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SEDIMENT ROUTING IN A SMALL WATERSHED IN THE BLAST ZONE

AT MOUNT ST. HELENS, WASHINGTON

INTRODUCTION

The May 18, 1980 eruption of Mount St. Helens caused the loss of

many lives and damage to much property and natural resources on

hillslopes and along stream channels in an area greater than 500

km2, with serious effects extending tens of kilometers to the

Columbia River. As a result, the need became apparent for an

understanding of future hydrologic and geomorphic behavior of

streams and hillslopes in the significantly impacted areas. The

eruption also provided a natural laboratory for geomorphologists

interested in the processes and rates of landscape evolution.

Deposition of a distinct layer of tephra over a steep forested

landscape provided the opportunity to study processes and rates of

erosion of sediment, and routing of this sediment off hillslopes and

through the stream system.

Studies of movement of 1980 tephra near Mount St. Helens will be

of value in understanding sediment routing in other disturbed and

undisturbed steep, forested watersheds in the northwestern U.S. and

elsewhere. Previous studies of erosion of new volcanic deposits,

published in English, have been largely qualitative (Swanson et al.,

1983). Work at Mount St. Helens over the next several years will
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provide a more quantitative view of erosion processes and rates in

active volcanic areas.

The purpose of this study was to develop a descriptive model of

sediment routing of 1980 tephra within the study area for the first

post-eruption year. This involved 1) identifying erosion processes

and measuring their rates, 2) identifying and, where possible,

quantifying controls on these processes, 3) identifying linkages

between processes and sediment-storage sites, 4) quantifying the

volume contained in these storage sites, and 5) estimating the rate

of sediment yield from the watershed. Deposition of this tephra

provided an opportunity to study the routing of a portion of a

distinct unit of sediment through a small watershed from its initial

deposition to its exit from the watershed. In this thesis,

"sediment mobilization" means the initiation of sediment movement,

"sediment transport" means movement of sediment by a defined

process, "sediment production" means the delivery of sediment to a

channel, and "sediment yield" means the amount of sediment

discharged past some point in a watershed (Lehre, 1982). Except

where noted, this study deals solely with erosion, transport, and

deposition of the 1980 tephra deposits. Fieldwork for this study

was done primarily during the summer of 1981, supplemented with

field visits during 1980, 1982, and 1983.
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This study tested the following hypotheses:

1) Most of the sediment delivered to the study area by the 1980

eruptions remained in storage on hillslopes or in channels, one year

following the paroxysmal May 18, 1980 eruption.

2) Channels stored a major portion of the sediment eroded from

hillslopes.

3) Logs felled by the May 18 eruption exerted an important

control on sediment stored both on hillslopes and in stream channels.

In order to test these hypotheses, the following questions were

addressed:

1. What were the major hillslope erosion processes, and at what

rates did they operate?

2. What were the important sites of sediment storage on

hills lopes?

3. What were the important sites of sediment storage in the

channel system?

4. How did large organic debris (usually logs) affect sediment

routing and storage on hillslopes and in channels?

5.What was the sediment yield from the study area?
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SCOPE AND APPROACH

Analyses of the movement of sediment through a watershed have

often relied on sediment-yield data from a stream-gaging station at

the mouth of the basin. These data have been useful for determining

gross sediment yield and variation of sediment yield with stream

discharge. However, this approach could not distinguish yield from

individual sediment sources, nor the role of storage sites in the

routing of sediment (Reid, 1981). Indeed, the volume of sediment in

channel storage may be several times greater than the annual

sediment yield (Megahan, 1982). Clearly, the role of storage needs

to be included in an analysis of sediment routing.

An alternative approach to analyzing sediment routing is to

develop a sediment budget. A sediment budget is a quantitative

statement of the rates of production, transport, and discharge of

detritus (Dietrich et al., 1982). Development of a sediment budget

requires the identification of sediment mobilization and transport

processes, and the quantification of their respective rates. Sites

of sediment storage on hillslopes and in channels must be identified

and quantified. Linkages between sediment-transfer processes and

sites of storage must be understood in order to correctly assess

overall sediment routing. Further refinement of a sediment budget

involves quantification of changes in sediment particle -size

distribution with time and distance of transport, i.e., material
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transfer between size fractions, and quantifying the residence time

of sediment in storage (Dietrich and Dunne, 1978; Dietrich et al.,

1982; Lehre, 1982).

The study reported herein was part of a broader research effort

being undertaken by several individuals and agencies. Channel

changes in non-lahar impacted streams in the eruption-affected area

were investigated by Lisle et al. (1983). U.S.Geological Survey,

Water Resources Division scientists studied processes and deposits

predominantly in lahar-impacted stream channels (Janda et al., 1981;

Martinson et al., 1982). Hillslope-erosion investigations and a

sediment budget for areas north of the volcano have also been

published (Collins et al., 1983; Lehre et al., 1983), as have

studies of hillslope erosion east and northeast of the volcano

(Swanson et al., 1983). This thesis addressed erosion and

sedimentation processes occurring in low-order tributaries and their

watersheds in the area impacted by May 18 airfall pumice, east and

northeast of Mount St Helens (the coarse-pumice zone).

The 1980 tephra deposits were the focus of this study because

they are distinguishable from older tephra, colluvium, and soil;

this facilitates measurement. In addition, pre-1980 material

contributed little sediment. Important erosion processes were

identified qualitatively from observations in the study area, as

well as in the surrounding area of the blast
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zone (where vegetation was killed by the May 18, 1980 hydrothermal

explosion and assosiated pyroclastic flow). Estimates of rates of

these processes and of volumes of material in hillslope sediment-

storage sites were based on field measurements. Further

measurements focused on sediment storage in the channel system.

Where sediment was deposited in the stream system, storage was

inventoried according to type of storage site and sediment volume.

Sediment yield was calculated as the difference between the mass of

sediment delivered to the stream and the mass of stream-sediment

storage.
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STUDY AREA

Location and Land Use

Boomer Creek (informal name) drainage basin is a 2.4 km2

watershed located 14 kilometers northeast of the crater of Mount St.

Helens, Washington (Figures 1 and 2). The mainstem channel in the

basin is a fourth-order (Strahler, 1957) tributary to Clearwater

Creek, which drains southward into the Muddy Riveron the east side

of the mountain. The basin lies within the down-tree zone of the

blast area, where the pre-eruption old-growth trees were either

uprooted or broken off above their bases and toppled by the force of

the May 18, 1980 blast (Christiansen and Peterson, 1981) from Mount

St. Helens. Prior to that eruption, 88 percent of the basin was old-

growth forest; the remainder, in the upper portions of the

watershed, had been clearcut logged. Approximately 5.2 kilometers

of narrow (5.2 meters) logging roads had been constructed in and

adjacent to clearcut areas before 1980.

Topography

This watershed contains a variety of physiographic terrains, as

does much of the eruption - affected area east and northeast of the

volcano. Glaciation, mass wasting, and other erosion processes had

combined to form a complex landscape with gentle slopes (less than
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about 0.20), moderate slopes (0.20 to 0.60), steep slopes (greater

than about 0.60), as well as nearly vertical cliffs up to 30 meters

in height, in resistant lava flows and well-indurated tuffs (Figure

3). Elevations in the basin range from about 730 meters to about

1,370 meters.

The basin contains 26.6 kilometers of stream channel, 15.5

kilometers of which are first order. The drainage density is 11.2

km/km 2
. Channels tend to be V-shaped in cross-section where

slopes are moderate or steep, but wider and shallower where slopes

are gentle. A few anomalously straight-channel reaches may be fault

controlled.

Vegetation

Prior to the May 18 eruption, dominant tree species were Douglas

fir (Pseudotsuga menziesii), Pacific silver fir (Abies amabilis),

Western hemlock (Tsuga heterophylla), and Noble fir (Abies procera)

(Means et al., draft report).

By the summer of 1981 the cover of live vegetation had increased

to only a few percent of the area, because recovery had been

hindered by the mantle of new tephra. Principal sites of

revegetation were very steep slopes, channel banks, and the bottoms

of rills and gullies (rills larger than 100 cm2 in cross-section)
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Figure 3.-Upper Boomer Creek watershed, showing blast-toppled forest
(right and foreground) and pre-1980 clearcut (center).
Note the parallel alignment of blast-toppled trees, with
rootwads at the up-blast end.
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where much of the new tephra had been removed by erosion. In

pre-eruption clearcut areas no tree recovery was found during this

study. Returning shrub species included: Galtheria shallon, Rubus

parviflorus, and Vaccinium ovalifolium, and returning herb species

included: Amphalis margaritacea, Athyrium felix-femina, Circium

spp., Cornus canadensis, Epilobium augustifolium, Hieracium

albiflorum, Pterideum aquilinum, Rubus lasiococus, and Senecio

jacobaea (Means et al., draft report).

In down-tree areas, recovering tree species were those protected

by snow cover at the time of the climactic eruption. These species

were Abies amabilis and Tsuga mertensiana. Shrub species included:

Galtheria shallon, Menziesii ferruginea, Oplopanax horridum,

Vaccinium membranaceum, and Vaccinium ovalifolium; herb species were

Athyrium felix-femina, Cornus canadensis, Epilobium augustifolium,

Rubus lasiococus, Senecio jacobaea, and moss (Means et. al. draft

report).

Climate

The climate in the study area is typically maritime with wet,

relatively mild winters and dry, cool summers. Mean-annual

precipitation in the Mount St. Helens area ranges from 165

centimeters to more than 356 centimeters, with 75 percent of the

precipitation occurring between October and April, much of it
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falling as snow (U.S.D.A. Forest Service, 1981).

Average daily air temperatures at Spirit Lake (elev. 974 meters)

range from 7 degrees C. to 22 degrees C. in July and -4 degrees C.

to 1 degree C. in January. Diurnal freeze-thaw occurs on most days

between late October and early May (U.S.D.A., Forest Service, 1981,

p. 22).

Soil

Soil in the study area consists of 1) 0-1 centimeter of forest

litter, overlying 2) 1-2 centimeters of dark-gray humus, overlying

3) 0-5 centimeters of Al horizon, which is dark-gray to black sandy

loam, loose to friable, nonsticky, nonplastic soil with abundant

roots. At many locations, Mount St. Helens tephra layer T (Crandell

and Mullineaux, 1978) is present at the base of the 1980 soil

profile. Tephra layer Wn (Crandell and Mullineaux, 1978) is also

locally exposed, with a paleosol developed at its top, underlying

layer T.

Geology

Boomer Creek basin is underlain by the Ohanapecosh Formation,

which lies within the upper half of the lower part of the Western

Cascades Group (Hammond, 1979 a,b). Unpublished mapping by Hopson

in 1972 is also reported in Hammond (1979 b).
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The Ohanapecosh Formation is composed of a varied sequence, 900

to 5,000 meters thick, of slightly metamorphosed interstratified

volcanic rocks. These rocks include dark-colored lava flows and

breccia, chiefly of pyroxene andesite and lesser amounts of basalt

and rhyodacite-rhyolite, laharic breccia, tuff, and other

volcaniclastic rocks. Rocks are generally well stratified, well

indurated and pervasively altered to zeolite, smectite clays,

chalcedony, carbonate, and iron oxides (Hammond, 1979 b).

Rocks exposed in the study area include dark, basalt or andesite

lava flows, tuff-breccias, and tuffs. Fission-track zircon dating

by Vance in 1978 gave dates of 45 and 31 m.y. (Middle Eocene to

Early Oligocene) for the Ohanapecosh Formation (Hammond, 1979 b).

These dates are in general agreement with K-Ar dates by Mobil Oil

Co. for the Western Cascades Group (Hammond, 1979 b), and with the

relative dating by Verhoogen (1937) for the beginning of volcanic

activity in the Mount St. Helens area.

Glacial history in the study area is not well known. Porter

(1976) hypothesized that large glaciers may have formed in the

Cascades about once every 100,000 years over the past 800,000

years. Mapping by Hammond (1979 b) showed Evans Creek Drift just

west of the western watershed divide of the study area, and

elsewhere in the vicinity. Dates for Evans Creek Drift include

12,500 to 20,000 y.b.p. (Crandell and Miller, 1974), and about
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19,000 y.b.p. (Porter, 1976). U-shaped valley cross profiles,

hanging valleys, faceted spurs, steep, jagged interfluves, and

cirques indicate the effects of glaciers. Within Boomer Creek

watershed, low-gradient areas which may represent cirque floors

exist at a variety of elevations from approximately 1070 to 1220

meters.

Eruptive activity at Mount St. Helens spanned more than the past

40,000 years (Mullineaux and Crandell, 1981), resulting in the

frequent deposition of airfall tephra away from the volcano. Road

cuts in the study area expose sequences of Mount St. Helens tephra

deposits separated by well- to poorly-developed soil horizons.

Eruptions that produced tephra deposits at least 20 centimeters

thick in the vicinity of the study area include: 1) Smith Creek

eruptive period (tephra layer Yn) 4,000 to 3,300 y.b.p., 2) Kalama

eruptive period (tephra layer Wn) 450 to 350 y.b.p., and 3) Goat

Rocks eruptive period (tephra layer T) 180 to 130 y.b.p. Layers T

and W
n are exposed in the study area (Fig. 4), but no exposures of

layer Yn were observed. Other eruptions which may have produced

unidentified deposits in the study area include Swift Creek eruptive

period (tephra set S) 13,000 to 8,000 y.b.p., Pine Creek eruptive

period (tephra set P) 3,000 to 2,500 y.b.p., and Castle Creek

eruptive period (tephra layer Bi) about 1,800 y.b.p. During the

Sugar Bowl eruptive period, about 1,150 y.b.p., a directed blast

deposited as much as 50 centimeters of ash, lapilli and breadcrust
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Figure 4.-Pre-1980 tephra units exposed in Boomer Creek watershed.
Layer Wn (450-350 y.b.p.) is at the bottom (shovel) with

a paleosol developed at its top. Layer T (180-130 y.b.p.) is the
center, light-colored layer most clearly seen in the left half of
the photo. Above layer T are the dark-colored 1980 blast deposit
and light-colored 1980 airfall units (surface).
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blocks of dacite from Sugar Bowl dome on Mount St. Helens. Deposits

reached at least 10 kilometers from the volcano, thus they may have

extended into Boomer Creek basin. The Kalama eruptive period

produced scoriaceous andesitic tephra (tephra set X) directly

overlying set W east of the volcano (Crandell and Mullineaux, 1978;

Hoblitt et al., 1980).

1980 Eruptions and Deposits

On March 20, 1980, a magnitude-4 earthquake, centered just north

of the summit of Mount St. Helens, Washington (Christiansen and

Peterson, 1981), signaled a reawakening of the volcano, dormant

since 1857 (Hoblitt et al., 1980). Seismic activity increased, and

on March 27 a phreatic explosion occurred near the summit, forming a

crater 70 meters wide. Heat from the volcano melted snow and ice,

saturating the mountain, as indicated by pre-May 18 phreatic

eruptions (Voight et al., 1981).

On the morning of May 18, 1980 a magnitude-5.1 earthquake

occurred at a depth of three kilometers. Seven to twenty seconds

later a succession of multiple retrogressive slope failures resulted

in a 2.3 km3 rockslide avalanche (Voight et al., 1981). This

avalanche instantly released confining geothermal pressure, causing

superheated water to flash explosively to steam, initiating a

laterally directed explosion. This blast unloaded a shallow magma
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body, quickly degassing the magma, thus producing a Plinian eruption

column (Christiansen and Peterson, 1981).

The character of the immediately following directed blast is

still equivocal. Moore and Sisson (1981) referred to the blast as a

pyroclastic surge. Walker and McBroome (1983) called it a

pyroclastic flow rather than a surge, based on the similarity of its

deposits to other described flow deposits, on the presence of

well-sorted and coarse-depleted, dune-bedded deposits, and on the

distance of travel of the flow. Hoblitt et. al. (1981) described

the blast deposits as the product of a single blast cloud displaying

characteristics of pyroclastic fall, flow, and surge. In this

thesis, the terms blast and blast deposit refer, respectively, to

the directed hydrothermal explosion and to the deposits of the

associated pyroclastic density flow.

The blast killed most above-ground vegetation over a 600 km2

area (the blast zone), extending 30 kilometers west to east and more

than 20 kilometers north of the vent (Christiansen and Petersen,

1981), with attendant airfall of fines extending another 30

kilometers (Waitt and Dzurisin, 1981). Trees were uprooted and

removed as much as 12 kilometers north of the volcano, and toppled

but left in place 12 to 25 kilometers away (the down-tree zone). A

wave of searing gas followed the initial erosive interval, leaving

trees to smolder for weeks (Waitt, 1981). A narrow zone of scorched



19

but standing timber (the scorch zone) remained around the down-tree

zone following the eruption.

Catastrophic ejection of lithic debris, ash, lapilli, and water

initiated lahars in the South Fork Toutle River northwest of the

volcano and the Muddy River system within minutes of the initial

blast. Minor lahars were caused by melting of debris-laden ice and

snow, in part initiated by the heat of pyroclastic flows (Janda et

al., 1981).

Within less than ten minutes of the initial blast, the Plinian

eruption column had risen to more than 20 kilometers in height

(Christiansen and Peterson, 1981), and was driven by winds in an

east-northeast direction. Ash, lapilli, and blocks were deposited

proximally, creating the coarse-pumice zone, and ash deposition

extended for hundreds of kilometers. The vigorous Plinian phase

continued for nine hours, accompanied by several pyroclastic flows,

and smaller eruptions continued for another week. A total of

approximately 0.2 km3 of magmatic material was erupted,

principally light-colored hypersthene-hornblende dacitic pumice (Si

= 63-64.5%) with darker, denser dacite (Si = 64%) incorporated into

the directed blast (Christiansen and Petersen, 1981). For

convenience, all 1980 ejecta from Mount St. Helens are referred to

as tephra in this thesis, although that term is generally not

applied to flow deposits (Williams and McBirney, 1979, p.127).
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Eruptive activity has continued to the present at Mount St Helens,

including the construction of a new summit dome, although no events

have been as large as the May 18 eruption.

Deposits in Boomer Creek basin from the 1980 eruptions of Mount

St. Helens consisted almost entirely of May 18 blast deposit and

airfall tephra. On the surface of these deposits lay scattered

pumice pebble gravel with small amounts of lithic and crystal

fragments from the July 22 and August 7, 1980 eruptions (Waitt and

Dzurisin, 1981) (Figure 5). Mean thickness of the 1980 deposits was

34.5 centimeters. The following descriptions are similar to those

of Waitt (1981) and Waitt and Dzurisin (1981), with modifications

where appropriate. Classification of deposits according to size

class follows Folk (1968).

The blast deposit in the general study area is about 17

centimeters thick and generally divisible into three layers, Al, A2,

and A3 (Waitt, 1981). The basal blast deposit in the watershed is

uppermost layer Al, light gray to gray, pebbly, granule coarse sand,

consisting of angular clasts of juvenile dacite and other volcanic

rocks (Waitt, 1981). Layer Al in places contains minor amounts of

older, reworked pumice clasts, as much as 15 millimeters in

diameter, which were picked up by the blast and transported to the

study area. Light-gray dacite clasts are fragments of the intrusive

cryptodome that exploded on May 18 (Moore and Sisson, 1981). Layer
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Figure 5.-The 1980 tephra deposit in the Boomer Creek area.
Undifferentiated blast deposit (layers Al and A2) is at
the bottom. Layer A3 is the dark, central layer. Above

A3 are airfall layers Bl, B2, B3, and B4. Above B4 are
the mixed layers C and D, with July 22 and August 7 tephra
lying on the surface.
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Al is rich in organic fragments, consisting predominantly of needles

and twig fragments torn from the surrounding forest by the blast.

The deposit is massive and generally normally graded, although

grading is often absent. In the study area, layer Al remained hot

for a few weeks following the May 18 eruption (Waitt, 1981). The

surface of Al is undulatory due to drifting during emplacement and

differential settling caused by woody debris on the forest floor

(Waitt, 1981).

Layer A2 commonly displays a gradational contact with layer Al.

A2 is a dark-gray, slightly browner than Al, granule coarse sand to

fine sand, in places divisible into layers A2a and A2b with A2b

being brownish gray, finer grained, more compact, and faintly

laminated. Layer A2 contains 10-50 percent juvenile gray dacite,

one to five percent organic fragments, and the remainder lithic

fragments.

Layers Al and A2 were deposited by the initial blast and were

restricted to the area of downed and scorched timber; however, layer

A3 was deposited by airfall and covered a much larger area. The

updraft attending the vertical eruption column developed a strong

wind toward the volcano, which drew a cloud of ash and scorched tree

fragments up into the column; thus the material spread as a dark

anvil-shaped cloud to the north and east. Starting about 08:50 PDT,

dark-gray accretionary lapilli (layer A3) fell from the anvil cloud
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within 15 kilometers of the volcano. Ash and charred tree fragments

were deposited on Mt. Rainier to the northeast, on Mt. Adams to the

east (Figure 1), and beyond (Waitt, 1981).

Layer A3 is a dark-gray to brown, sandy silt. This layer varies

in thickness between one and two centimeters, and contains pisolites

(accretionary lapilli) one to three millimeters in diameter. Layer

A3 covers portions of scorched and abraded logs, indicating that the

scorching and abrasion preceded deposition of this layer (Waitt,

1981).

Airfall-tephra units B, C, and D were deposited from the May 18

eruption column. Unit B is a pumice-lithic airfall unit, about 14

centimeters thick. Layer B1, the basal lithic-rich layer, is a

pebble-granule gravel. More than 50 percent of its volume is

composed of lithic fragments and crystals; the remainder is pumice.

The base of the layer in places consists of a pumice-pebble zone one

to two centimeters thick, indicating the presence of juvenile pumice

in the initial vertical column. Layer B1 was probably deposited

from the initial to mid-morning eruption column (Waitt and Dzurisin,

1981).

Layer B2 is pebble gravel, coarser than B1, containing 60-75

percent pumice by volume. The remainder is lithics and crystals.

The layer is ungraded to reversely graded, and the contact with B1
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is commonly gradational. B2 was deposited from the high eruption

column in the late morning, preceding the first ash flow. This

layer indicates an increase over layer B1 in the rate of eruption of

gas and pumice (Waitt and Dzurisin, 1981).

Layer B3 is a granular, coarse sand dominated by fragments 0.5

to 2 millimeters in diameter, consisting of about 40 percent lithics

and 20 percent crystals. This layer represents a brief interval of

a lower eruption column between the high-column eruptions which

deposited B2 and B4. The absence of a fine brown matrix indicates

formation prior to the first ash flow (Waitt and Dzurisin, 1981).

Layer B4 is a coarse, pale-brown, sandy pebble gravel containing

75 percent or more pumice by volume; the remainder consists of

lithic fragments, crystals, or silt. The pumice fragments are

coated by a matrix of light-brown silt. This layer represents a

gaseous pulse of the column which drew off fines from an ash cloud,

thus producing the light-brown matrix. Ash flows began about 12:17

PDT, indicating that layer B4 resulted from an afternoon column and

accumulated contemporaneously with unit C (Waitt and Dzurisin,

1981); thus in the study area units B4 and C are frequently mixed.

By the summer of 1981, when most of the field work for this thesis

was done, the coarse pumice fragments of B4 had been mixed with

layers C and D, apparently by freeze-thaw and wetting-drying cycles,

and downward transport of fines by meteoric water.
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Layer C is a pale-brown silt originating from turbulent clouds

derived from ash flows and phreatic explosions just north of the

volcano. These explosions created a plume reaching three kilometers

elevation in the late afternoon of May 18 (Waitt and Dzurisin,

1981). By the summer of 1981, layers C and D were not

distinguishable in Boomer Creek basin, and were commonly mixed with

coarse pumice fragments of layer B4. This composite layer (C and D)

is referred to as the crust, in this thesis.

Layer D is a gray silt deposited from a 4-5 kilometer vertical

eruption column from the crater after 19:00 PDT (Waitt and Dzurisin,

1981). The combined thickness of units C and D varies between one

and two centimeters.

Overlying layer D is a layer, about two centimeters thick, of

scattered pumice pebble gravel with occasional cobble-size clasts

and minor amounts of lithic and crystal fragments. This layer is

composed of tephra from the July 22 and possibly the August 7

eruption. No measurable volcanic deposits had been emplaced between

August 7, 1980 and the 1983 field visit to the study area.

On slopes above 1,200 meters elevation and having a northeast to

southeast aspect, snow was present when the 1980 tephra was

deposited in the study area. Subsequent melting resulted in the

tephra acquiring a kettle-and-hummock topography with relief
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commonly 0.5 meter, and as much as one meter. The 1980 tephra in

these "snowmelt zones" was very loose and unconsolidated.

Vegetation up to two meters high, including young conifers, was

protected from the blast by burial in the snow, leaving scattered

patches of green within the blast zone (Figure 6).

Size analyses were performed by sieving several samples of

tephra from the study area (Appendix A). Four samples (no. 1-4)

were taken from the main alluvial fan at the mouth of Boomer Creek.

These samples were used to characterize tephra subjected to fluvial

transport. The 1980 tephra profile was sampled at three locations

on the hillslopes. Both the airfall deposit (samples 5,7, and 9)

and the blast deposit (samples 6, 8, and 10) were sampled at each

location (Appendix A). Dry bulk-density (Holtz and Kovacs, 1981,

p.15) data for these samples are presented in Appendix B.
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Figure 6.-The snow-influence zone. Small conifers survived the May
18 eruption by being buried in snow. The hummocky surface
was produced by melting of snow buried by the May 18
tephra.
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PROCESSES AND PROCESS RELATIONSHIPS

Source and Distribution of Sediment on Hillslopes

Sediment-budget studies have customarily treated bedrock as the

ultimate source of all inorganic sediment within a watershed.

Bedrock weathers to saprolite, which is further weathered and mixed

by rootthrow, animal burrowing, freeze-thaw and other processes to

become soil. Soil is subjected to a variety of downslope-transport

processes (Dietrich and Dunne 1978). In this study, Mount St.

Helens volcano was the source of sediment, which was derived from

outside the watershed boundaries, and was deposited either in sites

of storage or immediately subjected to other transport processes,

such as sliding off steep slopes or transport by streamflow (figure

7).

Tephra from 1980 eruptions was distributed on hillslopes among

three major storage compartments: 1) the tephra profile (refered to

as the profile in this thesis), a more or less uniform blanket of

tephra distributed throughout the study basin, 2) primary storage,

where tephra first came to rest, in anomalously thick deposits

because transport did not cease immediately after the tephra hit the

slope, and 3) secondary storage where tephra, which had been

transported after primary deposition, was redeposited on the

hillslope (Figure 7).
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Figure 7.-Flow chart illustrating the routing of the 1980
tephra. Hillslopes are represented in the top portion
of the diagram, and channels in the bottom portion.
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Sediment Mobilization on Hillslopes

Three major erosion processes were recognized in the study area,

1) sliding from steep slopes, generally where gradients exceeded

0.70, 2) inter-rill erosion, and 3) rill erosion. Sliding occurred

along an surface at the base of the 1980 deposit or elsewhere within

the deposit. In some areas, a slip surface formed at the top of

the A3 layer, where low hydraulic conductivity could lead to

development of positive pore-water pressure.

Inter-rill Erosion Hortonian overland flow occurs where

precipitation exceeds the infiltration capacity (Horton, 1945,

Carson and Kirkby, 1972). Resulting overland flow forms a

continuous layer of water capable of entraining surface particles.

Initiation of sheet erosion requires a minimum critical length of

overland flow. Other influencing factors include slope gradient,

runoff intensity, infiltration capacity, and resistance of the soil

to erosion (Horton, 1945, Carson and Kirkby, 1972, p. 188-230).

The method of measuring inter-rill erosion used in this study

includes measurement of erosion by sheetflow, rainsplash, wind, dry

ravel, and any other process of surficial downwearing except

channelized flow or mass wasting. Dry ravel refers to downslope

movement, under the force of gravity, of particles loosened by

freeze-thaw and wetting-drying cycles (Rice et al., 1972).
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Sheet erosion is not commonly included in erosion studies in

steep forested regions of the Pacific Northwest of the U.S.

Infiltration capacities are high in undisturbed forest floors, and

precipitation intensities are low; thus overland flow very rarely

occurs (Rothacher, 1973). Johnson and Beschta (1980) reported that

infiltration capacities of the undisturbed forest floor in

mountainous areas of the Pacific Northwest are generally 80 to 100

mm/hr. Maximum precipitation rates in excess of 8 mm/hr are

infrequent (Rothacher, 1963), but, very rarely, local intensities

may exceed 18 mm/hr (Harr, 1979).

The May 18 eruption of Mount St. Helens greatly altered

hillslope hydrology in the blast zone. In Boomer Creek basin, old-

growth forest was toppled and other vegetation was killed and buried

by new tephra. This greatly reduced interception by forest

vegetation, thus increasing the amount of water reaching the new

tephra surface. More importantly, tephra layers C and D formed a

hard, impermeable crust 1-2 cm thick, greatly decreasing surface-

infiltration capacity relative to the undisturbed forest floor.

This reduction in infiltration capacity resulted in overland flow,

causing inter-rill and rill erosion, which had been virtually

non-existent in the undisturbed forested portions of the study area

prior to the May 18 eruption.
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Infiltration capacity of 13 + 2 mm/hr was measured by Wicherski

in the coarse pumice zone during the summer of 1981 (unpublished

data, cited in Swanson et al., 1983). This rate was believed to

represent an increase over rates existing during the previous

summer. North of the volcano, in the area with a silty (layer A3)

surface, infiltration capacities increased from 1 to 4 mm/hr in

August 1980 (Herkelrath and Leavesley, 1981), to 7 to 9 mm/hr by the

following August (Leavesley, cited in Swanson et al., 1983).

Rill Erosion Rills develop where overland sheet flow becomes

concentrated in topographic depressions (Horton, 1945; Carson and

Kirkby, 1972, p.191). Rates of sheet, rill, and gully erosion are

dependent on volume and intensity of precipitation (Horton, 1945,

Carson and Kirkby, 1972, p.204-207), and the winter of 1980-81 was

relatively dry in the vicinity of Mount St. Helens. National

Weather Service data indicated that 85 percent of the normal

precipitation fell in the Lewis River (south of Mount St. Helens)

watershed from October 1, 1980 to March 31, 1981. Snowpack

measurements at the U.S. Soil Conservation Service, Plains of

Abraham site immediately northeast of the volcano on April 1, 1981

indicated a water equivalency only 11% of normal (Davis et al.,

1982). One might reasonably expect surface-erosion rates to

increase during future, wetter winters; however surface-infiltration

rates have increased with time, causing a decrease in erosion rates

(Herkelrath and Leavesley, 1981, Swanson et al., 1983). Indeed, the
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wetter winter of 1981-82 corresponded with a dramatic decrease in

surface-erosion rates. For the second post-eruption wet season,

Collins (unpublished data, cited in Swanson et al., 1983) measured a

95 percent decrease in rill erosion and a 60 percent decrease in

inter-rill erosion relative to the first wet season. Observations

in Boomer Creek watershed confirmed this general trend.

Erosion by eolian processes appeared to be negligible following

initial deposition. Little evidence of significant accumulations of

wind-mobilized sediment on the lee side of obstacles, or of

significant sculpting by wind was seen in the study area. Erosion

by biogenic processes (Dietrich et al., 1982) also appeared to be

negligible. Little evidence of animal traffic was noted, and I

observed no evidence of burrowing activity. A logger reported,

however, seeing the burrow of a mountain beaver (Aplodontia rufa) in

the study area during the summer of 1981.

Rootthrow was not a significant process in the downslope

movement of tephra, because treefall occurred prior to or

concurrently with deposition of layer Al (Waitt, 1981). Rootthrow

was important in mixing the 1980 tephra with pre-1980 tephra and

soil, as the trees were uprooted by the blast.

'Dissolution is an important process in the denudation of

forested watersheds of the Pacific Coast, and is accomplished by
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leaching of ions from the soil by water from rain and snowmelt.

Once in solution, ions are either exported in streamflow, bound

chemically or biologically, or precipitated at another location in

the watershed (Fredriksen, 1972, Swanson et al., 1982). Estimates

of the dissolved-load contribution to denudation of forested

watersheds range from 10 to 74 percent. Approximately 10 to 20

percent of this amount is assignable to organic sources (Dietrich

and Dunne, 1978, Lehre, 1982, Swanson et al., 1982). Dissolution

probably has had little effect on the 1980 tephra within the time

frame of this study; therefore it was not measured. I am unaware of

any data on stream dissolved load concentrations in this portion of

the blast zone.

Creep is slow downslope deformation of the soil mantle due to

application of gravitational shear stress . Continuous creep refers

to steady movement caused directly by low shear stresses (Terzaghi,

1950). Creep within the granular 1980 tephra at Mount St. Helens is

seasonal (Terzaghi, 1950, Carson and Kirkby, 1972, p. 272-6).

Seasonal creep is movement produced by the combined action of

gravity and the expansion and contraction caused by freeze-thaw and

wetting-drying cycles. Segerstrom (1950) reported that, three to

four years after the initial eruption of Paricutin in Mexico, on

slopes steeper than 0.62, the trees leaned downhill as a result of

creep within the tephra profile. Swanson (personal comm.) suggests

that part of this leaning effect may have been due to rotting of
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trees at their bases. No evidence of creep in the 1980 tephra was

observed, and to my knowledge no measurements of creep rates have

been made in the new deposits at Mount St. Helens.

Delivery of Sediment to Channels

In general, sediment enters the channel system via surface

erosion, mass wasting, or other hillslope-erosion process. In

addition, alluvium is released from storage through erosion of the

channel bed and banks. These processes are the linkages between

hillslope and channel systems in the sediment routing model (Fig. 7).

The 1980 tephra was delivered to the channel network in Boomer

Creek basin by several processes: 1) direct deposition by the blast

and airfall plume, 2) sliding off steep adjacent slopes (steeper

than 0.70), 3) transport by inter-rill erosion, and 4) transport by

rill erosion (Fig. 7). Each of these processes, except direct

deposition, may interact with the others during transport of

sediment to a channel, e.g., inter-rill erosion may deliver sediment

to the rill network, or rill-deposited material may be subjected to

further transport by inter-rill erosion. These processes also

delivered minor amounts of pre-1980 tephra to stream channels. This

older tephra was derived from pre-1980 colluvium, storage in

channels, and erosion of channel banks. The amount of old tephra in

new (post-1980 eruption) channel-storage deposits was less than five
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percent of the deposit volume; thus the old tephra was not separated

in the sediment-budget calculations.

Sediment Transport by Streams

When sediment was delivered to the channel system of the study

area it remained in storage or was transported as bedload, suspended

load, or dissolved load. Transport of new tephra, including

floating pumice particles, could be readily observed in streams in

the study area, even during low-flow periods in summer.

The May 18, 1980 eruption, coupled with ordinary spring

snowmelt, resulted in exceptionally high stream flow during or

shortly after the eruption. The presence of a substantial amount of

snow in parts of the basin at the time of the eruption was indicated

by surviving plants and a hummocky tephra surface caused by the

melting of buried snow (Fig. 6). In addition to normal spring

snowmelt runoff, the heat of the blast and blast deposit (Banks and

Hobblitt, 1981) undoubtedly accelerated snow melt, causing water to

be rapidly delivered to the forest soil, which already had a high

water content. This additional meltwater traveled to the channel

system by increased translatory flow (Hewlett and Hibbert, 1967).

This type of response is similar to that for a rain-on-snow event,

which results in maximum peak flows in forested watersheds in the

Pacific northwest (Harr, 1976).
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In addition to ordinary fluvial transport, high-sediment-

concentration floods were an important mechanism of sediment

transport in the study area. A large volume of sediment was rapidly

delivered to the stream system by the May 18 eruption, both directly

and by sliding off steep slopes. The combination of high runoff and

extreme sediment loading resulted in high stream flow, with very

high sediment concentration. At one location on the mainstem of

Boomer Creek, an alluvial terrace and a high-flow trimline were 3.3

m and 4.3 m, respectively, above the summer 1981 channel bed,

indicating a very large total discharge.

Thinly-stratified, alluvial terrace deposits, composed

predominantly of sand and granule-sized lithic blast material and

airfall pumice, indicate high-sediment concentration. The exact

mechanism by which this sediment was transported was not known.

Debris torrents, a type of debris flow which is confined to a stream

channel (Swanston and Swanson, 1976), may have occurred when a log

jam, created by blast-felled timber, failed and released sediment

and organic debris that had been stored upstream. Evidence of

debris torrents was also noted in other stream channels in the blast

zone. In Shultz Creek and some of its tributaries north of the

volcano, storms of November 1980 triggered debris torrents which

transported and deposited logs, cobbles and boulders (Lisle et al.,

1983).



38

High-sediment-concentration flows may have locally attained a

debris-flow character (Middleton and Hampton, 1976; Lowe, 1979);

however, sedimentary structures within alluvial terraces and

alluvial fans suggest that fluvial processes dominated. The

dominant sedimentary structure noted in these deposits was thin,

horizontal stratification (transcurrent lamination, according to

Allen, 1982, p.357-360). This structure consists of thin (5 to 50

mm), parallel strata exhibiting a segregation of coarse and fine

clasts, with lenticular coarse laminae. Laminae are generally

continuous for several centimeters to several meters (Fig. 8). This

structure is similar to that described by Smith (1971), which was

associated with low-amplitude bed forms in the Platte River,

Nebraska. Smith attributed the coarse-fine segregation to sorting

at the foreset of sand sheets generally too thin to produce

recognizable cross- stratification. The shallow water depth

believed to be required for these bedforms (McBride et al., 1975)

was maintained by accretion of bedforms keeping pace with rising

flood stages.

The high-sediment-concentration flows in Boomer Creek were

remarkably non-erosive. Several exposures were observed where

horizontal laminae had been deposited directly on May 18 tephra

without eroding the surface tephra layers (Fig. 9). This

relationship indicated that some of the flows occurred after

deposition of tephra unit C and possibly D. This delay of flow



Figure 8.-Thin-horizontal stratification in the main alluvial fan at

the mouth of Boomer Creek.
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Figure 9.-The non-erosive contact between thin horizontal
stratification and the May 18 tephra.
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occurrences after initial input of the blast deposit may indicate

ponding of deposits, possibly behind logs, and subsequent release of

stored sediment when obstructions failed.

High-sediment-concentration flows also apparently occurred

several weeks subsequent to the May 18 eruption, probably during

storms of the following winter when streamflow was high. Aerial

photos taken in June, 1980 show an alluvial fan at the mouth of

Boomer Creek, which is much smaller than the fan existing in the

summer of 1981.

Generation of sediment flows by annual snowmelt has been

described by Theakstone (1982) at the Austerdalsisen basin, Norway.

Viscosity of those flows was variable, but fluvial sedimentary

structures were generally absent. Several sediment flows may be

generated in a season, each producing a separate bed. This process

results in surface-parallel lamination (Theakstone, 1982) similar to

structures seen in Boomer Creek basin, but lacking segregation of

coarse and fine grains.

A fan that formed at the mouth of one of the blast-zone tributaries

to Clearwater Creek, contained cobbles and boulders deposited near

the fan surface, overlying predominantly sand-sized sediment. A few

boulders had come to rest on logs that were above the surface of the

fan. This boulder entrainment and the massive structure of the sand

fraction indicated that the mechanism of emplacement of the fan was
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a non-Newtonian flow with debris-flow characteristics (Middleton and

Hampton, 1976; Lowe, 1979).

Sediment Storage in Channels

Following mobilization by the stream, sediment was either

removed from the basin by stream transport or deposited in a site of

sediment storage elsewhere in the channel system. Residence time of

stored sediment in channels varies among types of storage sites.

Sediment lying on the channel bottom is readily mobilized by an

increase in stream competence or capacity. Sediment stored in

alluvial fans, however, may remain in storage for a period of time

several orders of magnitude longer than channel-bed storage

(Dietrich et al., 1982).

Not all sediment lying within the high-flow channel has been

reworked by the stream. Tephra was deposited directly by the May 18

eruption in some dry, ephemeral channels. Subsequent stream flow

deposited sediment without eroding all of the tephra, leaving

non-alluvial sediment in the channel. In higher-order streams,

sliding and dry ravel of 1980 tephra from channel walls delivered

sediment into the high-flow channel. This sediment, which formed

colluvial cones and wedges, was readily mobilized by the stream

during high flows.
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METHODS

Distribution of Sediment

In order to measure volumes of sediment in various hillslope-

storage sites, sampling points were randomly selected by overlaying

a grid of points on a map of the study basin. From these points,

13 sites were selected to establish the widest possible distribution

within the study area, given the limited accessibility. At each

site, the closest point on the nearest ridgeline was chosen as the

beginning of a line transect. Each transect followed the fall line

of the hillslope, from the ridgeline to the high-flow channel of the

nearest first-order or larger stream. This sampling scheme covered

the entire slope from ridgeline to channel, and sampling followed

the most probable path taken by water and sediment moving down the

surface (Fig. 10).

The 1980 tephra on hillslopes was categorized as sediment in one

of the following storage compartments: tephra profile, primary

storage, or secondary storage (Fig. 7). All field measurements made

in this study were converted to horizontally projected equivalents,

to correspond with map projection. Thicknesses of tephra layers

were converted to horizontally projected equivalents by dividing the

thickness measured perpendicular to the slope by the cosine of the

slope angle. Transect lengths were converted by multiplying the
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Figure 10.-One of the 13 hillslope transect sites. A tape along the
centerline of the transect can be seen in the middle
foreground.
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measured slope length by the cosine of the slope angle. Slope

gradients were measured to the nearest percent with a hand

clinometer every 5m along the transect. Volumes of sediment storage

on hillslopes were measured as described in the following paragraphs.

Tephra Profile

Thickness of the total tephra profile as well as thicknesses of

individual layers within the profile were measured to the nearest

millimeter in pits that were hand dug with a shovel at 10m intervals

along the hillslope transect lines. These pits were offset from

those lines where necessary to avoid storage sites or sites of local

erosion, in order to characterize a typical profile of that area.

Where organic debris comprised greater than 5 percent of the volume

of any layer, an ocular estimate to the nearest 10 percent was made

of the percentage of the total volume represented by organics, and

deducted from the total volume. In some pits, mixed layers of

tephra were observed within the profile, resulting from downslope

sliding or other remobilization of individual layers. Data from

these pits were excluded from the mean-thickness calculations.

An overall mean and a standard error were computed for the

thickness of each unit using the following formulas, based on

cluster sampling (Murthy, 1967, p.307):



46

n n
Yc = S (Miyi)/ S Mi

i=1 i=1

n
Var(Yc) = 1/[n(n-1)] S [(Mi/mi) yi-Yc]2,

i=1

where,

Yc = the estimate of the unit mean based on cluster sampling

n = the sample size, i.e., the number of transects

yi = the mean of thicknesses measured on ith transect

Mi = the number of thickness measurements taken on the

ith transect

n

m' = 1/n S Mi

i=1

S = summation

Tephra-profile thickness (Tt) was converted to the equivalent

volume in m3/ha (Vt), by multiplying thickness by 104 m2/ha.

Tephra-profile volume (Vt) was added to the volume of sediment

removed by inter-rill erosion, to obtain an estimate of volume of

tephra delivered to the basin by the 1980 eruptions.

Primary-Storage Sites

Where the hillslope-transect line crossed a primary-

storage site, a pit was dug, and the average thickness of

tephra accumulation (Tp) was measured (Fig. 11). The value of

expected tephra-profile thickness (Tt) at the midpoint of the

storage site was interpolated from the nearest profile
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Figure 11.-Cross section through 1980 deposits, along a
hilislope- transect line. Thicknesses of the three
hillslop]e-storage compartments are illustrated.
Subscripts indicate the following: t, tephra profile,
p, primary thickness, pe, excess primary thickness,
and s, secondary storage.



measurements. Excess thickness of the primary-storage site (T
)

pr

over the expected profile thickness was found by subtraction (Tpr

= Tp - Tt) (Fig. 11).

The area of primary storage (Apr) ) intersected by the transect

line was then computed for each storage site (A .T XLpr pr P'

where L
P
= the average length of the primary-storage site). The

sum of primary-storage areas along a transect line (Sum
pAr

) was

divided by the length of the transect line (L1) to obtain a mean

primary-

storage thickness over the whole line (T
pl

). This thickness was

then multiplied by 104 m2/ha, to convert to volume of primary

storage, in m3/ha (V
pr ). In summary:

T
pr

= T
p-Tt '

Sum Apr/L, = Tpl;

Secondary-Storage Sites

Apr = Tpr X Lp;

Vpr = (Tpl ) (10
4 m3/ha).
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Secondary-storage sites occur on hillslopes and consist of 1980

tephra that was mobilized subsequent to original emplacement and

then redeposited on the hillslope. Remobilized sediment is

recognized by 1) two or more tephra layers that have been mixed

during transport, or 2) a deposit of reworked sediment overlying a

normal (possibly truncated) tephra profile. Sediment volume in
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secondary-storage sites (Vs) is found by the same methods

described for primary-storage sites, except that thickness

of each site is determined by direct measurement from the bottom of

the remobilized deposit rather than by subtraction (Fig. 11). Rill

levees are a type of secondary-sediment accumulation whose volume

(Vrl), in m3/ha, was computed in a manner similar to that of the

volume for rills (see Methods, Rill Erosion). Not all

accumulations of remobilized sediment created landforms visible at

the surface; some were frequently encountered in the profile pits.

These volumes (Vsp ) were included in the total secondary-storage

volume (Vst), i.e., Vst = Vs + Vrl + Vsp.

Hillslope-storage sites were placed into categories such as

"upslope of log" or "rill levee", according to location or form of

deposit. Volumes of primary (Vpr) and secondary (Vs)

sediment storage were determined separately for each storage site.

The following equations based on line-transect sampling were used

to determine of means and standard errors of these volumes

(Freese, 1962, p.19):

n n
X = S [(1/ S li)(li xi))

i=1 i=1

var(X) = S (1i/1)2 var(xi), where
i=1
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n

var(xi) = Sum(xi-X)2/(n-1)
i=1

where,

X = the weighted estimate of the mean

n = sample size, i.e., the number of transects

xi = the storage volume for the ith transect

li = the length of the ith transect

1 = the total length of all transects

S = summation

Colluvial-Wedge Deposits

Most hillslope colluvial wedges occurred as slide deposits at

the base of steep (greater than 0.70) slopes distributed through the

basin in such a way that they were poorly sampled by the transects.

Consequently, the areas of these slopes were measured and summed for

the entire basin. Slide material not delivered to channels was

assumed to be held in storage on the hillslopes, and its volume was

added to the colluvial-wedge volume measured along the hillslope-

transect lines to obtain the total volume of colluvial-wedge

storage. Pits were dug in four colluvial wedges at five-meter

intervals, to determine the percent of primary and secondary storage.
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All slopes that had been denuded of 1980 tephra by sliding,

either immediately upon deposition or later, were mapped (Figure

12). The surface areas in horizontal projection of these steep

slopes were measured on 1:24,000 aerial photos and on a 1:12,000

topographic map. Fourteen percent of the total surface area of

these slopes was measured in the field, to calibrate photo and map

measurements. The volume of sliding-eroded tephra was calculated by

multiplying the total surface area of affected slopes by the average

tephra thickness delivered to the basin.

Inter-rill Erosion

Values of inter-rill erosion rates were based on data from a

study directed by F.J. Swanson of the U.S. Forest Service, Pacific

Northwest Forest and Range Experiment Station (Swanson et al.,

1983). That study included measurement of rates of inter-rill

erosion at eight sites in the down-tree zone northeast of the

volcano, within the coarse-pumice zone. Each site consisted of

adjacent clearcut and down-tree plots. Each plot consisted of an

array of erosion pins (steel rods 0.95 cm diameter and 60 or 95 cm

long) spaced 2 to 5 meters apart in lines 60 to 105 meters in length

crossing a hillslope (Figure 13). Repeat measurements were made of
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Figure 12.-Steep slopes where sliding occurred.
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Figure 13.-One of the U.S. Forest Service hillslope-erosion plots as
it appeared in the fall of 1980. An erosion pin can be

seen in the left foreground. Photo by F.J. Swanson.
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pin height above the tephra surface. The rate of surface lowering,

i.e., the total rate of sediment mobilization by inter-rill erosion

less the rate of redeposition on the hillslope, was the net rate of

inter-rill erosion.

Inter-rill erosion generally affected only units C and D;

therefore, mass of the affected sediment was computed by using dry

bulk density of these units alone (Appendix B).

Rill Erosion

Cross-sectional areas of rills and gullies were measured along

lines perpendicular to the hillslope-transect lines. These

perpendicular lines were established at 3-meter intervals downslope,

and extended 5 meters out from the transect line on both sides.

This procedure created a rectangular plot 10 meters wide, extending

for the length of each transect. Total rill cross-sectional area

was assumed to be constant over the 3-meter interval, extending 1.5

meters upslope and downslope from each perpendicular line. The

total cross-sectional area multiplied by 3 meters gave the

rill-eroded volume for that segment of the plot, and these segment

volumes were summed to give the total rill-eroded volume for the

plot.

Calculated volumes of rill-eroded tephra do not include rill

erosion of a portion of the uppermost 4 mm, which was assumed to
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have been eroded by inter-rill erosion. This resulted in a slight

overestimation of inter-rill erosion relative to rill erosion, but

does not affect the total volume eroded.

Regression analyses were used to investigate the relationship

between rill-erosion rate and hillslope gradient. Gradient classes

were established covering the following ranges: Class 1: 0.00-0.09,

Class 2: 0.10-0.19, Class 3: 0.20-0.29, Class 4: 0.30-0.39, Class 5:

0.40-0.49, Class 6: 0.50-0.59, and Class 7: over 0.60. Each 30m2

(3m X 10m) sub-plot in the down-tree areas fit into one of these

seven gradient classes. The area in each gradient class was found

by digitizing a 1:12,000 enlargement of the preliminary 1:24,000

U.S. Geological Survey topographic map of the area. The volume of

sediment eroded from each gradient class was then found by applying

the rate derived from the regression equation to the area in each

class.

Rates of rill erosion found in this study were compared with

rates measured in two similar studies in the blast zone, in the

coarse-pumice zone, east of Mount St. Helens (Swanson et al., 1983)

and outside the coarse-pumice zone, north of Mount St. Helens

(Collins et al., 1983). Since slightly different methods were

followed in those other studies, results were only roughly

compared. A mean rate over several plots from those other studies

was taken without regard to plot size, gradient, or sampling method,
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and their mean rates were compared to the rate calculated herein for

Boomer Creek basin.

Delivery of Sediment to Streams

Tephra was delivered to channels directly during the May 18,

1980 eruption, and by hillslope-erosion processes on and after May

18. The volume of sediment deposited directly into the channel

during the May 18 eruption was estimated by computing the surface

area of high-flow channels, and multiplying it by the mean thickness

of tephra delivered to the basin. Level of high flow was determined

from height of trimlines on channel banks. Channel widths were

measured at high-flow level, at the beginning and end of each sample

transect. Mean width for each channel order was multiplied by

length of stream for that order, to obtain the surface area. Stream

lengths were obtained by digitizing a 1:12,000 enlargement of the

1:24,000 preliminary U.S.G.S. topographic map.

The volume of sediment delivered to channels by sliding from

steep slopes was estimated by summing areas of slopes adjacent to

stream channels, where sliding had occurred. This sum was

multiplied by mean thickness of 1980 tephra delivered to the basin,

to obtain volume delivered to channels. Where a channel crossed a

slope denuded of tephra by sliding, it was assumed that an area

equivalent to the high-flow channel width times length of the slope
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contributed the sediment to the channel. Unmeasured first- order

channels were assumed to have a channel width of 2.1 meters.

Most inter-rill eroded sediment was delivered to the rill

system, because the drainage density of rills was much greater than

that of channels. For simplicity, the small portion of sediment

delivered directly to channels was assumed to have entered the rill

system, and was included in analysis of rill erosion.

Sediment production from rill erosion was calculated as volume of

sediment mobilized less volume redeposited on hillslopes before

reaching the stream system. This redeposited material included

sediment in rill fans and rill levees. Volumes of sediment

deposited in rill fans were measured along the thirteen hillslope

transects. Volumes of sediment in rill levees were measured when

rills were measured, using the method of rill-volume calculation,

i.e., the cross-sectional area was assumed to be constant over the

three-meter interval between measurements. These volumes were

totaled for each transect, and a mean volume of rill-derived storage

(weighted by plot area) was computed for the thirteen transects and

applied to the entire basin. Means and standard errors of

rill-derived storage volumes were found, using equations given above

for hillslope-storage volume calculations. Total rate of

rill-derived sediment deposition was subtracted from total rate of

rill erosion and inter-rill erosion, to obtain volume of 1980 tephra

delivered to channels by these processes during the first post-
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eruption year. Data from hillslope transect H-9 (Fig. 2) are

excluded from these calculations, because drainage was channeled

onto that site by a logging road atop the ridgeline.

Sediment Storage in Channels

In order to quantify and compare sites of stream-sediment

storage in Boomer Creek basin, reaches of streams from each of the

four channel orders were selected for sampling. Volumes in sediment

storage sites were measured along transects following the thalweg of

these sample stream reaches, generally for 50 meters in first- and

second-order and 100 meters in third- and fourth-order channels.

Dimensions of discrete storage sites were measured with a tape

to the nearest 0.1 m. Number of measurements needed varied with the

geometric complexity of the site. Depths were measured in pits,

which were dug down to the 1980 pre-eruption channel bed. Generally

this contact was easily recognized by a layer of gravel armor

directly underneath distinctive 1980 sediment. Means and standard

errors of the total volume of channel sediment storage per meter of

channel length in each stream order were found, using equations

given above for hillslope-storage calculations.

Sediment will be stored on the bed of many channel reaches until

stream power (Bull, 1979) increases to the critical level required
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to transport it as suspended or bed load. Volume of storage on the

channel bed was estimated, at five-meter intervals along the channel

transects, from measurements of the width of the low-flow channel

and estimates of the thickness of bed deposits averaged over the

total low-flow width.

Factors that influenced the storage of sediment were also measured.

Water-surface gradient was measured at five-meter intervals along

the transects, as well as at storage sites. Logs creating

sediment-storage sites were inventoried in terms of length within

the high-flow channel, and for diameter, orientation, and percent of

length in contact with the channel bed.

Some channel storage sites, such as colluvial cones and wedges,

stored sediment that had not been mobilized or reworked by fluvial

processes. Alluvial and non-alluvial sediment volumes were measured

separately, in order to more accurately describe the role of streams

in sediment routing.

A large alluvial fan formed at the mouth of Boomer Creek

following the 1980 eruptions. Volume of this fan was estimated in

the same way as other storage sites, except that it was necessary to

estimate the volume of fan sediment displaced by logs that were

toppled by the blast and buried in the fan. This was done by using

the weighted mean value for the volume of large organic debris along

the hillslope transects. Cross-sectional areas of pieces of debris
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intersected by each line transect were summed. Total

cross-sectional area was divided by transect-line length, and

multiplied by 104 m2/ha to obtain volume of large organic debris

per hectare. A mean volume, weighted by transect-line length, was

then determined for the ten hillslope transects in downtimber

areas. Transect 6 was excluded because of the large amount of dead

but standing trees along it. An ocular estimate, to the nearest 5

percent, of degree of burial by tephra of all logs intersected by

hillslope-transect lines was made. Mean volume per unit area of

large organic debris on hillslopes was multiplied by mean percentage

of log volume remaining unburied by tephra, and by area of the fan

to obtain volume of fan sediment displaced.

Conversions from volume of sediment to mass were based on dry

bulk-density values presented in Appendix B.
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RESULTS AND DISCUSSION

Distribution of Sediment

Mean tephra-profile thickness for thirteen hillslope transects

(Table 1) ranged from 186 to 435 mm (Table 2). Mean total tephra-

profile thickness (341 mm), corresponds to a volume of 3410

m3/ha. The two transects in clearcut areas (no. H-3 and H-4) had

the lowest mean thickness (Table 2). Additional measurements in

clearcut areas of the watershed, however, did not indicate

consistently smaller profile thicknesses in the clearcut areas.

Variation in thickness of the tephra profile were due to several

factors. A weak correlation (r = -0.42, p = 0.05) existed between

thickness of the tephra profile and slope gradient. The tephra,

especially the blast deposit, was deposited in greater thickness in

topographic lows than on slopes. Tephra thickness also varied as a

result of channeling of the blast by topography. This channeling

was indicated by different orientations of blast-toppled trees.

Generally, thicknesses decreased away from the volcano, although

this was not a significant factor across the small study basin.

Total thickness of the 1980 tephra in this area, shown on

isopach maps by Waitt (1981) and Waitt and Dzurisin (1981), was

about 29 centimeters (Table 2); that is 5 centimeters thinner than
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TABLE 1. HILLSLOPE TRANSECTS.-Land-use
or clearcut (CC)

type given as down-tree (DT)

Transect Land use Mean Aspect Slope
no. type gradient length (m)

H-1 DT 0.34 SE 42.1

H-2 DT 0.40 SE 36.3

H-3 CC 0.36 SE 79.1

H-4 CC 0.49 SE 60.4 ,

H-5 DT 0.75 NW 81.5

H-6 DT 0.47 NE 157.

H-7 DT 0.29 SE 63.1

H-8 DT 0.25 SE 87.4

H-9 DT 0.23 NE 96.8

H-10 DT 0.25 NW 47.1

H-11 DT 0.53 NE 40.6

H-12 DT 0.45 NW 123.

H-13 DT 0.45 NW 54.7



TABLE 2. MEAN
layers in mm.
transect line
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TEPHRA-PROFILE THICKNESSES.-Thickness of 1980 tephra
The number of thickness measurements taken along each
is given as n

Transect
no.

n Blast
(unit A)

Airfall
(unit B)

Crust
(units
C and

Surface
pumice

D)

Total
(Tt)

H-1 4 259 96 9 18 382

H-2 3 249 141 8 15 413

H-3 5 155 85 9 13 262

H-4 6 61 93 8 24 186

H-5 7 203 106 11 19 339

H-6 13 199 149 13 16 377

H-7 6 165 123 12 12 312

H-8 10 181 116 10 14 321

H-9 8 238 166 11 20 435

H-10 5 192 202 16 18 428

H-11 5 134 162 15 14 325

H-12 14 128 167 13 15 323

H-13 5 144 164 18 19 345

Weighted
mean 173 139 12 17 341

S.E. 25.3 23.5 2.0 2.2 46.6
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estimates presented in this study. Those previously published

thicknesses were part of a more extensive study and were based

largely on measurements made along ridgelines (Waitt, 1981), where

pyroclastic flows tend to leave thinner deposits (Walker and

McBroome, 1983).

Storage sites accounted for 900 m3 of sedim4nt per hectare, 58

percent in primary and 42 percent in secondary storage (Table 3).

Primary storage sites included colluvial wedges and sites upslope of

logs, small organic debris, rootwads, or stumps. Additional sites

were within small organic-debris accumulations and in rootwad pits

or other slope depressions. Secondary-storage sites included, in

addition, "remobilized profile" sites, where layers in the profile

had been mixed by local downslope movement contemporaneously with or

very soon after original deposition, and also included rill fans and

rill levees.

Colluvial wedges accounted for 390 m3/ha of stored sediment,

more than any other type of storage site (Table 3). Four wedges

were excavated at five-meter intervals downslope, to measure the

relative volume of primary and secondary storage. The mean value

for 18 measurements was 86 percent primary and 14 percent secondary

storage. Ninety percent of the volume of wedges was stored at the

base of slopes denuded of 1980 tephra by sliding. The remainder was

measured in smaller sites intersected by the hillslope-transect
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TABLE 3. HILLSLOPE-STORAGE SITES.-Weighted mean values of the volume
of sediment contained in primary (Vpr) and secondary (Vs) hillslope-
storage sites

Site type Number Vpr Vs Total vol. S.E.
of sites (m3/ha) (m3/ha) (m3/ha) of total

Colluvial
wedge

330 59 390 811

Upsiope
of log

99 170 85 260 58

Remobilized
profile

17 0 210 210 78

Upslope of
small debris

7 4.6 22 27 14

Rootwad
pit

1 4.5 0 4.5 2.5

Upslope
of rootwad

3 4.0 0 4.0 7.0

Within small
debris

3 3.0 0.3 3.3 3.1

Rill fanb 3 0 2.8 2.8 3.6

Slope
depression

2 0.3 1.3 1.6 1.7

Rill
levees b

12.c 0 1.0 1.0 0.6

Upslope
of stump

3 0.8 0.2 1.0 0.8

Total 520 380 900 (1,000 t)

1. Computed from the standard error of the mean profile thickness,
multiplied by the area contributing to colluvial wedges. This
product was added to the standard error computed from transect
sampling.

2. Site 9 is excluded, because it was affected by drainage from a
logging road.
3. The number of hillslope transects used.
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lines.

Storage sites upslope of logs, rootwads, small organic debris,

or stumps were sites of primary-sediment storage. A downslope

directional component during emplacement resulted in thicker

accumulations, especially of the blast deposit, in these sites than

in the surrounding tephra profile (Figs. 14 and 15).

Secondary-sediment accumulations commonly occurred in these sites as

well, because these obstacles created localized sites of low

gradient (Fig. 14). Generally, the volume of secondary storage was

less than the volume of primary-sediment storage.

"Upslope of log" was the most frequently encountered type of

storage site along the hillslope transect lines (Table 3).

Volumetrically this was the second most important type of site (260

m3
/ha), accounting for 29 percent of the total volume in storage

sites. Sixty-five percent of the sediment-storage site volume found

in "upslope of log" sites was primary storage, and thirty-five

percent was secondary (remobilized)-sediment storage.

Presence or absence of logs, as a function of land-use history,

appeared to affect the volume of sediment stored on hillslopes. The

total volume of sediment that was stored upslope of logs on

transects H-3 and H-4 (clearcut prior to the eruption) was only 65

and 0 m3/ha, respectively, compared to a mean volume of 260
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Figure 14.-An "upslope of log" hillslope-storage site. Compare with
Figure 11.
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Figure 15.-An "upslope of log" hillslope-storage site viewed
down slope.
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m3/ha for all thirteen transects. The total volume of sediment in

all storage sites was 220 and 98 m3/ha for transects H-3 and H-4

respectively. The mean for all thirteen transects was 610 m3/ha.

The volume of sediment stored behind logs increased as several

variables increased, including: 1) gradient upslope of the storage

site, 2) size of log, and 3) divergence of log orientation from the

direction of the hillslope fall line. Ninety-one percent of logs

that formed storage sites occurred at an angle equal to or greater

than 45 degrees relative to the fall line. A multiple- regression

analysis of volume of sediment stored upslope of logs against these

three variables indicated that the independent variables accounted

for only 11 percent of the variation in stored sediment. Other

variables that were not measured but that influenced volume of

sediment deposited , included degree of log contact with the ground

and direction of the May 18 blast.

"Remobilized profile" sites were the third most important, both

numerically and volumetrically, accounting for 23 percent of the

sediment volume in storage sites. This indicated that the 1980

deposits were prone to mass movement during emplacement, and that

mixing of tephra layers was common.

Accumulations of small organic debris (smaller than 10

centimeters in diameter), such as branches, occasionally provided an
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obstacle to downslope sediment transport, resulting in deposits of

either primary or secondary sediment. These deposits were

classified as either "upslope of debris" or "within debris",

depending on the position of stored sediment relative to the debris

accumulation.

Sediment storage in rootwad pits was difficult to measure, but

did not appear to be volumetrically important. Presence of layer Al

on downed trees in the blast zone indicated that toppling of trees

occurred before or very early during deposition of this layer

(Waitt, 1981). As trees were toppled, roots were drawn upward,

displacing the regolith. At a few sites, a discrete pit was formed

by displacement of the rootwad, and the pit was filled with blast

deposit. More commonly, an elevated, hummocky surface resulted from

mixing of incoming 1980 tephra with tree roots and soil, rock, and

pre-1980 tephra falling from the elevated rootwad.

Rill fans formed at the downslope terminus of some rills and

gullies, often at an abrupt decrease in gradient. Rill levees

occurred along the outer edges of some rills. Together these sites

accounted for less than one percent of the sediment in hillslope-

storage sites.
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EROSION PROCESSES

Sliding

Sliding removed virtually the entire tephra profile from slopes

steeper than 0.70. Locally failure occurred at the upper surface of

the A3 layer of the blast deposit, leaving the underlying profile

intact, but in general the entire tephr'a profile was removed. Steep

slopes occurred at various places in the watershed, such as at

nearly vertical cliffs formed in lava flows by glacial sculpting or

mass movements or differential erosion, and along stream channels

(Fig. 16). Much of the mainstem channel, for example, had banks

steeper than 0.70 where the tephra profile slid toward the stream.

Much of this sliding occurred during original emplacement, where

slopes were too steep to retain the tephra. On other steep slopes,

tephra remained until the following wet season. Increased moisture

levels can lower shear strength by reducing the apparent cohesion

due to capillary tension within the material (Holtz and Kovacs,

1981, p. 166-78). Below the free water surface positive pore

pressures developed, reducing effective stress and therefore shear

strength. Seismic activity in the area (Weaver et al.,1981) may

also have triggered sliding. Importance of sliding decreased

greatly after the first winter, because of rapid removal of the most

readily mobilized tephra.



72

Figure 16.-Sliding on a steep slope along a stream channel.
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Segerstrom reported similar sliding of tephra on slopes steeper

than 0.70 at Paricutin following the eruption of 1943. In places

near Paricutin the entire mantle of fresh tephra, as much as 6m

thick, was removed; elsewhere failure occurred along bedding planes

within the tephra (Segerstrom 1950).

Sliding occurred on 35.6 hectares, 15 percent of Boomer Creek

basin. Total volume of 1980 tephra eroded by sliding was 123,000

m3 , based on a thickness of 34.5 cm of tephra delivered to the

basin.

Fifty-six percent (68,800 m3) of the sediment mobilized by

sliding was redeposited at the base of hillslopes in colluvial

wedges (Fig. 16). Generally, these were long-term storage sites,

although the sediment was further subjected to inter-rill and rill

erosion. The remainder of this slide-mobilized sediment was

delivered to the channel system, and either subjected to fluvial

transport or stored as colluvial wedges. Sediment stored within

high-flow channels was very susceptible to remobilization during

high stream-flow events.

Inter-rill Erosion

Swanson et. al. (1983) used arrays of erosion pins to measure

inter-rill erosion in the coarse-pumice zone (area affected by 1980

airfall units) northeast and east of the volcano. They found that
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the mean rate of inter-rill erosion in four down-tree plots during

the first post-eruption year was approximately 40 m3 per

hectare-year, corresponding to downwearing of 4 mm over the plot

(Swanson et al., 1983).

Rates of inter-rill erosion in four sampled clearcut plots were

not significantly different from down-tree sites (Swanson et al.,

1983). The 40 m3 per hectare-year rate was therefore applied to

the total area in Boomer Creek basin, less the area of stream

channels and sliding-denuded hillslopes, yielding a volume of 7,800

m3 of removed sediment.

Sediment mobilized by inter-rill erosion was not necessarily

removed from the hillslope. Sheetflow-mobilized sediment was either

redeposited on the slope and returned to hillslope storage or this

sediment was transpOrted into nearby rills where further transport

was by rill erosion. All sediment that was removed from the

hillslope by inter-rill erosion was assumed to have been delivered

to the rill network.

Rill Erosion

Rills formed where sheet flow was concentrated, the direction of

flow being controlled by pre-eruption topography and by downed

trees. Most of the smallest rills formed where no channel had

previously existed, but small rills joined higher-order rills, which

more closely followed pre-existing channels (Fig. 17).



Figure 17.-A rill network on a clearcut site. Note the levees along
many rills.
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Only in three of thirteen hillslope plots did rills cut into

pre-1980 soil and tephra layers, accounting for 2.5 percent of the

total volume of rill-eroded sediment (Table 4). Forest litter and

roots at and near the pre-eruption ground surface greatly retarded

rill incision below 1980 deposits (Fig. 18).

Rates of rill erosion for the hillslope plots varied from 0 (no

rills present) to 110 m3/ha-yr (Table 4). Four sites (H-3, H-4,

H-5, and H-9) had relatively high rates. Two of these sites (H-3

and H-4) were the only clearcut plots (Table 4), suggesting that

rates were higher in clearcut than in down-tree areas. Site H-5

had, by far, the steepest slope gradient (Table 4). Site H-9 had a

logging road at the ridgetop, which diverted surface drainage onto

the site, resulting in excessive rill erosion. This site was

therefore excluded from the following analysis.

Rates of rill erosion varied as a function of several

variables. In down-tree areas, rate varied with gradient according

to the following equation:

Y = 11.24X - 1.92, p = 0.05,

where Y is the square root of rill-erosion rate in m3 per hectare,

and X is the slope gradient (Fig. 19). The coefficient of

determination (R2) for this relationship was 0.24, indicating that

most of the variation in rill-erosion rate is attributable to

variables other than gradient. Adding distance from the ridgeline
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TABLE 4. RILL EROSION.-Rates of rill erosion for the thirteen
hillslope plots. Land-use type given as down-tree (DT) or clearcut (CC)

Transect Plot Mean Land- Rill erosion Total rill

number area gradient use
type

1980

tephra
pre-1980
colluvium

erosion

(m2) (m3/ha) (m3/ha) (m3/ha)

H-1 397 0.34 DT 0 0 0

H-2 334 0.40 DT 30 0 30

11-3 733 0.36 CC 100 0 100

11-4 566 0.49 CC 85 2.2 87

11-5 791 0.75 DT 98 11 110

11-6 1550 0.47 DT1 35 0 35

H-7 606 0.29 DT 11 0 11

H-8 844 0.25 DT 9.1 0 9.1

H-9 935 0.23 PC 94 0 94

H-10 437 0.25 DT 10 0 10

H-11 377 0.53 DT 2.4 0 2.4

H-12 1210 0.45 DT 21 0 21

11-13 521 0.45 DT 23 0.8 24

1 including standing dead trees



Figure 18.-Gully erosion.
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lines represent 95% confidence interval estimates.
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as another independent variable increased the R2 to only 0.25.

Another important variable was effect of down timber, which

influenced rill-erosion rate by diverting overland flow into

channels and by decreasing velocity of flow, thus providing more

time for infiltration. Non-uniform slope shape provided local areas

of low gradient and reduced sheetflow velocity. Variability of the

data was also caused by headward migration of rills, which accounted

for their presence on slopes of relatively low gradient or on slopes

with small drainage areas.

In clearcut areas, rill-erosion rate varied with gradient

according to the following equation:

Y = 24.05X - 1.66, R2 = 0.18, p = 0.05,

where Y is the square root of the rill-erosion rate in m3 per

hectare and X is the slope gradient (Fig. 19). Adding distance from

ridgeline as an independent variable increased the R2 to 0.59.

The greater influence of slope length in clearcut areas than in

down-timber areas was probably due to the absence of down logs on

hillslopes.

Using analysis of covariance (Snedecor and Cochran, 1980, p.

385-388), slopes and intercepts of the regression equation for

down-tree areas were found to be significantly (p = 0.05) different

from those of the equation for clearcut areas, confirming the

hypothesis that rill-erosion rate is greater in clearcut areas (Fig.

19).
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The above equations, with gradient as the independent variable,

were used to estimate rill-erosion rates over the study area, based

on area within gradient classes. Where these equations gave rates

less than zero, a value of zero was assumed. Total volume of

sediment mobilized by rill erosion during the first post-eruption

year was 2500 m3 (15 m3/ha-yr) in down-tree areas (Table 5) and

1800 m3 (64 m3/ha-yr) in clearcut areas (Table 6).

Sediment mobilized by rill erosion and sediment delivered to

rills by inter-rill erosion was locally redeposited on the

hillslope; therefore the total rill and inter-rill eroded volume did

not represent the volume of sediment delivered to the channel

system. Sites of redeposition included rill levees and rill fans

(Table 7). Rill levees formed along edges of rills, usually where

slope gradient was reduced. Fans formed at decreases in slope

gradient or at obstructions. Following redeposition, the sediment

in each of these storage sites was subjected to renewed rill

erosion, inter-rill erosion, or mass wasting.

Rates of rill erosion in Boomer Creek watershed were lower than

those measured in two similar studies in other areas of the blast

zone at Mount St. Helens. Swanson et al. (1983) measured rill-

erosion rates in the coarse-pumice zone on 8 sites, each of which

consisted of paired clearcut with down-tree plots. On clearcut

plots, Swanson et al. (1983) measured rates of rill erosion ranging
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TABLE 5. RILL EROSION IN DOWN- TIMBER AREAS.

Gradient Area Rate
range

(ha) (m3/ha-yr)

Volume
eroded
(m3/yr)

0.00-0.10 4.7 0 0

0.10-0.20 21.6 0 0

0.20-0.30 27.1 0.79 21

0.30-0.40 25.3 4.1 100

0.40-0.50 25.6 9.8 250

0.50-0.60 19.6 18. 350

0.60-1.00 42.9 43.1 1800

Total 168 15. 2,500
(2,900 t)

1.Mean rate, weighted by area, for gradients 0.60 to 1.00.
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TABLE 6. RILL EROSION IN CLEARCUT AREAS.

Gradient Area Rate
range (ha) (m3/ha-yr)

Volume
eroded (m3/yr)

0.00-0.10 0.0 0.0 0.0

0.10-0.20 3.7 3.8 14

0.20-0.30 6.9 19 130

0.30-0.40 6.9 46 320

0.40-0.50 5.5 84.0 460

0.50-0.60 2.5 130 330

0.60-0.70 2.5 200 500

Total 28.0 64 1,800
(2,100 t)
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TABLE 7. RILL-DERIVED SEDIMENT STORAGE.

Transect
number

Plot
area
(m2)

Volume
rill levees

(m3/ha)

Volume
rill fans

(m3/ha)

Total rill-
derived vol.

(m3/ha)

H-1 397 0 0 0

H-2 334 0 0 0

H-3 733 0.14 0 0.14

H-4 566 0 40 40

H-5 791 6.9 24 31

H-6 1550 0 0 0

H-7 606 0 0 0

H-8 844 0.26 21 21

H-9 935 2.0 400 4001

H-10 437 0 0 0

H -1 1 377 1.1 0 1.1

H-12 1210 1.9 21 23

H -1 3 521 0 0 0

Weighted mean 1.0 10 11

Standard error 0.65 4.5 4.8

Total volume for basin 2,100 m3
(2,300 t)

1. Site 9 was excluded from the calculations, because a logging road
diverted runoff onto the site.
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from 5 to 330 m3 /ha -yr, with a mean of 219 m3 /ha -yr. On

down-tree sites the range was from 2 to 240 m3/ha yr, with a mean

of 95 m3/ha-yr (Swanson, unpublished data). These rates were

three and six times higher, respectively, than rates measured in

Boomer Creek watershed (Table 8).

Slope length contributed to different rill-erosion rates for

those two studies. Plots measured by Swanson et al. ranged in

length from 72 meters to 470 meters, compared to a range of 36

meters to 157 meters for this thesis study; therefore the source

areas for runoff were smaller in Boomer Creek basin. If measured

slopes had been longer, the tendency toward increased erosion with

distance downslope would have resulted in a higher mean rate of rill

erosion for the watershed.

The irregular slope profiles characteristic of Boomer Creek

watershed probably reduced rill erosion. On these slopes, water

traveling in rills was frequently diverted into nearby stream

channels; thus rills did not become as large as those on more

uniform slopes. Furthermore, frequent decreases in slope gradient

interupted the continuity of rills. With the decreased competence

and capacity of flow in rills, entrained sediment was deposited on

the hillslope.
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TABLE 8. COMPARISON OF RILL-EROSION RATES.-Mean values for the
Swanson and the Collins studies are based on data for individual
plots, disregarding plot size, slope gradient, or sampling methods,
therefore these data should be used for gross comparisons only

Site Boomer Cr. Swanson 1 Collins 2
type (m3fha -yr) (m3/ha -yr) (m3/ha -yr)

CC 64 220 260

DT 15 95 170

1. Data from Swanson (unpublished report, see also Swanson et al.,
1983).

2. Data from Collins et. al. (1983, Figs. 6,7,9, and Table 3).
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Rill-erosion rates reported by Collins et al. (1983) appear to

be higher than those reported by Swanson et. al. (1983) (Table 8).

Collins et. al. (1983) measured rill erosion in the blast zone north

and northwest of Mount St. Helens in areas without coarse-pumice

airfall. The mean of rill-erosion rates on 8 clearcut sites, with

thickness of 1980 tephra greater than 15 centimeters, was 264

m3/ha-yr (Collins et al., 1983, Figs. 6 and 7) (Table 8 herein).

On six sites in downed timber the mean rate was 165 m3/ha-yr

(Collins et al., 1983, Table 3 and Fig. 9) (Table 8 herein). Higher

rill- erosion rates north of the volcano were attributable largely

to differences in surface texture between the coarse-pumice zone and

the silty (layer A3) zone. Infiltration rates were lower in the

layer A3 zone, allowing more overland flow to be generated; thus

greater rill erosion occurred. In addition, hillslopes tended to be

longer and more uniform than in Boomer Creek basin.

This range in measured rates of rill erosion suggests caution in

extrapolation of data from study plots to larger areas in the blast

zone. Careful consideration should be given to physiography,

especially slope gradient and irregularity, and to texture of

surface layers.
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Effects of Log Removal

Following the May 18 eruption, land managers were concerned with

effects of salvage-logging operations, including changes in sediment

production due to removal of logs from hillslopes in the Mount St.

Helens blast zone. Salvage logging began in the study area during

the summer of 1981. Removal of logs caused many log-related storage

sites to collapse on their downhill side, resulting in micro-sliding

of tephra. On steep slopes (especially over 0.70), removal of logs

resulted in increased areas of hillslopes denuded of tephra by

sliding. This process had little influence on sediment production

from hillslopes, however, since steep slopes adjacent to streams had

few logs lying at an oblique angle to the slope.

Removal of blast-felled logs from hillslopes of low to moderate

gradient (less than 0.70) did not appear to accelerate erosion of

tephra. Disturbance of the tephra profile, specifically breakup of

the surface crust, increased the rate of infiltration (Fiksdal,

1981), thereby decreasing rates of sheet and rill erosion.

Wicherski (unpublished data, cited in Swanson et al., 1983) measured

an increase in infiltration rate from 13 to 25 mm/hr when the tephra

profile in the coarse-pumice zone was mixed by shovel during the

late summer of 1981. Collins et. al. (unpublished data, cited in

Swanson et al., 1983) measured surface erosion on three sites where

blast-felled timber was logged. Rates were less than those from

unlogged areas of similar gradient and tephra thickness.
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Although removal of logs may itself not result in increases in

sediment production, observations during the summers of 1981 and

1982 indicated that runoff from logging roads and from drainage

ditches can thereby become channelized, eroding tephra very rapidly

and progressing downward into soil and older tephra layers not

previously affected by surface erosion. A potential disadvantage of

removing logs from the hillslopes is that decaying logs provide

sites for establishment of future vegetation, as noted at Paricutin

(Segerstrom, 1966). In Boomer Creek watershed, protected sites

aided vegetation regeneration underneath logs where little or no

1980 tephra was deposited.

Delivery of Sediment to Channels

The May 18 eruption deposited 38,700 m3 of sediment directly

into the channel system. First-, second-, and fourth-order channels

each received approximately 11,000 m3 of sediment. Third-order

channels received 5,800 m3 of sediment (Table 9).

Delivery of sediment to channels by sliding off slopes steeper

than 0.70 occurred over an area of 157,000 m2, contributing an

additional 54,200 m3 (62,900 t) of sediment.

Volume of sediment delivered to channels by rill erosion

included 7,800 m3 of sediment transported by inter-rill erosion to
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TABLE 9. TEPHRA DEPOSITED DIRECTLY INTO CHANNELS.-n is the number of
measurements made in each channel order.

Order n Mean S.E. Length Area Volume
width delivered to
(m) (m) (m) (m2) channel (m3)

1 14 2.08 .28 15,500 32,200 11,100

2 18 4.76 .61 6,600 31,400 10,800

3 16 7.22 .48 2,340 16,900 5,830

4 40 14.3 1.42 2,240 32,000 11,000

Total 11.2 ha 38,700
(44,900 t)
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rills. Rill erosion mobilized an additional 4,300 m3 (i.e., 1800

m3 + 2500 m3 ) of sediment (Tables 5 and 6). The mean volume of

rill-derived sediment stored on hillslopes was 11 m3/ha (Table 7),

or a total of 2,100 m3 for the study area. The rate of sediment

delivery to the stream system by rill erosion was therefore 7,800

m3/yr + 4,300 m3/yr - 2,100 m3/yr = 10,000 m3/yr.

The total estimated sediment delivery to channels was 103,000

m3 (119,000 t) for the first post-eruption year (Table 10). This

rate applied only to the first year following the May 18 eruption.

Most tephra that was prone to sliding off of steep slopes was

already mobilized during the first year, and rates of surface

erosion decreased dramatically in subsequent years. There is a

strong likelihood, however, that the incidence of mass movements

within the pre-1980 soil will increase over the next 5-10 years as

roots decay, reducing soil shear strength (Swanson et al., 1983).

Sediment Storage in Channels

Channel characteristics and volumes of sediment in storage sites

were inventoried and measured in selected reaches of the four

channel orders (Tables 11-14). The volumes shown do not include

sediment which was deposited within the high-flow channel but had

not been mobilized by stream processes.
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TABLE 10. DELIVERY OF SEDIMENT TO CHANNELS.

Process Vol. delivered
to channel (m3)

Direct deposition 38,700 (44,900 t)

Sliding 54,200 (62,900 t)

Rill and inter-
rill erosion 10,000 (11,000 t)

Total 103,000 (119,000 t)
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TABLE 11. SAMPLE REACHES FROM FIRST-ORDER CHANNELS
is designated as down-tree (DT) or clearcut (CC).
on Figure 2

.-Land-use type

Sites are located

Site Land Reach Mean Storagel
use length gradient volume

(m) (m3/m)

C-1 CC 97.0 0.25 0.24

C-2 DT 87.2 0.32 0.28

C-3 CC 49.6 0.12 0.63

C-4 CC 47.6 0.11 0.47

C-5 DT 49.7 0.27 0.59

C-6 DT 48.3 0.11 0.15
Total 379.

Mean 0.36
S.E. 0.09

1. Alluvial sediment only.
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TABLE 12. SAMPLE REACHES FROM SECOND-ORDER CHANNELS .-Land-use type
is designated as down-tree (DT) or clearcut (CC). Sites are located
on Figure 2

Site Land Reach Mean Storagel
use length gradient volume

(m) (m3/m)

C-7 CC 155.2 0.11 0.96

C-8 DT/CC 55.9 0.12 0.68

C-9 CC 49.7 0.11 0.71

C-10 DT 44.1 0.53 0.57

C-11 DT 44.1 0.53 0.66

C-12 DT 45.3 0.47 0.37

C-13 DT 47.0 0.36 0.22

C-14 DT 22.2 0.12 5.4
Total 464.

Mean 0.92
S.E. 0.73

1. Alluvial sediment only.
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TABLE 13. SAMPLE REACHES FROM THIRD-ORDER CHANNELS
is designated as down-tree (DT) or clearcut (CC).
on Figure 2

.-Land-use type
Sites are located

Site Land Reach Mean Storagel
use length gradient volume

(m) (m3/m)

C-15 DT 49.4 0.16 6.1

C-16 DT 49.8 0.09 1.9

C-17 DT 41.2 0.07 1.7

C-18 CC 49.4 0.16 1.9

C-19 DT 49.6 0.12 5.2

C-20 DT 48.9 0.21 0.81

C-21 DT 48.9 0.21 1.6

C-22 DT 47.3 0.34 1.4
Total 384.

MEAN 2.6
S.E. 0.69

1. Alluvial sediment only.
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TABLE 14. SAMPLE REACHES FROM FOURTH-ORDER CHANNELS .-Land-use type
is designated as down-tree (DT) or clearcut (CC). Sites are located
on Figure 2

Site Land Reach Mean Storagel
use length gradient volume

(m) (m3/m)

C-23 DT 97.8 0.21 1.3

C-24 DT 99.3 0.12 3.0

C-25 DT 99.9 0.05 20.

C-26 DT 99.9 0.03 3.6

C-27 DT 99.3 0.12 3.6

C-28 DT 97.8 0.21 3.0

C-29 DT 99.0 0.14 2.0

C-30 DT 99.6 0.09 4.1

C-31 DT 49.8 0.09 5.9

C-32 DT 50.0 0.03 32.

C-33 DT 50.0 0.03 34.

C-34 DT 50.0 0.03 28.

C-35 DT 50.0 0.03 26.

C-36 DT 50.0 0.03 21.

C-37 DT 50.0 0.03 6.6

C-38 DT 50.0 0.05 59.
Total 1,190.

Mean 12.

S.E. 4.5

1. Alluvial sediment only.
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The measured volume of sediment per meter of channel was applied

to the total length of channel in each order, to obtain the

estimated total volume stored in the basin (V
st ) for each type of

storage site (Tables 15-18). These data are summarized in Table 19,

where types of storage sites are listed for each channel order in

the basin. Non-alluvial sediment has been excluded from Table 19,

in order to more clearly demonstrate routing of sediment by streams.

Many types of sediment-storage sites were inventoried in sample

stream reaches in Boomer Creek basin (Tables 15-18). Channel-bed

storage refers to sediment distributed on the stream bed, not

immediately influenced by an obstruction. Deposition of this

sediment resulted from a local channel gradient that was

considerably lower than the average for streams in the area, because

the latter was too steep for deposition of sand-sized material

(Lisle et al., 1983). Deposition may also have been caused by

reduction in velocity, resulting from high channel-bed roughness.

Other types of storage sites included those related to organic

debris, alluvial terraces, alluvial fans, overbank deposits, eddy

deposits, and colluvial wedges. Storage sites related to organic

debris were accumulations of sediment upstream or downstream of logs

(Fig. 20), log jams (Figs. 21 and 22), or other organic debris

including rootwads, stumps, and accumulations of small debris. A

significant volume of sediment was also stored within debris

accumulations such as log jams (Fig. 23).
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TABLE 15. SEDIMENT-STORAGE SITES IN FIRST-ORDER CHANNELS.

Type of Alluvial Non-alluvial Total
storage site sediment sediment volume

volume volume in basin
(m3/m) (% total) (m3/m) (m3) (% total)

Bed 0.15 41.9 0.12 4200 46.7

Alluvial
terrace 0.05 14.0 0.04 1400 15.6

Upstream
of log 0.06 16.8 0.03 1400 15.6

Eddy 0.04 11.2 0.02 930 10.3

Upstream of
organic debris 0.03 8.4 0 460 5.1

Upstream
of rootwad 0.01 2.8 0.01 310 3.4

In organic
debris 0.01 2.8 0 150 1.7

Alluvial fan 0.004 1.1 0 62 0.7

Upstream
of stump 0.003 0.8 0 46 0.5

Downstream
of log 0.001 0.3 0 15 0.2

Total 0.36 100 0.22 100

Total volumel 5,500 m3 3,400 m3 9,000 m3
(7,910 t) (3,940 t) (12,000 t)

1. Total volume is the product of the storage site volume in m3 /m
times the total length of first-order channels.
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TABLE 16. SEDIMENT-STORAGE SITES IN SECOND-ORDER CHANNELS.

Type of
storage site

Alluvial
sediment
volume

(m3/m) (% total)

Non-alluvial
sediment
volume
(m3/m)

Total
volume
in basin

(m3) (% total)

Bed 0.40 43.7 0 2600 36.6

Alluvial fan 0.24 26.2 0 1600 22.5

Colluvial
wedges 0 0 0.17 1100 15.5

Alluvial
terraces 0.10 10.9 0 660 9.3

Upstream of
organic debris 0.09 9.8 0 590 8.3

Upstream
of log 0.03 3.3 0 200 2.8

Upstream of
log jam 0.03 3.3 0 200 2.8

In organic
debris 0.01 1.1 0 66 0.9

In log jam 0.005 0.5 0 33 0.5

Upstream of
rootwad 0.005 0.5 0 33 0.5

Eddy 0.005 0.5 0 33 0.5

Total 0.92 100 0.17 100

Total volumel 6,100 m3 1,100 m3 7,200 m3
(8,600 t) (1,300 t) (9,900 t)

1. Total volume is the product of the storage site volume in m3/m
times the total length of second-order channels.
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TABLE 17. SEDIMENT-STORAGE SITES

Type of Alluvial
storage site sediment

volume
(m3/m) (% total)

IN THIRD-ORDER CHANNELS.

Non-alluvial Total
sediment volume
volume in basin
(m3/m) (m3) (% total)

Alluvial
terraces 0.50 19.2 0.35 2000 26.0

Upstream of
log jam 0.87 33.5 0 2000 26.0

Overbank 0.60 23.1 0 1400 18.2

Colluvial
wedges 0 0 0.34 800 10.4

In log jam 0.19 7.3 0 440 5.7

Upstream
of log 0.16 6.2 0 370 4.8

Upstream of
organic debris 0.13 5.0 0 300 3.9

Bed 0.11 4.2 0 260 3.4

Upstream
of rootwad 0.04 1.5 0 94 1.2

Downstream of
organic debris 0.002 0.1 0 4.7 0.1

Total 2.6 100 0.69 100

Total volumel 6,100 m3 1,600 m3 7,700 m3
(8,600 t) (1,900 t) (10,000 t)

1. Total volume is the product of the storage site volume in m3im
times the total length of third-order channels.
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TABLE 18. SEDIMENT-STORAGE SITES IN FOURTH-ORDER CHANNELS.

Type of Alluvial Non-alluvial Total
storage site sediment sediment volume

volume volume in basin
(m3/m) (% total) (m3/m) (m3) (% total)

Alluvial fan 5.8 71.6 0 13,000. 68.6

Alluvial
terrace 0.55 6.8 0 1200 6.3

In log jam 0.54 6.7 0 1200 6.3

Upstream
of log 0.48 5.9 0 1100 5.8

Upstream of
log jam 0.46 5.7 0 1000 5.3

Colluvial
wedges 0 0 0.35 780 4.1

Bed 0.13 1.6 0 290 1.5

Upstream of
organic debris 0.09 1.1 0 200 1.1

Eddy 0.04 0.5 0 90 0.5

In organic
debris 0.02 0.2 0 45 0.2

Downstream
of log ' 0.01 0.1 0 22 0.1

Debris slide
deposit 0 0 0.005 11 0.1

Between logs 0.002 0.02 0 4.5 0.02

Overbank 0.002 0.02 0 4.5 0.02

Upstream of
rootwad 0.001 0.01 0 2.2 0.01

Downstream of
organic debris 0.0002 0.002 0 0.45 0.002

Total 8.1 100 0.36 100

Total volumel 18,000 m3 810 m3 19,000 m3
(25,000 t) (940 t) (26,000 t)

1. Total volume is the product of the storage site volume in m3/m
times the total length of fourth-order channels.



TABLE 19. ALLUVIAL SEDIMENT IN CHANNEL-STORAGE SITES. -For each storage site, values of sediment
volume per unit length of sampled channel are listed, above values of the total sediment volume
in all channels of that order, and above the percentage that that volume represents of the total
stored sediment in each stream order.

Alluvial Log or Debris Bed Alluvial Other Total
Stream Sampled Total fans related2 terraces
order channel channel (m3/m) (m3/m) (m3/m) (m3/m) (m3/m) (m3/m)

length lengthl (m3) (m3) (m3) (m3) (m3) (m3)

(m) (m) (%) (%) (%) (%) (%) (%)

1 379 15,500 0.004 0.11 0.15 0.05 0.04 0.36

62. 1,700 2,300 780 620 5,500
1.1 31.1 42.1 14.3 11.4 100

2 464 6,600 0.24 0.17 0.40 0.10 0.005 0.92

1,600 1,100 2,600 660 33 6,100
26.2 18.6 43.7 10.9 0.5 100

3 384 2,340 0 1.4 0.11 0.50 0.60 2.6
0 3,300 260 1,200 1,400 6,100
0 53.8 4.2 19.2 23.1 100

4 1190 2,240 5.8 1.6 0.13 0.55 0.04 8.1

13,000 3,600 290 1,200 90. 18,000
71.6 19.8 1.6 6.8 0.5 100

All channels 26,700

Vol. (m3) 15,000 9,700 5,400 - 3,800 2,100

(% total) 41.7 26.9 15.0 10.6 5.8

1 Sampled length plus unsampled length of channel.
2 Including rootwads and stumps.

36,000
100
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Figure 20.-Alluvial sediment storage upstream of a log.
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Figure 22.-Alluvial sediment storage upstream of a log jam.
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Figure 23.-Alluvial sediment storage within a log jam.
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Log jams are lattices of interlocking logs, usually with one or

more logs lodged against channel banks. These accumulations of logs

trap smaller debris, to form long-term sediment dams (Fig. 21). Log

jams are very important in shaping channel morphology in steep,

forested environments of the northwestern U.S. Jams account for a

proportion of the drop in stream elevation, influence pool and

riffle spacing, increase channel width, decrease channel gradient

upstream, cause a decrease in particle size of stored sedimemt

upstream, and reduce stream power, thereby increasing deposition of

sediment upstream (Swanson et al., 1976; Keller and Tally, 1979;

Kelsey et.al., 1981; Pitlick, 1982).

In this study, alluvial terraces occurred in all channel

orders. They are remnants of deposits that may have filled the

entire channel width, and were then eroded by stream flow. These

deposits lie above summer low-flow, and will remain largely intact

until eroded by stream undercutting or by sufficiently high flow.

Residence time of alluvial terraces is greater than that of channel-

bed storage, but less than that of overbank deposits. The dominant

sedimentary structure in these terraces is thin, horizontal

stratification, indicating deposition by high-concentration flows.

The horizontal attitude of this stratification may indicate

deposition behind an obstruction.
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In alluvial fans and non-fan overbank deposits, sediment was

deposited due to a decrease in velocity when the stream overflowed

its banks. Overbank deposits differ in external form from alluvial

fans, such as that at the mouth of Boomer Creek. Overbank deposits

extended away from the channel banks only a short distance

(generally less than three meters), whereas alluvial fans extended

farther.

Eddy deposits are localized accumulations of sediment in areas

of eddying current, caused by a channel-bank obstruction.

Colluvial cones and wedges were present in second-order and

larger channels. These accumulations had not been mobilized by the

stream, but were emplaced within the high-flow channel by sliding

and raveling down the channel bank. These deposits will be readily

mobilized when stream flow erodes their bases, inducing further

sliding into the stream.

The inventory of sediment-storage sites in sample reaches of the

four stream orders (Tables 15-19) illustrates the relative

importance of the storage-site types. In first-order channels the

greatest storage volume is in channel-bed storage, accounting for 42

percent of the alluvial sediment (Table 19).
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Approximately 1700 m3 of debris-related storage of alluvial

sediment was found in the first-order channels of Boomer Creek

basin, amounting to 31 percent of the alluvial sediment in

first-order streams (Table 19). This sediment was stored behind

woody debris obstructions or in slackwater created by those

obstructions. About half (54 percent) of this volume is accountable

to single logs (Table 20). Logs are important for storage of

sediment in all channel orders in the basin. In first-order

streams, however, many logs are large enough to span the channel,

and are elevated far enough above the bed so that they do not create

sites of sediment deposition. Other debris-related storage

accumulated behind limbs or other woody fragments within the channel.

Alluvial terraces occurred in all channel orders. In first-

order streams they accounted for 14 percent of alluvial-sediment

storage (Table 19). Two sites of eddy deposits accounted for 10

percent of the alluvial storage in first-order streams.

Like first-order channels, in second-order channels the greatest

storage volume is in channel-bed storage, accounting for 44 percent

of the alluvial sediment (Table 19). In second-order channels only

one alluvial fan was found along the sample reaches, and this site

accounted for 26 percent of the alluvial-sediment storage (Table

19). This fan occurred at a break in slope where the stream entered

a flatter central part of the basin before joining a third-order

stream.
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TABLE 20.

Channel
order

DEBRIS-RELATED,

Single
log

(m3)

(%)

ALLUVIAL-SEDIMENT STORAGE VOLUMES.

Log Small Other
jam debris

(m3) (m3) (m3)
(%) (%) (%)

Total

(m3)
(%)

1 930 0 620 160 1700
54.4 0 36.3 9.4 100

2 200 230 660 33 1100
17.8 20.5 58.8 2.9 100

3 370 2500 310 94 3300
11.3 76.4 9.5 2.9 100

4 1100 2200 250 2 3600
31.0 61.9 7.0 0.1 100

All 2600 4900 1800 330 9700
channels 27.0 50.9 18.7 3.4 100
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The proportion of alluvial-sediment storage due to organic

debris was found to be markedly less in second-order (19 percent)

than in first-order (31 percent) channels (Table 19). This was

partly due to the larger percentage (26 percent vs. one percent) of

sediment stored in alluvial fans in second-order channels.

FUrthermore, second-order channels are more deeply incised than

first-order channels. This causes a greater tendency for logs to

span second- order channels without interfering with stream flow,

and thus not creating a depositional site.

In third-order channels, debris-related storage sites accounted

for 54 percent of alluvial storage (Table 19). Logs and log jams

impounded the largest volume (88 percent) of this sediment (Table

20). In third and fourth-order channels, log jams were important in

providing sites of sediment storage, because channels of this size

were wide enough for logs to become lodged obliquely to stream

flow. These channels also carried sufficiently high discharge to

transport logs, which accumulated at channel constrictions or where

one or more logs were already blocking the channel.

Twenty-three peicent of alluvial sediment stored in third-order

channels was in non-fan overbank deposits (Table 19). All of the

sampled overbank storage occurred along a 45 m, relatively low

gradient (0.13) reach of stream where the channel was wide and

shallow, below the mouths of four high-gradient (over 0.35)
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second-order streams. Alluvial terraces accounted for 19 percent of

alluvial sediment stored in third-order channels (Table 19).

Channel-bed storage did not account for a large percentage of

storage in third or fourth-order streams, largely due to the greater

importance of other types of storage sites, such as debris-related

storage, alluvial fans, and overbank deposits.

In fourth-order streams, the most important type of storage site

was alluvial fans, accounting for 72 percent of the alluvial

sediment. In addition to the large fan at the mouth of Boomer

Creek, this value includes the volume of a fan along channel

transect C-25 (Figure 2), below the mouth of a large third-order

stream, at a site where the mean gradient was relatively low (0.05).

Debris-related sites accounted for 20 percent of the alluvial

sediment in fourth-order channels (Table 19). Log jams accounted

for 62 percent of this volume, and logs 31 percent (Table 20).

In third- and fourth-order channels, small debris was less

important in storing sediment than in first- and second-order

channels (Table 20). This was due largely to the increasing

importance of log jams in larger-order channels, and the transport

of small debris into jams.
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The most important sediment storage components, in order of

decreasing percentage of total volume stored, were alluvial fans,

debris-related, bed storage, and alluvial terraces (Table 19). Log

jams accounted for 51 percent of debris-related storage in all

channels (Table 20). This was 14 percent of all alluvial sediment

storage in the channel system.

Alluvial fans comprised 41 percent of all alluvial-sediment

storage. Presence of the large fan at the mouth of Boomer Creek

strongly affected the relative importance of different types of

storage sites.

Distribution of total alluvial-sediment storage (Vst)

expressed in m3/m increased exponentially with stream order (Fig.

24). This increase was caused by several factors including: 1)

routing of sediment out of the lower-order and into the higher-order

channels, 2) increase in channel size, and therefore storage

capacity with increasing order, and 3) increase in the number of

large-volume storage sites such as log jams and alluvial fans.

The distribution of sediment among tributaries and the mainstem

in Boomer Creek basin indicated that much of the downstream routing

of 1980 tephra had already occurred by the summer of 1981.

Fifty-one percent of all alluvial sediment was stored in the

mainstem. Sediment distribution in tributaries, expressed in m3

per meter of channel, was nine percent of that in the mainstem.
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In addition to retaining more sediment in storage, residence

time of sediment is longer in third- and fourth-order channels. The

dominant types of storage sites in these channels, such as log jams

and overbank deposits, will retain sediment for longer periods than

important storage components (such as bed storage) do in

smaller-order channels. The beds of steep, first- and second-order

channels in the study area and elsewhere in the blast zone (Lisle et

al., 1983) became coarser with time, indicating a flushing of

sediment out of these reaches into higher-order channels.

Several variables affect the volume of sediment storage in

channels, including upstream drainage area, mean channel gradient,

presence of large organic debris, and channel morphology. A

correlation analysis of alluvial-sediment storage vs. upstream

drainage area of sampled reaches produced a coefficient of

determination (R2) of 0.40. Using mean gradient of the sample

reach as the independent variable, the R2 was 0.20. Because these

two independent variables are closely correlated, a multiple-

regression model including both drainage area and gradient produced

only a small increase in the R2, to 0.41, p = 0.05. Therefore

these two variables account for less than half of the variation in

alluvial-sediment storage in channels.

Twenty-seven percent of all alluvial-sediment storage was

attributable to organic debris, indicating the importance of this
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variable (Table 19). Channel morphology influenced sediment storage

by determining the storage capacity of channels and by influencing

the trapping of large organic debris. Variable bed erodibility

created some low-gradient reaches, which became local

sediment-storage sites.

Land use did not have a clear effect on channel storage. Total

volume of sediment stored per meter of sample-channel reach in

clearcuts is not systematically different from that in forested

reaches. Enough woody debris, including logs, remained following

logging or was transported from upstream, so that the types of

important channel- storage sites were similar in clearcut and

forested areas. In clearcut areas, although there were fewer large

logs to create sites of channel storage, the logs that remained

created important storage sites in first- and second-order

channels. Small debris created important storage sites in first-,

second-, and third-order channels. Alluvial terraces were important

storage sites in second- and third-order channels, and log jams were

important in third-order channels. Clearcut areas in Boomer Creek

basin are in the upper watershed, coinciding with low-order

channels. There were no fourth-order reaches in clearcut areas, and

only one third-order sampled reach. Therefore, in large-order

streams (where logs and log jams are most effective in trapping

sediment) valid comparisons could not be made.
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The volume of sediment stored because of logs is of particular

interest to geomorphologists concerned with the Mount St. Helens

blast zone. Important questions include not only how much sediment

was stored behind logs, but what sizes and configurations of logs

were most important to the storage of sediment, and which logs could

be removed from streams without releasing large volumes of

sediment. In addition to measurement of sediment stored behind

various types of organic debris obstructions, logs creating storage

sites were inventoried with respect to length of the logs relative

to channel width, and orientation of the logs relative to the

channel direction (Table 21).

Characterization of logs which were good sediment traps was

difficult. Seventy-five percent of the logs that trapped sediment

were longer than the low-flow channel width (Table 21); however a

cursory analysis indicated that this was merely a reflection of the

length of logs available in the basin. Logs which trapped sediment

were oriented randomly relative to the channel direction (Table

21). Furthermore, the volume of sediment stored behind

sediment-trapping logs with log-to-channel orientations greater than

45 degrees was not very different from that stored behind logs with

orientations less than 45 degrees. These observations also held for

orientations less than and greater than 60 degrees. The volume of

sediment stored behind logs is apparently controlled by a complex

interaction of sediment supply, channel-storage capacity, log size,
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TABLE 21.

Order

LOGS TRAPPING SEDIMENT IN CHANNELS.

Log storage Logs longer than No. sediment-trapping logs
sites channel width at an angle to the channel

over 45 deg. over 30 deg.
(number/100m (number) (number)
of channel) (%) (%) (%)

1 6.9 19 25

88 73 96

2 2.4 5 9

91 45 82

3 4.2 6 11

81 38 69

4 5.8 36 42

67 52 61

All Chan. 5.0 66 87
75 54 71
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log-to-channel orientation, degree of log contact with the channel

bed, and the hydraulics of flow around these obstructions.

Comparison with Other Studies

It is instructive to compare the results of this study with

those of erosion studies conducted north of Mount St. Helens in the

Toutle River drainage basin. Collins et al., (1983) estimate that

87 percent of the tephra delivered to the Toutle River basin still

remained on the hillslopes one year following the 1980 eruptions;

eighty-eight percent remained in Boomer Creek basin (Table 22). The

percentage of the total volume of tephra received by Boomer Creek

basin that was delivered to channels by erosion (Table 22) includes

delivery by sliding in Boomer Creek basin, but in the Toutle basin

only that delivered by water erosion was included (Collins et al.,

1983). Water erosion accounted for only nine percent of the

sediment delivery to channels in Boomer Creek basin (Table 10).

Furthermore, Collins' model assumed that only negligible storage of

mobilized sediment occurred on hillslopes or in channels, while such

storage was a very important component of sediment routing in Boomer

Cr. basin. Studies by Lehre et al.(1983) include erosion and

sediment storage on the large debris avalanche in the North Fork

Toutle River, therefore a very different model of sediment routing

from either of the two above studies was presented.
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TABLE 22. COMPARISON WITH TOUTLE RIVER BASIN STUDIES.

Boomer Cr. Toutle R.1

Basin area
(km2) 2.42 352

Mass of tephra
deposited
(X 103 t/km2) 400. 260.

Delivery to channels
by erosion (%) 8. 13.

Rate of sediment
export
(X 103 t/km2-yr) 25.2 34.3

Mass retained
on slopes in
summer, 1981 (%) 88. 87.

1. Data from Collins et al., (1983).
2. Including 36 t/km2-yr of pre-1980 colluvium.
3. Including 2.9 X 103 t/km2-yr of pre-1980 colluvium (Collins
et al., 1983).
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The contrasting models of sediment routing presented in this

study and those by Collins et al. (1983) and Lehre et al. (1983) in

the Toutle basin nearby point out the variability in important

erosion processes and rates within the blast zone at Mount St Helens.

It is also useful to compare the distribution of channel-

sediment storage in Boomer Creek basin with that in other steep,

forested areas of the western U.S. Sediment supply and organic

debris loading are important variables in determining the

variability of sediment storage in channels between basins. Other

important variables are differences in basin size and relief (which

influence stream power), and differences in geology and physiography

(which determine the degree of channel incision and local base

levels) (Megahan and Nowlin, 1976, Kelsey et al., 1981, Pitlick,

1982). In Mack Creek, a stream in the Western Cascades of Oregon of

comparable size to the mainstem of Boomer Creek, the volume of

sediment stored behind large organic debris was found to exceed 230

m3 over a 122 m reach (1.9 m3/m) (Froehlich, 1973). The

concentration of debris-related sediment stored in the mainstem of

Boomer Creek was 1.6 m3/m. The similarity of these results may

indicate that sediment storage in the mainstem of Boomer Creek was

approaching an equilibrium state only one year after the eruption,

despite the large magnitude of that event.

Five of seven debris accumulations in Mack Creek had been in place

over 20 years, and one was, in part, over 100 years old (Swanson et
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al., 1976). One may infer from these data that, without logging,

log jams in Boomer Creek basin would likely have remained in place

and created sites of sediment storage for several decades.

Megahan (1982) studied seven forested, mountain drainage basins,

with mean channel gradients ranging from 0.15 to 0.32, in the Idaho

Batholith area from 1973 to 1978. He found an overall average of

3.6 obstructions (including rocks) per 30 m. of channel, and 0.8

m3 of sediment storage per obstruction or 0.10 m3 of sediment

per meter of channel; 49 percent of this was accountable to logs, 29

percent to smaller organic debris, 16 percent to rocks, 6 percent to

roots, and 0.2 percent to stumps (Megahan, 1982). Thus 0.08 m3/m

of sediment storage in the Idaho study was organic-debris related

(including logs, smaller organic debris, roots, and stumps),

compared to 0.37 m3/m for all channel orders in Boomer Creek

basin. The difference in sediment- storage volume between the two

areas may be the result of a lower sediment supply in the Idaho

streams. Gradient may also be a factor, because the mean channel

gradients in Boomer Cr. basin vary over a wider range (0.03 to 0.53)

than those in the Idaho batholith study. Many low-gradient reaches

in Boomer Creek contain large volumes of stored sediment (Tables

11-14). However, in the Idaho area the volume of sediment stored

behind obstructions was not related to gradient, but varied with
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peak-flow rate; during high-flow years, fewer and larger

obstructions remained than in years with low peak flows (Megahan,

1982).

Organic debris in Redwood Creek basin, in north-coastal

California, accounted for about 40 percent of all sediment stored in

channels in old-growth Douglas-fir forests (Kelsey et al., 1981;

Pitlick, 1982). This is similar to 27 percent in Boomer Creek

basin, implying that had logging not occurred storage due to large

organic debris may have remained near the summer, 1981 level.

However, because the blast felled virtually all of the trees in

Boomer Creek basin, there would have been no source of new logs

entering the channels, so the importance of this type of storage

site would have decreased with time as the logs decayed and released

their trapped sediment. The length of time Douglas-fir logs may

remain in channels can be over 100 years (Swanson et al., 1976;

Kelsey et al., 1981).
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SUMMARY

This thesis presents a descriptive model of hillslope erosion

and sediment routing for a small watershed in the area of the May

18, 1980 blast and pumice airfall from Mount St. Helens, Washington,

and is concerned with events during the first post-eruption year.

The 1980 eruptions delivered 834,000 m3 (967,000 t) of tephra to

the study basin. Of this volume, 38,700 m3 (44,900 t) were

deposited directly into the stream channels.

The 1980 tephra on hillslopes was distributed among three major

storage compartments: 1) the tephra profile, the blanket of tephra

distributed throughout the study basin, 2) primary storage (where

tephra was initially deposited in greater thicknesses than that of

the surrounding profile) and 3) secondary storage (where tephra was

redeposited on hillslopes following primary deposition.

Types of sites which stored primary or secondary sediment

included colluvial wedges, sites upslope of logs or other organic

debris, and rootwad pits or other slope depressions. Sites which

stored only secondary sediment included remoblilzed-profile sites,

rill fans, and rill levees. Sites which stored the largest volume

of sediment were colluvial wedges, sites upslope of logs,

remoblilzed profile sites, and sites upslope of small debris.
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Sediment was transported in the basin by 1) sliding from slopes

steeper than 0.70, 2) inter-rill erosion, and 3) rill erosion.

During the first year after the eruption, sliding mobilized 123,000

m3 (143,000 t) of sediment. Stream channels received 54,200 m3

(62,900 t) of this volume, and 68,800 m3 (80,100 t) remained in

storage at the base of steep hillslopes.

Inter-rill erosion removed 7,800 m3 (8300 t) of tephra from

the slopes during the first post-eruption year. All of this

sediment is assumed to have been delivered to rills and gullies,

from which much of the sediment was then transported to the channel

system

Rill erosion mobilized 15 m3/ha-yr of sediment in down-tree

areas, and 64 m3/ha-yr in clearcut areas. The total rill

erosion-mobilized volume was 4,300 m3 (5,000 t), 110 m3 of which

was pre-1980 soil and colluvium. Another 7,800 m3 (8,300 t) were

delivered to rills by inter-rill erosion. Frequently, rill-

mobilized sediment was redeposited on hillslopes in rill fans or

levees. These sites stored 2,100 m3 (2,300 t), consisting of 64

percent in 1980 tephra units C and D, 35 percent in the entire 1980

tephra profile, and one percent in pre-1980 tephra and colluvium.

Thus 10,000 m3 (11,000 t) were delivered to the channel system by

rill and inter-rill erosion. The total volume of sediment delivered

to the channel system during the first post-eruption year, 103,000
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m3 (119,000 t), was the sum of that which was transported directly

to the channel by the 1980 eruptions plus that delivered by erosion

processes (Table 10).

Once in the channel system, the sediment was either transported

by streams or remained in storage until a sufficiently high

discharge caused renewed transport. Fluvially-transported sediment

was exported from the basin or redeposited in a different storage

site. Most sediment was stored in alluvial fans, sites related to

logs or other organic debris, channel beds, and alluvial terraces.

Other types of storage sites included non-fan overbank deposits and

eddy deposits. Sites of non-alluvial storage included colluvial

wedges and debris-slide deposits. The total volume of sediment,

both alluvial and non-alluvial, stored within the channel system

during the first year following the May 18, 1980 eruption was 33,000

m3 (45,000 t) plus the volume of the major alluvial fan, 10,000

m3 (14,000 t), a total of 43,000 m3 (59,000 t). This was 50

percent of the total mass of sediment delivered to channels by the

eruptions and erosion processes.

This sediment-budget analysis shows that 400,000 t/km2 of

tephra were delivered to Boomer Creek basin by the 1980 eruptions of

Mount St. Helens. Of this volume, 49,000 t/km2 (12 percent) were

delivered to the channel system, 24,000 t/km2 (six percent)

remained in storage in the channel system and 25,000 t/km2 (six

percent) were exported from the watershed.
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One year after the May 18, 1980 eruption of Mount St. Helens, 94

percent of the tephra delivered to Boomer Creek basin remained in

storage within the basin, with 88 percent retained on hillslopes.

These deposits will continue to erode, but the rates of rill and

inter-rill erosion will be much less due to increased infiltration

(Herkelrath and Leavesley, 1981, Swanson et al., 1983). Conversely,

the frequency of debris-slides in pre-1980 soil will probably

increase as roots of eruption-killed trees decay, reducing soil

shear strength (Swanson et al., 1983). It is likely that much of

the 1980 tephra from Mount St. Helens will remain on hillslopes, and

that a small percentage will remain in long-term channel storage

sites in this area of the blast zone to become preserved in the

stratigraphic record.
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APPENDIX A

This appendix contains 1) grain size distribution data and 2)

the common graphical statistical measures describing sediment

average size, sorting, and grain-size curve skewness and kurtosis

(Folk, 1968) for the 1980 tephra deposits and alluvial sediment

found in the study area (Table 23). Samples 1 through 4 are from

the large alluvial fan at the mouth of Boomer Creek, and are

intended to characterize the alluvial sediment derived from 1980

tephra in the basin. Samples 5, 7, and 9 are from the pumice-rich

airfall tephra units, including units B, C, and D from the May 18

eruption and pumice gravel from the July 22 and August 7, 1980

eruptions. Samples 6, 8, and 10 are from the May 18 pyroclastic

density-flow (blast) deposit, including unit A.

General sieving procedures from Folk (1968) were followed. A

Porter Sand Shaker, Bico -Braun International, was used to shake the

sieve sets for fifteen minutes. Airfall samples contained a large

percentage of pumice, so these samples were shaken by hand for 90

seconds to minimize pumice breakdown.



TABLE 23. GRAIN-SIZE
MEASURES.-Fines are
mm, gravel is larger
inclusive graphic sta
skewness, and KG is
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DISTRIBUTION AND COMMON GRAPHICAL STATISTICAL
smaller than 1/16 mm, sand is between 1/16 and 2
than 2 mm, Mz is the graphic mean, SI is the
ndard deviation, SKI is the inclusive graphic
the graphic kurtosis (Folk, 1968)

Fines

(%)

Sand

(%)

Gravel

(%)

11

(phi)

SI
(phi)

SKI KG

Alluvial
fan

1 0.8 92.3 6.9 1.30 1.30 -0.09 1.18

2 13.4 63.2 23.4 1.33 2.44 -0.27 0.70

3 1.2 64.2 34.6 -0.03 2.10 -0.16 0.94

4 4.9 93.9 1.2 2.03 1.04 0.02 0.93

Mean 5.1 78.4 16.5 1.16 1.72 -0.13 0.94

Air fall

5 10.1 46.7 43.2 0.13 2.85 0.08 0.80

7 7.9 36.3 55.8 -1.00 2.44 0.30 1.08

9 11.1 45.2 43.7 0.00 2.82 0.11 1.19

Mean 9.7 42.7 47.6 -0.29 2.70 0.16 1.02

Blast
6 10.5 81.5 8.0 1.77 1.70 -0.10 1.16

8 8.7 84.1 . 7.2 2.03 1.52 -0.18 0.84

10 7.2 78.6 14.2 1.37 1.94 -0.23 1.05

Mean 8.8 81.4 9.8 1.72 1.72 -0.17 1.02
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APPENDIX B

In order to accurately compare sediment distribution on

hillslopes and in channels, dry bulk-density (Holtz and Kovacs,

1981, p.15) data were needed. The coarse texture of the airfall

tephra prevented bulk-density sampling by standard proceedures;

therefore samples were collected in coffee cans. Cans were placed

with an open end on the tephra surface, and turned continuously to

penetrate the tephra. When the can reached the desired level

(tephra layer) a cover was slid below the can to retain the sample.

This proceedure allowed samples to be collected in a reasonably

undisturbed condition. Airfall tephra (units B, C, and D) was

sampled separately from the blast deposit (unit A), due to the size

limitations of the sample cans. The volume of the sample was

determined by filling the empty can with water to the level of the

sample. The bulk density was determined as the mass of the sample,

divided by its total volume (Table 24).
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TABLE 24. DRY BULK-DENSITY VALUES.-Samples 1 through 4 are from the

alluvial fan at the mouth of Boomer Cr. Samples 5 through 10 are

from the 1980 tephra

Mass

(g)

Volume
(cm3)

Bulk density
(g/cm3)

Channel
1 471.5

2 477.1

3 508.5

4 467.4

326.9
357.0
318.1

366.6

1.44
1.34

1.60
1.27

Mean 1.41

S.E. = 0.07

Hill slope
5 (airfall) 1017.9 1020.3 1.00

6 (blast) 1313.9 943.8 1.39

7 (airfall) 861.4 1061.5 0.81

8 (blast) 1350.8 1000.0 1.35

9 (airfall) 714.1 706.7 1.01

10 (blast) 1242.9 915.4 1.36

Units C and D 1.071

Means Airfall 0.94
S.E. = 0.07

Blast 1.37
S.E. = 0.01

Combinedl 1.162

Pre-1980 soil and colluvium 0.803

1. Based on a value of 1.07 for Unit C (Collins et al., 1982).

2. Adjusted for the mean thickness of the blast (173 mm) and the

airfall (168 mm) units.
3. Weyerhaeuser Co., cited in Collins et al. (1983).


