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Velocity of the leading edge of the fluorescent tracer
mass as determined from first arrival time at cross
section 90, in meters per day (feet per day).

Velocity of the fluorescent tracer particles, in meters
per hour (feet per hour).

Weight of all material in a specific sieve classin the & th
segment of a core sample, in grams (pounds).

Weight of fluorescent tracer injected in the study, in
kilograms (pounds); { subscript indicates the ith
sieve class.

Longitudinal distance, measured from the injection
point of the fluorescent tracers, in meters (feet).

Longitudinal position of the centroid of the tracer mass,
measured from the injection point of the fluorescent
tracers, in meters (feet); subscripts 1 and 2 indicate
centroid positions at times £, and ¢,, respectively.

Longitudinal position, measured from the injection
point of the fluorescent tracers, at which a significant
quantity of tracer reaches the banks of the channel,
in meters (feet).

Longitudinal position, measured from the injection
point of the fluorescent tracers, at which the tracers
become distributed approximately uniformly across
the channel, in meters (feet).

Vertical distance, measured from the mean bed-surface
elevation, in meters (feet).

4

Ny

Lateral distance, measured from the left bank of the
channel, in meters (feet).

Mean lateral position or centroid of the lateral distribu-
tion of fluorescent materials, measured from the left
bank of the channel, in meters (feet).

Significance level for statistical tests.

Thickness of a core sample segment, Crickmore (1967)
procedure, in meters (feet).

Width increment of the channel over which Ciz# or
C,.(2) is assumed to be the concentration of fluores-
cent tracer, in meters (feet).

Specific weight of the bed material, in kilograms per
cubic meter (pounds per cubic foot).

Porosity of the bed or the fraction of the volume of the
bed not occupied by the particles, dimensionless.

Number of degrees of freedom of the between-classes
sum of squares, analysis of variance procedure.

Number of degrees of freedom of the within-classes sum
of squares, analysis of variance procedure.

A measure of the gradation of sediment mixtures, equal
to '(dyy/dsg + dsp/dyg).

Standard deviation of the bed-surface elevation, in
meters (feet).

Variance of a concentration versus time curve, in
square hours.

Variance of a concentration versus distance down-
stream curve, in square meters (square feet).

Variance of a concentration versus lateral distance
curve, in square meters (square feet).

Indicates summation.



TRANSPORT AND DISPERSION OF FLUORESCENT TRACER PARTICLES
FOR THE DUNE-BED CONDITION, ATRISCO FEEDER CANAL
NEAR BERNALILLO, NEW MEXICO

ByR. E. RATHBUN and V. C. KENNEDY

ABSTRACT

A tracer technique in which mineral particles were coated with
fluorescent dyes was used to study the rates of transport and disper-
sion of sediment particles of various diameters and specific gravities
for a dune-bed condition in an alluvial channel. The experiment was
conducted in the Atrisco Feeder Canal near Bernalillo, N. Mex., be-
tween May 1 and July 14, 1967. A continuous point source of tracers,
approximated by injections at 5- or 10-minute intervals, was main-
tained for 7 days so that the steady-dilution procedure could be used
to calculate the transport rate of bed material. After termination of
the injection process, the spatial-integration procedure was used to
follow the movement of the tracers downstream and to calculate the
transport rate. Samples of the bed material in transport and the ac-
companying tracers moving along the surface of the dune bed were
obtained periodically throughout the study with the “dustpan”
sampler especially designed for fluorescent tracer studies. In addi-
tion, the spatial distributions of the tracers in the dune bed were
determined three times during the study by core sampling.

The total transport rate of bed material measured by the steady-
dilution procedure was within the range of total transport rates com-
puted by the modified Einstein procedure. Comparisons showed that
the measured rates for each of the 0.125- to 0.177-mm, 0.177- to
0.250-mm, and 0.250- to 0.350-mm sieve classes were within the
range of computed rates. Measured rates for the larger particles ex-
ceeded the computed rates because of the failure to achieve plateau
concentrations for these sieve classes. The total transport rate
measured by the spatial-integration procedure for the time interval
from May 1 to May 8 was within the range of the rates computed by
the modified Einstein procedure. Only qualitative comparisons of
measured and computed rates were possible for the periods from May
8 to June 6 and from June 6 to July 14. For the period from May 8 to
June 6, the comparison was good, but for the June 6 to July 14 period,
the spatial-integration result was too small. This discrepancy was at-
tributed to burial of some of the tracers and to transport of large
numbers of the small tracer particles beyond the study reach.

Comparison of dispersion parameters for the lateral concentration
distributions showed that results from “dustpan” and core samples
at the end of the injection period were approximately the same. This
comparison suggests that the characteristics of a dune bed can be
determined using only samples of the material moving along the bed
surface, provided that a continuous tracer source is used and that
sufficient time is allowed for vertical mixing to be established.

The variance of the lateral distributions of concentration increased
with particle size at a particular cross section, and the rate of change
of the variance with distance downstream increased with size, in-
dicating that lateral dispersion increased with increase in particle
size.

The variance of the longitudinal distributions of concentration and
the rate of change of the variance with time decreased with increase

in particle size, indicating that longitudinal dispersion decreased
with increase in particle size.

The velocities of the tracer particles decreased with increase in
particle size. Velocities of the leading edges of the tracer masses for
the small tracer particles varied inversely with the 7.9 power of the
fall diameter of the sieve class, whereas velocities for the large parti-
cles varied inversely with the 0.86 power of the fall diameter.
Velocities of the centroids of the tracer masses varied inversely with
the 1.1 power of the fall diameter.

Particle velocities, variances of the concentration distributions,
and rates of change of the variances with distance and (or) time were
comparable for tracer particles having the same fall diameter but
different specific gravities. The smaller tracer particles, which
moved predominantly in suspension, appeared to be more nearly hy-
draulically equivalent than were the large particles, which moved
predominantly by surface creep. The scatter in the data, however,
precluded any definite conclusions regarding hydraulic equivalence
of the tracer particles.

Tracers were found at greater depths in the dune bed than had
been expected on the basis of the sizes of the dunes in the channel;
further study of the core-sampling procedure and the depth of mixing
parameter is needed to explain this anomaly. The depth of mixing
enters directly into the computation of the transport rate by the
spatial-integration procedure and the areas under the longitudinal
distribution curves; however, an incorrect depth of mixing does not
affect the other parameters derived from the distributions of con-
centrations because concentration ratios are involved.

The fluorescent tracer technique is a valuable tool for studying the
rates of transport and dispersion of groups of particles for the dune-
bed condition of alluvial-channel flow. Improvements in technique
are needed, however.

INTRODUCTION

In streams and rivers some pollutants, such as
pesticides, herbicides, heavy metals, and radioisotopes,
exhibit strong tendencies to absorb on the surface of
sediment particles, and other solid pollutants move as
sediment particles. In addition, sediment itself is often
considered to be a pollutant because of its adverse effect
on the use of waterways and on the facilities in and on
waterways. To control such pollutants, knowledge of
the transport and dispersion characteristics of sedi-
ment particles under various conditions is essential.

In 1966 and 1967 the U.S. Geological Survey con-
ducted two field investigations to evaluate a fluorescent
tracer technique as a means of determining the

1
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transport and dispersion characteristics of sand-size
particles in alluvial streams.

The first investigation was a study of the transport
and dispersion of sediment particles of various sizes
and specific gravities for a high-velocity flat-bed condi-
tion in the Rio Grande conveyance channel near Ber-
nardo, N. Mex., in December 1966. Details and results
of that work were described by Rathbun, Kennedy, and
Culbertson (1971). The second investigation was a
study of the transport and dispersion of sediment parti-
cles of various sizes and specific gravities for a low-
velocity dune-bed condition. This report describes the
procedures and results of this work.

The experiment began on May 1, 1967, and ended
July 14, 1967; it was conducted in the Atrisco Feeder
Canal near Bernalillo, N. Mex. Four materials of

different specific gravity were each coated with a 1

different color of fluorescent dye. The materials and the
colors of dye used were quartz, yellow; garnet, green;
monazite, red; and lead, blue. Each material contained
a range of particle sizes with the quartz particles rang-
ing from 0.125 to 1.00 mm, the garnet and monazite
particles from 0.125 to 0.707 mm, and the lead particles
ranging from 0.125 to 0.500 mm.
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DESIGN OF THE EXPERIMENT

The specific purposes of the experiment were to
evaluate the steady-dilution and spatial-integration

procedures for calculating the bed-material transport
rate and to obtain information on the longitudinal and
lateral dispersion characteristics of particles of several
specific gravities and various diameters in the sand-size
range for a low-velocity dune-bed condition of alluvial-
channel flow.

SELECTION OF SITE

The site chosen for the study was a reach of the
Atrisco Feeder Canal near Bernalillo, N. Mex. Figure 1
is a location map for the canal. The 880-m (2900-ft) sec-
tion of the canal indicated in figure 1 was used for the
experiment. Figure 2 is a photograph of the study
- reach, viewed downstream from the point of injection of
' the fluorescent tracers. Mean width of the canal was
| about 17 m (55 ft).

o
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FIGURE 1. — Study area.

TYPE OF INJECTION

A continuous point-source method of injection was
chosen for the study. A point injection provides data on
the lateral dispersion characteristics of the particles. A
continuous injection provides data so that the sediment
transport rate can be calculated by the steady-dilution
procedure. The steady-dilution equation, which is based
on the conservation of mass, is

(1

QC, +Q,C, = (@ +Q)C,,
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TABLE 5. — Number of fluorescent particles per gram of fluorescent
material

{Leaders (.. .) indicate no data available)

Sieve Particles per gram

class

- Quartz Garnet Monazite Lead
0.125-0.177 133000 73 500 76 300 26 200
0.177-0.250 55 600 29 600 32000 11 500
0.250-0.350 19100 11 900 9930 5110
0.350-0.500 6770 5470 3290 2910
0.500-0.707 2760 3370 1740 ces
0.707-1.00 1300 A s

1971, table 6) are large for some size classes. The
differences for the quartz and lead are not unexpected
because different types or combinations of materials
were used in the two studies. The differences for the
garnet were not great; however, the differences for the
monazite were not expected because the same source
material was used in both studies. These differences
may have been the result of errors in the counting and
weighing process. However, a comparison of the repli-
cate counts for each sieve class, where large differences
occurred, showed that in general all replicate counts for
this study were outside the range of replicate counts for
the flat-bed study, indicating that the differences were
real. Apparently, either the source materials must have
actually been different for the two studies or the sam-
ples of the pure fluorescent materials that were
analyzed were not representative of the whole. The lat-
ter condition is a distinct possibility in the dune-bed
study because the sample analyzed consisted of a com-
posite of a small grab sample from each 45-kg (100-1b)
batch of fluorescent material prepared.

Possible errors in the particles per gram factors,
however, will affect the results of only part of the ex-
periment for the following reason. In the calculation of
the means and variances of the lateral and longitudinal
distributions, the data are normalized by dividing by
the area under the curve. Hence, because the con-
centration appears in both the numerator and the
denominator, the particles per gram factor cancels. The
only place where an error would result because of an in-
correct particles per gram factor is in the calculation of
the sediment transport rate by the steady dilution pro-
cedure (eq 2). Here, a concentration, C,, appears by it-
self rather than in a ratio. Only the quartz tracers are
used for the calculation of the sediment transport rate,
and it is assumed that heavy minerals constitute an in-
significant fraction of the material in transport.

Ideally, the relative number of particles per gram for
a particular sieve class should be inversely proportional
to the specific gravity. In reality, the particle counts are
also affected by the shape of the particles and the dis-
tribution of particle sizes within a sieve class. The
quartz particles generally had a higher sphericity than

-the garnet and monazite particles and, hence, would be

expected to have fewer particles per gram if specific
gravity and size distribution were the same. At the ex-
tremes of the size distributions of the minerals, the size
distribution within the sieve classes may by highly
asymmetric, thus giving higher or lower particle counts
than would be expected for these sieve classes. The fact
that the 0.500- to 0.707-mm size class of garnet has
more particles per gram than the lighter quartz of the
same sieve size demonstrates the effects of particle
shape and the asymmetry of the size distribution within
the sieve class on the number of particles per gram. A
similar situation occurs for the 0.125- to 0.177-mm and
the 0.177- to 0.250-mm sieve classes of garnet and
monazite.

PRESENTATION AND DISCUSSION
OF RESULTS

The basic information obtained in this study con-
sisted of hydraulic and sediment data for the reach,
fluorescent tracer concentrations as a function of time
from “dustpan” samples at cross section 90, lateral dis-
tributions of the fluorescent tracers on May 8 from core
samples and “dustpan” samples, and longitudinal dis-
tributions of the fluorescent tracers on May 8, June 6,
and July 14, 1967, from core samples.

HYDRAULIC AND SEDIMENT MEASUREMENTS

Hydraulic and sediment data were collected a num-
ber of times during the study. The hydraulic data which
included water-surface slope, water temperature, and
water-discharge measurements at cross section 180 are
presented in table 6. Also shown in table 6 for five dates
is a mean depth of flow for the study reach determined
during core sampling for fluorescent materials. During
the period of injection of the tracers (May 1-8), the
water discharge ranged from 7.82 to 10.6 m?/s (276 to
373 ft3/s) and averaged 8.81 m3/s (311 ft?/s). During the
period from May 9 to July 14, the discharge was
measured only on May 16 and discharges for the other
dates were estimated from the stage-discharge relation
for the canal (table 6). In general, the discharge
decreased with time and reached a minimum of 5.30
m3/s (187 ft3/s) on July 14. The water temperature
showed a diurnal variation and ranged from 11° or 12°
during the early morning hours to 16° or 17°C during
the afternoon hours of the period May 1 to 8. Mid-day
water temperatures, in general, increased with time
(table 6).

In addition to obtaining measurements of hydraulic
variables, depth-integrated samples of the suspended
sediment and 0.1-m (4-in) long core samples of the bed
material were collected at cross section 180. Also, 0.6-
m-long (2-ft-long) core samples of the bed material
were collected at various lateral and longitudinal posi-
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TABLE 6. — Water-discharge measurement, water-surface slope, temperature, and mean depth of flow data for the study reach

[Leaders t...) indicate no data available|
Time Water -discharge measurement at cross section 180 Water-surface Water Mean depth
Date (24-hour Discharge Width Mean depth Mean velocity slope temperature for reach

clock time) {m?/s) (m) (m) {m/s) (m/m) °C m)
5—-1-67 ................ 1325 8.55 174 0.771 0.640 ce 10.0
5—-2-67 ... ... 1115 9.63 17.7 756 719 0.00056 AN
5-3-67 ......... ... 1350 10.6 18.0 786 147 .000 55 11.1
5—-4-67 ................ 0920 8.69 17.7 695 710 .000 60 ..
5-5—-67................ 1245 7.82 17.5 104 634 .000 59 128 0.76
5-6—-67 ................ 1035 8.38 175 716 .668 12.2
5-T7—-67 ................ 1050 18.27 .00056
5-8-67 ................ 0955 8.52 174 710 .689 13.9 79
5-9-67 ................ 1400 18.27 -
5-15—-67 ............... 1645 16.94 128
5—-16-67 ............... 1020 6.37 174 .567 646 ces ce 61
5—-19—-67 ............... 0830 17.08
5-23—-67 ............... 18.16
5-26-67............... 17.87
6-6-67 ................ 17.56 13
T—-14—-67............... 15.30 52

! Estimated from stage-discharge relation

TABLE 7. — Suspended-sediment concentrations and discharges, water discharges, and size distributions of suspended sediment determined by
the visual accumulation-tube procedure

Measured suspended-

Date Time Water Suspended-sediment sediment discharge Percentage finer than the size
( 24—h9ur discharge concentration (mg/L) (tonnes/day) (in millimeters) indicated
clocktime)  (m¥8)  T_g0695" 00625  <00625  >0.0625
mm mm mm mm 0.0625 0.088 0.125 0.177 0.250 0.350 0.500
5-1-67 1330 8.55 159 249 118 184 1.0 7.0 29.8 63.8 91.8 100 100
5—-2—-67 2000 110.2 171 254 151 224 13 8.0 30.2 61.1 94.9 100 100
5-3—67 1420 10.6 133 274 122 250 0.3 5.6 23.3 58.2 87.7 100 100
5-6—-67 1115 8.38 1030 208 747 151 2.3 12.0 39.2 70.2 97.9 100 100
5-16-67 1111 6.37 443 166 244 91.6 3.3 24.9 52.0 70.1 95.0 100 100

1 Estimated from stage-discharge relations.

tions in the study reach on May 8, June 6, and July 14
for the determination of the distributions of the fluores-
cent tracer particles.

Size distributions of the measured suspended sedi-
ment, measured suspended-sediment concentrations,
and measured suspended-sediment discharges are pre-
sented in table 7. Size distributions were determined by
the visual accumulation-tube procedure (U.S. Inter-
Agency Committee on Water Resources, 1957b). The
suspended-sediment discharge was also measured on
May 8, the last day of the injection process. However,
the median diameter of the sampled sediment was
0.231 mm, which is more characteristic of bed material
than of suspended sediment. Also, the measured sus-
pended-sediment discharge was about three times
larger than any of the other measured discharges.
Hence, it seems probable that the sampler inadver-
tently was pushed into the bed during sampling. Data
from the May 8 measurement are not included in ta-
ble 7.

The measured suspended-sand discharges (>0.0625
mm) ranged from 91.6 to 250 t/d (101 to 276 tons/d)
and averaged 180 t/d (199 tons/d). The median fall
diameter of the measured suspended sand ranged

from 0.122 to 0.162 mm, averaged 0.146 mm, and had
a mean geometric standard deviation of 1.47. The
geometric standard deviation, o, is defined as o =
a(dg,/dgy + dyi/d, ), where d is the diameter for which
84, 50, or 16 percent, respectively, of the size distribu-
tion, by weight, is finer. The mean discharge of sedi-
ment finer than 0.0625 mm was 276 t/d (304 tons/d).
The large variations in the discharge are assumed the
result of variations in the upstream supply of this sedi-
ment.

Size distributions and parameters of the distributions
of the bed-material samples obtained with the 0.1-m-
long (4-in-long) core-sampler are presented in table 8.
These distributions were determined by the visual ac-
cumulation-tube procedure (U.S. Inter-Agency Com-
mittee on Water Resources, 1957b). The mean median
fall diameter of the three bed-material samples was
0.242 mm, and the mean geometric standard deviation
was 1.34.

Mean values of the d,g, dy,, dg,, and o parameters of
the size distributions of bed-material samples obtained
with the 0.6-m-long (2-ft-long) core sampler are pre-
sented in tables 9 and 10 for the May 8 and the June
6, July 14 samples, respectively. Not all segments of
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TABLE 8. — Size distributions and parameters of the distributions of bed material as determined by the visual accumulation-tube procedure;
0.1- m core samples

Time

Date (24-hour Percentage finer than size (in millimeters) indicated
clock time) 0.0625 0125 0177 0.250 0.350 0.500 100 dyg mm)  dgy (mm)  dg, (mm) v
5-1-67 ..... 1313 0.2 1.0 9.9 57.3 88.0 95.8 99.4 0.188 0.240 0.329 1.32
5-8—67 ..... 1110 5 1.2 9.8 52.4 83.9 93.7 98.7 .189 247 351 1.36
5-16—67 1140 4 1.9 12.0 57.1 88.7 97.9 100 .183 .239 .326 1.34

TABLE 9. — Mean parameters of the size distributions of bed material from various cross sections as determined by sieve analysis; 0.6-m core
samples, May 8

Cores in which all segments were sieved

Cores in which all segments were not sieved

Cross Number of Number of

section segments (r) d16 (mm) d50 (mm) d84 (mm) segments (n) le (mm) d50 (mm) d84 (mm) o
75 .. ..., 40 0.213 0.310 0.492 1.52 51 0.212 0.307 0.488 1.52
15 .. ...... 45 211 .310 .508 1.56 73 .206 301 492 1.55
30 ........ 30 .210 310 512 1.56 45 .206 .298 492 1.55
60 ........ 10 .207 299 471 1.51 45 197 .289 460 1.53
90 ........ 15 .207 .292 .449 1.48 45 197 291 460 1.53
180 ....... 10 .201 .288 462 1.52 42 .202 201 453 1.50
270 ....... 20 .202 .289 453 1.50 47 199 .289 458 1.52
360 ....... 10 .203 .290 A73 1.53 40 .189 277 433 1.51
450 ....... 35 .196 .293 .528 1.65 47 194 .289 492 1.60
540 ....... 5 .203 .304 .549 1.65 38 .198 .290 483 1.56
Composite . 220 .207 .301 492 1.56 473 .200 .295 473 1.53

the May 8 samples were sieved because some of the
bottom segments contained no fluorescent particles.
Hence, the samples are divided into two categories,
one in which all five segments of the core were sieved
and one in which one or more of the segments were
..ot sieved. The number of segments, n, sieved for each
cross section or lateral position is also given in tables 9
and 10.

A comparison of the values presented in tables 9
and 10 shows that there is essentially no variation in
the mean values of d,; and d,, with either location in
the channel or with time. There appears to be slightly
more variation in the dg, and o values, mostly with
respect to longitudinal location for the May 8 values.
This variation could be the result of pumice which was
found in several of the samples. Pumice has a very low
specific gravity and will bias slightly distributions ob-
tained by sieve analysis.

The mean values of the parameters in tables 9 and
10, however, are consistently larger than those for the
0.1-m-long (4-in-long) core samples given in table 8.
There are several possible explanations for this
difference. The 0.1-m-long (4-in-long) core samples
were analyzed by the visual accumulation-tube pro-
cedure, whereas the 0.6-m-long (2-ft-long) core sam-
ples were sieved. Figure 7 of the U.S. Inter-Agency
Committee on Water Resources (1957b) shows the
difference between fall diameter and sieve diameter
for naturally worn quartz particles of various shape
factors. However, for particles to have a sieve
diameter of 0.30 mm and a fall diameter of 0.24 mm,

TABLE 10. — Mean parameters of the size distributions of bed
material from lateral positions as determined by sieve analysis; 0.6-m
core samples, June 6 and July 14

Lateral Number of
position segments dlB d50 d84
n) tmm) fmm) (mm) o
June 6, 1967
Left quarter .. 145 0.202 0.300 0.490 1.56
Centerline . ... 145 211 .306 .469 1.54
Right quarter . 145 202 292 .468 1.52
Composite .... 435 .204 .299 470 1.52
July 14, 1967
Left quarter .. 75 .201 .300 478 1.54
Centerline . ... 75 211 .302 461 1.48
Right quarter . 75 199 .300 .478 1.55
Composite .... 225 .202 .300 472 1.53

the shape factor would have to be less than 0.3; for the
particles involved, such a shape factor would seem to
be too small to be reasonable. Estimates of shape fac-
tors for the 0.125- to 0.177-mm, 0.177- to 0.250-mm,
and 0.250- to 0.350-mm sieve classes of bed material
from the geometric mean sieve size, the fall diameters
presented in table 2, and figure 7 of the U.S. Inter-
Agency Committee on Water Resources (1957b) are
0.8, 0.6, and 0.65, respectively. Probably a better ex-
planation for the difference is that the 0.6-m-long (2-
ft-long) cores contained particles from throughout the
dune whereas, the 0.1-m-long (4-in.-long) cores con-
sisted primarily of the finer topset material on the
crests and backs of the dunes.

The bed of the canal consisted of dunes that moved
slowly downstream. The dimensionless Chezy dis-
charge coefficient, C/\/g, where g is the acceleration of
gravity and C is the Chezy coefficient, ranged from 10
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TaBLE 11. — Hydraulic and bed-form data, June 1966
|From Nordin (19711]

Water-

Mean Mean surface

Water

Run Date depth velocity slope temperature Dune length Dune height
tm) fm/s) tm/m) (o) Length Cy Height Cy OEV
fm) {m) (m)
1 6—-23-66 0.671 0.658 0.000 55 19 1.85 0.533 0.113 0.643 0.0789
2 6—-22-66 101 643 .000 55 20 1.87 .535 112 655 .0841
3 6—21-66 698 634 .000 58 20 1.61 535 124 597 .0823

to 11. The corresponding Manning n values ranged
from 0.027 to 0.030.

Profiles of the bed surface were obtained on May 1
and May 8 with a sonic depth sounder (Karaki and
others, 1961). The May 8 record obtained along the
centerline of the canal from the injection point to
cross section 360 was divided into 30 —-m (100 —ft) in-
crements, and the mean bed elevation and the stan-
dard deviation of the bed elevation determined for
each increment. The standard deviation varied from
0.0536 to 0.101 m (0.176 to 0.330 ft) with a mean stan-
dard deviation of 0.0783 m (0.257 ft). Additional
statistical analysis of these two profiles according to
the procedures of Nordin (1971) was not possible
because of variations in the boat speed during the
profiling. Nordin (1971) analyzed three centerline
profiles obtained in the Atrisco Feeder Canal in June
of 1966. Some of the results of this analysis together
with the mean hydraulic conditions, which are essen-
tially the same as those during the fluorescent tracer
study, are presented in table 11. The mean dune
length was measured from trough to trough, the mean
dune height was measured from crest to trough, o,is
the standard deviation of the bed-surface elevation,
and Cyis the coefficient of variation. The mean dune
length was about 2 m (6 ft), the mean dune height
about 0.12 m (0.38 ft), and the mean standard deviation
of bed-surface elevation was about 0.082 m (0.27 ft).
The coefficients of variation (table 11) were computed
from individual dune heights and lengths, whereas the
standard deviation of the bed-surface elevation was
determined from the complete profile.

“DUSTPAN” SAMPLES

“Dustpan” samples collected at cross section 90 at
various times were used for two purposes; first, to
evaluate the steady-dilution procedure for estimating
the total transport rate of bed material for a dune-bed
condition; and second, to obtain information on how
sediment particles move and disperse downstream
from a point source. Results of importance are the
speed of movement of the particles and properties of
the lateral distributions of the tracers, namely, the

centroid and the variance. The centroid, in general, in-
dicates the point at which the largest concentrations
would be expected, and the variance indicates the ex-
tent that the particles are dispersed in the lateral
direction about the centroid.

“Dustpan” samples collected at various cross sec-
tions at the termination of the injection process were
used to obtain information on how the mean cross-sec-
tional concentrations, the centroids, and the variances
of the lateral distributions varied with distance
downstream.

“DUSTPAN"” SAMPLES AT CROSS SECTION 90

Of the many “dustpan” samples from cross section
90, the sets of cross section samples collected at 27
different times during the injection period and at 8
times after termination of injection were analyzed for
fluorescent tracers. Concentrations for the various
sieve classes of the four minerals are given in tables
1231 at the end of this report.

Graphs of fluorescent tracer concentrations versus
distance from the left bank are presented in figures
811 for selected sieve classes of quartz, garnet, and
monazite for several times during the study. Data for
lead particles are not included because significant
quantities of this tracer were found in only a few sam-
ples (tables 28 —31). Consideration of the graphs shows
how the concentrations of tracers increase with time
at various points in the cross section, and how the
lateral distributions develop as tracer material is in-
jected continuously.

STEADY-DILUTION PROCEDURE

The steady-dilution procedure requires a steady,
uniform concentration at the measurement cross sec-
tion. The results presented in tables 12-31 and
figures 811 show that a steady uniform concentra-
tion, illustrated in figure 3, was not obtained for any of
the tracers at cross section 90. Thus, the injection
period may not have been of sufficient duration or the
cross section may not have been far enough
downstream from the injection point to ever have a
uniform distribution for the existing hydraulic condi-
tions.
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Because a steady uniform concentration distribution
was not attained, the alternative of using the mean con-
centration for the cross section defined by equation 3 was
applied. A summation approximation of equation 3 was
used to calculate the mean tracer concentration for each
sample time for each sieve class of the four minerals. This
approximation is

z=B

Ciz,t) Az (8)

_ -~
Co="—p—

where C (t) is the mean fluorescent tracer concentration
for the cross section at time ¢, C(z,¢) is the concentration
at time ¢ at lateral position z, and Az is the width incre-
ment over which C(z,t) is assumed to be the concentra-
tion. The lateral position, 2, was measured from the left
bank of the channel (facing downstream) and time, ¢,
was measured from the start of the injection of the
fluorescent tracers.

The mean concentration data are plotted versus
time from the start of the injection of the tracers in
figures 12—16. Each graph is broken into two sections
with different time scales to facilitate presenting all
data for a specific sieve class of a mineral on one
graph. The first section corresponds to the injection
period, and the second section, to the period after the
termination of the injection process. The vertical
dashed line indicates the time of 170 hours, when in-
jection of tracers was stopped. To aid in comparing the
two sections, the last point of the first section was
repeated as the first point of the second section.

Figure 12 shows that the 0.125- to 0.177-mm sieve
class of quartz tracer particles appeared at cross sec-
tion 90 almost immediately after the start of injection
and that an approximately constant plateau con-
centration developed at about 120 hours. When the in-
Jection was stopped, the mean concentration decreased
rapidly until 429 hours, when a large quantity of these
tracer particles appeared. This large concentration
was not the result of a single sample because large
concentrations were found at several points in the
cross section (table 12). These large concentrations
suggest that a quantity of tracer material probably
was buried and then reexposed at a later time.

The 0.177- to 0.250-mm quartz tracer particles ap-
pear to have reached a plateau near the end of injec-
tion, although the plateau is not as well defined as for
the 0.125- to 0.177-mm quartz tracer particles. The
concentration decreased rapidly when injection was
stopped. The 0.250- to 0.350-mm quartz tracer parti-
cles did not appear to reach a plateau because the con-
centration continued to increase for a short time after
termination of the injection. Thereafter, however, the
concentration decreased with time.

Figure 13 shows that the 0.350- to 0.500-mm, 0.500-
to 0.707-mm, and 0.707- to 1.00-mm quartz tracer par-
ticles did not reach plateau concentrations during in-
jection. As a result, large concentrations of these tra-
cers were observed at cross section 90 after injection
was stopped, as the tracer material accumulated be-
tween the injection point and cross section 90 con-
tinued to feed downstream parts of the channel.

Figure 14 suggests that plateau concentrations were
not reached for any of the sieve classes of garnet
tracer particles. The 0.125- to 0.177-mm, 0.177- to
0.250-mm, and 0.250- to 0.350-mm garnet concentra-
tions began to decrease as soon as injection was stop-
ped, whereas the concentrations for the 0.350- to
0.500-mm sieve class oscillated between increasing
and decreasing. The concentration for the 0.500- to
0.707-mm sieve class increased to a maximum at 339
hours and then decreased slowly.

Figure 15 suggests that plateau concentrations were
not reached for any of the sieve classes of monazite
tracer particles. The concentration for the 0.125- to
0.177-mm sieve class decreased rapidly when injection
was stopped, and the concentration for the 0.177- to
0.250-mm sieve class increased for a short time after
injection was stopped, then decreased rapidly also. The
concentrations for the 0.250- to 0.350-mm, 0.350- to
0.500-mm, and 0.500- to 0.707-mm sieve classes in
general decreased more slowly.

Figure 16 shows that significant concentrations of
the lead tracer particles were found only at 193 hours,
the first sample time following termination of injec-
tion. Tables 28 through 31 show that these large con-
centrations resulted from large concentrations at
several points in the cross section and were not from
isolated samples.

The total sediment transport rate was calculated
from the results of the steady-dilution study by using
the mean quartz tracer concentrations for the cross
section, applying equation 2 to each sieve class of im-
portance, and summing the results according to

Q= iil Q= ,-é\ Qr, /621" ®

where the subscript i indicates the i th sieve class,and m
is the number of sieve classes. The analysis for fluores-
cent tracer concentrations was limited to particle sizes
larger than 0.125 mm because of the difficulty of
differentiating between chips or flakes of dye from large
particles and actual fluorescent particles in the small-
diameter sieve classes. The concentrations used for
C,, for the 0.125- to 0.177-mm and 0.177- to 0.250-mm
sieve classes were averages over the time period for
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FIGURE 12. — Variation with time in the mean concentration of the 0.125- to 0.177-mm, 0.177- to 0.250-mm, and 0.250- to 0.350-mm
sieve classes of quartz tracer as defined by “dustpan” samples collected at cross section 90; the vertical dashed line indicates the
time of 170 hours, when injection of tracers was stopped.
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FIGURE 14. — Variation with time in the mean concentration of the 0.125- to 0.177-mm, 0.177- to 0.250-mm,
0.250- to 0.350-mm, 0.350-to 0.500-mm, and 0.500- to 0.707-mm sieve classes of garnet tracer as defined by
“dustpan” samples collected at cross section 90; the vertical dashed line indicates the time of 170 hours,
when injection of tracers was stopped.
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TABLE 32. — Sediment transport rates calculated from the steady-

dilution study
Sieve class Injection rate Cy, times 10° Q;
(mm) (kg/h) (g/g) w/d
0.1256—-0.177 ... 1.31 34.8 90.1
0.177-0.250 ... 2.50 41.6 144.2
0.250—0.350 ... 2.65 > 76.3 = 80.4
0.350—0.500 ... 3.86 > 290 < 320
0.500-0.707 ... 2.20 =675 < 78
0.707-1.00 ... .12 > 250 = 12
Q,=2Q;, ==3557

which the concentration appeared to be at a plateau. For
the large particle sieve classes that did not reach plateau
concentrations, the largest concentration observed be-
tween termination of injection and termination of the
experiment was rounded upward and arbitrarily used as.
the ﬁzi value. Because these C, values were too small,
the calculated transport rates for the large sizes are too
large. Results of the steady-dilution calculations are
summarized in table 32.

Because facilities were not available in the Atrisco
Feeder Canal for measuring the total sediment dis-
charge, it was necessary to compare the transport rate
determined from the steady-dilution procedure with
calculated sediment transport rates. Of the many
calculation procedures available, the Task Committee
of the American Society of Civil Engineers (1971)
recommended that the modified Einstein procedure be
used when the necessary hydraulic characteristics and
suspended-sediment concentrations for the stream are
available. Details of the modified Einstein procedure
were described by Colby and Hembree (1955), and
nomographs allowing a graphical solution of the
modified Einstein procedure were presented by Colby
and Hubbell (1961). Results of the modified Einstein
calculations for four dates for which suspended-sedi-
ment concentrations were measured are presented in
table 33. The water discharge is also shown in table 33
to indicate the hydraulic conditions at the time of sam-
pling. The discharge shown for the steady-dilution pro-
cedure is the average discharge for the period during
which the tracers were injected.

TABLE 33. — Sediment transport rates calculated by the steady-
dilution and modified Einstein procedures
Calculated sediment-transport rate, in tonnes/day

Sieve class Steady- Modified Einstein procedure
(mm) dilution
procedure 5-1-67 5-2-67 5-3-67 5-6-67

0.125-0.177 .. 90.1 76.2 85.7 108 59.9
0.177-0.250 .. 1442 126 163 191 125
0.250-0.350 .. =804 52.1 86.2 85.6 65.9
0.350—-0.500 .. =32.0 8.7 15.7 16.5 15.5
0.500-0.707 .. = 7.8 2.3 4.5 4.7 7.0
0.707-1.00 .. = 1.2 2 9 1.0 1.1

Total ... <356 266 356 407 274
Water
(md/s) ........ 18.81 8.55 9.63 10.6 8.38

1 Average discharge for tracer injection period.

Comparison of the results presented in table 33
shows that the transport rates computed from the
steady-dilution procedure for the 0.125- to 0.177-mm,
0.177- to 0.250-mm, and 0.250- to 0.350-mm sieve
classes are within the range of the transport rates
calculated from the modified Einstein procedure. For
the 0.850- to 0.500-mm sieve class, the steady-dilution
result is almost twice the largest rate calculated for this
sieve class by the modified Einstein procedure. For the
0.500- to 0.707-mm and 0.707- to 1.00-mm sieve classes,
the steady-dilution results are slightly larger than the
largest of the rates computed for these sieve classes by
the modified Einstein procedure. These latter two size
classes, however, constitute only a small percentage of
the total transport rate. The total transport rate com-
puted from the steady-dilution procedure is within the
range of the total transport rates calculated by the
modified Einstein procedure.

In evaluating these comparisons, the characteristics
of both the steady-dilution and the modified Einstein
procedures must be considered. The steady-dilution
procedure gives calculated results that are too large for
sieve classes that do not reach plateau concentrations.
This characteristic undoubtedly explains why the
steady-dilution result for the 0.350- to 0.500-mm sieve
class was almost 2 times larger than the largest of the
modified Einstein results for this sieve class. The
modified Einstein procedure was developed by Colby
and Hembree (1955) and was checked on several sand-
channel streams in western Nebraska. These streams
have characteristics similar to the Atrisco Feeder
Canal, although they are somewhat larger in size.
Evaluation of the modified Einstein procedure by Colby
and Hembree (1955) showed that the calculated total
sediment discharge ranged from 56 to 187 percent and
averaged 97 percent of the measured total sediment
discharges for the Niobrara River in Nebraska.
Similarly, Hubbell and Matejka (1959) found for the
Middle Loup River in Nebraska that the calculated total
sediment discharges ranged from 64 to 166 percent and
averaged 112 percent of the measured total sediment
discharges. Thus, on the basis of these considerations
and the results presented in table 33, it was concluded
that the steady-dilution procedure based on a mean
concentration for the cross section is a satisfactory pro-
cedure for measuring the sediment-transport rates for
a dune-bed condition, such as existed for this study in
the Atrisco Feeder Canal. The major disadvantage in
using the technique for a low-transport dune-bed condi-
tion is the long time interval needed to attain plateau
concentrations at the measurement cross section.

The sediment transport rate was also computed from
the results of the steady-dilution study by another pro-
cedure. This procedure was based on the observation
that the lateral distributions of tracers at cross section
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90 near the end of the injection period were approx-
imately Gaussian. Lean and Crickmore (1966) showed
that if the lateral distributions of tracers are Gaussian,

then |' .
QB
o= 20 3 ooy |

where Cy is the concentration of fluorescent tracer of
sieve class i along the centerline of the channel, which
generally is the maximum concentration of the dis-
tribution, and 0?2 is the variance of the lateral distribu-
tion. Equation 10 assumes that the lateral concentra-
tion distributions do not vary with time and that the
sediment discharge per unit of width is constant across
the channel. This procedure is basically another way of
correcting for the fact that a steady uniform concentra-
tion, illustrated in figure 3, was not obtained for any of
the tracers at cross section 90.

For each lateral distribution of tracer particles,
determined from “dustpan” samples collected at cross
section 90, the variance was calculated from

(10)

2 22C(z,t) Az
= 2=0

z=B
S Clt) Az

2=0

-(2)2, (1

where z is the mean lateral position of the lateral dis-
tribution, calculated from

z2=B

% 2C(z,0) Az

2=l

Ol
]

- 12)
2 C(z,t) Az

2=0

The variances with the corresponding centerline con-
centrations of tracer particles were used in equation 10
to calculate the sediment transport rates for six times
near the end of the injection period. Results are pres-
ented in table 34, together with transport rates calcul-
ated by the modified Einstein procedure for May 1, May
2, May 3, and May 6.

The sediment-transport rates calculated from equa-
tion 10 for the 0.125- to 0.177-mm and 0.177- to 0.250-
mm sieve classes are generally within the range of
transport rates computed for these sieve classes from
the modified Einstein procedure. The results from
equation 10 for the 0.250- to 0.350-mm sieve class are
generally slightly larger and the results for the 0.350-
to 0.500-mm, 0.500- to 0.707-mm, and 0.707- to 1.00-
mm sieve classes are considerably larger than the rates
computed from the modified Einstein procedure for
these sieve classes. Because the latter three sieve
classes contribute only a relatively small percentage to
the total rate, the total transport rates computed by the
two procedures agree reasonably well. There is a ten-
dency, however, for the differences to be largest for the
earliest times. This tendency is attributed to the fact
that the lateral distributions for the large particles
were not fully developed at the end of the injection
period. Hence, the variance and particularly the max-
imum concentration values were less than the true
values for fully developed lateral distributions.

PARTICLE VELOCITIES

Figures 12 and 13 show the effect of particle size on
the rate of movement of the quartz tracer particles. The
0.125- to 0.177-mm particles appeared almost im-
mediately at cross section 90, whereas the 0.707- to
1.00-mm particles began to appear only after about 110
hours. Similar variations in the arrival times at cross
section 90 were observed for the other sieve classes and
specific gravities of tracers. The velocities of the
various types of tracer particles were compared using
first arrival times at cross section 90. The first arrival
time for a particular type of tracer particle was taken
as that time at which the concentration began to in-
crease rapidly and (or) continuously (figs. 12-16). First
arrival times were difficult to estimate because the con-
centrations for most of the tracer particles tended to
vary somewhat with time before increasing rapidly.
The 0.125- to 0.177-mm and 0.177- to 0.250-mm sieve
classes of quartz tracers behaved differently from most
of the other tracer particles in that the concentration

TABLE 34. — Sediment transport rates calculated from equation 10 and the modified Einstein procedure

Calculated sediment transport rate, in tonnes/day
Sieve class Modified Einstein procedure Equation 10 for times, in hours, of
(mm) 5-1-67 5—-2-67 5-3-67 5-6-67 124 132 138 143 149 162

0.125-0.177 ......... 76.2 85.7 108 59.9 83.0 73.6 72.9 56.7 105 69.5
0.177-0.250 ......... 126 163 191 125 137 152 188 79.6 122 101
0.250—-0.350 ......... 52.1 86.2 85.6 65.9 89.1 108 95.3 81.7 69.9 78.0
0.350—-0.500 ......... 8.7 15.7 16.5 15.5 71.8 62.8 52.3 51.0 449 41.8
0.500-0.707 ......... 2.3 4.5 4.7 70 46.0 53.0 17.7 249 24.1 17.9
0.707-1.00 ......... 2 9 1.0 11 36.3 10.3 13.9 10.9 54.1 5.0

Total .......... 266 356 407 274 463 460 440 305 420 313
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first increased at a rapid rate, then at a somewhat
slower rate. The 0.125- to 0.177-mm sieve classes of the
garnet and monazite tracers also tended to behave in
this manner.

The first arrival times and the corresponding
velocities are presented in table 35 and the velocities
are plotted in figure 17 as a function of the median fall
diameter of the sieve class. Some of the arrival times
and velocities for the different minerals and sieve
classes were identical because of the limited number of
sample times and the manner in which the arrival
times were determined. This tended to aline the
velocities and thus introduced scatter that might not
have been present, had more frequent sampling been
possible. Significant quantities of the lead tracers ap-
peared at cross section 90 only for one short period of
the experiment, hence, the velocities for all four sieve
classes were identical.

The vertical dashed lines in figure 17 give the size
limits of the sieve classes used in the analysis of the
samples, and the number next to each point indicates
the sieve class number given in table 35. The median
fall diameters for the different sieve classes of garnet
and monazite are in general displaced to the next larger
sieve class.

TABLE 35. — First arrival times and velocities of the leading edges of
the tracer masses as determined from ‘‘dustpan” samples collected
at cross section 90

First arrival time

Sieve class (hours from start Velocity
Mineral (mm) of injection) (m/h)
Quartz ........ (1) 0.125-0.177 0.067 1370
(2) 0.177-0.250 .50 183
(3) 0.250—0.350 10 9.1
(4) 0.350-0.500 47 1.9
(5) 0.500-0.707 1 1.3
(6) 0.707-1.00 118 17
Garnet ........ (1) 0.125-0.177 10 9.1
(2) 0.177—0.250 47 1.9
(3) 0.250-0.350 84 1.1
(4) 0.350-0.500 95 .96
(5) 0.500—0.707 118 77
Monazite ...... (1) 0.125-0.177 10 9.1
(2) 0.177-0.250 47 1.9
(3) 0.250—-0.350 84 11
(4) 0.350—-0.500 84 1.1
(5) 0.500—-0.707 95 .96
Lead .......... (1) 0.125-0.177 162 .56
(2) 0.177-0.250 162 .56
(3) 0.250—0.350 162 .56
(4) 0.350-0.500 162 .56

The velocities are plotted against the fall diameters
of the sieve classes because the concept of hydraulic
equivalence (Rubey, 1933; Rittenhouse, 1943) suggests
that particles having equal fall diameters tend to be of
equivalent hydraulic value.

Figure 17 shows that the velocity values tend to be
divided into two groups, each with a very different de-
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Fi1GURE 17. — Variation in the velocity of the leading edge of the
tracer masses with median fall diameter as defined by
“dustpan” samples collected at cross section 90.

pendence on fall diameter. Least-squares regression
lines were computed for these groups according to

V., =ad}, (13)
where a and b are constants. The velocities for the
small particles were found to vary inversely with the

7.9 power of the median fall diameter, whereas the
velocities for the large particles varied inversely with
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the 0.86 power of the fall diameter. The velocities for
the lead tracer particles were not considered in the
determination of the relation for the large particles.

The difference in behavior is presumed to be the
result of differences in the ways in which the particles
moved in the channel. The small particles moved pre-
dominantly in suspension, intermediate particles
moved alternatively in suspension and by creep along
the bed surface, and the larger particles moved almost
exclusively by creep along the bed surface. The change
in dependence on diameter in figure 17 appeared to oc-
cur at a diameter in the range between 0.25 and 0.30
mm, which is just slightly larger than the median
diameter of the bed material in the channel (table 8).

Kennedy and Kouba (1970) determined first arrival
times for sand-size (0.18 to 0.99 mm) tracer particles in
a gravel-bed stream. They found that the velocities
varied inversely with the 2.0 power of the diameter. Ob-
served velocities were within the range of velocities
presented in figure 17 for the small particles. Rathbun,
Kennedy, and Culbertson (1971) determined the
diameter dependence of sand-size particles for the flat-
bed condition and found that the diameter dependence
was U-shaped with the smallest and largest particles
having the largest velocities. Observed velocities also
were within the range of velocities presented in figure
17 for the small particles. Thus, there are few
similarities between the results of these prior studies
and the present study. However, considering the
different flow and bed conditions, none should probably
be expected.

The scatter of the data in figure 17 prevents any
definite conclusions regarding the hydraulic equiva-
lence of the tracer particles. However, it appeared that
the smaller particles, moving predominantly in suspen-
sion, were more nearly hydraulically equivalent than
were the large particles which move predominantly by
surface creep.

The determination of particle velocities was limited
to those based on first arrival times because most of the
sizes and specific gravities of tracer particles did not
reach plateau concentrations during the injection
period. Had plateau concentrations been achieved, then
the time required to reach half the plateau concentra-
tion could have been taken as a mean time of travel and
then a mean velocity could have been computed.
However, as discussed previously, only the 0.125- to
0.177-mm and 0.177- to 0.250-mm sieve classes of
quartz tracer appeared to reach plateau concentrations
during the injection period.

MEAN LATERAL POSITIONS AND VARIANCES

As discussed in previous paragraphs, mean lateral
positions and variances were calculated from equations

12 and 11, respectively, for each lateral distribution of
tracer particles determined from “dustpan” samples
collected at cross section 90. Consideration of these
mean lateral positions and variances gives general in-
formation about the lateral dispersion characteristics
of the tracers.

Consideration of the mean lateral positions shows
that the lateral distributions of the 0.125- to 0.177-mm
and 0.177- to 0.250-mm sieve classes of quartz tracers
were established very rapidly with little variation with
time of the mean lateral positions. The z values for the
other sieve classes of quartz tracers and for the garnet
and monazite tracers oscillated considerably during the
initial 22 hours of injection, with most of the values
lying to the right of the channel centerline. After
establishment of the lateral distributions, the z values
gradually shifted to a position 0.9 to 1.5 m (3 to 5 ft) to
the left of the channel centerline during the experi-
ment. Aside from the fact that the lateral distributions
for the small quartz particles were established more
rapidly than for the other tracer particles, there were
no obvious effects of either size or specific gravity on
the variation with time of the mean lateral positions of
the tracer masses.

Figure 18 shows the variances of the lateral distribu-
tions for the last two sampling times of the injection
period as a function of the median fall diameter of the
sieve class. The line represents a least-squares fit of the
data points. The very large value for the 0.707- to 1.00-
mm sieve class of quartz was the result of a bimodal dis-
tribution produced by detectable tracer concentrations
in the left half of the channel, three sample points with
zero concentration to the right of centerline, and
relatively large concentrations near the right bank (ta-
ble 17). On the other hand, the small o2 value for the
0.500- to 0.707-mm sieve class of garnet is the result of
tracer concentrations at only 3 of the 11 sample points
in the cross section (table 22). Much of the apparently
random behavior, particularly for the large sizes, is the
result of the fact that steady-state concentration dis-
tributions were not obtained at cross section 90.
Although there is considerable scatter in the data, the
general trend is for the variances of the lateral distribu-
tions to increase with the fall diameter of the tracer
particles.

The variances of the lateral distributions of the
different sizes of tracer particles used in this study, the
larger of which move predominantly as bed load and
the smaller of which move alternately in suspension
and as bed load, were compared with the variances for a
dissolved dispersant. A dispersion study using a water-
soluble fluorescent dye was conducted on another sec-
tion of the Atrisco Feeder Canal under approximately
the same hydraulic conditions (Fischer, 1967). From
the results of that study, it is estimated that for a dis-
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TABLE 36. — Mean concentrations of fluorescent tracers as defined by ‘‘dustpan” samples collected at various cross sections on May 8

Mineral Sieve class Mean concentration times 10° at cross section:
(mm) 15 60 90 180 270 1360 450 540
Quartz ..... 0.125—-0.177 174 29.7 36.2 375 44.3 25.8 41.0 33.0
0.177-0.250 35.3 38.1 445 36.3 29.2 18.1 121 8.24
0.250—-0.350 110 90.0 57.6 24.0 511 1.25 371 232
0.350—0.500 518 387 166 3.42 0.426 1.00 334 102
0.500—-0.707 1220 1050 265 0.0 .583 1.04 114 0
0.707-1.00 294 212 217 0 0 0 0 0
Garnet ..... 0.125-0.177 24.6 18.8 154 11.1 2.37 1.98 .999 1.69
0.177-0.250 66.0 22.9 225 11.6 1.38 111 597 .895
0.250-0.350 99.7 43.8 34.8 7.07 437 .0719 147 .0461
0.350—-0.500 280 87.6 40.2 .138 .0752 0334 .0342 0
0.500—-0.707 453 191 7.42 0 384 0 0935 0
Monazite ... 0.125-0.177 233 182 116 36.2 15.3 6.62 4.03 6.63
0.177-0.250 109 63.4 39.8 4.68 1.71 .686 .188 .246
0.250-0.350 66.4 38.2 234 324 226 251 0796 233
0.350-0.500 219 75.4 70.4 0708 439 139 .0306 .834
0.500—0.707 216 251 80.4 0 .630 1.11 218 0
Lead ....... 0.125-0.177 30.4 0.528 2.59 .385 0 0 .0631 .0223
0.177-0.250 22,2 158 1.47 .0307 0 0 .0614 0
0.250-0.350 10.2 231 3.39 0 0 .0190 0207 0
0.350—-0.500 51.0 .580 122 0 0 0 0 0

1 Collected on May 9.
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MEDIAN FALL DIAMETER, IN MILLIMETERS

FIGURE 18. — Variation with median fall diameter in the
variances of the lateral concentration distributions as
defined “dustpan” samples collected at cross section 90 for
the last two sampling times of the injection period on May 8.

tribution 90 m (300 ft) downstream from a point source
at the channel centerline, the variance of a lateral dis-
tribution of dye would be about 2.8 m? (30 ft2). If the
line in figure 18 is extended, this variance would corres-
pond to a fall diameter of about 0.05 mm, a size which
would be transported completely in suspension.

The effect of size on lateral mixing can also be seen
from the data presented in tables 12 through 31. For ex-
ample, for t= 149 hours, the concentrations for the
0.125- to 0.177-mm sieve class of quartz for the two

sampling points nearest the left and right banks are
0.38 and 0.76 percent, respectively, of the maximum
concentration for the cross section, whereas for the
0.500- to 0.707-mm sieve class of quartz, the corres-
ponding concentrations are 51 and 19 percent, respec-
tively, of the maximum concentration. Similar results
are obtained for the other minerals. The examples of
the lateral distributions presented in figures 8 —11 show
graphically the same effect.

“DUSTPAN” SAMPLES AT VARIOUS CROSS SECTIONS

The mean cross-sectional concentrations for the
“dustpan” samples collected at various cross sections
near the end of the injection period are presented in ta-
ble 36. These samples were collected on May 8, with the
exception of those for cross section 360, which were col-
lected on May 9. The data show that the mean con-
centration for the 0.125- to 0.177-mm sieve class of
quartz tracer was essentially uniformly distributed
longitudinally over the 540-m (1800-ft) section of the
reach that was sampled. The mean concentrations for
the other five sieve classes of quartz tracer decreased
with distance downstream, and the rate of decrease in-
creased with size. Large concentrations of the lead tra-
cers were found only at cross section 15.

The mean lateral positions, z, and the variances, o2,
of the lateral distributions were calculated from equa-
tions 12 and 11, respectively. Most of the mean lateral
positions were slightly to the left of the channel cen-
terline; however, there was no large shift away from
the centerline such as occurred in the flat-bed study
(Rathbun and others, 1971).

The variances of the lateral distributions are plotted
in figure 19 as a function of distance downstream from
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FIGURE 19. — Variation with distance downstream in the variances of the lateral distributions of the quartz, garnet, and monazite tracers
as defined by “dustpan” samples collected at various cross sections on May 8.

the injection point. The lead values are not presented
because large quantities of the lead tracer were found
only at cross section 15. Variances for some cross sec-

tions for some sieve classes of the quartz, garnet, and
monazite tracers were either zero or indeterminate
because of the very small or zero concentrations of tra-
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cers. The variances plotted in figure 19 were deter-
mined by the method of moments as defined by equa-
tion 11.

Two trends are evident in figure 19. First, the
variances increase approximately linearly with dis-
tance for several points, then tend to fall away from the
linear relation. There are at least two possible explana-
tions for this behavior. First, reflection of the tracer
particles by the banks of the channel tends to give
smaller variance values than would have been obtained
had the banks not been there. (See figure 7 of Lean and
Crickmore (1966) for an example of this effect.) Second,
the lateral distributions at the downstream cross sec-
tions were not fully developed at the time of sampling.
This second explanation is supported by the fact that,
with the exception of the 0.125- t0 0.177-mm and 0.177-
to 0.250-mm sieve classes of quartz tracer particles, the
cross section at which the deviation begins corresponds
to the cross section at which the mean concentration
first was small. (Compare fig. 19 and table 36.) Sayre
and Chang (1968) pointed out that, for lateral distribu-
tions that are approximately Gaussian, the variance
can be calculated from

1 (14)

2= —F——

‘ T(Crpppx)”
where C,  isthe maximum relative concentration for
the distrﬁ)ution. Equation 14 has the advantage that
calculated variances are not affected by the banks until
the reflected tracer reaches the centerline of the chan-
nel whereas the variances calculated by the method of
moments (eq. 11) are affected as soon as significant
quantities of tracer reach the banks. Variances were
calculated for the 0.125- to 0.177-mm and 0.177- to
0.250-mm sieve classes of quartz tracer using equation
14; the same behavior as shown in figure 19 was found,
thus supporting the explanation that the downstream
distributions were not fully developed.

The second trend evident in figure 19 is the tendency
for the variance at a particular cross section to increase
with size and, consequently, for the rate of change of
the variance with distance to increase with size.

The Fickian diffusion theory (Sayre and Chang,
1968) of the dispersion of dissolved dispersants defines
a lateral dispersion coefficient, K,, as the product of a
velocity and the rate of change of the variance. The
recommended procedure (Sayre and Chang, 1968) for
calculating K, for dispersion from a continuous point
source is
U do?

K=3& (15)

2z

N

where U is the mean flow velocity, and do?/dx is the
rate of change of the variance of the lateral distribution

of the tracer with distance downstream. Analogously, a
dispersion coefficient for bed-material dispersion may
be defined

e defined as v, do?

o &

(16)

where Vp is the velocity of the tracer particles. This dis-
persion coefficient is for the net effect of all processes
by which the particles move — that is, movement along
the bed surface, saltation, and suspension, provided the
particles spend at least a finite part of the time moving
along the bed surface where the samples were collected.
Least-squares lines were calculated for the approx-
imately linear range of the data for each sieve class
presented in figure 19, and the slopes of these lines,
do?/dx, are presented in table 37. Also given in table 37
are the number of cross sections considered in each of
the least-squares calculations. To convert the do2/dx
values to k, values with equation 16 requires particle
velocities. The velocity values presented previously (ta-
ble 35) were used for this purpose, and the calculated &,
values are summarized in table 37. The &, values show
approximately the same behavior as the velocity data
plotted in figure 17 — that is, a large dependence on
size for the small tracer particles and relatively little
dependence for the large particles. This behavior,
however, is not strictly the result of effect of the
velocities because the do?/dx values increased con-
siderably with the size of the tracer particles.

TABLE 37. — Lateral dispersion parameters of the fluorescent-tracer
particles determined from concentration distributions defined by
““‘dustpan’” samples collected on May 8 and 9

Number

Sieve class  of cross @9 /4% kg B 24
Mineral {mm) sections (m2/m) (mz/h) (m) (m)
Quartz ..... 0.125-0.177 5 0.0546 37.4 103 1540
0.177-0.250 5 .0533 4.9 105 1580
0.250—-0.350 4 .100 .46 56 843
0.350-0.500 4 127 12 44 664
0.500-0.707 3 .134 .087 42 629
0.707-1.00 3 .323 12 17 261
Garnet . .. .. 0.125—-0.177 4  .0658 .30 85 1280
0.177-0.250 4  .0637 061 88 1320
0.250-0.350 4 .100 055 56 843
0.350-0.500 3 116 .055 48 727
0.500-0.707 3 .133 .051 42 634
Monazite ... 0.125-0.177 5 .0549 25 102 1540
0.177-0.250 4  .0805 .076 70 1050
0.250-0.350 4 123 .068 46 685
0.350-0.500 3 .123 .068 46 685
0.500-0.707 3 .111 .053 51 759

Sayre and Chang (1968) showed that the point at

which significant tracer reaches the bank is estimated
by

’

x, =0.01
B K, amn
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and the point where the tracer becomes distributed ap-
proximately uniformly across the channel is estimated
by —~

UB?

K, (18)

x,;,>0.15

Combining equations 17 and 18 with equation 15 gives

xp = 0.02 B2 [(do2/dx), (19)

and

%y, =0.30 B2 [ (do2/dx), (20)
These values of x are presented in table 37 also. Accord-
ing to these estimates, none of the sieve classes of
tracer particles should have attained a uniform dis-
tribution at cross section 90. On the other hand, the
xg values indicate that significant quantities of the
larger tracer particles should have reached the banks
at cross section 90. This was observed, as discussed pre-
viously and as shown by the data presented in tables 12
through 31.

The xp and x, values show that the distances re-
quired for significant quantities of tracer to reach the
bank and for uniform distributions, respectively,
decreased as the size of the tracer particles increased.
This indicates that the small tracer particles dispersed
in the lateral direction the least amount, and the large
particles the most, for the conditions prevailing for the
tracer study.

The lateral dispersion coefficient is usually made
nondimensional by dividing by the product of the depth
of flow and the shear velocity. The mean depth of flow
was 0.735 m (2.41 ft), and the shear velocity for the
mean flow conditions was 0.0640 m/s (0.210 ft/s).
Hence, k,/DU, was 0.22 for the 0.125- to 0.177-mm
sieve class of quartz tracer, in good agreement with the
value of 0.24 found by Fischer (1967) for the lateral dis-
persion of dye in the same channel for essentially the
same hydraulic conditions. The nondimensional lateral
dispersion parameter for the larger particles, which
move predominantly by creep along the bed surface,
was more than two orders of magnitude smaller. Using
a mean of the &, values for the three sieve classes of the
largest quartz tracer particles and the four sieve classes
each of the largest garnet and monazite tracer parti-
cles, k,/DU, was 0.00044.

Comparison of the two factors used in the calculation
of k,shows that the rate of change of the variance with
distance for the dye was about 0.03 m2/m (0.1 ft2/ft)
(Fischer, 1967, fig. 5), whereas this value for the larger
tracer particles ranged from about 0.06 to 0.32 m?/m
and averaged 0.13 m2?/m (0.21 to 1.05 ft2/ft and
averaged 0.43 ft2/ft); the mean water velocity for the

dye study was 0.64 m/s (2.1 ft/s), whereas the velocities
for the large tracer particles ranged from 0.77 to 1.9
m/h and averaged 1.25 m/h (2.5 to 6.2 ft/h and averaged
4.1 ft/h). Hence, the big difference in the dimensionless
lateral dispersion coefficients is largely the result of the
differences in velocity.

APPLICABILITY OF THE “DUSTPAN” SAMPLER TO DUNE BEDS

The correctness of sampling only the layer of
material moving along the surface of the bed, when the
depth of particle movement for the dune-bed form is ap-
proximately one-half the dune height, may be ques-
tioned. The “dustpan” sampler originally was designed
for sampling the flat-bed condition, where most of the
material in transport is concentrated in a thin layer
near the bed surface (Rathbun and others, 1971). The
efficiency of the sampler is not important; the signifi-
cant factor is the ratio of the number of fluorescent par-
ticles of a given size to the number of nonfluorescent
particles of the same size.

The conceptual models commonly used to describe
the dune-bed form consider the individual particles to
move in a series of steps and rest periods. The particles
travel up the back of a dune and avalanche down the
face into the trough, where most are buried. These par-
ticles remain buried until the dune moves by, and the
particles are re-exposed; at which time, they move up
the back of the dune that has just moved past, and the
process is repeated. The important point, though, is
that the dominant process in the movement of the dune
forms is the movement of the individual particles along
the surface of the dune back and down its face. A
schematic diagram of this process has been presented
by Grigg (1970).

The continued suspension, transport downstream,
and deposition of the small sand-size particles also con-
tributes to the downstream movement of the dune
forms. These particles, however, also spend some small
part of the time moving as bed load along the backs of
the dunes and, hence, would be sampled by the
“dustpan” sampler.

Consideration of the factors involved in the move-
ment of dune forms suggests that sampling for fluores-
cent tracers in the material moving along the surface of
the bed should be valid, provided that two conditions
are fulfilled — (1) a continuous injection is used, and
(2) enough time has elapsed that an equilibrium condi-
tion is established with respect to mixing of the parti-
cles in the depth of flow over the bed and mixing to the
depth of particle movement within the bed. The pre-
viously noted agreement between sediment transport
rates calculated by the steady-dilution and modified
Einstein procedures supports the suggestion that the
“dustpan” sampler can be used for the dune-bed condi-
tion.
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CORE SAMPLES

The 0.6-m-long (2-ft-long) core samples collected dur-
ing the study were used for several purposes. First, the
distributions of the tracer particles among the five seg-
ments of each core sample were used to obtain informa-
tion on the vertical distributions of the tracers within
the dune bed. Also determined was the manner in
which these distributions changed with time and posi-
tion in the reach during the course of the experiment.
Second, the distributions of the tracers among the seg-
ments of each sample were used to estimate the mean
value of the depth of mixing, that is, the distance from
the mean bed-surface elevation to the lower limit of the
zone of particle movement. The distributions were also
used to compute the mean centroid depth — that is, the
distance from the mean bed-surface elevation to the
centroid of the vertical tracer distribution. Third, the
core samples collected on May 8 were used to obtain in-
formation on the lateral dispersion characteristics of
the tracers. Finally, the core samples were used to
determine the longitudinal distributions of the tracers
on May 8, June 6, and July 14. These distributions, in
turn, were used to estimate the total transport rate of
bed material by the spatial-integration procedure, to
compute the recovery ratios for the tracers, and to ob-
tain information on the longitudinal dispersion charac-
teristics of the tracers.

VERTICAL DISTRIBUTION

Vertical distributions of the tracer particles were
determined for each sieve class and specific gravity of
tracer material for each core sample analyzed. To
demonstrate the effect of size, time, and longitudinal
position on these distributions, the vertical distribu-
tions of the 0.125- to 0.177-mm, 0.250- to 0.350-mm,
and 0.500- to 0.707-mm sieve classes of quartz tracers
are presented on plate 1. The June 6 and July 14 sam-
ples are those from along the centerline of the channel;
the May 8 samples are those nearest the channel cen-
terline for each of the lateral distributions. In these
figures, the lower abscissa is the distance downstream
from the injection point for the tracers. In addition,
each individual distribution has a separate abscissa to
designate the concentrations of tracers. The scales of
these abscissae were adjusted according to the con-
centrations of tracers in the segments of each sample.
This procedure facilitates interpretation of the vertical
distributions, but complicates somewhat the interpreta-
tion of the longitudinal distributions. However, for a
discussion of the latter, the reader is referred to the sec-
tion specifically concerned with the longitudinal dis-
tributions. The ordinates in these figures are the dis-
tance below the water surface. Thus, the ordinate value
of the top of each distribution is the depth of flow at
that particular sample point.

Plate 1A shows that the largest concentration of
0.125- to 0.177-mm quartz tracer particles in any one
segment on May 8 was in the top segment of the sample
at 60 m (200 ft) downstream from the injection point.
Furthermore, all the May 8 distributions contained
large concentrations of this size of quartz tracer in the
upper two or three segments of the cores, with only very
small concentrations in the bottom two or three seg-
ments. The large concentration in the upper segments
tended to be approximately the same over the length of
the reach sampled, with the exception of the sample at
450 m (1500 ft), which contained much smaller con-
centrations.

The largest concentration of 0.125- to 0.177-mm
quartz tracer particles in any one segment on June 6
was in the fourth segment from the top in the sample at
180 m (600 ft). This concentration was somewhat less
than half the largest concentration observed on May 8.
Also, it was about twice the next largest concentration
observed on June 6, suggesting that a large amount of
the tracer had moved out of the study reach between
May 8 and June 6.

The June 6 distributions between the injection point
and 210 m (700 ft) show that the largest concentrations
occurred in the lower segments of the cores, with
relatively small concentrations in the upper segments.
Downstream of 210 m (700 ft), the distributions tended
to contain more tracer particles in the upper segments.
However, with the exception of the sample at 420 m
(1400 ft), these samples contained relatively smaller
concentrations than those close to the injection point.

The largest concentration of 0.125- to 0.177-mm tra-
cers on July 14 was in the middle segment of the sample
at 390 m (1300 ft). The July 14 distributions tended to
be more irregular than the June 6 distributions, with
many of the former having large concentrations of tra-
cers in only one or two segments.

Comparison of the distributions for May 8, June 6,
and July 14 suggests that the general behavior of the
0.125- to 0.177-mm quartz tracer particles was to move
rapidly down the channel during the injection period
from May 1 to May 8, remaining largely in the upper
layers of the bed. At the conclusion of the injection
process, the tracers continued to move down the chan-
nel and to mix into the bed. But because of the rapid
rate of movement of these tracers, a large part moved
out of the study reach. Those tracers deposited at lower
levels in the bed also continued to move down the chan-
nel but at a much slower rate. The result was vertical
distributions that initially were weighted toward the
top of the cores and final distributions that were
weighted toward the center of the cores. Also, because
of the random nature of the sediment movement, the
vertical distributions tended to become more irregular
with time.
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Plate 1B shows that the largest concentration of
0.250- to 0.350-mm quartz tracer particles in any one
segment on May 8 was in the top segment of the sample
at 7.5 m (25 ft), which was the sample nearest the injec-
tion point. Furthermore, it is apparent that large con-
centrations of tracers were present only in the top one
or two segments of the cores. An exception is the sam-
ple at 90 m (300 ft), where a large concentration was
found in the middle segment. However, this sample was
taken at a relatively high point in the channel, probably
near a dune crest. It is also apparent that the tracer
concentrations in the segments decreased rapidly
downstream, with only relatively small concentrations
occurring downstream from 270 m (900 ft).

On June 6 the largest concentration in any one seg-
ment was in the middle segment of the sample at 150 m
(500 ft). This concentration was approximately one-
tenth of the largest concentration observed on May 8.
The large reduction was a result of movement down-
stream of the mass of tracers located between the
source and 180 m (600 ft) on May 8. The June 6 dis-
tributions show that the tracer concentrations in the
segments were relatively uniform down to about 600 m
(2000 ft), at which point the concentrations tended to
decrease. Also, the distributions between the injection
point and 180 m (600 ft) contained relatively small con-
centraiions in the upper segments with large con-
centrations occurring in the middle segments of the
cores. At 210 and 240 m (700 and 800 ft) significant
concentrations of tracers were found in all five seg-
ments. From 270 m (900 ft) to the end of the study
reach at 870 m (2900 ft), the tracers again tended to be
present in relatively large amounts only in the upper
two or three segments of the core samples.

On July 14 the largest concentration in any one seg-
ment was in the fourth segment from the top of the
sample at 90 m (300 ft). This concentration was ac-
tually slightly larger than the largest concentration ob-
served on June 6. However, other segments of this sam-
ple contained only very small concentrations. The other
July 14 distributions between the injection point and
210 m (700 ft) show the continuing depletion of the
0.250- to 0.350-mm quartz tracers in the upper seg-
ments of these samples. At 270, 330, and 390 m (900,
1100, and 1300 ft), the distributions tended to have the
largest concentrations near the middle of the cores.
However, from 450 m (1500 ft) to the end of the study
reach, the tracers again tended to be concentrated in
the upper two or three segments of the samples.

The general behavior of the 0.250- to 0.350-mm
quartz tracer particles was similar to that of the 0.125-
t0-0.177-mm particles, with the important difference
that changes occurred much more slowly for the 0.250-
to 0.350-mm particles.
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Plate 1C shows that on May 8 significant concentra-
tions of the 0.500- to 0.707-mm quartz tracers were
found only between the injection point and the point 90
m (300 ft) downstream. The largest concentration in
any one segment was in the top segment of the core
sample at 7.5 m (25 ft). Significant concentrations were
found only in the top two or three segments of the cores.

On June 6 significant concentrations of the 0.500- to
0.707-mm quartz tracers were found between the injec-
tion point and the point 480 m (1600 ft) downstream.
The largest concentration in any one segment was in
the middle segment of the sample at 180 m (600 ft).
This concentration was about one-tenth of the largest
concentration observed on May 8. The general tenden-
cy was for the large concentrations of tracers to be in
the upper two or three segments. This was particularly
true for the samples downstream from 300 m (1000 ft).
The samples at 30, 60, and 90 m (100, 200, and 300 ft)
contained relatively few tracers in the top segment. The
samples between 120 and 270 m (400 and 900 ft) con-
tained tracers in most of the segments.

On July 14 the largest concentration in any one seg-
ment was in the middle segment of the sample at 30 m
(100 ft), and, as for the 0.250- to 0.350-mm tracers, this
concentration was larger than the largest concentra-
tion observed on June 6. The July 14 distributions show
that the samples at 30 and 90 m (100 and 300 ft) con-
tained essentially no tracers in the top two segments,
that the samples at 150 and 210 m (500 and 700 ft) con-
tained relatively large amounts in the top two seg-
ments, and that from this point on downstream large
concentrations were found only in the top two or three
segments.

The general behavior of the 0.500- to 0.707-mm
quartz tracer particles was similar to that of the 0.250-
to 0.350-mm particles except that changes occurred
much more slowly for the 0.500- to 0.707-mm particles.

This discussion of the behavior of the three sizes of
quartz tracer particles pointed out the tendency, par-
ticularly just downstream from the injection point, for
the tracers to be concentrated initially in the upper
layers of the bed, whereas in samples collected at later
times, the large concentrations tended to be in the
lower segments. There are at least two factors that
could contribute to the development of these types of
vertical distributions. The first factor is the slow rate of
movement of sediment particles for the dune-bed form,
with the result that the establishing of a vertical dis-
tribution that is in equilibrium with the flow conditions
and injection rate may take an extremely long time.
With the cessation of injection on May 8, those tracer
particles in the upper more mobile layers of the bed
moved on down the reach, whereas those in the lower
layers moved at a slower rate. This is not to imply that
there are two separate groups of particles; on the con-
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trary, there is continual exchange of particles among
all levels of the bed, and it is this exchange which is the
essence of the movement of the dune-bed form. The
large decrease in concentration between May 8 and
June 6 suggests that vertical equilibrium had not been
established, and this decrease probably was a result of
the bulk of the tracers moving on downstream. Be-
tween June 6 and July 14 changes in concentration
were considerably smaller, and in some instances in-
creases actually occurred at specific locations, pointing
to the stochastic nature of sediment movement.

The second factor is the possibility that decreasing
flow conditions resulted in the entrapment of tracers in
layers of the bed not in motion. As pointed out pre-
viously and as the data presented in table 6 show, the
water discharge fluctuated during the injection period,
then decreased steadily to the end of the experiment.
Because the sediment-transport rate is dependent on
the hydraulic conditions, some of the tracers may have
been trapped by the decreasing transport conditions.
Comparison of the June 6 and July 14 distributions at
specific locations reveals no persistent layers of tracer
material. This comparison, however, does not eliminate
the possibility that burial of some of the tracers oc-
curred at some time after June 6 and persisted until
just before the sampling on July 14.

DEPTH OF MIXING

The vertical distributions of the tracers were used to
estimate Em, the mean value of the depth .of mixing of
the tracer particles in the bed. This method and two
other methods — one based on depth-sounding records
of the bed and the other based on the conservation of
the tracer particles — were used by Hubbell and Sayre
(1964) for radioactive tracers. The same methods, with
one qualification necessary for the method based on the
conservation of the tracer particles, may be used for
fluorescent particles.

The first method consists of looking at a large num-
ber of core samples that have been divided into seg-
ments and determining by inspection the maximum
depth to which tracer particles have moved. Then the
mean value of the depth of mixing with respect to the
mean bed-surface elevation is given by

N
a = }\7; (D, +dp,~ D), (21)
where Dj is the depth of flow at the sample point, D is
the mean depth of flow for the study reach at the time
of sampling, d,,. is the maximum depth in the core sam-
. J . R
ple to which tracer particles are mixed, and N is the
total number of core samples considered.
Equation 21 was applied to each sieve class of each of
the four minerals for each of three dates on which core
samples were collected. The most difficult problem in

using equation 21 was the determination of d,,.from in-
spection of the particle counts for the five segjrnents of
each core sample. This determination was complicated
by the fact that the distribution of tracers among the
segments of the core samples was very irregular and in
general had no continuous distribution pattern in the
vertical direction. Similar results were found with
radioactive tracers by Hubbell and Sayre (1964) and
Crickmore (1967).

Two somewhat arbitrary decisions were necessary in
determining the depth of mixing. First, it was necessary
to decide if the sample contained a sufficient number of
particles to permit a valid determination of d,. In
general, a sample was not considered if the five Jseg-
ments contained a total of less than 10 fluorescent par-
ticles of the sieve class and specific gravity under con-
sideration, except when the 10 particles were all in one
or two segments of the sample. Second, it was necessary
to decide what the lower limit of mixing was for the
fluorescent tracers. Because of the extreme sensitivity
of the fluorescent tracer procedure, concentrations as
small as 1077 for the 0.125- to 0.177-mm sieve class are
detectable for the size of samples obtained in this study.
Hence, the procedure used was to neglect the lower of
two adjacent segments when they had small counts
with respect to the upper segments; for example, if the
middle segment contained 300 fluorescent particles, the
next'segment 5, and the bottom 3 particles, then the 3
particles were disregarded in determining the depth of
mixing. This procedure tends to make the d,,. values
smaller than they would be if all the fluorescent parti-
cles were considered.

Two other factors should be considered also. Because
each core was divided into only five segments, the
possibility exists that the lower limit of the tracer dis-
tribution may have been near the upper edge of the seg-
ment, thus giving a depth of mixing almost 0.12 m (0.40
ft) too great. In another sample, however, the lower
limit of the distribution might be near the bottom of the
segment, thus giving a nearly correct depth of mixing.
Because a large number of samples was used in the
determination of d,,, one might expect these effects to
be averaged, thus giving a d,, that is about 0.06 m (0.2
ft) too great. On the other hand, the lower limit of the
tracer distributions in many of the samples, par-
ticularly on June 6 and July 14, was in the bottom core;
hence, the possibility existed that the tracers may have
been mixed to greater depths than those sampled.
These two factors would tend to compensate for each
other. Thus, it was decided to use the bottom of the
deepest segment that contained a significant number of
tracer particles as the depth of mixing for that particu-
lar sample.

Mean values of the depth of mixing for the various
sieve classes and specific gravities of tracers and the
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three sample dates are presented in table 38. To deter-
mine if significant differences existed among these
mean values, the technique of analysis of variance and
the F test (Bennett and Franklin, 1954) was used.

TABLE 38. — Mean values of the depth of mixing for the various sieve
classes of the quartz, garnet, monazite, and lead tracers as deter-
mined from core samples collected on May 8, June 6, and July 14

Sieve class Em (m)
Mineral (mm) May 8 June 6 July 14
Quartz .......... 0.125-0.177 0.52 0.58 0.58
0.177-0.250 .52 .58 .58
0.250—0.350 49 .58 .58
0.350—0.500 .49 .58 .58
0.500—-0.707 .49 55 .55
0.707-1.00 43 43 43
Garnet .......... 0.125-0.177 43 .55 .55
0.177-0.250 46 55 .55
0.250-0.350 46 .52 .55
0.350-0.500 49 52 49
0.500-0.707 46 46 .52
Monazite ........ 0.125-0.177 46 .55 .55
0.177-0.250 46 .52 .55
0.250—0.350 46 49 49
0.350—0.500 43 49 .49
0.500—-0.707 .46 .46 43
Lead ............ 0.125-0.177 37 43 .37
0.177-0.250 .34 43 .46
0.250-0.350 43 46 ° 43
0.350-0.500 40 46 40

The procedure consisted of first testing the depth of
mixing values of all the sieve classes for a specific
mineral. If significant differences existed, then the
value that was most different from the mean was ex-
cluded, and the test was repeated. Also tested were the
depth of mixing values for various combinations of the
minerals and sieve classes. Results of the analysis of
variance are presented in table 39.

The depth of mixing values for the largest of the
quartz and monazite tracers were significantly smaller
than the values for the other sizes of these tracers.
Similarly, the values for all four sieve classes of lead
tracer were significantly smaller than the values for
comparable sizes of the other tracers. Thus, the heavy
and (or) large particles tended to move in layers that
were thinner than were the layers for the quartz parti-
cles comprising most of the bed material in transport.
These observations for the heavy particles are in
qualitative agreement with the work of Brady and Job-
son (1972) who studied, for the dune-bed condition in a
laboratory flume, the movement of the magnetite in a
natural river sand. They found that the magnetite
tended to form patches of large concentrations on the
backs and crests of the dunes, suggesting that the mag-
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TABLE 39. — Results of the analysis of variance of the depth of mixing
values for the fluorescent tracers as defined by core samples col-
lected on May 8, June 6, and July 14

Minerals and sieve Variance F b
Date classes included? ratio, F v, vy, a
May 8 .... 309 Fy s0m.0005, =335
67 F4,461,0.05 - 237
’23 ,407,0.05 — 237
212 F4,384,0.05 - 260
. 3,190,0.05 — “*

Q8,L1-L4 ........ 2.36  F, 50005 = 237
Allexcept Q6. ..... 498 P = 2.06
3{1 _1\%5’ ¥as, e F18,144z,o.005 o
1-M5 ..ot . =2
c—ce 14,1252,0.005
MI-M5 ... 40 Fyre 005 =1.88
June 6 ....Q1-Q6 .. 968  F 4150005 = 3:35
Q1-Q5 97 Foaao000s_ 937
G1-G5 2.30 F4Y354,O 05 = 2.37
Mi1-M5 4.45 1 '349.0.005 = 3.72
M1-M4 245 Fyoev0os = 2.60
L1-L4............ 09 F =92.71
Q1oab GTlGs, e F3,37,0.05 o
M1-M4,L1-14 ... . = 2.
ol_as s, 17,1122,0.005
Mi-M2 ... 252 Fyas000, = 2.64
Q6,G5,M5,Li-Ld 21  Fyrorool =210
July 14 ... 7.74 F5 247.0.005 = 3.35
Q 95  Fiolo00s = 2-37
1.41 F4'202:0.05 = 2.37
g% §4,197,0.005 = g'{%
: 3169,0.025 = 9
Li1-L4............ 87 F =276
G tas. GTGs, 3,60,0.05
ML M2 ... . 156 Fy 400005 = 1.8
Q6 M3-M5,L1-L4 130  Fojoroen =201
Q6, G4, G5, M3—M5, e
L1SL4. oot 207 Fyperoogs =211

denote the 0.125- to 0.177-mm, 0.177- to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm,
0 500- to 0.707-mm. and 0.707- to 1 00-mm sieve classes, respectively.

b Values for Fv b o from table IV of Bennett and Franklin 119541,
(A

netite moved in the upper part of the zone of movement
for the dune-bed form.

The Student’s ¢ test (Bennett and Franklin, 1954)
was used to determine whether significant differences
existed among mean values of the depth of mixing for
May 8, June 6, and July 14. Mean values for groups of
sieve classes were compared in pairs and results are
presented in table 40. ’

The May 8 —June 6 and May 8 —July 14 comparisons,
with the exception of the May 8 —July 14 comparison
for the lead tracer particles, show that the mean depths
of mixing for June 6 and July 14 were significantly
larger than for May 8 at the 0.005 level of significance.
The June 6 —July 14 comparisons show that the mean
depths for these dates were not significantly different
at the 0.05 level of significance. Thus, the depth of mix-
ing increased significantly between May 8 and June 6
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TABLE 40. — Results of the Student’s t test of the mean values of the
depth of mixing for the fluorescent tracers as defined by core sam-
ples collected on May 8, June 6, and July 14

Confidence limits Significance
Dates, minerals, and sieve classes? for difference of level
means

May 8, Q1—Q5: June 6, Q1-Q5 ....0.26 +0.086 0.005
May 8, Q1-Q5: July 14, Q1-Q5 ...0.26 +0.10 005
June 6, Q1-Q5: July 14, Q1-Q5 ... 0.0083+0.066 .05
May 8, G1—-G5: June 6, G1-G5 ....0.23 +0.10 .005
May 8, G1-G5: July 14, G1-G5 ...0.26 +0.12 .005
June 6, G1-G5: July 14, G1-G5...0.030 +0.078 .05
May 8, M1—-M5: June 6, M1-M4...0.21 +0.11 .005
May 8, M1—-MS5: July 14, M1-M3 ..0.22 +0.15 .005
June6, M1-M4: July 14, M1-M3 0.010 +0.090 .05
May 8, L1-L4: June 6, L1-1L4 ..... 0.20 +0.21 .005
May 8, L1-L4: July 14, L1-1L4 ....0.11 0.17 05
June 6, L1-L4: July 14, L1-L4....0.089 +0.21 .05
May 8, Q1—-Q5: June 6, Q1-Q5,

G1-G5: G1-G2,

M1-Ms5: M1-M2...0.30 +0.063 .005
June 6, Q1—Q5: July 14, Q1—-Q5,

G1-G2: G1-G3,

Mi1-M2: M1-M2 .0.0051+0.048 .05

e Q, G, M, and L denote quartz, garnet, monazite, and lead, respectively; 1, 2, 3, 4, 5,and 6

denote the 0.125- to 0.177-mm, 0.177- to 0.250-mm, 0 250- to 0.350-mm, (')A350- to 0.500-mm,
0.500- to 0.707-mm, and 0.707- to 1.00-mm sieve classes, respectively.

b Mean values are not significantly different at the indicated significance level if the confi-
dence limits for the difference of the means include zero ({Bennett and Franklin, 1954).

but did not change significantly between June 6 and
July 14.

The second method for determining the depth of mix-
ing, d , is based on an analysis of a sonic depth-sound-
ing record of the longitudinal profile of the bed surface.
The record is divided into sections beginning at the
upstream end. The first section /;, extends from the
first dune trough on the record to the next trough
downstream that is at a lower bed elevation. The second
section extends from this trough downstream to the
next trough that is at a lower bed elevation and so on
until the complete record is sectioned. The mean bed-
surface elevation is determined for the total record, and
the difference between the mean bed-surface elevation
and the trough elevation gives the depth of mixing for
that section. The mean value of the depth of mixing for
the reach is the weighted average of the values for the
sections given by

(22)

where L is the length of the reach, /; is the length of the
ith section, d,, is the depth of mixing for the ith sec-
tion, and n_is the number of sections. The number of
bed profiles obtained during the fluorescent tracer
study was limited and the quality was poor because of
equipment difficulties. Only one record obtained on
May 7 along the centerline between the injection point
and cross section 360 was analyzed, and a depth of mix-
ing of 0.31 m (1.02 ft) was obtained.

The third method for determining the depth of mix-

ing,d,,, is based on the conservation of the tracer parti-

cles. The equation is

d, = W : (23)

B(1-)\) YsﬁmCdx

where W is the weight of tracer particles injected, B is
the channel width, A is the fraction of the volume of the
bed not occupied by the bed-material particles, v, is the
specific weight of the bed material, and

S omde

is the area under the longitudinal distribution curve for
the tracer particles. This method differs for fluorescent
and radioactive tracers. For radioactive tracers the in-
tegral term can be determined from in situ activity
measurements with radiation detectors. For fluores-
cent tracers core samples are necessary to determine
the integral term; hence, the mean value of the depth of
mixing in effect must be known to permit determina-
tion of the concentrations.

The centroid depth, which is the distance from the
mean bed-surface elevation to the centroid of the verti-
cal distribution of the tracer material, was also deter-
mined from the vertical distributions of the tracers.
The mean value of the centroid depth was calculated
from

5
- 1 i —= kgl % My
d=N— ZD]_D+ 5 ’ (24)
j=1 Y
-~
k=1

where d, is the distance from the top of the core to the
center of the kth segment, that is 0.06, 0.18, 0.30, 0.42,
and 0.54 m (0.2, 0.6, 1.0, 1.4, and 1.8 ft), respectively, for
the five 0.12-m-thick (0.4-ft-thick) segments, and 7, is
the number of fluorescent particles in the 2th segment.

The mean value of the centroid depth was calculated
from equation 24 for each sieve class of each of the four
minerals for May 8, June 6, and July 14. The basic raw
data were used in these calculations — that is, small
numbers of fluorescent particles in the bottom seg-
ments were not neglected as was done in the deter-
mination of the depth of mixing. This procedure was
possible because the centroid depth is weighted with
respect to the number of particles and hence small
numbers do not contribute substantially to the summa-
tion in equation 24; on the other hand, the depth of mix-
ing is based strictly on the presence or absence of parti-
cles in a specific segment of the sample.

Mean values of the centroid depth, d, for the various
sieve classes and specific gravities of tracers and the
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three sample dates are presented in table 41. To deter-
mine if significant differences existed among these
mean values, the technique of analysis of variance, as
was used for the depth of mixing, was used.

Results of the analysis of variance of the centroid
depths are presented in table 42. Few differences were
found among the centroid depths for each of the three
sampling dates. For May 8 it was necessary to exclude
the depths for the 0.500-to 0.707-mm sieve class of
garnet tracer and the 0.250- to 0.350-mm and 0.350- to
0.500-mm sieve classes of lead tracers to have no sig-
nificant differences at the 0.05 level. For June 6 it was
necessary to exclude the depths for the 0.125- to 0.177-
mm sieve class of quartz tracer and the 0.250- to 0.350-
mm and 0.350- to 0.500-mm sieve classes of lead tracers
to have no significant differences at the 0.05 level. For
July 14 it was necessary to exclude only the depth for
the 0.125- to 0.177-mm sieve class of quartz tracer to
have no significant differences at the 0.05 level.

TABLE 41. — Mean values of the centroid depths of the vertical dis-
tributions of fluorescent tracers as defined by core samples collected
on May 8, June 6, and July 14

Sieve class d (m)
Mineral (mm) May 8 June 6 July 14
Quartz ........... 0.125-0.177 0.18 0.27 0.31
0.177-0.250 .16 .24 29
0.250-0.350 .16 .21 .25
0.350—-0.500 17 23 24
0.500—0.707 .18 .22 23
0.707-1.00 .19 .23 25
Garnet .......... 0.125-0.177 19 24 27
0.177-0.250 .18 .22 .26
0.250-0.350 .19 22 26
0.350—-0.500 .20 .25 26
0.500—-0.707 23 .25 29
Monazite ........ 0.1256—-0.177 16 .20 27
0.177-0.250 .16 .20 .26
0.250—-0.350 .18 .23 25
0.350-0.500 .18 .23 26
0.500—-0.707 21 24 .26
Lead ............ 0.125-0.177 .18 .26 25
0.177-0.250 .18 .25 28
0.250-0.350 .25 .29 .28
0.350-0.500 .26 27 27

The Student’s ¢ test (Bennett and Franklin, 1954)
was used to determine if significant differences existed
among mean values of the centroid depth for May 8§,
dJune 6, and July 14. Mean values for groups of sieve
classes were compared in pairs and results are pres-
ented in table 43.

All the comparisons for the three sampling dates,
with the exception of three comparisons for the lead
tracers, showed significant differences at the 0.005
level. Thus, the results of the statistical tests show that
the centroid depths for the quartz, garnet, and
mohazite tracers increased with time throughout the
study. This is in contrast with the depths of mixing
which increased between May 8 and June 6 but did not
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TABLE 42. — Results of the analysis of variance of the centroid depths
of the vertical distributions of fluorescent tracers as defined by core
samples collected on May 8, June 6, and July 14

Minerals and Variance ratio, F"I* vg, ab
Date sieve classes F
included®
May 8 . Q1-Q6 .............. 0.90 F5,508,0.05= 2.21
G1-G5 ..... Sea e 1.64 F4’407’0.05= 2.37
M1-M5 .............. 1.93 F4,389,0.05= 2.37
L1-L4 ............... 5.67 F3’190’0.005= 4.28
L1,L2 . ...t .04 F1’111’0_05= 3.27
L3, L4 ................. .09 F1’79’0.05= 3.96
Q1-Q6, G1-G5, M1—-M5, L1,
L2 .o 1.67 F17,1410,0.025= 1.77
Q1-Q6, G1-G4, M1-M5, L1,
L2 ..o 1.07 F16,1357,0.05= 1.64
June 6 . Q1-Q6 .............. 3.13 F5,415’0>05= 2.21
Q2-Q6 ................ 91 F4’329,0.05= 2.37
G1-G5 ............... 1.23 F4,354’0.05= 2.37
M] -M5 ... 1.78 F4'342,0_o5= 2.37
L1-L4 ................ .35 F3‘87'0_05= 2.71
Q2-Q6, G1-G5, M1-Ms5,
Li-L4 ... ........... 1.65 F18,1112,0.025= 1.60
Q2-Q6,G1-G5, M1-M5, L1,
L2 .. 1.29 F16,1075,0.05= 1.64

July 14 Ql—QG .............. 2.81 F5’247’0‘01= 3.02
Q2-Q6 ....... ... 1.38 F4’205,0.05= 2.37
G1-G5 ................ 43 F4,202’0.05= 2.37
Mi1-M5 ............... .20 F4,197,0.O5= 2.37
L1-L4 ................ .13 F3,60,0.05= 276
Q2-Q6, G1-G5, M1-M5,
Li-L4 ................ .55 F18,662,0.05= 1.60

aQ, G. M, and L denote quartz, garnet, monazite, and lead, respectively; 1, 2, 3, 4,5, and 6

denote the 0.125- to 0.177-mm, 0.177- to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm,
0.500- to 0.707-mm, and 0.707- to 1.00-mm sieve classes, respectively.

bValues for Fv v« from table IV of Bennett and Franklin 11954).
I

change significantly between June 6 and July 14. These
observations suggest that the lower limit of particle
movement essentially had been established prior to
June 6, whereas the centroids of the vertical distribu-
tions of the tracer particles apparently were still mov-
ing downward at the end of the study on July 14.

Another explanation for the increase of the centroid
depths between June 6 and July 14 is possible, however.
The water discharge, and consequently the sediment
transport rate, decreased considerably toward the end
of the study. Thus, lower regions of the bed that pre-
viously had been involved in the transport process may
no longer have been in motion. Because tracers were
deposited in these regions of the bed by the higher flow
and transport conditions, a layer of bed material con-
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TaBLE 43. — Results of the Student’s t test of the mean values of the
centroid depths of the vertical distributions of fluorescent tracers as
defined by core samples collected on May 8, June 6, and July 14

Confidence limits

Dates. mimerals, and steve classes? for diffe f Significance
n or Ilne:‘esrbce Ol level
May 8, Q1-Q6: June 6, Q2—-Q6 0.17+0.067 0.005
May 8, Q1-Q6: July 14, Q2-Q6 0.26+0.081 .005
June 6, Q2—-Q6: July 14, Q2—-Q6 0.085+0.091 .005
May 8, G1--G5: June 6, G1-G5 0.12+0.076 .005
May 8, G1-G5: July 14, G1-G5 0.24+0.090 .005
June 6, G1--G5: July 14, G1-G5  0.11+0.090 .005
May 8, M1--M5: June 6, M1-M5  0.14%+0.073 .005
May 8, M1 -M5: July 14, M1-M5 0.28+0.088 .005
June 6, M1--M5: July 14, M1-M5 0.1310.089 .005
May 8, L1-L2; June 6, L1-14 0.28+0.17 005
May 8, L1--L2: July 14, L1-L4 0.28+0.21 .005
June 6, L1—-L4: July 14, L1-L4 0.01+0.17 .05
May 8, L3~L4: June 6, L1--L4 0.04+0.14 .05
May 8, L3—~L4: July 14, L1-L4 0.04+0.16 .05
May 8, Q1-Q6: June 6, Q2--Q6,
G1-G4: G1-G5,
M1-M5: M1-M5,
L1-L2: L1-L2 0.16+0.04 .005
May 8, Q1—-Q6: July 14, Q2-Q6,
G1-G4: G1-G5,
M1-M5: M1-MS5,
L1-L2: L1-L4 0.2740.05 .005
June 6, Q2-Q6: July 14, Q2—-Q6,
G1-G5: G1-G5.
M1-M5, M1--M5:
L1-L2; L1-L4 0.11+0.05 .005

aQ. G. M, and L denote quartz, garnet, monazite, and lead, respectively; 1,2, 3, 4,5, and 6

denote the 0.125- to 0.177-mm. 0.177- to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm,
0.500- to 0.707-mm, and 0.707- to 1.00-mm sieve classes, respectively.

b Mean values are not signifieantly different at the indicated significance level if the eonfi-
dence hmits for the difference of the means include zero (Bennett and Franklin, 1954}
taining tracer particles, but which was no longer in mo-
tion, may have been formed. Under these circum-
stances, the depth of mixing as indicated by the core
samples would not change, as was found (table 38); but
the centroid depth would appear to increase because
the tracer particles still in motion moved on down the
channel and out of the study reach, whereas the layer
of particles not in motion remained, lowering the
centroid of the vertical distribution. This effect should
be greatest for the small particles because they move
the fastest (figure 44). A consideration of the increase
of the d values between June 6 and July 14 shows that,
with the exception of the lead particles, the increases in
general are largest for the small particles, thus support-
ing the hypothesis.

The ratio, R, of the centroid depth to the depth of
mixing was used as an index of the vertical concentra-
tion gradient by Hubbell and Sayre (1965). For a con-
centration distribution that is uniform, R =0.5; for a
concentration distribution that has the larger part of
the tracers in the upper part of the sample, R <0.5; and
for a concentration distribution that has the larger part
of the tracers in the bottom part of the sample, R >0.5.
Courtois and Sauzay (1966) computed values of the

TABLE 44. — Values of the ratio R of the centroid depth to the depth of
mixing for the vertical distributions of fluorescent tracers as defined
by core samples collected on May 8, June 6, and July 14

Sieve class R
Mineral (mm) May 8 June 6 July 14
Quartz ..... 0.125-0.177 0.35 0.47 0.53
0.177-0.250 31 41 .50
0.250-0.350 .33 .36 43
0.350—-0.500 .35 .40 41
0.500—-0.707 .37 .40 42
0.707-1.00 44 .53 .58
Garnet ..... 0.125—-0.177 44 44 49
0.177-0.250 .39 .40 47
0.250-0.350 41 42 47
0.350-0.500 41 48 .53
0.500-0.707 .50 .54 .56
Monazite ... 0.125-0.177 35 .36 49
0.177-0.250 .35 .38 .47
0.250-0.350 .39 47 .51
0.350-0.500 42 47 .53
0.500-0.707 46 .52 .60
Lead....... 0.125-0.177 49 .60 .68
0.177-0.250 .53 .58 .61
0.250--0.350 .58 .63 .65
0.350—-0.500 .65 .59 .68

ratio for five types of distributions and found that R
was between 0.33 and 0.50 for all five. These five in-
cluded a uniform distribution, a linear distribution
decreasing from the maximum concentration at the
surface of the bed, two types of parabolic distributions
with the maximum concentration at the surface of the
bed, and a parabolic distribution with the maximum
concentration at some fraction of the depth of mixing
below the bed surface. They suggested, therefore, that
the depth of mixing could be replaced in the sediment
transport equation by 2.5 d, with a maximum error on
the order of 25 percent. This procedure thereby circum-
vents the previously discussed difficulties that are in-
volved in estimating the true lower limit of the zone of
movement for determining the depth of mixing.
Values of the ratio for the various sieve classes of
tracer and the three sample dates are presented in ta-
ble 44. The ratio values in general increased with time,
probably because the centroid depths increased with
time, The quartz, garnet, and monazite ratios for May 8
ranged from 0.31 to 0.50, indicating that most of the
distributions were weighted toward the bed surface.
The ratios for June 6 and July 14 were larger and, in
several instances, exceeded the 0.50 of a uniform dis-
tribution. Most of the ratios larger than 0.50 were for
the lead particles and the largest of the quartz, garnet,
and monazite particles. Thus, the vertical distributions
for these particles tended to be weighted toward the
bottom of the zone of movement — that is, concen-
trated in the lower regions, rather than uniformly dis-
tributed over the depth of movement. The ratio values
for July 14 for the 0.125- to 0.177-mm and 0.177- to
0.250-mm sieve classes of quartz tracer were larger
than might be expected in comparison with the values
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for the other sieve classes. However, these values were
probably large because the d values for these sieve
classes were larger than for the other sieve classes, for
reasons discussed previously.

CORE-SAMPLE CONCENTRATIONS

In previous sections, the vertical distributions of the
tracers within the different core samples were dis-
cussed. From this point on, the variations with lateral
and longitudinal positions and with time of the con-
centrations of the fluorescent tracers as determined
from the core samples will be discussed.

Before computing concentrations of fluorescent tra-
cers from the results of the analysis of the core samples,
it is necessary first to consider the problem of how to
treat the bottom limit of the cores. Because of the ir-
regular nature of the dune bed and the constant 0.6-m
(2-ft) length of the sampler (fig. 5), samples to varying
depths below the mean bed elevation were obtained.
The depth of flow at the sampling points for the 115
core samples collected on May 8 ranged from 0.6 to 1.1
m (2.0 to 3.6 ft) and averaged 0.79 m (2.6 ft). On June 6
the depth of flow at the sampling points for the 87 sam-
ples ranged from 0.52 to 1.0 m (1.7 to 3.3 ft) and
averaged 0.73 m (2.4 ft). On July 14 the depth for the 45
samples collected ranged from 0.34 to 0.82 m (1.1 to 2.7
ft) and averaged 0.52 m (1.7 ft). The variation of the
bed-surface elevation with longitudinal position may
also be seen in the vertical concentration distributions
presented on plate 1.

In theory, sampling depth should be just to the lower
limit of the zone of particle movement. This lower limit,
however, undoubtedly varies with time and position in
the reach. However, in the calculations in this report,
the lower limit of the zone of particle movement was
assumed on the average to be a plane parallel to the
water surface. This assumption should be valid so long
as equilibrium flow conditions (as defined, for example,
by Simons and Richardson, 1966, p. J3) exist in the
channel.

To correct the core samples to the lower limit of the
zone of movement, the following procedure was used.
First, the depth of mixing was determined, as described
previously, for each sieve class of each of the four
minerals for each core sample analyzed. Second, the
mean value of the depth of mixing was determined from
the values obtained in step 1 for each of the three samp-
ling dates (May 8, June 6, July 14). Third, the con-
centration distribution for each core sample was ex-
trapolated or truncated to a distance below the mean
bed-surface elevation equal to the mean value of the
depth of mixing for the specific sieve class of mineral
under consideration. The extrapolations and trunca-
tions were to the nearest 0.03 m (0.1 ft). Estimates of
the weight of material in the truncated or extrapolated

parts were on a proportional basis — that is, if a seg-
ment were truncated at the mid-point, the retained part
was assumed to contain half the material; if the seg-
ment were extrapolated half the thickness of a seg-
ment, the extrapolated part was assumed to contain
half as much material as was contained in the segment
just above the extrapolated portion. Estimates of the
number of tracer particles were made on the basis of
the particle distributions in all the segments of the core
sample above the truncated or extrapolated part.

The concentration of fluorescent tracers in each core
sample was calculated from
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where 7, is the number of fluorescent particles of a par-
ticular sieve class for a particular mineral in the kth
segment of the core sample, w, is the weight in grams of
all material in that sieve class in the k th segment, and
N " is the particles per gram factor for that sieve class
and mineral (table 5). The summation in equation 25
was generally not over precisely five segments because
of the extrapolation or truncation of the concentration
distributions of the core samples.

LATERAL DISTRIBUTIONS

Lateral distributions of the fluorescent tracers were
determined from the May 8 core samples for cross sec-
tions 7.5, 15, 30, 60, 90, 180, 270, 360, 450, and 540. The
distributions for the 0.125- to 0.177-mm sieve classes of
quartz, garnet, and monazite are presented in figures
20, 21, and 22, respectively, as examples. The con-
centrations plotted in the figures are relative con-

‘centrations—that is, each concentration has been

divided by the area under the lateral distribution curve.
The defining equation is

C2)

. (26)
J, c@ dz

C.(2) =

Several trends are evident in figures 20-22. First,
the distributions for the cross sections near the injec-
tion point were approximately Gaussian, whereas the
distributions for the cross sections farther downstream
tended to be more rounded and also more irregular. The
increased irregularity was probably because the dis-
tributions at the downstream cross sections were not
fully developed, whereas the increased roundness was a
result of the increased lateral spread or dispersion of
the particles with distance downstream. Second, the
peak relative concentration decreased with distance
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FIGURE 20. — Variation with distance downstream in the lateral distributions of relative concentrations of the 0.125-
to 0.177-mm sieve class of quartz tracers as defined by core samples collected on May 8.

downstream because of the increased lateral spread.
Third, the lateral distributions for the cross sections be-

tween the source and cross section 90 tended to have
mean lateral positions 0.9 to 1.5 m (3 to 5 ft) to the left
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FIGURE 22. — Variation with distance downstream in the lateral distributions of relative concentrations of the
0.125- to 0.177-mm sieve class of monazite tracers as defined by core samples collected on May 8.
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of centerline, whereas the distributions for the cross
sections farther downstream tended to have mean
lateral positions to the right of centerline.

MEAN LATERAL POSITIONS AND VARIANCES

The mean lateral positions, z, of the lateral distribu-
tions were calculated from equation 12. The z values
tended to shift toward the left bank for cross sections
between the injection point and cross section 90. This
was most evident for the large sizes of tracer particles.
For cross sections farther downstream, the z values for
the small particles were generally to the right of cen-
terline, and the z values for the large particles varied
considerably, presumably because these lateral dis-
tributions were not completely developed.

Comparison of the z values for the “dustpan” samples
with the z values for the core samples showed that
differences were small; when large differences in the z
values did occur, they were almost always for the large
particles and (or) downstream cross sections where the
distributions probably were not completely developed at
the time of sampling.

The variances of the lateral distributions were calcul-
ated from equation 11 and are plotted as a function of
distance downstream in figures 23 and 24 for the
quartz and garnet, and monazite and lead tracers,
respectively. The variation of the variances was essen-
tially the same as that shown in figure 19 for the
variances determined from the “dustpan” samples, that
is, the variances increased approximately linearly with
distance for several points, then tended to fall away
from the linear relation. Similarly, the variances at a
particular cross section tended to increase with the size
of the tracer particles as for the “dustpan” samples.
Several variances exceeded the theoretical maximum
for a uniform distribution of about 23 m? (250 ft2); but,
as for the “dustpan” samples, these were for large par-
ticles at downstream cross sections where the lateral
distributions were not fully developed but were bimodal
or multimodal.

LATERAL DISPERSION COEFFICIENTS

Least-squares lines were calculated for the approx-
imately linear range of the variance versus distance
data, and these lines are shown in figures 23 and 24.
The slopes of these lines, do2/dx, and the number of
cross sections considered in each of the least-squares
calculations are presented in table 45. The do2/dx
values increased with the size of the tracer particles for
each mineral, suggesting that the rate of lateral disper-
sion, as indicated by the rate of change of the variance
with distance, increased with particle size. Similar
results were obtained for the “dustpan” samples (table
37.
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TABLE 45. — Rate of change of the variance with distance
downstream, do-i/dx, and lateral dispersion coefficient k, for
fluorescent tracer particles as determined from concentration dis-
tributions defined by core samples collected on May 8

Number

Mineral Sieve class of cross doy/dx k,
(mm) sections (m2/m} (m?h)

Quartz ... 0.125-0.177 6 0.0573 0.0460
0.177-0.250 6 0664 .0382

0.250—0.350 6 .0646 0157

0.350—0.500 5 109 .0151

0.500-0.707 5 123 .0140

0.707-1.00 3 174 .0170

Garnet .. 0.125-0.177 6 .0728 .0292
0.177-0.250 6 0710 0142
0.250-0.350 5 .0823 .0124
0.350—0.500 5 141 .0174

0.500-0.707 4 183 0240

Monazite  0.125-0.177 6 .0716 .0218
0.177-0.250 5 .0978 0174

0.250-0.500 4 142 .0245

0.350-0.500 4 193 .0248

0.500-0.707 4 234 .0307

Lead .... 0.125-0.177 5 .150 .0082
0.177-0.250 4 .145 .0092

0.250—-0.350 4 .106 .0097

0.350—0.500 4 436 0223

Comparison of the do?/dx values for the core and
“dustpan” samples showed that 11 of the core sample
values were larger than the corresponding “dustpan”
sample results and that 5 were smaller. The largest
difference was for the 0.707- to 1.00-mm sieve class of
quartz; however, only three cross sections were used in
determining do ?/dx for this size, and the small number
of points undoubtedly contributed to the large
difference observed. The mean do?/dx value of the 16
sieve classes (excluding the lead) was 0.118 m?2/m
(0.386 ft2/ft) compared with a mean of 0.110 m2/m
(0.361 ft2/ft) for the “dustpan” samples.

The do2/dx values are plotted in figure 25 as a func-
tion of median fall diameter of the sieve class. The
trend line through the data shows the increase of
do?/dx with increase in the median fall diameter of the
tracer particles. There did not appear to be any consis-
tent differences between the do?/dx values determined
from the core samples and those determined from the
“dustpan” samples. The scatter of the data precluded
any definite conclusions regarding hydraulic equiva-
lence of the particles. It appeared, however, that the
scatter increased with diameter, suggesting that the
smaller particles of differing specific gravity, which
move predominantly in suspension, were more nearly
equivalent than the larger particles.

The velocities of the centroids of the tracer masses, to
be discussed in the next section (table 49), were used to
convert the do?/dx values to lateral dispersion coeffi-
cients with equation 16. The resulting &, values are
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FIGURE 23. — Variation with distance downstream in the variances of the lateral distributions of the quartz and garnet tracers
as defined by core samples collected on May 8.

presented in table 45. Because the do?/dx values in-
creased with size of the tracer particles and the

centroid velocities decreased with size, the tendency
was for the &, values to be approximately constant with
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FIGURE 24. — Variation with distance downstream in the variances of the lateral distributions of monazite and lead tracers as
defined by core samples collected on May 8.

respect to both the particle size and the specific gravity | mean of 0.0206 m?/h (0.222 ft?/h) for all 20 sieve
of the tracers. However, three of the four sieve classes | classes.
of lead had k&, values considerably less than the overall The mean, excluding the lead tracer particles, was
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FiGURE 25. — Variation with median fall diameter in the rate of
change in the variance with distance downstream, da;2 / dx,
for lateral distributions of fluorescent tracers as defined by
core and “dustpan” samples collected on May 8.

0.0227 m2/h (0.244 ft2/h). This is about a third of the
mean k, value for the larger tracer particles obtained
from analysis of the “dustpan” samples (table 37).
Because the do?/dx values were approximately com-
parable, the large difference is a result of differences in
the particle velocities. Recall, however, that first arrival
time velocities were used for the “dustpan” values,
whereas centroid velocities were used for the core sam-
ple values. Because velocities based on first arrival
times are characteristic of the smaller particles within
the sieve class, it is not unreasonable that these
velocities be larger than the velocities of the centroids
of the tracer masses which are for tracer particles mov-
ing throughout the complete zone of movement of the
dune bed. Also, the particles arriving first undoubtedly
spent a greater than average amount of time moving in
suspension and by saltation compared with the time
spent moving throughout the complete zone of move-
ment.

LONGITUDINAL DISTRIBUTIONS

Longitudinal distributions of the fluorescent tracers
were determined for each of the sieve classes of the four
tracer materials from the core samples collected on
May 8, June 6, and July 14. Sampling in the lateral
direction on June 6 and July 14 was limited to samples
at the centerline and the right and left quarter points of
the channel because it was believed that the tracers
would be approximately uniformly distributed in the
lateral direction at these times in the experiment. To

facilitate comparing the results of the lateral distribu-
tions of the core samples obtained on May 8 with the
longitudinal distributions of June 6 and July 14, the
concentrations at the centerline and the right and left
quarter points were determined, using linear interpola-
tion between points of the lateral distributions. These
concentrations are plotted in figures 26 and 27 for the
six sieve classes of quartz tracer, in figure 28 for the
five sieve classes of garnet tracer, in figure 29 for the
five sieve classes of monazite tracer, and in figure 30
for the four sieve classes of lead tracer.

Significant quantities of only the 0.125- to 0.177-mm,
0.177- to 0.250-mm, and 0.250- to 0.350-mm sieve
classes of quartz tracers were found downstream of
cross section 180. The 0.125- to 0.177-mm and 0.177- to
0.250-mm sieve classes showed similar trends over the
length of the reach sampled. The largest concentrations
were along the centerline, and the smallest concentra-
tions were along the right quarter points between the
source and cross section 180; between cross sections
180 and 540 the concentrations were approximately
uniform, in both the lateral and the longitudinal direc-
tions.

Between the source and cross section 180, the sieve
classes of the four minerals generally had the largest
concentrations along the centerline and the smallest
concentrations along the right quarter point. The effect
of size of the tracer particles on longitudinal disper-
sion — that is, the spreading out of the tracer masses in
the downstream direction — was very evident; for ex-
ample, the 0.125- to 0.177-mm sieve class of quartz
tracer was almost uniformly distributed over the 540-m
(1800-ft) section of the reach that was sampled,
whereas the 0.707- to 1.00-mm sieve class of quartz
tracer was found only in the reach between the source
and cross section 90.

The longitudinal concentration distributions for the
June 6 core samples are plotted in figures 31 and 32 for
the six sieve classes of quartz tracer, in figure 33 for the
five sieve classes of garnet tracer, in figure 34 for the
five sieve classes of monazite tracer, and in figure 35
for the four sieve classes of lead tracer. The quartz and
garnet tracers in general were approximately uni-
formly distributed across the channel —that is, the
centerline and the right and left quarter-point con-
centrations were approximately the same at most cross
sections. For the monazite tracers, there was considera-
ble tendency, particularly in the first 240 m (800 ft) of
the reach, for the centerline concentrations to exceed
the right and left quarter-point concentrations. The
centerline concentrations for the lead tracers greatly
exceeded the right and left quarter-point concentra-
tions, and the largest concentrations were found at
cross section 30. Comparison for a particular size of
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FiGURE 26. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm, 0.177- to
0.250-mm, and 0.250- to 0.350-mm sieve classes of quartz tracers as defined by core samples collected on May 8.
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FicUke 27. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.350- to 0.500-mm, 0.500- to 0.707-
mm, and 0.707- to 1.00-mm sieve classes of quartz tracers as defined by core samples collected on May 8.
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FiGURE 28. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm, 0.177- to
0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of garnet tracers as defined by core
samples collected on May 8.
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FIGURE 29. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm, 0.177- to
0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of monazite tracers as defined by core
samples collected on May 8.
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FIGURE 30. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm. 0.177- to 0.250-mm,

0.250- to 0.350-mm, and 0.350- to 0.500-mm sieve classes of lead tracers as defined by core samples collected on May 8.
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tracer particle of the May 8 and June 6 graphs shows
the movement of the tracer masses downstream.

The longitudinal concentration distributions for the
July 14 core samples are plotted in figures 36 and 37 for
the six sieve classes of quartz tracer, in figure 38 for the
five sieve classes of garnet tracer, in figure 39 for the
five sieve classes of monazite tracer, and in figure 40
for the four sieve classes of lead tracer. The 0.125- to
0.177-mm and 0.177-to 0.250-mm sieve classes of
quartz tracer were approximately uniformly distributed
over the reach, in both the lateral and the longitudinal
directions. The general trends of the longitudinal dis-
tributions for the other four sieve classes of quartz tra-
cers are shown in figures 36 and 37. Somewhat surpris-
ing was the fact that large centerline concentrations
for these four sieve classes of quartz tracer and for the
five sieve classes of monazite tracer were found at
either one or both of cross sections 30 and 90. These
concentrations in some instances were larger than the
corresponding June 6 concentrations (figs 31—34). This
observation suggests probably that a quantity of tracer
buried at some point between the source and cross sec-
tion 30 was exposed and transported downstream dur-
ing the latter part of the interval between June 6 and
July 14.

Large centerline concentrations of lead tracer were
found (fig. 40) but this was expected because of the
large centerline concentrations found on May 8 (fig. 30)
and June 6 (fig. 35). Comparison for a particular size of
tracer particle of the longitudinal distributions for May
8, June 6, and July 14 shows the movement of the
tracer mass downstream.

In the analysis of the longitudinal distributions for
June 6 and July 14, it was assumed that sufficient time
had elapsed since the injection that the tracers were
approximately uniformly distributed across the chan-
nel. The graphs presented in figures 31 through 40 and
the preceding discussion suggest that this assumption
is in general valid, with the possible exception of some
cross sections near the injection point. Hence, mean
cross-sectional concentrations were calculated from
equation 8, which for the June 6 and July 14 samples,
reduces to:

C= 36(Cp, + Cp) + 'Cg, 27
where the L, R, and C subscripts indicate the left
quarter point, the right quarter point, and the cen-
terline of the channel, respectively. For the May 8
longitudinal distributions, mean cross-sectional con-
centrations were calculated from equation 8 for each of
the lateral distributions. The mean concentration data

for the longitudinal distributions for May 8, June 6, and
July 14 are presented in tables 46, 47, and 48.

VELOCITIES OF THE TRACER MASSES

The positions of the centroids of the tracer masses on
May 8, June 6, and July 14 were calculated from equa-
tion 4 for the longitudinal distributions of tracers as
described by the data tabulated in tables 46, 47, and 48.
One of the problems in using equation 4 was the deter-
mination of the downstream points at which the con-
centrations of fluorescent tracers were zero. Because of
the extreme sensitivity of the fluorescent tracer tech-
nique, it was possible to detect the leading edge of the
tracer masses far downstream of the bulk of the tracers
(figs. 26—40). These concentrations influence the
calculation of the centroid positions and, in particular,
affect the calculation of the variances of the distribu-
tion curves. To standardize the calculations, the point
at which the concentration was assumed to be zero was
taken as the longitudinal position at which the con-
centration decreased to 1.0 percent of the maximum
concentration. This point in general was different for
the various sieve classes and specific gravities of tra-
cers. It was necessary to extrapolate several of the May
8 distributions, many of the June 6 distributions, and
most of the July 14 distributions to reach this limiting
concentration; in general, the extrapolations were per-
formed such that the increases in areas under the dis-
tribution curves were minimized but at the same time
such that extrapolations were consistent with the
general trends of the curves. The integrals in equation
4 were evaluated by plotting C versus x and Cx versus x
and drawing straight lines between the points. The
areas under the two curves were determined by sum-
ming the areas of the triangles and trapezoids thus
formed.

The velocities of the centroids were determined from
equation 5 for three time periods: the interval between
the start of injection on May 1 and the end of injection
on May 8 (7.1 days), the interval between May 8 and
June 6 (29 days); and the interval between June 6 and
July 14 (38 days). The velocities are presented in table
49 and are plotted as a function of median fall diameter
of the sieve class in figures 41, 42, and 43 for the quartz,
garnet, and monazite tracers, respectively. The
velocities for the lead particles were not plotted because
no consistent trends were evident in the data.

Figure 41 shows that the logarithm of the centroid
velocity varied approximately linearly with the
logarithm of the median fall diameter of the sieve class
for the quartz tracer particles and that the dependence
on size decreased somewhat with time. The change with
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FIGURE 31. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-

mm, 0.177- to 0.250-mm, and 0.250- to 0.350-mm sieve classes of quartz tracers as defined by core samples col-
lected on June 6.
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FIGURE 32. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.350- to 0.500-
mm, 0.500- to 0.707-mm, and 0.707- to 1.00-mm sieve classes of quartz tracers as defined by core samples collected
on June 6.
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FIGURE 33. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm, 0.177- to

0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of garnet tracers as defined by core
samples collected on June 6.
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FiGURE 34. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-
mm, 0.177- to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of
monazite tracers as defined by core samples collected on June 6.
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Ficure 35. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm,
0.177- to 0.250-mm, 0.250- to 0.350-mm, and 0.350- to 0.500-mm sieve classes of lead tracers as defined by core samples
collected on June 6.
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FIGURE 36. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125-
to 0.177-mm, 0.177- to 0.250-mm, and 0.250- to 0.350-mm sieve classes of quartz tracers as defined by
core samples collected on July 14.
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FiGURE 37. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.350- to 0.500-mm, 0.500-
to 0.707-mm, and 0.707- to 1.00-mm sieve classes of quartz tracers as defined by core samples collected on July 14.
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FiGURE 38. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm,
0.177- to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of garnet tracers as
defined by core samples collected on July 14.
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Ficurk 39. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-
mm, 0.177-to 0.250-mm, 0.250- to 0.350-mm, 0.350- to 0.500-mm, and 0.500- to 0.707-mm sieve classes of
monazite tracers as defined by core samples collected on July 14.
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Ficukk 40. — Variation with distance downstream in the concentration of fluorescent tracers for the 0.125- to 0.177-mm,

0.177- to 0.250-mm, 0.250- to 0.350-mm, and 0.350- to 0.500-mm sieve classes of lead tracers as defined by core samples
collected on July 14.
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FIGURE 41. — Variation with fall diameter in the velocities of the
centroids of the quartz tracer masses as defined by core samples
collected on May 8, June 6, and July 14.

time of the dependence on size was probably a result of
the fact that large quantities of the small quartz tracer
particles had moved out of the study reach by June 6
and July 14. In particular, the V values for the 0.125- to
0.177-mm and 0.177- to 0.250-mm sieve classes for the
June 6 to July 14 period were almost one order of mag-
nitude less than what the velocities for the other sieve
classes suggested they should be. Some attempt was
made, as discussed previously, to correct for this move-
ment beyond the downstream limit of the study reach
by extrapolating the longitudinal distribution curve,

TABLE 49. — Velocities of the centroids of the fluorescent tracer
masses as defined by core samples collected on May 8, June 6, and
July 14

Sieve class V (m/d)
Mineral {mm) May 1-8 May 8—June 6 June 6~July 14
Quartz ....(1) 0.125-0.177 38.4 14.3 0.658
(2) 0.177-0.250 27.6 17.3 619
(3) 0.250-0.350 11.6 14.0 4.45
(4) 0.350—-0.500 6.64 9.78 5.03
(5) 0.500-0.707 5.46 7.53 4.30
(6) 0.707—-1.00 4.69 6.68 4.08
Garnet .... (1) 0.125-0.177 19.2 13.7 1.05
(2) 0.177-0.250 9.63 10.9 3.57
(3) 0.250—0.350 7.25 9.33 3.20
(4) 0.350—0.500 591 7.19 3.99
(5) 0.500-0.707 6.28 6.77 3.66
Monazite .. (1) 0.125-0.177 14.6 11.6 341
(2) 0.177-0.250 8.53 9.57 4.14
(3) 0.250-0.350 8.26 8.32 3.54
(4) 0.350—-0.500 6.16 6.46 3.50
(5) 0.500-0.707 6.28 6.07 2.90
Lead ...... (1) 0.125-0.177 2.62 1.55 257
(2) 0.177-0.250 3.05 1.19 619
(3) 0.250-0.350 4.39 1.37 1.53
(4) 0.350—0.500 2.46 1.39 3.60

but this extrapolation was much too limited, as the
following example shows. For the 0.125- to 0.177-mm
sieve class to have a Vof 6.1 m/d (20 ft/d) for the period
between June 6 and July 14, the centroid on July 14
would have to be at about 630 m (2100 ft); for a uniform
distribution, the downstream limit of the distribution
would have to be at about 1300 m (4300 ft). An ex-
trapolation of 420 m (1400 ft) to this point from the last
sample point at 870 m (2900 ft) could not be done with
confidence. This example assumed that the centroid
position on June 6 was the true position, whereas data
for the areas under the distribution curves to be pres-
ented shortly (table 52) showed that a significant quan-
tity of the 0.125- to 0.177-mm quartz had already
moved out of the study reach on June 6. In fact, even on
May 8 some of the 0.125- to 0.177-mm quartz had
moved beyond the 540-m (1800-ft) point. Thus, had the
June 6 centroid position been moved downstream, the
true July 14 centroid position would have been even
farther downstream. Figure 41 suggests that the
velocities for both the 0.125- to 0.177-mm and 0.177- to
0.250-mm sieve classes of quartz tracer particles for the
May 8 to June 6 period probably had been significantly
affected by movement of tracer out of the study reach.
Also, the centroid velocity for the 0.125- to 0.177-mm
sieve class of quartz for the period May 1—8 may have
been affected slightly by this factor.

Another factor that probably contributed to the lack
of dependence of centroid velocity on size for the June
6—July 14 period, neglecting the 0.125- to 0.177-mm
and 0.177- to 0.250-mm sieve classes, was the
possibility that quantities of the tracers were trapped in
immobile layers near the lower limit of the zone of
movement because of decreasing water discharge and
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FiGURrE 42. — Variation with fall diameter in the velocities of the
centroids of the garnet tracer masses as defined by core sam-
ples collected on May 8, June 6, and July 14.

20

! ] ‘: T
I | \ ! O May 1-May 8
: \ I i A May 8-June 6
| | (1) | O June 6-July 14
! : ! : - -~ Estimated
| [ ' ' 1(1)0.125-0.177 mm
| T, I ! (2) 0.177-0.250
100 ; : [ [ ! (3) 0.250-0.350
L i ! ) | (4) 0.350-0.500
b ! @ ! (5) 0.500-0.707
| 1
L | i ! |
b | i | | ! ®
i i i | TS|
| ] | 1 | |
T S A N
] ! ~~ < 21 : |
I -
Tor L T~
]
I ! R ! !
34 ! | : | |
o A
| ] 1 ! ]
! 1 ] | I
| | | | 1
| \ I : [}
2 | SRy | " " 0 ST W W W1
0.1 0.2 03 04 05 06 0.8 1

MEDIAN FALL DIAMETER, IN MILLIMETERS

FiGURe 43. — Variation with fall diameter in the velocities of the
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the decrease in the sediment transport rate. This
possibility would explain not only the apparent
decreased dependence on size but also the fact that the
velocities for this period were less than for the other
two perivbds. This latter observation is particularly true
for the garnet and monazite tracers, as figures 42 and
43 show. These two tracers also showed the same rela-
tion of velocity to size that the quartz tracers showed
for the June 6—July 14 period.

The centroid velocities for the May 1—8 period pres-
ented in table 49 are smaller than the vel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>