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FOREWORD

The Rio Orinoco is one of the great rivers of the world. It drains about 900,000
square kilometers and discharges to the ocean an average flow in excess of 36,000
cubic meters per second and an average sediment load of about 7,600 kilograms per
second (240 million tonnes per year), ranking it third largest in the world in terms of
flow to the oceans and sixth largest in terms of sediment loads. It is an international
river, draining parts of Colombia and Venezuela, and forming the boundary between
these two nations along some 300 kilometers of its course.

The basin is rich in natural resources, containing extensive fields of petroleum
and natural gas, including the largest proven reserve of heavy crude oil in the world,
and rich deposits of bauxite, iron ore, gold, diamonds, and other mineral wealth. Its
renewable resources include its forests, fish and wildlife, agriculture and grazing
lands, and most important, its waters. The basin is not developed to any great extent;
large parts of the watershed still are undisturbed. Although it accounts for 70 percent
of the nation’s land, it supports only 5 percent of the population. This situation,
though, is likely to change in the near future. The development of the Rio Orinoco’s
natural resources is the key to Venezuela’s future.

In 1981, Project Orinoco-Apurc was organized under the auspices of the
Venezuelan Ministerio del Ambiente y de los Recursos Naturales Renovables to
serve as the focal point and coordinating body for scientific studies of the resources of
the basin and for feasibility studies and preliminary planning of its development. An
important part of the project effort was directed to investigations of the basin’s water
resources. In 1982, the United States Geological Survey and the Veneczuelan
Ministerio del Ambiente y de los Recursos Naturales Renovables agreed to
collaborate in a series of scientific studies of the Rio Orinoco and its major tributaries.
A strong foundation already had been laid for the hydrology of the basin with the
establishment of a gaging and sediment sampling program in 1965, but by 1980, the
program had been substantially reduced. Data on the bed sediments of the rivers and
on the sediment transport were especially sparsc. The main emphasis of the
collaboration therefore was directed toward sediment studies. The studies had three
principal objectives: (1) to develop and test new technology for measuring the water
and sediment discharge of large tropical rivers, (2) to determine the characteristics of
the bed material and suspended sediment of the major rivers of the basin, and (3) to
provide mecasurements and samples that along with the existing hydrologic
information would provide a set of baseline scientific data against which future
changes in the basin could be measured. Between March 1982, and June 1985, seven
major campaigns to collect data along the river and in the major tributaries were
completed, and the collaboration expanded considerably to include participation of
engineers, scientists, and consultants from universities, private enterprises, and other
government agencies of Venezuela, Colombia, and the United States.

At the beginning of the collaboration, it was agreed that the results of these
studies would be made available to the scientific community. A few short papers have
been published in symposium proceedings and in technical journals, but the main
results and all the basic data are contained in this series of reports. Each chapter is
self-contained; taken together, they provide comprehensive data and analyses of the
waters and sediments of the Rio Orinoco and its major tributaries in Venezuela and
Colombia. The results of these studies should be of interest and value to anyone who
is concerned with large tropical rivers.

Dallas L. Peck Guillermo Colmenares F.
Director Minister
United States Geological Survey  Ministerio del Ambiente y de los
Recursos Naturales Renovables
Republica de Venezuela
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Table 1. Annual maximum and minimum daily mean discharge, Rio Orinoco at Musinacio,

1970-1981
[m?/s, cubic meters per second]
Maximum Minimum
Discharge Discharge

Year Date {(m3/s) Date (m3/s) Ratio

1970 Sept. 11 66,500 Mar. 28 5,410 12.3

1971 Aug. 20 66,100 Feb. 28 6,020 11.0

1972 Aug. 15 64,800 March 27 7,960 8.11

1973 Sept. 26 58,000 March 15 2,930 19.8

1974 Sept. 3,4 53,700 March 29,30 3,790 14.2

1975 Sept. 1 62,000 March 4 3,420 18.2

1976 Aug. § 82,100 March 2 5,640 14.6

1977 Aug. 26 61,400 March 17-19 3,420 18.0

1978 Sept. 2 59,300 March 30,31 1,100 53.8

1979 Aug. 19 60,500 March 8 1,220 49.7

1980 Sept. 3 65,600 March 23 1,050 62.2

1981 Aug. § 75,800 Feb. 19-21 2,810 27.0

Average .............. 64,600 Average ......... 3,730 25.7
varied from a low of 1,050 m3/s on March 23, 1980, to a 30 T T T T T T
high of 82,100 m3/s on August 5, 1976. The annual
maximum and minimum flows and the ratio of maximum i e ° iy
to minimum flows are shown in table 1. The ratios vary
from a high of 54 in 1978 to a low of 8.1 in 1972 and - o e e .
average about 26. This high ratio between maximum and R
minimum flow is characteristic of tropical or subtropical " i ) ’ )
rivers that drain areas with a wet-dry climate, suchasthe & | - S 4
Orinoco and Yangtze, but it is not typical of the two other E . e
large tropical rivers, the Amazon and Zaire (Congo) that  z20 |- o —
flow along the equator and drain areas in both Northern o
and Southern Hemispheres. The ratio of maximum to ,%) - Lol .
minimum flow for these rivers is on the order of 3 . o0
(Nordin and Meade, 1985). B .:: . T
The range in stage also is large on the Rio Orinoco. oy
The stage-discharge relation for the Rio Orinoco at N B
Musinacio (fig. 5), defined from streamflow | a 1
measurements made from 1969 through 1975, shows that >
the difference in water-surface elevation between high 10 L R —
0 50

and low flow is about 17 m (meters). A similar range in
stage is recorded from the gage readings at Ciudad
Bolivar. Table 2 lists maximum and minimum stages for
each year of record, 1923-1982, for the station of Ciudad
Bolivar. The station has not been rated with discharge
measurements, except for a few measurements made
during low flows during the period 1943-1962. No major
tributaries enter the Rio Orinoco between Musinacio
and Ciudad Bolivar, however, so the range of flows
should be about the same.

The long-term suspended-sediment discharge of
the Rio Orinoco at Musinacio can be estimated

WATER DISCHARGE, IN THOUSANDS OF
CUBIC METERS PER SECOND

Figure 5. Stage-discharge relation, Ric Orinoco at Musina-
cio.

approximately using an instantaneous sediment rating
curve (fig. 6) and the flow-duration curve of figure 4.
These data are from Pérez-Godoy (1982) and Meade

Sand Waves, Bars, and Wind-Blown Sands of the Rio Orinoco, Venezuela and Colombia A5



Table 2. Annual highest and lowest stages, Rio Orinoco at Ciudad Bolivar, 1923-1982

[Measurements in meters (m)]

Lowest Highest Lowest Highest
Year Date Stage Date Stage Year Date Stage Date Stage
(m) (m) (m) (m)

1923 May 1 5.68 Sept. 16-17 16.12 1954 Feb. 28, 3.08 Aug. 26 17.35
1924 April 15-18 2.03 Aug. 18 16.33 Mar. 1-2.

1925 Mar, 27 2.06 Sept. 9-10 16.00 1955 Mar. 19-20 3.51 Aug. 10-12 15.20
1926 Mar. 19,20,21 11.62  Sept. 14 14.16 1956 April 14-15 4.22  Aug. 27-30 16.61
1927 Mar. 14,15 1.84 Aug. 10 17.21 1957 Mar. 27-31 2.23  Sept 4,5 15.65
1928 Mar. 13 2.33  Aug. 30 15.86 1958 Mar. 1-6 2.41  Sept. 1-3 15.12
1929 Mar. 23,24,25 2.48 Aug. 12 16.70 1959 Mar. 17,18 2.58 Aug. 23-25 15.99
1930 Mar. 9-11 2.48 Aug. 22,23 15.53 1960 April 18-20 2.15 Aug. 22-23 16.15
1931 Mar. 26 2.16 Aug. 18 16.86 1961 Mar. 25-29 1.73  Sept. 20-22 15.67
1932 Feb. 29 2.52  Aug. 29 16.12 1962 Mar. 12 2.34  Aug. 26 17.29
1933 Mar. 8-10 3.13  Aug. 12 15.42 1963 April 5-7 2.78 Aug. 12-14 16.65
1934 Mar. 31-Feb. 3 2.63 Sept. 9,10 15.32 1964 Missing.

1935 Mar. 27,28 2.33  Aug. 30 16.00 1965 April 10-11 2.30 Sept. 4-5 15.17
1936 Mar. 13 2.06 Aug. 18 15.20 1966 Mar. 22-28 2.21 Aug. 20 15.36
1937 April 7 3.14 Aug. 17,18 15.43 1967 April 4,7,8 2.56 Aug. 22,27,28 17.30
1938 Feb. 12 3.12 Aug. 16 16.95 1968 Mar. 10-11 2.25 Aug. 25 16.17
1939 April 2 270 Aug. 24 14.30 1969 April 8 2.98 Sept. 3 15.55
1940 Mar. 31-April 1 1.83  Sept. 11 14.58 1970 Mar. 30 3.15  Sept. 13 16.19
1941 Mar. 29-31 2.21 Aug. 30 15.13 1971 Mar. 3 3.37 Sept. 3-4 16.16
1942 Mar. 26 1.74 Aug. 26-28 16.12 1972 Mar. 11 4.11 Aug. 17 15.90
1943 Mar. 24,25 3.48 Aug. 18 218.03 1973 Mar. 19 1.82  Sept. 29 15.00
1944 Mar. 7 2.67 Sept. 10 16.37 1974 April 6-8 2.25  Sept. 12-13 14.22
1945 April 3,4 248 Aug. 24 17.07 1975 Mar. 4-5 2,25  Sept. 7-8 15.56
1946 Mar. 13-15 2.28 Sept. 2-5 17.50 1976 Mar. 4-5 3.23  Sept. 4-6 18.00
1947 Mar. 31 2.14 Aug. 27 16.08 1977 Mar. 17 230 Aug. 23 16.34
1948 April 3 1.84 Aug. 14-16 16.20 1978 Mar. 31 1.97 Aug.3 16.06
1949 Mar. 26-27 2.19 Sept. 15 16.43 1979 Mar. 8-12 2.05 Aug. 19 16.10
1950 April 10-13 3.02 Aug. 20-22 16.66 1980 Mar. 31-April 1 1.84  Sept. 4-5 16.91
1951 April 7 4.01 Aug. 20 17.73 1981 Feb. 25-28, 2.85 Aug. 18-19 17.33
1952 April 4-5 2.24 Sept. 2 16.67 Mar. 1-4.

1953 Mar. 24 3.68 Aug. 16-26 16.96 1982 Mar. 21 3.09 Aug. 23 16.68

'Lowest stage of record.
2Highest stage of record.

and others (1983). The computations tabulated in table 3
show the average suspended-sediment discharge for this
period to be about 190 x 105 Mg/yr.

THE STUDY REACH AND
TYPES OF SAMPLING

The data collection began on March 9, 1982, from
Cabrauta (fig. 7). The first leg of the cruise, from March 9
to March 12, was from Cabruta at river kilometer (km)
856 upstream to Puerto Ayacucho, at river km 1,176. On

March 10, a few observations were made on a large
exposed sandbar about 10 km downstream of the mouth
of the Rio Suapure (fig. 7, site A). Twenty-four samples
of bed material were collected between Cabruta and
Puerto Ayacucho, including samples on two tributaries,
the Rio Meta and Rio Parguaza.

The second leg of the cruise ran from March 12
through March 15, and covered the same reach from
Puerto Ayacucho back to Cabruta. On the downriver leg
of the cruise, flow velocities were measured and a few
depth-integrated suspended-sediment samples were
collected with a large-volume collapsible bag sampler

A6  The Waters and Sediments of the Rio Orinoco and its Major Tributaries, Venezuela and Colombia



Table 3. Computation of average suspended-sediment discharge for Rio Orinoco at Musinacio
[m3/s, cubic meters per second; Mg/d, megagrams per day]

Water discharge Sediment discharge
(from fig. 4) (from fig. 6)
Range Mean Frequency Q, fQ,
(m>/s) (m>fs) Q) (Mg/d) (Mg/d)
0-5,000 2,500 0.0621 7,500 466
5,000-10,000 7,500 .1654 43,800 7,245
10,000-15,000 12,500 .0821 99,000 8,128
15,000-20,000 17,500 .1005 169,500 17,035
20,000-25,000 22,500 .0551 250,000 13,775
25,000-30,000 27,500 .0567 345,000 19,562
30,000-35,000 32,500 .0583 500,000 29,150
35,000-40,000 37,500 .0602 559,500 33,682
40,000-45,000 42,500 .0504 720,000 36,288
45,000-50,000 47,500 .0739 830,000 61,337
50,000-55,000 52,500 .0661 990,000 65,439
55,000-60,000 57,500 .0528 1,120,000 59,136
60,000-65,000 62,500 .0731 1,300,000 95,030
65,000-70,000 67,500 .0211 1,470,000 31,017
70,000-75,000 72,500 .0051 1,650,000 8,415
75,000-80,000 77,500 .0063 1,820,000 11,466
80,000-85,000 82,500 .0106 2,020,000 21,417

EfQS= 519,000 Mg/d
Average suspended-sediment discharge=365 % 519,000
=190 10° megagrams per year

(Nordin, Cranston, and Mejia, 1983). Bed samples and a 5000 (—————rTTT] —

few suspended-sediment samples also were collected at - 1
intermediate points between the stations occupied on the - EXPLANATION y
upriver leg of the cruise. A series of sand waves exposed 1 e 1969-75 -
along the right bank downstream of the rapids “Raudal o 1982-83 .

San Borja” (fig. 7, site B) was investigated in some detail. @

On March 16th, studies were made of the wind- Z 1000 B
blown deposits along the right bank at Capuchinos a few 4 L ]
kilometers upstream of Curiquima (site C) and of sand §> i ]
waves along the left bank commencing at Cabruta and z3 |
running downstream about 2 km (site D on fig, 7). w - 1

The cruise continued downstream from Cabruta 2 | i
on March 17 and ended in Ciudad Bolivar March 20. éE
Through this reach, bed-material samples were collected a6
at 38 sites, spaced about every 10 or 15 km along the 2 100 E
reach, and suspended-sediment samples were collected = F ]
at three locations. ﬁ L 1
BED MATERIAL i _

1 1 1111l 1 1 | N T T | l
Methods 10, L 300
THOUSANDS OF
Bed-material samples were collected with the WATE?U%II%CDF;@?SFEQQER SECOND

U'SBM"54 bed-material sampler at most locations, and  Figure 6. Relation between sediment discharge and water
with a small drag sampler where the bed contained  discharge, Rio Orinoco at Musinacio.

Sand Waves, Bars, and Wind-Blown Sands of the Rlo Orinoco, Venezuela and Colombia A7
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Figure 7. Location of the study reach.

appreciable amounts of gravel. The BM-54 sampler is
described in Report 14 by Federal Inter-Agency
Sedimentation Project (1963); it collects a sample of 1-2
kg from the top 5 cm (centimeter) of the bed. If the bed
contains gravel, the sampler commonly will jam partly
closed against a gravel particle allowing the fine material
to be washed from the sample. When this happened, the
sample was discarded and a second sample was collected.

A8

If, after several tries, an unbiased sample could not be
collected with the BM-54, the bed was sampled with a
small drag sampler.

The drag sampler was constructed from a piece of
thick-wall stecl pipe 10 cm inside diameter and about 40
cm long. One end was welded shut and the other end was
beveled from the inside to a cutting edge. A loop of chain
three or four times the length of the sampler was

The Waters and Sediments of the Rio Orinoco and its Major Tributaries, Venezuela and Colombia



attached to two holes drilled near the cutting edge. A
shackle was mounted at the center of the chain to attach
the sampler to a rope or cable for sampling.

When sampling with the BM-54, the vessel is held
stationary. With the drag sampler, however, the vessel is
allowed to drift with the current while the sampler is
lowered, dragged along the bed, and retricved. Usually, a
Iength of line two or three times the depth is played out
so the sampler drags almost horizontally along the bed
well upstream from the sampling vessel. The sampler is
retrieved slowly so the open end is not exposed to high
velocities, which would wash out some of the finer
material. The top 10 cm or so of the sample is discarded
to ensure that the finer sediments were not lost due to
action of the flow.

Each sample was split into two parts, scaled in
plastic bags, and labeled. One part was shipped to the
U.S. Geological Survey in Denver, Colorado; the other
part was shipped to Ministerio del Ambiente y de los
Recursos Naturales Renovables in Caracas.

Samples consisting of sand and gravel were oven-
dried and sieved for particle-size analysis. A few samples
were collected where low velocities or backwater effects
had caused depositions of mud consisting of silt- and
clay-size particles. A few of these samples were analyzed
using the pipet and visual accumulation tube method
(Guy, 1969).

Sampling sites were identified by stations along the
river numbered 1 through 75. Each station was located
where possible by latitude and longitude, by river
kilometer, and by proximity to identifiable landmarks
such as mouths of tributaries, villages and towns, or
islands. River kilometers are those established by Insti-
tuto National de Canalizaciones giving distance upstream
from the river’s mouth. Under this system, a few
reference points along the river are as follows:

Location River kilometer
Ciudad Guayana 335
Ciudad Bolivar 446
Musinacio 652
Caicara 848

Puerto Ayacucho 1176

The station locations, date of sampling, number
and kind of samples collected, type of sampler used, and
a few remarks about the samples arc given in table 4. The
particle-size distributions of bed samples are listed by
station and date in table 5.

At many locations, only a single sample of bed
material was collected near the centerline of the channel.
At a few stations, three samples were collected across the
section at approximately equal centroids of flow. At these
stations, sample A was collected in the left one-third of
the channel (looking downstream), sample B was
collected in the center one-third of the flow near the
channel centerline, and sample C was collected in the
right one-third of the channel.

A few miscellaneous samples were collected and
are noted in table 4 and listed in table 5. A sample of the
bank material was collected at station 8 about 6 m below
the flood-plain surface at El Burro, a small community
along the right bank of the Rio Orinoco just across from
the mouth of the Rio Meta. A sample of gravel was
collected at station 75 along the right bank about 3 km
upstream of the bridge at Ciudad Bolivar.

Bed-material samples were collected from three
tributaries—the Rio Parguaza at station 11, the Rio
Meta at station 18, and the Rio Cinaruco at station 32.

Results

There are considerable differences in the size
distributions and mineralogical characteristics of sedi-
ments from the tributaries draining the Andes and llanos
(plains), such as the Rio Meta and Rio Cinaruco, and
from streams draining the Precambrian rocks of the
Guayana Shield, characterized by the Rio Parguaza. The
size distributions of bed samples from these three
streams are plotted in figure 8. The samples from Rio
Meta and Rio Cinaruco consist mostly of sand-size
material that has median diameters of 0.26 mm
(millimeters); 98 percent of the material is between 0.125
and 1.0 mm. Both samples contain less than one percent
gravel (>2 mm in diameter). The sample of bed sedi-
ment from Rio Parguaza is considerably coarser; has a
median diameter of 1.5 mm; only 2 percent is finer than
0.5 mm, compared with 90 percent finer for Rio Meta
and 96 percent finer for Rio Cinaruco; and 24 percent of
the material is gravel. The Rio Parguaza bed sample also
shows the properties of a ncarly logarithmic-normal
distribution of particle sizes, characterized by the straight
line part of the curve for sizes coarser than about 0.5 mm.
The dashed line on figure 8 would be a log-normal
distribution encompassing 99 percent of the sample.
Whether the log-normal distribution is characteristic of
the sediments derived from the shield or whether this is
simply fortuitous remains to be determined. Sediments
from the shield are not transported great distances from
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Table 4. Station numbers, locations, and information about the samples

[©, degrees; ', minutes; ", seconds; °C, degrees Celsius; QW, quality of water sample for chemical analysis collected—locations for station 10-30
are from Mapa de Suelos, Puerto Ayacucho, 1:100,000; all others are from Mapa Base Rio Orinoco, 1:50,000, Oficina Técnica Del Monte Y
Assoc, C.A., 1981]

st Ri Type of sampl Water
2 March  Time ver Location ype oF sampre Depth temper-
tion kilo- - - Sus- Remarks
1982 (hour) Latitude Longitude Bed Other (meters) ature
No. meter pended °C)
1 9 1425 882 07°935'30" 66926°'10" x 2.4 28
2 9 1530 905 07°25'15" 66°29'05" x 1.2 28
3 9 1735 920 07°19'40" 66°35'10" x 1.2 28 Silt and clay.
4 9 1830 933 07°17'45" 66°41'45" x 1.8 28
5 10 0805 942 07°16'40" 66°45'50" x 7.3 28
6 10 1010 959 07°10°45" 66°52°40" x 1.2 28
7 10 1140 971 07°11'05" 66°59'45" «x 4.6 28
8 10 1525 1,009 06°54°40" 67900°'30" x 3.8 29
9 10 1725 1,020 06°48°30" 67901'45" x 7.5 30
10 11 0625 06°30°10" 67°00°05" x 4.1 30
11 11 1015 06°25'00" 67°10°00" x X 0.9 30 Rio Parguaza, QW sample.
12 11 1055 06°26°00" 67°11'00" x X 14.0 30 QW sample.
13 11 1320 06°15'50" 67°19°45" x 9.4 30
14 11 1445 1,102 06°10'15" 6724'10" X 31 Bank sample at El Burro.
15 11 1510 06°09'50" 67°27'40" x 9.4 31 Small sample, repeat.
16 11 1515 06°09'50" 67°27'40" x 10.3 31 Combined with station 15.
17 11 1520 06°09'50" 67°27'40" x 11.0 31 Duplicate of station 15.
18 11 1630 06°10°10" 67°28'00" x X X 1.2 31 Rio Meta, QW sample.
19 11 1755 06907°40" 67°28'10" x X 3.4 31 Above Rio Meta, QW sample.
20 12 0700 06905'00" 67°27'50" x 3.8 30
21A 12 0915 05°55'20" 67°30°00" x 3.7 30
21B 12 0925 05955'15" 67°30°05" x 3.5 30
21C 12 0930 05°55'13" 67°30°08" x 3.6 30
22 12 1115 05°47°50" 67°36°40" x x 5.1 30 QW sample.
23 12 1315 05°42'00" 67°38'40" x 20.3 31
24 12 1730 1,176 05°938'40" 67°936°35" x 39.3 31 Puerto Ayacucho, QW sample.
25A 13 0810 05°58'10" 67°27°00" x 3.0 29
25B 13 0815 05°58'00" 67°26'40" x 4.1 29
25C 13 0820 05°57'40" 67926'30" x 6.8 29
26A 13 1410 06°04°'45" 67°29'25" x X 19.8 30
26B 13 1415 06°04'50" 67°29'10" x X 7.0 30  Above Rio Meta.
26C 13 1435 06905°00" 67°28°'55" x X 5.1 30
27A 13 1800 06°16'50" 67°21'25" x x 6.9 30
27B 13 1815 06°16'30" 67°20'55" x X 9.0 30 Below Rio Meta.
27C 13 1830 06°16"10" 67°20'40" x x 9.7 30
28A 14 0735 X 7.3 28
28B 14 0740 06°24'20" 67°13'20" x 5.2 28
28C 14 0745 X 3.5 28
29A 14 1035 X 6.5 28
29B 14 1040 06°35'00" 67908°00" x 11.4 28
29C 14 1045 X 4.3 29
30 14 1150 06°40'00" 67°905'00" x 1.2 29
31A 14 1245 X 5.8 30
31B 14 1250 1,026 06°45'00" 67902'30" x 5.8 30
31C 14 1255 X 5.3 30
32 14 1230 06°36'30" 67908'00" x X 0.7 31 Rio Cinaruco, QW sample.
334 14 1720 07°00°45" 67°04°35" x 5.1 30
33B 14 1725 995 07900'55" 67904'10" x 7.7 30
33C 14 1730 07°01'05" 67903’50" x 3.8 30
34A 15 0840 07°11°45" 66°51'50" x 11.6 28
34B 15 0845 956 07°11'45" 66°1'45" x 11.9 28
34C 15 0850 07°11’35" 66°51'40" x 10.6 28
35 15 1340 910 07°22°40" 66°31°'10" x 6.1 30
36A 15 1510 07°27°'45" 66°30°28" x X 6.7 30
36B 15 1520 900 07°27'45" 66°30°'08" x X X 9.1 30 Above Rio Apure, QW sample.
36C 15 1530 07°27'45" 66°29'48" x X 5.4 30
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Table 4. Station numbers, locations, and information about the samples—Continued

Sta Ri Type of sampl Water

. March Time iver Location ype of sampre Depth  temper-

tion kilo- - - Sus- Remarks
1982  (hour) latitude  Longitude Bed (meters)  ature

No. meter pended ©C)

37A 15 1810 07°39'00" 66°19'30" «x X 10.8 30

37B 15 1805 866 07°38'30" 66°19'18" x X 12.8 30  Below Rio Apure, QW sample.

37C 15 1800 07°38'20" 66°19'10" x X 12.2 30

38A 17 0910 X 13.7 28

38B 17 0925 x 6.4 28

38C 17 0937 859 07°38°20" 66°15'45" X 7.0 28 At Cabruta, below Rio Apure.

38D 17 0953 X 7.6 28

38E 17 1005 X 4.6 28

39 17 1110 847 07°39'45" 66°10'45" x 21.6 29

40A 17 1150 X 3.7 29

40B 17 1155 838 07°40'15" 66%6'00" x 3.5 29

40C 17 1200 X 5.2 29

41A 17 1240 b4 3.8 29

41B 17 1245 828 07°41'15" 66900°45" «x 5.6 29  Above Rio Cuchivero.

41C 17 1250 X 53 29

2A 17 1350 X 3.8 30

42B 17 1345 800 07°2'50" 65%9'50" «x 6.1 30

42C 17 1340 X 11.9 30

43 17 1420 799 07°5'25" 65°48'00" x 13.6 30

4 17 1440 No sample No sample

45 17 1545 788 0790°25" 65%44'15" x 6.8 30

46A 17 1635 X b4 11.6 30

46B 17 1630 782  07°951'55" 65°41'50" «x X 10.0 30 Above Las Bonitas, QW sample.

46C 17 1625 X X 6.4 30

47 17 1825 767 07°5°00" 65°35'30" x 11.5 30

48 18 0710 750 07°951'10" 65°28°10" «x 7.3 28

49 18 0810 738 07°92'30" 65%21°18" «x 5.6 28

50A 18 0910 721 0790°20" 65°12°45" x 5.5 28

50B 18 0915 721  07950°20" 65°12'45" «x 6.4 28

51 18 1010 706 07°47'20" 65906'10" x 6.9 28

52 18 1050 696 07°%46°'10" 65901'35" x 5.5 28

53 18 1125 686 07°42°20" 64°58'20" x 8.1 29

54 18 1215 676 07°40°45" 64°54'35" x 4.8 29

55 18 1310 665 07°39'45" 64%49'10" x 3.7 29

56A 18 1510 X X 11.9 30

56B 18 1505 657 07°41°30" 64°9%5'30" x X 10.0 30 Musinacio section.

56C 18 1500 X X 9.8 30

57 18 1700 638 07°46'00" 64°37°00" x 13.1 30

58 18 1745 629 07°45'00" 64°32'35" x 7.3 30

59 19 0745 07°49'45" 64°27'30" «x 12.2 28 Below El Infierno, silt and clay.

60 19 0755 611 0790°45" 64°28'15" x 3.0 28

61 19 0850 600 07°54°00" 64°33'15" «x 5.7 28

62 19 0935 590 07°57°00" 64°34'25" x 19.7 28

63 19 1025 580 07°950°40" 64°30'25" x 6.7 28

64 19 1125 570 08°00°10" 64°25'10" x 14.2 29

65 19 1220 559  08902'05" 64°20°25" x 6.9 29

66 19 1310 550 08905'30" 64°17'25" «x 9.6 30

67 19 1415 535 08902'00" 64°11'00" x 5.0 30

68 19 1505 523  0799'20" 64906'30" x 11.4 30

69A 19 1611 514 07°56'50" 64901'40" x 11.4 30

69B 19 1617 514 07°956°50" 64901'40" x 23.6 30

70A 19 1702 X 15.4 30

70B 19 1656 513 07°56’50" 64901'25" «x 14.9 30

70C 19 1653 X 10.4 30

71 19 1830 499 0798’50" 63954'40" x 4.3 30

T2A 20 0740 X X 11.3 28

72B 20 0735 487 08904'45" 63°1'30" x X 11.3 28  El Almacén.

72C 20 0730 X X 11.2 28

73 20 0920 476 08D8’'45" 63°48°00" «x 4.7 28

74 20 1010 463 080V8'15" 63%1'00" x 7.6 28

75 20 1145 459 08906°45" 63°39'00" - -
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However, de Sola did not speculate on the sizes of
wind-blown sediments or where the various sizes might
be deposited. Presumably, coarse particles can move only
by saltation, and they would remain in or near the
channel. Finer sands could be transported in suspension
and could form dune fields and other deposits away from
the river. Dust could be deposited anywhere in the basin
or could be carried entirely out of the basin. However, if
the geomorphic processes in the basin are in equilibrium,
the amount blown from the river channel each year must
be resupplied to the river each year by erosion from the
watershed, so large quantities of sediments transported
by the river are recycled eolian sediment.

In a previous section, we showed that the annual
suspended-sediment load at Musinacio was about
190 x 105 Mg/y. The total sediment transport, including
the bed load, could be as large as 240 x 105 Mgfy (Meade
and others, 1983). How much of this could be recycled
sediment? Could it be as great as 40 percent,
corresponding to de Sola’s estimate? The questions
obviously cannot be answered without some additional
fairly detailed field studies, but we can at least determine
some of the limiting factors that might control these
quantities.

As a point of departure, we take de Sola’s figure of
60x10¢ m3 wind transport during the dry season and
assume that half of this originates in the delta area and
exposed channel downstream of Ciudad Guayana and
the other half is derived from the reach between Ciudad
Guayana and Puerto Ayacucho, a length of about 1,000
km. From the previous discussion, about 1,000 km? of the
bed are exposed in this reach, so the erosion of 30 x 106
m3 wind-blown sands would result in a uniform lowering
of the exposed surface of about 3.0 cm.

Assuming the bed of the Orinoco everywhere to be
composed of fairly uniform fine sand, the erosion of an
average depth of 3 cm over the exposed bars is
reasonable. Sand would begin to erode uniformly over
the surface of an exposed bar wherever the wind was
above the critical threshold to move the largest particles
present in the bed. At the downstream (upwind) end of
the bar, erosion would continue unchecked, there being
no incoming supply of sand to replenish the material
removed by the wind. Downwind, according to Bagnold
(1941), the flow eventually should become saturated with
particles at its capacity transport rate and the moving
carpet of sand would protect the underlying bed from
further erosion. Across the exposed surface, an
equilibrium transport rate should exist that can be
expressed in the general form

g =K(V-V.)*, Q)

where ¢, is the sand flux per unit width, V' is the wind
velocity, V, is the critical or threshold velocity for the
initiation of particle motion, and K is a coefficient that
depends mostly on particle size and on the height at
which the velocity is measured (Bagnold, 1941, p. 69).
For naturally graded dune sand with a median particle
diameter of 0.25 mm and wind velocities measured in
meters per second at a level 1 meter above the surface,
equation 2 becomes

g, =52 x104(V-V, )3 , €))

where ¢, is in megagrams per hour per meter width. The
critical velocity determined experimentally by Bagnold
(1941) for natural dune sand is 4 m/s and for uniform
particles of 0.25 mm diameter is 2.5 m/s. It is measured
at the same height, 1 m, as the velocity, V.

Equation 3 with V=4 m/s is plotted on figure 32.
For wind speeds less than 6 m/s, the transport rate is
small. However, the transport rate increases rapidly with
wind velocity. An increase of wind velocity from 10 to 20
m/s results in a 20-fold increase in transport.

Consider now a typical exposed bar of the Rio
Orinoco, such as the one shown in figure 16, located
about 20 km upstream of the mouth of the Rio Caura.
The bar is about 3 km long and 1 km wide. If it were
lowered by deflation 3 cm uniformly over its surface and
all the eroded materials were transported across the
downwind end of the bar, the total sand transport would
be 9 x 104 m3. Assuming the sand in place has a volume
concentration of 0.6 and a density of 2.65 Mg/m3, this
would amount to a sand flux of 14.3 x 10+ Mg or 143 Mg
per meter of width. From figure 32, we can estimate that
this amount of transport could occur if winds persisted
for 6.5 days with velocities of 16 m/s or for 48 days with
velocities of 10 m/s. These velocities and durations are
well within the range of conditions observed during
March 1982, so the intensity and duration of wind would
seem not to be a limiting factor in the transport of as
much as 60 X 105 m3/y from all the exposed bars between
Puerto Ayacucho and the river’s mouth, assuming the
bed were of uniform fine sand.

Eolian Armoring

The situation described in the proceeding section,
though, is not so simple. The great range of sizes of
material composing the bed and the extreme variability
both along the reach and across the channel at any cross
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Figure 32. Relation between sand transport and wind
velocity measured at 1 meter above the surface (modified
from Bagnold, 1941, fig. 22).

section were discussed in a previous section. The size
distributions in table 5 indicate that about 80 percent of
the samples contain some gravel (particle size >2 mm).
Thus, armoring of the bed seems to be a limiting factor
on the availability of sand for transport. The finer
particles are carried away by the wind, and eventually the
coarser particles left behind form a protective layer that
prevents further erosion.

On the average, the bed material of the Rio Ori-
noco (table 5) contains about 2 percent gravel. Assuming
again-a density of 2.650 g/cm3, a volume concentration of
0.6, and a critical wind velocity such that nothing coarser
than sand is moved, the erosion of 3.0 cm from the
exposed bed would leave about 0.095 g of gravel-size
material on each square centimeter of the bed. A 2-mm

quartz pebble weighs about 0.01 g, so the erosion could
leave 9 particles covering a surface area of about 0.28
cm?, Twenty-five particles with parallel center packing on
a flat surface is probably the maximum number that
could be placed on 1 cm?; these would cover about
three-fourths of the surface area and would require
about 9 cm of deflation to be segregated out. Probably
not this much degradation would occur, because the bed
surface does not need to be completely covered with
immobile particles for effective armoring to take place.
The percentage of the bed area that must be covered with
nonmoving particles to effectively armor a wind-blown
surface has not been determined, but probably it is about
the same as for armoring of a stream bed by flowing
water. Harrison (1950) observed that sediment transport
by water became negligible when 50 percent of the bed
was protected. If this figure is adopted as an
approximation, degradation of about 6 cm of the bed
surface containing 2 percent gravel would effectively
armor the bed and prevent further erosion. Over 1,000
km?, the area of exposed bed between Puerto Ayacucho
and Ciudad Guayana, this 6 cm of erosion would allow
movement of 60 X 106 m3 of the finer sand, so armoring
should not be a limiting factor if the entire area were
subject to uniform deflation.

Of course, the natural conditions along the river
are much more complicated. Bars are rarely deflated
uniformly because they are composed of large sand
waves formed by the flowing water (fig. 16), so there is
considerable relief across the surfaces of the bars. This
relief tends to shelter large areas from the full force of
the wind and provides locations at which blown sand can
accumulate. On the other hand, some of the bars,
especially the point bars on the insides of bends, are
largely devoid of gravel. Here armoring does not occur at
all. The only limitations to the rate of deflation of the
bars are the speed and duration of the wind and perhaps
the bar moisture content, which is influenced by the
frequent local showers even in the dry season. Overall,
these complications may balance out, so the preceding
assumptions may be fairly reasonable. Some of these
complicating factors will be considered in more detail in
the next section.

We consider next the relation between wind speed
and armoring. According to Bagnold (1941), there is a
“fluid threshold” corresponding to the wind velocity at
which particles just begin to move and an “impact
threshold” required to maintain saltation. The impact
threshold is about 80 percent of the fluid threshold. Thus,
once general motion by saltation begins, the velocity
required to maintain this motion is less than the velocity
required to initiate it. A similar relation has been found
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Table 14. Summary of wind records, Rio Orinoco at Musinacio, 1970
[Measurements were at 10 meters above the surface; N, north; E, east; S, south]

Jan. Feb. Mar.

Apr. May June July Aug. Sep. Oct. Nov. Dec.

Maximum velocity
(meters per second)
Direction

16.4
ENE

13.6
ENE

17.2
ESE

16.4
ENE

13.1
ENE

16.9
NE

18.3 21.9 20.0
ENE S SSE

15.6 21.1
SE E

19.4
ESE

Mean velocity
(meters per second)
Direction

40 43
ENE ENE

3.4
ENE

2.7
ENE

20 25
ENE ENE

2.5
ENE

40 2.6
ENE E

25 22
ENE NE
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1 L T T T T
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V(1000

-
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Figure 33.

surface.

for water transport (Rathbun and Guy, 1967). For
purposes here, we consider the impact threshold as the
critical threshold for armoring.

Critical fluid and threshold velocities can be
computed from the relations given by Bagnold (1941, p.
104-105). These can be written as

Ps—P,

V. =5754 (PP gd yn 1og3dﬁ, )

in which A4 is an empirical coefficient, p, is the density of
the sand, p, is the density of air, g is the acceleration due
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Relation of particle size to impact threshold wind
speed, V., where z is measured in centimeters above the

to gravity, d is particle diameter, and z is the distance
above the bed at which the velocity is measured. At 25°C,
o, air density is about 1.185 X 10-3 g/cm3, and for natural
dune sands, p, =2.65 g/cm3. The coefficient A is 0.1 for
the fluid threshold and 0.08 for the impact threshold. The
impact threshold velocities at z=0.01, 1, and 10 m are
plotted against particle sizes in figure 33. The velocity for
10 m is shown because this is the recommended height
(according to World Meteorological Organization
standards) for anemometers at weather stations.

In the preceding discussion, we showed that 3 cm
deflation could occur, according to the relations of figure
32, if winds persisted for 6.5 days with velocities of 16 m/s
or for 48 days with velocities of 10 m/s. According to
figure 33, winds of these intensities would armor the bed
with particles whend > 4 mm in the first case andd > 1.2
mm in the second. These are approximately the
conditions found at site A, (fig. 7), the details of which
are given in a later section.

Wind velocities of 15 m/s were measured in the
channel along the left bank at Cabruta, using a portable
digital anemometer, but no systematic records have been
obtained. However, there is a weather station near the
runway at Musinacio (see fig. 11) for which wind records
are available. Data are summarized in table 14 and
plotted in figure 34. These summaries indicate that
maximum wind speeds and durations for this station are
well above the 10 m/s minimum established using figure
32 for erosion along a 1,000-km reach of 30x 10 m3.
The armoring of the bed and sheltering due to local
topography over the bars, then, are more likely to limit
the availability of material for sand transport than any
other factors.

TRANSPORT BY WIND AND
WATER—SOME APPROXIMATIONS

Thus far, we have considered only wind-blown
sands that move by saltation or surface creep. For the
most part, these consist of particles larger than about
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Figure 34. Summary of wind speeds and directions, Rio
Orinoco at Musinacio.

0.125 mm in diameter. Neither the stream bed nor the
wind-blown deposits contain appreciable quantitics of
material finer than this size. On the other hand, the bulk

As6

of the sediments transported by the river are finer than
0.125 mm. The March 15, 1982, suspended sediment
sample at station 37 (river km 867) just below the Rio
Apure contained only 2 percent sand; 98 percent of the
material was finer than 0.062 mm. During the flood
season, a sample collected at river km 857 contained 68
percent material finer than 0.062 mm and 80 percent
finer than 0.125 mm (Nordin and others, 1983). Meade
and others (1983) estimated that 84 percent of the total
sediment load passing Musinacio is finer than 0.062 mm.
Most of the sediment transported by the river is wash
load, which by definition is the material finer than any
sizes found in appreciable quantities in the bed (Einstein
and others, 1940). It is interesting that the sizes of
materials composing the wash load of the river are the
same sizes most likely to be carried in suspension by the
wind.

Wash Load and Dust

The finer sediments transported by winds are
called dust. Dust carried by winds and the wash loads
carried by rivers have many common characteristics.
Both are composed mostly of fine sediments that move in
suspension at about the same velocity as the flow and
both are likely to be transported long distances. The most
important similarities, though, are (1) the transport rates
of dust and wash load depend on the rates at which these
materials are made available to the flows and not on the
capacities of the flows to transport them; that is, the flow
is rarely saturated with these size particles because the
energy required for their transport is very small; and (2)

these sizes of sediments are not found in appreciable
quantities in the beds of rivers or in wind-blown deposits
that accumulate by saltation and surface creep.

The mechanisms whereby particles become
suspended either by wind or water are not well
understood, but it is generally agreed that a particle is
likely to be suspended if the upward components of
velocity exceed the particle’s fall velocity, @ (Bagnold,
1941; Lane and Kalinske, 1939). Because turbulent-
velocity fluctuations to a first approximation follow a
normal probability distribution with zero mean, a
measure of the intensity of the turbulence is given by the
standard deviation of the velocity fluctuations, o,. The
assumption then is made that a particle will be suspended
if w <Ko, where K is a coefficient that has to be
determined experimentally.
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Turbulent-velocity fluctuations are not measured
routinely, so it is useful to relate o, to some variable that
can be measured or that can be computed from
quantities that are easily measured. To this end, we can
take advantage of the fact that in two-dimensional
turbulent shear flow, the shearing stress, 7, is related to
the density of the fluid, p, and the average correlation
between the horizontal and vertical velocity fluctuations,
u and v, according to the relation

T=pUv. (5)

Because u and v are correlated and u is generally
proportional to v (Lane and Kalinske, 1939), equation 5
can be expressed

7/p =0,2/B2 (6)

g, =BU. , 7

where B is a coefficient that varies from about 0.7 to 1.33
and averages about 1.0 (Lumley and Panofsky, 1964, p.
134-136), and U., the shear velocity, is (t/p )1/2.

Sagan and Bagnold (1975) assume that particles
are suspended when w =U., and similar relations have
been proposed for suspension in water (Middleton,
1976). This assumption apparently was first proposed by
Lane and Kalinske (1939). Engelund and Freds¢e (1976)
suggested the criterion for suspension

w <08 U. , (8)

and this criterion will be adopted herein. Equation 8
seems to be well-supported by empirical evidence.

For uniform flow of water r and U, are easily
computed from

=pgDS =pU.2 , 9)
where D is the flow depth and S is the water surface
slope. For wind, the value of U. is determined from the

velocity gradient according to the logarithmic velocity
relation (Bagnold, 1941)

(10)

= =
NIN

w
-

SAS
]

where U, is the velocity at height z from the bed, « is von
Karman’s constant, equal to 0.4, and K is the length of a
representative roughness element. If velocities U, and U,
are measured at the levels z; and z, above the bed, the
shear velocity is

_(U,-U,) ) 11

U =10 z,/z,)

At times it is convenient to work directly with
mean velocity rather than shear velocity, and some
approximate relations can be derived for rivers from field
data. For the flow of water over a flat sand bed, the
relation between mean velocity, U, and shear velocity, U.,
is determined mostly by particle diameter (Dawdy, 1961,
fig. 11) and can be expressed

U
. =81d-062 | (12)

where d is the median grain size in millimeters. For
particles with 0.25 mm diameter, U/U.=19.1, or U. is
about 5 percent of U. For wind, mean velocity is not
defined, but the ratio of shear velocity to the velocity
measured at 1 or 2 meters above the surface turns out to
be about the same, U.=0.05 U, (see for example Bag-
nold, 1941, fig. 15, and Hsu, 1973, fig. 2). Applying this
approximation to equation 8, particles will be suspended
when

w<004U , (13)

where U is taken as the mean velocity in water and, for
wind, is measured at 1 m above the surface.

The fall velocities in air of natural sand grains with
a shape factor of 0.7 can be computed from the
coefficient of drag and Reynolds number relations given
in Federal Inter-Agency Sedimentation Project (1957)
and fall velocities in water can be taken directly from the
figures or tables of the same report. Those relations for
air and water at a temperature of 25 °C (degrees Celsius)
are shown in figure 35. From figure 35 and equation 13,
it is easy to estimate approximately the velocity to
suspend a given size particle. For example, particles of
0.1 mm diameter or less could be suspended in air when
the velocity at 1 m is greater than 12 m/s and in water
when the mean velocity is greater than 0.2 m/s.

Sagan and Bagnold (1975) proposed a
quantitative definition of dust; it is material that can be
suspended as soon as the critical tractive force at the bed
is sufficiently great to initiate motion. This can be
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Figure 36. Shields diagrams for air and water, modified
from Miller and Komar (1977) and Yalin and Karahan (1979).
Dashed curve is from White (1979).

expressd in a form similar to equation 8,

w < 08Us , (14)

where Us is (1./p)'/2 and 7, is the critical tractive force or
shear stress at the bed required to initiate motion of a
particle with diameter d and fall velocity w. Apparently,
no one has tried to define wash load quantitatively, but
there is no reason why the same criterion, equation 14,
should not apply, and we propose that this be adopted as
a definition of dust in the atmosphere and wash load in
rivers.

The critical tractive force usually is determined
from Shields diagram in which the critical dimensionless
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Figure 37. Relation between 6,and ¥.

shear stress, 6, , is plotted against Reynolds number, R,
where

Tc U.d

O =G pgd’ R="v > O =f®), (15)

where v is kinemetic viscosity of the fluid. The relation of
equation 15 first was defined empirically by Shields
(1936); it since has been verified experimentally many
times for water, and modified only slightly. There is a
great deal of scatter in the experimental data. The
average relation shown in figure 36 will be used here; it is
similar to the ones proposed by Miller and Komar (1977)
and Yalin and Karahan (1979). Notice that at high
Reynolds numbers, 6, assumes the constant value of 0.05
in water.

For some reason, Shields diagram as defined for
water does not apply to the initiation of the motion of
sand by air. For air flow, empirical evidence shows 8, to
be about one-third of the value for water and at low
Reynolds numbers, the relation of increasing ©, with
reducing R rises much more sharply for air than for water
(White, 1979, fig. 1; Maegley, 1976, fig. 2). The general
shape of the empirical relation from White (1979) is
sketched in figure 36.

The abrupt rise in 8, with decreasing R (fig. 36)
shown by the empirical data has been attributed to
moisture developing cohesion between particles. At
intermediate Reynolds numbers, values of 8, must be
obtained by trial because U. appears in both the ordinate
and abscissa. To avoid this ©, can be plotted as a function
of a particle mobility number ¥ (Yalin, 1977), where

¥ - Eps—p)gdil 2
ov

The curves for these relations are shown in figure 37.

(16)
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moving at the bed as functions of flow velocity. Wind velocity is
measured at z=1 meter.

Figures 35 and 37 provide the basis for quantitative
definitions of dust and wash load. Values of w/Us, are
plotted against particle sieve diameter, 4, in figure 38,
with the values w/U+, =0.8 indicated. For air, the critical
size is 0.045 mm and for water it is 0.095 mm. Figure 38

Sand Waves, Bars, and Wind-Biown Sands of the Rio Orinoco, Venezueia and Coiombia

was prepared for air and water temperatures at 25 °C,
which is a fair value for average temperatures along the
Rio Orinoco during the dry season. However, the
relations in figure 38 are temperature-dependent and
need to be defined for the range of temperatures
encountered if they are to be applied to areas where air
and water temperatures vary appreciably.

Largest Particle Suspended and
Moving at the Bed

From the relations just given, we can now estimate
for either wind or water the largest particle that can be
suspended and the largest particle that will just begin to
move as functions of the flow velocity (fig. 39). Relations
for wind follow directly from equations 4 (V) and 13 (w).
The curves for water were developed first by obtaining
Us. from figure 37 and then using equation 13 and the
assumption that U=20Us, . The velocity for wind is for
initiation of motion, not the impact threshold, so values
in figure 39 are 25 percent greater than values from the

curve of figure 33.
Both curves for initiation of motion are likely to be

somewhat imprecise. For air, equation 4 applies only
down to grain diameters of about 0.2 mm (Bagnold,
1941); grains smaller than 0.2 mm are partially imbedded
in a viscous sublayer and the velocities required to
initiate their motion are greater than predicted from
equation 4. The curve for initiation of motion by water is
based on the even more restrictive assumptions of flow
over a flat bed with grain roughness only and a constant
ratio between the shear velocity and mean flow velocity.
These conditions are not likely to apply in the Rio
Orinoco except perhaps along the flat backs of sand
waves and bars. Nonetheless, the curve agrees well with
values computed under somewhat different assumptions
by Sundborg (1956, fig. 13), and we will use it here as a
first approximation with the reservation that it probably
can be refined as better information on velocity
distribution becomes available.

A few generalities can be drawn from the curves of
figure 39. In the river, the wash load consists of particles
finer than about 0.1 mm. These will be deposited in areas
where flow velocities drop below 0.2 m/s. At velocities of
0.25 m/s, particles as large as 0.3 mm can move as bed
load and particles as large as 0.1 mm diameter can be
suspended. At intermediate flows with velocities of 1 m/s,
particles as large as 3 mm will move at the bed and fine
sand almost as large as 0.3 mm size can be suspended. At
bankfull stage, where velocities can approach from 2.5 to
3 m/s in narrow sections of the river, the flows can move
particles as large as 16 mm in diameter, the largest sizes
found in the bed (table 5), and can suspend particles as
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large as 0.7 mm diameter, which also are the largest sizes
thus far found in suspension (Nordin and others, 1983).

For wind transport, material finer than 0.05 mm
constitutes dust; it can be suspended as soon as its
motion is initiated at wind speeds of about 3.2 m/s. At
moderate wind speeds, say 10 m/s, particles as large as
0.6 mm can be moved, and sand as fine as 0.08 mm
diameter can be suspended. At extreme wind speeds of
40 m/s, particles as large as 20 mm diameter, the largest
sizes likely to be found on the exposed bars, can just be
moved, but these winds could only suspend fine sands
with diameters smaller than 0.23 mm. The large
differences in sizes that can be suspended in air and
water are accounted for by the much greater fall
velocities of particles in air than in water.

Predictions of initiation of motion and particle
suspension are likely to be more precise if they are based
on shear velocities rather than flow velocities. These
relations derived from figure 37 are shown in figure 40.
Viscous effects are accounted for in these curves, so the
curves have somewhat different shapes than those of
figure 39. For convenience, an approximate velocity scale
is included on the figure; it is based on the assumption
that U=20 U.. If shear velocities can be estimated from
direct measures of the turbulent-velocity correlations,
equation 5, for example, or even from velocity gradients,
equation 10, the curves of figure 40 should give better
predictions than those of figure 39.
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Figure 40. Largest particle suspended and largest particle
moving at the bed as functions of critical shear velocity.
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Because natural river channels do not have
uniform cross sections, the velocities and shearing
stresses vary from place to place across a section and
along the channel, even under steady-flow conditions.
Ideally, to predict local scour and fill and the bed-
sediment transport, one needs the magnitude and
direction of the velocity and shearing stress at every
location. To a reasonable approximation, these values
can be estimated along a short reach (Chiu and Hsiung,
1981; Chiu and Lin, 1983; Chiu and others, 1983). These
computational techniques require the velocity isovels at
the upstream section of the reach and details of the
channel geometry and water-surface elevations along the
reach. Usually, the detailed ficld data required to
implement Chiu’s model are not available, and one is
reduced to working with average values at a cross section.
But even relations based on average values can be useful
if it is recognized that across any section in the stream
there will be a distribution of values about the mean. In
the following, we develop such approximate average-
value functions for typical wide and narrow sections of
the river, and we demonstrate the approximate range of
variability that might be expected during high flows.

The relations to be developed provide means of
estimating as a function of discharge the size of the
largest particle that can just be moved at the bed and of
the largest particle that can be suspended. These sizes
can be taken directly from figure 40 if the relations
between water discharge and the mean shearing stress of
the cross section are known.

Pérez-Godoy (1984) has compiled a summary of
discharge measurements made during 1969 through
1976 for the gaging station at Musinacio, as well as values
of local and average water-surface slopes. Slopes were
estimated by several methods. The average slope was
determined from stage readings along the river between
Puerto Ayacucho and Ciudad Bolivar. It is almost
constant, equal to the topographic slope of 4.6 cm/km, or
0.000046. Local slopes were measured between the gage
at Musinacio and the gage at El Pifal, 7 km upstream.
The relation between local water-surface slope, S, and
discharge, Q, will be used here; it is plotted in figure 41.
The curve is a power function fitted by the method of
least squares

S =(2.25x10-5) Qo030 17)
Observed values vary by a factor of 4 from 0.00002 to
0.00008. At the mean daily discharge of about 30,000
m?/s, the local slope is almost equal to the average
topographic slope.
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Figure 41. Hydraulic geometry for the Rio Orinoco at
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y de los Recursos Naturales Renovables.

The hydraulic geometry relations for the
measurements used here also are plotted in figure 41.
The mean relations fitted by eye are

W =1700 Q 0.04

D =0.0163Q0°3 , and (18)

U =0.0361 Q033

where W is the channel width, D is the mean depth, and
U is the mean velocity.

100,000

The gaging section at Musinacio is across from the
landing strip, figure 13, at about river km 655. At
discharges greater than 20,000 m3/s, the flows occupy
almost the entire channel from bank to bank, a width
varying from 2,500 to 2,700 m. The values of average
shearing stress computed from the average depth and
local slope are plotted against discharge in figure 42. The
equation for the line fitted by the method of least squares
is

T =(1.66x10-3) 0-0.12 g/cm/s2 . 19)

We assume the equation applies to “typical” wide
sections and can be extrapolated to low flows because,
although the river at Musinacio tends to channelize along
the left bank with a width between 900 and 1200 m
during flows less than 10,000 m3/s, many of the wide
sections maintain almost their full widths at low flows and
become very shallow. On several occasions we ran
aground in the wider sections, even though the vessel
draws only 1 m. We believe the extrapolated curve of
figure 42 should represent fairly well the average shear
stress in these kinds of sections.

To estimate the shearing stress at a “typical”
narrow section of the river, we plotted the hydraulic
geometry for four discharge measurements made during
1982 and 1983 in a narrow reach of the river at river km
652 just downstream of Musinacio (fig. 43). For
discharges between 7,000 and 72,000 m3/s, width varied
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Figure 42, Relation between shearing stress and water
discharge, measuring section of the Ministerio del Ambiente
y de los Recursos Naturales Renovables.
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Figure 43. Hydraulic geometry for the Rio Orinoco at
Musinacio, measuring section of the U.S. Geological Survey.

between 1,100 and 1,300 m. These data are summarized
in table 15. The hydraulic geometry relations for this
section are fitted by eye,

W =580 Q007

D =0.72Q033 , and (20)

U =0.0024 Qo-s0,

The cross section is very near the Musinacio gage, which
is along the right bank about 2 km below the downstream
end of the bar shown in figure 11, so the local slope
should be fairly close to the energy slope for this cross
section, To estimate the shearing stress for the section,
we selected depths from figure 43 and slopes from figure
41 for a range of discharges. A direct correlation between
discharge and shearing stress as in figure 42 would be
preferable (Williams, 1983), but the slope data were not
available for that approach.

Final results of the calculations are sketched in
figure 44. Notice that the curves for initiation of motion
and for suspension do not intersect, even at the lowest
observed flows (table 1) of 1,050 m3/s. At the lowest
flows, the wash load of the river on average can be
transported through both wide and narrow sections.
Material finer than 0.1 mm will be deposited on the bed
only in areas of slack water along the banks and behind
obstructions where the local shear stress falls below the
average. In the wider sections, the bed load will be very
small; nothing larger than 0.35 mm can be moved by the
flow and the suspended load should contain almost no
sand, the largest size in suspension being 0.1 mm. In the
narrower sections, bed load as large a 1.7 mm can be
moved by these flows, and sands as large as 0.2 mm can
be suspended. Again, in either section the highest flows
are capable of moving gravel sizes larger than any found
in our bed samples.

Interpretation and application of the curves in
figure 44 require information about the bed material and
suspended-sediment size distributions for the station at
Musinacio. Size distributions from five sets of bed
samples and two width-depth integrated suspended
samples are listed in table 16. The suspended-sediment
size distributions, the mean size distribution of bed
material, and the two curves for June and December
1982 are plotted on figure 45. The median diameter of
bed material from the mean curve is 0.42 mm and the
sorting coefficient from equation 1 is 1.90. The
distribution is skewed toward the coarser sizes, with 5
percent of the material finer than 0.2 mm and coarser
than 2.0 mm. Notice that between June and December,
the bed material coarsens considerably. During this same
period, the bed filled about 2 m (table 15).

In June, the suspended-sediment discharge for a
flow of 51,850 m?3/s was 10,300 kg/s or 892,000 Mg/d, of
which 20 percent or 178,000 Mg/d was bed material.
During the peak flows of August, at a discharge of 70,700
m3/s, the suspended-sediment load was 7,000 kg/s or
605,000 Mg/d, with 24 percent or 145,000 Mg/d bed
material discharge. The size distributions of suspended
sediments on the 2 days are similar, but the sizes of the
bed material are appreciably different. The larger
sediment loads on rising stage in June are associated with
finer bed material, ds, =0.31 mm, and a lower mean bed
elevation than the flood flows in August or the falling
stage in December, when the bed has coarsened to
dso=0.50 mm. It can be inferred from figure 44 that
during low flows, some of the finer sediments accumulate
on the bed in the wider sections of the river because they
cannot be suspended; during the rising stages these
sediments move into and through the narrow sections. A
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Table 15. Summary of discharge measurments, Rio Orinoco at Musinacio, U.S. Geological Survey section
[°C, degrees Celsius]

Stage Discharge Width Depth Velocity Water Local
Date (meters) (cubic meters (meters) (meters) (meters temperature slope
per second) per second) (°C) (from fig. 43)
June 22, 1982 23.93 51,900 1,208 26.2 1.64 21.0 0.0000584
Aug. 20, 1982 26.77 72,000 1,290 28.7 1.25 29.6 0.000645
Dec. 3, 1982 17.93 24,750 1,275 18.2 1.07 28.4 0.0000468
Mar. 19, 1983 11.97 7,240 1,120 13.4 0.48 30.2 0.0000326
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Figure 44. The largest particle that can just be moved at the bed and the largest particle that can be suspended for the
indicated water discharge for A, a typical wide section, and B, a typical narrow section.

complex pattern of seasonal storage and re-entrainment The curves in figure 44 are based on shearing
of sediments along the Rio Orinoco is reported by Meade  stresses and shear velocities computed from mean depths
and others (1983), and the seasonal difference in  of the cross sections, as if the flows were one-
transport capacity between wide and narrow sections  dimensional. Usually, though, there are considerable
along the river is one of several factors contributing to  differences in depth and velocity, and thus in the local
this pattern. shear velocity and shearing stress, across a normal river
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Figure 45. Size distribution of bed and suspended
sediments, Rio Orinoco at Musinacio.

section. To demonstrate the range of variability that
might be expected, data from a discharge measurement
on August 21, 1982, are compiled in table 17. For each of
22 verticals, U. was computed from equation 11 and 7
from equation 9. The data from vertical 1,270 could not
be used. There are rock outcrops along the right bank,
and perhaps these obstructions account for the peculiar
velocity distributions observed near the bank.

The cross section is plotted in figure 464, and the
average shearing stress and individual values of the
shearing stress at each vertical are shown in figure 46B.
The individual values range from 2 to 1,000 g/cm/s?
(equivalent to dynes per square cm), but the average of
all values, 184, is close to the value computed from mean
depth and local slope from figure 43, 180 g/cm/s2. The
average of individual values of U./U is 0.0671; the
average for the cross section based on mean velocity of
1.94 m/s, is 0.0691. The predicted value based only on
mean grain size from Dawdy’s empirical relation,
equation 12, is 0.0721. The agreement between the three
values is quite remarkable but may be fortuitous. The
relatively low value of U/U., 13.9, suggests that most of
the roughness in this section at high flow is grain
roughness.

The concentrations of suspended sands for depth-
integrated samples collected at six verticals are plotted on
figure 46C. The lower concentrations along the right half
of the channel correspond roughly to the part of the
channel with lower shearing stresses, but there is no
definite correlation. A comparison of local shearing

stress with size of bed material (Nordin, Meade, and
others, 1983, table 14) shows no tendency for larger bed
sizes to be associated with larger local shearing stresses.
This is not surprising; the bed size is likely to reflect the
long-term average shearing stress, because the changes
in the bed sediments probably will lag changes in the bed
stress. The heavier particles because of their inertia
cannot react instantaneously to changes in the forces
acting on them. The suspended sediments should
respond fairly quickly to changes in the shearing stress
and in the ratio U/U., but because the particles are being
convected along at approximately the mean stream
velocity, the concentration and size of suspended
particles at any vertical will reflect upstream conditions
rather than the instantaneous local shearing stress.

In previous discussion, it was assumed that U=20
U.based on a particle size of 0.25 mm. The larger
particle size at Musinacio of 0.42 mm results in the lower
value of U=13.9 U.. If this ratio is known for any section
of the river, the velocity scale on figure 40 can be shifted
accordingly.

Relations between Sediment
Discharge and Flow

As a final consideration of sediment transport by
the river, it is useful to develop some approximate
relations between water discharge and sediment
discharge for the two idealized sections characterized by
equations 18 and 20. Because of the sparse hydraulic
data and uncertainties about water surface slopes for the
narrow reaches of the river, extensive computations are
not justified. Instead, the simple relation proposed by
Engelund and Hansen (1967) will be used. Their
transport equation is

fé=01025 , (21)
where f is a friction factor,
2¢ DS

¥R @

¢ is dimensionless transport function,

dr
¢ = ;
':( 00 )g dj 12 (23)
ol
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Table 17. Summary of data from discharge measurement, August 21, 1982, and computation of U, shear velocity

[Leaders (---) indicate values not determined])

Mean Shear T Concentration
Cross- Velocity Velocity, Distance velocity (grams per of particles
channel Depth, U (centimeters from bed u. * centimeter  >0.062 millimeters
station D (centimeters per second) (meters) (in centimeters per second (milligrams
(meters)  (meters) per second) U, U, z, z, per second) squared) per liter)
158 14.6 58 78 38 11.68 292 11.5 0.199 133 57
272 22.5 173 190 156 18.00 4.50 9.8 .0567 96 -—
316 22,5 174 208 140 18.00 4.50 19.6 Jd12 372 57
345 24.0 178 205 150 19.20 4.80 15.9 L0892 251 —
422 25.0 210 230 189 20.00 5.00 11.8 L0563 139 -—
455 30.0 220 235 205 24.00 6.00 8.7 .0394 75 61
497 27.0 196 215 176 21.60 5.40 11.2 0574 126 -—
561 31.0 202 232 171 24,80 6.20 17.6 0871 308 -—
584 32.0 170 195 146 25.60 6.40 14.1 .0832 199 -—
654 33.6 218 273 163 26.88 6.72 31.7 .146 1000 -—-
694 35.0 213 241 185 28.00 7.00 16.2 0759 260 —
742 36.6 213 223 203 29.28 7.32 5.8 .0271 33 21
798 36.5 233 242 224 29.20 7.30 5.2 10223 27 -—
839 37.5 212 242 182 30.00 7.50 17.3 .0817 298" -—
893 36.5 230 249 211 29.20 7.30 11.0 .0477 120 -—
935 35.8 202 215 189 28.64 7.16 7.5 0371 56 -—
1,008 33.5 225 272 222 26.80 6.70 1.4 .0064 2 17
1,032 35.5 214 231 198 28.40 7.10 9.5 .0445 90 -—-
1,098 31.8 190 200 180 2544 6.36 5.8 .0304 33 -—
1,143 33.5 177 199 155 26.80 6.70 12.7 0718 161 -—
1,212 40.4 168 197 140 32.32  8.08 16.4 .0979 269 -—
1,235 24.0 182 184 179 19.20 4.80 14.4 .0079 2 2
1,270 20.5 148 100 201 16.40 8.20 -—- -— -— -—-
Average of 22 values ——————— .0671 184

O is the dimensionless shearing stress at the bed,

T

O =Groed @4
qr is the volume flux of sediment particles per unit width
of channel, and 4 is the median diameter of the bed
sediment. Engelund and Hansen used median fall
diameter instead of sieve diameter for 4 in both
equations 23 and 24. For naturally worn fine to medium
sands, the differences are not very great (Federal Inter-
Agency Sedimentation Project, 1957, fig. 7), but for
coarse sands and fine gravels, the fall diameters are
considerably less than the sieve diameters, depending
mostly on particle shapes. By inspection of equation 21, it
can be seen that for any given flow conditions, ¢, ~1/d,

A56

and it is our experience that if the bed sediment is coarser
than about 0.7 mm, equation 21 overestimates the
sediment discharge if the smaller fall diameters are used
instead of sieve diameters. Therefore, in the following
computations, sieve diameters will be used.

Predictions using equation 21 agree very well with
observed sediment discharges for both laboratory and
ficld data so long as the range of grain sizes in the bed
sediments is small enough for the mixtures to be
characterized by their median diameter, ds, (Yang and
Stall, 1976; Brownlie, 1981). However, if ¢ is much
greater than 1.5 for log-normal distributions or if the
distributions are skewed toward coarser sizes, which they
usually are for river bed sediments, the mixtures should
be characterized by some kind of “effective” diameter,
d,,. This was first proposed by Meyer-Peter and Muller

The Waters and Sediments of the Rio Orinoco and its Major Tributaries, Venezuela and Colombia
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stress estimated from equation 11; and C, concentrations of suspended sands.

(1948), who defined an effective diamcter as

dp =D fid;

where f; is the fraction by weight of particles with mean
diameter d;. However, equation 25 doesn’t seem to work
very well—the effective diameter is too small. For
applying the Engelund-Hansen equation to mixtures, we

(25)

Sand Waves, Bars, and Wind-Blown Sands of the Rlo Orinoco, Venezuela and Colombla

propose that the effective diameter should be computed

from
23
dn = (3 fan)

The diameter from equation 26 is used in both 8 and ¢.
For the average size distribution curve of figure 45, the
effective diameter is 0.91 mm.

(26)
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Table 18. Data used to compute sediment discharge for a
typical wide section

Water

discharge Width Velocity Depth
. (meters Slope
(cubic meters  (meters) (meters)
per second)
per second)

7,000 2,420 0.67 4.31 0.0000320
15,000 2,500 0.86 6.97 0.0000403
25,000 2,550 1.02 9.61 0.0000469
50,000 2,620 1.28 14.9 0.0000578
70,000 2,660 1.43 18.4 0.0000639

Computations of sediment discharge were made
for a narrow section at river km 652 using the observed
data in table 15. For the wider section, river km 655, the
values of width, depth, velocity and slope in table 18 were
selected from the hydraulic geometry plots of figure 43,
At both sections, the average local slopes are from
equation 17.

Results of the calculations are plotted on figure
47. The curves intersect somewhere below 4,000 m3/s, so
the calculations predict that the sediment discharge at
river km 652 will be greater than the sediment discharge
at river km 655 about 95 percent of the time. Applying
the flow frequencies of table 3 to the curves, the
estimated annual sediment loads are approximately
34 x 10¢ Mgfy at the wide section and 54 x 105 Mgfy at
the narrow section.

On the average, there should be continuity of
sediment discharge along a river, The problem with the
curves in figure 47 arises from using the same values of
local slope along both reaches. If the average topographic
slope is 5 cm/km, the extreme low or high values of local
slope of 2 cm and 8 cm/km cannot persist over very long
reaches. There must be local slope reversals along the
river, somewhat as sketched in figure 484. These kinds of
slope reversals with changing stage seem to be common
to all rivers (Seddon, 1900). The slope reverses between
pools and riffles on gravel-bed streams, between bends
and crossings on meandering streams, and between wide
and narrow sections of relatively straight rivers like Rio
Orinoco. According to Seddon (1900), a riffle or crossing
in a river acts as a weir, but a section like El Infierno,
which is narrow and deep because of bed rock, acts as an
orifice. The very narrow, deep reaches of the Rio Ori-
noco such as El Infierno, Punta Angostura near Ciudad
Bolivar, and Punta Cuchillo near Ciudad Guayana are
presumed to be flowing through old channels cut in the
bed rock during times of lower sea level.

It is fairly easy to show that slope reverses in
reaches of the river upstream of Cabruta, where the
gages are spaced uniformly along the stream. For
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Figure 47. Relations between sediment discharge and water
discharge for a wide and narrow section computed using local
water-surface slope.

example, figure 494 shows the stage hydrographs for
several years for the gages at El Burro (river km 930),
Parguaza (river km 908), and Las Ventanas (river km
887). The slopes at highest and lowest stages for 1972
and 1973 are plotted in figure 49B. The slope reversals
are clear. Downstream of Cabruta, the gages seem not to
be spaced uniformly enough to detect this same kind of
reversal. For example, the reach from Musinacio to El
Infierno is 5 times as long as the reach from El Pinal to
Musinacio that was used to determine local slope for the
preceding computations. When stages are plotted for
these three stations, there is no evidence of slope reversal
in the lower reach, probably because the reach is too long
to detect the local water-surface changes. If the gages
were more closely spaced below Musinacio, we believe
the local slopes would behave about the same as those
shown in figure 49B.

The local slope plotted in figure 41 should apply
to the wide section at river km 655, as it is within the
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Figure 48. Water surface-slope reversals along a river. A,
According to Seddon (1900); B, postulated for the reach near
Musinacio.

reach where slope was measured. The narrow section at
river km 652, though, is probably in a reach where slope
trends are the reverse of those along the wider reach. The
relation postulated for this narrower reach is shown in
figure 48B, as is the mean curve of local water-surface
slope from figure 41.

Using these slopes in the calculations, the
transport relations shown in figure 50 are estimated. The
mean annual sediment loads for the sections are now
computed at 34 X 105 Mg/y for river km 655 and 31 xX10¢
Mg/y for river km 652, a fair agreement. The average of
the two curves shown by the dashed line should represent

50 T |
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Figure 49. A, Stage hydrographs for three stations. B,
Water-surface slopes at lowest and highest stages.

the mean condition if one were to apply average
hydraulic conditions over a long reach that included
representative cross sections from both wide and narrow
parts of the river.

According to the relations of figure 50, the wider
sections of the river will fill relative to the narrow sections
during periods when flows are less than 40,000 m3/s, and
they will scour relative to the narrow sections for flows
greater than 40,000 m3/s. This would account for the
observations that bed sediments in June at river km 652
were finer than later in the year.

The curves of figure 50 of course are only
approximations. The observations of Pérez-Godoy
(1982) and Meade and others (1983) show that the
sediment rating curves for Rio Orinoco are looped, with
larger sediment discharges on rising then falling stages.
This looped sediment-rating curve reflects mostly the
storage and re-entrainment of wash load and finer bed
sediments, and the calculations using average hydraulic
relations cannot reflect these complications. Pérez-
Godoy (1982), using the modified Einstein method,
estimated the bed load plus suspended-sand discharge of
the river at Musinacio to be 35x10° Mgf/y. The
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discharge computed using slopes of figure 48.

computations with the Engelund and Hansen (1967)
equation are in good agreement with his estimate.

LAG DEPOSITS AND ARMORING

The surfaces of most of the bars contained lag
deposits and were armored. This condition clearly
resulted from deflation by wind action on some bars, but
appeared to result from hydraulic action during the high
flows on a few bars.

Armoring by Wind

The most striking example of wind armoring was at
site A (fig. 7), where a few observations were made
during both 1982 and 1983. Observations were confined
to the downstream end of a large bar that occupied
approximately the right one-half of the active channel.
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Plan and profile views of the downstream part of the bar
as it appeared in 1982 are sketched in figure 51. The face
of the bar and the crests of the sand waves forming it
generally were perpendicular to the downstream
direction (fig. 514), suggesting that the flows over the bar
mostly were parallel to the banks. The face and the back
of the bar across the several downstream sand waves
were armored by wind action.

The height of the bar from water surface to crest
was 4.3 m (fig. 51B), and the heights of the sand waves
varied from 0.8 to 1.5 m. Shallow trenches were dug at
the crest and toe of the bar to reveal the underlying
cross-stratification, and the angles of the slip faces
measured with a Brunton compass were 28.5° at the crest
and 27° at the toe. The strata appeared to be continuous
along the 9-m length of the face, although we did not
trench along the entire face to confirm this. However,
later detailed examinations by McKee (1989) showed
that the strata of the downstream faces of similar bars
generally were continuous.

Near the toe of the bar beneath the water surface,
small ripples oriented upstream had been formed by
wind-generated water waves; these features were 20-30
cm in wavelength and about 1 cm high. On the back of
the bar in the intercrest areas downwind of the bar face,
accumulations of coarser sands and fine gravel were
formed into long-crested, ripple-like features that were
called pebble ridges by Bagnold (1941) and granule
ripples by Sharp (1963). These pebble ridges were 50-70
cm from crest to crest and 2 or 3 cm high. The crests were
parallel to the crests of the larger sand waves; that is,
perpendicular to the channel, indicating that the winds
that formed them blew generally upriver.

The plan form of the bar and the orientation of the
crest lines over it in 1983 (fig. 52) suggest that the flow
patterns over the bar during 1983 were much more
complicated than during 1982. Apparently some fairly
strong cross-channel flow patterns developed during the
1983 flood season.

The armor layer in 1982 contained substantial
amounts of gravel with particles as much as 16mm in
diameter, as shown in figure 534. In 1983, the sizes of
materials armoring the bar were smaller, and a large
pebble ridge had formed right at the crest of the bar (fig.
53B). Smaller pebble ridges almost at right angles to the
crest line had formed down the face of the bar (fig. 53C)
and in the intercrest areas over the back of the bar,
indicating that strong winds in 1983 had blown cross-
channel from right to left bank. The downstream face of
the bar in 1983 showed several bands of fine light sand
(fig. 53D) where wave action from upstream winds had
modified the appearance and slope at the toe of the bar.
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Figure 51. Sketch of the bar at site A, 1982. A, Plan; B, profile; C, profile, downstream slip face.

Sand Waves, Bars, and Wind-Blown Sands of the Rlo Orinoco, Venezuela and Colombia A61



Figure 52. Sketch of the bar at site A, 1983.
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The estimated annual bed-sediment discharge, about
30x 10 Mg/y, agrees well with independent estimates
made by Pérez-Godoy (1982) using the modified Ein-
stein method.

5. During the dry season, 35 percent or more of the
river bed is exposed, mostly in the form of large bars. The
bars are composed of sand waves averaging at various
locations along the river from 60 to 100 m long and from
2 to 3 m high. Statistics of the lengths and heights are
given for several locations.

6. Strong trade winds blow upriver during the dry
season, and these winds transport substantial quantities
of sands and finer sediments. If the bars contain very
coarse sands and fine gravel, their surfaces become
aromored with a lag deposit. If they do not contain
gravel, like the point bar at Cabruta, the sand-wave crests
are drastically eroded.

7. The lower limit for the fraction of the bed that
needs to be covered by nonmoving particles to prevent
further erosion is derived, and the fraction and lower size
of the armor are shown to be functions only of wind
speed.
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