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AB.$TRACT 

Segregation of opaque heavy minerals (ma.inly ilmenite and magnetite) 

from the light minerals in a natural sand was observed in a large (61 m x 

2JJ+ m x 1. 22 m) recirculating water-sediment flume. Bed material (median 

size .286 nm) used in the study was taken from the Rio Grande near Bernardo., 

New Mexico. Opaque heavy minerals (median size .144 nim) present in the 

bed material comprised 0.38 percent of the bed material volume. Significant 

hydraulic variables., bed configuration., and sorting and bedding pattems 

of the bed material were observed for four different bed configurations 

including a flat bed (upper flow regime), a transition bed, and two 

different dune beds (lower flow regime). 

Accumulations of opaque heavy minerals were formed as three basic 

typ~s including: 

1. thin accumulations of opaque heavy minerals covering small areas 

that were associated with the stoss sides of lar~e dunes with topset beds 

and with dunes that lacked topset beds;~ 

2. accumulations associated with the topset deposits of large dunes 

and with dunes formed in the transition flow; 

3. accumulations associated with the fiat-bed condition • 

. The most important factors influencing the type and ~unt or accumu-

lation of opaque heavy minerals are bed configuration and grain density. 

Sorting of heavy minerals associated with flat beds occurred mainly at the 

base or the planar beds., where the most widespread deposit of opaque heavy 

minerals or the three segregating processes form. The thickest deposits of 

opaque heavy mineral grains are associated with topset deposits of dune 

beds, but local conditions must be optimum for thick accumulations to occur. 

Density is important to segregation because the dif'f'erence in shear stress 
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necessary to move the light minerals and to move opaque heavy minerals is 

large. This is shown by means of theoretical considerations of the forces 

necessary to move grains or two different densities and by means of analysis 

or the bed material and core samples using Shields criteria for initiaticn 

or motion. 

Studies of suspended sediment_ samples from several locations in each 

run show that the opaque heavy minerals made up less than 0.3 percent by 

volume of the suspended material. The greater portion of the opaque 

heavy mineral grains was transported as bed load. 

Among measured sediment propert~es (size, gradation, and shape) or 

high and low density grains obtained from core samples taken from the bed, 

significant variations among different runs were observed for the gradations 

or opaque heavy mineral samples and median sizes or light minerals sampled 

from laminae adjacent to or within the opaque heavy mineral laminae. Equal 

tall velocities or grains or the two different mineral groups were deter-

mined to have little importance in local segregating mechanisms. 



l"~cow.d.ticn in so±lir.~nte en-:l sed·bDenta..."7 rocks. 

oz• t,b, s~dl.1:"21iu Nrai:onsao to theaa cc-nditic.,."13 tl:1.at are reGponsible for. 
cJ,,,,,,.cferlsl.'c, 

sort:h,g of oedkGnts. Tha rel.~.ti7c clem,:l.ties of pai--ticles t:,:r:.d etrec?.:.n now JI 

havo long bc-Ec:1 SIJS'.E"..:ed to be impo:r-t.~75 factors in ot>Z"G~,g btrl:. their rulati·.1& 

eontribut.ic:;:1~1;0 th, sorting proe:e:ls has not boon well un1er:rvood. 

The relaticntihip or hoavy m~na1~a1s to the ~.ore cC!rill:::m low density 

Ruhs:; (1933)0 Equal fall valocitiao of minartls of dif.fa.ront ckmsities 

in a setlim~n't.. Othal.' i'e,c-tors consido:red ir:J;porl.n..."lt by Rubay (1933., p. 3) 

Ritteihouse (1943) UGOO t.ho ccm~ept or rw .. 1.l'aul.1.c equi.vaJ.e_-,_ce to 

cJq>lain mi;:1.e:~~::.J. relo.tions in s~i.ds of the Rio Crande il1 N&:.r Mextco. He 

desCl'ib~ h:Vd:."aulic eq.td:·:1ale..ice (p. 1749) as: " ••• whatever the 

hydra.ti.lie ~CJUJ.:lticns may b~ that permit tho depo3ition of S. grain or 

particular plzynicru. p.rcpor.tica, thes3 con.clition.s t,.1.ll v.J.so pei-mit 

dopo3ition o:? othor grains of equivalG!lt value. 11 The distrib\..-tim1 of heavy 

minerals i7. t.l?.'l .stret.m bod is considered by Ritte?1..hcuse (p. 171-~2-1743) to 



t:i~ansport t:7 ·:jh:3 U. s. GBolo;sicaJ. Sm-vey at. the· E:-:g:Jnee;;:-L-,-5 R~sea~ch 
c..nd_•cbJ 

C:?nte1" at C'ol,:,1•.:1.do E·~z:i.·,e U;:1i~3!"sl:.;.y. Exr.13rim,:mts \.'"Sl"a ::~-:.;,.;;, ".u1 e. 1£.z-ge 

undar·tnk,:m in ~n efi'm:t. to li:-1d (1) wha.t se:.:i.:lms.nt p:rope1"r.ies and cycu~s:ulie 

haa·:17 rninara.J.s a..i"C t.ra'lsported and depo:;ited after sagregD.tion has occmTed~ 

Four flc~,:s we?e att!died at. ne1:ir equilibri1un ccnditior.i.S. Observatio::is 

soclirnent sorting, and the physical characteristic::; o! the sedj.ma..rrts 

sorting pl"C!cesesa. 

This study cont.1~butes to the und.er~D.ndi.'11/s° or local. s~rting 

r orocesses thn:'.:. affect graii."'!s of differeirt d~itiee. Teclm.i.crJ.asid - >•·~.d 
::>esulta eta he epplied to otI.er sindies of bad.ding in modern s-s,.Hr.-~:it. ai:d 

in therm fhae stw.ics of modes of segregation, -trc:.nsport., :me!. accwm11at.ion 

of beaV;T minerals s!1ould halp in future raa~a1--ch on and explon.ticri for 

econo:m:t,,---all.;y- vaJ:;JB.ble placar depooits. 



5 

Acknowledgments 

Professors W. M. Merrill and E. C. Pogge, University of Kansas, 

Dr. H. E. Jobson or the U.S. Geological Survey, and Professors M. E. Bickford, 

A. J. Rowell, and J. D. Winslow, also or the University of Kansas counseled 

during the research and critically reviewed the manuscript. 

The U.S. Geological Survey permitted access to the flume and 

laboratory facilities at the Engineering Research Center at Colorado State 

University, Fort Collins, Colorado. The U.S. Geological Survey staff, 

especially Drs. R. s. McQuivey, R. E. Rathbun, H. E. Jobson, V. R. Schneider, 

and J.P. Bennett, tu.mished aid during flume runs and discussion of data 

during its analysis. In addition, Dr. C. F. Nordin, and Messrs. H.P. Guy, 

D.R. Dawdy, of the U. s. Geological Survey staf.t, Dr. N. s. Grigg, and 

Messrs. R. C. Olsen, T. N. Keefer, M. R. Karlinger, and Baum-Loo Lee, 

part-time staff members, assisted during various stages of the study. 

Professors E. V. Richardson and D. B. Simons of Colorado State 

University and Dr. W. P. Albrecht, Dean of Graduate School, University of 

Kansas, worked out. administrative arrangements between Colorado State 

University, the U. s. Geological Survey, and the University of Kansas, that 

led to the use or facilities necessary for this study. 



THEORETICAL CONSIDERATIONS 

~J.e,'Y..lv~_Lelf?_.g__~ills of i'~ter :rransp..2,rt~d Particles 
wl_~ .,I?,iffering_ Densitj.~ · 

Con~ide::-at.ion or the forees acting on discrete particles in a few 

idealized si·;;.uat:tor~$ t:~ provide SlTh approximation or conditi~ 1IDl the· 

natural envi:i:"Oinnent o Aietual valuetJ ~r the velocities and forces 

6 

involved in the grain movement would be ver7 difficult to determine 

experimentally. However, by making certain assumptions deduced for grams 

with different densities app1 .. oximate relative 'W'elocities of grains can be 

developed. 

For immersed particles moving along a bed, rive principal ~orces are 

import.ant in determining the movement or the particle. These forces 

include the (1) gravity .forces related to the immersed w-aight of particle,, 

the (2) drag aiid (3) lift :forces th&t result from pressure and frictional 

effect~ ot the fiuid o~ the par'ciclel, (4) frictional forces that result 
"-. from coR!taet between grain~ and bed, and(;) .f'orces resulting rz-om adjacent 

moving grains. 

"" By eonsiderin~individual sphere, that move without interference from 

adja.cell'!.t mov-'..i.ng grains, the principal forces1 can be defined ·as 

1. 

(1) 

(2) 

1For further explw~~tion or drag and lif~ forces (equations 2 and 3) acting 
on a body, refer to a stande.rd f'luid mechanics text (e.g. Daily and Harleman, 
1966, p. 170=171). Frictional force relations (equation 4) are t·urther 
explained in Sears &"1d Zemansky (1963, p. 35), and other basic physics or 
mechanics texts. The gravity f'orce (equation l) is the resultant force 
acting on the particle that i$ dapendent on the j.mm.ersed weight of the 
particle and the gra~ntationa.l crn~ant. 
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(3) 

I+• Fricti,em Force ..,,:,.-~.,.....,..,.~-

m wh:!eh 

As = is the projected a.ree. ot the sphere normal to the flow 
CD = ccafficient 6f drag 
C, = @oefficient of lli"t, 

(4) 

CF = coefficient of ki».etic friction between the particle and the bed 
d = diameter of the ~here 
FF = fr:i.cti0nal force 

= force of gravity 
F• = drati ·force 

.._ lift. force 
F,.,, = f@:i-oea normal to the contact surface ~erted by the particle 
g = gravitational con~ant (960 .. am/sac) 
Vr = velocity of flow at a representative difrt.ance above the bed 
V<> . == relatiw velocity or flow past a body 
Vs = velocity of translatirn of the particle 
0 = angle between the bed iffl.:t'faca ~.nd ho:rizontal. A po!iitive va.lne 

indicates that the bed surface is riaing in a downstream 
direction such as on the upstream side or ·a 1~ipple or dune. 

;a = :mass density of fluid 
/0.s = mass density of particle 

(For further explanation of 8YJl1bols, see Appendix A). The four forces as 

applied to a spherical particle a.re sho-lll?l schematica.11,y in figure 1. 

Value of the gravity force · is dependent on the immersed weight of the 
- . 

partiele and t,he gravita;c.iona.l consta..at (980. 7 ClJJ./sec2). Gravita,tiooa.l 

fore es can · eit,her oppose or supplement drag force a depending on the sine 

of 0 (fig. 1). ~rictional forces acting on moving particles are difficult 

to dete1".lllineo . For purpo5es of th~s study the frictio~l. force wall . 

a::§sumed propo1~:i.ona.l to the normal force between the. particle and the 

bed. The constant of proportionality is ·the coefficienl; or kinetic 

friction. 

Hydrodynamic drag on a grain is dependent on the frictional dz-a.g 

resulting from surface ihear betwem the grain and the fluid, and the 

shape of the grain er form resistan.ce,) which results from. pr~ssu:re drag 



flow     Dire"iey..                          ...:,:..:.:. •;:..:.j€.:fg.``.
..  ...  .      .I{......  `-..

•``a-.:.'-.,.i;::`;','';gi!i

A-
F

®

'

FG

Fig.   1.     Schematic  diagrar.  of  forces  acting  on  a  discret,e  moving
particle  in  a  fluid.

. ' . ry'
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on the pa.rt.iclea It is customary to define a. total drag coefficient CD 

to include both frictional and rorm drag. 

Lift forces produced. on a body are due primarily to a difference in 

pressure between the upper and lower sides or the particle. Increased 

velocity resulting from fiuid acceleration around the upper side of a 

grain causes a local·reduction in pressure, while the pressure on the 

lower side of the grain surface at or near the bed approaches the static 

pressure of the fluid. 

The fiuid velocity-, v, , in equations (2) and (.3) refers to the fiuid 

velocity at some repi-esentati ve distance above the bed. 

By use ot the four .f'tmdamental equations (1 through 4), a general 
J,,.,-.,,J 

motion equation tor particles can be ellili.M:l:iahef!l. Direct comparisons 

between grains or different densities can then the made by establishing •f.& ~'"'• • F' ,.-.,,,,,_ J.,,.&fl1 I• 11,.-, •f II. ,,,,,,;,, ,/: J.a,, J,,..,~, 
ratios of theil" ~ra11slating motio?!,\and reducing the equaticm.s to a form 

that eJq>resses the relative difference in the velocities or the two grain 

types for the same flow conditions. 

For a particle in motion and having a uniform velocity, the general 

translation motion eqv.ation for the particle can be e:x:pressed as 

F~ = F0 - s,,., e ( 5) 

By dividing the frictional force on one particle by- the frictional 

force on a. particle of d.i.f'ferent density, the following ratio can be 

established using equations (4) and (5). 

_fj__ = F;,,-~-s,n0 CF(~cos@-F;.),, 
F;:, F'o, -~, S/1'7 0 C,:, ( Fi», cos 0 - FL,) 

(6) 

The subscript (1) is used to denote the forces &1d coefficients affecting 

the sphere of the lower density. 
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By su.bsti:tut:J.r:ig aqu.ations (1) to (3) into equation (6), and simplifying 

ter.uS, the followlng equation can be developed. 

C0 /'3 (v,-v, )2 - 4d3 (ps-P ).sin t8 
Co, t° 3 (V;,-½, )~ - 4 cl, 9 (p.s, -,P) ~,,,, 0 

--

_£e [ 4'.!:!g <r>.s-t° )cos 0- 3 CL r' (* -Vs )1 J . 
CF, [ 4d,~ <.P.s, -,,a)cos 9 - 3 C1..

1 
to (\1,'- V, )'2-] 

By considering¢= O equation (7) can be simplified to 

C11 (v,.- ¼ )a - CF[4d:z (/'s-1°) - .3 CL ,.G> (v,- ¼ ) 2 
] " 

Co, (V1. - \/2 ) 2 
- c,r4da (L>s -!")- 3 e~ ,,o(v.;f.- ~s ) 1 ] 

I I I(.'. 1.1 ,- I I I I 

Equation (8) can be used to determine the relative velocities or rolling 

spheres with different densities. 

Assuming the two spheres have equal diameters and therefore equal 

(7) 

(8) 

drag coefficients and equai lift coeffic°ients and assuming equal coefficients 

of friction, equation i 8) reduces to 

('4- ¼)~ - _(/Os -,.<J) • 
('4- -Vs,)z - (A,-r') 

By app'.cying densities of materials of interest in this study: 5.0 g/em3 

3 . 3 
f'or /°s, 2.65 g/cm for l°-s,, and 1.0 l!}Il/cm tor f:>, equation (9) can be 

eJL'J)ressed ln dimensionless form as 

(9) 

(10) 

A graph of equation 10 is shown in .tigure 2. 

The l"elative velocities o.r spheres of the two difrerent densities are 

clearly shewn L"".1 figure 2. The irelocity of the denser sphere (V5 ) is 

always less than tha.t of the lighte1· sphere (V5 ) except where both are 
I 

equal to the .fluid velocity (V 7 ) , a. condit:ton where there is no frictional 



1.0 

0.5 

Vs= Velocity of· sphere with .P=5.0 gm/m3 

Vs1= Velocity of sphere with 
1'°5 = 2.6'5 gm/Em3 

Vt= Velocity of fluid 

0-+-----------'-----~---------1 
0. 0.5 

V51 -Vt 

Fig. 2. Velocity ratios of equal size spheres but with different 
densities. 

1.0 
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:f'orce. This condition could occur when both particles are suspended. As 

the velocity of the lighter particle becomes progressively smaller, the 

relation~ also becomes progressively lffllaller until a point is reached v,., 
where movement of the denser sphere ceas~s. At this point-=-the point of 

incipient motion of the denser particl&==the light density particle is 

moving at a relatively rapid rat~o 

A second sltuation that ean be approximated is that of two spherical 

particles ot equal submerged ·weight but having different densities. 

Substituting vs.lues for the densities of the spherical particles of 

5.0 g/cm.3 end 2.65 g/cm3 , the ratio ot diameters required to obtain equal 

submerged weight is 1:1.34. Additional conditions, however., must be 
-·$t,,rtJ 
a,eoed in order to derive a general velocity formula. such as equation (10). 

l. For consideratico"l in the drag force equation, a drag coefficient ratio 

(CD /C 0 ) of 1.2:1 is assumed. Drag coefficients or the two spheres will ' . . ' 

differ because of their difference in size. The value Qt· 1.2:l was 

approximated ~rom the Gp vs. Re diagram in the U. s. Inte:r,,,Agenc:, Committee 

on Water Resources Report 12 (19.57, p. 20) by using grain sizes similar to 

the e~erimental runs (. l.2mm £or the high density grain and .163 mm .for 

the low density grains). Here Re refers to the Reynolds number relative to 

a particle .. 

2.. The lift forces fol" this situation are ignored. In an experimental 

situation a small amount or lift should be present for a particle near the 

bed, but lift forces a.re ignored here because of the complications they 

would impose on the derivation. 

J. The coefficient of friction is considered to be same for both spherical 

particles. This value in reality-, would probably be different for each 

sphere because the statistical mean of the angles between the point of 



contact of stationary pai.""'ticles on the bed projected through the ce11ter or 

the moving sphere and a line normal to the bed would be larger for the 

sphere or a smaller ra.dius ( Cr > CF, ) • 

4. An assumption is made for this analysis that, the increase in fluid 

velocity is linear, as it is in the laminar subl.a;yer, at lea.st up to a 

point tmere the characteristic velocity is determined, and the fluid 

velocity is at th13 bed surface. For two sphaNs the diametem of which 

are 1n the ratio of 1:1.34, the fluid velocity at the point or drag force 

application ot the small sphere would be .746 of the value or the fluid 

velocity at the corresponding point on the larger sphe1-.oe. 
Att!(d,i!., ,usu,..,.,,_ 01111 
l!fndm- these aliisl.'1hi:eaai een'"-+,!otm.:> the basic equation (8) can be 

reduced to 

Figure 3 represents a plot of equation (ll) tor relevant. particle 

velocities. 

(U) 

For the development of equations (8), (10)., and (11), the bed surface 

was conside?ed horizontal; but relations shown in figures 2 and 3 should 

be qualitatively eim11ar for any given bed fonn slope. The basic 

ditterence in forces when considering slope is the eftact of grain weight 

on .the grain movement,~ 

gavity force component parallel to the bed will a.ct against the 

drag force if the local bed surface is inclined in a direction opposite 

to the energy slope or the stream gradient o This condition is analogous 

to grain movement up the stoss side of a dune or ripple (fig. 1). When 

the loca1 bed surface is inclined in the direction of the energy slope or 

stream gradient such as occurs on a .flat bed or the lee slope of a dune, 
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the partiele weight than becomes additive to the drag force in influencing 

grain movement downstream. 

In addition to the effect or gravity, frictional forces resulting 

· from differences in the bad surface will have a marked effect on the grain 

velocity. A coarse sand bed would provide a higher ccafticient of friction 

than a .finer sand bed for a given grain size in movement. 

Grains moving at the surface or a sediment bed are contin~ being 

deposited and re-entrained at a rate dependent on the local conditions 

or the tlow. When considering velocities for high and low density grains 

that are much lowar than the fiuid velocity, there ax:1.sts a large 

difference between the velocities or the two grain types (fig. 2 and 3). 
It is at this stage where large differences in the velocities of the two 

types or grains exist or under conditions prior to movement of high 

density grains, that sorting of the two grain types is most likely to 

occur. The low density grains can be entrained and moved much more readily 

than the high density grains and during transport the high density grains 

would be deposited first. This type or situation would provide £or 

artieient sorting by accumulating high density grains in areas where the 

flow is not readily capable or transporting the grains while the low 

density g:1.·ains are rapidly transported past the area. 

These c·o>'ls,.deratimf' snow i'l a simp.ll.t:Jod manner that small denet1 

grro.ns are more resistat·it to surface movement than are larger low density 

grains. Graphs sim:f.lar to figures 2 and J can be constructed for natural 

materials or any density. Then, by considering realistic conditions as 

observed in sediments in the natural alluvial environment, the graphs can 

help explain some or the observed bedding features that involve materials 

ot different densities. 
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§h~ ... ar S~~ss as a_~llSit:y Sortj.ng___ P~ter 

Considaration oi' . cri.ttcal shear stress ( 7c ) , the stress exerted by 
Jt1•+ c.,,•"· .~ 

the flow on tha bed that is Beeaea_,. 4te initiat~grajn movement, adds 

insight into tho sorting or gl.'ains ot vaey1ng densities. Shields (19.36) 

plotted exparimmtel results of the beginning of particle motion based on 

a. climensicnless shear stress ( '1f-) and a particle Re:,ynol.ds number (R*) where 

%= 7c 
c~-r)4 

and R..,. = u.~ 
V 

with 'a; equal to the specific wGight ot the sediment grains, t the specific 

weig..lit ot the fiuid., d the grain diameter, U is the shear vel~city or V io/,.a 
8 * ,-

with p the flu.id density, 7.,/ is the kinematic viscosity of the fiuid, and ?; 

is the average shear stress at the bed. 

Additional data and retinement o:t this plot by later workers ha.a 

resulted in the general.:q accepted Shields diagram shown in .figure 4 

(A.S.C.E. TtJ.Sl-t Camittee on Preparation or Sedimentation Manual, 1966, 

p. 297). Bs.sad. on the curve (fig. 4), one can develop the relation ol 

cri·l.ieal shear to grain size for grains or different densities. Grigg 

and Rathbun (1969) have developed such a series of curves that sher.II' on a 

theoretical basis, that grains of different densit;y but equal f'al1 velocit;y 

l"6qUire different shear stress for initiation of movement. For a grain 

diameter bel0t<1 O.l nm, Grigg and Rathbun (1969, p. 79) show that critical 

shear is a function on4r of grain density, but with grains larger than 

Ool mm.·the critical shear becomes a f\mction of size as well as densityo 

Condit:i.or.s ,mder which the Shields diagram was developed vs.rare quite 

different .from conditions that existed during the f'our nume runs. Data. 

used to davel.op the Shields curve were obtained from artifically flattened 
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sand sur.far:ee with uni.term size grains under fully developed 'turbulent 

flOW"S iii which shsar at the bed was just large enough ·to initiate · a tew 

grain movements. In contrast to conditions at initiation o.r sedimal'.¢ 

motion, large amomts of sediment are in transport at relative~ high 

velocities on stromn bads when sorting occurs dur~g the experimental runs o 

Even thougb Shields' (19.31) work was developed for the situation or 
wry small amounts o:t sediment motion, it gives insight ~to relations 

among mmd.ug grains because during a given tl.ow grains are continual.cy 

being deposited and then reentrained into tha flow. One can see, at least 

qualitat1 w]J-, from Shields• work that the denser grains will require a 

much larger shear stress for movement than lighter grains. 

An extension of the threshold or motion considerations is the problem 

ot determining the quantity of· sediment 1n trsnsport by' grains rolling or 

sliding along tha bed surface. Best known among the bod-load equations is 

the Einste:.i..n bed-load f\mction (Einstein, 19.50). Einstein I s bed-load 

equations expr8Ss a relation between the intensity or shear on a part.icle 

( lf) and intensity- of transport ( I ) where 

d, 
R'S 

where <7
8 
is the rate of transport. of the bed=load in weight or total bed 

load per time and width, 9 is the gravitational constant, d is the gi .. ain 

diameter, S is tha enargy slope and RO is the hydraulic radius with respect 

to the par-'~icles (it all resistance to flow is due to particle resistance 

and none di.\a to the bed or stream bank configuration}. The she~ intensity 



cf total t~~o1sport !'c.te of the bed load ( 9s ) • 

(196.3, p. :S2~) as 11 .... the reeult of scoUZ" ar1d daposiU.on due to the 

porturbation velocit,ies induced by any p1"0'iubeirance on the bad." Flmrs 

in allurl.a.l clumnels are classi.fied into t,wo flow regimes and 

lower) with a t:ramitian zone between that are based on the bed configu,:, 

ration, l!lC"ie or sediment transport, process or energy dissipation, md 

1,hase rela;:~io:.,i bstwecn the bed and water surfaces (Simons an.d Richardson, 

1963).. Ro..letionships of bed .forms within thesa tbfO regitll..as a:re shm,m in 

table l mi figure 5. 

The A .. S.G.E. Task Force on Bed Worms in Al.luvial Channels (1966, 

Pe 53) dat:tnos cs bed torms with wt\Ve lengths less than approrlmateq 

o.."le f'oo'G mld h0ights loss thsn O.l .foot.. Dunas are bed .toms larger than ·~ _. 

l'ipples rm.rl out ot phru;e mth &-W water=surfaoe gravity waves that accompany 

them, while a. flat bed is a bed surface devoid or bed i'oni. Antidunes and ...,,,.__ -
chuta&=>and=poola ara in the upper port.ion of the upper £101.,; regime but were 

not studie:l S.n tlrls serl.es of ~eriments (these features a.re described by 

SimoilB, Ri~Jha,.=dsan., and Nordin, 1965, p. 40-42). 

Bed forms within the l0i.1.a r flow regime :include ripples, ripples 

suparim};,osod on dtmes., and dunes. In the lowar i~g:tm.e the water surf ace 

waves and m-::.duJ.ations a.re out of phase with the bed und:u.lsl;icns. I..'i'\ 

!.n nat'W."al st,rna.rr.s, dun3s or du.'<'les with supar~""!flOSsd r:i.pplas are the r:ost 

ccmnon bad fon.c1s (S:l!r.ons and RichY"dson, 1966, p. 11). 



Table _L.-Classification of flow regimes (Adapted from Simons, Richardson, and Nordin, 1965, p. 36) 

Bed Material Phase relation be-
Flow: regime Bed form con cent rations Mode of sedi- Type of tween bed and 

(ppm) ment transport roughness water surface 
' 

Ripples 10-200 
Form roughness Out of phase 

Lower regime Ripples on dunes 100-1,200 Discrete steps predominates 

Dunes ::.00-2,000 
, 

Transition Washed out Variable 
dunes l,OOO-J,000 

Plane beds 2,000-6,000 

Upper regime Antidunes 2,000~ Continuous Grain ro1g hness L'l phase 
predominates 

Chutes and 
pools 2,00~ 

! . .I 
(· 
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22 

Witld:a the tr&1sition flow the bed configuraticm is vecy erratic and 

:ir,ay includo .fo1'L'!S common to both the upper and lcr"8r regimes. Dunes 

present in ths 1:.r&t,s:i.tian zone will often decrease in amplitude and 

ineroase in loc.q;,~h before the bed becanes plane (w.shed-out dunes) (Simons 

ar..d Ric!'i.D.l'C1.Son: 1%6, p,. 11). 

In the upper :flmt regime the usual bed toi"lI!B are nat bads (plans beds) 

or antidtm!.:S, with small resists.nee to tl.ow and large eedimnt transport. 

Water sur.f~e 't,."8.VGS in this regime are in phase with the bad surface 

except during the breaking or an antidune (Simons and Richardson, 1966, 

p. ll). 

Bed fonns produced by the .four different. ~tal runs in thes 

stu.c\.v were dunes in the lower now regime, long prof':Ue dunes in the 

transition zone, and a flat bed in the upper now regime. Terminology 

used in this report. £or the ditferent surface features of dunes_. and the 

bedding stru~ures associated with the dmas, is shown 1n figure 6. 

~lation ot Grain Entrainm.en1=,, to Turbulence 

The e.f'i'act of turbula.vice in a given flmr is an jmportant factor in 

grain entrainment. Local boundary shear stress must be determined from 

the velocit.y gradient at the bed and cannot be deter.mined £rem the slope= 

depth relationship alone. The apparent shear stress (T) in turbulent 

flmr is expressad by Streeter (1966, p. 226) as 

in which A is the ~..amic viscosity, Tl is the eddy viscosity that depends 

on the st.at0 of the turbulent motion, and dU/dY. is the velocity gradient 

norma.l to the boo. Intensity or turbulei1ce is important because high 

turbulent intensities are :indicative ot large -velocity- fluctuations a.nd 

usually indicate large velocity gradients. 
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"""'· Fig. 6. Dune profile showihg~terminology used in report (4x. vertical 
exaggeration). Location terminology adapted from Allen, 1968, p.62. 



McQui'.'roy ~ind Ksoi'ar (1%9) stud:i.ed the sagr-egation of magnetite grains 

from qu...!.\l..,(,~ on the etose side of ripples m a small flume. Dif'.terencea in 

turbulent 3he&1" stres3 from ripple tl'O'Ugh to crest and differences in 

shear stress rf'.iquirad tor 11101,--ement of grains or c!iff'erel;:t. densities v.eTe 

consider-ad by 1-icQuivey and Keeter as being important factors in heavy 

mineral segregation.. Tul"bulence measurements using a hot=film anemometer 

were made ovar sand ripples by F.cQuivey and Keefer (1969, p. 246=247), and 

their results shCM much larger turbulent il'ltensities over the trough area 

than over the cresta.1. Tegion or a ripple. Turbulent intensity also 

decreased "d.th distance from the 'bedo 

Sim 1Lll" results ot turbulence m0&Sure'.n01:1ts are described by Raudkivi 

(1967, p. 206-207) £or experiments conducted by Sheen (1964). Raudkivi 

deGcribes the greatest ·c.urbulant intensities as occurring just downstream 

from the point o! gepa.rn.tiOl'l (brink line) on a. ripple. •• •• Xntense 

turbulence is presGnt in the trough area with repidq decreasing turbulent 

intensities downstream. 
I r,..,..1 "'""''"""''e,,1,.;,,) 

R. s .. Mc.>Quivey- ot the u. ·s. Geologice.l Survey ('re,ell& et 4aift& in 

prpapsratia :fer :Ya iu Qealo&i,aa.l Suwr: iNtetJ9i-el!el Plif'C!) made velocity 

and turbulmice measurements at selected looa.ti011s on the center line for 

each or the runeJ in this study'. Velocity measurements were made with a 

modii'iad ott valoait;r mater, and turbulence measurements were taken m.th 

a const&nt=temperattn,,a hot=film anemamater system using techniques 

described 'ty Richardson and YJ.CQui~.;ey (1968}. Results of these studies 

(fig. 7, 8JI and 9) shCM large tu..whulent. intensity near the bed and much 

larger turbul~t intensities in the trough region tha..il on the dune back 

or at the brj_~ point. Tu:rbulent intensities are less at the brink point 

than on the duna atoss side, mid,~ baiiween the chme brirJc po1..nt and the 

reattachman.t point of the f'let,r ( the location lllilere the .f'1ow inrpedos on ths 

bed after it had passed ovor the upstremn dune front). 
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Theoretical considerations or grains with dirterent densities lead to 

the conclusions that: (1) small dense grains a.re more resistent to tractive 

movement than larger low density gains; (2) high density grains require 

much larger shear stress for movement than is required tor low density 

grains; and (3) the shear intensity (r) ot Einst;ein (19.50) indicates that 

boundary- shear is an hlport.ant parameter in detem::In:Jng the rate ot 

aedhlent transport. 

Dittermt bed toms are produced under dirtermxt. f'loW' conditions 

with ripplss and dunea formed in the .10\!J'Etr flow regima, nat beds tormed 

in an upper n,,,., reg!E, and long profile dunes .t'ormed under transition 

flow conditions. 

Turbulant intensities of the flCMS are large near tbs bed and decrease 

with dhtanoe tram the bed. Much larger turbulent intensities occur in the 

t1"0ugh regions o.t' dune beds than occur on the crestal. areas with the 

turbulent iiatensi.ties decreasing rapidly dO\<m.stream .frc'4 the trough area 

toward the brink line of a dune. Intensity ot turbul.ance is import.ant 

because high turbulent intensities are indicative ot large nlocity 

.fluctuatims and~ indicate large velocity gradients. The amount 

ot local bmmdar.f shear stress is dependent on the local wlocity gradient. 



YJl\TE!UALS AND EXP.ERIMENTAL CONDITIONS 

A large roeirculating water-sediment .numa ot rem.angul&r cross-

section snd d.imartSiona ot 61 meters in length, 2,,41., met.em in width., and 

1.22 meters in depth im.s used tor the series or four expariments (fig. 10). 

The large size of the .tl.ume permits the establisbroont of now conditions 

that fiCM conditions :1n a natural channel and eliminates many 

ot the boundary effects that are associated with smaller nu.mes. The 

slope ot the flume can be changed by use ot adjustable screw jacks., and 

wter=sedimsnt discharge can be varied up to approxima.te'.cy' 2.1 cubic 

meters per seeand. The interior of the flume is surfaced with alumintU 

having an epoJey" coating. A transparent plex:igla.ss section 21. 95 meters 

long is located midwq along the le.ft. wall or the tlume that allows 

observatia.'18 to bo made or sedil!lent movement. 

Jtrc!raullc Measurements 

Near s~rium conditions were established for each ot the flows 
2 be to~ s~ and h;vdraulic eta.ta were taken. After equilibrium. now 

established tor a given experiment, measunmenta were made ot sediment 

discharge., w~tel'=sedimant discharge., slope of the water surface . and energy 

grade line, depth, and water temperature. Additional. hydraulic pe.rameters 

can be calculated from these basic data. Jl.ean values of tsigniticant 

hydraulic variables are shown in table 2. 

Water aur.face elevations tor seve1~a1 pro.files were meastL.""ed every 

l. 52 meters along the center line or the i'lumo. For each profile a line 

was f'itted to the water surface elevation measurements and their 

~brium .flow is defined as .f'low that has established. a bed configu-
ration and slope consistent with the fiuid, f'J.OW', and bed ... me.terial 
characteristics over the working reac:h of the bed (Sim<ms ald Richardson., 
1966, p • .3). 
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2 
Table _._-Values of experimental variables and para.meters for the four~ flows. 

Shear 
Energy Mean Water Mean stress Froude 

Run Bed Slop~3 Depth Discharge Temp. Velocity 2 Number 
Form {x 10 ) {cm) (cu meters/sec) (oc) (cm/sec) (qynes/cm) 

1 Dunes 1.0229 32.9 0.4820 20.8 60.0 33.J 0.34 

2' Dunes 1.0561 58.5 1.3776 20.9 96.6 60.8 0.40 

3 Transition 1.2207 33.7 0.7309 20.7 88.7 40.2 0.49 

4 Flat bed 1.7910 52.8 2.0765 21.0 161.2 93.2 0.71 
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co:1."ros:pc,nding fi1-mi.e stations by tho met.hod or least squares. The maan 

value of the calcuL.-,.ted slopes ·1tsa.s take11 to be the average wa.ter-aurface 
2 

slope fe,1"' each run., By adding the loeal velocity head, 2 g(~)2 __ , where 

Q is d:lseharg&; Wis ehmmc:,l width, D is -imtsr depth, and g is the 

gravitational ecmstant, to the wa.ter-=-surface elevation at a g:i.V8ll 

mea.at.m3F2?!lt point, the elevation or the energy grade line was obtained. 

Using the e:nergr line elevation point, the slope of tha energy line was 

dat.armined in a ~·h:rd J a.r mar.mer as the slope or the water surface. 

Profiles of the bed and water surfaces along the .tlu.."lle center. line 

were recorded on ch9.rt p&per by use or a soni.., sotmder; &"'ld from these 

sounder p1--ofiloo; the depth of flow was doteminad. The mean depth of 

flow (te.ble 2) to1 .. the run was determined by averaging the depth values 

obtained ovory lo52 nm along each protile. 

Water diseharge was dete1-mil1ed. by use· or we.tar-air monaneters that 

were con.l!'J.octad to calibrated orifice mete1-s locatt.>d. in the three return=, 

flow pipes. Mean discharge tor ea.ch run was determined from an average 

of I, to 20 ind.-tv-.ldual readings. Water temperature was held as constant as 

possible by use of steam and cold water. The temperature for ea.ch run had 

a f'luctt?ation of less than ± l O c. 
Mean veloci.ty ( U ) was calculated by use of the, continuity equation 

Any error' in tha mean velocity reported would be primax-:i:cy- due to an 

error in r.wan. depth readings o 

Tho eh0ar stz-ass at the bed ( 1o) and Froude number ( (F ) are both 

calculat,iad from the above measured variables. 'l"ha shaar strees is a. 

measure of the resistance to fiC11.>1 of sed:im,m.t at the bad elrl is defined 

tor a u~ge area as 



where 'tis specific treight or wate;a." and S is the ener(!3 slope. The 

Fl ... oude number val:ue is a measure ot the ef'fact ot gravity on the r:!.ow 

p&tteru end is defined as 

rF u = ------ . 'fib 
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For a Fl~ude number less than one a flmr is definad as t~,rotll because 

the average wloeity oi the now is less than the velocity o:t propagation 

in the fluid of small surface waves. For a. Froude number gr-eater th.an one, 

the flow is d.efinad as rapid, tor the fluid velocity exceods the velocity 

or movement ot the small surface waves. 

Sedimtnt Anal;;@is 

Sedim.<-.nt Characterist:tcS==Sand used :ln the experiments was obtained from 

a ccmvey-ance chmmel or the Rio Granda near Bernardo, Ne'W' Mexico. An 

arkosic sand, it contains approximate~ 6c:Jf, quartz, 36% feldspars, 3% rock 

tragment.s, 8Ald J$ accassory minerals. Heav minerals within the bed 

material co:nprise lo1J% by weight and 0.7~ by voluma or the total bed= 

matei..;.u1 e~le. nm,k opaque grains, mainl;r ilmanite and magnetite, 

emountf to 0 .. 33% of the bede.material sample by volume. In addition to 

magnetite and ilmanite, there are amphibolos, pyroxanss, garnet, zircon, 

tOU1"il'.111line., im h;ydrous iron oxides. 

Within this report classification 0£ the sediments will ba divided 

into .QP-.IMA\& h(tav minerals consisting of ilmenite and magnetite, and 

Jight 19Pieral.,.! im.ich comprise the remainder of the mineral grains. These 

two groupings provided for maximmu efficiency in recoe,dti<>:t.'l end descx·iption 

of the seg;:--egation characteristics and conditions. 

Size ~1a.l.vsts - Total Bed Material-Samples £or the bed-l!l.a.tel"ial analyses 
I ,~;ac.---~.w • 

(fig., ll) 1,,m:re obt.ainad from a composite sa:mple or ten i."O!'t:tea.l cores of' 

the bed.. Samples wore taken at random locatlo11s :in tho .flume after the 
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Fig. 11. Size distribution curves of sand used in the flume. Curves 
plotted from analyses by visual accumulation tube, sieves, and weighted 
direct measurement are shown. 
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~risual aecmnu.l.1.tion tuba (U. S. Intsr-AgenCJi" Commit tea an Water Resourcee 

1958), was .286 nm with a geometric standard deviation ( er) (A.S.C.,E. Task 

Camdt,tee, 1962, p. 98) of 1.59, where 

c; = 'l ( dso + ) . 
d,t; d50 I 

... 0,. .,,. 
A geome·trie standard deviati011, hereaf'te1• referred to as gradation, value 

or l.O retm•s to a perfectly siz~),,:,sorted sand while a value of Jo5 or 

larger re.tors to a poo1•!1· aiza=sorted sand. Sieve ~is or the bed 

material shewed a media.11 size ot .285 mm and a gradation ( er') ot lo58 

~-tdl.e direct measura.'l'!Gn't of grains with conversion to the weighted sieve 

size (See Appandix B fore. discussion of technique) shOH'ad. a median size 

ot .2E/ and a gradation o.r 1.56. 

Weighted median she ot the opaque heav minerals as determined by 

microscope meMuremant in the bed material was .. 144 DIil with a gradation 

( d') ot 1.49. 

Tha total-sediment discharge was determined .from samples collected 

in a width-depth integrated sample collected at the lmu""er end ot the 
3 nmne. Size and grs.datio.n ot the collected ssdimant was date:rminad by 

use ot the ·:ristml accumulation tube after each sample was dried and split 

to a workable size • 

. §1,ze AnWfth - Ji,_ucpende,1 Sedim~-Suepended load samples were collected 

by a siphon with en inside diameter of O. 95 cm. Inlet velocity at the siphon 

nozzle t-ms ad.justed to equal the local fiuid velocity by changing the total 

head on the siphon... Local velocities were deter..nined. by a modified Ott 

3Tha sample is referred. to e.s an integrated sample because it represents a. 
space,,.avera.ged value or concentration. 



veloeit7 mu~er. For dune runs 1 a,.,d 2, se<ilintmt. eoneent1 .. ation (pp.m by 

l!reig.'it} p:roZilea ware detennined at the trough, brin,tc point, and high en 

the du.,e stoss side (See figure 6 for duns tenninolog;r). Two sedimant 

coneantrat:tm pro.f.ilos were measurc-d tor the transition run--,,,one 1n tho 

pltmo bed r-.aach and one high on the stoss aide ot one dune o One conccm.= 

' traticn profile was taken during the plane bed run (table 3). Se<lliuent 

concentratims were determined at .3. 05 am incromants in tho veY.-tical 

profi.1e at each measurement location. 

Sizo anal.yges of suspeiided sediment BSJ!IPl:es vere made by use of the 

visual aecmmlatim tube. Four point samples -w~ro an~ed. tor size trom 

each prof'ilo. Three of the Eaii!Plas wore taken at. locations ,3.1, 9.2, and 

18.,3 cm above the sediment bed. Ir the depth of flow was less than J,3 .. 6 cm 

at the sample location, the Upper.most collected sample (3 cm belmr the water 

surtaee) Wl:'.J!l used for the f'ouz-th sample, otherwise the sample was taken at 

,3,3.6 em above the bed. To detemine the mean size of suspended sadiment 

at ooeh vertie.s.1 profile that is shown :.tn table 2, the point sample median 

size '11..'SS "W?J:tghted by the concentratiw. at each sample point. Appendix D 

contains the eoncentra.ticn and size anal3sis for all 8".JSpendod sedimant 

sampJ.es ans.~ad. 

Opaque heav.y mineral grains were oboerved in tbs suspended sediment 

samploa tram ea.ch vertical profi.ls location (although not ea.ch point sample) 

in each ot the £our runs. Table 4 shews the volumo percentage o:r opaque 

heavy miner~.ls in the suspended load determined by direct measurement 

(see Appendix B) £or each run. Each of the suspended sediment emnples from 

the runs shot,.r an opaqu.a heavy mineral content distinctly smaller than that 

of the bed material samples. Oncy- rtm 2 had a volume percentage or dark 

opaque grai.ns a.ppz-oa.ehing that ot the bed materta.l. 



Table 3.-Concentration and size of total transport load and suspended sediment load. 

Total Transport Load 

Ave. Ave. Ave. 
Run Bed Form Mean Siz.$. Gradation Location 

Cone. d ( ()') 
(ppm) (~~) 
6':I wl, 

Dune Back 

1 Dunes 351 .206 1.43 

Trough 

Dune Back 

2 Dunes 778 .183 1.47 Brinkpoint 

Trough 

[1une Back 
3 Transition 827 .206 1.45 

Flat Bed -lh'H~ 

4 Flat Bed 1797 .200 1.59 Flat Bed 

-i:~kSize determined by VA tube sedimentation analysis 
Only the lower three sample points used 

Suspended Load 

Ave. Ave. Ave. 
Mean Siz~ Gradation 
Cone. d ~. ( O") 
(ppm) (~_g) 

278 .175 1.23 

131 .156 1.28 

316 .172 1.26 

h43 .149 1.30 

278 .140 1.32 

883 .180 1.31 

228 .147 1.29 

21+0 .163 1.28 

1314 .169 1.32 

~Concentration and .ls.iza are low because the lowest sample was obtained at 7.6 cm above the 
bed rather than 3.1 cm. 



Table 4,--Analysis of opaque heavy mineral grains in suspended sediment. 

Total Opaque Heavy :V.d.neral Grains 
Grain Suspended . 

Run Counts Material Total 
,in - Median Size Gr.aid Median % 

Samples: (mm) counts ~:ir Size (nun) by Vi:;,lume 
'Sm:.oles· 

1 2200 .170 8 .103 0.08 

2 2600 .165 23 .103 0.22 

3 1600 .155 10 .074 0.07 

4 800 .169 2 .103 0.06 

Bed 
Material - -- -- .144 0.38 

/ 



By comparison with runs 1 and 4, both runs 2 and 3 had large areas of 

opaque heavy mineral grains associated with the dune surfaces. Wide areas 

of opaque heavy mineral accumulations occurred in run 4, but they were 

generally within the bed or at the base of the sediment flow and not 

exposed at the surface. In run 1, areas occupied by opaque heavy minerals 

were small. Although figures 7, 8, and 9 show an increase in turbulence 

toward the bed and a decrease in turbulence along the length of a dune, no 

patterns of dark opaque mineral concentrations were observed in the 

suspended sediments. 

Median size or the suspended opaque heavy mineral grains in each run 

falls below the 20th percentile size determined for the corresponding bed 

material sample or opaque heavy minerals. 

Size Analyses - Core Samples-Opaque heavy minerals and light minerals 

obtained from the grouted cores were studied to determine whether 

differences in size and sorting existed among sediments measured in the 

different runs. Studies of the opaque heavy mineral grains were 

concentrated on the dark mineral laminations of runs 2, J, and 4. Only 

minor accumulations or opaque heavy minerals were present in run 1, and 

those were insignificant in thiclmess and areal distribution when compared 

to those in the accumulations of runs 2, J, and 4. 

Core samples were taken from at le ast two networks across and along 

the bed following each flow experiment, at 1. 22 meter intervals along the 

nume and at center line and .61 meter from each wall. Total length or 

each sample network was selected to include the entire length of at least 

one bed form present (average length of the networks was 6.1 meters). 

Samples were taken from small pits into one wall of each of which was 

inserted a can 6.5 cm in diameter and 12. 7 cm in length to obtain horizontal 

cores. Similar core samples were obtained from large areas or heavy mineral 

segregation that were missed in the network samples. 



lr1amm1eh ~.B heavy mineral accumulations developed oncy near the upper 

sur.fs.eas of the secl:i.ment, it was necessary that the surface sediments lre 

included il:1 tho sample. Thererore, most samples ¾"11re taken 111 such a way 

that a sma.11. space above the sediment surface romained at the top or the 

can. Plas-~er of Par-ls was poured into this opan a..veea and moisture wa.s 

aJ.l.cN'ed to 8Vaporate. A chemical soil grout (AM-9, American Cyanmnid Co.) 

\\"M poured into the sample and allowed to harden. Adhesive strength of the 

grout was controlled to permit easy rem.oval ot smd grains from selected 

areas. The grouted samples were sawed to remove disturbed portions of the 

core and the sedimmtary structures and segregation or minerals studied in 

the position that they ware deposited. 

Select.ion of cores tor an&:cysis was based on the presence and location 

or conce.nt.rated beds of o-paque heavy mi."larals. The method of preparing and 

a description o.t grain-mal.mting grains from a Jam1na within a core sample 

is describ-3<1 in Appendix B. Data an grain sizes and gradations for layers 

ot opaque hca:vy minerals selected .from the variffl!S core samples are 

represented in figure 12A (complete analyses or siza, shape and gradation 

are shown in Appendix C, table 8) o 

In run 2, opaqu.e heavy mineral. samples were obtained from topset and 

.toreset beds and .trom the brink lines ot dunes. Samples .trail r,.m 3 were 

obtained from topset and foreset bad~ and one sample ira.s taken from the 

i"lat-bed region. Samples .f'rom run 4 were obtained. from dark opaque laminae 

located at the base and within ·ihe tla.t,..bedd.ed sar./1-. Measurements or 

grain size and g,:-adatiOJ."1. i"or Sell'.ples ahom. in fil,J"fl.ro 12A, 12B and Appendix C 

(table 8) were obtai.~ed from direct measurement or 200 inil1rid.ue.l grains 

per sample :tri~ .. 
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Siw~ aud g:,:~.:d1:1:tim1 azUJ.lyses rrade i"rom grain mo".li1ts or light minerals 

i1erc oatn.incd ei"i~h~r .fz•OlJl li.ght. m:tmlr0J. laminae· adjacent to or .fi"om light 

n-;ina:. .. als p!'esen1~ within opaque he&"J'Y' mineral lamir..ae {fig. 12B) o 

.~xmlyo;.3 of -wal'ial1ce t~sts '!;;STo conducted for tha mad.icm. size, 

gradation { <:t), and shape factor of t>J?aqtl8 hea,;y min,31•&1 grai.'W obt,ainad 

f:rr.m cm:•e smnples ti~ 1-w.w 2, J, and 4. The tests a.N used to datermine 

whether fa.-o or m.o?o sample :nea.l'ls could have been obtained .fran populations 

id.th the came para.matric Liem 'With rMipect to a giwr4 variable, or whether 

the samples lret>e ob'c.e.ined 1.'-i'Om different populations (Sokal. and Rohlf, 

1969, p.- 175)., !u this study the analysis of variance teets were conducted 

to detaX'ld.11a if tha eadini.em properties of the opaqus heavy minerale in 

th.e segregat.ed laj""Ol'S of each r..m are si~icantl;y different in each :run. 

Since the S!lme r:sd:lment was usocl for each run, any signi.ficarrc. differences 

in tho sedill:tm.t prope~:.ies between r,ms m,.ist be due to the effect of" tha 

differatit f'lo'.:-1s en the grains. 

Data 0000 foi .. the ~yais of varis.nce tssts 'lffll'e obtained front 

J..aaidnae of e,ark opaque Iro.nsi•a.ls in the core samples (Appendix c, table 8), 

and the rem."..lts of them, analyses are shoi;m in table 5. 

The re£uJ.t,s of the te!riis on the median grain slze and the grain 

shape i"aetor cf opaque heavy mineral graina showed that no diffo:rences 

mated mnoog runs a.t the 5 percent level of aigniricsnce. A signifiem1t. 

di.f'ference, h.o:,~vez-, did exist in the gra.dat,io-ti smong runs at the 1 pe?emt 

level.. An s. p,~s-'c0:1. .. iori srm: ter.;t (Sokal and Rohlf, 1969, p. 239~2/;6) of 

tha gz>f'..daticu mens of the three rm-... was condue,.-ted to determine which :rtm 

was sigr,dfican1;1y different f'rO".Jt the c.thm·s g Results of the SNK sh.ow that 

th(3 r.10&J."1 grs:.dd~ion val.ue or the opaque hae.\7 mineral sai-nples in run h is 

sigirl.fi.ezmtJy difi'err.nt from the other two 1~uns <':.'.t the l. percent 

3ignificanee 1e1Yel., 



bd".,1<!'er, rv,,,,;. 

Table .5'.--Analysis of variance~of median, gradation, and shape factor of 
opaque heavy mineral samples from runs 2, 3, and 4. 

Sample Source of Sum of Mean Variance 
Variation d.f. Squares Square Ratio F F 

05 FOl 

Median Among Runs 2 .00015 .00008 .205 3.55 6.01 

Within Runs 18 .00694 .00039 

Total 20 .00709 

Gradation Among Runs 2 .07326 .03663 6.J6-lH:- J.55 6.01 

}!ithin Runs 18 .10366 .00576 

Total 20 .17692 

Shape Factor Ai'llong Runs 2 ,00232 .00116 2.36 3.55 6.01 

Within Runs 18 .00888 .00049 

Total 20 .01120 · 

~,:- = (0,01 <Probability < 0.001) 



The m:~d:T .. 311 size and £.;'!•aclation for light mineral sa.inples that wore 

aai."nplcd adje.em1t. to and m.thin the <Y_paque heavy mim,ral lmrdns.e also 1rere 

tested by ffla.lJrois of variance tests (gt-adation and mooum vtlues or 

samples ara l:i.,·•r\icd 1n Apptindix C; table 9). The tests ahow- that no 

difference in gr&dn.tio11 or light minerals e..ufltad between rune 2, 3, and 

4; but., a significe.nt difference did exist at the 5 percent level bet'traen 

the median fiiz&s of the aamples (table 6).. Results of these tests should 
,.._ 

indicate whether a given flow had an effect on the propoot,ties ot light 

mineral grains that were closely associated with opaque heavy mineral ,f'II•""~ 
lsrziN!te that di.ffered signi.f.'icantly f'rom the other f'lows .. 

A SN! test of the mean of the sample median grain sizes tor each of 

the three rmw ·sho,rad that no significant di.t'f"erence ood.sted. between the 

t~ rtms. H~er, a Sln{ test for uneven sa.."'l!ple sizes, such as used 

· for r'WlS 2, 3, and 4, does mt provide sufficient sensitivity to deteimdne 

which run differed ei.gnificantl;y from the other two in its e.f'.t'ect on 

sample median size. 



Table b .--Analysis of varian.ce,"of median size and gradation of light 
mineral samples associated with opaque heavy minerals in 
runs 2, 3, and 4. 

Sample Source of Sum of Mean Vari&nce 
Variation d.f. Squares Square Ratio F F05 FQJ. 

Median Among Runs 2 .00497 .0021+9 3. 89-~- 3.49 5.85 

Within Runs 20 .01281 .00064 

Total 22 .01778 

Gradation Among Runs 2 .03030 ."01515 2.67 3.49 5,85 

Within Runs 20 .11J68 .00568 

Total 22 .14398 

·:l- = (0.05 < Probability <0.01) 
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EXPERIMENT AL RESULTS 

~ru.·~£,lfil'!U_mJd Q}la.gy,a Heavy Minet,.~! Soz:ting ,,Ch~~eristi.£!! 

Four different fim,,1 Ct)nditions were observed in this· study (table 7); 

and ba3ed on the terminology of Simons and Richardson (1966), two runs 

were made 5Jl th1:; lower .flow· regime, one nm in the upper flow regime, am 
one run in the tra..'!'lsitian zone between the upper and lONe~ regimes. A 

bed configu.ra.tion consisting or dunes (lOW'er flow regime) existed in ruml 

and 2. TTansition bed forms of long profile dunes and a near flat=bed 

condition axisted in run 3, while run 4 consiirt.ed entirely of a flat bed 

formed in the upper flow regime. Average lengths, heights and length/height 

ratios for the dunes of different rurtAS measured .from sonic sotmder charts 

a.re listed in table 7. 

Only thin accumulations or opaque heavy minerals covering small areas 

were present a.t the surface of bed forms produced· by rw.1 1. All other runs 

resulted in large accumulations of· opaque hsa.vy minerals associated with 

the bed forms. 

Low. Shear Dul1.f3$ (Run ll,=Dlmes in run 1 were formed -under comiitions of 

much lower shear stress at the bee! and a lower Froude number than were 

the dtmes of run 2. In profile the dunes of run 1 were generally triangular 

in shape with the crest line of the dune coinciding with the dune brink 

line. Topset beds were only present on a few dunes in run 1. The average 

aJngle or inclination of tha foreset beds in run 1 was .32.4 ° with a 

standard d.evlat,iori of 2 • .3°. Configuration of the dunes forming the bed 

surface (fig. 13A) can best be described as linguoid. Rates of movement 

of the dunes ranged from 0.6 to 1.0 meter par hour. 

Accunm.lations of opaque heavy minerals associated id.th the dunes were 

limited to small, very thin ripple=form accum.ulations on the stoss slopes 

of the dunes (fig. 13B). The small thin accumulations of ope,que heavy 

minerals appear to develop just downstream of the reattachment point ( tre 



Table 7;. - Mean dune size ( with standard deviation). 

Run 

1 

2 

3 

Number 
of Dunes 
Measured 

115 
· 28 

46 

Height* 
(cm) 

Length-r.~ 
(m) 

10.2 ± 4.9 1.63 + o.66 -
30.0 ::!: 13.2 7.24 ± 4.67 

12.3 ± 6.8 5.66 ± 2.48 

L/H Ratio 

18.2 ± 8.7 

26.3 :!: 15.0 

46.6 :!: 29.6 

*Dune height determined by maximum vertical distance between the trough 
point and the sunmdt point of the dune as measured on the sonic sounder 
profile. 

~-YDune length was determined from the low trough pojnt between dunes 
to the next trough point dovmstream as nee.sered on the sonic sounder 
profile taken along the centerline of. the flume. 



Fig. D. Dune bed configuration and opaque heavy mineral accumulations 
at the bed surface following run 1. (A) Dune-bed configuration (view 
upstream), (B) Stoss slopes of dunes showing small areas of concentrated 
opaque heavy minerals (length of rule - 30.5 cm). 



i.i,.9 

J.ocat:icm where 'c.he £low impedes on the back of the downstream dune after 

it has pass2;d over the upstream. dune front) and migrate up the dune stoss 

slope. No accumulations of opaque hea.t-7 minerals were obser-ved in the 

foreset beds. 

filldl~~.Q!!~s_Jfum..?J.=Dum.e~ .formed by flow conditions in run 2 (table 2.) 

were longer and higher than dunes produced by other runs. Distances 

between brink lines and crest lines or dunes cOO'!monly ranged from 25 to 

110 c.m, and averaged 60 cm. Topset beds were present on mos-t dunes with 

tha total thickness of top~ets ranging up to 3 em. Foresat beds of the 

deposits in run 2 '5howed an average dip of 29.2° and a standard deviation 

o.r 3 .1 °. Generally the mclinatiom angles or the foraset, beds ranged from 

28° to .32° but soma low bed angles of 21 ° to 23° existed that indicate 

unstable conditior1s in the dune development. Dune f1"0nts in run 2 were 

s:L.'lluous across the width of the flume (fig. 14., 15), and rates of movsIJ:Umt 

of the dunes do-:im the flume (based on successive brw.k line locations) 

ranged from 1.5 to J.4 meters per hour. 

Accumulations of opaque heavy minerals were associ~ted with the 

dunes (fig. 16) and cOI!DI10nly were present as: 

l. Accumulations of opaque heav.7 minerals on the dune stoss slopes 

that fo~med thi.11 ripple=form accumulations and ver:, thin, almost sheet=lika 

accumulations~ The thin ripple accumulations resembled those shown in 

figure 1.3B and were very common on the dune stoss slopes. The ripple accumulations 

appeared to have originated on the lower pa.rt of the dune stoss slope and 

migrated up the dune. Thin aheet=like accumulations of the opaque heavy 

minerals such as shown in figure 15 were present on many dune stoss slopes. 

2. Thick accumulations of opaque heavy nrl.nerals that fon11ed on the 

high portions of the dune associated ,dt.h the dune crest area.. These 

aecum1.1lati0:.,e fomed the thickest beds o.f opaque heavy mineral accumulations 



Fig: 14.. Dune-bed configuration (view upstream) of run 2. Figure 15 is 
a close view of the large dune in the center of the photo on which the 
sign is located. The sign on the photo and other photos of dune runs 
indicates the run number of the U.S.G.S. continuing series of different 

' flow conditions using the same bed-material size. 
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Fig. 15. Accumulations of dark opaque heavy minerals on the upstream sides 
of dunes (run 2). Location of cut-away view of dune (fig. 17) is shown by 
the line near the fllllile wall on left side of photo. The ripple surface that 
is shown on the dune is due to abrupt changes in hydraulic flow conditions 
that occurred when the flume was shut down at the end of the run. 
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Fig. 16. Generalized dune cut-away showing structure and location of different types of opaque heavy 
mineral accumulations: (A) Thin ripple accumulations on stoss slopes, (B) Crestal region accumulation, 
(C) Region between the crest line and brink line where accumulations occur, and (D) Accumulation in 
foreset beds. (3x vertical exaggeration) 
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obser1red and the beds were nearly 100 percent efficient in opaque heavy 

m.i.neral segregation. Observa:iions made through the plexiglass wall of theflume 

during the fJ.oir showed that the opaque heavy mineral accunn.tlations formed 

on the highest. port:i.on of the dt.Ule (in dune profile). The a.ccum.ula.tion as 

a whole moyed downstream at a. rate approximately equal to the rate of 

movement of the dune. Scour occurred periodically both upstream and 

dmmstream in areas adjacent to the heavy mineral area.. When degrada.ticn 

immediately downstream of the heavy mineral area. reached approximately 

l to 2 cm below the high point of the accumulation., a large amount of the 

heavy minerals was transported from the accumulation by suspended and 

tractive movement. 

3. Accumulations of opaque heavy minerals that were deposited between 

the duna crest line and the brink line. These deposits, derived from the 

thick crest area concentration of opaque heavy minerals, form part of the 

topset beds of the dune. An example ot numerous opaque heavy mineral 

laminae in the topsat beds is shown in figure 17B. 

4. Accumulations of opaque heavy mi.'!'lera.ls at the brink point and 

deposited. on the slip face of the dune. These deposits formed dark laminae 

in the .foreset beds like those shown in figure 17A. The concentrated 

opaque heaiiy mineral layers did not extend do~1 the fores et beds more than 

8 cm ( total slip face le..11gth on the dunes commonly was between 20 and 

30 cm) and a decrease in concentration of heavy minerals occurred with 

increa.sed distance down tha concentrated bed from the brink line. Losses 

of opaque heavy minerals from the topset beds occurred by tractive and 

suspe."lded transport. over the brink point • 

,Ir_!IDsition Bed Fo~ {Rmi..ll=The flow of run 3 had a. higher· .Froude numbel'.'" 

than the ttro dune runs but a lower Froude number tha.n the fla.t=bed flow. 

During the run the bed forms alternated between large dunes (fig. 18A, 

18B) and a near .f'lat-bed condition {·very long profile dune). The near 



_Fig. 17. Opaque heavy mineral accumulations in foreset and topset beds of 
dunes formed in run 2. (A) Cut-away portion (60 cm long) of dune in 
figure 15 showing concentration of opaque heavy minerals (dark beds) in 
the foreset beds, (B) Segregation of opaque heavy mineral grains in 
topset laminations. 
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Fig. 18. Bed configuration and opaque heavy mineral accumulation at the 
bed surface formed during run 3. (A) Dune region of transition flow (view 
upstream), (B) Close-up view of dunes showing opaque heavy mineral segre-
gation on the dune stoss slopes. Signs in photos refer to number of the 
flow in continuing experiments of U. s. Geological Survey. Ripples 
present on the dunes were not present during the run but were formed as 
the result of abrupt changes in flow conditions during flume shut down. 
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flat=bad condition of the run differed from a true. tla.t bed because at no 

time did t.he flat bed extend the entire length or the nume. In addition, 

the near flat-bed condition differed fran the £lat bed of run 4 by ha~"ing 

a slip face on its downstream edge as wall as slight form irre~ities 

on its surface. Dunes associated with run 3 had a much larger L/H ratio 

than the dunes of runs 1 Md 2. 

Dunes or run J had a distance tran the crest line to the brink line 

that was eoJ1111only- 15 to 85 cm with a mean distance or 53 cm. In sane cases 

the distance was as large as 2. 5 maters. Topsat beds were present on 

virtually all the dunes. Dune fronts were sinuous across the f'lume as 

shown in figures 18A and 18B. Angles of inclination or roreset. beds 

averaged 28.6° with a standard deviation ot ).2°. Several .toreset dip 

values or 2.1 ° to 2.3° indicated local conditions or unstable deposition. 

Rates of m.ovEm1ent or the dtme fronts ranged from 2.7 to 4 meters per hour. 
occ ,,,,,,,,~,.-11."n, 

Opaque heavy mineral eene•M••eHs ware common in association with 
Ac.c...,...,.,,.~ .... 

the transition bed .forms. '1eneen\1 ~18 were located in the near fiat 

bad and at various locations on the dunes. In summary, the opaque heavy 

mineral segregations were present as: 
fl,e 

l. Thin but widespread accumulations near"bases of flat beds, just 

abova toresets formed with or as pa.rt. of dunes deposited earlier. 

2. Layers ot concentrated opaque heavy minerals within laminations 

in flat beds. These opaque heavy mineral layers were usually thinner than 

the opaque heavy mineral beds at the base of the flat-bedded sedments. 

3. Accumulations associated. with the dune phase of the transition 

bed fol'mS. They were basicaJJ.:r the same as the opaque heavy mineral 

accumulations associated with the dunes ot run 2, namely: 
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ao Thin NBHM11aU.eas of opaque heavy minerals in ripple= 
•U&1,,..J.f10 .... I . . 

form and sheet=like eenoeft,!Miene that advance up the 

stoss side of dunes. 
lltCU _ _,,.1-,.;., 

b. Thick opaque heavy mineral ttORHMr&\iiiaRa 'i.;.hat were 

commonly present along the crestal region or the dune 

(f'ig. 19A, 19B) .. 
Acc.,,,,,.", • .,_, .... 

c.. CGaaaMk'Mllion:s that were present downstream .rran the 

crest line and extending to the brink line (fig. 20A, 

20B). In several dunes the opaque heavy mineral 

segregation was observed in the foraset beds as shown 

in figure 20A • .,~~.,,...,,_ -,. .. :.. 
d., Thick .-aeatP&t:1w were often present in the topset 

beds. These deposits resulted from burial of· surface 
-~c.tl""·"'·.,., .... oaaaaMPiliieaa or opaque heavy l!iinaraJ.s. 

Bed Forms or Mo~g Flat=Bed Condit:f&ps {Run lt).==The flow that produced 

the flat beds of r'l.ll1 4 had the highest shear stress and Froude number or 
8rf3 of the £our :F.ms. · Under equilibrium now the sediment bed had an 

essential'.cy .featureless surface (fig. 21). Bed elevation at any point 

departed only a few centimeters from the mean elevation. A study or bed 

surface elevation .fluctuations at one location during the equilibrium flow 

showed a maximum fluctuation of only 1.8 cm 1n a 12 hour period. Studies 

by Guy, Simons, and Richardson (1966, p. 24, 29) show vertical nuctua.tio..tis 

or f'lat=bed sur.faces during several runs as ranging from 1 t.o .3 cm. 

Bedding structures were all .flat :eying and covered pre=existing bed foI'!IIS. 

Total thickness o.f the flat beds in the run was usually less than 3 cm. 

Of the tour runs studied in detail, total sediment concentrations in 

the total-load and suspended=load samples were by far the largest in l"un 4. 



Fig. 19. Accumulations of opaque heavy minerals formed along the crestal 
region of a dune (run 3). (A) Opaque heavy mineral accumulation on the 
crestal region of a long dune in the transition flow (view upstream), 
(B) Exposed topset beds (located at the right side of the 71 cm rule, 
fig. A) showing the thick dark opaque heavy mineral accumulation. 



Fig. 20. Opaque heavy mineral accumulations formed m topset and foreset 
beds during run 3. (A) Opaque heavy minerals (dark laminae) m topset 
beds near the brink lllle and m the foreset beds after passing over the 
brink point, (B) Foreset beds with very few opaque heavy minerals present, 
but a large amount of opaque heavy minerals are present m the thin 
topset beds. 



Fig. 20. Opaque heavy mineral accumulations formed in topset and foreset 
beds during run J. (A) Opaque heavy minerals (dark laminae) in topset 
beds near the brink line and in the foreset beds after passing over the 
brink point, (B) Foreset beds with very few opaque heavy minerals present, 
but a large amount of opaque heavy minerals are present in the thin 
topset beds. 
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Opaq-,..1e heavy mi,.,eral t?.ccumula.tions were common in the flat=bed ru11s 

and accum.ula.tions of the heavy minerals were present at the base of and 

within the flat beds over ~tirtually the entire flume area.. The individual. 

beds, hcrerever, tended. to lense out within a fet.r meters. Accumulations were 

often the thickest, mld most. widespread at or near the bases of the flat 

beds. Dark opaque mineral accumulations in the flat beds (fig. 22) 

usuall,y were not as thick as the heavy mineral laminae at the base o:f 

the flat bE1ds. In r..m 4 no opaque hea.117 mineral accmnulat.io11.s ware 

present at bed surface. 

R~lation_of Fti.l:\"'!!lo~].~~s Dark Ooa~ an~.,mt D9!!:'E-t;y Grains 

Samples cf light minerals obtained from la.minae adjacent to or located 

within lam:5.nae having a high eoncant1~ation of ops.que heavy minerals were 

studied to e.xmr.ine relations of fall velocities or associated light and 

heavy mineral grains. 

In order to compe.re fall velocities, a g:NJ.ph relating sieve size to 

fall velocity for grail1s with a 0.7 shape factor and specific gravities or 
d..!. ,~le.I 

2.65 and 5.0 was plotted (fig .. 23) from at--'u by tha U. s. Inter=Agency 

Committee on Wa.ter Resources (1957). Values or fall velocities for the 

dl6' d50., a'lld d.84 grain sizes were determined .i"rom figure 2;1 usiri..g the 

samples described in Appendix C, tables 8 and 9. T11e·se fall velocity 

values are listed in Appendix E. Fall velocity relations beD!lleen opaque 

heavy mineral gra:ir.1.s a11d light mineral grains of the bed n:aterial sample 

and tha average of all the core samples are show in figure 2.3. Using the 

ra.i-ige between the 16th and 84th percentiles of the opaque heavy mineral 

grains and the light mineral grains for the sampled laminae :ln the core 

samples, the average for the c:ore smr,ples shoN'S 78 percent of the light 

mineral grains having fall velocities with:in the same range as 80 per1t:ent 

of the opaque heavy mineral grains. For the bed material samples, 



Fig. 2l Flat-bed surface (view upstream) formed by run 4. The sign 
represents continuous series number. Ripples at the surface were due to 
shut down of the flume. 



.,.....___ ___ __ 
Flg. 22. Profile of f"lat=bed structure showing segregation of opaque 
heavy minerals {dark bads) in the flat=ly-J.ng beds. The lower dark 
mineral bed is diI·ect:J.y o·rerlying foreset beds of an earlier r,m. Wavy 
appea.rar1ee of the dark lard.nae 1n the photo ~-s due to an trregular erosS= 
section cut. Small ru:·eas of dark mineral laminae in the f oraground are 
fragments of bed materi~.l cut away f1."00t the cross=section cut and are not, 
part. of the bed. The rule is 71 cm in length. 
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74 percent oi' the light mineral grains had fall velocities equivalent to 

78 percent of the opaque heavy mineral grains. 

Median .fall velocity values or the opaque hsa"lty minerals and the 

median feJ.1 velocities of light minerals sampled adjaeant to (18 samples) 

or within (5 samples) the opaque heavy mineral laminae have a corl-elation 

coefficient of o.369 (fig. 24) a. value that suggests that no correlation 
for ~i•"'' 

exists. Tha lack of correlatio~or tall velocit:f'••- between the two ....... "' 
mineral groups sh0111s that the.-- fall velocity or one group is not a -'...,." 
predictor of the aee.n fall velocity or the other groupo With large 

ranges of g:ra.ins having equival&,t .fall velocitiee existing tor the two 

mineral groups in adjacent lam.ina.e, the lack 0£ con'elation £or mean 

fall velocities 0£ the opaque heavy minerals and light minel'als suggests 
II.. (lff""'-· . f 

that other factors were much moro important for,\local sorting. t.e eaMII"'. 

Relati~n of' Grain Entrainment to Crit,ical Shear Stress 
----· ~-·· and Grai."l. Siz2,. 

Based on the Shields diagram (fig. 4) one can develop the relation 

of critical shear (% ) to grain sizes for grains 0£ dif'terent densities. 

Such a series ot curves was developed by Grigg and Rathbun (1969, 

po 79). Two curves silllilar to Grlgg and Rathbtm' s are plotted in figu...""'8 25 

for grains or 5.0 and 2.65 speci.fic gravities. The range between the 16th 

a..'l'J.d 84.th percentiles of the opaque heavy mineral grains and the light 

mineral grains or the bed material and the average values tor the sampled 

laminae i.."'l the core samples :f'rom runs 2, 3, 4 are plotted in figure 25 to 

show that a large diffe1"ence exists in cr1.tics.l shear between tha two 

mineral groups. This difference in critica..1 shear indicates that move!ilent 

of the qua.r"l.·,z a.nd feldspar grains from sands i.."l this study would occur 

much more r,9adi1y than tho ma.gn.etite and ilmenite grains. 

Distinct differences in physical .size between grains of two di sf d I• 

d.ti'ferent dei,sities but equivale11t fall velocities lead to a "hiding effect, 11 
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or a shield.!i ~1g of the mna.ller gI'EJ.ns by the l.P...rger grains from flow 

parallel to tho bedo In the size ranges of samples in this study., darlc 

opaque g;ra.:'i.ns end light density grains with equivalent settling velocities 

have a. physic:al diameter ratio or approximately .58 to .62. The larger., 

leas dense grains would be selectively r~oved before the emaller grains 

due to phy<'..;ical exposure to flow alone. When the small dense grains form 

a small part of the surface bed material such as tha dark opaques in this 

study prior_ to segregation, a "hiding effect" becomes a significant .factor. 

,!ieayJ!5=n..2ra1 Tr?PS,Eort and Deposit;~ a Flat=Bed Flow 

Observations of bedding structul'oa prod,1cscl by the .nat=bad run 

(run 4) showed a tddespraad dist!.--ibution of dark ope.q-11e mneral accwm:u.ations. 

These a.ccmmlla.tions of opaque heavy mineral.a, especiall;r with a thick 

accumulation occurring at the base of. the flat=bedded sands, suggested that 

the heavy ~rl.11erals may have concentrated at the base ot the tractive load 

during deg1•ada.tion and were the first deposited. during agg:re.ds.tion. 

To test the hypothesis of heavy minerals forming as lag deposits 

during a f:tat=bed. f'J.Ol.!1, a. study was made of the transport ot heavy minerals 

relative to time under equilibrj.um hydraulic conditions. A, small recircu= 

la.ting wa-l::,or-,,,sed::l.mel1t flume (10 cm deep, 20 cm wide, and 10 m long) we.s 

used in thEJ eJiperiment with a sand bed of the same Rio Grande sand that 

was usoo in tha large _.flume rtms. The send bed was thoroughly mixl3d after 

the flow i:\l'tlS started. Mixing or the sand provided maximum possible 

exposure of heavy minerals to the f'low. The recorded duration of the run 

was started just after the mixing ot tha sand. 

A i'la:'r ..... bed cond.it,ion was established and maintained throughout the 

study. Hydl"'aulic conditio:ri..s necessary to .f'orm the .flat bed were held as 

constari.t as possible·throughout the run which continued for 47 hours. 
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Averaga discharge for the run was 10098 liters/sec with an average wat.ar 

depth of 7. 36 cm. Water surface slope was • 0045, and the average temperat UJ.~ 

was 16.9° c. Total. load samples contail'.ing 80 to 135 grams of sediment were 

collect,ed at close time intervals (15 minutes) early in the study ·with 

increasing).y longer time intervals (up to 7 hours) as the study progressed. 

Total lead concentrations for the study aver.aged 2699 ppm. 

Sediment from the total load sample that passed the 60 mesh (. 25 llDll.) 

sieve was retained for magnetite separation. Magnetite less than .25 mm 

was used i.'l this study as the marker mineral because of ease of separt1.tion 

of magnetite and the size was chosen because 88 percent of the dark opaque 

minerals of the bed material sample were finer than • 25 mn. A strong hand 

magnet was used to separate the magnetite grains from the sample and the 

percentage of magnetite relative to the total sand passing the 60 mesh 

sieve ·was calculated. -Results or these percentage plots relative to time 

(fig. 26) confirm the hypothesis that in a flat=bed. now under equilibrium 
",1.,.-.c. of 

conditions there is decreasing ~ransport 0£ heavy minerals with increased 

time. 
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flat-bed conditions. 
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DLSCUSSION OF DATA 

Light nd.neral grains and opaque heavy mineral grains in adjacent .,114, 
lard.nae had large ranges of NiJtladeut fall velocities. Hm-rever., 

comparison of f'a.11 velocities of median sizes or the dark opaque mineral 

samples and light mine1"al samples .rran the core samples showed that no 

correl.2.tion a.id.sts (correlation coefficient of .369) for the median values 

or these two groups. The light mineral samples were obtained from within 

(5 smrg,les) and adjacent to (18 samples) the opaque heavy mineral lamifl..a.e. 

All the light mineral samples were within 2 DB'll of the heav;y mineral 

laminae. This lack of' correlation even when an adequate St."J)ply or both 

mineral groups having equivalent .fall ,relocities were available suggests 

that facto~ other than grain f'all velocity were much more important to -t~ e«w't't' ... ,t 

local sorting. 

Gross transfer of the sediment load, however, :wq ba related to the 

settling velocities. This relation is suggested by the bed~terial 

samples in which the fall velocities 0£ 78 percent of the opaque heavy 

nd.neral grains overlap those of 74 percent ot the lig."lt mineral gains in 

the ai~e distribution range between the 16 and 84 pa:rcsntiles. 

Suspended sediment g:r.•ain ~es indicate, that.1ra.nsport of opaque 

heavy minerals in suspe11sion does not contribute to the opaque heavy 

m.i.neral segregation. 'l'his was indicated by a very lm,r heavy mineral 

concentration i."l the suspended sediment even though ·dark opaque mineral 

accumula:~ions were located at or near the surface. In none of the run.s 

ws.s there higher percentage b7 volume of opaque heavy minerals in tha 

suspended sooim.en:ts than \1S.S present in the bed material sample. Total 

opaque hea~2:r mineral.a m the suspended sediment samples·· of the runs were 

less than O.J percent. 
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Bize of the opaque heavy mineral grains in the suspended samplasAa.lso 

precludes the idea of suspension or heavy minerals being the sorting 

mec.i"1&-tlsm. All. but faro or the ope.que heavy mineral samples obtained from 

the bed corGS had larger median sizes than the median size of opaque heavy 

mineral gra5.na fran the suspended sediment samples. Intense turbulent 
lel#l 

conditions or the flow, however, may temporarily suspend J.ilg!It density 
4.,..,;... '1:'f'--' nfatiefi:d alla.dng a better segregation ot the density 11Metta::l.. 

Analysis of variance tests of median sizes and shape factors of 

opaque heavy mineral gi•ains obtained from laminae having high concentra.tiona 

ot opaque heav.r m:i,neraJ.s show tha.t no significant variance~ the 5 percent 

level existed between runs 2, 3, and 4o There was, however, a significant 

difference at the l percent level in the gradation coet!icient. between 

the three r-ims. Among the light m1m rale f'rom runs 2, 3, and 4 sampled 

tram laminae adjacent to the ops.qt.ta mineral laminae, a significant 

ditterence mated in the median size at the S percent level, and no 

si~icant di.fi"erence (5 percent level) extstad tor the gradation values. 

Much .larger gradation coefficients existed for opaque heavy mineral 

samples rra~ r,m·4 than the other runs. Gradation coefficients tor opaque 

heavy- mineral samplos of run 4 were close to those or dark opaque grains 

in the bed material samples. This indicates that all sizes of the high 

density material in run 4 were being moved by the flow, while sorting of 

opaque heav,y minerals tm.Yards finer sizes was occurring in runs 2 &.'ld 3. 
c.e«..,,-.J 

Sorting, as iudics.t.3d by the gradation leet>t11"', is· tha most likely 

grain distribution parameter affected by the dif.ferent hydraulic conditions. 

In the na·~-,bed now (run l}) segregation· apparently occurred at the base 

of the bed load .forming a widespread layer of opaque heavy mineral grains. 

As local erosion of the bad occurred, the opaque minerals became concen= 

trated and subsequent deposition allowed preservation of the dark laminae. 
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For such a. concentrating mechanism, the gI'adation would have a wide range 

or values and would deuend. on the ability or the local .flow- to sort the 

smnple as t,o size. In the du11e flows, sorting as to size was more effective 

as is shown by their lOW'er gradation valueso 

Analysis or t,be critical shear conditions for grain movement indicates 

that the largei· 10111 density grains of the bed material. i-equire a much 

&ialler shea.1" for movement than the small.er·, mo1""8 dense gra:i11s. Relations 

of velocities oi' heavy minerals and light -density minerals (fig. 2., 3) 

and the critical shear relationship or opaque heavy minerals to the bed 

material sample (fig. 25) all seem to support the idea that the less 

dense grains are much more readil;r entrained and moved. In addition, a 

di.tf'e:rance in size between the lOW' density grains and the high density 

gi•ai11s leads to a "hiding ef'f'ect" that can effectively sh:leld the smalle:r 

grains trom the .flar. 

Turbulenco is more intense in the trough region than on the higher 

poltions or the stoss side or near tha brink point of the dune; and, in 
;, 

general, turbulence more intense near the bed, A large shaar strass at the 

bed caused by the turbulent eddies is probably an important factor in the 

movement o:t the opaque heavy minerals, especially in the region or the 

re=at tachmant point. 

I11terroittency of turbulence was not stu..died quantitative]3, but the 

presence of st1--ong turbulent eddies passing over the crestal region ws.s 

observed in the flow and its presence is suggested.by the laminae of opaque 

heavy minei"a.ls in the topeet ·beds. Strong turbulence to increase local 

shear could cause a rapid movement, of the opaque heavy minara.l grains £rem 
o..es.t 

the .;.wm::I t line tOW"a.rd the brink line=-and the luvf densit,y ma.te!•j.al could 

then mova rapidly over the de.11se grains or be carried. temporarily in 

suspension.. As turbulence decreases, the heavy mina1 .. al.s would be deposited 

before the light minerals. 
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~h~-~§J!lic. Vmabl:_~ 

Obso1"v-at.ions of the four runs in this study and other e=q,erimental 

runs me.de in ths large flmne, as well as field obsez·vations, indicate 

that the bed eonfi.:,aura.tion is the most important single factor affecting 

the opa.que heiavy mineral segregation. Bed configuration, however, is not 

&"l independent variable but is dependent on a large number of the hydraulic 

variables e,a shown by Simons and Riobard.son (1966, p. 13-16). ft.mong tha 

most important variables affecting the bed foZ'mB are the ene1 .. gy slope, 

depth or £low, physical properties of tha bed material, and velocity of 

now. In fl'Ull'le studies, flow velocity is considered to be dependent on 

the energy slope and depth or £low; however, i..l'l. field relations velocity 

is the independent variable and depth or flow is probab]Jr the dependent 

variable. 

Under the flow conditions or this study there appears to have been 

three fundamental types of heavy mineral segregation. 

l. Thin accumulations or ope.qua heavy minerals covering small areas 

•I!• ,,e1 e associated with dunes without the topset beds and the 

stoss 3lop0 of la.rga dunes with topset beds. 

2. Aceumula.tions of opaque heavy minerals ilia\ 1,or1 associated 

with the topset deposits ot large dunes. 

3. Accumulations of opaque heav.r minerals that were associated 

trl:th flat=ood movement or tha sediment. 

The small areas of thin accu.mul4tbns or opaque hea.vy minerals were 

round in association with ripples and small dunes. On larger dlllles small 

areas of heavy mineral accumulations formed on the dUi.,e stoss slope, 

commonly in the areas just downstream from the reattachment point of tho 

flow (the location where the £low impedes on the bed after it passes 
•~c."-"""+. ..... 

over the u.ps·liream dune front) • The aPe&a o:f opaque hea:v;y minerals moYHd 
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""'i,l,s q.S"" 
up the st.oss side of the dune and additional grains ware added to the 

migrating areas during their movement. As erosion and transportation of the 

sediment occur!'ed all along the stoss slope of the dune, 1he dm .. '!lstraam 

movement of the opaque heavy mineral grains 1n the thin areas of accumulation 
+'1.t .f 

is bast ex;pla.:lned by their greater resistance to movement than m:91!ied 

fe<r- the light mineral gl"'a.'\ns. The opaque haavy mineral accumulations 

appeared to move al.owly up the dune while the light minerals move rapidly 

past the heavy mineral area. Dark opaque heavy mmeral accumulations 

generally moved as very thin ripples having very large L/H ratios (fig. l3B). 

Movement of such a form appears to haw occurred by (1) increased scour 

upstream oi the concentrated hea.v., mineral area and by (2) increase in 

height of the ripple build up of haa.vy minerals. In both situations the 
·, l.,c.aiwtC .~...,,, • 

heavy minerals 41w& a 251 a exposed to • stronger flow .c...J, t-,·•""' • 

Large areas of opaque heavy mineral accumulations often were associated 

with topse·t deposits that occurred. on large du11es and transition bed forms. 

The greatest thicknesseu of dru.•k opaque mineral accumulations were 

associated with this type of deposit. Three different situations associated 

with the topeet, accumulation of opaque heavy mi11eral grains were:_ (1) Accumu= 

lations that occurred along the cresta.l region or the dunes. Thase opaque 

heavy mineral accumulations moved downstream with the dune.. If the dune 

maintained appr•oximately the same shape and height, the cresta.l accumulation 

did not dissipate except for small amounts cari·ied into. suspension. These 

losses were offset by additions of heavy minerals from upstream areas. 

(2) Laminae or opaque heavy minerals that occmTad downstream or the c!"est 

line were found both upon and within the top set beds. These heavy mineral 

deposits were derived from s. crestal accumulation. (3) Foreset laminae 

or opaque heavy mine1 .. al grains: The segregated opaque heavy mineral la.nu.nae 



in the .forsset could be traced up slope in m.81"'.y cases i..\'lto the topset bads o 

The foreset. aeeu:mula.tiona were caused by cond.i..tions eirni 1 ar to those that 

deposited the opaqi.ie heavy mineral l.amin&e in tho topset beds except that 

the hea-uy mineral grains were ti--ansport.ad in sufficient qua.11titics pa.st 

the br:u½ point to form the concentrated lami!'la.e :in the fo~eset bedso 

Co.."leantra.tio:r1s of opaque heavy mineral grains within laminae decreased 

with distance dc»m the fo:resst indicating a diluting of the opaque heavy 

minerals with l~ density grains or a. decrease in the proportions of 

opaque heavy minerals transported to that point. 

The bed surface elevation of fla.t=bed flow under equilibrium 

conditions varied by oiuy a fet'l centimeters from a mean elevation point at 

any lo~ation. Conditions that produced a deep scour (in this study, a 

transition flow) were necessary in · order to move the haa.vy mineral content 

ot & thick section ot the bed material near the Slll~£ace b9£ore the £lat-bad 

f'low could segregate a thick accumulation of opaque hea,r.r minerals o 

During flat-bed runs: coneentra.tions of opaque hea,r.v minerals occurred 

near the base or the tractive load. This is evide..'tlcad by the widespread 

concentrations of opaque heavy minerals at the base of the flat beds o · 

ate_,_.,,.,~,• • ._, 
Other eae&at:.,atioae of opa.que heavy minerals that were present within 

the .flat-bads proba.bly.rapresent deposits of heavy minerals deposited in 

a manner simjJ..ar to the wey the opaque heavy mineral bads at the base of 

the na.t beds were deposited but subsequent to deposition of' the 10\tser 
••&.,...wl-"•' •• 
gcmciaMPMiens.. A general absence or opaque heavy mineral grains in the 

suspended sediment ot the flat.=bed now (table 4) indicates that the 

opaque hea"v"Y mi11eraJ.s moved as a tractive load. Results of the 20 cm flume 
volu.-..& 

e..~eriment show rapid decrease with time in the MlftlP...iit of heavy grains 

transported in a fiat-bed flow at near equilibrium conditions. Th.is decrease 

in heavy mineral transport indicates a rapid deposition of the heavy minerals. 
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The loeat:'Lcn. on dunes where the thickest accumulations of opaqua 

heavy mil1orals occurred 'WS the topset bed &"es.. Runs 2 a..\'ld 3 had large 

du110s ·with topset, beds and large areas of t,hick accumulation associated 

with them., w·l'i..ile dunes of run l had no topset beds and no large areas ot 

concentrated heav., minorals. In order to det.ermine why the opaque heavy 

minerals fo1u the large segregations on the topsat, one needs to determine 

how the to:poet deposits form. This was not a part ot this study. 

Topset beds were deposited with a small dip angle in the do1.-mstream 

direction (ge..'l"J.el'~ 4° to 6°) between the crest line and the brink line. 

In general appearance the topset bads resembled planer beds of a flat=bed 

r-.mo Accum:ula.tian ot opaque heav minerals along the dune crest=llne area 

and deposition ot material f'oming topset beds mq be due to development 

of the turbulent bound.a.ry layer. Differences :in size between light density-

grains and opaque heavy minerals as well as the differences in shear stress 

required for movement of the two grain types are proba.bl;r responsible .f'or 

the preferential movement ot the lm,r density grains. 
$YSFl~S ,_, c.,f,IICM AU 

MODEIS OF JPPAQUE .HEAVY MINERA£JCONCENTRATJIO 

~_!.,, Hea'.!X.,.~eraJ. ... Accumulations on A Large Dune!, 

Opaque heavy mineral.a accumulate readily on arsa.a o.f' the large 

dunes. A elightl;r different concentrating mechanism seems to be important 

for ea.ch type of heavy mineral accumulationo However, important to ea.eh 

type of ac·cumulation is the condition that larger light mineral grains are 

moved easier in a given .flow than the smaller, more dansa opaque heavy 

mineral grains. '!'he @'.'eater resistance to motvement of the ops.qua heavy 

minerals is shmm by the relationships of 1•elative velocities, critical 

shear, e.nd the 11h.i.ding effects11 of the different mineral groups. 
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Small thin accumulations o.r opaque heavy minerals form just downstream 

of the trough area and advance up the dune. stoss slope at a rs.ta raster 

tha.11 the dt1i1e movement. Tlds occurs by: 

1. Movement 0£ grains by impinging scour just downstream or the 

reattachment point, to a. point or lower shaar stress where the ama.11 thin 
- cc.,,...,lri, l .. ,.., 
QQRHl!lli111f1ii,sill6 .t'o1'ffl. !'..ove.ment of the accumulation occurs becan.StJ or 
increased rasistanot'J to thfJ fi<M due to (1) increased scour upstream o.r 

the more :resistant areas, and (2) the increase in thiclmess or the heavy 

mineral accumulation by the addition or heav mineral grains from upstream. 

Both ot the factors result in exposing the high density grai."l.s to increased 

flow velocit7, and consequentl;y increased local shear. stress. 

2. The opaque heavy mineral masses move as very- thin ripples (ripples 

< 1 :rrm thick) up the stoss side of the dtme back (fig. l3B), the rate of' 

movement being primarily dependent on the amount of the opaque ~el"'als and 

the temp©ral shear stress of the flow. 

During trm~sport up the dune the thin concentrated opaque heavy 

mineral mass moves to the crestal. area of the dune. Segregated areas of 

heavy mineral grains increase in size as entrained opaque mineral grains 

are· added from the eroded material on the dune stoss side. High on the 

stoes side of soraa dlmaa, these conceutrations of opaque heavy grains mq 

cover large areas (fig. 15, lSB). · 

An accumulation of the thin migrating opaque heav;y mineral masses · 

occurs on the high erestal regiGn of a dune, often toun:1.ng a thick deposit 

of the opaqne heav minerals (fig. 19B). This accumulation of opaque 

heavy minm•als tends to migrate at a ra.te compar~.ble to the :ri.: .. ate of dune 

movement.. In addition, the thick crestaJ. accumulations serve as the 

source for the subset).'ttent f'la.t=bedded layers of heavy minerals in the 

topset. Rates of accumuiation and loss of the opaque haa.vy :minerals to 
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hydra.ullc: c011ditions. 
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Opaque hsa.vy mineral grains are transport.ad tr-an the cresta.l a.ccumula= 

t:taf by the unst~ stream .fl0!3. Duri..'llg periods of rather high turbulence .J sl,u,r 

the opaque heavy grains &"a moved from the crest, transported mainly by 

traction, and are deposited on the topset bads (figo 20B) downstream of the 

area adjacent t, the crest line. During the period of high shear while the 

opaque he&\,'J' mineral gt'ains are in trsnsport, most or the light mineral 

grains a.re either carried 1n suspension or transported rapidly over the •""" ~._...,,.. 
opaque heavy minerals b;r traction. With reduced turbulence.Asubsequent 

deposition ot light minerals buries the opaque heavy mineral layer causing 

it to torm part of the topset bedding. 

When concGl'ltrations or opaque heavy- minerals are deposited just past 

the brink line 1n the ?.oreset beds, a periodicity or transport:, is indicated 

by the altem1ation of light with heavy mmeral ley'ers in the roreset 

sequence (.f'ig. 17A). Thie pattem can best be explained by :L'ltermittent 

conditions of strong turbulence. Tho intermittent tw;•bul.ent eddies cause 

increased traction of the heavy density grains that can result in moving 

them past the brink point.. Most or the lOTA density material is either 

carried into suspension by the :flicreased. turbu1ence or moved rapidly over 

the small, high density grains. 

Fla.t-Bed A~llllTl4,ation of Qpague Heay;y Minerals 

A large total load is moved in the flat-bed condi'li:>n and erosion 

and deposit.ion occu.r at a rapid rate until the £low reaches near 

equilibrium. conditions.. Under equilibrium conditions the opaque heavy 

minerals with a higher resistance to movement than the less dense minerals, 

tend to move in traction at a slower rate over the bed than the light 
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minerals; End, thai:-efore, the opaque heavy minerals mova mainly' at the base 

of the bed loado 

Concentration o! Clps.que heavy minerals occui .. s princip~ during slow 

degre.dntio-n of the bed and the opaque heavy minerals concentrate at tha 

base of the bad load. Such a situation is evidanoed by numerous sa.mples 

showing ope.que heavy mine1~a1 accumulation direct]Jr over]Jing .foreset 

beds of p1"El-eXisting bed forms (fig. 22}. Deposition of the opaque heavy 

minerals oc:eurs when a quasi...:stabllzed level is reached. Tha opaque ,..., 
heavy m:inera..1-s moving as bed load are buried whan aggrada.tion of the 

d it; @E h,s occurs, and the heavy mineral ]Jqe,r is preserved in the 

f'lat=bedded sediments. 

Deposition of opaque heavy mineral beds higher in the bed 13 probably 

formed under sjJTd 1ar conditions, except degradation does not reach the 

lower level of an earlier £lo.,. Usually a.tte.r the flow has reached near 

equilib1"ium cor,..ditions and .na.red in that condition for sane time, . only 

small amount.a of opaque heavy minerals are present at the-; surface~ 

Howeve1•, a shorl. distance below the a1..u-f'ace widespread opaque heavy 

mineral accu:mul&tions are present over most or the bed. 
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CONCLUSIONS 

1. The type o.f bed ccn:'tigura.tion and the absenca or presence or topset 

beds appear to be the most important factors affecting local segregation 

or heavy minerals in nn opan channel fi(Y!,l. Bed configuration, however, 

is not an independent variable but is dependent on a large number of 

hydraulic variables-.the most important being energy slope, depth of 

flo-111, velocity ot £low, and the physical properties or the bed material. 

2. Three funda.numtal. types of heavy mineral acctll!lUlations ware obsen-ed 

in this study. 

a. Small areas of thit, accumulations o.r opaque hea11Y minerals that 

were associated with dunes. They move as thin ripples and 

c<mm!all..y originate :ln the area. just do,,mstream of the reattach-

ment point. 

b. Accumulations of opaque heavy mineral graili.s that were associated 

with the topaet deposits of large dunes. These accumulations 

often formed thick deposits along and adjacent to the cresta.l 

area ot the dune. Opaque heav.y mineral segregations were al.so 

present within the topset beds, & the surface between the crest 

line and brink line, and in sane cases formed deposits 1n the 

foreaet beds. The segregated layers in the .rorsset beds were 

probably due to ma.sa transpol"t of heavy minerals fran the topset 

area pa.st the britllc line b;y strong conditions of' turbulence o 

c. Accumulations o:t opaque heavy mir.1.erals that were associatod with 

the tl.at-=bed nows. The thickest and most widespread or the 

flat-bed segregations of heavy minerals occurred at the base of 

the .t'lat beds, but additional laminations of heavy minerals were 

pr~sent in the £lat beds formed by the flm-r. 
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J. Among the opaque heavy mineral sediment proport,ies of size, gradation., 

and sha.t,'"'8 obta.i.ned from core samples taken from the bed.JI the o,l)J si~cant 

varisnce thn.t occurred bat.ween runs 2JI 3, and I+ was a difference in the 

gre.da.tion OO<lf-l'~t ( (J ) of the opaque heavy mineral grains. 

4o Theoretical cOi.'laiderations indicate a distinct difference exists in 

the transport rates of spheres of different densities moving as bed load. 

There is a marked dif'ference in initial movement or two spheres or specific 

gravities of 2 .. 65 and 5.0 tor theoretical bed movement. The initiation 

or motion of grains is illustrated by tha Shields diagram {fig. 4). Based 

on the Shields criteria, curves can be developed that show the relationship 

between critical shear and grain siza tor materials of different. densities. 

Two of those CUJ.'WS were constr-.1cted end they clearl.1" show that the 

opaque heavy minerals are much more resistant to motion than the light 

minerals. 

5.. TurbulGnee was stronger in the trough region than on the higher 

portions of the stoss side.or near the brink point; and, in general, the 

turbulence increased near the bed. The large turbulent intensity JI 

espeo~ as associated with the dune bedsJI was probab4r m1 important 

taotor in ,::reating large ehear stresses at the bed and in moving large 

amowts of opaque heavy :minerals on the dune stoss slopes. 

6. Correlation analysis of fall velocity values tor median sizes of 

opaque heavy mineral grains and light minerals from laminae adjacent to 

or m.thin tha opaque minera,l · .laminae indicates that. the· median !all 
,.,,,...,,_, f '911pS 

velocities for the two ,sPtdas are uncorrelated. This lack or correlat.ion 

suggests f'all velocity alcne had little or• no effect on the local sorting 

of heavy minerals. 
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7. A.nalysos o:f auspe.i."'ld.ed samples from different locations in the four 

runs :tnd:tcr~te ths.t opaque heavy minerals ma.lee up leas than 0.3 pere:ent 

by volume of the suspended sediment. The low co,1centratiori and the size 

ot tha opat:;,u~ heavy mineral grains in suspension preclude tbe possibility 

that. susp&,sion of tha opaque heavy minerals is an important factor in 

segregation ol tha grains. Strong turbulent conditions mq cause some local 

sorting of heavy- minora.ls by the suspension or more rapid bad-load movement 

or the light density material. 
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SUGGESTIONS FOR FURTHER RESEARCH 

1. This study of heavy mineral segregaticm was conducted with ilmenite 

and magnetite usecl as the :marker minerals. Similar studies should be mme 
usi..11g heavy trd.nerals ,dth distlnctl.y different, densities than those used 

in this study. Such research would help establish better relations of 

heavy mineral segregation to fl~r conditions., bed forms., shearing stress, 

and relate the .fall velocity of the bed material and the heavy minerals. 

2. All obaervations in this study have :involved £low conditions and bed 

forms generated in a large flume. Similar conditions of heavy mineral 

segregation also exist in the natural environment. Segregation of dark 

heavy minerals has been observed by the author in streams, along the beach, 

along the crests or wind=blown sand dunes (Great Sand Dunes, Colorado) and An of Htcst h-.~, ,.,.,_,., ,....,,,..,.,,.,, • .,, .,_•w ,.,.,.,,,4,.,.,, .• ./. ""• •ro ... .,,.,.,.,.,. .,,,_,...,.J ,·n fl,., 
in economic placer deposits (Lakehurst, Ne111 Jersay).,A Studies of the 11,m,e 

transportation, deposition, a.nd segregation or heavy minerals in the 

natural env:1.romnent should be eonduoted to e.xpa.11d or disprove the 

conclusions of this study. 

From the understanding of heavy mineral segregations in modern 

environments, the next step would be to evaluate the now conditions and 

the type of sediilientation process in sandstone deposits where segregated 
oldt, 

layers of heavy minerals are preserved in 1-,lfe sedimentary structures • 

.3o The "hid.1.ng e.f.fect, 11 the difference in exposu..v-e to a given flow due 

to a difference in physical size especially between grains of different 

densities, may have a marked effect on the sorting of heavy minerals. 
; 

Little is known about the nhiding effect" except for the general concept. 

By collecting and measuring the total=load samples from different sand 



84 

densities .nnd sizes under various flow conditions in a fl\llme, some 

definite cc,n .:luslons should be generated about the significance or the 

11 hiding er feet. 11 

4. Bed forms and associated bedding structures ofter an important area 

for reaeareh. Conditions necessaey for the development. of topset beds on 

dunes and their relation to fla.t beds and movement of the sediment on each 

area of the different. bed forms are in need of further study. 

5. Quantitative stu4ies of cross=bedding produced under lmown flow 

conditions would be use.t"'ul in determinations or flow conditions responsible 

for the formation of bed forms observed 1n sandstones. Observations of 

cross=bedding in this study suggest that with decreasing Froude number for 

a given new., the angle of inclination of the fores(..:.t beds produced by 

that now becomes larger and the amount of variance in the roreset angle 

decreases. 

6. Turbulence appears to be an important factor in the movement of sand 

grains, probably- due to the increased temporal shear stress. However, 

only- recent.ly have techniques been developed that permit ·measurement of 

turbulence in flOW'S containing large amounts of suspended material 

(Richardson and MeQuivey, 1968). Studies of the intermittency or 

turbulence and the resulting bedding patterns due to the turbulence effect 

on the flow should provide new insight into sedimentary bedding patterns. 

Further studies such as initiated by McQuivey and Keefer (1969) could lead 

to a better understanding of sedimentary sorting in general as well as 

heavy mineral segregation. 
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7. Study of radiQc.,active tracer particles of similar size and density or 

the material under study would help in the understanding or grain movement 

eapecia.lly in the heavy :mineral accumulations. Such a study would aid in 

an understandii~g or deposition and erosion of individual grains as well as 

a bet.t.er understanding of the sorting processes. 
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APP.ENDT! A 

Definition -
area, such as the cross sectional area or the fiume 

projected 8.K'ea of a sphere nonnal to particle movement 

longest diameter for 3 mutually perpendicular axes 

intermediate diameter of a grain for 3 mu:t ually perpendicu.la.r 
axes 

coefficient of drag tor a sediment particle. The coefficient 
or drag varies with the particle geometry, rela.tion of particle 
shape to .f'lOW', and the Reynolds number of the flow 

coefficient of friction for a sediment particle. The 
ooef'ficient of friction depends primarily on the nature of 
the particle surface and i,he surface of the material with 
which it is in contact. 

coefficient o.f lift for a sediment particle. The coefficient 
of lift depends on the shape o.r the particle, relation of 
particle shape to now, and the Reynolds number of the flow 

shortest diameter of a grain with J mutually perpendicular 
axes 

mean flow dept,h 

diameter of a spherical particle 

diameter of a grain=equa.1 to sieve diameter or approximately 
equal to b=diameter of a par'~icle 

hydrodynamic drag foree=force exerted by the flow on the 
particle para,llei to the relative motion of the flow 

frictional foi·ee=resistance to motion between two bodies 
in contact 

gravity force 

hy~amic lift force---the force component produced by the 
now on a particle that is perpendicu.1.a.!' to the direction of 
the flow and opposing the gravity force 

resultant force normal to the bed surface 

Froude number = u/'{gf) -=A ratio or inertial forces to 
gra,JitationaJ. forces 



L 

n 

Q 

Re 

s 

u 

u 

w 
y 

De.finitio~ 

gravitational constant (<Jf).7 em/sec2) 
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dune he~1t=vert.ical distance from trough point to creet 
point 

dune length=measured from trough or a given dune to trough 
point of the next dune upstream 

•number count of a given size in grain size anacy-sis 

fiuid discharge (cubic meters/sec) 

bed load discha.rge=weight or sediment carried in bed load 
per unit width/unit of time 

Reynolds number = MC, =a ratio or inertial forces to viscous 
forces for the mean flow 

particle Reynolds number = U*d/v =a ratio of inertial to 
viscous forces relative to a particle 

hydraulic radius a. channel would have if the resistance to 
flow was limited to grain roughness (no resistance due to 
bad form or stream bank rough.ness) This term can be stated 
in terms of the average flow depth (D) with corrections for 
bed form roughness 

energy slope of the fiuid 

fiuid velocity 

m£!an fluid velocity 

shear velocity =V,,;.~ The shear velocity is not a. real 
velocity but is related to the real velocity which would 
give rise to a shear stress,; (Henderson, 1966., p. 412). 

root mean square 0£ longitudinal velocity fluctuations 

velocity of flow at a representative distance fran the bed 

relative velocity of tlow pa.st a. body-

velocity or translation of a particle 

velocity of a particle with a different density than the 
par·tiele using V5 

channel width 

height above the bed surface 
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Definition 

specific weight of water 

specific weight of a sediment grain 

eddy viscosity that depends on the state of turbulent motion 

angle between the bad and horizontal line 

dynamic viscosity of the fluid 

kinematic viscosity or the fluid =;; =a ratio of viscosity 
to mass density ' 

mass density 0£ water 

mass density of a particle 

mass density of a. particle with greater density than the 
particle 'Wi. th density 

geometric standard deviation of a sediment size distribution 
= ..i..(BB + ) Z d,1,, dso 

shear stress in the fluid. For turbulent. flow 7' = (I'-(+ ti..)~~ 
and for laminar flCM 7 = /-'I !il!. 

dY 
average shear stress at the bed =iDS-rorce per unit area 
acting on the bed in the direction of flow 

critical shear stress tor sediment pa.rt.iclas-the minimum 
amount of shear stress ne,cessary to start movement or 
particles at the bed 

dimensionless shear stress {Shields entrainment function) = (r:'t)ds 

Einsteih~s intensii:.y of bed=load tl"'ansport. = }('&.~·~ 9h,)=a 
dimensionless measure or the bad=load transport .s 

1s-r ...d-Einstein's intensity- of shear on a particle = -y- ~'S =-a 
funct:i.on for correlating the effect or flow with the inte11sit:r 
of sediinent transport 
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APPffiDJX B 

Grain-1'..o~ a.~:earation and Relationship or Direct Grain 11.ea.surements 
to Sieve=Size Eqaj.valents 

Preparation_of Grain MountS==Grain mounts ror size analyses were prepared 

for the bed naterial sample, core samples and many of the suspended sediment 

samples studied. Where loose sample grains were used, such as the bed 

material se.r-npla, the sample wa.s reduced in size by a mierosplit tar to a 

desired si~,a. For samples of opaque heavy mineral grains and light 

mineral grains that were obtained f'rom select lam.1nat1ons or area of a 

grouted co:re, the material was removed by use or a blunted dissecting 

needleo Both types or samples were prepared by distributing the grains 

as evenly es possible onto a petrographic slide that had previously been 

covered with alcohol. The grains, in settling through the alcohol, 

oriented themselves with their shortest axis (c=axis) perpendicular to the 

slide. Measurement of 500 grains tor shape factor analysis showed that 

this orientation occurred for 88% or the gral ns. Those grains with the 

e=axis l:Jring parallel to tha slide usually had a c-axi.s length very 

Aimflar to the intermediate a.xis (b=axis) length. 

When the alcohol ev,\J)orated, a ·residue rema:in.ed that caused the 

grain to adhere to the slide. After grain shape studies were made, 

Lakeside 70 and a cover glass were applied for permanent mounting and 

grain size measurement. 

Sievee,,.Ana~~~ Jmdvalent of Direct Meeauremem;-...Mounted mineral gra:L"ls 

were measw:•ad directly by use of a petrographic microscope with a 

calibre.t,ed eyepiece that was divided tnto uni.ta of 12.125 microns.. For 

most samplos, intermediate axes (b=~us) were measw."ed in unit sizes on 

2CX) grains per slide... Where more than 200 maa.suremeilts ware used for a. 

given sample, additional slides were ma.de. 
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I£ an abundance of material was a.·1ailable, such as the bad ... material 

sample, g1"a:i...."1S ·we1"e selected by an equaJ.=inte1'Val. point method. A 

pattorn of eve:<'}]y spaced intervals was ma.de by use of a modified stage 

micrometer motmted on the microscope. Ir a grain was· present u11dar the 

stage stop, that grain was measured. A stage interval we.s selected that 

was large enough to prevent repatitU>n or individual grain measurements. 

Slidea made .t'rcm samples with lim:1.ted amounts ot material (samples 

tram grouted cores) were analyzed by a line measurement t~chnique. In 

the line mathod., horizontal traverses uere made over the slide at equal 

intervals and the b-axis was measured for each grain ot the particular 

mineral being studied that the line crossed. 

The probability of a grain being measu.."f"0d by the point method 1s 

in direct proportion to ita projected area parallel to the slide, while 

the probability of a grain being "hit11 by the line method is in direct 

proportion to the diameter of a grain perpendicular to the traverse 1.1.ne. 

Neither or these mathods, however, allm-.rs for differences in the thickness 

of the gra'lns perpendicular to the slide. 

Opaque heav;y minerals and light m::.nerals were studied separately, and 

both groups had mean shape factors of near equant shape (.68 to • 75 shape 

ra.ctor); there.fore, a relation between measured size and weighted sieve 

equivalence was determined. 

In order to make the direct measurements equivalent to the weight= 

size equivalents determined by sieving, a common measuring factor was 

ll5ed. The best common standard ror such a relation was the nom:lnal grain 

diameter defined as the diame-l:,er of a ophere that he.s the same volume as 

the particle (Lene, 191.,7, p. 9.37). The U. S. 1.nter-Agency Committee on 

Water Resources (1957, p. Jl, 33=.35) devel<.,ped graphs i'rom exiieneive 

studies that show the relation or the 1.ntarmediate axes 0£ grains 
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to their nominal diameters and the sieve size equivalents of grains to 

their nominal diameters for various shape factors. Based on the graphs or 
the U. S. L"lter=Agenc;r on ·water Reaow-ues (1957, fig. 4, 5), the sieve 

diameter equivalent of the grains is • 85 times the value ot the direct 

intennediate axis measurement ( using a shape factor of • 7) tor the grain 

sizes in this study. 

Besides dif.:f'erencos in 'b=axis and sieve=size measurement., other factors 

had to be considered for conversion of direct measurement to weight 

frequencies ot a sieve analysis. Di.tterencas in grain thickness tor 

di.f'ferent grain sizes had to be considerad as vall as the probability 

that a certain size grain was measured by- the line method in its correct 

percentage proportion relative to di.f'terent grain sizes. D11.'.terencea in 

grain thicknesses were corrected by multipl'1ing the b-size trequenc:, 

count by the b=axis diameter. The probability or a grain being 11bit" by 

the line met.hod which is in proportion to its area parallel to the 

microscope stage was determined b7 multiplying the frequency count by the 

diameter. To compute a weight frequency distribution from direct 

measurement, the .follO'Aing manipulations 0£ the direct b=-axis measurements 

were made. 

1. For the line method, the size frequency ll'&S determined by 

taking the percentage ot each size £ran the sum 0£ the sizes 

determined by" £ n b 1,. 

where n is the b-axis frequency, bis the b=axis size. 

2. For the area method, the size frequency was determined by 

tald.'l'lg the percentage ot each size from the sum of the sizes 

det.ermined by %nb. 
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Cumulati1tc cu::•vos ,:,;01•e plotted with the weight percentages as the o.rd.inate 

and with ·!.he b=a:;;:is values multiplied by .85., the correction i'ac~.;or, on 

the absd.ssfi, • 

.t'i. check of the • 85 c-on1;tu•sion factor was m.~<le by using the bed-

!li,-,.tm."ial sr.,:ple., The :results showed close agro0mant to a sie·ve aru.uys:ls 

o:r tho same mat01'":l.vJ. e1:eep\:. on the large grain size end (fig. 11). 

Direct maasuremani:, or the h-rod.s of 1.,000 grad.1w shcr111ad a weighted med.i.&'1. 

value or .J,38 mm and. a gi .. adation coefficient ( er ) of 1. 56. A sieV<:!d sample 

of tha sa.:me bad mate111ial gave a medi&'l vlua of .285 mm and a. gradation 

coefficient of la58. Gradation coefficients of the sieve and weighted 

direct maasm·cr.na."lts were s:ind lar and the dit.fere-ll.ce between the two 

median sizes- showed a valm~ of' .843, a value close to tha .85 predicted 

by the graphs ot tho U .. S. Inter-Agency CCII!11ldttee on Water Resourceso · 

Values stated il1 the text of this study for a givan gra.in=size 

meamu~ent t:o.re the sievc=size equivalent values determined by the abo-"a 

described Z!i0'c,hod a.~ by using .. 85 as the size eonve1--sioh fa.cto!9. 
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APPENDIX C 

Data er.a size and gradation shown for ea.eh of the samples 1.n tablas 8 

&'2d 9 were det,eiui.ned fl"O-Zi.l direc-t measurement or 200 inditldue.l grains 

usi:,g teclmiques desCJ. .. ibed in Appendix B. The bed-material size analysaa, 

hcr~aver., were based on 1,000 measurements. 

Turenty grain mea:.JUl""elllents per sample l'tere ma.de for determination of 

mean shape !actor. Shape factor as used in this report lill'&S originally 

for three mutually perpendicular axes ot the grains, where 

a • maximum diameter of the grain 

b = intermediate diameter of the grain 

c ca smallest diameter of the grain. 

<me advantage in the use ot the Corey sha.pe factor over other shape 

factors is the exte11si ve experimental data available on sediment analysis 

by Schultz., Wilde and. Albertson (1954) and a sunnarizatian or the work by-

the U. S. Inter-Agency Committee on Water Resources (1957) where the Coray 

shape factor '11,fa.s used.. Discussion or the Corey shape !'actor as compared 

to other shape factors is presented by Tou.rtelot (1968, p. 4-7). 

Measu.rements of tha shape ta.ctor as detemined £or the bed=material 

sample of opaque heavy minerals and light n,.inerals were each based on 60 
shape racto:r measurements, 2.0 measurementl!i on each of three grain mount slides 0 

For the sanq:>le identifying numbers in ta.bles 8 and 9, the i"ollowi11g 

criteria were used: Example B ... 47 = B - 1 
(1) (2) (3) (4) 



(l) The J! refers to a "bed" sample as opposed to a 11s11 .for 
$U.6pended sample (Appendix D). 

(2) The la. rst'ers to the continuous flume eJq>eriment. series r,m 
1.1Ulilber. The .f'oD~owing numbers are the designated run numbers 
for this study: 

#45-= Run l 

#47 = Run 2 

#48 a Run 3 

#46 = Run 4 

(.3) The ,D used in the e.xample is a selected core sample. All 
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let tars 1n the third position design.ate selected samples, while 
ntmtbe1"8 :indicate core samples obtained in the established sample 
network. Numbers and letters used are us~ consecutive 
except .f'or (X) used in run 2. 

(4) The 1: in the fou..~h position designates the grain momtt number 
made from that particular core sample~ 

Examples ot horizon:t.al core samples obtained trcm the bed including 

the cores h-an which th& bad samples of light mineral and opaque heavy 

mineral grains were obtained are shown in .f'igm.~e Zl. 



ot-,~ "••":J ""''"'t,,..ls ..... 
Table B . - Size analyses of 4&Ph 'P•II'.u gi ain mowrt., C:cu'f so,..,/~s . 

Median 
Sample (;1:8 (~) 

Bed !{aterial .144 .099 .220 

Run 2 

B-47-B-l , 1J+O .098 .180 

B-47-X-l .133 .104 .158 

B-47-36-1 .105 .083 .150·• 

B-47-37-1 .115 .081 .155 

B-47-46-1 .132 .103 .162 

B-47-46-2 . 140 .107 .176 

B-47-47-1 .112 
/..'vr1 2 ;,._e_ , .. -•·•-

.lc5' 
Run 3 
B-48-A-1 .126 .101 .154 

Gradation 
coeff. 

( 11') 

1.49 

1.36 

1.23 

1.34 

1.39 

1.25 

1.28 

1.23 

Shape Description of Location in Bed~ 
Factor 

.6P4 Representative sample of Bed MatAr:ial 

. 735 

,747 

.715 

.711 

.711 

.718 

Foreset, 2rmn. dk. min. streak_ with interspersed 
light density min. ( S+~. 8t,,1 /.O~,..,.., r-;3io-r of ce,,:'u /,vu:.) 

Topset, thicv.:est concentration in Run 2 (7r..n.), 
dk. zone near s•1rface (:Slo. I?(.,) /.co,,,, 1..-11 ,:.( c,-•,,.,-!u f;...,e_) 

Topset, dk. min. zone (0. 5rrm. )_, J:r.un. below the 
surface (S+o.. lvO; ,&/n-, rif,-1 o{ cenf,.,.- /,'..-,.-) 

Tooset, dk. min. zone (lm.~.), 1.5mm. below the 
surface ($:1"1.. 9,~; ,f.,f,..., le(-!- a+ ce,..,-!t.·r l,r?e) 

Brinkp('l:.nt, dk. min. zone (J.nm1.), 4. 5mm. below 
the surface (S-ia.. :3,5.> . {d ,,.,.. lr:f'./ of r:e•~,.1,-,,- /,.,.,e.) 

Foreset, downstream from B-47-46-1, same dk. min . 
streak but with light density minerals interspersed 
(Sfo. oS :> .- t 1 rr:, lef-1 ,:;I c,·,,:',,,.. line) 

Topset, dk. min. zone (Jmm.), 5mm. below the surface 
(<;.1-0., 8''::) ,,..,,, ce~J,,,,. /,"1-::.) 

Topset, thickest laminae in zone, 1.5mm. thick of 
several thin dk. min. laminations; 5mm. from surface 
(·::;.f·o.., 98.J /.07,,.,_ r,9t-,./ oi Ccwf,,.,. lt·m1). 

I 



Sample 

.. 
Median 

d 
(~) 

Run 3 (continued) 

B-48-B-l 

B-48-B-2 

B-48-10-1 

B-48-37-1 

B-48-40-1 

.154 

.150 

.087 

.124 

.122 

.102 

. 115 

·.063 

.099 

.088 

B-48-52-1 ~110 .082 ---- -----
RiJn 3 /Ive!. , 12:5 . 093 

Run 4 i?.tXl' mID-

B-46-5-1 .144 .102 

B-46-12-1 .100 .076 

B-46-20-1 .135 .095 

B-46-20-2 .103 .070 

dg4 
(mm) 

.198 

.192 

.ill 

.161 

.154 

Gradation 
coeff. 

(o') 

1.40 

1.29 

1.33 

1.28 

1.32 

Shape 
Factor 

.744 

.724 

.721 

• 723 

. 1A~5 __ l_.=.,c33 ___ • 7~L 
,/5'9 1.31 .741 

.218 1.46 .744 

.120 1.26 .715 

.173 1.35 .693 

.150 1.47 .748 

Description of Location in Bed 

Topset (near Brinkpoint), dk. min. zone (lmm.) 
at base of topset 3mm. from surface 
(S-1,;, f/4) .7'? ,.,,., /elf of' cew•e, /,.,.-) 

Foreset, 2.m.'!l.. dk. min. zone with interspers~d . 
light density minErals (S-io>, f/C!,cJ .79rv1 . (eO ot ~e,,.,.-!u- /,..,~) 

Flat Bed, dk. min. zone (0.5mm.) 35mm. from the 
surface (5+ .... 13, . t I..., . .., le·(./. o( Ct,..,.1,-,,- !,-,,.,~) 

Topset, thick dk. min. zone (4.m,~.) at the surface 
(s·i,'I ;)•'7-.) ,(,/,..., /..-.(f 4 1 cu,-';,r/,..,e.i 

Topset, uppermost dk. min. laminae {0. 5:imn.) in 
dk. min. zone 17mm. from surface 
(S-l-c,, .r;z, .i;.I ,.., .fc>(-t o( Cer,l,. 11"' /,.-,,r) 

Topset, dk. min. zone (0.5-1:imn.) 4mm. below the 
surface ) 

(_'S.·fo. 52J . /,,I rn Id'+ of ('e .. -1,,r l,"1e. 

Dk. min. zone (l.5mm.) at base of flat-bed sands, 
6mm. from surf ace ( 51:,.. I iv J o ,-, re.,, -1-e. ,.; I,;.,.,_,) 

Dk. min. zone (0.5w.m.) interbedded w/light 
density, flat-lying ~and, 11mm. from surface 
(S+". IIOJ ""' ce.,.,fr,,. I,·..,.,) 

Mixed dk. min. and lt. density minerals zone 
(1. 5mm.) just below sample B-46-20-1. Taken 20r.m. 
above base of flat-bed sand 
ls-lo., !, o, c.,v, ('~·..,.·le,.. L1-,e) 



Median 
Sample d 

(~) 

Run 4 (continued) 

B-46-26-1 

B-46-52-1 

B-46-55-1 

s-t-~·hol"'1S 
hec,d 1:, u x. 

-147 

.150 

.135 

. 131 

I 127 

(~? d (mAf~ 

.095 .201 

.082 .205 

.0S6 .173 

. 087 . 177 

Gradation 
coeff. 

( ) 

1.46 

1.59 

1.43 

143 

Shape 
Factor 

-758 

.781 

-757 

.742 

, 735 

Description of Location in Bed 

Dk. min. zone (lmm.) 6.5mm. from surface, overlain 
nnd underlain by lt. density sand, 22mm. above , 
bace of flat-bedded material (!Sh. 102 J o"" c_,,,;..~,... f;,,,., j 

z~ne of dv. ~in. w/interspersed light density min. 
(km.), 16mm. below surface, ;::,- 3 5:r.m. above base of: 
flat-bedded sands (S-!ci.. /3oJ 01-1 l"e,.,.;~,- l,,,.,e_) 

Dk. m5n. zone w/inter½Qddcd ligl~t density grains 
(zone :!.s 2. 5:mm. thick) at i--0,se of flat-1:1;;dded 
material, 15mm. from surface ($-le, 1,;,;, o,.., r.,·,,..,0 -/,.,<!) 



w,;,,.,,,,_(s . of.OftlC ~tl"J m,•,._.,..f, ,',a 
Table _2__. - Size analyses of light n;,s,aas;it,r ... associated ·.ri-1:h 11.i iil!"l!•ih opaque @ro;wc: 

San:ple 

Bed Material 

Run 2 

B-47-B-2 

B-47-X-2 

B-47-36-2 

B-47-36-3 

B-47-37-2 

B-47-46-:-2 

B-47-46-3 

B-47-47-2 

Median 
d50 
(nun) 

.287 

.201 

.219 

.176 

.167 

.180 

.222 

.236 

.188 

.190 

·.150 

.155 

.131 

.121 

.136 

.150 

.168 

.138 

.207 .150 

dg4. 
(mmJ 

.247 

.276 

.244 

.229 

.248 

• 315 

.349 

.268 

• 266 

Gradation 
coef t. Description of Location in Bed*, 

c~) 

1. 56 Representative s.:i.:::ple of bed material 

1.29 

1.33 

1.37 

1.38 

1.35 

1.45 

1.44 

1.39 

1.33 

Foreset, lt. min. zone (2mm.) tmderlying dk. min. zone 
sample inB-47-B-l (::Jc,,_ s:,J /,,?'.~v->i r·iq!,,f oc CPn+~,_../,.-,,:,) 

. .., 

Topset, lt. llii::. zone (l.5m~.) underlying dk. min. zone 
sampled in B-47-X-l · (,::+,.,,. 17,1 _. /,00 "'' 1cr-i of c~.,,+,,.,. /,,-,,:.) 

Topset, lt. rr~n. zone (2mrn.) overlying dk.,zone sampled in 
B-47-36-1 (,;.f.<1J. toe> .ti ,v, r, 71, 1 cf' ,,.,,,;,_,.~i,•,,c.:) 

Tonset, lt. min. zone (2mm.) underlying the dk. min. zone 
sampled in B-47-36-1 (S-fa. /1.Jo, .t,,l,ri ri7L 1 I- of- a,,tf.,,,.. l,;1c) 

Tcpset, lt. min. zone (l.5m..~.) underlying dk. zone sampled 
in B-47-37-1 (5f4 'j(,/ . ?! ,.. , lcf'J ol' a·,,,./.~.--/;.,~) 

Foreset below brinkpoint, lt. density grains within the dR • 
min. zone sampled in Pr-47-46-2 ( $le.. 6:!',1 . t,1 ,,, o/ /,r,~) 

Brinkpoint, lt. min. zone (2mm.) overlying thE: dk., min., 
zone sampled in Pr-47-46-2 ( 5..1c.. B'S> , t 1 ,., , /.d ./ ~,r .ce,.,:1~,,- ft-,,,;.) 

Tcpset, lt. min. zone (2mm..) overlying dk. min. zone 
sampled in B-47-47-1 ( S le1. 8<) cu, c.:.·,, /_,,,-- /,>id 

B-47-47-3 __ _ 
. ----····· -··-·--------- Topset, (low a.ngle), lt. min. zone (2mm.) underlying dk . 

min. zone sampled in Pr-47-47-1 (,:;f,~. <'·s; o" ('c11~,,.,~ /;,.-:) ,200 ,/44 . 27I 137 



Median 
Sample (~) 

Run 3 

B-48-A-2 • 236 

B-48-B-2 .254 

B-48-B-3 .290 

B-48-B-4 .212 

B-48-10-2 .243 

B-48-37-2 .199 

B-48-40-2 .232 

B-48-52-2 .200 

B-48-52-3 .220 ---

Run 4 

B-46-5-2 .258 

de4 
(mm) 

.170 .J09 

.183 ,343 

• 196 .388 

.151 .280 

.173 .305 

.155 .260 

.159 .299 

.141 .332 

.167 .360 

Gradation 
coeff. 

(o-) 

1.35 

1.37 

1.41 

1.36 

1.33 

1.30 

1.37 

1.54 

1.30 
/,37 

1.47 

Description of Location in Bed 

Topset, lt. min. zone (2rnm.) underlying the dk. min . 
zone sampled in B-48-A-l (-:::let, 58.) /,C7n1 n9!-,I r,( ce,,1,.,,- l,,;,,e) 

Foreset, lt. density min. from within the zone where dk. 
min. were sampled in B-48-B-2 (-_-rci. /'·'.:) . 79 vn ;,,..fl .,f' t"e,,I,.,.,. .~-,~~) 

Foreset, lt. min. zone (2rnm.) overly:i....ng the dk. min • 
fore set in B-48-B-2 (5+~- /I 1-..J , 79 ,n /eff ,,./' ('~n/.-,-,· /,-,,e) 

Topset (near brinkpoint), J.t. mi.'1. zone (1. 5mm.) over-
lyin.g the dk. min. Zone· sar..oled in B-48-B-l 
( s-l,.,., 114:, . 7? rn lef'f· ,:,-1 ce:.,,_-lu· /,,JC") 

Flat Bed, lt. min. zone (2mm.) overlying dk. mi.'1. zone 
sampled in B-48-10-1 ('Sf,,_ IB; , t; ,..,, /r-·/'I _,,I-- ce,-lc,,,.. 1,;..,e.) 

Topset, lt. min. zone (2mm.) underlying dk. min. zone 
sampled in B-48-37-1 ('Sia. 94,. . ti ,,, 1 /~(',.I r,{ lne) 

Topset, lt. min. zone (2mm.) overlying the dk. min. zone 
( "/ , I \ sampled in B-48-40-1 , Sia. '3.<1, , (pf fr' kf"r c.f' f'e,-n' .. #...- /Me./ ,, 

Topset, lt. min. zone (2mm.) overlying the dk. min.zone 
sampled in B-48-52-1 {5f;.1. 52.J . t I:,, le(".( ~f' cc,...,f.•,,-J,,,-e,.) 

Topset, lt. min. zone (2rnm.) underlying the dk. min. zone 
sampled in B-48-52-1 (S,~a. 52.1 , 6/ m /t"t-/ ,,,(' <e,,I~,,.- i>r•e) 

Lt. min. zone (2mm.) overlyin0 the dk. min. zone sampled 
in B-46-5-1 ( 5-l;i. rit, o-,., re,-,-1-~,,..- /,f-,e) 



Medirui 
Sample t~) d11 (mm 

Run 4 (continued) 

B-46-12-2 .218 .162 

B-46-20-2 .201 .134 

B-46-52-1 .218 .152 

B-46-55-1 .227 .136 

1...-:.,, 1 4 /Ive. ,224 ,/50 

)} Vt'l"f'tj;' 0 ,_( 
,218 .l5'f 

3 f? 1./ YI .5 

Gradation 
dg1 coeff. 

(mm (d) 

.285 1.33 

• 2B6 1.46 

.301 1.40 

.362 1.63 

,319 1.4{:, 

. 2'37 /,40 

Description of Location in Bed 

Lt. min. zone (2mm.) overlying the dk. min. zone sa.~pled 
in B-46-12-1 ($,f,,, /(,,8 .&In; ;,/o/,,/ .~{ ('e,_,,./.,.v- /, • ...,~) 

) .. 

Lt. dens it y min. within dk. min. zone sampled in B-46-20-2 
(Sfa. 110) .,.., <'e.,1,-,-- /,,·,c) 

Lt. min. directly overlying and within the dk. min. zone 
sampled in B-46-52-1 ( ~,(,:,.. 130 ,1 o,r1 ewl,-r· I,.,_,'!:) 

Lt. min. zone within the zone where dk. :mi..11. were sampled 
(B-46-55-1). Light mi.~. separate the v. thin dk. min.· 
lam:inations (Sfa. 15'5') On r'!:'11/,,.,,- ,1,,.,r) 

I .•. , .,;:".., I·· .... '·" , 



F:l.g. Z7. fect:.:io "' of cor3 ~amples showing opaque heavy m:lnera.l beds in: 
(A) Run 2 =t p et b~dd {.;, np e -l.i.7=X r·1: s obtained from a c!'estal a.ccumu= 
lation), ( ) Rtn 2=--f) es~t "'db, {C) Run 3-=topset beds, (D) Rm 3= 
for.ese-'- b. a sample &-~.~=,' ) a11d fls:t bed er-::"?a {samples Bc~l-:.SaoJ, 10, and 
12), C) t "thi·i ·.h~ flt bji d.posits, ('!.") Run '~=at the i:>a.se of 
the .flat 



APPENDIX D ' ..,,, ~· 

Sediment Concentration and S1:_ze Analyses of SusEended Sediment Sam2les 

Table .!.£. - Size analyses and concentration of suspended sediment pojnt 
samples. 

Height *Size {mm) 
Run Location above bed Cone. d50 dl6 d8Ji. Gradation 

(cm) {ppm) 0-) 

1 Trough 33.6 122 .146 .116 .184 1.26 
18.3 236 .186 .154 .225 1.21 
9.2 475 .172 .132 .215 1.28 
3.1 501 .172 .134 .217 1.28 

Brink point 24.4 66 .158 .127 .200 1.25 
18.3 130 .143 .108 .179 1.29 
9.2 117 .148 .116 .187 1.27 
3.1 290 .165 .128 .212 1.29 

Stoss side 18.3 291 .174 • 140 .2Cfl . 1.22 
9.2 234 .174 .140 .216 1.24 
3.1 343 .177 .1.46 .224 1.24 

2 Trough 42.7 458 .138 .104 .172 1.29 
30.5 2304 .187 .l.4.6 .230 1.26 
24.4 1554 .173 .123 .209 1.31 
9.2 2022 .186 .128 .244 1.38 

Brink polnt 36.6 176 .127 .092 .157 1.31 
18.3 256 .138 .101 .184 1.35 
12.2 345 .140 .103 .183 1.33 
3.1 551 .145 .110 .184 1.29 

Stoss side 33.6 391 .140 .107 .176 1.28 
21.4 513 .157 .116 .205 1.33 
9.2 569 .l.46 .lCfl .190 1.33 
.3.1 76.3 .150 .120 .188 1.25 

.3 Stoss side 33.6 59 .130 .102 .165 1.27 
18.J 328 .155 .117. .212 1.35 
9.2 279 .l.44 .112 .184 1.28 
.3~1 618 ·.u.6 .115 .184 1.26 

Flat bed 'Z/.5 25 .116 .090 .159 1.33 
21.4 39 .ll9 .096 .150 1.25 
12.2 218 .134 .105 .160 1.24 
7.6 974 .172 .133 .220 1.29 

4 Flat bed .33.6 512 .123 .088 .156 1..33 
21.4 940 .136 .099 .168 1.30 
9.2 2103 .151 .no .195 1.33 
3.1 6477 .183 .13.3 .226 1..31 

*Size determined by VA tube sedimentation analysis 



APfflIDll E 

By use of• the gra;ph (figo 2.3) constructed froo1 da:"l;a or studies 

conducted by the U. S. L1t9~Aganc..-y- Cooimittee on Water Resources (1957)., 

fall velocities were detet'!nined for the core samples and bed material 

samples (tables 8, 9). Results or those convorsie>l'.s !l'O!ll the weighted 

sieve equivalent sizes to faD. velocity are listed in tabla ll. 



Table L,L.-Fall velocity values (cm/sec) of opaque heavy mi.~eral grains and associated light mineral grains. 

Opaque Heavy Minerals Light Minerals 

Fall Velocit;z:: for Size Pcrcentilf Fall V'? ll)cit;y: for Size Percenti~e 
Sample ct50 ct16 ct84 Location Sample <l50 ct16 ct84 ·Location 

RUN 2 

B-47-B-l J.01 1.81 4.22 Foreset B-47-B-2 2.59 1.74 3.36 Below 

B-47-X-l 2.82 1.94- 3.53 Topset· B-47-X-2 2.90 1.82 J.85 Below 

B-47-36-1 1.98 1.24 3.31 Topset B-47-36-2 2.16 1.44 3.31 Over 
B-47-36-3 2.02 1.27 J.04 Below 

· B-47-::-37-:.I 2.26 1.17 3.45 Topset B-47-37-2 2.23 1.52 3.38 Below 

B-47-46-1 2.80 1.90 J.64 Brinkpoint B-47-46-J 3.15 2.02 5.00 Over 

B-47-46-2 3.01 2.02 4.05 Foreset B-47-46-2 2.95 1.74 4.46 Within 

B-47-47-1 2.18 1.45 2.97 Topset B-47-47-2 2.38 1.57 J.71 Over 
B-47-47-3 2.69 1.74 J.68 Below 

IRUN 3 

B-48-A-l 2.60 1.85 3.42 Topset B-48-A-2 3.15 2.07 4.18 Below 

B-48-B-l J.42 1.87 4. 76 Topset B-48-B-4 J.78 1.76 3.94 Over 

B-48-B-2 J.31 2.26 4.55 Foreset B-48-B-2 J.48 2.28 4.67 Within 
B-48-B-3 4.03 2.50 5.62 Over 

B-48-10-1 1.45 0.80 2.11 Flat Bed B-48-10-2 3.30 2.12 4.30 Over 



Table //. (continued) 

Opaque Heavy Minerals Light Jiinerals 

Fall Velociti for Size Percentile 1 _F<.J.11 Velocity for Size Percentile 
2tocation Sample ct50 ct16 ct84 Location Sample d50 dl6 d 

::.:4 

RUN 3 (continued) 

B-48-37-1 2.58 1.80 J.61 Topset B-48-37-2 2.53 1.82 3.55 Below 

B-48-40-1 2.48 1.48 3.42 Topset B-48-40-2 3.10 1.90 4.22 Over 
o-.,,.;z,,-

B-48-52-1 2.12 1.30 3.18 Topset B-48-52-2 2.56 1.60 4.38 
B-48-52-3 2.91 2.04 4.01 Below 

RUN 4 

B-46-5-1 3.14 l.87 5.19 Base 3 B-46-5-2 3.55 2.00 5.20 Over 

B-46-12-1 1.82 1.12 2.42 Base B-46-12-2 2.88 1.94 4.01 Over 

B-46-20-1 2.85 1.65 3.98 Within4 

B-46-20-2 1.90 0.95 3.31 Within B-46-20-2 2.59 1.49 4.03 Within 

B-46-26-1 3.22 1.65 4.42 Within 
' B-46-52-1 3.31 1.30 4.96 Within B-46-52-1 2.09 1.78 4.13 Within 

B-46-55-1 2.85 1.42 3.98 Base B-46-55-1 3.02 1.52 5.22 Within 

Bed Material 3.14 1.80 5.20 -- Bed Material 4.05 2.40 6.80 --
1. Location of laminae relative to bedding type. 

L ti r l . h,,,v'j .. 2. oca on ° · ':~ density material relative to the sampled Ei-e:Tk opaque mineral laminae. The light minerals t 
were sampled wi~hin the laminae or above or below the -<lark mineral zone. \ 

I 



3. In Run 4, refers to dark mineral zone at the base of the flat-bedded sediments transported during 
the run. 

4. In Run 4, within refers to location of sample of rnaterf.I.al taken from within the flat-bedded sediments 
transported dur:ing the run. 
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