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CONVERSION FACTORS, TEMPERATURE, VERTICAL DATUM, AND DEFINITION

Multiply By 10 obtain
Length
millimeter (mm) 0.03937 inch
centimeter (cm) 0.3937 inch
meter (m) 3.281 foot
kilometer (km) 0.6214 mile
Area
square kilometer (km?) 0.3861 square mile
Volume
cubic meter (m?) 35.31 cubic foot
cubic kilometer (km?) 0.2399 cubic mile
cubic meter per kilometer (m3/km) 56.83 cubic foot per mile
kilometer per square kilometer 1.609 mile per square mile
(km/km?)
Flow
millimeter per hour (mm/h) 0.03937 inch per hour
millimeter per year (mm/yr) 0.03937 inch per year
meter per second (m/s) 3.281 foot per second
meter per day (m/d) 3.281 foot per day
meter per year {m/yr) 3.281 foot per year
cubic meter per second (m>/s) 35.31 cubic foot per second
Mass
kilogram (kg) 2.205 pound
ton (short) 0.9072 tonne, metric
metric ton per square kilometer 2.855 ton (short) per square mile per year
per year (ton/km?/yr)
Stress
newton per square meter (N/m?) 02089 pound-force per square foot
kilopascal (kPa) 20.89 pound-force per square foot

Temperature: Water temperature in degrees Celsius (C) may be converted to degrees Fahrenheit (F) as follows:

F=18C+32

Definition:
Milligram per liter (mg/L) is a unit expressing the concentration of a chemical constituent in solution as
weight (milligram) of solute per unit volume (liter) of water.

Sea level: 1n this report sea levelrefers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929) —
a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called “mean sea level of 1929.”

! Used herein to be consistent with previous publications on sediment discharge from the Toutle River System.
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CHANNEL AND DRAINAGE-BASIN RESPONSE
OF THE TOUTLE RIVER SYSTEM IN THE
AFTERMATH OF THE 1980 ERUPTION OF
MOUuUNT ST. HELENS, WASHINGTON

By Andrew Simon

ABSTRACT

The catastrophic eruption of Mount St. Helens on
May 18, 1980, resulted in the emplacement of about
2.8 cubic kilometers of volcanic products throughout
much of the drainage basin of the Toutle River in
Washington. Between 115 and 155 million tons of
sediment were discharged from the Toutle River to the
Cowlitz River during May 18-19, 1980. An additional
190 million tons of sediment were transported out of the
Toutle River Basin between 1981 and 1992. Another
40 million tons were trapped behind the permanent
sediment-retention structure on the North Fork Toutle
River. Sedimentyields from the upper North Fork Toutle
River were among the highest recorded, ranging from
18,000 tons per square kilometer in 1989 to about
500,000 tons per square kilometer in 1980. By 1992, only
about 8 percent of the material deposited in the debris
avalanche had been transported our of the Toutle River
system.

Major disruptions to the channels of the Toutle River
system were caused predominantly by (1) the massive
debris avalanche that virtually obliterated the drainage
network of the upper North Fork Toutle River, reduced
its contributing drainage area to about 80 square
kilometers, and raised its valley-bottom elevations by as
much as 140 meters; (2) lahars that swept down the lower
North Fork Toutle River, South Fork Toutle River, and
Toutle River main stem; (3) airfall deposition of a fine-
grained tephra layer on hillslope surfaces in the upper
North Fork Toutle River and upper Green River Basins;
and (4) blowdown by the lateral blast of large tracts of
forests on hillslopes and into stream channels in the upper
Green River Basin. With the exception of the Green River,
channels were transformed from low sinuosity gravel-
cobble streams to sand-bed streams with smoothed
boundaries and straighter alignments. The net result of
these changes was an increase in the magnitude and
frequency of flood flows through 1984. Hillslope erosion
by sheet wash, rilling, and gullying attained peak rates in

the upper Green and North Fork Toutle River Basins
during the first wet season after the eruption and then
decreased substantially and became negligible by 1983.

The most severely affected subbasin was the upper
North Fork Toutle River. Depressions formed on the
surface of the debris avalanche by phreatic explosions of
trapped super-heated water and by subsidence of the
deposit. Water from runoff and subsurface seepage filled
and spilled out of these closed depressions to initiate the
development of a new drainage network. By the end of
1982, the contributing drainage area of this subbasin had
increased to the pre-eruption level of 282 square
kilometers. Channel evolution on the debris avalanche
deposit was dominated by channel widening (hundreds
of meters), although depths of degradation were 30 meters
in some reaches. Changes in channel widths relative to
changes in channel depths were generally similar to pre-
disturbed width-to-depth ratios (60 to 100). Channel
widening resulted in reduced flow depths, consequent
increases in hydraulic roughness and, therefore, decreased
flow velocities. In combination with bed-material
coarsening, these morphologic changes resulted in rapid
reductions in the rate of energy dissipation.

A dimensionless exponential decay function was used
to describe the temporal variation in bed elevations for
sites along all of the major drainages of the Toutle River
system. The toral dimensionless change in bed elevation
was plotted against river kilometer and served as an
empirical model of initial and secondary bed-level
responses. Channel adjustments along the lahar-affected
South Fork Toutle River were considerably less dramatic
than along the North Fork because of dissimilar impacts
which resulted in smaller changes to available stream
energy. Annual sediment yields for the South Fork Toutle
River were generally an order of magnitude lower than
for the North Fork, but were still dominated by channel
widening. The greatest adjustments along the Green River
occurred along the lower 2 kilometers of the stream that
had been inundated by the North Fork lahar.
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Channel evolution consisted of a five-step sequence
that was characterized by the shifting dominance of fluvial
and mass-wasting processes: (1) channel formation,
development, or disruption; (2) degradation if upstream
from the area of maximum disturbance, aggradation if
downstream from the area of maximum disturbance;
(3) channel widening; (4) channel widening with
aggradation if upstream from the area of maximum
disturbance, degradation if downstream from the area of
maximum disturbance; and (5) channel widening with
scour and fill, and the initiation of floodplain development
by valley sidewall collapse and retreat.

The dominance of various adjustment processes was
described in terms of flow-energy principles and the
minimization of the rate of energy dissipation.
Degradation in combination with channel widening was
a common response in this disturbed system and was
determined to be the most effective means of minimizing
the rate of energy dissipation, because all components of
total-mechanical energy (datum head, pressure head, and
velocity head) decreased simultaneously. Reductions in
hydraulic depth and increases in bed-material particle size
confirmed the temporal increase in hydraulic roughness.
In combination with nonlinear reductions in boundary
shear stress, increases in critical shear stress resulted in
nonlinear reductions in excess shear stress and the capacity
of streams to transport bed-material sediment. Thus,
available stream energy and shear stress acted in concert
with critical shear stress to attain a new equilibrium
condition.

INTRODUCTION

The 1980 eruptions of Mount St. Helens in
southwestern Washington marked the re-awakening
of a relatively young (40,000 years) volcano that had
been dormant since 1857 (Christiansen and
Peterson, 1981). Frequent dacitic! eruptions during
the previous 2,500 years had produced pyroclastic?
flows, ash falls, debris flows, lava domes, and lava
flows of andesite and basalt. Pyroclastic flows and
lahars3 accompanied most eruptive periods and were
largely responsible for forming fans around the base
of the volcano, some of which dammed the North
Fork Toutle River to form Spirit Lake between 3,300

and 4,000 years ago (Mullineaux and Crandell,
1981) (fig. 1). The magnitudes of the 1980 eruptions
were not exceptional by worldwide historical
standards; however, they were the first volcanic
eruptions in the conterminous United States since
1914 (Lassen Peak) and focused national attention
on events leading up to the climactic eruption of
May 18, 1980. That eruption led to exceptional
opportunities for scientific observations, data
collection, and the study of infrequent and often
inaccessible geologic events and processes.

EvenTs LEADING TO THE
May 18 ErupTION

Following 123 years of dormancy, Mount
St. Helens signaled its renewed activity on
March 20, 1980, with a series of earthquakes at
shallow depth beneath the volcano. Seismic activity
continued intermittently through March 25 and
climaxed in a steam eruption on March 27,
producing an ash column that rose to a height of
2,000 meters (m) above the volcano. Eruptive blasts
continued through early April, then gradually
decreased and temporarily ceased by April 22.
Eruptions began again on May 7 and continued
intermittently through May 14. Columns of ash rose
as high as 3,000 m above the floor of the crater that
had formed near the summit (Christiansen and
Peterson, 1981).

Bedrock on the upper slopes of the north flank
of the volcano was deformed by the intrusion of
magma into the volcano edifice and formed a “bulge”
that was evident as early as March 27. Through late
April and early May, the bulge grew northward at a
relatively constant rate of 1.5 merers per day (m/d)
(maximum rate of 2.5 m/d). That growth indicated
the continued intrusion of magma and threatened
to destabilize the north flank by gravitational failure
(Lipman and others, 1981). By May 18, the net
volume increase resulting from the bulge and from
the subsiding explosion crater near the summit was

! Dacitic is fine-grained extrusive rock having the same general composition as andesite but with less calcic plagioclase

and more quartz (Bates and Jackson, 1984).

2 Pyroclastic pertains to clastic rock material formed by volcanic explosion (Bates and Jackson, 1984).

3 Lahar refers to a broad range of volcanic mudflows, debris flows, and hyperconcentrated flows of unspecified particle

sizes and water contents (Scott, 1988).
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FIGURE 1.—Location of area impacted by the May 18, 1980, eruption of Mount St. Helens, Washington.

(Map and data adapred from Schuster, 1981.)
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0.11 cubic kilometer (km?) (Moore and Albee,
1981).

At 0832 Pacific daylight time on May 18, a
magnitude-5 earthquake caused mass failure of the
bulging north flank in the form of a 2.5-km?
rockslide and debris avalanche (hereafter referred to
as a debris avalanche). The ensuing climactic
eruption removed the top 450 m of the formerly
symmetrical cone and formed a north-facing
amphitheater-shaped crater 600 m deep (fig. 2). The
release of pressure in the volcanic edifice and its
associated hydrothermal (heated water) system
caused ground-hugging, northward-directed blasts
that rushed outward at velocities as great as
200 meters per second (m/s) and devastated an area
of 600 square kilometers (km?). The ensuing 9-hour
eruption drove ash more than 20 kilometers (km)
high. The ash fell on areas as far as 1,500 km to the
east of the volcano (Christiansen and Peterson,
1981).

VOLCANIC IMPACTS, DEPOSITS, AND
AREAL DISTRIBUTION FROM THE MAY 18
ERUPTION

As a result of the explosive eruption, at least 59
people lost their lives and 386 km? of prime
timberland were devastated. About 300 km of roads,
19 bridges, and 27 km of railroad were buried in ash
or washed away by mudflows (Schuster, 1981)
(fig 3). Travel on Interstate 5, the major north-south
roadway in the Pacific Northwest, was severely
hampered. Deposition of 34 million cubic
meters (m?) of pumiceous? sand and gravel in the
Columbia River (Bechly, 1980) forced a cessation
of ship traffic between Portland, Oregon, and the
Pacific Ocean. Ash deposited over eastern
Washington, northern Idaho, and western Montana
affected transportation and municipal operations
throughout the area.

The May 18 explosive volcanic eruption affected
all flanks of the volcano and impacted all stream
systems draining Mount St. Helens (fig. 1). The
variety and magnitude of the deposits and other

effects, however, resulted in impacts of varying
severity. The eruption deposited 2.83 km? of
explosively generated volcanic material in the Toutle
River Basin (table 1). The greatest impacts were
concentrated north of the volcano in the direction
of the lateral blast, and in the valley of the upper
North Fork Toutle River. The latter area was buried
under the 2.5-km? debris avalanche, pyroclastic
flows, and tephra (blast and ashfall). Major deposits
and effects of the eruption include the following

(fig. 1)

1. Debris-avalanche deposit and associated
lake formation from impoundment of
tributaries,

2. Deposits and impacts of the directed blast
(tree removal and blowdown) and attendant
tephra,

3. Pumiceous pyroclastic flow deposits, and

4. Mudflow and debris-flow (lahar) deposits
and effects.

Debris Avalanche

The collapse of the north flank of Mount
St. Helens created one of the largest mass failures in
recorded history (Voight and others, 1981). Local
topography split the 2.5-km? debris avalanche into
three lobes. The main lobe traveled 23 km down the
North Fork Toutle River valley in about 10 minutes,
burying a 60-km? area to an average depth of 45 m
with hummocky, poorly sorted, erodible debris
(Voight and others, 1981)( fig. 4). One lobe travelled
7 km northward, overtopped a 300- to 380-m ridge
and spilled into the valley of South Coldwater Creek
at velocities estimated at 50- to 70-m/s (Janda and
others, 1984a). Another lobe slammed into Spirit
Lake, a 393 million-m? lake, causing wave run-up
of 260 m above the pre-eruption lake level and raising
the lake level by about 60 m (Janda and others,
1984a). The surface of the avalanche deposit initially
lacked an integrated drainage system. Lakes formed
in closed depressions and along the margins of the
avalanche from the impoundment of three major
and nine minor tributaries.

4 Composed of pumice, a light-colored, cellular glassy rock having the composition of thyolite. It is often sufficiently

buoyant to float on water (Bates and Jackson, 1984).
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TaBLE 10.—Integration of debris-avalanche deposit and important dates in erosion of the blockage (modified
from R ]. Janda, U.S. Geological Survey, written commun., 1991)

[—, not applicable]

Estimated
water volume
(103 cubic
Date Lake breach meters) Event and remarks

May 18, 1980 — — Emplacement of debris avalanche

and formation of some

channels by associated lahar
August 19, 1980 Maratta Sink — —
August 27, 1980 Elk Rock Lake 310 Drainage above Elk Rock Reach
November 7, 1980 Carbonate Lake 165 —
January 25, 1982 Ponds on levee impounding 379 —

Coldwater Lake
February 13, 1982 Ponds adjacent to northern 710 Above Coldwater Reach
avalanche boundary

February 17, 1982 — 157 Probable breakout of ponds
February 20, 1982 — 385 Flood
February 20, 1982 Jackson Creek Lake 2,470 Adjacent to Elk Rock Reach
March 19, 1982 — — Lahar; retention structure at

toe of debris avalanche

deposit breached
November 5, 1982 — — Pumping from Spirit Lake

into pilot channel starts
December 3, 1982 — — Flood; avalanche deposit

100 percent integrated
April 5, 1985 — — Drainage from Spirit Lake

through tunnel into South
Coldwater Creek starts

Drainage-area integration and channel-network development



TABLE 11.—/Integration of debris-avalanche deposit (modified from R.]. Janda, written commun., 1991)

[Table shows subbasin areas that were successively added to the North Fork Toutle River drainage
(upstream from Elk Rock) and the cumulative area after each addition. km?, square kilometer; E,

east; NW, northwest; N, north]

Cumulative

Area area
Subbasin Date integrated (km?) (km?)
Below Elk Rock May 18, 1980 79.8 79.8
Elk Rock Lake August 27, 1980 23.9 103.7
Ponds E of Castle Lake September 5, 1980 2.29 106.0
Jackson Lake September, 19807 9.27 115.3
Carbonate Lake November 7, 1980 27.4 142.7
Ponds NW of Castle Lake November 12, 1980 3.43 146.1
East Fork Castle Creek November 12, 1980 6.26 152.4
Ponds N of Elk Rock Lake January 13, 1981 7.14 159.5
Below Pumice Pond February 2, 1981 4.15 163.6
Coldwater Lake July, 19812 47.7 211.3
Castle Lake October, 19812 8.06 219.4
Coldwater blockage ponds January 25, 1982 79 220.2
Valentines Day Pond February 13, 1982 1.15 221.3
Pumice Pond March 19, 1982 3.25 224.6
Spirit Lake November 5, 19822 49.8 274.4
Crater November, 1982 7.53 282.0

4 Integrated by releases from engineered structures to prevent catastrophic breaching.

An explosive eruption on March 19, 1982,
caused rapid melting of snow and a transient lake to
form in the crater of Mount St. Helens. Drainage
from the lake evolved into a lahar as it flowed down
the north flank of the volcano (Waitt and others,
1983). The lahar breached the western edge of
Pumice Pond, adding about 3.3 km? of drainage area
to the upper North Fork Toutle River. The flow cut
a channel 50 m wide and 10 m deep and extended
the headwaters of the North Fork Toutle River
(figs. 31 and 33).

The last major integration of the debris-avalanche
deposit was accomplished by pumping of water from
Spirit Lake to control lake level (tables 10 and 11).
Beginning in November 1982, about 5 m*/s were
discharged into a pilot channel composed of debris-
avalanche material in its upstream end and low-
density pyroclastic-flow material 450 m downstream.
During the first 17 days of pumping, the channel
was incised at an average rate of 0.26 m/d. Between

November 1982 and May 1985, when pumping was
halted, the channel degraded about 26 m. Storms
in November and December 1982 completed the
drainage integration of the upper North Fork Toutle
River by adding drainage area from the north flank
of the mountain and from the crater. By the end of
calendar year 1982, total contributing drainage area
had reached 282 km?. About 54 percent of the
drainage area had been integrated naturally, and
41 percent had been integrated by various types of
engineering works. (figs. 33 and 35).

CHANNEL-NETWORK DEVELOPMENT

Formation and development of the new channel
network on the upper North Fork Toutle River
generally took place along pre-eruption stream
courses because surface depressions were aligned
along previous drainage paths. This development is
possibly related to the expulsion of heated stream

50 Channel and Drainage-Basin Response of Toutle River System in Aftermath of 1980 Eruption of Mount St. Helens

















































































TABLE 15.— Changes in active-channel width (first value) and changes in bed elevation (second value) for sites

along the upper and lower North Fork Toutle River

[Note contrasting effects caused by the February 20, 1982, flow and the lahars. LO, Loowit Channel,
North Fork Toutle River; —, not applicable; NE, North Fork Toutle River]

Feb. 20, 1982,
flood and lake Mar. 19, 1982, May 14, 1984,
Site breakout lahar lahar

(fig. 13) (in meters) (in meters) (in meters)
LO040 — -73.3/-2.8 -20.4/-3.0
NF100 — — -19.2/-3.6
NF120 — — -28.1/-1.4
NF130 05/-2.8 -31.6/-6.4 -77.7 1-1.9
NF300 — — 379/1.2
NF310 93.5/-1.4 91.4/0.7 0.0/0.9
NF320 81.9/-1.3 -22.0/-7.8 —
NF375 0.0/1.4 -91.4/0.7 —
NF420 33.0/2.2 -138/-2.3 —
NF585 2.710.0 -80.5/-0.7 —

to regaining equilibrium conditions than is the North
Fork Toutle River, appear to be more event-driven
and to require flows of greater relative magnitude to
erode their channel boundaries than the North Fork
Toutle River.

SEDIMENT DISCHARGE

Sediment discharge to the Cowlitz and Columbia
Rivers was of great concern following the May 18,
1980, eruption because of the importance of these
waterways to deep-draft commercial vessels. The
persistent threat of massive deposition also
heightened the potential for increased frequency of
flooding in downstream communities. Erosion of
streambanks threatened bridges and property
adjacent to stream channels.

The original estimate of 155 million tons of
suspended sediment that was discharged from the
Toutle River during May 18-19, 1980, was based
on two suspended-sediment samples and a
reconstructed discharge hydrograph (Dinehart and
others, 1981). By using data for the volume of
sediment deposited in the Columbia and Cowlitz
Rivers, and the Toutle River below the

U.S. Highway 99 bridge (Bechly, 1980; Meier and
others, 1981), and by adding 15 percent for the silt-
clay fraction (Dinehart and others, 1981) that was
probably not deposited, a value was obtained of
115 million tons of sediment discharged by the
Toutle River during May 18-19, 1980. Addition of
another 2 million tons for the remainder of the 1980
water year (Dinehart and others, 1981), and
acknowledgment of uncertainties in both estimates
for the period May 18-19, result in an estimate of
between 117 and 157 million tons of sediment
discharged from the Toutle River during water year
1980. During water years 1981-92, about 190
million tons of sediment passed the Toutle River gage
at Tower Road (table 16). That brings the total
discharge of sediment from 1980 through 1992 to
between 307 and 347 million tons. An additional
40 million tons was trapped behind the SRS during
water years 1988-92 (table 16).

Sediment Yields

Sediment yields from the devastated landscape
surrounding Mount St. Helens are high by global
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TABLE 16.— Total sediment discharge from the Toutle River system, 1980-92

[Measured data from samples taken at Toutle River at Tower Road, except where indicated. All

discharge data expressed in millions of tons. SRS, sediment-retention structure; —, not applicable]
Suspended
plus
Suspended estimated Sediment Total
Water -sediment bedload retained sediment
Year discharge discharge by SRS discharge
1980 12137 — — 12137
1981 229.7 33.3 — 233.3
1982 40.7 45.6 — 45.6
1983 39.7 44.5 — 44.5
1984 24.7 27.7 — 27.7
1985 9.37 10.5 — 10.5
1986 7.63 8.55 — 8.55
1987 8.77 9.83 — 9.83
1988 2.20 2.47 7.31 9.78
1989 773 .867 4.62 5.49
1990 2.38 2.67 9.11 11.8
1991 2.61 2.93 10.9 13.8
1992 .743 .833 7.70 8.53

! Value obtained from average of two estimates of sediment discharge on May 18-19, 1980, supplemented with measured
data from samples taken at Toutle River at U.S. Highway 99.

2 Data from Toutle River at U.S. Highway 99.

standards. Sediment yields from the upper North
Fork Toutle River, South Fork Toutle River, and
Green River for 1980-92 were compared with
average annual sediment yields for other high
sediment-producing areas, and with the average for
streams in the United States (fig. 54). Sediment yields
from the debris-avalanche deposit indicate that
although values have decreased by an order of
magnitude since 1980, the upper North Fork Toutle
River still is one of the highest sediment-producing
areas in the world, with yields of at least 18,000 tons
per square kilometer per year (tons/km?/yr).
Sediment yields from only the blast-affected Green
River have returned to values commensurate with
the average for the United States (fig. 54). Relatively
low sediment-yield values during 1985 and 1989 for
the South Fork Toutle and Green Rivers are due to
low amounts of precipitation and the general lack of
large storms. Because of the additional flow provided

by controlled clear water releases from Spirit Lake,
data for the upper North Fork Toutle River do not
show any drastic reduction in 1985 (figs. 51 and 54).

Temporal Variations in Sediment
Discharge

Annual total-sediment loads for the three major
streams draining the disturbed landscape around
Mount St. Helens generally decreased nonlinearly
with time (fig. 55). The apparent increase in total
sediment discharge during 1980-81 on the Green
River is misleading because the first wet season after
the eruption was actually during the 1981 water year.
The vast quantity of sediment discharged from the
upper North Fork Toutle River during 1980 was,
for the most part, delivered during May 18-19 in
conjunction with emplacement of the debris
avalanche and the passage of lahars. If the 1980 data
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points were excluded, the year of peak sediment
discharge for the upper North Fork Toutle River
would be 1982. This year corresponds with several
lake breakouts, the March 19 lahar, and the
completion of drainage integration on the debris-
avalanche deposit.

First-approximation suspended-sediment rating
curves for the North Fork Toutle River at Kid Valley
display the rapid shift in the water discharge-
suspended-sediment concentration relations during
the 1981 water year (fig. 56). Flows as low as
2.5 m3/s had concentrations between 2,000 and
3,000 milligrams per liter (mg/L) during October
and November 1980. Major shifts apparently
occurred during high-water flows of
November 21-22, 1980 (relation number 2), and
December 2-4, 1980 (relation number 3) (fig. 56),
as silt and sand were flushed from the system. By
the spring of 1981, instantaneous suspended-
sediment concentrations had decreased by an order
of magnitude for a given water discharge. This trend
continued during the remainder of the 1981 water
year when concentrations decreased by another order

of magnitude (fig. 56). Pre-eruption data for 1970
are included for comparison (Collings and Hill,

1973).

After 1983, the annual discharge of sediment,
although greatly reduced from the peak years of
1980-83, remained relatively high in the North and
South Forks Toutle River (figs. 54 and 55).
Cumulative plots of annual sediment discharge show
that only the Green River consistently transports
substantially less sediment with time, as indicated
by the flattening of its transport relation (fig. 57).
Along the forks of the Toutle River, high flows still
deliver large quantities of sand and fine gravel from
eroding reaches far upstream. Diagnostic channel
characteristics, such as average boundary shear stress
(fig. 43), bed elevation (fig. 42), and the rate of
energy dissipation (Simon, 1992) show signs of
approaching asymptotic values (equilibrium
conditions). Therefore, it may at first seem
contradictory that sediment discharges on the upper
North Fork Toutle and South Fork Toutle Rivers also
are not approaching minimum values asymptotically.
However, field evidence indicates that the sediment
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that maintains these high sediment discharges comes
from valley sidewall collapse. During storms, flows
spread across low terraces and undercut 20- to
30-m-high near-vertical walls of debris-avalanche
material on the upper North Fork Toutle River and
pre-1980 debris-flow deposits on the upper South
Fork Toutle River. Failed material moves from the
terraces with little change in active channel
morphology. This process of valley widening can be
construed as the initial phase of floodplain formation.
Thus, the maintenance of reasonably high sediment
discharges and the approaching of equilibrium in-
channel conditions may not be mutually exclusive.
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Particle-Size Characteristics
of Sediment

The eruption of Mount St. Helens converted the
gravel-cobble streams of the North and South Forks
of the Toutle River to sand-bed streams (fig. 58)
having straightened alignments and smoothed
boundaries. Temporal variations in the particle-size
distributions of sediment in the Toutle River system
largely reflect different sediment sources that include
deposits from the debris avalanche, lahars, and blast
ashfall. No significant change occurred on the Green
River, which did not experience lahars. Median bed-
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material diameters were about 0.50 to 1.00 mm after
the May 18, 1980, eruption. Long-term estimates
of sediment discharge made soon after the eruption
assumed that these sandy conditions would persist
for tens of years into the future (U.S. Army Corps
of Engineers, 1983).

SUSPENDED SEDIMENT

Suspended-sediment derived from the debris-
avalanche deposit was predominantly silt size in 1980
but became predominantly sand-size during 1984-85
(fig. 59). Sand is abundant in the upper North Fork
Toutle River, making up about 30 percent of
subpavement bed-material samples collected during
1991-92 (table 17). Silt again became the dominant
size fraction during 1988-89 at the Kid Valley gage
because sand was retained by the SRS after
November 1987.

The annual median percentage of sand in samples
taken from the South Fork Toutle River showed no
temporal trend and ranged from 56 to 73 percent
(fig. 59). The South Fork Toutle River averaged
greater proportions of sand as suspended sediment
(roughly 20 percent more) than did the North Fork
Toutle River. These observations do not suggest that

(1) there are greater percentages of sand in the lahar
deposits of the South Fork Toutle River than in the
debris-avalanche deposit in the upper North Fork
Toutle River Valley, or (2) that the South Fork Toutle
River transports more sand than does the North Fork.
Rather, there is a general lack of silt in the South
Fork lahar deposits. Median particle size of these
deposits ranged from 4 to 32 mm (Fairchild, 1985).

Suspended sediment from the Green River was
derived from erosion of tephra-covered hillslopes.
Annual median percentages of sand in suspended
sediment ranged from 56 to 65 percent during
1981-86. Values of 48 percent for 1988 and
35 percent for 1989 could reflect the small number
of particle-size analyses (2—5) that were undertaken
during those years. A detailed discussion of
suspended-sediment characteristics in the Toutle
River system is in Dinehart (1998).

BED MATERIAL

Median size of bed material immediately after
channels were swept by lahars or covered by tephra
was generally finer than 1.0 mm. Particle sizes
became coarser with time as silt and sand was
selectively removed. Bed-material particle-size data
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FIGURE 58.—Change in bed-material particle-size distribution after passage of the May 18,
1980, lahar at site NF-585. (Pre-lahar data are from Collings and Hill, 1973.)
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from the gaging station at Kid Valley show this
temporal trend (fig. 604). Gravel in bed material at
this site increased from about 20 percent in 1980,
to about 60 percent prior to the closure of the SRS
in November 1987 (fig. 60B). Data from a variety
of sources show bed-material coarsening with time
for other reaches on the North Fork Toutle River
(table 18). Large storms caused brief shifts to finer
bed-material sizes by depositing enormous quantities
of fine and medium sand. Three prominent periods
of fine-grained sediment deposition can be identified
in the data from the Tower Road gaging station and
are supported by field observations taken during
routine discharge measurements (fig. 61). In
chronologic order, they are as follows:

1. Storms of February 1982, and the lahar of
March 19, 1982

2. Clear water releases from Spirit Lake during
November 1982, and storms of December
1982

3. Clear water releases through the Spirit Lake
tunnel into South Fork Coldwater Creek in
May 1985

Recessional and subsequent low-flows eroded the
finer-grained deposits at the Tower Road gage site
and returned ds, to the coarse-sand or gravel range

(fig. 61). This sequence occurred along other reaches
of the Toutle River system as well.

A comprehensive sampling program of pavement
(surface) and subpavement materials was undertaken
during 1991-92 along the North and South Forks
Toutle River and the Toutle River main stem to
characterize bed-material sizes. To avoid excluding
large particles in sampling coarse bimodal-modal
materials with mechanical samplers, particle counts
were used on pavement materials, and pits were dug
in low-bar surfaces for subpavement marterials (see
Methods section). Data from this sampling program
are provided in tables 17 and 19-22). Results are
summarized below:

1. Bed material has coarsened since 1980
throughout the entire range of the particle-
size distribution; median diameters have
increased generally by two orders of
magnitude.

2. In each subbasin, median diameters are in
the gravel range (means for pavement
materials 21.1- 56.4 mm; means for
subpavement materials (27.2- 68.1 mm).

3. Formation of a coarse pavement is limited
to the coarsest 10 percent of the
distribution on the North Fork Toutle
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FIGURE 59.—Median percentage of sand in suspended-sediment samples.
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TABLE 17.—Subpavement particle-size statistics for the North Fork Toutle River and Toutle River main stem

[Samples collected during summers of 1991-92. Folk sorting, [(9dg, - 0d, ;)/4.4] +[(ddys - dds)/6.6];

mm, millimeter; GP/ST, gravel to sand ratio; kg, kilogram; —, not applicable]
Sample
Site dgs dgy d 50 dg Folk Percent  weight
(fig. 13) (mm) (mm) (mm) (mm) GP/SP  sorting sand (kg)
Truman Channel, upper North Fork Toutle River
TRO65 384 183 25.7 0.811 2.95 3.30 28.2 177
Upper North Fork Toutle River (UNFT)

NF120 209 165 29.2 .548 1.90 3.49 36.2 233
NF130 224 171 99.1 1.53 4.20 3.14 19.8 288
NE300 61.5 24.0 4.86 471 1.59 2.68 39.5 133
NF310 98.7 78.9 13.9 768 2.70 2.96 31.1 166
NF320 129 91.1 48.8 .578 2.85 3.17 26.3 199
NF345 154 99.1 10.7 .578 2.23 3.19 30.9 181
NF350 184 122 14.1 .853 2.48 2.91 32.5 217
NEF375 127 100 16.0 1.54 4.63 2.71 18.0 261
NF390 98.0 78.7 9.79 .805 2.42 2.83 30.8 177
Means,

UNFT 167 111 27.2 .848 2.80 3.04 29.3 —

Lower North Fork Toutle River (LNFT)

NF480 170 141 51.6 1.10 4.00 3.14 20.0 228
NF520 340 283 78.7 2.89 6.01 3.03 17.2 403
NF540 162 124 24.6 .650 2.69 3.30 27.1 198
NF560 216 165 36.4 2.35 5.00 3.07 20.0 245
NF585 134 78.5 13.0 .660 2.65 3.13 28.0 198
NF590 109 58.5 11.0 708 2.53 2.84 28.8 167
NF600 87.8 56.7 5.74 744 1.93 2.78 35.3 182
Means,

LNFT 174 130 31.6 1.30 3.54 3.04 25.2 —

Toutle River main stem (TRMS)

TL1000 227 183 74.0 4.69 5.80 3.03 20.5 278
TL1025 176 143 38.9 2.22 4.69 2.76 20.5 213
TL1030 143 102 30.7 1.23 4.12 2.87 19.7 220
TL1060 212 165 55.1 2.00 5.10 2.93 19.7 338
TL1095 81.0 60.0 19.0 230 3.18 2.83 25.5 216
TL1100 219 170 45.4 2.63 5.00 2.89 19.2 250
TL1135 149 113 33.2 3.29 6.69 2.63 18.1 287
Means,

TRMS 172 134 42.3 2.33 4.94 2.85 20.5 —
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TABLE 18.— Variation in bed-material particle size
with time for reaches on the North Fork Toutle
River

[ds, (median particle size) calculated by weight;
mm, millimeter; COE, U.S. Army Corps of

Engineers; —, unknown. See fig. 13 for
locations]
Nﬁmber
dSO of
Year (mm)  samples Source of data

Coldwater Reach

1980 0.90 1 Voight and others,
1981.

1982 1.85 COE, 1988a.

1983 3.80 1 COE, 1988a.

1984 5.30 25 COE, 1988a.

1985 44.7 2 D.E Meyer, written
commun., 1992.

1991 20.8 2 This study.

Elk Rock Reach

1980 .53 1 Voight and others,
1981.

1982 1.69 16 COE, 1988a.

1984 5.10 24 COE, 1988a.

1985 25.9 2 D.E Meyer, written
commun., 1992.

1991 33.1 2 This study.

Bear Creek Reach

1980 .53 2 Voight and others,
1981; COE,
1988a.

1983 1.70 3 COE, 1984a.

1984 15.0 1 COE, 1988a.

1985 37.2 2 D.E Meyer, written
commun., 1992.

1991 30.0 2 This study.

Salmon B Reach

1980 .50 — RJ.Janda and D.E
Meyer, written,
commun., 1992.

1982 3.60 3 COE, 1988a.

1985 40 2 COE, 1988a.

1986 10.0 1 COE, 1988a.

1987 13.0 2 COE, 1988a.

1991 68.1 2 This study.

River, the Toutle River main stem, and the
lower South Fork Toutle River, and the
coarsest 25 percent of the distribution on
the upper South Fork Toutle River.

4. Subpavement materials are not particularly
well sorted at a site, although the degree of
fluvial sorting generally improves with
distance downstream (tables 17, 19,
and 21).

5. Pavement and subpavement sediment in
the upper South Fork Toutle River channel
is about twice as coarse as that in the upper
North Fork Toutle River channel, reflecting
differences in sediment sources. South Fork
Toutle River lahar deposits had 1980 d’s
ranging from 4 to 32 mm, compared to
0.45 to 4.7 mm for the debris-avalanche
deposit. By contrast, the lower North Fork
Toutle River has the coarsest ds; because of
the erosive effect of clear water releases

from the SRS.

6. Streambeds of the Toutle River system have
again evolved to consist primarily of gravel
and cobbles; however, sand contents are
markedly higher than before the eruption.

Sediment Discharge and
Volcanic Impact

Sediment discharged by streams of the Toutle
River system was controlled by the type of volcanic
impact imposed by the eruption. Three distinct
impacts affected the Toutle River system (fig. 62):
(1) the massive debris-avalanche deposit, represented
by the upper North Fork Toutle River (Kid Valley -
Green River); (2) lahars, represented by the South
Fork Toutle River; and (3) blast ashfall, represented
by the Green River. These three impacts resulted in
differences in the source and character of available
sediment, dominant erosion processes, changes
imposed in stream-energy conditions and, hence,
magnitude of the ensuing adjustment. Where
channel processes governed landscape response (as
in the North and South Forks Toutle River Valleys),
channel widening dominated (Simon, 1992).
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TABLE 19.—Subpavement particle-size statistics for the South Fork Toutle River

[Samples taken during summer and early fall of 1992. Folk sorting, [(@dg, - &d,)/4.4] + [(q)d% - ¢d50)/6.6];
mm, millimeter; GP/SB gravel to sand ratio; kg, kilogram; —, not applicable]

Site d95 d84 d50
(fig. 13) (mm) {(mm) {mm)

16
(mm) GP/SP

Sample
Folk Percent weight
sorting sand (kg)

Upper South Fork Toutle River (USFT)

SF610 204 169 51.6 0.59 3.10 3.54 24.7 220
SF615 272 212 43.6 .70 3.40 3.64 22.7 276
SF620 177 150 67.5 1.43 4.80 3.26 21.7 306
SF640 243 199 41.6 .59 3.16 3.68 24.3 249
SF660 363 311 134 4.42 7.86 2.97 11.3 452
SF685 281 229 92.5 4.69 6.84 2.89 13.0 320
SF690 170 141 60.8 1.28 3.64 3.19 25.0 293
SF700 164 124 42.0 .93 3.88 3.14 21.0 255
SF710 174 147 79.2 6.63 6.34 2.56 14.0 271
Means,

USET 227 187 68.1 2.36 4.78 3.21 19.1 —

Lower South Fork Toutle River (LSFT)

SF740 175 147 60.5 2.84 6.16 2.84 14.0 331
SE745 217 173 72.5 5.06 6.64 2.78 13.3 355
SF760 165 136 44.7 1.41 4.91 2.98 17.0 252
SF770 123 97.7 42.1 2.00 5.25 2.76 16.0 231
SF800 104 58.6 21.8 .55 3.06 2.99 25.0 120
SF805 123 89.8 28.5 1.23 4.44 2.86 19.0 142
Means,

LSET 151 117 45.0 2.18 5.07 2.70 17.4 —

DEBRIS AVALANCHE—UPPER NORTH FORK
TOUTLE RIVER

The upper North Fork Toutle River was the most
severely disturbed subbasin in the Toutle River
system from the debris avalanche that filled the valley.
The combination of 2.6 km? of fine-grained
noncohesive sediment, great increases in available
stream energy (Simon, 1992), and sizeable flows
caused by lake breakouts resulted in sediment
discharges from the debris avalanche that rank among

the highest recorded (fig. 54). From 1981 through

1984, sediment discharge from the upper North Fork
Toutle River ranged from 28 to 44 million tons per
year (t/yr). Because landscape response involved the
development of a new drainage system, crosion
processes initially were dominated by degradation
which was soon surpassed by channel widening.
Mass-wasting from streamside hummocks remains
(as of 1993) an important contributor of sediment.
Although coarsening with time of the channel bed
inhibited incision, lateral erosion of channel banks
and anabranches supplied plentiful quantities of
sediment to the channel. High-velocity flows, often
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TABLE 20.— Bed-material pavement particle-size statistics for the North Fork Toutle River

[Samples collected during summers of 1991-92. mm, millimeter; GP/SP, gravel to sand ratio;
—, not applicable; Numbers in parentheses are standard deviations of the mean.]

Mean of
five
largest Coarse  Modal
Site dgs dgy ds, die particles mode class
(fig. 13) (mm) (mm) {(mm) (mm) GP/SP (mm) {mm) (mm)

Truman Channel, Upper North Fork Toutle River

TRO65 181 38.1 12.1 1.36 4.00 485 32 32

Upper North Fork Toutle River (UNFT)

NF120 128 58.4 15.6 0.98 3.17 179 64 2.0
NF130 256 132 25.9 43 2.67 424 128 2.0
NF300 335 114 2.00 11 1.22 483 64 2.0
NF310 416 163 16.0 .60 1.27 848 256 2.0
NF320 398 206 50.2 .90 2.70 594 128 2.0
NF345 174 97.1 28.1 1.18 4.00 211 128 128
NE350 323 121 32.0 7.10 6.69 320 64 64
NE375 223 81.6 16.4 1.33 4.82 282 32 32
NF390 59.3 38.8 12.7 41 2.70 78.7 16 2.0
Means, 249 105 21.1 1.44 3.32 390 128,64 2.0
UNFT (118) (54.0) (13.5) (2.03) (1.65) (2206) (modes)  (mode)

Lower North Fork Toutle River (LNFT)

NF480 374 214 104 2.00 6.00 394 256 256
NF520 153 99.3 44 .4 054 3.17 245 128 128
NF540 188 101 54.5 19.0 13.3 150 64 64
NF560 256 195 81.6 8.00 9.78 271 256 256
NF585 117 90.5 30.5 1.35 4.88 142 128 128
NF590 97.0 54.3 27.1 .15 4.18 112 64 64
NF600 221 184 52.6 1.07 4.16 234 128 128
Means, 201 134 56.4 4.52 6.50 221 128 128
LNFT (94.6) (62.2) (27.7) (6.94) (3.69) (96.9) (mode)  (mode)
North Fork 229 117 356 2.71 4.63 321 — —
Toutle River (108) (57.5) (26.6) (4.78) (3.04) (199)
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TaBLE 21.— Bed-material pavement particle-size statistics for the South Fork Toutle River

[Samples collected during the summer and early fall 1992; mm, millimeter; GP/SP, gravel to sand ratio;
—, not applicable. Numbers in parentheses are standard deviations of the mean.]

Mean of
five
largest ~ Coarse ~ Modal
Site dgs dgy ds, dig particles  mode class
(fig. 13) (mm) (mm) (mm) (mm) GP/SP (mm) (mm) (mm)

Upper South Fork Toutle River (USFT)

SF610 654 304 67.4 0.86 3.50 734 256 2.0
SF615 516 163 37.4 58 3.13 756 128 2.0
SF620 1,034 107 10.9 .82 2.41 1,473 16 2.0
SF640 409 130 29.2 1.95 5.19 763 32 32
SF660 711 335 71.3 .30 1.94 885 128 2.0
SF675 517 242 2.21 .091 1.02 948 512 2.0
SF685 584 227 36.9 16 2.10 846 256 2.0
SF690 367 253 15.6 45 1.67 645 256 2.0
SF700 375 212 84.4 24 1.54 373 256 2.0
SF710 402 223 41.9 1.91 1.56 522 256 2.0
Means, 557 220 39.7 74 2.41 795 256 2.0
USFT (205) (71.6) (27.3) (.68) (1.23) (293) (mode)  (mode)

Lower South Fork Toutle River (LSFT)

SF740 187 108 20.7 047 1.06 194 128 .063
SE745 333 194 .60 057 52 284 256 2.0
SF760 167 91.9 46.4 .049 2.52 176 64 64
SE770 157 86.2 42.2 42 3.50 179 128 128
SF773 157 82.4 14.2 .041 1.11 176 64 .063
SF790 157 84.8 32.8 .053 2.09 161 128 128
SF800 213 129 31.5 .079 1.92 249 64 2.0
SF805 158 84.5 45.3 6.88 13.1 244 64 64
SF900 113 80.2 31.7 2.82 6.09 109 64 64
Means, 182 105 29.5 1.16 3.54 197 64 64
LSFT (62.5) (37.1) (15.3) (2.33) (3.95) (53.3) (mode) (mode)
South Fork 380 165 34.9 937 2.95 511 — —
Toutle River (244) (81.6) (22.4) (1.64) (2.84) (372)
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TABLE 22.— Bed-material pavement particle-size statistics for the Toutle River main stem -

[Samples were collected during the summers of 1991-92. mm, millimeter; GP/SP, gravel to sand ratio;
—, not applicable; Numbers in parentheses are standard deviations of the mean.]

Mean of
five
largest Coarse  Modal
Site dys dgy ds dg particles ~ mode class
(fig. 13) (mm) (mm) (mm) (mm) GP/SP (mm) (mm) (mm)
Toutle River main stem (TRMS)
TL1000 330 128 34.8 0.050 7.30 589 128 128
TL1025 206 179 62.6 11 3.14 256 256 256
TL1030 192 113 64.0 18.4 9.00 179 128 128
TL1060 220 141 22.5 .054 1.33 275 256, 128 2.0
TL1095 204 159 62.7 052 2.45 298 128 128
TL1100 192 113 56.8 11.7 9.00 163 128 128
TL1135 151 107 31.7 .058 3.61 171 256, 64 256, 64
Means, 214 134 47.9 4.35 5.12 276 — —
TRMS (55.7) (26.9) (17.6) (7.56) (3.23) (148)

supercritical, easily eroded this material. Even during
the low-flow year of 1989, about 5 million tons of
sediment was discharged to the lower North Fork
Toutle River (fig. 55).

About 230 million tons, or 138 million m?, of
sediment was discharged to the Toutle River main
stem between May 20, 1980, and September 30,
1992, from the debris-avalanche deposit. This
amount includes 40 million tons trapped behind the
SRS from water year 1988 through water year 1992,
and represents only 5.3 percent of the original
2.6 km>deposit. By adding 136 million tons, or
81 million m?, of sediment (the average of the two
estimates of sediment discharge during May 18-19,
1980) to the amount of sediment discharged, the
estimate of erosion from the debris-avalanche deposit
in the first 13 years following the May 18, 1980,
eruption is only 8.4 percent. Thus, even though an
enormous quantity of sediment has been discharged
from the Toutle River system, an even larger amount
remains in place in the debris-avalanche deposit.
Noting that sediment discharges are presently (1993)
about two orders of magnitude less than they were
in the early 1980’s and that the magnitudes of
channel adjustments are attenuating, the relatively

high proportion of debris-avalanche material still in
storage in the upper North Fork Toutle River
indicates that (1) the debris-avalanche deposit will
persist as a definable geomorphic feature for a long
time to come, and (2) floodplain formation by valley
sidewall collapse and retreat most likely will continue
to provide sediment to the upper North Fork Toutle
River and maintain high rates of sediment discharge.
The lack of established woody vegetation on the
surface of the debris-avalanche deposit indicates that
the deposit most likely will remain particularly
susceptible to extreme events in the future.

LAHARS—SOUTH FORK TOUTLE RIVER

Sediment discharge from the South Fork Toutle
River was one to two orders of magnitude less than
that from the upper North Fork Toutle River
(fig. 55). The lower sediment-discharge rate
emanating from the South Fork relative to the North
Fork can be attributed primarily to three factors:
(1) smaller increases in stream energy, (2) less sand-
sized material available for transport, and (3) much
less sediment available from lahar deposition than
that deposited by the debris avalanche in the Norch
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Fork. The average change in channel gradient caused
by the lahars along the South Fork Toutle River was
15.9 percent (S, = 13.1; 7 = 36 reaches) compared
0 9.6 percent along the upper North Fork Toutle
River (S, = 13.1; 7 = 50 reaches). Given the large
standard errors, the imposed changes in channel
gradient on the two streams were not significantly
different. However, the upper North Fork Toutle
River had increases in potential energy as a result of
the emplacement of as much as 140 m of debris-
avalanche material (Simon, 1992). Lahar deposition
was limited in the upper reaches of the South Fork
Toutle River, thereby causing negligible increases in
potential energy. In addition, sand-sized material
made up about 20 percent of the boundary sediment
of the South Fork Toutle River compared with about
50 percent along the North Fork Toutle.

During 1981-92, 12.6 million tons of sediment
was discharged to the Toutle River main stem
primarily from lahar deposits in the South Fork
Toutle River valley. Between 1.9 and 3 million tons
of sediment were discharged annually during water
years 1981-83. Most of this sediment was eroded
from channel banks, although incision in the lower
5 km of the stream was also important. Because of
the limited supply of fine-grained sediment, it is
somewhat surprising that sediment discharges have
not attenuated more rapidly on the South Fork
Toutle River than on the upper North Fork Toutle
River. The North Fork Toutle River has greater
proportions of sand and a more plentiful supply of
available sediment. However, incision in the
uppermost reaches of the South Fork Toutle River
has cut through cobble- to boulder-size material to
expose pre-1980 debris-flow deposits that contain
large proportions of sand and fine gravel. Also,
narrow canyons more than 20 m deep upstream from
SF640 (river kilometer 45) supply sediment to the
channel by collapse of valley sidewalls. High-velocity
flows in these steep reaches work to transport the
sediment to the broader alluvial reaches downstream.

BLAST ASHFALL—GREEN RIVER

Sediment discharges from the Green River Basin
were the lowest in the Toutle River system and
exceeded 1 million tons only during the 1981 water
year when erosion of tephra-covered hillslopes was
at a maximum. About 5.5 million tons of sediment

were discharged by the Green River from 1980
through 1992. In contrast to the upper North Fork
Toutle and South Fork Toutle Rivers, there was no
disruption to overall channel gradients and no
increase in hydraulic efficiency by “smoothing” of
the channel boundary along the Green River.
However, the emplacement of downed timber in
blast-affected channels of the upper Green River
Basin vastly increased hydraulic roughness, decreased
flow velocities, and created natural “check dams” and
sediment-storage sites. Channel erosion and changes
in channel morphology were limited, therefore, and
the dominant sediment-delivery process was sheet
and gully erosion from tephra-covered hillslopes.
Changes in hillslope hydrology that reduced runoff
rates within one year of the eruption resulted in the
rapid attenuation of sediment discharges with time

(fig. 55).

ESTIMATES OF LONG-TERM SEDIMENT
DISCHARGE

Preliminary estimates of sediment discharge from
the Toutle River Basin for the 1981 water year ranged
from 15.7 to 400-500 million tons (J.K., Culbertson,
U.S. Geological Survey, written commun., 1980;
U.S. Army Corps of Engineers, 1982). After
collection of samples in October and November
1980, the Army Corps of Engineers updated its
estimate to 110 million tons and the USGS revised
its estimate to 64 million tons using data from the
storm of December 25-28, 1980. Dunne and
Leopold (1981) estimated that between 33 and
56 million tons of sand would be discharged from
the Toutle River during an “average flow year.” With
sand-sized material constituting about 50 percent of
the suspended-sediment samples during 1981
(88 samples), the Dunne and Leopold (1981)
estimate becomes considerably higher. In fact, about
33 million tons of sediment load discharged from

the Toutle River during the 1981 water year
(table 16).

Construction of the permanent SRS on the
North Fork Toutle River was predicated, in part, on
the assumption that total sediment loads to the
Cowlitz River would remain high and would reach
a total of 1.3 billion tons by the year 2030
(U.S. Army Corps of Engineers, 1983). This estimate
did not account for the potential of sediment loads
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derived from extreme events such as mudflows, major
channel realignments, or landslides (U.S. Army
Corps of Engineers, 1984b). A revised total
sediment-discharge estimate of 0.96 billion tons was
prepared by the U.S. Army Corps of Engineers
(1984b). Both estimates, expressed in terms of
annual values, are shown graphically in figure 63
together with measured values from the Toutle River
at Tower Road (supplemented with the amount of
sediment trapped behind the SRS). Estimates of
sediment discharge from the upper North Fork
Toutle River are shown with measured data in

figure 64.

Post-eruption sediment discharges from the
Toutle River were significantly lower than the long-
term estimates made in the early 1980’s (fig. 63).
The principal reasons for the large discrepancies
between long-term estimates and the measured data
involved uncertainties regarding (1) the rate of
sediment-discharge decay with time, (2) the
functional form and initial value(s) used to generate
an approximating sediment-discharge decay

function, and (3) the potential for coarsening of
channel beds. A fourth uncertainty involved the
initial increase in runoff rates that were related to
the lack of infiltration on hillslopes and the
“smoothing” of channel boundaries and how long
these would persist.

Nonlinear decay functions have been useful in
describing characteristics of channel adjustment on
a temporal basis. The 1983 estimate by the
U.S. Army Corps of Engineers used a constant value
(zero decay) for the first 12 years following the
eruption that was based on the average loads from
1980 through 1982 (fig. 63). The revised (1984)
estimate used linear decay for evaluating sediment
discharges through 1995. In both cases, with the
benefit of hindsight, a nonlinear decay function
starting in 1981 probably would have provided more
reasonable long-term estimates. Experimental work
with reinstituted drainage systems at the Rainfall-
Erosion Facility at Colorado State University
documented the nonlinear decay of sediment

discharges with time (Parker, 1977). Although actual
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FIGURE 63.—Estimates of long-term sediment discharges from the Toutle River system compared to
measured data from Toutle River at Tower Road. (Projections of future sediment discharges are also

provided.)
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values from Parker’s (1977) work could not have been
extrapolated to Mount St. Helens, his work
demonstrated the validity of the concept of nonlinear
decay, based on reductions in available sediment and
stream energy.

Besides the choice of decay function, other factors
contributed as well to the initial long-term estimates
being too high. First, these long-term estimates
started from the initial estimate for the 1980 water
year (possibly taken from Dinehart and others,
1981). This discharge might have been too high and
unrepresentative for the purposes of a long-term
estimate because (1) ninety-nine percent of the
material was transported during May 18-19, 1980,
and (2) the long-term estimates were not to account
for extreme or catastrophic flow events (U.S. Army
Corps of Engineers, 1983). Next, sediment transport
diminished, in part, because coarsening of channel
beds occurred throughout the Toutle River system
with increases in dg; of at least two orders of
magnitude (Simon and Thorne, 1996). Bed-material
pavement samples taken in 1991 and 1992 along
the upper and lower North Fork Toutle River and
Toutle River main stem had mean dys’s of 249 mm,

201 mm, and 214 mm, respectively (tables 20 and
22). Finally, because infiltration rates on hillslopes
began to recover during the first wet season after the
eruption, and because channels became hydraulically
rougher as sand-sized material was eroded, increased
runoff rates did not persist.

The estimate by the U.S. Army Corps of
Engineers (1983) that included a nonlinear decay
function starting in 1995 would actually have
approximated measured sediment discharges if the
initial assumption of zero decay with time had been
removed, and if the initial value had been calculated
by using data only for 1981 and 1982 (thus starting
the nonlinear decay in 1980). Projections of annual
sediment discharge based on this information and
available data are shown in figure 63. Knowledge
gained from attempts to estimate long-term sediment
discharges at Mount St. Helens has already been
applied to the anticipated volcano-induced crisis that
occurred at Mt. Pinatubo, Philippines. Here
estimates of sedimentation hazards have been
developed by using the concept of nonlinear
sediment-discharge decay with time (Pierson and
others, 1992).
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measured data. Measured data are totals from North Fork Toutle River at Kind Valley minus totals from
Green River. Sediment trapped behind the SRS is included for water years 1988-92.
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CHANNEL EVOLUTION

Processes of degradation, aggradation, channel
widening, and valley-sidewall collapse led to the
development of specific channel forms. Processes
varied both temporally and spatially within and
between subbasins, resulting in a succession of
channel morphologies. This succession was most
evident on the debris-avalanche deposit of the upper
North Fork Toutle River, where a new drainage
network was formed. The evolution of channel
morphologies was less distinct along the lahar-
affected South Fork Toutle River and the blast-
affected Green River.

Debris Avalanche—Upper North Fork
Toutle River

Channel evolution along the upper North Fork
Toutle River was unique compared with the other
subbasins in the Toutle River system but probably
represents other volcanic landscapes where re-
institution of drainage networks occurs. The
evolution of channel morphology has been described
as a four-part sequence (Janda and others, 1984b;
Meyer and Martinson, 1989):

1. Channel development by filling and
spilling of lakes and ponds

Channel degradation
Channel aggradation and widening

Channel widening with scour and fill

To improve this conceptual model, another stage
could be added between stages 2 and 3 to
acknowledge the period when channel widening,
including braiding, dominates enlargement of the
cross section and when rates of bed degradation are
waning. The original stage 3 is analogous to the
“secondary” vertical adjustment discussed earlier.
This revised conceptual model (table 23); sequence
“d’ is almost identical to that proposed independently
by Simon and Hupp (1986) and Simon (1989b) for
channelized streams in West Tennessee. Time-series
cross sections from NF320 at the Elk Rock reach
(fig. 65) and photographs of that reach (fig. 66) show
the representative sequence of morphologies for a
reach upstream from the AMD (area of maximum
disturbance). A consequence of this five-stage

evolution is the formation of terraces (figs. 65
and 66) and, ultimately, a new flood plain from the
continued mass-wasting of valley sidewalls as the
elevation of the channel bed stabilizes during stage 5
(table 23). For severely disequilibrated streams,
stage 5 then includes valley widening and the
formation of a new flood plain.

Lahars—Lower North Fork Toutle
River, South Fork Toutle River,
Lower Green River, and
Toutle River Main Stem

Channel evolution in lahar-affected channels
was, in part, a function of site location along the
stream. In general, downstream reaches initally
experienced streambed aggradation, upstream
reaches incised, and all reaches widened. Lower
reaches of the South Fork Toutle and Green Rivers
that initially incised represent a special case because
of the effects of the North Fork lahar that flowed a
short distance up these rivers. In reaches where
streambeds aggraded, extensive channel widening
and braiding caused net erosion. In all cases, stage 1
(table 23) represents the impacts caused by passage
of the lahar. In those reaches that initially incised,
the first four stages of the five-part “4” sequence (for
reaches upstream from the AMD) apply (table 23).
Because the morphologic changes imposed by the
lahars were much smaller than for the debris
avalanche, changes attenuated at a more rapid rate
(within 1 or 2 years) and, consequently, the initiation
of floodplain development (stage 5 in table 23) did
not occur.

For those reaches that initially experienced
streambed aggradation, the five-part sequence is
somewhat inverted and is represented by the “4”
sequence.

1. Passage of lahar (in most cases, reducing
channel dimensions)

Channel aggradation
Channel widening and aggradation

4. Channel degradation and widening
(secondary response)

5. Channel widening with scour and fill

This sequence was particularly applicable to the
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lower North Fork Toutle River and the Toutle River
main stem where secondary vertical adjustments
occurred (fig. 46B; table 23). Bedrock-confined
reaches along these two streams were conduits for
sediment and underwent little change in channel
morphology. Secondary vertical adjustments
(stage 4) were not identified on the South Fork
Toutle River and in this case was excluded. An
example of channel evolution in lahar-affected
channels is provided in figure 67.

Blast Ashfall—Upper Green River

Blast and ashfall deposits had little effect on
channel morphology and pattern in the upper Green
River. Changes in channel morphology, therefore,
were limited to incision (generally less than
0.15 m/yr) and only minor amounts of channel
widening (less than 1 m/yr) (fig. 68). Channel
changes along the lower Green River, just above its
confluence with the North Fork Toutle River, were
related to deposits from the North Fork lahar and

not to the effects of the lateral blast. Thus, a sequence
channel evolution did not occur in blast-affected
reaches of the upper Green River and stopped at stage
2a (table 23). Heightened loads of suspended
sediment derived from sheet and gully erosion of
tephra-covered hillslopes, however, were transported
during the first two years after the eruption.

FLOW-ENERGY RELATIONS
AND PRINCIPLES OF
CHANNEL ADJUSTMENT

Recent studies have shown that nonlinear decay
functions that approach minimum values can
describe alluvial channel behavior and tendencies
toward equilibrium channel-geometries. Variables
that have been used to characterize minimization
include entropy production (Karcz, 1980), channel
gradient (Simon and Robbins, 1987), sediment
discharge (Parker, 1977), stream power (Bull, 1979;
Simon, 1994), relative degradation (Begin and
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others, 1981; Williams and Wolman, 1984), Froude
number (Jia, 1990). Collectively these functions and
their supporting interpretations can be termed
“extremal hypotheses” (Davies and Sutherland, 1983;
Bertess and White, 1987). In contrast, Davies and
Sutherland (1983) recommend maximization of
relative channel roughness to explain alluvial channel
behavior. In this paper, a physically based flow-energy
approach seemed to provide a mechanism to
understand better the process and form interactions
that shape these functions and that control channel
adjustment in high-energy coarse-grained streams.

Physical Principles Controlling
Channel Adjustment

The concept of minimum-energy dissipation rate
in stream channels, and the closely related concepts
of minimum stream power and minimum-unit
stream power (Yang, 1976; Yang and Song, 1979;
Chang, 1979 and 1980; Song and Yang, 1980; Yang
and others, 1981), are based on the following
premise: for given water and sediment discharges and
other constraints, such as bed-material particle size
and hydraulic roughness, an alluvial channel will
establish a width, depth, and gradient that (1) results

in a minimum stream power (Chang, 1979) or
minimum-unit stream power (Yang and Song, 1979)
per unit length of channel such that (2) the total
energy loss is minimized (Song and Yang, 1980).
Using the concept of minimization of stream power
(or rate of energy dissipation), Chang and Hill
(1977), Chang (1979 and 1980), Yang and others
(1981), and Thorne and others (1988) estimated
stable alluvial-channel geometries. They observed
that for given “dominant” water discharge and
sediment discharge, there was a particular channel
geometry (width, depth, and gradient) that satisfied
a resistance equation, a sediment-load equation, and
the concept of minimum stream power.

These studies represent applications of the theory
of minimum rate of energy dissipation to fluvial
systems under static conditions and, thus, are time
independent. For a number of these studies, one or
more variables were held constant in an attempt to
simplify interpretations of adjustment processes
(Snow and Slingerland, 1987). However, alluvial
channels attain equilibrium conditions through time
as flows interact with the given boundary sediments.
The channel passes from the transitional state of
severe disequilibrium towards a new equilibrium.
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Furthermore, in a severely disequilibrated channel
system such as the Toutle River, few, if any of the
controlling variables or constraints remain constant
through time for a given water discharge (Simon,
1992). Controlling variables shift in dominance
and can become unimportant during different phases
of adjustment.

The working hypothesis adopted here is that a
large increase in the total-mechanical energy of a
fluvial system (1) initially results in maximum levels
of the rate of energy dissipation and (2) produces a
series of channel processes and forms that cause the
rate of energy dissipation to decrease nonlinearly with
time to a minimum value. This scenario applies best

to the North and South Forks Toutle River and to

32

the Toutle River main stem. In contrast, kinetic
energy (velocity head) in the upper Green River was
probably reduced significantly by emplacement of
large woody debris in the channel and by the
consequent increase in hydraulic roughness. Would
rates of energy dissipation then increase with time
in the upper Green River in response to the altered
energy conditions? To test a number of extremal
hypotheses (discussed below) in a time-dependent
manner, energy-related variables such as water-
surface elevations, specific energy, and head loss
through a reach were obtained from WSPRO output
for selected reaches with known channel geometries
at various time periods during 1980-92.
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GOVERNING EQUATIONS

The time rate of energy dissipation per unit
channel length can be defined in terms of total stream
power per unit channel length (Leopold and others,
1964):

Q=ywd,vS=7yQS (4)

where £ = total stream power per unit length of

channel, in Newtons per second
(IN/s)— equivalent to watts per meter
(w/m),

Y = specific weight of water, in Newtons
per cubic meter (N/n?),

w = water-surface width, in meters,

dj, = hydraulic depth (pressure head)—
equal to cross-sectional area divided
by w, in meters, v = mean flow
velocity, in meters per second,

Q = water discharge, in cubic meters per
second, and

S = energy slope, in meter per meter.

Stream power per unit weight of water (®,,; termed
“unit stream power” by Yang and Song, 1979) can
be expressed as:

w,= Qydyw=vS (5)

Total-mechanical energy per unit weight of fluid
(called total head) at a given cross section is the sum
of gravitational-potential head (elevation of bed plus
depth of flow) and velocity head:

H=z+y+ (v 2g) (6)

where H = total-mechanical energy per unit weight

of fluid (total head), in meters,

z = thalweg elevation, in meters,

y = flow depth = water-surface elevation
minus z, in meters,

o = coefficient for nonuniform distribution
of velocity within the cross section, and

g = acceleration due to gravity, in meters
per second per second.

Head loss (/9f) represents the loss (dissipation) of
total-mechanical energy per unit weight of fluid
between two cross sections that define a reach:

hp=lz;+y;+ (0 v,%/29)] -
— [z, + y, + (o, 022/2g)]

Energy slope (8) can then be defined as hf divided
by the reach length (). Because head loss is the
energy dissipated at a constant value of (g x Q), /¢
and § are analogous to the rate of energy dissipation.
By applying time-dependent head-loss data at a
number of diverse reaches of the Toutle River system,
the dominance of specific channel processes and
forms can be related to changes of the various
components of total-mechanical energy with time.

An alternative form of the energy equation
defines the specific energy of a flow as the mechanical
energy of the flow relative to the channel bed without
regard to the channel-bed elevation (zin equation 6)

(Chow, 1959):
E=y+ (0(v2/2g) =7+
[ Q2w dy?) ®
where E, = specific energy (or head), in meters.

The datum head (z in equation 7) imparts an
overwhelming influence on the numerical value of
total-mechanical energy for a given flow (H in
equation 6). Therefore, specific energy can provide
a useful index of variations in mechanical energy that
relate to boundary shear and the flow’s ability to
perform work because of its pressure head and
velocity components. Ergenzinger (1987) used
specific energy to describe the channel geometry of
gravelly, braided rivers.

Equations 4, 5, 6, and 8 represent alternative
measures of the flow energy available to perform
work on the channel bed and to entrain or transport
sediment. This can also be expressed in terms of
average boundary shear stress:

T=YRS )
where T = average boundary shear stress, in
Newtons per square meter (N/m°), and

R = hydraulic radius, in meters.

To investigate the relative role of changing bed-
material characteristics on dynamic channel
adjustment, the resisting force opposing boundary
shear stress is expressed in terms of critical shear stress
for entrainment (the shear stress required to entrain
a particle from the channel bed). A Shields-type
criterion developed by Wiberg and Smith (1987) is
used. Non-dimensional critical shear stress [(Te) ]
is obtained graphically using a Non-dimensional
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particle diameter (Ke) as the abscissa in a Shields-
type entrainment curve where (Te) ., is the ordinate

(Wiberg and Smith, 1987):
Ke = 0.0047 (o) (10)

where Ke = bed roughness scale (4s) for sediment of
specific gravity 2.65 and fluid temperature of 10°C,
and

Lo = [D3(p,-p)] g/ v? (11)

where D = particle diameter, in meters,

p, = sedimentdensity in kilograms per cubic
meter,

p = fluid density, in kilograms per cubic
meter,

g = acceleration due to gravity, in meter per
second per second, and

u = kinematic viscosity, in square meters per
second.

The non-dimensional parameter Ke is a function
only of particle attributes (grain size and particle
density) and on fluid attributes (fluid density and
viscosity) so that any grain will have a unique value
of Ce in a particular fluid environment. The median
particle size of the bed material is used as “D” in
equation 11.

The relative balance or imbalance between
available force and resistance is found by comparing
average boundary shear stress and critical shear stress.
A non-dimensional excess shear stress (te,) is
computed from:

Te,=1/7,, (12)

where T .,.= critical shear stress in Newtons per square
meter.

HYDRAULIC MODELING

Alluvial channels adjust to imposed disturbances
through the interaction of morphologic, hydraulic,
and sediment-transport variables. Adjustments can
include combinations of changes in channel width,
depth, and gradient; bedload transport; hydraulic
roughness; and bed-material particle sizes. To
understand better the nature of channel adjustments
with time in a high-energy coarse-grained system like
the Toutle River, flow-energy relations were
investigated on a temporal basis. Examples are

provided for the debris-avalanche-affected upper
North Fork Toutle River, the lahar-affected lower
North Fork Toutle River and Toutle River main stem,
and the blast-affected upper Green River. Detailed
discussions of all but the Green River sites are
provided by Simon (1992).

Step-backwater modeling of reaches along the
Toutle River system that had been subjected to
various volcanic disturbances was undertaken by
using time-series data with channel-geometry data
from repetitive surveys. Because results from a range
of flow discharges showed parallel temporal trends,
only results from the Q, discharge are reported here.
The Q, discharge is exceeded in only one out of 100
years, on average, and is about 5 times the mean
annual flow at the Kid Valley gaging station.
Modeling results show that for the Q, discharge, head
loss, or the energy expended (dissipated) over a reach
because of boundary fraction (expressed as energy
slope), is minimized with time (fig. 69).
Minimization is defined here as a temporal trend
that is characterized by the nonlinear, asymptotic
attenuation of values. Temporal trends of unit stream
power (a measure of the time rate of energy
dissipation) similarly approach minimum values
(fig. 70). Because channel dimensions and the
physical meaning of the term “bankfull” flow
changed with time, the pre-eruption Q, discharge
was used as the measure of channel-forming flow
that consistently interacted with both the channel
bed and banks. This is not meant to suggest that
lower flow rates do not also cause changes in channel
morphology. The Q, discharge was not used because
there were insufficient data to establish a reliable
flow-duration curve. Variations in head loss and unit
stream power for the Q, discharge thus reflected
hydraulic adjustments as well as adjustments in
channel depth, width, and gradient.

The data shown in figures 69 and 70 represent
aggrading and degrading reaches, located both
upstream and downstream from the area of
maximum disturbance, that were affected by lahars
or the emplacement of the debris avalanche. These
reaches have been subjected to adjustment processes
of varying direction and intensity. The nonlinear
decrease of energy slope and unit stream power with
time confirms that in combination, all components
of total mechanical energy (datum, velocity head,
and pressure head) adjusted such that the rate of
energy dissipation for a given channel-forming
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discharge is minimized during channel evolution
(Simon, 1992). Streambed degradation with its
associated reduction in channel gradient in
combination with channel widening represent the
most effective means of minimizing the rate of energy
dissipation because all components of total-
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discharge for five reaches in the Toutle River
system. See figure 13 for locations.

mechanical energy (datum head, velocity head, and
pressure head) decrease with time.

Specific energy is the sum of the pressure-head
component of potential energy (hydraulic depth) and
the kinetic energy (velocity head) relative to the
streambed. The lack of the datum term makes
specific energy a sensitive energy-based measure for
interpreting how the rate of energy dissipation is
minimized (fig. 71) by adjustments in channel
geometry and hydraulics, such as flow velocity and
roughness. Kinetic energy can account for 20 to
60 percent of the specific energy at a site in the Toutle
River system. Kinetic energy values can be 1 to 2
orders of magnitude higher than in a fine-grained,
low-energy system (Simon, 1992). This indicates that
in a high-energy, coarse-grained system, such as the
Toutle River, processes that reduce velocity heads
(kinetic energy) are important in reducing the energy
available to the system. Since disruption of the Toutle
River system on May 18, 1980, specific energy has
declined by about 70 to 80 percent. Average
reductions in velocity head and channe] gradient were
80.6 percent (S, = 2.9 percent) and 34.3 percent
(S, = 14.2 percent), respectively. As an example, table
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FIGURE 70.—Minimization of the rate of energy
dissipation expressed as unit stream power for
two reaches in the Toutle River system. See
figure 13 for locations.
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TaBLE 24.— Components of specific energy at upper North Fork Toutle River site NF310 ar the Q, discharge

[m/m, meter per meter; m, meter]

Months Energy Specific Velocity Hydraulic
since slope energy head depth Froude
eruption (m/m) (m) (m) (m) number
4.4 0.033 2.86 1.64 1.22 1.64
9.8 .025 1.83 .92 91 1.42
19.1 .019 1.45 S7 .88 1.13
20.6 .017 1.30 S50 .80 1.12
21.3 .020 1.22 A48 74 1.14
21.9 .017 1.31 47 .84 1.06
22.7 .021 1.72 75 .97 1.24
23.7 .020 .99 .38 .61 1.10
24.9 017 1.41 .54 .87 1.11
28.9 .016 1.59 .65 .94 1.14
30.3 .018 1.12 48 .64 1.04
31.2 .017 99 33 .66 99
31.9 .013 1.41 46 .95 .97
33.0 .009 1.48 .49 .99 1.00
35.4 .010 1.27 41 .86 .98
38.0 011 1.08 .28 .80 .84
423 012 1.31 .38 93 .89
45.1 .010 1.03 .25 78 .80
49.8 .010 1.17 32 .85 .87
62.6 .009 1.42 .38 1.04 .85
74.0 .011 1.13 .38 75 1.00
79.1 011 .98 .34 .64 .98
80.2 .013 1.43 Sl 92 1.05
81.1 012 1.26 45 .81 1.05
86.8 .010 .89 24 .65 .86
95.4 .007 1.05 22 .83 73
101.7 .008 1.14 .29 .85 .82
109.5 .010 1.15 34 .81 .92
123.1 .007 93 21 72 77
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24 provides time-series data for the Elk Rock reach
of the upper North Fork Toutle River.

Reductions in specific energy with time (fig. 71)
cannot be attributed solely to bed degradation and
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FIGURE 71.—Modeled temporal trends in specific
energy at the Q; discharge for four sites in the
Toutle Rivewr system. See figure 13 for
locations.

the consequent flattening of channel gradients. In
fact, streambed degradation concentrated at locations
of maximum boundary shear stress and stream power
could result in increases in hydraulic depth that
would tend to offset any decreases in velocity.
However, because of pervasive channel widening in
the Toutle River system, hydraulic depths were
maintained or reduced during phases of degradation
(fig. 72). In addition, average increases in channel
width of about 600 percent resulted in larger wetted
perimeters, greater flow resistance, and hence,
reduced flow velocities (table 24). Reductions in
hydraulic depth by channel widening reduce the
pressure head component of specific energy and cause
consequent increases in relative roughness. This
would tend to cause further reductions in flow
velocity (kinetic energy) and specific energy. The
relative contributions of streambed degradation,
expressed through changes in “S”, and channel
widening, expressed through changes in “R”, on
reductions in flow velocity can be addressed through
dimensional analysis of the Manning equation.
According to the Manning equation, velocity is
proportional to $7Z and to R??, indicating that
changes in “R” or hydraulic depth () should be
more important than changes in energy slope.
However, by substituting the empirically derived
function of roughness (#) from equation 2 (§ 54 R-16)
in the Manning equation, the following
proportionalities can be approximated that include
the effects of changes in hydraulic roughness:

V,Y 51/6
V,Y RI/Z or dhl/2

By using these relations with the modeled data
from NF310 (cable 24; fig. 13), adjustments in
energy slope and hydraulic depth each cause about
22-23 percent reductions in flow velocity. Thus, for
a constant bed-material particle size, it is shown that
streambed degradation and channel widening
contribute equally to reductions in flow velocity.
However, the effect of channel widening on causing
reductions in hydraulic depth, flow velocity, and
specific energy is further promoted by a general
coarsening of bed-material particle size with time

(table 18).

Coarsening of channel beds and the consequent
increase in critical shear stress with time caused
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preferential erosion of channel banks, further
reductions in hydraulic depth, and continued
reductions in kinetic energy (Simon, 1993; Simon
and Thorne, 1996). Channel widening was also the
dominant process in aggrading reaches where large
increases in channel width aided in the reduction of
hydraulic depths and flow velocities. These relations
can be better understood in the context of boundary,
critical, and excess shear stresses.

Average boundary shear stress decreased non-
linearly and critical shear stress increased nonlinearly
with time for modeled reaches in the Toutle River
system (fig. 73). Temporal trends of non-dimensional
excess shear stress (te,), as defined by equation 12,
approach minimum values and reflect the opposing
nonlinear convergence of available boundary-shear
and critical-shear stresses at the Q, discharge. The
balance between boundary- and critical-shear stress
is approached in aggrading as well as degrading
reaches (fig. 73). These results offer a physically based
explanation for reported reductions in sediment
discharge with time during channel evolution in the
Toutle River system (table 16). In reaches where the
streambed degraded, reductions in average

boundary-shear stress were due to (1) channel
widening (hundreds of meters), with a consequent
increase in wetted perimeter and reduction in
hydraulic depth, and (2) bed degradation (as much
as 30 m) that reduced channel gradient and energy
slope. In reaches where the streambed aggraded,
channel widening was particularly important in
reducing boundary-shear stress to offset brief
increases in channel gradient and energy slope. In
all reaches, the increases to wetted perimeter and
decreases to hydraulic depth acted in concert with
increasing bed-material particle size to produce a
positive feedback mechanism that further reduced
flow velocity and available flow energy by increasing
relative bed roughness.

Perturbations or oscillations around the
generalized nonlinear functions were caused by
temporally short but dramatic changes in channel
geometry during extreme flows (figs. 69-72). For
example, the February 20, 1982, storm and breakout
of Jackson Lake resulted in 80 to 90 m of active-
channel widening in the Elk Rock reach. In contrast,
deposition due to the March 19, 1982, lahar resulted
in 20 to 90 m of active-channel narrowing. The clear
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FIGURE 72.—Modeled temporal changes in water-surface width and hydraulic depth at the Q; discharge at site
NF310, upper North Fork Toutle River. See figure 13 for location.
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water releases of November 1982 and the storms of
December 1982 similarly caused large changes in
channel morphology and oscillations around the
general nonlinear trend of minimization of the rate
of energy dissipation. Temporal variations in
modeled flow widths and depths for the upstream
cross section of the Elk Rock reach (NF310) show
the scale and direction of the morphologic changes

(fig. 72).

Exceptions to the energy-minimization trends are
found in the modeled data for two adjacent reaches
of the blast-affected upper Green River. In these cases,
the rate of energy dissipation (expressed as energy
slope, 4./ L) increased during the first wet season
after the eruption (1981) and generally maintained
a heightened level through 1992 (fig. 74). The
reasons for this apparent disparity with the general
minimization trends are a consequence of the
hydraulic impacts that the 1980 lateral blast imposed
on the upper Green River. Because direct changes in
channel gradient did not occur, and large logs and
other debris were emplaced in the channel, the only
disruptions to available flow energy occurred through
decreased velocity heads resulting from this drastic
increase in hydraulic roughness. Direct
measurements of hydraulic roughness prior to and
after the eruption were not available; however it is
estimated that Manning’s “7” increased more than
twofold (to 0.09) for Q; stormflows.
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FIGURE 74.—Modeled temporal trends of rate of
energy dissipation for two adjacent reaches in
the upper Green River. (Values have increased
since 1980.)See figure 13 for locations.

The net result of the impacts on the upper Green
River was a decrease in available flow-energy (kinetic)
for a given discharge. Channel adjustments in the
upper Green River were characterized by incision
(table 14), which commonly caused increases in
kinetic energy (velocity head) and potential energy
(flow depth) (table 25). These adjustments
compensated for the imposed decreases in available
flow energy caused by increases in hydraulic
roughness. Although the post-1980 energy gradients
shown in figure 74 appear to be increasing and may
approach maxima, they may in fact represent
minimum values commensurate with the new
hydraulic “constraints” imposed on the upper Green
River. These heightened levels of energy dissipation
(fig. 74) probably will be maintained until the large
roughness elements are removed or decay. If this
occurs suddenly, flow velocities and available energy
would be increased and the channel would probably
adjust in much the same way as other streams in the
Toutle River system, through lateral erosion to reduce
hydraulic depth, velocity head, and rates of energy
dissipation.

ENERGY RELATIONS AND THE
TOUTLE RIVER SYSTEM

In the idealized case of an alluvial channel with
a given water discharge, the difference between
energy-related variables before and immediately after
a disturbance can be considered the magnitude of
the imposed disturbance. This magnitude can be
depicted by head at a point along the channel (as
with total-mechanical energy and specific energy),
or by the rate of energy dissipation through a reach
(as with unit stream power and energy slope). All
can be considered measures of the energy available
to the stream to perform work. In this conceptual
framework, and assuming that pre-disturbed
channels were in equilibrium, then the imposed
disturbance also represents a maximum
disequilibrium in the system that determines an
initial maximum rate of energy dissipation. As for
the upper North Fork Toutle River, excess energy,
defined as the disparity between available energy and
critical energy'? (or critical stream power, (Bull,
1979), or critical shear, (Simon, 1993; Simon and

ritical energy is the flow energy required to perform geomorphic work.
2 Critical gy is the fl gy required to perform g ph k
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TABLE 25.— Change in modeled hydraulic
characteristics at the Q, discharge for sites on the
upper Green River

Change in Change in

Site flow depth elocity head

(fig. 13) (in percent) (in percent)
GR850 -29 -16
GR855 16 7
GR860 77 173
GR865 56 36
GR870 129 145
Mean 50 69

Thorne, 1996)), is at a maximum. Therefore, in this
idealized case, maximum changes in channel
geometry and rate of energy dissipation occur.
Changes in datum head, hydraulic depth, and
roughness combine to (1) reduce the available energy
by an amount proportional to the energy provided
by the landscape (and(or) disturbance) and the flow,
and (2) increase the critical energy. These changes
result in a decrease in the rate of energy dissipation.
With a diminished amount of excess energy,
additional adjustments during a flow of equal
magnitude would result in lesser changes in channel
geometry and reductions in the rate of energy
dissipation. If this process is repeated over several
discrete steps representing channel evolution with
time, a nonlinear minimization function can be
generated that describes temporal trends of stream
power (Bull, 1979; Simon 1992), head loss or rate
of energy dissipation (Simon, 1992), boundary shear
(Simon 1992), or excess shear stress (Simon, 1993;

Simon and Thorne, 1996).

Coarsening of bed material with time and the
consequent increases in critical shear with time
(Simon, 1993; Simon and Thorne, 1996) provide
evidence for the temporal increase in critical energy
in high-energy streams with coarse-grained beds.
This indicates that if coarse-grained sediment (gravel
and cobbles) had not been available, increases in
critical-shear stress probably would be limited.
Therefore, morphologic changes would have
occurred at even greater rates to reduce values of
boundary-shear stress and stream power to levels

commensurate with the resistance of the finer
boundary sediments. Under this scenario,
morphologic changes would be more drastic because
of greater amounts of incision that would destabilize
channel banks and permit high-sediment discharges
to persist for longer periods of time.

Analysis of the components of available energy
at the channel bed (specific energy) provided
physically based explanations for the dominance of
channel widening as the primary fluvial adjustment
process by which the rate of energy dissipation was
minimized. In high-energy systems with coarse-
grained beds, such as the Toutle River, kinetic energy
(velocity head) represents a sizable component of the
available stream energy, particularly during
supercritical flows. Minimization of the rate of energy
dissipation, therefore, must account for reductions
in the velocity head. Large-scale channel widening
is extremely important in reducing hydraulic depths,
increasing hydraulic roughness, and thereby
decreasing the velocity head in both aggrading and
degrading reaches.

An energy-based approach provides unifying
principles to understand better the complex iterations
between process and form and the dominant
processes during adjustment of disturbed alluvial
channels. The approach is useful in explaining, in a
physical sense, the rationale behind the nonlinear
decay functions commonly used to describe channel
adjustment and the approaching of equilibrium
conditions. Extremal hypotheses, such as
minimization of the rate of energy dissipation and
minimization of unit stream power, appear to be valid
for the high-energy, coarse-grained Toutle River
system.

SUMMARY AND CONCLUSIONS

The catastrophic eruption of Mount St. Helens
on May 18, 1980, resulted in the emplacement of
abour 2.8 km? of volcanic products throughout
much of the drainage basin of the Toutle River.
Between 115 and 155 million tons of sediment was
discharged to the Cowlitz River during
May 18-19, 1980. An additional 190 million tons
of sediment was transported out of the Toutle River
Basin from 1981 through 1992. Another 40 million
tons was trapped behind the permanent sediment-
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retention structure (SRS) on the North Fork Toutle
River. Sediment yields from the upper North Fork
Toutle River Basin were among the highest recorded,
ranging from 18,000 tons/km? in 1989 to about
500,000 tons/km? in 1980. As of 1993, only about
8 percent of the debris-avalanche deposit has been
transported out of the Toutle River system.

Major disruptions to the channels of the Toutle
River system were caused predominantly by (1) the
massive debris avalanche that obliterated the drainage
network of the upper North Fork Toutle River and
raised its valley-bottom elevations by as much as
140 m; (2) lahars that swept down the lower North
Fork Toutle River, South Fork Toutle River, and
Toutle River main stem; (3) airfall deposition of fine-
grained tephra on hillslope surfaces in the upper
North Fork Toutle River and upper Green River
Basins, and (4) blowdown of large tracts of forests
on hillslopes and into stream channels in the upper
Green River Basin from the lateral blast. With the
exception of the Green River, channels were
transformed from low-sinuosity gravel-cobble
streams to sand-bed streams with smoothed
boundaries and straighter alignments. The
immediate results of these changes were increases in
the magnitude and frequency of peak flows. This
tendency diminished by 1984 because of
(1) exposure of coarse-grained tephra on hillslopes,
(2) fluvial erosion of silt and sand from channels,
and (3) increases in hydraulic roughness caused by
bed-material coarsening and reduced-flow depths
caused by channel widening.

The diversity of eruption-induced effects and the
varying degree of their severity caused subbasins to
respond at different rates by different processes, and
to recover over different time scales. Hillslope erosion
by sheet wash, rilling, and gullying attained peak
rates in the upper Green and North Fork Toutle River
Basins during the first wet season after the eruption,
then decreased drastically and became negligible by
1983. Most of this sediment moved through the
system as suspended load and did not contribute to
downstream reductions in channel gradient, energy
dissipation, or channel recovery.

The most severely affected subbasin was that of
the upper North Fork Toutle River. Depressions
formed on the surface of the debris avalanche by
phreatic explosions of trapped superheated water and
by subsidence of the deposit. Many of the largest

depressions formed close to previous drainage paths,
and strings of depressions formed preferentially above
old stream courses. Water filled and spilled out of
these closed depressions on the debris-avalanche
surface to initiate the development of a new drainage
network. By the end of 1982, the contributing
drainage area of this subbasin had increased from
about 80 km? to the pre-eruption area of 282 km?.
Channel evolution on the debris-avalanche deposit
was dominated by channel widening (hundreds of
meters), although depths of degradation reached
30 m in some reaches. Changes in channel widths
relative to changes in channel depths were generally
similar to pre-disturbed width-to-depth ratios (60
to 100). Widening resulted in reduced flow depths,
consequent increases in hydraulic roughness, and,
therefore, decreased flow velocities. In combination
with bed-material coarsening, these morphologic
changes resulted in rapid reductions in the rate of
energy dissipation along reaches of the upper North

Fork Toutle River.

A dimensionless nonlinear decay function was
used to describe the temporal variation in bed
elevations for sites along all major drainages of the
Toutle River system. The total dimensionless change
in bed elevation (the “4” coefficient) was plotted
against river kilometer and served as an empirical
model of initial and secondary bed-level responses.
Streambed degradation occurred upstream from areas
of maximum disturbance (AMD); streambed
aggradation occurred downstream. AMD’s occurred
near Elk Rock on the upper North Fork Toutle River
because of a constriction in the valley, and near the
mouths of the South Fork Toutle and Green Rivers
because of deposition from the North Fork lahar of
May 18, 1980. Plots of the “4” coefficient for the
Toutle River system helped identify a disparity
between amounts of upstream degradation and much
larger amounts of downstream aggradation. This
disparity was reconciled by considering the enormous
quantities of bank sediment eroded from upstream
reaches and deposited along gentler reaches of the
lower North Fork Toutle River and the Toutle River
main stem. These empirical models also helped in
assessing the relative magnitudes of vertical
adjustments along streams subjected to different
volcanic impacts. Maximum amounts of degradation
occurred on the debris-avalanche deposit of the upper
North Fork Toutle River in response to large increases
in available stream energy and an abundant supply
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of readily available sediment. Maximum amounts
of aggradation occurred on the Toutle River main
stem.

Channel adjustments along the lahar-affected
South Fork Toutle River were considerably less
dramatic than along the North Fork because of
dissimilar volcanic impacts that resulted in smaller
changes to available stream energy. Annual sediment
yields for the South Fork Toutle River were generally
an order of magnitude lower than for the North Fork,
but were still dominated by channel widening.

The greatest adjustments along the Green River
did not occur in the blast-affected parts of the basin,
but rather along the lowest 2 km of the stream that
had been inundated by the North Fork lahar. The
major disruption to the channels of the upper Green
River Basin was a large increase in hydraulic
roughness from the emplacement of blown down
timber into the channels. Channel adjustments in
the blast-affected area were restricted to minor
amounts of incision.

Channel evolution is characterized by a five-step
sequence that includes the shifting dominance of
fluvial and mass-wasting processes: (1) channel
formation, disruption;
(2) streambed degradation if upstream from the
AMD; streambed aggradation if downstream from
the AMD; (3) channel widening; (4) channel
widening, with streambed aggradation if upstream
of the AMD; streambed degradation if downstream
from the AMD; and (5) channel widening with scour
and fill, and the initiation of floodplain development
by valley sidewall collapse and retreat. This sequence
was most evident along the North Fork Toutle River
and the Toutle River main stem. The secondary
vertical adjustment represented by stage 4, and flood-
plain development represented by stage 5, were not
observed on the South Fork Toutle River because of
the limited initial incision along this stream. Because

blast deposits had little effect on channel morphology

development, or

and pattern of the upper Green River, a systematic
evolution of channel forms was not observed in this
subbasin.

The dominance of various adjustment processes
is described in terms of flow-energy principles and
an extremal hypothesis for attainment of equilibrium
channel geometries: minimization of the rate of
energy dissipation. Hydraulic characteristics were
modeled with a one-dimensional step-backwater

model using paired cross sections that had been
frequently resurveyed. Modeled results confirmed the
minimization of head loss (used to represent the rate
of energy dissipation) during channel adjustment and
provided a physically based rationale for interpreting
the interaction and dominance of various processes
and forms. Streambed degradation, in combination
with channel widening, was a common response in
this disturbed system. That combination was found
to be the most effective means of minimizing the
rate of energy dissipation because all components of
total-mechanical energy (datum head, pressure head,
and velocity head) decreased simultaneously.
Reductions in hydraulic depth and increases in bed-
material particle size confirmed the temporally based
increase in hydraulic roughness. Exceptions to the
trends of energy minimization occurred in the blast-
affected Green River channel where available stream
energy had been reduced by the introduction of
copious amounts of large roughness elements (trees
and other debris). In these cases, incision in the
absence of significant channel widening led to
increased specific energy through increases in
pressure and velocity heads. Thus, available stream
energy increased and enabled transport of incoming
sediment and compensated for the rougher hydraulic
boundary.

Landscape response to the eruption of Mount
St. Helens was rapid and dramatic. Rates of erosion
on tephra-covered hillslopes declined to nominal
rates within 2 years, drainage-network development
on the debris-avalanche deposit was complete within
2.5 years, and sediment yields decreased by more
than two orders of magnitude. Nonetheless, the
Toutle River system remains a source of vast
quantities of sediment. Most of this material is found
in the debris-avalanche deposit, where only about
8 percent of the original volume has been eroded.
The permanent SRS protects downstream channels
and communities from loss of channel capacity and
the potential for catastrophic flooding. Still, erosion
in the upper North Fork Toutle River continues as
channels widen by valley sidewall collapse and new
flood plains form.

A wealth of hydraulic, sediment transport, and
geomorphic data are available for the Toutle River
system. Results of this study and other investigations
at Mount St. Helens have already proved useful in
confronting water-related issues of hazard mitigation
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in volcano-crisis situations (Pierson and others,
1992). The investigation on the Toutle River system
following the 1980 eruption of Mount St. Helens
has improved understanding of the nature of channel
adjustments and landscape response in volcano-
impacted and other high-energy environments.
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of readily available sediment. Maximum amounts
of aggradation occurred on the Toutle River main
stem.

Channel adjustments along the lahar-affected
South Fork Toutle River were considerably less
dramatic than along the North Fork because of
dissimilar volcanic impacts that resulted in smaller
changes to available stream energy. Annual sediment
yields for the South Fork Toutle River were generally
an order of magnitude lower than for the North Fork,
but were still dominated by channel widening.

The greatest adjustments along the Green River
did not occur in the blast-affected parts of the basin,
but rather along the lowest 2 km of the stream that
had been inundated by the North Fork lahar. The
major disruption to the channels of the upper Green
River Basin was a large increase in hydraulic
roughness from the emplacement of blown down
timber into the channels. Channel adjustments in
the blast-affected area were restricted to minor
amounts of incision.

Channel evolution is characterized by a five-step
sequence that includes the shifting dominance of
fluvial and mass-wasting processes: (1) channel
formation, disruption;
(2) streambed degradation if upstream from the
AMD; streambed aggradation if downstream from
the AMD; (3) channel widening; (4) channel
widening, with streambed aggradation if upstream
of the AMD; streambed degradation if downstream
from the AMD; and (5) channel widening with scour
and fill, and the initiation of floodplain development

development, or

by valley sidewall collapse and retreat. This sequence
was most evident along the North Fork Toutle River
and the Toutle River main stem. The secondary
vertical adjustment represented by stage 4, and flood-
plain development represented by stage 5, were not
observed on the South Fork Toutle River because of
the limited initial incision along this stream. Because
blast deposits had little effect on channel morphology
and pattern of the upper Green River, a systematic
evolution of channel forms was not observed in this
subbasin.

The dominance of various adjustment processes
is described in terms of flow-energy principles and
an extremal hypothesis for attainment of equilibrium
channel geometries: minimization of the rate of
energy dissipation. Hydraulic characteristics were
modeled with a one-dimensional step-backwater

model using paired cross sections that had been
frequently resurveyed. Modeled results confirmed the
minimization of head loss (used to represent the rate
of energy dissipation) during channel adjustment and
provided a physically based rationale for interpreting
the interaction and dominance of various processes
and forms. Streambed degradation, in combination
with channel widening, was a common response in
this disturbed system. That combination was found
to be the most effective means of minimizing the
rate of energy dissipation because all components of
total-mechanical energy (datum head, pressure head,
and velocity head) decreased simultaneously.
Reductions in hydraulic depth and increases in bed-
material particle size confirmed the temporally based
increase in hydraulic roughness. Exceptions to the
trends of energy minimization occurred in the blast-
affected Green River channel where available stream
energy had been reduced by the introduction of
copious amounts of large roughness elements (trees
and other debris). In these cases, incision in the
absence of significant channel widening led to
increased specific energy through increases in
pressure and velocity heads. Thus, available stream
energy increased and enabled transport of incoming
sediment and compensated for the rougher hydraulic
boundary.

Landscape response to the eruption of Mount
St. Helens was rapid and dramatic. Rates of erosion
on tephra-covered hillslopes declined to nominal
rates within 2 years, drainage-network development
on the debris-avalanche deposit was complete within
2.5 years, and sediment yields decreased by more
than two orders of magnitude. Nonetheless, the
Toutle River system remains a source of vast
quantities of sediment. Most of this material is found
in the debris-avalanche deposit, where only about
8 percent of the original volume has been eroded.
The permanent SRS protects downstream channels
and communities from loss of channel capacity and
the potential for catastrophic flooding. Still, erosion
in the upper North Fork Toutle River continues as
channels widen by valley sidewall collapse and new
flood plains form.

A wealth of hydraulic, sediment transport, and
geomorphic data are available for the Toutle River
system. Results of this study and other investigations
at Mount St. Helens have already proved useful in
confronting water-related issues of hazard mitigation
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in volcano-crisis situations (Pierson and others,
1992). The investigation on the Toutle River system
following the 1980 eruption of Mount St. Helens
has improved understanding of the nature of channel
adjustments and landscape response in volcano-
impacted and other high-energy environments.
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Appendix L. Peaks above base discharge for four sites in the Toutle River system

[m?/s, cubic meter per second; ft*/s, cubic foot per second; —, unknown]

Toutle River at Tower Road, near Silver Lake, Washington
Base discharge is 250 m3/s (8,830 {t3/s)

Date/ Discharge Date/ Discharge
Water year Time (m3/s) Water year Time (m3/s)
1981a 1985
Nov. 7, 1980 0725 255 Nov. 2, 1984 1530 —
Nov. 7, 1980 2400 283 June 7,1985 1415 274"
Nov. 21, 1980 1715 306
Dec. 2, 1980 1800 368 1986
Dec. 22, 1980 1300 266 Jan. 19, 1986 0215 294
Dec. 26, 1980 0530 623 Feb. 23, 1986 2130 878 b
Dec. 27, 1980 0600 524
Feb. 16, 1981 0200 340 1987
Feb. 17, 1981 0400 306 Nov. 22, 1986 0145 371
Feb. 19, 1981 0740 708 Nov. 24, 1986 1220 739°®
June 8, 1981 1615 262 Feb. 1,1987 0900 685
1982 Mar. 3, 1987 2115 456
Oct. 6, 1981 1930 311 1988
Dec. 2, 1981 1115 326 Dec. 10, 1987 0145 623"
Dec. 5, 1981 1400 558 Jan. 14, 1988 2245 447
Jan. 16, 1982 2400 461
Jan. 24, 1982 0445 1,042 1989
Feb. 14, 1982 0130 524 Nov. 23, 1988 0130 191 be
Feb. 17, 1982 0630 595 1990
Feb. 18, 1982 1900 419
Feb. 20, 1982 0845 1,082 bod Dec. 4, 1989 2230 323
Mar. 20, 1982 L 655 Jan. 9, 1990 2330 6432
1983 1991
Oct. 29, 1982 0445 436 Feb. 10, 1990 1745 337
Dec. 3, 1982 2045 1,076 Nov. 24, 1990 2130 529
Dec. 16, 1982 0400 634 Jan. 12,1991 1745 266
Jan. 5, 1983 1515 663 Jan. 15, 1991 0600 273
Jan. 8, 1983 0700 524 Feb. 20, 1991 0645 428
Apr. 5, 1991 0930 705°
1984 ? Dara for this water year from Toutle River at Highway
Feb. 20, 1991 0645 428 99 bridge, near Castle Rock, Washington (station
Nov. 17, 1983 2400 374 14242690).
Apr. 5, 1991 0930 705 b b Peak discharge of water year.
Nov. 20, 1983 0200 314 ¢ Peak discharge for post-eruption period of record
Jan. 3, 1984 1230 388 (1981-1992).
Jan. 4, 1984 —_ —_ d Associated with breakout of Jackson Lake
Jan. 24, 1984 0530 445 (2.47 million m?).
Jan. 25, 1984 0645 4955 ¢ Below peak base; included as annual peak discharge.
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Appendix L. Peaks above base discharge for four sites in the Toutle River system—Continued

[m¥/s, cubic meter per second; ft’/s, cubic foot per second; —, unknown]

North Fork Toutle River at Kid Valley, Washington
Base discharge is 156 m?/s (5,500 ft3/s)

Date/ Discharge Date/ Discharge
Water year Time (m3/s) Water year Time (m3/s)
1981 1986
i Nov. 6, 1985 0430 161
Nov. 7,1980 2230 16 Nov. 28, 1985 2000 163
Nov. 21, 1980 1600 163 . Jan. 16, 1986 0145 177
Dec. 2, 1980 1530 286 Feb. 23, 1986 1940 617b
1982
Oct. 6, 1981 1800 249 1987
Dec. 2, 1981 0830 197 Nov. 24, 1986 1145 411
Dec. 5, 1981 1300 354 Feb. 1, 1987 0715 374
Dec. 15, 1981 1400 156 Mar. 3, 1987 2000 300
Jan. 16, 1982 2000 261 Loss
Jan. 23, 1982 1015 402 ?
]an. 24’ 1982 0345 654 D€C. 10, 1987 0200 363 b
Feb. 16, 1982 1030 300 ) 1989
Feb. 20, 1982 0730 %Ob ] Nov. 23, 1988 0330 104 be
Mar. 19, 1982 2215 963 >
1983 1990
Oct. 29, 1982 0200 211 Dec. 4, 1989 2215 180
Dec. 3, 1982 2115 725b Jan. 9, 1990 2115 329
Dec. 16, 1982 0145 340 Feb. 10, 1990 1345 245
Jan. 5, 1983 1315 300 1991
Jan. 7, 1983 1330 235
Nov. 25, 1990 0100 320
1984 Jan. 15, 1991 0415 161
Nov. 3, 1983 0815 300 Feb. 20, 1991 0630 213
Nov. 13, 1983 2000 180 Apr. 5, 1991 1245 348 b
Nov. 17, 1983 0400 216
Nov. 17, 1983 2100 229 1992
Nov. 19, 1983 2330 165 Nov. 25, 1991 1215 146 be
Nov. 24, 1983 0800 204
Jan. 3, 1984 1000 262 2 Data for this water year from Toutle River at Highway
Jan. 24, 1984 0300 382 99 bridge, near Castle Rock, Washington (station
J .25’ 1984 0315 416° 14242690).
s b Peak discharge of water year.
1985 ¢ Peak discharge for post-eruption period of record
Nov. 2, 1984 1330 161 ) 1(:981—.1995). . ek .
b ssoclate Wit reakout o ackson akKe
June 7, 1985 1345 195 (2.47 million m?).
¢ Below peak base; included as annual peak discharge.
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Appendix . Peaks above base discharge for four sites in the Toutle River system—Continued

[m?®/s, cubic meter per second; ft*/s, cubic foot per second; —, unknown]

South Fork Toutle River at Camp 12, near Toutle, Washington

Base discharge is 87.8 m?/s (3,100 ft*/s)

Date/ Discharge Date/ Discharge
Water year Time (m>/s) Water year Time (m3/s)
1982 1988
Oct. 6, 1981 2200 115 Dec. 3, 1987 1045 101
Dec. 2, 1981 0730 88.9 Dec. 6, 1987 1800 11
Dec. 5, 1981 1445 189 Dec. 9, 1987 2215 266 P
Dec. 15, 1981 1400 98.5 Jan. 15, 1988 - -
Jan. 16, 1982 2130 136 Apr. 3, 1988 0128 91.5
Jan. 24, 1982 0200 258 b
Feb. 14, 1982 1430 162 1989
Feb. 20, 1982 0900 231 Nov. 22, 1988 1450 84.7 be
1983 1990
Oct. 30, 1982 1000 115 Dec.4, 1989 1600 198
Dec. 3, 1982 — 382b Jan. 9, 1990 — 544 ¢
Dec. 16, 1982 0930 161 Feb. 10, 1990 1230 134
Jan. 15, 1983 1545 194 1991
Mar. 9, 1983 1100 117
Mar. 29, 1983 1800 119 Nov. 24, 1990 1730 326
Jan. 12, 1991 1315 168
1984 Jan. 15, 1991 0400 97.7
Nov. 3, 1983 1600 120 Feb. 5, 1991 0415 118
Nov. 13, 1983 2230 118 Feb. 20, 1991 0400 213
Nov. 17, 1983 0430 155 Mar. 3, 1991 1845 117
Nov. 19, 1983 2300 121
Jan. 24, 1984 0245 148 1985
Jan. 25, 1984 0445 158 b Apr. 4, 1991 2100 481°
Apr. 5, 1991 — —
1885
Nov. 2, 1984 1200 109 b 1992
June 7, 1985 1015 101 Dec. 5, 1991 2000 121
Jan. 28, 1992 0530 214
1886 Jan. 28, 1992 0800 119
Jan. 18, 1986 2400 128 Jan. 30, 1992 2000 88.4
Feb. 23, 1986 1845 201 b Feb. 22, 1992 1100 105
1887 Apr. 17,1992 2130 87.8
Nov. 24, 1986 . o 2 Data for this water year from Toutle River at Highway
b 99 bridge, near Castle Rock, Washington (station
Feb. 1, 1987 0600 294 14242690).
Mar. 3, 1987 2005 245

b Peak discharge of water year.

¢ Peak discharge for post-cruption period of record

(1981-1992).
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Appendix L. Peaks above base discharge for four sites in the Toutle River system—Continued

[m>/s, cubic meter per second; ft*/s, cubic foot per second; —, unknown]

Green River above Beaver Creek, near Kid Valley, Washington
Base discharge is 96.3 m?®/s (3,400 ft3/s)

Date/ Discharge Date/ Discharge
Water year Time (m3/s) Water year Time (m3/s)
1981 1990
Nov. 7, 1980 0230 117 Dec. 4, 1989 2100 120
Dec. 2, 1980 1500 144 Jan. 9, 1990 2000 230°
Dec. 26, 1980 0300 1810 Feb. 10, 1990 1345 138
Dec. 27, 1980 0500 115 1991
June 8, 1981 1245 101
Nov. 25, 1990 0300 148
1982 Feb. 20, 1991 0430 126
Dec. 5, 1981 1600 168 Apr. 5, 1991 1015 178 ®
Jan. 16, 1982 2130 124
Jan. 24, 1982 0430 292 1992
Feb. 17, 1982 1200 110 Nov. 25, 1991 1115 95.4 be
Feb. 20, 1982 1545 176
1983 2 Data for this water year from Toutle River at
b Highway 99 bridge, near Castle Rock, Washington
Dec. 3, 1982 2200 232 (station 14242690).
Jan. 8,1983 0500 136 b Peak discharge of water year.
1984 ¢ Peak discharge for post-eruption period of record
Jan. 3, 1984 1100 119 (1981-1992).
Jan. 25, 1984 0445 140 b 4 Associated with breakout of Jackson Lake

(2.47 million m?).

1985 ¢ Below peak base; included as annual peak discharge.
b
June 7, 1985 1600 111 f Associated with explosively-generated lahar.
1986
Feb. 23, 1986 2000 411 be
1987
Nov. 22, 1986 0015 103
Nov. 24, 1986 1130 202°
Feb. 1, 1987 900 132
1988
Dec. 10, 1987 0030 168
1989
Nov. 23, 1988 0100 52.7 be
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Appendix II. Highest mean discharge for one-day and three-days, and water year for four sites in the
Toutle River system, 1981-92

[For Toutle River main stem, all data are from Tower Road gage except for water year 1981,
when data are from Toutle River at Highway 99 near Castle Rock, Washington.

Discharge values are in cubic meters per second; —, not applicable]

Water One-day Water Three-day Water Annual

Rank year discharge year discharge year discharge

Toutle River at Tower Road near Silver Lake, Washington
1 1982 705 1982 505 1982 71.2
2 1991 589 1991 431 1983 69.8
3 1987 569 1986 396 1984 66.3
4 1986 515 1990 405 1991 64.8
5 1983 493 1983 402 1990 58.9
6 1990 470 1987 399 1987 53.1
7 1981 470 1981 382 1981 52.6
8 1988 419 1984 317 1986 51.6
9 1984 362 1988 277 1985 50.0
10 1992 257 1992 251 1989 47.9
11 1985 207 1985 186 1988 44.9
12 1989 177 1989 168 1992 42.7
Mean — 436 — 343 — 58.6
South Fork Toutle River at Camp 12, Washington

1 1991 311 1990 202 1983 22.3
2 1990 255 1991 194 1982 20.0
3 1987 188 1983 133 1991 19.7
4 1982 172 1982 123 1984 19.2
5 1983 144 1987 109 1990 17.1
6 1984 124 1984 106 1987 15.2
7 1988 122 1986 102 1986 14.3
8 1986 119 1992 91.8 1989 13.2
9 1992 118 1988 88.3 1988 13.1
10 1985 79.0 1985 65.0 1985 12.9
11 1989 64.0 1989 56.4 1992 11.6
Mean — 154 — 116 — 16.2
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Appendix IL. Highest mean discharge for one-day and three-days, and water year for four sites in the
Toutle River system, 1981-92

[For Toutle River main stem, all data are from Tower Road gage except for water year 1981,
when data are from Toutle River at Highway 99 near Castle Rock, Washington.

Discharge values are in cubic meters per second; —, not applicable]
Water One-day Water Three-day Water Annual
Rank year discharge year discharge year discharge
North Fork Toutle River at Kid Valley, Washington
1 1982 428% 1982 277 1984 447
2 1986 326 1986 270 1991 41.9
3 1983 309 1981 234 1982 41.9
4 1981 297 1983 230 1983 40.8
5 1987 279 1984 228 1990 37.5
6 1991 268 1987 215 1986 34.6
7 1984 266 1991 212 1985 34.0
8 1990 253 1990 207 1981 337
9 1988 229 1988 151 1987 31.6
10 1985 138 1992 122 1989 30.2
11 1992 126 1985 117 1988 29.1
12 1989 96.5 1989 92.0 1992 27.7
Mean — 251 — 196 — 35.6
Green River above Beaver Creek, near Kid Valley, Washington

1 1986 207 1986 149 1982 17.6
2 1982 160 1982 113 1991 17.1
3 1990 148 1990 111 1984 16.9
4 1987 147 1987 101 1983 15.5
5 1991 143 1984 100 1990 14.9
6 1983 124 1983 100 1981 14.4
7 1984 118 1991 96.0 1986 13.1
8 1988 111 1981 77.5 1987 12.6
9 1981 93.1 1988 73.0 1985 12.3
10 1992 73.9 1992 58.0 1989 12.1
11 1985 70.2 1985 50.9 1988 11.5
12 1989 45.0 1989 40.7 1992 10.3
Mean — 120 — 89.2 —_ 14.0

2 Affected by breakout of 2.47 million cubic meters of water from Jackson Lake, February 20, 1982.

126 CHANNEL AND DRAINAGE-BASIN RESPONSE OF TOUTLE RIVER SYSTEM IN AFTERMATH OF 1980 ERUPTION OF MOUNT ST. HELENS



Appendix III. Monumented cross sections used in this study

{See figure 13 for location of sites; —, unavailable]
Cross River Period of Number of
section kilometer surveys resurveys Reach name
North Fork Toutle River
NF590 1.7 1980-1990 7 Salmon C
NF585 2.0 1980-1990 39
NF580 2.2 1980-1985 4
NF575 2.3 1980-1990 5
NF560 7.7 1980-1992 33 Salmon B
NF550 8.1 1980-1984 4
NF545 8.2 1980-1982 3
NE540 8.3 1980-1992 26
NF535 9.1 1981-1984 3
NF520 11.1 1982-1990 7 Kid Valley
NF510 11.4 1980-1990 12
NF500 12.0 1981-1990 8
NF475 17.6 1980-1984 5 Salmon A
NF470 17.7 1980-1990 31
NF465 17.9 1980-1983 3
NF445 24.2 1981-1984 5 Camp Baker
NF435 24.6 1981-1984 4
NF430 25.4 1981-1984 5
NF420 26.9 1980-1990 42
NF415 27.1 1981-1984 S
NF410 27.4 1981-1984 b)
NE390 32.2 1981-1990 45 N-1
NF375 35.9 1980-1990 47 Lower Avalanche
NFE370 36.5 1981-1983 3
NF365 36.8 1981-1983 3
NEF360 37.4 1981-1984 4
NF350 40.1 1981-1992 11 Bear Creek
NEF345 40.4 1980-1992 39
NE340 40.9 1981-1983 3
NE335 41.2 1981-1983 3
NE330 41.5 1981-1983 3
NE325 42.2 1981-1986 21 Elk Rock
NF320 43.6 1980-1992 68
NE310 44.3 1980-1992 40
NF300 47.5 1980-1990 25
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Appendix L. Monumented cross sections used in this study—Continued

[See figure 13 for location of sites; —, unavailable]
Cross River Period of Number of
section kilometer surveys resurveys Reach name

North Fork Toutle River—Continued

NF130 49.2 1980-1992 55 Coldwater
NF120 51.4 1980-1992 36

NF110 54.2 1980-1984 5 Pumice Plain
NF100 55.7 1982-1990 50

Truman Channel, North Fork Toutle River

TR0O70 56.4 1982-1992 43 Truman
TRO065 56.8 1982-1992 46
TROGOB 58.1 1980-1990 44

TRO55 58.6 1982-1990 3

TR050 59.2 1980-1989 3

Loowit Channel, North Fork Toutle River

LO040 58.2 1981-1992 13 Pumice Plain
LO033 58.7 1981-1992 5
LO030 60.4 1982-1992 12
LO020 67.8 1981-1985 7 Crater
LO010 68.1 1982-1985 5
Coldwater Creek
CW280 48.4 1981-1990 19 —
Maratta Creek
MR290 48.4 1980-1983 14 —
Castle Creek
CA225 48.6 1980-1990 45 —
CA210 50.9 1980-1990 32

Carbonate Springs, North Fork Toutle River

CS085 53.9 1980-1992 6 —
CS081 54.0 1980-1992 10
CS080 54.1 1980-1987 19
CSo075 54.3 1981-1984 4
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Appendix . Monumented cross sections used in this study—Continued

[See figure 13 for location of sites; —, unavailable]
Cross River Period of Number of
section kilometer surveys resurveys Reach name
South Fork Toutle River

SF810 1.3 1981-1992 5 Mouth
SF805 1.6 1980-1992 36

SF800 2.4 1980-1992 6

SF795 2.6 1980-1985 12

SF790 2.8 1981-1992 7

SF785 3.4 1981-1984 4

SF780 4.4 1982-1985 19

SF773 5.1 1981-1992 6

SF770 5.7 1981-1992 5

SF765 6.9 1981-1984 4

SF760 8.1 1981-1985 12

SF745 14.2 1981-1992 8 Above S-1
SE740 14.7 1981-1992 5

SE735 15.1 1981-1984 4

SF730 15.6 1981-1984 4

SF720 19.9 1980-1984 3

SF715 31.4 1980-1992 18 Spotted Buck
SF710 32.0 1981-1992 5

SF705 33.1 1981-1984 4

SF700 33.3 1981-1992 7

SF695 33.8 1981-1992 6

SFG90 34.7 1981-1992 6

SF685 35.5 1981-1992 6

SF675 39.3 1981-1992 6 Disappointment
SF660 41.0 1980-1992 7

SF640 45.1 1983-1992 6 Sheep Canyon
SF635 45.7 1983-1984 2

SF620 47.2 1983-1992 3

SF615 47.7 1983-1992 3

SE610 48.3 1983-1992 3

Toutle River main stem

TL1135 1.6 1980-1981 5 Highway 99
TL1130 1.7 1981-1990 5
TL1125 1.8 1981-1984 5
TL1120 2.2 1981-1990 5
TL1115 2.8 1981-1986 30
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Appendix . Monumented cross sections used in this study—Continued

[See figure 13 for location of sites; —, unavailable]
Cross River Period of Number of
section kilometer surveys resurveys Reach name

Toutle River main stem—Continued

TL1105 5.6 1981-1984 4 Burma Gorge
TL1100 6.2 1980-1992 30

TL1095 6.7 1981-1992 5

TL1090 7.4 1981-1990 5

TL1085 7.6 1981-1990 5

TL1080 8.2 1981-1990 5

TL1070 9.7 1981-1986 22 Tower Bridge
TL1065 10.1 1981-1988 7

TL1060 10.6 1980-1985 68

TL1055 10.9 1981-1988 27

TL1050 11.8 1981-1986 19

TL1040 19.2 1981-1984 5 Spool
TL1035 19.6 1981-1984 4

TL1030 20.2 1980-1992 18

TL1025 209 1981-1992 11

TL1020 21.4 1981-1990 12

TL1010 26.6 1983-1984 6 Coal Bank Bridge
TL1005 26.9 1983-1984 6

TL1000 27.2 1980-1990 14

Green River

GR960 1.4 1980-1982 3 Hatchery
GR955 1.7 1980-1984 4

GR950 2.0 1980-1985 5

GR940 2.8 1980-1984 4

GR935 3.0 1980-1992 5

GR930 3.1 1980-1984 4

GRI15 29.2 1980-1992 6 Shultz Creek
GRI10 29.4 1980-1992 5

GR900 29.9 1980-1984 4

GR890 52.3 1980-1992 6 Polar Star Mine
GR880 52.4 1980-1992 6

GR870 55.5 1980-1992 6 Grizzly Creek
GR865 55.7 1980-1992 6

GR860 55.9 1980-1992 6

GRS855 56.2 1980-1992 6

GR850 56.4 1980-1992 6
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