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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



12

TRANSPORT AND DISPERSION OF PARTICLES, ATRISCO FEEDER CANAL, NEW MEXICO

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



24 TRANSPORT AND DISPERSION OF PARTICLES, ATRISCO FEEDER CANAL, NEW MEXICO

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 particle<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>