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Thomas Dunne and Luna B. Leopold 

SUMMARY AND CONCLUSIONS 

Four flooding and sedimentation hazards are posed by landscape altera

tions in the Toutle-Cowlitz valley after the 1980 eruptions of Mt. St. Helens. 

(1) 	 Potential for catastrophic breaching of Coldwater and Castle 

Creek lakes 

Both Castle Creek lake and Coldwater lake will overtop and breach 

their debris impoundments within the foreseeable future. The latter will 

probably breach during the autumn of 1981, and create much the larger pro

blem because the impounded volume is several times greater than that of 

Castle Creek. A breach of the Coldwater debris barrier would generate an 

awesome mudflow or muddy flood, either of which would reach the inhabited 

parts of the Toutle-Cowlitz valley with little advance warning as a wave 

larger than the mudflow of May 18, 1980 (Figures 17 and 18). 

The potential breakout of Coldwater Lake is an urgent and dangerous, 

but manageable problem. The lake must be controlled at an elevation that 

will not overtop or destabilize the debris barrier. The best proposal so 

far is to construct a bedrock-floored outflow channel along the 2480-foot 

contour around the nose of the ridge on the northwest margin of the debris 
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barrier. Plans should be made for this work as soon as possible; in 

preparation for the work, it would be useful to begin exploratory studies 

of the bedrock conditions on the ridge and of the pore-pressure field 

within the debris barrier itself. 

Castle Creek is a less urgent problem which can be treated on the 

basis of experience gained in the solution of the Coldwater Lake problem. 

(2) Potential for mudflows and floods generated by pyroclastic flows 

The probability of a catastrophic mudflow being generated by a pyro

clastic flow onto a snowpack is exceedingly low during the current year 

because of the likelihood that a significant volume of snow will not ac

cumulate on the pyroclastic fan below the Mt. St. Helens amphitheater. 

In future years, a period of volcanic quiescence could allow cooling of 

the pumice deposits and accumulation of a deep snowpack, and could be 

followed by a pyroclastic eruption. In that case, a flood and mudflow with 

a volume of one to several thousand acre-feet (one to several million cubic 

meters) would probably be generated in the upper North Fork Toutle valley. 

The mudflow would thus be considerably smaller than was envisaged in 

the early recognition of the potential hazard. The mudflow would initially 

have a very high peak discharge near the volcano (Table 3, p. 41), but 

this peak would be strongly attenuated as it moved downvalley (Figures 

10 and 11). Bridges would be destroyed in the upper valley, and some 

overbank discharges would occur in forest-industry centers and a few 

inhabited reaches, but in the populated zone of the valley the peak 

discharge would be much smaller than that of the May 18 mudflow. The major 

threat to populated areas would be the deposition of tremendous quantities 
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of sediment in the Cowlitz River channel, and the reduction of its flow 

capacity at a season of high flood risk. On pp 53 -54 we suggest the 

form of a warning system to mitigate the hazards related to a mudflow 

generated by pyroclastic flows. 

(3) Rain and snowmelt floods 

Flood peaks generated by rainfall and snowmelt on the Toutle River 

have been increased by the removal of forest cover and the deposition 

of ash in the devastated zone. The increases in discharge are largest 

for small floods and small for rare, larger peaks (pp 16-7, Figure 3). 

The probability of localized flooding along some rural areas of the Cowlitz 

valley has been increased somewhat (p. 23, Figure 4), but in urban areas 

the chance of increased flood discharges has been compensated by the raising 

of dikes to contain an estimated 500-year flood (i.e. one with a 0.2 

percent chance of occurring in any year, and a 2 percent chance of occurring 

in the next 10 years). There will be no dramatic increase in the threat 

of flooding in the lower Cowlitz valley, as long as: (a) the Corps of 

Engineers dredging program can continue to handle the volumes of sediment 

deposited in the channel; (b) flood dikes are carefully monitored and 

promptly maintained if threatened by channel shifting or scour as a result 

of sedimentation; and (c) there is no accelerated deposition due to 

catastrophic mudflows or muddy floods as a result of pyroclastic flows 

or breaching of lakes. The first two hazards are manageable with present 

resources, and a contingency plan for emergency dredging needs to be 

established in case the third arises. 
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(4) Sediment transport, deposition, and channel changes 

Between 10 and 40 million tons, and more probably 10 - 30 million 

tons, of sand would be deposited between the Highway 99 bridge on the 

Toutle River and the Castle Rock bridge on the Cowlitz during a hypothetical 

average flow year. A further 18 million tons would be deposited between 

Castle Rock and the Columbia River. The total volume of these sand deposits 

would be 22 - 37 million cubic yards. The major zone of deposition will 

lie between the Toutle River and River Mile 12 on the Cowlitz; a secondary 

maximum will occur in the lower three miles of the Cowlitz. The amount 

of deposition would depend very strongly upon the occurrence of a few 

high-flow periods, and therefore upon the weather, which is essentially 

unpredictable for any particular year. The predicted amounts are not we1l

defined, because of the paucity and uncertainty of the available data. 

If allowed to accumulate without dredging, the predicted volumes of 

sand would seriously reduce the flow capacity of the channel and greatly 

increase the chances that a flood would inundate parts of the Cowlitz 

valley floor. The deposition of bars along the channel would also cause 

the river to shift laterally, posing a threat to the stability of the 

flood dikes. However, a large part of this hazard is manageable by actions 

already being taken by the Corps of Engineers. 

Work to control the sedimentation hazard could be complicated signifi

cantly by one of the following occurrences. A particularly wet year would 

cause much more deposition than in the hypothetical average year considered 

in this report, but the available rainfall-runoff models for the Toutle 

and Cowlitz rivers are not yet refined sufficiently for predicting the 
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the sediment yield during a wet year. A closely-spaced sequence of 

large storms could deposit enough sand in the Cowlitz channel to overtax 

temporarily the capacity of the dredging program and to aggravate sig

nificantly the risk of flooding or dike failure. The hazard can be mitigated 

by developing plans for accelerated dredging, and by careful inspection 

and prompt repair of dikes if bar deposition, and lateral shifting of the 

channel begin to occur. 

(v) 



ACKNOWLEDGEMENTS 

This report could not have been completed in the time available without 

the help of many people, who took time away from their own duties, evenings, 

weekends and Christmas vacations to supply us with data or discuss tech

nical issues with us. We obtained provisional data and reports, as well 

as advice from the following members of the Tacoma District Office of the 

Water Resources Division, U.S. Geological Survey: P.J. Carpenter, C. Collier, 

J. Cummans, R. Dinehart, E. McGavock, and M. Meier. C. Newhall, Volcanic 

Hazards Coordinator for the U.S. Geological Survey at Vancouver, also gave 

time and advice on the subject of pyroclastic flows. 

We received data and valuable information on hydrology and sedimenta

tion in the Cowlitz from the following members of the Corps of Engineers: 

J. Bradley, G. Holmes, and T. Thomas. 

At the University of Washington we received help and advice from: 

S. Burges, W. Dietrich, L. Fairchild, D. Lettenmaier, L. Reid, C. Sleicher, 

and J. Smith. We received help with geotechnical issues from Donald Tubbs, 

consulting geologist, and with the HEC-6 model from Herbert E. Skibitzke, P.E. 

We are deeply grateful to all of these individuals for facilitating 

this study. 

Thomas Dunne 

Luna B. Leopold 



FLOOD AND SEDIMENTATION HAZARDS 

IN THE TOUTLE AND COWLITZ RIVER SYSTEM AS A 

RESULT OF THE MT. ST. HELENS ERUPTION, 1980. 

Review and Assessment for the 

Federal Emergency Management Agency (FEMA) 

by 

Thomas Dunne and Luna B. Leopold 

January 20, 1981 



Table of Contents 

SUMMARY AND CONCLUSIONS (i) 


STATEMENT OF THE PROBLEM 1 


STATEMENT OF THE APPROACH 3 


RELEVANT GEOLOGICAL CHANGES 5 


The debris avalanche deposit 5 


Mudflow deposits 6 


Pyroclastic flow deposits 7 


Blast deposits and airfall ash 7 


RELEVANT HYDROLOGIC C~~GES 


RAIN AND SNOWMELT FLOODS 


Hydrologic changes 


Flood frequency curves 


Flood prediction methods: 
 Toutle River 14 

Results 


Evaluation 


9 

12 

12 

13 

16 

17 

Flood prediction: Cowlitz River 21 


Commentary on pyroclastic flow snowmelt 


Summary of pyroclastic flow and mudflow 


PYROCLASTIC SNOWMELT FLOODS AND MUDFLOWS 25 


History of concern about the problem 25 


Literature relating to the problem 28 


floods 29 


Muskingum routing procedure 43 


Routing of mudflows 45 


Probability of mudflow generation 48 


hazards 51 




Contents (cont'd) 

POTENTIAL FOR CATASTROPHIC BREACHING OF 

COLDWATER LAKE 55 


SEDIMENT TRANSPORT, DEPOSITION AND CHANNEL 


Definition of terms relating to sediment 


Determination of the important size 


Implications for hazard, mitigation and 


Previous work 55 


Water and sediment budget 58 


Transient saturated zone 62 


Consequences of breaching 63 


Stability of the barrier 67 


Summary and mitigating measures 69 


CHANGE 71 


History of concern about the problem 71 


Summary of our evaluation of the problem 72 


transport 75 


fraction 76 


Computation of sand transport 76 


Deposition of sand in channels 85 


planning 89 




STATEMENT OF THE PROBLEM 

During the winter and spring of 1981 the Toutle and Cowlitz Rivers 

in Cowlitz County, Washington will be subject to a flood hazard substantially 

greater than that under pre-1980 watersh0d conditions. Removal of forest 

cover in the roughly ISO-sq. mi. devastated zone in the upper Toutl~ and 

upper Cowlitz River basins will accelerate rates of snowmelt, and the 

cover of silty and fine sandy ash in the deforested zone has drastically 

lowered the infiltration capacity of the ground surface. The threat of 

flooding is aggravated by the large volume of volcanic sediment that is 

being eroded into the river system; some of this sediment may be deposited 

in the lower Toutle and Cowlitz River channels, thereby lowering their 

capacity to contain high flows. There is also a chance of particularly 

dangerous, short-lived floods and mudflows resulting from the breakout 

of lakes impounded by debris barriers deposited on May 18, 1980, and from 

rapid snowmelt produced by possible hot pyroclastic flows melting a portion 

of the snowpack during expected future eruptions. 

Various government agencies and individuals have made computations 

and qualitative assessments of these various hazards for their own purposes. 

In some cases, the hazard assessments have not yet been finalized. In 

others, there is conflict or confusion between agencies about the probab

ility and magnitude of the hazard. None of the agencies or individuals 

have considered the interactions between various proce~ses that may increase 

the hazards to life and property, but such interactions should be considered 

in development of warning systems and in plans to mitigate the flood and 

sedimentations threat, both during the winter and spring of 1981 and over 
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the next several years. 

FEMA has certain responsibilities for hazard mitigation, including 

warning systems and evacuation. In order to fulfill these responsibilities 

the agency requested a review and assessment of the data, procedures and 

results of various hazard assessments made by government agencies and by 

other individuals relative to the Toutle-Cowlitz River system. We were 

asked to conduct such a review and assessment, and to report to FEMA on 

the potential flood hazards resulting from specific events. The specific 

events to be analyzed were floods resulting from: 

(i) normal rain-an-snow winter runoff; 

(ii) a pyroclastic flow causing rapid snowmelt; 

(iii) the failure of the debris barriers that presently impound 

Coldwater Creek and Castle Creek. 

The analyses include the magnitude or discharge and probability or 

frequency of each type of event. The analyses of flood hazard relate 

particularly to Castle Rock, WashingtonJand the mouth of the Cowlitz 

River. 

Sediment in streamflow affects the flood hazard because high 

sediment concentrations significantly increase the volume and alter the 

hydraulic properties of runoff, and because the deposition of sediment 

in channels can reduce the capacity of the channel to convey floods. 

Therefore, it has also been necessary to assess data and computations 

relative to sediment transport and changes in the channel form of the 

Toutle and Cowlitz Rivers. 
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STATEMENT OF THE APPROACH 

The problem~faced in a study of the rivers draining the Mt. St, Helens 

area are unique in many respects. It is clear that the agencies responsible 

for collecting basic hydrologic data have a difficult time responding to 

the peculiar conditions created by an unusual natural event such as this 

volcanic eruption. Certainly, it is difficult to antipicate the require

ments of the engineering profession and what risk to life and property 

will evolve, but the result has been a plethora of some kinds of data and 

a dearth of other equally valuable data. For example, the surveyed cross

sections on the Cowlitz River provide so much data that it is difficult 

to utilize it all; on the other hand, analysis of many sediment problems 

requires knowledge of the size distribution of the bedload and the sus

pended load, but very little data exist in this area. 

The ordinary data collection programs of federal and state agencies 

are insufficient in detail and in scope to provide the variety of field 

measurements needed for quantitative assessment of the problem discussed 

in this report. Despite the cooperation of the Corps of Engineers and 

the u.s Geological Survey in providing us with data that they have col

lected and computations that they have made, there are many places in 

our analyses where assumptions had to be made based on insufficient data. 

In order to evaluate the effects of these assumptions, we have whenever 

possible examined the range of results obtained from various formulae 

and/or assumed values. In the case of sediment transport, a comparison 

was made between the results from several formulae using the same data. 

In the case of flood estimation and the effect of downstream flood move
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ment on peak discharge, the analyses were repeated using various assumed 

routing coefficients. The results presented generally represent the 

convergence of several analyses using various assumptions and/or different 

methods. By such means, we were able to gain some aS$urance that the 

results presented are at least of the right order of magnitude. 
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RELEVANT GEOLOGICAL CHfu~GES 

The eruption of May 18, 1980, removed all living vegetation from 

roughly 150 sq. miles of the Toutle River basin, and released a variety 

of volcanogenic sediments that have produced a profound effect on flood 

sedimentation hazards in the Toutle-Cowlitz River valley. More recent 

eruptions have released relatively small volumes of ash that have not 

significantly affected the problem, and pyroclastic flows that have not 

yet created flooding problems but which could generate mudflows and 

floods if one were to be emplaced upon a deep snowpack. The geographic 

location of some of the places discussed is shown in Figure 1 and the 

devastated zone and the distribution of the major sedimentary units de

scribed below are shown in Figure 2. 

The debris avalanche deposit 

The debris avalanche deposit consists of three billion cubic yards 

of poorly-sorted material ranging in grain size from silt to boulders, 

with the dominant grain size being fine sand. It was emplaced in the 

upper North Fork Toutle River valley by the large landslide and avalanche 

of material that slid off Mt. St. Helens in the early stages of the May 

18 eruption. The fill averages about 150 ft in depth at its upper end 

to 10 ft at its terminus near Camp Baker, 16 miles from Spirit Lake. The 

deposit originally contained much snow and large blocks of ice from the 

glaciers on Mt. St. Helens. The original deposition mechanism and the 

subsequent melting of ice and settling of material has produced a highly 

irregular surface of peaked hills and steep-sided, closed depressions. (Pl. 1). 
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A part of this surface was smoothed by mudflows that occurred a few hours 

after emplacement of the debris avalanche. The lowen 6 miles of the 

debris avalanche deposit are also tr~nched by deep canyons formed by 

muddy floods that followed the mudflows on May 18. These canyons range 

in depth from 10 to 200 feet, and they have extended by headward erosion 

and side-wall failure during each succeeding rainy period. The growth 

of these canyons is the major erosion process occurring on the avalanche 

deposit, and constitutes an important source of the sediment load in 

the Toutle and Cowlitz Rivers. The headward extension of these canyons 

also aggravates the threat of a mudflow or muddy flood that could be 

generated by other processes described below. 

The debris avalanche deposit blocked the mouth~ of tributaries of 

the North Fork Toutle River (see Plate 2). Water impounded in this way 

formed lakes, some of which have since overflowed and eroded channels 

across the debris avalanche to the nearest canyon, sending a muddy torrent 

down the river. Only two lakes remain impounded in this way: one at the 

mouth of Coldwater Creek and the other at the mouth of Castle Creek. 

There is concern about the future stability of the debris barriers at 

at each of these sites because failure of either could cause flooding 

and sedimentation on the Cowlitz River. 

Mudflow deposits 

Several hours after implacement of the debris ~valanche, saturation 

of a portion of the deposit resulted in mudflows that swept down the 

Toutle and Cowlitz River valleys in several pulses, leaving deposits in 

the form of bars and terraces along extensive reaches downstream from 
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Camp Baker (Plate 3). These deposits range in texture from well 

sorted sand with occasional gravel to a bouldery rubble with less than 

20 percent sand by weight. They yield a copious supply of sediment to 

the rivers as the banks are undermined, and were the main source of 

sediment for fluvial transport during the summer of 1980. 

Pyroclastic flow deposits 

During the late stages of the May 18 eruption pyroclastic flows 

swept from the north side of the mountain toward Coldwater Ridge and 

two miles down the North Fork Toutle River valley. These flows emerged 

from the crater rim at temperatures of 700 - 900°C and raced downslope 

at speeds of 50 - 150 mi/hr. They consisted of subrounded pumice balls, 

up to about one foot in diameter, suspended in a fluid of hot gases and 

fine particles. The pyroclastic deposits, which are up to several feet 

thick, have not yet contributed significantly to the river sediment load. 

The hydrologic importance of pyroclastic flows stems from their potential 

for causing rapid snowmelt and mudflows, an issue which will be dealt 

with later in this report. 

Blast deposits and airfall ash 

Blast deposits (pyroclastic surge deposits) cover the fan-shaped 

devastated area north of the mountain, and vary in thickness from a 

few inches to a few feet. Near the mountain, for example on Coldwater 

Ridge, the base of this deposit is gravelly and is overlain by sand; 

farther from the mountain a coarse sandy base underlies fine sand. The 

blast deposits form a continuous cover over the landscape and are over
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lain by airfall ash, which is generally silty. Both deposits have a 

low infiltration capacity and are mechanically weak. Therefore, they are 

intricately rilled (see Plate 4) and are cut by major gul~ies and land

slides. We have measured the cross-sectional area of a large number of 

rills in the upper Green River valley and on Coldwater Ridge. They 

3indicate removal of approximately 10,000 m per sq. km. of hillside by 

rilling alone during the spring and fall rains of 1980. In the Green 

River valley, most of this material becomes suspended sediment in the 

Toutle River. Much of the blast zone in the North Fork Toutle is still 

isolated from the river by lakes which temporarily store sediment. When 

the impounded lakes are eventually trenched. either naturally or artifically, 

larg~ quantities of this sediment will be washed into the Toutle River. 
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RELEVANT HYDROLOGICAL CHANGES 

The changed geologic conditions altered many hydrologic conditions 

and processes, and they continue to evolve rapidly. Flooding may be 

aggravated by one or more of the following changes: 

(1) Increased rates of snowmelt due to the removal of the forest 

cover and the exposure of the snowpack to higher radiant and convective 

energy fluxes. 

(2) Lowered infiltration rates resulting from the deposition of ash 

on previously highly permeable soils. Under the original forest cover, 

almost all storm runoff was generated by slow subsurface flow and by 

quicker runoff over the surface of restricted areas of saturated soils 

in swales, on footslopes, and on valley floors. Where ash fell onto thick, 

undisturbed forest litter and understory plants in standing timber (even 

where the trees were killed or damaged by the volcanic blast) the high 

infiltration capacity of the soil seems to have been preserved. However, 

where several inches of blast deposits or airfall ash forms a continuous 

cover in the devastated area and in recent clearcuts, the infiltration 

capacity of the crusted ash surface is much lower than that existing 

before May 18, and a considerable proportion of rain and snowmelt now 

travel over smooth, steep hillslope surfaces to stream channels. The 

volume and rate of travel of this water are greater than for subsurface 

storm runoff, so flood volumes and peak rates will be higher than for 

similar storms before the 1980 eruptions. 

(3) High erosion rates in the bare, mechanically weak sediment of 

the debris avalanche, mudflow, blast and airfall deposits are responsible 
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for high rates of suspended load and bedload transport in the Toutle and 

Cowlitz Rivers These high sediment fluxes aggravate the flood hazard in 

several ways. First, high suspended sediment concentrations (around 

100,000 mg/liter) cause the streamflow to be hydraulically smooth, so that 

it flows down the Toutle River and builds a flood wave faster than before 

the eruption. Secondly, a portion of the sediment entering the more 

gently sloping channel of the lower Tou~le and Cowlitz Rivers settles out 

in the channel and reduces its capacity to convey floods. Thirdly, if 

floodwaters overflow the channel, the high sed~ment concentration is 

particularly damaging to inundated structures. 

It is important to recognize that the various sediment sources are 

eroding at different rates, in different ways, and are subject to different 

controls. The debris avalanche deposit is eroding thro~gh channel exten

sion, undermining of canyon walls, and landsliding. The mudflow deposits 

are collapsing into the river as it undermines them. The blast deposits 

and airfall ash on deforested areas and roads are transported to the 

channels by sheetwash, rilling, gullying, and landsliding. 

(4) Channel changes of the Toutle and Cowlitz Rivers have several 

consequences relevant to flood hazard. The upper Toutle River, particularly 

the North Fork, has a steep channel confined in a narrow canyon, such that 

it no longer has significant areas of floodplain on which overbank flows 

can be stored during floods. Dredging and bulldozing of the lower Toutle 

River channel and the piling of sediment along the channel margin has the 

same effect. Although these latter channel changes were made in order 

to make the sediments less available to the river, it should be understood 

10 



that they aggravate the downstream flood hazard somewhat, and some thought 

should be given to altering the situation when time permits better channel 

restoration. 

The Cowlitz River channel was dredged to accomodate a flow of 50,000 

cubic feet per second before high runoff began in the fall. Since that 

time, a few large storms have deposited up to several feet of sediment on 

the bed between the Toutle River and the Castle Rock gage. The Cowlitz 

is'capable of scouring away some 'of these deposits between major runoff 

events on the Toutle River. Consequently, the channel capacity of the 

Cowlitz River is likely to fluctuate irregularly as the highflow season 

progresses. 

(5) Rapid s~owmelt due to pyroclastic flows is another hydrologic 

problem that did not exist before the eruption. At this time there is 

no significant snowpack on the north side of Mt. St. Helens. However, as 

the snowpack develops during the winter, there is a chance that pyroclastic 

flows will occur, incorporating snow and evolving into mudflows or generat

ing floods. This hazard is described in more detail below. 

(6) The lakes impounded by the debris avalanche are accumulating 

water and sediment from the surrounding hillslopes. As the water level 

rises, the chance of embankment failure increases. Such a failure could 

send a wall of water and mud downvalley. 
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RAIN AND SNOWMELT FLOODS 

Hydrologic changes 

At least two hydrological changes in the Upper Toutle River valley 

have increased the size of floods that will be generated by a rainfall or 

snowmelt event of a given size. The removal of forest cover can increase 

snowmelt rates, and the dense cover of ash in the blast zone can decrease 

infiltration rates, forcing runoff to travel rapidly over hillslop~ sur

faces to stream channels instead of by the slow subsurface route that it 

followed under the forest before the eruption. Because it is not possible 

to predict the magnitudes of particular storms that will occur in the 

future, one can speak only of the probability of various storm and flood 

events on the disturbed watershed. Prediction of Cowlitz River flood 

discharges is complicated by the operation of two reservoirs on the upper 

Cowlitz. 

The discharge rate at any point on the river can be predicted by 

various mathematical models, which we will describe later. From the 

discharge value and the channel characteristics, it is possible to compute 

the height of a flood, which can then be compared to the elevation of 

channel banks, dikes, and other boundaries in order to predict the extent 

and depth of flooding. Computer models exist for doing such calculations, 

and they are employed routinely by agencies such as the Corps of Engineers 

and the U.S. Geological Survey. Since the eruption, the application of 

such models to the Cowlitz River has been complicated by rapid channel 

changes wrought by dredging and sedimentation, and by high suspended 

sediment concentrations and large sand waves on the bed, both of which 
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alter the flow resistance of the river beyond the range of well-studied 

conditions. 

The Corps of Engineers has responsibility for managing the flow of 

the Cowlitz River to reduce flooding on the lower Cowlitz River during 

this winter and spring. In addition to dredging a channel with a capacity 

of 50,000 ft 3/sec from Castle Rock to the Columbia River, the agency has 

purchased 600,000 acre-feet of storage volume in the Mossyrock Reservoir 

on the upper Cowlitz River in an attempt to control the river flow at 

Castle Rock to less than 50,000 ft 3/sec. Flow at Castle Rock is used as 

an index of flood conditions in the lower valley. If such a discharge is 

exceeded, it does not mean that Castle Rock will be inundated, since the 

town is protected by flood dikes that are designed for discharges of 

approximately 170,000 ft 3/sec. However, local flooding of rural areas 

downstream would occur if the discharge at Castle Rock exceeded 50,000 

3ft /sec. 

Flood-frequency curves 

The most common method of assessing flood hazard for planning purposes 

is the construction of a flood-frequency curve, such as the one shown in 

Figure 3 (see Dunne and Leopold, 1978, p. 305 - 315 for a description of 

the method). The curve (indicated by the circles in Figure 3) is obtained 

by analysis of the highest flood peak of each year of record, and it allows 

the usef- to read the discharge that will be equalled or exceeded with a 

chosen frequency or probability. Thus, in Figure 3, one can read that 

before the eruption in the Toutle River basin at the Silver Lake gaging 

station there was a probability of D.50 that the peak discharge in any 

13 



year would exceed 13,000 cfs, and that the recurrence interval of a flow 

equal to or greater than 30,000 cfs was 25 years. The recurrence interval 

of a discharge is the long-term average time interval between floods equal 

to or greater than that discharge. Thus, 30,000 cfs used to be the 25-year 

flood at Silver Lake. 

For flood warning, hazard migitation and general planning purposes, 

there is need for a method allowing both the prediction of the magnitude 

of floods generated by particular storms in the disturbed Toutle and Cowlitz 

River watersheds and prediction of the altered form of the flood-frequency 

curve describing the new probabilities of floods of given magnitudes. 

Flood prediction methods: Toutle River 

The most highly-developed flood predictions made so far for the dis

turbed Toutle River watershed were calculated by Drs. S.J. Burges and D.P. 

Lettenmeier of the University of Washington, Civil Engineering Department. 

This work, done under contract to the Washington District Office of the 

U.S. Geological Survey, Water Resources Division} is based on standard 

mathematical forecasting models developed by the National Weather Service. 

One of these models (Anderson, 1973)*predicts snowmelt from air temperature 

and adds the amount of rainfall to compute the amount of water available 

for generating flood runoff. The results from these calculations were 

put into the model developed by Burnash et al (1973)** for computing the 

amount and rate of runoff as well as the volume of water stored in soil 

*Anderson,E., (1973) Snow assumulation and ablation model, National Weather 

Service River Forecasting System, N.S. Hydro 17. 


**Burnash, R.J.C., R.L. Ferral, and R.A. McGuire, A generalized streamflow 
simulation system: conceptual modelling for digital computers, U.S. Dept. 
Commerce, National Weather Service/State of California, Dept. Water Re
sources, Sacramento. Calif, 1973. 

14 



and groundwater. The results of this procedure are predicted daily dis

charges (in cubic feet per second, cfs) at the Silver Lake gaging station 

on the Toutle River. 

The models contain many parameters relating hydrologic processes to 

their controls. These parameters were first chosen through a combination 

of hydrological judgment and experience with other applications in dif

ferent regions. Then the parameter values were altered systematically 

until the computed hydrographs for a set of storms before the eruption 

closely matched the measured hydrographs for those events. Such a process 

is known as "calibration" of the model to a watershed. 

Use and calibration of the models were severely hampered by the 

sparseness of meteorologic and hydrologic data for the watershed. It 

was necessary to extend precipitation and temperature records from Cougar, 

on the southwest side of Mt. St. Helens, and from Longmire and Paradise 

on Mt. Rainier. Also, there is little useful information about the dis

tribution, depth, and hydrologic condition of snowpacks in this area. 

Lack of such data leads to large uncertainties regarding the amount and 

timing of rainfall, snowmelt, and runoff. 

Nevertheless, after calibration the model simulated closely the most 

important floods in a lO-year flow record for the Toutle River at the 

Silver Lake gaging station (see Figure 1), For pre-eruption conditions 

it predicted flood peaks for large rainfall and rain-on-snowmelt floods 

within a few percent of measured values. It was less successful for sus

tained, moderately high flows during the spring snowmelt period. Although 

these snowmelt flows affect the flow-duration curve (and thus sediment 
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transport computations to be reviewed later), they do not constitute the 

major flood threat in the Toutle-Cowlitz valley and do not significantly 

affect the form of the flood-frequency curve for the river. 

After calibration, the watershed conditions in the model were 

altered to reflect the hydrologic changes wrought by the eruption. Eight 

large storms were then selected from the historical record and were used 

to calculate runoff hydrographs under the altered conditions. The recur

rence interval of the pre-eruption flood generated by the storm was assigned 

to each computed post-eruption flood and the results are plotted on the 

flood-frequency diagram in Figure 3. 

Results 

For simulation of post-eruption floods the major hydrologic change 

in the model was the assumption that the upper reaches of the watershed 

had been rendered impervious by the deposition of volcanic sediments. The 

watershed was divided into four altitude zones: 250 - 1150 ft, 1150 - 2100 

ft, 2100 - 3400 ft, and >3400 ft. In the "worst case" estimate the whole 

of the land surface in the two highest zones was assumed to be impervious, 

and in the lowest two zones the impervious areas were assumed to cover 

50 percent and 10 percent of the land surface respectively. In the "best

estimate" scenario, the percentages of impervious area were assumed to 

be 90, 35, 10, and 5 in order of decreasing elevation. 

Figure 3 indicates a common response of flood-frequency curves to 

such a dramatic hydrologic disturbance of the drainage basin. The largest 

relative increase in discharge occurs in the smaller, more frequent floods. 

Thus, the l.l-year flood in the "best-estimate" case is increased by 
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one-third (3,000 cfs), whereas the 50-year flood is increased by only about 

4 percent (1,300 cfs). Alternatively, one can read that whereas the 

probability of exceeding 20,000 cfs before the eruption was 0.18 (approxi

mately 1 year out of 5), that probability is now 0.40 (2 years out of 5). 

On the other hand, the chance of exceeding 35,000 cfs has hardly changed 

at all. 

The model predicts that flood discharges on the Toutle River will 

be significantly increased by the volcanic disturbances of runoff processes, 

but that the increases are not likely to be catastrophic. Overbank flood

ing may occur, as it did before the eruption, but the discharge into the 

Cowlitz River will not overtax the 50,000 cfs capacity of the newly dredged 

channel if discharge from Mossyrock dam can be curtailed in response to 

flood predictions based on weather forecasts and a runoff model such as 

the one discussed here, or a simplified derivative of it. The National 

Weather Service River Forecasting Center at Portland which is responsible 

for making discharge predictions during storms, has such a simple model, 

and it has been altered in ways that are similar to the Burges-Lettenmaier 

example. 

Evaluation 

The use and calibration of runoff models of the type described above 

are fraught with unavoidable uncertainties because of the paucity of 

meteorological data and the simplifying assumptions that must be made 

concerning runoff processes. The latter become particularly important 

when watershed conditions change and the model must be extended to account 

for conditions to which it has not been adjusted previously. Nevertheless, 
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the models referred to are flexible and widely applied, and are known to 

produce results that are accurate enough for most warning and planning 

purposes. They have been used in this case by experienced hydrologic mod

elers and the assumptions that were made, albeit simplified, seem reason

able to use on the basis of our fieldwork in the disturbed area. 

There is some field evidence to indicate that the assumption of 

extensive impervious areas is a reasonable, conservative estimate for the 

disturbed portion of the watershed.* G. Leavesley (U.S.G.S. Water Resources 

Div., Lakewood, CO) has provided us with preliminary results of infiltra

tion capacity measurements that he made in Shultz Creek in the upper Green 

River basin in September, 1980. The measurements were made on intensely 

rilled hillslopes covered with silty airfall ash over sandy blast deposits. 

The plots had no vegetation cover during the tests. On a plot with a slope 

of 11 percent, the average infiltration capacity was 0.08 in/hr, while on 

a 33 percent slope, the average was 0.15 in/hr. These rates are exceedingly 

*There is a surpr1s1ng amount of confusion among some hydrologists to whom 
we have spoken about the significance of a set of infiltration measurements 
conducted on ash-covered soils in eastern Washington by Dr. D.A. McCool (1980). 
Those tests indicated that on some rangeland and cultivated soils the ash 
cover did not decrease infiltration significantly. However, these soils 
generally had low infiltration capacities before the eruption. Such a 
result cannot be extrapolated to the blast zone north and northwest of the 
volcano, where a dense forest formerly covered permeable soils with infil 
tration capacities which exceeded measured rainfall intensities. Even in 
clearcuts there was little if any chance of rainfall intensities exceeding 
the infiltration capacity except on roads, skid trails, and landings. 
Thus, the ash cover in the blast zone has severely decreased infiltration 
capacities. It is quite erroneous for hydrologists to extrapolate the 
eastern Washington results on percentage reduction of infiltration capacity 
to the previously-forested slopes of the upper Toutle River basin. Writers 
of the original report made no such extrapolation, but,possibly because 
these are the most extensive measurements of infiltration, the issue arose 
quite frequently as we discussed flood prediction with various hydrologists. 
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low in comparison with those of the original forest soil, and they are 

within the probable range of error in estimating rainfall and snowmelt 

rates in the area. Thus, it is reasonable to assume an infiltration cap

acity of zero in flood predictions. No infiltration measurements have 

been made closer to the volcano, but our field observations indicate that 

the surface ash is coarser than at Shultz Creek and the rilling is less 

intense. It is safe to conclude that the infiltration capacity of airfall 

ash over blast deposits generally increases towards the mountain, but that 

most of the change occurs within 5 km of the crater. However, not all 

of the uppermost zones have such a cover. Part of the highest zone is 

covered with permeable pyroclastic flows, and the next lower zone is 

partly occupied by the debris avalanche deposit which, although bare and 

not very permeable, has a rugged surface that traps runoff for days until 

it has time to infiltrate. Thus, we concur with Burges and Lettenmaier 

that their "best estimate" of the distribution of (almost) impervious areas 

is a reasonable one in view of the field conditions, and is the one on 

which decision-making about probable floods should be based. 

In addition to uncertainties inherent in model calibration and in 

the estimation of infiltration capacity and the extent of impervious areas, 

there are other potential errors in the estimation of snowmelt, which 

fortunately are offsetting, although to an extent that is unknown. The 

snowmelt computation in the model (Anderson, 1973) predicts melt from 

air temperature alone. Therefore, it cannot account for the effects of 

forest removal on snowmelt. Removal of the dense coniferous canopy over 

much of the blast zone increases the input of solar radiation to the snow

pack (although this energy source is only important on sunny days, which 
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are not those on which large rain-on-snowmelt floods occur). Deforestation 

also increases the average windspeed over the snowpack, and therefore 

increases the turbulent flux of sensible and latent heat to the snow. 

It also decreases the amount of rainfall that is intercepted and evapora

ted back to the atmosphere during the storm. Thus, in the devastated zone 

one would expect faster snowmelt rates than are indicated by the model. 

On the other hand, the model is conservative in assuming that in a 

future storm the snowpack would be as thick and extensive as at the time 

of past similar storms. Records of previous snowpack depth and extent 

at the beginning of a storm are likely to overestimate conditions in the 

upper Toutle River basin for the next few years. Snow melts rapidly from 

the pyroclastic flows, which are still very hot at depths greater than 

one foot below the surface. Elsewhere in the blast zone, the removal of 

forest vegetation and occasional sprinkling with a thin ash cover will 

accelerate rates of melting between large rain-on-snow events, so that 

the snowpack will be thinner and less extensive upon the onset of a 

storm than would have been the case before the eruption. Thus, there will 

be less snow available for melting and flood generation than the model 

assumes. 

It appears that the Toutle River flood hazard for "normal" rain and 

snowmelt events has been predicted with reasonable accuracy. The results 

indicate important increases in flood discharge that require attention to 

normal hazard mitigation techniques such as careful flood forecasting, 

bridge design, and avoidance of the floodplain; but the chance of truly 

catastrophic flooding appears remote. It would be desirable to continue 

calibrating the model of the disturbed watershed on a few large storms 
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such as those of Nov. 21-22 and Dec. 25-27, 1980. We understand that the 

U.S. Geological Survey is developing a runoff prediction model for the 

Toutle River based on the aforementioned plot experiments by Leavesley. 

We were informed that the preliminary results are quite similar to those 

of the Burges-Lettenamier method, except that the spring snowmelt results 

are more accurate and the large rainfall events are predicted with less 

accuracy. It would be useful to accelerate the final development of that 

model and to calibrate it on some of the recent large storms. 

Flood prediction: Cowlitz River 

Because of the paucity of data on rainfall and snowmelt in the upper 

Cowlitz River basin, as well as the complications of reservoir operation, 

no mathematical modeling has been done for the Cowlitz River apart from 

the short-term flood predictions by the National Weather Service River 

Forecast Center. Consequently, it is possible only to make some rough 

estimates and general comments about the post-eruption flood-frequency 

and flow-duration curves. Because only a few small tributaries enter the 

Cowlitz below the Toutle confluence, discharge predictions for Kelso are 

identical to those for Castle Rock. 

The prediction of flood-frequency curves and flow-duration curves 

for the lower Cowlitz River is more complex than for the Toutle. Not only 

does one require predictions of the Toutle River flow, but also of runoff 

from the Cowlitz River headwaters and of the probable flood storage capacity 

and operating rules of the Mossyrock-Mayfield dam system. 

The operator of the dams, the City of Tacoma, is required by its 
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operating license to maintain 360,000 acre-feet of flood storage capacity 

and to try to regulate the Cowlitz River flow at Castle Rock to less than 

70,000 cfs. Even before the eruption this could only be done for a limited 

time, and in rare, large events the system is overtaxed and a large dis

charge must be released from the reservoirs, flooding low1ying agricultural 

land along the river. The average recurrence interval of such an event 

was about 30 years; thus, the chance of it happening in any year before 

the eruption was 3.3 percent (one in 30), as indicated in Figure 4. The 

major potential damage centers, namely the urban centers of Kelso, Longview, 

Castle Rock, and Lexington are protected by dikes and were outside the 

100-year flood area before the eruption. 

Sedimentation resulting from the mudf10w and flood of May 18-19, 

1980, reduced the channel capacity of the lower Cowlitz River to 13,000 

cfs. By Nov. 1, 1980, the Corps of Engineers had dredged a channel with 

a c~pacity of 50,000 cfs, this value being chosen because it was the largest 

channel that could be excavated in time for the flood season and maintained 

throughout the winter. According to George Holmes, Chief of the Hydrology 

Section, Portland District, Corps of Engineers, the channel could actually 

carry 70,000 cfs, although some houses would be flooded in rural areas. 

Dikes are also being raised and strengthened to protect the urban areas 

against a SOO-year flood (probability of occurrence in any year is 0.2 

percent; chance of occurrence within the next 10 years is 2 percent). 

This work was essentially complete at the time of this writing, according 

to Paul Wemhoener of the Corps of Engineers. The 100-year and SOO-year 

flood profiles are shown relative to the height of these dikes in Figure 5. 

Before the eruption, some reaches of the valley floor would begin 
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flooding at 50,000 cfs, which, according to the flood-frequency curve 

based on measurements before the eruption (Figure 4), was exce~ded with 

an average frequency of once in 10 years (probability of exceedence 10 

percent in anyone year; 65 percent in next 10 years). Because of the 

increased flood potential of the Toutle River, a discharge of 50,000 cfs 

must now be somewhat more likely to occur. However, until a flood pre

diction model is calibrated for the whole Cowlitz-Toutle River system it 

is not possible to quantitatively specify this increase in probability. 

The change is probably not large because the Toutle River discharge at 

frequencies around 10 years is increased only by 10 - 20 percent, the 

Toutle River basin constitutes only 474 of the 2238 sq. mi. Cowlitz 

River basin above Castle Rock, and the timing of releases from the Mossy

rock reservoir can be adjusted to some extent to accomodate high flows 

from the Toutle River. 

In an attempt to improve flood control during this winter and spring, 

the Corps of Engineers has purchased an extra 240,000 acre-feet of storage 

in the Mossyrock. reservoir. Figure 4 shows that this storage will not 

significantly reduce the probability of 50,000 cfs flows, but will affect 

important reductions in floods larger thap approxiately the pre-eruption 

20-year events. However, the Corps has no plans for making such purchases 

next year, so the flood-frequency curve will revert to curve B in Figure 4. 

Dikes protecting rural areas have been designed on the basis of 360,000 

acre-feet of storage and a channel capacity of 50,000 cfs. A few low-

lying agricultural areas between dikes will be flooded somewhat more fre~ 

quent1y than before, but other areas will be flooded less frequently due 

to raising of parts of the floodplain where dredge spoil has been and will 
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continue to be disposed of. At this time it is not possible to predict 

the extent of these flood-prone areas because of the rapid changes in the 

watershed hydrology, channel hydraulics and floodplain topography. These 

will continue during the next few years, and if the Corps of Engineers's 

dredging program can remove sediment from the channel rapidly enough to 

maintain a capacity of 50,000 cfs, the general trend should be toward 

declining flood hazard in these unprotected zones. 
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PYROCLASTIC SNOWMELT FLOODS AND MUDFLOWS 

GENERATED BY PYROCLASTIC FLOW ONTO SNOW 

History of concern about the problem 

On Nov. 15, 1980, a manuscript entitled: Volcanic Hazards at Mt. St. 

Helens was released by Dr. Chris Newhall, Volcanic Hazards Coordinator 

with the U.S. Geological Survey at Vancouver, WA. Newhall warned that 

among other potential dangers, there would be a substantial risk of 

mudflows and floods resulting from eruptions of pyroclastic flows onto 

snowpack, and less likely, on to the remnants of glaciers on the higher 

east, west, and south sides of the cone. The manuscript stimulated a 

valuable, lively discussion about this important issue. 

Newhall pointed out that pyroclastic flows emerge at a temperature 

of 700 - 900°C. The volume of snow ~hich they might melt would depend 

on the water content (water equivalent) of the snowpack, the area inundated 

by pyroclastic flow, and the area of snow downstream that might be melted 

by a hot mudflow triggered by rapid water release upslope. Newhall cal

culated the volumes of water that could be released by pyroclastic flows 

covering 2.5 sq. mi., 5 sq. mi., and 10 sq. mi. (For comparison the 

largest such flow since May 18, 1980, covered 2.5 sq. mi. on June 12, 

1980, and the smallest covered about 0.4 sq. mi. on Oct. 22, 1980. 

Since May 18, there has been a general decrease in the size of pyroclastic 

flows during five successive eruptions, but no volcano logiest to whom we 

spoke felt that such a trend could be relied upon in the future). 

The volumes of water predicted to be released are listed in Table 1. 


If such volumes were released, they could mix with ash and pumice from 
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Table 1. 	 The approximate volumes of water which could be released by 
different sizes of pyroclastic flows. Source: Newhall (1980) 
Volcanic Hazards at Mt. St. Helens. 

Area covered by pyroclastic flowsSnowpack 
(water 

equiv a]e.n t) 
2.5 .2 

m~ 5 .2 
m~ 10 mi2 

(ft) (acre-feet) (acre-feet) (acre-feet) 

1 1600 3200 6400 

2 3200 6400 12800 

4 6400 12800 25600 

6 9600 19200 38400 

10 16000 32000 64000 

15 24000 48000 96000 

26 




earlier pyroclastic flows and debris avalanche deposits to form mudflows 

with volumes approximately twice as large as that of the meltwater. The 

largest volumes of melt would therefore mobilize mudflows in the range of 

75 to 300 million cubic yards. (For comparison, the May 18 mudflows in 

the North Fork Toutle valley had a combined volume of 105 to 132 million 

cubic yards). 

We have since found that Dr. Newhall's concern is shared by other 

U.S. Geological Survey volcanologists engaged in the study of pyroclastic 

flows on the mountain. Drs. R. Hob1itt and J. Moore impressed upon us 

their feelings that the chances of such a mudf10w or flood are great, 

particularly since there is a high probability of another pyroclastic flow 

occurring before the end of this year's snow season. 

In a memorandum of Nov. 28, 1980, Dr. Mark Meier, Head of the 

U.S. Geological Glaciology Subdivision, pointed out that only for the sit 

uation of a pyroclastic flow at rest on a snowpack is there sufficient 

understanding of heat transfer to make a prediction of the rate at which 

water would be melted by a pyroclastic flow. He made calculations which 

showed a rapid decrease in melt rate when the pyroclastic flow came to 

rest, such that the volume of water released in the first hour (about one 

inch over the pyroclastic flow area) would be equivalent to an average day 

of snowmelt during spring time, and the melt during the first day would 

be equivalent ~c a typical high rate of snowmelt. Although it is possible 

that small mudflows could be triggered by such melt, it is unlikely 

that they would occur on a scale that would pose a hazard to lifz and pro

perty below the terminus of the debris avalanche. Dr. Meier suggested 

that before a useful hazard assessment could be made, there would have to 
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be an improvement in the understanding of the rate at which heat could 

be transferred from pyroclastic flows to snow. He and Dr. Newhall have 

now suggested a set of field observations on pyroclastic flows that should 

be made during the next eruption in order to resolve some of the differences 

of opinion. 

We were asked to review and assess the evidence concerning this 

hazard, but since a pyroclastic flow has not occurred during our study, 

we do not have the benefit of the crucial field observations that will 

probably be made during the next eruption. We have based our judgment 

on a literature review, on our field observations of recent pyroclastic 

flow deposits north of the Mt. St. Helens ampitheater, and on discussion 

of the mechanical and thermal properties of pyroclastic flows with experts 

in fluid mechanics and chemical engineering, and with Drs. Newhall, Meier, 

Hoblitt, and Moore. 

Literature relating to the problem 

The literature that we have been able to find referring to the 

movement of pyroclastic flows and their relationship to rapid snowmelt 

and mudflow generation is sparse, vague, and not particularly informative. 

Thirty years after the eruption of a volcano in Japan,Murai* reconstructed 

accounts of the generation of mudflows associated with pyroclastic flows. 

During the eruption pyroclastic flows of pumice and scoria travelled down 

the cone, "and the hot deposits of pyroclastic flows melted suddenly the 

snow which had accumulated on the slope and gave rise to the terrible flood 

*Murai, I. (1960) On the mudflows of the 1926 eruption of volcano Tokachi
dake, Central Hokkaido, Japan, Bulletin Earthquake Research Institute, 
38, 55-70. 
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of mudwater on the foot of the volcano" (p. 69). There is no mention 

of the amount of snow lying on the slopes before the eruption or of the 

total amount melted during the eruption. The amount of snow which survived 

the passage of pyroclastic flows, the volume of mudflow generated in the 

snow zone, and the mechanism by which snow could have been eroded by the 

pyroclastic flow were not reported. From the small scale map of the vol

canic cone we have measured a topographic gradient of 57 percent (angle 

of 30°) for the track on which mudflows were mobilized. 

Wolf (1878, translated by Fenner (1923»* described the generation 

of mudflows due to the movement of pyroclastic flows over ice and snow on 

Cotopaxi. Again, there is little useful information on which to base an 

understanding of the mechanics of the mudflow generation process, but the 

upper slopes of the volcano were steep. 

Newhall, in his original assessment of volcanic hazards also referred 

to mudflows generated by pyroclastic flows in the Soviet Union and at 

Lassen Peak, California. He also pointed out that hot mudflows are known 

to have occurred during the geological history of Mt. St. Helens. 

Commentary on proclastic flow snowmelt floods 

Very little is known about the physics of motion and heat transfer 

in pyroclastic flows and at this time it is difficult to make quantitative 

predictions. Stephen Sparks**, of Cambridge University, is one of the 

few geologists who has examined the mechanics of pyroclastic flows. He 

*Wolf, T. (1878) Geological "Mittheilungen" (communications) from Equador. 
Manuscript obtained from U.S. Geological Survey files. 

**Sparks, R.S.J. (1976) Grain-size variations in ignimbrites and implications 
for the transport of pyroclastic flows. Sedimentology, 23. 147-188. 



has reported that flows typically consist of subrounded balls of pumice 

with a wide range of sizes, from a few millimeters to more than one foot, 

dispersed in fluidized fine granular material and gas which escapes upward 

as the flow travels downslope at speeds of 50 - 150 mi/hr. Sparks suggests 

that turbulence at the base of the flow is most likely immediately after the 

flow hits the ground surface and in the early stages of movement where 

the flow of dust and pumice grains is highly inflated and is travelling 

at high speed. As the flow deflates, its viscosity increases while its 

thickness and velocity decrease so that the flow becomes laminar first 

at the base and then at increasingly higher elevations above the base. 

Estimation of the amount of snow that will be melted by a pyroclas

tic flow must be made for both the period when the flow is still moving and 

possibly incorporating and melting significant quantities of snow and for 

the period after the flow has come to rest. Dr. Newhall has pointed 

out that the high temperatures of pyroclastic flows (700 - 900°C) are 

sufficient to melt large volumes of snow. However, Dr. Meier has cor

rectly pointed out that there are strong physical constraints upon the 

rate at which this heat can be transferred from the pyroclastic flow to 

a snowpack. Dr. Meier has proposed that after the flow has come to rest 

the rate of melting is controlled by the heat conduction between the flow 

and the snow and that this can be modelled with the equation for heat con

duction between two plates: 

-k To It 
Q 

,j 1T a 

where Q heat flow from pyroclastic flow to snowpack (cal/cm2 ) 

k thermal conductivity of pumice = 0.6 x 10-3 cal/cm/sec/oC 
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To the initial temperature of the pyroclastic flow = 700°C 

a = k/cp equals thermal diffusivity of pumice 3 x 10-3cm2/s 

c = specific heat of pumice = 0.2 cal/g/oC 

p density of pumice 1 g/cm3 

t = time since contact, seconds. 

We have searched the literature on volcanic rocks and discussed the 

values of the thermal properties chosen by Meier and reported with the 

definition of each term in this equatiou. The values, which he chose are 

reasonable and lie within documented ranges of such properties for porous 

rocks. 

Table 2 gives the results of Meier's calculations for pyroclastic flows 

2
of 5 and 10 km. He shows a melt of 65 rom of water in the first hour. 

For comparison of rates of meltwater produced during normal rain-on-snow 

melt events or during sunny, warm spring days lie in the range of 5 to 25 

rom/hr. Usually meltwater produced in this way percolates down through the 

snowpack until it encounters ice lenses or saturated ground surfaces; thence, 

it moves laterally to the nearest stream channel as a thin layer of saturated 

flow in the snowpack. The time taken for a wave of saturated flow to move 

to a channel is of the order of at least 6 to 12 hours on slopes of the 

length and steepness of those occurring on distal margins of the Mt. St. 

Helens cone. The meltwater generated either by a pyroclastic flow or by 

warm rains will infiltrate into deep snow accumulations in gullies and 

swales and cause the water table to rise there. If the water table 

reaches the surface, the rapid flow across the surface may quickly cut 

a channel through the snowpack and release a torrent of meltwater and 

slush. This is likely to happen with particular intensity and rapidity 
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when meltwater is released by pyroclastic flows at the rates computed by 

Meier. However, if this were the only process by which meltwater was 

released to the North Fork of the Toutle River by a pyroclastic flow, 

we would expect only a snowmelt floodwave of moderate height. 

Mudflows of the volume described in the literature from Japan, E,uador, 

and elsewhere could only have been generated if meltwater were released 

at rates far more rapidly than is possible under the simple, static case 

involving heat conduction from the pyroclastic flow~ This requires erosion 

of snow and ice and turbulent incorporation of the snow and ice into the 

pyroclastic flow during movement. It also requires that such a process 

happen very quickly so that the bulk of the pyroclastic flow be cooled 

to a temperature below 100°C. In this way the major portion of the in

corporated water would remain intimately mixed with the pumice and would 

not escape as steam. It is well known that steam does escape from the 

upper surface of flowing pyroclastic material, but in the following 

analyses we will assume, as a worst case, that the volume escaping is 

small. Rapid incorporation of snow into the pyroclastic flow would seem 

to require strong turbulence in the pyroclastic flow. 

Turbulent mixing of a pyroclastic flow with the snowpack on the north 

side of Mt. St. Helens is very likely. Here the amphitheater-like crater 

ends abruptly in a steep slope dissected by gullies which terminate equally 

abruptly in large coalescing fans (see Figure 6). The slope has an average 

gradient of 28 percent but locally the gullies are much steeper and have 

irregular longitudinal profiles. The most deeply incised gully has 

formed the principal track for several of the pyroclastic flows and has 

experienced much scouring by these flows. Norman Macloed of the U.S. 
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Geological Survey has used stakes placed in the margins of this gully to 

show that erosion of the gully walls has occurred since the May 18 eruption. 

The width and depth of two pyroclastic flows which occurred during the 

summer and autumn in this gully are shown in successive cross sections 

from the amphitheater to the fan in Figureb. Within the gully the 

flows can range up to several hundred meters in width. The snowpack 

accumulated in the gully probably would be completely eroded and incor

porated into a large pyroclastic flow travelling out of the amphitheater. 

Pyroclastic flows emerging from this main gully onto the fan exper

ience a very rapid decrease in slope and increase in width between con

fining walls. Our field measurements with a hand level at the head of 

this fan gave a slope of only 3 percent in January, 1981 (This disagrees 

with the topographic map used to draw the cross section in Figure 6, which 

indicates a slope of 8 percent). The pyroclastic flows can widen from 

0.1 km to 1 km within a few hundred meters of the fan head and deposits 

from the summer eruptions ranged from 0.5 to 3.5 km wide at five to six 

km from the fan head. 

A crucial question is whether once a pyroclastic flow arrives on 

the fan it will continue to erode and incorporate snow. The smooth 

surface of the fan, the thinning of the pyroclastic flows as they spread 

out over the fan and the slowing of the flow caused in part by the greatly 

reduced gradient of the fan will tend to reduce the magnitude of turbulent 

eddies in the flow and decrease the tendency to incorporate the snow. 

In a less turbulent flow a large portion of the weight of the pyroclastic 

flow could be supported on a fluid composed of volcanic gases, dust, and 

steam from vaporization of snow. The steam would be driven by a strong 
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pressure gradient up through the flowing pumice and into the atmosphere 

as a cloud of steam. Very little meltwater would percolate down through 

the snowpack into the underlying, older pyroclastic flow deposits or would 

be trapped as a liquid in the moving pyroclastic flow. Thus, a weakly 

turbulent or laminar pyroclastic flow probably would not incorporate 

large amounts of meltwater and generate large mudflows. If on the other 

hand, the pyroclastic flow is at least locally turbulent and erosive, 

enough water may be incorporated into the flow to generate mudflows. 

We have examined deposits on the fan leading from the base of the 

gully towards the North Fork Toutle Valley. Three observations suggest to 

us that the pyroclastic flow can be at least locally erosive in the central 

part of its track across the fan, but as the flow spreads and thins over 

the wider part of the track erosion of fine-grained ash deposits becomes 

much less likely. First, in the walls of a channel cut through the pyro

clastic flows by rainwater runoff during the December storms we observed 

finely laminated silts and sands. Fine-grained pyroclastic flow deposits 

layover these water-deposited sediments. The contact between the two 

was very smooth, and the laminations were not truncated by the pyroclastic 

flow. The latter, therefore, must have moved over the underlying layer 

without significant erosion of its surface. Secondly, and in contrast, 

we have observed that some pyroclastic flows consisting- of cobble-sized 

balls of pumice had eroded fine-grained ash flows previously deposited 

on the fan but also had travelled without significant erosion over other 

cobble-sized flows. Finally, we have studied the western margin of a 

gravel-sized pyroclastic flow several hundred meters below the mouth of 

the gully. The left margin of the pyroclastic flow has spread towards a 
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whale-back-shaped mound of boulder debris. The pyroclastic flow had lapped 

up against the gradually rising surface without erosion. We conclude from 

these observations that pyroclastic flows of the magnitude that have oc

curred at Mt. St. Helens since May 18 appear not to be erosive where they 

have spread into a thin layer on gentle gradients, although the central 

thread of the flow appears capable of erosion, particularly of deposits 

finer than its own constituents. 

We have discussed this problem with Lee Fairchild of the Department 

of Geological Sciences, University of Washington, who made observations 

of pyroclastic flows on Mt. St. Augustine, Alaska. Fairchild observed 

that pyroclastic flows moving down gradients of about 20 percent eroded 

10 cm into ash deposits, but did not erode ash on gradients below 8 percent. 

The pyroclastic flows had volumes of about one quarter those observed 

during the summer at Mt. St. Helens. Pyroclastic flows that had moved 

over a snowpack about one meter deep had melted enough snow to trigger 

small mudflows which began about 6 to 8 meters downslope from the snout 

of the pyroclastic flow, but on most pyroclastic flows there was no 

evidence of reworking of the snout by large amounts of meltwater released 

rapidly under the hot pumice. 

On the other hand, Melinda Brugman of the U.S. Geological Survey ob

served significant erosion of snow and development of gullies on the Shoe

string and Forsythe glaciers on the upper remnants of the Mt. St. Helens 

cone immediately after the May 18th eruption. Here on slopes that are 

much steeper than those found on the fan, the pyroclastic flow of May 18th 

stripped all the snow from the lower part of the Shoestring glacier although 

a large amount of snow on other parts of the glacier survived passage of 
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of the hot flows. Brugman also reports that 20 cm of ash and rock which 

lay on the Forsythe and Shoestring glaciers before the eruption of May 

18th were moved off the glacier on that date. 

On the basis of our reading, field observations, and discussion with 

Drs. Newhall, Meier, Hoblitt, and Dr. J.D. Smith (an expert in fluid me

chanics and sediment transport at the University of Washington), Dr. Charles 

Sleicher (an expert in flow and heat transfer at the University of Washing

ton), Fairchild, and Brugman, we propose that the following scenario 

represents the most likely consequences of a pyroclastic flow over a 

snowpack on Mt. St. Helens. 

The hot pyroclastic flow should emerge from the amphitheater on a 

track 100 to several hundred meters wide. It should race down the main 

gully as a deep, inflated, and highly turbulent flow, which would incor

porate all of the snow that mightlie in the steep, uneven gully below 

the amphitheater. A portion of this snow would evolve rapidly into steam; 

it is possible that there would be so little snow available that all of 

it would be vaporized without significantly altering the temperature and 

flow properties. However, as a worst case we will assume little steam 

is generated and that the melted snow will cool the lower layer of the 

pyroclastic flow and transform it into a mudflow. One might expect the 

mudflow then to travel down the gully at a velocity far less than that 

of the over-running hot fluid. But the mudflow could then erode a track 

through snow on the fan between the mouth of the gully and the channel of 

the North Fork Toutle River (which now extend up across the debris aval

anche as far east as Mt. St. Helens). In this manner, one could imagine 

the rapid transport to the stream channel of all of the snow on a track 
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100 to 300 meters wide and 6.S km long, as shown schematically in Figure 7. 

This water would be intimately mixed with some of the new pyroclastic 

flow material, and probably some of the underlying, older deposits. The 

mixture would form a mudf10w, the properties of which it is difficult to 

predict. However, judging by the mudflows of May 18 it seems that the 

volume of mudf10w would be approximately twice the volume of water melted; 

thus, if an average of one meter of snow with a density of 0.4 g/cm3 lay 

on the shaded track in Figure 7, a volume of 780,000 m3 of meltwater would 

be released, mobilizing a ruudf10w with a volume of 1.56 million m3 • Again 

extrapolating from the May 18 mudflows in the North and South Forks of 

the Toutle River, such a mudf10w would have a velocity that might reach 

5 - 10 m/s. If we assume a worst case of 10 mis, the whole mudf10w volume 

would reach the channel at the base of the fan in a space of 650 seconds 

(11 mins). 

Such a discharge into the channel could begin within two minutes of 

a pyroclastic flow emerging from the amphitheater of Mt. St. Helens, and 

travelling the 6.5 km at a speed of 50 m/s. The pyroclastic flow would 

spread from the base of the gully in a triangular pattern shown schematically 

in Figure i. Because of our uncertainty about whether pyroclastic flows 

-
can melt and release significant amounts of water, we have made calcula

tions for two possible meltwater discharges: (1) the pyroclastic flow 

can disturb and melt the equivalent of 50 cm of water on the surface of 

the snowpack over the 3 sq. km triangular area in Figure 7; (2) the 

pyroclastic flow can melt the equivalent of 10 cm of water over this area. 

We assume, as a worst case, that no meltwater escapes upward as steam. 

Further, we will assume that this meltwater is released to the underlying 
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snowpack at rates which will locally overtax the capacity of the snowpack 

for subsurface conveyance of meltwater. In swales and gullies the melt

water will accumulate rapidly, and generate slush torrents and meltwater 

floods in the manner referred to previously. We will assume that the 

meltwater will then flow rapidly down gullies at average velocities of 

2 m/s. Water from the distal end and widest part of the fan will arrive 

at the channel first and a triangular inflow hydrograph follows. This 

meltwater flood would mix with the mudflow described earlier allowing 

it to incorporate more sediment from the pyroclastic-flow fan or from the 

debris avalanche deposit in the north Toutle Valley. 

Thus, under conditions that we consider extreme and even unlikely, 

a very large amount of pumiceous mud and water would be injected into the 

canyon that now dissects the North Fork Toutle debris avalanche. One 

example of the scenarios that we have chosen for computation is shown in 

Figure 8. A slug of mudf10w represented by the bar input of constant 

discharge is augmented by a triangular hydrograph of meltwater. When the 

two influxes are added the hydrograph shown by the solid line in the dia

gram results. We have smoothed this input in order to facilitate later 

computations of the routing of this hydrograph downva1ley. It is likely 

that such rounding of the hydro graph would occur: due to processes such 

as progressive failure of the mudflow material, variations of velocity 

along the mudflow track, ponding and other storage processes along 

the mudf10w track or in the highly disturbed point at which the mudflow 

would enter the channel. The snowmelt runoff would also contribute a long 

recession limb to each hydrograph. 

In order to demonstrate the consequences of a range of assumptions 
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about a set of processes that are highly complex, difficult to visualize, 

and impossible to predict in detail, we have constructed hydrographs of 

inputs to the channel under a range of scenarios, some examples of which 

are shown in Figure 9. The computed peak discharges are exceedingly high 

and could not be accomodated in the channels at the upper end of the pre

sent drainage network on the debris avalanche. The mudflows and muddy 

meltwater would undoubtedly incorporate other material from the debris 

avalanche and would evolve into a partly pumiceous mudflow, probably with 

rheological characteristics similar to those of the May 18th mudflows. 

They would probably widen and deepen the existing channels, and travel 

down the valley at rates similar to those mudflows. 

It must be emphasized that the highest peak inflows to the channel 

listed in Table 3 are the highest values that we can imagine under the 

circumstances of pyroclastic flow discussed above. The values represent 

maximum estimates for several reasons. The calculations ignore the large 

volumes of steam that would probably escape upward through the pyroclastic 

flow as it traveled over the snow surface. Evolution of steam would not 

only reduce the amount of meltwater running off the slope, but would sup

port a portion of the weight of the pyroclastic flow, thereby reducing 

its capacity for erosion and incorporation of snow. We feel that it is 

unlikely that 50 cm of water (equivalent to about 125 - 150 cm of snow) 

would be eroded by a pyroclastic flow travelling on a gradient of 3 

percent over the 2 sq. km. fan-shaped runout zone below the gUlly. A 

value of 10 mls is also higher than we expect the whole mudflow to travel. 

The value is taken from measured velocities of mudflows occurring in the 
. 


Toutle River valley during the May 18th eruption. They are more relevant 

40 




Table 3. Scenarios of pyroclastic flood/mudflow/snowmelt for which inf1uxe~ to 
the river channel were computed. T2e calculations are for a 52km 
pyroclastic flow consisting of 2 km of mudflow track and 3 km of fan
shaped runout, as portrayed in Figure 1. The assumed water equivalent 
of the snowpack for each date is the average accumulation at that date; 
values at each elevation were estimated from snow-course records and 
the average was weighted according to the length of the mudflow track 
in each elevation range. 

Date Weighted average 
water equivalent 

of snowpack 
(cm) 

Feb. 1 110 

Feb. 1 110 

Feb. 1 110 

Feb. 1 110 

Feb. 1 110 

Feb. 1 110 

Feb. 1 110 

Apr. 1 190 

Apr. 1 190 

Apr. 1 190 

Apr. 1 190 

Apr. 1 190 

Width of Speed of 
mudflow mudflow 

track (ro/s) 
(m) 

300 10 

300 10 

300 5 

300 5 

100 10 

100 10 

100 5 

300 10 

100 10 

100 10 

100 5 

100 5 

Depth of Peak influx 
snowmelt rate to 
on fan cha~nel 

(cm o-f wat'er) (m /s) 

50 8700 

10 6900 

50 5250 

10 3700 

50 4200 

10 2600 

50 3100 

10 11800 

50 5750 

10 4100 

50 3900 

10 2300 
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to mudflows with depths of 5 - 10 m than to those with depths of 1 - 3 m 

that are likely to develop on the Mt. St. Helens footslope. A velocity 

of 5 mls is a probable upper limit. The assumed mudflow velocity strongly 

affects the predicted peak mudflow discharge (as can be seen from Table 3) 

because the velocity controls the rate at which mudflow volume is concen

trated within the channel at the base of the mountain. However, we feel 

that is is useful and appropriate to consider extreme, if unlikely 

scenario in the case of such a potentially damaging mechanism. It is our 

judgment, however, that if a pyroclastic flow large enough and erosive 

enough to trigger a mudflow were to occur during the snow season, mudflow 

tracks of approximately 300 m in width, mudflow speeds of no more than 

5 mis, and snowmelt by the pyroclastic flow of either 10 or 50 em are in 

the most likely range of results. These calculations suggest strongly 

that turbulent incorporation of snow and resultant mudflow generation from 

the base of a pyroclastic flow would contribute a much larger volume of 

fluid at a faster rate than would be generated by melting of snow on the 

fan after deposition of the pyroclastic flow. We will now consider the 

effects of this rapid and extremely high influx of mudflow material on 

the discharge of mudflow at various distances along the North Fork 

and Main Toutle valleys. This prediction will be made using standard 

techniques of flood routing, but with modifications that we will make to 

take account of mudflow characteristics. 
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Muskingum routing procedure 

Channel storage tends to change the shape of a flood hydrograph as 

the flood moves downstream. Hydrographs that are peaked or sharp with 

rapid rising and falling limbs tend to be attenuated more rapidly than 

hydrographs in which the high discharges persist for a long time. Because 

the peak discharge at any particular location along the river is usually 

the most important parameter in determining the amount of flood damage, 

it is important to know how the peak of a hydrograph changes as the mud 

or water moves downstream. 

There are several procedures ,generally known as flood routing, for 

computing these changes. They are routinely used for calculating the 

movement of flood waves along channels and valley floors. In this case, 

we will utilize ontof these procedures to predict the travel of a mudflow 

along the Toutle River valley. One of the most widely used routing tech

niques is the Muskingum flood routing procedure developed by the Corps 

of Engineers. The procedure depends on the solution of the storage equa

tion only, and so it can be used for the travel of flood waves even in 

non-Newtonian fluids, such as mudflows, provided the necessary parameters 

can be derived for mudflows. The procedure asserts that there is a rela

tionship between inflow to a channel reach, outflow from the reach, and 

storage in the reach. The general form of the equation is: 

S K [xl + (1 - x) 0] 

3where S storage (ft ) 

K = a constant with units of time (seconds) 

x a dimensionless factor which weights the relative influences 
of inflow and outflow upon the storage 
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I inflow (ft3/s) 

3o = outflow (ft Is) 

When this equation is expanded, the formula obtained is: 

where II inflow to the reach at the beginning of a time interval of 
computation 

12 = inflow at the end of the time interval 

01 = outflow from the reach at the beginning of the time interval 

02 outflow at the end of the time interval 

and CO' C1 , and C2 can be solved for in terms of K and x. 

The values of K and x required in the equation are usually obtained 

by computing the change of inflow, outflow, and storage when two hydro-

graphs are available for the same storm, one hydrograph for a station 

upstream and the other for a station downstream. Such data are not avail 

able for mudflows. However, certain approximations can be made that can 

be compared with some scanty available data. The coefficient K is equal to 

the residence time of the flood wave (in this case of the mudflow) in a 

reach. It can, therefore, be obtained if the speed of mudflow peaks 

through the valley is known. The speed of the May 18 mudflows in both 

the North and South Forks of the Toutle River valley can be obtained from 

an extremely valuable compilation by J.E. Cummans* of the times of arrivals 

of the peak at various locations. Along the South Fork, the velocity 

averaged 9 ft/s and declined downstream, whereas the North Fork peak 

*J.E. Cummans (1980) Hydrologic effects of the eruption of Mt. St. Helens, 
Washington, 1980. Mudflows resulting from the May 18, 1980 eruption of 
Mt. St. Helens, Washington, U.S. Geological Survey, (unpublished manuscript). 
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retained an almost constant velocity as far as the Cowlitz River. 

The weighting factor x is an indication of the degree of attenuation 

of the flood peak as it moves downstream. In the case of a reservoir, the 

attenuation is maximal and the value of the coefficient x is zero. A value 

of 0.5 would represent simple translation of the flood peak downstream 

without attenuation. The typical range of values for rivers is 0.1 to 

0.3, with the latter being more characteristic of steep, narrow river valleys. 

Lee Fairchild and Mark Wigmosta of the University of Washington have 

documented field evidence of mudflow velocities and discharge along the 

Toutle River. When combined with the information compiled by Cummans on 

the time of first arrival, the peak and the end of the mudflow, approximate 

hydro graphs can be drawn. By dividing the South Fork Toutle River valley 

into reaches 1000 ft. long and using the speed of the mudflow peak to 

obtain the residence time in a reach, we have been able to obtain a value 

of x that allows us to route the South Fork Toutle River mudflows down

valley and to obtain predictions of the hydro graphs that agree with the 

field data. A value of x = 0.3 gave the best fit. 

Routing of mudflows 

From this analysis, we have concluded that a useful set of parameters 

with which to route the mudflows generated by pyroclastic flows is x = 0.3 

and K = 133 sec (based on a velocity of 7,5 ft/s for North Fork mudflows 

and a reach length of 1000 ft). We divided the North Fork Toutle River 

valley into 243 segments, and routed each mudflow from the channel at 

the base of the volcanic cone to the confluence of the Toutle and Cowlitz 
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Rivers Sample results in Figure 10 show the rate of travel and the 

attenuation of the mudflow wave as it travels downva11ey. 

The brief, high peak is attenuated rapidly in the upper part of the 

valley, in a manner reminiscent of the South Fork Toutle River mudf10w 

of May 18. 

Routing was carried out on several assumed inflow hydrographs to 

bracket the range of possibilities. We felt it necessary to compute how 

flood peaks of different magnitudes would attenuate downstream. The re

sults of these routing computations can Qest be visualized by plotting 

the value of peak discharge as a function of distance downstream from the 

source. Figure it presents the results. Beside each of the high discharge 

cases is an identification number that documents the assumptions made in 

deriving the inflow hydrograph. The upper curve of Figure 12 is labelled 

A/300/10/S0. These refer to the following: 

A April, the month for which the snow accumulation is computed 

F February 

300 width in meters 
fan surface 

of the pyroclastic flow debouching on the 

10 	 velocity in meters/second of the flow from the source and 
over the fan to the nearest channel. Once in the channel, 
the velocity of flow is assumed to be 7.S ft/sec. 

50 	 thickness in em of snow on the fan that is available for 
melting. 

Figure 1:1 shows the passage of peak downvalley. The worst case 

(upper line) shows an initial peak of about 470,000 cfs attenuating to 

about 100,000 cfs when it reaches Highway 99. Shown also on the figure 

is the peak discharge estimated in the field for the mudflow in the North 
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Fork Toutle River of May 18. This peak persisted for long distances down

stream with little change. Another field observation is also shown, the 

peak discharge of the mudflow in the South Fork Toutle River at Silver 

Lake on May 18. 

These two field observations indicate that the assumptions made for 

deriving inflow or initial hydrographs from a possible pyroclastic flow 

on top of snow are reasonable and are not extreme or impossible. 

Only on the debris avalanche do the worst snowmelt/mudflow scenarios 

generate peaks higher than that of the May 18 mudflow in the North Fork 

Toutle River or than the South Fork Toutle River mudflow generated at 

Silver Lake, 

These mudflows would cause damage to bridges and roads along the 

North Fork and main Toutle River valleys. They would also transport 

millions of cubic yards of sediment to the Cowlitz River, as on May 18, 

but this time the clogging of the channel could happen during a season 

of generally higher flood risk. Another difference from May 18 would 

probably be a shortened delay between the beginning of an eruption and 

the arrival of a mudflow at inhabited portions of the valley. On May 18, 

the large North Fork Toutle River rnudflow developed slowly, b~ saturation 

of debris avalanche deposits before flowing rapidly down the valley. If 

such a rnudflow occurred in the future, it could enter a deep channel 

leading from the pyroclastic fan across the debris avalanche and could 

begin travelling downvalley immediately. Therefore, a warning system 

should be in effect, and there should be a public education program to 

warn people to avoid locations along the valley during an eruption in the 

snow season. 
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We have also considered the possibility that rapid snowmelt might 

generate muddy floods (with sediment concentrations of several hundred 

milligrams per liter) instead of true mudflows. Again, because the fluid 

mechanics of such floods is poorly understood it seems most useful to 

employ the empirical, locally-calibrated Mushingum routing technique rather 

than a flood routing procedure based on hydraulics. As explained in the 

next chapter, we calibrated the Muskingum procedure to a muddy flood on 

the Toutle River based on measurements made by the U.S. Geological Survey 

during the breakout of a small lake on the debris avalanche deposit. The 

method predicted that a muddy flood (of the magnitude shows in Figure 10) 

would be attenuated eVen more rapidly than a mudflow with the same volume 

and initial discharge. The discharge at the confluence would be only 

two-thirds of that of the mudflow, although the stage could be higher 

because of the differing flow characteristics of the two media. Many 

of the flood discharges predicted from the influxes listed in Table 3 

would exceed the maximum flow ever recorded at Silver Lake, excepting 

only that of the May 18 flood. 

Probability of mudflow generation 

The usual way to predict the probability of occurrence of an event 

governed by several variables is to compute the joint probability of the 

combination of conditions required by the event. Thus, to compute the 

chance of a mudflow of a certain size generated by a pyroclastic flow 

requires multiplication of the probability of a pyroclastic eruption of a 

certain size and other characteristics by the probability of a snowpack 

with a certain water equivalent occurring more or less as described in 

48 



the preceding section. Each of these probabilities is nearly impossible 

to estimate for the immediate future, and to assess the hazard it is only 

possible to describe some general features of the problem. 

First, accumulation of any snowpack on the pyroclastic fan seems 

unlikely this winter or spring. A field trip to the fan in January, 1981, 

revealed how the nature of the pyroclastic deposit militates against 

mudflow generation in the near future; however, the hazard may develop 

under certain foreseeable circumstances which are described below. During 

summer and fall, pumice and ash flows were deposited dry, a condition 

in which they are extremely good insulators. Most of their heat was 

retained, and temperatures of 500°C have been measured at depths of one 

foot several weeks after emplacement. When rain and snow fell onto the 

deposits, water percolated into them and was transformed into steam 

which returned to the ground surface. Since each gram of steam at lOQoC 

contains enough latent heat to melt about 8 grams of ice, there is little 

chance that a snowpack can survive for long periods of time on the fan. 

In January, 1981, steam emerged from the surface in many places even 

though the most recent pyroclastic flow occurred in October. We do not 

know the depth and temperature profile of the pyroclastic deposits, so 

we cannot estimate the total heat storage available to generate such 

steam. However, it is probably equivalent to about one winter of snow

fall and snowmelt, and it would be simple to refine such a calculation 

with the resources of the U.S. Geological Survey. In the absence of 

another pyroclastic flow, one could calculate the amount of rain or snow 

that could be melted and vaporized. After the temperature of the sedi

ment falls below 100°C there will be much less vapor generated from the 

infiltrating water and almost all the further heat loss will be through 
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groundwater percolation. Additional hot pyroclastic flows would be 

necessary to renow the capacity of the fan for melting snow. 

Frequent pyroclastic activity (several times per year) will keep 

the surface of the fan more or less free of snow, and create conditions 

for the generation of only small mudflows, if any at all. However, a 

period of quiescence could allow cooling of the deposits and the accumula

tion of a deep snowpack. Then a pyroclastic flow could trigger large 

mudflows, as discussed in an earlier section. This raises the question 

of how much snow could be available for melting. 

Provisional records of snow accumulation for the first day of each 

month during the snow season are available from the files of the U.S. 

Geological Survey and the Soil Conservation Service for three stations 

around the mountain. Record length is 20 years at Smith Creek Rd. (elev. 

2100 ft.), 16 years at Marble Mt. (elev. 3200 ft.) and 21 years at the 

Plains of Abraham (elev. 4400 ft.). Unfortunately, none of the stations 

are on the north or northwest sides of the mountain which are of most 

immediate concern here. Annual values of monthly accumulation can be plotted 

against their probability, as illustrated in Figure 12, and the curves 

can be used to estimate the probability of future snowpack water equivalents. 

The median values, 90th percentile values, or other values can be read 

from Figure 12, and plotted against station elevation as in Figure 13. 

There is a rough correlation of water equivqlent with elevation, which 

unfortunately must be extrapolated to estimate the median or 90th per

centile value of snowpack water equivalent at elevations between 4400 ft. 

and 6200 ft. When this has been done, it is possible to integrate along 
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the profile shown in Figure 14 to obtain the amount of water that could 

be melted and incorporated into a pyroclastic flow. In our computations, 

we used only the median values for Feb. 1 and Apr. 1; rarer possibilities 

can easily be computed if necessary, as indicated in Table 4. However, 

the results of mudflow routing suggest that given the large uncertainties 

about the physical mechanisms, it is reasonable to use an error margin to 

allow for unusual snowpack accumulation in evaluating the routing com

putations. 

Summary of the pyroclastic flows and snowmelt hazards 

The probability of a catastrophic mudflow being generated by a pyro

clastic flow onto a snowpack should be exceedingly low during the current 

winter and spring because of the likelihood that a significant volume of 

snow will not accumulate on the pyroclastic fan. In future years, a period 

of quiescence could allow cooling of the pumice deposits and accumulation 

of a deep snowpack, and could be followed by a pyroclastic eruption. In 

that case, it is likely that a large flood and mudflow would be generated 

in the upper Toutle River valley. However, it is difficult to conceive 

of a mudflow as large and destructive as those which resulted from the May 

18 eruption. The northern slopes of Mt. St. Helens cone no longer ac

cumulate as much snow as they did before that eruption, and they are less 

steep. Erosion of an entire, deep snowpack will probably be confined to 

the p.xisting steep, narrow gullies, and will probably result in a mudflow 

with a volume that will lie in the range of one to several million cubic 

meters or one to several thousand acre-feet. Thus, large mudflows may 

occur, but they will be considerably smaller than the worst cases envisaged 
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Table 4. 	 Water contents of snowpack (cm) as a function of elevation and 
date along the mudf10w track. 

Elevation Date 50% 10% 
(ft) Probability Probability 

(median) (90th percentile) 

6200 	 Feb 1 183 239 


Mar 1 244 290 


Apr 1 305 396 


May 1 same
,.J 

4900 	 Feb 1 127 188 


Mar 1 168 224 


Apr 1 213 305 


4100 	 Feb 1 91 152 


Mar 1 122 183 


Apr 1 157 244 


3500 	 Feb 1 64 130 


Har 1 86 152 


Apr 1 117 200 
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in the early recognition of the possible hazard. The mudflows will reach 

the stream channel quickly and will, therefore, generate high peak flow 

rates. In Table 3, the lower peak discharges associated with the 5 mls 

flows are more likely than the highest values shown. 

After entering the stream channels the meltwater and sediment will 

probably travel downvalley as a mudflow, similar to those of May 18. The 

most probable scenarios involve discharges considerably lower than the 

May 18 events in the inhabited part of the valley. Bridges would be 

destroyed, and overbank discharges would occur in some forest-industry 

centers and a few inhabited reaches. The major deleterious consequence 

would be the influx of tremendous quantities of sediment to the Cowlitz 

River channel during a season of high flood risk. 

Because of the potential danger of mudflows from this source, it 

would be wise to plan a warning system that can be activated rapidly if 

the danger seems to be escalating. Such a warning system should include 

the following elements: 

(1) Regular snow surveys on the pyroclastic fan. Such an investment 

could be justified on the basis of water supply forecasting and the pre

diction of normal rain and snowmelt floods in the Toutle River. Such 

surveys would warn of the development of deep snowpacks that might be 

affected by pyroclastic flows. 

(2) When volcanologists warn of an impending eruption which may 

involve pyroclastic flows, computations of the kind which we have employed 

could be updated with the most recent snow surveys and data on recent chan

nel changes on the fan and on the debris avalanche. 

(3) In the case of an eruption, roads in the hazard zone could be 
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closed and a general alert broadcast warning people to avoid bridges or 

to approach them with care. 

(4) Public education could warn people to avoid the river channels 

and valley floor during and soon after an eruption. 

(5) Contingency planning and contractual arrangements could be made 

for emergency dredging of the Cowlitz River channel in case a mudflow or 

flood transports vast quantities of sediment to the confluence during a 

high flood-risk season. 
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POTENTIAL FOR CATASTROPHIC BREACHING OF COLDWATER LAKE 

On May 18, a debris avalanche flowing down the North Fork Toutle 

River valley was partially diverted into the Coldwater Creek drainage. 

A ridge on the avalanche deposit now encloses a basin with a storage 

capacity of approximately 100,000 acre-feet. Because of the high precipi

tation in the Coldwater Creek watershed, and its comparatively large drain

age area, the possibility that runoff into the lake will exceed the storage 

capacity and lead to catastrophic release of impounded water deserves 

systematic analysis. 

Previous work 

Soon after the eruption, personnel of the U.S. Forest Service* made 

a preliminary slope stability analysis of the debris impounding Castle 

Creek and Coldwater Creek, using slope-stability charts published by Duncan 

and Bachigmani (1975)**. Sections through the embankments were drawn from 

preliminary 80-foot contour interval topographic maps. Strength properties 

of the material comprising the embankment were estimated; the angle of 

internal friction of the debris was estimated to be in the range of 20-30° 

and the cohesion was estimated to be zero. Depending on the assumed form 

of the failure surface and the angle of internal friction, facotrs of 

safety on the order of 2.0 or greater were obtained for the Castle Creek 

embankment, whereas the Coldwater Creek embankment had factors of safety 

in the range 1.1 to 4.8. The most critical conditions were for shallow 

*Mohney, J. and M. Peters (1980) Analysis of new impoundments along North 
Fork Toutle River pyroclastic flow; Mt. St. Helens Emergency Watershed 
Rehabilitation Report, U.S. Forest Service, Pacific Northwest Region. 

**Duncan. J.N. and A.L. Bachigmani (1975) An engineering manual for slope 
stability studies; Dept. of Civil Engineering, Univ. of California. 
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planar failures on the downstream face of the embankments. The Forest 

Service personnel came to no firm conclusions regarding the stability of 

the embankments, but apparently assumed that the impoundments would event

ually be overtopped and breached, because they made some preliminary analyses 

to determine the size of the channel outlet and the size of rock armoring 

that would be necessary to provide a stable outlet channel. They suggested 

that the channel could be excavated and fine material removed using a small 

hydraulic cannon or earth moving machinery. They visually estimated that 

20% of the debris avalanche in that area consists of rocks larger than 

24-inches, 20% lies in the 6-24 inch range, and 60% is smaller than 6-inches 

in diameter. We believe that these estimates are in error. Our visual 

estimates are that no more than 10% of the debris avalanche in this area 

consists of rocks greater than 6 inches in diameter, and that the proportion 

greater than 24 inches is extremely small. 

The U.S. Geological Survey Water Resources Division has produced a 

detailed topographic map of the debris avalanche and the impounded lake, 

with a contour interval of 10 feet. Water level observations have been 

made on the lake, and J.E. Cummans has compiled rainfall and runoff records 

from the area to estimate the probable rate of accumulation of water in 

the lake. Using normal surface runoff and assuming no evaporation or 

seepage, Cummans estimated that the lake would fill by late July, 1982. 

If all the precipitation falling in the drainage basin of Coldwater Creek 

were stored in the lake, then filling to the level of the lowest outlet 

from the debris barrier would occur by early December, 1981. By comparison, 

South Castle Creek Pond would fill by January, 1983, based on runoff 

records and by December, 1981, based on precipitation records. 
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Duane Bankhofer of the Corps of Engineers has made a similar analysis 

of the potential for overtopping of the debris barrier, and also of the 

stability of the barrier with respect to landsliding when the lake is full. 

Corps of Engineers personnel constructed a groundwater flow net for a critical 

cross-section of the barrier assuming the lake to be full, and then used 

several computer programs to evaluate the most likely conditions of failure. 

They assumed angles of internal friction from 30° to 36.5°, and concluded 

that the maximum angle of slope that is stable against shallow planar 

failures under saturated conditions (the type of landsliding considered 

most likely to occur in this situation) was 19%. The current gradient 

of the downstream face of the debris barrier is 26%. Therefore, Bankhofer 

concluded that it would be wise to breach the dam artifically, under controlled 

conditions, before a potential catastrophic failure could occur. Other 

possible options for controlling the level of the lake will be discussed 

later. 

Analysis of Coldwater Lake water and sediment budget 

Three factors of possible significance have not previously been con

sidered in water balance calculations: (1) reduction of storage capacity 

by sediment eroded from the watershed; (2) the effect of infiltration on 

the rate of accumulation of water in the lake; and (3) the probability 

of a particularly wet year and its effects on the timing of lake release. 

Because we beleive that without considering these factors the probability, 

volume and timing of release cannot be properly assessed, we have quantified 

each factor and incorporated it into our water-balance calculations. 
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Water budgets were computed for mean annual and monthly precipitation 

and for 10-year high and low annual precipitation. Mean annual and monthly 

precipitation values were obtained from the U.S. Geological Survey Water 

Resources Division. The 16-year precipitation record at the Spirit Lake 

Ranger Station was used to derive the ratios of the la-year high and low 

precipitation to mean annual precipitation (1.24 and 0.73 respectively) 

at Spirit Lake. The mean annual and monthly precipitation data for the 

Coldwater Creek watershed were then multiplied by these ratios to estimate 

high and low precipitation having a la-year recurrence interval (see Table 

5). 

The area and depth distribution of Coldwater Lake were determined 

from the U.S.G.S. 1:4,800 topographic map of the October 28 configuration 

of the lower Coldwater Creek watershed. This detailed map allowed accurate 

calculation of the lake volume as a function of elevation (Figure 15). 

Brian Collins and A.K. Lehre of the University of Washington have 

measured erosion rates for October through December at erosion-pin sites 

in the Shultz and Castle Creek drainages. Using data from sites that most 

closely approximate the slopes and materials in the Coldwater Creek water

shed, we have calculated the volume of sediment removed from the slopes 

per unit of precipitation. Most erosion occurs during intense storms that 

occur primarily during the high-precipitation months from October through 

March. Therefore, the volume of sediment eroded from the hillslopes in 

the Coldwater Creek watershed was determined on a monthly basis from the 

precipitation for only these six months. The calculated sediment input 

(Table 5) is almost two orders of magnitude less than the storage capacity 
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Table 5. 	 Precipitation and erosion input data for water and sediment budget 
calculations, ColdUJater Lake for years having normal percipitation, 
equalled or exceeded with 10% probabi lity, and 90% probability. 

Month Normal Year 10 Yr Large Precip. 10 Yr Small Preci p. 


Vol (m3) Vol (m 3) Vol (m3) 


Precipitation: 


J 17.0 x 106 21.0 x 106 12. 1 x 106 


F 12.8 x 106 15.4 x 106 9.34 x 106 


M 12. 1 x 106 14.9 x 106 8.87 x 106 


A 9.97 x 106 12. 1 x 106 7.00 x 106 


M 6.71 x 106 7.94 x 106 4.67 x 106 


106
J 5.98 x 106 7.47 x 106 4.20 x 


J 2.14 x 106 2.80 x 106 1.87 x 106 


A 3.57 x 106 4.67 x 106 2.80 x 106 


s 5.83 x 106 7.47 x 106 4.20 x 106 


0 12.3 x 106 14.9 x 106 8.87 x 106 


N 16.8 x 106 21.0 x 10
6 

12. 1 x 106 


D 17. 1 x 106 21.5 x 106 12.6 x 106 


Total 122 x 106 151 x 106 89 x 106 


Erosion: 


0 .360 x 106 .445 x 106 	 .262 x 106 


N .492 x lOb .609 x 106 	 .360 x 106 


D .501 x 106 .620 x 106 	 .365 x 106 


J .497 x 106 .617 x 106 	 .363 x 106 


F .375 x 106 .487 x 106 	 .275 x 106 


M .354 x 106 .439 x 106 	 .258 x 106 


Total 2.6 x 106 3.2 x 106 	 1.9 x 106 
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of the Coldwater Lake basin. Introduction of this sediment causes a slight 

shift of the volume-elevation curve (Figure 15) used in the calculation. 

Rates of infiltration from a lake depend on the water table configura

tion at a specified time and the rate of downward seepage from the lake. 

Field measurements of the rate of lowering of six small lakes on the 

avalanche deposit during a precipitation-free period following the late 

December storms indicated average lower of 0.025m/day. Using Darcy's law 

[Q = K(dh/dl), where Q = discharge per unit area] and the relation: a a 

v = Volume/unit area ofT K(dh/dl)dta 

where K is the hydraulic conductivity and V is the amount of lowering
a 

in time T, the hydraulic conductivity can be determined. If downward 

flow is assumed to respond only to gravity, then dh/dl = 1 and K equals 

the observed rate of lowering, -0.025 m/day. For a deep lake such as 

Coldwater Lake, the value of dh/dl may initially be greater than 1, and 

the rate of infiltration may be somewhat larger than the observed rate of 

lowering for shallower lakes. 

The volume of water in storage at the end of each month was calculated 

using the following relationship: 

Final Volume Initial Volume + (Inflow - Infiltration) 

6 3Lee Fairchild estimated that on November 1, 1980, the lake held 9 x 10 m 

of water. The volume at which overflow begins at the water surface elevation 

6 3
about 2512 feet, is approximately 100,000 acre-feet or 123 x 10 m Be

ginning with the volume in November, 1980, three possible rates of accumulation 
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(Table 5) were calculated from the foregoing equation. In each case, the 

first three months (November - January) were assumed to have their 

average monthly precipitation because the weather during these months was 

not particularly abnormal. Later months were assumed to have: (a) the 

long-term average precipitation; (b) the la-year high precipitation; and 

(c) the 10-year low precipitation. 

Results of our calculations are shown in Figure 16. In a year 

with normal precipitation Coldwater Lake can be expected to overtop and 

8 3breach by November, 1981, at a volume of 1.23 x 10 m. If 1981 experiences 

abnormally high precipitation with the influx in each month having a re

currence interval of 10 years, breaching could occur as early as the be

ginning of October, 1981. A year with precipitation in each month equal

ling the 10-year low value would delay overtopping until as late as 

February, 1982. A high or low precipitation year with a greater recurrence 

interval (i.e. a less-probable occurrence) would lead to overtopp~ng 

at a time outside this range. 

Transient saturated zone beneath the rising lake 

Because of the low infiltration rate, water infiltrating from the 
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rapidly rising lake will not reach the deep water table. The water 

table, therefore, will not rise to attain equilibrium with the lake 

level. Instead the water table will remain approximately at its original 

level and there will be a transient state with a wetting front progress

ing downward from the lake, producing an inverted water table under the 

lake. Consequently, the water table will not intersect the surface at 

the base of the debris dam, as necessary for instability (see later), 

until the lake level has been stable for months or even years. Breaching 

by overtopping will occur, therefore, before instability of the restrain

ing avalanche material becomes a problem. 

Consequences of breaching 

We have concluded that, left alone, the lake will reach an elevation 

of 2,512 to 2,514 feet and then overtop the embankment. The unconsolidated 

debris comprising the embankment will be rapidly eroded, and a large flood 

wave will travel across the debris avalanche to the North Fork Toutle 

River channel. We have calculated the approximate size of such a flood 

wave and its rate of travel down-valley. The procedure for such calcula

tions involves the computation of outflow rates from the breached barrier 

and the routing of this flood wave down-valley with the Muskingum proced

ure calibrated for a muddy flood in the North Fork Toutle River valley. 

The computation of outflow rates requires an area-elevation curve for the 

lake. We derived that curve from topographic maps of the valley obtained 

from the U.S. Geological Survey. We then estimated the probable rate of 

erosion of the breached barrier, and the probable cross-section of the 

breach. In these choices we were influenced by pictures and subsequent 
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analysis of the failure of the Teton Dam in Idaho, in which the elevation 

of the outlet decreased, and the width of the outflow channel increased 

rapidly with time. 

In the case of the Coldwater Lake debris barrier, we assumed that 

vertical erosion of the outlet would proceed at a rate of one foot per 

minute, maintaining a rectangular cross-section with a depth/ratio of 0.5. 

We made the further assumption that the breach would become no deeper than 

100 feet. The discharge through the breach was calculated using the fol

lowing formula for broad-crested weirs: 

Q 2.64 W H1. S 

where Q is the discharge (cfs), W is the width of the breach (feet), and 

H is the depth of water over the crest of the weir. 

As the outflow channel is eroded, the discharge through the breach 

will increase with time, but the amount of water stored behind the embank

ment simultaneously decreases as the elevation of the water surface in the 

lake declines. Eventually, the height of water above the floor of the 

outlet decreases and the discharge from the lake recedes. In our calcula

tions of the resulting outflow hydrograph, shown in Table 6, we used time 

increments of ten minutes. The estimated peak discharge from the breached 

impoundment is 479,000 cfs which would occur one hundred minutes after 

the original breach. This hydrograph becomes the input to the flood 

routing calculations. 

When such a tremendous volume of water is released onto unconsolidated 

sediments, it is likely that the result will be either a muddy flood with 
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sediment concentrations on the order of 300,000 - 500,000 mg/l or a true 

mudflow with a volumetric water to sediment ratio of roughly 1:1. We have 

taken both of these possibilities into account through the use of the 

Muskingum routing procedure, using parameters chosen to reflect the move

ment of mudflows and muddy floods d0W11 the North Fork Toutle River valley. 

The K and x values for a mudflow were obtained from the mudflow of May 18, 

as described in the proceding chapter. Thus, a wave speed of 7.5 feet 

per second was used in conjunction with a weighting factor (x) of 0.3. 

The volume of water emerging from the breach was doubled to reflect the 

incorporation of mud into the mudflow. The resulting hydrographs are 

shoW1l in Figure 19. These hydrographs are much higher and longer than the 

pyroclastic snowmelt hydrographs discussed in the preceding chapter, and 

are therefore not attenuated as rapidly. Thus, upon reaching the mouth 

of the Toutle River, a mudflow generated by the breaching of Coldwater 

Lake would have a peack discharge of approximately 500,000 cfs, more 

than twice the discharge of the May 18 North Fork Toutle mudflow at 

Silver Lake. There would be no volcanic eruption to warn of the approach

ing mudflow, and the results would be catastrophic. 

The other possibliity that we addressed was that the breach would 

not produce a mudflow, but only a muddy flood, similar to that below Elk 

Rock Lake which breached its barrier on August 27, 1980. Discharge from 

the Coldwater Lake was mUltiplied by 1.13 to reflect the increased volume 

that would result from the incorporation of sediment concentrations on 

the order of 300,000 mg/l, because values of 100,000 to 500,000 mg/l had 

been measured during the Elk Rock flood. 

In order to obtain K- and x-values for Muskingum routing of muddy 
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floods, we analyzed hydrographs from several locations along the North 

Fork Toutle River during the August 27, 1980, breach at Elk Rock. Philip 

J. Carpenter*, John E. Cummans, L.C. Van Gordon and R.L. Dinehart of the 

U. S. Geological Survey documented hydrographs at the breach, at the Kid 

Valley gage 20 miles downstream, at the Silver Lake gage 31.7 miles down

stream and at the Highway 99 gage 44 miles downstream from Elk Rock. We 

have transformed their observations of gage height and time into values 

of discharge and time at Silver Lake and Highway 99. It is not possible 

to compute discharges at Kid Valley from the gage height observations, 

but the approximate time of arrival of the flood wave and the peak dis

charge are available for this gage. Thus, it was possible to compute 

the speed of travel of the peak of the flood wave between adjacent gages. 

The speed between Elk Rock and Kid Valley was 9.1 ft/s; between Kid 

Valley and Silver Lake the speed was 8.6 ft/s and between Silver Lake and 

Highway 99 it was 6.8 ft/s. 

The residence time varied with distance along the channel in this 

case. We used reach lengths of 7,500 feet and calculation increments of 

15 minutes. Using several values for the weighting factor we routed the 

floods from Elk Rock downstream to each of the other gages. The x-value 

that most closely reproduced the observed hydrographs was 0.15, and this 

was used together with the above K-values in routing muddy floods from 

the Coldwater Lake. 

Figure 18 shows the movement and attenuation of a muddy flood from 

Coldwater Lake to the mouth of the Toutle River. Again, the peak discharge 

*Carpenter, P.J. and Cummans, J.F. (1980) Elk Rock Dam Breakage, August 

27, 1980. U.S. Geological Survey Water Resources Division. 
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would be catastrophically high, although smaller than the discharge of 

the corresponding mudflow. The rapid breaching of the loose debris barrier 

at Coldwater Lake and the large storage of the lake would result in a 

hydrograph that is extremely high and so broad that the downvalley at 

tenuation is small, resulting in severe flooding of downvalley areas. If 

such an event were to occur, its downvalley consequences would be far 

worse than the results of the observed Elk Rock breakout, which generated 

an initial peak of 16,000 cfs declining to 1,400 cfs at the mouth of the 

Toutle River, or the pyroclastic snowmelt events, which would be initiated 

six miles further upvalley from Coldwater Lake and would be rapidly attenu

ated due to their peaked form. The severity of the consequences of a 

Coldwater Lake breakout are such that careful monitoring and engineering 

should be utilized to preclude the possibility. 

Stability of the debris barrier 

Various agencies have been concerned with the stability of the down

stream face of the debris barrier when the lake attains an elevation of 

2512 - 2514 ft. The various analyses have dealt with a worst case in which 

the water table slopes downward from this lake elevation and emerges as 

seeps on the side of a linear depression along the downstream margin of 

the debris barrier. The Corps of Engineers personnel have constructed 

a flow net of seepage through the embankment and tested the stability of 

the embankment assuming various strength characteristics. They concluded 

that, with the lake at an elevation of 2514 ft, a seepage face would 

develop at the toe of the embankment and shallow failures would be likely 

to occur there. The gradient of that portion of the embankment face is 
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26 percent. Calculations by the Corps indicated that the maximum stable 

gradient there would be 19 percent. 

However, for reasons discussed in the earlier section on transient 

groundwater conditions, we believe that these analyses are conservative, 

because the transient nature of the expanding saturated zone makes it un

likely that the conditions leading to failure will develop before the 

barrier is overtopped. Thus, the critical issue is to prevent uncontrolled 

overtopping. 

Duane Bankhofer of the Corps of Engineers has proposed that the lake 

should be breached at a level of 2480 ft. This judgement reflects cal

culations showing the debris barrier to be stable when the lake level is 

below 2505 feet, and allows a safety margin because of uncertainties in 

estimating the strength porperties of the avalanche deposit. If the 

lake is held permanently at a level of 2480 ft, the transient water table 

will evolve into a permanent, steady-state form with a slope towards the 

downstream face of the dam. For that reason, the analysis conducted by 

the Corps to obtain the long-term stable angle of slope under saturated 

conditions was necessary before any design work is carried out. However, 

the water-balance calculations that we aescribed earlier indicate that 

the lake level will reach 2480 ft between March to September, 1981, depend

ing on rainfall. The dry weather of this winter suggests that the early 

date is now most unlikely, and a date of late summer to autumn is more 

probable. This complicates plans for engineering work to stabilize the 

lake level, and if through some accident during construction the lake 

were to breach a channel which could erode rapidly headward, the resulting 

flood wave would be extremely destructive, even with the lake at the lower 

level. 
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Possible mitigating measures 

There appear to be three ways in which the lake could be stabilized 

at an elevation of 2480 ft, but something must be done soon. If the lake 

rises significantly above elevation 2480, it may have to be lowered arti 

ficially by pumping, siphoning and diverting of South Coldwater Creek 

away 	 from the lake. The three options are: 

(1) 	 A channel on a low gradient across the debris barrier in a 
generally westward direction toward Maratta Creek. Such a 
channel would have to be carefully stabilized with riprap, 
which would be difficult on the loose, still settling avalanche 
deposit. If the upper entrance or any other part of the 
channel were to fail, headward extension of gullies through 
the avalanche could breach the barrier and result in flooding. 
This option should be used only if no other course of action 
is feasible. It is more likely to be successful if this year 
continues to be relatively dry so that the lake does not rise 
near the elevations predicted earlier. 

(2) 	 A channel leading toward Maratta Creek could be excavated through 
bedrock across the nose of the ridge on the northwest margin of 
the debris barrier, as porposed by D. Bankhofer. Such a channel 
would control the lake level at 2480 feet and would not be 
susceptible to rapid downcutting. However, it would be more 
costly to construct and its feasibility has not yet been exam
ined in detail. Some geological investigation of the bedrock 
ridge is needed quickly, in order to develop a plan for such a 
channel before the water level rises to dangerous levels. 

(3) 	 Various outlet structures, such as tunnels and siphons could 
be installed in or on the debris barrier to control the water 
level. However, these are likely to be expensive and would be 
prone to breakage. 

Summary of potential for lake breakouts 

Both Castle Creek Lake and Coldwater Lake will overtop and breach 

within the forseeable future. Coldwater Lake is far the larger of the 

two lakes and is the one which will breach sooner. Such a breach would 

generate an awesome mud flow or muddy flood which would reach the inhabited 
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parts of the valley with little advance warning. The potential breakout 

of Coldwater Lake is an urgent and dangerous problem. The lake must be 

controlled at an elevation that will not destabilize the debris barrier. 

The best proposal so far is to construct a bedrock-floored outflow channel 

along the 2480-foot contour, around the nose of the ridge on the northwest 

margin of the debris barrier. Plans should be made for this work as soon 

as possible; in preparation for the work, it would be useful to begin 

exploratory studies of the bed-rock consitions on the ridge and of the 

pore-pressure field within the debris barrier itself. 

Castle Creek is a less urgent problem which can be treated on the 

basis of experience gained in the solution of the Coldwater Lake problem. 
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SEDIMENT TRANSPORT, DEPOSITION, AND 	 CHANNEL CHANGE 

History of concern about the problem 

Immediately after the May 18 eruption, when people saw the Cowlitz 

channel choked with mudflow deposits and heard reports of the vast quantity 

of erodible sediment!:) in the upper Toutle valley, concern was expressed 

about future deposition within the Cowlitx channel. If allowed to remain 

in the channel the sediment would reduce the channel's capac:i,ty to convey 

floods safely. 

In a,n environmental impact statement (Sept., 1980) outlining plans 

for managing the sedimentation hazard the Corps of Engineers published 

an estimated sediemnt discharge from the Toutle River of 15.7 millions 

tons. Although it was not made clear in that text, this figure was based 

on the assumption,of a runoff pattern similar to the average of the 

preceding 70 years from the undisturbed watershed, and it referred only 

to the discharge of sand, which as we will show later is the important 

issue for deposition in the Cowlitz channel. 

Since the eruption, personnel from the Tacoma office of the Water 

Resources Division, U.S. Geological Survey have been measuring the transport 

of suspended sand and silt from the mouth of the Toutle River. By early 

October, 1980, very few measurements had been made, but the urgency and 

potential seriousness of the problem encouraged the agency to make an 

estimate of the probable sediment discharge into the Cowlitz channel from 

the Toutle*. The estimate, using pre-eruption flow records, was approximately 

*Culbertson, J.K. (1980) Preliminary estimate of sediemnt loads from the 
Toutle River basin for the period October 1, 1980 to September 30, 1981. 
U.S. 	Geological Survey, Water Resources Division, Reston, VA, 14 pp. 
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400 million tons or 500 million cubic yards. Since this value was so 

much larger than that published by the Corps of Engineers, and since it 

was also more than ten times as large as the quantity of sediment deposited 

in the Cowlitz by the mudflow during May 18-19, people living in the 

Cowlitz valley were understandably concerned that the channel might be 

filled and lead to catastrophic flooding of the valley floor. Much of 

the concern could have been alleviated if the reasons for the discrepancy 

between the two agency estimates had been explained to the public. 

On the basis of sediment samples collect~d by the U.S.G.S. in October 

and November, the Corps of Engineers computed a probable annual suspended 

sediment discharge from the Toutle of 110 million tons (88 million cubic 

yards), and with the aid of samples collected during the high flows of 

December 25 - 28, U.S.G.S. personnel calculated a value of 64 million tons 

of suspended sediment discharge. The Corps scientists also made a computa

tion of the amount of sand that is likely to be deposited in the lower 

Toutle and Cowlitz channels, and therefore which must be dredged to maintain 

channel capacity. 

Summary of our evaluation of the problem 

In this chapter we will show that: 

(a) The important issue is not the total suspended load of the Toutle, 

but the amount of sediment that will settle out of the flow between the 

mouth of the Toutle and the mouth of the Cowlitz. 

(b) It is possible to make a rough estimate of this deposition, but 

the pr~cision of the estimate is severely compromised by lack of the data 
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most pertinent to this problem. The emphasis of the data collection program 

has been on the wrong issue upto this point. 

(c) In a hypothetical year of average flow conditions, between 9 

and 39 million tons of sand (and more probably between 10 and 30 million 

tons) would be deposited between the Highway 99 bridge on the Toutle River 

and Castle Rock on the Cowlitz, and approximately 18 million tons wo~ld be 

deposited in the Cowlitz below Castle Rock. The amount of deposition is 

extremely sensitive to flow conditions, which are not easily predicted. 

(d) The rough calculation of probable deposition indicates that a 

danger exists for the reduction of flood conveyance capacity and destab

ilization of the channel along the lower Cowlitz valley, and the problem 

will persist for at least several years. 

(e) The flooding and sedimentation hazard is manageable by dredging 

action and dike improvements already underway by the Corps of Engineers, 

although some dangers need to be recognized and mitigation measures considered. 

(f) The two most likely dangers are: rapid deposition along certain 

reaches of the Cowlitz channel as a result of a particularly long and in

tense sequence of storms that might temporarily overtax the dredging capa

city; and relatively small amounts of deposition in the form of bars that 

might aggravate the river's tendency to shift laterally and undermine 

flood dikes in some reaches. The former danger can be mitigated to some 

degree by developing emergency plans for increased dredging capacity when 

necessary. The second can be anticipated by frequent and thorough ex

amination of the condition of dikes. Prompt dike repair and dredging of 

channel bars may be necessary. 

(g) Large mudflows generated by pyroclastic flows or breaching of 

lake barriers also pose the threat of a rapid influx of sediment to the 
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Cowlitz. Such inputs would return the Cowlitz channel to its May 19 con

dition of being totally inadequate to convey even small floods. As indica

ted in earlier sections, it would be necessary to derdge the channel 

promptly and at an accelerated rate to avoid the chance of a catastrophic 

flood in the Cowlitz valley. 

(h) Because there will always be a chance of particularly large 

storms or stormy periods, and a considerable uncertainty in the prediction 

of sediment transport and river behavior, it is vital that the occupants 

of the Cowlitz valley remain alert to flood warnings, reports of dike 

stability, and developments during future eruptions that might bring large 

amounts of sediment into the Cowlitz channel (see the previous chapters 

on pyroclastic snowmelt floods and catastrophic breaching of lakes). The 

most appropriate response by the occupants seems to be continued vigilance 

and imporved understanding of the whole volcano-sedimentation-flooding 

issue rather than panic, abandonment of their investments, or constant fear. 

(i) More attention should be paid to collecting the data that are 

most relevant to the prediction of sand transport and deposition. This 

would be better achieved through constant and close cooperation between 

the personnel from federal agencies and university scientists. At present, 

too little emphasis is being placed on collection of adequate amounts of 

data on some critical variables such as the sand content of suspended 

samples, the grain-size distribution of bed material, and water surface 

slopes in the lower Toutle. 

Before we can describe the analysis which led us to these conclusions 

it is necessary to present a few definitions which underlie our own analysis 

and which partly explain the discrepancies between the estimates of the 

two agencies. 
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Definition of terms relating to sediment transport 

The sediment load of a stream consists of a very fine fraction (wash

load) that is tranported into the stream from the hillslopes of the drainage 

basin and never settles onto the bed, and another fraction that may settle onto 

the bed as flow declines and may be re-mobilized by the next high flow. 

The latter fraction is called bed-material load, which is coarser than 

washload, and in turn it consists of two portions. The coarser particles 

travel as bedload, which rolls, slides or leaps along the bed of the chan

nel, and the finer fraction of the bed-material load travels in suspension, 

supported on eddies in the flow. The relationships between the various 

load components are summarized in Figure 19. 

The original Corps of Engineers figure of 15.7 million tons referred 

to bed-material ~oad; the U.S.C.S. value of 400 million tons was total 

suspended load. Later values of 110 million and 64 million are revised 

estimates of total suspended load. We will show that within the limits of 

the few available data that are relevant to the current problem the best 

estimate of the amount of future deposition in the Cowlitz channel involves 

computing the bed-material load, which in this case consists of sand. 

However, this can now be done with the aid of better data than were used 

in the original estimate. 

Determination of the important size fraction 

Our field observations indicate that during the November and December 

storms, considerable quantities of sand were deposited in the lower Toutle 

channel and in the vicinity of the Toutle-Cowlitz confluence. There has 
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also been some deposition on bars along the side of the Cowlitz channel 

downstream from Castle Rock. It is possible that the zone of deposition 

extends further downstream, but the river is too deep for direct observation. 

All visible deposits are sand (i.e. the dominant grain size is greater 

than 0.062 mm in diameter) in spite of the fact that U.S. Geological Survey 

measurements of suspended load show that most of the sediment leaving the 

Toutle River is silt «0.062 mm). 

In order to estimate what fraction of the sediment entering the 

Cowlitz channel will be deposited, we used the Corps of Engineers HEC-6 

sediment routing model, which is currently the most sophisticated, generally

available method for computing the transport, scour, and deposition of 

various sediment sizes at many stations along a river. We ran the model 

on the computer of Hydrodata, Inc. of Tempe, Arizona, with the aid of H.E. 

Skibitzke, P.E. The results will be discussed in more detail in a later 

section. The important result of the computations for our present purpose 

is that of the total sediment load entering the Cowlitz River above Castle 

Rock, almost all of the silt is washed all the way to the Columbia River, 

and almost all of the sand entering the Cowlitz is deposited in the channel. 

Thus, the important question to be asked is: How much sand will enter 

the Cowlitz channel, and how much can be transported beyond Castle Rock 

and Kelso respectively? 

Computation of sand transport 

We have used two methods of computing the approximate sand transport 

into and through the Cowlitz channel: 
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(1) Separate calculation of the sand in suspension and in 
the bedload (see the definition of these terms on p.7S and 
Figure 19). 

(2) Direct computation of the total bed-material load, which 
according to the HEC-6 model is equal to the total sand load 
in this case. 

(1) U.S. Geological Survey personnel have been measuring suspended sedi

ment concentrations at the Highway 99 gage on the Toutle River and at Castle 

Rock on the Cowlitz (see Figure 1). Unfortunately no measurements have 

been made at Kelso, so it is not possible to check computations of sediment 

transport out of the Cowlitz channel. Before December, 1980, very few 

measurements were made of the sand content in the suspended load. Because 

this fraction is the important issue for sedimentation in the Cowlitz, 

more attention needs to be paid to it, and more samples from the December 

high flows were subjected to such a measurement. 

We have used these relatively few sand samples to construct the 

graphs in Figures 20 and 21, which indicate the instantaneous rate of 

suspended sediment transport as a function of water discharge at each 

station. These graphs can be used together with flow records to compute 

the amount of suspended sand transported during a year or other time period. 

However, before the graphs are used, it is necessary to review several 

uncertainties in the data which limit their usefulness. 

Each relationship is only tenuously defined because of the large amount 

of scatter among the data points, and it is particularly difficult to 

decide how the curves should be extrapolated into the region of high flows. 

The only basis for such extrapolations is the shape of equivalent curves 

from many other rivers that carry heavy sediemnt loads. Secondly, despite 
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the scatter, the data show a shift through time. For a particular dis

charge the rivers carried less sand in December than in November. This 

change is probably a result of at least two developments. First, vast 

quantities of sediment were mobilized when the large canyons were extended 

through the debris avalanche deposit during the two big November storms. 

The canyons extended only slightly during the December storms, and are 

likely to undergo only relatively slow changes in the future because the 

headwater channels now have small drainage areas. Secondly, during the 

summer the Corps of Engineers graded some of the banks of the Toutle River 

back to a low angle in order to push loose, fine sediment beyond the river's 

influence. The November storms removed much of the easily-available sediment, 

and although many banks were undercut during December the grading appears 

to have reduced sediment influx along some reaches. Because of the normal 

variability of such data, and the uncertainty about future erosion patterns 

in the watershed, we have drawn a curve through the middle of the data 

and have ignored the temporal shift. 

The average annual suspended sand yield at a station is calculated 

from a relationship between transport rate and river discharge (Figures 

20 and 21) and a flow-duration curve (Figure 22), which portrays the number 

of days (or percentage of the year) during which the river discharge lies 

within certain ranges. Such a curve represents only a hypothetical average 

year, rather than any particular year. It is impossible to make anything 

more than a "most probable" estimate for any particular year in the future. 

In a previous chapter it was pointed out that the deposition of ash 

and removal of forest from the upper Toutle valley has tended to increase 
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transport over that calculated using the pre-eruption flow~duration curve. 

We have used the results of the Burges-Lettenmaier rainfall-runoff model 

(described in pp. 14-17) to construct a predicted flow-duration curve based 

on ten years of meteorological data (1968 - 1977). The curve, for their 

"best-estimate" conditions is shown in Figure 22. A sediment yield cal

culated with the use of this curve would probably overestimate sediment 

transport because the rainfall-runoff model porbably overestimates high 

flows slightly, for reasons given on p. 19. The assumption of a zero 

infiltration capacity in the devastated zone is a reasonable, conservative 

estimate for flood predi~tion but may cause significant overprediction 

in sediment-yield calculations. 

The Cowlitz flow-duration curve in Figure 22 is for pre-eruption 

conditions only. No model is yet available for predicting post-eruption 

flows. However, it is unlikely that the Cowlitz flow-duration curve has 

been changed significantly by the eruption. Mossyrock dam can be operated 

to compensate for most increases in flood discharged from the Toutle, and 

power generation needs will probably dominate the form of most of the 

flow-duration curve. If there is a slight increase in the frequency of 

high flows, computations using Figure 22 would slightly underestimate the 

sediment transport past Castle Rock. This underestimation, coupled with 

a slight overestimation caused by using the Burges-Lettenmaier model on 

the Toutle will lead to an overestimation of deposition in the reach be

tween Highway 99 ~nd Castle Rock. This would, therefore, represent a 

conservative prediction. 

Our calculated average annual yields of suspended sand are listed 

on line (1) of Table 7. 

79 



Table 7: 	 Average annual sand transport in millions of tons. The minus 
signs after the totals for the Highway 99 post-eruption flow
duration curve indicate in our judgement that these values 
are probably inflated slightly by our use of the Burges-Letten
maier model to produce a flow-duration curve. 

(1)Suspended 
sand 

(2)Bagnold 
bedload 

(3)Einstein 
bedload 

(4)Total 
sand 
transport 

(5)Colby 
total 
load 
formula 

Toutle at Highway 99 

Pre-eruption Post-eruption 
flow-duration flow-duration 

curve curve 

19.2 	 54.6 

0.9 	 1.2 

1.3 1.6 

20 56 

13 

Cowlitz at 

Castle Rock 


16.7 

0.3 

0.1 

17 

24 

Deposition between 
Highway 99 and 
Castle Rock, using 
the post-eruption 
flow-duration curve 

39 
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We computed bedload transport by the formulas of Bagnold (1980)* and 

Einstein (1950)**, which are the two such formulas that we have found most 

useful and applicable to sand-bed streams. The former is based upon all 

reliable bedload measurements made in rivers throughout the world. The 

latter is the basis for much engineering design work concerned with sediment 

transport. Curves relating bedload transport to flow are plotted in Fig

ures 20 and 21, and they indicate substantial agreement throughout the 

range of flows, although the Einstein method shows a strong increase in 

predicted transport at high flows. 

These bedload formulas require the following data for a range of 

discharge values: channel width; flow depth and average velocity; water 

surface slope; and the size distribution of bedload. The first three 

variables were obtained by using U.S.G.S. current-meter measurements since 

the eruption (from U.S.G.S. form 9-207) to construct relationships be

tween each variable and the water discharge (Figures 23 and 24). There 

is considerable scatter in these relationships because of channel instability 

and adjustments to dredging operations in the Cowlitz, but the post-eruption 

curves are defined well enough for the present purpose. Another element 

of uncertainty results from extrapolating the curves at high discharges 

when the dredging operations may have resulted in altering the channel 

form and the resulting shape of these curves. However, such factors are 

not likely to have a strong effect on the present use of the relationships. 

The Corps of Engineers provided us with a field-measured water-surface 

*Bagnold. R.A. (1980) An empirical correlation of bedload transport rates 
in flumes and natural rivers; Proc. Roy. Soc. London, 372A, 453-473. 

**Einstein, R.A. (1950) The bedload function for sediment transport in open 
channel flows, U.S. Dept. Agrie., SCS Tech. Bull. 1026. 
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slope of 0.0028 at the Highway 99 bridge, and the Geological Survey gave 

us a field-measured value of 0.00041 for the Cowlitz at Castle Rock. 

Sediment sizes are not nearly so well known; yet the computed bedload 

values are very sensitive to this variable. The only bed-material samples 

available were collected by the U.S.G.S. during summer low flow, and were 

judged not to be representative of sediments transported during autumn 

and winter high flows. Instead, we used in the transport formulae a median 

grain size of 0.26 mm supplied to us by the Corps of Engineers on the basis 

of their analyses of sediments dredged from the lower Toutle and Cowlitz 

channels. This value, although not well-defined, is a reasonable one in 

that it is slightly finer than the median grain size (0.36 mm) of the 

debris-avalanche deposit from which the fluvial sediments are mainly derived. 

We then combined each of the bedload rating curves in Figures 20 and 

21 with the flow-duration curves for the respective stations (Figure 22) 

to compute the average annual bedload yields listed in Table 7. The 

results indicate a Toutle bedload discharge of the order of 1 million 

tons per year, and that the Cowlitz will carry only a small fraction of 

this past Castle Rock. The HEC-6 calculations indicate that none of 

these grain sizes will be transported past Kelso. 

Line (4) of Table 7 summarizes our predictions of sand transport. 

The most striking result is the sensitivity of the Toutle yield to the 

choice of flow-duration curve, and therefore by extension to the magnitude 

of flows in any particular year. As indicated earlier, we believe the 

most probable value is close to, but slightly below the yield calculated 

with the "best-estimate" model of post-eruption hydrology proposed by 
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Burges and Lettenmaier. The predicted yield for post-eruption conditions 

in the Toutle is considerably greater than the Cowlitz can transport be

yond Castle Rock, and the difference in transport is probably closer to 

30 million tons than the 39 indicated in Table 7. Our calculations with 

the HEC-6 model indicated that the sand transport past Kelso will be only 

about 10% of the sand passing Castle Rock. 

(2) Our second approach to the estimation of sand discharge was to compute 

the total bed-material load using the Colby (1964)* formula, which is 

based on extensive field measurement~ in sand channels; it requires data 

on flow depth, velocity, suspended silt concentration, and water tempera

ture. The flow characteristics were obtained from Figures 23 and 24, silt 

concentrations from the U.S.G.S. measurements of suspended sediment and 

the silt fraction thereof, and water temperature was assumed to be 10 c C. 

The resulting sand transport curves are shown in Figure 25. When com

bined with the flow-duration curves in Figure 22, the Colby formula 

predicts average annual sand transport of between 13 and 33 million tons 

from the Toutle, and 24 million tons at Castle Rock. 

Again, we judge the 33 million figure to be the more appropriate one 

for the Toutle, although slightly inflated because of our use of the 

Burges-Lettenmaier prediction of the flow-duration curve for post-eruption 

conditions. We include the lower value only to indicate the sensitivity 

of the Colby results to flow conditions and therefore to weather. The 

results suggest that in a flow-year similar to the long-term average 

*Colby, B.R. (1964) Practical computation of bed material discharge; Amer. 
Soc. Civil Engrs., J. Hydraulics Div., 90, HY2, 217-246. 
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before the eruption (and therefore with smaller-than-average storms on 

the disturbed watershed) the Cowlitz would transport all of the sand load 

received from the Toutle. On the other hand. a particularly stormy winter 

would probably overtax the Cowlitz to an extent greater than indicated by 

Table 7. 

There is a considerable difference between the values of total load 

computed by our two methods (lines 4 and 5 in Table 7). This is not 

surpising, when one takes into account the uncertainties in the data, and 

the relatively small amount of relevant data. The only useful conclusion 

that can be drawn is that the Toutle at Highway 99 transports between ten 

and several tens of millions of tons of sand that will not be transported by 

the Cowlitz past Castle Rock, and that of the approximately 20 million tons 

transported past Castle Rock almost none will be carried past Kelso. 

Our Colby calculations probably underestimate the total sand load 

because they are lower than the observed values of suspended sand at high 

discharges. However, the values are quite close to those calculated by 

the Corps of Engineers, who also used the Colby procedure, but with slightly 

different sources of data. For example, the flow characteristics were 

derived from the Corps' HEC-2 flood-routing model, constant values of 

silt concentration were used (50,000 ppm at Castle Rock and Kelso; 100,000 

ppm for the Toutle), and the pre-eruption flow-duration curves were assumed 

to be applicable. Their predictions are: 35 million tons of sand passing 

Highway 99; 18.8 million tons passing Castle Rock; and 5 million passing 

Kelso. Our predictions are substantially in agreement. but we stress that 

all such predictions are tenuous and will undoubtedly change as the watershed 

conditions change and as more field data are collected. In this case there 
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is a definite need for better data on the grain size of the bed material 

in motion at a rqnge of flows. 

Deposition of sand in channels 

Deposition results when a river transports more sediment past an up

stream station than past a downstream station. Table 7 indicates that 

the Toutle River would probably transport between 33 and 56 million tons 

of sand past the Highway 99 bridge during a hypothetical average flow year. 

The Cowlitz River would tranposrt only about 20 million tons beyond Castle 

Rock. Therefore, 13 to 36 million tons (or using the exact figures from 

the last column of Table 7, 9 to 39 million tons) would be deposited in 

the channel and floodplain of the lower Toutle and along the Cowlitz 

immediately below the confluence. If one allows for the fact that our 

post-eruption flow-duration curve leads to a slight overestimate of sedi

ment transport from the Toutle, this range of figures should probably be 

scaled down to 10 - 30 million tons. A reasonable bulk density for sand 

is 95 pounds per cubic foot, so the volume of the deposits would be about 

8 to 23 million cubic yards. 

Our HEC-6 calculations suggest that the sand tr?nsport past Kelso 

would amount to only about one-tenth of that passing Castle Rock. Thus, 

about 18 million tons (14 million cubic yards) of sand would be deposited 

along the Cowlitz channel between these stations. This value would be 

augmented slightly by sediment mobilized through local bank erosion and 

channel scour as the river alters the dredged channel. In large floods, 

some of the dredged material lining the banks could be undermin~d and 

scoured back into the channel unless rip-rap is carefully placed and 
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maintained. The HEC-6 calculations also suggest that a relatively small 

amount of silt (approximately 1 million tons per year) would be deposited 

along the lower three miles of the Cowlitz, but this value is well within 

the error limits of the other calculations. 

Transport and deposition would be considerably less in a year of flows 

lower than those predicted by the Burges-Lettenmaier model, and considerably 

more during a high-flow year. As the devastated zone becomes vegetated 

and stabilized the amounts transported and deposited should decrease strongly 

over the next several years, but could be very large if this period is 

punctuated by a particularly wet year or one of the catastrophic mudflow 

events described in earlier chapters. 

We attempted to use the Corps of Engineers HEC-6 program to predict 

the pattern of deposition along the Cowlitz channel. Unfortunately, HEC-6 

is only a one-dimensional model; that is, it predicts average scour or 

deposition across the channel and does not take account of the more realistic 

possibility of bar deposition along the channel margins and consequent 

scour on opposite banks and lateral shifting of the channel. However, 

the model can indicate the general location of channel reaches within 

which deposition or scour is likely. 

Because of the shortage of time and the complexity of HEC-6, we were 

not able to make the model reproduce even the major aspects of hydrology 

and sediment transport along the Cowlitz and in particular the probable 

relative timing of flows from Mossyrock dam and the Toutle River. In

stead, we simply made some illustrative calculations using simplified 

data inputs, as follows. 
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Sixty-five chann~l cross-sections between the Toutle-Cowlitz con

fluence and the Columbia River, measured by the U.S. Geological Survey 

in early November, were used to obtain channel width and depth. These 

data were inserted into the Corps of Engineers HEC-2 flood-routing program 

and flood profiles were computed for several discharges (see Figure 26 

for one example). The program also yielded average flo~ velocities at 

each cross-section which were needed for ,the sediment-transport calcula

tions. Sediment-transport rates from the Toutle River were put into the 

model at the confluence, and the model then computed the rate of transport 

of .this sediment past each cross-section between the Toutle and the Columbia. 

The Colby formula was used to compute sand transport. Differences in 

transport between adjacent cross-sections were translated into scour or 

deposition. Separate calculations were made using three flow scenarios: 

100 days of flow at a constant 10,000 cfs; 100 days with a discharge of 

20,000 cfs; and the discharge record for the entire water year of 1972, 

which WqS a year of generally high flows. 

The model predicted that large quantities of sand would be deposited 

between the confluence and Castle .Rock under any of the discharge scenarios. 

Because the model is not able to make realistic two-dimensional computations 

of channel cross-section changes during rapid aggradation, the quantitative 

results are not reliable. However, the general con~lusion is obvious. 

Aggradation will certainly be rapid near the confluence, and dredging 

capacity needs to be maintained. 

Below Castle Rock, the results of the HEC-6 computations (Figures 

27 and 28) are more useful, but again should be seen as general indications 

only. We do not, for example, envisage 25 feet of channel aggradation 
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in a 12-foot deep channel at a distance of 75,000 feet above the Columbia. 

The results indicate only that in addition to the deposition above Castle 

Rock there will be strong aggradation and channel shifting near and below 

Castle Rock and in the lower three miles of the Cowlitz channel. Most 

of the sediment Qeposited in the lower three miles will be silt; only 

sand will be deposited upstream. The results also indicate, if only 

qualitatively, the significance of weather in any predi~tions of sedimenta

tion. A particularly wet year, such as 1972, could cause an extremely 

serious hazard from deposition, and intense dredging efforts would have 

to be made to cope with the rapid aggradation. Although, the inhabitants 

of the Cowlitz valley were lucky that the winter of 1981 has not been a 

particularly high runoff season, a few large ~torms during this or future 

years could still pose a serious threat to the conveyance capacity of 

the channel unless the dredging program is maintained. 

It should be stressed that the HEC-6 computations of deposition, and 

all other discussion of the aggradation hazard that we have seen, do not 

address another aspect of the subtle flooding danger due to aggradation. 

Even in the absence of massive deposition raising the channel bed, it is 

possible that sand bars could form on the margin of the chann~l. Some 

of these could grow sufficiently to divert the main flow against the op

posite bank and to enhance the normal, meandering and shifting tendency 

of the Cowlitz. Growth of these bars would force the flow against flood 

dikes and could cause them to be undermined, spilling floodwaters onto the 

valley floor and possibly washing dredge spoils back into the channel. 

This danger is most likely to occur in the reaches for which HEC-6 predicts 

intense deposition. Tqus, we expect that channel shifting with its threat 
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to dike stability would be greatest between the Toutle-Cowlitz confluence 

and River Mile 12. 

Implications for hazard mitigation and planning 

The original estimate of a Toutle River sediment discharge that is 

ten times larger than the volume of sediment deposited in the Cowlitz chan

nel by the mudflow of May 18 has proven to be inflated on the basis of 

later information. The most probable value for an average flow year is 

less than 100 million tons, according to an analysis that we have performed, 

but not described in this report. The analysis involved constructing rating 

curves of total suspended sediment and using them in conjunction with the 

flow-duration curves, in the same manner as we computed suspended sand 

transport in an earlier section. However, the total sediment discharge 

of the Toutle River is not the important issue affecting the flood and 

sedimentation hazard in the Cowlitz valley. Our analysis suggests that 

the important issue is the discharge of sand from the Toutle and the 

ability of the Cowlitz to transport that sand over various distances. We 

estimate that between 28 and 48 million tons of sand (10 - 30 plus 18 

million, from page 85) would deposited in the lower Toutle and Cowlitz 

channels during an average flow year. The volume of this sediment would 

be about 22 to 37 million cubic yards. 

Our estimates of sand transport and deposition have the following 

implications for planning and hazard migitation: 

1. The amounts of deposited sediment predicted in this and other 

analyses of the sedimentation hazard are not well-defined because they 

are based on few measurements of a set of enormously complex processes 
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of runoff and sediment transport. For this reason, it is important that 

the monitoring programs of the Geological Survey and the Corps of Engineers 

be supported well. Both agencies are regularly measuring channel cross

sections along the Cowlitz. The Corps regularly obtains aerial photographs 

of the river and is compiling a sediment budget for each reach. These actions 

are valuable, and the results should be communicated regularly and clearly 

to the hazard mitigation agencies. We recommend that careful field sur

veillance of bar deposition, dike conditions, and potential threats due 

to channel shifting between the monitored cross-sections be instituted, if 

this is not already being done. The Geological Survey program of sediment 

sampling needs to be focused more specifically on sand transport by measuring 

the sand fraction on more of their samples and obtaining these laboratory 

results more quickly during the flood season. It would also be valuable 

if sediment samples were collected at the Kelso gage, and if bed-material 

samples were collected during winter to allow refinement of methods for 

computing bedload and total sand transport between sampling periods. 

2. If allowed to accumulate without dredging, the predicted volumes 

of deposition would seriously reduce the flow capacity of the channel and 

greatly increase the chances that a flood would inundate parts of the 

valley floor. The deposition of bars along the channel would also cause 

the river to shift laterally, posing a hazard to the stability of the flood 

ready being taken by the Corps of Engineers. 

3. The volume of deposition predicted for the hypothetical average 

year is being handled by the Corps of Engineers dredging program. An assess

ment should be made of the capacity of this program for handling significantly 
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larger volumes of deposition in a particularly wet year. In order to es

timate the dredging requirements, it would be useful for the Corps to 

assess potential volumes of deposition in particularly wet years. For 

this purpose, it is necessary to have refinements in the rainfall-runoff 

models that were used by Burges and Lettenmaier and by the Geological 

Survey (see pp~ 14 - 21). These models could be refined by calibrating 

them against storms and floods during the current winter. 

4. Large fractions of the total annual sand deposition will occur 

in a few large storms. For example, according to provisional calculations 

supplied to us by the Geological Survey, the Toutle carried 1.24 million 

tons past the Highway 99 bridge during the flood of November 21-22, 1980, 

but only 779,000 tons were transported past Castle Rock by the Cowlitz 

River. Thus, on those two days 37 percent of the Toutle load (360,000 

cubic yards) was deposited between the gages, and of the quantity passing 

Castle Rock, 16 percent (122,000 tons or 95,000 cubic yards) consisted 

of sand that would settle out downstream. During the storm of December 25

28, 1980, approximately 3.6 million tons of sand were transported past 

Highway 99. If several storms of this kind were to occur within a short 

period of time, the deposition might overtax the capacity of the dredging 

program. Emergency dredging plans need to be considered as a hedge against 

this threat, and emergency services and flood-prediction agencies such 

as the National Weather Service should be warned to take sucr deposition 

into account when monitoring conditions during long stormy periods. 

5. There is some possibility of mitigating the ~edimentation hazard 

between the Toutle-Cowlitz confluence and Castle Rock through manipulation 
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of outflows from Mossyrock dam. If the Cowlitz discharge is maintained 

near bankfull stage for several days during dry weather after the Toutle 

influx declines, some of the sand deposited during a flood could be scoured 

and washed downstream. However, the results of our HEC-6 calculations 

suggest that very little of the sand would be transported to the Columbia 

River by this maneuver; the sand would simply be deposited further down 

the Cowlitz, whence it would have to be dredged at a later time. On the 

other hand, manipulation of flows could temporarily relieve the threat 

to the zone near the confluence, where aggradation is most intense. 

6. Because of the possibility that bar deposition and lateral channel 

shifting may cause undermining of flood dikes, the channel and the dikes 

should be carefully inspected from time to time. Any evidence of the scour

ing of pools below dikes, or failure of the dike foundations should be 

viewed with concern and considered for preventive action such as reinforcing 

the dike or dredging bars that cause excessive scour beneath dikes. 

7. The mudflows discussed in earlier chapters could trigger the 

deposition of large amounts of sediment in the Cowlitz channel during the 

height of the flood season. Plans for emergency dredging, diking, and 

evacuation need to be developed for such a contingency. 

92 




j7/a-k / /'-r~1Ci!a,V avd&Yl che deptJ.f"lf.f 

rletfU'" rnClu';h &/ C"d/dwa~v CY~~k 



f?/af~ ~ Peprl .5 avalc;n che ha"f f,1() CKed 

moult? of {"old waky Creek 
/ 

and has 

f()Ym~d ~ f;~..r,n ha(/1"'1 a ca.~~ c<"HJ ~,£ 

I C1(), (/00 ~Cy~ ~.el-. NtirlA Ld l tdwafc-v Cr~~k 



J?/a/~ 3 

To~II< £IV~Y whIch confylPu/~s lan,~ 

1/()/tA1}U,f of Jedl""~nf a.f -rlze1 tU'~ un'(e,rh'JIJI'let/ . 



1';; 
".:..:: 

Thlt7 


























































	R5_Flood_and Sedimentation_Hazards_1981.pdf
	p43
	p77
	R5_Flood_and Sedimentation_Hazards_1981
	R5_Flood_and_Sedimentation_Hazards_1981.pdf
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6
	Fig7
	Fig8
	Fig9
	Fig10
	Fig11
	Fig13
	Fig14
	Fig15
	Fig16
	Fig17
	Fib18
	Fig19
	Fig20
	Fig21
	Fig22
	Fig23
	Fig24
	Fig26
	Fig27
	Fig28


	Fig12
	Fig25

