced 
Npas• 2.34 §·'Y 1~ IJJdueed 
Paass %7.44 ,-y 1~ Induced 
Sb133 2.84 {3,y,EC 3:&:10 ... Induced 
sr91 9.7h f3#"Y 5z10 .... pp 
sr•a 2.1h {3,"'( 6%10 .... pp 
Te9 'm 6.<11 y,IT 0.06 Induced 
Te133 71h {3,, 2xl.O"'"' pp 
Xe'-3lm1 4.8xlO...a 0s IT PP 
.xe1s3..cs133Ja .5.34 f3,-y pp 
.xe"u..c8 13Sia 9.2h {3,-y pp 
y91m .50m IT o.o3 PP 
Zn65 2SOcl /3,-y,EC 10-3 IDduced 
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Table 1 - Contimaed 

BC Bl •on capture 

rr Isa.eJ:ic transition 

MPC Maxhna puaissible concentration, based on 
h&.zud resultiDa fJ:ca QPOSUJ:e continued over 
a long period of tiae (UStms. 1959) 

PP Pi.ssion product 

Seconds 

m Minutes 

h HOUJ:S 

d Daya 

y Years 
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the flow cross section. These are areas 111hich apparent! y have received 

very little systematic studyJ 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 product , used solvents contain teroaenes, tributyl phosphates, 

l:a, and Ru, and solvent washes contain Naal and Naa. C03 (Jos.eph, 

1958). Condensates usually consist of very nearly pure water. The pH 

range of low-level liquid 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 bolls Atomic Power Laboratory, Schenectady, N. Y., radioactive 

laboratory wastes and 'hot' laundry wastes are eombilled an4 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 

IAPL, howeYer, that differences in temperature between the waste and the 

rinr 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-1evel wastes be discharged into the river. These 

include high-purity water (lppa), medil.a-purity water (100 ppm), 

laboratory drain wastes and other corrosive waters, and lauDdry wastes, all 

of 111hich will be mixed together in varying proportions before diac:harge 

(Fal.lt, 1958). 

Laundry and laboratory wastes are apt to contain significant 
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quantities of detergents and water softening agents which may be important 

with regard to uptake phenomena. 

Where radionuelides in the waste effluent are ac~ompanied by 

isotopic curlers, their behavior in the streu enYironment aay vary con-

siderably from that of the corresponding carrier-free nuclides. 

Scattered bits of inf oraatian on the chemical and pbyaieal. 

characteristics of low-leYel liquid wastes are aY&ilable here and there. 

These need to be systematically assembled and analyzed. The gapa should 

be filled in tdlere necessary, and the results should be published. 
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TURBULBNT DIFPUSICN THllOitY POR OP.BN atANNllLS 

Waste, contaminants, or tagged materials When introduced into an 

ambient flow field, for example a utural streaa, II&Y bet 1) fixed in 

place, 2) dispersed by sol.eeul.ar diffusion, 3) dispersed by diffusion 

of a subm6ged jet. 4) dispersed by the process of turbulent diffusion, 

or 5) subjected to two or more of these p.roc:esses simultaneously) for 

example, the siamltaneous occurrence of molecular and turbulent 'diffusion 

is c:ommon. In nearly every field situation, however, turbulence is by far 

the most important mechanism causi.Dg dilution in streaas. 

Considering the whole waste dispersal probl , however, dilution of 

waste solutions is not the only eff eet produced by turbulent exchange. In 

sediment-c:arrfi.nl streaas • for example, sedillent particles are distributed 

by turbulence. This is a very important consideration wen the nature of 

the contginant 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 distributicm of contaminated sediments, turbulent 

diffusion assumes great importance in sttdies c:oDCemed with use of natural 

streams as a disposal m.ediua for radioactive -. terial.s. 

Applieaticn of turbulent diffusion theory to waste disposal ·probleaa 

in allvrial streams, canals, and rinrs appears to be slight. While 

1nm4rec1s of papers on the turbulent diffusion of -terial into a fluid of 

homogeneous properties are in the literature, the ne.ber ref errU. to the 

roles of diffusion and fluri.&l secthaents in •s-te disposal is SJI&ll. It 

ia gratifying to note, hove~er, that considerable work is being initiated 
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in this area. 

In this chapter the field conditions which must be represented by 

the boWldary 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 closed conduit flow diffusion problems. The effect of 

fluvial sediments on the concentration field will also be introduced. 

And lastly, some experiments~ported 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 Initia1 Conditions 

There are very few cases of major field problems such as radioactive 

waste disposal in alluvial streams \..here 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 con~itions which could be directed toward aiding theoretical 

analysis of turbulent diffusion in alluvial channels. 

For theoretical purposes, the field environment (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)~ 
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An open channel flow system containinG neither sediment nor biota -

1. Channel of infinite ddth 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 tmsteady flo\'1. 

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

s. Finite width of uniform channel with unsteady flow. 

6. Finite width of non-uniform channel with unsteady flow. 

7. Finite width of uniform channel containing curves with steady 

flow. 

8. Finite width of uniform channel containing curves with unsteady 

flow. 

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

steady flow. 

10. Finite width of non-unifonn channel containing curves with 

unsteady flow. 

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 continuity equation 

for mass) it seems that the presence of sediment can best be handled by 

assigning to the sediment field a spatially distributed sink strength for 

radioactivity. This will undoubtedly have to take into account the effect 

of sediment size and associated chemical activity. This siruc must be 

added into the continuity equation; 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 existi118 diffusion theories haTe 

been app~ied to this ficld 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 diffusion theories. 

An open channel flow containing both sediment a.nd biota - As before, the 

problem of the first situation discussed is compotmded. To date, apparently 

neither the basic multiphase kinematic or dynamical equations involved have 

been published; 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 nature. 

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 Pickian theory for a simple geometry 

bye -fit where e is the base of Naperian logarithms, N is a 'river 

uptake coefficient' and t is the time. This procedure leaves llluch to 

be desired. 

It seems reasonable to consider both the sediment and biota in the 

flow ystem as sinks for the radioa.ctivity, to be added to the basic 

continuity equation. These •inks would have to be spatially distributed 

and, of course, have appropriate _nuclear decay multipliers incorporated. 

The biological sinks, and secondary sources such a 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 
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considered, of the c.,elic behavior boih in time and location of such sinks-

diurna.l feeding and rhytb.Ddc vertical aigration of the biotic life. 

Radioactive 6ec:a.y -Radioactive decay of the radioactive constituents in 

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

by intrcxlucing the appropriate exponential decay expressions as a function 

of time. 

Initial conditions for analytical purposes are mostly associated 

with the character of the source of contaminant. However, the relative 

mus density of the contaminant a.nd the ambient flow field is also baporta.nt-

density currents may completely change the origin of the .-ource in the 

analytical coordinate system employed as far a.s applying turbulent diffusion 

theory is concerned. 

The ~~Dre COIIIDOn sources of radioactivity to be associated in the 

theory with the above environmental factors may be categorized, in general, 

as followss 

1. zero relative mass density 
of contaminant compared to 
ambient fluid 

2. Pini te non-zuo relative 
mass dens! ty 

a) Plane source; instantaneous 

or of finite time 

b) Source at or aboye the stream beds 

1. Instantaneous point or volume source. 

2. Line source across or along the 

direction of flow; finite or infinite 

in lengtil. 

The above situations are invol-ved in setting initial conditions 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 usua.lly 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 diffusion of submerged jets. In this report, 

however this problem has been considered as secondary since it is primarily 

a local phenomena in the vicinity of the source compared to turbulent 

diffusion from the turbulence generated by channel boundary shear and wind 

shear. In cases where density 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 (Yectorial) 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 cha.R.Ilel. 

Turbulent Diffusion Theories 

Nearly all diffusion theories with which the fluid mechanician is 

acquainted fal.l into two cla.ssess the Fickian and the Statistical.. The 

Pic:kia.n theories are sometimes considered the 'old' theories while the 

statistic:a.l are the 'new' theories. A few relatively unused theories, from 

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

Pickian equation extended to turbulent diffusion 

JC 
Jt (3-1) 

where C is • concentration' , t is time, V is the velocity vector, K 

is the diffusion 'constant' and \7' 2 is the Laplace operator. They \JC 
term accounts for convection transfer. Seldom are the limitations of this 

equation mentioned,~r the character of 1:, in applying it to hydraulic 

problems. A derivation 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 

JC 
at +\JCCv)=O 

""'--"' -Substituting in =if • if'+ 7/ and C • C"' + C with the customary 

definitions and applying Reynold's averaging rules, 

(3-2) 

= _E__(-c'u') ~(- c'v') a (-c'w) 
r7X + ay + 'd l. (J-3) 

Applying Boussinesq' exchange coefficients, 

-c'u' -")!'""" ;;:;c -t--,,._ ac-t'~-' de -uxxdx uxy ay vxl. d~ 

-c'v'-IY ()C.+ 
- UjX dX I 

(3--4) 
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It is now evident that the ~j '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 tensor. In this ease & '-7j • 0 for i f j • 

Now dropping the averaging bars , letting Ki • 7/ ij , i • j, and assuming 

\7. if • o, 

JC + I r- \7( <Jt (./. v 
3 =£ 

/=I (3-5) 

Assuming further that K
1 

• ete such that K1 • 1:.2 • :~. 3 (homogeneity) 

then 

a c 
;::)t -t 7.r. \7 c 

(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 (Prenkiel 1953}. In general, only an 

infinite or semi-infinite domain has been considered. One of the lllO&t 

important points made by Prenkiel is that the Pickian theories are applicable 

only for large dispersion times such that 

where Lh is the Lagrangian time seale of turbulence such that 

in which R is the Lagrangian 
h 
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velocity auto-correlation coefficient defined by 

u A c t) u 1A c t + h 2 (3-6) 

The fundamental equation of statistical turbulent diffusion in the 

Lagrangian system in an isotropic and homoaeneous turbulence field is 

tlhere -2 y is the variance of y or a measure of the diffusion in the y 

direction as a functim of tble. When t >>Lh it follows that 

mere = 

-z. y 

_ _ I 
z. 

I 
G 

The 1\ h is called the Lagr~ian m.icroscale of turbulence. 

Also, if t < < ..\ h , 

(3-8) 

(3-9) 

Statistical turbulent diffusion theories in Bulerian form have been 

worked on by several authors, (Batchelor,l9Sl), (Taylor,l921). (Goldstein, 

19Sl) , (Michelson,l9$4). However, near 1 y no application has been made to 

open channel flow problems of 11Jaste disposal. These researchers have used 

or extended continuous stochastic processes or random walk theories. 
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The continuous stochastic proces-s approaches consist of finding the 

equation for the probability p ( r • t) that the point defined by the 

vector r lies in the volume of fluid containing the contaminant. Asslllling 

only that the turbulent flow field is homognoous and the mean f~ow zero, 

{3-10) 

from which it can be shown that t/[3 is a tensor of second order. It can be 

shown that for very small ( t-to) 

Vij ~ ( t - t 0 ) u i ( t) u j ( t) (3-11) 

and for very large (t-to) that lfij __.,... const. Thus ?Jij is iDi'tlally ze~, 

then increases linearly -with time and finally tends to a consbnt value--

thus, demonstrating that for large times 7./i: . 
) 

constant. 

be replaced by 1: • 

The random walk or discontinuous emen't 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 re.sulted in the same equatioo as tbat listed immediately 

above. Goldstein (1951) atended Taylor's analysis to tbe diffusion process 

upon quite rational grot.lllds. His equation has the form of the telegraph 

equation of theoretical physics. Several diffusion eases can be derived 

from his basic difference 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 ia 

a2 C(YJt)+_l d((Y,t) 
J e A at (3-12) 
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11here v sa.tisf ies y • vt and A is a. constant. In the ca.se of 

anisotropic diffusio , the equation becomes 

(3-13) 

The first fom above of the telqraph equation corresponds to the 

case of no leakage from the cable. The second case includes leak:ageo These 

equations are derived on the assumptioo 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 somewha. t 

different nature than the parabolic equations of the Pickian theory. 

These above two equations, lflich appear on theoretical grounds to 

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 tha.t the parabolic form of the turbulent diffusion equation can be 

derived from the same difference equation by assuaing zero correlation 

between consecutive lliOtions and that the particles move with infinite 

velocity. Harleman (1959) has pointed out that, close to the source, the 

solution of these equations differs materially from the Pickian theory 

solutions. 

In the category of miscellaneous theories, there is Richardson's 

(1926) distant neighbor theory, lltlich has some similarity to ~olmogoroff's 

subsequent work. In Richardson's theory the basic equation for each range 

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

c)p 
at ~ [ F(L) ~J d L aL 

~7 

(3-14) 



Where 

P(L) ~ () L 413 in Which (/ is a diffusion 

parameter. Coq>arison to the Pickian theory quickly shows the dependency 

of the diffusion on the scale of the phenomena being investigated. In a 
-. confined channel the scale must of course reach a DBXimua. 

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

coefficient K in the Fiekian theory with distance from the source in a 

semi-infinite domain, Lettau (1951) inti:Oduced a term for the advection due 

to boundary shear. He replaces the usual K by K( ) apparent 

Where (rxo) 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 alluri.al open channels is to s\.IDIII.&rlze 

some of the theoretical solutions now a.vallable. The subsequent tabu1a.tion 

will make it clear that not even the simplest of eases involving sources and 

sinks, such as sediment and biota, has been resolved for confined streams. 

Also, only very simple eases 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 diffusion co-

efficient is dependent on concentration. 
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In the ease of Pkltian theorus s 

1. Instantaneous point source at the origin in an infinite 

isot~pie h~ea.s turbulence f ie1d. 

If a quantity Q of material is releued at a point 

source at t • 0 froa an origin JDOYing with 1be mean 

f1CJW, the concentration 1iven by Roberts (1923) is 

c ( f, t ) = Q e - ( 4 ~·t ) 
(4JrJ<t)}2 

2. Instantaneous point source &t the origin in an infinite 

anisotmpic: hoaoJeneous tUZ"bulence field. 

Releasing tbe isotropT above, Roberts (1923) gives 

(_3-15)· 

1 (X2 y_z l. z) 
C Q -4tCKx+ Ky + K=- (3'1.6) (X, Y) l, t) = "" 

(47rtJf~JKx ky k~ e 
3. Continuous infinite line source along the bed, nonal to 

the stream 1ocity, Roberts (1923) • under the conditions 

of a Teloeity profile such that 

_ (m-n..-z) 
s [ u, g ] 

( ) _ Q [ IT, ] - (m-n+zYJ<x 
C X. z - u, res) (rn-h+ztk,x e ' 

(3-17) 

Cere S • (a + 1) / (Dl""'l+l1) t n • 1-., and r iS the g function. 

4. S u illlmedia.tely preceding, but with approxi.Date 

logaritbaic: ftlocity profile. See Calder (1949) 



So Continuous point source, infinite, isotropic domain 

(Roberts, 1923). 2 2 z l.. 
Q is the emission rate, r = X + y-+ l. 

and U is the mean velocity in the x-direction. 

C(x,Y,z)= 

6. Continuous point source, infinite anisotropic domain 

(Roberts, 1923)o Q is the emission rate, rz=X 2 +Y-tlz 

and U is the mean velocity in the x-direction. 

1. Continuous infinite cross-stream line source in bed of 

(3-18) 

(3-19) 

isotropic homogeneous flow field (Roberts 1923) , mere Q 

is again the emission rate. 

(3-20) 

Solutions for continuous infinite elevated cross-stream sources in 

isotropic and anisotropic conditions may be found in Sutton (1953). 

l.ellogg (1952) has considered spherical volume sources. Yih (1952) solved 

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

zrn(~)=D~(t.n~) ax az az (3-21) 

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, Frenldel, (1953) givess 

1. Instantaneous point source at the origin in an infinite 
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isotropic homo~us region, where Q is the quantity 

of material released, 

(3-22) 

Gifford (19SS) baa considered relatively arbitrary volume 

sources related to this case. 

2. Instantaneous point source at the origin in a.n infinite 

anisotropic h01J10Geneoos region, 11fhere Q is the total 

quantity of material introduced, 

3. Continuous point source in an infinite isotropic homo-

geneous doma.in with origin at the source 

rex-Tit)\-y~ l 2
] 

Relative j- _/_ 100 
1 -L- 2 y2 J 

mean - (2 7r)% T1 ( yz)~ e dl(3-24) 
concentra.tio o 

Solutions are also given for short and long distances from 

the source. 

4. Infinite line sources normal to mean velocity. 

Prenkiel gives solutions for this case also. However, they 

are too lengthy to present herein. 

Bxperiments Associated with Theory 

Very few experi.ments 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 a1 (1959) seem the most applicable. There are, howner, some 

excellent papers in the literature on the use of radioisotopes for beach aa4 

harbor drift studies. Also, numerous papers are available on expert.ents 

in atmospheric and oceanographic diffusion, normally including only a plaoe 

horizontal boundary and no confining walls or hills. Pew of the papers 

considers, analytically or experimentally, the effect of sediment or biology 

on waste dispersion. 

Taylor (1954) solved analytically for the diffusion coefficient X, 

from the statistical theory, in the case of flow in a uniform straight 

circular pipe in the turbulent flow regime. His result is 

K - 10.1 r o u n::;t 
u 

His analysis is based on the "tmiYersal velocity distribution" equation of 

mixing length theory' where r is the pipe radius' u the mean veloei ty 
0 

the shear velocity. He then compared this to eJq>eriaents in 

straight and curved pipelines. It was demonstrated that the theory COIIlp&red 

well to experiment in the case of the straight pipeline, but not in the ease 

of a curved pipeline. 

This may be transformed to the open eha.nnel situation in the fora 

K • 14.3 R U .Jf (3-2$) 

Where R is the hydraulic radius, U the mean stream velocity and f the 

Darcy-Weisbach coefficient of channel friction.. No 11e11tion 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 research on • 
turbulent diffusion--his experiments indicate a kno.tedge of the implica-

tions of current literature. He investigated the turbulent diffusion of 

floating polyethylene particles in the homo~us turbulence field at the 

surface of a unif ol'lll steady open channel flume. He delonstra ted that the 

Pickian diffusion coefficient increased rapidly close to the source and 

gradually approached a constant value as distance from the source increasedo 

Some indications of a preliminary nature are given for turbulence intensity 

and scale as a fUDCtion of Reynolds number, channel slope, etc. These are 

pioneering e:xperiments in obtaining turbulence measurements in open 

channels. 

Parker (1958) reported on several field experiaenta in pipelines, 

reservoirs aDCl open channelso These experiments do little to elucidate 

turbulent diffusion in open channels. Other subsequent field experiments 

have also done little to date-theory and taperiment frequently give con-

centrations differing by 100 percent even \lben no sediment or biota is 

present. 

Glover (1956) (1957) and subsequent adminiatrative reports baa 

reported on two sets of laboratory experiments aud one field experimeDt. 

These data will undoubtedly be of value in future \IIIOrk. Glover also 

reported some elementary theoretical work large! y dupliea ti.ng earlier 

workers. He did, however, attempt to consider the effect of confining 

vertical stream boundaries, perhaps the only author other tha.l1 Taylor 

(1954). Unlike Taylor, however, G~over ignored velocity gradients in his 

theory. Glover considered the Pickian diffusion coefficieDt 1: to be a 

constan"t. 

Harleman, et a1 (1959), have conducted both an extensive literature 
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review and some very ftmdamental laboratory research. Primary emphasis 

was on the problem of waste disposal in estuaries aDd other large bodies 

of water. They concluded from one dimensional tests-in a. turbulence flume 

and the literature, that for waste disposal problems having laqe 

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. 



-. 

SORPrl~ OP IW>ICCONTAMINANTS BY STRBAM SBDIMBN'l'S 

ODe aspect of the radiocontaminants in streams problea which hu 

received relatively little systematic attention is concerned with the role 

of fluviAl sediaent in dispersing, transporting, and concentrating radio-

active aubst&nees. lftdications ue that sorption reactions are the rule 

n.ther than the exception tlhen extremely dilute solutions, suc:h as low-

level liquid wastes, come into contact with solid surfaces (Carritt and 

Good gal, 1953). Concentrations of ndioaeti ve substances on the surf ace 

of e4iaent particles, which are IIUUlY thousands of times as great a.s the 
. 

concentration in 'the surrounding solution, are evidently not unco111110n. 

When significant amounts of radioactivity are sorbed by sediment 

particles, knowledge of the sediment supply and the sediment tnnaport 

characteristics of the streaa clearly become an important factor in assess-

ing the rate of dispersal and the ultiaate distribution of radioactivity in 

the environment. 

Sorption of radionuelides can be ither an asset or a liability. 

UDder controlled conditions, concentration of radioactivity by sorption on 

sediment can sollriiaea be used as an effective aeans for red~ing radio-

ac:tlve concentraticas in waste water. In a natural atreu environment, 

however, uncontrolled sorption of r.&dioactive substances by sediments aust 

be considered as a potentiAl ha.aard. Concentrations of radioacti ri ty 

could be built up over long periods of tiae in sections of a strea11 Where 

the rate of aecuaulation of radioactivity induced by aediaent d.eposit 

exceeds the rate of natural ndioaetive decay. Such deposita might occur 
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along the convex banks of winding ri Yers , or in reaches of a a~ ream Where 

flow v locities are reduced. Some of these contaminated deposita woulc1 be 

periodically fluahec1 out at high water, anc1 then be rec1eposited as ~he flow 

recec1ed. 

The key to the sediment aspect of the low-lewl liquid wute c1isposal 

problem is sorption. To what extent does sorption occur? What foaus of 

sorption ar involvec17 What factors control the at nt of sorption, a.nd 

what are the relationships among these factors? Por the most pari only 

qualitative answers can be given to these questions at the present tiae. 

Many of these are at best tentative and incomplete. Pollowing is a brief 

summary ofa 1) currently held sorption theories 2) some of the relevan~ 

literature, and 3) fac~ors determining the eztent of sorption. 

Sorp~ionTheories 

Sorption may be described as the process of taking up and holding 

either by adsorption or absorption. In solutions adaorp~ion refers to the 

uptake and concen~ration of a solute at the surface of a sorbent, whereas, 

absorption implies a more or less uniform penetration of the solute in~o 

the sorbent. Sorption reactions involvina stream sedimen~s and ra.dioa.ctin 

solutes generally belong to the adsorption category. However, in prac:~ice 

it is often impossible to separate the effects of adsorption from those of 

absorption. Consequently, the noncommit&l term, sorption is used in the 

reaainder of this s ction. 
. 

According to McBain {1950), sorption comprises a nUIIber of phenomena, 

the most commonly recognized of which is the accuaulation of one or more 

substances at an interface. Combination of the sorbed substance with a solid 
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at an inter:face may involve st~ong chemical nlence bonds, weaker physical 

interaction thcough van de~ Waals · f o~ces, or both. The f ome~ of these 

phenomena is known aa ehemiso~ption and the latter u physiealT*J'pe 

sorption. The uptake of ~&dioactivity by stream sediaent• IIAY inwlw 

eithe~ cherd.aoEPtion or physical-type sorption, and frequently in't'olvea both 

types, in Which case analysis of the problem becomes eonsidenbly more 

Coaplicated. 

So~ption oceun were•er there is a sunac:e or &n interface. Although 

sol'J)tion occurs at all surf aces, the most important, and a.l o the most c:oa-

plex, a~e the interfaces betw en solutions and solids, such as the surfaces 

of colloidal puticles in a liquid medium. The substances sol'bed at an 

interfac may be products of reaction o~ hydrolysis, unaltered molecules, 

o~ panicula~ ions. Sorption may be complicated by the orientation of 

mol eules at the. intetface, by diffusion into a solid, and by the surface 

110bili ty of sorbed IIIIOleeules. 

According to Daniels (1948), the~e must be a layer of atoms and 

•1ecules at the extreme surfa.ee of a solid which have SOlie valence forces 

or other attractiye forces left ove~ that are not so fully utilized aa 

those usociatecl with the atoms and molecules in the interlo~ which are 

COJIIPletely surrounded by other molecUles. The ~esidual forces on the sur-

faee of sediaent particles in solution are used up, and the free energy 

l'eclueed, by meana of orption reactions. The extent of sol'J)tion •Y vary 

widely. It is depenclent on the specific nat~e of the sorbent solid and 

the substance beins sorbed, the available sudace area., the concentration 

and types of solute in soluticm, time, and temperature. 

Surface tension phenomena. are known to be intimately related to 
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sorption reactions, howner, the mechanics of tensions at soll.c1-liqui4 

int rfaces are not -.ery well undentood. It is mown though that when the 

surlac:e tension of a solvent rema.ins constant as the concentration of solute 

increases, no aorption oc:curs (McBain, 1950). Such behavior is typieal 

over a c rtain range of solute concentration in solutions conta.ining aoa.p 

or a detergent. Neither the critical range of solute concentration nor 

the ~equired concentration of soap or detergent is defined. 

Sorption isotherm - The pi deal clusi c&l isoth ra al.ao kncnm u 

the Preundlieh equation states that 

x ia the weight (gm.) of material sorbed by 

m gzams of sorbent 

c is the concentration of solution in equilibrilllll 

with the solid 

k is an empirical constant 

n is an empirical constant having a. 'Y&lue between 

about o.s and 0.1 

(.-J.) 

The values of the empirieal constants k and n are detemined by 

experiment for each solute, adsorbent and te.perature. Tempuature, how-

enr, according to McBain (1950), does not greatly affect sorption fzom 

solutions. 

The c:1assical iaothem applies with fair accuracy to the n.rious types 

of sorption fzom solution o-.er a very wide range of concentrations. The 

foaa of the isotherm indicates correctly that appreciable aorption occurs 

even at extremely low concentrations, especially at low ftlues of n. It 
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ha.s been shown tbat c is a true equillbri1llll concentra:Um llbic:h is 

reached by both sorption and desorption for a particular nlue of s:Aa. 

The classic:al iaotbea holds true only for definite total ti s of 

«q))sure. Due to inaccessibility of fine pores of solids. c:ompetition 

between solvent and solute, and diffusion into the solid• SOEPtion reactions 

~~&y require long periods of time • nen up to years • to reach completion. 

McBain (19~) p. -.ea Bun's e.piric:a.l formula . 

x/11. • ktD (4-2) 

'Idler t is now time and k and n again are empirical constants • for 

the 'time effect. Poz very prolonged sorption. this expression is IIOdified 

to the fom 
(] 

log (+-3) 

When a is the satun.tion va.lue &ad s is the value of xla at any 

p.ven tiae. 

Competition between solute and solvent for the surfa.ee of a soUcS is 

an impo~t factor When solution c:cmeeuintions are high. However • in 

ext•aely dilute solution.s, as are most low-tevel n.4ioacti~e waste liquids, 

sosption of solvent has only a negligible effect upon so~ion of the solute. 

In aixed solutions 111hich contain more than one solute, the competi-

ti n ia JDDre complicated, and the attaimaent of equilibd.UII is slower. 

Bach solute lesaena the so~tion of others • however, it has been c:leJaonstnted 

that, in tiae, the 1110% strongly sor:bed solutes lugely displ.ace the more 

weakly sorbed solutes. 

fbuiel somtion - Phyaie&l-type sorption is c:hancterized by small 

heats of adsorption, rnusibility and rapid attaiiUiellt of equilibl'illlll 

39 



. ' 

(Glasstone, 1940). Physical. sorption is DOD-specific in chancte~ aD4 

occurs on chemically inactive sudaces (Taylor and Taylor, 1942). This 

type of sorption is attdbuted to ihe effect of 'An der Waal forces 

which are thought to result froa IIOl.ecular attn.ction due to dispersion 

forces. The cla.asical. isothem is applicable to systems in which physical-

type so:Eption predominates. 

Sorption of solutes on the sud ace of sand and silt particles in 

streams is primarily of the physical type. Although physical oqJtion 

also occurs with colloidal clay pa.rtieles, it is secondary to other types 

of sorption, particulany ion exchanae. 

Due to the reversibility and rapid attainment of equilibriUIIl lllhich 

are typical of physical sorption, the oncentration of solutes on the aur-

face of sand and silt puticles would tend to be quite sensitive to th 

concentration of so~utes in the water. The sensitirity wou14 be less when 

diffusion of the solute into the solid is a significant factor. 

Ion !!fbanp - Ion ezchange Which is a type of che.isorption ~~ay be 

desc~ibed as the process by which ions sozbed at the surf ace of a ~id 

are replaced by other ions of like sip. In a disperse system sach a.s 

that represented by a. suspension of sediment particles in wate• ion exchange 

occurs When ions in solution first displace and then replace iOBS which are 

sorbed on the sudaee of the particles. 

In soil chemistry ion-exchange phenomena are genenl.ly associated 

with the fine-pained soils and in particula.r with the expanding-lattice 

11011tmorillonite elays. Ion exchange occurs to some extent with luger-

grained sediments 1 howeftr, exchange capaei ty dhd nishes a.pidly as pa.rtic:1e 

size inc.rea..ses. Ion-,:xcbtlbge capacity depends both on the specific sud'a.c:e 
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aDd the cheaieal and llin r&losical chan.cte.ristics of the sediments 

imolved. 

Particles in a CIOlloid&l suspension can:y an e1 c:tric charge. Mo t 

cl&y particles carry a nep.ti ft ebu'se aD4 in a colloidal system beha't'e 

essentially a..s ani (Ba~, 1956). Consequently the negatiftly-c.huged 

clay particles sorb aYa.ilable positi'ftly-c:ba.qec1 catiou froa solution. 

This phenOIIIellOIIl is la1olm aa ionic adsoJption. The -snitlXle of the 

electric charge on the cla.y particles is blown as the zeta potential. 

High aet& poteDti&l.s are asaoeiated with high ionic adsoqJtion capaci t1 a 

and stable suspensions. eonv rsely potentials of a..U -.pitucle u 

aasoc:iated with floc:eulation &D4 subsequent settliD.J of clay particles. 

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

is related to the position of the cation in the lyotropic or Hofmeiat r 

ion se~ies l&bich are Li > Ha > ~ > NH 4 > R.b > Cs for 110110valent catiOM, 

aad Mg >C& .>Sc ..>-Ba for divalent cations. The eneqy of &d$oqtion 

ftries inTUsely with the positiCil oi the ~bed 4&tion in the aedes, 

thas lfa is 1101' stronaJ,y s £bed tll.u Li. Din.lent tioos are sorbed 

.,re st~y than JDODOvalent cations. The catioo exchange ca.pa.city of 

clay w.riea iln'ersely with the adsorpti. energy. Thus ca.ticas Which are 

lw in the lyotwopic series tend to replace o.se sorbed cations Which 

are higher in the series, a.nd diYalent cations tend to place monovalent 

cations. 

Jemrr and a it er (193.5) , 'lldlo contributed a srea:t deal towa.l'd 

es'tabl.iahinc "the fore~ rel.&tionShipa, alao delllonstrated that ionic 

exchange increaaes a.pp~oxiaately as the silrth power of the zeta. poteut1al. 

Th• the close relatlo p 1a011g the n.rio pb8P(I!M:JI& of cati 
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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 >'lell as the sorbed 

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 Radionuclides 

Radioactive materials are similar to their nonradioactive counter-

parts on the basis of ordinary chemical and physical behavior. Sorption 

of heavier atoms (atomic no. ;>lO) is influenced to a negligible extent by 

~1ether 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 t.mderstanding of the role of 

fluvial sediments in concentrating radioactivity by sorption. Studies by 

Carritt and Goodgal (1953) anc Barker (1958) are among the few which are 

direct! y applicable to the problem. 

Carritt and Goodgal studied the uptake of various radioactive com-

ponents from solution by suspensions of Roanoke River and Chesapeake Bay 

sediments, bentonite , Fullers Earth , and p01.·1dered Pyrex glass. Each of 

the solutions studied contained one of t he follm~ing dissolved radioactive 

substances; phosphate, iodide, sulphate, strontium, copper and iron. 

Phosphate, iodide and sulphate occur as anions in waste solutions. Strontium, 

izon and copper usually occur as cations in solutions. Additional variables 

which were either controlled or measured in the experiments were ~I 
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Table 2 - Important properties of some cla.y minera.la 

Group and la.ttice Name Typical ( omula 
type 

laolW te a.roup laolinite Ala SJ.a 03 (W)4 

<111 latti.•> 
,, 

~ ,-
. ' IJ KaUeyttt• •'l· . Ala •'a o_. <ao. 

Monborllloni te group Montaor-UlOA.i te <Ala. 1y Ml 0 • 1 ~) 814 010 (OR)1 Na0 • 11 DHaO 

(2tl expanding lattice) Beidellite Ala.~t (Alo.ea Sia.JA) Oao (OH)a Nao.aa nHaO 
Nontronite Pea (A1 0 • 11 Si1 • 61 ) 010 (OH)a Na0 • 11 nH2 0 

Saponite Mc1 (Al 0 11 Si1 61 ) 010 (OH)a Na 0 11 nHaO 
• • I • 

Illite or hydzated mica 
group 

Illite (Al'•'' Mgo.sl) (Alo.6o Sia.4o) 01o(OH)a Ko.lo 

(2al non-e~a.nding Pyrophylllte Al4 Si8 030 (OH)4 lattice) 

Cation exchange 
capacity 

(m.e. /100 gm) 

3 -15 

-
80-tU 

6()-9() 

-60-70 

20-30 

2o--to 

sue 
fl( ~) 

o.s - 2 

o.o1~.1 

o.os-o.5 
o.o1-o.1 
o.o1-o.1 

~ w 



(hydrogen-ion concentration), temperature, contact 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 specific conditions involved, any or all of the variables 

which they investigated Mm¥ have an important influence on the rate and 

extent of sorption. Most of their data plotted according to the classical 

empirical isotherm, and the extent of sorption was definitely shown to 

increase with contact 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 evaluation of the effects of pH, 

temperature, ionic strength and concentration of suspended solids which 

would cover all the COlllbinations of sediment types and radioactive 

components. 

Some of the more specific conclusions reached byCarritt 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 til 

range ( 4-'7) in which the H2 P04 - ion predominates,. 2) Evidence was pre-

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

3) Strontium, copper, and ferric iron ere found to precipitate from solu-

tion as . basic salts under appropriate 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 ma.."Cimum in the 

pH range less than 4 which favors formation of the HS04 ~ 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 Goodgat•s experimen~s. The 

initial concentrations of radioactivity in these experiments were several 

orders of magnitude in excess of the recommended maximum permissible 

concentrations. In natural streams where radioactivity ·concent'rations 

might be on the same order of magnitude as the MPC, a g~·eater percent 

sorption would normally be expected under otherwise comparable conditions. 

Calculations based on one of the isotherm tests in which the sediment 

concentration was 629 p . of Roanoke Rive~ solids and the initial solution 

concentration .as 11.5 microgram atoms of phosphorus per liter showed that 

approximately l.O pez:cent of the phosphorus was sorbed in one minute at 

which time the concent~ation of phosphorus on the surface of the sediment 

particles was estimated to be ·more than lO.a:x> times that in the surround-

ing solution. 

Barker (1958) conducted sets of experiments similar to those of 

Carritt and Goodgal in which sorption due to ion exchange ?f cesium and 

strontium by kaolinite, illite, halloysite and t\'lo types of montmorillanite 

~s investigated. Cation-exchange capacity determinations of these clays 
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through the use of trace amounts of Sr90 and Cs1 3"1 compared well ttith 

exchange capacity determinations by other roeth~ The effect of various 

concentrations of sodium chloride and calcium chloride, which are c0tnn10n 

electrolytes in natural waters, on tile sorption of carrier-free strontium 

and cesium by illite, halloysite and montmorillonite No. 21 (bentonite) 

was also investigated. Sorption of cesium and strontitml by the same three-

clay minerals from solutions containing added amounts of stS"Ontium 

nitrate and cesium cllloride carriers was studied in addition. Sediment 

concentrations and contact times were maintained constant 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 sodium in solution is 

incr~ased. Results for the calcium and sodium solutions were very nearly 

the same. The concentration of calcium was found to have a niuc~ .·~,reater 

effect on tite 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 

calciw:r:\, 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 Would 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 concentration of radioactive 

substance and the concentration of sodium and calcium affect the amount of 
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radioaGtivity sorbed. Jngenertll., ho·~,-•, changes in the to'tal ionic 

concentration of the solution were found to have a greater effeet than 

changes in the cesium or stronti concentration within the range to be 

expected in most natural t rs • 

Iu summary it might be sa.id th t Ca.rritt's and Goodgal 's more 

comprehensive wor , involving' a relatively large number of variables, points 

the my toward many areas which require further attention. Ho ever, 

Barker's more intensive \llor , covering a s ler :M:ope, ha.s resulted in more 

definitive answers. Both approaches are needed at this time. 

actors tez:mining Bxtent of Sorptioo 

P.r the foregoing discussion it is clearly evident that sediment 

cha.ra.eteristics, cha.ra.cteristics of the waste effluent~ and quaJ.ity of 

stream \<Jater a.re all intimately related to s tion phen~:ua involving 

radioactive waste compeo ts and stre sed nts. Considering the 

relatively meager amount of a ailable tno ledge and data on the subjeet 

it would be pres taous to draw conclusiOilS pertaining to the relative 

orta.nce of the many factors invol eel. tors · ich are known to be 

significant and their estimated qualitative effects are listed in the 

falL ing paragra 

Sediment cha.racteristics - Probably the most important single 

-

sediment cha.racteristic affecting the extent of sorption is particle size. 

Particle siae is impol:tant in determining both the extent and type fit 

rpti 1:pt!.on capacity of stre sediamts is roughly proportional. 

to the available surface al' figure 1 it is en that for a given 

weight or c: eatntJ.on of sec:U.Jiellt• the total surface aft& of 1 uon 

c.lay particles t10uld be t.c:m tiaes as eat as that for 1 millimet r sa.nd 
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particles. The fact that the chemical activity of soU particles tends to 

decrease as the particle size increases is instrumental in making ion 

exchange the normal! y dominant mechanism in sorption by clays, and physical 

sorption the principal mechanism in sorption by sands and silts • 

The chemical and mineralogical nature of sediments, particularly of 

cl.a ys , is also important in determining the extent of sorptiCIIl. The cation-

exchange capacity of the cl , and the position of the adsorbed cations in 

the lyotropic series with res'pect to that of the radioactive cations in 

solution \~ould be significant factors in this regard. 

Apparently very little information mich J£lates 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 related to the total surface area avail.able for sorption reactions. 

Characteristics of waste effluent and stre~~ter - Waste effluent 

and streamwater 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 amunt of radioactivity which 

is sorbed by s trem:~1 sediments . The classical or Freundl.ich isotherm 

indicates that for a particular solution-sediment system, the anount sorbed 

depends largely on the concentration in the solution of the material reing 

sorbed. Any one of a number of chemical characteristics of the waste 

effluent-::>tream solution may, however • radically alter the complexion of 

the entire sediment-solution sorption systen4 
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The ition of the radionucllde-bearing substance is tant 

in this regard. or example. syste containing appreciable quantiti s of 

sediments with ezchange&bte cations would show a marked prefezenee for 

sorbing radioactive cations over radioacti e anianso In systems involving 

ian exchanae the position in the lyotropic series of the isetope-bearing 

cati is also a significant fa.c:to • Catiens in the 1 r d of the s~ries 

tend to displace eati mich are higher in the se:des. Polyvalent 

oatious tend to displace ent an 

'lhe presence in the solution of competing non.radioa.ctive substances 

may greatly reduce the uptake of radi.oactivity by~iments. ln stre , 

competing nonradioactive substances might originate fran other types of 

industrial wastes orfrom natural sources. 

tt has been<Emonstrated that the extent of sorption y be greatly 

influenced by the effect of the til an the ioni.c forms i.n solution. 

Changes in the pH the solutioo lead to the formation of diff rent ions 

\'4tich may be either more or less rea.dUy sorbed. The c:ri tical Pi range 

depends on the various components of the system.. This is an area tlhich 

requires conside..rable f~ investigation. 

Another .area .requiring investigation is the effect of detergents in 

solution on sorption. .It is well known that deteqents reduce the surface 

tension of water. and it is thought that sorption is reduced by the 

presence of detergents in solution. However, the relatiollShip een the 

oncentration of det J:,"g nt and the effect on soJ:pt.ion is 1a.r ely unknown. 

Under apprq>riate c itions it is known tha.t c:erlaintadioactive 

ions will combine as sa..lts with other materials and precipitate out f om 

aol.uti A1 though uptake of radioactivity by ts ill be reduc 
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by the extent to which the concentration of radioactivity in solution is 

decreased by precipitation reactions, the radi ctive precipitates wAy 

themselves become a source of hazard. Detergents in solution tend to 

inhibit precipitation. 

Concentrations of flocculating agents in solution sufficient to 

induce flocculation and subsequent deposition of clay particles con titute 

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 flocculation. The flocculating power of salt increases 

with the sorbability of its cation component. Ploeculating 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 

diffusion. Sorption from solution is to some extent affected by the tempera-

ture of the solution, but temperature effects over the normal range of 

stream temperatures 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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SBDIMBNT TR.ANSPOO.T AS AFPBCTBD BY DRAINAGB ARBA 
AND STRBAM CHARAC"l."'BRISTICS 

Binstein (1950) has cl&&sified the total sediment load or sedillent 

transport of a stream into fine material or wash load and bed,.terial 

l.oad. The fine-material load consists of particles finer than most of the 

material f olllld in the stream bed J 11hereas, particles composing the bed-

Jll&teria.l load are found abundantly in the bed. 

The partieles of fine teri&l load are moved by small fluid forces 

and, therefore, are in nearly continuous suspension by natural streams. 

The QJ&Dtity of uch terial in transport by a stream then depends on the 

rate at 11hich 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 othu hand, sediment of the eoa.rser 

sizes found in luse quantities in the stream bed of alluvial channels will 

be transported at a rate depending on the relative capacity of the stream 

for moving these sizes. 

Experience of the Geol P,eal Suney in measuring sediment transport 

during the past two decades substantiates these general theories. Most 

streams readUy transport silt and clay fn.ctions (sizes up to 0.062 11m) 

as wash load. The quantity of these fines moved by the stream at a given 

time is ve~ neuly equal to that released by the environmental factors 

within the dninage basin. The quantity of the various coarser sizes 

(sand and grayel) in transport is closely related to water dischuge--if 

the supply is not proportional to the :ter discharge, then the stream will 

aggrade or degrade its bed to maintain the load'""Q.paci ty relationship. 
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The sediment load, or transport, of a stream then involves 

va.r iables f J:Om two categories • as f ollowsl 

1. BnvirODmental factors associated with the upply of sediment 

frc:a the dzainage rea and included \d.thin the broad te f 

climate, ~ysioal charactez of the tershed, and land use. 

2, S-tream channel and flow factors associated with the quantity of 

flow, channel geCI!letry• particle size of sed nt in transport" 

and channel control. 

As ~eete4, the difficult and broad subject encompassed by the 

envir ental factors has been investigated in only small and usually 

unrelated segments...ollJilrelated beea.use of studies in different geographica1 

areas and for different obj tives..; B ples would include the data from 

small reservoir surveys cot.lected by different agencies of the Agriculture 

and Interior Departments, as well as some state agencies. Limited inter-

pretation of such data are UDder y, as indicated by such wor s a.ss 

Glymph (1954) J Maner {1958) J Langbein and SchUDIIl (1958) J and Stall d 

·Bartell! (1959). The area of investigation is so large that progress seems 

ne<"olJ,gible. 

Stream channel and flow characteristics of streams, on the other 

hand, have been or are in a more advanced state of investigation. e 

magnitude and patten1 of stream fl is intensively studied on routine 

basis. ln the process of obtaini.ng these data, much inf tiona bout 

channel geometry is being obtained.. Channel roughness aad certain hydraulic 

characteristics as may affect sediment transport are being actively in-

vestigated with recircUlating fl.umes. Pr ss in this ea has been 

sufficient for design and initiation oi a. sound course of study that should 
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yield substantial progress in the near futltte. 

Drainage Area Characteristics 

It has been noted that the transport of fine socU ment in a stre is 

largely controlled by fa.ctors of supply in its dn.inaae basin. Some of 

these factors includes 

1. The nature, amount, and intensity of precipi ta.tion. 

2. The coDdition and density of the channel system. 

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

uea. 

4. The soU type. 

s. The land use. 

These factors can be allied lopc&lly to either or both the f~ces 

that resist or forces that advance the rate of erosion and transport. Pre-

cipitation, for example, if occurring at a low intensity and at ideal inter-

vals, y advance the growth of vegetation and thereby the resisting force. 

If it is very intense and following a drought, or over a.n area without &Over, 

it is like! y to cause a luge amount of erosion. Because of the interrela-

tionship of these factors, and the large variance associated with ea.eh, the 

definition of erosion and tra.nsport from a small area is difficult to atta.in. 

Many wodters in the field of erosion and soil loss have c:orre1ated 

considerable data, but find large areas within the factors that cannot be 

defined by present data. In one of these recent investigations, Wis~ier 

et &1 (1958) showed th&t an index consisting of the product of ra.i.nf&ll 

energy and maxJmum 30-minute intensity of the stona is the ataading 

Y&riable for correlation with soil loss data from fiye loeatioaa in the 

Mi.c:1w st eac:h having from 131 to 21:)1 obsenatioos. 
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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 la.rge basin is usual! y less than the sum of its parts because of 

deposition and channel aggradation during transport from the small area.s • 

The fa.ctor 'condition and density of the channel system' is probably the 

most important index of this phenomewn. Data assembled by Glymph (1951) 

shows the relation of net sediment yield to size of drainage area. For a 

drainage area of 5 square miles, the yield ranges from 400 to 4,000 tons 

per square aile, for 500 square miles, 100 to 2,000 tons, and for 50,000 

square miles, 60 to 1,200 tons. 

Because of the COIIIPlicated interrelations among the environmental 

factors affecting sediment yie.ld, and because they have not been studied 

sufficiently, a detailed discussion of each factor will not be attempted 

in this treatise. Some of these fa.ctors have been considered indirectly 

in an analysis of the trend of sediment yield of the Brandyttin.e Creek at 

Wilmington, Del. (Guy, 1957). In this study, the parameters of total 

runoff, rainfall intensity, and season of the yea.r eva.luate to some degree 

the factora 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 no't 

only fluid and momentum, but also suspended sediment. This condition alone 

would tend to produce a Wliform distribution of sediment in a given vertical 

section of stream flow; however, the constant se~tling of the particles due 

to gravitational force counteracts this process. Under equilibrium conditions, 
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the upward coqxments of turbulerx:e tn:vel toward a region of lower 

coneentAtion, and the downwazd c:omponents toward a region of higher 

concentration. Thus, the rate of increase in suspended-sediment eon-

centn.tion toward the bottom depends on the degree of turbulence in the 

stream and the settling Telocity of the particles. 

Sediment of extremely small. size (colloidal) •Y be suspended by 

Brownian or el.ectrolytic cba..cges. These kinds of puticl.es a.re, therefore, 

suspended independently of turbulence and theoretica.lly are tn.nsported by 

a velocity equivalent to the suspending fluid. 

It is logical that all particles in a colloidal suspension will 

maintain unif om ve.rtic:&l as well as horiaonta.l dispersion through a rea.ch 

of stTe&lll, if, they are dispersed unifOJ.'mly at the entrance of the reach. 

Observations show further that natural taubulence in DlOSt streams is 

sufficient to suspend clay and silt (sizes less than o.062 mm) uniformly 

for all pn.c-tic&l purposes. Sand, howe"Ye..r, is suspended less easily and 

therefore ita concentration in a vertical section of a stream must increase 

from top to bottom in accordance with the ope.ra.ti011 of the turbulence-

suspension theory. Figure 2 (U. s. Inter-Agency Report 8, 1948) 

il.l.ustrates the ve.ctical concentration of several size classes from clay 

to very coarse sand, thus contrasting the nearly unifom concentration 

from top to bottom of the clay and silt with the increasing c:cmeentn.tion 

of sand from top to bottom. 

Th concesatn.tion distributiOil of sand in suspension by a st•eam then 

is a f tion of the siu available for tn.ns~t • the roughness of the 

stream bed, a.od the velocity cha.n.cteristics of the streaa. H•bell and 

others (19$6) show thAt the suspended sediment concentration at different 
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verticals in the cross section of a sand carrying stream may ftrY widely 

and that sand transport is associated with h}'dranlic ch.a.n.cteristics of 

the stream that fluctuate widely in both time and space for a 1iven stream. 

Streams having a relatively uniform rate of water discharge are 

expected to transport sediment at a relatively unifons rate, particularly 

the coarser fractioo.s 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 Sc::a.ntic lli-.er 

at B:road Brook, Conn. with the Pecos River near Artesia, N. Mex. for tlu! 

19$4 water year. 

Geometrical Cha:racteristics of St:r 

streaa iD equllibri~at conditif\»D bas a gecaebi.ca1 patten. of sl.epe and 

c:r a ection to fit the water dischaqe and the siae 4istdbutiOD and 

rate of transport of sedhlent. Leopold and Maddock, 1953, pace Jl, atate 

• •••• eyen in the youthful topography of the headl&Dds 
'tf1 re streams are gradually dcMncu:tti.ag and are, 
therefore, not gra.de4, the strearocbannel cha.raeted.ati.cs 
and slope tend to be adjusted to the disehaqe and 
•ediaellt loa4. B'ft:ll the tmaraded parts of a ch•anel 
syatCJil exhibit neat pattesn characterized by a 
tendency toward a reculu increase of width and depth 
downstream with inc.reasing discha%;e and witb a. ~oncomitant 
decreue in slope.' 
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Table 3.-<::omparative monthly water and sediment discharges 
for streams with different climate 

Discharge of Seantic River Discharge of Pecos River 
at Broad Brook, Conn. near Artesia, N. Mex. 

1954 ( 98 square miles) (15 1 300 square miles) 
water 
year 

Water Sediment Water Sediment 
(cfs-days) (tons) (efs~ays) (tons) 

October 1,860 56 101 321 
•ovember 2,560 60 1,no 5~ 

December 5,400 331 1,810 642 
January 3,490 91 1,610 330 
Pebruuy 3,800 136 1,200 244 
March 5,8~ 222 1,220 168 

April 5,850 540 1,900 10,100 
May 6,.540 322 9,660 130,400 
Jtme 2,830 88 soo 216 
july 1,610 33 24 6 
August 1,780 69 lO,<XlO 198,100 
September 5,120 .s12 1,040 921 

. 
Total 46,700 2,460 37,400 402,500 
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and 

"Load and discharge are characteristics of the hydrology, 
geo1 gy, and physiognOI!l)' of the drai.tutge basin. They 
a.re furnished to the trunk stream channels and are 
essentially independent of the trunk channel syst~' 

In som£What more specific terms, figure 3, areproduction f 

figure 19 fr<n Leopo1d and Madd ck, 1953, page 37, shows how slope, 

roughness, sediment load, velocity,oopth, and width vary with discharge 

at a station and downstream. Sections A and C represent headwater con-

ditions of low and high flow, respe~tively. In considering the differences 

at the headwaters ection with increase of fl~o;, note the small increase in 

slope, the stna.ll. decrease in roughness, the large increase of sediment 

load, the moderate increase of velocity, oopth, and width. \H th respect 

to differences in s eoticms f1C and B, where B is downstream and at the 

s~~e fl~o; frequency as· A, river slope decreases moderately, roughness 

decreases slightly, sediment load increases moderately (probably because 

the water discharge increases), velocity increases slightly, and depth and 

width increase moderately. The sediment load has the greatest contrast 

when considering both the increase in flO\\! and a do\'ll'lstream section. 

Leopald and Maddock (1.953) also state that geometry varies in 

response to sediment transport as follows& 

'At constant discharge, an increased velocity at constant 
width is associated with an increase of both suspended 
load and bed load in transport. At constant velocity 
and discharge, an inorease in width is associated with a: 
decrease of suspended load and an increase in bed load 
in transport..• 

BQ!l!ld!fY ro~ -Resistance to stream flo11 in a given reach of 

stream is the s of the rouglmess created by the size of particles on the 

stream bed• the size of ripples and/or dunes made up of these particles on 
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the bed, and the bank roughness.. The relative importance of any one of 

these may repend em the particle size of sediment in transport, the stream 

velocity , the shape of the cross section and sediment load in transport. 

Per example, the important roughness factor in a wide shall stream having 

a sand bed of medium size and with a mean V!locity of four feet per second 

is the dune and ripple roughness. 

In addition to the particle roughness, a given stream may f1 

successively and/or simultaneously in several 'regimes' of flmf. This is 

most clearly demonstrated by gradually increasing the velocity in a 

laboratory flume having a deep bed of sand which has been planed smooth. 

The flow regimes \'lith increasing velocity are ripple, dtme, plane, and 

antidwte. 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 stre , the shift from a dtme to a plane regime resu-1 ts 

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 therepth as well as the rate of bed movement.. for the ripple 
• regime, the depth of disturbance is not as severe as the dune and anti-utme 

regimes. Simons and Richardson {1959) fotmd lenses of fines in the bed 

during the ripp.l.e regime which are not present for the other regimes men 

these fines a.re cattied 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, wi ih the return of 11 clea%' water, and, if the stream remained 

in the dtme regime, the fine material would be removed from the bed. 
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The banks of a stream may have little e f fect on t he total resistance 

to flow if the stream is wide and shall~1. 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 deposition along the bank during the recession of a storm runoff event. 

Sand-bed streams have been noted with muddeposits too deep and soft t 

wade a\(:rosa after the recession of storm runoff (less t han bankfull) con-. ~. 

taining a large concentration of fine suspended sediment. These deposits 

were located at a straight reach of the channel where one would not expect 
·" i 

bank 'building'. and, therefore, it is assumed that this deposit would be 
- 4 ·~ ..... # - ~ ..... 0 ,.,.....~ 

eroded away dur~ the rising stage of the next runoff event. Th is kind of 

deposit ' is then only of a semi-permanent nature. The roughness of a braided 

stream would have an increase in bank roughness proportional to the per-

centage increase of banks encountered for a representative number of cross 

sections in a reach. 

Alif4D!Df:At f chAnnels - Streams flo\ ing in alluvium generally 

exhibit rather poor alignment--ranging from an occasional bend for some 

streams to a high d egree of meandering for oti1ers. Such tends affect the 

secondary circulation and hence the location and depth of scour and 

deposition in the stream b eel. The c ross section of a river with a straight 

channel and a relatively flat bed is approximately trapezoidal in shape; 

whereas , a section at a bend is mughly triangular in shape with the deep 

part near Ute 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 \'las mostly 

that scoured from the outside bank inn:lediately upstream. Thus the sand 

tends to travel across the thalweg in the reach of reversing curvature. 

The coarser sands are obviously deposited at the lower elevations and 

.. tO\IIard the bead of the bar during such deposition. This phenomenon of cut 

and fill is most active at bankfull stage. If less than bankfull, velocities 

will be lO'.'Ier 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 'l.elocity. Fine sediment from many sources may be 

deposited on the upper portion of the inside bank during bankfull or 

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 \'lider and shall er l'lill be the crossings to ... 
transport the greater load. 

Both the stwght or meandering types of stream on a sand bed have 

a re1atively unifo gradient. Ho ever, if the stream channel contains 

considerable quantities of g ~el and possibly rocks, the gradient is likely 

to be irregular and the channel will consist of alternate poo1s and riffles. 

This pool and riffle type of stream is logically susceptible to the collec-

tion of deposits of fine sediment during relatively long periods of 1 flmf 
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foll red by rather suddenmmoval with increasillg velocity during the ea-xly 

part of increased flow in the channel. The deposition of these fine &edi-

ments during low flow vrould be relatively high in concentration of radio-

activity because of the small sediment transport of the stream under these 

conditions. 

Particle Size Gradation 

J!.ffeet ol chemical qug.tity of c:ise iileory on the nature 

of flocculation for suspended sedim.en• in natural stream f.low is lacking. 

GeneraJ. experience has been obtained by noting the difference between 

apparent and ultimate size gradations when a given sediment is analyzed in 

settling meditDS of both native strea.mwater and distilled water with a 

dispersant. As mentioned previously, stream flow at a given reach has 

various degrees of turbulence ranging fr011\ little at the bank and other 

'dead ter" areas to compotmd secondarycirculati.on at midchannel. The 

turbulent motion iahibi ts floecU1ation because it. in effect. 12nds to 

prevent the drifting of particles tewa.rd each other that !lOuld ordinarily . ' ' 
occur instill wateJ:. Turbulence is a.lso a. factor in disrupting floccul-es• 

if formed in quiet at-er. 

It may be stated then that flocculation of sediment probably varies 

a.i: ~ih'e' ·ciJ'emical nature of the ··;tr·e.a.m, the kind of clay, 'th~ 'coo;e~t;ati'Gil 

of clay, and inversely, with the turbulence of stream flow. Since clay 

particles are very irr-egular in shape, it is assumed that mechanical as 

well as chemical binding is involved. This would be· most likely for the 

clay-to-clay floccule and less likely for the clay-to-sUt or c~ay-to-

sand floccule. 
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Bffect on surface are& - Av rage 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 m.nge of sizes transported by alluvial. stre s. Some streams 

may be encountered that are more unusual than those illustrated; for example, 

streams from the Sand Hills of Nebraska may contain suspended sediment of 

nearly the same character as that of the bed, and streams tending toward 

the pool-and-riffle condition will have a. much larger range of be4-

materia.l sizes , particularly the coarser sizes;. 

As indicated in the section of this report 'Factors determining 

extent of sorption', the cap~ity of sediment for sorption of radioactive 

waste is related to the surface area. of the sediment. On this bas_is ~ 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 Pullerton, Nebraska , and Mississippi River at st. Louis, 

ssouri. On the basis of these average size diS'tribution curves, the sur-

face area (c omputed as loosely packed spheres) of the bed-material sediment 

is 60. 140• and 100 square centimeters per cubic centimeter, respectively; 

and the suspended sediment is 350, 4 e530, and 27,400 square centimeter per 

cubic centimeter, respectively. The sorptive capacity of the suspended 

sediment is , therefore, many times that of the bed-material; 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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upland areas of the drainage basin may be more critical with~spect to 

radioactive waste disposal than the transp rt characteristics of the stream 

channel. 

Channel Controls 

Channel controls affect the suspension and deposition of sediment 

because of their control of the flow of water. A large deep reservoir hold-

ing water for W!eks or months may trap 100 percent of the inflowing sediment 

and cause separate deposits of sands and fines, Whereas, a bank lining 

would change only the flow characteristics and thereby change the mode of 

sediment transport. The effectiveness of a given control in altering normal 

suspension and deposition depends not only on the control itself, but also 

on the 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 sandfractions of 

sediment. The 01pacity-inflow ratio for reservoirs, or the acre-feet of 

capacity per acre-feet of annual flow has been related to trap efficiency 

of no11nall y ponded reservoirs by Brune {1953). The curve defined by data. 

from more than 40 measurements indicates the following: 

Capaci ty-infl 
ratio 

o.oos 
o.'Oa. 

· 0.1 
o.3 

--1.0 

·Percent sediment 
trapped 

30 
60 
85 
95 
98 



Table 4. --Estimated sediment trap efficiency of various types 
of channel and storage control structures 

Trap efficiency 
(percent) 

Description and purpose 

Clay Silt Sand 

Large drainage areas ~o.ooo square 
miles or more 

Reservoirs for power and storage 
(high capacity-inflow ratio) 80-100 100 100 

Reservoirs for irrigation and -
watez supply 
(high capacity-inflow ratio) 70-100 100 100 
(low capacity-inflow ratio) 10-100 j()-1.00 100 

- - •. I 

Plood control reservoirs 0-50 0-60 20-100 

avigation control o-so 0-60 20-100 

Irrigation diversion 0 0 o-so 

B~ r channel control 0 0 0 

SCS structures on drainage of 10 
square miles or less 

Detention reservoir with draw-
down tubes and sediment storage 
(high capacity-inflow ratio) lo-/0 50-1.00 100 
(low capacity-inflow ratio) 0-30 1<>-50 80-100 

Drop spillways, chutes, and other 
channel control structurea 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 de~~ition -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 f1ows 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 

de~osited silts, encroaenment of one kind of deposit over another due to 

fluctuations in pool level, re-working of deposits by waves and~osion, 

and three-dimensional flow phenomena. 

The headwater deposit may be relatively simple as in a long narrow 

reservoir, or it may be extremely complicated due to the presence of· 

numerous side channels, as for the Mississippi River at the Gulf of Mexico. 

Figure S (Witzigman, 1955) illustrates the relationship of sus-

pended sediment concentration and particle size of thecross-sectional area, 

depth, and mean velocity for the backwater reach of Garrison Reservoir-

the narrow or confined type - on July 7-6, 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 capable 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' wat 

and then ves a1 the bottom propelled by the slope f the bed f the 

impounding reservoir and the pressure of additi a1 muddy ter on the delt& 

deposits. Deposits from 'dead' density currents will consist of fine clays 

and DlalY ·occur in the deepest water near the dam. 

D!=$radation downstream fr control -The Corps of Engineers (1959) 

in a study of sediment problems in the Arkansas River, notes the foll ing 

factors for the occurrence of degradation downstream from a controls 

1. The stre must have earried a relatively large bed-material 

load prior to completion of the control as this is a measure 

of its ability to transport the existingbed-material. 

2. The control must provide sufficient C~«~umtion time to trap 

most of the bed load. 

3. If most of the load were t ransported by large discharges 

prior to con~truction, then these large discharges must 

prevail to some degree after construction. 

4. Material in the bed must be of a size ordinarily carried 

a.s bed load with the new fl regime. 
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CRITRRIA FOR II)ENTIPYING rorBNriALL Y 
HA1ARDOUS STRBAMS 

In general the c~iteria for identifying streams which are 

potentially hazardous with respect to the deposition of radioactive 

sediments are not simple and clearcut. More often 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 additioa or subtraction of a single 

factor might radically alter the entire picture. 

The development of a hazardous situation obviously implies the 

requirements that there bes 1) uptake and concentration of significant 

quantities of radioactivity 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 aD4 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 occurso Heavy concentrations of 
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contallinated fine sediments might occur as density currents at the bottom 

of reserYoirs and pools, but in sueh cases the chances for dangerous 

exposure to humans would be small. 

The chemical and mineralogical nature of the sediments, particular! y 

the fines, are also a factor to be considered in assessing hazard potential. 

Sediments characterized by high ion-exchange capacities and high zeta 

potentials -.,uld 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 

radioactive components -.,uld be important in estimating the extent to which 

sorption might occur • 

The total ionic concentration in solution is likewise an important 

factor. Normally a low- ionic concentration of nonradioactive substances 

would mean correspondingly increased sorption of radioactive substances. 

The re.ersibility of sorption reactions should also be considered. 

Irreversible sorption reactions would in most cases be considered as 

potentially more haz~rdous than reversible reactions. 

The presence of significant quanti ties of a flocculating agent in 

streams containing radiocontaminated clays could be a source of danger. 

The degree of dispersion of radioactivity in the stream cross section 

should be evaluated. Por 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 Se<Ument 

The concentration a.nd load of suspended sediment in streams can be 

considered one of the uiteda because it is logically a factor in the 

amount of available surface are& for sorption, and, in many cases, is 

probably a factor in the nature and extent of depositica and erosion with-

in the stream systea. 

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

to time may be iUiportant because it is expected to indicate the ca.paci ty 

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

For example, a stream with a relatively uniform water discharge aud high 

concentration of fine sediment would probably maintain the waste in 

suspension on, or with, the fin sediment; wdlereas, a strea.s with a large 

range of water discharge aDd sedj•ent load with the same concentration of 

waste would be expected to c:arry tbe waste in 'slugs'. In this latter 

case, the waste not having an abundance of fine suspended sediment for 

aozption during low flow periods, mal.d probably be sorbed on the particles 

in the stream bed. Then, during th relatiftly short periods of stana 

runoff with high concentrations of ediment, the waste held on the bed MY 

be exchanged to 'fr~ suspended particles and/or moved downstream 

considerable distances as bed load. 

Discharge-weighted aean coocentration of sediment is being mapped 

for the United States by Rainwater (1959) as a part of a Geological Survey 

project on COIIposition of rivers, and can be used as one means of clas ify-

ing potentially hazardous streaas. The variation of sediment concentn.ti011 

and load with respect to tille, hown-er, has not been defined, nor have 

criteria been es'tabliahed or sufficient- data u.de aftilable for this kind 
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of definition. This c:an be approximated, however, on the basis of eliaate, 

size of dra.ina.ge basin, and control of the stream flc.~. The JD&gllitude of 

time variation in concentration and load would be expected to be greater, 

for example, on most ~ansas streams than on South Carolina streams, and on 

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

ConcH tions Conducive to Sediaent Deposition 

CoDditions conducive to the formation of sediment deposits containing 

high concentrations of radioactive waste are more likely to be found on the 

inside of a bend on a strean near the source of waste dispos&l rather than 

on the banks of a straight stream channel, on a stream exhibiting a con-

siderable range of concentration and water disc:h&rge rather than a stream 

of nearly uniform water discharge and concentratian, and on a stream with 

man-made channel controls rather than an uocontrolled st~ 

As mentioned in the prnious chapter, sediment of the coarser 

fractions deposited on the point bar on the inside of a stream bend is 

JIIIOs-tly that being out 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 atora runoff 

event, ~~~ay be derived from many sources including bank cutting in the 

immediate channel, or gully aDd sheet erosion in the upper part of the 

drainage basin. The point bar a.t the first bend immediately downstreaa 

from a source of waste may then be built of a large mass of contaminated 

sand. In this diseuasion it is assumed that the waste is sufficiently 

mixed with stream flow so that contact with the sediment in transport is 

r latively unifo~ 

Streams of widely varying discharge are conducive to bank and flood 

76 



plain deposits. The IIDSt rapid deposition on the inside bank of the 

meandering channel occurs at high rate.r.of flowJ especially so, for the 

fines at tne top of this deposition bank. Flood plain deposits obviously 

cannot oeeur without the more or less tmusual high rates of flow. 

Deposits of fines &long stream b&nks other than point bars usually occur 

during the recession of a stoEm event for which relatively large concentra-

tions of fines are carried. These •Y be of only minor significance because 

they are transported and deposited ltlen stream flow and concentration are 

considerably greater Ulan 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, th 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 sedimentatim criteria for identifying potentially 

hazardous streams may include: 

1. The sediment concentration anc1 water discharge of load. High 

coneentratioos .. Y 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 tiae variation in sediaent concentratioo and load. With 

a UDifora release of waste, the wa.ste is likely to build up 

during 1 flow aJJd then move &S a slug for po.ssible deposit 

on high banks or flood plains during high flow. 

l. The nature of channel geometry. A meandering channel is 

characterised by building of point bars on the inside bends. 

The pool-and-riffle type of st•eam concentrates the waste 

duzing long periods of low fl • A channel maintaining flow 

almost continuously in the dune regiae moves fine sediment in 

and out of the bed a.lm t iforml.y in timeJ Whereas, a channel 

flowing in the ripple resime t of the time may accumulate 

fines in th bed a.s lenses and upon occasional shifting to 

the dune regiae vUl eve these fines from the bed. 

4. The nature and extent of water and e.han~l controls. 

Resenoirs, for example, may trap up to 100 percent of the 

sediment, vherea.s, other controls may serve only to concentl'ate 

the waste during th low flow. 

Rate of Build-up of Radioactivity 

In order to assess the hazard potential uising f~m the buUcJ-up 

of radioactivity in sediment deposits, both th decay rat of the n4io-

a.c:tive eCIGlPcments and the rate of sediment deposit at locations suc:h a.s 

those discussed in the preeecling sectim would have to be investigated. 

Al o, the frequency at which sediment deposits are flushed out &Dd their 

subsequent .,vement and deposition would need to be c:.onsiderecl. A 

combination of conditions involving an intermediate or slow radiC*:tive 

decay rate, a high depositicm rate of contaminated sediments, aDd infrequent 

flushing of deposits uld usually be the 11108t hazardous. 
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CLASSIPICATI<lf OP Sl'!UlAMS IN THB UNITBD STATBS 
WITH RBSPBCr TO HA1.ARD PCJrBNI'IAL 

The haar4 potential of radioaeti -.ste iD su aas may be con-

sidered in ·dew of differences in stre&lll flow, in channel geometry, an4 in 

the concentration aacl ehuacter of sediment as theT may affect deposition 

of •erli~~e~~t and consequently waste. llcnfever, streams are very COJIP1G with 

reapect to agnitude a.ad variation of these featuresJ and, the.refore, 

clusification wUh respect to hazard poten'tial is difficult aDd indeecl 

al.Jaost r te in riev of Uaitationa coacei'Ding baaie mowl.ec:tge of the 

relati of these features. 

A renew of the sedi.llentation criteria for identifyiq potentially 

hazardous streams for ra4iouti waste diapoaa.l. cliscussed in the previous 

chapter indicates any eonfU.ctiDg aspects for consideration. Por ezample, 

a stream with relatiwly sreat •ter a.Dd sedillent discharges may be con-

duc:ive to exten.sive clepNiticoa and erosi within the channelJ but, bec:aaae 

of the high rates of water aad sedhlent JIIIOV ent, the concentration of 

radioactive waste •Y be v-ery low. Purlber, a meandering channel results 

in a 1110re or le s continuous building of a deposit as a point bar, but 

.oat of this building occurs during high rates of water discha.qe wMil the 

The sand bed stream of cood alignment aud carrying a nl.atively 

unifora water diac:haqe and concentration of fine sediment 1110Ulc1 be the 

leut hazardous kind of aueaa 'to tnnaport a giYeD uaiform amount of 

radioa.c:tive wa.ste without &ccuaulating extensive aDd/or concentrated 

deposita. This weuld USUDe the flow in the channel to be in the eluDe, 

plane bed, or anti -cl e reghlea so that depoai ts of the fine sediaent would 
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not ac.eumulate in the bed; and, if minor bank deposition occurred, it would 

be lfhen the flow and concentration are relatively high. Such a streaa 

would have relatively minor and unifor.ly concentrated accumulations of 

waste with respect to both ti.e and space in the bed and along the banks. 

One of the most hazardous conditioo.s may occur either on the pool-

and-riffle type of atream or a large river controlled with low dams for 

navigation purposes. Por 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, consequent! y, 

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 mo*ths of accumulation, IIOSt of the deposit will move downstreaa 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 di"harge, 2) 

and water discharge with respect to tiae. 3) 

sediment, 4) the channel geoaetry, and 5) 

the variation of sediment 

the mineralogy of the 

the nature and extent of the 

11ater and channel controls makes it apparent that each site of radioactive 

waste disposal is unique with respect to the effect of sediment in causing 

hazardous deposits of ..ate. Most of these criteria vary considerably in 

a ginn stream. With respect to channel geometry, for C!JW~q)le, Leopold and 

Wolman (1957) state that stra.ight channels cannot be readily differentiated 

from me~ and braided patterns by definitive combinationa of h-ydraulic 

variables, yet the regular spacing a.nd alternation of sha.l.l.ows and deeps ia 

eharacteriatic of all patterns. 
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Pigure 6 illustrates the general ma.gni tude 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 classificatioa. 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 4ifferent streams. A measure of this is indicated in figure 7 where 

the ordinate is a measure of the difference in bed and suspended-sediment 

sizes and plotted as a ratio of the median bed size to the median suspended 

size; and llilere the abscissa is a measure of sediment coarseness and 

plotted as the product of the sizes for which both the suspeMed 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 inclooe surface area of the particles, the 

standard deviation of the size gradation (a measure of the range in sizes), 

and combinations of these with the concentration and load in transport. A 

logical, but untried, plot would relate the surface area for a unit con-

centration in suspension to the media.n size of suspended sediment with the 

standard deriation as the third variable. 
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CafCLUSia.S AND RBCONMBNDATICNS 

Many of the medwlism.s in'I'Ol.ved in the dispersion, transportation, and 

concentration of radioactive .astes in natural streams by sediments are 

complex and not well tmderstood. In this chapter, tbe vari~us subject areu 

of this report are evaluated wi tb respect to the present level of knowledge. 

Areas mere knowledge is particularly deficient are indicated. On the basis 

of this evaluation, recommendations are made for future research. 

Bvaluation of Problems 

Characteristics of waste materials -The prop~ties of low-level 

liquid wastes 1fbich are of interest with regard to potential hazarda aris-

ing from the contamination of stream sedi.Jients may be divided into the 

categories of 1) nuc:l.ear, 2) chemical, an4 3) physical characteristics. 

Nuclear characteristics of the radionuclide contained in the wastes 

auch as type and energy level of radiation, and radioactive decay rate, 

coupled with the biochemical characteristiu determine the potential 

health haard resulting from a given amount of radioa.etivity. 

The chemical composition of the radioactive waste solution is an 

instrUIIlelltal factor in determining the extent to which sorptiOD of radio-

active components by sediments oecurs. Total ionic concentration , PI 

values, the presence of detergents, aDd reacting dissolved substances are 

all important in this respect. 

Physical characteristics of the waste solution such as viscosity, 

deDsity and temperature are important in determining how eff ctively th 

raclioaetivity will be dispersed through the stream section by the process 
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of turbulent diffusion. 

There is considerable information in the literature on the nuclear 

cllaracteristics of low-level radi ctive waste solutions, but considerably 

less information on the chemical composition and physical characteristics. 

Data on the latter twoaspects should be systematically assembled and 

analyzed, and the results should be published. 

Turbulent diffusion -The literature on turbulent diffusion of 

submerged jets and by botmdary generated turbulence is very extensive. 

Nearly all this literature, however, considers an infinite or semi-

infinite domain rather than a confined channel. The applicability of the 

solution for these domains to confined channel problems • \mether by 

statistical or fickian theory is quite limited. Literature applicable 

to the case of sediment and aquatic biota as sources and sinks for radio-

activity discharged in an alluvial channel is sparse, even when considering 

the relatively well advanced status of the Fickian approach to analysis of 

turbulent diffusion. \'lell planned theoretical investigations, and field 

and laboratory experiments are needed. 

Sorption - Available evidence indicates that sorption of waste 

materials from solution by stream sediments is the rule rather than tile 

exception. Experiments have demonstrated that sorption of radioactive 

components from dilute solutions may exceed 90 percent, and that the 

concentration of radioactivity on the surface of sediment particles may 

become many thousands of times as great as the concentration in the 

surrounding liquid. 

Ion exchange is apparently the predominant mechanism involved in 

the sorption of radiocontaminants by stream sediments, although physical 



sorption aay &l.so play an important role particularly where the coarser 

sedhaents are concemed. However, due to the inverse relationahip of both 

specific surface and surface chemical activity to particle siz , sorption 

capacity per unit weight of sediment tends to increase as particle size 

decreases. 

Much literature on sorpticn phenomena has originated from physical 

chemistry and allied fields. Ion exchange, in particular, has been sub-

jected to considerable study. Oth~ types of sorption such as physical 

sorption, and in particular, sorption by diffusion into a solid are less 

well understood. Bxperimenta.l techniques are reasonably straightforward 

&Dd quite well established. In any case a fairly adequate fr of 

reference for the continued study of sorption phenomena has be developed, 

at least for the relatively simple systems which involve only a single 

solvent, solute and sorbent. 

There is, howe"Yer, a considerable deficiency of knowledge concerning 

the mechanics of sorption in more complex systeas. The effects of lfit 

total ionic concentration aDd detergents on sozptioa reactions require 

considerable further inveatigation as does sorption from aixed solutiODS. 

The sorpti capa.citi .. of different types of sec1i.ents UDder various sets 

of conditions should be studied. The reversibility of sorption reac:tions 

is anoth r area requiring a ttentioo. 

Bed sediments probably sorb less waste than 4o suspended sediments 

in cues Where the solutes are 110re or less uniformly distributed through-

out the flow cross section. It appears, howeYer, that little work baa 

b en done on this aspect of the sorption problt":JI• It wuld be adrisable 

to inftStigate sorption by bed sediaents. 

The study of sorption pbeno.eoa in natural stre ... will require the 
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collection and ccapilatioll of a great deal of additional basic: data froa 

streams throughout the natiaa aa the physical and aineralogieal proputiu 

of sediments, and the presence of competing solutes in the water. 

S~haent transport - Id ification of potentially huardowa streaas 

on the basis of flUTial sediaent transport is a new field of eDde&vor. The 

broad subject of evaluating the drainage area or enviroamental factors, 

as they &(feet the quantity and character of aediMDt supplied to the 

streaas, has been investigated in Olll.y small and ua\al.ly unrelated segments. 

The subject of channel and flow characteristics of streams, as they affect 

the rate of transport and the nature and extent of deposition, is more 

ad'ftllCed but still contains many undetermined e1 nts. 

The enri.ND~~ental and channel proble. "-DDOt be considered 

separately because the concentration of waste in the streaa bed a.Dd in 

other kinds of deposits will depend on the moveaent of individual sediment 

particles, mether they be in suspenaion or moved intermittently. The 

nature of particle movement will depend on the flow characteristics of 

the c:hannel as they alf ect suspension or other 1110vement. In considera-

tion of gross transport and deposition, the depth to .tlich ripple or dUDe 

_,.eaent takes place, th intexchmge anc:1 ci&eulation of fine sediment 

with coarse, aDd tbe nature of semi-permanmt deposits with respect to 

the frequency and aagni tude of rUDOff events are primary. 

Recw•nervlationa l r llesea~ 

'l;;.;;:;ur;.;:b:;.;::;:--..-...::;;::;;;.;;;..;;;;;:;.;:i::;;;;on;;- The followinc needa fOE research are apparent 

fa. a study of pres t knowledge aa the effect of sed.f.aeDta oa ra4io-

acti.e wastes disposal in allurial channels. In omer tha.t working tools 

be in the hands of field Mil in a wfniJI!lW of time priority should be placed 

on item& 1, 3 and 5. 
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1. Bxtensive application of Pickian turbulent diffusion theory to 

confined open channel flows is urgent. The theory should include 

prOYisions for horizontal and vertical velocity distribution; 

and eventually channel curvature, non-uniform and non-steady 

flow. Sediment and biota should be introduced in the theory 

as sinks and sources. The problem of the plane source should 

be attempted first, then line and point sources, for a steady 

uniform flow field. 

2. An attempt should be made to apply recent theoretical advances 

in statistical methods of analyzing turbulent diffusion to 

confined alluvial open channels. These statistical methods 

need to be extended to include sediment, biota, confining 

boundaries and various types of sources. 

3. Bxperiments in hydraulic laboratory flumes for the rigid 

boundary case such as those of Orlob (1956) and Harleman 

(1959) should be continued. More immediately applicable 

results should be obtained by utilization of various patterns 

and sizes of artificial roughness in laboratory flumes as a 

means of studying the effect of turbulence scales and in-

tensities (and associated velocity profiles) on diffusion 

in ccofined channels. Diffusion from a plane source in a 

steady, unifOftl flow field should be studied first. This 

should be followed by similar eJq)eriments for line, and point 

sources. 

4. The Qperimelltal conditions indicated above should later be 

broadened to includes sediment, biota, differences in the 
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s 4eusity of the contaminant liquid, cbarmel curvature, 

wind generated. surface wave.s, .oon-uDiform flow, and unsteady 

flow. Bac:h of these should be studied separately, and then 

in ~ous combinations. 

s. An increased field program for both typical and specific 

proposed sites for radieactive waste cliaposal should be 

emphasized. A limited llUIIIbf!r of field diffusiea tests are 

needed J first in tra.ight uniform channels such as concrete 

lin«l cana.ls for pl.me, line and point sources. Concurrently, 

siailar tests should be conducted in straight s ctiona of 

lined alluvial sediment carrying canals. Channel, sediment, 

fluid and flow ehuacteristics should be mea.sured for ach 

test. 

s cption -

1. The type of wort begun by Carri tt and Goodgal (1953) and Barter 

(1958) in which the effects of sediment and solution character-

istics on the extent of aozoption of rad.iocontaainants by 

sediments should be continued on an expanding seale. The ranee 
of variables such as zoadioac:tivity and ionic concentrations, 

sediment conc:entra tion, pH, temperature etc. , in these 

experiments should be governed so a.s to siaulate actual and 

anticipated c:oDditiona in natural streams. The simp~e cases 

involving a SiiJile .ol-.ent, solute and soment should b 

covered thoroughly before expanding the seope to include 

mixed solutions, llixed sediJilents, and the effect of additives 

such as detergents and electrolytes. 
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2. Additional iDf ormation is needed on the aineralogi.eal 

properties of suspended and bed sediments in order 'to 

evaluate their sorption capacities. The need ia particularly 

acute with r spect to clays. 

3. Controlled radioactivity budget exPeriments should be staged, 

first in a hydraulic laboratory and then in the fi~ The 

purpose of these would be to investigate the reactions occurr-

ing between the solution and sediment phases of a stream 

system. Such tests will be of limited usefulness however, 

until a more a4equate frame of reference by which to e'Yaluate 

the eJq>edmental results is established. The frame of reference 

should be based on a better UDderstanding than is now available 

of the mechanics of turbulent diffusion and of the various tq>-

take phenomena. 

4. Radioactivity budget investigations in a hydraulic laboratory 

could involve two basic types of flume experiments. The first 

type would utilize a continuous, non-recirculating flow system 

in tlllich the flume would simulate a reach of river immediately 

downstream from a disposal site. This type of experiment t«»uld 

yield information with respect to the initial stages of disper-

sion and sorption. The second twe of experiment 110uld utilize 

a continuous, recirculating flow system, an4 could be cpected 

to yield more inforaation on the ultimate distribution of 

radioactivity between the solution and sediment phases of a 

stream syst • An imporbnt objective of the h}draulic 

laboratory experhlents -.ould be to devise aDd test sampling 

t chniques and equipment tllbich could be applied to the less 

easily managed field tesu. 
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'· A f radioactivity budaet ~riments should be coaduc:ted in 

the fielc1 ill s.-1.1, relatively isolated watersheds .tlere re-

lea.es of radioactive terials and the quality of water would 

be subject to eon'Uol. These experiments would entail closely 

controlled releases of simulated radioa.c:tive waste solutions, 

competinc non-radioactive solutions, detergents and electrolyt s. 

Periodic radioassa.ya would then be made to determine the 

distribution of radioactirity &JDODg the various phases of the 

streaa envi ent. 

6. Usi.Dg the bes-t available knowledge of uptake phenomena, the 

currently-used •xi•UIII pemissible concentrations of the various 

radionuelides in water should be critically reviewed with r speet 

to their a.dequac:y u an .inda for liai ting ihe quantity of 

radioactive wastes llhieh may be relea.sed into natural streams. 

Sedhlent transpor-t aDd c1epo it - In order to hlp rove basic knowledge 

and develop theoretiea.l eoneepts relative to features of surfa.ee streams 

that affect the transport deposition of radioactive wutes by sediments, 

the following areas of inveatiptiOD are pertinents 

1. By use of gross eroaion from the drainage basin, and net 

sediment yield ill atreaaa, determine watershed deposition with 

respect to cka.inage area and euviromaenta.l factors influencing 

secliment transport. 

2. BY&l.ate ftZ'iatlon of aediMDt cancesttration and load with 

respect to size of cln.i.nqe area and enYiromaentaJ. factors. 

3. Quantitative studies on th relationship of streaa •rphology 

to aedi.ent traaaport are needat to characterise channel erosion 

91 



and deposition. A phase of thia should include a. study of 

sediment particle movement in streams by tracing particles 

tagged with radionuclides. 

4. Bvalu.a.te concentration of fines (silt and clay) in streaa beds 

with respect to concentration of suspended sediaent a.nd regime 

of flow. 

s. Test and evaluate sedimentation criteria for identifying 

potentially ha.za.rdous streams for disposal of radioactive 

waste. 

In order to answer specific questions with respect to the magnitude 

and concentration of radioactive waste deposits at a particular site, 

recourse may be made to studies by model and/or prototype. Model studies 

can also be a valuable tool in devising means for alleviating conditions 

Which cause objectionable sediment deposits. 

Overall approach -Adequate solutions to the many problems associated 

with the potential hazards involved in discharging low-level radioactive 

wastes into natural streams will require the efforts of scientists and 

technologists from a number of different fields. Hydraulic engineers will 

be needed to solve the problems in connection with turbulent diffusion, 

and sediment transport and deposition. The services of physical chemists 

to study and interpret sorption phenomena will be required. The knowlqe 

of soil scientists with respect to the chemical and mineralogical nature 

and behavior of sediments will be important as will be the knowledge of 

biologists with respect to 1he ecology of stream organis • Bngineers 

and chemists will be needed in order to apply their knowledge to the study 

of interactions between atomic wastes, other types of industrial wastes. 
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aDd natural ainerals in the stre.aa water. The data and concluiooa result-

ing fr<llll theae eodea.wrs should then be subj«ted to the scrutiny of bealth 

physicists for a final assessment of the hazar4 potential to man. 

Considering the close interrelationships a.mg the n.rious aspects 

of radioactive waste disposal in strea.as, a well-integrated, intexdisc:iplin&ry, 

group research effort uld be desirable. Pmm the .sta.Ddpoint of reasonable 

efficiency aDd economy, integration and careful coordination seea mandatory. 

/. 
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1. absorption 

2. adsorption 

3. aggradation 

anti-dunes 

c; 
~. bed load 

clay 

7. concentration 

s. curie 

9 . degradation 

10. density current 

11. desorption 

GLOOSARY OF TBRMS 

the process of taking up within, implying 
more or less unif onu penetration. 

the process of taking up on the surface. 

the generaltaising of the bed of a stream 
in a given reach. 

symmetrical Slnd and water \'laves which are 
in phase and moving slowly upstream in 
groups of two or more , becoming gradually 
steeper on their downstream face until they 
break . 

that part of the solids load of the stream 
which is moving in almost continuous contact 
\rlth the streaml:ed, being rolled or pushed 
along by the force of the moving water. 

crystalline fragments of minerals, essentially 
hydrous aluminum or magnesium silicates less 
than o.oo4 millimeters in size. 

dry weight of material per unit volume or 
unit weight of solution. Concentration of 
sediment is often expressed in parts per 
million (ppm) by weight; of solutes, in 
parts or equivalents per million; of radio-
activity in microcuries per milliliter 
( fJ.C/ml). 

the quantity of a radioactive substance \'lhich 
undergoes 3.70 x 10~ 0 disintegrations per 
second. The abbreviations for microcurie 
(10-6 curie) and ndllicurie (10-3 curie) are 

fJ.C and me respectively. 

the general lowering of the bed of a stream 
in a given reach. 

a relatively dense mass of water moving slowly 
through a body of standing water by virtue of 
a difference in teMperature , concentration of 
solutes, or concentration of fine sediment. 

the release of sorbed matter to solution. 
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12. dune 

13. exchange capacity 

14. flood plain 

15. gravel 

16. half-life 

17. ion exchange 

18. isotherm 

19. isotope 

20. isotropic diffusion 

21. MPC 

a sand wave of approximately triangular cross 
section (in a vertical plane in the direction 
of flow) with a gentle upstream slope and 
steep downstream slope which travels downstream 
by movements of the sand up the upstreaa slope 
and the deposition of it on the downstream 
slope. 

the amount of ions which are chemical! y sorbed 
on solids in such a fashion that they can be 
replaced by other ions. An indication of 
chemisorption capacity. Bxcha~e capacitv is 
usually expressed in milliequivalents (aeq) 
per 100 gm. of material at neutrality {.Iii 7). 

the portion of a river valley covered by water 
in time of flood and built of sediments 
carried by the stream. 

inorganic granular material in the size range 
of 2.00 to 64.0 millimeters. 

one of the fundamental characteristics used to 
identify a particular radioactive species, the 
half-life of a radioisotope is the time re-
quired for one-half the atoms to decay. 

the process by which exchangeable sorbed ions 
are displaced and subsequently replaced by 
other ions of like sign. 

a curve representing the relationship between 
sorption from and concentration of solute in 
solution, for conditions of constant tempera-
ture. 

any of t.o or more nuclear pecies having the 
same atomic number, ~erefore representing the 
same element, but having different mass 
numbers, hence different atomic weights. 

the diffusion process is isotropic in 
character. Isotropic implies that the 
character of the diffusion is independent of 
coo~inate direction at any given specified 
point. 

maximum permissible concentration of radio-
actiTity often expressed as microcuries per 
milliliter ( fJ.cAal) or micromicrocuries per 
liter ( fJ.fJ. c/1). 
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22. nuclide 

24. radioactive decay 

25. radioisotope 

26. radi nuclide 

27. riffle 

28. ripple 

29. roentgen 

30. s&Dd 

31. sediaent 

any nuclear species characterized by the 
nud)er of neutrons and protou of mich it 
is composed, Uld therefore charaeterize4 by 
ita atomic number (the nUI!i>er of protons), 
and its II&SS number ( th number of protons 
&D4 neutrons). 

a symbol denotiJlg the negatiye losaritb.m of 
the hydrogen ion concentration in gram ato.s 
per liter. A Pi value of 7 iDdicat 
n utrali ty, numbers less then 7 increasing 
acidity, and numbers greater than 7, increas-
ing alkalinity. 

a probabUi ty process J the rate of decay ia 
proportional to the IWIIber of radioactive 
at present at any tiae. 

a radioactift isotope. 

a radioac:ti ve nuclide • 

a short &Dd shall• reach of stream channel 
with a slope considerably greater than the 
stream -valley, the s ction CODta.iDing roc:t 
or a deposit of the more coarse aaterial 
moved by the stream. 

small ridges and/or crests, and troughs 
siailar to dunes in Shape, but s.aller in 
macnitude, tlhich have rather ....u wid'th 
noraal. to ibe direction of flow. 

a unit of radiation defined as Use CJJ anti tv 
of x- or g - radiation auch that the 
associated corpuscular emissicm per 0.001.293 
p. of air (• 1 cc srP) produea, in air, 
ions carrying 1 electrostatic Wlit of quantity 

electricity of either sip. A roentgen is 
equivalent to 1.61 z 1018 ion pairs per gram 
of air or the absorption of 83.8 ergs of 
meqy per gram of air. The abbreri& tion for 
llil.liroentgen (10-~ roentgen) is Jftr. 

i.Doq&nic 1ranular -.terial in the aize range 
of o.062 to a.oo mil1iariers. 

fragmental -.teri.&l that orlcinates froa 
weather inc of roclts and is transported by, 
suspended in, or deposited by w.t•. 
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32. sediment concentration the ratio of dry weight of sediment to total 
weight of the water-sediment mixture, usually 
expressed in parts per million (ppm). 

33. silt 

34. solute 

35. solvent 

36. sorbent 

37. sorption 

38. specific: surface 

39. suspended sediment or 
suspended load 

40. trap efficiency 

41. turbulent diffusion 

42. wash load 

43. zeta potential 

inorganic: granular material in the size range 
of o.oo4 to 0.062 millimeters. 

a dissolved substance. 

a substance capable of, or used in, dissolving 
something. 

a substance that sorbs. 

the process of taking up either by absorption 
or adsorption • 

an index of the extent of surface of a 
disperse system which is expressed as the 
surface area per unit weight or per unit 
volume of the dispersed phase. 

sediment moving in suspension in water as a 
result of turbulent currents or by colloidal 
suspension. 

percentage of sediment trapped by a channel 
or water control structure. 

a term used herein 11fhieh is also sometimes 
called turbulent exchange, eddy diffusion or 
dispersion. The transfer of matter by means 
of the eddy motion of the fluid in a turbulent 
flow f ielc1. 

that part of the sediment load of a stream, 
usually silt and clay, 111hich is composed of 
particle sizes SJUaller than those found in 
appreciable quantities in the shifting portions 
of the stream bed • 

the magnitude of the electric charge of soil 
particles in a colloidal suspension, usually 
expressed in millivolts (av). More explicitly, 
the zeta potential is defined as the work re-
quired to bring a positive char~e from the 
potential of a free solution to the point 
where the charge will migrate with the colloid 
when subjected to an elec:tropotential gradient. 
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