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ABSTRACT

Segregation of opaque heavy minerals (mainly ilmenite and magnetite)
from the light minerals in a natural sand was observed‘in a large (61 m x
244 m x 1.22 m) recirculating water-sediment flume. Bed material (median
size .286 mm) used in the study.was taken from the Rio Grande ﬁear Bernardo,
New Mexico. Opaque heavy minerals (median size .14, mm) present in the
bed material comprised 0.38 percent of the bed material volume. Significant
hydraulic variables, bed configuration, and sorting and bedding patterns
pf 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
types including: |

1. thin accumulations of opaque heavy minerals covering small areas
that were associated with the stoss sides of large dunes with topset beds
and with dunes that lacked topset beds;’ _ '

2. accumuiations associated with the topset deposits of large dunes
and with dunes formed in the transition flow;

3. accumulations associated with the flat-bed condition.

. The most important factors influencing the type and amount of accumu-
lation of opaque heavy minerals are bed configuration and grain density.
Sorting of heavy mineralstassbciated with flat beds‘occurred mainly at the
base of the planar beds, where the most widespread deposit of opaque heavy
minerals of 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.

tDensity'is important to segregation because the difference in shear stress



necessary to move the 1ight minerals and to move opaque heavy minerals is
large. This is shown by means of theoretical considerations of the forces
necessary to move grains of two different densities and by means of analysis
of the bed material and core samples using Shields criteria for initiatimm
of motion. |

Studies of suspeﬁded 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) of
high and low density grains obtained from core samples taken from the bed,
signifiéant variations among different runs were observed for the gradations
of opaque heavy mineral samples and median sizes of light minerals sampled
from laminae adjacent to or within the opaque heavy mineral laminse. Equal
fall velocities of grains of the two different mineral groups were deter-

mined to have little importance in local segregating mechanisms,
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o an adllwrial chermel, vedding patiems produced in cedimant ave
ruepenses Lo Lhe differenthydraulic varlables of a speci;.?i_c fow,
Terieiions in eorbing and rates of sorting, or the segrecstlon of the
srensported msbeorinls according to size, shapss; and density, are
Lpportepd claeabs in the producing of bedding strustunss and ia their
reeogﬁitﬁ;cn' in sedlronte end sedimentary rocks.

E@lé"&i‘.@i& Little is undezsteod aboub the locsl hydranlic conditions
r the gsdinans responsss to thess conditicns thad are resraasible for

' characteristics
sorbing of sedlizents. The relative damsities of perticles svd strezm fims A

have leng toen aosumed to be inportens factors 44 sorting bub their relstive

contributici®5o tha sorting process has not been well understood.

The ralatienchip of hoavy minerals to the more commsn low demaiiy
minerals was fivst deseribed in relation to given hydrenlic conditiens by
Rubsy (1933). REgusl £oll velceltlss of minerals of differcrt donsities

-

wvere coz;siiered by Rubsy ff\\be i.,*"‘a ;:jf}st important fector acccunting for
the eloss association cf‘iw_:igh%;ﬁ: ics density bub larger minsrel grains
in & sodimmi. Other factors considered impoxtamt by Rudey (1933, p. 3)
wore densily :nd hardness of the minerals, differences in originel sices
cef the graf.ma in ths source rock, amount of abrasicn during vt.ranspm"t,
and degros of sortlng at ths site of depositicn.
itteshouse (1943) used the céncept of 'i‘.yf’_a*aulac equivslance t;c
cxplain mineval relabtions in sands of the Rio C»ﬁande in New Zieﬁ.co.v He
deseribad hydranlic éqa;’:mlence (p. 1749) as: *. . . w‘matevér the
hydraulic coaditiens may bs that permit the deposition of a grain of
particular piyuisal proporsies, thesa conditions will also permit
deposition é;;‘ othor grains of equivalent walus.” The distribution of heavy

minerals in the strece bod is considered by Rittenhouse (p. 1742-1743) to



be caussd by varying hydraulic cenditions ab tho time aad place of

depcaition, sgnivelent hydraniic size of each of the heavy minerals s

-

availlsbility of the minersls, and unlmoun fachors.

Studies on sorting of minerals with difforent densities wers cenducted

simi;ltmew:;i;; wieh studies of turbuler;cé, bod rosistance and sediment
transpert ty the U. S. Geological Swrvey abt the Dnginssring Beseawch
condvche

Ceater abt Colorado Eicte Unlworsity. Exporimasnis woro s in a lergs
recirenlating cediment flume using natural send from the Rio Grands south
of Albucusrguer, Mew Hesleo. As part of tha project, this ressarch was
urdertaken in an offort to £iad (1) whet sadimsnt prepsriies and hydranide
vardsbles cre rex;tsr_sibia for the rapid gegregaticn of esrbain heavy
minerals in & moviag sediment lead, and to £ind (2) the modes by which
heavy minsrals zrc trangported and depositad after ssegregcbion hé.s ocqurred.‘

Four flows were studied ab near equilibrium cenditions. CObservaticns
wore made of the simificant hydran e variables, sadiment transport rate,
sedﬁmént sorbing, and the physiesl cheracteristics of the sedimants
entrained by each fiow to obtain the information necessary to explain the
sorting precesssa. | |

This study contributes 0 the undersionding of lsecal sorii.ng :
vrocessas thal effect grains of different dansities. Tscmﬁ.ques?gd
ai® :

resulis egz‘:x he gpplied to otliar shuidies of badding in modewn sdimgnt and
in interprotaticn of ancient sard deposits. Furthzr, observaticns meds
in thsps flwze studies of modes of ssgregation, transport, and asccumulstlion

of heavy mincrals should help in fuiure resserch on and exploraticn for

econamically valusble plecer deposits.
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THEQRETICAL CONSIDFRATIONS

Relatiwe Velncities of Water Transported Particles
with Differing Densities '

Coneideration of the foreces acting on diserete particles 1n a few ,
idealized sicuatlons can provide sn approximation of cenditions in‘the*
netural enviroament. Actual values Hr the velocities and forces
involved in the grain movement would be very difficult to determine
experinentally. However, by making certain assumptions deduced for grains
with different densities approximate relative velocities of grains can be
developed.

For immersed particles moving along a bed, five principal forces are
important in determining the movement of the particle. These forces
include the {1} gravity forces related to the immersed weight of particleg,
the (2) drag and (3) 1lift forces that result from pressure and frictional
effects of the fluid om the partieled, (4) frictional forces that result
from contact'betweegwérainv and bed, and (5) forces resulting from adjscent
méving gréins.

By considérmg:individual spherey that move without interference from
adjacent moving grdins, the principal forces1 can be defined as |

1. Gravity Force

, ,
Fg = ﬁ(,d (p:- )3 (1)
2, Hydrodynamic Deag
F.=¢c.A.P A ¢ nd? | 2 '
0= Lot 2= = G e(v-v,) (2)

Ifor further explanation of drag and lift forces (equations 2 and 3) acting
on a body, refer to 2 standard fluid mechanics text (e.g. Daily and Harleman,
1966, p. 170-171). Frictional foree relations (equation 4) are further
explained in Sears and Zemansky (1963, p. 35), and other basic physics or
mechanics texts. The gravity force (equation 1) is the resultant force
acting on the particle that is dspendent on the immersed weight of the
particle and the gravitational comstant.



3. Hydredmemde T4ft

F Vc)z Wda
Ji:C‘_AsP'—Z"': CL /O(Vf- \/) (3)
4o Friction Force
Fe=C. F, = Cs( Cos @ - F) (%)
in which
Ay is the projected area of the sphere normal to the flow

ceafficient of drag

ceefiicient of 1ift ,

coafficient of kimetic friction betwesn the particle and the bed
diamster of the sphere

frictionsl foree

foree of gravity

drag foree

1lift force

foreces normal to the contact surfacs e§er{.ed by the particle
gravitational constant  (980MP cm/ssc<)

velocity of flow st a representative distance above the bed
relative velocity of flow past a body

velocity of traaslation of the particle

angle between the bed surfaee and horizontal., A positive value
indicates that the bed surface is rising in a downstiream
direction such as on the upstream side of a ripple or dune.

~° = mass dengity of fluld

Ry = nass density of particle

11 R 1 1 1 O O IO

(For further explanation of symbols, see Appendix A). The four forees as
applied to s spherical particle are shown schematically in figure 1.
.sz‘alue af. the gravity force is dependent on the imhersed weight of the
particle and the gravitational constast (980.7 cm/sec). Gravitational
forces can .ei'izjher oppose or supplement drag forces‘ depending on the sine
of ¢ (fig. 3_-)5 Frictional forces acting om moving parﬁicles are difficult
to determine. ,A For.purposes of this study the frictional force was .
assumed propcrtioz_lal to ‘che normal foree between f,he particle and the
bed, The constant of proportionality is’ the coefficient of kinetic
friction. - ‘ ' ‘
‘{ydrodynam_c drag on a grain is dependent on the frictional drag
resulting from surface shear between the grain and the fluld, and the

shape of the zrain or form resistance, which results from pressure drag



Fig. 1. Schematic diagrar of forces acting on a discrete moving
particle in a fluid.




on the particle. It is custamary to define a total drag coefficient Cp
to include both frictiocnal and form drag. |

Lift forces produced on a body are due pmﬁmarily‘to a difference in
pressure between the upper and lower sides of the particle. Increased
velocity resulting from fluld acceleration around the upper side of a
grein causes a local reduction in pressure, while the pressure on the
lower side of the graiﬁ surface at or near the bed approaches the static
pressure of the fluid. 4

The fluid veloeity, V¢ , in equatioms (2) and (3) refers to the fluid
velocity al some representative distancé sbove ths bed.

By use of the four findamental equations (1 through 4), a general
motion equation for particles can be :ﬁzzg;:;hed. Direct comparisons
between grains or different demsities can then the made by establishing

of the graing oF groater density 4o that of the groad o fesser Jenub‘,
ratios of theixr translating motionyand reducing the equations to a form
that expresses the relative difference in the velocities of thg two grain
types for the same flow conditions.

For a particle in motion and having a wniform velocity, the general
translation motion equation for the particle can be expressed as

Fe= Fp—-Fgam @ B (5)

By dividihg the frictional force on one particle by the frictional
force on a particle of different density, the following ratio can be
established Lsing equations (h) and (5).

o F' -Fsin@ _ C.(F cos o-F)
/';. T "‘7;,-&;, sin@ CF’ (Fé' cos @ - F‘,)
The subscript (1) is used to denote the forces and coefficients affecting

(6)

the sphere of the lower density.
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By substituting equations (1) to (3) imto equation (6), and simplifying
terus, the f.‘ollmvﬂng equation can be developed.

C, o3 (Ve-v, ) — 4y (Ps= L )sin @
Co, P3 (V-8 )2 = 4,9 (ps,-PIs1n @

o [4d9 (o~p)cos ©— 3C, o (Vi-Vi ) ]

Cr, [4.:/,3(/%,‘/")005 o — 30"/0(%__%)?._—]_- @)
By considering ¥ = O equation (7) can be simplified to
Cp (Vf"%)z - 0;(4d3 (,Os-,a) - 36‘,0(\/;‘-\4)2 ] o (8)

Co, (V=W " Cel@dg (05,-2)- 3Co, PV -\ )* ]
Equation (8) can be used to determine the relative velocities of rolling
spheres with different densities. |

Assuming the two spheres have equal diameters and therefore equal

drag coefficionts and equal 1ift coefficients and assuming equal coefficients
of friction, equation (8) reduces to

M-V _ (A-p)
(\/f"'vs,)a (/Os'-—ﬂ)

By applying densities of materials of interest In this study: 5.0 g/cm3

. | (9)

for o5 , 2.65 g/cm3 for L5 , and 1.0 gn/cm3 for @, equation (9) can be

expressad in dimensionless form as

Vs - )56 - ( _/__7.2_\./31_)' | (10)
Vs, Vs

A graph of equatioﬁ 10 is shmr‘m in figure 2.

The rel&tive_ velocities of spherss of the two different densities ave
clearly showm in figure 2. The velocity of the denser sphere (vs) is
always less than that of the lighter sphere (Vs, ) except where both are

equal to the fluid velocity (Vg ), a econdition where there is no frictiocnal
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Vs = Velocity: of  sphere with #2=5.0 gm/cm3

Vs,=Velocity of sphere with
/2 =2.85gm m3

Vi = Velocity of fluid

1.0

Vs
Vs,
0.5 -
'o _
0 0.5 :
. Vs,
Vi

Fig. 2. Velocity ratios of equal size spheres but with different
densities. .
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| foree. This condition could occur.when both particlgs are suspended. As |
the velqcity of the lighter particle bescomes progressively #maller, the
relation E% also becomes progressively smaller until a point is reached
where movegént of the denser sphere ceases. AL this point—=the peint of
incipient motion of the denser particle—=the light density particle is
moving at & relatively rapid rats.

A second sltuation that can be spproximated is that of two spherical
particles of equal submerged weight but having different densities.
Substituting values for the densities of the spherical particles of
5.0 g/bm? end 2.65 g/cm?, the ratio of diameters required to obtain equal
submerged weight is 1:1.34. Additional conditions, howsver, must be
;:;::;d in order to derive a general velocity formula such as equstion (10).
1. For consideraticn in the drag force equation, a drag coefficient ratlo
(Cg;/cp, ) of 1.2:1 is assumed. Drag coefficients of the two spheres will
differ beé&use of their difference in size. The value qf-l,2:l was
approximated f;om the Gp vs. Re diagram in the U. S. Inter-Agency Coammittee
on Water Resources Report 12 (1957, p. 20) by using grain sizes similar to
the experimental runs (.12um for the high density grain and .163 mm for
the low density grains). Hers Re refers to the Reynolds number relative to

a particle.

2. The 1lift foreces for this situation are ignored. In an experimental
situation a smsll amount of 1lift should be present for a particle near the

bed, but 1lift forces are'ignored here because of the complications they
would impose on the derivation.

3. The coefficient of friction is considered to be same for both sphericel
particles. This value in reality, would probsbly be different for each
sphere because the statistical mean of the angles between the point of
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contact of stationary particles on the bed projected through the center of
the moving sphere and a line normal to the bed would be larger for the
sphere of a smaller radius (C,-)CF. ).

4. AMn assumption is made for this analysis that the increase in fluid
velocity is linsar, as it is in the laminar sublayer, at least up to a
point where the characteristic velocity is determined, and the fluld
velocity is at the bed surface. For two spheres the diameters of which
are in the ratio of 1:1,34, the fluld velocity at the point of drag force
applicaﬁion of the small sphere would be .746 of the value of the fluid
velocity at the corresponding poimt on the larger sphere.

ﬂcupf assumphins

Ymiwr Cheso addibienei—eendivhens, the basic equaticn (8) can be
reduced to

:/’5' /.22~ (209\’;)_ @)
Figure 3 represents a plot of equation (11) for relevant particle
velocities.

For the development of equations (8), (10), and (11), the bed surface
was considered horizontal; but relstions shown in figures 2 and 3 should
be qualitatively similar for any given bed form slope. The basic
difference in forces when considering slope is the effact of grain welght
on the grain movement /~S—

(A/gr:v;;y force component parsllel to the bed will act against the
drag force if the local bed surface is inclined in a direction opposite
to the emergy slope or the stream gradient. This condition is analogous
to grain movement up the stoss side of a dune or ripple (fig. 1). When
the locel 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,



1.0

Vs = Velocity of sphere with ©=5.0gm, cm3
Vs;= Velocity of sphere with 0= 2.65gm,Cm3

Vi = Velocity ot fluid

/6

Fig. 3. Velocity ratios of spheres of equal submerged weight but having
different densities.
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the particle welght then bacomes additive to the drag force in influencing
grain movemsnt downstream.

In 2ddition to the effect of gravity, frictional forces resulting
from differences in the bed surface will have a marked effect on ths grain
velocity. A coarse sand bed would provide a higher coeffiecient of friction
than a finer sand bed for a given grain size in movement.

Grains moving at the surface of a sediment bed are continually being
deposited and rae-entrained at a rate depandent on the local conditions
of the flow. When considering velocities for high and low density grains
that are much lower than the fluid velocity, there exists a large
difference between the velocities of the two grain types (fig. 2 and 3).

It is at this stage where largs differences in the velocities of the two
types of grains exist or under conditions prior to movement of high
density grzins, that sorting of the two grain types is most likely to
ocecur, Thé low dengity grains can be entrained and moved much more readily
than the high density grains and during transport the high demsity grains
would be deposited first. This type of situation would provide for
efficient sorting by accumulating high density grains in areas where the
flow is not readily capsble of transporting the grains while the low
density grains are rapidly trensported past the area.

These coasiderations show in a simplified menner thst emall denze
grains are more resistant to surface movement than are larger low density
grains. Graphs similar to figures 2 and 3 can be constructed for natural
materials of any density. Then, by considering realistic conditions as
observed in sediments in the natural alluvial environment, the graphs can

help explain some of the observed bedding features that involve materials
of different densities.
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Shear Stress as a Donsity Sorting Paremater
Consideration of critical shear stress ( 7¢c ), the stress exerted by
Just copable o
the flow on the bed that ic neeessews-bo initiat¢>grain movement, adds .
insight into the sorting of grains of varying demsities. Shields (1936)
plottsd expsrimental results of the beginning of particle motion based on

a dimensionless shear stress ( 7,) and a particle Reynolds mumber (R,) where

Y /.
K (%-¥)d
and : R’_ = -—‘%—dfﬂ-—_

with ¥ equal to the specific weight of the sediment grains, ¥ the specific
welght of the fluid, d8 the grain diameter, U* is the shear veiocity orvjr;;,;
with © the flwid density, 2/ is the kinematic viscosity of the flwid, and 75
is the average shear stress at the bed. »

Additionsl d.a.ta. and refinement of this plot by later workers has
resulted in the generally accepted Shields diagram shown in figure 4
(A.S5.C.E. Task Committee on Preparation of Sedimentation Manual, 1966,
pP. 297). Basad on the curve (fig. 4), one can develop the relation of
critical shear to grain size for grains of different densities. Grigg
and Rathbun (1969) have developed such a series of curves that show on a
theoretical basis, that grains of different density but equal fall welocity
require different shear stress for initiation of movement. For a grain
diameter below 0.1 mm, Grigg and Rathbun (1969, p. 79) show that critical
shear is a function only of graln density, but with greins larger than
0.1 mm the critical shear becames a function of size as well as density.

Conditions under which the Shields diagram was developed were quite
different from conditions that existed during the four flume runs. Data
used to develop the Shields curve were obtained from artifically flattened
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Fig. L. Shields diagram showing sediment entrainment as a function of
the particle Reynolds number. (Taken from the A.S.C.E. Task Committee
on Preparation of Bedimentation Manual, 1966, p. 297)
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sand surfasas with wmiform size grains under fully developed Lurbulent
flows in which shear at the bed was just large emough to initiate a few
grain moverents. In contrast to conditions at initiation of sediment
motion, large smounts of sediment are in transport at relstively high
valocitles on a‘.:rewn beds when sorting occurs during the experimental rums.

Even though Shields' (193§) work was devsloped for the situation of
vary small amounts of sediment motion, it gives insight into relations
among moving gmins because during a given flow gralns are continually
being deposited and then reentrained into the flow. One can sees;, at least
qualitatively, from Shields! work that the denser grains w:!.ll require a
much larger shear stress for movement than lighter grains.

An extension of the threshold of motion considerations is the problem
of determining the quantity of sediment in transpofh by grains rolling or
sliding along the bed surface. Best known among the bed-load equations is
the Einstein bedwload Amection (Einstedn, 1950). Einstein's bed-load
equations express a rslation between the intenalty of shear on a particle
(¥) and intensity of transport (& ) where

e

=_?§(B’ I \z
[ WAL 953)

Ve %Y dy

where qBis the rate of transport of the bed=load in weight of total bed
load per time and width, § 1s the gravitational constant, d 4is the grain
diamster, S is the enorgy slope and RY is the hydraulic radius with respect
to the pariiclss (if all resistance to flow is due to particle resistance

end none due to the bed or stresm bank configuration). The shecyr intensity



=
N

porsashor |47} of Tinsteln is escentially the reciprocal of Shields
dlmensionless chear strass (7x) aad is imoortant in detcrmining the amownt

of total trensport rete of the bed load (g, ).

Ezd Porms Produged by Flow in sn Alluvial Channel

Shertiy following

indtiabicn of movement of the bed maberianl, bad

Qf!

forzs start to develod. These Inltial forms zre d;escrihmd hy Kemnady
{1963, p. 522) ae *. . . the result of scour and depesiticn due to the
perturbabtion velocliies induced by any protuberance on the bed." Flows

in alluvial cheznels are classified into two flow regimes (upper and

lower) with a trensition zone betM1 that are based on the bed configu-
ration, meds of sediment transport, process of enersgy dissipation, and

phase relaiicn between the bed and water surfaces {Simons and Richardson,
1963). Relsticnships of bed forms within these two regimss ave shown in
teble 1 and figure 5.

The A.S.C.E. Task Force on Bed Forms in Alluvial Chemncls (1966,

p. 53) definos rlpples 25 bed forms with wave lengths less than epprovimately
one foot and helghts less than 0.1 foot. Dunas are bed forms larger then
ripples and oul of phase with any waber-surface gravity waves that accompany
them, while a {lat bed is a bed surface devoid of bed form. Anbtldunes and
chutes-and-pocls ars in the upper portion of the uppsr flow rogime but were
not studied in this series of expsriments (these features are described by
Simons, Rivhardson, and Nordin, 1965, p. 40-42). '

Bed forms within the lowr flow regime include ripples, ripples
superimposaed on dunes, and dimes. In the lower reglme the water surface
waves and uxdiwlations are out of phase with ths bed undulaticns. In
g@ne:fal, rosistance to flow is high while sodiment transport is small,

n natural siregms, dunss or dumes with superimpossd ripples are the mosh

commaon bed forms {Simons snd Richardson, 1666, p. 11).



Table _/.—-Classification of flow regimes (Adapted from Simens,

Richardson, and Nordin, 1965, p. 36)

Bed Material

Phase relation be~

Flow regime Bed form concentrations | 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 200-2,000 -
Transition Washed out Variable
dunes 1,000-3,000
Plane beds 2,000-6,000
Upper regime |  Antidunes 2,000 Continuocus Grain rog hness {In phase
- predominates :
Chutes and
pools 2,000—>

-~



{a) TYPICAL RIPPLE PATTERN

/

....--.»--.--....'.A'-'-.
(b} DUNES WITH RIPPLES SUPERPOSED

{d) WASHED —QUT DUNES OR TRANSITION

(h) CHUTES AND POOLS =

Fig. 5. Idealized diagram of bed forms in an alluvial channel.
(Taken from Simons, Richardson, and Nordin, 1965, p. 36)

/
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Within the transition flow the bad configuration is very erratic and
ney Include forme common to both the upper and lower regimes. Dunes
present in the Lransition zone will often decrsase in amplitude and
ineresss in length before the bed becames plane (washed-out dunes) {(Simons
and Richardson, 1956, p. 11).

In the upper flow regime the usuval bed forms are flat beds (plane beds)
or antlidunes, with small resistance to flow and large sedimsnt transport.
VWater surfrce waves in this regime are in phase with the baed surface
except during the breaking of an antidune (Simons and Rickardson, 1966,

p. 11).

Bed forms produced by the four different experimental runs in thes
study were dunes ln the lowsr flow regims, long profile dunes in the
transition zone, and a flat bed in the upper flow regime. Terminology
used in this report for the different surface features of dunesg and the
bedding structures associated with the dunes, is shown in figure 6.

Relation of Grain Entrainment to Turbulence

The effect of turbulsnce in a given flow is an important factor in
grain entrazinment. local boundary shear stress must be determined from
the velocity gradient at the bed and camot be determined fram the slope-
depth relationship alone. The apparent shear stress (7 ) in turbulent
flow is expresssd by Streeter (1966, p. 226) as

7= (/14-)2)5_.‘;

in which 4 is the dynamic viscosity,)] is the eddy viscosity that depends
on the sté.te of the turbulemt motion, and dU/JY is the velocity gradient
normael to the bed. Intemsity of turbulence is important because high
turbulent intensities are indicative of large velocity fluctuations and

usually indicate large velocity gradients.
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Fig. 6. Dune profile showingaterminology used in rnport (4x. vertical
exaggeration). Location terminology adapted from Allen, 1968, p.62.
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MeQuivey snd Keefor (1959) studied the ssgregetion of magnetite grains
from quertz on the stoss side of ripples in a small flume, Differences In
turhulent chesr stress from ripple trough to crest and differences in
shear stress required for movement of grains of different densities were
considored by MeQuivey and Keefer as beling important factors in heavy
mineral segregation. Turbulence measurements using a hot-£film snemoweter
were made over sand ripples by MeQuivey and Keefer (1969, p. 2.6-247), and
thelir resulis show much larger turbulent iutensities over the trough area
than over the crestal region of a ripple. Turbulent intensity also
decreased with distance from the bed,

Similar results of turbulence mezsurements are described by Raudkivi
(1967, p. 206=207) for expesriments ;:onxiuctad by Sheen (196L). Raudkivi
describes the greatest turbulent intsnsitles as occurring just downstream
from the point of separntion (brink line) on & ripple. Tae-mess Intense
turbulence is present in the trough area with repidly decreasing turbulent

intensities downstrean.

R. S. ¥cQuivey of the U. S, Geologicel Survey

Plfimcf Cormmonicatte n)

) made velocity

and turbulence messurements at selected locations on the center line for
each of the rma in this study. Velocity measurements were made with a
modified Ottt waleccity meter, and turbulence messurements wers taken with
& constant-temperature hot=£ilm a.nemométer 'systan using techniques
described by Richardson and McQuivey (1958). Results of these studies
(fig. 7, 8, and 9) show large turbulent intensity near the bed and much
larger turbulent intemsitles in the trovgh region than ca the dume back
or at the brink point. Turbulent intensities are less at the brink point
then cn ths duns stoss side, midway batween the dune brink polnt and the
reattachment point of the £low (the location where the flow impedss on the
bed after it hed passed ovor the upstream dune front).
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Summary

Theorstieal considerations of grains with different demsities lead to
the conclusions that: (1) smsll dense grains are wore resistent Lo tractive
wovement than larger low density grains; (2) high density grains require
mich largsr shear stress for movement than is required for low density
grains; and (3) the shear intensity (¥°) of Einstein (1950) indicates that
boundary shear is an important parameter in determining the rate of
sediment transport.

Difforsnt bed forms are produced under different flow conditions
with ripples end dunes formed in the lower flow regime, flat beds formed
in an upper flow regime, and long profile dunes formed under transition
flow conditions.

Turbulent intensities of the flows are large nsar thes bed and decrease
with distance from the bed., Much larger turbulant intensities occur in the
trough regions of dume beds than occur on the crsstal areas with the
turbulent iatensities decreasing rapidly downstream frea the trough area
toward the brink lins of a dune. Intensity of turbuience is ﬁ.nporlﬁant
because high turbulent intensities are indicstive of large velocity
fluctustions and usually indicate largs velocity gradiemts. The amount
of local boundary shear stress is dependent on the local velociiy gradient.



MATERTALS AND EXPERIMERTAL CONDITIONS

A large rocirculating water-sediment flume of rectangular erosse
section and 4imersicns of 51 meters in length, 2.4 meters in width, and
1.22 meters in depth was used for the series of four experdments (fig. 10).
The largs size of the flume permits the establishment of flow conditions
that epproximste flow conditions in a natural chamnel and eliminates many
of the bowdary effects that are assoclated with smaller flumes. The
slops of the flume can be changed by use of adjustable screw Jacks, and
water—sedimsnt discharge can be varied up to spproximately 2.1 cuble
meters per sccond. The interior of the flume is surfaced with aluminum
having en spoxy costing. A transparent plexiglass séction 21.95 maters
long is locabed midway along the left wall of the flume that allows
observations to be made of sediment movement.

rdraulic Measurements
Near squilibrium conditions wers established for each of the flows

be fore sediment. and hydranlic data wers taken. After equilibrium flow2
was established for 2 given experiment, measurements were made of sediment
dischargé, water-sediment, discharge, slope of the water surface and energy
grade l_-in@ s depth, and water temperasturc. Additional hydraulic psramsters
can be calculated from these baslic data. Mean values of significant
hydraulle varisbles are shown in table 2. _

| Water surface slevabions for sevefal profiles were measured every
1.52 meters along the center line of the flume. For ezch profile a line
was fitted to the water surface elevation measurements and theilr

ZEquilibrium flow is defined s flow that has sstablished a bed configu-
ration and slope consistent with the fiuid, flow, and bed=meterial
chzgaeteris)ztics over the working resch of the bed (Simons and Richardson,
1966, p. 3).
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Table ®--Values of experimental variables and parameters for the four kydrawiie flows.

Shear .
Energy Mean Water Mean stress Froude
Run Bed Slopgs Depth Discharge Temp. | Velocity 5 Number
Form (x107) | (em) (cu meters/sec) | (°C) (em/sec) | (dynes/cm”)
1 Dunes 1.0229 32.9 0.4820 20.8 60.0 33.3 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 L0.2 0.49
4L Flat bed 1.7910 52.8 2.0765 21.0 161.2_ 3.2 0.71
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corrocsponding fluma stabions by the method of least squares. The moan
value of the caleulzted slopeslwas taken to be theo averags water-gurface
slope for zach run. By adding the loesl velocity head, “583"(%;72_- s where
Q is dlzcharge, W is chennel width, D is wabter depth, and g is the
gravitaticnsl constant, to the water-surface elevation at a given
neasurerent point, the elevation of the energy grade line was obtained.
Using the energy line elevation point, the slope of the energy lins was
determined in & similar manmer as the slope of the water surface.

Profiles of the bed and water surfaces along the flume center line
were recorded on chart psper by use of a sonis sounder; sad from these
sounder profiles, the depth of flow was determined. The mean depth of
flow (table 2) for the run was determined by averaging the derth values
obtained every l.52 mm aiong each profile.

Water discharge was determined by use of wster-alr monometers that
were cormected to calibrated ordifice msters located in the three returp-
flow pipes. Moan discharge for each mm was determined from an avsrage
of 4 to 20 individucl readings. Water temperatﬁre was held as constant as
possible by use of steam and cold water. The temperature for each run had
a fluctvation of less than + 1° C.

Meen voloelty ( U ) was caleulated by use of the comtimuity equaticn

(4]

52 anmederssecme  ©

U=
DxW

B0

Any error in the mean wvelocity reported would be primarily due to an
error in mesa depth madingso

- The chear siress at the bed (%) and Froude mumber (/F ) are both
calculated from the above measured variasbles. The shsar stress is a
measure of the resistance to flow of sediment abt the bsd sznd is defined

b4 lorg
or a luarge area as T- YDS
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where ¥ is specific welght of water and S is the energy slopq. The
Froude numbsr value 1s a measure of the effect of gravity on the flow
pettern and is defined ss

F= 2=
gD
For a Froude uwiber less than one a flow is definod as tranqull because
the averags valoeity of the flow is less than the veloclty of propagation
in the fluid of small surface waves. For a Froude number greater then one,
the flow is defined as yrgpid, for the fluid velocity execsads the velocity
of movement of the small surface waves.

Sedim:nt is

Sediment Characteristicg——Saend used in the experiments was obtained from
a conveyance channel of the Rio Grande near Bernarde, New Mexico. 4An
arkosie ssnd, it contalns approximately 608 quartz, 36% feldspars, 3% rock
fragments, end 1% sccesscry minerals. Heavy minsrals within the bed
material comprise 1.13% by weight and 0.72% by volums of the total bed-
materinl sample. Dark opaque grains, mainly ilmenite and magnetite,
smowtty to 0.39% of the bed-material sawple by volume. In addition to
megnetite sud ilmenite, there are amphibolss, pyroexemses, garnet, zircon,
tourmaline, axi hydrous iron oxides.

Within this report classification of the sediments will bz divided
into gpacus heavy minersls consisting of ilmenite and magnetite, and
1ight minerals which comprise the remainder of the minersl grains. These
two groupings provided for maximum efficlency in recognition and description
of the sagregation characteristics and conditions.
Size Analysks -~ Tobal Bed Materdal--Samples for the bed-material analyses
(fig. 11) wore chbtained from a composiie sample of ten vertiesl cores of

the bed. Szuples wore taken at random locstions in the {lume after the
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direct measurement are shown.



water had boon drained. ¥edian size, as determined by f£all dlameter using
visual secwmlsiion tubs (U. S. Inter-Agency Commitize on Water Resources,
1958), was .206 mm with a gecmetric standard deviation (O) (A.5.C.E. Task
Committee, 1962, p. 98) of 1.59, where

G':"'!‘ dso 5,/9.‘!. .
z(d’s iy dso )

. . .‘\‘ L
A geometric standard deviation, hereafter referred to as gmda‘fcion,uvalue

of 1.0 refexrs to a perfectly size-sorted sand while a valus of 3.5 or
larger refors to a poorly sizms-sorted sand. Sieve analysis of .t:he bed
material showed a medisn size of .285 mm and a gradation (O°) of 1.58
while direct measurement of grains with ‘conversion to the weighted sieye
size (See Appondix B for e discussion of technique) showed a median size
of .287 and a gradation of 1.56. |

Weighted median size of the opague heavy minerals as determined by
microscops meesurcment in the bad material was .14 mm wi‘c.h a gradation
() of 1.49.

The total-gediment discharge was determined from samples collected
in a width~depth integrated sample collécbad at the lower end of the
flmne.3 Size and grsdation of the collected sodiment was determinad by
use of the wvisual accumulation tube after each saﬁxple was dried and split
to a workable alzs.

Size Analys#s - Suspended Sediment-——Suspended load samples were collected
by a siphon with an inside diamster of 0.95 em. Inlet vélocity at the siphcm

nozzle was adjusted to equal the local fluid weloclty by changing the total
head on the siphon. Local velocities were determined by a modified Ott

3Tha sample iz referred to as an integrated sample bscause it represents a
space=averaged value of conceutrabion.
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velocity moier. For dune rmms 1 and 2, seciment concemtration (ppm by
welgh®) profiles wers determined at the trough, brink point, and high cn
the duns stoss sids (See figure 6 for dune terminology). Two sediment
conecentraticn profiles were measured for the transition run--one in the
plane bed reach and one high on the stess side of ome dune. One concer=
tmt‘ien profile was tekan during the plene bed run (table 3). Sediment
concentrations weye determined at 3.05 cm incramants in tho wvertical
profile at sach messurcmeont location.

Sizo analyses of suspended sediment ssmples were made by use of the
visual sccumlation tube. Four point samples weore analyzed for size from
each profile. Three of the samples wore taken ab loscations 3.1, 9.2, and
18.3 cm above the sedimsnt bed. I the dopth of flow was less than 33.6 cm
at the sample location, the uppermost collected sample (3 cm balow the water
surface) was used for the fourth sample, otherwise the sample was taken at
33.6 e above the be&. To determine the mean size of suspended sediment
st sach vertiesl profile that is shoum in table 2, the pcint sample median
size wes weighted by the concentration at each sample point. Appendix D
conbalns the concentigticn and size analysis for all suspended sediment
sanples anslyzed.

Cpaque heavy mineral greins wers observed in the suspended sediment
samples from each vertical profils location (although not each point sample)
in each of the four runs. Table 4 shows the volums percentage of cpaque
heavy minerals in the suspended load determined by direct measurement
(see ippendix B) for each run. Each of the suspended scdiment samples from
the runs show an opaque heavy mineral content distinctly smaller than that
of the bed msiericl samples. Only run 2 had a volume percentage of dark

opague grains approaching that of the bed material.



‘Table 7 .~—Concentration and size of total transport load and suspended sediment load.

Total Transport Load l[ Suspended Load
ft Ave. Ave. Ave. Ave. Ave. Ave.
Run Bed Form Mean Sizg Gradation {f Location Mean Sizg Gradation

Cone, | dg, (&) Conc. dSO‘ (&)

'Sppm) (gm)' (ppm) | (&m
Dune Back 278 A75 ) 1.23
1 Dunes 351 . 206 1.43 Brinkpointi| 131 156 1.28
Trough 316 172 1.26
_ Dune Back LL3 149 1.30
2 Dunes 778 | .183 1.47 || Brinkpoint 278 | .140 1.32
Trough 2e3 .180 1.31
, une Back 228 L1477 1.29

3 Transition | 827 .206 1.45

~ Flat Bed ¥ 240 .163 1.28
L Flat Bed 1797 .200 ]','59 h Flat Bed 1314 .169 1.32

T?Size'determined by VA tube sedimentation analysis

*&Only the lower three sample points used
#Concentration and Biza are low because the lowest sample was obtained at 7.6 cm above the
bed rather than 3.1 cm.



Table f:—-Analysis of opaque heavy mineral grains in suspended sediment.

Opaque Heavy Mineral Grains

Total
Grain Suspended
Run Counts Materizl Total
in” Median Size | Grain Median S
Samples (rm) Counts «dr} Size (mm) | by Volume
‘Samples:
1 2200 .170 8 .103 0.08
2 2600 .165 23 .103 - 0.22
3 1600 .155 10 LO7L 0.07
A 800 169 2 .103 0.06
Bed
. Material — - —_— 14 0.38

o
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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,
expo.sed at the surf§ce. 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 of the suspended opaque heavy mineral grains in each run

falls below the 20th percentile size determined for the' corresponding bed
| material sample of 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 existe& among sediments mea.suredv in the
different runs. Studies of the opaque heavy mineral grains were
concentrated on the dark mineral laminations of runs 2, 3, and 4. Only
minor accumulations of opaque heavy minerals were present in run 1, and
those were insignificant in thickness and areal distribution when compared
to those in the accumulations of runs 2, 3, and 4.

Core samples were taken from at Je ast two networks across and along
the bed following each flow experiment, at 1.22 meter intervals along the
flume and at center line and .61 meter from each wall. Total length of
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 sﬁau pitsA into one wall of each of which was
inserted a can 6. 5 em in diameter and 12.7 cm in length to obtain horizomtal
cores, Similar cofe samples were obtained from large areas of heavy mineral

segregation that were missed in the network éamples.
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Ingsmich as heavy mineral sccumulations deoveloped only near the upper
surfzces of the sediment, it was necessary that the surface ssdiments be
Included I the zample. Therefore, most samples were taken in such a way
that a small gpace abovse the sediment surface romained at the top of the
. can. Plaster of Paris was poured into this opsn area and moisture was
allowed to avaporate. A chemical soil grout {A¥-9, American Cyansmid Co.)
was poured into the sample and allowed to harden. Adhosive strength of the
grout was cantrolled to permit easy removal of sand grains from selected
areas, The grouted samples were sawed to remove disturbed portions of the
core and the sedimentary structures and segregation of minerals studled in
the positlon that they were deposited.

Selasction of cores for analysis was based on the presence and locatian
of concamtrated beds of opague heavy minerals. The method of preparing and
a description of graln-mounting grains from a laminag within a core sample
is desecribad ixz Appemi:\x B. Data on grain sizes snd gradations for layers
of opaque' heavy nminersls sslected from the varlous core samples are
represanted in figure 124 (complete malyses of size, shape and gradation
are shoun in Appendix C, table 8).

In run 2, opaque heavy mineral samples were obtained frem topset and
Zoreset beds and from the brink lines of dunes. Samples from run 3 were
obtained from topset and foreset beads and one sample was taken from the
flst-bed regicn. Samples from run 4 were obtained from derk opaque laminae
located at the base and within the flatebedded sands. Measurements of
grein size and gracdation for semples shown in figure 124, 12B and Appendix C
{table 8) were obtained from direct measurement of 200 individuel grains

per sample mount.
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Size and gredabion ansliyses nade from grein mounts of light minerels
were cutalned slbher from 1ighd minersl laminse adjacent to or from light
rinsrals present within ocpacue hesvy mineral laminae {fig. 12B).

Malysia of varisnce tests ware canducted for the modisn sise,
gradation (0}, aud shape foctor of opaque heavy minsral grains cbiained
frem core szmples frum yuns 2, 3, and 4. The tests are used to determine
whather two or more sample means could have been obtained from populstions
with the came par&moﬁric nesn with respect to a glven variable, or whether
the samples wers cbtzined from different populations (Sckal and Rohlf,
1969, p. 175). TIn this study the analysis of variance tests were conducted
to determine if tha sediment prbperties of the opaque heavy minerals in
the segregated layors of each rum are significartly differemt in each rum,
Since the scre sodiment wss used for cach run, any significant differences
in the sedizont propertles betwsen runs must be dus to the gffect of ths
differant flows ca the grains,

Date used for the znalysis of varlence tests woere cbtainad from
leminae of cark opague minerals in the core samples {Appendix C, tabls 8),
and the restliis of thesc anslyses are showm in teble 5.

The resulis of the teszis on the median grain size and the graln
shape factor of cpague heavy mineral grains showed that no differences
existed amerg runs at the 5 percent lsvel of glgnificance. A significant
differenes, kaw@ver, aid exist in the gradation swong runs at the 1 percsnt
Jevel. An ¢ postordiori SNK test (Sokal and Rohlf?, 1569, p. 239-246) of
the gradaetion mesns of the thres runs wes conducied to determine which rm
was significanbly different fromn the othors. Resulls of the SHK show that
the moan gredation velue of the opague heevy mineral samples in run 4 13
sisificantly differant from the obther two runs ot the 1 percent

slgnificance Jsvel.
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Table é£.~—Analysis of variancepof median, gradation, and shape factor of
opaque heavy mineral samples from runs 2, 3, and 4.

Sample Source of o Sum of Mean Variance
’ Variation d.f. Saqguares Square Ratio F T F
05 01
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 6.36%  3.55 6.01
Within Runs 18  .10366  .00576

Total 20 .17692

Shape Factor | Among Runs 2 . .00232 .00116 2.36  3.55 6.01
Within Runs 18  .00888  .000L9

Total 20 .01120 -

¥% = (0,0l <Probability < 0.001)
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The wedian size end gradation for llght minersl samples that wore
gompled adjecent to and within the opaque heavy minsral laminse also were
tested by wnalysis of varisnce tests{gradation and medisn vzluss of
samples ars 1listed in Appendix C, table 9). The tests ghow that no
difference in gradation of light minsrals existsed between rums 2, 3, and
43 but, a significant difference did exist at the 5 porcent level betwaen
the median sizes of the samples (table 6). Results of thess tests should
indicste whether & given flow had an effect on the propey bies of Light
mineral grains that were closely associated with opague heavy mineral qre:»s
Jemivee that differed significantly from the other flows.

A SNE test of the meean of the sample median grain sizes for each of
the three runs showed that no significant differsnce asdisted bstwoen ths
three rns. However, a SFK test for uneven sample sizes, such as m used
‘for ﬁms 2, 3, end L, does wt provide sufficient semsitivity to detémine
which yun differed significantly from the other two in its effect on

sample medisn size.
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Table éL.-—Analysis of variance”of median size and gradation of light
mineral samples associlated with opague heavy minerals in
runs 2, 3, and 4.

Sample Source of Sum of Mean Variance
: Variation d.f. Squares Square Ratio F F05 FO1
Median Among Runs 2 .00497  .00249  3.89% 3.49 5.85
| within Runs 20 .01281  .0006L
Total 22 ,01778
Gradation Among Runs 2  .03030 .01515 2.67 3.L9 5.85
Within Runs 20 .11368  ,00568
Total 22 14398

¥ = (0.05 < Probability <0.01)
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EXPER IMENTAL RESULTS

Swmrary of Bed'Foym and Opague Heavy Mineral Sorting Characteristics

Tour &ifferent flow conditions were observed in this study (table K
and based on the terminology of Simons and Richardson (1966}, two runs
were made ia the lower flow regime, one run iﬁ the upper flow regine, aml
one run in the transition zone between the upper and lower regimes. A
bed configuration comsisting of dunes (lower flow regime) existed in rumsl
and 2. Transition bed forms of leng profile dunes and a near flat-bed
condition existed in run 3, while rum 4 consisted entirely of a flat bed
formed in the upper flow regime. Average lengths, heights and length/height
ratios for the dunss of different rune ineasured from sonié sbunder charts
are listed in table 7.

Only thin aceumulstions of opaque heavy minerels covering small areas
were present at the surface of bed forms produced by run l. Al; other runs
resulted in large accumulstions of opaque heavy minerals associasted with
the bed forms.

Low Shear Dunes.(ﬁ&n 1)=-Dunes in rwm 1 were formed under conditions of

much lower shear strees at the bed and a lower Frouds number than were
the dunes of run 2. In profile the dunes of run 1 were generally trisagmlar
in shape with the crest line of the dume coinciding with the dune brink

line. Topset beds were only presént on g few dunes in run 1. The average

angle of inclination of the foreset beds in run 1 was 32.4° with a
standard deviation of 2.3°. Configuration of the dunes forming the bed
surface (fig. 13A) can best be described as linguoid. Rstes of movement
of the duneé ranged from 0.6 to 1.0 meter par hour.

Accurmlstions of cpaque heavy minerals associated with ﬁhe’dunés were
limited to small, very thin ripple=form accumulations on the stoss slopes
of the dunes (fig. 13B). The small thin accumulations of opague heavy

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



Table 7. ~ Mean dune size (with standard deviation).
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Number :
Run ~  of Dunes Height#* Length™* L/H Ratio
Measured (cm) (m)
1. 115 10.2 + 4.9 1.63 £ 0.66  18.2 + 8.7
2 28 30.0 + 13.2 7.24 + 4,67 26.3 + 15.0
3 46 12.3 + 6.8 5.66 + 2.48 L46.6 + 29.6

#Dune héight determined by maximum vertical distance between the trough
point and the summit point of the dune as measured on the sonic sounder

profile.

¥*Dune length was determined from the low trough peint between dunes
to tbe next trough point downstream as meosered on the sonic sounder
profile taken along the centerline of.the flume.



Fig. 13. 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).
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location where the flow impedes on the back of the dowumstream dune after
it has passzd over the upstream dume front ) and migrate up the dune stoss
slope. No sccurmlations of opague heavy minerals were observed in the
foresgset beds. |

High Shear Dunes (Run 2)—Dunes 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 of dunes cormonly ranged from 25 to
110 cm, and averaged 60 cm. Topset beds were pressnt on most dunes with
the total thickness of topsets ranging up to 3 cm. Foreset beds of the
deposits in run 2 showed an average dip of 29.2° and a standard deviation
of 3.1°, Generally the inclinatiom angles of the forsset beds ranged from
28° to 32° bub some low bed angles of 21° to 23° existed that indicate
unstable conditions in the dune development. Dume fronts in rin 2 were
sinuous across the width of the flume (fig. 14, 15), and rates of novemant
of the dunes down the flume (based on successive brink line locations)
ranged from 1.5 to 3.4 meters per hour,

Accumulatiéns of opaque heavy minerals were associzted with the
dunes (fig. 16) and commonly were present as:

1. Accumulations of opaque heavy winerais on the dune sﬁoss slopes
that formed thin ripple-form accumulations and very thin, almost sheet-llks
accumulations. The thin ripple asccumnlations resembled those shown in
figure 13B and were very common on the dune stoss slopes. The ripple accurulations
appeared %o have originated on the lower part of the dune stoss slope and
migrated vp the dune., Thin shest=like accumulations of the opaque heavy
minerasle such as shown in figure 15 were present on meny dune stoss slopes.

2. Thick accumulations of opacque heavy minerals that fbfmed on the
high portions of the dune sssoclated with the dune crest,area. ‘These

accumulations formed the thickest beds of opaque heavy minersl 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.



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 flume 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.



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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observed and the beds were nearly 100 percent efficient in opaque heavy
mineral segregation. Observaticns made through the plexiglass wall of theflume
during the flow showed that the opaqgue heavy mineral sccumulations formed
on the highest portion of the dune (in dune profile). The accurulation as
a whols moved downstream at & rate approximstely equal to the rate of
movement of the dune. .Scour occurred periodically both upstream and
dowvnstream in sreas adjacent to the heavy mineral arca., When degradstion
immediately downstream of the heavy mineral area reached approximately
lto2cm be:l_ow the high point of the accumilstion, a large amount of the
heavy minerals was tra,nsportéd from the accumulation by suspended and
tractive movement. |

3. Accumulations of opague heavy minerals that were deposited between
the duna crest line and the brink line. These deposits, derived from ths
thick crest area concentration of opaque heavy minerals, form pert of the
topset beds of the dune. An example of numercus opague heavy mineral
laminae in the topset beds is shown in figure 17B. |

L. Accdumnlstions of opacue heavy minerals at the brink point and
deposgited on the slip face of the dune. These deposits formed dark laminse
in the foresest beds 1like those shown in figure 17A. The concehtra‘c.ed
opague heavy mineral layers did not extend déwn the foreset beds more than
8 cm (total slip face length on the dunes comrenly was between 20 and
30 cm) and a decrease in concentration of heavy minerals occurred with
increased distance down the concentrsted bed from the brink line. Losses
of opaque heavy minerals from the t.opsetb beds occcurred by tractive and
suspended transport over the brink point.
Transition Bed Forms (Run 3)—The flow of run 3 had a higher Froude number
than the two dune runs but a lower Froude number than the flat-bed flow.

During the run the bed forms alternated between large dunes (fig. 184,

18B) and a near flat-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.



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-bed condition of the run differed from a true £lat bed because at no
time did the flat bed extend the entire length of the flume. In addition,
the near flat~bed condition differed fram the flat bed of run 4 by }xavjhg
a slip face on bits downstream edge as well as slight form irregularities
on its surface. Dunas associated with run 3 had a much larger L/H ratio
than the dunes of runs 1 and 2,

Dunes of run 3 had a distance from the crest line to the brink line
that was commonly 15 to 85 cm with a mean distance of 53 cm. In some cases
the distance was as large as 2.5 maters. Topset beds were present on
virtually all the dunes. Dune fromts were sinuous across the flume as
shown in figures 18A and 18B. Angles of inclination of foreset beds
averaged 28.4° wﬁ.th a standard deviation of 3.2°. Several foreset dip
values of Z1° to 23° indicated local conditions of unstable deposition.
Rates of movement of the dune fronts ranged from 2.7 to 4 meters per hour.

accvmulatiens
Opaque heavy mineral eemeentmabiens wore common in association with

the transition bed forms. s mis were located in the near flat
bed and at various locations on the dunes. In summary, the opaque heavy
mineral segregations were present as:

1. Thin but widespread accumulations neazf-::)asés of flat beds, just
abova foresets formed with or as part of dunes deposited earlier.

2. Llayers of concentrated opaquse heavy minerals within leminations
in flat beds. These opaque heavy mineral layers wére usually thinner than
the opaque heavy mineral beds at the base of the flat-bedded sediments.

3. Accumulations associated with the dune phase of the transition
bed forms. They were basically the same as the opaquée heavy mineral

accumulations associsted with the dunes of run 2, namely:
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accumlafions ‘ :
a. Thin cemesninatdens of opaque heavy minergls in ripple-

accvmdations ;
form and shect=like eemeenbrabiews that advance up the

stoss side of dunes.
axomvlq‘u;u .
b. Thick opaque heavy mineral ecneenbsebiend Lhal were
commonly present along the crestal region of the dune

(fig. 194, 19B).

Aecomviatigns
¢. Cohcentwewdews that were present dowmstiream from the

crest line and extending to the brink line (f£ig. 204,
20B). In several dunes the opaque heavy mineral
segregetion was observed in the foresset beds as shown
in figure 20A.
detvmdlt"u;n

d. Thick eencenimatieons were often present in the topset
beds. These deposits resulted from burial of surface
acevmylations

ooneentasbiens of opaqus heavy ninerals.
Bed Forms of Moving Flat-Bed Conditions (Run 4)-=The flow that produced

the flat beds of run 4 had the highest shear stress and Froude mumber of
any of the four runs. Under equilibrium flow the sediment bed had an
essentially featureless surface (fig. 21). Bed elevetion at any point
departed only a few centimeters from the mean elevation. A4 study of bed
surface elevation fluctuations at one location during the equilibrium flow
showed a maximum fluctuation of only 1.8 em in a 12 hour period, Studieé
by Guy, Simons, and Richardson (1966, p. 2L, 29) show vertical fluctustions
of flat<bed surfaces during several runs as ranging from 1 to 3 cm.
Bedding structures were all flat lying and covered pre—existing bed forms.,
Total thickness of the flat beds in the run was usvally less than 3 cm.

0f the four runs studied in detail, total sediment concentrations in

the total-load and suspended-load samples were by far the largest in run 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 in topset and foreset
beds during run 3. (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.



Fig. 20. Opaque heavy mineral accumulations formed in topset and foreset
beds during run 3. (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.



Opague heavy minerel accumulations were ccmmon in the flat-=bed runs
and sccwmuletions of the heavy minerals were present at the base of and
within the flat beds over virtually the entire flume area. The individual
beds, however, tended to lense out within a few meters. Accumulations were
often the thickest and most widespread at or near the bases of the flat
beds. Dark opaque minersl accumilations in the flat beds (fig. 22)
usuall:y wera not as thick as the heavy mineral laminae at the base of
the flaet beds. Ia run 4 no opaque heavy mineral accumulations ware
present at bed surface.

Relation of Fell Velocities of Dark Onaaqus and Iight Density Grains

Samples of light minerals obtained from laminse adjacent to or located
within laminne having a high concentration of opaque heavy minerals were
studied to examine relations of fall velocities of associated light and
heavy mineral grains.

In order to compare fall velocities, a graph relating sieve slze to
fall velocitvy for grains with a 0.7 shape factor and specific gravities of
2.65 and 5.0 was plobted (rig. 23) frmnlw{); the U, S, In’beroAgency
Committee on Water Rescurces {1957). Values of £all velocities for the
d16’ d50, and d'&h grain sizes were detemined» from figure 23 using the
samples described in Appendix C, tables 8 gnd 9. These fall velocity
values are listed in Appendix E. Fall veloeity relations bebween opacue
heavy minersl grains end light mineral grains of the bed raterial sample
and the average of all the core samples are shown in figure 23. Using the
range between the 16th and 84th percentiles of the opaque heavy mineral
grains and the light mineral grains for. the sampled laminae in the core
samples, the average for the core sarples shows 78 percent of the light
nineral grains heving fall velocities within the same range as 80 percemt

of the opaque heevy mineral grains. PFor the bed material samples,



Fig. 21 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.
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71,. percent of the light mineral grains had fall velocities equivalent to
78 parcent of the opaque heavy mineral grains.

Median fall veiocity velues of the opaque heavy minerals and the
modian fell velocities of light minerals sampled adjacent to (18 samples)
or within (5 samples) the opaque heavy mineral laminas have a correlation
coefficient of .369 (fig. 24) a valu.e that suggests that no correlation
exists. The lack of correlatiﬁ‘:;x,‘ﬁ.;;;.l velocity’ meame between the two
minersl giroups shows that them fall velocity of one group is not a
predictor of the'x; £gl1l veloecity of thg other group. With large
ranges of grains having equivalent £all wvelocities existing for the two
mineral grcups in sdjacent laminae, the lack of correlation for mean
fall velocities of the cpawue heavy minerals and light minerals suggests

the occorence o f
that other factors were much more importsnt forAlocal sorting, be—eeews.

Relstion of Crain Entrainment to Critiecal Shear Stress
and Grain Size '

Based on the Shields diagram (fiz. 4) one can develop the relation
of critical shear (7:) to grain sizes for grains of different densities.

Such a series of curves was developed by Crigg and Rathbun (1969,
P. 79). Two curves similar to Grigg and Rathbun's sre plotted in figure 25
for grains of 5.0 and 2.65 specific gravities. The range between the 16th
and 84th percentiles of the opaque heavy mineral grains and the light
mineral grains of the bed material and the average values for the sampled
laminse in the core samples from runs 2, 3, 4 are plotted in figure 25 to
show that a large difference exlsts in criticsl shear between the two
mineral groups. This difference in critical shear indicates that movement
of the quartz and feldspar grains from sands in this study would occur
much more raadily than the magnetite and ilmenite grains.

Distinct difi‘erenceé in physical size between grains of two dibekesityc.

different densities but equivalent fall velocities lead to a "hiding effect,"
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or & shlelding of the smaller grains by the larger grains from flow
parallel to the bed. In the size ranges of samples in thls study, dark
opaque prains and light density grains with ecuivalent settling wvelocities
have a physizal diameter ratioc of approximately .58 to .62. The largsr,
less dense grains would be selectively removed before the amalier grains
due to physiecal exposure to flow alone. Vhen the small dense grains form
a small part of the surface bed material such as the dark opaques in this

study prior to segregation, a "hiding effect" becomss a significent factor.

Heavy Mineral Transport and Deposition in a Flat-Bed Flow
Observations of bedding structures producsd by the flat<bad run

(run L) showed a widespread distribution of dark opaque mineral accwmilations.
Theae accurmulations of opaque heavy minerals, especially with a thick
scocumulation occurring at the ba:se of the flat-bsdded sands, suggsstied that
the heavy minerals may have concantrated at the base of the tractive load
during degradation and were the first deposited during aggredation.

To test the hypothesls of heavy minerals forming as lag deposits
during a {lat-bed flow, a study was made of the transport of heavy minerals
relative to time wader equilibrium hydreulie cenditions. A small recircu-
lating wator-sediment flume (10 cm deep, 20 em wide, and 10 m long) wes
used in the experiment with a sand bed of the same Rio Grande sand that
was used in ths large flume runs. The sand bad was thoroughly mixed after
the flow wes started. Mixing of the sand provided maximum possible
exposure of heavy minerals to the flow. The recorded duration of the mm
was started just after the mixing of the sand. |

A flat-bed condition was established and maintained throughoui the
study. Hydranlic cconditions necessary to form the flat bed were hold ss

constant as possible throughout the run which conbluued for 47 hours.
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Averags discharge for the run was 10.98 liters/sec with an average water
depth of 7.36 cm. Water surface slope was .0045, and the average temperature
was 16.9° C. Total load samples containing 80 to 135 grams of sediment were
collected at close time intervals (15 minutes) early in the study with
increasingly longer time intervals (up to 7 hours) as the study progressad.
Tobtal load concentrations for the study averaged 2699 ppm.

Sediment from the total load sample that passed the 60 mesh (.25 m)
sieve was retained for magnetite separation. Mag'tetite less than .25 mn
was used in this study as the marker mineral because of ease of separation
of magnetite and the size was chossn because 88 percent of the dark opaque
minerals of the bed material sample were finer than .25 mm. A strong hand
magnet was used to separate the magnetite grainé froem the semple and the
percentage of magnetite relative to the total sand passing the 60 mesh
sieve was calculated. Results of these percentage plots relative to time
(fig. 26) confirm the hypothesis that in a flat<bed flow under equilibrium
conditions there is decreaai:;g:;;-;;sport of heavy minerals with increased

time.
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Fig. 26. Relation of magnetite in transport to time in 20 cm flume—
flat-bed conditions.
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DISCUSSION OF DATA

Relations among Sediment Samples

Light mineral grains snd ope,que heavy nmineral grains in adjacarxb
lominae hed large ranges of oq&m!:mt fall velocities. However,
compariscn of fall velocities of median sizes of the dark opaque minersl
samples and Jight mineral samples from the core samples showed that no
correlation exists (correlation coefficient of .369) for the median values
of these two groups. The light mineral samples were obtained from within
(5 samples) and adjecent to (18 samples) the opaque heavy mineral laminae.
A1l the light mineral samples were within 2 mm of the heavy mineral
laminge. This lack of correlation even when an adequate stxpp]j of both
mineral groups having equivalent fall velocities were available suggests
that factors other than grain fall velocity were much more importent to the eacvrrence
local sortiag.

Gross transfer of the sediment load, however; may be related to the
settling velocities. This relation is suggested by the bad-material
samples in which the fall wvelocltles of 78 percent of the opaque heavy ‘
mineral grains overlap those of 74 percent of the light mnineral grains in
the size distribution range between the 16 and 8) percentiles, |

Suspended sediment grain analyses indicatog that transport of opaque
heavy minerals in suspension does not contribute to the opaque heavy
mineral segregetion. This was indicated by a very low heavy mineral
concentration in the suspended sediment even though dark opaqus mineral
accurmlavions were located at or near the surface. In none of the runs
was there higher percentage by volume of opaque heavy minerals in tha
suspended sadiments than was present inm the bed material sample. Tobsl
cpaque heavy minerals in the suspended sediment samples of the runs were

less than 0.3 percent.
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?0\-""’" and Hhose in the bed wmaterial
8ize of the opaque heavy mineral grains in the suspended samplespslso

precludes the idea of suspension of heavy minerals being the sorting
mec_hanism. A1l but two of the opeque heavy mineral samples cbtained from
the bed corss had larger median sizes than the median sigze of opacque heavy
minéral gra‘ns from the suspended sediment samples. Intenss turbulent
cond:!..tions of the flow, howewver, may temporarily suspend ]Je’g.l’;i‘;, density
m’uﬂ. allowing a bettar segragation of the h‘n\?&\} density m’:eg:;l
Analysis of varisnce tests of maedian sizes and shape factors of
opaque heavy mineral grains obtained from laminae having high concentrstions
of opague heavy minerals show that no significant wvarlance at the 5 percent
level existed between runs 2, 3, and 4. There was, however, a significant
difference at the 1 percent level in the gradation coefficient betwsen
the thres mms. Among the light mimerals from runs 2, 3, and 4 sampled
from laminac adjacent to the opaque mineral lasminae, a significant
difference existed in the median size at the 5 percent level, and no
significant difference (5 percent level) excisted for the gradation values.
Much larger gradation coefficients existed for opaque heavy mineral
sampleg fron rmm 4 then the other runs. Gradation cosificients for opaque
heavy mineral samples of run 4 were close to those of dark opaque grains
in the bed materigl samples. Thils indicates that all sizes of the high
density material in run . were being moved by the flow, while sorting of
opaque heavy minerals towards finer slzes was cccurring in runs 2 and 3.
Sorting, as indicatsd by the gra.d'a.tiona;;ﬁ:;', is the most likely
grain distribution parameter affected by the different hydraulic conditions.
In the flai~-bed flow (run l) segregation apparently occurred at the base
of the bed load forming a widespread layer of opaque heavy mineral grains.

As local ercsion of the bed occurred, the opaque minerals became concen-

trated and subsequent deposition allowed preservation of the dark laminse.
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For such a concantraving wechandsm, the gradation would have a wide range
of values and‘ would depsnd on the ability of the lqcal flow to sort the
semple as to size. In the dune flows, sorting as to size was more effective
&s 1s showm by their lower gradation values.

Analysis of the critical shear conditions for grain movement indicates
that the larger low density grains of the bed material requirs a much
smaller shear for movement than the smaller, more dense grains. Relations
of velocities of heavy minerals and light density minerals (fig. 2, 3)
and the eritical shear relstionship of opague heavy minersls to the bed
material sample (fig. 25) all seam to support the idea that the less
dense grains are much more readily entrained and moved. In addition, a
difference in size between the low density grains and the high density
grains leeds to & "hiding effect" that can effectively shleld the smaller
grains from the flow.

Turbulence is more intenes in the trough region than on the higher
portions of the stoss side or near the brink point of the dune; and, Iin
general, turbulencei;oz‘e intense near the beds A large shear strass at the
bed caused by the turbulent eddies is probably an important factor in the
movament of the opaque heavy minerals, especially in the region of the |
re-attachment point. -

Internittency of turbulence was not studied quantitaﬁive]y, but the
presence of strong turbulent eddies passing over the crestal region wes
observed in the flow and its presence 1s suggested by the laminae of cpaque
heavy minerals in the topset beds. Strong turbulence to inecrease local
shear éould causs a rapld movement of the opacue heavy mineral grains from
the 25&';.4; line toward the brink line--and the low density materidal could
then mova rapidly over the dense grains or be carried temporarily in
su‘spension; As turbulence decreases, the heavy minerals would be depcsited
before the light minerals,
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Bed Forms and Hydraulic Varishles

Observaticns of the four rwns in this study and other experimental
runs mede in the large flume, as well as field observations, indicate
that the bed configuration is the most important single factor affscting
the opsque heavy minersl segregation. Bed configurstion, however, is not
an independent varieble but is dependent on s large muher of the hydraulic
variasbles s shoum by Simons and Richardson (1946, p. 13-16). Among the
most important wvariables affecting the bed forms are the energy slope,
depth of flow, physical properties of the bed material, and velocity of
flow. In flume studies, flow veloclity is considered to be dependent on
the energy slope and depth of flow; however, in field relstions velocity
is the independent variable and depth of fiow is probably the dependent
variable, | |

Under the flow conditions of this study there appears to have been
three fundswental types of heavy mineral segregation.

1. Thin accumlations of opéque heavy minerals covering small areas
shat—weres associated with dunes without the topset beds and the
stzss slope of large dimes with topsé‘a beds.

2. Accurmlations of opague heavy minerals &lawb-weme 2ssoclated
with the topset deposits of large dunes.

3. Accumilations of opaquse hesvy minerals that were associated
with flat-bed movement of ths sediment.

The small areas of thin accumulstions of opaque heé,vy minerals were
found in association with ripples and small dunes. On larger dunes small
areas of heavy mineral accumulations formed on the dune stoss slope,
commonly in the areas jJust dounstream from the reattachment point of the
flow (the location whers the flow impedes on the bed after it hed passe8

accumvlation:
over the upsirean dune front). The aweas- of opaque heavy minerals moved
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up the stoss side of the dine and edditional grains were added to the

migrating aveas during their movement. As ercsion and transporistion of the
sediment occurred all slong the stogss slope of the dune, the downstreanm
movement of the opaque heavy mineral grains in the thin areas of accumilation
is bast explained by thelr greater resistance to movement than ;g‘eieéF

fer the 1light mineral grains. The opaque heavy mineral accumuilations
appeared to move slowly up the dune while the light minerals move rapidly
past the heavy mineral area. Dark opaque heavy mineral accumulations
genemliy meved as very thin ripples having very large L/H ratios (fig. 13B).
Movement of such a form appears to have occurred by (1) increased scour
upstreasm of the concentrated heavy mineral area and by (2) increase in
heiéh* of the rippls build up of heavy minerals. In both situations the
heavy minerals % exposed mg\mger £low.conditions .

Large areaz of opacque heavy mineral accumulaticns often were associated
with tlopse'!: deposits that oceurred on lerge dunes and transition bed forms.
The greatsst thicknesses of dark opaque mineral accumulations were
assoclated with tﬁié type of deposit. Three different situations asscciated
with the topsel sccumulation of opaque heavy mineral grains were: (1) Accumu=
laticns that occurred along the crestal region of the dunes. These opaque
heavy mineral sccumulations moved downstream with the dune. If the dwne
maintained approximately the same shape and height s ‘the crestal accumulation
did not dissipate except for small amounts carried into suspension. These
losses were offset by additions of heavy minerals from upstream areas.

(2) Laminae of opaque heavy minerals that occurred downstream of the crest
line were found both upon and within the topset beds. These heavy mineral
deposits were derived from 2 crestal accumulation. (3) Foreset laminae

of opaque heavy mineral grains: The segregated opague heavy mineral laminae



o 5
é
‘

in the forsset coculd be traced up slope in many cases into the topset beds.
The foreset sccumulations were caused by conditions similar to those that
deposited the cpaque heavy mineral laminze in the topset beds except that
the heavy mineral grains wore transported in sufficient quantitiszs past
the brink point to form the concentrated laminse in the foresel beds.
Concentrations of opaque heavy mineral grains within laminas decreased
with distance down the foresst indicating a diluting of the opague heavy
minerals with low density grains or a decrease in the proportions of
opaque heavy minerals transported to that point.

The bed surface elevation of flat-bed flow under equilibrium
conditions varied by only a féw centimeters from a mean elevation point at
any loestion. Conditions that produced a dsep scour (in thié study, a
transition flow) were necessary in order to move the hés.vy mineral content
of a thick section of the bed material near the surface before the flat-bed
flow could segregate a thick accumilation of opaque heavy minerals.

During flat~bed runs, concentrations of opaque heavy minerals occurred
near the base of the tractive load. This is evidenced by the widespread
concentrations ’of opaque heavy minerals at the base of the flat beds.
Oi_:her W of opaque heavy minerals that were present within
the flat~bads probably represent deposits of heavy minerals deposited in
a manner similar to the way the opaque heavy minersl beds at the base of
the flat beds were deposited but subsequent to deposition of the lower
accumul atioms

- A general absence of opaque heavy mineral grains in the
suspended sediment of the flai<bed flow (table 4) indicates that the
opaque heavy minsrals moved as a tractive load. Resulits of the 20 cm flume
experiment show rapid decrsase with time in the m of heavy grains

transported in a flat=bed flow at near equilibrium conditions. This decrease

in heavy mineral trensport indicates a rapid deposition of the hesvy minsrals.



=3
o 2N

The lcesticn on dunse where the thickest accuwmlabions of opaque
heavy minsrals cccurred was the topset bed area.: Runs 2 and 3 had largs
dunss with Lopsel beds and 1a,§°ge aress of thick accumilatlon associated
wiﬁh-thezn, while dunes of run 1 had no topset beds and no large areas of
concentrated heavy minerals. In order to determine why the opagque heavy
minerals form the large segregations on the topsst, cne needs to determine
how the topset deposits form. This was not a part of this study.

Topsct beds wers deposited with a small dip angle in the downstream
direction (generally 4° to 6°) between the crest line and the brink line.
In general sppearance the topset beds resembled pla.nei' beds of a flat<bed
mm. Accumulation of opague heavy minerals along the dune crest—line area
and deposition of material forming topset bheds may be due to development
of the turbulent boundary layer. Differences in size between light density
grains end cpaque heavy minerals as well as the difi‘emnces in shear stress
required for movement of the two grain types are probably responsible for

the preferantial movement of the low density grains.
SYITEMS (N WHICH ALE .
MODELS OFK)PAQUE HEAVY mzxﬁnommmm COMRIREERS

Mineral Accumulations on lLarge Dunes

Opague heavy minerals accumulate recadily on arsas of the large
dunes. A siightly different concentrgting mechanism seems to be important
for each type of heavy mineral accurmlation. However, important to each
type of accumulation is the condition that larger liglat mineral grains are
moved easier in & given flow than the smaller, more dsnse cpaque hesavy
mineral greins. The greater resistance to movement of the opaque heavy
minerals is showa by the relationships of relative velocities, critieal

shear, end the "hiding effects" of the different mineral groups.
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Small thin gecumulations of opagque heavy minerals form just downsiream
of the trough area and advance up the dune stoss slope at a rate faster
than ths dune movemsnt., This occurs hy:

1. Movement of grains by impinging scour just domstream of the
regbiachment point to a point of lower shear stress where tﬁe amall thin
accymviations

form. Movement of the accumulation occurs becaunse of
increased resistance to the flow dus to (1) increased scour upstream of
the more registant areas, and (2) the increase in thickness of the heavy
mineral accumulstion by the addition of heavj nmineral gr&ins from upstream.
Both of the factors result in exposing the high density grains to increased
flow velocity, and consequently increased local shear siress.

2. The opaque heavy mineral masses move 2s very thin ripples (ripples
<1 mm thick) up the stoss side of the dume back (fig. 13B), the rate of
movement being primarily dependent on the amount of the opaque minerals and
the temporal shoar stress of the flow.

During trensport up the dune the thin concentrated opaque heavy
mineral mass moves to the crestal area of the dune. Segregsted areas of
heavy mineral grains increzse in size as entrained opaque mineral grains
are’ added fron the eroded material on the dune stoss side. High on the
stoss side of some dunss, these conceutrations of opaque heavy grains may
cover large areas (fig. 15, 18B).

An accumilation of the thin migrating opaque heavy mineral masses
occurs on the high crestal regicn of a dune, often forming a thick deposit
of the opagque heavy mineréuls (fig. 198). This accumulation of opacue
heavy minerals tends to migrate at a rate comparable to the rate of dune
movament. In addition, the thick crestal accunmlations serve as the
source for the subsequent flat-bedded layers of heavy minerals in the

topset. Rates of accumulation and loss of the cpaque hsavy minerals to



suspension and to the foreset beds, however, are variable with local
hydrenlic conditions.

Cpague heavy mineral grains are transported from the crestal zccumla-
tion by the wnsteady strsam flow. During periods of rather high turbulence aw/ sheer
the opagus heavy grains ars moved from the crest, transported mainly by
traction, and are deposited on the topset bads (fig. 20B) downstream of the
area adjecent & the crest lire. During the period of high shear while the
ocpaque heavy mineral grains are in transport, most of the light mineral
greins are either carried in suspension or transported rapidly over the
opaque heavy minerals by traction. With reduced turbule;;:::l‘i;a:equent
deposition of light minerals buries the opsque hesvy mineral layer causing
it to form part of the topset bedding.

- When concentraticns of opaque heavy minerals are deposited just past
the brink Iine in the foressset beds, a .periadicitj of transport is indicated
by the alternation of light with heavy mineral layers in the foresst
sequence (fig. 17A). This pattern can best be explained by intermittent
conditions of strong turbulence. The intermitteant turbulent eddies cause
Increased Lraction of the heavy demsity grains that can result in movﬂhg
them past the brink point. Host of the low density materisl is either
carried into suspension by the increased turbulence or moved rapldly over

the small, high density grains.

A large totel load is moved in the flat-bed condition and erosion
and deposiilon occur st a rapid rate until the flow reaches near
equilibriur conditions. Under equilibrium conditions the opaque heavy
ninerals with a higher resistance to movement than the less dense minerals,

tend to move in traction at a slower rate over ths bed than the light
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ninerals; end, thsrefors, the opaque heaﬁy minerals move mainly at the base
of the bed load.

Concentration of epsque heavy minerals occurs prineipally during slow
degradation of the bed and the opagque heavy rinerals concenbrateb at the
base of the bad load. Such a situation is evidenced by numerous samples.
showing opague heavy mineral accurmlation directly overlying foreset
beds of pre-existing bed forms (fig. 22). Deposition of the opaque heavy
minerals occurs when a quasi-stablized level is rsached. The opaque
heavy minsrals moving as bed load are buried when aggradation of the dedeht
dummlbymprwings occurs, and the heavy mineral layer is preserved in the
flat=bedded sediments.

Depositlon of opague heavy mineral beds higher In the bed is probebly
formed wnder similar condltlons, except degradation does not reach the
lower level. of an earlier flow. Usually after the flow has reached near
equilibriws condliticns and flowed in that condition for some time, ,oﬁly
small amounts of opaque heavy minerals are present at the surface.
Howaver, a short distance below the surface widespread opaque heavy

mineral accumulstions are present over most of the bed.
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CONCLUSIONS

1. The type of bed configurstion and the absence or presence of topset

beds appear to be the most important factors affecting local segregation

of heavy minerals in sn opem'channel flow. Bed configuration, howsver,

is not an independent variable but is dependent on a large mmber of

hydrauliec variables--the most important being emergy slope, depth of

flow, velocity of flow, and the physical properties of the bed material.

2. Three findsmental types of heavy minersl accurmlations were observed

in this study.

=

Coe

Small areas of thin accumulations of opaque heavy minerals that
were assoclated with dunss, They move as thin ripples and
commonly originate in the area just dounstream of the reattach-
ment point.

Accumilations of opaque heavy mineral gra.ins that were associated
with the topset deposits of large dunes. These accumulations
often formed thick deposité along and adjacent to the crestal
arce of the dune. Opaque heavy mineral segregations were also
present within the topset beds, at the surface between the crest
line and brink line, and in some cases formed deposits in the
foreset beds. The segregated layers in the forsset beds wers
prcbably due to mass transport of heavy minerals from the topset
area past the brink line by strong conditions of turbulence. |
Accummulations of opaque heavy mirerals thst were associated with
the flat<bed flows. The thickest and most widespread of the
flat=bed segregations of heavy minerals occurred at the base of
the flat beds, but additional laminations of heavy minerals vere
present in the flat beds formed by the flow.
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3. Among the opague heavy mineral sediment properties of size, gradation,
and shaps obtained from core samples taken from the bed, the _only significant
variance thet occurrad bstween runs 2, 3, and 4 was a difference in the

gredetion seafficient () of the opaque heavy mineral grains.

Lo Theoretical considerations indicate a distinct difference escists in
the transport rates of spheres of different densities moving as bed load.
There is a warked difference in initie.l‘movemant. of two spheres of specific
gravities of 2,65 and 5.0 for theoretical bed movemsnt. The initlation

of motion of grains is illustrated by the Shields dlagram (fig. 4). Bﬁsed
on the Shislds criteria, curves can be developed that show the relationship
batween critical shear and grain sizs for materials of different densities.
Twe of those curves were constructed eand they clearly show that the

opaque heavy minerals are rmch more resistant to motien than ;ixe 1light
minerals.

5. Turbulsnce wes stronger in the trough region than on the higher
portions of the stoss side.pr near the brink point; and, in general, the
turbulence increased near the bed. The large turbulaent intensity,
especially as assocleted with the dune beds, wss probsbly an important
factor in e':réating large shear stresses at the bed and in moving, large

amounts of opaque heavy minerals on the dune stoss slopes.

6. Correlstion enslysis of fall velocity values for medisn sizes of
opague heavy mineral grains and light minerals from laminae adjacent to
or within the opaque minersl laminas indicates that the median fall

mmernl g rovps
velocities for the two guedns are uncorrelated. This lack of correlstion

suggests fall velocity alcne had little or no effect on the local sorting

of heavy minerals.,
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7. Malyses of suspended samples from different locations in the four

rns indicate thet opagque heavy minerals make up less than 0.3 percent

by volume of the suspended sediment. The low concentration and the size

of the opscuz heavy mineral grains in suspsnsion preclude the possibllity
that suspension of the opaque heavy minerals is an important factor in
segrogaticn of the grains. Strong turbulent conditions mey cause some local
sorting of heavy minerals by the suspension or more rapid bed=load movement
of the light density materdial. '
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SUGGESTIONS FOR FURTHER RESEARCH

1. This study of heavy mineral segregstion was conducted‘with ilmenite
and magnetite used as the marker minerals. Similar s*tﬁdies should be mgde
using heavy minerals with distinctly different densitles than those used
in this study. Such research would help esteblish better relations of
heavy mineral segregation to flow conditions, bed forms, shearing stress,

and relste the fall velocity of the bed msterisl and the heavy minerals.

2. All observations in this study have involved flow conditions and bed
forms generated in s large flume. Similsr conditions of heavy mineral
segregation also exist in the natural enviromment. Segregation of dark
heavy minsrals has been observed by the author in streams, along the besch,
along the crests of wind=blown sand dunes (Gr.eat. Sarﬁ Duneé, Color:ado) and

All of these heavy minersl accomvlabiins show similarities o the accomvlahrions observed in the
in economic placer deposits (Lakehurst, New Jersay).A Studies of the flome
transportation, deposition, and segregaticn of heavy minerals in the |
natural enviromment should be conducted to expand or disprove the
conclusions of this study. |

From t,he understanding of heavy minersl segregations in modern

environments, the next step would bz to evaluate the flow conditions and
the type of sedimentation process in ssndstone deposits where segregated
layers of heavy minerals are preserved in :;';e, sedimentary structures.
3. The "hiding effect," the difference in exposure to a given flow due

to a difference in physical size especially betwesn grains of different
densitles, may have a marked effect on the sorting of heavy minerals.
Little is known about the "hiding effect" except for the general concept.

By collecting and messuring the total-load samples from different sand



densities snd sizes under various flow conditions in a flume, some
definite condlusions should be generated about the significance of the

"hiding effect,.”

L. Bed forms and associated bedding structures offer an important area
for research. Conditlions necessary for the development of topset beds on
dunes and their relation to flat beds and movement of the sediment on each

area of the different bed forms are in need of further study.

5. Quantitative studies of cross=bedding produced under known flow
conditions would be useful in determinations of flow conditions responsible
for the formation of bed forms observed In sandstones. Observations of
crogs=bedding in this study suggest that with decreasing Froude number for
a given flcw, the angle of inclination of the foreset beds produced by
that flow becomes larger and the emount of variance in the foreset 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 recently have techniques been developed that permit measurement of
turbulence in flows containing large amounts of suspended material
(Richardson and McQuivey, 1968). Studies of the intermittency of
turbulence and the rssulting bedding patterns due to the turbulence effect
on the flow should provide new insight into sedimenﬁary 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 radio-active tracer particles of similar size and density of
the materisl wnder study would help in the understanding of grain movement
especially in the heavy mineral accummlations. Such a study would ald in
an understanding of deposition and erosion of individual grains as well as

a beiter wnderstending of the sorting processes.
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APPERDIX A

Symbols and Norenclature

Definition
area, such 28 the cross sectional area of the flume
projected area of a sphere normwal to particle movement
longest diameter for 3 mitually perpendicular axes

intermediste diameter of a2 grain for 3 mtually perpendiculer
axes

coofficient of drag for a sediment particle. The coefficient
of drag varies with the particle gecmetry, reletlion of particle
shape to flow, snd the Reynolds number of the flow

coefficient of friction for a sediment particle. The
coefficient of friction depends piimarily on the nature of
the particle surface and The surface of the material with
which it is in contact.

coefficlent of lift for a sediment partlcle. The coefficlent

of 1ift depends on the shaps of the particle, relation of
particle shape to flow, and the Reynolds number of the flow

shortest diasmeter of a grain with 3 mubuelly perpendicular
axes

mean flow depth
diameter of a spherical particle

diamster of a grain--equal to sieve diameter or approximately
equal to b=dismeter of a particle

hydrodynanic drag force-—force exerted by the flow on the
particle parsllel to the relative motion of the flow

frictional force-—resistance to motion between two bodies
in conbact

gravity force

hydrodynamic lift force~=the force component produczd by the
{flow on a particle that is perpendicular to the direction of
the flow and opposing the gravity force

resultant force normal to the bed surface

Froude number = U/FgD —A ratio of inertial forces to
gravitational forces
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Definition
gravitational constant (930 7 cm/secz)

dune helght--vertical distance frcm trough point to crest
point

dune lnngthmnmeasured from trough of a given dune to trough
point of the next dune upstream

nuiber count of a given size in grain size analysis

£luld discharge (cubic meters/sec)

bed load discharge——welgh% of sediment carried in bed load
per vnit width/unit of time

Reynolds number = -U.};)- ==g ratio of inertial forces to viscous
forces for the mean flow

particle Reynolds mumber = U,d/3y —a ratio of inertial to
viscous forces relative to a particle

hydraulic radius a channel wculd have if the resistance to
flow was limited to grain roughness (no resistance due to
bed form or stream bank roughness) This term can be stated
in terms of the average flow depth (D) with corrections for
bed form roughness

energy slope of the fluid

~ fluld velocity

rean fluld velocity

shear velocity —-Y"‘/ The shear velocity is not a real
velocity but is related to the real velocity which would
glve rise to a shear stress % (Henderson, 1966, p. 412).
root mean square of longitudinal velocity fluctuations
veloeity of flow at a representative distance from the bed
relative velocity of flow past a bedy

velocity of translation of a particle

velocity of a particle with a different density than the
particle using Vs

channel width

height above the bed surface
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Definition

specific weight of water

specific weight of a sedimaab grain

‘eddy viscosity that depends on the staie of turbulent motion
angle between the bed and horizontal line
dynamic viscosity of the fluid

kinematic viscosity of the fluid =ﬁ=wa ratio of viscosity
to mass density r*

mass density of water
mass density of a particle

mass deasity of a particle with greater density than the
particle with density

geometric standard deviation of a sediment size distribution
=L 9 , dig
Z(dlln dso
shear stress in the fluid. For turbulent flow 7 = (/‘H)Z)%%
and for laminar flm7'=/~lg_§!(
average shear stress at the bed = ¥DS~=force per unit area
acting on the bed in the direction of flow

critical shear stress for sediment particles—-the minimum
amount of shear stress necessary to start movement of
particles at the bed

dimensionless shear stress (Shields entrainment function) = (—;ij) d
S S

Ednstein‘s intensity of bed-load transport = %(g‘f—g ?“;5) =g
dimensionless measure of the bed-load transport>'"S

Einstein's intensity of shear on a particle = x’;r-es,'s‘ =23
function for correlating the effect of flow with the intensity
of sediment transport




APPENDIX B

Ggaiml’nmt Preparation and Relationship of Direct Grain Messurements
Lo Sieve-Size Equivalents

Preparation of Grain Mounts—-Grain moimt.s for size analyses were prepared
for the bed material sample, core samples and many of the suspended sediment,
samples studied. Vhere loose sample grains were used, such as the bed
meterial sample, the sample was reduced in slize by a microsplitter to a
desired size. For samples of opaque heavy mineral grains and light
mineral grzins that wefe obtained from select laminatlions or area of a
grouted core, the materisl was removed by use of a blunted dissecting
needle. Both types of samples were prepared by distributing the grains»
as evenly as possible onto a petrographic slide that had previously been
covered with alcohol. The grains, in settling through the- alechol,
oriented themselves with their shortest axis (c-axis) perpendicular to the
slide. Hezsurement of 500 grains for shape factor analysis showed that
this orientation occurred for 88% of the gréins. Those grains with the
c-axis lfying parallel to the slide usually had a c-axis length very
similar to the intermediate axis (b-axis) length.

When the aleohol evaporated, a residue remained 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.

Sieve-Analysis Equivalent of Direct Messurement—-Mounted mineral grains
were measursd directly by use of a petrographic microscope with a

calibraebed syeplece that was divided into units of 12.125 microns. For
most samples, intermediate axes (b-axis) were measured in unit sizes on
200 grains per slide., VWhere more than 200 measurements wsre used for a

given sampls, sdditional slldes wers made.
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If an sbundance of material was available, such as the bed-material
sample, grains were selected by an squil=interval point method. A
pattoran of cvenly spaced intervals was made by use of a modified stage
micrometer mounted on the microscope. If a grain was praesent undsr the
stage stop, that grain was measured. A stage Iintervel was selected that
was large enough to prevent repstition of Mdiﬁdual grain measurcments,

Slides made from samples with limited amounts of material (samples
from grouted cores) were snalyzed by a line measurement technique. In
the line mazthod, horizontal traverses were made over the slide at equal
imtervals and the beaxls was measured for each grain of the particular
mineral being studied that the line crossed;

The probability of a grain being measured by the point method is
in direct proportion to its projected area parallel to the slide, while
the probsbility of a grain being "hit" by the line method is in direct
, proportion to the diameter of a grain pérpendicular to the traverse line.
Neither of these msthods s however, allows for differences in the thickness
of the grains perpendicular to the slide.

Opaque heavy minerals snd light m‘nerals were studied separately, and
both groups had mean shape factors of near equant shape (.68 to .75 shape
factor); therefore, a relation between measured size and weighted sieve
equivalence was determined.

In order %o make the direct measurements equivalent to the weight-
size equivalents determined by sieving, a ccmmon measuring factor was
used. The best common stsndard for such a relation was the nominal grain
diameter defined as the d:Lame'ber of a vphere that has the same volume as
the particle (Lane, 1947, p. 937). The U. S. Inter-Agency Comaittee on
Water Resources (1957, v. 31, 33=35) developed graphs from extensive

studies that show the relation of the intermediate axes of grains
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to their nominal dismsibers and the slieve size equivalents oi'b grains to
their nominal dismetsrs for various shaps factors. Based on the graphs of
the U. S, Inter-Agency on Vater Resources (1957, £ig. &, 5), the sieve
digmeter equivalent of the grains is .85 times the value of the direct

termediats axis measurement (using a shape faétor of .7) for the grain
sizes in this study.

. Besides differences in bt-axis and sleve-size measurement, other factors
had to be comsidered for conversion of direct measurement to welight
frequencies of a sieve analysis. Differences in grain thickness for
different grain sizes had to be considered as well as the probability
that a certain size grain was measured by the line method :m its correct
percentage proportion relative to different grain sizes. Differences in
grain thicknesses were corracted by multiplying the besize frequency
count by the b-axis dismeter. The probability of a grain being "hit" by
the line method which is in proportion to its area parallel to the
mlcroscope stage was determined by multiplying the frequency coumt by the
b-axis diamater. To computa a weight frequency distribution from direct
measurement, the following manipulations of the direct b-axis measurements
were nmade.

1. For the line method, the size frequercy was determined by
taking the percentage of each size from the sum of the sizes
determined by X nb®

where n is the b-axis frequency, b is the b-axis size.

2. For the area mefhod, the size frequency was detemined by
takidng the percentage of each size from the sum of ﬁhe sizes
determined by Znb.
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Cumulative curves weve plotied with the weight percentages as the c.rdinate
and with the benxls values mulbtiplied by .85, the correction fachor, on
the abselsss.

A ¢hack of the .85 conversion factor was made by using the bed-
materlal semple., The resulls showed close agrocmsut o a sieve analysis
of the some materisl except on the large grain size end (f£ig. 11).

Direct measurameni of the beaxis of 1,000 grans showed a weighted median
value of .338 mm and a gradation coefficient () of 1.56. A sieved sample
of the same bed materisl gave a median vlue of .285 mn and a gradaticon
cosfficient of 1.58. Gradotion coefficisnis of the sleve and weighted
direct measurements were similsr and the difference between the two

medisn sizmes showed a value of 843, a value close to the .85 predicted

by the grapls of the U. S. Inter-Agency Ceamittce on Water Rééources. :

Valuss stated in the text of this study for a given grah};size
BeIsUrSmons &re t}m sieve-size equivalent valuess deterﬁined by the above

described moethed and by using .85 as the size conversion factor.



Analyses of Cpague v Minsral Gr: | Lioht Mineral Grains

AT -2
’.

Data cn size and gredation shown for each of the samples in tables &
ard ¢ were deteymined from direct measurement of 200 inddviduel grains
using techniques described in Appendix B. The bsdematerlal size analyses,
however, were based on 1,000 measurements.

Twenty grein measurenents pér sample were mede for determination of
mean shape factor. Shape factor as used in this @ort wes originally
definsd by Corey (1949) ae

S.F, = W"
\

for three mutually perpendicular axes of the grains, where
& = paximm dismeter of the grain
b = intermediate diamster of the grain
¢ = smallest diameter of the grain,

One advanitage in the use of the Corsy shape factor over other shape
factors is the extensive experimental data a.va:llable' on sediment analysis
by Schultz, Wilde and Albertson (1954) and a summarization of the work by
the U. S. Inter-igency Comittee on Water Raesources (1957) where the Coray
shape factor was used. Discussion of the Corey shape factor as compared
to other shape factors is presented by Tourtelot (1968, p. 4e7).

Heasurements of the shape factor .3.3 determined for the bed-material
sanple of opaque heavy minerals and light minerals were each based on &0
shape factor mecasurements, 20 measurements on eacvh‘ of three grain mount slides.

For the sample ldentifying mumbers in tables 8 and 9, the following

criteria were used: Example B=e/A7=8B=1
(L) (2) (3) (1)



(l) The B refers to a "bed" sample as opposed to & "S" for
suspended sample (Appendix D).

(2) The 47 rsfers to the continuous flums experiment series run
ounber. The following mmbers are the designated mm nunbers
for thiz study:

#45 = P 1
#47 = Run 2
#4,8 = Run 3
#4,6 = R &

(3) The B used in the example is a selected core sample. All
letters in the thlrd position designate selected samples, while
nmurbers indicate core samples obtained in the established sample
network. MNumbers and letters used are usually consecutive
except for (¥X) used in mm 2.

(4) The 1 in the fourth position desipnates the grain mount mmber
made from that partieular core sample.

Examples of horizontal core samples obtained from the bed including
the cores from which the bad samples of light minersl and opaque heavy
nineral grains were obtained are shown in figure 27.



' » pve Alcvj minerals
Table & . -~Size analyses of dewt—opaquemgrmirr—moerts

‘:"" Core MM,/CS .

Median Gradation "
Sample d di6 dg coeff, Shape Description of Location in Bed
(mgg (mm) (mm& () Factor

Bed Material .144 099  .220 1.49 NIA Representative sample of Bed Material

Run 2

B-47-B-1 <40 .098 .,180 1.36 735 Foreset, 2mm. dk. min. streak with:interspersed
light density min. (S*a. 86, £04 m rigut of center fine)

B-47-X~1 .133 104 .158 1.23 .747  Topset, thickest concentration in Run 2 (7mm.),
dk. zone near surface (S7e./7i, £00 7 [ff of conder fine)

B-47-36-1 .105 083 150" 1.34 715 Topset, dk. min. zone (0.5mm. ), 3mm. below the
surface (S'!“az‘ 100, obfre r/'7.":4 ol center lae)

B-47-37-1 J115 .081  .155 1.39 .711  Topset, dk. min. zone (lmm.), 1.5mm. below the
surface (Sia. 9¢$) Gl m1 left G f cemder hime)

B-47-46-1 .132 103,162 1.25 .711  Brinkpoint, dk. min. zone (Imm.), 4.5mm. below
the surface (S-?'.q_ 8»’) VOl me el of Oty /!‘ryg)

B-47-4,6-2 140 107 .176 1.28 .718 Foreset, downstream from B-47-46-1, same dk. min.
streal but with light density minerals intersperscd

| (ta. 85, 4!y left of Cosrdr iine)
B-47-47-1 .112 .087 ,138 1,26 .693  Topset, dk. min. zone (3mm.), 5mm. below the surface
Rusrr 2 Ave. NYed 035 60 /.50 L7029 (Sta, 55) o center  fine)
Run 3
B-48-A-1 .126 L1101 .154 1.23 754 Topset, thickest laminae in zone, 1.5mm. thick of

several thin dk. min. laminations; Smm. from surface
(b"tt?—. 98) 4T e F'?A-/‘ o'[ Crnder /"ﬂ‘:),
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\

_ Median Gradation
Sample dso d dg), - coeff. Shape ~ Description of Location in Bed
mm min mm 5 actor
(m) @ @) () Fact

Run 3 (continued)

B-48-B-1 154 .102 .198 1.40 JTLL Topset (near Brinkpoint), dk. min. zone (lmm.)
at base of topset 3rm. from surface

. (‘3'(‘.’«{ {'“fr} 79 /r(‘/ orc CitFes /,r)f) .

B-48-B-2 «150 15 .192 1.29 .769 . Foreset, 2mm. dk. min. zone with interspersed .
Tight density minerals (%2 1i4.2, . 79m. fefd of cemter [1ne)

B-48-10-1 .087 w063 111 1.33 724 Flat Bed, dk. min. zone (O.5mm.) 35mm. from the
surface (Sta. [8, .41 m ledd of Centor [

B-48-37-1 124 .099 - 161 1.28 721 Topset, thick dk. min. zone (4mm.) at the surface

’ (S'fﬂ\ ,’)",2) "’/"'7 /‘9(7', -",f‘ Cln‘*”f /,s—;c‘j

B-48-40-1 .122 .088 154 1.32 723 Topset, uppermost dk. min. laminae (0.5mm.) in

dk. min. zone 1l7mm. from surface
. (SHer, 5:’3) Bt el o cerior leme
B-48-52-1 .110 082 145 1.33 .751  Topset, dk. min. zone (0.5-1lmm.) 4mm. below the
Fur 3 Ave. JIEF 3 4 surf
v - 025 IET 3 T R, h e et of condor bme)

Run 4  FEAT BED

B-46-5-1 IAA .102  .218 1.46 JThL Dk. min. zone (1.5mm.) at base of flat-bed sands,
bmm. from surface (Sta. 176, on comter hie)

B-46-12-1 .100 076 120 1.26 .715 Dk. min. zone (lmm.) at base of flat-lying sand,
8mm. from surface (Sta (Vg £/ right of center lae;

B-46-20-1 .135 095  .173 1.35 .693 Dk. min. zone (0.5mm.) interbedded w/light
density, flat-lying iand, 1lmm. from surface
(Sta. Ho, on Centrr line

B-46~-20-2 .103 070 150 . 1.47 748 Mixed dk. min. and 1t. density minerals zone

(1.5mm.) just below sample B-46-20-1. Taken 20rm.

above base of flat-bed sand
L.‘S'Q‘a' Oy on ecemter  {ime)



" Median Gradation
Sample dsg ad - d coeff.  Shape Description of Location in Bed
gm (mﬂxé (nugni’} () Factor
Run 4 (continued)
B-46-26-1 47 095  ,201 1.46 758 Dk. min. zone (Imm.) 6é.5mm. from surface, overlain
and underlain by 1t. density sand, 22rm. above
_ bace of flat-bedded material ($fa. (02, own conter fine)
B-46-52-1 .150 .082  ,205 1.59 .781 Zone of d¥. min. w/interspersed light density min.
: (Irm.), 1émm. below surface, > 35mm. above base oi‘
flat-bedded sands (Sfa {30, on cender live)
B-46-55-1 .135 026 173 1.43 757 Dk. min. zone w/interhedded light density grains
: (zone is 2. frm. thick) at hase of flat-hedded )
Kom 4 Aue. AT LO87 177 /43 72 material, 15mm. from surfate (Sia. (55, on fowterliiel)
A levoage a?p . —
" ,eZns 127 L9 /65 /. 35 . 735

¥ Statioms olon

//£ f/u»—wc’ are C'é"(‘f/(;mn‘?(r/l'm
'/)caa/éax,, (Examrfc, - the distamce betidee.,; Sta. /0O ame! Sta, 110 15 /0 fft ( Off’”)

—[\w,"’ (/f‘/‘»- 304’5’/}7) C’GW”"[’\”"" "4"7’

A



Minerals

Table 7 .- Size analyses of light densdbimegasins associated with cmtePlemtniCloeMRadis

opeqve h«vg m.‘ncm!t ' “,,‘ ore s..,,,-;lcs

Median Gradation ¥
Sample ds50 d dg; coeff. Description of Location in Bed .
(m) (@) (S (@)
Bed Material  .267 190 462 1.56 Representative sample of bed material
Run 2 5
B-47-B-2 .201 .150 247 1.29 Foreset, 1t. min. zone (2mm.) underlying dk. min. zone
sample in B-47-B-1 {(S#a. 84, fof e right of certeriine
B-47-X-2 .219 1550 .276 1.33 Topset, 1t. min. zone (1l.5mm.) underlying dk. min. zone
' sampled in B-47-X-1 - (o, 176, 100 m: ftofd of cemter line)
B-47-36-2 176 JA31 .24, 1.37 Topset, 1t. min. zone (2mm.) overlying dk. zone sampled in
B—h7—36"l CGJM [00) ol et e 17({,7[ (;(\ e e e /.'l;rn‘:)
B-47-36-3 L1867 21 .229 1.38 Topset, 1t. min. zone (2mm.) underlying the dk. min. zone
sampled in B~A7—36'—l (S'fa /«’—’0) N /’/'yr”ﬂ?f of\ centeor /’/h@)
B-47-37-2 .180 JA36 .248 1.35 Tcpset, 1t. min. zone (1.5mm.) underlying dk. zone sampled
in B-WT7-37-1 (Sta. 26, &) vir [ofd of ceerder fie)
B-47-46-2 222 150  .315 1.45 Foreset below brinkpoint, 1lt. density grains within the dXk.
‘ min. zone sampled in B-L7-46-2 (</a. 85, .4/ nr iedl o cembir froe )
B-47-46-3 .236 168  .349 1.44 Brinkpoint, 1t. min. zone (2mn.) overlying the dk. min.
zone sampled in B-L7-46-2 (S¥a. S5 el [l of Cerider fie )
B-47-47-2 .188 138 268 1.39 Topset, 1t. min. zone (2mm.) overlying dk. min. zone
. Sampled in B-1+7-2+7-1 (Sfl'a R 5‘8’) oLy (Ferarfee //;‘?:‘.j\ )
B-L7-4L7~3 .207 .150  .266 1.33  Topset, (low angle), 1t. min. zone (2mm.) underlying dk.
V/\{r)“ (:;'/‘:7"/5 ,200 '/44 , 27/ /3'7 Inj.n- zone Smpled j.n B“h?"[-}?"’l (<]/(? (‘.:: (o2 ] ('c"‘/)',//"’ //»‘4() \\
' ~9



Median Gradation
Sample dsp dye  dg coeff, Description of Location in Bed
v (m) @ S )
Run 3
S
B-48-A-2 .236 170 .309 1.35 Topset, 1lt. min. zone (2mm.) underlying the dk. min.
zone sampled in B-48-A~1 (Sha. SE, (0T rr bkt of center lire)
B~48-B-2 <254 183 L343 1.37 Foreset, 1t. density min. from within the zone where dk.
min. were sampled in B-48-B-2 (.-, 16, TP JelF of Conter fire)
B-48-B-3 .290 0,196 .3e8 1.41 Foreset, 1t. min. zone (2mm.) overlying the dk. min.
foreset in B-48-B-2 (Sta. /14, .75 00 [edf of canfer i)
B-48-B-4 .212 151 .280 1.36 Topset (near brinkpoint), 1t. min. zone (1.5mm.) over-
lying the dk. min. one-sampléd in B-48-B-1
. { Sta //4') P EAF o cender [ )
B-48-10-2 243 173 .305 1.33 Flst Bed, 1t. min. zone (2mm.) overlying dk. min. zone
sampled in B-48-10-1 (Sé. 18, , 4/ .., JeiF of coror /,ém)
B-48-37-2 .199 .155  .260 1.30 Topset, 1t. min. zone (2mm.) underlying dk. min. zone
sa.mpled in B—LI-8"37—1 (.f.JQ. 94 . Ny /ﬁ’/y (:7" CEer Yor Ly
B-48-40-2 .232 159 .299 1.37 Topset, 1lt. min. zone (2mm.) overlying the dk. min. zone
sampled in B-48~40-1 (%ta. DL, el e fofF ok ceuder [fime )
B~,8-52-2 .200 J41 332 1.54 Topset, 1t. min. zone (2ram. ) overlying the dk. min.zone
sa.mpled in B—I+8—52—1 [57‘»’? J’e) Lol i, SefY a:f Comdor fine /\?
_B-48-52-3 .220 169 .285 1.30 Topset, lt. min. zone (2mm.) underlying the dk. min. zone
Kowr & Ave. zzz k6 .3/ 37 sampled in B-A8-52-1 (5% 52, .4/ n Jefy of conter [ipe)
Run 4
B-46-5-2 .258 67 360 1.47 Lt. min. zone (2mm.) overlying the dk. min. zone sampled

in B=b6=5-1  (Sta. 19, o cerrtor Jine)



Median Gradation ' ‘
Sample dso dig dg coeff, ‘ Description of Location in Bed
| (m) @@ (m) (@)

Run 4 (continued)

B-46-12-2 .218 162 .285 1.33 Lt. min. zone (2mm.) overlying the ck. min. zone sampled

in B"Zi«é"'lz—l (S’/Lﬂ /&8) .(:9[" Ve % r,‘?i“yd" 4/‘ ('»_fm“zc‘/ //'-’:'.‘.‘)
B-46-20-2 201 3L .2%6 1.46 Lt. density min. within dk. min. zone sampled in B-46-20-2
: (Sta. 1O, on ceutfor e
B-46-52-1 .218 J152 .301 1.40 Lt. min. directly overl ying and within the dk. min. zone
sampled in B—h6—52-1 (5.J‘¢1. /_‘30} O CFs e /11«/5')
B-46-55-1 .227 JA36 .362 1.63 Lt. min. zone within the zone where dk. min., were sampled
) (B-46-55-1). Light min. separate the v. thin dk. min.-
Ko 4 Ave. . 224 5O, 39 A leminations (Stfa. /95, on cender foae )
Huveroge ot
2 /5 2 : ,
3 ,é)_u‘{’{:?_A ' 2/6 )¢ : 097 /r ¢0

¥ Stetions o /_omj .‘J/]E, ./‘/U” e e e V)WS’SPO/ = ’.’/’;z‘"ﬂ'/; ( Fos8 ’"’) Vot @ e SE ey . Ao % o






APPENDIX D

Sediment Concentration and Size Analvses of Suspended Sediment Samples

Table /0. - Size analyses and concentration of suspended sediment point

samples.
Height | ¥Size  (mm)
Run Location above bed Conc. d50 dyg dg, Gradation
(cm) (ppm) | - )
1 Trough 33 122 JA46 JA16  .184 1.26
18. 236  .186  .15L  .225 1.21
9. L5 72 132 .215 1.28
3. 501 .172 134 217 1.28
Brink point 24, 66  .158  .127 .200 5
18, 130 43 108  .179 9
. 9. 117 148 116 .187 7
3. 290 .165 128  ,212 9
Stoss side 291 .74 .10 207 2

23, 174 .40 .216
33 .77 6 .22

2 Trough L58 .138 . 104 172
2304 .187 46 .230
1554 .173 .123 .209 .
2022 .186 .128 L2l
Brink point 176 .127 092 .157

256 .138 <101 .184
345 <140 103 .183
551 JA45 110 .184

>

. .
W W N W\ WWww WW

391 <140 107  .176
513 157 216 .205
569 146 <107 .190
763 .150 120 .188

Stoss side

L)

L
.

3 Stoss side 59 .130 Jdo2 165
328 . 155 Q17 212

UL .12 .8l

*

VW [oaNe RV L] wmww m NO WO Ay bt 0 - OO

. 279 K « .
618 146 115 .184 .
Flat bed . 25 .116 090  .159 .
. 39 119 096  .150 .
218 134 .105  .160 .
. 974 172 133 .220
4 Flat bed

wo P QFSS yogg wy?& yBSB p?gg upg

L

512 <123 .088  .156
9L0 136 .099  .168
2103 151 110 .195
6477  .183 133 226

W W W W

e o -

HOEON N HNDWON NN l—';\J\.OO\ N&‘\n-‘\l HNW PO WE }—‘N\AJ‘O\
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#Size determined by VA tube sedimentation analysis



APPENDIX E
Fall Velocity for Bed Msterisl Sample and Core Sarmles from
Bums 2, 3, and )

By use of the graph {fig. 23) constructed from date of studies
conducted by the U. 8. Inter-Agency Comittee on Water Resources (1957),
fall velccities were deteymined for the core samples and bed materdal
samples (tables 8, 9). Results of these conversions from the weighted
sleve equivalent sizes to fall velocity are listed in table 11.



- Table //.—Fall velocity values (cm/sec) of opaque heavy mineral grains and associated light mineral grains.

Opaque Heavy Minerals

Light Minerals

Fall Velocity for Size Percentile

Fall Velecity for Size Percentile

Sample d50 dyg dSA “Location ‘Sample dgg dyg dgy, “Location
RUN 2
Be47-B-1 3.01 1.81 L.22 Foreset B-47-B-2 2.59 1.74 3.36 Below
B-L7-X-1 2.82 195 3.53 Topset B-47-X-2 2.90 1,82 3.85 Below
B-47-36-1  1.98 1.2,  3.31  Topset B47-36-2 2,16 1.4 3.3 Over
| | B-47~36-3 2.02 1.27 3.04 Below
| B=47-37=1 2.26 117 3.5 Topset B-47-37-2  2.23 1.52  3.38  Below
B-47-46-1 2.80 1.90 3.64 Brinkpoint B-47-46-3  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 L. 46 Within
B~47-47-1 2.18 1.48 2.97 Topset B-47-LT7~2 2.38 1.57 3.71 Over
B-47-47-3 2.69 1.74 3.68 Below
RUN 3
B-48-A-1 2.60 1.85 3.42 Topset B-48-A~2 3.15 2.07 L.18 Below
B-48-B-1 3.42 1.87 b.76 Topset. B-4,8-B-4; 3.78 1.76 3.9 Over
B~48-B-2 3.31 2.26 L.55 Foreset B-48-B-2 3.48 2.28 L.67 Vithin
B-46-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 Minerals
Fall Velocity for Size Percentile Fall Velocity for Size Percentile
Sample d50 dlé dBL Location Sample dSO dlé dSA Locatien |
RUN 3 (continued)
B-48-37-1 2.58 1.80 3.61 Topset B~[8-37=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 L.22 Over
B-48-52-1 2.12 1.30 3.18 Tépset B-48-52-2 2.56 1.60 4.38 é%ﬁ:g
B-48-52-3 2.91 2.04 4.01 Below
"I RUN 4
B-46~5-1 3.4 1.87 5.19 Base 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  Within®
B-46-20-2  1.90  0.95  3.31  Within B46-30-2 2.5 1.9 403  Within
B-46-26-1  3.22  1.65  L4.42  Within
L 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
LBed Material 3.14 1.80 5.20 — Bed Material 4,05 2.40 6.80 —

1. Location of laminae relative to bedding type.

hfm/ﬁ

2. Location of low density material rel
were sampled within the laminae or abo

ative to the sampled dark opaque mineral laminae.

ve or below the gark mineral zone.

The light minerals



3. In Run 4, base refers to dark mineral zone at the base of the flat-bsdded sediments transported during
the run.

4. In Run 4, wilthin refers to location of sample of materfial taken from within the flat-bedded sediments
transported during the run. ,
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