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CONVERSION FACTORS, VERTICAL DATUM, DEFINITION OF WATER YEAR, AND
ABBREVIATIONS

Multiply By To obtain
cubic foot per second ?ﬂs) 0.0283 cubic meter per second
cubic inch (ir?) 16.39 cubic centimeter
cubic mile (m?) 4,168 cubic kilometer
cubic yard (ya) 0.7646 cubic meter
foot (ft) 0.3048 meter
inch (in.) 254 millimeter
mile (mi) 1.609 kilometer
square mile (n?l) 2.59 square kilometer
ton, short (2,000 Ib) 0.9072 megagrams

Vertical Datum
Sea Level: In this report, "sea level" refers to the National Geodetic Vertical Datum of

1929—a geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.

Definition of Water Year

A water year is the 12-month period October 1 through September 30. The water year is
designated by the calendar year in which it ends. Thus, the water year ending September 30, 1980, is
called water year 1980.

Abbreviations
mg/L milligram per liter
mm millimeter

X Conversion Factors, Vertical Datum, Definition of Water Year, and Abbreviations



Sediment Transport at Gaging Stations near
Mount St. Helens, Washington, 1980-90. Data
Collection and Analysis

By Randal L. Dinehart

ABSTRACT two streams dominated by lahar deposits, the
South Fork Toutle River and the Muddy River.

Bed material, suspended sediment, and bed-
load were sampled periodically and analyzed for

River sedimentation caused by the May 18,
1980, eruption of Mount St. Helens, Washington,

has been monitored in a continuing program by th%ize distributions. Bed material and bedload

U.'S' Geological Survey._ In th|§ report, sediment coarsened with time at some stations. Median par-
discharge and changes in sediment transport are,

. . ticle sizes of suspended sediment did not show a
summarized from data collected at stream-gagln%imple relation with time. During water years
stations near Mount St. Helens during the years . :

o .. 1980-84, bed material in the lower Toutle River
1980 through 1990. The objectives of the monitor-

; : . was medium to coarse sand. During the same
ing program included collection of data for calcu-

lati t total sed ¢ disch tati eriod, bed material in the North Fork Toutle River
ation ot total sediment discharge, computation ol ., -4rse sand and fine gravel. By 1990, bedload
daily suspended-sediment discharge, and detaile

. . ) amples collected in the North Fork Toutle River
observations of unique sediment-laden flows.

Over the 11-year period, most sediment data wer downstream from the sediment-retention struc-
= N ) re) were typically coarse gravel.

collected at gaging stations on seven eruption- ) ypicaly g

affected streams: the Green River, the North and

South Fork Toutle Rivers, the Toutle River, the

Cowlitz River, Clearwater Creek, and the Muddy INTRODUCTION

River. River sedimentation caused by the May 18,
About 170 million tons of sediment (exclud- 1980, eruption of Mount St. Helens, Washington, has

ing volcanic debris flows) were transported in susbeen monitored in a continuing program by the U.S..

pension from the Toutle River basin during waterGeological Survey. In this report, sediment transport in

years 1980-90. Another 13 million tons were ~ Streams near Mount St. Helens is summarized from

transported past the gaging stations on Muddy data collected at stream-gaging stations between 1980

River in the upper Lewis River basin during Waterand 1990. Sediment-transport monitor!ng beganin ear-

years 1982—-90. Long-term reductions in sedimen?eSt on May 18, 1980, on the Toutle River after the

trati d withi i f north face of Mount St. Helens collapsed into the upper
concentration occurred within most ranges o valley of the North Fork Toutle River as an immense

stream discharge at streams dominated by raNSyebris avalanche (fig. 1). The eruption blast deforested

port from the debris-avalanche deposit and at  anq scorched the terrain in its pathile depositing a
streams in drainage basins with extensive airfall \ater-resistant layer of ash and blast material. Volca-

deposits. Reductions in sediment concentration nic debris flows (popularly called mudflows) trans-
were less apparent at upper ranges of discharge ported several million tons of sediment along existing
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Figure 1. Mount St. Helens and deposits from debris avalanche in valley of the North Fork Toutle River, near Mount St.
Helens, Washington, December 16, 1980.

stream channels (Dinehart and others, 1981; Lipman
and Mullineaux, 1981). The debrisflows from the
eruption were as viscous as mortar and littered with
timber (fig. 2). Streamsinthe Toutle, the Cowlitz, and
the LewisRiver drainage basinswererapidly inundated
by the flows with overwhelming supplies of gravel,
sand, and silt. Several cubic miles of emplaced sedi-
ment were susceptible to rapid erosion and transport
from the affected drainage basins.

Theriver channel and floodplain of the Toutle
River, and parts of the Cowlitz and the Lewis Rivers,
were atered by extreme sediment deposition and the
removal of protective vegetation. The passage of large
ships through the Columbia River between Portland,
Oregon, and the Pacific Ocean was temporarily halted
by sediment deposited in the shipping lane (Meier and
others, 1981). The debris-avalanche depositinthe Tou-
tle River blocked inflow from tributaries to form lakes
behind unstable embankments. The newly-formed
Coldwater and Castle Lakes and the blocked drainage

from Spirit Lake constituted amajor hydrologic hazard
to downstream communities (Childers and Carpenter,
1985).

Even without the hazards from potential breach-
ing of new lakes, fall and winter rainstypical of the
Pacific Northwest could cause flooding along the sedi-
ment-filled lower Cowlitz River. Two questionsimme-
diately concerned residents of southwest Washington
State: How much sediment would be moved and
deposited during storms? And, how long would it be
until the riversrecovered their pre-eruption water qual-
ity? Those questions have been answered in part with
sediment data collected during thefirst 11 yearsfollow-
ing the 1980 eruption.

Inits 1980 Yearbook, the U.S. Geological Sur-
vey (1981, p. 13) outlined data-collection goals and
anti cipated the results of sediment-transport research at
Mount St. Helens:

"The future Water Resources Division pro-
gram has a dual purpose: to better understand
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Figure 2. Volcanic debris flow ("lahar") in the Toutle River near Highway 99, near Mount, St. Helens, Washington during the
May 18, 1980, eruption. Flow from upper right to lower left; time about 8:30 p.m.

the hydrologic and geomorphic processes
involved in the devastation and recovery of the
affected area and to provide sound information for
hazard warning and resource planning. The pro-
gram aims to define pre- and post-eruption condi-
tions and monitor hydrologic changes... [It] is
anticipated that there will be better understanding
of the longer term effects of sediment transport
and mudflows..."

concentration and stream velocity, and about the recov-
ery of stream water quality.

During 1980 through 1990, more than 70,000
water samples were collected from streams in the
Mount St. Helens area and analyzed. Following
intense rainstorms on the newly affected basins, flood
waves would travel the Toutle River channel as fast as
10 mi/h (Dinehart, 1982). More than a million tons of
suspended sediment were transported past some gaging

Detailed, repetitive measurements of streamflowg,ions in a single day. Analysis of daily sediment dis-

and sediment concentration were made during storm

charge over the long term showed that annual sediment

flows and moderate discharges. Streamflow measuregischarge from the Toutle River basin decreased by a
ments were used for flood-level predictions, and sus- factor of about 20 between 1982 and 1990. Sediment-
pended-sediment measurements were applied to the discharge data have been incorporated in basin-wide

planning and evaluation of sediment-control works.
Aside from contributing to publicagety, sediment-
transport monitoring provided scientific information

studies of channel geometry to understand the acceler-
ated evolution of drainage systems surrounding Mount
St. Helens (Meyer and Janda, 1986; citations in Man-

about the behavior of river flow at extreme sediment son and others, 1987; Simon, 1997).
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As sediment data were first collected and evaluhydraulics of sediment transport described in original
ated, standard field methodewe nodified to cope research. Examples of eking and potential data for
with extreme transport rates. Improvements made in further research in sedimetitan, both regional and
automatic sediment sampling and cableway operationbasic, are presented as benefits of constant monitoring.
increased the accuracy of concentration and dischargBy contrasting the data requirements of research with
measurements. The transition from sandy to gravellyexisting data, additional needs in sediment-data collec-
streambeds prompted the design of new bedload santion are described.
plers. Therefore, analyses of sediment transport are In this report, most sediment data are shown in
presented together with descriptions of data collectiomyraphical form. Basic sediment data used in this report
and analysis methods. This report shows that field are available from annual reports of water data for the
methods were continually modified to document the state of Washington (U.S. Geological Survey, 1980—
evolving river conditions @ar Maint St. Helens. 90), from open-file reports that present sediment data

from Mount St. Helens (Dinehart and others, 1981;
Dinehart, 1986, 1992b), and on a computer diskette

Purpose and Scope prepared for this report (see Availability of Data).
This review of sediment transport at gaging sta-
tions near Mount St. Helens was prepared to: Study Area
» summarize the sediment-transport monitoring pro-
gram at U.S. Geological Survey gaging stations The study area includes westward-draining
near Mount St. Helens during 1980-90, streams in Washington State that were affected by the
 list principal developments in data collection and May 18, 1980, eruption of Mount St. Helens (the 1980
analysis methods, eruption, in this report). The Toutle, the Cowlitz, and
+ identify measurable changes in sediment transporthe Lewis Rivers originate in the Cascades Range of the
during 1980-90, and Pacific Nothwest and flow to the Columbia River in
» identify topics forinvestigdion related to southwest Washington State (fig. 3). Rainfall of marine
sediment-transport monitoring. origin supports dense forests along the central and

This report presents scientific goals and objec- western-facing slopes of the Cascades Range. Mean
tives for sudies of sediment transport in streams nearannual precipitation in the Mount St. Helens area
Mount St. Helens. Principal field observations and ranges from 46 in/yr at Longview, Washington, to 60
developments in methods of data collection and analyin/yr at Kid Valley, Washington, to nearly 100 in/yr at
sis are described in amological order for the period Spirit Lake (Uhrich, 1990). The drainage area of the
1980 to 1990. Sequences of selected sediment data Toutle River is 512 ndj and the combined drainage
from gaging stations illustrate sediment transport dur-area of the Muddy River and Pine Creek in the upper
ing storm flows. The changing range of sediment varitewis River basin is about 162 iAverage discharge
ables (sediment-discharge totals, suspended-sedimemif the Toutle River at Tower Road is 2,028t at the
concentration and particle size, bed-material and bedMuddy River below Clear Creek, the average discharge
load size) is identified with data accumulated over theis 859 fé/s (U.S. Geological Survey, 1990).

11-year period. Elevation in the Mount St. Helens area ranges
Most sediment-discharge data were collected afrom 8,365 ft at the present summit of Mount St.
gaging stationfar from the sedimergources. Helens to less than 10 ft above sea level at the mouth of

Although sediment discharge from the affected basinghe Cowlitz River. The debris avalanche and volcanic
could be measured, more detailed questions about blast of the 1980 eruption devastated a 232amga
changing geomorphology of the volcanic areas could north of the mountain, and the eruption reduced the
not be well answered. Geomorphic adjustments in thenountain's elevation from 9,677 ft (Lipman and Mul-
study area are discussed in this report where they prdineaux, 1981). Hydrologic and sedimentologic effects
vide background for sediment-transport processes. of the 1980 eruption were described esfeely in a
Summaries are provided of lahar behavior and report edited by Lipman and Mullineaux (1981). Sed-
sediment-transport processes as determined from moimentation in the Toutle River system through water
itoring at gaging stations. éRerences are given for the year 1983 was analyzed by Meyer and Janda (1986).
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Figure 3. Gaging stations near Mount St. Helens, Washington.



Several research dgaes of geomorphic trends in the ested and was blanketed with tephra (volcanic ash,
study area are available, such as Meyer and Martinsopumice, and blocks) and blast material by the 1980

(1989) and Simon (1997). eruption. Clearwater Creek, a tributary to the Muddy
River, was also blanketed with tephra, and forests in its
Primary Sediment Sources upper reaches were devastated by the eruption blast.

The sediment source of greatest concern was Stream runoff from the tephraffected basins showed

deposited along the North Fork Toutle River, where thelevated sediment concentrations for several years fol-
upper 17 mi of the river valley was buried by the debrislowing the 1980 eruption.

avalanche from Mount St. Helens. The deposit con-

tained more than 2 8 of unconsolidated sediment Priority Gaging Stations

(Meyer and Janda, 1986). Not only did the enormous

deposit provide sand and gravel for continual transport Of the sedlment-munda_ted streams around
but several lakes were formed on tributary channels Mount St. Helens, by far the highest sediment-transport

that were blocked by the debris-avalanche deposit. rates occurred in the Toutle River. Four gaging stations
Closed depressions on th‘&'gular Surface of the were Operated at |eaSt fI‘0m 1982 to 1990 in that baSin,

debris-avalanche deposit filled with water to form at the Green River, the North and South Fork Toutle
ponds. The channel blockages and ponds could not tRivers and on the mainstem Toutle River. Near the
regarded as stable, and the area was closely monitoremouth of the Toutle River, the gradient is about 16 ft/mi
while sediment and flood-control projects were con- (0.003). The Cowlitz River, which receives the Toutle
structed to reduce the hazards to areas downstream. Rjver, has a drainage area of 2,24€ at Castle Rock,

Temporary dams to retain sediment were constructedang the river gradient (0.0003) is about one-tenth that
on the North Fork Toutle River (N1) and the South Fork ¢ the Toutle River.

Toutle River (S1) by the U.S. Army Corps of Enggns Sediment deposition in the slower moving Cowl-

in 1980. A permanent sediment-retention structure itz River from lahars and storm flows in the Toutle
(SRS) was constructed on the North Fork Toutle River _ _ .
River reduced flow capacity to 13,00¢/s and dis-

and was first closed in November 1987. _ _
Volcanic debris flows from the upper slopes of rupted water supplies. Dredging of the channel com-

Mount St. Helens entered the channels of the South Menced immediately to accomodate potential flood
Fork Toutle River, Pine Creek, the Muddy River, and flows 0f 50,000 #/s. The Cowlitz River had been the
several tributary channels. The debris flows, or primary water supply for the riverside communities of
"lahars" (the Indonesian term for a rapid, transient flowCastle Rock, Kelso, and Longview. Several weeks
of sediment and water from a volcano), were generatepassed before the communities regained use of the
during the 1980 eruption from melting snow and gla- water supply, and the highly sedimented water required
cialice. Peak flow of the lahar in the South Fork Toutleexpensive treatment. As dredging of sediment from the
River occurred within minutes of the eruption on May Cowilitz River continued, channel flood capacity was
18, 1980. Deposit thicknesses ranged from 3 ft in mideygjuated by the U.S. Army Corps of Engineers with
dle reaches to 7 to 13 ftin the brodidaal reach near  computer models of sediment transport (Brown and
the mouth (Janda and of[hers, 1981). Deposns_ in P'n‘:l'homas, 1981). Mudflows that might be generated by
Creek and the_ Muddy Rlvere/_r/epoorly _sorted mix- pyroclastic flows onto snow threatened to exacerbate
ﬁ::;g;iﬁgj::g;g Soﬁ@; Eeégigilsrgﬁlelsgtgsa)t As th_t_he deposition problem. To address these concerns

P | ' (Dunne and Leopold, 1981), the U.S. Geological Sur-

debris-avalanche deposit in the North Fork Toutle ) ) )
River dewatered during May 18, 1980, an immense V&Y collected sediment data at gaging stations on the

lahar formed, which flowed down the Toutle River in lower Toutle and the Cowlitz Rivers. For the first few
the afternoon and left extensive deposits along the ~ Years after the 1980 eruption, data collection at Toutle
banks of the Toutle and the lower Cowlitz Rivers (seeRiver at Highway 99 and Cowlitz River at Castle Rock
also "Sediment Discharges of Lahars"). was given priority over stations nearer Mount St.

The drainage basin of the Green River, a tribu- Helens, to assist in flood warning for the flood-prone
tary of the North Fork Toutle River, was partially defor-communities.
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DATA-COLLECTION PROGRAM collected regularly at several gaging stations, were to

_ be suitable for modeling of sediment transport.
_ Inthe days following the May 18, 1980, erup- Records of sediment yield from lands affected by
tion, earth scientists recognized that the unstable lang,. 1950 eruption were required for resource planning
scape around Mount St. Helens presented an and for geomorphic studies of the rapidly adjusting
opportunity to describe rarely observed processes of jyer systems. Channel surveys of streams near Mount

erosion and deposition. The colossal scale of sedimeg; Helens were used to measure erosion and deposition
tation attracted scientific interest partly because the ¢ sadiment. Research into the initiation, rheology, and
devastation occurred near a populated area and was Msedimentary deposits of volcanic debris flows was
sonably accessible. As the data needs for mitigation planned.

structures and sediment-transport evaluati_on became Many of the highest mountains in the Cascades
clear_, the F_ederal Government made conS|dera_bIe Range are considered dormant volcanoes, and the 1980
funding available for hazard assessment. Technical ar-

. eruption of Mount St. Helens demonstrated the poten-
research personnel throughout the U.S. Geological Su; P P

o . tial hydrologic haards from those mountains. The
vey specified the ideal components of a successful 1980 eruption was only a recent example of volcanic
data-collection program.

) ) i R sedimentation. River valleys in the vicinity of Mount
This section describes the scientific goals for

o0 St. Helens contain fills of ancient volcanic alluvium
study of the Mount St. Helersea and thebjectives {4t extend many miles from the mountaingordng

of the monitoring program. An overview of gaging sta-y, previous studies in the area (Mullineaux and Cran-
tions is followed by a summary of data-collection  4g|| 1962). The sedimentologic information acquired
methods. at Mount St. Helens was intended to aid in hazard
assessment at other volcanoes.

To define the changing stream conditions and
provide a basis for long-term interpretive studies, a net-
work of gaging stations for continuous monitoring of
water discharge and sediment transport was installed
by the Washington District of the U.S. Geological Sur-

Scientific Goals and Objectives

The immediate scientific goal was to obtain
hydrologic and geomorphic data about the unstable

landscape. Decreased infiltration of rainfall, wide- i .
vey (fig. 3). Hazard-warning systems weregied

spread destruction of forests, and a vast supply of ero--= . " )
ible sediment were expected to alter drastically the with the network of gaging stations to provide advance
notice of stream flooding (Childers and Carpenter,

hydrologic responses of affected drainage basins. Co..
sequences of the 1980 eruption to local hydrologsew 1985). o o

to be assessed in detail. Stream-channel changes and ~ Objedives of the monitoring program were:
erosion of the surrounding landscape were likely to * to obtain data for calculations of total sediment dis-

occur rapidly. Long-term resrch in thetsidy aea charge,
would thus benefit from the "compression” of the geo-+ to compute daily suspended-sediment discharge,
morphic time scale. and

Effects of the eruption on water quality in » to observe unique sediment-laden flows in detail.

streams and lakes were to be evaluated by numerousTo meet each objective, specific procedures were
sampling programs. Laboratory and field studies weregeveloped, as discussed below.

proposed to investigate particle size, mass density, crit-

ical velocity, tra_ctlve force, an(d)l_Jghness of the deb_rls Total Sediment Discharge
and ash deposits. Documentation of extreme sediment-
transport conditions was essential for projecting annual Sampling and measuring procedures were cho-
sediment discharges to be contained by sediment-cotsen to provide data for calculation of "total sediment
trol works. Mathematical modeling of sediment trans-discharge." The term "total" distinguishes the calcu-
port was to be supported with extensive collection of lated discharge from a related quantity, "suspended-
samples of suspended sediment and bed material, arsediment discharge.” Sediment is transported in
with repeated surveying of stream-channel cross sec-streams by nearly continuous suspension offfiae-
tions. Data for calculation of total sediment dischargetions, by intermittent suspension of coarser fractions,

Data-Collection Program 7



and by tractive movement of sediment that is too coarsdischarges and sampled bedload discharges were given
for suspension by existing flow conditions. by Hammond (1989).

The location of sediment above theesimbed
determines how the transport rate of a particular poptTerms Used for Sediment Transport
lation of sediment grains is measured. Continuously _ _
suspended silt, clay, and fine sands, and intermittently  Fiéld measurements and sediment data were pro-
suspended grains of coarse sand, are collected by ~ Vided re_gular_ly to the U.S. Army Corps of Engineers
depth-integrating suspended-sediment samplers (Gu‘\for use in their programs to calculate total sediment dis-
and Norman, 1970). Suspended-sediment concentracharge. Calculations of total sediment discharge are
tion at the stream cross section is defined by collectin0t presented in this report. As a convenience, the
depth-integrated samples at multiple points across th{€rms "sediment concentration” and "sediment dis-
stream. The suspended-sediment concentration doecharge” are used here to mean "suspended-sediment
not, however, represent the transport rate of grains inconcentration” and "suspended-sediment discharge.”
the "unsampled zone," at and near the bed where theThe term "suspended" is used when a distinction is
nozzle of the suspended-sediment sampler does not required.
reach.

The transport rate of sediment moving in this  Daily Sediment Discharge
unsampled zone (extending about 3 in. above the bed)

can be estimated mathematically from measurementsﬂ N v‘\l;hetmoglttoi::ngnobjer::'iur\]/fe rfr?: rt?or?i 9aging stta-
of flow conditions and grain-size distributions of both ons was 1o obtain enoug ormation fo compute rep-

suspended sediment and bed material (for example, resentative daily sediment discharges. For

Einstein, 1950; Colby and Hembree, 1955; Stevens ancomputation of daily sediment discharge, records of

Yang, 1989). The sum of suspended-sediment dis- stream discharge and sediment concentration are mul-

charge in the sampled zone and sediment discharge tiplied and integrated over time. In unstable alluvial

the unsampled zone then provides a measure of totalc2NNels, sediment discharge is only poorly predicted
sediment discharge. The unsampled sediment dis- by stream discharge. Therefore, simultaneous mea-

charge is usually a small percentage of the total sedj-surements of sediment concentration _and water dis-
ment discharge, but the flow capacity of alluvial charge are made as necessary for reliable records of

channels is influenced by sediment movement in the daily sediment discharge.

unsampled zone. Data required for most calculations The frequency of sediment-discharge measure-
of total sediment discharge include: ments was adjusted as (1) concentrationseased
« water discharge, with high flows, (2) concentrations decreased at low

flow with the formation of pavement (a stable strembed
surface, depleted of finer sedints), and (3) concen-
' trations were reduced substantially by sediment-
control measures. For example, sediment-discharge
* water-surface slope, and measurements were made daily in the lower Toutle
e  water temperature. River in the weeks immediately following the 1980
Bedload-discharge rates can be estimated fromeruption. As the day-to-day variation in sediment con-
bedload samples (Hubbell, 1964; Helley and Smith, centration became better anticipated, measurements
1971), and the rates a@ughly equivalent to sediment during low flow were made biweekly or monthly.
discharge in the unsampled zone. Bedload was sam-Automatic pumping samplers and prolonged stability
pled using equipment described later under "Instru- of streambeds in later years also permitted a reduced
mentation." Comparisons between computed bedloameasurement frequency.

» suspended-sediment concentration,
* patrticle-size distribution of suspended sediment
* particle-size distribution of bed material,

8 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980-90. Data Collection and Analysis



Figure 4. Channel reach in vicinity of gaging stations on streams, near Mount St. Helens,
Washington: A, Green River above Beaver Creek, with view towards right bank, August 31,
1982 (photograph by W.P. Johnson); B, Clearwater Creek near mouth, 1982, view
downstream from gaging station (photograph by M.A. Uhrich).

Data-Collection Program



Complete records of daily sediment discharge basins. Stream monitoring in the vicinity was immedi-
for water years 1982—-90 were computed for gaging ately increased to watch for hydrologiczhads posed
stations on the Green River and on the North Fork, by the threat of eruption. In April 1980, new sampling
South Fork, and mainstem Toutle Rivers. The com- sites at Pine Creek and the North Fodkifle River
bined records of two stations on the Muddy River were equipped with wat-quality monitors and telem-
encompass the same 1982-90 period. Computed sediry relays to GOES (Geostationary Operational Envi-
ment discharge records for other streams neamm¥lo  ronmental Satellite). Both of the new sampling sites
St. Helens cover shorter time periods. Records of dailyere destroyed by lahars from the May 18, 1980, erup-
sediment discharge end with water year 1984 for Pindion. When the devastation was assessed, and an urgent
Creek at mouth, near Cougar and the Cowlitz River aneed for flood warning was declared, a gaging-station
Castle Rock. Periods of sediment-discharge records atetwork was planned that would provide standard river

gaging stations are given in table 1. monitoring and real-time alerts of flood hazards
(Childers and Carpenter, 1985).
Unique Sediment-Laden Flows In June 1980, continuous monitoring sites were

stablished on streams in the eruption-affected drain-
ge basins of Mount St. Helens (fig. 3, table 1). Most
sediment data were collected at gaging stations on
seven streams: the Green River, the North andts
yFork Toutle Rivers, the Toutle River, the Cowlitz River,
Clearwater Creek, and the Muddy River. (figs. 4-7).
Some gaging stations were located near the stream
mouth to estimate sediment yield from the entire drain-
age basin. Most gaging stations were easily accessible
eby road, except for the South Fork Toutle River above
Herrington Creek and Clearwater Creek above mouth,
which were often visited by helicopter. By 1990, six
gaging stations were still operated for sediment dis-
charge records in the Mount St. Helens area. The num-
ber and location of gaging stations varied fropayto
year as better measuring sites were established and
unneeded ones were discontinued. In this report,
Coldwater Creek, April 1985. albbreviated forms of gaging-station names (for exam-
. . e, Toutle River at Tower Road) are used in text and
Personnel collected sediment data at gaging stg-

. ) igures. Complete nam n ion numbers ar
tions along the route of sediment transport for the g omplete names and station numbers are

. ; ) . given in table 1.
period of interest. Basic data were recorded as sedl-g © P t?bd? i ites. hich dail di
ment concentrations and daily sediment-discharge eriodic sampling sites, for which darly sedi-

. : - ment-discharge records were n m "none" in
records, and were used in detailed descriptions of some g € not computed ("none

sediment-laden flows (see references in &lotogy E?r?le 1)’.,?'50 were gsttaglllshedf[[n mostddrz?flnet\g? bastln_s.
of Data Collection and Analysis"). ese sites were visited less often, and efforts to obtain

continuous gage-heightécords were limited.
Additional sediment data were collected from
Gaging Stations streams in other drainage basins, including the Cispus
River (tributary to the Cowlitz River above the Toutle
The first significant seismic activity and sporadic River) and the Kalama River (tributary to the Cowlitz
eruptions at Mount St. Helens in this century occurredRiver below the Toutle River) (table 2). Theseains
in March 1980. At thattime, long-term gaging stationswere affected primarily by airborne volcanic ash;
were operational in the Cowlitz and the Lewis River increased sediment transport from erosion of the ash

High sediment-transport rates were generated bz
lahars, lake "breakouts," and other sudden flows from
the eroding debris-avalanche deposit. These flows
were considred rare and transient, so they were ampl
documented to serve unforeseen research needs.
Observations and measurements of these unique
sediment-laden flows were made whenever possible.
Examples of unique sediment-laden flows include:

* Flow release from small lake on debris-avalanch
deposit, August 27, 1980;

*  Flow from breakout of Jackson Lake during storm
flow, February 20, 1982;

* \olcanic lahar in the North Fork Toutle River,
March 19-20, 1982;

* \olcanic lahar in the North Fork Toutle River, May
14, 1984,

* Flow release from Spirit Lake tunnel to South

10 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis



Table 1. Gaging stations with sediment-transport observations of the Toutle, the lower Cowlitz, and the upper Lewis Rivers,

Washington
[mi?, square mile. Data represent water years 1980—-90 only]
Number of Number of
Gaging Drain- . Automatic sam- Period of daily . suspended-
f . . Period of gage - . discharge -
station Gaging station name age area, . pler, period of sediment sediment
5 height record . . measure-
number (mi<) operation discharge cross
ments .
sections
14216300 Clearwater Creek near mouth Oct. 13,1981 to Jan. 28,1982to Jan. 28,1982 to 139 136
near Cougar.........ccvvurunniinneeeens 33.0 Jan. 9, 1990 Jan. 9, 1990 Jan. 9, 1990
14216350 Muddy River above Clear Creek Aug. 1,1980to June 12,1981 to Oct. 1, 1981 to 163 165
near Cougar.........cuueuvuuniiinaaeaes 84.1 June 14, 1984 Sept. 21, 1983 Sept. 30, 1983
14216450 Clear Creek near Cougar............ 46.9 Dec. 14, 1982to none none 56 24
Aug. 6, 1985
14216500 Muddy River below Clear Creek June 24, 1983 to Aug. 11, 1983 to Oct. 1, 1983 to 187 207
near Cougar............cccccvvveeeennn.. 135 Sept. 30, 1990 Sept. 30, 1990 Sept. 30, 1990
14216900 Pine Creek at mouth near May 31, 1980to Aug.7,1981to Oct. 1, 1981 to 136 131
COUGAr.cciiiiiiiiiiee e 26.0 Oct. 10, 1984 Dec. 9, 1983 Sept. 30, 1984
14240352 Coldwater Lake Canal near Apr. 27, 1982 to none none 45 76
Spirit LaKe.......oevveeiiiiiiiiieaaeeen. 36.2 Oct. 20, 1986
14240400 North Fork Toutle River above Nov. 21, 1984 to none none 91 101
Bear Creek near Kid Valley ..... 79.2 Nov. 10, 1985
14240800 Green River above Beaver Creek Sept. 8,1980to June 17,1982to Oct. 1, 1981 to 212 231
near Kid Valley ...........ccccevveeees 129 Sept. 30,1990  Sept. 30,1990  Sept. 30, 1990
14241100 NortRorkToutleRiveraKidValley June 10, 1980 to July 2, 1981 to July 16, 1981 to 451 456
284 Sept. 30,1990  Sept. 30,1990  Sept. 30, 1990
14241465 South Fork Toutle River above Sept. 25, 1980 to July 8, 1981 to none 44 50
Herrington Creek near Spotted Nov. 2, 1984 Jan. 24, 1982
Buck Mountain ...........cccocceeeee 34.3
14241490 South Fork Toutle River at Camp Dec. 23,1980 to June 10, 1981 to May 22, 1981 to 297 318
12 near Toutle .........ceeveeevnnnnens 117 Sept. 30, 1990 Sept. 30, 1990 Sept. 30, 1990
14241500 South Fork Toutle River at Todtle none none Nov. 1, 1980 to 47 44
118 Nov. 22, 1980
14242500 Toutle River near Silver L&ke 474 Oct. 3, 1980 to none none 28 18
Dec 12, 1980
14242580 Toutle River at Tower Road near Mar. 5,1981to May 20, 1981 to June 8, 1981 to 427 411
Silver Lake .......coooovveveviviiinenn. 496 Sept. 30, 1990 Sept. 30, 1990 Sept. 30, 1990
14242690 Toutle River at Highway 99 June 2, 1980 to none May 18, 1980to 183 143
bridge near Castle Rock........... 512 Jan. 19, 1983 Sept. 30, 1982
14243000 Cowlitz River at Castle Rdck 2,238 May 22, 1980 to none May 18, 1980to 562 345
Sept. 30, 1990 Sept. 30, 1984
14244200 Cowlitz River at Kelda............ 2,349 none none none 20 61
(1980-82)

INo water-stage recorder. Frequent sampling and discharge measurements during high flows.
2Station operational at time of May 18, 1980 eruption.
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Figure 5. Stream-gaging cable car at the North Fork Toutle
River at Kid Valley, near Mount St Helens, Washington,
February 24, 1986, view upstream.

was temporary and negligible after 1981. Sediment-
transport data were collected at those gaging stations
for periods of several months.

Basic Methods of Data Collection

The data used to compute suspended-sedi ment
discharge were collected at gaging stations with stan-
dard methods, as described in the following sections.
Suspended-sediment dischargein a stream usually is
computed from the product of measured water dis-
charge and measured suspended-sediment concentra-
tion. The equation

Qs = Qy  C’ 0.0027 (1)

defines the computation, where Qs i's suspended-
sediment discharge, in tons per day; Q,, is water dis-

charge, in cubic feet per second; and C is suspended-
sediment concentration, in milligrams per liter. The
coefficient 0.0027 converts the mixed units to inch-
pound units of tons per day.

Inch-pound unitsare used by the U.S. Geological
Survey for length and weight measurements in routine
hydrologic work. Stream depths and widths are mea-
sured infeet (ft), velocitiesin feet per second (ft/s), and
flowsin cubic feet per second (ft%/s), whereas sediment
sizeis expressed in millimeters (mm) and sediment
concentration is expressed in milligrams per liter
(mg/L). Unitsin thisreport areidentical to those used
to record, calculate, and archive the sediment data col-
lected at Mount St. Helens. Other measurements, such
as drainage area and river mile, also are expressed in
inch-pound units to maintain consistency.

Because sediment is transported by turbulent
flows, because alluvial channels are unstable, and
because sediment sizes can range from clays to boul-
ders, sediment sampling and discharge measurements
are subject to error from temporal variability. Theerror
iscompounded by spatial variability inthe stream cross
section. Rapid fluctuations in water discharge and sed-
iment concentration were resolved by frequent mea-
surement and sampling to improve the accuracy of
sediment discharge records.

Discharge and sediment concentration tended to
changerapidly after peak stage. Measurement methods
that were designed to define sediment discharge during
steady flow were not reliable during unsteady storm
flows. Therefore, methodswere adopted that improved
time resolution during rapidly changing flow. The fre-
guency of cross-section samples was reduced, the fre-
guency of single-vertical samples was increased, and
discharge measurements were completed in about 30 to
40 minutes using flood-measurement techniques
(Buchanan and Somers, 1969).

If stream discharge changes rapidly during storm
flow, sediment concentration also will changein
response to erasion or deposition. Concentration
curves often do not coincide with discharge hydro-
graphs, and unexpected changes can be detected only
by frequent sampling. In streams near Mount St.
Helens, sediment concentration was sampled during
storm flows from once an hour to as often as every 5
minutes. Consequently, concentration curvesfor storm
flows lasting several days were defined by dozens of
sediment-sample concentrations. Several discharge
measurements were made over the same period to
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Table 2. Gaging stations with sediment-transport observations in miscellaneous drainage basins near Mount St. Helens,
Washington

[mi?, square mile]

Number of
Gaging Drainage Dates of suspended-
station Gaging station name area, observer sediment Comments
number (mi?) samples cross
sections
14222980 Kalama River below falls near Cougar 374 none 23 Gage record June 4, 1980 to
Dec. 25, 1982.
14223600 Kalama River above Spencer Creek 202 May 31 to 5 Bridge site; recorder at tem-
near Kalama Sept. 30, 1980 porary site upstream.
14226500 Cowlitz River at Packwood 287 May 28 to 5 Long-term gaging station.
Sept. 26, 1980
14232500 Cispus River near Randle 321 June 4 to 5 Long-term gaging station.

Sept. 10, 1980

detect rapid changes in stream discharge not shown hyected to the well, in which a mechanical float traces
river stage. (Specific techniques are described in thechanges in river stage. Stilling wells were not used at
following sections on "Water Discharge" and "Sedi- Mount St. Helens, because they easily trap sediment

ment Concentration”.) through their intakes. High sediment concentrations
The spatial resolution of sediment-transport ~ would have ceated onstant maintenance problems in
characteristics along aresam channel is limited stilling wells, so mercury-column stage manometers

because data are usually collected only at gaging-  were installed exclusively in the study area.
station cross sections. However, greater spatial resolu-  Gage height warecorded ontinuously with
tion was attained with the basin-wide surveying of  chart recorders linked to stage manometers. Digitized
channel cross-section geometry at many points a|0nggage heights, acquired at 15-minute intervals, were
disrupted or developing channels (Martinson and oth~ransmitted by satellite telemetry to receiving stations
ers, 1984, 1986; Meyer and others, 1986; Meyer and and computer storage on a current basis. Satellite
Dodge, 1988). Changes in channel volume were detefransmittal of gage height was invaluable for anticipat-
mined from channel geometry for comparison with  jng storm flows and for providing redundancy in the
sediment discharge records of nearbyigggtations  ¢qjlection of stage records in case of recording failures.
(Meyer and Janda, 1986). Equipment malfunctions at the gaging stations also
were detectable immediately from the satellite data.
Instrumentation The detail provided by pen traces of river stage was
Before reliable values of daily sediment dis-  used to evaluate the behavior of storm flow and short-

charge can be computed, continuous water-dischargd€m trends in sediment discharge.
records are computed from river stage, and samples Automatic pumping samplers (U.S. PS-69) were
that describe the changes in sediment concentration aiastalled at all gaging stations at streams near Mount St.
collected. The instrumentation used to accomplish Helens where sedimedischarge records were needed
those tasks is describedrk. (fig. 8). A pumped sample contained about one liter of
When a datum is assigned to an elevation at a river water pumped from a fixed point above the stre-
gaging station, the river stage relative to the datum isambed. Pumping from the stream was started by a
referred to as "gage igint." To record gage height at a timer at regular intervals ranging from daily to hourly.
typical, stable stream, a stilling well usually is mountedAs river water flowed through a 0.6-in.-diameter hose
on the river bank. An intake from the main flow is con-during the 3-minute pumping cycle, a small amount
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Figure 6 . Channel reach in vicinity of gaging stations on streams, near Mount St. Helens, Washington: A,
South Fork Toutle River at Camp 12, March 1, 1982, view upstream; B, Toutle River at Tower Road, April 4,

1983, flow to left (photographs by Lyn Topinka).
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Figure 7 . Channel reach in vicinity of gaging stations on streams, near Mount St. Helens, Washington: A,
Cowlitz River at Castle Rock, August 1, 1980, view upstream under bridge where measurements were
made, dredging in middle of river; B, Muddy River above Clear Creek, 1982, view upstream from measuring

cross section (photograph by Lyn Topinka).
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Figure 8 . Automatic pumping sampler (U.S. PS-69) in gage house, with air compressor at left, near Mount St. Helens,
Washington (photograph by Lyn Topinka).

was diverted to the sample container. The sampling on the cable and sampler would resist attempts to
frequency was increased during rising stage accordingelease tension. A solenoid-activated mechanism later
to preset thresholds. For example, a 2-ft rise in gagewas developed for the BM-54 to close the bucket
height would trigger a change from a daily sampling directly. Size distributions of bed materzak summa-

frequency to an hourly rate. The time of sample collecsizeq in the section "Changes in Sediment Sizes."
tion was indicated with a printed mark on the chart

record of gage height. Helley-Smith samplers were made in the first few years

, Bed-_materlal samples were collected durlng. after the 1980 eruption. Extreme fluid drag on the sam-
sediment-discharge measurements whenever feasible

Bed material was sampled in wadable streams with ap’lers caused inadvertent dredging of the streambed
U.S. BMH-53. or a metal container of similar volume during retrieval of the sampler. Tether lines to increase
Dée.p Swift streams eve sampled from bridges or " sampler stability and to avoid the dredging were first
cableways with a U.S. BM-54 bed-material sampler. available in 1984. A bedload-sampling program with
This cable-suspended sampler rotates a 10 fuicket ~ Suitable equipment was instituted in 1985. After that
into the streambed to a depth of 1.7 in. when tension otime, bedload samplers and associated equipment were
the suspension cable is released. This procedure ofteleveloped that provided reasonable transport estimates
was ineffective during storm flows because fluid drag of coarse bedload (Childers, 1992). Size distributions

Experimental attempts at bedload sampling with
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Figure 9. Suspended-sediment sampler (U.S. D-74) inside protective box at upstream side of
bridge over the Cispus River near Randle, near Mount St. Helens, Washington, July 1, 1980.

of bedload samples are summarized in the section
"Changes in Sediment Sizes."

Water Discharge

Water discharge was measured using standard
methods described in U.S. Geological Survey publica-
tions (Buchanan and Somers, 1969; Rantz and others,
1982). Depending on the stream width and the equip-
ment used, the time to complete a standard discharge
measurement could range from less than 30 minutesto
morethan 1 hour. During storm flows, completiontime
was often reduced by (1) reducing the the velocity-
measurement interval to less than 20 seconds and (2)

reducing the number of vertical sectionsto lessthan 20.

Reels of suspension cable were mounted on
cable cars or wheeled cranes for making discharge and
sediment-concentration measurements at flows too
high for wading. Depth on a cablereel is measured to
the nearest 0.1 ft, although unstabl e streambeds near
Mount St. Helens were often difficult to detect to that
precision with sounding weights.

From a continuous record of gage height, a con-
tinuous record of water discharge can be calculated

using the prevailing stage-dischargerelation. Relations
between stage and discharge were derived by frequent
measurements and were adjusted regularly to accom-
modate cross-section changesin the unstable channels.
Computations of water-dischargerecordsare discussed
extensively by Rantz and others (1982).

The term "water discharge" generally is used to
express discharge rates of low-concentration flows. At
high sediment concentrations, however, fully 5 to 10
percent of the streamflow may consist of sediment.
Theterm "stream discharge” isused herein to mean that
the discharge rate includes the entire water-sediment
mixture.

Sediment Concentration

Sediment concentration was sampled in streams
using standard methods described in U.S. Geological
Survey publications (Guy and Norman, 1970) and in
engineering literature (Vanoni, 1975). Depth-integra-
tion techniques were used to define the sediment con-
centration at vertical transit points in the cross section.

To obtain a representative sediment concentra-
tion for the entire cross section, samples are collected
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at a number of points across the stream by one of twament (Allen, 1985, p. 129), which makes the division
weighting methods. The cross-section sediment samuseful for sediment-transport studies.

ples discussed in this report were collected most often Sediment concentrations and size analyses were
by the equal-discharge increment (EDI) method. Theentered into WATSTORE (National Water Data Stor-
equal-width icrement (EWI) métod was used less  age and Retrieval System), which is the digital data
frequently. repository for the U.S. Geological Survey. Size analy-

The EDI method was standardized for streams ses were stored with averaged sediment concentrations
near Mount St. Helens to define sediment concentra- and associated stream discharges.

tion at five individual increments of equal discharge, Continuous operation of automatic pumping
each representing 20 percent of the stream dischargesamplers eventually eliminated the need for observer
Sediment concentration for the stream waspat®d  samples and reduced the need for repetitive box sam-
from an average of concentrations sampled at five  ples during storm flows. As automatic sampling
Increments. reduced the need for repetitive manual gimg, more

The EWI method usually was applied at lower measurements of stream discharge could be made dur-
flows where a single bottle might be filled by sampling ing storm flow. Also, more cross-section samples of
at several equally spaced points. This process continsuspended sediment, bedload, and bed mategid w
ues until the entire cross section has been sampled. collected.
Sediment concentration is computed from the total sed- Fixed-point pumped samples, however, are not

iment weight of the samples divided into the total VO"depth-integrated samples. The proportion of fine and

ume of water collected in the Samples and prOVides NQand concentration in a pumped Samp|e does not repre-

lateral definiion of concentration. sent the flow, and the sand concentration may be under-
Cross-section samples of sediment concentratiorepresented. Although the temporal pattern of concen-

were collected during regular visits to gaging stations.tration curves was well defined, the sand concentration

Samples also wereltected at a single fixed pointin in the stream could not be reliably estimated from the

the cross section. At severalestms, a U.S. D-49 or D- sand concentration of the automatic sample. Auto-

74 sampler was installed in a protective box at a fixedmatic samples were only analyzed for concentration,

point on a bridge (fig. 9). Samples at the fixed point and sand and fine concentrations were defined by

(referred to informby as "box samples") were col- cross-section and box samples.

lected repetitively during storm flows by field person-

nel. Lo_cal citizens also were er_nployeo! by th_e U.S. Computation of Sediment Discharge

Geological Survey to collect daily or twice daily sus-

pended-sediment samples at gaging stations near their ~ Records of stream discharge and sediment con-

homes. Samples collected by local observers (referredentration were used to compute sediment discharge on

to informally as "observer samples") are a common adaily basis (Porterfield, 1972). Continuous records of

method for obtaining daily sediment concentrations. sediment concentration were drawn by interpolation

Concentration at the fixed point was compared with thébetween samples closely spaced in time and by extrap-

cross-section concentration to derive coefficients for olation to estimated peaks of concentration. Sediment

adjustment of the samples. discharge was computed by equation 1, with appropri-
Particle-size distributions of suspended sedimengte coefficients for time intervals ranging from 15 min-
were obtained by pipet analysis, visaacumulgion utes to several hours. The partial sediment discharges

tubes, and wet sieving (Guy, 1969). Thecgatage of Were summed for each day and entered into WAT-
suspended sediment finer than 0.062 mm ("sand divi-STORE.

sion") was routinely determined for most suspended- Sediment-transport curves were used judiciously
sediment samples. This percentage can be used to to estimate sediment discharge for periods when sam-
compute the concentration of sediment both finer andples were not sufficient to define concentration by time.
coarser than 0.062 mm. In this report, the two fractiondVith this method, a curvilinear relation between mea-
are called "fine concentration," which includes silt andsurements of stream discharge and sediment discharge
clay sizes, and "sand concentration,” which includes alis derived on logarithmic paper. The relation then is
sand sizes up to 2 mm. Fine sediment is more likely t@pplied to stream discharges for periods when sediment
be transported at or near stream velocity than sand sedischarge cannot be computed directly.
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Urgent requests for sediment-discharge data 1980
were received from the U.S. Army Corps of Engineers

and other interested agencies following storm flows in® SYnoptic observations of flow from breach of pond

1980 and 1981. Procedures were devised for rapid A sma_II pond that had formed on the debris-aval_anche
%eposr[ breached on August 27, 1980. The sediment-

computation of sediment discharge. These procedur : :
) P ) ) . g P %aden flow was sampled at several sites as it traveled
involved immediate retrieval of stage records from gagfhrough the North Fork and mainstem the Toutle Riv-

ing stations, immediate lab analysis of sediment SaM4.s  The sediment data provided insight into the mag-

ples, and extended working schedules to compute ity e of sediment discharges that could be expected in
sediment-discharge records of storm flows. Retrievalfytyre storm flows.

of stream-discharge records and sediment samples was Establishment of monumented channel cross sec-

combined into a computer program to automate the tions

computation of sediment discharge. Extensive cross-s@on networks were established in
the Toutle and the Lewis River basins. Surveys of
channel geometry were madeipéically, and profiles

CHRONOLOGY OF DATA COLLECTION were published in several open-file reports (Martinson

AND ANALYSIS and others, 1984, 1986; Meyer and others, 1986; Meyer
and Dodge, 1988).

As the staff at the Cascades Volcano Observatory
(CVO) became more familiar with the behavior of 1981
streams near Mount St. Helens, data collection and

analysis methods were modified and improved. « Use of synoptic methods during storm flow
Improvements were based on experience gained fronCrews sampled and measured storm flow at several
frequent data collection during storm flows. Examinagaging stations simultaneously in November and

tion of sediment-dischargecords made data needs December 1980. Episodes of continuous data collec-
apparent to field personnel. tion often lasted more than 36 hours. Synoptic data

Standard gage houses and cableways were coVere critical in evaluating sediment transport through
structed on streams near Mu St. Helens during the IToutIe River system. ,
1980-82. However, standard techniques for monitor-'StF (()jod(-jwarnlng n:strurfr:entatl(?n h q
ing those streams did not easily accommodate the andard manometers, float switches, and stage sensors

extraordinary flow conditions. To obtain hvdroloai were linked to satellite telemetry to provide timely
ary fiow co 0 S', 0 obtain y rologic warning of hazardous changes in river stage. Some
data under the extremes of highesim velocities,

. _ _ warning stations were established in rugged terrain

debris- and sediment-laden flows, and unpredictable near Mount St. Helens andeve mantained by regular

channel fluctuations, modifications to field equipment helicopter visits. Rises in river stage provided logisti-

were developed and tested. Equipment operation andal data for synoptic sampling during storm flows

reliability were evaluated under arduous field condi- (Childers and Carpenter, 1985).

tions. » Automatic pumping sediment samplers with air com-
Discharge and sediment-concentration measure-  Pressors _

ments were made frequently, with several visits per Automatic pumping sediment samplers were equipped

month to gaging stations. Between 1980 and 1982, th&ith air compressors to ensure that sampling would

volume of data available for sediment-discharge continue if the diaphragm pump were submerged under

records overwhelmed the existing system of manual flood water. The pumping samplers, modified from the

_ ~U.S. PS-69 (designed in 1969), collected critical water
computation. The extra accuracy afforded by the h'ghsamples wh(en te%hnicians COl)JId not.

frequency of sediment sampling required additional . \tiple-orifice installations

collation and computation of data. In the chronology, Fiood debris and sediment deposition ifésedwith
principal observations or developments in methods anghanometer orifices and automatic-sampler intakes,
analyses are listed with brief descriptions under eachcausing critical interruptions in storm-flow records.
water year. Comments on discharge measurements frequently
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read, "orifice gone," or "PS-69 not operating." When ¢ Channel surveys calculated and plotted by computer
manometer sensors or sampler intakes were set at st&hannel cross-section data wereceadinto a detailed

tionary reference points, the streambed often filled  database of channels in the Mount St. Helens area. A
above their level and stopped operations. Sensors withatabase/graphics program (MAPLE) was designed to

multiple orifices in a verticarrangement were calculate elevations from field surveys and to plot chan-
dES|gned and became a standard installation. The ml.Hel cross sections in several formats.

tiple orifices were only effective, however, when per-

sonnel were at the site to change tubing hookups.

* \ertical profiles of velocity and concentration 1984

Field measurements of vertical profiles of stream

velocity and sediment concentration were made begirt- Staylines with remote-control tethers developed for
ning in 1981. Analysis of the profiles showed possible  river cableways

sources of error in velocity measurements due to nonThe downsteam drag of sowling weights and sedi-
logarithmic profiles. Velocity measurements near the ment samplers in high stream velocities was counter-
surface were often significantly greater than law-of- acted with staylines installed upstream of several
the-wall predictions. Vertical profiles of sediment con-gaging-station cableways. A radio remote-control fea-
centration deviated significantly from the Rouse distriture, tested at CVO, allowed precise positioning of the

bution (Dinehart, 1987). tether across the river section.
» Automatic computation and filing of discharge mea-
surements
1982

At Mount St. Helens, stream-discharge measurements
were made about five times as often during the year as
. _ at other gaging stations. A data entry, computation, and
On March 1.9’ 1982, an oppqrtumty for observation Ofretrieval program (CHEK) was designed to reduce the
a Iahar proylded rare synoptic measurements at threE.“manual computations involved in checking discharge
gaging stations on the Toutle River separated by 23 M measurements. Plotting routines and programs for

H'%h con((j:etrr:tratlqulnts 0]; :': N fTedlznetnt appa;er:!tl)r/] detailed hydraulic calculations allowed versatile use of
enhanced the ability of the flow to transport high con-,, discharge data.

centrations of sand. The observations prompted sedi-

mentologists to interpret some ancient flow deposits in Sediment Sample Data System (SSDS) implemented

(Pierson and Scott, 1985). mat to data users as soon as laboratory analyses were

« Rapid turnaround of data completed. The SSDS included data entry and
accounting procedures for the sediment laboratory,

The need for current information on stream and Sedi-retrieval and analvsis broarams for hvdroloaic techni-
ment discharge led to the streamlining of office and lab ysis prog y g

procedures. Sediment-discharge data were provided cians, and remote access to the data for users in other

the U.S. Army Corps of Engineers and other interestegi.'s' Geologlca_l Survey offices. .Laborator_y data were

agencies within 10 working days of a storm flow. directly accessible for computation of sediment-dis-
charge records.

+ Digitization and automatic computation of water

1983 and sediment diselnge

Chart traces of river stage and sediment concentration

» Sediment data used in specifications for sediment- were digitized into computer format with a program

control works (WASH) designed to compute daily water and sedi-
Sediment data collected at gaging stations were used toent discharge. The program retrieved sample data
calculate the expected volume of sediment that the SR&Bom the SSDS, which were plotted adjacent to contin-
on the North Fork Toutle River would need to retain. uous discharge records. Manual computations were
Several factors, inabding the retention of a hypotheti- minimized, and tabular outputs were designed to meet
cal flow from a breakout of Spirit Lake, were included the needs of reviewers within the U.S. Geological Sur-
in the volume estimates. vey.

* Synoptic measurements of lahar
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1985 sonar measurements at high flows was constructed at
the gaging station on the North Fork Toutle River and
« Pressure-difference bedload samplers used and  was used throughout several high water periods. Sev-
modified eral small dunes were grouped into longer bedforms
Helley-Smith bedload samplers with 3 x 3 in. openings(30 to 60 ft) that evolved during storm flows (Dinehart,
were too small for the large bedload transported in the1989).
Toutle River. Several modifications to the existing  « Hydraulic cable cars

design in 1986 (6- x 12-in. opening, larger sample bagManually operated cable cars with battery-powered

improved bedload sampling during storm flows reels were replaced by gas-powered hydraulic cable

(Childers, 1992). cars at two gaging stations on the Toutle River.

« Cableway over the North Fork Toutle River above Hydraulic motors on the cable-car wheels and on the
Bear Creek sampling reels eased the strain caused by heavy bed-

To evaluate sediment discharge from the North Fork |oad samplers used in the Toutle River.

Toutle River debris-avalanche deposit, a 1,000-ft cable-

way was installed over a typical braided reach,

upstream from the existing and proposed sediment 1987

dams. Hydrographers encountered extremes of veloc-

ity and bedload transport at this site. The sediment data Mass density measurements of sediment concentra-

were used in estimates of sediment delivery to the tion
planned sediment-retention structure. Vibrating U-tube technology, used in industry for
» South Coldwater Creek observations mass-density measurements of fluids (Dynatrol, Auto-

When an overfloviunnel to control the elevation of ~ mation Products), was adapted by the U.S. Geological
Spirit Lake was completed, the runoff was sentinto  Survey for measurement of sediment concentration in
South Coldwater Creek where sustained high dis- ~ streams. Two prototype units were sentto CVO and put
charges had not occurred since its inundation by the into use on the Toutle River. Results obtained during
debris avalanche in 1980. The erosion and depositiod987-90 vere comparable to sampled sediment con-
of sediment along the channel and in Coldwater Lakecentrations (S.A. Gustafson, U.S. Geological Survey,
were measured by several crews during April and Maywritten commun., 1989).
of 1985 (D.F. Meyer, U.S. Geological Survey, written. * Sediment-transport modeling of the Toutle River
commun., 1992). A series of cross sections were surveyed over a 1,000-
ft reach of channel at the North Fork Toutle River gag-
ing station at Kid Valley. A three-dimensional com-
1986 puter model of flow and sediment transport (Nelson
) ) _and Smith, 1989) was used to simulate the scour and fill
* Ultrasonic measurements of sediment concentratiogpserved at the station (Shimizu and others, 1989). A

An ultrasonic sediment-concentration meter was  modeled prediction of fill at the cableway cross section

for evaluation. The commercial unit (Markland Co.,

Canada) showed near-instantaneous fluatnatin

concentration. Long-term trends on the instrument 1988

chart corresponded well with changes in stream dis-

charge and were comparable to sediment-concentration Comparison of bedload-transport formulas

curves from samples (S.A. Gustafson, U.S. GeologicaAlthough bedload discharge is usually less than sus-
Survey, written commun., 1987). Although the meter pended-sediment discharge, bedload movement mea-
was operable in concentrations from 1,000 to 70,000 surably affects channel geometry and roughness.
mg/L, precision increased with concentrationsager ~ Sediment data collection was sufficient for indirect
than 10,000 mg/L. measurements of total sediment discharge, which

» Sonar detection of fine-gravel dunes includes bedload. Bedload-transport formulas were
Depth-sounding sonar equipment was evaluated on thapplied to the sediment data to judge the applicability
Toutle River. Sonar detected the passage of dune bedf various formulas to the Toutle River (Hammond,
forms composed of fine gravel. An installation for ~ 1989).
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* Observation platform for longitudinal profiles gravel beds during storm-flow recession was identified
Direct measurenrgs of bedform wavelengths were  as arecurrent process. The changes in mean bed eleva-
needed to describe gravel bedforms. An observationtion and the increased form drag induced by gravel bed-
platform was built to measure a 4- x 25-ft swath of riverforms affected the stage-discharge relation measurably
bed with three sonar transducers on a moving carriagelDinehart, 1992a).

The platform was installed in October 1988 at the

North Fork Toutle River gaging station. Wavelengths

of gravel bedforms were at leastasg as the platform. STORM FLOW AND MEASUREMENT

Transport rates of gravel bedload, sampled adjacent tCONDITIONS

the platform during stationary measurements of bed

elevation, corresponded with bedform migration Data collection at gaging stations near Mount St.
(Dinehart, 1992a). Helens often was motivated by rainstorms and impend-
« Continuous stream-velocity measurements ing storm flows. Efforts to measure sediment discharge

Electromagnetic velocity meters give continuous during storm flow can be justified by reference to ear-
velocity readings that can be acquired by portable Corﬂl_gr studies and statistical analyses of daily sedlme_nt
puters. Velocity profiles were measured witretaver-  discharges. Leopold and others (1964, p. 72) studied
tically mounted meters throughout a range of discharg&ediment-discharge records for streams throughout the
conditions for up to 8 hours an episode. Records of thi¥Nited States and found that a large part of the annual

type showed velocity pulsations of several minutes ~ Sédiment discharge occurred during raede foods
duration (Dinehart, 1992a). with frequent recurrence. An analysis of daily sedi-

ment discharges from streams near Mount St. Helens
shows that emphasis on data collection during storm
1989 flows was appropriate.
Examples of percentage distribution of sediment
« Gaging stations near the Sediment Retention Strucelischarge with time are given for available water years
ture in table 3 for six gaging stations. Five gaging stations
Gaging stations were installed above and below the had 9 years of daily sediment discharge record, and the
SRS on the North Fork Toutle River. The gage on theClearwater Creek gaging station had 7 years of record.
lake behind the SRS was equipped with a new desigrF-or each station, the daily sediment discharges were
pressure transaer haing a 100-ft range (Paroscien- ordered by magnitude. Of the cumulative sediment dis-
tific Digiquartz). charge at those stations, more than 60 percent of the
« Reconnaissance of channel cross sections sediment was transported on 5 percent of the days, over

Monumented channel cross sections that had been the long term. From 33 to 37 percent of the sediment
established in the early 1980s (Meyer and others, 198@Yas transported on the highest 1 percent of days in the
were resurveyed to evaluate the effects on the North North Fork and the mainstem Toutle Rivers. In con-
Fork and the mainstem Toutle Rivers downstream fronirast, 58 to 60 percent of the sediment was transported
the SRS. Degradation of the Toutle River channel wa&n the highest 1 percent of the days from tiii
monitored with periodic cross-section surveys. Stre- affected streams, the Green River and Clearwater
ambeds were scoured locally by infrequent high flows Creek. Because a large percentage of sediment dis-
as observed at the North Fork Toutle River at Kid Val-charge occurs in a small percentage of time, sediment
ley. Overall, minimal scour was measured at most ~ transport during storm flows was measured whenever
cross sections along the Toutle River. possible.
Sediment discharge is measured during storm
flow using standard components of flow measure-
1990 ments; at multiple points, one measures the flow depth,
the stream velocity, and the sediment concentration. At
* Measurements of coarse-gravel bedforms during moderate discharges, these components can be mea-
storm flow sured directly with fair-to-excellent accuracy. Dy
Bedload was sampled simultaneously with sonar meastorm flows when sediment discharges are most
surements of coarse-gravel bedforms at the North Forkextreme and measurements are most critical, basic data
Toutle River at Kid Valley. Growth of bedforms in become difficult to obtain, and accuracy may be poor.
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Table 3. Distribution of daily sediment discharge at six gaging stations near Mount St. Helens, Washington

Total Percentage of Percentage of Percentage of
Gaging Period, suspended- sediment load sediment load sediment load
station Gaging station name in water sediment transported in transported in transported in
number years discharge, 50 percent of 5 percent of 1 percent of
in tons days days days
14216300 Clearwater Creek near 1983-89 1,460,000 99.8 83.5 60.2
mouth near Cougar
14216500 Muddy River below Clear 1982-90 12,800,000 99.0 73.2 42.4
Creek near Cougar
14240800 Green River above Beaver 1982-90 1,460,000 99.5 85.0 57.5
Creek near Kid Valley
14241100 North Fork Toutle River at 1982-90 112,000,000 984 60.7 36.7
Kid Valley
14241490 South Fork Toutle River at 1982-90 6,000,000 99.9 89.4 58.2
Camp 12 near Toutle
14242580 Toutle River at Tower Road 1982-90 136,000,000 98.1 60.1 33.0

near Silver Lake

Figure 10. Trees, some over 100 feet tall, blown over by force of eruption blast, near Mount St. Helens, Washington.

Storm Flow and Measurement Conditions

23



Figure 11 . Woody debris floating in the Toutle River at Highway 99 during storm flow, near Mount St. Helens, Washington,
February 20, 1982.

After the 1980 eruption devastated the forested lands, Equipment that was ordinarily robust enough for
high stream velocities and hazards from floating woodyflood measurements was ril@ly unstable in the high
debris hampered measurements of stream discharge #ow velocities (greater than 10 ft/s) of the steep chan-
that accuracy was oftgroor. nels (16 to 24 ft/mi). The brass sediment samplers and
Forests to the north around Mount St. Helens the lead weights used for discharge measurements were
were largely destroyed by the eruption blast (fig. 10). dragged tens of feet downstream after immersion and
As the major lahars coursed through the river valleys,would spin and swing wildly on their suspension cables
they distributed the uprooted trees into the path of  after removal from the flow. Larger samplers and
future storm flows, along flood plains and in stream sounding weights itreased somewhat the lsiléty of
channels. Cut logs, uprooted trees with large root ballsuspended equipment. Still, nozzles on sediment sam-
and branches, tree stumps, broken branches, and finglers were often bent or broken by collisions with
roots were all transported during storm flows (fig. 11). debris. Metal cups of the Price AA velocity meter
In most streams of the forested Cascades Range, stormight be distorted or crushed repeatedly during a dis-
flows transport woody debris that usuallgodeases in - charge measurement. To avoid damage to cable-
quantity after peak river stage. The abundant woody suspended equipment, conventional measurements of
debris in the Toutle and the upper Lewis River streamsgischarge and sediment concentration were postponed
however, endangered submerged equipment long aftdor short periods at high flow. Methods to reduce dam-
the peak stage occurred. age to equipment were adopted, which included:

24 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980-90. Data Collection and Analysis
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Figure 12 . Example of variability in stream velocity at mid-depth over a 15-minute period, North Fork Toutle River at Kid
Valley, near Mount St. Helens, Washington, March 12, 1989. Light line represents velocity at every 0.5 second; heavy line

represents running average of 40-second periods.
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Figure 13 . Example of variability in cross-sectional area during storm flow at the South Fork Toutle River at Toutle, near
Mount St. Helens, Washington, November 7-8, 1980. Mean time of discharge measurement is listed on each plot. Plots A-E

are November 7; plot Fis November 8.
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3,500

Rainstorms on tributary drainage basins of the

-

2 % Z.E 1 Toutle and the upper Lewis Rivers produced storm run-

o= E o 400 — . ) R

%O < ] off rapidly, and the rainfall was generally widespread.
b= < 300 To gain synoptic information about sediment discharge

from affected drainage basins, repetitive measurements
were made at several gaging stations simultaneously

é § ; % 2500 L ] during storm flows over 2 to 3 days. Fully outfitted
59O E o | vehicles, two-way radios, satellite telemetry, portable
a-uw? 1500 L v b generators, and high quality raieay were essential to
obtain acceptable measurements of sediment discharge
EEEE 36 —— -\.,41/~/°\~ ] during storm flow. Satellite telemetry that relayed gage
Wy 2‘2‘ e height to a central location helpedatit atteribn to
= 0 12 24 36 sudden changes in the hydrologic situation.

TIME, IN HOURS Most measurements of storm flow were accom-

panied by constant rain, and night operations were
common during storm flows lasting several days. High
intensity lights powered by gasoline geators were
arranged at bridges and cableways where measure-
ments were made. Hazards to equipment were
increased by low visibility of floating debris. Suspen-
sion cables occasionally were snapped by unseen
depth: debris, and expensive_ samplers gnd sounding W_eights
. _ _ _ were lost. Although night operations are not routine in
* measuring velocity with a Pr_lc_e AA meter for less stream monitoring, they were essential to maintaining
than the recommended minimum 40-second durggne resolution of unpredictable variations in sediment
tion; discharge.
* measuring velocity at 0.6 depth rather than a time-
consuming average of velocity measured at 0.2
and 0.8 depth; Examples of Transport Variability During

« timing the movement of floating debris through a  Storm Flow
measured distance to estimate velocity;

king disch ts with 15 to 20 Detailed measurements of stream velocity, cross-
ma} Ing discharge measurements wi 0 . S€Csectional area, and sediment concentration revealed
tions rather than the recommended 30 sections

rapid changes in those components during storm flow at
across the stream; gaging stations. Data from those measurements illus-
* measuring cross-sectional area only without a Pricgrate the variability of flow hydraulics and sediment
AA velocity meter attached; and concentration that would affect sediment-discharge
 using remote-controlled tether lines that were develeomputations.
oped and installed at some stations.
These are accepted flood-measurement tech- Velocity Profiles
niques (Buchanan and Somers, 1969), although the For 15 high velocity flows in the Mount St.
extent of their application in streams near Mount St.  Helens area, velocity profiles were used to compute
Helens was unusual. Conventional measurement techatios of mean velocity to the velocity measured
niques were resumed after stream conditions becamenearest the surface, as showtainle 4 (data from Dine-
more favorable during storm-flow recession. Also, thehart, 1987). Ratios ranged from 0.68 to 0.87, with a
amount of debris transported during storm flows mean value of 0.78. For natural channels, Rantz and
decreased to nuisance levels a few years after the 198@hers (1982) recommend using a ratiaf@te-
eruption. Reduced hazards to equipment eventually velocity coefficient) of 0.86 to estimate mean velocity.
allowed standard discharge measurements to be The excessive velocity observed in the outer region of
obtained at higher flows. the flow (at points above 0.2 times depth) has been

Figure 14 . Hydraulic data for six discharge measurements at
the South Fork Toutle River at Toutle, near Mount St. Helens,
Washington, November 7-8, 1980.

» sampling sediment concentration only at a single
vertical or sampling only the upper part of the flow

26 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis



Table 4. Ratios of mean velocity to near-surface velocity for high-velocity flows at four gaging stations near Mount St.
Helens, Washington

[ft, foot; ft/s, foot per second. Data from Dinehart, 1987]

Gaging . Near-surface Ratio of mean to
. . . Depth Mean velocity .
station Gaging station name (f) (fi/s) velocity near-surface

number (ft/s) velocity
14216350 Muddy River above Clear Creek 6.0 9.50 10.88 0.87
near Cougar 6.0 9.01 10.88 83
5.7 9.76 12.65 77
5.7 10.16 13.88 74
14241100 North Fork Toutle River at Kid 5.4 11.81 14.50 .81
Valley 5.0 8.10 11.84 68
14241490 South Fork Toutle River at Camp 4.8 9.17 12.09 .76
12 near Toutle 27 581 6.94 84
2.8 7.20 9.19 .78
3.4 7.49 9.57 .78
3.1 7.28 8.94 .81
3.6 5.51 7.30 .76
14242580 Toutle River at Tower Road near 6.8 10.17 14.18 72
Silver Lake 7.8 7.90 9.46 84
12.2 9.67 13.50 72

observed in other steep channels (Marchand and otheksross-Sectional Area

1984). Rapid changes in cross-sectional area were mea-

. o _ sured with depth-sounding weights at several gaging
Time Variation of Velocity stations during storm flow in 1980—-81. At the South

was measured at 2 Hertz with an electromagnetic veloblidge was measured six times in 27 hours on Novem-
ity meter at the North Fork Toutle River at Kid Valley Per 7-8, 1980 (fig. 13). Plots of gage height, discharge,
on March 121989 (fig. 12). Flow depth was 7.1 ft, and and mean bed elevation versus time show that river
bed material was coarse gravel. To illustrate possibleStage was an unreliable indicator of discharge during
variations in measured velocity during discharge meafecession of the November 7-8, 1980, storm flow (fig.
surements, a running average of velocity at mid-depthl4)- Variation in the stage-discharge relation was iden-
(y/d = 0.55) was calculated with a length of 40 secondstified by increasing the frequency of discharge mea-
For this example, the running average of velocity surements.

ranged more than 10 percent around the mean velocity ~ Gradual channel changes due to scour and fill
for the 15 minute period. Conditions during storm flowalso can occur over many days. The mid-channel bar at
sometimes require that velocity at a section be mea- the gaging station, North Fork Toutle River at Kid Val-
sured for intervals shorter than 40 seconds. Althoughley, often eroded during storm flow and reformed dur-
velocity measurements for short intervals were some-ing flow recession. The mid-channel bar was

times necessary during extreme floods, the mayuof ~ composed of sand and coarse gravel. Cross-section
discharge measurements was reduced by measuring plots (fig. 15) show the rise in bed elevation over 4 days
velocity for intervals shorter than 40 seconds during in 1986. The first cross section was measured on the
storm flows. The overall accuracy in discharge mea- day of peak discharge, and the other two were measured
surements has been discussed by Carter and Andersom flow recession. The stage-discharge relation was
(1963) and Herschy (1979). adjusted for the changes in bed elevation.

Storm Flow and Measurement Conditions 27



FEBRUARY 23 FEBRUARY 24 FEBRUARY 26
26 T T T I T T T I T T T T T T I T T T I T T T T T T I T T T I T T T

24 R - E - E
22 R - E - E

20 R - E - E
18 R - E - E
16 R - E - E

BED ELEVATION, IN FEET

14 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1
0 100 200 300 0 100 200 300 0 100 200 300

DISTANCE, IN FEET

Figure 15 . Cross section at cableway, North Fork Toutle River at Kid Valley, near Mount St. Helens, Washington,
February 23—-26, 1986.
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Figure 16 . Bed-elevation and gage-height records during storm-flow recession, North Fork Toutle River at Kid Valley, near
Mount St. Helens, Washington, December 6—7, 1989. Sonar record of bed elevation shows gravel bedforms (fronts at left
of forms) with heights approaching 1.5 ft.

River Stage and Streambed Elevation actual period when additional roughness affected the

Bedform growth and migration caused rapid stage-discharge refation.

bed-elevation fluctuations (Dinehart, 1992a) that often .

were recorded during storm-flow recession (fig. 16). Sediment Concentration

Changes in the stage-discharge relation could be docu-  Sediment concentration is influenced by the pas-
mented from a sequence of discharge measurementssage of sediment from far upstream, by local turbulent
but the causes (changing cross-sectional area or bedfluctuations, and by bedform migration. An example
roughness) usuallyevenot known. Caectonstothe of long- and short-term variation in sediment concen-
existing relation ("shifts") were distributed uniformly tration at the Muddy River below Clear Creek is shown
by time or stage. Without detailed information about in figure 17. About 2 in. of precipitation over 2 days
bed configurations, shifts could not be limited to the increased the stream discharge at the gaging station.
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Figure 17 . Examples of variability in sediment concentration during storm-flow recession, Muddy River above Clear Creek,
near Mount St. Helens, Washington, October 27, 1986: A, Sediment concentration of single-vertical samples, cross-section
samples, and automatic pumping samples collected during storm flow over a 6-hour period. B, Sediment concentration at a
single-vertical sampling point over a 20-minute period.

Four cross-section measurements of sediment concen-(fig. 17B). The series of 20 samples had a mean con-
tration were made during a 5.5-hour period on October centration of 7,520 mg/L, with a standard deviation of
27,1986 (K.R. Spicer, U.S. Geological Survey, written 728 mg/L, and ranged from 6,280 t0 9,190 mg/L. The
commun., 1986). The cross-section measurements ~ Méan concentration for the 20 samples lies along the
showed a decrease irss-section concentration from  rénd Ef thhe cross-section concentrations. defined b
19,800 to 5,900 mgl/L (fig. 17A). The concentrations of ach cross-section measurement was defined by
. . samples collected over a 10-minute period at five dif-

the automatic samples in figure 17A recede parallel to

h . rati inal ; Iferent centroids. The error associated with the sedi-
€ cross-section concentrations In a lower range ot val-ant concentration curve is a composite of (1) the

Ues. change in mean concentration during the 10-minute

Near noon on the day of sampling, 20 sediment period of cross-section sampling and (2) the random
samples were collected over a 20-minute period ata fluctuations at a single location, as shown in the 20-
single-vertical location within the stream cross section minute series.
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100,000 g——— 3 concentrations were sorted into five ranges (table 5).
- ] The relation was determined by computing teecpnt
difference of concenttimn from the mean for each cen-

troid using
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whereC, is the sand concentration at each centroid,

3 andC,, is the mean concentration of suspended sand in
. the cross section. Thengent differences at centroids

] varied widely. The variation was expressed with the
standard deviation of the percent difference within
each concentration range. With increasing concentra-
3 tion, the mean of standard deviations at all centroids

. decreased from 43 percent to 29 percent. The distribu-
] tion of sand in the cross section apparently became

100,000 —— : : :
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1,000 £

100 ¢

FINE CONCENTRATION,
IN MILLIGRAMS PER LITER

10

1 L I I I I

100 0 100 more homogeneous during high rates of sand dis-
PERCENT DIFFERENCE FROM charge. Fine concentration was better represented by
MEAN CONCENTRATION single vertical sampling, including pumped samples,
Figure 18. Differences of sediment concentration at because fine sediment was well distributed across the
centroids from mean concentration, Toutle River at Tower sampling section. Fine concentration may have been
Road, near Mount St. Helens, Washington, water years less influenced by local bedforms and turbulence than

1984-90. Each dot represents the percent difference of
sand or fine concentrations.

was sand concentration.
Distribution of Sediment Concentration at a Cross Sediment-Transport Curves and Hysteresis

Section . . .
Discharge and instantaneous sediment concen-

Seven years of sediment samples collected at thigation may not have a stationary relation during a sin-
Toutle River at Tower Road show the horizontal distri-gle storm flow. The tendency for sediment
bution of sediment concentration at a cross section. concentration to have different values at identical
Using the EDI method, each sample was collected at Stream discharges (a "hysteresis" effect) is the primary
the centroid of a 20-percent discharge increment. Sedrawback to application of transport curves during
iment concentrations at five centroids were analyzed Storm flow. Two examples of hysteresis are shown in
for 183 cross-section samples from the period Septenfigure 19. Sediment sample data are plotted for the

ber 30, 1983, to September 1990. Samples at each c&2rm flows of December 3-4, 1982, and December 9
troid were dvided into sand and fine concentrations. +0- 1987, atthe North Fork Toutle River at Kid Valley.

Mean sand and fine concentrations for each set of fivé',-he 1982 data are instantaneous sediment concentra-

cross-section samples were computed from sedimentt'znS ?f dcros;s-rie;:itlon ?nan?nples,rin? theT1h987r;:ia\1lta ia;rceii
size data. The centroid values differ from the mean 2¢UsSt€d automaltic pumping samples. 1he arrows

concentrations by the percentages shown in figure 18.Cate the sequence of sample collection for sediment

) ) - concentration.
Fine concentrations are distributed evenly across the
channel; sand concentrations at any particular centroid

often differ greatly from the mean. Flood Waves and Flood Peaks
Concentrations of cross-section samples ranged
from below 10 to greater than 80,000 mg/L, so a possi-  Sandy streambeds and high sediment concentra-

ble relation between concentration and variable distri-tions caused the post-eruption stream flow to be
bution of sands was examined, as follows. Sand hydraulically smooth and to build flood waves rapidly,
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Table 5. Summary of concentration of suspended sands in cross-section measurements at the Toutle River at Tower Road,
near Mount St. Helens, Washington, 1983-90

Standard deviation of values of

Number of —
Mean concentra- - Cc Cm Mean of
T o samples in x 100
tion in range (milli- . standard
: concentration m o
grams per liter) deviations
range

(Percent difference of centroid concentration from mean
cross-section concentration)

732 46 45 58 32 45 36 43
2,390 46 38 34 31 28 35 33
4,290 45 27 30 26 21 19 25
7,320 24 16 32 28 20 20 23

19,700 22 25 40 18 45 15 29
I I I I I I
100,000

SEDIMENT CONCENTRATION,
IN MILLIGRAMS PER LITER

10,000 — —
B —F}— DECEMBER 3-4, 1982 |
- —@— DECEMBER 9-10, 1987 —
1.000 | | | | | |
5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000

STREAM DISCHARGE, IN CUBIC FEET PER SECOND

Figure 19. Examples of storm-flow hysteresis in sediment concentration at the Toutle River at Tower Road, near Mount St.
Helens, Washington, December 3—4, 1982, and December 9-10, 1987.

as described by Dunne and Leopold (1981, p. 10). Dusimilar for flood waves originating from rapid spillage
ing water year 1981, times of travel for flood waves of small ponds on the debris-avalanche deposit. The
between the North Fork Toutle River at Kid Valley and velocity of flood waves in 1987 and 1990 was mea-
the Toutle River at Highway 99 ranged from 2 to 2.3 sured at 13 ft/s between Kid Valley and Tower Road.
hours, at stream dischargagater than 10,000%fs. Flood hydrographs recorded on the sediment-
Mean velocity of flood waves through the 23.1-mi affected streams were steeper than theserded prior
reach ranged from 14.5 to 16.9 ft/s (Dinehart, 1982). to the eruption. Preruption hydrographs of selected
Times of travel between the North Fork Toutle River atflood peaks at the gaging station Toutle River near Sil-
Kid Valley and the Toutle River at Tower Road were ver Lake showed rates of stage rise that ranged from 0.3
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Table 6. Representative list of storm flows at the North Fork

Toutle River at Kid Valley, near Mount St. Helens,
Washington, water years 1981-90

[ft3/s, cubic foot per second; —, no data]

Four days of

Total of daily

mean discharge

Total of sediment
discharge for period

storm flow for(f;:g/réc))d (tons)
Nov. 6-9, 1980 11,300 1,330,000
Nov. 21-24, 1980 10,300 1,300,000
(21-22 only)
Dec. 1-4, 1980 17,600 1,410,000
Dec. 25-28, 1980 29,600 —
Feb. 18-21, 1981 26,000 —
Oct. 5-8, 1981 9,240 847,000
Nov. 13-16, 1981 8,160 1,030,000
Dec. 4-7, 1981 20,000 1,870,000
Jan. 23-26, 1982 34,000 3,260,000
Feb. 19-22, 1982 34,000 7,070,000
Dec. 2-5, 1982 26,500 4,890,000
Dec. 15-18, 1982 17,200 2,880,000
Jan. 5-8, 1983 29,800 2,900,000
Nov. 2-5, 1983 10,700 2,470,000
Nov. 16-19, 1983 19,900 1,760,000
Nov. 23-26, 1983 16,600 640,000
Jan. 2-5, 1984 15,200 1,260,000
Jan. 23-26, 1984 27,900 3,170,000
Nov. 1-4, 1984 13,200 879,000
Nov. 27-30, 1984 13,400 472,000
June 6-9, 1985 14,200 812,000
Nov. 5-8, 1985 16,800 306,000
Jan. 18-21, 1986 13,700 402,000
Feb. 22-25, 1986 31,000 2,460,000
Nov. 23-26, 1986 28,100 827,000
Jan. 31-Feb. 3, 1987 19,300 1,030,000
Mar. 2-5, 1987 17,300 1,000,000
Dec. 2-5, 1987 9,300 74,800
Dec. 9-12, 1987 19,200 406,000
Jan. 14-17, 1988 14,000 139,000
Nov. 22-25, 1988 11,700 26,200
Mar. 12-15, 1989 12,600 32,000
Dec. 4-7, 1989 15,200 65,000
Jan. 9-12, 1990 26,700 316,000
Feb. 10-13, 1990 23,100 131,000

to 1.1 ft/hr when measured along the steepest segment
of the hydrograph. A rate of stage rise of 2.8 ft/hr was
measured at the same station in a post-eruption
hydrograph of storm flow. At the Toutle River at High-
way 99, a stage rise of 6 ft/hr was measured during
storm flow on February 19, 1981.

If flood waves and sediment concentration peaks
coincide, the instantaneous rates of sediment discharge
can be increased greatly. For example, the peak sedi-
ment-discharge rate was about 19 million tons per day
for more than an hour on February 19, 1981 at the Tou-
tle River at Highway 99. Peak discharge and peak sed-
iment concentration diffred in time by Aours; if they
had coincided, peak sediment discharge could have
been as high as 29 million tons per day. Flood-wave
and sediment-concentration peaks were closer in time
nearer the debris-avalanche deposit, which would have
contributed to higher sediment-discharge rates at the
upstream stations.

A representative list of the storm flows moni-
tored during the study period 1980-9@igen in table
6. Stream- and sediment-discharge records of the
North Fork Toutle River at Kid Valley were used for
illustration. In the table, mearrsamdischarge and

sediment discharge are each totaled for 4 days of storm
flow, which includes the duration of typical storm flows

in this region. To maintain consistency among storm
flows, the day of peak flow was usually chosen as the
second of the four days. This list can be used to locate
days of high sediment discharge in published data (U.S.
Geological Survey, 1980-90; Dinehart and others,
1981; Dinehart, 1986, 1992b).

Peaks and Lags of Sediment
Concentration

Storm flows were measured and sampled repeti-
tively in November and December 1980 to evaluate the
first widespread erosion of eruption deposits. At the
gaging station at the North Fork Toutle River at Kid
Valley, streandischarge and sediment concentration
peaked within about 0.5 hour of each other. Several
miles downgteam at the Toutle River at gtiway 99,
peak sediment concentration lagged peak stream dis-
charge by nearly 2 hours on November 7 and 8, 1980
(fig. 20).
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Figure 20. Stream discharge and sediment concentration, Toutle River at Highway 99, near Mount St. Helens, Washington,

November 7-8, 1980.
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Figure 21. Fine (<0.062 mm) and sand concentration, and
stream discharge, during storm flow at the Toutle River at
Highway 99, near Mount St. Helens, Washington, February
19, 1981.

Lagging of sediment peaks has been noted in
other river systems where the primary sediment source
is many miles upstream from the sampling station
(Heidel, 1956). Flood-wave celerity is greater than
flow velocity; sediment that is transported neagan
velocity can arrive at a gaging station long after the
flood-wave peak has passed. As sediment from the
debris-avalanche deposit in the upper North Fork Tou-
tle River valley was transported in the Toutle River, the
difference between flow andoibd-wave velocity
increased the time lag between flood-wave peaks and
the arrival of suspended sediment downstream.

In complex hydrographs that include runoff from
a sequence of rainstorms, the lag of suspended sedi-
ment is less identifiable. Many storm flows produced
broad, fluctuating peaks of sediment concentration not
closely associated with peak discharge. The relation
between sediment concentration and peak discharge
was examined by dividing the sediment concentration
into sand and fine concentrations. Although the sedi-
ment in most samples from the November and Decem-
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Figure 24. Fine (<0.062 mm) and sand concentration, and stream discharge, during storm flow, near Mount St. Helens,
Washington, December 5-6, 1981: A, Toutle River at Highway 99; B, Cowlitz River at Castle Rock.

ber 1980 storm flows were not divided into sand and inant sediment source, the peak value of fine concentra-
fine concentrations, repetitive samples from subsequenttion lagged peak discharge by 1 or 2 hours. The trace

storm flows were routinely divided. of fine concentration resembled the shape of stream-
Some features of stream discharge can be discharge hydrographs. Changes in fine concentration

inferred from sand and fine conceriwa curves that between successive samples were gradual.

were plotted for eight separate storm flows Sand concentration varied more erratically.

(figs. 21-28). At gaging stations distant from the dom- Because local suspension of sarméasesvith stream

34 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis



FINE
CONCENTRATION,
IN MILLIGRAMS

SAND
CONCENTRATION,
IN MILLIGRAMS

STREAM
DISCHARGE,
IN CUBIC FEET
PER SECOND

30,000
20,000

10,000

PER LITER

30,000
20,000

10,000

PER LITER

40,000
30,000
20,000
10,000

12 24 36 48
TIME, IN HOURS

Figure 25. Fine (<0.062 mm) and sand concentration, and
stream discharge, during storm flow at the Toutle River at
Highway 99, near Mount St. Helens, Washington, January
23-24,1982.
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Figure 26. Fine (<0.062 mm) and sand concentration, and
stream discharge, during storm flow at the Toutle River at
Tower Road, near Mount St. Helens, Washington,

December 3-4, 1982.
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Figure 27. Fine (<0.062 mm) and sand concentration, and
stream discharge, during storm flow at the Toutle River at
Tower Road, near Mount St. Helens, Washington, November
3-4,1983.

"boils" of sand suspended by turbulence, or to acciden-
tal contact of the sampler nozzle with the sandy
streambed. Sand concentration often increased several
hours after fine concentration had receded. Erratic vari-
ations in sand concentration were typical of flow reces-
sion and may have indicated bedform migration during
sampling.

The storm flow of February 19, 1981 was sam-
pled as often as every 5 to 15 minutes (fig. 21). Fine
concentration reached a maximum valu@b3,000
mg/L about 1.1 hours after peak stage. Sand concentra-
tion was 158,000 mg/L about 1.2 hours after peak
stage. Sand concentrations of two later samples
(248,000 and 166,000 mg/L) indicated a subsequent
increase and déne about 2.2 hours after peak stage.
During recession of fine concentrations, each value was
lower than the preceding one, whereas sand concentra-
tions of the same samples varedatically with time.

The time lag between peak discharge and peak
fine concentration changed in later storm flows.
Smaller storm flows were sampled repetitively at the

velocity, sand concentration will increase with rising  Toutle River at Highway 99 on October 6—7 and
stream discharge. Sand concentration also increases &ecember 2, 1981 (figs. 22 and 23). Samples spaced as

sand is transported from distant, upstream sources.
Successive sand concetimas, seprated by oly min-

closely as 5 minutes apart revealed a gradual rise to
peak fine concentration that lagged peak stage by less

utes, often differed by more than a factor of two. The than 1 hour. The sequence of sand concentrations
maximum sand concentrations can be attributed to sanshowed increases near peak stage, and sand concentra-
pling at the high transport regions of bedforms, to

tion did not recede as smothly as fine concentration.
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Figure 28. Fine (<0.062 mm) concentration and stream discharge during storm flow at the Toutle River at Highway 99, near
Mount St. Helens, Washington, February 20-21, 1982.

The storm flow of December 5-6, 1981, was When the influence of a distant sediment source
sampled simultaneously at the gaging stations at the decreases, local sediment sources can produce a sedi-
Toutle River at Highway 99 and the Cowlitz River at ment concentration peak nearer to the peak discharge in
Castle Rock, whiclare separated by 3.7 river miles time. In a storm flow derived from snowmelt in the
(fig. 24A, B). The shape of the fine-concentration ~ [OWer elevations of the Toutle River basin, peak fine

curve was similar between the two stations, although Concentration coincided with peak discharge on Janu-
ary 23, 1982, at the Toutle River at Highway 99 (fig.

the sand-concentration curves showed little resem- ) )
a%S). In the following two water years, peak fine con-

blance to each other. The lag of fine concentration th . .
g centration peceded peak discharge by several hours on

was observed during the December 2, 1981, storm ﬂovbecember 3, 1982 (fig. 26), and on November 3, 1983
at the Toutle River at Highway 99 was not apparent in(ﬁg_ 27), at the Toutle River at Tower Road. The

the curves of fine concentration for December 5-6,  gecrease in sediment lag can be interpreted as a result
1981. Instead, fine concentration reached a maximurgf decreasing dominance of sedimdisicharge from
nearly 2 hours before peak stage at both the Toutle the debris-avalanche deposit. Additional factors that
River at Highway 99 and the Cowlitz River at Castle influence sediment lag have been described by Will-
Rock. iams (1989).
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Figure 29. Breach in sediment-retention dam N1 on the North Fork Toutle River, near Mount St. Helens, Washington, early
March 1982. The north embankment breached during storm flow on February 20, 1982.

A storm flow on February 20, 1982, breached the
embankment impounding Jackson L ake, which had
been formed at Jackson Creek along the southern mar-
gin of the debris-avalanche deposit. Outflow from the
lake created a flood wave that was sampled at the Tou-
tle River at Highway 99 (fig. 28). Later that day, the
north embankment on the temporary sediment-reten-
tion dam N1 was breached when the North Fork Toutle
River overflowed its existing channel (fig. 29). Sedi-
ment from the retention dam was eroded and trans-
ported through the breach. At the North Fork Toutle
River at Kid Valley and the Toutle River at Tower Road,
asmall peak of fine concentration lagged the associated
increase of discharge by morethan 1 hour. Assediment
from the N1 breach was transported downstream, the
associated sediment peak was diffused and diluted, as
shown in samples collected at the gaging stations at the
North Fork Toutle River at Kid Valley, the Toutle River

at Tower Road, the Toutle River at Highway 99, and the
Cowlitz River at Castle Rock (fig. 30). The small sed-
iment wave was superimposed on the flood recession.
An eruption at Mount St. Helens on May 14,
1984, generated a lahar that entered the North Fork
Toutle River (Pringle and Cameron, 1986). Sediment
samples of the diluted flow provided another example
of lag effects from a distant sediment source (fig. 31).
Repetitive samples, collected at the Toutle River at
Tower Road for 4 hours after peak discharge, traced the
fine concentration only to the beginning of concentra-
tion recession. The curve of fine concentration was
smooth, reaching peak concentration 3.5 hours after
peak discharge. Sand concentrations near peak dis-
charge were not significantly different from concentra-
tions prior to arrival of the diluted phase of the lahar,
with the exception of one sand concentration at peak
discharge that was the highest of the sequence on May
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Washingtion, May 14, 1984.
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0
120,000 S _ , ,
D The preceding examples of sediment lag confirm
80,000 | that, in the Toutle and the Cowlitz Rivers, sediment
concentration during storm flows was not a simple
40,000 |- - function of stream discharge. Prews studies have
M noted that sediment-transport curves derived from
0 b b b 1 instantaneous samples in lagging flows will have sig-

1215 18 21 24 27 30 pificant errors (Guy, 1964; Marcus, 1989). Direct com-
TIME, IN HOURS putation of sediment discharge from coincident time
Figure 30. Fine (<0.062 mm) concentration during passage plots of sediment concentratlon_ and stream dlschar_ge is
of sediment wave, Toutle River system, near Mount St. the most accurate method available for these lagging
Helens, Washington, February 20-21, 1982: A, North Fork flows. The extensive collection of sediment samples
Toutle River at Kid Valley; B, Toutle River at Tower Road; . . . . .
provided more reliable daily sediment discharges than

C, Toutle River at Highway 99; D, Cowlitz River at Castle - i ;
Rock. could be obtained from sediment-transport relations.

14,1984. Sand concentrations agagreased near the
end of the sampling episode. ANALYSES OF SEDIMENT TRANSPORT

Sand and fine concentration curves are availableAT GAGING STATIONS
for storm flows only through water year 1984, before ) ) ) )
the gradual replacement of box samples by automatic This section summarizes the sediment-transport
pumping samples. After water year 1984, rdjveti data collected at gaging sf[atlons near Mount St. Helens
samples wereatlected at a single vertical only when that have been made available for general use. The
automatic sampling was not available or was unreli- ange of sediment concentration is examined, from
able. As noted earlier, the proportion of fine and sandlow-flow conditions to lahars. Basic datcords for
concentrations in a pumped sample does not represer@2ging stations are categorized by drainage basin and
the flow, and the sand concentration may be under- described. Summaries of changes in sediment dis-
represented. charge and concentration are presented. Long-term
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mean stream discharge, Green River above Beaver Creek, near Mount St. Helens, Washington.

trends of sediment concentration in six streams are Range of Sediment Concentration

compared by dominant sediment source. Changes in

sediment size in different streams are illustrated with Sediment samples were collected at miscella-
size-distribution data from suspended-sediment, bed-neous sites in the study area during the 2 months imme-
material, and bedload samples. diately preceding the May 18980, eruption (data in
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Figure 33. Cumulative sediment discharge, daily sediment discharge, instantaneous sediment concentrations, and daily
mean stream discharge, North Fork Toutle River at Kid Valley, near Mount St. Helens, Washington.

Dinehart and others, 1981). Sediment data were sel-ples were collected on May 18-19, 1980, from the
dom collected at streams in the Toutle River basin ~ Toutle River lahars. Daily stream- and sediment-
before 1980. The Toutle River at Highway 99 had beerischarge measurements continued through the sum-
a water-quality sampling site, although suspended sedaer of 1980, during which suspended-sediment con-
iment was not an analyzed constituent. Sediment saroentrations ranged from 3,000 to 10,000 mg/L.
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Figure 34. Sediment-retention structure on the North Fork Toutle River, near Mount St. Helens, Washington, February 1988

(photograph by Lyn Topinka).
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Figure 35. Instantaneous sediment concentration versus
stream discharge, North Fork Toutle River above Bear Creek,
near Mount St. Helens, Washington, 1984-87.

Sediment concentrationsegater than 300,000 gfL
were measured during storm flow on November 21,

High sediment concentrations unrelated to storm
flow were measured during unique, sediment-laden
flows. On August 27, 1980, a breached pond on the
debris-avalanche deposit produced sediment concentra-
tions greater than 500,000 mg/L in the North Fork Tou-
tle River. On March 19-20, 1982, sediment
concentrations around 1 million mg/L were measured
at three gaging stations along the Toutle River course of
a lahar generated by a minor eruption onto snowpack.
On May 14, 1984, a small lahar flowed from trater
of Mount St. Helens and entered the North Fork Toutle
River where sediment concentrations at Kid Valley
exceeded 80,000 mg/L. Such flows were infrequent,
and most high sediment concentrations in the rivers
were the result of storm flows. During the study period,
sediment concentrations (excluding lahars) measured at
gaging stations ranged over six orders of magnitude
(figs. 32, 33, 36, 38, 39, 41, and 43-46).

Basic Data Records at Gaging Stations
Major drainage basins in the Mount St. Helens

area were each monitored by one or mogirgasta-
tions during the study period. Daily values of sediment

1980, in the North Fork Toutle Rivgr and on Februgrydischarge are plotted for 10 gaging stations (figs. 32,
19, 1981, in the Toutle River. Sediment concentration§g 36, 38, 39, 41, and 43-46); most figures include a

greater than 100,000 mg/L during storm flows were
measured for several years at gaging stations.

parallel plot of cumultve sediment discharge. In the
plots of daily values by water year, the solid vertical
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Figure 36. Cumulative sediment discharge, daily sediment discharge, instantaneous sediment concentrations, and daily
mean stream discharge, South Fork Toutle River at Camp 12, near Mount St. Helens, Washington. (Periodic data from the
South Fork Toutle River at Toutle are at open circles.)

lines represent October 1 of the previous calendar yeargcords of daily mean stream discharge. Concentra-

and the vertical tics are at April 1 of the water year. tions of depth-integrated samplgsoss-sectional and
On the same figures, concentrations of instantabox samples) are plotted together by time to show the

neous sediment samples are plotted by time above frequency of sampling and the range of sediment con-
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Figure 37. Instantaneous sediment concentration versus
stream discharge, South Fork Toutle River above Herrington
Creek, near Spotted Buck Mountain, Washington,1981-82.

centration. The basic data records used for sediment-
discharge computations at various gaging stations are
discussed below for each drainage basin.

Green River

Daily sediment discharges are available for the
gaging station Green River above Beaver Creek for
water years 1982-90 (fig. 32). Suspended-sediment

North Fork Toutle River

Six days after the 1980 eruption, a gage house
was installed (May 24, 1980) at the Highway 504
bridge over the North Fork Toutle River at Kid Valley.
Gage height waecorded atigher of two bridge piers
at the site during the period of record. Discharge mea-
surements were made at the bridge until spring 1981
when a cableway was constructed 950 ft downstream.
Continuous daily sediment discharges begin with July
1981. Intermittent values of daily sediment discharge
that were available for water year 1981 are plotted as
solid circles (fig. 33).

Sediment transport in the North Fork Toutle
River was dominated by erosion of the debris-
avalanche deposit from the 1980 eruption, with addi-
tional sediment derived from the thick lahar deposits.
Sediment yield from the North Fork Toutle River was,
for several years, the highest of any sizable stream in
North America during the period of record, with an
average sediment yield during 1982—-84 of 101,000
tons/mt. Extreme sediment concentrations (50,000 to
200,000 mg/L) persisted for several days during storm
flows. At such times, steep river gradients and high
sediment concentrations produced tall standing waves
that were unusually smooth. For several years after the
1980 eruption, sand and fine gravedne d@osited in
the river channel following storm flow.

Rivers with unstable channels of sand and fine
gravel are uncommon in the Cascades Range. Mountain
streams with beds of coarse gravel are usually gaged on

samples were not collected until October 22, 1980, anda bimonthly schedule, but the extreme sediment trans-

the concentration record was not complete enough for
daily computations until waterear1982. Sediment
concentrations greater than 10,000 mg/L were mea-

sured only in water year 1981, and the annual sediment

discharge may well have been greater than in subse-
quent years.

port rates and unstable streambeds at Kid Valley
required weekly or biweekly measurements to maintain
accurate records.

As the U.S. Army Corps of Engineers expected,
the sediment-retgion dam N1 was soon overwhelmed
by extremes of sediment discharge. The permanent

Experimental studies of the tephra-deposited surSRS, constructed upstream from the confluence with

face were performed at a test plot near Schultz Creek
within the Green River basin (Leavesley and others,
1989). Rainfall-simulation measurements in 1980 and
1981 indicated that infiltration rates in the Green River
basin were decreased by an order of mitaige from

that assumed for the pre-eruption surface. The low
infiltration capacity of the tephra deposit resulted in

the Green River, wadased during November 1987,
and reduced sediment-discharge rates were attributed to
deposition behind the SRS (fig. 34).

Gaging stations were installed at several sites on
the North Fork Toutle River upstream from the Kid Val-
ley station. These included the Coldwater Lake exit
canal and the North Fork Toutle River above Bear

high rates of surface runoff. Erosion rates from the testCreek near Kid Valley. Daily sediment discharges were
plot were greater in 1980 than 1981, and a similar trendnot computed for these stations. Sediment samples

may have typified erosion in other affected parts of the
Green River basin.

were collected at the North Fork Toutle River above
Bear Creek from 984 to 1987. During that period,
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Figure 38. Daily sediment discharge, instantaneous sediment concentrations, and daily mean stream discharge, Toutle
River at Highway 99, near Mount St. Helens, Washington.

stream discharges above 1,000sftonsistently pro- South Fork Toutle River at Camp 12 are available for
duced sediment concentrations greater than 10,000 May 22, 1981, to September 30, 1990 (fig. 36). Inter-
mg/L (fig. 35). This station was located near the distaimittent values of daily sediment discharge that were
end of the debris-avalanche deposit and upstream fromvailable for water year 1981 are plotted as solid cir-

the SRS. cles. The river bank, with the existing gage house, col-
lapsed into the storm flow of December 1981. The
South Fork Toutle River gage house was replaced in January 1982.

The 1982-90 sediment discharge from the South A flood-warning gaging station was established
Fork Toutle River basin was less than 5 percent of thedt the South Fork Toutle River above Herrington Creek
sediment discharge of the mainstem Toutle River for near Spotted Buck Mountain in 1980. Rapid migration
the same period. Partial records of sediment dischargef the braided channel frustrated attempts to maintain a
were computed for storms in November 1980 measurestage-discharge relation at the site. Sediment- dis-
at the South Fork Toutle River at Toutle (an ungaged charge measurements were made at the site during
bridge site). Daily sediment-dischangeords atthe 1981 and 1982 (fig. 37).
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Figure 39. Cumulative sediment discharge, daily sediment discharge, instantaneous sediment concentrations, and daily
mean stream discharge, Toutle River at Tower Road, near Mount St. Helens, Washington.

Toutle River puted for the Toutle River at Highway 99 (May 18,
1980, to September 30, 1982; fig. 38) and the Toutle
Complete sediment-discharge recoats avail-  River at Tower Road (June 8, 1981, to September 30,

able for the mainstem Toutle River for the period May 1990) (fig. 39). Samples collected on May 18 and 19,
18, 1980, to September 30, 1990. Records were contt980, were used to estimate the sediment discharge of
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Figure 40. Difference in daily sediment discharge (tons) between the Toutle River at Tower Road and the North Fork Toutle
River at Kid Valley, near Mount St. Helens, Washington, 1982—-90. Difference is (downstream minus upstream). Positive
difference indicates gain in sediment discharge between stations; negative difference indicates loss in sediment discharge
between stations.

the Toutle River lahars at about 153 million tons over and the house collapsed into the storm flow. Gaging
those 2 days. Suspended-sediment discharge from thgerations continued at the Toutle River at Highway 99
Toutle River for water years 1981-86 totaled about 152hrough September 1982.

million tons, which nearly equals the estimate for the The gaging station at Tower Road was estab-
lahars of May 18-19, 1980. Excluding lahars, sedi- lished March 5, 1981. The straight reach and constant
ment discharge from the Toutle River for the period width provided more stable stage-discharge relations
1980—90 was 167 million tons. than found at the other Toutle River gaging sites. Sed-
iment-discharge measurements for the mainstem Tou-

The Highway 99 bridge over th_e Toutl_e R|ve_r tle River were made at this station during the 9-year
near the mouth was used for monitoring sediment 'npuberiod 1982-90

to the Cowlitz River, but the site (Toutle River at High-

way 99 bridge) had practical deficiencies. The bridgeNorth Fork and the South Fork Toutle Rivers was lower
site was abandoned temporarily in September 1980y, annyal sediment discharge at Tower Road by 12
because of the uneven flow approach to the_ bridge anﬂercent in 1982 and by 221gent in 1983. Erosion of
unstable stage-discharge relations. Operali®®W  gediment deposits in stabilization basins near the Tower
moved to a new gage house at the Toutle River near Sikgad gaging station may have caused discrepancy
ver Lake, which was established as a gaging site in - heyond measurement error. To examine the discrep-
1929. The steep and narrow cross section had meangncy, daily sediment discharges at the North Fork Tou-
velocities greater than 7 ft/s even at medium flows. tje River at Kid Valley for the period 1982-90 were
Stage-discharge relations also were unstable at the Tostibtracted from daily sediment discharges at the Toutle
tle River near Silver Lake, and operations were River at Tower Road for the same period. The differ-
resumed at the Toutle River at Highway 99 about  ences are plotted by time in figure 40. Positive differ-
December 2, 1980. High flows on December 26, 1980ences were greater and more frequent during 1982-84.
at the Toutle River near Silver Lake undermined the Negative differences (dg sediment discharge greater
river bank on which the new gage house was situatedat Kid Valley than at Tower Road) were less frequent

The sum of annual sediment discharges from the
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Figure 41. Daily sediment discharge, instantaneous sediment concentrations, and daily mean stream discharge, Cowlitz
River at Castle Rock, near Mount St. Helens, Washington.

and were not apparent after 1987. The positive differwere evaluated from existing cross-section data. When
ences most likely resulted from sediment discharge sediment sampling began on May 19, 1980, bed eleva-
from the South Fork Toutle River. By 1984, annual tion at the station had increased by more than 10 ft with
sediment discharge from the South Fork Toutle River sediment deposition (Lombard and others, 1981). The
was only 2 percent of that from the North Fork Toutle Cowlitz River channel was dredged day and night for
River. several months to restore flow capacity in the inundated
reach. River depth, sediment discharge, and bed and
flood elevations were regularly monitored at Castle
Rock to maintain flood preparedness. Discharge mea-

More than 50 years of daily stream-discharge surements were made weekly or more often when
records are available for the Cowlitz River at Castle needed. Observer samples were collected daily at a
Rock. This station is 2.7 mi downstream from the  single sampling vertical on the bridge. Records of
mouth of the Toutle River. Depositional effects of the daily values at the Cowlitz River at Castle Rock end
May 18, 1980, Toutle River lahars on flood elevationswith water year 1984 (fig. 41).

Cowlitz River
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Figure 42. Difference in daily sediment discharge (tons) between the Cowlitz River at Castle Rock and the Toutle River at
Highway 99, near Mount St. Helens, Washington, 1980-82. Difference is (downstream minus upstream). Positive
difference indicates gain in sediment discharge between stations; negative difference indicates loss in sediment discharge
between stations.

Annual sediment discharges at the Cowlitz RiverCowlitz River at Toledo are long-term gaging stations
at Castle Rock were lower than at the Toutle River at at which sediment was sampled periodically in 1980
Highway 99 during water years 1980-82. fBiénces and 1981. Daily sediment discharges, based on daily
in daily sediment discharge between the two stations observer samples, were computed for June through
are plotted in figure 42. Comparison of sediment-dis-September 1980 for the Cowlitz River at Packwood and
charge records shows that the losses in sediment disCispus River near Randle. Both sites were affected
charge occurred on days of storm flow and were not temporarily by ashfa_ll. Periodic sediment samples.
matched by gains in sediment discharge on days fol- (pre- and post-eruptlon)_ were collected at the Cowlitz
lowing the storm flow . Deposition of sediment at the River at Toledo (16.3 mi upstream from Castle Rock)
mouth of the Toutle River, and the transport of coarseanOI the Cowlitz River at Kelso (12.4 mi downstream
sand in the Cowlitz River as bedload rather than sus-from Castle Rock).
pended load, are possible reasons for tHergifces.

Sediment data also were collected at sites in th
Cowlitz River basin upstream from the Toutle River At 9.4 mi upstream from the mouth of the Muddy
(Dinehart and others, 1981). The Cowlitz River at  River is the tributary, Clearwater Creek, where the
Packwood, the Cispus River near Randle, and the 1980 eruption blast felled trees and deposited tephra in

é:learwater Creek
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Figure 43. Cumulative sediment discharge, daily sediment discharge, instantaneous sediment concentrations, and daily
mean stream discharge, Clearwater Creek near mouth, near Mount St. Helens, Washington.

the upper part of the drainage basin. A gaging statiorcollected during storm flows due to the limitextass.

was established 3 mi upstream from the mouth of  Daily sediment-discharge records are available for Jan-
Clearwater Creek in 1981. Access to this remote siteuary 28, 1982 (date of automatic sampler installation),
was usually by helicopter on a monthly or twice to January 9, 1990 (date of damage to gaging station
monthly schedule. Cross-section samples were seldoauring storm flow) (fig. 43).
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Figure 44. Daily sediment discharge, instantaneous sediment concentrations, and daily mean stream discharge, Muddy River
above Clear Creek, near Mount St. Helens, Washington.

Simulated rainfall on a test hillslope plot also  Muddy River

was measured in the upper part of Clearwater Creek The gaging station Muddy River above Clear

(Leavesley and others, 1989). Infiltration rates for thecreek began operation in August 1980, although
coarse tephra depositere one-half to onthird the stream-discharge records and sediment data were
estimated pre-erujoin rates. As hypothesized for the insufficient for daily sediment-discharge records until
Green River basin, erosion rates in the Clearwater ~October 1981. Sediment discharge was measured at
Creek basin during 1980 could have been much highel® Muddy River above Clear Creek through June 14,
than measured in subsequent years. The three highel?84 (fig. 44). The gaging station Muddy River bel_ow

) ) ' Clear Creek was egiished June 24,1983. The daily
sediment concentrations ever sampled at Clearwater gegiment-discharge values shown in figure 45 represent
Creek were allected in November 1980, indicating  the station above Clear Creek for water years 1982—83
high sediment discharges in that year. and the station below Clear&gk for water years
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Figure 45. Cumulative sediment discharge, daily sediment discharge, instantaneous sediment concentrations, and daily
mean stream discharge, Muddy River above Clear Creek, near Mount St. Helens, Washington, water years 1982-83, and
below Clear Creek, water years 1984—-90.

1984-90. Periodic sediment-discharge measurementsages. The cumulative sediment discharge plotted for
made at Clear Creek between December 14, 1982, arile two Muddy River stations is therefore equivalent.

August 6, 1985, confirmed that sediment delivery to thd_ow-flow sediment concentrations may not be compa-
Muddy River from Clear Creek was insignificant at all rable, however, because concentration was diluted by
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Figure 46. Daily sediment discharge, instantaneous sediment concentrations, and daily mean stream discharge, Pine Creek
at mouth, near Mount St. Helens, Washington.

Clear Creek, which accounted for about 30 percent ofmg/L, and peak measured concentrations in subsequent

the flow at the Muddy River below Cleardgk. water years ranged from 24,000 to 69,000 mg/L.
Annual sediment discharge declined by about half over
Pine Creek water years 1982-84. The gaging station was discon-

tinued after water yedr984.
Sediment samples were collected at Pine Creek

on March 29 and 30, April 18, and May 7, 1980 (fig.

46). Sediment concentrations ranged from 4 to 11  Depletion and Dormancy of Sediment

mg/L. In April 1980, a water-quality monitor with sat- Sources

ellite telemetry was installed at a highway bridge near

the mouth of the stream. The monitor was destroyed Sediment discharge in the affected drainage
when Pine Creek was inundated with a lahar on May basins can diminish by either depletion or dormancy of
18, 1980. Elevated annual sediment discharges per- sediment sources. "Depletion" indicates that a sedi-
sisted during 4 years of observation. On November 7ment source has been removed by transport, and "dor-
1980, sediment concentrations exceeded 100,000 mancy" indicates that a source has not been
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Figure 47. Percentage by volume of various sediment sizes in 4
debris-avalanche deposit of the North Fork Toutle River, near :
Mount St. Helens, Washington. (Data are from the U.S. Army ] e
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transported, but is not available for transport by the  Figure 48. Daily mean stream discharge versus

dominant range of stream discharges. Changes in sedfistantaneous turbidity readings, Toutle River at !—iighwe}y 99,
. . . near Mount St. Helens, Washigton, for pre-eruption period

ment discharge and concentratiefiect depletion or (1978, 1980), immediate post-eruption (1981-82), and 10

dormancy of sediment sources, and the length of the 1lyears after eruption (1990). (Turbidity readings are from the

year study period may not be adequate to reveal the digvashington State Department of Ecology.)

tinction.

The o_Iominant sed_iment sources created by the e Rjver. Planners estimated that one-third of the
1980 eruption wre readily erodible and were supple-  gepris-avalanche deposit, or about 1 billiod, yebuld

mented by erosion of existing bank deposits. Stream p oroded by 2001 (Cowlitz County, 1983). Based on
turbidity and sediment concentratioexe reduced as 55| sediment discharge from the upper North Fork
Yroutle River valley and deposition figures for the SRS,

the debris-avalanche deposit had less than 10 percent of

material for fluvial transport through mass wasting, and its volume eroded by 1990 (J.E. Costa, U.S. Geological
(2) the volcanic ash deposits overlying large areas of theSurvey written commun 19'92') R

Toutle and the upper Lewis River basins. Depletion of oo _
lahar deposits in channels was documented periodically Channel widening and armoring reduced the
by cross-sectional surveys. The surveys established th2CC€SS of moderate river flows to easily erodible sedi-
the largest changes in sediment storage occurred during‘ems- Sediment that is not removed with ease
storm flows in water year 1981 (Martinson and Meyer, Peécomes dormant or inactive and is transported only at
1987). The annual cycle of streamflow eroded lahar Successive extreme flows dug the annual cycle.
deposits from channels in the Toutle and the upper ~ Therefore, much of the sediment source in the upper
Lewis River basins. Toutle River was not depleted, but was made dormant
Only a small proportion of another sediment through evolution of the drainage systems (Meyer and
source, the debris-avalanche deposit of the North ForkMartinson, 1989). Channel widening and coarsening
Toutle River, had been eroded during the study period. contributed to the isolation of sediment frootass by
The percentage by volume of various sediment sizes inmost streamflows. This coarsening process is usually
the debris-avalanche deposit is shown in figure 47 (datadescribed as "armoring.” The mean diameter of sedi-
from U.S. Army Corps of Engineers, 1981). Atleast 85 ment on the streambed surfaces became isitrgig
percent of the material is medium gravel or finer, most coarse, producing a decreased mobility of sediment at
of which is readily transportable by the North Fork Tou- lower ranges of flow.

(1) the lahar deposits in river channels that provided
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Table 7. Annual suspended-sediment discharge, in tons, at eight gaging stations near Mount St. Helens, Washington, water

years 1980-90

[—, no data]
14240800
14216300 14216500 14216900 Green River 14241100 14241490 142425_80 14243000

Clearwater Muddy ] North Fork South Fork Toutle River .
Water . Pine Creek above . Cowlitz

Creek near River below Toutle Toutle River at Tower
year at mouth Beaver .

mouth near Clear Creek River at at Camp 12 Road near

near Cougar Creek near . . Castle Rock
Cougar near Cougar : Kid Valley near Toutle Silver Lake
Kid Valley

1980 — — — — — — 1155,000,000 142,000,000
1981 — — — — — — 129,700,000
1982 — 23,790,000 712,000 495,000 34,400,000 1,450,000 40,700,000 36,600,000
1983 572,000 23,090,000 257,000 181,000 29,300,000 1,620,000 39,700,000 34,000,000
1984 121,500 1,500,000 396,000 209,000 22,100,000 476,000 24,700,000 25,300,000
1985 33,700 339,000 — 36,100 9,120,000 41,500 9,370,000 —
1986 98,600 903,000 — 277,000 7,990,000 189,000 7,630,000 —
1987 141,000 1,120,000 — 78,800 6,950,000 606,000 8,770,000 —
1988 61,500 973,000 — 76,500 974,000 435,000 2,200,000 —
1989 65,300 332,000 — 16,200 373,000 219,000 773,000 —
1990 — 726,000 — 88,300 827,000 964,000 2,380,000 —

1sediment discharge from 14242690 - Toutle River at Highway 99
2Sediment discharge from 14216350 - Muddy River above Clear Creek

Rivers in the Cascades Range are usually clear at
low flow and become turbid during storm flow, as the
Toutle River did before the 1980 eruption (fig. 48). If

A purpose of this report is to identify any broad, water quality in the Toutle and the upper Lewis River
time-related changes in sedimentasport quantities  streams returns to pre-erigot conditions, seamflows
measured at gaging stations near Mount St. Helens. should exhibit this pattern. During the first few years
"Change" can have two meanings for sediment trans-following the eruption, turbid conditions were common
port by streams near Mat St. Helens. On May 18, in the Toutle River throughout the range of river flow
1980, the mountainous, bouldery gravel-bed channeldfig. 48). Even at suspended-sediment concentrations
of the forested Toutle and upper Lewis River basins as low as 100 mg/L, the prevalence of fine sediment
were changed suddenly to muddy, braided, sand- andgave streams an opaque brown or gray color. By 1990,
gravel-bed streams flowing through devastated valleysmost streams near Mount St. Helens were clear at low
Concentrations of suspended-sediment samples, col-flow, but many of the same streams were clear briefly
lected in March, April, and early May 1980 at the Tou-in the summer of 1981. Erefore, more specific crite-
tle River at Highway 99 and Pineé&k at mouth, ria than "turbid" and "clear" are needed to define long-
ranged from 4 to 30 mg/L. After the 1980 eruption, term changes in sediment transport. Possible correla-
concentrations are greater caistently by one to five tions with time are presented here for peak sediment
orders of magnitude. The transformation of streams bylischarge, mean discharge and concentration, and sand
the 1980 eruption was dramatic and significant. The concentration sampled at similar discharges.
change discussed here, though, is the trend of the Changes in sediment transport are examined in
affected streams to assume pre-eruption conditions duseveral ways. The annual sediment discharges show an
ing the following 11 years. obvious decrease during the 11-year period. The

Changes in Sediment Discharge and
Concentration
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Table 8. Annual total of daily mean discharge, in cubic feet per second, at eight gaging stations near Mount St. Helens,
Washington, water years 1980-90

[—, no data]
14240800
14216300 14216500 14216900 Green River 14241100 14241490 14242580 14243000

Clearwater Muddy . North Fork South Fork Toutle River ;
Water . Pine Creek above . Cowlitz

Creek near River below Toutle Toutle River at Tower .
year at mouth Beaver . . River at

mouth near Clear Creek River atKid at Camp 12 Road near

near Cougar Creek near ) Castle Rock
Cougar near Cougar : Valley near Toutle Silver Lake
Kid Valley

1980 — — — — — — — 2,970,000
1981 — — — — 185,000 — 678,000 3,240,000
1982 — 276,000 85,300 226,000 540,000 258,000 918,000 4,070,000
1983 115,000 300,000 100,000 200,000 526,000 287,000 900,000 3,760,000
1984 90,400 366,000 94,800 218,000 578,000 248,000 857,000 3,860,000
1985 62,000 256,000 — 159,000 438,000 166,000 645,000 —
1986 69,300 283,000 — 168,000 446,000 185,000 665,000 —
1987 68,100 300,000 — 162,000 407,000 196,000 685,000 —
1988 63,400 265,000 — 149,000 377,000 170,000 581,000 —
1989 65,300 286,000 — 156,000 389,000 170,000 617,000 —
1990 — 294,000 — 192,000 484,000 221,000 759,000 —

changing relation between daily mean discharge and discharges in water years 1986 and 1987 did not pro-
daily mean concentration for gaging stations is illus- duce annual sediment discharges much greater than
trated with logarithmic regressions on scatter plots. water year 1985. The closure in November 1987 of the
Then, concentration values (derived from regression SRS on the North Fork Toutle River finally reduced the
equations) are plotted bygr for discharge exceedance annual sediment discharge at Kid Valley in water year
values of 1 and 50 percent. Finally, sampled concentrd990 to less than 1 million tons (fig. 49).

tions are separated into ranges of stream discharge and  |n 1990, annual sediment discharges of the

are tested for correlation with time. Muddy River and the Green River were about one-fifth
of those measured in 1982. The reduction of annual
sediment discharge of the South Fork Toutle River was
_ _ _ _ more gradual (fig. 49). The South Fork Toutle River at
Annual sediment discharges at eight gaging stacamp 12 had an annual sediment discharge in 1990 that

tions are listed in table 7. Annual totals of daily meanyas still 66 percent of the annual sediment discharge in
discharge are listed for the same gaging stations in tablgggo

8. Reduction of sediment discharge in the Toutle River
and th_e upper Lewis River b_asms is evident in sgmllqgéhanges in Peak Sediment Discharge
arithmic plots of annual sediment discharge by time in

water years (figs. 49 and 50). The greatest reductions The reduction of annual sediment discharge in
were in the North Fork Toutle River and the mainstemthe Toutle River and the upper Lewis River basins was
Toutle River (fig. 49). Annual sediment discharges in evident over the study period. The da#gords of sed-
those two streams declined from 40 to 10 million tonsiment discharge show that a large percentage of the
during water years 1982—-85. Water year 1985 had a annual sediment discharge wafivdered on a relatively
low annual stream discharge, which probably reducegmall number of days, whichese usually days of

the annual sediment discharge. However, high stormstorm flow. During storm periods, stream discharge

Annual Sediment Discharges
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Figure 49. Annual sediment discharges (by water year) at gaging stations in the Toutle River
basin, near Mount St. Helens, Washington, 1982—90.

and sediment discharge increased together. Thereformarginal tendency to decrease with time, except for the

a decrease innmual sediment discharge may be South Fork Toutle River at Camp 12.

explained by examining sediment discharges during The non-parametric Kendall tau analysis of the

storm flows over the study period. two variables showed that, although the peak stream
Using the daily values of mean stream dischargedischarges did not have a significant, monotonic corre-

and sediment discharge, changes in the two variabledation with time, several stations did show significant,

can be examined for the period 1982-90. The higheﬁega'_[ive correlations between peak sediment discharge

1 percent of daily discharges in the period at each gagnd time (table 9).

ing station are plotted with the corresponding daily sed-

iment discharge by time (figs. 51 and 52). Sediment Regressions of Mean Discharge and

discharges at high stream discharges decreased over gfncentration

order of magnitUde at the North Fork Toutle River at Logarithmic p|0ts of da”y mean stream dis-

Kid Valley and the Toutle River at Tower Road (fig.  charge versus daily mean concentration were drawn for

51). Atthe Green River above Beaver Creek, the SoutBeven gaging stations for the period 1982—90 (figs. 53—

Fork Toutle River at Camp 12, and the Muddy River 59). The scatter in the plots results from measurement

above and below Clear Creek, time trends were not and estimation error, from the nordiar relaion

obvious. Instead, peak sediment discharges showed laetween stream discharge and sediment concentration,
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Figure 50. Annual sediment discharges (by water year) at gaging stations in the Lewis River basin,
near Mount St. Helens, Washington, 1982—90.

Table 9. Trend analysis with Kendall’s tau for highest 1 percent of stream and sediment discharges at six gaging stations near
Mount St. Helens, Washington

14216300 14216500 14240800 14241100 14241490 14242580
Clearwater Creek Muddy River Green River above South Fork Toutle Toutle River at
North Fork Toutle ;
near mouth near  below Clear Creek Beaver Creek near River at Kid Valle River at Camp 12  Tower Road near
Cougar near Cougar Kid Valley y near Toutle Silver Lake
Trend analysis of peak daily mean stream discharge
- 10 I -0.136 -0.025 0.088 -0.078 0.055 0.0818
Probability ....... 291 .840 474 .524 .652 .5032
Trend analysis of peak daily sediment discharge
- 10 I -0.233 -0.261 —0.158 —0.433 0.070 -0.3144
Probability ....... .071 .032 197 <.001 .566 .0101
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Figure 51. Highest 1 percent of daily mean stream discharges for 1982-90 (solid dots), with corresponding sediment
discharges (open circles), at the Green River above Beaver Creek, the North Fork Toutle River at Kid Valley, the South Fork
Toutle River at Camp 12, and the Toutle River at Tower Road, near Mount St. Helens, Washington.
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Figure 52. Highest 1 percent of daily mean stream discharges for 1982—90 (solid dots), with corresponding
sediment discharges (open circles), at Clearwater Creek and at the Muddy River above Clear Creek (1982-83)
and below Clear Creek, near Mount St. Helens, Washington.

and from random changes in the sediment-transport
process. Although mean concentration can be calcu-
lated for a day, the nonlinear relation with stream dis-

charge vyill cause a range of concentrations to be ass@jerec is daily mean concentration in milligrams per
ciated with a single discharge. Random changes occfier, Q is daily mean stream discharge in cubic feet per
because sediment concentration will vary with tribu- second, and andb are coefficients. Logarithmic

tary contribution, sporadic mass wasting, changes in transformation gives

sediment size, and reentrainment of sediments depos-
ited by preceding streamflows. Storm-flow hysteresis
and sediment lag can contribute scatter to plots of daily
mean concentration versus stream discharge.

To detect coarse adjustments in the discharge/

(3)

logC = blogQ+ loga (4)

- i - which transforms the sediment data for a least-squares
concentration relation, the mean values within an arbig,qq, regression where lags the axis intercept arttl
trary period of one water year were used for sequenceg the slope of the regression line. In the daily tables of
of statistical regressions. Daily mean sediment concer’ediment data, mean concentration was not recorded
tration was related to daily mean stream discharge byfor days without sediment samples. If a mean concen-
the equation, tration was not recorded, an estimated daily mean con-
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Table 10. Summary of annual regressions of daily mean discharge and daily mean concentration for seven gaging stations
near Mount St. Helens, Washington, water years 1982-90

[mg/L, milligram per liter; —, no data. Slope b, slope of the regression line; intercept a, axis intéroetpmn‘ﬂicients of determination]

Water N ) Standard error S , Concentration at 50- Concentration at 1-
ope b Intercept a r . percent exceedance percent exceedance
year (log units) (mg/L) (mg/L)
14216300 Clearwater Creek near mouth near Cougar
1983 1.50 0.048 0.78 0.500 83 1,670
1984 1.82 .004 .92 332 37 1,420
1985 1.74 .004 .88 352 25 830
1986 1.72 .005 .92 313 27 840
1987 1.88 .004 .93 332 43 1,880
1988 1.79 .004 .96 261 31 1,120
1989 1.32 .034 91 285 25 348
14216350 Muddy River above Clear Creek near Cougar
1982 0.89 4.677 0.69 0.351 - -
1983 1.17 447 .75 375 - -
14216500 Muddy River below Clear Creek near Cougar
1984 1.24 0.072 0.81 0.348 206 2,180
1985 49 7.079 .33 491 160 402
1986 .37 2.893 .26 554 216 432
1987 45 16.982 .35 523 300 704
1988 76 1.413 .54 516 181 763
1989 78 .398 .50 575 59 258
1990 76 .589 .59 432 77 324
14240800 Green River above Beaver Creek near Kid Valley
1982 1.18 0.091 0.80 0.373 111 988
1983 1.15 .049 72 .340 51 429
1984 1.33 .013 .78 446 39 452
1985 1.03 .028 74 357 14 95
1986 1.43 .003 .89 319 17 241
1987 1.02 .033 .78 384 15 101
1988 .93 .056 .79 362 15 84
1989 .86 .054 .75 346 10 48
1990 76 112 67 425 11 44
centration was computed by equation 1 from mean SSE
stream discharge and the estimated sediment dis- S = — (5)
charge. The andb values for annual regressions are
listed in table 10. Also listedre the coefficists of whereSSEis the sum of squares for error ami the

determinationtf’) and the standard errors of estimate number of observations. Values of standard error are
(S). Standard error of estimate was computed by  inlog units. The zone equal to I@g+ 2S, above and
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Table 10. Summary of annual regressions of daily mean discharge and daily mean concentration for seven gaging stations
near Mount St. Helens, Washington, water years 1982—-90—Continued

Water ) Standard error S , Concentration at 50- Concentration at 1-
Slope b Intercept a r . percent exceedance percent exceedance
year (log units) (mg/L) (mg/L)
14241100 North Fork Toutle River at Kid Valley
1982 1.05 3.311 0.85 0.263 5,330 32,400
1983 1.07 4.898 .82 213 8,720 54,300
1984 .80 23.442 .81 .204 6,210 24,300
1985 .64 57.544 .62 .203 5,180 15,600
1986 1.47 .093 91 222 2,740 33,900
1987 1.69 .018 .90 .285 2,540 46,000
1988 1.56 .003 .82 419 188 2,690
1989 .82 776 .65 .361 238 965
1990 1.14 .048 .79 .320 141 996

14241490 South Fork Toutle River at Camp 12 near Toutle

1982 1.63 0.005 0.84 0.444 92 3,250
1983 2.14 .00005 a7 .654 19 2,080
1984 1.43 .002 .72 .569 12 270
1985 .96 .025 .64 406 8 63

1986 .99 .023 .51 .733 9 79

1987 .79 .234 .39 .883 28 159
1988 .67 490 .43 .640 28 120
1989 .64 .589 .30 .836 28 112
1990 1.09 .056 .61 .621 40 439

14242580 Toutle River at Tower Road near Silver Lake

1982 1.02 1.862 0.86 0.240 3,590 23,900
1983 .87 1.965 .78 231 6,860 34,500
1984 .78 16.218 .79 221 5,110 21,600
1985 .36 281.838 A2 211 4,050 7,910
1986 .87 3.311 .82 216 2,110 10,600
1987 1.20 .263 .89 .252 1,890 17,600
1988 1.38 .010 .80 420 264 3,410
1989 1.18 .032 .79 .365 198 1,760
1990 1.33 .007 .84 341 135 1,610

below the regression line will include about 95 percentdischarge-concentration relation is apgnt at all sta-

of the points. tions. Other regression lines follow the overall trend, as
In figures 53 through 59, the bottom graph documented in table 10. The downward shift corre-

includes regression lines for selected years during thesponds with decreased mean sediment concentrations

study period. For each station, regression lines for that given mean stream discharges. The separation of

initial year, the final year, and an intermediate year two distinct regions of points in the scatter plots for the

(usually 1986) are plotted. A downward shift in the North Fork Toutle River at Kid Valley and the Toutle
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Figure 53. Daily mean discharge versus daily mean concentration (top) and three examples of annual regression lines, Green
River above Beaver Creek, near Mount St. Helens, Washington, 1982-90.
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Figure 54. Daily mean discharge versus daily mean concentration (top) and three examples of annual regression
lines, North Fork Toutle River at Kid Valley, near Mount St. Helens, Washington, 1982-90.
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Figure 55. Daily mean discharge versus daily mean concentration (top) and three examples of annual regression
lines, South Fork Toutle River at Camp 12, near Mount St. Helens, Washington, 1982—-90.
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Figure 56. Daily mean discharge versus daily mean concentration (top) and three examples of annual regression
lines, Toutle River at Tower Road, near Mount St. Helens, Washington, 1982—-90.
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Figure 57. Daily mean discharge versus daily mean concentration (top) and three examples of annual regression
lines, Clearwater Creek near mouth, near Mount St. Helens, Washington, 1983—89.
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Figure 58. Daily mean discharge versus daily mean concentration (top) and annual regression lines, Muddy River
above Clear Creek, near Mount St. Helens, Washington, 1982—83.
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Figure 59. Daily mean discharge versus daily mean concentration (top) and four examples of annual regression lines,
Muddy River below Clear Creek, near Mount St. Helens, Washington, 1984—90.
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Table 11. Daily mean discharge at 50- and 1-percent exceedance values for six gaging stations near Mount St. Helens,
Washington, water years 1982-90

[ft3/s, cubic foot per second)]

Gaging Discharge at 50- Discharge at 1-
station Gaging station name Water years percent exceedance percent exceedance
number (ft3/s) (ft3/s)
14216300 Clearwater Creek near mouth near Cougar 1983-89 145 1,080
14216500 Muddy River below Clear Creek near Cougar 1984-90 597 3,970
14240800 Green River above Beaver Creek near Kid Valley 1982-90 412 2,630
14241100 North Fork Toutle River at Kid Valley 1982-90 1,100 6,090
14241490 South Fork Toutle River at Camp 12 near Toutle 1982-90 412 3,660
14242580 Toutle River at Tower Road near Silver Lake 1982-90 1,640 10,500

River at Tower Road is attributable to sediment deposirears, and the resulting regressions are called "sea-
tion behind the SRS, which was closed near the begisonal." In many cases, standardors of estimates,

ning of water year 1988. of the seasonal regressions were lower than those of the
Common discharges (the discharge value annual regressions in table 10. _
exceeded on 50 percent of the days of the period of The seasonal regression equations for November

record) and high discharges (the discharge value 1 to March 31 (table 12) were used to compute concen-
exceeded on 1 percent of the days) were used to illustrations for common and high discharges. Two sedi-
trate long-term changes in sediment concentration at ment concentrations for each regression equation were
similar discharges. The distribution of stream dis-  Plotted by year in figures 60 and 61. At the high dis-
charge was calculated for the period of sediment-  charges, all stations except the South Fork Toutle River
discharge records, and the 1- and 50-percent exceedat Camp 12 showed a decrease in concentration from
ance values were derived (table 11). Concentrations 982 to 1990 of 80 percent or greater. The non-para-
the discharge values exceeded on 1 percent and on g0étric Kendall tau analysis was applied to concentra-
percent of days in the record period were then com- tions for both the common and high discharges to

The relation between stream discharge and sediin years. Concentrations for common and high dis-

ment concentration is obscured by sudden inputs of charges at the Green River, the North Fork Toutle

sediment produced by occasional rains in drier periodlgég/r?trl’y acrgjrrtehlztlcc)iuvt\:ﬁhr\’tli\ﬁ; Ztt Iﬁgggiﬁggﬁg;?mf'
and by "first flushes." The phrase "first flush" is typi- . - . i
y P yp dence level (table 13). Sediment concentrations for

cally applied to storm flows that occur at the start of the". . . I

rainy season after a long period of low flow. At that eh|gh (Ijlfcgar_giﬁst_at thet tl\r/1| u%dsy Rl;/ernvtverenfsi(ljgnr:flcaigtlyr

time, sediment concentrations are higher than mea- correlated with time at the 9>-percent confidence inte
val (table 13). Sediment concentrations at common and

sured at similar discharges later in the rainy season. )
Anomalously high concgntrations at lower ()j/ischar esh'gh discharges for Clearwater Creek and the South
yhg g Fork Toutle River did not show significant correlations

also are measured during sporadic rains in late Spring, . time at a high confidence level.
and summer. To separate the effects of sudden sedi-
ment inputs at lower discharges from the functional
relation between sediment concentration and higher
discharges, daily values between April 1 and October
31 were eliminated from the daily data. A separate set Although regressions of mean concentration and
of regression equations was then derived for the discharge indicated a decrease of daily mean concen-
remaining days (table 12). The period analyzed, tration at similar daily mean discharges over the study
November 1 to March 31, has 151 days in non-leap period, a diferent method can be used to examine for

Changes in Sediment Concentration at Similar
Discharges
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Table 12. Summary of seasonal regressions of daily mean discharge and daily mean concentration for seven gaging stations
near Mount St. Helens, Washington, water years 1982—-90

[mg/L, milligram per liter; —, no data. Slope b, slope of the regression line; intercept a, axis intércepefiicients of determination]

Concentration at 50- Concentration at 1-
Water 2 Standard error S
car Slope b Intercept a r (log units) percent exceedance percent exceedance
y (mg/L) (mg/L)
14216300 Clearwater Creek near mouth near Cougar
1983 0.96 1.6218 0.54 0.420 197 1,370
1984 1.51 .0347 71 .336 65 1,350
1985 2.39 .0001 .94 241 18 2,260
1986 2.31 .0002 91 311 20 2,050
1987 2.01 .0023 .92 237 52 2,970
1988 1.66 .0123 .95 .233 47 1,300
1989 1.57 .007585 .80 .296 19 435

14216350 Muddy River above Clear Creek near Cougar
1982 0.94 3.631 0.72 0.276 — —
1983 .81 7.413 71 .223 — —

14216500 Muddy River below Clear Creek near Cougar

1984 1.38 0.031622 0.72 0.302 210 2,850
1985 1.87 .000512 91 .212 81 2,810
1986 2.28 .000027 .94 .232 60 4,510
1987 .87 1.000000 .52 430 268 1,400
1988 .54 12.58925 .52 .361 410 1,150
1989 2.10 .000048 .68 .565 32 1,710
1990 1.32 .019498 .78 .313 88 1,060

14240800 Green River above Beaver Creek near Kid Valley

1982 1.54 0.00724 0.78 0.376 77 1,330
1983 1.79 .00066 .83 .294 33 909
1984 191 .00032 a7 .382 31 1,080
1985 1.97 .00006 .86 .234 8 306
1986 2.12 .00003 .93 .225 12 619
1987 2.09 .00003 .88 .265 9 435
1988 1.26 .00832 .79 .399 16 163
1989 1.70 .00022 72 371 6 145
1990 1.66 .00032 .76 442 7 150

14241100 North Fork Toutle River at Kid Valley

the same effect. Instantaneous sample concentrationshanges with time when collected at similar discharges.

and associated stream discharges are used in this  Sediment concentrations were taken from cross-section

method, which is independent of estimation proceduresamples and single-vertical samples that had been ana-

for calculating daily mean values. lyzed for sand division. Plots of all sediment concen-
Sediment concentrations from samples collectedrations versus time indicated that the range of

during the study period were examined for significant sediment concentration shifted downward in most
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Table 12. Summary of seasonal regressions of daily mean discharge and daily mean concentration for seven gaging stations
near Mount St. Helens, Washington, water years 1982—90—Continued

Water ) Standard error S , Concentration at 50- Concentration at 1-
Slope b Intercept a r . percent exceedance percent exceedance
year (log units) (mg/L) (mg/L)
14241100 North Fork Toutle River at Kid Valley
1982 0.92 8.912 0.68 0.306 5,740 27,900
1983 .51 389.045 45 224 13,900 33,400
1984 .81 24.547 .61 211 6,910 27,400
1985 1.00 3.631 79 151 4,060 22,600
1986 .97 3.802 .89 .104 3,320 17,400
1987 .90 6.607 .78 .169 3,550 16,500
1988 .85 .8710 .60 .396 337 1,440
1989 1.50 .0042 .79 .206 154 2,020
1990 1.19 .0447 .78 244 182 1,390
14241490 South Fork Toutle River at Camp 12 near Toutle
1982 2.07 0.000263 0.90 0.334 67 6,170
1983 1.83 .000575 .62 .635 36 1,970
1984 2.53 .000001 .83 A57 8 1,960
1985 2.04 .000022 .84 .288 5 415
1986 3.01 .000000 .93 277 3 2,020
1987 1.63 .001288 46 .872 24 836
1988 .96 .102329 A4 794 34 280
1989 1.60 .00182 46 .735 28 943
1990 1.84 .00069 .82 446 46 2,560
14242580 Toutle River at Tower Road near Silver Lake
1982 0.93 3.311 0.72 0.278 3,310 18,700
1983 .25 2,041.737 24 .233 12,600 20,000
1984 .59 83.176 .62 A71 6,370 18,900
1985 .93 3.090 .86 .105 3,030 17,100
1986 1.22 .170 .89 141 1,490 14,500
1987 .67 15.136 74 154 2,240 7,830
1988 1.06 .200 .81 291 528 3,810
1989 1.16 .036 .57 .348 48 694
1990 1.41 .006 .85 .248 39 999
affected streams during the study period. To test Ranges of streamiischarge wre based on the

whether this apparent shift was possibly independent gfercentage distribution of discharges sampled. Six dis-
stream discharge, sediment concentrations from sameharge ranges were selected for each gaging station,
ples were separated into narrow ranges of stream disincluding three 20-percentile ranges, two 10-percentile
charge. The change in sediment concentration with ranges, and an 8-percentile range that excluded the top
time was then evaluated for each discharge range. Th&percent of sampled discharges (table 14). (For Clear-
null hypothesis of no significant slope with time was water Creek, the number of samples in the "30-20" per-
tested for discharge and concentration with the non- centile range was only 9, so a wider range of "30-10"
parametric Kendall tau analysis. was used for that station.) Table 14 shows that at least
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Table 13. Trend analysis for sediment concentrations from seasonal regressions of stream discharge and sediment
concentration at six gaging stations near Mount St. Helens, Washington

14216300 14216500 14240800 14241100 14241490 14242580
Clearwater Creek Muddy River Green River above North Fork Toutle  South Fork Toutle Toutle River at
near mouth near below Clear Beaver Creek near River at Kid River at Camp 12  Tower Road near

Cougar Creek near Cougar Kid Valley Valley near Toutle Silver Lake

Trend analysis of sediment concentration at 50-percent exceedance discharge
TaU..ooovvveennn. —-0.429 -0.444 0.667 -0.778 0.0 0.833
Probability ....... 176 .095 .012 .004 1.0 .002

Trend analysis of sediment concentration at 1-percent exceedance discharge
LI LU -0.238 -0.778 -0.778 -0.889 0.070 -0.833
Probability ....... .453 .004 .004 .001 .566 .002

70 percent of the sampled discharges at each gagingvertical samples are shown again to compare the simi-
station were geater than the 50-percent exceedance lar trends.
discharges listed in table 11. Simply put, samples were

collected more often at higher discharges. Debris Avalanche
No annual or seasonal separations were made of ) ) )
the sediment concentrations. The concentration data Sediment loads in the North Fork Toutle River

were further divided into sand concentrations within a@nd the mainstem Toutle River were dominated by sed-

discharge range using the sand-division percentage. imer_lt transport from _the debris-avalanche deposit._
Because sand transport is more dependent on hydraulﬁed'mem concentrations at the North Fork Toutle River
conditions (Allen, 1985), limiting the analyses to sand@t Kid Valley and the Toutle River at Tower Road are

concentration is more likely to reveal changes at similaFompared in figure 68. Atoth stations, maximum sed-
discharges. iment concentrations exceeded 100,000 mg/L during

1981-84. During the storm flows of 1980-81, debris-

Plots of sand concentration by time are given in lanche d its of d into the flow intermit
figures 62 through 67. The non-parametric Kendall tafvaanche deposits siumped into the fow intermit-
ntly, several cubic meters at a time. Downstream

analysis was performed on both the discharge and saig . )
concentration data. Where the analyses indicated th tom the debrls-avala_nche deposp Cha'?”e' banks com-
a trend of discharge with time was not significant at the'Ioosed of lahar pleposns antkexisging SO'I.S vere
90-percent confidence level, the tau and probability eroded and delivered to the ﬂO.W' Mass wesf .
values for concentration trends with time are given in channel banks p_robably sustained the extreme sedi-
table 14. Only the Muddy River below Clear Creek ment concentr.atlc_)ns. , ,
showed no significant trends of concentration with time The beginning of a gradual dease in maxi-

in any discharge range at the 95-percent confidence MUM s_edlment concentratlons is apparent in 1985 and
level. All other stations showed at least one negative 1986 (fig. 68). Sediment-control works, constructed by

correlation of concentration with time at similar dis- the U.S. Army Corps of Engineers in 1980 and 1981
charges at the 95-percent confidence level. along the North Fork, the South Fork, and the mainstem

Toutle Rivers, had temporary effects on sediment trans-
port. However, substantial deases of sediment con-

Comparisons of Similarly Affected Basins centration were measured downstream from the
permanent SRS after its closure in November 1987.
Distinctive long-term trends of sediment concen- In summer 1981 at the North Fork Toutle River

tration can be seen by comparing drainage basins haet Kid Valley, sampled concentrations approached 10
ing similar types of volcanic deposits. Six gaging mg/L during low flow; such low concentrations were
stations, each having about 10 years of sediment dataot measured again until the ponding of the North Fork
are grouped by dominant sedimentation effects. Sedifoutle River by the SRS in 1987. The envelopes of sed-
ment concentrations of cross-section and single- iment concentration for the North Fork and the main
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Table 14. Trend analysis for sand concentrations of sediment samples sorted by range of stream discharge at six gaging
stations near Mount St. Helens, Washington

[ft3/s, cubic foot per second; <, less than; —, no data]

Percentile range of

Range of stream

discharge for sediment discharge Number of samples Tau Probability

samples (ft3/s)
14216300 Clearwater Creek near mouth near Cougar
90-70 50-170 19 -0.328 0.049
70-50 171-250 19 -.368 .028
50-30 251-351 17 -.382 .032
30-10 352-540 18 — —
14216500 Muddy River below Clear Creek near Cougar
90-70 263-764 32 -0.052 0.673
70-50 765-1,250 35 .005 .966
50-30 1,260-2,530 30 -.099 443
30-20 2,540-3,360 16 — —
20-10 3,370-5,910 17 =191 .284
10-2 5,920-7,280 16 -.300 .105
14240800 Green River above Beaver Creek near Kid Valley
90-70 190-457 36 -0.376 0.001
70-50 458-985 37 — —
50-30 986-1,730 36 -.286 .014
30-20 1,740-2,090 17 -.559 .002
20-10 2,100-2,690 18 -.595 .001
10-2 2,700-5,230 14 -.143 ATT7
14241100 North Fork Toutle River at Kid Valley
90-70 498-1,320 117 -0.439 <0.001
70-50 1,330-2,600 117 — —
50-30 2,610-4,960 115 —-.487 <.001
30-20 4,970-7,300 59 -.052 .561
20-10 7,300-12,400 57 — —
10-2 12,400-17,500 53 -.436 <.001
14241490 South Fork Toutle River at Camp 12 near Toutle
90-70 198-617 57 0.046 0.610
70-50 618-1,690 57 =217 .017
50-30 1,700-3,440 58 .048 .596
30-20 3,450-4,570 28 -.100 .453
20-10 4,580-5,720 28 -.418 .002
10-2 5,730-8,030 23 — —
14242580 Toutle River at Tower Road near Silver Lake

90-70 863-2,300 174 -0.228 <0.001
70-50 2,310-3,970 166 -.164 .002
50-30 3,980-8,250 170 — —
30-20 8,260-11,900 85 -.074 314
20-10 12,000-17,400 85 — —
10-2 17,500-28,100 68 .060 472
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Figure 60. Sediment concentration at 1-percent and 50-percent mean discharge exceedance values, as determined
from seasonal regressions (November 1 to March 31) for each water year at the Green River above Beaver Creek, the
North Fork Toutle River at Kid Valley, the South Fork Toutle River at Camp 12, and the Toutle River at Tower Road, near
Mount St. Helens, Washington.
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Figure 61. Sediment concentration at 1-percent and 50-percent mean discharge exceedance values, as determined from
seasonal regressions (November 1 to March 31) for each water year at Clearwater Creek near mouth and the Muddy
River above Clear Creek (1982—-83) and below Clear Creek, near Mount St. Helens, Washingtion.

stem Toutle Rivers enclose the minimum concentra- Muddy Rivers were partially melted, which generated
tions along a sustained plateau (fig. 68). The plateaudestructive lahars in those channels (Lipman and Mul-
appears where sediment concentrations rarely droppdtheaux, 1981). Widespread erosion of lahar deposits
below 1,000 mg/L from water years 1982 to 1987.  began during storm flow on November 6-8, 1980.
During the same 5-year period, maximum sediment Samples collected near peak discharge approached
concentrations declined from more than 100,000 mg/L100,000 mg/L in the South Fork Toutle River and
to less than 50,000 mg/L. 180,000 mg/L in the Muddy River. The range of max-
The sustained plateau of sediment concentra- imum concentrations decreased to around 10,000 mg/L
tions at low flow indicates that sediment was perpetu-by 1984. Storm-flow concentrations still reached that
ally available for transport. The similarity between therange in 1990 at both streams. The envelopes of sedi-
two envelopes of sediment concentration shows that ment concentration for both stations show a gradual
transport rates in the mainstem Toutle River were domexpansion as minimum concentratiorgtased to
inated by sediment sources in the North Fork Toutle between 1 and 10 mg/L (fig. 69).

River. Sediment concentrations increased suddenly and
briefly in late summer at the Muddy River and the
Lahar Deposits South Fork Toutle River at Camp 12, particularly dur-

ing 1987 through 1990. Glacial meltwater and snow-
During the 1980 eruption, glaciers and snow- melt would have been the likely sources of stream
fields at the head of the South Fork Toutle and the  discharge at those times. There was no dobserva-
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Figure 62. Sand concentration, sorted by discharge range, Green River above Beaver
Creek, near Mount St. Helens, Washington, 1981-90.
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Figure 63. Sand concentration, sorted by discharge range, North Fork Toutle River at Kid
Valley, near Mount St. Helens, Washington, 1981-90.
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Figure 64. Sand concentration, sorted by discharge range, South Fork Toutle River at Camp 12,
near Mount St. Helens, Washington, 1981-90.
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Figure 65. Sand concentration, sorted by discharge range, Toutle River at Tower Road, near
Mount St. Helens, Washington, 1981-90.
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Figure 66. Sand concentration, sorted by discharge range, Clearwater Creek near mouth,
near Mount St. Helens, Washington, 1981-90.

tion of sediment input to the streams, altgh occa- measured in the Green River until June 1981; storm
sional mass wasting seems likely in the steep upland flows in Clearwater Creek were sampled only on
valleys. November 8, 1980, and in February 1982 during water

yearsl981-82. The initial magnitude of sediment trans-
port from these drainage basins is therefore uncertain.

The envelopes of sediment concentration for

The Green River basin, to the north of Mount St.poth stations maintained a similar width over the study
Helens, and the Clearwater Creek basin, to the east- period, with a parallel decline in both the maximum
northeast, were both blanketed with airfall tephra, ashand minimum concentrations (fig. 70). The envelopes
and blast deposits. These two drainage basins, whichare broader and more uniform than those of gaging sta-
do not head at Mount St. Helens, were isolated from théons on streams dominated by the debris-avalanche
effects of large lahars. Storm flow was not sampled andleposit. Minimum sediment concentrations often

Airfall Deposits
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Figure 67. Sand concentration, sorted by discharge range, Muddy River below Clear Creek, near
Mount St. Helens, Washington, 1984-90.
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Figure 68. Sediment concentration of samples collected at streams dominated by debris-avalanche deposit, North Fork
Toutle River at Kid Valley and the Toutle River at Tower Road, near Mount St. Helens, Washington.

reached 1 mg/L, whereas sampled sediment concentded Material

tions did not exceed 10,000 mg/L after 1981. The Pre-eruption observations of bed material in the

tephra provided sediment for transport, but did not protoutle River and the upper Lewis River tributaries are

duce high sediment discharges after initial erosion byrare and mostly anecdotal. A partial list of streambed

the storms of 1980-81. observations was excerpted from comments on dis-
charge measurements made at the Toutle River near
Silver Lake from September 1969 to September 1981

Changes in Sediment Sizes (table 15). Streambeds were described as composed of
cobbles until after May 18, 1980, when channel

Sizes of bed material, suspended sediment, andlescriptions for the next year usually mentioned sand
bedload at streams near Mount St. Helens were meaand silt. The anecdotal comments concur among vari-

sured periodically. Trends in particle-size distributions®US individuals. Descriptions of turbid flow and float-

during the study period are discussed in this section. A trees and woody debris also appear in the pre-
eruption storm measurements.

general coarsening of bed material and bedload can be Surficial bed material in the Toutle River con-

discerned from the size data, although the suspendedsigted of sand and fine gravel through the major storms
sediment size data did not show a simple relation withof 1980. Equipment designed for sampling sandy beds
time. worked well in these streams at low and medium flows.
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Table 15. Selected descriptions and comments on discharge measurement notes, Toutle River near Silver Lake,
Washington, 1969-81

[ft%/s, cubic foot per second; —, no data; LEW, left edge of water; REW, right edge of water]

Stream
Measurement date discharge Cross-section description Flow comments
(ft3/s)
Measurements before May 18, 1980, eruption

Sept. 19, 1969 892 Large cobbles —
Nov. 19, 1969 1,160 Rock and cobbles —
Dec. 24, 1969 4,900 Cobbles and boulders Fast and turbid.
Jan. 22, 1970 7,070 Rock and cobbles Turbid.
Feb. 27, 1970 1,950 Rocky —
Apr. 23,1970 1,610 Cobbles, gravel, small boulders —
Oct. 12, 1970 515 Cobbles, gravel, small boulders Heavy with silt.
Nov. 25, 1970 5,990 Cobbles, gravel Falling stage.
Dec. 14, 1971 4,430 Firm, cobbles, boulder Fairly uniform.
Jan. 20, 1972 — River full of drift; Cable car would be under water at —

section
Aug. 30, 1972 497 Large cobbles Fairly uniform.
Dec. 21, 1973 5,410 Firm - cobbles Fairly uniform.
Jan. 16, 1974 26,300 — Turbulent - much debris.
Feb. 11, 1974 2,070 Cobbles and rock —
Oct. 29, 1975 5,400 Uniform cobbles, some boulders on left bank Water full of silt and small debris.
Aug. 18, 1978 561 Boulders and cobbles Fast and shallow.
Aug. 18, 1978 605 Boulders and gravel Fast velocities.
Feb. 5, 1980 3,000 Cobbles Fast velocity.
Apr. 4, 1980 1,720 Irregular cobbles, boulders Gravel bar exposed.

Measurements after May 18, 1980, eruption

Aug. 22, 1980 239 Soft silt and ash, some boulders Uniform standing waves.
Sept. 17, 1980 282 Silt, sand, bottom loose Uniform, waves at center.
Sept. 29, 1980 324 Gravel, sand Uniform.
Oct. 9, 1980 250 Gravel, sand, shifting bed Uniform.
Oct. 21, 1980 251 Gravel, sand Uniform.
Nov. 8, 1980 7,000 Gravel, sand Not much drift.
Nov. 21, 1980 7,500 Fairly firm bed Extremely turbulent.
Nov. 22, 1980 5,010 Seems silty from LEW to station 169 - heavier gravel—

possible rock to REW
Dec. 12, 1980 2,130 Large rock, silt, rough Fast, boiling, turbid.
Dec. 13, 1980 1,980 Cobbles, gravel, silt, rocks Turbid, uneven.
Aug. 5, 1981 539 Gravel and rocks; continuous rocky riffle, some sand n&arbid.

left bank
Aug. 26, 1981 284 Large cobbles and boulders, some gravel —
Sept. 9, 1981 293 Cobbles —
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Figure 69. Sediment concentration of samples collected at streams dominated by lahar deposits, South Fork Toutle River
at Toutle (open circles) and Camp 12 (closed circles) and the Muddy River above Clear Creek (open circles) and below
Clear Creek (closed circles), near Mount St. Helens, Washington.

Sampling points in the cross section were located at with later years. More than half the samples from Tou-

centroids of equal discharge, which were determined tle River at Tower Road have median particle sizes in

for suspended-sediment sampling. Some sample setfhe sand range.

were composited before analysis of particle size. Bed material at the Toutle River at Highway 99

Median particle size was determined for bed-materialwas primarily sand and fine gravel through 1983, when

samples (both individual and composited sets) by intessampling operations at that station ceased. Median par-

polation to Q, and was plotted by time (figs. 71-74). ticle sizes at the Cowlitz River at Castle Rock were

In the figures, individual samples of bed material frommostly in the sand range (fig. 72). An annual cycle of

the same set are connected with a vertical line. coarsening, coinciding with increasing uniformity in
Median particle sizes of bed-material samples the cross section, is discernible in water years 1982 and

from the North Fork Toutle and the mainstem Toutle 1983.

River range from 0.1 to 100 mm (fig. 71). Median par- At the Muddy River, the average,{of bed

ticle sizes of samples from the North Fork Toutle Rivermaterial sampled from 1981 to 1989 remained in the

at Kid Valley are distributed through the sand and range of coarse sands (fig. 73). Although the first few

gravel ranges. Variability within sample sets from thesets of samples were primarily fine and medium sands,

North Fork Toutle River increased noticeably betweenother samples ranged from sand to gravel throughout

1982 and 1986 (fig. 71). Variability also increased in the study period.

bed-material samples from the Toutle River at Tower Streambeds having a stable, gravellsfate dur-

Road, especially when contrasting samples from 1981ng moderate discharges may be covered with sand
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Figure 70. Sediment concentration of samples collected at streams dominated by airfall deposits, Green River above Beaver
Creek and Clearwater Creek near mouth, near Mount St. Helens, Washington.

following storm flow. At other times, high stream with sediment larger than gravel are not well repre-
velocities over sandy material in a particular reach can sented by the BM-54 bed-material data. The field notes
leave a coarsened bed. During periods of extreme sedfor bed-material samples include many instancesrah
iment discharge, the processes of bedform growth, sancthed material was too coarse for reliable sampling.
transport, and pavement formation alter bed-material Although sand and gravel may have been present in
size distributions quickly. Bed-material samples col- patches on the streambed, the small clamshell bucket
lected during two storm flows (February 1982 and Feb-(10.7 irf) on the BM-54 bed-material sampler would
ruary 1986) are contrasted in figure 74. Median particle not close in the presence of protuding cobbles. Size
sizes of bed-material samples were all in the sand rangedistributions of bed material in the gravel-paved
following the 1982 storm flow at the Toutle River at  streams were poorly documented where streambeds
Tower Road, when bed-material samples had previ- were not penetrable by the BM-54 bed-material sam-
ously included fine- and medium gravel. No such pler. These limitations have been noted in the pub-
increase in sandy samples was measured following thelished tabulations of bed-material data (Dinehart,
storm flow of February 1986 at the North Fork Toutle 1992b).

River at Kid Valley. Instead, two samples of coarse Pavement formed gradually on the Toutle River
gravel were collected 2 days after bed-material samplesstreambeds, but was not fully quantified by bed-
were fine gravel or finer. material samples. Sediment beneath the pavement

Only sand and gravel can be sampled representafsubpavement) is usually released and transported dur-
tively by a BM-54 bed-material sampler. Streambeds ing pavement-disrupting flows. During summer low
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Figure 71. Median particle size of bed material, North Fork Toutle River at Kid Valley and the Toutle River at Tower
Road, near Mount St. Helens, Washington.

flow in 1987, 1989, and 1990, subpavement material irexposed channel bars that had sand and fine gravel on
the stream channel at the North Fork Toutle River at their surfaces in the ear\@&0s.

Kid Valley was sampled by excavation in exposed

gravel bars. Size distributions of the subpavement samgzqoad

ples are plotted on a geometric scale for clarity (fig.

75). The bimodal size distribution of gravel deposits is Bedload was sampled with pressure-difference
evident where a minimum amount of coarse sand andSampIerS to estimate bedload-transport rates. Size dis-
fine gravel is shown. In 1990, streambeds at gaging stéibutions of the bedload samples were determined by
tions on the Muddy River, the Green River, Clearwatermechanical sieving at regular phi intervals. In 1985,
Creek, and the North Fork, the South Fork, and the the Helley-Smith sampler (with 3- x 3-in. opening) was
mainstem Toutle Rivers consisted of gravel and cob- used, which excluded coarser gravel and cobbles

bles, with occasional boulders, interspersed with known to be available for transport. During 1986, the
poorly sorted sand. Sand was found mainly in the subFR-2 sampler (with 6- x 12-in. opening) extended the
pavement material and as slackwater deposits duringrange of bedload sizes that could be collected

low-flow periods. Cobbles were predominant on (Childers, 1992). Bedload was sampled in the North
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Figure 74. Median particle size of bed material before and after days of storm flow, Toutle River at Tower Road, February
15-25, 1982, and the North Fork Toutle River at Kid Valley, February 17-27, 1986, near Mount St. Helens, Washington.
Dashed vertical line represents day of peak discharge.

Fork Toutle River, the Toutle River, and the Muddy Bedload was sampled repetitively during storm
River (table 16). Compared with subpavement sam- flow in 1989 and 1990 at the North Fork Toutle River
ples, bedload samples collected at the North Fork Touwt Kid Valley. Size distribution of bedload approached

tle River at Kid Valley in 1986 were more nearly that of the subpavement following peak stage, and
unimodal (fig. 76). median particle sizes of the bedload coarsened gradu-
Median bedload sizes were finer at toafle ally during flow recession (Dinehart, 1992a).

River at Tower Road than at the North Fork Toutle

River at Kid Valley during water years 1986-87 when Suspended Sediment

similar samplers were used (fig. 77). Bedload samples

collected at the North Fork Toutle River at Kid Valley Particle-size distributions of hundreds of sus-
showed larger median particle sizes following the clo-Pended-sediment samples were determined routinely
sure of the SRS in November 1987. Bedload sampleguring the period 1980-90 with fall-velocity and

also showed increasing variability between 1985 and sieving methods (Guy, 1969). Size distributions of sus-
1989, particularly in the coarse gravel and cobble  pended sediment sampled at gaging stations are plotted
range. in figures 78 through 80. Median particle sizes at all

88 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis
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Figure 75. Size distributions of subpavement samples
collected at the North Fork Toutle River at Kid Valley, near
Mount St. Helens, Washington: A, Samples collected at 24
points along gravel bar in 1987; B, Samples collected at

three points along gravel bar in 1989 and in trench of smaller

bar near right bank in 1990.

Table 16. Bedload discharge measurements at four gaging
stations near Mount St. Helens, Washington

Number of
Period of  cross-sec-
Gaging sta- . . bedload tion bed-
) Gaging station name ;
tion number sampling, load
water years measure-
ments
14240400 North Fork Toutle River 1985-88 26
above Bear Creek near
Kid Valley
14241100 North Fork Toutle River 1985-90 31
at Kid Valley
14242580 Toutle River at Tower 1985-87 26
Road near Silver Lake
14216500 Muddy River below Clead985-87 7

Creek near Cougar
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z 201 ,,/2\\\‘;(‘”}6\ 1
8
& 10 |

0.062-0.125
0.125-0.250
0.25-0.50
1.0-2.0
2.0-4.0 -
4.0-8.0 -
8.0-16.0
16.0-32.0
32.0-64.0 -
64.0-128 |-
128-256 |-

PARTICLE-SIZE CLASS, IN MILLIMETERS

Figure 76. Size distributions of bedload samples collected at
the North Fork Toutle River at Kid Valley, near Mount St.
Helens, Washington, during various flows in 1986.

stations ranged from fine silt to fine sand. Although
exploratory analyses were made to detect miati
between streamdischarge, sediment size, and time, no
obvious trends were found. Other extensive studies of
particle-size relations with discharge have acknowl-
edged the complexity of the relations, with inconclu-
sive results (Ashmore, 1986; Walling and Moorehead,
1987).

An inverse relation between concentration and
median particle size can be demonstrated for sus-
pended-sediment samples collected at the Toutle River
at Tower Road. Concentrations were divided into two
groups, with 20,000 mg/L as the division line (fig. 81).
Median particle sizes in the group 20,000 to 128,000
mg/L were often finer than the group 2,010 to 19,800
mg/L. Inthe lower concentration group, the average of
median diameters was 0.093 mm, compared with an
average of median diameters of 0.064 mm in the higher
concentration group. Increases in fine concentration
during storm flow were described in the section "Peaks
and Lags of Sediment Concentrations."

SEDIMENT-TRANSPORT MONITORING
AND RESEARCH

Sediment-transport monitoring through 1990 by
the Cascades Volcano Observatory yielded information

Sediment-Transport Monitoring and Research 89
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Figure 77. Median particle size of bedload collected with pressure-difference samplers at the North Fork Toutle River at Kid
Valley and the Toutle River at Tower Road, near Mount St. Helens, Washington.

about lahar behavior and sediment-transport processésediment Discharges of Lahars

that is summarized here. Examples of existing and

potential research in sedimentation, both regional and Eruption-induced flows of volcanic debris and
basic, are presented as benefits of monitoring. Suggeswd leave characteristic deposits that have been identi-
tions for additional data collection also are described.fied in the river valleys of several Cascades Range

The U.S. Geological Survey has prepared and releasedountains (Crandell and Waldron, 1956; Mullineaux
numerous publications that present detailed aspects @nd Crandell, 1962; Schmincke,1967; Crandell, 1971,
sediment transport at Mount St. Helens (see sources ifcott, 1988; Scott and others, 1992). The flows have
"Availability of Data"). been described with the inclusive Indonesian word

90 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis
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Figure 78. Size distribution of suspended sediment for all samples with full size analyses at the North Fork Toutle River at Kid
Valley and the South Fork Toutle River at Camp 12, near Mount St. Helens, Washington.
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Figure 79. Size distribution of suspended sediment for all samples with full size analyses at the Toutle River at Highway 99
and the Cowlitz River at Castle Rock, near Mount St. Helens, Washington.
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Figure 80. Size distribution of suspended sediment for all samples with full size analyses at the Muddy River above and below
Clear Creek, near Mount St. Helens, Washington.
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Figure 81. Size distribution of suspended sediment for A all samples with full size analyses at the Toutle River at Tower Road,
near Mount St. Helens, Washington, and for B samples with concentrations less than and greater than 20,000 milligrams per
liter.
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Figure 82. Stream discharge and sediment concentration, May 18—-20, 1980, Toutle River at Highway 99, near Mount St.
Helens, Washington.

“lahar" to denote rapid, transient flows of sediment andnent concentration and stream dischargeandrawn
water from a volcano. The sediment in lahars is mobifrom these data (fig. 82; J.M. Knott, U.S. Geological
lized by melted ice and snow and by stream water in Survey, written commun., 1981), and were used to esti-
channels that the lahar invades. As lahars travel and mate the sediment discharge of the two lahars at 153
diminish in flow quantity, they deposit sediment that is million tons on May 18-19, 1980.

later recognized by the angular, floating clasts sup- On May 19, 1980, the waning lahar from the
ported in a sandy or clayey matrix. Toutle River was sampled from the bridge over the
The quantity of sediment transported from Cowlitz River at Castle Rock throughout the day.

Mount St. Helens as lahars on May 18, 1980, was esfl-hese were cross-section samples, collected every hour
mated from relatively few samples of the flowages. and later composited in the sediment laboratory for a
The samples were collected without knowledge of thesingle analysis at each hour (Dinehart and others,
extended range of sediment concentration that lahars1981). Stream discharge of the lahars past the Cowlitz
undergo. The lahar in the South Fork Toutle River wasRiver at Castle Rock gaging station was calculated by
sampled on recession, at a stream discharge of aboutomparison with the Toutle River at Highway 99.

500 f8/s, 3 hours after an estimated peak discharge of Lahars can be debris flows that become diluted
45,000 fé/s. Seven hours later, the lahar from the Northto a hyperconcentrated phase where sediment concen-
Fork Toutle River was sampled on the rising stage at @rations range from 40 to 80 percent sediment by
discharge of about 60,0006/&. The sample of the weight (Beverage and Culbertson, 1964), and sediment
North Fork lahar and a sample taken 9 hours after peagettles differentially by hindered fall velocity. A hyper-
discharge were collected at the Toutle River at High- concentrated phase of a lahar was observed at three
way 99 (Dinehart and others, 1981). Curves of sedi- gaging stations on the Toutle River on March 20, 1982,
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Figure 83. Deposits from lahar of March 19, 1982, at the Toutle River at Highway 99, near Mount St. Helens,
Washington.

as it flowed to the Cowlitz River. This flow was the lahar. Sediment discharge for the hyperconcentrated
result of a minor eruption in therater of Mount St. flow at the North Fork Toutle River at Kid Valley was
Helens that began explosively on March 19, 1982 5,430,000 tons, which decreased to 3,480,000 tons at
(Waitt and others, 1983). The deposits in the Toutle the Toutle River at Highway 99. Although the flow was
River (fig. 83) were well-sorted sand and fine gravel, depositional, the fine sediment measured at high con-
unstratified or massive and crudely stratified, with  centrations by sampling was found in only small quan-
thicknesses greater than 1 m (Scott, 1988). tities in the lahar deposits. Suspended-sediment

The experience of under-sampling the May 18—samples collected at the Cowlitz River at Castle Rock
19, 1980, lahars prompted the collection of abundant during the flow were mostly fine sediment. These
samples during the lahar of March 19-20, 1982, in thedbservations showed that the distribution of sediment
Toutle River. Sediment samples collected at the Nortisizes found in the lahar deposits did not fully represent
Fork Toutle River at Kid Valley, the Toutle River at  the sediment that flowed as the lahar. The fine sedi-
Tower Road, and the Toutle River at Highway 99 ment, which is fundamental in maintaining high sedi-
included concentrations around 1 million mg/L. Over ment concentrations in the flow, was transported past
100 samples of the main flow were collected in total athe depositional area, and its presence wasegotded
the three gaging stations (Dinehart, 1986) in spite of in the deposits.
floating woody debris and the highly-viscous material Particle-size analyses of the March 19, 1982,
that would not flow easily into sample nozzles and bottahar samples were used to draw curves of fine and
tles. sand concentration (fig. 84). Fine concentration

Records of river stage and discharge measure- attained a range of 300,000 mg/L, and gradually
ments were combined with sediment samples to comdecreased. Sand concentration, however, reached
pute sediment discharge for the March 19-20, 1982, much higher concentrations and receded more rapidly.

96 Sediment Transport at Gaging Stations near Mount St. Helens, Washington, 1980—90. Data Collection and Analysis
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Rapid decreases in concentration may be diagnostic df987). Velocity profiles, as measured by Price AA
hyperconcentrated-phase lahars, which are differenti-velocity meters, corroborated other observations
ated from lahars with higher, but more constant, sedi-(Marchand and others, 1984) of surface vities that
ment concentrations. were higher than predicted. Sand suspension near the
A small lahar reached the North Fork Toutle  bed was greater than predicted by concentration distri-
River on May 14, 1984, which was sampled at Kid Val-bution laws. The field data showed that, in storm flows,
ley and at the Toutle River at Tower Road (see "Peakgartial-depth measurements could not be adjusted reli-
and Lags of Sediment Concentration"). Peak measureably to derive vertically-averaged measurements. This
concentrations were about 79,000 and 46,000 mg/L dinding justified the use of larger sounding weights and
Kid Valley and Tower Road, respectively. The sedi- sediment samplers.
ment concentrations were an order of magnitude lower Velocity and concentration distributions varied
than those of the March 19-20, 1982, lahar. No otherrapidly with time. Repetitive stream discharge mea-
sediment-laden flows directly attributed to volcanic ~ surements during single storm flows showed that mean
action were sampled in the Toutle River between the bed elevation varied significantly. Bedform migration
May 14, 1984, flow and the end of the study period. was investigated as a source of the variability (Dine-
hart, 1989). Sonar was first deployed in 1986 to detect
bedform movement. Dune-like bedforms were found
Monitoring and Sediment-Transport migrating at 1 to 3 in./s, with dune heights from 5 to 20
Processes in. Concurrent samples of bed material and bedload
collected during sonar observations demonstrated that
Monitoring sediment transport in streams at  the dunes were composed of fine-to-coarse gravel
Mount St. Helens for the purpose of sediment dischargéinehart, 1992b). Continuous measurements of
measurements also resulted in extensive collection ofvelocity at two or three points above the bed showed
research data. High sediment concentrations and  that the velocity profile was directly affected by bed-
stream velocities are seldom measured as frequently dsrm migration (Dinehart, 1992b).
was done in the study area. Therefore, analysis of the Rapid changes in bed regime during storm flows
field data provided examples of sediment transport atwere apparent from water-surface features. Upstream-
extreme flow conditions. Some field data illustrate  moving surface waves indicated the formation of sandy
sediment-transport variability, such as velocity fluctua-antidunes in some streams during high-concentration
tions, rapid changes in cross-sectiorrabaand bed ele- storm flows in 1980-82. Periodic alternation in the
vation, and random changes in sediment concentratiorstream surface from dark, saratyils to smooth, shoot-
This section notes benefits of monitoring sediment- ing flow indicated transition from dune to upper-
transport processes for research and engineering. Moregime plane bed. Periodic fluctuations of water sur-
itoring of this kind provides data to compute percent- face seen in stage recordsstérm flow indicated bed-
age deviations of sediment discharge values and to form growth during flow recession. Continuous sonar
document the hydraulics of sediment transport. observations of streambeds during storm flow con-
When collecting samples and measuring velocityfirmed that stage fluctuations corresponded to bedform
in storm flows, lower flow depths are difficult to reach migration.
with cable-suspended equipment. For samples and Measured bedload discharges were compared
velocity measurements in the upper region of the flowwith discharges from formulas that use hydraulic and
the measurements can be extended to represent the sediment data to estimate bedload discharge (S.E.
entire flow by application of velocity and concentra- Hammond, U.S. Geological Survey, written. commun.,
tion-distribution laws. Empirical geections for con-  1992). Several formulas (for example, Bagnold, 1966;
centration and velocity distributiorsse devioped Shen and Hung, 1972; Yang, 1973) gave transport rates
from simplified conditions in nearly steady flows, and that were comparable to field measurements. Other
their applicability to high velocities and sediment con-transport formulas were less applicable for the range of
centrations is not widely documented. Therefore, vereonditions in the North Fork and the mainstem Toutle
tical distributions of velocity and sediment were Rivers.
measured at several gaging stations, in association with Additional sediment-transport data that are avail-
routine sediment-discharge measurements (Dinehart,able for research are listed here:
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» Subpavement and bedload samples following dam tion would enhance sediment-transport studies. The
closure retrospetive look at sediment tresport at gaging sta-
Following the closure of the SRS on the North Fork tions suggested needs for additional data collection and

Toutle River, sttambeds densteam coarsened mea- strategic changes in stream monitoring.
surably. Bedload samples collected during that period aytomatic sediment samplers for rapid deployment

contained sand and f_m_e grqvel, whereas subpavem_enhequem sediment samples were not obtained at some
samples became deficient in the same range of sedi- aging stations during 1980-81, which precluded com-

ment sizes. River channels often degrade downstrearﬁqlle,[e records of daily sediment discharges at those
from dams, and the bedload samples can reveal detaifs y 9

of the armoring process. srllteT\.I Tfr\]eFflrskt 12dmr(?ntgs ofhs;zdlrint ?ls;harge from
» Data for total sediment discharge the North Fork and the South Fork Toutle Riverev

Further analysis of the total sediment-discharge data observed by §ed|ment measgrement_s on 35 s_eparate
collected in streams near Mount St. Helens should ~ days. No daily values of sediment discharge in water
prove valuable. The coarse sediment, high stream Y&ars 1980-81 were computed for threéh River, the
velocities, and high sediment-discharge rates are dis-Muddy River, or Pine Creek, due to the scarcity of sed-
tinctly different from sand-dominated streams where iment data. The limited amount of time and personnel
total sediment-discharge studies have been performetp install automatic sampling equipment hindered the
in the past. Data for geomorphic evaluations of the acquisition of useful sediment data throughout the win-
instantaneous discharge and sediment transport meater of 1980-81. Future developments in sediment data
surements are available (Childers and others, 1988; collection might include automatic sampling equip-
Hammond, 1989). ment that can be deployed rapidly (in a few days) at
» Analyses of suspended-sediment size distributionsremote sites.
A byproduct of data collection for calculations of total « Automatic sampling of suspended sands
sediment discharge is a database of particle-size distfijycertainty in estimates of total sand discharge per-
butions of sgspendeq sediment. T_he size d'sm,bunon§isted throughout the sediment-sampling program.
vary unpr_ed.|ctably_ with flow _cond|t|ons and pa3|n . Dunne and Leopold (1981) highlighted the lack of sand
characteristics. Simple relations between size statis- . . . . .
tics, stream discharge, and sediment concentration divisions for samples collected during 1980 in S”ef"‘ms_
were not found in sediment data spanning several near Mount St. Helens. Bgcause sand_c_oncentratlo_n_ls
years. Because suspended-sediment samples were c%%—eml for estimates of sediment deposition, g.an_d-dwp
sion analyses were made of all samples beginning in

lected in the study area under a wide range of condi- X ) )
tions, a large population of size distributions is 1981. Dependence on automatic sediment sampling
available for further analysis. eventually reduced the number of samples with known

- Precipitation data sand concentrations. To monitor sand transport during

Runoff response of the Toutle River was altered by theStorm flow, additional depth-integrated samples would
1980 eruption (Datta and others, 1983). Interest in th&€ essential. Automatic sampling equipment that col-
altered rainfall-unoff relation decreased after erosion lects representative sand concentrations is desirable.
of ashfall had progressed for several years. Howevers Gravel-bed sampling

precipitation data collected at several sites near Mounthere are few data available to describe streambed
St. Helens through 1990 (Uhrich, 1990) are available coarsening and pavement formation. The limited bed-
for analysis. material data suggest that methods of sampling bed
material could have been modified and expanded as
soon as 1981. The standard bed-material sampler
(BM-54) was inadequate for subaqueous sampling of

Eleven years of sediment-transport observationgravel bed material, and the samples were not fully rep-
at Mount St. Helens gave a detailed sequence of seditesentative of gravel beds. A sampler for gravel bed
ment discharge from the Toutle and the Lewis River material that can be used at gaging stations with gravel
basins after the 1980 eruption. Although steady effortstreambeds may be required. Established methods of
to monitor stream discharge and sediment concentra-sampling exposed gravel bars also can be used period-
tion defined the overall trends, additional data collec- ically (Church and others, 1987).

Additional Data Collection
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« Continuous bed-elevation data SUMMARY

A variety of methods to measure bed elevation by sonar When th h colurmn from Mount St. Helens
can be used at gaging stations (Dinehart, 1992a). Bed- €n the ash colu 0 ou - Nele

. g o . Subsided on the evening of May 18, 1980, the valleys
elevation data can improve the application of St"’lge/d's’delow had been reshaped with enormous lahars and the

charge relations, detect processes of fill and scour, angqren remnants of the mountain. To assess the imme-
identify modes of sediment transport not detectable byjiate hazards and to anticipate the future of the altered
sampling alone. landscape, the U.S. Geological Survey pred a com-

» Effects of gravel bedforms on stream velocity plex program of sediment-transport monitoring. lde-
Bedforms in heterogenous grave| beds may cause aIIy, sediment dlscharge from the devastated lands

stage-discharge relations to shift by changing mean be@jould be monitored by synoptic, continuous data col-
elevation and mean velocity. When the physical pro- lection at most gaging stations for discharge and sedi-

o Epent concentration. Logistical constraints of
cesses of migrating gravel dunes are better understoo . .
pérsonnel and equipment often restricted data collec-

flow resistance in erodible gravel beds can be estimate bon to three or four stations when sediment discharges

more reliably (Dinehart, 1992a). . were high, and only intermittent measurements could
* Effects of high sediment concentration on stream e obtained. Of three basic objectives set for sediment-

velocity transport monitoring, computation of daily suspended-
At high sediment concentrations, small-scale turbu- sediment discharge was the most successful. Research-
lence in river flow is visibly dampened, and fawe quality data collected during several unique sediment-

velocities are occasionallyepter than expected from 1aden flows fulfilled another objective. Sediment-
distribution laws. Field observations of vertical veloc-@nsport data were collected at all gaging stations for

ity profiles did not provide reliable contrasts between totallsedlment o_hschgrge; much O.f the organized and
. published data is suitable for sediment-transport
clear-water and sediment-laden flows, because bed

research.
roughnesses were not known. Field investigations of Analysis of sediment-transport data from

sediment-laden flow, accompanied by measurementsstreams near Mount St. Helens has produced regional
of bedforms and bedload transport, would define sig- information on the magnitude of sediment discharge
nificant effects ohigh sediment concentrations on  and the return toward pretgation water quality. After
flow velocity. the lahars of May 18-19, 1980, about 170 million tons
« Frequent measurements of channel geometry of sediment had been transported in suspension from

Sediment discharges are greatest during brief periodghe Toutle to the Cowlitz River by September 30, 1990.
of unsteady storm flow, when channel geometry is This amounts to less than 10 percent of the sediment in

altered by scour and fill and by migration of bedformsthe debris-avalanche deposit. Sediment concentrations

¢ | | &dible bank 4 mobil at similar discharges decreased over the study period,
of several scales. &dible banks and moblile stream- g g the annual sediment discharges at gaging sta-

beds produce changes in channel geometry during higlyns. During storm flow in 1990, streams with sedi-
flows, but understanding the sequence of erosion andment loads dominated by debris avalanche or lahar
deposition in relation to the passage of flood waves deposits reached sediment concentrations that still
requires more frequent measurements of channel  exceeded pre-eruption levels.

geometry. Data collection for sediment discharge records

« Video recordings of flow and monitoring activity  included repetitive measurements of stream discharge
and sediment concentration. Accuracy of sediment dis-
charge records was increased by obtaining frequent
measurements during periods of extreme sediment

River flow and data-collection activities can benefit
from recording to videotape, especially during storm

flows and unique sediment-laden flows. When a flow .

is short-lived and field dataill b vzed in depth transport. Data collected during storm flows gave good
IS 'S grt- \ved and tie _aw,' € analyzedin epth, _ estimates for peak sediment concentration and for
the videotapes will provide information not recorded in changes in stage-discharge relations. Because data

field notes. Visual images of water-surface and Chanwere often collected Synoptica”y at several gag”']g sta-
nel changes can be used to assess flow behavior, espiens, sediment budgets and travel times of flood waves
cially from steady views with long duration. could be calculated with reasonable aecy.
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Sediment transport in the North Fork Toutle computation of sediment discharge and for sediment-
River and the Toutle River was dominated by erosion ofransport research. Automated tri@ns of sediment
the debris avalanche and associated lahar deposits. data, from laboratory to staff to the database WAT-
Annual sediment discharge from the Toutle River basirSTORE, minimized the time spent on data processing.
in water year 1990 was 6 percent of that in water year Sediment data collected at gaging stations near
1982. Maximum sediment concentrations were near Mount St. Helens between 1980 and 1990 have pro-
100,000 mg/L through water year 1984. Minimum  vided quantittive answers to quéehs about sediment
concentrations decreased below 100 mg/L after the cleransport by storm flows and about long-term changes
sure in 1987 of the North Fork Toutle River SRS. Typdin sediment transport of streams affected by volcanic
ical storm-flow concentrations decreased by an order oflebris flows. Further examination of the available sed-
magnitude over the study period. iment data by river engineers agarrth scientists of all
Two lahar-dominated streams, the South Fork disciplines is welcomed.
Toutle River and the Muddy River below Cleae€k,
decreased in annual sediment discharges between 1982
and 1990. Annual sediment discharge of the Muddy REFERENCES CITED
River below Clear Creek in 1990 was one-fifth of that
in water year 1982. During storm flows in water year Allen, J.R.L., 1985, Principles of Physical Sedimentology:

1989, both seams poduced sediment concentrations London, George Allen and Unwin, 272 p.
that were neahose measured in water years 1982—-84.Ashmore, P.E., 1986, Suspended sediment transport in the
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annual sediment discharge, and the high sediment dis- Report IWD-HQ-WRB-SS-86-9, 204 p.
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Sediment data described in this report also are projects. However, further analyses of sediment trans-
available on computer diskettes from the U.S. Geologport are possible with the detailed records. A partial

ical Survey. The data are arranged cbiogically in
ASCII files of several columns, which makes them
immediately usable by personal computers. Although
this information is available directly from WAT-
STORE, the processing necessary to create the ASCII
files already has been performed for the data user.

Several types of sediment data files were made,
from the WATSTORE data. Daily values of mean dis-,
charge, sediment discharge, and mean concentration
are listed for the entire study period. Dates are speci-
fied by the number of days after January 1, 1980. Files
of instantaneous values of suspended-sediment con-*
centration include concurrent stream discharge and *
sand-division data. Days are in calendar format; times
are in days after January 1, 1980 (decimal form) and in
24-hour format. Files that summarize the statistics of*
bed-material samples were prepared from particle-size
distributions. All file formats are described in a sepa-*
rate file called README.DOC. Diskettes of these datas
files can be obtained by writing to:

U.S. Geological Survey
David A. Johnston Cascades Volcano Observatory
5400 MacArthur Boulevard
Vancouver, Washington 98661 .

Some non-routine sediment dat® not avail- .
able from primary databases such as WATSTORE,
because the observations were taken for research

listing of the arbived data files is given below.

Archived data files at Cascades Volcano Obser-

vatory for Mount St. Helens study area:

Stream-discharge measurements;

Channel surveys at monumented cross sections;

Concentration and size analyses of individual sedi-
ment samples;

Concentration of automatic sediment samples;

Sediment concentrations of calibration samples;

Sediment concentrations at centroids of equal dis-
charge in cross section (see also open-file report
by Childers and others, 1988;

Unit value files of stream discharge, sediment con-
centration, and sediment discharge;

Bedload sample data;

Water quality records: sample analyses of multiple
water-quality parameters in WATSTORE; data for
March to September 1980 in open-file report by
Turney and Klein (1982);

Vertical-profile measurements at research sites: data
in open-file report by Dinehart, 1987;

Bedform-migration records: North Fork Toutle
River at Kid Valley (Dinehart, 1992a)

Streamflow measurements at miscellaneous sites in
study area: data in WATSTORE; summarized in
open-file report by Williams and Riis (1989).

Availability of Data 105
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