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Abstract. Soil creep, slumping, and earthflows are major processes of

natural slope erosion and sediment transport on slopes underlain by

deeply weathered parent material in the Cascade and Coast Ranges of

Oregon, Washington, and northern California, USA.	 Creep movement is

quasi-viscous, occurring under shear stresses too small to produce

discrete failure. The soil mass is primarily mobilised by breakdown

of included clay structures. Remolding transforms the clay fraction

into a slurry which lubricates the remaining soil mass. Where shear

stresses are great enough, slumps and earthflows develop and enlarge

by progressive failure of the mantle materials. Substantial sections

of drainage basins in the region are affected by these processes and

are highly sensitive to any manipulations or impacts that change the

stress distribution in the soil mass.

Creep and earthflow rates in various geologic terrains have been

monitored since 1972 by bore-hole inclinometer methods. Depth of

movement varies from near-surface to more than 17 meters. Undisturbed

rates of movement are variable within all parent material types but

are within the range of 0.5 to 104 mm/year. The highest rates occur

above zones of incipient shear or extension flow marking changes in

parent material type, degree of alteration, or structural weakness.
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Slope exerts little control over variations in movement rate. Rates

are most sensitive to water content of the parent materials. Monitored

sites show clear relationships between seasonal rainfall and total

yearly movement, and movement predominantly occurs during the fall

and winter rainy season or during the spring snowmelt. Movement on

a storm by storm basis was not detectable. Preliminary analysis of

one harvested slope indicates a marked increase in movement beginning

the second year after disturbance with post-impact rates more than

twice undisturbed rates.

L'erosion due au mouvement et au ecoulement de la terre sur les pentes
derangees et non-derangeês dens les montagnes des Coast et Cascade

Ranges du Nord-Ouest des Etats-Unis.

Resume.	 Les processus de glissements et mouvements de terrain sont des

facteurs imnortants dans le transport de matferes de surface vers le bas

au sein des mouvements de masses de terrain complexes qui caracterisent

de grandes parties de la Chalne COtire et des Cascades dans le nord-

ouest pacifigue, Les mouvements ont lieu surtout pendant la saison

pluvieuse d'automne et d'hiver. L'abbatage d'arbres semble accel6rer

le mouvement.
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INTRODUCTION

Soil creep, slumps, and earthflows occur as major processes of natural

slope erosion and sediment transport to stream channels from slopes

underlain by deeply weathered bedrock in the Coast and Cascade Ranges

of Oregon, Washington and northern California, USA. Many of these

slopes are within the commercial forest zone and are heavily affected

by forest harvest activities, including clearcutting. The rates of

movement of these processes under undisturbed conditions, movement

variability within the mantle profile, response to climatic and geologic

variables, and the influence on movement of forest harvest activities

are therefore of major importance in determining the natural stability

of a site and the sensitivity of a slope or drainage basin to manage-

ment disturbance.

In 1972, a research program to monitor natural movement rates and

the influence of natural and management-related variables on acceleration

of movement was implemented on a variety of unstable geologic terrains

scattered through the region. This paper discusses the relationships

and trends indicated by the data from this program through the winter

of 1978.

PROCESS CHARACTERISTICS

Creep occurs as a slow, downslope movement of mantle materials in

response to long-term applications of gravitational stress. The

mechanics of creep have been investigated experimentally and theoretically

by a number of workers (Terzaghi, 1953; Goldstein and Ter-Stephanian,

1957; Saito and Uezawa, 1961; Culling, 1963; Haefeli, 1965; Bjerrum,

1967; Kojan, 1968; Carson and Kirkby, 1972; and others). The process

and its interrelationships with slumping and earthflows in the Pacific

Northwest has been characterized under natural conditions by Swanson

and Swanston (1977).
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In local areas where creep induced stress exceeds the strength of

the soil and rock material, discrete failure occurs and slumps and

earthflows develop and enlarge due to progressive failure of the mantle

materials. Simple slumping takes place as rotational movement of a

block of earth over a broadly concave slip surface, involving very

little break-up of the moving material. Earthflows occur where the

moving material slips downslope and is broken up and transported either

by a flowage mechanism or by a complex mixture of translation al and

rotational displacement of a series of blocks (Schuster and Krizek, 1978).

Under field conditions, local variations in soil properties,

degree and depth of parent material weathering, and clay and water

content of mantle materials lead to substantial variations in movement

process and rate of movement.

MANAGEMENT IMPACTS

In the Pacific North.:est, large portions of drainage basins underlain

by altered volcaniclastic rocks, highly sheared siltstones and mudscones,

serpentine-rich rocks, and glacio-lacustrine silts and clays are

particularl y
 prone to complex soil mass movement processes. They are also

highly sensitive to any manipulation s or impacts that might alter the

passage of water or the basic distribution
 of stresses in the soil

mantle. Engineering activities that involve excavation and fills or

drainage alteration frequently have dramatic impact on creep, slump,

and earthflow
 activities (Schlicker et al., 1972, 1973; Jones et al.,

1961; Wilson, 1970; Swanston and Swanson, 1976).

The impact on these processes from clearcutting and yarding alone

has not been well documented. The effects of vegetation removal on

creep rates and slump and earthflow activity are likely to be subtle,

involving modificatio n
 of surface and subsurface hydrology and the

anchoring and reinforcing effect of root systems. Where creep or shear
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failure is a shallow phenomenon (less than 2 or 3 meters), the loss of

root strength due to killing of the tree is likely to be significant

(Swanston and Swanson, 1976; Burroughs and Thomas, 1977; Wu et al., 1979).

In massive, deep-seated creep and failures of the slump and earthflow

type, root anchoring and the lateral and vertical reinforcing effect of

intertwining root systems is probably negligible (Swanston and Swanson,

1976). Increased moisture availability due to reduced evapotranspiration

and altered surface runoff patterns can increase the volume of water at

the site (Gray, 1970; Rothacher, 1971). This may result in greater

duration and rate of the annual period of creep activity. The water

is also free to pass through the rooting zone to deeper levels of

active or dormant slump and earthflow failures.

SITE LOCATION AND MONITORING

Between 1972 and 1975, 35 bore hole inclinometer tubes were installed

at 14 sites on 7 clearly defined complex soil mass movement terrains

in the Coast and Cascade Ranges of northern California, Oregon, and

Washington (Swanston, 1979)(Figure 1; Table 1). An attempt was made to

install at least three tubes at each site in a downslope transect in

order to demonstrate response similarities or detect differences in

rate and movement mechanics with slope location. These inclinometer

tubes were constructed of polyvinyl chloride (PVC) with a 76.2-mm inside

diameter and were grooved longitudinally inside at 90°. The tubes were

placed in 127-mm-diameter bore holes drilled through weathered mantle

materials and anchored at the bottom in competent bedrock. The annular

space between the tube and the bore hole wall was then backfilled with

sand or pea-gravel. A mechanical pendulum with electronic readout,

fixed in a rigid carriage riding in the grooves was then passed down

the tube to measure changes in inclination of the tube over time since

installation. Since all sites monitored lie within a region characterized
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by high winter rainfall and fairly dry summers, each tube was read

semi-yearly, in the spring after fall and winter rains and in the fall

after the summer drought. The resulting data provide plots of the

horizontal movement profile and rate variations with depth, seasonal

rainfall, and any changes in parent material properties or structure.

Eight sites were located on the slopes adjacent to Redwood Creek,

in the northern California Coast Ranges (Figure 1). The Redwood Creek

basin lies in a massive, earthflow-dominated complex mass movement

terrain developed on schists and extensively sheared and altered

sandstones and siltstones of the Franciscan melange (late Jurassic and

early Cretaceous age) (Strand, 1962). Sites 1 through 5 are on schist

underlying the west side of the basin. Sites 6 through 8 are on inter-

bedded sandstone and siltstone underlying the eastern slope.

Site 9 is located on creep-dominated terrain on a tributary of the

Coquille River (Baker Creek) in the Klamath Mountains of southwest

Oregon (Figure 1). Bedrock underlying this terrain is part of the

Otter Point Formation of late Jurassic and early Cretaceous age,

consisting of highly sheared and altered greywacke with subordinate

argillite, mudstone, and volcaniclastics (Beaulieu, 1971).

Site 10 is located on earthflow-dominated terrain adjacent to a

tributary to the Nestucca River (Bear Creek) in the northern Oregon

Coast Ranges (Figure 1). The parent materials underlying this site are

deeply weathered siltstones, sandstones, mudstones, and volcaniclastics

of Tertiary age (Schlicker et al., 1972).

Site 11 is located on actively creeping terrain on slopes adjacent

to a tributary to the South Umpqua River (Coyote Creek) in the western

Cascade Range of southern Oregon (Figure 1). The underlying parent

materials at this site consist of extensively altered, welded tuffs and

interbedded dacite flows belonging to the Little Butte formation of

Tertiary age (Peck et al., 1964; Kays, 1970).

So!
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Two sites are located on a complex mass movement terrain on slopes

adjacent to Lookout Creek in the western Cascade Range of west-central

Oregon (Figure 1). The underlying bedrock at these sites is also part

of the Tertiary Little Butte formation, consisting of extensively

weathered tuffs and breccias (Peck et al., 1964; Swanson and James,

1975). Site 12 is located on a partially active earthflow. Site 13 is

on creeping terrain.

Site 14 is located on actively creeping terrain adjacent to a

tributary to the Wenatchee River (Coulter Creek) in the east central

Cascade Range of Washington (Figure 1). The parent materials at this

site are interbedded glacio-lacustrine silts and sands of Quarternary

age.

DATA ANALYSIS AND RESULTS

Changes in inclination of bore hole tubes were measured at 0.5-meter

intervals from the bottom of the hole. The bottom of the hole was

assumed to be fixed in place based on the competence of the rock

determined during drilling and the lack of change in inclination during

successive readings over the monitored period. Measurements at each

interval were made in two planes at 90°. This provided data for a plot

of distance and direction of movement between successive readings.

Variability in direction and distance of movement between successive

readings at each interval was occasionally large. This is due to

several factors, including: 1) changing flow characteristics of the

soil in response to water content; 2) differential adjustment of indi-

vidual blocks within the moving mantle, and 3) settlement and differential

movement of the inclinometer tube within the drill hole due to insufficient

backfiiling. In addition, many of the holes consistently reversed

direction indicating a net negative or upslope movement during summer

low moisture periods suggesting

rich materials dominated the mov
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low moisture periods suggesting that shrinkage phenomena in the clay-

rich materials dominated the movement profile during this time. A plot

of surface movement of hole B-2, site 9 in the Klamath Mountains of

southwest Oregon illustrates this clearly for 3 out of 4 record years

(Figure 2).

For purposes of constructing a vertical profile of movement and

comparing profile changes over time, it was necessary to project

individual interval points into a single plane designated the plane

of maximum movement (PMM). An approximate PMM for each hole was determined

graphically from the general direction of a plot of surface movement

points over the total period of monitoring. In the case of hole B-2,

site 9, the PMM was chosen at 225 degrees (Figure 2). 11 A vertical

profile was then constructed for each set of readings by summation of

interval measurements from the bottom to the top of the hole. Together,

these graphical di:;plays provide, a means for estimating the dominant

direction of movement, movement configuration at depth and variation in

movement rates with depth and season. A summary of site locations and

results is presented in Table 1.

DISCUSSION

All but five of the bore hole inclinometer tubes installed show detectable

and consistent downslope movement along the PMM over a period of

'record ranging from 2 to 5 years. The five exceptions (holes RC-2B,

RC-5B, B-4, CL-4, CL-5) exhibit annual rates of surface movement of

less than 1.0 mm/year and either fluctuate back and forth around the

initial configuration of the tube or show a net upslope movement at

the end of the record period.

1/_
— ihe computer analysis, methodology, and plots were developed

by R. R. Ziemer, USDA Forest Service, Pacific Southwest Forest and

Range Experiment Station, Arcata, Ca.
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Depths of detectable movement vary from 1.0 meter to 16.5 meters

with the greatest depths indicated for active earthflows. The deepest

movement profiles are developed at earthflow sites 4, 8, and 10 in

schist and deeply weathered sandstone and siltstone of the northern

California and northern Oregon Coast Ranges. The average movement

profile depth for these sites is 11.2 meters (standard error = 1.3

meters). Other sites in this parent material have an average movement

profile depth of 7.5 meters (standard error = 0.5 meter) (sites 1-3, 5-7).

The average movement depth for sites established in deeply weathered

volcaniclastics of the western Cascade Range of Oregon is 5.5 meters

(standard error = 0.9 meter) (sites 11-13). Site 9, on sheared and

altered greywacke in the southwest Oregon Klamath Mountains has an

average depth of movement of only 3.2 meters (standard error = 0.7

meter). Movement depth of the glacio-lacustrine sands and silts at

site 14 averages 6.5 meters (standard error = 1.6 T.::eters).

Movement within the mantle is characterized by three major types

of profile configuration indicative of the process mechanics dominating

at the site. Active slump and earthflow locations consistently exhibit

a block-gliding type profile with primary movement taking place above a

thin zone of shear (Figure 3). Creep locations generally exhibit

either a progressive deformation profile with greatest movement at the

surface or an extension flow type profile with the greatest movement

taking place over a broad deformation zone at some depth below the

surface (Figure 4). Minor block-gliding is frequently present within a

creep profile as small offsets indicative of local failure or minor

mechanical shifting. Also, some progressive and extension-flow defor-

mation above the shear zone is usually present within the earthflow

profile.
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Rates of surface movement at undisturbed sites are variable within

and among all terrain and bedrock types ranging from as low as 0.3 mm/

year to as high as 158.3 mm/year. The highest rates occur at earthflow

locations. The 15 earthflow inclinometer tube locations in the total

study sample have an average surface movement rate of 38.6 mm/year

(standard error = 11.9 mm/yr). Earthflow rates are greatest in the

schists and the sheared and altered sandstones and siltstones of

northern California and in northern Oregon Coast Ranges, with average

surface rates of 42.5 mm/year (standard error = 17.8 mm/yr) and 70.4 mm/

year (standard error = 18.0 mm/yr), respectively. Rates of earthflow

movement at inclinometer sites in the weathered volcaniclastics of the

western Cascade Range are much lower with an average surficial rate of

4.3 mm/year (standard error = 0.7 mm/yr). This rate approaches the

average rate of actively creeping terrain suggesting that the earthflow

features are in an inactive or near-dormant state.

Sites subjected primarily to creep processes exhibit much more

uniform movement. The average surface rate for all locations is 3.0 mm/

yr. with a standard error of 0.5 mm/yr. The highest rates of creep

occur at tube locations in the weathered volcaniclastics of the western

Cascade Range in Oregon. These sites exhibit average rates of 3.6 mm/

year with a standard error of 0.4 mm/yr. The average creep rate for

all other sites is 2.7 mm/yr. with a standard error of 0.7 mm/yr.

Slopes vary from gentle to steep at all sites (ranging from 5 to 30°)

with major gradient changes commonly occurring within 30 meters of

individual tube locations. Slope gradient exerted no detectable control

over variations in movement rate or process. Rates appear to be most

sensitive to water content of the mantle materials. The predominance

cf movement activity occurs during the fall and winter rainy season or

during the spring sn:wmelt when soil moisture levels are high. This
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difference in seasonal movement occurs either as a surge during winter

wet periods followed by either summer inactivity or an upslope recession

due to shrinkage of the clay fraction, or a wintertime acceleration of

a smaller dry season rate (Figure 3). Average rates of winter movement

at these sites range up to about 7 times the base or summer rates. Ten

of the 35 inclinometer tube locations (tubes RC 1-A, 1-B, 2-A, 5-A; B 1

and 3; A-2; BR-1; CL-1 and 2) exhibit predominantly summer dry season

movement occurring as a movement surge after 1 to 2 years of inactivity.

At these locations, such summer surging is not preceded by abnormal

winter rainfall. This suggests that a triggering mechanism may be

active at these locations requiring that soil moisture content of the

soil mass increase over time to a point where mobilization of the clay

fraction occurs. Site 12 in the .Western Cascades of central Oregon was

monitored at 3-week intervals during the winter of 1977 in order to

ascertain movement respon.e to,individual storm events. Such response

was not detectable with the inclinometer system at this site during the

monitored period, although stake arrays at the surface do pick up

movement at a daily and weekly resolution.

Twelve of the 14 sites were designated for eventual timber harvest.

Two, sites 9 and 14, have been felled and yarded allowing for some

initial comparisons of movement rate before and after management impact.

Only one, site 9 in the Klamath Mountains of southwest Oregon, has

been monitored long enough during the post-logging period to indicate

any movement trends. Preliminary analysis of data from the four tube

locations at the site indicates an increase in creep rate beginning the

2d year after felling (Figure 5). Monitoring of all the tube locations

began the winter of 1974 and the summer of 1975. The site was logged

during the fall of 1976, and movement continued at the pre-logging rate

until the winter of 1977 and summer of 1978 when movement surges occurred.
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Three inclinometer tube locations were directly impacted by both felling

and tractor skidding. The fourth remained undisturbed in a leave area

in the middle of the site. The leave area was logged entirely around

its perimeter. Pre-logging surface rates for the three disturbed tube

locations were 2.8 mm/year (standard error = 0.2 mm/yr.), 3.8 mm/year

(standard error = 4.2 mm/yr.), and 1.5 mm/year (standard error = 2.2 mm/

yr.) in a downslope direction from the upper edge of active ground

(about 15 meters from the ridge top). Post logging rates are respectively

5.7 mm/year (standard error = 4.3 mm/yr.), 9.3 mm/year (standard error

= 6.9 mm/yr.), and 6.3 mm/year (standard error = 6.7 mm/yr.). The

high standard error of estimate in all cases is due to the predominance

of movement occurring in the 2nd year of both the pre- and post-logging

period. The post-logging rates for the upper and middle tube locations

are more than twice the pre-logging rate. The post-logging rate at the

lower tube location is more than 4 times the pre-logging rate. At the

undisturbed tube location, mavament during the year preceding logging

(1975) was 1.2 mm. Movement was negligible (less than 0.2 mm) during

1976 and 1977. A small surge of 4.3 mm occurred during the summer of

1978 coincidental with the movement acceleration in the other holes

suggesting that this control tube has also been influenced by the

harvest activity around it.

A comparison of annual rainfall records from the nearest weather

station (Powers, Oregon) (NOAA, 1976, 1977) with movement activity at

the site indicates below average rainfall (29-year average, 1 565.2 mm),

occurring in the area during the 2 years (1976 and 1977) preceding

accelerated movement (804.9 mm and 1 406.4 mm, respectively). In the

absence of any indicated above-normal moisture at the site, this strongly

suggests a direct link between accelerated movement and harvest activity.
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SIMARY

Creep and earthflow processes are significant factors in the transport

of mantle materials downslope within the complex mass movement terrain

characteristic of large portions of the Coast and Cascade Ranges of

northern California, Oregon, and Washington.

Movement is highly variable in quantity and timing with movement

strongly dependent on type of parent material and water content of the

materials in the active zone. Rates are most sensitive to water content

of the parent materials with the majority of monitored sites showing a

predominance of movement during the fall and winter rainy season.

Preliminary assessment of data from one site directly impacted by

felling and yarding suggests an increase in creep rate beginning the

second year after disturbance../
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FIGURE 5.	
A plot of casing deformation over a 4-year period for hole
B-2, site 9, in the Klamath Mountains of southwest Oregon.
Bedrock is sheared and altered greywacke with subordinant
argillite and mudstone of the Otter Point Formation.
Movement is of the block-glide type above a shear zone
between 3.2 and 3.7 metres. Movement is minor through the
summer of 1977. A movement surge occurred during the
winter of 1977. The area was logged in the fall of 1976.
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