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DEPARTMENT OF THE ARMY

WATERWAYS EXPERIMENT STATION . CORPS O~ ENGINEERS

VICKsauRO , M~~Sis:IPPI sa ieo

a.. .. ~u,.a ,o WESYV 15 December 1977

SUBJECT: Transmittal of Technical Repor t D—77—l4

TO: All Report Recipients

1. The technical report transmitted herewith represents the results of
one research effort (work unit) initiated as part of Task 6C (Turbidity
Prediction and Control Research) of the Corps of Engineers’ Dredged Mate-
rial Research Program (DMRP). Task 6C , included as part of the Disposal
Operations Projects of the DMRP, is concerned with investigating the
problem of turbidity and developing methods to predict the nature, extent,
and duration of turbidity around dredging and disposal operations. Equal
emphasis is also placed on evaluating methods for controlling the genera-
tion and dispersion of turbidity.

2. Although there are still many questions about the direct and indirect
effects of different levels of turbidity on aquatic organisms, turbidity
generated by dredging and disposal operations can be aesthetically dis-
pleasing. Therefore, regardless of the ecological effects, high levels
of turbidity generated by both dredging and disposal operations must be
controlled when such measures are deemed necessary. However, bef ore
turbidity can be effectively controlled , the parameters controlling its
generation and persistence in open—water environments must be evaluated.
In addition, the development of a capability to predict the levels of
turbidity that might be generated by dredging and/or disposal operations
should provide a means for evaluating the necessity for different control
measures.

3. This particular laboratory study undertaken by Walden Division of
Abcor , Inc., Wilmington, Massachusetts, was concerned with the nature and
amount of turbidity that a given sediment is likely to produce when re-
suspended by a dredging or disposal operation. In addition, the relative
importance of different sediment—water compositional factors which influ-
ence particle settling rates was also evaluated in a series of jar tests
using three clay and eight natural sediments in a variety of test waters.
The jar—test data also provided a quantitative evaluation of the duration
of turbidity under various conditions. A turbidity plume model was
developed to predict the extent of turbidity associated with the open—
water pipeline discharge of dredged material slurry using the jar—test
data to provide sediment settling velocity distributions.
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4. This study addresses the settling aspects of dredged material sus-pensions and the relationship between these charac teristics and theturbidity plumes that might be generated during a dredging or open—waterdisposal operation. This is the first of several studies concerned withthe prediction of turbidity. Subsequent reports will present field dataand further modeling of turbidity plumes generated by open—water pipelinedisposal operations. Additional studies of turbidity—control techniqueswill provide information on silt curtains and the use of submerged pipe-line discharge. Results of all studies conducted as part of Task 6Cwill be synthesized in one report that will give guidance on turbidityprediction and control.

JOHN L. CANNON
Colonel , Corps of Engineers
Commander and Director
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- be extremely persistent in soft fresh waters, hardness (200 rag/i) and particu-
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The organics content was the principal sediment component affecting turbidity,

- 
• 

with higher organics levels correlated with more rapid settling in salt water.
• No significant segregation of sediment components was observed during settling,

with the exception of coarser silt particles, which settled independently of
clay—organic aggregates. A turbidity plume model was developed which accounts
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P

SUMMARY

Tu rb id i ty  generated by dredging and open—water disposal opera-
tions is object ionable for aes thet ic  reasons and for  i ts po t en t i a l l y

deleterious environmental effects. It would therefore be help f ul to

develop the means to predict the nature , duration , and extent of tur-

bidity so that these problems can be minimized. This laboratory study

was conducted to determine the nature and amount of turbidity that a

given sediment is likely to produce when resuspended by dredging opera-

tions, and to evaluate the effects and relative importance of sediment

and water compositional factors which influence particle settling rates.

A review of pertinent literature was performed to determine

which sediment and water characteristics were likely to affect turbid—

ity . Because of the colloidal nature of fine—gralned silt , clay , and

organic matter in suspensions of dredged material , the resultant tur—

bidity is largely determined by particle agglomeration . Factors ex—

pected to be important based on previous studies included sediment

composition (particle—size distribution , clay mineralogy , and organic

content), water composition (salinity, hardness, and pH), and physical

effects such as temperature and turbulence.

Laboratory jar tests were utilized to investigate the effects of

sediment and water components on turbidity . Simple systems of pure

clays and clay mixtures suspended in waters of various salinity , hard-

ness, and pH were characterized first , followed by mixtures of clay

with silt. Eight natural sediments were collected and extensively

characterized concurrent with jar testing . The effect of initial sedi-

ment concentration was also studied. Ti.irbidity data were statistically

analyzed by stepwise linear regression techniques to determine which

factors were significant in controlling turbidity .

Twenty—five experiments were replicated in a procedure designed

to define the changes which take place over time as a given suspension

flocculates and settles. Aliquots of the test suspensions taken at

zero time and after significant settling had occurred were analyzed to

determine the particle—size distribution , mineralogy, organic carbon

2
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con t en t , and zeta potential. This approach was util ized to obtain in—

sight into pussible mechanisms of part Ic Ic agglome rat ton , physical

interactions between various sediment components , differential settling

rates of various components , and identifiable components responsible

for persistent turbidity or rapid settling.

A wide variation In turbidity responses was observed for the
range of sediments and waters examined . Turbidity was found to be

quite pt~rsts~ent in soft fresh waters, hut the presence of hardness

levels typ i c a l  ~f natural fresh waters (200 mg/2.) led to slightly more
rapid turbidity reduction . Low levels of salinity (1—5 ppt) were suf—

fictent to induce flocculation and consequent rapid turb idit y reduction .

The most important sedimen t compositional factor was the organics

cont en t  (measured as 2 organic carbon), with higher organics levels

corri ’lated with more rapid settling in salt water. Clay mineralogy was

not found to be a significant factor In experiments with natural sedi-

ments , although tests with pure clays did indicate disparities between

different clay minerals. Increased initial sediment concentration also

resulted in significantly more rapid settling .
- ¶ No significant segregation of sediment components was observed

during settling, with the exception of coarser silt particles , which

settled independently. These and other results suggest that particle

agglomeration in dredged material suspensions is strongly affected by

the natural organics present and that clay—organic aggregates may be

formed .

A simple plume model predicting the extent of turbidity associated

with the discharge of dredged material slurry in open water was devel—

oped using jar-teat data to provide particle settling—velocity distribu-

tions. Preliminary testing of the model by comparison of predicted

plumes with field observations in Mobile Bay yielded favorable results.

The res*ilts also suggest that significant variations in the extent of

turbidity can be ascribed to sediment settling rates. Further testing

is required to validate this model and to determine its effectiveness in

providing useful estimates of turbidity plumes.

3
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PREFACE

The work described in this report was performed under Contract

DACW39—75—C—0104 entitled , “A Laboratory Study of the Turbidity Genera-

tion Potential of Sediments to be Dredged ,” dated 9 June 1975, between

the U. S. Army En ginee r Wate rways Exper iment Station (WES), Vicksburg ,

Mississippi , and the Walden Division of Abcor , Inc., Wilmington ,

Massachusetts.

Work on this program was performed by Mr. Barry Wechsler and

Ms. Perla Fickenscher under the management and supervision of Dr. David

R. Cogley.. Dr. Ralph D’Agostino, Associate Professor of Mathematics at

Boston University , served as statistical consultant and is gratefully

thanked for  his patience and insight . Dr. John B. Southard , Associate

Professor of Geology at Massachusetts Inst i tute of Technology (M . I . T . ) ,

was primarily responsible for the derivation of the turbidity plume

mode l , and Dr. W. Gilbert Strang, Professor of Mathematics at M . I .T . ,

provided the numerical solution method. Mr. Kenneth Wiltsee of Walden

wrote the plume model computer program. Dr. Robert L. Goldsmith , Direc—

tor of the Technology Development Department at Walden , reviewed all

phases of this program and provided valuable comments and direction .

This research was sponsored by the Dredged Material Research

Program (DMRP) being administered by the Environmental Effects Labora-

tory (EEL) of WES. The study was conducted as part of the Disposal

Operation s Project (DOP) , Task 6C , “Turbidity Prediction and Control , ”

Work Unit 6C01. Dr. William D. Barnard was Manager of Task 6C;

Mr. Charles C. Calhoun , J r . ,  was Manager of the DOP.

Directors of WES during the study and preparation of the report

were COL C. H. Hilt, CE , and COL J. L. Cannon , CE. Technical Director

was Mr. F. R. Brown.
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A LABORATORY STUDY

OF ThE TURBIDITY GENE RATION POTENTIAL
OF SEDIMENTS TO BE DREDGED

PART I: INTRODUCTION

1. The Waterway s Experimen t Station (WES) is engaged in a corn—

prehensive research program on the environmental effects of dredging

and the disposal of dredged material. One aspect of this Dredged Mate-

rial Research Program (Task 6C) deals specifically with the prediction

and control of turbidity generated during both dredging and open—water

disposal operations. While turbidity may have deleterious chemical

and biological effects, it is also considered objectionable for aes—

• thetic reasons . Research is needed to permit prediction of the nature,
- 

- extent, and duration of turbidity resulting from dredging activities

so that environmental impacts can be assessed and control measures

can be implemented to minimize harmful ef fects .

2. Turbidity results from the resuspension and subsequent slow

settling of fine—grained silt, clay,  and organic matter in dredged

material. These particles display colloidal properties and settle at

rates which are largely dependent upon the chemical and physical char-

acteristics of both the sediments and the water in which they are sus—

pended. Thus, to understand the settling behavior of suspended dredged

material , one must consider the sediment compositional factors , such as

• particle—size distribution, clay mineralogy, and organic content; water

compositional factors including pH, salinity (in estuarine waters), and

hardness (in fresh waters); and physical factors affecting coagulation

and settling, such as temperature and turbulence . 
- -

3. The primary goals of this laboratory study were to determine

the nature and amount of turbidity that a given sediment is likely to

produce when resuspended by dredging operations, and to evaluate the

effects and relative importance of the sediment-water compositional - 
-

factors which influence particle settling rates. The factors control—

ling turbidity were determined in a series of jar tests on three clays

-



rr — ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~r~ - ------.- -- 
~~~~~~~~~~~~~~~~~~~~~

and eight natural sediments in a variety of test waters. These jar—

test data also provided a quantitative evaluation of the duration of

turbidity under various conditions. The nature of turbidity was deter—

mined through a series of measurements of particle—size distribution,
mineralogy , zeta potential, and organic content. A turbidity plume
model was developed to predict the extent of turbidity associated with

the discharge of dredged material, using jar—test data to provide sedi-
ment settling—velocity distributions.

12
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PART II: LITERATURE EVALUATION OF FACTORS CONTROLLIN G TURBIDITY

The Nature of Turbidity

4. Turbidity is a term describing the cloudy appearance of waters

which contain sufficient suspended matter to prevent one’s seeing

through them clearly. To an observer outside the water , the visible

turbidity is caused primarily by light scattered from suspended parti-

cles at or near the surface, while an underwater observer migh t notice

a decrease in the intensity of transmitted light. This decrease , or

light attenuation , results from the absorption of light by dissolved

- - 
and suspended organic and inorganic substances in the water as well as

the scattering by suspended particles.

5. Although turbidity is a visual phenomenon , it can be quanti—

fled by several types of measurements , including light transmission,

scattering, and suspended solids concentration . The amount of scatter-

ing and absorption is controlled by the concentration of par ticles ,
¶ their shape, size distribution , refractive index, and color. The quan-

titative measurement of turbidity by transmission or scattering is af—

fected by parameters such as the instruments ’ angle of measurement, the

size and shape of the optical beam, the volume of the sample , path

length , and spectral distribution of the light source. Thus, for a

given weight of suspended material , the turbidity measured optically

may differ for various samples, depending on the physical properties of

the particles and the instrumental configuration . In this study , turbid—

ity was quantified by measuring Z light transmission , light scattering,

and suspended solids.

6. Dredged material consists of large particles (sand and gravel),

silt, clay, and organics. The coarse—grained fractions (>74 p)* settle

rapidly under normal conditions of water turbulence and thus do not con—

tribute significantly to the turbid appearance of water. Silt comprises

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 10.
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the nonclay mineral fraction of sediment with a grain size of 2—74 t.

Although silt particles, with settling rates as low as 1 cm/hr, may con-

tribute to turbidity , in most cases the clay fraction is mainly respon-

sible for the turbid appearance of water in the vicinity of dredging

operations.

7. The clay fraction of sediments consists of fine particles

which usually possess layered crystal structures . These clay particles ,

together with organic matter in sediments, display colloidal properties

and settle at rates that are largely dependent upon the nature of the

particles themselves as well as the chemical and physical characteris—

tics of the water. The mineralogy, chemical composition , and size dis-

tribution of the suspended matter , as well as the composition , tempera—

ture, and shear rate of the fluid phase , all influence the settling

behavior of the fine—grained sediment .

8. The stability (i.e., slow settling rate) of a colloidal sus-

pension of clay particles is due to the small size and the negative

surface charge of the particles . Because of the small particle size ,

settling is inhibited by the Brownian motion of the surrounding water

molecules. Only when individual particles adhere to one another, pro-

ducing relatively large agglomerates (‘~5O—lO0 it) , does sett l ing occur

at a more rapid rate (“4—3 m/hr). The process by which such agglomer-

ates are formed is referred to as coagulation or flocculation .

9. Because of the small size of the particles , surface charge

effects exert a major influence on the behavior of clay suspensions.

- 
- The primary negative surface charge on the faces of the clay “plates”

is balanced by the formation of a layer of oriented water molecules

around each clay particle . This particle-water interaction results in

the formation of an electrical double layer at the interface between

the clay particles and water. The clay particles are thus surrounded

by an electric field which repels other similarly charged particles.

In stable colloids, the short—range, attractive van der Waals forces

are overcome by the repulsion arising from the electric field associated

with the charged surfaces of the clay particles . In the absence of any

floccula ting agent, the repulsive forces extend far enough away from

14
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the particles to prevent their close approach and subsequent agglomera-

tion . In order for agglome ration to take place , the electr ic fields

surrounding the particles must be reduced , allowing the attractive

H forces to act when interparticle collisions occur.

10. The agglomeration of dispersed particles in a colloid , then ,
depends on the collision frequency of the particles and the relative

adhesiveness of the particles. Factors which influence the collision

frequency , such as the concentration of suspended mat ter  and the water
agitation , and factors which affect the electrical forces associated

with the particles , such as the solution composition , p~irticle composi-

tion , the ion exchange properties of the particles , and their adsorption

p roperties , determine the rate of agglomeration of the f ine  particulate
matter .  In the fol lowing sections , each of these f acto rs and thei r
impo r tance under var ious environmen tal cond i t ion s is discussed more
f ul ly .

Factors Affecting the Settling of Suspended Sediments

Pa r t ic le  si ze

11. Sediment par t ic le  size influences the persistence of turbid-

i ty by determining part icle  se t t l ing  rates .  The effect of sediment
pa r t ic le  size can be evaluated In terms of the settling velocity of

equivalent spherical particles of equal density. The settling velocity

of a small sphere in a viscous f l u i d  is given by Stokes ’ Law :

gd 2 (p

l8~ (1)

where w is the s e t t l i n g  velocity;  g is the gravitational acceleration

(980.6 cm/eec
2
); d is the diameter of the sphere ; p (‘\~2.5 g/cm

3
) and 

I 

-

* For convenience , symbols and unusual abbreviations are listed and
defined in the Notation (Appendix H).
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: 1 p
1 are the densities of the sphere and liquid , respectively ; and ri is

the coefficient of viscosity of the liquid (8.94 x lO~~ g/cm—sec for

water at 25°C). The particle settling rate varies as the square of the

particle radius, so that a 5 ~i particle would settle twenty—five t imes
as fast as a 1 p particle. In other words , for  nonagglomerat ing parti-

cles, turbidity due to 1 p particles would persist twenty—five times

longer than turbidity due to 5 p particles.

12. For colloidal materials , turbidity persisten ce is often

governed not by the settling of individual particles but by the set-

tling of particle agglomerates. These agglomerates can achieve much

higher settling velocities than individual particles because of their - 

-

larger diameters (assuming densities of the same order of magnitude).

Thus, in cases where coagulation takes place, turbidity persistence

can be governed by the rate of particle agglomeration .

13. Theoretically, particle size should also influence the rate

of agglomeration of fine—grained suspended material.  This is a result

of the fact that for a given weight of material the number of particles

present is a function of the particle diameter and because the colli-
sion frequency of pa r ticles In a suspension in creases propo r tionately

with the number of particles present (see Equations 2 , 3, and 5 , below) .

The number of particles varies inversely wi th the cube of the particle

diameter. Considering that fine sediments encountered during dredging

may have mean particle sizes ranging over a factor of ten or more, the

number of particles per unit weight can vary by at least a thousand
times.

14. A study by Black and Vilaret1 suggests that un der certain

circumstances the particle size of a suspension is important in deter-

mining the rate of agglomeration and, consequently, turbidity reduction.

Their results indicate that for organic polymer flocculants and mono—

disperse (all particles of similar size) suspensions, smaller particle

sizes favor more rapid agglomeration, although greater polymer dosages

are required to yield optimum turbidity removal. However, polydispers—

ity (the presence of a range of particle sizes) and the use of a metal

salt coagulant (CaCl
2
) which is of similar type, but not identical to

16
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natural sea salt , apparently lessened or eliminated these effects. This

suggests that the particle size may not be a major factor in determining

the agglomeration rates of fine dredged material in natura l  waters .
Composition of the dispersed phase

15. The mineralogical composition of fine—grained dredged mate-

rial may also have an importan t influence on the agglomeration and sub-

sequent settling of suspended particles. Several studies have consid—

ered the relative stabilities of clay mineral dispersions using theoret—

ical , experimental , and empirical methods and have concluded that set—

tling rates for different clay minerals may vary significantly.

16. Hahn and Stumm2 invest igated the sett l in g properties of

illite , kaolinite , and montmorillonite in fresh and salt water bodies -
•

with different hydrodynamic properties from a theoretical viewpoint.

Their calculations suggest that illite settles more rapidly than

kaolinite , which in turn settles more rapidly than montmorillonlte .

The three clay dispersions were shown to have different stabilities at

a given concentration of electrolyte due to differences in particle

- j size and surface charge .

4 17. Edzwald et al . 3 and Edzwald and O’Melia4 have evaluated the

- I re la t ive stab i l i t ies  of illite , kaolfnite and montmorillonite disper—

sions experimentally and have shown that the distribution of recent

sediments in the Pamlico River Estuary , North Carolina, indicates that

col loidal s t ab i l i ty  is a major factor  control l Ing the sediment dis tr i—

but ton in estuaries. The experimental results indicate that the rela-

tive stabilities for the three clays are as follows: illite ~‘ kaolin—
I 

- 

Ite  ‘
~ mon tmoril loni te .  This ranking applies over a wide range of

salinities (2—19 ppt) but it is the reverse order of that predicted on

the basis of theoretical arguments by Hahn and Stumm .

18. The clay distribution along the Painlico River estuary sup—

ports the experimental determinations . The p ropo r tion of kaol i n ite in

the clay fractions decreases downstream (toward higher salinity), while

ili-i te increases in abundance and montmorillonite is present only in

minor amounts throughout . The i l l i t e—kaolin i t e  trends apparently re—
flect the fact that kaolinite is less stable than illite and consequently

17 
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is removed from suspension more rapidly than i l li t e .  I I  [i t t , howeve r ,

is more stable an d remains in suspension for a lon ger t ime be f o re i t  is

destabilized by inc reasing salt concentration . Its proportion in the

clay sediment fraction therefore Increases with distance downstream .

19 . This order of clay mineral stabi lity is also consistent with

t~ e compos t t ton o I suspended matter and recent  sediments in the ~:u1 I of

Mexico and Caribbean Sea . Jacobs and Ewi n g
5 repor ted tha t  tnontmor il  [on~

i t t ’ suspended in the Mississipp i Riv er  tioccula tes and is deposited

-; near the head of the Mississipp i Delta , leaving the remain ing  water

depleted in m on tmo r i l l on i te pa r t i c l e s . I l l it h ’  clay discharged from

the Amazon River remains in suspension as the Amazon wate r  flow s into

the At 1 ant  Ic Oce~i~ and s i t  t I es out o f suspension as far  nor th  as the

t~arihbean and the Cull ~ f M ex i c o .

t ton of the I ui d phase

20. According to t hi’ Dt’ rjagutn—Landau—Ve rwev—Overbeek (DLVO ’
~

theory of cot lo lda l  s t a b i l i ty  ,~~~ destab i ii :atlon occurs when the repul —

s lvi’ forces between like—charge d particles art’ reduced enough to allow

the at tract lye forces to dominate. The p rt’seuce of e 1 eL t ro lv  te in solu—

t ton tends to compress the electrical doub ii ’ I avers surrounding c l a y

particles in suspens i on and thereby promote coagulatlc’a. Not only is

the ionic strength of the ele ctrol yte an import an t f a c t o r  in ~1estabi—

tiring cot b ids, but the valence of the eat ions present has a great

effect on the concentration of ions required for flocculation . The con—

- ~- centratjons of univalent , d ivalent , and trivalent cations required to

flocculate a given dispersion are f ound to  he approximately in the

r at i o  1O0 :l .6 :0 .l4 . ~ App arent ly , the valence of the anion in the solu-

t ion  has no e f f e c t  on the f l occu l a t i on  concent ra t ion . These results

apply to a variety of colloidal materia ls including clays.

21. The experiments of Ed zw ald et at .~~~ have demonstrated the

effects of tonic strength and solution composition on the coagulation

kinetics of kaolintte , ilti t e , and montmorillontte suspensions . The

two solutions s tudied were a NaC l solution and a synthetic estuarine

solution , each at three ionic strengths . In experiments with kaolinitt’

suspensions, increasing ionic strength yielded more rapid coagulation

18

1 ’

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ -



P

rates. In addition , the synthetic estuarine solution provided more

rapid coagulation of the clay suspensions than did the simple NaCI solu-

tion , due to the presence of divalent cations (Mg~~ , Ca 2+) .  Edzwald and

0’Me 1ia’~ further reported that the stabi lity of a l l  three clay colloids

decreases with increasing sat tn itv between 1—18 pp t salinity and that

H c lay s  which are r e l a t i v e ly  more stable in low salinit y waters are de-

stabilized to a greater degree in waters of high salinity .

22. The presence ot  c e r t a i n  anions in so lu t i on  can , unde r certain

circumstances , stabi1t~ e’ low concentration clay suspens ions and thereby
-
~~~ 8

lead to persIstent turbidity . Swartzen—Allen and Matijevic report that

montmorillonite and kaolinitt’ have been shown to he de f lo ccu lated  by the

adsorption of hydroxide , phosphate , oxalate , sulf ate , acetate , and
ch l o r i d e , among other anions . This is apparently caused by the disrup—

tion of edge—to—face agglomeration . The structure of the cia minerals

leads to the presence of positivel y charged particle edges and nega-

t i vely charged particle faces in manY clay suspensions . The at t r a c t i o n
between oppositely charged edges and faces of p a r t i c l e s  produces edge—

to—face  agglomeration in the absence of coagulants. However, the adsorp-

tion of anions from the solu t ion on the positive’ edges of d a y  particles

can interfere with the development of this structure at low concentra-

tions and may redisperse the cla~’. Thus , in fresh water , the presence

of certain anions can stabilize clay colloids and thereby cause persis-

tent turbidity .

Influence of organic material

13. The organic matter present in dredged material is derived

from many sources, including decomposition of terrestrial plants and

animals , decomposition of aquatic plants and animals , sewage , and munici-

pal and industrial wastes. Such organic matter may exist as relatively

large masses, colloidal suspensions or in solut ion . Col lo idal  and solu—

ble organic matter have the strongest effect on the sedimentation be-

havior of clays and clay—containing sediments.

24. Formation of clay—organic complexes. Clay and natural organ—

Ica, when present together in an aqueous dispersion , can forts complexe s

or aggregates which have colloidal properties diffe rent from one or both

19
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of the component parts. These complexes form when attractive forces

(e.g., ion—dipole forces, van der Waals forces , or hydrogen bonding)

can overcome the electrostatic repulsive forces resulting from clay sur-

face charges and the accompanying electrical double layers . It is in-

structive to compare the formation of clay—clay aggregates (coagulation)

with the formation of clay—organic aggregates.

25. Coagulation of clay particles (without organics) is achieved

by causing collapse of the diffuse double layers eithe r by addition of

divalent cations which adsorb on the clay , neutralizing the surface

charge, or by increasing the ionic strength of the aqueous suspensions.

Thus, clays coagulate in hard and saline waters . Organic materials can

either destabilize or stabilize clay colloids , depending upon the speci—

fic properties and concentrations of various substances. The ionic or

polar groups of the organic molecules may adsorb either on the negative—

l~’ charged clay faces or on the positively charged clay edges. If

several clay particles complex with a single organic molecule , the

molecular weight of the aggregate can become high enough to render the
repulsive electrostatic double layer forces ineffective . This inter—

4 particle bridging thus can result in flocculation of the clay particles.

Under certain conditions the organic molecules can a t tach  to and some-
times envelop , or form a coating around , clay particles , thereby masking

F the clay’s usual properties and forming a stable protective colloid.

26. Behavior of clay—organic complexe s. The response of clay—
organic complexes to various water compositions can be strikingly dif-

ferent from that observed for pure clay suspensions. Whitehouse et al . 9

characterized such differences for a wide range of organic compounds.
The ef fec ts  of charged and uncharged low molecular weigh t organic com-

pounds on the settling of clays in artificial seawater of various
strengths were measured. In genera], the organic compounds tested
changed the settling velocities of the clays by less than 50% and often
less than 5%. In some cases, more marked effects were observed.

10
27. Narkis et al. investigated the effects of hustle and fulvic

acids, which are conunon organic constituents of natural waters, on the

stabilities of several montmorillonite and kaolinite clay suspensions

20 
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in a dilute NaHCO

3 
solution (soft water). I t  was found that  varying

degrees of in teract ion took place between humic acid and the clays ,

depending upon the clay type and composition . Adsorption of humate on

Ca—montmoriilontte particles led to increased stability of the suspen-

sion (smaller settling velocity) , whereas the presence of huinic acid

had little or no effect on the agglomeration of other clays.

28. Neis and Hahn~~ also examined the effects of hunjic and ful—

vic acids , as well as lignosulfonic acid , on the stability of kaolirtite

suspensions in dilute CaC1
2
. Increasing concentrations of these organ-

ic acids were found to increase the stability of the kaolinite , with

the exception of a destabilization which took place at high concentra—

tions of humic acid. Lignosulfonic acid had the greatest effect on

the clay stability, and humic acid had the least. The stabilizing

effect of lignosulfonic acid is also consistent with the results of
12LeBell et a l . ,  who foun d that lignosulfonates greatly increase the

stability of kaolinite suspended in NaC1 solutions .

29. Conclusions regarding clay—organic in terac t ions .  The inter-

action of organic matter with clay particles introduces many complex!—

ties into the sedimentation behavior of colloidal suspensions of such

materials . From the studies cited above , it is apparent that settling

of th e clay fraction in suspended dredged material can be greatly

af fec ted  by the naturally occurring organic compounds . Depending upon

the type and amounts of organics and clays present , aggregation of the

clays in suspended sediments might be enhanced or hindered , with conse-

quential effects on the settling rates of the suspensions. The sequence

of flocculation of clays and the critical coagulant concentration (i.e.,

minimum salinity necessary to induce flocculation) in natural waters

might be quite dif ferent  from those expected for pure clays. Clay s with

the highest surface charge densities (montmorillonite) would be expected

to interact  most strongly with many organics .

Liquid shear

30. A prerequisite for particle agglomeration in colloidal sus—

pensions is interparticle collision resulting from the Brownian motion

of molecules in the suspending medium (water) , internal shearing within

21
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the medium, or the differential settling velocities of particles.

While all three processes generally promote coagulation , hi gh interpar—

tid e collision velocities or rapid liquid shear rates may cause dis—

aggregation of agglomerates and resuspension of sediment.

31. Krone13 has discussed these thr ee mechanisms and their rela-

tive importance in natural waters. The collision frequency of one par-

ticle with other particles due to thermal motions in the water I

(Brownian motion) is given by :

4km
3~ 

2)

where k is Boltzmann ’s constant; T is the absolute temperature ; n is the

particle number density (cin
3
); and ri is the viscosi ty of the water.

All particles are assumed to be the same size.

32. The collision frequency due to internal shearing in the

liquid is given by the following expression:

= ni R1~
3C (3)

Here , is the collision frequency on a particle of size j; n~ is the

number of particles of size i; R u is the collision radius ; and C is

the local velocity gradient . The third power dependence of the colli—

- 
- 

sion frequency on R
u 

results in the increasing efficiency of particle

aggregates to gather small particles and grow still larger.

33. The ratio J/I gives a measure of the relative effectiveness

of Brownian motion and liquid shear in promoting particle collisions.

The resulting expression :

3
~R C

1 kT

indicates that even at very i_ow shearing rates (C = 1 sec 1) and ambi-
ent temperatures, the ratio is unity for R

1~ 
0.77 p. Thus, the two
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mechanisms are equally important under these conditions for clay—sized

particles. However, when larger particles or aggregates are present

and/or the velocity gradients are higher , the shear—dependent collision

rate predominates.

34. The collision rate of a settling particle P is given by:

P - 1TBR
i1

2Vn (5)

where B is the capture coefficient and V is the relative velocity be-

tween particles This mechanism of particle capture is probably impor—

tan t when the local shearing rate is low . It may contribute signifi-

cantly to the “sweeping out” of smaller particles by settling silt

grains or clay aggregates.
14 ,1535. A number of studies have shown that  breakup of particle

aggregates does occur at high liquid shear rates. This may be an im-

portant factor  In determining the state of material  discharged from a

hydraulic pipeline dredge , since both flocculation and particle breakup

can occur simultaneously due to turbulence within the pipeline . The

ultimate fate of the dredged mate r ia l is almost certainly dependent ,

at least in part , upon its state of aggregation when it is discharged

into the receiving water.

Temperature

36. The settling velocity of a smal]. sphere in a viscous fluid ,

as given by Stokes ’ Law (Equation 1), varies inversely with the vis—

cosity of the fluid . The possible importance of this effect can be

seen by comparing values for the viscosity of water over the range of

temperature likely to be encountered in natural waters. At 30°C, r~ =

0.7975 centipoise , while at 4°C, r~ 1.567 centipoises)6 Thus, the

viscosity varies by about a factor of two , indicating that sett l ing can

be nearly twice as rapid in warm water as it is in cold water.

37. Temperature may also have some effect on the coagulation

properties of clays, but its importance in natural waters is probably

overwhelmed by other factors . The frequency of collisions induced by

Brownian motion has been discussed above , where it was shown that the
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collision frequency varies directly with the absolute temperature and

inversely with the viscosity. Therefore , an increase in temperature

should yield a somewhat hi gher collision frequency . However , the varia—
— tlon in absolute temperature of natural  waters is only about 10% (“275—

300 K ) ,  and the viscosity varies at most by a factor of two. The most

important term in the expression for collision frequency , therefore , Is
- - 

the particle concentration , which may vary over several orders of magni-

tude. Furthermore , collisions induced by liquid shear may predominate

over those caused by Browitian motion under many natural circumstances.

- 4
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PART III: EXPERIJ€NTAL DESICN AND TEST PROCEDURE S

Rationale and Approach

Pactors affecting the settling of dredged material

38. The dispersion of dredging—related turbidity is dependent

upon the coagulation properties of sediment—water systems as well as

bulk physical processes such as river , tidal, and wind—driven currents.

The coagulation properties of such systems are important because the

settling rates of suspended fine—grained dre.lged material may vary sub-

stantially in waters of differing composition . Furthermore , sediments

of varying silt, clay , and organic content are likely to behave dIffer-

ently from one another under similar ambient water conditions .

39. The factors to be investigated experimentally In this study

were chosen on the basis of the literature review presented above

(Part II). The presence of dissolved electrolyte in waters in which

dredged ~naterial is discharged enhances the coagulation of colloidal

particlea In seawater or estuaries, salinity is the principal factor,

whereas hardness is of concern in fresh water.  The water pH was also

considered to be of possible importance , as it may affect clay colloid —

stability and the nature of clay—organic interactions. Sediment factors

expected to be of importance were the clay mineralogy (kaolinite , illite ,

montmorillonite, chlorite) , particle—size distribution , and organic con-

tent. Since many complexities are involved in analyzing and classifying

sediment organic constituents, it was felt that a single parameter , the

wt.% organic carbon , would provide the simplest and most useful means

of characterizing the sediment organics.

Correspondence of laboratory and field conditions

40. Several other factors, including the initial suspended solids

concentration , the dissolved solids concentration , and the stirring his-

tory of the suspensions were considered in developing the test plan.

Each of these parameters not only affects the flocculation of suspended

particles , but also bears on the applicability of jar—test results to

field conditions. In many cases , simple laboratory experiments cannot
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adequately model situations encountered at actual dredging operations ,

but to the extent possible, test conditions were designed to simulate

natural occurrences.

41. Sediment s -ins discharged from hydraulic pipeline dredges

typically contain from 0 to 20% solids by weight. The high concentra-

tions of such slurries are beyond the optical turbidity measurement ca—

pability of the jar—test apparatus used, and lower concentrations had to

be utilized. Since upwards of 95% of the discharged solids ordinarily

settles rapidly to the bottom, however, concentrations on the order of
1% solids or less are to be expected quite near the discharge point. In

fact, this prediction is confirmed by observations such as those of
17

May. Therefore, sediment concentrations of 1 g/2.. and 5 g/i (0.1% and

0.5% solids) were utilized in jar tests. The use of two different con—

centration levels was intended to determine the effect of concentration

on the flocculation and settling rates of dredged material suspensions.

42. The pH and hardness levels of jar-test waters were chosen

to be appropriate to levels normally found in natural waters. Salinity

levels of 1 g/2. and 5 g/2.. sea salt were investigated in this study, al-

though the salinity of estuarine or marine waters may often be signifi-

cantly higher (seawater contains ‘\.35 g/~ salt). Previous studies (see

Par t II) and preliminary tests, however , suggested that even low salt

concentrations were sufficient to flocculate suspended sediments and

that increasing the concentration beyond about 5 g/9.. has relatively

little additional effect.

43. Laboratory mixing conditions were intended to simulate those

expected at actual dredging sites. These include rapid , turbulent mix—

ing such as that in the dredge pipe followed by slower mixing as

might be found downstream from the discharge. To accomplish this,

jar test suspensions were first mixed rapidly (>100 rpm) for thirty

minutes and were then mixed slowly (2.-S rpm) while the turbidity was

monitored. The correspondence between laboratory and field mixing con-

ditions is, of course, not exact. For example, sediment slurr ies
transmitted through hydraulic pipelines may be subject to complex tur-

bulence and variable flow regimes . This may affect  the nature of
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dispersal or flocculation of the material discharged from the pipe .

In addition , the hi gh solids content of dredged material slurries was

not modeled during the rapid—stirring period in the laboratory jar
- 

1 tests. Rather than to model precisely the mixing encountered by

dredged material , it was the intent of this investigation to determine

the nature and relative importance of factors affecting the settling

rates of suspended sediments. Therefore, exact correspondence between

laboratory and field conditions was not attempted , and any differences

must be accounted for when applying the results of this study to field

situations.

Expe r imen tal app roach

44. Factorial desi gn. Labo ratory ja r  tests  were performe d in a

fac tor ial design test p lan to determine the effects of sediment—water

factors and interactions on observed settling rates. Because the type

of clay present was expected to be an important factor In determining

tu rbidity , the f i rst - factor ia l  experiment consisted of tests with three

clay samples. Samples of kaolinite , illite , and moutmorillonite , the

three most common clays found in sediments , were tested singly and in

two— and three—part mixtures In waters of varying salinity , ha r dness ,

and pH.

45. A second series of experiments was designed to determine

the effects of silt and naturally occurring organic material on tur—

bidity. Mixtures of silt with clay and silt with natural sediments

were used to test for any Interactions which might exist between clay

and silt particles. An attempt was made to determine the effect of

natural organics on turbidity by testing two natural sediments before

and after treatment with hydrogen peroxide (H202
) for removal of the

organic fraction . However, organic carbon analyses of the sedi men ts

following H 0 treatment indicated only a 30% reduction from the ori-

ginal organic carbon content. Furthermore , the H2
0
2 

treatment may

result in changes in the inorganic fraction
18 and affect the s e t t l in g

behavior of the clays. The results obtained in this phase of the

study are thus equivocal and cannot be used to specify the role of

natural organics on the settling of sediment suspensions. Details of
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the treatment and testing procedures are presented in Appendix D.

46. Finally, eight netural sediments (Appendix A) were tested in

a factorial experiment. The sediments were obtained primarily from

dredging sites and represented a broad spectrdm of compositional charac-

teristics. Pour fresh waters and four saline waters were utilized in

testing the natural sediments.

47. Settling curves. For each jar test , turbidity was monitored

for a period of 60 minutes following an initial rapid—mix period .
Curves of light attenuation vs. time were prepared which are a function

of the coagulation and settling rates for each set of sediment and water

conditions. For purposes of s tat is t ical  analysis (see below) , all

results were characterized by a single parameter , the time to reach a

67% reduction from the initial turb id i ty . This approach represents a

simple method of providing at least a relative ranking of settling

rates for the factorial experiments.

48. Statistical analyses. Results of the jar tests for clays

and natural sediments were analyzed by stepwise linear regression

techniques to determine which sediment and water factors controlled the

settling rates of the suspensions . A functional dependence of the fol-

lowing form was assumed:

k
Y . - a + E  b iXj

+e (6)
1—1

Y is the dependent variable , an experimentally estimated parameter

proportional to the mean sedimen t settling rate ; X~ is a set of inde—

pendent variables corresponding to sediment and water variables; e is

the random experImental error ; and a and bi 
are mathematically deter-

mined coefficients . Regressions are carried out in a stepwise fashion

using a standard computerized statistical package .

49. In the first step, a single independent variable X is

selected to provide an equation :

Y — a + b X  (7)
u u
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where X is the independent variable giving the greatest reduction in

sum of squares of Y. An F—test of the null hypot hesis  h — 0 is applied.

F is the ratio of the variances explained by the independent variable

X to the unexplained variance . If the computed F value is greater than

the corr espond ing tabulated F0 01 value , the nul l hypothesis  is re jec ted

(i.e., there is less than 1% chance that b 0), and the analysis is

carried a step further.

SO. In the second step another independent variable is selected

to provide an equation :

Y a + b X + b X  (8)
U U V V

where X is the independent variable giving the next greatest reduction

in sum of squares of Y. An F—test is applied to X and the procedure

is repeated until a computed F value less than the corresponding tabu—

lated F0 01 value Is obtained. This indicates an unacceptable linear

regression step; i.e., the chances are greater than 1% tha t  the reduc—

tion in variance assigned to the last selected independent variable

could be due to chance .

- 4 51. The stepwise linear regression analysis is terminated and the

penultimate regression equation is selected as the equation providing a
- 

- 
statistically valid evaluation of the important factors controlling tur—

bidity reduc t ion. The corr ela tion c o e f f i c i ent , standard error of the es-

timate, and standard errors of the coefficients are also provided . This

approach may be termed a “step up method of stepwise linear regression

utilizing an F
001 criterion.

” The resulting equations provide an esti-

mate of the effects of controlling factors, and there is less than a 1%

chance that functionally irrelevant factors have been specified . The re-

sults apply, of course , only to the range of sediments and waters tested ;

however, generalizations of sediment-water interactions can be made based

on similarities in the behavior of different sediments.

52. Separate regressions were performed for two dependent vari-

ables (Y’s): the reciprocal of the settling time to 67% turbidity reduc-

tion in a jar test (l/t 67) and the natural logarithm of the reciprocal

settling time. Both give a measure of the overall settling rate for
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each test suspension, but the use of the natural logarithm has the

effect of giving greater weight to small l/t values than to large lit

values. Since many of the large l/t values (i.e., very short settling

times) were based on extrapolation of experimental data, smaller lit

values are in general expected to be more precisely determined. Thus

ln(l/t) is, in effect , a weighted function giving higher weights to the

more reliable data. It should also be noted that the 677. turbidity

reduction criterion was chosen to minimize the amount of extrapolation

necessary for both very short and very long settling times.

3. Replicate tests. Twenty—five experiments were replicated

in a procedure designed to qualitatively and quantitatively define the

changes which take place over time as a given suspension flocculates

and settles. Aliquots of the test suspensions taken at zero time and

after significant settling had occurred were qualitatively analyzed

to determine the particle—size distribution , mineralogy , organic car—

bon content , and zeta potential. This approach was utilized to obtain

insight into possible mechanisms of particle agglomeration , physical

interactions between various sediment components , differential settling

rates of various components , and identifiable components responsible

for persistent turbidity or rapid settling. In addition , the tests

were used to determine the correlation between light transmission , light

scattering, and suspended solids concentration .

— 
54. The choice of replicate tests was intended to provide both

a comparison of the behavior of different sediments under similar water

conditions and of individual sediments under different external condi-

tions. Thus, replicate tests were run for all clay mixtures and natural

sediments in a single water type (0.1% sea salt solution) at 1 g/R~ sedi-

ment concentration . In addition , the three—part clay mixture (kaolin—

ite + illite + montmorillonite) and each of the natural sediments were

tested under a second set of conditions (sediment concentration and/or

water type) which produced substantially different settling behavior

in the factorial jar tests.

55. Preliminary and subsidiary tests. Several experiments were

performed which were outside the scope of the factorial test plan but
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which were important to the proper interpretation of turbidity data.

These included the effect of wavelength on the light transmission , the

importance of temperature in determining the settling rate , and the

possibility of turbulence and/or stratification during jar tests and

their effects on the measured turbidity. The three clay samples were

also tested over a wider range of sea salt concentrations than in the

factorial plan to determine their responses to very high and very low

salinities.

Ja r—Test Procedure s

Apparatus and turbidity measurements

56. A multiple jar—test apparatus was utilized in analyzing the

settling characteristics of suspended sediments. The system includes a

six—station stirring unit (Phipps & Bird , Richmond , Va.), stainless steel

1—i jars (with a height and diameter of 14.5 and 10.2 cm, respectively)

fitted with fixed light probes (2—cm light path), and a Brinkmann probe

coloritneter with a 48—in, fiber optic light guide. The light probe was

fixed at a depth of 6 cm below the surface of the 1—i suspensions, while

the 0.1— by 2.5— by 7.6—cm stirring blade was centered 2.5 cm below the

surface. The stirring rate was variable between 0 and 100 rpm .

57. In order to ensure the equivalence of results obtained in

all six jars , each beaker was standardized to 100% transmission with
deionized water prior to every experimental run . This was done by

reading the transmission through deionized water for each beaker and

calculating the factor needed to raise this value to 100%. This cali-

bration factor was then applied to subsequent transmission readings

from each beaker. It was also noted that significant nonuniformity

existed in the light probes , resulting in a dependency of the light

transmission on the orientation of the fiber optic light guide with

respect to the light probe . For this reason , readings were always

taken with the light guide and probe in the same orientation , the exact

orientation for each beaker having been determined initially by maxi—

mizing the observed transmission in deionized water.
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58. Although the term “turbidity” may be used to signify several

different physical properties , it is defined here to be a measure of

the attenuation of a single wavelength (or narrow band) of light trans-

mitted through a medium , relative to a deionized water standard . The

attenuation is the sum of light absorption and scattering, the two

processes which diminish the light intensity in a suspension . The

attenuation coefficient , a, is hereby defined to be

a = 
ln(100/T) (9)

where T is the 7. ligh t transmission ; L is the path length (in ) through

the suspension ; and a is exp ressed in units of (m’
~~) . 1’9 All transmis-

sion data were gathered using an 880—nm filter in the colorime ter. It

is important to remember that , in general, as the amount of material

in suspension increases, the attenuation coefficient increases; however ,

the 7. transmission decreases.

59. The procedure for conducting jar tests consisted of first

vigorously dispersing the clay or sediment suspensions during a rapid—

mixing period , then measuring the light transmission at frequent inter-

vals as settling occurred. The suspensions were stirred for 30 mm at

100 rpm, and a transmission reading was taken immediately pre ceding the

cessation of rapid mixing. The stirring rate was then reduced to 2—5

rpm, and transmission readings were taken at 5—mm intervals for a total

of 60 win. Transmission values were converted to a values and a vs.

time curves were prepared for each experiment.

60. The Phipps and Bird stirring apparatus was somewhat unsteady

at low stirring rates , and 2—5 rpm represents the range in stirring

which was actually observed during the settling experiments. It should

be noted that nonuniform liquid shear rates are obtained with a single

stirring rate since the shear rate varies along the radius of the impel—

ler blade . The shear rates thus obtained simulate the mixing in natural

waters, which promotes flocculation without causing breakup of clay -‘

flocs or resuspension of settled material. The shear condition obtained

corresponds to a velocity gradient in the range of 0.5 to 1.0 sec’4.
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Replicate tests

61. The procedure for preparing and conducting replicate tests

was identical to that described previously for clay and natural sedi— 
I 

-

ment suspensions. For each replicate experiment, the light transmission

of one jar was monitored for a full 60 mm to compare its settling curve

to previous determinations for the particular suspension. One control

jar was also run for each replicate test. This consisted of a clay

sample suspended in a standard salt solution and was prepared fresh

for each run. In addition, other jars run simultaneously under the

same conditions were sampled to obtain the desired qualitative data.

62. Samples of the suspensions were taken at the end of the

rapid—stirring period (immediately preceding the start of slow stirring)

and also after a period of settling defined by the decrease of the tur—

bidity , a, to one—half of its initial value. All samples were analyzed

for mineralogy , zeta potential , pH, light scattering, light transmis—

sion, suspended solids, particle—size distribution (dispersed), and

particle morphology (by scanning electron microscopy).

63. Results of replicate test analyses are reported in Appendix

P. Note that tests denoted by the letter “a” (Ia, 2a, 3a, ..., 25a)

indicate samples of the suspensions at zero time (prior to settling),

while tests labeled “b” (lb, 2b, 3b , ..., 25b) represent samples taken

after settling to one—half the initial turbidity . However, the miner— —

alogy results (quartz , kaolinite + chlorite , i l l ite, mon tmorillonite)

and particle—size analyses (mean particle size and wt. 7. finer than 2 p)

for tests labeled “a” (zero time) were not obtained on actual aliquots

of the test suspensions at zero time. The procedure for these two assays

will be described in detail below. All other assays were performed on

aliquots of the test suspensions.

64. Samples for analysis were obtained by draining the top half - 
-

of each suspension. A few drops of suspension were filtered immediately

on a 0.45 i~’ 
pore size Millipore filter and reserved for later scanning

electron microscopy . The pH of the samples was measured within one

minute of the sampling time and the samples were kept stirring until

the zeta potential could be measured, ordinarily within 1 hr. Light
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scattering was measured using a Hach 2100A Turbidimeter within 48 hrs

after sampling and was reported as Forinazin turbidity units (FTIJ) . A

light transmission measurement was made immediately following the tur—

bidimeter reading and the same sample was later analyzed for suspended
solids.

65. Samples for X—ray diffraction (mineralogical analysis) were

prepared in the same manner as the <2 p fraction of the sediments (see

Appendix B), except that samples were not 11
202—treated. In obtaining

the “zero time” sample for X—ray analysis, the sediment being tested

was suspended in deionized water and was allowed to settle the same

period of ti me as the test suspensions which were sampled after settling

to one—half the initial turbidity. For example , the sample for X—ray

diffraction of test 8a was obtained by sampling a suspension of the

sediment in deionized water after settling for 8—3/4 win. The miner-

alogy reported for test 8b was done on a sample of the sediment sum—

pended in the test water (0.1% sea salt), also after settling for

8—3/4 win. This procedure allows the relatively coarse , nonflocculat—

ing silt particles (mostly quartz) to settle out equally in both “a”

and “b” suspensions, and permits a direct comparison of the mineralogy

of flocculated and unflocculated suspensions. Changes in the mineralogy

which result from simple gravity settling of coarse particles (which is

assumed to be the same in test solutions and deionized water) are thus

not considered here. The results do point out any differences in set-

tling behavior which result from flocculation in the test suspensions

as opposed to. the absence of flocculation In deionized water.

66. Note that for replicate test samples no attempt was made to

distinguish kaolinite from chlorite in the X—ray diffraction patterns,

and these two clay types are thus considered together . This differs

from the X—ray diffraction results for the natural sediments (discussed

below) , where kaolinite and chlorite were distinguished.
67. The particle—size distribution of the suspended sediments

was obtained after filtering the solids on a Millipore filter and

redispersing them with sodium hexametaphosphate in 350 ml of deionized

water. The pipet analyses were carried out in a 1000-mi graduated
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cylinder. For analyses listed as “zero time ,” the particle—size dis— - -

tributions were performed directly on samples of the natural sediments ,

not on aliquots removed from test suspensions.

Test Plan and Sample Characterization

68. A stepwise approach was used to investigate the important

sediment and water factors and interactions controlling turbidity .

Simple systems of pure clays and clay mixtures suspended in waters of

various salinity , hardness, and pH were studied first, followed by mix-

tures of clay with silt. Finally , eight natural sediments typical of

those encountered at actual dredging sites were tested.

69. The physical and compositional characteristics of the sam—

ples which were expected to be of possible importance in affecting

their settling properties were determined by a variety of techniques.

These included the particle—size distribution (natural and dispersed),

mineralogy (X—ray diffraction), zeta potential , % organic carbon ,

cation exchange capacity , moisture content, and pH. Samples were also

examined by scanning electron microscopy to obtain qualitative infor-

mation on particle agglomeration . Details of sample preparation and

analytical techniques are presented in Appendix B. Results of these

analyses are summarized in Tables 1 and 2.

- 

- Waters

70. Turbidity testing was carried out in a variety of fresh and

salt waters in order to examine the effects of water hardness, salinity,
— - and pH on the settling behavior of sediment suspensions. The four fresh

waters chosen for study were as follows:

soft water, pH 6.8

hard water , pH 6.8
aoft water, pH 8.3

hard water , pH 7.5
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The four saline waters were:

0.1% sea salt solution

0.1% sea salt + hard water

0.5% sea salt solution

0.5% sea salt + hard water

71. The basic soft water was prepared by adding 0.144 g/~ of

NaHCO
3 
to deionized water, yielding a pH of 8.3. An equivalent soft

water at acidic pH was made by adding C0
2
—saturated water to the basic

NaHCO
3 solution until the pH was reduced to 6.8. The synthetic hard

water was designed to simulate natural hard waters and was prepared to

contain 150 mg/9~ of Ca(HCO
3
)
2 
and 50 mg/P., of MgSO4 , with a pH of 7.5.

The water was actually prepared by dissolving 68.5 mg/2~ of Ca(OH ) 2 ,
50 mg/9. of MgSO4, and adding enough C0

2
—saturated water to bring the

pH to 7.5 or 6.8. Stock solutions of Ca(OH)
2 

and MgSO
4 
were utilized,

while C0
2—saturated water was prepared before each run by bubbling CO2

through deionized water.

72. Sea salt solutions were made by adding 1 g or 5 g of syn-

thetic sea salt (Aquarium Systems, Inc., Eastlake, Ohio) per liter of

deionized water. The manufacturer ’s chemical analysis of the sea salt

is listed in Appendix C. Sea salt + hard water solutions were chosen

- - to simulate the natural mixing of hard freshwater with seawater in

estuaries. In preparing these solutions, the Ca(OH) 2 , MgSO4 , and solid

sea salt were first dissolved in deionized water, and C02—saturated

water was then added to bring the pH to 7.5.

Clays
73. Sample characterization. Samples of the three clay types

which are the predominant constituents of the clay fractions of natural

sediments were ~btained for use in settling experiments. Kaolinite - -

(Georgia Kaolin Co., #6494 SAP) and Wyoming moutmorillonite (American

Colloid Co.) were obtained in powdered form. Since illite was unavail-

able in pure powdered form, the ilhite used here was ground from a
shale specimen (Ward’s Natural Science Co.).
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74. The montmorillonite was the most fine—gralned of the clay

samples, with more than 70% finer than 2 p in diameter. The kaolinite

sample was also moderately fine—grained , with a mean particle size

(undispersed) of 2.5 p. The illite sample was considerably coarser
- 

- 
than either the kaolinite or montniorillonite samples , having a mean

particle size near 15 p.

75. The kaolinite sample was virtually organic free, with 0.02%

organic carbon. However, the other clays apparently had small quanti-

ties of organic matter present , with 0.19% organic carbon in the mont—

morillonite sample and 0,57% organic carbon in the ihlite sample . The

estimated standard errors for these measurements are on the order of

±4% of the reported value for the higher levels, probably somewhat

greater for the low value of kaolinite .

76. X—ray diffraction patterns of the clay samples indicated no

major mineral impurities in the kaolinite and montmorillonite samples.

— The ilhite pattern suggests the possible presence of some quartz in

that sample, but due to the overlap of quartz and illite diffraction

peaks the evidence is not conclusive.

77. The cation exchange capacities (C.E.C.) of the kaohinite ,

ihlite , and montmorihlonite samples were 14, 20, and 97 meq/100 g.

These values compare favorably with other determinations for these m m —

erals reported in the literature .20 23 Kaohinite is typically in the

range of 5—15 meq/lOO g, illite from 20—40 meq/lOO g, and montmorillon—

ite ordinarily from 90—110 meq/lOO g.

78. The zeta potential is a measure of the effective charge dif-

ference between a colloidal particle and its surrounding fluid , and it

is an indicator of the relative stability of a dispersion . Kaolinite ,

• ihlite , and montmorillonite suspensions in deionized water had zeta

potentials of —22 my, —20 my, and —36 my, respectively . Generally ,

zeta potentials in the range of —10 to —30 isv are indicative of incipi-

ent instability , while values greater (more negative) than —30 isv are

indicative of moderate to excellent stability .

79. Jar—test conditions. The three clay samples , kaolinite (K),

illite (I) , and montniorillonite (11), were tested singly and in all two—
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and three—part mixtures (in equal proportions by weight) with the sus-

pended solids concentration fixed at I g/L throughout. Each of the

c lays and clay mixtures was tested in five water types (Figure 1):

soft waters at acidic and basic pH , 0.1% and 0.5% sea salt solutions ,

and hard water at basic pH. The stirring rate f or a l l  exper imen ts was

2—5 rpm. Turbidity values (ct), expressed as a percentage of the ini-

tial value at various times, are tabulated in Appendix E.

80. Replicate tests. Five replicate tests we re run using clay

mixtures (Figure 1). Each of the two—part clay mixtures (KI, KM , IM)

as well as the three—part clay mixture (KIM) were run in 0.1% sea salt

solutions . In addition , the KIM mixture in hard water was also run as

a replicate test.

Silt tests

81. Sample characterization. The possibility that clay—silt

interactions might exist and affect the settling of suspended sediments

was evaluated by testing mixtures of silt with clay and silt added to

several natural sediments. The sample utilized in these experiments

was a soil obtained from a roadcut in Vicksburg, Mississippi (VIX) -

Essentially all the particles were in the silt size range and consisted

primarily of quartz , dolomite , and feldspar. Organic carbon was cx—

tremely low (0.02 wt . Z). Zeta potential measurements indicated the

presence of particles with charges in the range of —14 to —2 ti my , al—

though whether these particle s were clay minerals or not is unknown.

Impurities and surface defects in non—clay minerals can also account for

the charged particles. No determination of cation exchange capacity was

made for this sample .

82. Jar—test conditions. Silt (VIX) was added to equal weights

of the three—part clay mixture (KIN), Boston Harbor sediment (BH), and

Charles River sediment (CR) and tested in the five water types used in

the testing of clays (Figure 2). Total sediment concentration was 1 gR

for all tests, and the stirring rate was 2—5 rpm. Results are tabulated

in Appendix E.

Natural sediments

83. Sample characterization. Natural sediments were obtained
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**Water Typ e

C1ay
~ 

Soft Soft 0.1% 0.5% Hard
Type 6.8 8.3 Salt Salt 7.5

K F F F F F

I F F F F F

M F F F F F

- 
- 

- KI F F F ,R F F

KM F F F,R F F

IN P F P ,R F F

KIM F F P,R F P ,R

* Clay types:

K — kaolinite
I — ihhite
N — montmorihlonite
KI ,KN,IM,KIN — clay mixtures

** Refer to paragraphs 70—72 for water
compositions

F indicates factorial experiments;
R indicates replicate tests

FIGURE 1. TEST PLAN MATRIX FOR CLAYS AND
CLAY MIXTUI~ES

**Water Type

* Soft Soft 0.1% 0.5% Hard
Mixture 6.8 8.3 Salt Salt 7.5

VIX + KIM F F P F F
VIX + BH F F

VIX + CR F F F F F

* Samples:

VIX — Vicksburg silt
KIM — kaohinite, illite, montmorillonite

clay mixture
BH — Boston Harbor
CR — Charles River

** Refer to paragraphs 70—72 for water compositions
F indicates factorial experiments

FIGURE 2. TEST PLAN MATRIX FOR SILT TESTS
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from four estuarine and four freshwater locations. The sites were

chosen to encompass a broad geographic distribution and to ensure

adequate variation in sediment compositional characteristics . The four

estuarine areas sampled were Boston Harbor (BH), Charleston Harbor (CM),

Mobile Bay (MB), and San Francisco Bay (SF). Freshwater sediments were

obtained from the Charles River (CR), in Boston ; the Illinois River (IR);

Toledo Harbor (TH) , Ohio; and the Rouge River (RR), in Detroit. In all

ar”as except Boston Harbor and Charles River, the samples were taken

from within dredged channels maintained by the Army Corps of Engineers.

Details of sample locations are presented in Appendix A.

84. The sampling device used was a Petersen grab sampler , and

bottom sediments were taken at from three to five separate sites at

each locality. Portions of each discrete sample were retained for

future reference , and the remainders of the samples from each locality

were combined and thoroughly mixed to form a composite sample . It is

the composite sample from each area which was subsequently used In all

laboratory tests. All samples were kept refrigerated (“-~4°c) to mini-

mize degradation of the organic material present, but were not frozen .

85. The qualitative sediment analyses indicate that a broad

range in compositional characteristics was represented in the samples

tested. The mean particle size of the natural sediments (undispersed)
— ranged from about 5—63 p, while the clay fraction (defined as wt. 2

finer than 2 p, dispersed) varied from 9% to 50%.

86. The Illinois River sediment had the lowest organic carbon

content, 0.72%, while the highest organic carbon level was found in the

Charles River sample, 7.72%. A rough estimate of the total organic

matter present can be obtained by assuming the organic material has the

formula CH
2O. With this assumption , the organic carbon determinations

would correspond to a range of total organic matter from about 2—19 wt.

% in the samples studied.

87. The mineralogy of the <2 p fraction of the sediments was also

found to be diverse . Kaolinite was the predominant constituent (>50%)

of the Charleston Harbor sediment; illite was the major component in

Boston Harbor, Toledo Harbor , Rouge River , and Charles River; and
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montmorillonite was the most important clay in Mobile Bay and the

Illinois River. Chlorite was the major clay mineral in the San Fran-

cisco Bay sediment (40%) and was also found to be significant in sev-

eral other samples.

88. The measured cation exchange capacity of the <2 p fraction

of the sediments varied from 33 to 65 meq/lOO g and is consistent with

the clay mineralogy as determined by X—ray diffraction techniques .

The zeta potential of natural sediment suspensions in deionized water

was found to range from about —17 my to —.35 my. Most samples displayed

a range in zeta potentials , as would be expected for polydisperse sys-

tems.

89. The range in sediment characteristics observed for the eight

samples studied here is depicted clearly by the scanning electron micro—

graphs of Figures 3 and 4. The Charles River sediment, the most organic—

rich of those sampled , is seen to consist largely of material of bio-

logical origin, with a variety of organisms present . Some clay parti—

d es are also visible. The Illinois River sediment was the cleanest

of the sediments studied and consisted primarily of inorganic silt and

clay particles covering a wide size distribution .

90. Jar—test conditions. The test matrix for natural sediments

encompassed 96 experiments (Figure 5). All eight sediments were tested

in four saline waters, but only the freshwater sediments were tested in

the four fresh waters. Estuarine sediments were not tested in fresh

waters because it was considered unrealistic to expect disposal of

dredged marine or estuarine sediments in fresh water. Even in the case

of a well—stratified estuary where material dredged from the bottom

might be disposed of in relatively fresh water naar the surface , the

salt water in the pipeline slurry (“.80% or more water) as well as inter-

stitial water in the dredged material would probably be sufficient to

render the receiving water saline and induce flocculation .

91. All sediment—water combinations were tested at two sediment

concentration levels, 1 gIL and S g/L (dry weight basis). Results are

tabulated in Appendix H. When preparing the test suspensions, wet sedi—
men t was used , with the actual sample weight being determined by its
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a. 1000 X magnification

~~~1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~ ~~~~~~~~~
b. 5000 X magnification

FIGURE 3. SCANNING ELECTRON MICROGRAPHS OF TIlE < 2 p
FRACTION OF THE CHARLES RIVER SEDIMENT
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a. 2000 X magnificat ion

b. 10000 X magnification

FIGURE 4. SCANNING ELECTRON MICROGRAPHS OF THE
ILLINOIS RIVER SED IMENT
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moisture content and the desired suspended solids level. The stirring
rate was 2—5 rpm throughout .

92. !~p~Licate tests. Sixteen replicate tests were run using
natural sediments , two for each of the eight samples (Figure 5). All
sediments were tested in 0.1% sea salt solution at 1 g/L sediment con—
centration and again under various sediment—water conditions .
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PAR T IV: TURBIDITY DATA AND AN ALYSIS

P reliminary and Subsidiary Tests

Effect of wavelength

93. The light transmission through a given suspension was found

to be wavelength—dependent. This is probably due primaril y to the

greater scattering of shorter wavelengths by fine particles in the sus-

pensions. Figure 6 illustrates the effect of using various wavelength

filters on the turbidity measured for kaolinite suspensions. Since the

shape of ct vs. t ime curves during settling experiments was apparentl y

unaffected by the wavelength , all turbidity data were collected using

light of 880—nm wavelength , which provided maximum transmission for

the suspensions tested.

Effect of temperature

94. The effect of liquid temperature on the settling rate of

kaolinite was studied by monitoring the turbidity of the d a y  in O5 ’~
NaC 1 at three different temperatures . As Figure 7 demonstrates , the

settling rate is markedly higher at 59°C than at 4°C. This is consis-
tent with the the retical prediction of Stokes ’ Law that the settling

velocity of a small sphere in a viscous fluid is inversely proportional

to the viscosity . However , for the water temperature range encountered

In dredging operations , the effect on turbidity removal is likely to

be minimal.  Furthermore , the limited temperature variation of perhaps
3°C in laboratory ja r  tests could not cause signif icant  errors in tur-

b id i ty  data.  Note tha t the crossing of the 59 °C and 40°C cur ves in

Figure 7 is due to random f l u c t ua tions an d is not signi f ican t .

Tu rbulence in ja r  tests

95. The ja r  tests were designed to characterize the se t t l ing

properties of representative sediments in a simplified laboratory

situation that involved water compositions and shear rates that are

realistic in terms of the natural environment . An important considera-

tion in use of the jar—test data is the relative importance of down—

ward flux of sediment due to gravitational settling and upward flux due
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FIGURE 6. TURBIDITY OF KAOLINITE SUSPENSIONS IN
TWO TEST WATER S AT FOUR WAVELENGTHS
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FIGURE 7. TURBIDITY OF KAOLINITE SUSPENSIONS IN
0.5% SODIUM CHLORIDE SOLUTION, SETTLING
AT ‘THREE DIFFERENT TEMPERATURES
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to turbulent diffusion . To deduce values of settling velocities from

the jar—test data , it is important that the latter mode of transport

be either known or, pre ferably, negligible .

96. Tests with fairly low concentrations of clay—free , nonfloc—

culent silt (VIX) , which should settle as individual particles according

to Stokes’ Law, were made to estimate the extent of eddy mixing as op-

posed to gravitational settling in the jar tests. Four series of tests ,

at two different initial silt concentrations and two different salini—

ties (deionized water and salt water), were made at several different

stirring rates. Light—attenuation values were measured as a function

of time for each . The curves in Figure 8 show, for each of the four

combinations , turbidity after 30 mm as a function of stirring rate.

Turbidities were only slightly greater for stirring rates up to 30 rpm

than fo r zero s t i r r ing rates; but beyond 30 rpm they increased substan-

tially. For stirring rates up to 30 rpm there is apparently no substan-

tial eddy mixing, and the transition at 30 rpm is interpreted as a

changeover from laminar to turbulent stirring.

97. Since the jar tests were conducted at stirring speeds well

below 30 rpm , i t  can be assumed that eddy diffusion was essentially

absent. However , the increase in turbidity observed between 0 and 10

rpm suggests that  minor turbulence does exist at very low stirring

ra tes , possibly due to the presence of the light probes in the jars.
4 

Because of this effect , the lack of precise stirring rate control in

the range of 2—5 rpm might be one source of va r iabi l i ty in measured

turbidities. The fact that ct vs. t ime plots  almost always yielded

smooth cu rves indicates tha t  this e f f e c t  was averaged out ove r the

time span of the experiments , although the absolute values of the

curves may have been affected by variations in the stirring rate .

Stratification in jar tests

98. Another important consideration in interpreting jar—test

resul ts is whether any stratification existed during the rapid—mixing

and dispersal period . Ideally , mixing would have been fu l ly  turbulent

and suspensions homogeneous to insure the validity of comparisons be—

tween the various suspensions tested.  If mixing was not adequate to
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FIGURE 8. TURBIDITY OF SILT SUSPENSIONS AFTER 30 MIN OF
SETTLING AS A FUNCTION OF STIRRING RATE DURING
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ful ly and evenly disperse the sediments , larger pa r ticles would ha ve

been more concentrated toward the bottom of the suspensions.

99. To test this possibility , two natural sediments were dis-

persed in the usual manner , and the top half o’ each suspension was

drained off while stirring continued. Suspended solids determinations

were then made for the top and bottom halves of both suspensions. In

both cases, the top halves were found to be about 20% lower in suspended

solids than were the bottom halves. Thus, some s t ra t i f i ca t ion  does

appear to have existed during the rapid—mixing period of jar tests.

100. Although these tests indicate incomplete homogenization of

sedimen t suspensions dur ing j a r tests , it is likely tha t  the turbidi ty

results were only minimally affected. This is because the stratifica-

tion must have been essentially limited to large silt particles.

Smaller  silt particles and clays , which contribute most to optical tur—

bidity ,  were almost certainly well dispersed. Insofar as the initial

concentration a f f ec t s  flocculation rates , varying amounts of stratifi-

cation between different test suspensions could have had a slight effect

on the measured rate of settling. However, other evidence suggests

that coarse silt particles settle essentially independently of the clays,

and therefore this effect was probably not important.

Electroly te con cen t ration

101. In Figures 9 , 10, an d 11 the set t ling curves fo r kaolin ite ,

illite , and mon tmorillonite (1 g/t clay) at various sea salt concentra-

tions are shown . These experiments bracket the response of the three

clay samples to sea salt solutions, from essentially n o floccu lation to

very rapid flocculation and settling. One interesting observation from

these data is the continuous decrease of with increasing salinity

for kaolinite and illite , and the slight increase in ct wi th increasing

salinity for montmorillonite. These results may be indicative of the

presence of f loes even at the 100—rpm stirring rate at which zero—time

readings were taken .

Correlation of light transmission ,
l ight scattering, suspended solids

102. Turbidity is commonly quantified by measuring light trans-

mission , light scattering, or suspended solids. Each of these three
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methods may be particularly suitable for specific applications, but

because of differences in measurement techniques and the physical

properties of suspended materials they do not necessarily yield equiva-

len t results. In this study , jar—test turbidities were measured by

light transmission. In order to determine how well these data relate

to the actual settling of suspended solids and to evaluate the useful—

ness of light scattering measurements, replicate test samples were
analyzed for light transmission , light scattering, and suspended solids.

The data are plotted In Figures 12—14 .

103. Simple linear regression techniques were applied to the

data to determine the correlations between the three measurements. A

functional dependence of the following form was assumed:

Y a + b X + e  (10)

where X and Y are measured suspended solids and turbidity values , respec— - 

-

t ively; a and b are mathematically determined coefficients; and e is the

random experimental error which accounts for all variation in Y not ex-

plained by a , b , and X. The correlation coefficient , r, is a measure of

the degree of closeness of the linear relationship between X and Y, while

the square of the correlation coefficient , r
2
, may be described as the

proportion of the variance of Y which is explained by the regression .
The regression equa tions and statistical parameters are given in Table

3. Clays and natural sediments were considered separately to character-

ize any differences between them.

104. The equations for clays and natural sediments were statis—

tically equivalent at the 1% significance level when comparing the

attenuation coefficient (ct) with suspended solids. Therefore , only one

equation is given. The correlation coefficient is high , indicating a

rather good fit. Light scattering (flU) gives a reasonably good corre-

lation with suspended solids for clays, but not quite as good a fit for

natural sediments. Furthermore , the clays and natural sediments do

seem to give statistically distinct curve s, suggesting that ligh t scat—

tering is a function of the type of material in suspension as well as
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its concentration . This effect may be due in large part to the color
of the sediments. The darker , organic—bearing natural sedimen ts are

stronger light absorbers than the clays and consequently scatter less

light per unit weight than do the clays. A similar effect is observed

when comparing light scattering (FTU) with attenuation (a), and distinct

curves are derived for clays and natural sediments. For clays , where

scattering is the major contributor to light attenuation , the two meas-

urements are well correlated . However, for natural sediments the cor-

relation is not as good , possibly due to the absorption of light by

organic mat ter  without a concomitan t increase in scat ter ing .
105. In suimnary , light transmission measurements seem to provide

a better indication of suspended solids concentration than do light

scattering measurements, at least for the materials studied here . Al-

though the correlation is good , however, the standard error of the es—

timate is still relatively large, and caution must be exercised when

estimating suspended solids from light attenuation or vice versa. The

equations provided here should not be used to draw conclusions regarding

- 
i 

suspensions of other types of materials without further evidence m di-

cating the relationship between suspended solids, transmission, and S

scattering.

Clays and Clay Mixtures

Turbidity characteristics

106. The turbidity—time curves for kaolinite in five waters (Fig-

ure 15) demonstrate the typical features of turbidity reduction as a

function of time for clays tested in the factorial experiment. Turbidity

is high and settling is minimal ove r the period of 60 mm in soft waters.

In hard water, the settling rate is enhanced; and in saline waters ,

turbidity is effectively reduced (at the 6—cm depth of the light probe)

within 60 m m .  The results for illite are similar to those for kaolin—

ite , although illite settles less rapidly in saline waters. The mont—

morillonite suspensions also remain turbid in soft waters but attain

>95% reduction in turbidity in 15 mm in hard and saline waters. For

mixtures of the three clay samples , the most striking result is that

the presence of montmorillonite always leads to ex t remely rapid
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turbidity reduction in hard and saline waters . In Figure 16, the curves

for kaolInite , montmorillonite, and the kaolinite—montmorillonite mix-

ture (KM) in 0.5% sea salt are compared. The effect of montmnorillonite

in increasing the turbidity reduction rate is eviden t since the turbid-

ity of the KM mixture is reduced more rapidly than would be expected

based upon the average of the individual component curves . A similar

effect was found for other tests in which montmorillonite was a compo—
nent of the clay mixture .

107. Values of a at zero time and after 15, 30, 45 , and 60 m m —

utes of settling for all clay experiments are tabulated in Appendix E~
- - Also included in the appendix are the values of l/t67 

which were used

- - to characterize the settling properties for regression analyses. The
* importance of flocculation can be seen by comparing the residual turbid-

ity in soft waters , hard water , and saline waters for the clays and

clay mixtures at various times. Lower residual turbidities result from

more rapid settling of suspended solids and are therefore indicative of

flocculation.

Replicate tests

108. Replicate tests were performed for the three—part clay mix—

S 
ture (Kill) in 0.1% sea salt and hard water and for the three two—part

clay mixtures (Kr , KM, IM) in 0.1% sea salt (see Appendix F). X—ray

diffraction results indicate that flu te tends to remain in suspension

slightly longer than kaolinite and montmorillonite since it is enriched

in the samples of supernatant suspension . However, the apparen t in—

crease is only slightly greater than the estimated error l imits of the

technique (“.5%)

109. The zeta potential of KIN in hard water is significantly

lower than that in 0.1% sea salt , probably due to the presence of diva—

lent cations in the hard water. Although one might expect coagulation

to be more rapid with a lower zeta potential , the observed settling

time to one—half a is slightly longer in hard water than in salt water.

The discrepancy seems to indicate that the electrostatic potential bar—

rier is no t the l imiting factor in coagulation of the clays . Thus zeta

potential measurement does not appear to be a useful means of predicting

sedimentation rates.
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Statistical analysis of clay
and clay mixture turbidity data

110. Clay sedimentation data were statistically analyzed by step—

wise linear regression techniques (see paragraphs 48—52). Separate r&5 —
gressions were performed for two dependent variables [l/t 67 and

ln(l/t67)], and the data were further divided to consider freshwater

results alone , saltwater data alone , and combined freshwater and salt—

water data together. This approach was used to provide the greatest in-

sight Into the relative importance of factors controlling particle set-

tling under a variety of conditions. No a priori preference is given to

the results for either l/t or ln(l/t) regression s, but similarities or

differences between them must be considered in the context of the com-

plete experimental plan . Analysis of the freshwater and saltwater data

alone was useful in identifying factors which might otherwise have been

missed due to the strict criteria for statistical significance. Results

of the statistical analyses are summarized in Table 4.

111. Ten independent variables were considered: water hardness

(H; 0 no hardness, I = 200 mg/i hardness), water salinity (S; in g/~),

water pH (0 = acidic pH, 1 = basic pH), kaolinite concentration (K; in

g/t), illite concentration (I; in g/9.), montmorillonite concentration

(N; in g/9~), kaolinite—illite interaction (KI), kaolinite—montmorillonite

interaction (KM), illite—montmorillonite interaction (IM), and kaolinite—

illite—tnontnmorillonite interaction (KIN). Initial clay concentration

was not tested as a factor since all data were limited to 1 g/~ suspen—

- 

I 
sions . The choice of values such as 0 or 1 for hardness and pH was

appropriate for determining the statistical significance of these fac-

tors . Although the value s are arbitrary , their si gnificance is not

a f f e c t e d  by l inear transformations.  The regression equations presented

in Table 4, however , canno t be used to predict settling rates for con-

ditions other than those used in the jar tests reported here . The pur—

pose of the regression analyses was to identify statistically signifi—

cant factors affecting turbidity reduction , and not to develop a mathe—

matical relation suitable for general application . —

66

-. 

- 

_ ‘ S

S

~~~~~~~~~S .

- - -
~~~~~ 5.-- — - — — - - -  - -  --- — - —5. - -

-- - ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
-
. ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ - 

~‘._~~
_

~~~~~~~
_ 5 ___ 

~~~~~~~ -~~‘-~~ -~



~~~~~~: ~-— ‘ T ~~~~~~~~~~~~~~ ~ - 

~~~~~~~~~~~~~~~~~~~ 
5- 

T
5.

~~~~~
T”

~~~~~
— — ’ - ’ -

~
--
~
- 

~~~~~~~~~~~~~ ~~ ~~~~~ 
--

N
i-S -~05
N
I —,

0

~~~~ ~~~ 0 ~~~~~ N 1.? N r..° La

.4
1.4
44

4’I-. C
H 0 -~~4-. 54 41

(4 —‘ 4 1 4 1
-.4 -$ ~~ 4 1 4 4

.4 ,—, 41 14
T +4 4” 4 . 4 0

N • 40 44
44 ~~ .-4 41 14

— ‘.‘ +4 4.
C,) I-S

+ •
~14 4 ) 4 1

- S 4 1 4 4.0 40 44
.4 5—. + C4 is. c -.4
4 4 4 1  +1 Z
,~ 

...~ PS H 44
.0 1 )  —4 ~~ - V
41 ~~~ .4 -~4~ 4. • .0 4 1o + ‘4+4

41 ~ r-. 4 . 4 1
.4 H - 4 1 4 -
41 ‘—5 4~~ 4- ~ s4

CI N 1.4 41
01 +1 “ C  41
.4l 1 + 0 4 1  41
~1 C .~~~~~~~ (-4

5 0. 0 40
-I ~~ - +4(4 - 0 . 4 4
-~~ ~~~~~~~ 

.
~~4.4 , -  +4 4(4 4(4 .. 41 0 .4 41

41 r. ~~ - 4(4 • (4 -.4 ‘.4 44
.4 . - 0 N • N 0
4-i .4 (‘1 +4 N ‘-‘ 4. 44 41 4.
41 44 ‘.-“ 0 +4 (4 41 0 4 1  0
1.4 - + N + 44 ~V ~~ (4 4.
Ch • + -“4 •

50 —i 05 ~ .4 ~~ 4 4) 44 41
0 ‘— 0 1. 4) C l .  I)
-~ 41 0 5 4

+ • + • + • .4 44 .0
—4 0 —4 0 41 ..4 41

0’ I 0 I 0% I 4 1 4 1  1 . 4 4 1 0  ‘.4

4 1 4 1 4 1 0 .

(I I 1.. 4. 4.
41 41 01..

‘4 I 4.4 44 0 ‘ 044.0 4 4 1  0 .40  4 1 4 4 0 4 .
II ..41 —. -5 -5 II 0 4-4 44 1-~ 1.4 0
0 .0I I-i 44 ‘4 44 14 4.4 5 4 4 .4 1 4 - 4 4 1 4 1 4 1
0 411 ‘ —.. ‘S.. ‘~.. —_ ‘-. 1) 41 .-I 41 ~ 4 ’4  44 4-~41 .-sI ‘4 4.4 — . 4  .54 s-S ‘.4 0 14’4 44
0. 4.1 ‘—‘ ‘—‘ ‘—‘ I4 . .C (- .~~~ 4 ) 4 ) 1 .
14 411 C 0 0 44. 4 1 1 4 . 0  . 4 . 4 40

s-I 41 4 - 4 0 4 1  4 1 4 1 4 4
0 4 1 U ’ 4  U U 0 C
U

I ,  I P i l l
$ 5-..—
41 4... ..-.

•0 0 S
II ..4 0~ 0~~4-4

: .
~

4 ’2

S 

~~ 
-
, 

- -

‘-S-S- ~ s- 4 ’- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - ,~-4~~~~ -S—~5.•~~~~~ .~~,•-S~ 5.S’SS~ 5.~_5.5.5.~_5.5. ~S

112. The freshwater regressions indicate a strong dependence of

settling rate on water hardness. This is consistent with the prediction

of clay colloid stability theory that hardness induces coagulation of

suspended clay particles.

113. In salt waters there is a strong correlation between set—

tling rate and the presence of montmorillonite , either alone or in mix—

tures. The interaction effects (IN, KM, KIM) indicate that montmnoril—
— 

lonite not only settles rapidly itself in salt waters , but it also acts

as an effective flocculating agent for the other clays. The high values

of r2 for both saltwater regressions indicate that essentially all the

variability could be ascribed to clay factors and that other variables

(in particular, salinity) were relatively unimportant. Of course, the

presence of salinity was necessary to induce flocculation . The fact

that it does not appear as a significant variable in these regressions

simply indicates that the difference between 0.1% and 0.5% salinity had

less of an effect than the presence or absence of montmorillonite and

its interactions with the other clays.

114. For the combined data set, M and pH appear as the only sig—
- 

4 nificant variables for the l/t and ln(l/t) regressions, respectively.

The corresponding correlation coefficients are fairly low (r < 0.5),

and this is an indication that other important effects have been ex—

eluded by the F0 01 significance criterion. The appearance of montmoril—

lonite (N) in the l/t regression seems plausible based upon its impor-

tance in the saltwater results. However, pH is unlikely to be of real

significance. Since only soft fresh waters were run at both acidic

and basic pH, this factor would have appeared in the freshwater regres-

sions if it were truly important. Rather, it is believed that the

appearance of pH in the regression is a statistical artifact due to the

unbalanced experimental design. This unbalance results from the fact 
- 

-
-

that salt and hard waters were always basic in the clay tests, whereas
the soft freshwater was tested at both acidic and basic pH. It seems

likely, therefore, that the pH factor is actually an expression of the

effects of salinity and hardness.

115. The fact that mnontmorillonite appears as the only significant

68
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factor in the l/t regression while pH appears in the ln(1/t) regression

suggests that both of these terms are important . The difference between

the regressions is merely a consequence of weighting of the data and the

criteria for significance. Taken together, these results indicate that

salinity, hardness, and montmorillonite are probably all important in

reducing the turbidity of clay suspensions. The presence of 200 mg/a.

hardness or salinity is effective in flocculating montmorillonite sus-

pensions. Once flocculation is induced , the montmorillonite appears to

interact with the other clays by coagulating them and/or “sweeping out”

other clay particles during settling. However, replicate tests indi-

cated that illite was not completely removed along with the other clays.

This might be due in part to the relatively coarse grain size of the

illite sample. The presence of higher levels of salinity has no further

effect on the flocculation of montmorillonite , which would explain why

salinity does not appear as a factor in the regressions using saltwater

data alone. In the absence of monttnorillonite, salinity and hardness

are still important factors, resulting in the flocculation of the other

clays. However, with montmorillonite present the flocculation of other

clays appears to be greatly enhanced.

Silt Tests

116. The settling behavior of the VIX silt sample in five waters

was monitored for 1—gil suspensions. The turbidity was much lower than

that of any of the other clays or natural sediments tested , and, as 
S

‘ would be expected for a nonclay sediment, there was essentially no

flocculation. The VIX sample was added to an equal weight proportion
of the KIN clay mixture (total concentration 1 g/R.) in order to test for

any clay—silt interaction. The settling curves for this mixture were

simply an average of the individual curves for KIN and VIX (see Appendix 
S

E ) ,  thus indicating that no interaction existed. Similar tests with

additions of VIX to the Boston Harbor (BH) and Charles River (CR) sedi-

ments yielded the same result, i.e., no apparent interaction between

clay and silt. Because of the small number of results, no statistical

analysis was performed. 
S
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- ‘ - Natural Sediments

Turbidity characteristics

117. In general, the response of natural sediments to water hard-

ness and salinity factors is similar to that observed for clays and clay

mixtures. Turbidity reduction is minimal over 60 mm in soft waters,
S while water hardness and particularly salinity promote flocculation and

therefore more rapid settling of the suspended solids. The turbidity

data and reciprocal settling times (1/t
67) for all experiments are tabu-

lated in Appendix E.

118. In developing a predictive capability for dredging—related

turbidity, it is of primary importance to relate the differences in

settling behavior of various sediments to their compositional character-

istics. In Figures 17 and 18, the settling curves of all eight sedi-

ments (at 1 g/9.. initial concentration) in 0.1% sea salt are compared,

both in terms of absolute turbidity values and after normalizing to the

initial turbidity . Initial turbidities vary widely , by nearly a factor

of two, at constant initial sediment concentration . However, the resi-

dual turbidities after 60 mm vary by more than a factor of 5 in abso-

lute value and by about a factor of 4 in terms of the fraction of ini-

tial turbidity , indicating that the settling rates of various sediments

suspended in a single type of water can vary markedly.

119. Although stratification during the initial stirring period

of jar tests might accoun t for part of the variation in ac,~ 
it is

probably not the major contributor to this variation . The amount of

stratification, and therefore the concentration at the depth of the

light probe (6 cm) , should be a function of the sediment particle—size
distribution. If stratification was a major factor in determining m l —

tial turbidity values, one would expect to find a good correlation be—
tween and the mean particle size. No such correlation was found to

exist. Furthermore, the effect of stratification in determining % is
expected to be minimized by the fact that only larger particles, which

contribute least to the optical turbidity , contribute to the concentra—

tion gradient. 
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120. Firm conclusions relating settling rate to compositional

characteristics can be drawn only on the basis of a proper statistical
treatment of the data (see below), but several useful observations can
be made from Figures 17 and 18. First, the settling rates of the eight
sediments do vary over a wide range. This suggests that dredging—related

turbidity problems can vary significantly depending on sediment character-

istics. Second , certain behavior which might be expected , based on the

results of testing with clays and clay mixtures, is not observed in the

natural sediments. The presence of montmorillonite (e.g., MB, SF) does
not lead to rapid flocculation and settling. Third, the organics content

of the sediments may have a major influence on the settling rates (Fig—

ure 18). The three sediments lowest in organic carbon (IR, SF, MB) have

the slowest settling rates, while the more organic—rich sediments settle
more rapidly in salt water. However, the settling rates of these sedi—

ments are not linearly correlated with the % organic carbon measurements.
Replicate tests

121. Two different tests were replicated for each of the eight 
S

natural sediments to determine whether any sediment components prefer-

entially segregate during sedimentation . Replicate test data are pre— S

sented in Appendix F, where tests 6—21 are for natural sediments. The

significance of changes in sediment composition was evaluated by com-

paring the values measured for supernatant suspensions (b—samples in

Appendix F) with the values for the corresponding original suspensions
(a—samples) for each test . The mean difference for each component was
calculated by subtracting the mean value of the a—samples from the mean

value of the b—samples. Standard deviations for mean differences and

levels of significance were computed from a two—way analysis of variance

(test numbers, i.e., 6—25; and treatment, i.e., a vs. b). Results are

presented in Table 5.

122. The X—ray diffraction data provide information on the set—

S 
th ug behavior of the various mineral fractions of the sediments in

flocculated and uuflocculated suspensions. The data were derived by

analyzing aliquots of the material suspended in both deionized water

and the appropriate test solution , taken after the specified period of

~73
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settling for each replicate test. Results obtained for deionized

water suspensions are reported as zero—time samples in Appendix F (6a,

7a, 8a , etc.), while the flocculated suspensions are listed as 6b , 7b ,
Sb, etc. This approach was used for two reasons. First , the large

amount of silt in the bulk sediment samples makes it difficult to obtain
accurate intensity data for the clay minerals. Removing the coarse ,

nonclay fraction by settling is thus beneficial for quantifying the

clays and necessary for making an unbiased comparison with the clay

mineralogy of supernatant suspensions (b—samples), where gravity set-

tling tends to remove much of the silt during the course of the test.

A second purpose for this procedure was to derive useful information

on the possibility of interactions between clay and silt.

123. Although the silt fraction may comprise several minerals,

the relative peak area of quartz (Q) can be used as an indicator of the

proportion of silt in the suspensions. Comparison of the results for

each replicate test (see Appendix F and Table 5) indicates that there

is no significant change in the proportion of quartz between a— and

b—samples (unflocculated vs. flocculated suspensions). The most likely
- 

S 
explanation for this trend is that silt particles large enough to set—

tie out in the appropriate time period for each test (>‘\‘20 p for the

shortest experiments, >4•5 p for the longest settling times) were not

af fected by flocculation and settled independently of the clays.

Smaller silt particles, however, must settle in association with the

clays for this interpretation to be valid. It is difficult to evaluate

the errors associated with these particular measurements. Therefore,

although the proposed explanation is consistent with the replicate test

observations, as well as turbidity tests of clay and silt mixtures, it

may not be the only valid interpretation. It should also be noted that

in two tests (No. 6 and 10) there is an apparent change in Q, in one

case decreasing and in the other case increasing. It is doubtful that

any significance can be attached to these results.
-

- 
124. The results for the clay mineralogy and organic carbon con—

tents do not show any clear evidence of preferential settling from the

water. The observed average changes are all significantly less than
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- their respective standard deviations which are , in turn , all small

enough to be at least largely attributable to experimental error . In

only two cases, tests 12 and 21, the increase in ilhite between a— and

b—samples appears significant , possibly indicating slower settling.

In several tests, the fractional changes in organic carbon content seem

large (>25% of the starting value). However, after comparing the values

S 
obtained for suspensions which should give identical results (6a and 7a,
8a and 9a, etc.), the absolute changes appear to be largely within the

experimental error of the test procedures. Certainly no consistent

change in the organic carbon content of the suspended solids is appar-

ent.

125. The zeta potentials of particles in the supernatant suspen—

sions after settling has taken place are not significantly different

from those measured at zero time, suggesting that their settling rate

is unrelated to the electrostatic potential. This suggestion is fur—

- ther supported by the fact that zeta potentials measured in hard water
S were significantly lower than those measured in 0.1% sea salt, while

- I settling rates in hard water were always slower than in sea salt. If

reduction in electrostatic potential was the key factor in promoting

flocculation , the lower zeta potentials (as in hard water) would cor—

relate with more rapid settling. The opposite situation was observed

here.

126. Pa rticle—size analyses of the initial and sup ernatan t sus-
pensions indicated a decrease in the mean particle size with time ,

S which was significant at about the 2% level. This trend results from

the more rapid settling of coarser particles in the suspensions rela-

tive to fine silt and clays. It is consistent with the suggestion made

above that silt particles settled independently of the clays.

Statistical analysis of
natural sediment turbidity data

127. Sedimentation data for natural sediments were analyzed by

stepwise linear regression techniques (see paragraphs 48—52). Three

data sets were separately analyzed: freshwater data, saltwater data,

and combined freshwater and saltwater data. Two dependent variables

—
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were separately analyzed : l/t67 and ln (l/t67). Thirteen independent

variables were tested simultaneously: initial sediment concentration

(Conc; in g/9~) ,  wt. % kaohinite (K), wt. % illite (I), wt. % montmoril—
lonite (M), wt. % chlorite (C), wt. % >2 p, wt. % organic carbon (Org) ,

water salinity (S; in g/9,), water hardness (H; 0 no hardness, 1 =

200 mg/t hardness), water pH (0 = acidic pH, 1 = basic pH), montinoril—

lonite—orgariics interaction (M x Org), salinity—organics interaction

(S x Org) , and pH—organics interaction (pH x Org). Several other in—

teraction terms were shown in preliminary analyses to be statistically

insignificant. The results are summarized in Table 6.

128. For fresh waters, the l/t regression yields no significant

factors, whereas the ln(1/t) regression suggests that the particle—size

distribution of the suspended sediment (% >2 ii), water hardness, and

chlorite content of the sediment are all significant factors controlling

settling rates. Due to the small number (four) of sediments used in the

freshwater analyses, these results must be viewed with some caution. A

strong dependence of settling rate on the sediment particle—size distri—

bution indicates that, in fresh water, the settling of unflocculated

particles is the most important factor accounting for turbidity reduc—

tion. The positive correlation with water hardness is consistent with
S 

theories of colloid stability. Dependence of settling rate on chlorite

concentration was unexpected on the basis of the literature survey and - -
may be a statistical artifact due to the small number of sediments

tested. The absence of % organics or of the clays montmorillonite,

illite, or kaolinite is consistent with the theory, proposed below, that

in fresh water the sediment clay fraction is covered with natural organ—

ics which mask the properties of the pure clays. This might explain why

montmorillonite, which was found to flocculate and settle rapidly in

hard water when testing pure clays, behaved quite differently in the

natural sediments.

129. In salt waters, the significant factors controlling settling

rates were the initial sediment concentration, % organic carbon , and the

interaction of organics with salinity . The importance of sediment con—

centration is consistent with colloid stability theories which indicate S
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a strong dependence of flocculation rate on the particle number density
(i.e., concentration). Higher concentration results in a greater num-

ber of interparticle collisions and therefore more rapid agglomeration .

However , this factor may represent the effect of increased concentration

of dissolved organic matter , originating in the sediment , on particle

agglomeration . The positive correlation of settling rate with organic
- 

I

S con ten t (both as a main an d interaction e f f e c t )  is also consistent with

a theory in which a protective colloid (natural organics adsorbed on

clays), stable in fresh water, is destabilized in saline waters , allowing

the clays to coagulate. Greater destabilization in more saline water

would account for the salinity—organics interaction effect. This inter-

action term may , however, be an expression of nonlinearity in the

dependence of settling rate on salinity and/or organics , rather than a

true interaction . The experimental design utilized in this study does

not allow a more precise determination of the nature of clay—organic

interactions or the mechanistic role of dissolved and suspended organic

matter in promoting flocculation of dredged material. However, the

importance of the sediment organic content itself is clearly demonstrated

- 
S by these results.

130. Regressions with the combined freshwater and saltwater data

set provide a good test of salinity effects in that they include data

at ze ro salinity as well as 1 and 5 g/9~. of sea salt. The appearance of

salinity as an important factor  in combined waters but not in salt

waters indicates that though salinity has a strong effect on settling
S 

rates, only occasionally does 5 g/2. produce a much st ronge r e f fect  than

1 gIL. Once again the dependence on sediment concentration and % organ—

ics is apparent . The apparent correlation with pH is most likely an

art ifact  of the unbalanced experimental design , where fresh waters were

run at acidic and basic pH, but salt waters were always basic. Thus,

the pH te rm probably expresses an effect due to salinity in this analy-

sis.
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Summa ry and Discussion S

Summary of jar—test results

131. Jar tests were run with ciuy,, silt , and natural  sediments

to determine the effects of a variety of physicochemical factors on

particle agglomeration and settling rates. These results were statis—

S tically analyzed by stepwise linear regression methods . The principal

conclusions of these analyses are summarized in the following paragraphs.

132 . Clays. Tests with samples of illite , kaolinite , and montmo—

rillonite revealed that the three clays responded differently to the

same water compositions. In salt waters , illite settled most slowly,

while montmorillonite settled most rapidly; in soft fresh waters , ii—

lite settled most rapidly , probably due to its relatively coarse parti-

cle size. However, because of the overwhelming influence of montinoril—

lonite on turbidity reduction in saline and hard waters , no statistical

difference was found between kaolin ite and illite  In linear regression

analyses. Kaolinite and illite showed responses to different waters

4 which were more similar to one another than to montmorlllonite.

133. In fresh waters, the presence of hardness (200 mg/i) led

to a significant increase in settling rates. In salt waters (1 ppt and

5 ppt), the presence of montmorillonite was the most important factor

leading to turbidi ty reduction . When both fresh— and saltwater data

were analyzed together, both montmorillonite and salinity were found to

be significant factors. The latter result Indicates that while salinity

induces floct~ulation of all clays, settling was much more rapid with

montmorillonite present than in its absence . The montmorillonlte appar—

ently “sweeps out” other suspended particles as it settles .

134. Silt tests. In several tests where an essentially clay—free

silt sample was added to clays or natural sediments , no interaction was 
S

found between the silt and clay or sediment particles . In all cases ,

the added silt settled independently of the other suspended particles.

135 . Natural sediments. The four freshwater and four estuarine
sediments studied displayed a wide range of responses to identical water

compositions , indicating that sediment compositional characteristics
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have an importan t effect  on settling properties. This effect was prin-

cipally ascribed to the sediment organics content. Settling rates were

not found to be dependent upon the clay mineralogy.

136. For data obtained in fresh waters, particle size and hard-

ness were significant factors. The particle—size effect indicates that

where flocculation does not occur (i.e., in soft waters) turbidity re—

duction is dependent upon gravity settling of individual particles.

Thus, turbidity reduction of fine—grained sediments in soft, fresh
waters would be expected to be extremely slow.

137. In salt waters, three factors were found to be important :

initial sediment concentration , % organic carbon, and salinity—organics

interaction. The concentration factor may be the result of faster

agglomeration due to increased interparticle collisions. However, it

is also possible that this factor is an expression of the effect of

increased concentration of dissolved organic matter , originating in the

sediment, on particle agglomeration . The salinity—organics interaction

suggests that stable clay—organic complexes may be destabilized to a

greater degree in waters of higher salinity, although this term may

also reflect nonlinearity in the dependence of settling rate on salin-

ity and/or organics.

138. The combined fresh— and saltwater data analysis indicates

that salinity, sediment concentration , and % organic carbon all have a

positive effect on turbidity reduction . The fact that salinity appears
as a significant factor in the combined waters analysis but not in the

saltwater analysis indicates that low levels of salinity (1 ppt) are

effective in inducing flocculation and that 5 ppt salt does not have a

signifIcantly greater effect than does 1 ppt salt.

Comparison of clays with natural sediments

139. The analysis of results for clay and natural sediment tests

indicates that water hardness and salinity are important factors in

reducing the turbidity of both types of suspensions. However, the

strong dependence on the presence of montmorlllonite found in the clay

tests was not apparent in the natural sediment suspensions. Rather ,

the natural organics content appears to be the predominant compositional

factor responsible for the settling behavior of natural sediments.
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140. Two possible explanations are suggested for the apparent

difference found in the effect of montmorillonite between clay and

natural sediment tests. First, the overwhelming importance of % organic

carbon in the natural  sediment analyses suggests that organics may mask

the properties of suspended clay particles . A second possib ility is

that the behavior of the particular montmorillonite sample tested was

determined by some factor other than the mineralogy ~tse1f. For in—

stance, the extremely fine particle size of this sample relative to all.

other samples studied may have been responsible for its peculiar behav-

ior.

141. Regardless of the mechanism involved in this distinction ,

it can be concluded that clay data does not appear to be particularly

useful in modeling natural sediment systems. Clay mineralogy may exert

a more subtle influence on the settling behavior of suspended sediments ,

but its importance is probably small relative to other factors.

Other sources of variability

142. The regression analyses shown in Tables 4 and 6 were based

on a s t r ict  cri terion for significance (F—test for  1% significance

S level) in order to identify the most important and unequivocal factors

affecting observed settling rates. The r 2 pa rameter for  these regres-

sions indicates the fraction of the variability in the data which can

be attributed to the independent variables in the equations. Thus,

for the combined water data for natural sediments, only about 40—50%

of the observed variability is actually due to the effects found to be

significant. Removing the significance criterion results in regressions

with r2 in the range of perhaps 50—60%, but the remainder of the vari-

ab i l i t y  is unexplained by the factors considered in this study . Thus,

it is necessary to consider what other sources of variability may have

affected the jar —test  results.

143. One possibility is that variation in the stirring speed

during settling tests (see paragraph 97) contributed to experimental

variability . Both turbulent diffusion and flocculation induced by

liquid shear could have been influenced by this factor. Other sources
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of variability might include laboratory vibration, incomplete homogeni—

zation of suspensions during the rapid—mix period , aging of sediments,

and sediment heterogeneity . Unfortunately it was not possible , with

the test plan utilized, to evaluate the relative importance of these or

other factors affecting the jar tests.

144. Much of the unexplained variability may result from the use

of linear regression equations. Since the proper functional relation-

ship between dependent and independent variables was not known, linear

functions were assumed. It is important to remember that this statis—

tical analysis was only intended to determine which factors were sig—

nificant in affecting turbidity reduction , and no attempt was made to

quantitatively model the relationship between sediment—water factors

and turbidity.

Replicate test conclusions

145. The replicate tests were designed to study the nature of

turbidity and the changes which occur with time as suspensions settle .

Data on the particle—size distribution , clay mineralogy , organic carbon

content, and zeta potential of 25 test suspensions were collected both

before and af ter  settling had occurred and were analyzed to determine
whether any significant segregation of sedimen t components took place .

146. Relatively large silt particles (>20 p) were found to set-

tle independently of clays. Smaller silt particles (2—20 ~.O, however,

may be involved in flocculation and become incorporated into agglomer—

ates. Other than this segregation due to particle—size effects , most

sediments appeared to settle with their various components associated.

This is consistent with the view that clay—organic aggregates are formed

in suspensions of natural sediments. Zeta potential measurements simi-

larly support this suggestion, since settling rates were found to be

independent of the particles’ electrostatic potential. Thus, natural

organics seem to play a major role in the settling behavior of suspended

sediments . These observations reinforce the conclusion of the s tat is t i—

cal analyses presented above indicating the importance of the sediment

organic carbon content in determining the rate of turbidity reduction .
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147. Although there may have been some minor segregation of com—

ponents in individual tests, there was certainly no consistent pattern

observed. Furthermore, there was no identifiable sediment component
S found to be responsible for persistent turbidity .

Implications for dredging

148. Jar tests and statistical analyses have shown that the char—
S acteristics of dredged material and the composition of waters into which

it is discharged significantly affect the settling rate of suspended

particles. Various suspended sediments behave quite differently under

similar water conditions, and any particular sediment behaves differ-

ently when suspended in waters of various compositions. Since turbidity

is due primarily to the very slow settling rates of fine silt and clay

particles in dredged material , factors influencing the particle agglom-

eration (and, therefore, settling) rates must be taken into account in

any effort to predict the extent of turbidity problems. Unfortunately ,

no simple linear relationship was found between the rate of turbidity

H reduction and easily measurable sediment and water compositional fac—
tors. In order to determine particle settling rates under different

conditions, it is therefore necessary to perform jar tests using sam-

ples of dredged material suspended in the waters into which they are

to be d ischarged.

149 . The evolution of turbidity plumes is dependent upon hydro—

dynamic factors as well as particle settling rates, and the extent to

which plume profiles are affected by sediment—water characteristics

must be considered in light of these effects (see Part V , below).

Nevertheless, a number of qualitative judgements based upon jar—test

results can be made . First, in fresh waters, the presence of hardness

(200 mg/i) does promote flocculation and therefore may lead to some

reduction in turbidity . However, this is a relatlvely mild effect , and

its importance in determining the extent of downstream turbidity may be

small relative to hydrodynamic factors.

150. Second , the presence of low levels of salinity (1—5 ppt)

significantly reduces turbidity for most suspended sediments. Turbidity

problems would therefore be expected to be less severe in estuarine

waters than in fresh waters.
84 5
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151. Third, the initial concentration of dredged material dis—

charges may be important in affecting the resultant turbidity . Labora—

tory tests indicated that increased sediment concentration led to more

rapid turbidity reduction , but it is difficult to extrapolate these

results to field situations. At real dredge discharges, most slurries

start out at very high concentrations (as high as 10—20% solid s by
weight) but concentrations in the water column are rapidly reduced to

less than 1% within a short distance from the discharge point. Further

study is needed to determine the effects of high initial concentrations

as well as variability in the concentration of the dredge effluent.

152. Finally , based upon experience with jar tests it seems

likely that variability in field conditions can significantly af fect  S

turbidity problems. Factors such as the extent of turbulent mixing in

the dredge pipe , the state of the material when it is discharged, and

sediment heterogeneity may exert important influences on particle set—
tling rates and therefore downstream turbidity. Extensive comparisons

between field and laboratory observations are needed to determine the

relative magnitude of such effects and whether the use of jar—test data

is a practical means of predicting turbidity .
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PART V: TURBIDITY PLUME MODEL

153. A turbidity plume mode l based on jar—test data was devel—

oped as a means of predicting the concentration of suspende d sediment

downstream from a line source (hydraulic pipeline dredge discharging in

open water) as a function of sedimentation data (from jar tests) and

hydraulic parameters (e.g. eddy diffusion , current velocity). In this

section the derivation of the mathematical model, the utilization of

jar—test data, the numerical solution method , and a sample calculation

are presented. Details of the computer program are presented in Appen—

-

S dix G.

154. The turbidity plume model described here predicts the down-

stream concentration gradient of silt and colloidal—size fractions of

dredged sediments discharged in waters characterized by unidirectional

constant flow, essentially infinite width, constant depth , and infinite

length. Density gradient settling, salt wedges, narrow channels , tidal
flows , and complex circulation patterns are beyond the scope of the
model in its present state of development. The model has been tested

by comparing plumes predicted on the basis of jar—test data for Mobile

Bay sediment with previously published observations of turbidity plumes
17from this locality . However , further validation through laboratory

experiments and comparison with other field observations is required.

Material Balance Relationship

155. Downstream from a dredging site the residual turbidity will

be determined by a balance between several sediment transport mechan-

isms. These are:

a. Removal by downward settling with ultimate removal by
deposition at the bottom (Note: In the case of floe—
culating sediment, e.g., clays In saline water, f loes
will be formed with settling velocities much greater
than those for individual particles).

b. Upward transport by vertical eddy diffusion in the
direction of decreasing concentration gradient (i.e.,
upward from the bottom).
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c. Dispersion by eddy diffusion in the lateral direction .

d. Dispersion by both bulk advection (convection) and
S -

- eddy diffusion in the downstream direction.

156 . The differential material balance at any downstream poin t
is given by the following equation :

- 
~~-~~~~(uc) +~~~~~ [fwf (w)dw] _

~~~~~
(E

~ ~~
) - ~-~- ( E ~~~~ ) - (E ~~) =  0 (11)

downstream vertical eddy
advection sedimentation diffusion

where

x downstream coordinate , m

y vertical coordinate , m

z — lateral coordinate , rn
u — current velocity at any point , rn/sec
c = sediment concentration , kg/rn3

w = settling velocity , rn/sec

f (w) settling—velocity frequency distribution , (sediment
mass/w) vs. w

E
x~
E
y iEz = edd~, diffusivities in x , y, and z directions , m2/sec

This relationship is based on the assumption that flow is steady , uni-
form , and fully turbulent , and that eddy diffusion can be characterized

S by Pick’ s Law with eddy diffusion coefficients.
157. Many investigators have used an equation of this kind, in

one form or another, to study distribution of negatively buoyant parti— S

d e s downstream of a particle source in a turbulent flow, both in the
24—26 27—31atmosphere and in water flows.

158. For Equation 11 to be useful in the plume model, further

simplifying assumptions must be made:

a. Eddy diffusion in the downstream direction is negligible
compared to the other two diffusive transport terms.
Thus,

- 
- 87

L t
‘ S

- 
~~~~~~~~~~~~~~~ ___



5-5.55 s5~~~ 5 5 ~~~~~~~~~ r

Ii . 

P

- 
- 

~~
-
~~
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b. For fully turbulent flow the velocity profile will be
flat, especially outside the relatively thin near—
bottom zone. Hence, it can be assumed that u is con-
stant and equal to the mean velocity (U):

a
S —(uc) U —  (13)ax ax

c. Eddy diffusivity E~ can be related to vertical position
in the flow by assuming that E

~ is about the same as
the diffusion coefficient EM for fluid momentum. This
assumption is made In deriving the classical suspended—
load equation, which has been the most successful ap—
proach to steady suspended—sediment transport. It is
the fine fraction of the sediment that will be of
greatest importance in the evolution of near—surface
turbidity downstream of a dredging site, and it has
been found that Ey and E

M 
are almost equal for labora— S

- 

- 
tory channel flows transporting fine sediment.29 An

4 expression for E
N as a function of distance

, y, above
the bottom can be derived using three equations. The
first is obtained by differentiating the logarithmic
velocity profile :

TJ .r
j~~~ln~~- (14)

The second is the definition of E
M
:

(15)

The third is the vertical distribution of shear stress ,
assuming that T accounts fo r almost all of the shear

S stress at posidons not close to the bottom:

T
t 

= T (1 — 

~-) (16)

Combining Equations 14—16,

EM = Ku~y(l  — 

~
) (17)
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where

u,,, = the shear velocity , equal to CT /p)~~
2
, rn/sec

K = von Karman constant , approximately equal to 0.4

h = channel depth, m

= turbulent shear stress, N/rn
2

p = density, kg/rn3

2
EM = eddy viscosity , m /sec

= shear stress at the bottom boundary, N/rn
2

Equation 17 should hold everywhere except very near the
bottom , where EM must go to zero in a slightly different
manner than predicted by Equation 17 because of the
presence of a viscous—dominated layer. EM thus varies
parabolically from zero at the surface and bottom to a
maximum at mid—depth . Equation 17 has been verified
experimentally29 using dye diffusion in clear—water
laboratory channel flow. To make Equation 17 useful for
the plume model, It is necessary to use the empirical
relationship between mean flow velocity and boundary
shear stress,

(18)

where f is the friction factor.  Substituting Equation
18 into Equation 17, and using a value of 0.02 for f,
which is a good estimate for the range of Reynolds num-
bers, flow depths, and bottom r~ ighnesses likely to be
involved in natural flows,

EN = 0.02 Uy(1 — 

~
-) = E (19)

d. Based on experimental studies, summarized by Fischer,
32

over most of the flow depth except very near the bottom
the lateral eddy diffusivity E is approximately con—
stant, and given by the equation

E = O.2hu
* 

(20)

Using Equations 17—19 , this cen be written in terms of
the maximum value of Ey (at mid—depth):
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With these assumptions, the Initial material balance relationship

(Equation 11) becomes

U -
~~~~

. + -~~~~~ [fwf(w)dw] — (E -
~

-
~

) — .
~~~~

. (E ~~
-) = 0 (22)

S with E~ given by Equation 19, and Ez given by Equations 20 and 21.

159 . Equation 22 differs from similar convection—dif fusion—

settling equations in the form of the settling term. If all the sedi—

ment had the same settling velocity , this term would reduce to a (wc)/ay.

When the sediment has a range of settling velocities, vertical flux due

to settling then involves contributions over this entire range, and

must therefore be written as an integral (to be evaluated between values

of w less than and greater than all the settling velocities represented

In the sediment).

160 . For nonflocculent sediment, the settling velocity of each

particle will be invariant with respect to time and position . Thus ,

the field of total con centration at points downstream of the source can

be found by solving Equation 22 with a settling term w~~ for each sedi-

ment size present and then superimposing the results (weighted with

respect to the initial concentration of particles in each size range)

to obtain total concentration at each point downstream.

161. The problem is far more complicated when the sediment is

flocculating as it diffuses and settles. The settling characteristics

of the sediment vary with both time and local f(w) itself, by virtue of

the effect of shear/collision and differential settling on the rate and

nature of flocculation . That is, the distribution f(w) in the integral

in Equation 22 is bound up with the very process the equation character-

izes; and for Equation 22 to be solved rigorously, f(w) would be ex—

pressed as a highly complicated function of concentration (c) and posi-

tion (x,y,z). In fact, Equation 22 cannot be solved without some sim—

plifying assumption about this flocculation process. This slinplifica—

tion is developed in the following section .
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Estimation of Settling Velocities from Jar—Test Data

Absence of eddy diffusion in jar tests

162. The jar tests were designed to characterize the settling

properties of representative sediments in a simplified laboratory situa-

tion that involved water compositions and shear rates that are realis-

tic In terms of the natural environment. An important consideratIon in

use of the jar—test data is the relative importance of downward flux of

sediment due to gravitational settling and upward flux due to turbulent

diffusion . To deduce values of settling velocities from the jar—test

data, it is important that the latter mode of transport be either known

or, preferably, negligible. Tests with fairly low concentrations of

clay—free, nonflocculent silt , which should settle as individual parti—

des according to Stokes ’ Law , were made in orde r to determine the ex-
tent of eddy mixing as opposed to gravitational settling in the jar

S tests (see paragraphs 96—97) . These tests demonstrated that eddy dif—
S fusion was essentially absent for the slow stirring speeds at which jar

tests were conducted , and the latter can therefore be used to determine

particle settling velocities.

Development of settling—velocity distributions

163. Dredged material may contain flocculent (clay) and nonfloc—

culent (silt, sand) particles. For nonflocculent sediment , particle

agglomeration does not occur , and the particle settling velocities are
S 

dependent only on the initial particle—size distribution . The settling—

velocity distribution in jar tests can be determined from the measured

curve of sediment concentration as a function of time by the same prin-

ciple as is used in determination of sediment size distribution by

settling—velocity analysis. However, for flocculent sediment , particle

agglomeration causes the initial particle—size distribution to change
with time. There is thus no simple procedure for determining settling

velocity which can be applied to the plume model unless it is assumed

that the sediment attains a steady state of flocculation (time—invari-

ant distribution of settling velocities) in a time that is short rela-

tive to the time scale of evolution of the plume profile downstream of
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the source. This is probably not very realistic with respect to either

the jar tests or the natural plume, but this assumption must be made in

order to extract information from the jar tests which will allow approxi-

mate modeling of plume evolution. Fortunately this assumption is most

realistic for the smallest settling velocities and therefore for near—

surface turbidity . That is, both in the jar tests and in the natural

plume the larger flocs are rapidly fractionated downward from the finer

material. The residual fine material which tends to remain near the

surface has a settling—velocity distribution that is determined mainly

by the early stages of flocculation , before most of the fractionation

occurs, and changes only slowly thereafter.

164. In addition to the stipulation of a time—invarian t settling—

velocity distribution , two additional assumptions are required to

derive settling velocities from jar—test data. First, the suspensions

are assumed to be initially uniform and consist of particles with a

range of settling velocities. Although some stratification probably

existed during the rapid—mix period of jar tests, this is not expected

to have significantly affected measured turbidities because the light

attenuation is most sensitive to the smallest particles present, which

are believed to have been uniformly dispersed. Therefore, although the

assumption of initial uniformity was not rigorously met, the practical

effect of this problem is most likely negligible. Second, the correla-

tion between light attenuation and suspended solids concentration is

assumed to hold for all stages of plume development. In fact, light

attenuation Is affected by the flocculation state of the suspended par-

ticles as well as their concentration and may vary between locations

depending upon the physical characteristics of the suspended material.

The use of turbidity vs. time curves to deduce suspended solids concen-

tration is, nevertheless, an acceptable procedure for the purposes of

the plume model and is not expected to result in substantial errors.

Alterna tively , rather than determining actual particle settling—
velocity distributions, the following procedure might be viewed ab-

stractly as defining a turbidity—reduction function.
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165. As shown by Stokes’ Law (Equation 1), particle settling

velocity is a function of particle size. Each sediment fraction with

particles of a certain size and settling velocity, w, will take a dif-

ferent time ( t  = H/w) to settle entirely past an arbitrary depth, H.

Thus, as progressively smaller size fractions settle past the depth of

the light probe in jar tests the turbidity is reduced, producing a

curve such as that shown in Figure 19. This curve of concentration

versus time at level H can then be converted to a cumulative distribu-

tion curve for w. The initial particle concentration of the suspension

is c ; then, after t ime t, the concentration at level H will be c = c —

Zc
0 

c
0
(l—Z), where Z is the fraction of the sediment with settling

velocity greater than Hit. Using t = H/w, the measured concentration

curve c — c(t) can be transformed into a curve e = c(H/w), giving c

versus w. Setting the values of c from this curve equal to c0(l—Z), a

relationship for Z versus w is obtained that is the desired cumulative

frequency distribution for settling velocity (as in Figure 20).

166. This operation can be carried out with reasonable accuracy

by selecting ten to twenty points from a jar—test curve (Figure 19),

making the simple computations indicated above, and replotting (Fig-

ure 20), as demonstrated in the example below. Progressively smaller

segments of the settling curve are used in order to include more frac—

tions with low settling velocities and fewer with high settling veloc-

ities. This provides the type of distribution most useful for plume

prediction since it is the fractions with small settling velocities

which cause persistent turbidity.

167. In order to demonstrate the derivation of a settling—

velocity distribution, consider the jar—test curve for Mobile Bay sedi-

ment at 5 g/9. initial concentration in 0.5% sea salt solution (Figure

19). The initial turbidity (ce) is 405 m 1. After 5 mm (300 see), the

turbidity is reduced to 71 m~~, or 17.5% of the initial value. At this

point 82.5% of the suspended material has settled past the depth of the

light probe (0.06 in) and therefore has a settling velocity w > 2 x l0~~
rn/sec. The fraction, Z, of particles with w > H/t is thus 0.825, and

the point can be plotted on the cumulative distribution curve (Figure
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20). After [0 miii of settling , the turbidity reaches 9.5% of the

initial value . The cumulative fraction of the initial material which

has settled beyond the light probe at this t ime is 0.905, and this frac—

t ion has settling velocity w -. 1 x lO~~ tn/sec . This process is contin—

tied until at least 95—98% turbidity reduction or 2 hr of settling has

been accounted for.

168. From the cumulative distribution curve a table of settling—

velocity fractions is created , as In Table 7. The distribution curve

is divided into a number of segments, each representing a weight frac-

tion of the sediment. For each weight fraction , the settling velocity

corresponding to the mean value of Z for that segmen t is determined by

reading directly from the cumulative distribution curve . For example ,

for the first 20% weigh t fraction of the sediment , the mean value of Z

is 0.1. and the corresponding settling velocity is 124 x l0~~ rn/sec.

The mean value of Z for the next 10% fraction is 0.25, and this fraction

ha~ a mean settling velocity of 100 x 10~~ rn/sec. Thus, the mean set-

tling velocities for this example correspond to the times when the cumu-

lative Z settled was 10%, 25% , 35% , ... , 92.5%, and 97.5%. The exact

intervals used for this procedure are arbitrary , but should be chosen

to provide more sediment fractions with low settling velocities than

with high settling velocities .

169. With the simplification developed in the preceding para-

graphs, the settling term in Equation 22 can be written w~c/~y, with

the understanding that  the resulting equation ,

U — + w — — — (E —) — — (E —) 0 (23)
~
y 

~
y y

~~
y az z 3 z

is to be solved for each settling—velocity fraction in the sediment,

with the appropriate settling velocity (w
1
) and initial concentration

(c)
1 

for that sediment fraction. All other terms will remain the same ,

i.e., U , E~. and E .  The profile of total suspended sediment concentra—

tion is obtained by adding the concentration profiles for the ten (or

more) sediment fractions.

96

~~~~~~~~~ 

- 

~~~~~~~~~~~



_ _ _ _  ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

Table 7

Settling—Velocity Distribution

Weight Fraction Mean Z Settling Ve locity em/sec)

First 20% settled 0.1 124 x 10~~

Next 10% settled 0.25 100

Next 10% settled 0.35 86

Next 102 settled 0.65 73

Next 10% settled 0.55 58

Next 10% settled 065

Next 10% settled 0.75 30

Next 5% settled 0.825 20

Next 5% settled 0.875 14

Next 5% settled 0.925 7.1

Next 5% settled 0.975 0.95
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Numerical Solution of the Material Balance Equation

Geometry and boundary conditions

170. A steady , uniform, infinitely wide flow is assumed with a

vertical line source of suspended sediment extending from the surface

to the bottom , continuously emitting sediment at a given strength per

unit height . This source strength can be converted to an initial con-

centration by assuming that this sediment is initially concentrated

into a vertical column of width b , which is small relative to the depth ,

h. (A point source located at or below the surface could also be

modeled.) The upstream boundary condition is therefore c = c at x = 0,

Iz i < b , y < h.

171. Physically , the boundary condition at the surface should

specify that there is no net flux of sedimen t across the surface. The

best way to specify this is

E ~~~+ w c .0  (24)yay

which means that at a level just below the surface the upward flux due
to vertical diffusion is just balanced by downward flux due to settling.

172. For simplicity , it is assumed that all the sediment reaching

the bottom is deposited and that there is no reentrainment. The bottom

boundary condition is then

E ~~~= 0 (25)
y
~~
y

which means that all the sediment supplied to a layer just above the

bottom by settling is deposited rather than re—mixed upward.

Numerical solution

173. Equation 23 has been solved numerically under the boundary

conditions given above by a finite difference method .27 The calculation

begins with a given initial concentration at the open—water disposal
site, which is located at x — 0 and lies between lateral limits z —b

and z = b; the initial concentration may vary with the depth y. The

calculation proceeds step by step downstream; over each step Ax , a

98
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finite difference model of the equation is used to compute the concen—

• trationa at the end of the step from the concentrations at the start ;

the boundary conditions on the top and bottom surfaces enter at each

step to give a well—defined algorithm. Two aspects of this algorithm

deserve particular mention.

174. First, the finite difference model, as well as the relation

between Ax and the vertical meshwldth Ay, must be chosen in such a way

that stability is preserved as the calculation progresses. In other

words , instabilities of a purely numerical origin must be excluded.
For that purpose an implicit system was selected , representing the dif-

fusion term a/ax (E ac/ax) by finite differences at the new stage x +

Ax rather than at the given stage x. This allows Ax to be large enough

for an efficient algorithm; otherwise the stability requirement would

force an extremely small Ax and would require a trcmendous number of

steps to move the calculation downstream. The implicit system requires

the solution of N coupled equations at each step ; N = H/Ay is the num—

ber of levels in the vertical direction , and the system can be solved

quite inexpensively.

175. Second, it was possible to distinguish separately the

effect of lateral diffusion and to make use of the analytical solution

for the diffusion equation in combination with the numerical solution

described above. A pure lateral diffusion would be described by

(uC) = 
~~

— (E 
~~~~ ) 

(26)

where C represents the concentration for the two—dimensional (x,z)
problem, and the boundary condition c c at x = 0, —b < z < b is sat-

isfied. The solution to this reduced equation is given by

~~~~ ~—l/2 b 2
C(x ,z) — 

~ 
2) fexp H 

(z—v ) dv (27)

A change of var iables connects this to the “error function” (erf) which
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is avai lable  in an IBM subroutine . This is possible for  a fixed

and experimenta l  data indicate tha t the lateral diffusion coefficient

is indeed f a i r ly  constant except near the bot tom surface ; fo r tuna te ly

concent ra t ions  near that  surface are much less important  to pr edic t  and

.i neg l i g i b l e  e f f e c t  on values  near the top .

17b . To use t h i s  an a l y t i ca l  result  in the solut ion of the f u l l

th ree—d imensional equat ion , the eq uation Is w r i t t e n  sy m b o l i c a l l y  as

u ~~
-
~-- — (L +

where L r epresents the la tera l d i f fus ion  ( E / ~ y ’i , and represents

the sedi men tat i on  and ver t ica l  d i f f u s i o n . Keeping C(x ,~~ for  the analv—

t. ical so lu t  ion descr ibed above and wr i t i ng  C’ (x ,y )  for  the solut ion of

th e  t wo—dimensional problem which ignore s 1 . ,  t he required so lu t ion

~a t t e r matching the i n i t i a l  conditions)  is

c (x,y, z) — C (x ,~ ) C ’(x ,v) (2~ )

It is easy to verif y that  this  satist ics t h e  equat ion :

u ~~
-
~
- 

~~~~~ C ’ + uC ~~~~
- — E C ’ + C( L C ’~ — (L + L ~ c (3O~~x ~x ~x y Y 2

because’ I and I ~.f fect  only C ’ and C , respectively .  Therefore , it is

possib It ’ to compute C(x ,  ~ a n a ly t i c a l ly  and C ’ (x ,v~ n um er i c a l l y  and to

comb ine these two results to obtain a good numeric a l  approximation to

the f ull three—dimensional concentration field e(x,y,z).

Computer Program and Sample Calc u lat ion

17 7. A FORTRAN IV con~ uter program was written to perform the
calculat ions described above (see Appendix C for  details on program use).
As input s  to the program , current ve loci ty ,  st ream depth , se t t l i ng—
velocity  d i s t r ibu t ion  (given as any number of sediment fractions, each
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with a particular concentration and fall velocity), ~uid th ree comp ut a—

t ional parameters must be specified. The program output ct’iis1~ ts o~
four parts: (I) a section showing the ve r t i ca l  d i s t r i b u t i o n  of sediment

downstream for each sediment fraction (in the absence of lateral spread-

ing); (2) the simunat ion of vertical slices for all sediment f r a c t i o n s ;

(3) the latera l spreading coe f f i c i e n t s ;  and (4~ five h o r i z o n t a l  slices

through the f u l l  three—dimensional  plume at p re— se lee t ed  depths . A sam-

p le calculation and comparison with turbidity plumes observed in Mobile

Bay are presented below .

Mobile Bay observations

178. May 17 described numerous turbidity plumes resulting from

shell dredgin g and channel dredgin g in Mobile Bay . U n f o r t u n a t e ly , many

of the plumes were subjected to hi gh winds , sh i f t i n g  cur rents , or othe r

comp lex ities , and in some cases the data are simply too sparse or sc a t—

te red to make comparison wi th  predicted plumes w o r t h w h i l e .  May ’s obse r-

vations of shell  dredg ing on 13 October 1972 provide the best basis  for

comparison w i t h  the mode l predictions.  These data  consist of turbidity

measurements (by l ight sca t te r ing ,  in JTU ) at a depth of ~ fee t  ( 1.5 in)

to a distance of about 5000 feet  (1500 in) down current  from the dis-
cha rge . Winds we re l ight and , a lthough the cu rrent was not  given , it

was said to be near low tide at the t ime of sampling. A current  veloc-

it y of 0.1 or 0.2 rn/sec (0 .2  or 0.4 kno t ) was assumed . May also states

that  t he background tu rb id i ty  was qu i te  low and the plume was visible

for a total distance of about 10,000 feet (3000 in) .
Plu me model calculat ion

179. Jar— test data for sediment collected in Mobile Bay during

this study were used to derive the se t t l ing—veloc i ty  d i s t r ibu t ion  in—

put into the computer program . The data obtained in tes ts  at 5 g/~
in i t i a l  sedimen t concentration in 5 gfl sea salt solution were f e l t  to

be most applicable to the observed conditions . Although sa l i n i t y  was

not specified on 13 October 1972 , other observations were in the range

of 2—1 2 ppt (g/i) .  The initial sediment concentration is also uncer-

tain , but 5 g / t  is probably a realistic value .

101.
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180 . The der iva t ion  of a s e t t l i n g — v e l o c i t y  d i s t r ib u t i on  from the

app r o p r i a t e ’ t a r — t e s t  data  was g iven previously (see paragraphs 1t~7— i6 8) .

The I t  sedimen t f r a c t ion s  shown in Table 7 wer e’ input  i n t o  the computer

program , along w i t h  the water depth , 3m , and current  v e l o c i t y .

181. The progr am f i r s t  uses the numerical solution method to cal—

cu l a t  e tw o—d imens tonal  (downst re am—vert  t e a l )  p r o f i l e s  for  each sediment

f r a c t i o n . An examp le is shown in Figure 2 .  The i i  p r o f i l e s  were then

summe d t o  ~1ve the complete two—dimensiona l  conccnt  r at ion  p r o f i l e ’ ,

shown in Fi gu re 2 2 .  This gives the  hyp o t h e t i c a l  down stream concentra-

t i on in the absence of any lateral spreading.

152. Several interesting features can he noted f rom t h i s  figure .

First , at lhOO m downstream, more than l2~i of the initial material is

still in suspension at the  surface , a l thoug h much of t h i s  w i l l  have

dispersed laterally. Second , the presence of this material at the sur—

~act’ is due to the effects of eddy diffusion upward . For simp le grav ity

settling (i.e., no upward diffusion~ , all suspended material would have

settled past the 0.15—rn depth at 1600 in downstream , based on the settling

rate of the slowest settling fraction and the input current velocity.

183. The computer program next calculates lateral spreading

fac tors using the analytical solution described in paragraph 175.

These factors , shown in Figure 2 3 , are then applied to the vertical

concentration profile , and the three—dimensional plume is output as

horizontal sections at specified depths. The surfac~’ concentration

dist r ibut ion for  the present case is displayed in F ’ gure 2~~.
Compartson of observed and predicted plume s

184 . The predicted and observed downstream concen t rat ion  p ro f i l e s

for  the 13 October 1972 data are compared in Figure 2 5 , He re the

cen t e r — l i n e  concentration (X of c )  for  the mode l plume at a depth of

i . S m ( interpolated from output depths of 1.2  in and 1.8 in) is shown for

cu rrent velocit ies of 0. 1 and 0.2 rn/sec .  The f i e ld  data  d isplay  much

var iab i l i ty  indicative of migration , or meandering of the natural plume .

To accoun t for this , the observed center—line concentrations shown in

Figure 25 were taken to be the highest values at each distance down-

stream from the discharge (see Figure 6 in May ’s repo r t 17 ) .  These also
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H are expressed as the percentage of the initial turbidity (value closest

to the discharge).

185. The field observations and model predictions compare favor—

ably for the first 300 m (or first 80—85% reduction in turbidity) . Sub-

sequently , however , a sudden increase in turbidity level is found.
17According to May (p. 31), this was possibly due to disturbance by a

passing boat.” It appears tha t  s ta t ions  farther downstream were like—
wise affected by this disturbance . However , the decay of the natural

p lume beyond this disturbance is not un like that of the mode l predic—

t ion , suggesting that the model does provide a reasonable approximation

of the turbidity reduction. If one we re to renormalize the observed

turbidity at 500 m to match tha t  of the mode l a t thi s  dis tance , the

curves downstream from this point would agree fairly well.

186. No attemp t has been made to compare the model’ s prediction
of lateral spreading with that of the observed plume . En the models

calculated here , the initial width of the discharge is only 1 in. Posi-

t ive levels of turbidity are predicted to reach about 10— 15 in to either

side of the centerline at 1800 in downstream . However , real discharges

may be spread quite rapidly by turbulence near the source. Subsequent

diffusive spreading is likely to be much less rapid and may approximate

that predicted by the plume model. However , further testing is re-

quired to evaluate this aspect of the model.

187. Discharges from shell dred g ing on 30 September 1971 and

21 January 1972 described by May were also modeled with the computer

program. The field data were not considered suitable for a quantita-

tive comparison with the model predictions , but a qualitative evalua-

tion can be made . The models indicate reductions of at least 90% of

the initial turbidity within the first few hundred meters , which is in

agreement with the field observations. It should be noted that “ini-

tial turbidity ” refers to the turbidity at a point somewhat downstream

from the actual discharge, after bulk settling of the relatively high—

density slurry has occurred and concentrations on the order of I to 5

are found. May notes that this generally occurs within about 100—

200 feet (30—60 m) of the discharge .
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Other results of plume modeling

188. Several interesting observations were made in the course of
plume modeling which bear on the evolution of turbidity plumes and the

applicability of the model to dredging situations. These were the re—

suit of test ing the e f fec t s  of varying the initial concentration pro-

file , the input settling—velocity distribution , and the current

velocity.

189. The source configuration used to model the discharge from

a hydraulic pipeline dredge assumes essentially instantaneous bulk set-

tling of much of the relatively high—solids—content , high—density slur-

ry, creating a vertical column as the apparent source. Since the

source is programmed as a series of cells , each with its own initial

concentration , in practice the source geometry and strength can be

varied , and the program could also be used to model the dispersion from

a point source (at any depth) or a discontinuous line source . Two di f—

ferent initial vertical concentration profiles were used in the models

studied for Mobile Bay turbidity plumes. The f i rs t  configuration held

concentration constant from surface to bottom at the source . The sec-

ond was an exponentially increasing concentration profile which yielded

a bottom concentration twice that of the surface . In all models , there

was very little difference in the center—line concentrations beyond a

few hundred meters downstream, regardless of the initial source pro-

file.

190. Apparently , removal of the rapid settling components and

upward diffusion of the slowest settl ing components result in the

est ablishment of a quasi—equilibrium independent of the initial source

profile. Downstream vertical profiles display similar increasing con-

centration with depth , due to settling , for both types of input source

profiles.

191. A second significant feature of the modeling studies is

that the use of different settling curves as input to the program has

a maj or effect on downstream concentrations. Settling—velocity dis—

tributions for the Illinois River and Boston Harbor sediments were in—

put in order to examine the variation in turbidity plumes which might

108
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be expected for a broad range of dredged sediments discharged under

identical conditions. The jar—test curves chosen were those obtained

at 5 g/9.. sediment concentration in 0.5% sea salt, where the Illinois

River sediment was the slowest settling and Boston Harbor was the fast—

est settling (except for Charles River, a rather unusual sediment). In

addition, a model was run where a hypothetical “zero—settling” sediment

was used as input to simulate the limiting case of a slowly settling

sediment. This probably gives a reasonable approximation of the behav-

ior of dredged sediment discharged in fresh waters, where flocculation

is negligible. It is therefore useful in comparing the extent of pos-

sible turbidity problems in freshwater and saltwater disposal areas

and in demonstrating the effect  of lateral spreading alone on turbidity

reduction . All models were run with a depth of 3 m and current veloci—

ties of 0.1 and 0.2 m/sec , the same parameters used for the Mobile Bay

models. 
- 

-

,

192. Surface concentrations down the center line of the computer—

generated plumes (e.g., Figure 24) are shown in Figure 26. The distance

to achieve a 90% reduction in turbidity is more than three times as large

for the Illinois River sediment as for Boston Harbor sediment at 0.1 rn/sec

current velocity. For the case of zero settling, the distance to 90% re-

duction is about seven times that for the Boston Harbor sediment. At

the higher current velocity , these differences are somewhat less. Thus,

significant differences can be expected in downstream turbidity levels

- - for various sediments discharged under similar conditions.

193. Figures 25 and 26 also indicate that, at least under certain

conditions, the current velocity may have a relatively small effect on

downstream center—line turbidities. For both Mobile Bay and Illinois

River sed iments , doubling the current velocity has only a minor effect
on the predicted turbidities. It can also be seen that for slow set-

tling velocities, the downstream concentrations can be greater for low

current velocity (0,1 -m/sec) than for higher current velocity (0.2

in/see), the re-verse of the situation for high settling velocities. 
- 

I

This trend reflects the interrelation between current velocity and lat-

eral diffusivity (Equation 20). For slowly settling sediments, the
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turbidity reduction is control led by the lateral diffusion of suspended

sediment (a func t ion  of curren t velocity), whereas downward settling

and downstream advective transport  are the cont ro l l ing  fac tors  for rap—

idly settling (flocculent) sediments.

194. These resul ts  provide a prel iminary indicat ion of the rela-

tive impo rtance of sedimen t and hydrologic  parameters on t u r b i d i t y

plumes. Further study is required to determine the f u l l  range of plume s

predicted for a variety of simulated field situations.

V a l i d i t y  of plume model

195. The comparison presen ted above of observe d and predicted
turbidi ty  plume s suggests that  the mode l developed under this program

may be effective in predicting the extent of dredging—related turbidity

problems. Although the assessment of the model’s validity has been

only preliminary in nature , the essential features of plume evolution

(as obse rved in Mobile Bay) are evident in the computer predictions .
The rapid decrease in turbidity near the discharge is followed by a
more extended plume at  low suspended solids concentrat ions . The mode l

thus appears to account for the rapid settling of larger particles and/

or flocs in the suspended sediment whi l e  s imulat ing the slower se t t l i ng

and diffusive transport of smaller  pa r t i cles .  This fea ture  indicates

that use of jar—test data is reasonable in modeling turbidity plumes.

196. Of course it must be recognized that many uncertainties

exist in the application of jar—test data from the present study to the

plumes described by May . The nature of the sediment may ha ve been dif-

ferent from tha t  encountered during May ’s investigation , an d n o a t t empt

• was made to accura te ly  mode l the concentration of the actual  discharge .

Still , the results are encouraging and suggest that further verifica—

t ion studies would be worthwhile .

197. Extensive f ie ld  investigations are required to test the

applicability of this model to a variety of dredging conditions. Jar—

test data  must be obtained for sediment at sites where detailed record-

ing of turbidity plumes is accompl ished . Jar tes ts  should be run in
act ual samples of the receiving water  at  each s i t e .  Of p a r t i c u l a r  urn—

portance is the study of the na tu re  of the discharge zone so that  jar

ill

- -
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tests can be run using realistic concentrations of suspended sediments.

In add ition , computer—generated models should account for the actual

width of the discharge zone to test the model ’s ability to simulate

lateral spreading.

198. The computer models studied here indicate that the settling

properties of suspended sediments have a major effect on the predicted

exten t of turbidity . One approach to verifying this conclusion would

be to conduct laboratory flume studies in conjunction with settling—

velocity determinations . The appropriateness of the plume model could

thus be determined under controlled conditions.

199. Evaluation of the usefulness of this model to field applica-

tion depends upon whether the underlying assumptions used in its den —

vation are appropriate to most dredge discharges. Factors such as van —

ability in the nature of the material discharged , configuration of the

discharge, current patterns, bottom profiles, and winds may in many

cases be important in determining turbidity plumes. Careful field ob-

servations must be made and compared with computer predictions to

finally determine the extent to which this mode l can be applied as a

predictive tool.

112



PART V I:  APPLI CATIONS TO FIELD USE

200 . The methods utilized in this study to characterize the set-

tling behavior of suspended sediments can be applied to field use as a

means of predicting the extent and duration of turbidity resulting from

dredging operations. Turbidity is a function of sediment and water

compositional parameters as well  as the hydrologic features  at particu-

lar dredging sites. In the s ta t is t ical  analyses , it was shown that

water s a l i n i t y ,  sediment organics con tent , and in i t i a l  sedimen t concen—

tration were major significan t factors affecting settling rates. How-

ever, the range in water compositions encountered in actua l dredging

operations varies ove r a much wider range than tha t  which could be con-

sidered here . Furthermore , the effects of sediment and wat e r  composi-

t ional  cha r a c t e r i s t ic s  appear to be h igh ly complex and cannot be speci-

fied with  adequate precision by simp le l inear models. I t  is therefore

suggested that the most appropriate means for  p r e d i ct i n g  the turbidi ty

generation potent ia l  of dredge d sediments is to perform jar tests on a

st unn ed samp le of the actual  sediment to be dred ged in its receiving —

water .  The jar  tests wi l l  resul t in the derivation of a settling rate

for the sedimen t —water combination , which can then be used as inpu t to

the tu rbidi ty  plume computer program . The f ina l  ou tpu t  provides an

estimate of the expected turbidity levels downstream from the discharge

point .  The recommended procedures for obtaining the necessary Informa—

tion are described in the following sections. The reader is cautioned

that these procedure s are based only upon laboratory experImentation

and mus t be f ie ld—tes ted  before being applied .

Sedi ment and Water  Sampl tng

.~O L .  Bott om sediments can be sampled by a variety of means.

Where dredging is l imited to removal of relatively homogeneous recently

shoaled mater ia l , a grab sample should provide adequate sampling of the

sediment to be tested . For soft  bottoms in quiescent waters , an Ekman —
type sampler is sufficien t , but where strong currents ex is t  and/or the
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bottom sediment is more consolidated , the heavier Petersen—type grab

may be required. If a new dredge cut is to be made in to  p oss ibly

inhomogeneous older sediment , a coring—type sampler should be considered

so that  the var ia t ion to sediment type can be adequately sampled. In
any case, several samples should he obtained from a particular area and

composited to  form a representative site samp le. A few l i t e rs of sedi-

ment is mo re t han enough to pe r fo rm the necessary t e s t s .

202 .  Sediment samp les should always be kept  r e f r ige rated to

minimize degradation of the organic m a t t e r .  In the field this is best

acco mplished by pa cking the sediment in an insulated container  w i t h

i c e .  Care should be t aken to ensure that  the samples are not f rozen ,

since free.~ing can change the settling properties measured in jar  tes ts .

Dry ice should not be used as a refrige rant , as this may result In

t reezing of the sedimt.nts.

20~ . If any rocks, shells , or fibrous p l a n t  m at t e r  are present ,

these must he removed by wet sieving. Although such mater~als art’
ot ten inc luded in dredged sediments , they tend to have a negligible

effect on turbidit y , and they do interfere with laboratory testing

procedures. It is therefore preferable that they he eliminated. An

18— or 10—mesh steve (sieve opening I nun) provides a reasonable

screening of unwanted material. Thorough mixing ~ t individual samp les

or composite samp les is essential in the p r ep ar at ion  ~ f sedi ments for

turbidity testing. The moisture content of the  sediment must be deter-

mined in order to express measurements on a dry wei ght basis. Thi s  is

done by drying a pre—weighed sample of wet sediment (1—S g wet weight)

in an oven at t0S” C f o r  about 2 h r .  The moisture  content is then ca l—

culate1 as follows :

wet weigh t — dry wei~ ht
Z moisture — x 100 (31~wet weight

Any we Ight of wet sedimen t can be expressed on a dry weight b a si s

through the following conversion :
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dry weight — wet weigh t x U — ~~ moisture) 
(3la)

In lakes and rivers , surface waters can be sampled ade—

quately with a clean bucket. However, in estuaries it is necessary to

sample the water column at two or more depths since salinities can be

quite variable . For this purpose , Van Dorn or Kemmerer—type bottles

are satisfactory .

Jar—Test Procedures

105. The recommended procedure for performing jar tests consists

of first dispersing the test sediment in the disposal site water during

a 30—tnin rapid—mix period , followed by monitoring of the light transmis-

sion of the suspension as settling occurs. Although systems other

than that described in this report can be utilized , the measurement of

light transmission using fixed light probes is both convenient and

experimentally desirable . This is because light transmission provides

a better correlation with suspended solids than does light scattering .
20h. In performing the light transmission measurement , the sys-

tem must be calibrated to read 100% transmission in pure water. This

can be done by either a meter adjustment or by calculation of a cali-

bration factor for each jar. Wet sediment (weight calculated to give

the desired dry weight) is added to the test water and the suspension

is stirred rapidly (‘- 100 rpm) for 30 m m .  The weight of sediment

chosen for testing is important , since the initial concentration

appears to have a significant effect on the settling rate . The maximum

concentration measurable depends upon the optical characteristics of

the particular system but will likely be in the range of a few grams

per liter. This is similar to concentrations likely to be found within

a few hundred yards of a typical dredge discharge point. Since the

effect of increasing concentr-:tlon appears to be more rapid settling ,

data obtained at I g/~ or 5 g/i concentration can be considered to pro-

vide minimum settling rates. At 7~igher initial concentrations. set-

tling could be more rapid but is unlikely to be less rapid.
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207. After 30 mm of rapid stirring, initial turbidity readings

are taken , and the slow—stirring phase is begun . Transmission readings

are converted to attenuation coefficients according to the following

formula:

in (b OlT) 
(32)

where T is the light transmission (in %); L Is the ligh t path length (in
m); and c~ is expressed in units of [m ~~ I. Transmission readings should

be taken at one mm , three mm , five mm , and then at five—mm intervals

until either 95% reduction from a has been achieved , or two hr has
0

passed. A plot of a vs. time is then prepared for each jar test .

Tu rb id i ty  Plume Modeling

208. Predicted turbidity plumes can be generated from jar—test

data following the procedures outlined in Part V and using the computer

program described in Appendix G. Jar—test data are first converted to

a set t l ing—velocity distribution (see para . 167) for the dredged sedi—
men t dispersed in its receiving water. This distribution is then input

into the computer program along with the channel depth and current

velocity. The program output includes horizontal sections at several

depths through the plume which can be evaluated to estimate the extent

of downstream turbidity problems .

209. In order to adequately model the potential turbidity prob-

lems at a dredging site , it is recommended that a number of different

models be run. Input data resulting from several jar tests , possibly

using several different sediment samples from a particular area and

two or more initial concentrations , should be used to account for vari-

ability in sediment characteristics and slurry concentrations. A range

of initial discharge configurations, depths , and current velocities

might also be run to determine the limits on estimated turbidity plumes

for a given field situation .
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210. If the range of sites likely to require modeling can be

adequately specified , typical plumes can be modeled and the data re—

duced to a series of graphic displays. A separate series of graphs

might be prepared for each concentration contour desired , e.g., 0.01,

- 

- 0.1, and 1 g/Q. of suspended sediment above background levels . Such a

series of graphs would be patterned after a similar series for atmo—

spheric diffusion estimates.33 Since a range of non—zero fall veloci-

ties is encountered in turbidity plume calculations , the dispersion

estimate procedure is complex relative to the case of atmospheric dif—

fusion , where the assumption of zero fall velocity is appropriate . It

would therefore be necessary to clearly define the range of conditions

of most interest , calculate typical turbidity plumes, and then decide

on the best scheme for graphical presentation of the results.
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PART V II: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

211. The turbidity resulting from open—water discharges of

dredged material is dependent upon many factors . These include both

physical parameters such as current velocity, winds , discharge configu-
ration, and solids concentration of the slurry and physicochemical prop-

erties of colloidal suspensions which affect the settling rates of fine

particles dispersed in water . Laboratory jar testing of three clays and

eight natural sediments in a variety of waters has confirmed that the

settling rates of dredged material discharged in different waters

around the country can be expected to vary widely as a result of sedi-

ment and water compositional characteristics. A turbidity plume model

which acco un ts fo r sedimen t sett ling rates as well as hy drologic fac-
tors was developed and has shown that these variable settling rates

can lead to major differences in the extent of turbidity downstream

from dredge discharges.

212. Set t l ing rates of suspended sediments were found to vary

strongly with the composition of waters in which they were dispersed.

Turbidity was extremely persistent in soft fresh waters, but hardness

levels typ ical of natura l fresh waters (200 mg/9 of dissolved solids)

led to a small increase in the rate of turbidity reduction . Low levels

of salinity ( 1—5 ppt) were sufficient to induce flocculation and con-

sequent rapid turbidity reduction . The pH of the test solutions had

no effect on observed turbidities.

213. The three clays and eight natural sediments tested also

displayed a wide range in responses to any particular water type, m d i—

cating that settling properties are strongly influenced by sediment

composition . Th~ organics content was found to be the predominant com-

positional factor affecting the settling rates of natural sediments ,

with higher organics levels responsible for more rapid turbidity reduc-

tion. Clay mineralogy was not found to have an important effect.

Although the behavior of montmorillonite was quite distinct from that
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of illite and kaolinite in tests with pure clays , no such dependence on

clay type was apparent for the natural sediments . This suggests that

experiments wi th clays are not particularly useful for modeling natural

sediment systema .

214. The initial sediment concentration also had a major effect

on settling rates. Higher initial concentrations led to more rapid

turbidity reduction in the range studied (1—5 g/~ ) .  This may be due to

the ircreased rate of interparticle collisions in the more concentrated

suspensions or to the ef fec t  of increased concentration of dissolved

organic matter originating in the sediment . It is difficult to extrap-

olate this finding to field situations, where concentrations in dis-

charged slurries may be substantially higher and extremely variable .

Further study is needed to resolve this problem .

215. Experiments designed to define the nature of turbidity in-

dicated that no significant segregation of sediment components took

place as settling proceeded , with the exception of the independent

settling of coarse silt particles. This finding suggests that clay—

organic aggregates may be formed when sediment suspensions are destabi-

lized by saline (or hard) waters. Together with other results, this

indicates the importance of sediment organics in determining the set-

tling properties of discharged dredged material.

216. The wide variation in settling rates expected to be foun d

for dredged material discharged under different conditions makes it

imperative that settling properties be accounted for when predicting
— the extent of possible turbidity problems. However, simple linear

models relating settling rates to sediment and water compositional

factors are inadequate to accurately model these properties. Therefore,

it is necessary to determine the settling velocities individually for

dredged sediments dispersed in their receiving waters , using laboratory

jar tests or other similar procedures.

217. The predictive model developed during this investigation

utilizes jar—test data as input and thus implicitly accounts for floc-

culation of suspended sediments. Preliminary testing indicates that

the model predictions compare favorably with the limited amount of
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field data available. Furthermore, the results suggest that the parti—

cle settling rates of dredged material suspensions can indeed be a fac—

tor of major importance in determining the extent of downstream turbid—

ity.

Recommendations

218. Further study is recommended in several areas to enhance

the predictive capability developed under the present program. First,

coordinated laboratory and field efforts are required to validate the

turbidity plume model. Hydraulic flume studies are recommended to test

the reliability of the model under well—controlled laboratory conditions.
— In addition , jar tests with actual dredged sediments and receiving

waters should be run concurrently with detailed field observations of

turbidity plumes at several dredging sites . Comparison of predicted

and observed plumes in this way is required to determine the practical

applicability of the model. Also, study of the turbidity predictions

generated by the model under a wider range of input conditions would

be useful and might lead to the development of graphical methods fo-r

field application.

219. Second , further development of the jar-test me thod is

recommended to optimize its practical use in turbidity prediction . The

potential use of simplified apparatus and test procedures should be

examined to determine the simplest method capable of producing accurate

and reproducible settling data.

220. Third, further basic research on the factors controlling

turbidity would be valuable. In particular , the effects of various

organic materials and clay—organic interactions need to be studied to

determine more precisely the dependence of turbidity on the composition

of dredged material. A more complex test plan and statistical techni-

ques should be applied to determine functional relationships between

turbidity reduction and sediment—water components.

221. Finally, based upon the above studies , a field manual for
use by Corps personnel can be developed. Such a manual would reflect
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the experience gained by this and future programs to provide the most

practical and reliable means of predicting the extent of dredging—

related turbidity.
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APPENDIX C: PLUME MODEL COMPUTER PROGRAM

1. A computer program was developed to predict turbidity plumes

according to the model discussed in Part V. This program, shown in

Figure Cl , was written in IBM FORTRAN IV and should be compatible with

most compilers. The program relies upon the IBM Scientific Subroutine

Package (SSP) to perform matrix manipulations and to solve the systems

of linear differential equations. The subroutines used from this pack—

- I age are ARRAY, CMPRD , and DGELG . Access to these programs or their
‘ 

equivalent is necessary f or program execution.

- - 2. The input data consist of any number of suspended sediment

fractions, each with an initial concentration and settling velocity.

Also specified for each input data record are the current velocity,

channel depth, and three computational parameters. The data format is —
shown in Table Cl.

3. There are also several program defaults which can be over—

ridden, if desired, by changing the FORTRAN code (Table G2). These in—

d ude the initial discharge half—width, distance between steps in the

lateral and downstream directions, and the initial vertical concentra-

tion profile. 
—

4. The program has been run on an IBM 370/158 computer, requiring

a core size of 75K. Execution of the program with 10 input sediment

fractions uses about 40 seconds of CPU time and costs roughly $4.00.
— 5. As an example of the use of the turbidity plume program, a

complete listing of input and output data for one run is shown in

Figures G2—020. This model corresponds to the plume prediction for

Mobile Bay sediment discussed in paragraphs 179—187 of the main text.

6. Eleven sediment fractions were input (Fig. C2). A current

velocity of 0.2 rn/sec and channel depth of 3 m were used. The values

of ~~~~~, THETA , and NSTEP were 20.0, 1.0, and 36.0, respectively.

7. The program output consists of: (I) a two—dimensional

(downstream—vertical) concentration distribution for each of the 11

sediment fractions (Figs. C3—G13); (2) the summation of all suspended

sediment fractions (Pig . G14); (3) the table of lateral spreading

Cl
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factors (Pig. C1S); and (4) 5 horizontal slices through the three—

dimensional plume at depths of 0, 0.6, 1.2, 1.8, and 2. 4 m (Figs .

Gl6—C20).
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Table Cl

Input Data Format

Program
Colume Symbol Format Value

1—10 U FlO.0 Current velocity (m/sec)

11—20 W FlO.O Settling velocity of this sediment
fraction (m/sec)

21—30 H F1O.0 Channel depth (m)

31—40 CO Fl0.O Concentration of this sediment
fraction (% of total)

41—50 XN F1O.O Number of depths

51—60 THETA Fl0.O Model stability factor (set to 1.0)

61—70 NSTEP 110 Number of downstream steps (<49)

Tabl e G2

Program Defaults

Program Default
Variable Symbol Value

Initial discharge XL 0.5 m
half—width

Distance between steps in DELZ 1.0 m
the lateral direction

Distance between steps in DELX 50 m
the downstream direction

Initial vertical concen— C(I,l) Constant and
tration profile equal to CO
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APPENDIX H: NOTATION

a Constant in linear regression equation

b Coefficient to independent variable in linear regression
equation

c Concentration of suspended sediment

c(x ,y,z) Three—dimensional concentration distribution

F C(x ,z) Two—dimensional concentration distribution

C ’(y z) Two—dimensional concentration distribution

d Pa r ticle diameter

e Random error term in linear regression equation

E
M 

Diffusion coefficient for- fluid momentum (eddy viscosity)

E ,E ,E Eddy diffusivities in x, y ,  and z directions

f Friction factor

f(w) Settling—velocity frequency distribution

F Test of statistical significance

g Acceleration of gravity

- 
I G Velocity gradient

h Channel depth

H Depth below the surface

I Particle collision frequency due to thermal motion
- 

- 
J Particle collision frequency due to liquid shear
k Boltzmann’s constant

L Path length in light transmissometer

L ,L Vertical and lateral diffusion terms in transport equation

n Particle number density
P Particle collision frequency due to d i f fe rential settling

r Correlation coefficient

R Collision radius

t Time

T Absolute temperature ; also % ligh t transmission

u Current velocity at any poin t

u~ Shear velocity

U Mean current velocity

Hi
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V Relative velocity between settling particles

w Particle settling velocity

x Downstream coordinate

X Independent variable in linear regression equation

y Vertical coordinate

Y Dependent variable in linear regression equation

a Lateral coordinate -

Z Weight fraction of sediment with a particular settling
velocity
Attenuation coefficient —

Coefficient of viscosity

e Diffraction angle

K Von Karman constant

p Density
Turbulent shear stress —

Shear stress at the bottom boundary

112
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APPENDIX A: SEDIMENT SAMPLING AND HANDLING DETAILS

1. Sediment samples were obtained from eight areas using a

Petersen grab sampler. In each area, discrete samples were taken at

from three to five separate sites to obtain a representative sample.

Discrete samples were sealed in plastic bags and placed in an insulated

fiber drum with sufficient ice to maintain a cool temperature without
freezing the samples. Upon return to the laboratory , portions of each

discrete sample were stored for possible future reference, while the

remainder of the samples from each locality were combined and thoroughly

mixed to form a composite sample. The proportion of each discrete sam-

ple in the composite was determined by the volume of the individual

samples collected . All samples were stored in plastic bottles and

refrigerated at “4°C. The following sections describe the sampling

sites in detail.

Mobile Bay, Alabama

2. Three sites were sampled in Mobile Bay , all within the main

ship channel. The sites correspond to three sites previously sampled
34 *by the Corps of Engineers ’ Mobile Dist r ict as follows:

Site 1. Corresponds to site MR—l6 located “-‘11 nautical miles
south of the mouth of the Mobile River , adjacent to
buoy 26. The bottom sediment was a brown silty—
clayey soft mud .

Site 2. Corresponds to site MB—22 located ‘-‘3—1/2 nautical
miles from the mouth of the Mobile River , at buoy
37. Sediment was a soft brown mud ,

Site 3. Corresponds to site MB—25 located at the northern - -

•extremity of the Bay , between the j unc t i on  of the
Arlington Channel and Choctaw Poin t Channel , jus t
south of Little Sand Island Sediment was a soft
mud composed of a mixture of brownish—gray and
slightly greenish—black material.

*

References are listed at the end of the main t ex t .

Al



- --: ‘ -- 

~~~~~~~~~~ 
-
~5-~r’~~

-:- -
~~~~~~~~ ~ TT~~TT15- 5- ;-

P
5
’

The composite sample for Mobile Bay was approximately an equal part

mixture of these three discrete samples.

San Francisco Bay, California

3. Five sites within dredged channels in Oakland and Richmond

Harbors were sampled:

Site 1. Oakland Inner Harbor at the junction with North Channel, I 
-

- j  . near Government Island; a soft gray clay.

Site 2. Oakland Bar Channel, between buoys 1 and lB; soft, - 
-

brownish—gray , silty—claycy mud.

Site 3. Oakland Outer Harbor, “-‘300 yards south—southeast of
buoy 5; sediment similar to that of site 2.

-~~ Site 4. Richmond Inner Harbor Channel between buoys 11 and 12;
soft, homogeneous, light brown mud. -

Site 5. Richmond Inner Harbor Channel , near Pt .  Richmond ;
sediment similar to that at site 4.

The composite sample for this area was approximately an equal part

mixture of the five discrete samples.

Boston Harbor, Massachusetts

4. Three sites were sampled in Boston Harbor:

Site 1. Located about 50 yards off the dock at the northwest
corner of Lon g Island ; sedimen t appeared to include
some sewage material or iginat ing from a nearby out—
fall  from Deer Island treatmen t p lan t .

Site 2. Sample taken from near Chelsea Point , between Wi n thr op
and Logan International Airport , “-‘50 yards north—
northeast of buoy 6. Sediment was an organic—rich
clayey silt.

Site 3. Near the center of Quincy Bay , ‘~l000 yards west of
Hangman Island; sandy—clayey silt.

A2
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The composite sample for Boston Harbor was composed of approximately 50%

sediment from site 1, 35% from site 2 , and 15% from site 3.

Charleston Harbor, South Carolina

5. Four sites within dredge d channels were sampled in Charleston

Harbor :

Site 1, Taken from a shoal on the dock side of the channel off
Union Pier; light brown silty mud .

Site 2. Located north of Drum Island adjacent to buoy 46; black,
organic—rich , sandy mud.

Site 3. East side of Daniel Island Reach ; sediment similar to
- ‘ that from site 2.

Site 4. Shipyard River near marker 4; sediment was a dark
greenish—brown sandy—silty mud .

The composite Charleston sample was approximately 1/3 taken from

site 4 and the remainder equally divided between sites 1, 2, and 3.

Illinois River, Illinois

6. Three sites within the dredged channel of the Illinois River

were sampled near river mile 30, just south of Katnpsville, Illinois:

Site 1. Located north of Willow Island on the eastern edge of
the channel, adjacent to a buoy, opposite Kampsville
daymark mile number 31.5; sediment was soft brown mud
with shells.

Site 2. Located adjacent to site 1, but at mid—channel. The
sediment was a soft gray mud with abundant shells and
.rocks.

Site 3. River mile 29.9, between Willow and Crater Islands ,
taken from near the eastern side of the channel. The
sediment was similar to that at site 1.

7. The Illinois River composite sample was composed of approxi-
mately 25% sedimen t from si te 1, 15% from site 2 , and 60% from site 3.

A)
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A portion of the composite sample was wet sieved through a 20—mesh

sieve (sieve opening = 0.841 nun) to remove the shells and rocks. This

sieved sample was used in all laboratory experiments.

Toledo Harbor , Oh io

8. The four sediment samples obtained in the Toledo area were all

extremely similar in their physical character. All were a light brown

soft mud with relatively little coarse material or organic detritus .

However, the two samples taken from near the city (sites 3 and 4, below)

appeared to contain more c’l. and grease and odorous chemicals. The sam—

pie locations were as follows:

Site 1. Adjacent to the Toledo Harbor light, “-‘8.3 miles out into
Lake Erie from the mouth of the Maumee River, in mid—
channel.

Site 2. Located near mile 3.8 of the Toledo Harbor Channel; sam-
ple contained a small amount of relatively consolidated
clayey sediment in addition to the typical soft brown
mud .

Site 3. Taken at mile 0, the junction of the Maumee River and
Toledo Harbor Channels.

Site 4. Located at mile 2.5 up the Maumee River.

The composite sample for Toledo was composed of approximately equal

proportions of sediment from each of the four sites.

Rouge River, Detroit, Michigan

9. Four sites were sampled on the highly industrialized Rouge
River, in Detrqit. The sampling sites were:

Site 1. Approximately 500’ upstream from the confluence with
the Detroit River, on the Short Cut Canal. The sedi—
inent was a dark brown mud with abundant gravel.

Site 2. Taken at mile 1, from mid—channel. Sediment was well—
consolidated gray clay .

A4
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Site 3. Located at the 2—mile mark. Sediment was a soft, brown—
black mud with abundant organic detritus and obviously
high oil and grease content .

Site 4. This sample was taken from the middle of the turning
basin at the upper limit of the channel project,
mile 2.9. Sediment was similar to that at site 3. This
site is near the Fotd Motor Company steel plant. The
Ford plant may be the source of the ferrous material
that was observed when suspensions of the Rouge River

— composite sediment were stirred with a magnetic stirring

L bar.

10. In making the composite sample for this area, water was

added to aid in dispersing the consolidated clay from site 2. Sediment

from site 1 was wet sieved-through a 20—mesh sieve to remove gravel

and rocks. The composite was composed of approximately 10% sediment

from site 1 , 40% from site 2, and 25% each from sites 3 and 4.

Charles River, Boston, Massachusetts

ii. Four sites were sampled along the Charles River, near Boston,

Massachusetts:

Site 1. Located “-‘20 yards downstream from the Western Avenue
Bridge ; sediment was an odorous black muck.

Site 2. Located “~20 yards upstream from the Andersen Bridge;
sediment was quite similar to that from site 1.

Site 3. Located “~20 yards downstream from the Arsenal Street
Bridge. The sediment was somewhat lighter in color —

and less odorous than those from sites 1 and 2.

Site 4. Taken across from Perkins Institute , in Watertown, just
upstream from the Newton Yacht Club . The sediment had
a substantial sand fraction and was lower in organics
than the other samples.

The composite sample was composed of approximately 35% sediment from

site 1, 25% from site 2, 25% from site 3, and 15% from site 4.

A5
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AIPENDIX B: SAMPLE CHARACTERIZATION PROCEDURES

1. Particle—size distributions of all samples were determined by
35*the pipet method. Natural size distributions were obtained using

10 g (dry weight basis) of wet sediment in 1 9~ of deionized water in a

1000—mi graduated cylinder. Size distributions were also determined

after addition of a peptizing agent. Peptization of the three clay sam—

pies was attempted by the addition of 50 ml of 0.0122 N NaOH per liter

of suspension. As the results in Figure Bi show , the presence of NaOH

resulted in dispersal of the kaolinite sample ; the montmorilionite

appears to have been partially flocculated by the NaOH; and the illite

was unaffected. Subsequent to the clay—size determinations , sodium

hexametaphosphate was found to be an effective dispersant for many

natural sediments. It was found that 3 ml of a 10% solution of sodium

hexametaphosphate added per 10 g of sediment 36 effectively dispersed

the samples. Natural and dispersed size distributions for the natural

sediments are depicted graphically in Figures B2 and B3.

2. The moisture content of each composite sediment sample was

measured gravimetrically by drying at “100°C overnight. At least three

separate determinations for each were averaged to give the results re—

ported in Table 1 in the main text. Note that water was added to the

Rouge River sample during processing and the moisture content reported

here therefore does not represent that of the original sediment .

3. The organic carbon contents of clays , natural sedimen ts , and

replicate test samples were analyzed on a LECO WR— l2 carbon determina—
tor. Sample preparation for the clay and sediment analyses was as

follows:

a. Samples were dried at 105°C. 
- 

-
- 

-

b . Random weights , ranging from “~O.O5 
— 0.70 g, were I -

measured out into beakers.

c. Samples were treated with 2N MCi to dissolve inorganic
carbonates.

* References are listed at the end of the main text.
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d. Samples were filtered onto pre—combusted glass fiber
filters and were rinsed with distilled water to remove
acid and dissolved carbonate .

4. For the replicate test samples , which were in the form of

dilu te suspensions , the preparation procedure was slightly different:

a. Samples were filtered onto pre—combusted and pre—weighed
glass fiber filters .

b. Sample weights were determined after drying the filters
at 105°C.

c. The samples were saturated with 2N HC1 and allowed to
react.

d. Samples were rinsed with distilled water.

5. The clays and natural sediments were run in duplica te , and

- - 
the estimated precision was ±4% of the measured value . Replicate test

samples were run only once.

6. For the characterization of the clay mineralogy of the sam-

ples, the <2 p fraction of each sediment ~ias separated. Bulk sediment

samples were first treated with hydrogen peroxide (H20,
) to remove

oxidizable organic matter. The treated sediments were then washed sev-

eral times with deionized water to ensure the complete removal of solu—

bies. The suspensions wete dispersed by adding 1 ml of 10% sodium

hexametaphosphate per estimated gram of clay present , and the <2 p frac—

tion was separated by repeated sedimentation/decantation . Suspensions

were allowed to settle until , according to Stokes ’ Law calculation , all

particles coarser than 2 p in diameter would have settled out. The

remaining suspension was decanted and saved , and the process was re-

peated twice on the residue . The decanted slurries from all three set-

tling steps were combined , and a suspended solids determination was

made on the samples for each sediment.

7. Orien ted sl ides of the <2 p fraction of all sediments were

prepared for X—ray diffraction analysis according to the procedure sug-

gested by Drever.37 This technique involves filtering of the suspensions

on 0. 45 p pore size Mill ipore f i l t e r s . The filter is then placed clay

85
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side down on a glass slide , pressed onto the surface by rolling a glass

tube over the back of the filter , and peeled back , leaving the clay film

adhering to the glass slide . In order to facilitate filtering and to

prevent loss of fine particles through the filter , all suspensions were

f i rst flocculated with a CaCl
2 solution . This treatmen t also results in

saturation of all exchangeable cation sites in the clays with a single

cation species , Ca, which is beneficial in making quantitative compari—

sons between many different samples. Approximately 200 mg of solids

were deposited on each filter. After drying in air , each slide was

placed in an evacuated desiccator with a free surface of ethylene glycol

for about 24 hr. Glycolation expands the montmorillonite basal spacing
0

to about 17 A , wh ich aids in the unamb iguous identification of the clay
mineralogy .

8. X—ray diffrac tion patterns were obtained on all samples with

- - 
a General Electric diffractometer using Ni—filtered Cu radiation . The

instrument was operated at 50 kvp and 16 ma , and scans were made over
the range of 3~~~~~3Q

0 20 at a scanning speed of 2° 20/mm . A 1° beam

slit and 0.1 ° detector slit were used , and counting rates were generally

1000 or 3000 cps with time constants of 3 or 1 sec , respec t ively. In
0

addi tion , slow scans of the 3.5 A peaks were made to help distinguish

kaolinite and chlorite , as described by Biscaye .
38 

These slow scans

— were run from 24° to 26° 20 at a scanning speed o 0.2° 20/mm , us ing a
0.02° detector slit , coun ting rates of 100 or 300 cps and time constants

of 10 or 3 soc , respectively.

9. The X—ray powder patterns of the three c l ay samples arc in

accord wi th published data on these minerals.20 ’39 
However , some min or

impurities can be identified in the samples. The kaol m ite sample dis—
C’

p 1 .tved a r a the r  di f fu se  and re la t ive ly weak pe~ik at about  17.5 A wh i ch - 

-

n~iv he at tn  bu t ab  Ic to mon tmnrj I Ion i to . Al 5~~) f ound  In the kaol in I to 
I -

pa ttern were weak peaks a t 10 X , ~ X , and 3.3 ~~ , w h i c h  may he due t o

I l l  Ito or mica. The ill Ito pattern has a weak peak at  7 A and a ver
weak peak at 14 X wh ich are p robab 1 y 1nd lea t lye of m l  nor ch I or ito . It

is alSo l ikely t h at  q%marr~ is present , hu t the fart that all malor

quart;~ peaks overlap flu te peaks makes d e f i n i t e  I dent If i(’at ion Imposs ibl e .

86
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A peak at 4.26 K , which is reported to be weak in other reported illite

pa tterns , was qui te strong in th is pattern and forms the principal basis

for suggesting the presence of quartz. The pattern obtained for mont—
morillonite contains no peaks demonstrably belong ing to impurities.

— The X—ray pattern of the VIX silt sample indicates it is composed pre-

dominantly of quartz and dolomite , with minor feldspar .

10. The clay mineralogy of the <2 p fraction of natural sediments
20was identified on the basis of diffraction results given by Brown and

Biscaye .
38’4° The presence of rnontmorillonlte was indicated by a peak

at 17 A , illite by peaks at 10 A and 5 A , kaolinfte by peaks at 7 A and
0 0 0 0 0

3.5 A , and chlorite by peaks at 14 A , 7 A , 4.7 A , and 3.5 A. In one

pattern , that of Boston Harbor , there was a minor , uniden ti f ied peak
0

at 16.5 A , and in several samples there were some very minor peaks be—
0

tween about 7.7 and 9.3 A. These may indicate the presence of mixed—

layer clays . lit all cases , they were quantitative ly minor compared to

the other clays identified.

11. Quantitative estimates of the clay minerals present were ob-

tained following the procedure of Biscaye.4° Relative peak areas were
0 0 0

determined for the 17 A , 10 A , and 7 A peaks as well as for the kaolin—
0

ite and chlorite portions of the resolved double peak at 3.5 A (obtained

under slow scan conditions). The area of the 10 A peak (for illite)

- 

- 

was multiplied by four , and the area of the 7 A peak ( f o r  kaolinite and
chlorite) was multiplied by two and divided between kaolinlte and chlor-
ite in proportion to the frac tion of each mineral in the total area

0

under the 3.5 A kaolinite—chlorite doublet . Each weighted peak area

was divided by the sum of the weighted peak areas to give the pert-en—

— tage of each mlner:il. It should be noted that in dist inguishing kaolin—
0

ite from chlorite by mea ns of resolving the double peak at. 3. 5 A , c i  t h o r
knot m i  te or cider i te was predominant in all samples en c ou n t e r ed  here

with the other mineral present as just a ‘‘ shoul do r” on tli~’ ma in peak -

- I This situation tends to  make the measuremen t of the k.io I in i te/ (kaol ii:—

it e p lus c h l o r i t e )  r a t i o  somewhat imprecise -
I 2 . The cat [on exchange capacity (C.E.C t o I c l ay  samp les and

- 

- the <2 p fraction of all sediments was determined us tug a si igh t lv

137
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modified version of the technique described by Wang.41 
This method in—

volved saturation of the clays with K
+ 

ions and subsequent replacement

by Ba~~~. The displaced K
+ 
was then measured by flame photometry , and

the exchange capacity was expressed in milliequivalents/lOO g of clay
(Table Bl).

p 
13. The C.E.C. values reported here are generally consistent

with the clay mineralogy of the samples as determined by X—ray diffrac-

tion . This is indicated by comparing the sample C.E.C. values with a

hypothetical C.E.C. value calculated from the clay mineralogy using

typical values for the C.E.C. of the component minerals.20 23 Kaolin—

ite is typically in the range of 5—15 meq/ l0O g, illite from 20—40

meq/l00 g, chlorite from 30—50 meq/lOO g, and montmorillonite ordinarily

from 90—110 meq/l00 g. Taking the average values of the C.E.C. of

these clays to be 10, 30, 40 , and 100 meq/l00 g, respectively, a pre-

dic ted C.E.C. was calculated for each sample based on the mineralogy

- - 
determined by X—ray methods (see Table Bl). Taking into accoun t a

standard error of perhaps ±3 in the C.E.C. determinations , the fit is

quite good. Only the Charleston Harbor and Charles River sediments are

significantly different from the predicted values. This discrepancy

might result from an underestimation of the mon tmor il loni te con ten t of

the Cha r leston Harbor sediment or because the C.E.C. of the Charleston

montmorillonite and/or kaolinite is higher than that used in the model

calculation . The Charles River sediment might conta in  minor , undetected

montmorillonite or vermiculite (C-.E.C. ~200), which would account for

the error. Perhaps a more likely explanation is that some residual

organic matter wi th a high C.E.C. is present in the Char l e s  River sam-
ple .

14. The zeta potential of samp le suspension s was measured using

a Laser Zoo Mode l 400 semi—automat to zeta potential inst rtunent (Pen Kem
Co. ,  Croto n— on—htu dson , N . Y . ) .  Sediments were suspended in deioniacd

water at concen t rat ions  of 0 .2  to 0.5 g/C and were allowed to equil I—

brare whi le stirring for a t least 15 m m .  Concentration WaS found to

have no effect on tIm e measured zeta potential , but concentrations In

the range el 200—500 mgfQ were easiest to h a n d l e .  The potential was

B8
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found to change significantly in the first 10—15 mm after preparation

of the suspensions, after which equilibrium was apparently achieved.

Particles in the clay suspensions exhibited rather uniform potentials

within each sample ; that is , virtually all particles had the same zeta

potential . Natural sediment sus pensions were generally found to exhibit

a range in zeta potentials, as would be expected for a polydisperse
-
‘ system. However, it was possible to estimate the average zeta potential

of the colloid on the basis of operator judgement and with the use of

an averaging circuit built into the meter.

1 -

J BlO 
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APPENDIX C: COMPOSITION OF SYNTHETIC SEA SALT

*1. A 1 gR solution of synthetic sea salt is expected to have

the following ionic composition (based on the manufacturer ’s specifi-

cation s) : -

Cl 551.28 mg/i Sr 0.18

Na 306.20 Si03 
0.09

SO4 75.44 P04 0.039

Mg 37.09 Mn 0.036

K 11.68 F 0.030

Ca 11.09 MoO 4 0.018

HCO3 4 .25  S203 0.009

Br 1.80 Li 0.006

}1
3B03 0.75

*
INSTANT OCEAN Synthetic Sea Salts
Aquarium Systems , Inc.
33208 Lakeland Blvd .
Eastlake , Ohio 44094

ci
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APPENDIX D: TURBIDITY TESTING OF H
2
O
2
—TREATEI) SEDIMENTS

1. One objective of the present study was to determine what

effect the presence of natural organics has on the water turbidity pro—

duced by suspended sediments and on sediment—water interactions which

lead to the persistence or reduction of turbidity . Since naturally

occurring sediment organics are complex and difficult to simulate, the

approach adopted here was to attempt to remove or reduce the organics

in two natural sediments and to compare the turbidity measured before
• 6 35*and after organics removal. Previous workers ‘ have utilized hydro-

gen peroxide (H
2
O
2
)
~ 

a strong oxidant, to remove organic matter from

sediments, although they did not provide evidence bearing on the effec—

tiveness of this procedure. A prime consideration, of course, is that

the treatment process itself not grossly alter other chemical and physi-

cal aspects of the sediments.
- 

i 2 . Two natural sediments were chosen for this series of experi-

ments, an estuarine sediment from Mobile Bay and a freshwater sediment - 

-

from the Rouge River, Detroit. As the organic carbon analyses of Table

Dl indicate, the Rouge River sediment contained substantially more

Table Dl

Organic Carbon Analyses (Wt. ~
) of Samples

Used in 11
2
0
2 
Treatment Tests

Location Natural 11
2
0
2
— treated

Mobile Bay 1.48 1.05

Rouge River 4.85 3.49

organic matter than the Mobile Bay sediment. In addition , these sedi—

ments were mineralogically quite different. It was thus expected to be

possible to determine whether or not natural organics have a consistent

effect on the stability of colloids of differing mineral content.

3. Because 
~‘2

o2 treatment may result in saturation of the ex—
changeable cation sites of the clay particles with }1

F
, the treated clays

References are listed at the end of the main text. —

Dl
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may display somewhat different properties than the untreated natural

clays. In order to eliminate possible bias from this effect , it was

- 
t 

decided to treat aliquots of the natural and H
2
02—treated sediments

- - with sodium chloride , resulting in saturation of all exchangeable cat—

ion sites with sodium. This approach ensured that results of tests

with treated and untreated sediments are directly comparable.

4. Aliquots of the Rouge River and Mobile Bay sediments were

treated with H2O2 to remove oxidizable organic matter . The procedure

followed was that given by Galehouse,
35 

which consists of reacting the

sample first with 15% 11
2
0
2 
and then 30% H

2O2 
until no further reaction

takes place . Excess H 202 was decomposed by heatin g for ~l hr in a hot
water bath. After decanting the excess liquid from each sample, ali—

quots of both treated sediments were resuspended in NaCl solutions suf-

ficient to saturate all exchangeable cation sites of the clays with

sodium. Aliquots of both natural sediments (untreated with H
2
0
2
) were

also Na—saturated .

5. Excess 11
2
02, NaCl , and solubilized matter were then removed

from the treated sediments by several cycles of washing with deionized

water. Liquid was decanted from the suspensions following centrifuga—

tion and/or gravity settling , and the process was repeated until satis—

- 

- 
factory dispersal of all samples had been obtained. The pH of the sam-

ples , which was highly acidic (~ 4.0—5.0) immediately after 11202 treat—
ment , was found to be from 7.5—9.0 after the washing process .

6. Sedimentation tests were run on the two natural sediments ,

two Na—saturated natural sediments, two 11
2
O
2
—treated sediments , and

two H202—treated, Na—saturated sediments in acidic and basic soft

waters, 0.1% and 0.5% sea salt solutions , and hard water. The turbidity
- 

— 
- data were subjected to analysis of variance techniques , but because of

their complexity and inconclusive nature , only a generalized qualitative

description will be given here .

7. Variance in the initial c~ values f or these tests could be

attributed almost entirely to two effects : H
2
02 

treatment and sediment

location . The mean turbidity of H
2
0
2
—treated samples was about 16%

higher than that of the untreated samples, while the mean turbidity of

D2

S . . -
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the Rouge River samples was about 10% higher than the mean of Mobile

Bay samples.

8. For the 60—mm turbidity readings , three effects were of

greatest statistical significance : water composition , H2
02 treatment,

and location—water interactions. Of these, water composition was over-

whelmingly the most important factor, in accord with other results of

this study . The H202 treatment factor  accounted for a minor , but sta—

tistically significant portion of the variance. The mean turbidity for

H202—treated samples was about 27% higher than the mean for untreated

samples, as compared to 16% at zero time . The location—water interac-

tion term expresses the difference in response of the two sediments to

the various waters. Sodium ion treatment had no statistically signifi-

cant effect on the 60—mm readings, although it did have a minor effect

on the initial turbidities

9. Inspection of the ct vs. time curves for the experiments indi-

cated that the settling rates of 11202
—treated sediments were generally

slower than the settling rates of untreated samples in the same waters.

This accounts for the greater difference between mean turbidity values

of H202—treated and untreated sediments at 60 mm than at zero time.

The observed effect might best be described as a moderate decrease in

settling rate for H
2
0
2
—treated samples. This effect seemed to be most

important for hard water and 0.1% saline water. In soft waters no sig-

nificant change was apparent , and in 0.5% saline water, any effect of

organics was masked by the already high settling rates. These observa—

dons could be interpreted to indicate that readily oxidizable organic

material present in natural sediments has a minor destabilizing effect

on sediment colloids.

10. Organic carbon analyses of the H202—treated sediments (Table

Dl) indicate that the treatment procedure is not effective in removing

the bulk of organic matter from the natural sediments. Reduction s of

about 30% in organic carbon content were obtained for both sediments.

Furthermore , the highly acidic 11202 
solution (pH 3.0) may alter the

inorganic colloid fraction , thereby affecting its settling properties .

Thus, the tests conducted here were insufficient to determine

D3
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conclusively the effect of natural organics on the settling of sediment

suspensions. Other experimental techniques must be utilized to deter-

mine these effects.
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APPENDIX E: TURBIDITY DATA

1. The turbidity data derived from laboratory jar tests with

clays, silt, and natural sediments are presented in Tables El—El8.
Values of a (zero time) are expressed in units of [m~~ J. Values of a

at 15, 30 , 45 , and 60 minutes are expressed as a percentage of a0 for
each test , thus indicating the level of residual turbidity . Relative

rates of turbidity reduction for various sediment—water combinations

can be compared qualitatively from these tables. 
—

-
- 

- 2. Tables El, E7 , and E13 list the values of l/t67 for all
experiments , where t67 is the time, in hours, for a 2/3 reduction in
the turbidity (a) from its initial value. The l/t values are ex—

-~~ pressed in units of [hr J and were used as semi—quantitative estimates
of the observed settling rate for each test . Small values indicate

slow settling, while larger values indicate more rapid turbidity

-~~ reduction .

3. The values of t67 were read directly from a vs. time curves
for the experiments. For settling times (t67) greater than 60 mm
(li t < 1.0) the values were extrapolated; and for settling times less

than 5 m m  (l/t > 12.0) the data are somewhat imprecise due to uncer-

tainty in the exact shape of the settling curves in the first 5 m m .

It should also be noted that the t67 values for natural sediments at
the 5 g/9~ concentration level are based upon assumed values of rather

than the observed values as reported in Table El4. Because of the design

of the instrumen t, light transmission readings were nonlinear at high

sediment concentrations. Therefore, values of a were assumed to be
0 - -

five times the values of a for the corresponding tests at 1 g/~ sedi—

men t concentration. This approach ensures that the turbidity reduction 
- - 

-

expressed by lit67 is the reduction in suspended solids l evel. When the

suspended solids concentration reaches 2/3 reduction from the initial

S g/9~ level the turbidi ty readings are within the linear range of the
instrument and can therefore be determined without ambiguity . However,

the tendency of these 5 g/2 tests to reach 2/3 turbidity reduction in

less than 5 minutes ’ set t l in g time introduces some additional impreci—

sion in the l/t
67 data. It is therefore expected that the l/t67 values

El

- - 
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for tests at the 5 g/2~ concentration level may be less precise than
- 

- those for I g/Z tests. —

4. Despite these difficulties, it is felt that the l/t67 da ta
provide a relatively good quantitative comparison of the settling rates

for various experiments.

5. The following is the key to the abbreviations used in the

tables:

Wate r types

Soft 6.8 — soft  water , pH 6.8
Soft 8.3 — soft water , pH 8.3 - 

-

Hard 6.8 — hard water , pH 6.8
Hard 7.5 — hard water , pH 7.5
0.1% Salt — 0.1% sea salt solution
0.5% Salt — 0.5% sea salt solution

0.1% Salt Hard — 0.1% sea salt + hard water —

0.5% Salt Hard — 0.5% sea salt + hard water

Clay and sedimen t samples

K — kaolinite

I — illite

M — montmorillonite

KI — kaolinite + illite

KM — kaolinite + montmorillonite

IM — illite + montmorillonite

KIM — kaolinite + illite + montmorillonite

VIX — Vicksburg (sil t)

MB — Mobile Bay
SF — San Francisco Bay

BH — Boston Harbor

CM — Charleston Harbor

IR — Illinois River —

TM — Toledo Harbor

RR — Rouge River

CR — Charles River

E2
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Tab le E7 Tab le E8

Values of lit67 (hr 1) for Silt Tes ts Turbidity (a,w)~~~ at Zero Time for Silt Tests

Water Type 
Water Type

• Mixture Soft Soft 0.1% 0.52 Hard Mixture 
Soft Soft 0.12 052 Hard

6~~ 8.3 Salt Salt 7.5

VIX + KIM 0.23 0.14 12.00 10.91 6.67 
Vix + KIM 75 73 62 58 61

VIX + BH 5.00 8.00 
VIX + BR 56 52

VIX + CR 0.50 0.60 7.50 13.95 2.22 
VIX + CR 62 67 56 53 55

Table E9 Table ElO

Residual Turbidity (a as 2 of a) After Residual Turbidity (a as 2 of After

15 win of Settling for Silt Tests 30 miii of Settling for Silt Tests

Water ~rype Water Type

Mixture 
Soft Soft 0.1% 0.5% Hard Mixture Soft Soft 0.1% 0.52 Hard

6.8 8.3 Salt Salt 7.5 ~~-~~~— ~~~~~~~~ ~~~~~~~~ ~~~~~~~~ ~~~~~~~~

VIX + KIM 80 80 13 9 28 VIX -I- KIM 75 74 11 6 26

VIX + RH 28 18 VIX 4- BR 23 14

VIX + CR 75 74 21 10 42 
VIX + CR 63 59 14 4 33

Table Eli Tab le E12 - 

-

Residual Turbidity (a as 2 of a) After 
Residual Turbidity (a as 2 of a

0
) After

45 miii of Settling for Silt Tests 60 miii of Settling for Silt Tests

Water Type Water Type

Mixture Soft Soft 0.12 0.52 Hard 
Mi ~ 

Soft Soft 0.1% 0.5% Hard
~~~~_ ~~~~_ Salt Salt 7.5 —-~~

.--
~

-
~~~

- 6.8 8.3 Salt Salt 7.5

VIX + KIM 71 71 10 3 23 VIX + KIM 68 69 8 2 23

VIX + RH 19 11 VIX + RH 16 9

VIX + CR 53 52 8 1 26 VIX 4-CR 49 46 8 0 24 
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- APPENDIX F: REPLICATE TEST DATA

1. Data derived from the 25 replicate tests are presented in

Table Fl. The following explanatory notes and comments apply to the

interpretation of this data:

a. For samples labeled a (la , 2a, . .. ,  25a) , analyses were
• performed on the top half of rapidly stirred (100 rpm)

suspensions (zero time). For samples labeled b (ib, 2b ,
25b) , analyses were performed on the top half of

• suspensions when turbidity reached 1/2

b . Water types are denoted by

SS 0.1% sea salt
HW = hard water

SS + HW = 0. 1% sea salt + hard water.

c. Organic carbon content is expressed as a wt. % of
the suspended solids (dry weight basis).

d. Quartz0represents the X—ray peak area of quar tz
(4.26 A) relative to the sum of peak areas for quartz ,
kaoli~4te + ~hlorite, illite , and montmorilloni te
(4.26 A + 7 A + 10 A + 17 A). This gives a relative ,
semi—quantitative indication of the quartz content.

e. Kaolinite + chlorite , illi te , and montmorillonite repre-
sent weigh t percen ts, assuming K + C + I + M = 100%,
after application of weighting factors to the relative
peak areas. Kaolinite was not differentiated from chlorite
in X—ray patterns.

f. All X—ray diffraction tests (Q, K+C, I, M) on a—samples
were performed on samples settled in deionized water for

• the same period of time as the b—samples for each test.
This was done to distinguish the effects of gravity set-
tling of individual par ticles from se tt l ing of f loc cula ted
material. All other assays for a—samp les except the par-
ticle—size analyses (mean p.-~rticle size , wt .  % f iner  than
2 p) were performed on actual samples of the test suspen-
sions at zero time .

.a• Zero—time particle—size analyses were performed directly
on samples of the natural sediments , n ot on aliquo ts of
test suspensions. The analyses for equivalent samples
(e.g. 6a and 7a, 8a and 9a, etc.) were performed onl y
once , although they are listed under both test numbers.

h. N.D. indicates the assay was not performed.
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S d d LA 0 0 0 0 In 0 LA 0 0 In 0 In IA 0 0uspen e 
~~~ 0 c_.~ .—~ ,—. —~ ~~~ ~~~ 0 —3 c_SI 4C~ ~~ ~_4 ~~~

So lids (mg/~.) ~~~ 
N. ~~~ In ~~~ N. 01 -~~ ~ SI ‘.0 CS-I

F ~. 4 .-i 4+- 0 .—I .—4 044 CS-I CS~ CS~ .-I c_-4 U’--. ,-4 ‘.0 —~ 0 mur Y c i  -~~ 0 C_-I CS-I ~~~ ~~ In .—4 ..0 ‘.0 .—4 %C- C’I 0 -~~
•

—l ~~ c—’ .-l .-4

(c* , m )

T ‘rbidit 0 IA 0 C_-I 0 IA IA In In (A ~~ ‘.0 l~~ 0 0 0
J 0 c~ ~~ a’s In CS-I ‘..O c85’~ ‘.0 01 IA CS-I ‘.0 Cfl LA Cfl

(ri~t! \ IA .-4 Cfl Cv’s 01 — -1 C_-I c~-8 3-4
‘ .4

Wt . % finer 
~~~ 

,_-- 0 0 ~ .--4 r•. ~ ~ e-, c—i c- c_-I
than 2 ~.i . . -ø ~~ ~ u-

~ r—. .-i- N. —i ,—4 r—4 .3 Inz z
Mean Particle ~~~ c_~ 

0~ ~~ ~~ 0 0’s

Si z e (Ti) ~ v V V V V V 
~~ V ‘.0 0 ‘-0 C~~ ~~

Average Zeta 
~~~~~~~ 

.iL f’
~ 

L A N .  - Lf~~ It~ ‘.0
.31 

0~~31 ~~~~~~~

p .. -1 1 ( \ c_-I c’l •-i- -~~ c_’i cn cn -.1~ 0 0 4—. ~~~ .A ‘.0 0 0en a ‘.m / c_~ 01 .—~ ~~~ c_SI c_—~ c_~ c_—~ c_SI C_-I —4 —4 —4 —l C_ -i C-si
4 I I I I I I  I I I I I I  I I I I

Montmorillonite 
~~~ C~ ,-~ -.0 ~~~ ~~

•-
~ ~~ 0 0 0 0 ~ 0 0 0

(wt . %) C~~~ Cfl CS~~~CSI -zS’ .3 ( A L A

- 
- liii te 

~ ~~ In c5’~ •Z) 0 01 0 -~
- c-si 0 c_-~ CSI cfl ~~I(wt . %) ~~~ m -~ ~n In ‘.0 N. 1’-. • s~~ ~

- . ,-.-

Kaolinite + cn c~ ..~
j- ~~-4 .—4 tn 0 0 —.0 ~~) 0 N. ~~ c~~ N- 0’cn cn r~ c5”~ (A (A -3 CA CA C_-I • CA C-I C_-I

.-i aj Chlorite (wt.%)
,0 I-.’

E-i Quartz 0 0 0 ~~ 0 0 0 0 0 0 c_- —s ~(rel. %) 

• . . . . . . . . . : ~: ::Organic Carbon ~~ . . .
• . 4 . . . . . . CC~~~c_.J - -1 0 c_-I c_-I(wt. I.) z z  z z  zz zz zz ~~~~~~~~ .—i ’~~

.3 (A ~~~ 044 IA (A ‘.0 -~~ -3 0’s (A •~~ ~~ 0’ 044 ~~pH ~~~~~~~~ 4 - N  U,~~~~~ C0~~~ 4 N .  I N .  N-N. ~~~~~

-3
Sampling 

~~~
+ \-(4

Time (mm ) 0 -.~~ ~~~ ~~~ ~~~ ~~~ -.~~ ~~~ ~~~ ~~ 01 ~~

Water 
~~, U, UI U, U,

Type ~ ‘ UI C/I Cl) U, Cl)

Sedi men t ~
Con c~. (gR)

Sediment~~~~ >4

Test C~~~0 C~~,C) (v .0 C~~,D (‘4.0 ~‘4.0 (‘4.0
4 C_-I CA -3 In ‘.0 N. ~~
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0 In 0 IA 0 In ‘A 0 LA In 0 0  In In 0 LA 0 InSuspended .3 0’ CA ~~ N. .—4 N. N r-4 0 s—4 0’ In 0’ CA 01 0 C_-I

Solids (mg/t) In r-4 In .—4 .3 r-4 .3~~~4 .3 r-l 4_C r-I ‘.C.4 In c_-i

P 1.4 A 4 43 0 C_-I c-SI 01 044 .—I N- N- CA .-4 -3 0 N. ‘.0 044 N. Nur ~y 044 In 0’ -3 0’ CA ‘0 CA In CA ~~ CA 0’ CA ‘0 C_-i c-SI 0’
5 c_SI

(a, m )
0 0 In In 0 Ifl IA ~~ In 0 In 0 IA 0 0 -I I 0iuru .~u ity I/~ IA c_-i .—~ CA .-4 Ifl C’s -4 0’ 0 .—I C_-i c--I 43 ~~~ I f—

(FTu ) C_-i r-4 01 ~-I c--I —4 .—4 —I C—i ..-4 C_-i .—4 —4 I —4

Wt . % finer c_—l .3 In In In CA 0 .—I c--i ’0 c_-I CA 0 In 0 .—I

than 2 TI 4 3’0  01 CA C-SI • 04 ‘.0 C_-I ‘.0 In (A In ‘.0 CA r-4 CA 01

Mean Particle 0 ~~~~~r- C 0 
~ •c - -~ C_-I c-SI 0101

Size (TI ) CA 
V 

CA CA CA 
~~~ \‘ V V V V

Average Zeta °°. C-
. 

C-4
•

4t~ C’~~C-’~ 0~~0( U~~0•p s.-~ ~ ( \ ‘0 ~~~ 0 0 0’. 0~ 01 C_-i ~~~ 0. .3 LA 044 C’s CA (A IA 43a 7. V 1 ~ r-I 01 CS-I .—4 .—I C_-i C_-i .—4 —4 C_-i CS—I —4 .—4 (N C_-I C_-I ~~~
I I  I I  I I  I I  I I  I I  I I  I I  I I

Montmorillonite 0 0 0 0 0 0 ~~ N- N. CA 0 CO IA 044 0 0 0 0

(wt. %) 0 1 4  .—4 01 LA . 3  - 4 -~~

S Ill it e c--I _-.0 044 —3 ‘-0 N 0 N. (S-I CO .—I -3 c--I C_-I In ‘.0 ‘.0 _-.0

.~~ (wt . %) N. N. 10 ‘.0 ‘.0 ‘0 .3 IA IA -$ C_-I 01 0-4 01 N. N. N. 0-

Kaolin it e + C O - 3  ,—I ’0 —4 CA C_-I In .—4 0 0’ CO CA 0’s LA -4 IA —3

Chlorite (wt . %) C_-i 01 CA CA CA CA CA C_-I CA CA C_-I 0-4 CA 04 C_-I C_-I C_-I 01

Quartz 0 CA N. 0’ .—I ,—l 0 .—I CO .—4 CA -3 -3 —4 C-SI C_-I C’s CA

(rel. %) ~~ .-I ~ I C_-I r 4  -4 i—I —4 .-I r 4  ,—4 .-I

Organic Carbon ~~~~~~~ 
~~~~~~~ C~~~~’.C~ c_si~31 c-sflC~ ~~~ CO

•
’.O

• 
-

~~~
Co

• 
0~~c’~

(wt. ~) 
c--i i—I -3 CA 43 01 i—I C_-I i—I ,—4 C_-I .-4 ,—I ~~-4 CA CA c--I CA

0-- N. ~~ CO O \ 4  O ’s O  044 N- CA C_-I N- C_-I C_-i ~~ CO 0- 
- 

-

pH 0-- N. CO CO CO ~~~ N. CO 7’—. ’.0 N. N. CO CO N. N. N. N.

• Sampling 
0 0 ~~

‘ t -rTime (mm ) 0 CS--I 0 0’ 0 C_-I 0 ’0  0- . 0  0 ‘-4 0 —4 0 C_-I 0 i—I
‘-4

Water 
~~ U, ~~ U, ~~ Cl) U) U,

Type X U) ~~ U) ~~ U) ClI x  Cl) U)

Sediment
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