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FOREWORD

During spring and summer 1993, record flooding inundated much of the upper Mississippi Rive~
Basin. The magnitude of the damages—in terms of property, disrupted business, and personal trauma—
was unmatched by any other flood disaster in United States history. Property damage alone is expected

to exceed $10 billion. Damaged highways and submerged roads disrupted overland transportati
throughout the flooded region. The Mississippi and the Missouri Rivers were closed to nav1gat10n
before, during, and after the flooding. Millions of acres of productive farmland remained under water for
weeks during the growing season. Rills and gullies in many tilled fields are the result of the severe ero-
sion that occurred throughout the Midwestern United States farmbelt. The hydrologic effects of extenc'ed
rainfall throughout the upper Midwestern United States were severe and widespread. The banks and
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channels of many rivers were severely eroded, and sediment was deposited over large areas of the basin's
1.~

lood plain. Record fiows suomerged many areas that had not been affected by previous floods. Indus-
nd
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d agricultural areas were inundated, which cansed concern about the transport and fate of indus-
trial chemicals, sewage effluent, and agricultural chemicals in the floodwaters. The extent and duration
of the flooding caused numerous levees to fail. One failed levee on the Raccoon River in Des Moines,
lowa, led to flooding of the city's water treatment plant. As a result, the city was without drinking water
for 19 days.
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wide. Long-term data from this network and information on local and resional ovid
basis for identifying and documenting the effects of the flooding. During the flood, the USGS provided
continuous streamflow and related information to the National Weather Service (NWS), the U.S. Army
Corps of Engineers, the Federal Emergency Management Agency (FEMA), and many State and local
agencies as part of its role to provide basic information on the Nation’s surface- and ground-water
resources at thousands of locations across the United States. The NWS has used the data in forecasting
floods and issuing flood warnings. The data have been used by the Corps of Engineers to operate water
diversions, dams, locks, and levees. The FEMA and many State and local emergency management agen-
cies have used USGS hydrologic data and NWS forecasts as part of the basis of their local flood-response
activities. In addition, USGS hydrologists are conducting a series of investigations to document the
effects of the flooding and to improve understanding of the related processes. The major initial finding:
from these studies will be reported in this Circular series as results become available.
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-Wwal t er quality; flood-discharge vol-
ume; effects of reservoir storage on ood peaks stream channel scour at selected bridges; extent of flood-
plain inundation; and documentation of geomorphologic changes.
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Sediment Transport in the Lower Missouri and

the Central Mississippi Rivers, June 26 through
September 14, 1993

By Robert R. Holmes, Jr.

Abstract The dynamics of sediment transport and

Sediment data were collected at five sites in
the lower Missouri and the central Mississippi
Rivers during the 1993 flood. Bedloads were indi-
rectly estimated to be generally less than 5 per-
cent of the suspended-sediment load for this
penocl buspencled sediment loads for the 1993
erally were less than aurmg previous

1 rv-rn

s iu 1951 and 1973, which is thought to be

i € apping of sediment in the res-
ervoirs in the MlSSOllI'l River Basin that have been
operational since 1953 and the depletion of sedi-
ment supply and dilution of sediment concentra-

tion by the large 1993 flood volumes.

movement were exemplified by 4 meters of
channel-bed scour from July 12 through July 29
at the Mississippi River at Chester, Illinois. Th=
channel-bed changes generally followed a pattern
of scouring during the flood rise followed by
channel-bed aggradation during the recession.

INTRODUCTION

Micgiggi i D3 Ragin
Flooding in the upper Mississippi River Basin

in 1993 will long be remembered for the magnitude
and duration of the river stages and discharges and the
sediment deposition in the flood plains. Record peck
discharges were reported at 40 streamflow-gaging sta-
tions operated by the U.S. Geological Survey (USGS;

Sediment t intn of, o - ) ey

Seciment apparently went "]‘9 swrage, Parrett and others, 1993) as the Mississippi River at
cither in the channel or the flood plain, upstream St. Louis, Missouri, was continuously above flood
from St. Louis, Missouri, because the total sus- stage for 81 davs fro A L .

pended sediment transported by the Mississippi
River past St. Louis was 22 million metric tons
less than that transported past the two upstream
sediment stations—below Grafton, Illinois, and at
Hermann, Missouri. The storage of sediment was
partly verified by the massive amounts of newly
deposited sediments on the flood plains.

stage for 81 days from June 26 through September 14.

hilizad + Nrtad and
The record flooding mobilized, transported, and

deposited large quantities of sediment throughout the
upper Mississippi River Basin. The Mississippi River
system transports more sediment than any other river
in North America (Meade and others, 1990). High
quantities of sediment affect river navigation and
operation of reservoirs and water-treatment plants,

A nonhomogen ixture of water i Sediments can adsorb and transport numerous contam-
n 0} mix . . .
genous fe ot water 1s inants, such as pesticides and toxic metals, that could

present at St. Louis, which is 24 kilometers down-
stream from the normal junction of the Missouri
and the Mississippi Rivers. During the 1993
flood, the suspended-sediment concentration var-
ied from one shoreline to the other by a factor of

be a problem for public health. To monitor the trans-
port of sediment, the USGS operates data-collection
stations for sediment transport at five sites on the
lower Missouri and the central Mississippi Rivers.

neariy five. Aerial photogra; taken on July 25

indic;tes the river gec‘rfe V\I/)ei}il mixed 88 kﬂ}(])me- Purpose and Scope

ters downstream from the normal junction of the This report summarizes information on sedi-
two rivers. Several days before and after J uly 25, ment concentrations, loads, and size distributions ir
the junction of the two rivers was 32 kilometers the lower Missouri and the central Mississippi Rivers

upstream from the normal junction.

during the 81-day flood period from June 26 through

Introduction 1



September 14, 1993. Data were collected at five exist-
ing USGS sediment data-collection stations (hereafter
referred to as “sediment stations™) during the flood
(fig. 1; table 1). The data collected consist of water
discharge, velocity, channel geometry, water-surface
slope, detailed multivertical cross-section suspended-
sediment concentrations, daily single-vertical sus-
pended-sediment concentrations, and particle-size dis-
tributions of bed material and suspended sediment.
Suspended-sediment concentrations and loads at the
five sediment stations are analyzed in relation to tem-
poral and spatial aspects of sediment transport Bed—
load was esumate

sissippi River and from the period of record at each
station.

Methods for Data Collection and Computation

Two types of sediment stations, daily and peri-
odic, are operated by the USGS. The tpe of station is

defined by the frequency and quantity of data col-
lected. A da11y sediment station has daily concentra-
tion and load published when, accordirg to Porterfield
(1972, p. 1), “sufficient determinations of sediment
concentration and water discharge are obtained to jus—
tify computation of daily sediment discharge. The end
product is a tabulati daily mean concen

aily medii € ncentrati on,

ing streamflow d‘scharge measurements. In addition, suspended-sediment discharge (load), and periodic
sediment data from the 1993 flood are compared with determinations of particle-size distribution of sus-
those from the 1951 and the 1973 floods on the Mis- pended sediment and bed material.” The USGS oper-
96°
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Figure 1. Location of water-discharge and sediment data-collection stations on the lower Missour and

the central Mississippi Rivers.
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Einstein (Colby and Hembree, 1955), and Schoklitsch
(Shulits, 1935). The values from these equations give
a range of bedload transport estimates for the 1993
flood. These three equations were selected on the basis
of the onsite data required for computation, demon-
strated use of the equations in a previous upper Missis-

A=

sippi River study (Jordan, 1965), grain size of material

o I o T T - el then AlalTibe, ~ o
used to develop the equation, and the ability of the
equation to estimate the bedload directly

SEDIMENT TRANSPORT DURING THE
1993 FLOOD

The Mississippi River at St. Louis was continu-
ously above fiood stage from June 26 through Septem-
ber 14. From the sediment data coilected during the
flood at the five stations listed in table 1, suspended-
sediment loads have been computed and bedload esti-
mated for the flood period. The St. Louis sediment sta-
tion was selected to define the flood period because
data also had been collected there during the 1951 and
the 1973 floods. The suspended-sediment loads and
particle-size data allow examination of the spatial and
temporal variation of sediment sizes at the five sedi-
ment stations, comparison of the 1993 flood with other
floods and the period of record, and investigation of
the storage and flux of sediment in the lower Missouri
and the central Mississippi Rivers. The cross-section
and single vertical suspended -sediment concentration

data allow examination of the temporal distribution of
concentration in a flood of this magnitude and the non-
homogenous mixture of sediment downstream of the
junction of two large rivers

Suspended-Sediment Concentrations and
Loads and Bedload Estimates

Ty o1 T P P P U, [ PRt P |
Hydrograpns 01 walfr aiscnarge ana suspénucda-
caditiant comcentratinneg of eamnles collee +
sediment concentrations of samples collected during
the flood of 1993 at the Mississippi River at St. Louis,

Chester, and Thebes are shown in figure 4. No hydro-
graphs of suspended-sediment concentration are
shown for the Mississippi River below Grafton and the
Missouri River at Hermann because daily samples
were not collected as was explained in the “Methods
for Data Collection and Computation” section. The
water-discharge hydrographs of the flood (fig. 4) indi-
cate that the significant rise was in early to mid-July
and that the discharge peaked on August 1 at St. Louis
and August 7 at Chester and Thebes. At the sediment

station at St. Louis, the suspended-sediment concen-
tration first peaked on July 4, and water-discharge
first peaked on July 11. During the flood period, the
suspended-sediment concentration peaked a secon
time within 1 day of the water-discharge peak on
August 1. Similar characteristics of peak sequences
between water discharge and suspended-sediment

1

concentration can be seen at Chester and Thebes.
Suspended-sediment loads for the flood period
were, in millions of metric tons, 7 at the Mississip»i
River below Grafton, 70 at the Missouri River at Her-
mann, 55 at the Mlss1831pp1 River at St. Louis, 52 at

age curves drawn through values of computed bedload
values and corresponding water discharge (fig. 5) v-ere
used to estimate the daily bedload on the basis of the
daily mean water discharge. The estimated bedloads
for the flood period as calculated by use of each enua-
tion are listed in table 4. The three equations provide
estimates that generally are within 11 percent of each
other at each sediment station except for those beiow
Grafton and at St. Louis, where the differences are 87
and 31 percent, respectively. The ranges of the mea-
sured variables used as input in the bedload equat®ons
are listed in table 5. The estimated bedloads generally
re less than 5 percent of the measured suspended-
ediment load for all sediment stations except for the
station below Grafton where the bedload estimate
made by using the Modified Einstein equation was 18

(I) E:ﬁ

" percent of the suspended-sediment load.

Accuracy of Suspended-Sediment

The accuracy of suspended-sediment-concentra-
tion data is dependent on sampler error; measurement
error, which includes spatial and temporal misrep-e-
sentations of the mean suspended-sediment concentra-
tion, as well as onsite personnel error; and laboratory
analysis error. On the basis of reports by the Federal
Interagency Sedimentation Project (1952) and Bever-
age and Futrell (1986), the sampler error was esti-
mated to be less than 15 percent for the onsite
conditions (velocity, depth, bed roughness) during the
1993 fiood. By examining muitivertical cross-section
suspended-sediment data, measurement error was

Sediment Transport During the 1993 Flood 11
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Figure 4. Water-discharge hydrographs and suspended-sediment-sample concentrations for the
Mississippi River from June 26 through September 14, 1993. A, St. Louis, Missouri; B, Chester,
Hlinois; C, Thebes, lllinois.
thought to be less than 10 percent. From quality- sediment concentrations analyzed in the laboratory for
assurance data collected as part of a study by the this study had an average error of 8 percent.
Branch of Quality Assurance, USGS (L.J. Schroder, For daily record sediment stations, Colby (1956,
USGS, written commun., 1993), and from replicates p. 137) indicated the accuracy of sediment loads com-
analyzed separately by the National Research Pro- puted for a large river, such as the Mississippi, “in
gram, USGS, Denver, Colorado, the suspended- which flow is comparatively constant, sediments are

12 Sediment Transport in the Lower Missouri and the Central Mississippi Rivers, June 26 through September 14, 1993



Table 4. Suspended-sediment loads and estimated bedloads at sediment data-collection stations from June 26 through
September 14, 1993

[mg/L, milligrams per liter; d, metric tons per day: t metric tons; Min, minimum; Max, maximum; --, not determined]

Range of daily

Range of daily Bedload estimated using indicated
me?n ti mean load Suspended- equation
Station concentration (million td) sediment (million t)
(fig. 1) et joad
(million®) o ver-Peier  Modified
Min Max Min Max and Muller Einstein Schoklitsch

Mississippi River below

Grafton, I11. -- - 0.02 0.27 7.0 0.45 1.25 0.16
Missouri River

at Hermann, Mo. -- - -- -- 70 .96 1.00 95
Mississippi River

at St. Louis, Mo. 222 850 28 1.77 55 1.82 2.25 1.55
Mississippi River

at Chester, Ill. 164 1.270 28 1.96 52 1.56 1.61 1.47
Mississippi River

at Thebes. Il1. 89 878 .14 1.35 51 2.50 2.32 2.69
fine, and concentrations are high enough to sample shifted within the estimated range of errors associated
accurately” to be about 10 percent. The annual sns- with suspended-sediment concentration. These errors
pended-sediment load for these stations generally has are evident when the data are plotted as shown in
been thought to be within 10 percent of the true value figure 4. By interpolating the suspended-sediment-
on the basis of multiple computations of the same concentration hydrographs through the middle of the
record by using variations in the suspended-sediment “noise pattern” in these data, some of the error cau be
concentration hydrographs. These variations were dampened out.

Table 5. Minimum and maximum values of miscellaneous sediment, hydraulic, and slope data collected during multivertical
sediment sampling and water-discharge measurements, June 26 through September 14, 1993

2

[m3/s; cubic meters per second; m/s, meters per second: m, meters; m*, square meters; m/km, meters per kilometer]

Water-discharge measurements

Water-
. Percent ; - e
Station silt of Water Mean  Maximum ... paximum C70SS  surface
(fig. 1) discharge stream stream depth depth section sl~ne
samples 3 velocity  velocity area (m"m)
(m*/s) (m/s) (m/s) m) m) (m?)
Mississippi River below Grafton, Il
Minimum. . ............o... 79 8,670 1.42 2.25 9.05 12.8 6,080 0.035
Maximum ...........oounnn. 99 16,200 1.78 3.04 10.6 18.6 9,130 .048
Missouri River at Hermann, Mo.
Minimum. . .. ... 56.8 4,790 1.34 2.17 6.73 ii4 2970 148
Maximum . ... 83.2 21,200 2.40 3.43 10.8 15.9 6,480 172
Mississippi River at St. Louis, Mo.
Minimum. . .......coournnnnn- 63 12,900 1.62 2.21 12.9 17.7 7,750 072
Maximum . ...........0.0..... 85.9 29,200 2.54 4.14 16.99 26.8 12,100 .15
Mississippi River at .
Minimum. . ...... ..o 77 13,400 1.49 232 9.81 19.3 8,649 .109
Maximum ............ ..., 85.2 26,800 2.26 4.27 17.9 274 13,400 123
Mississippi River at Thebes, IIl.
Minimum. . ........ooinn... 60.6 13,800 1.66 2.65 10.6 18.0 8,110 130
Maximum ........o.oinn.. 85.6 27,600 2.45 3.86 11.3 229 11,300 .164

Accuracy of Suspended-Sediment Concentrations and Loads 13
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Figure 5. Relation between water discharge and bedload by using the Meyer-Peter and Muller, the Modified Einstein,

and the Schoklitsch bedload equations for selected data-coliection stations. A, Mississippi River below Graftcn, lilinois;

B, Missouri River at Hermann, Missouri; C, Mississippi River at St. Louis, Missouri; D, Mississippi River at Ch=ster, lilinois;

E, Mississippi River at Thebes, lllinois.

For suspended-sediment loads estimated from
transport relations, accuracy varies with the type of
stream and density of data collection. In general, the
accuracy of the estimate increases with a longer period
of record estimated (for example, 3-month period load
in comparison with a daily load) because “some of the
inaccuracies in measured daily sediment loads will
inevitably cancel each other when summed over long
periods” (Walling, 1977, p. 531). Because the curves
used in this report were developed by “visnal fit”
instead of by regression analysis, a statistical measure
of error is unavailable. However, the probable accu-

racy of the load estimates for the flood period was

determined by a curve that was developed for the
Mississippi River at Thebes by using ¢'ata from four
multivertical cross sections and four of the samples
collected by observers during the flood period.
Because a daily record exists for this station, the
suspended-sediment load estimated by the transport
relation for the flood period was compared with the
daily computed load for the flood period with the
result that the daily record computed lozd had been

3 Th; ig o rnmmhing
overestimated by 14 percent. This error is a combina-

tion of all data collection and laboratory errors previ-
ously discussed plus any error inherent in the transport
relation.
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Tabie 7. Median daily suspended-sediment concentrations and loads for the 1993 flood and the period of record at the daily

sediment data-collection stations

[mg/L, milligrams per liter; t/d, metric tons per day; --, no data]

1993 flood Period of record
Station
(fig. 1) Median daily Median Median daily Median daily
concentration daiiy ioad concentration load
(mg/L) (td) (mg/L) (e)
Mississippi River below Grafton, Ill. ..................... - 62,700 125 41,300
Mississippi River at St. Louis, Mo ....................... 340 694,000 326 28,000
Mississippi River at Chester, Il 326 682,000 304 127,600
Mississippi River at Thebes, IIl.......................... 317 717,000 302 139,0C0

time. The larger the river system, the less effect
suspended-sediment load transported during lower
frequency floods have on the annual sediment
delivery. However, regardless of the size of a river
system, major channel and bed changes are the
result of the dynamics of sediment transport during
these low-frequency floods.

The mean annual suspended-sediment loads
also are listed in table 8. The 1993 water year annual
load exceeded the mean annual load by 52 to 75 per-
cent for all stations except the Missouri River at Her-
mann where the 1993 load exceeded the mean annual

load by 128 percent.

""""" Ld

The Missouri River flows into the Mississippi
River 24 km upstream from the sediment station at
St. Louis (fig. 1). At St. Louis, the water from the

Missouri River, which routinely carries a larger sedi-
ment concentration, is not completely mixed with the
water from the central Mississippi River. The sedi-
ment contributions for each river are evident in f gure
10. The more sediment-laden Missouri River water
flows along the Missouri shoreline (in the back-
ground) and the clearer Mississippi River water flows
along the Illinois shoreline. The lateral distribut*on
of suspended-sediment concentrations determined
from cross-section samples collected during the flood
period is shown in figure 11. The concentration of
suspended sediment near the Missouri shoreline was
about five times greater than that near the Illinois
shoreline.
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condmons such as water dlscharge season, temrﬂra-
ture, and relative water discharge and sediment irouts
from the two rivers. Aerial photographs taken on July
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Figure 9. Water-discharge and suspended-sediment-concentration hydrographs for two floods on the Mississippi Rivar

at Thebes, lllinois.
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Table 8. 1993 flood and annual suspended-sediment loads at the sediment data-collection stations

[t, metric tons]

Flood of mgi1n9|-93n=r Percentage of Mean annual
water ye, AR
Station “1 9_93 . annual annual load load for
. sedqiment . !.’anspened P‘"'ed of
(fig- 1) load sedlm?nt during record
- joad -
(million t) (million 1) 1993 flood (million t)
Mississippi River below Grafton, TI' . .. .................. 37 33 21 13
Missouri River at Hermann, Mo ........... ... ... ..., 270 2265 26 4116
Mississippi River at St. Louis, Mo ....................... 55 187 29 119
Mississippi Riverat Chester, Il ............ ... ... .. ... 52 192 27 5126
Mississippi River at Thebes, Il . .. .............ooo i 51 203 25 116

11993 water year is from October 1, 1992, through September 30, 1993.

Load computed by using transport relations.

IRecord used to compute mean annual load—1987 to 1993, includes data collected from 1987 to 1989 at Alton, Mllinois, 25 miles

downstream.

4Record used to compute mean annual load—1949 to 1981, annual load estimates provided by U.S. Army Corps of Engineers, Kansas

City District.

SRecord used to compute mean annual load—1980 to 1993; does not include record from 1949 to 1979 because of anthropogenic

changes documented in Holmes (1993).

Record used to compute mean annual load—1983, 1988 to 1993: does not include record from 1980 to 1982 and from 1984 to 1987

because of missing records during those years.

Record used to compute mean annual load—1983, 1985, 1987, 1

1986 to 1988 because of missing records during those years

25, 1993, show that the Mississippi River became well
mixed 88 km downstream from its normal junction
with the Missouri River. In addition, for a large part of

1r\n‘\ oo

ihe 1993

taanath 291 ¢+
ogeier 5.2 Km upsu'eam from w

flood pcuuu the two rivers
r

August 3, 1993, after major levees falled downstream
from St. Louis on August 1 and 3 indicates that the
rivers became mixed 43 km downstream from the nor-
mal junction of the two rivers. Aerial photographs
taken on June 22, 1988, during a major drought shows
tnat tne nvers were mixed within 8 km of their Junc—

J oI T TRV S

1m"0rtant for the management of water-freatment
nlants that are sunnlied bv the Mississi
plants that are supplied by the Mississippi River.

Storage and Flux of Sediment in the Lower
Missouri and the Central Mississippi River
Basins

Large quantities of sediment were transported
past the five sediment stations on the lower Missouri
and the central Mississippi Rivers during the 1993
flood (table 8). The suspended-sediment load of the
Missouri River at Hermann was 10 times greater than

that of the Mississippi River below Grafton. The
suspended-sediment load transported by the
Mississippi River past St. Louis was 22 million
metric tons less than the sum of the 77 millior
tons of suspended- scalmem ad transpn rted

U 1 n

two upstream Seaime

11 metr
"
8

,.

=}

=y =]

2 BB
[o TR &N [ =
225

£2

Hermani uuuug
St. Louis 1mphes that sedlment went irto storage
between the upstream stations and St. L.ouis. This
1rnp11cat10n is partly verified by the presence of

es of npwlv denosited sand on river-

CPOLA 54

s (fig. 12). Most of the sand seems to
8 d with major levee breaks where high
hvdrauhc heads built up before the levee broke.
These high hydraulic heads in conjunction with the
levee break resulted in high-energy flows that
transported tremendous quantities of sand onto the
flood plains. Recent surveys (G.K. Schalk, USGS,
written commun., 1994) from selected Missouri
River bend flood plains indicate more material was
deposited on the flood plain than was scoured from
the levees and flood plains, which indicates that
much of the sand came from the river. Deposition of
as much as 0.14 m of silt and clay and 4 m of sand
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