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Timber management of coastal watersheds in southwest Oregon has

been complicated by the need to protect anadromous fish habitat from

accelerated stream sedimentation resulting from management activity.

The rugged terrain of the Elk and Sixes River basins is underlain by

the complex geological province of the Klamath Mountains, in which

landslides are a common, natural, and important process of sediment

production.

A landslide investigation, using sequential aerial photographs

which covered a time period of 37 years, was used to determine

relationships between mass-wasting, geologic types, and timber harvest

practices. Averaged over all rock types, harvested areas showed an

increase in failure rate of 7 times, and roaded areas an increase of

48 times that of forested terrain. Terrane underlain by dioritic

intrusions was the most sensitive to road-related activity, with an



increase in failure rate of up to 108 times that of comparable

unmanaged land.

The complexity of lithologies and deformational history in the

area strongly influence slope morphology, and produces characteristic

soil types which experience predictable modes and rates of slope

failure. Debris slides and torrents are the dominant form of

mass-wasting in dioritic and Cretaceous sedimentary terrane. Areas

underlain by more clay-rich metamorphic bedrock are prone to slumps

and planar streambank failures.

Stream morphology is profoundly influenced by both rock type and

geologic structure. Within an area characterized by steep, deeply

incised streams, several persistent low-gradient reaches were

delineated. These low-gradient stream reaches occur where (1) large

landslides have locally raised channel bed elevation and (2)

valley-floor widening has occurred in sheared rocks along fault zones

or in more readily eroded rock types upstream of rock types resistant

to fluvial erosion.
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LANDSLIDE OCCURRENCE IN THE ELK AND SIXES RIVER BASINS,

SOUTHWEST OREGON

INTRODUCTION

Landslides are a common and natural component of the erosional

processes in the Klamath Mountains of southwest Oregon. Debris slides

are an important form of mass wasting in the area and are a

significant source of sediment to steep drainages. The Elk and Sixes

River basins are underlain by a complex geological terrane which has

been tectonically active in the recent past. This has contributed to

the development of high relief and a rugged terrain which is

susceptible to failure by debris sliding.

Both timber and fisheries have a high resource value in the

area. The Elk and Sixes Rivers serve as important spawning and

rearing habitat for anadromous fish. The value of fish-related

resouces increased in the Elk River basin with the construction of a

salmon and steelhead hatchery by the State of Oregon. Rearing

facilities for anadromous fish at the hatchery are dependent on a

constant supply of high-quality water from the Elk River. Timber

managed by the Siskiyou National Forest in the Elk and Sixes basins is

also a valuable resource, and includes commercially important Port

Orford cedar as well as extensive stands of Douglas fir.



2

Mass wasting studies in the Pacific Northwest have shown an

increase in debris slide frequency and soil erosion rate with logging

practices (Swanston and Swanson, 1976; Amaranthus, 1985). Debris

slides which occur on steep slopes can directly impact stream channels

and fish habitat. A previous landslide survey in the area (Swanson,

1974), suggested that geology and land use practices have influenced

the frequency and pattern of mass-wasting events. Based on that

research and the interrelationship of timber and fisheries resources,

the Elk and Sixes River basins were selected to study landslide

potential and related stream changes as a result of roading, timber

harvest, and natural slope instability.

The focus of the study was to determine the effect of geology,

geomorphology and management history upon the temporal and spatial

initiation of debris slides. The second objective was to determine

the influence of bedrock geology and hillslope mass movements on

stream morphology. This was part of an interdisciplinary study

between geology/geomorphology, hydrology, and fisheries, done for the

Siskiyou National Forest.
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STUDY AREA

Location and Access

The Elk and Sixes River drainages are located along the coast of

southwest Oregon (Figure 1). The rivers discharge directly into the

Pacific Ocean. The mouths of the rivers are approximately 7 and 10

kilometers north of the town of Port Orford, Oregon. Access to the

area is from U.S. Highway 101, county roads 208 and 184, and numerous

Forest Service logging roads.

Topography

The range of elevation is from approximately 60 meters near the

western Forest Service boundary to 1080 meters at Copper Mountain,

near the eastern border of the study area. Rugged landforms have been

sculpted by fluvial and mass-wasting processes. The topography is

steep to very steep; average slope is 80 percent. Streams are deeply

incised in narrow canyons. The few trails through the mountains are

not maintained, making off-road traverses difficult and hazardous.

Precipitation

The climate of the region is greatly influenced by proximity of

the Pacific Ocean, and characterized by high precipitation and a

limited temperature range. An isohyetal map prepared by the U.S.

Forest Service from the 1963 State Water Resource Board reflects a

typical coastal pattern of increasing precipitation with increasing

elevation (Figure 2). Based on records from the early 1970s at the Elk

River hatchery,



Figure 1: Location map
-p-



Figure 2: Isohyetal map
Source: State Water Resourse Board, 1963
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mean annual precipitation is 230 centimeters per year. Eighty percent

ofthe total annual precipitation falls between the months of October

and March; 50 percent of that during November, December and January.

Persistent snow cover is rare except at the highest elevations.

Runoff and Streamflow

Precipitation rapidly enters the drainage systems of the area.

Shallow soils which have developed on the steep slopes have high

infiltration and throughflow rates. No long-term, continuous records

for stream discharge are available for either the Elk or Sixes

Rivers. Discharge data and peak flows recorded on the South Fork of

the Coquille River at Powers, Oregon, approximately 10 km northeast,

were assumed to index discharge and storm events in the study area.

Geology

The watersheds are underlain by the complex terrane of the

Klamath Mountains (Figure 3). The Klamath geologic province consists

of a broad, westwardly convex, arcuate pattern of rock units which

were deposited in a depositional trough within the Western Cordillera

(Lent, 1969). Bedrock geology consists of metamorphic and igneous

rock of Jurassic age and sedimentary rocks of Cretaceous age.

Formations are bounded by thrust and strike-slip faults. Tectonic

history of the region is still being studied; a probable hypothesis is

that of a suspect, or accreted terrane. Warped and uplifted

Pleistocene marine terraces indicate recent, and possible ongoing,

tectonic activity in the area.
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Figure 3: Continued
Generalized geologic map of the Klamath Mountains
geologic province, Elk and Sixes River basins.
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Vegetation

The mild coastal climate has produced heavily forested lands with

high timber resource values. Commercial conifer tree species include

Douglas fir and Port Orford cedar. Hardwood species include tan oak,

alder, madrone and bigleaf maple. Salmonberry, salal, huckleberry,

and numerous varieties of fern are common in the dense understory

vegetation. Vegetation patterns over much of the area are a response

to periodic wildfires. Fires in 1868 and 1889 burned large tracts of

land, which have revegetated as either persistent brushfields or

even-age stands of conifers.

Management History

Timber harvest in the lower reaches of the two basins began in

the early 1900's. The majority of the lower portion of the Sixes

River, which was converted from private to Forest Service ownership,

was tractor logged before the earliest photo flight in 1943. Road

building and harvest activity on Forest Service land was minimal

before 1952, reaching a peak between 1956 and 1964, when 7% of the

total study area was harvested. Since about 1965, road building and

logging techniques which are intended to minimize environmental

disturbance have been utilized for timber management. The average

size of clear-cut units has decreased over time.



REVIEW OF GEOLOGIC LITERATURE

REGIONAL GEOLOGY
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The Elk and Sixes River basins are underlain by rocks of the

Klamath Mountain geologic province (Wells and Peck, 1961). In the

study area, the Klamath Mountain province consists of arcuate,

imbricate lithic belts of Upper Jurassic to Lower Cretaceous

metasedimentary and metavolcanic rocks which have been intruded by

Late Jurassic silicic plutons. Rock units generally decrease in age

toward the west. The regionally metamorphosed assemblage is

unconformably overlain by Lower Cretaceous sedimentary facies rocks

typical of proximal submarine fan deposits. Large-scale folding and

normal faulting are common throughout the area. The entire area has

been subject to recent, periodic uplift, evident in elevated marine

and fluvial terraces (Lent, 1969).

PREVIOUS MAPPING

The earliest geologic mapping in the study area was done by J.S.

Diller in 1903, on the Port Orford 30-minute quadrangle. He reported

three formational units: the Colebrooke Schist and the Myrtle and

Arago Formations, all based on exposures at Colebrooke Butte. In

1959, Imlay et al. proposed that the Myrtle Formation be considered a

group which would not include rocks older than Late Jurassic. That
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study formally recognized the unconformity between older

metasedimentary rocks and overlying sedimentary units. Wells and Peck

(1961) and Koch (1966), mapped the older rocks excluded from the

Myrtle Group as Late Jurassic Galice and Otter Point Formations. Koch

also renamed the Cretaceous sedimentary rocks as the Humbug Mountain

Conglomerate and Rocky Point Formation. Jurassic intrusive rocks in

the area were studied by Kaiser (1962), Koch (1966), and Lund and

Baldwin (1969).

Recent work in the Elk-Sixes drainage includes mapping by Lent

(1969), Dott (1971), Baldwin (1974), Swanson (1974) and studies by

Boggs (1969), Coleman (1969), Blake (1984), and Cornelius, (1986).

These more recent studies have further defined divisions between the

various lithologic units, and suggested new interpretations for the

tectonic history of a structurally complex area.

TECTONIC SETTING

The thesis area is located within the Klamath Mountain geologic

province. The suite of predominately Mesozoic rocks in the study area

has been interpreted as an eugosynclinal depositional assemblage

contiguous with a continental margin (Irwin, 1960 and Lent, 1969).

The structural history of the province is still being defined.

Diverse lithologies and repeated deformation, combined with poor

exposures in heavily vegetated, rugged terrain, have frustrated and

challenged geologic interpretation since Diller first published the

Port Orford folio. Geologic mapping was not the main focus of this
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thesis study, but lithology, structure and contact relationships were

noted wherever exposures and time allowed.

Irwin (1960) proposed sea-floor spreading from an offshore rise

with associated low-angle thrust faults, as the mechanism for

accretion of oceanic crust and island arc lithologies. Koch (1966)

felt strike-slip and wrench fault displacement were dominant

structural mechanisms in the area, but also considered the rock units

to have formed in essentially stratigraphic continuity. Lent (1969)

suggested three episodes of eugeosynclinal sedimentation with later

downwarping of the trough. Large scale folds and related thrust

faulting during Late Cretaceous orogenesis juxtaposed rocks of

different facies.

Dott (1971) separated the geology of the southern Oregon coast

into three subprovinces, which he felt were deposited in separate but

related areas before being tectonically thrust together. The

Elk-Sixes region was assigned to the central tectonic subprovince,

which represents a Late Jurassic trench and associated oceanic plate,

downwarped and thrust under continental crust. Large-scale thrusting

followed by Late Cenozoic vertical faults and shear zones were the

mechanism of accretion for this subprovince.

Blake and others (1984) have outlined a tectonic history for the

area which distinguishes six tectonostratigraphic, accreted terranes

that are not related stratigraphically but were originally deposited

in different paleoenvironments. Low-angle, imbricate thrusting and

strike-slip displacement accreted the diverse terranes to the

continental margin between Late Jurassic and Early Tertiary time.
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Tectonic activity during Mesozoic time imposed significant

structural features in the area. Deformation included renewed

imbrication and thrusting between the units. High-angle faults that

may have major right-lateral movement offset overriding thrust plates

. The most recent deformational history is recorded in northeast- and

east-striking normal faults which are especially evident in the

sedimentary formations.

Structural and lithologic relationships observed during field

mapping of landslides are in agreement with the concept of disparate

terranes, not deposited in lateral or vertical continuity, but formed

in different paleoenvironments before accretion to the continent. No

lateral gradation between the Galice and Colebrooke Formations was

noted in the study area. Blake suggested that the Colebrooke is

approximately coeval with the Galice, but has undergone a different

deformational and metamorphic history. The Colebrooke Formation,

where exposed along Bald Mountain Creek, records at least two episodes

of deformation and does not include any evidence of the silicic

intrusions which are common to the Galice Formation. The basal

conglomerate of the Humbug Mountain Formation contains clasts of

phyllitic slate and igneous rock from the underlying Galice, but also

contains cherts and fine-grained volcanics not seen in older, proximal

formations.
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LITHOLOGY

Galice Formation (Late Jurassic)

Definition: The Galice Formation was mapped in the area by Diller as

part of the Myrtle Formation. The type section, near Galice on the

Rogue River 20 km to the south, consists of thick exposures of black

slates. Cater and Wells (1954) divided the Galice into an upper

metasedimentary and lower metavolcanic sequence. The upper sequence

is well-exposed in Panther Creek, a tributary of the Elk River;

metavolcanics are exposed in the headwaters of the south fork of the

Sixes River.

Description: Metasedimentary rocks exposed in the area are dominantly

black, carbonaceous, slaty to phyllitic shales with incipient to

well-developed slaty cleavage parallel to bedding planes. Rare ribbon

shales (Wells, 1949) or banded rocks (Kaiser, 1962) of very thinly

bedded mudstone and siltstone are gently folded; crenulation folds

were noted on cleavage surfaces. The sandstones are

lithic-feldspathic wackes with a sericitic matrix (Dott, 1971). A

folded sequence of thinly bedded metasandstone and siltstone is

exposed in road cuts within the headwaters of Panther Creek. The

sandstone is normally graded and shows ripple cross-stratification.

The exposed unit is pervasively fractured.

Lent (1969) described the lower metavolcanic sequence found in the

study area as volcanic flows and pyroclastic rocks which have been

metamorphosed to lower greenschist facies. The greenstones are cut by

veins and dikes of diorite and calcite. Hornfelsic rocks are present

near intrusive contacts in both upper and lower metamorphic sequences;



15

low-temperature zeolites (heulandite?) were noted in thin sections

from contact metamorphic zones.

Age and Correlation: Based on a fossil date of late Oxfordian to

early Kimmeridgian (Koch, 1966), the Galice Formation may be the

oldest formation in the study area. Age and contact relations between

the Galice and the Late Jurassic Colebrooke schist are uncertain. The

Galice Formation is unconformably overlain by Lower Cretaceous

conglomerates of the Humbug Mountain Formation, which contains many

clasts of banded Galice rocks.

Colebrooke Formation (Jurassic)

Definition: The Colebrook Schist was first described by Diller

(1903). Type section for the formation is exposed at Colebrooke

Butte, approximately 11 km. south of the Elk River. The Colebrooke in

the study area consists of quartz-mica phyllite and schist. The unit

may contain or overlie a melange-like serpentinite which includes

blocks of greenstone and rocks of blueschist facies metamorphism. The

Colebrooke is considered to be an allochthonous thrust sheet or nappe

(Dott, 1971).

Description: The best exposure of Colebrooke phyllite in the study

area occurs near the confluence of Bear and Bald Mountain Creeks. The

rock weathers to a light-gray sheen, and appears as shiny coin-like

clasts in stream beds. Schistosity in the phyllite parallels original

stratification; dark graphite layers can be readily traced. Two

episodes of deformation are structurally recorded in the phyllites

(Dott, 1971), and were noted by this author in petrographic analysis.

Folds developed on earlier deformational features can be seen in
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outcrops exposed in Bear Creek. Zones of serpentinite characterize

faulted contacts in the Bald Mountain Creek area. A shear zone

containing serpentinite and coarse-grained masses of epidote and

chlorite is exposed in a road cut above the mouth of the South Fork of

Bald Mountain Creek. Float of coarse-grained blueschist is common in

the stream and within the road bed, although no outcrops of blueschist

rocks were noted in the immediate area. No contact metamorphism or

igneous intrusions were noted within the Colebrooke rocks where they

are juxtaposed with igneous intrusive rocks.

Age and Correlation: The Colebrooke Formation is thought to be a

higher-grade metamorphic equivalent of Galice metasedimentary rocks

(Lent, 1969; Dott, 1971). Dott reported a lateral metamorphic

gradation between Galice to Colebrooke rocks near the Rogue River.

Coleman (in Dott, 1971) has determined a date of metamorphism of about

130 m.y. for the Colebrooke, but no fossils have been located for

formational dating. Blake (1984) considered the Colebrooke to be a

completely allocthonous unit contemporaneous in age with the Galice,

but with a dissimilar deformational history.

Mafic and Intrusive Rocks

Description: Large masses of serpentinized peridotite are present in

the study area, especially in the headwaters of the South Fork of the

Elk River. Smaller lenses of sheared and schistose serpentine are

commonly associated with thrust contacts of the Colebrooke Formation;

some unrelated pervasively sheared outcrops occur within the Otter

Point Formation in the northern part of the study area.
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Igneous intrusions are common throughout the field area, and

apparently have the same parent magma as the Pearse Peak pluton (Lund

and Baldwin, 1969), the most extensive intrusion in the area. The

pluton is classified as a light gray, medium granitoid, equigranular

quartz diorite. Minerals commonly show hydrothermal alteration.

Galice country rock is cut by veins and mafic dikes where adjacent to

an intrusive body; a narrow zone of hornfels metamorphism was noted in

the Bald Mountain Creek area.

Age and Correlation: The ultramafic rocks may represent dismembered,

imbricate sheets of an ophiolite sequence (slices of oceanic crust and

upper mantle material) which were emplaced during Nevadan orogenesis.

Smaller gabbroic intrusions in the area may be coeval with the altered

ultramafic bodies. Sheared serpentinite lenses may represent

remobilization of the larger ultramafic sheets during subsequent

deformational episodes. Dott (1971) reported silicic dikes within

ultramafic masses southeast of the map area, but age determinations

and correlation with Pearse Peak diorite have not been determined.

Age determination by Coleman (in Dott, 1971) of Pearse Peak and

related plutons in the area, is Late Jurassic, from 135 to 145 m.y.

ago, correlative with other silicic intrusive bodies in the Klamath

Mountains of northern California. Dioritic clasts are common in the

Early Cretaceous conglomerates which overlie the Galice Formation.

Otter Point Formation (Latest Jurassic)

Definition: Koch (1966) defined and named the heterogeneous rock

assemblage which comprises the Otter Point Formation, from the type

area located north of Gold Beach at Otter Point. North of the Sixes
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River, the Otter Point is extensively sheared and contains

discontinuous blocks of volcanics, serpentinite, and rocks containing

blueschist minerals (Dott, 1971). It is almost everywhere bounded by

faults where juxtaposed against other formations. Pervasive shearing,

presence of exotic blocks, and fault-contact relationships define the

Otter Point Formation as a melange.

Description: The formation consists of a dark lithic wacke which

contains chert and volcanic fragments, and a lighter feldspathic wacke

with numerous mudstone clasts. Interstratified mudstone and pebble

conglomerate are common in the formation. Massive conglomerate units

crop out as cliffs and resistant ridges. Within the sheared

sedimentary matrix are blocks of submarine volcanic rocks which stand

out as erosional remnants in the area.

Age and Correlation: The Otter Point sedimentary rocks were dated by

Koch as Latest Jurassic (Tithonian). Contacts mapped by Koch and Lent

show the Colebrooke and Galice Formations in thrust contact with the

younger Otter Point, and an apparent major unconformity between the

uppermost Jurassic Otter Point and Lower Cretaceous formations. Blake

(1984) differentiated the Otter Point in the type area from that north

of the Sixes River. He considered the northern section of the

formation a transform melange, and named it the Sixes River

tectonostratigraphic terrane. The formation has been correlated by

many authors with the central melange terrane of the Franciscan

assemblage in northern California.
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Humbug Mountain Formation (Early Cretaceous)

Definition: The Humbug Mountain Conglomerate was mapped in the study

area by Diller (1903) as part of the inland Myrtle Formation. Koch

(1966) redefined the coastal units based on exposures at Humbug

Mountain and Rocky Point, immediately southwest of the study area. An

exposure of the basal unconformity between the conglomerate and

underlying Galice slates occurs near the, mouth of Panther Creek in the

Elk River basin. Excellent exposures of the upper conglomeratic

sandstone units exist along road 5201 on the East Fork of Butler

Creek, and in the South Fork of the Sixes River.

Description: The basal unit of the formation is a coarse, massive

conglomerate which incorporates boulders up to 0.5 meters in

diameter. The unit is poorly graded. Clasts are moderately to

well-rounded and include a variety of rock types identified in the

field as diorite, chert, greenstone, phyllite and fine-grained

metasandstone. Clasts are commonly fractured and veined within an

unfractured chloritic matrix. Elongate clasts exhibit a preferred

orientation in the direction of the long axis, possibly parallel to

stratification. Koch felt the poorly-sorted, massive basal

conglomerate represented deposition adjacent to a tectonically active

shoreline.

Interstratified sandstone and mudstone with conglomerate lenses

are more typical in the higher sections of the Humbug Mountain

Conglomerate. Poorly graded pebble conglomerate and mudstone breccia

are common along the base of sandstone beds. Outcrops of massive

conglomeratic sandstone in the upper units form vertical walls up to

75 meters high in the South Fork of the Sixes River. The
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conglomeratic unit grades to thickly bedded sandstones and interbedded

mudstone and siltstone. Sandstone beds are poor to moderately-well

graded feldspathic-lithic wacke (Dott, 1971). Disarticulated fossil

debris is concentrated within trough structures. Load structures are

common at the base of sandstone beds. Grading and sedimentary

structures evident in the upper unit suggest deposition by turbidity

currents and grain flow mechanism.

Age and Correlation: Fossils in the Humbug Mountain Conglomerate are

largely confined to the channel-fill structures of the upper sandstone

beds, and give an early Cretaceous date to the unit. The

unconformable contact between the Humbug Mountain and Galice

Formations is exposed near the mouth of Panther Creek, but is largely

obscured by slope failures. The contact between the Humbug Mountain

Conglomerate and overlying Rocky Point Formation is gradational.

Based on age and lithology, the Humbug Mountain Conglomerate is

correlative with parts of the inland Riddle and Days Creek Formations

(Koch, 1966).

Rocky Point Formation (Early Cretaceous)

Definition: The Rocky Point Formation was also redefined from the

Myrtle Group by Koch (1966). The type section at Rocky Point, south

of Port Orford, consists of a sequence of rhythmically bedded

dark-gray sandstone and mudstones. The formation gradationally

overlies the Humbug Mountain Formation. The gradational character of

the units can be traced along a traverse up Red Cedar Creek in the Elk

River Basin.
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Description: Conglomerates in the Rocky Point Formation are confined

to pebble and fine-granule concentrations at the base of graded

sandstone beds. Clast composition is less diverse than in the Humbug

Mountain, and consists of dark, well-rounded chert and metamorphic

pebbles. Sandstones are compositionally identical to the Humbug

Mountain (Dott, 1971). However, sandstone beds are thinner,

moderately- to well-graded, and commonly exhibit small sedimentary

structures such as cross-stratification. Interstratified fine

sandstone and mudstone contain zones of convoluted laminae and

concentrations of carbonized plant debris. Deposition by turbidity

currents is indicated by stratification, grading, and sedimentary

structures within sandstones. Because of lithological similarities,

contacts between the Rocky Point and Humbug Mountain Conglomerate are

difficult to distinguish. Approximate contacts are determined by

clast size and abundance of conglomerate within the formations.

Age and Correlation: The Rocky Point Formation contains several

species of pelecypods which yield an Early Cretaceous age (Koch,

1966). The formation is lithologically correlative with part of the

Days Creek Formation of the Myrtle Group.
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The terms landslide, mass-wasting, and failure are used

synonymously throughout this study to describe the displacement and

downslope movement of rock and soil by gravity. Mass-wasting occurs

when the shear strength of rock or soil is exceeded by the shear

stress imposed by gravity. Factors which lead to instability involve

either a reduction in strength or an increase in stress, and include

increased water (pore pressure) loading, weathering, oversteepened

slopes, and a possible loss of strength from root decay. The presence

of water is an important factor affecting slope instability, since it

contributes to both reduced strength and increased stress.

Use of Aerial Photography for Landslide Investigation

Interpretation of aerial photographs is a valuable tool for

identifying and delineating landslides. Rib and Liang (1978) offered

a comprehensive description of photo-interpretative techniques for

landslide analysis. Aerial photographs have been successfully used in

landslide investigations comparable to this study. Kojan, et.al

(1972) and Pillsbury (1976), have used photogrammetric techniques for

landslide prediction. Simonett (1970), Furbish (1981), and Furbish

and Rice (1983) correlated data collected from aerial photos and field
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observations, and applied those relationships to landslide type,

frequency, and volumes.

Landslide Definitions

Various classifications with associated terminology are used to

describe and categorize mass wasting. A classification system based

on research done by Swanson (1974), Varnes (1978), and Bedrossian

(1983), was used for this study. Modifications were made to better

fit the geomorphic features in the study area.

1. Debris slide: occurs with rapid, downslope movement of

unconsolidated material along a relatively shallow, planar failure

surface. Scarps are arcuate, often with steep, actively eroding

walls, and may be bare of vegetation for many years. Debris deposits

are irregular and hummocky in form.

2. Slump (slump/earthflow): occurs as a relatively cohesive

slide mass. Components of both translational and rotational movement

may be present in the same feature. Movement may be rapid to

moderately slow. Identification on aerial photos is based on arcuate,

vertical scarps at the head and margins, diverted drainage or sag

ponds, and hummocky topography within the slide mass. With increasing

water content, the lower slide mass may have characteristics of an

earthflow.

3. Earthflow: a landslide in which the displaced soil and

debris moves, or flows, as semi-viscous material or as a complex

translational movement. Movement is rapid to slow (creep). The

materials which compose earthflows are easily eroded; scarps are

absent or transient features. Aerial photo-identification is based on
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hummocky terrain and poor vegetation growth. Deranged drainage

patterns may include gullies, parallel streams along lateral failure

margins, and stream diversion around lobate deposits.

4. Debris torrent (debris flow/torrent track): often initiated

by debris slides. When sufficient water is present to liquify the

failure mass, the energy of the resultant high velocity slurry scours

the slope, and stream reach below the initiation site. Debris slide

scars on slopes and associated bare,'unstable or scoured channels are

indicative of debris torrents.

5. Streambank instability: areas of streambank instability

characterized by abundant streamside debris slides which are too small

to be mapped individually; often a characteristic of an inner gorge,

the lower portion of a slope defined by a marked increase in slope

gradient directly above the stream channel.

6. Ravel: involves the downslope movement by gravity of soil,

aggregates and coarse fragments; movement is rapid but persistent.

Surface ravel is common to droughty, coarse-textured, non-cohesive

soils. Ravel sites often develop after the occurrence of a debris

slide, making the distinction based on photo interpretation

difficult. Revegetation is poor or absent; tree stumps remain in

growth position as soil ravels from around roots.
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METHODS OF INVESTIGATION

Aerial Photography Investigation

Aerial stereoscopic photographs were examined in sequential order

using a Leitz binocular mirror stereoscope. Photo date, color, scale

and availability of photographs are listed in Table 1. Mass-wasting

features were identified by failure type, and mapped onto USGS

7.5-minute quadrangle topographic maps (Figure 4). Map symbols and

codes were adapted to correspond with those used by the Siskiyou

National Forest Geotechnical Engineering Division. Debris slides and

debris-torrent tracks which showed evidence of activity within the

37-year photo period (1943-1979), were assigned numbers consistent

with Total Resource Inventory (TRI) compartments and landscape units

used by the USDA Forest Service. A photo data sheet was completed for

each numbered failure (Figure A-1). Failures less than 100 square

meters could not be seen nor accurately mapped from the aerial

photographs and were excluded from the study. Stream reaches which

appeared aggraded or which showed an open riparian canopy were

delineated on the base maps. Identification of an open reach was based

on presence of mid-channel or lateral gravel bars, change of photo

tone over time, and absence of vegetation canopy cover; extent of

reach mapped was based on the most recent set of aerial photos for

future use by the Siskiyou Forest.
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Table 1: Aerial photograph availability for the Elk and Sixes
River basins

Date
Flown

Project
Symbol Scale Type

Access
Location

1943 Port Orford 1:40,000 B/W University of Oregon, Map
Project Library, Eugene, OR

1952 EBV 1:12,000 B/W University of Oregon, Map
Library, Eugene, OR

1956 USGS 1:50,000 B/W U.S. Forest Service
GSQD Siskiyou Nat. Forest

West Side Engineering,
Wedderburn, OR

1964 ENV 1:12,000 B/W University of Oregon, Map
Library, Eugene, OR

1969 EUT 1:15840 B/W Siskiyou Nat. Forest
U.S. Forest Service
Supervisor's Office
Grants Pass, OR

1973 Curry 1:12,000 B/W U.S. Forest Service
County Pacific Northwest Region

Forestry Science Lab
Corvallis, OR

1979 Siskiyou 1:24,000 Color U.S. Forest Service
Siskiyou Natl. Forest
Supervisor's Office
Grants Pass, OR
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Older, inactive failures, including large-scale slumps and

earthflows, were mapped on the topographic base map. No data sheets

were compiled on these features unless they were associated with

debris slides or noticeable stream bank instability.

Field Investigation

A stratified random selection process was used to select

photo-identified failures for field inventory. After photo

investigation was completed for three photo flights, including the

most recent set, photo-data sheets were classified by geologic type

indicated on the TRI geologic map: marine sedimentary (Km),

metasedimentary (Jg), and igneous intrusive (di). Depending on the

total population of failures in each geologic unit, every second or

third data sheet was selected from a "shuffled" file to establish a

sample proportional in size to the population of slides in each rock

type. These were further sorted by size, so that a range of failure

sizes would be inventoried and used to develop a relationship between

photo-measured area and field-measured volume of soil removed.

Several constraints were placed on the selection of specific

failures for field inventory. Terrane underlain by ultramafic and

melange lithologies, which typically fail as slump/earthflows,

represent only a small percentage of the total study area and were not

included in the field sampling. Selection of failures for field

inventory was also limited to those landslides located within the

Forest Service TRI grid. This was done so that data in the SRI system

and the management history recorded in the TRI system could be used in

data analysis.
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An attempt was made to field-check all failures chosen in the

stratified random selection process. In several instances, where the

selected failure could not be reached because of topographic or time

constraints, an inventory of one or more failures was made as near the

selected failure site as possible. Landslides substituted for those

which were inaccessible were similar in lithology and size.

Field inventory of debris slides included measurements listed on

the field-data sheet (Figure A-2). Distance measurements were made

using an Edscorp 600-foot visual rangefinder and a 300-foot tape.

Slope and geologic measurements were made with a Suunto clinometer and

Brunton compass. Appropriate trigonometric functions were used to

estimate dimensions of inaccessible features. Stream cross-sections

were made if a failure had a measurable effect on the stream at the

point of impact, and included stream width and depth, substrate, and

debris dams associated with the failure.

Lithologic units, structural trends and bedding attitudes were

noted in the field where possible. Because of time, terrain

restrictions, and the focus of the study, geologic contacts were not

followed. Geologic units which were mapped on the TRI base map did

not always correspond with the rock type found in the field. Since

lithology was the main stratification factor in the field-selection

process, the distribution of field-checked failures does not reflect

the failure-to-area proportion attempted in the original selections.

Survey of Failures under Forest Cover: Forest canopy and revegetation

of the failure scar can obscure small failures; therefore several

forested tributaries to the Elk River were inventoried to check the
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accuracy of the photo inventory. An attempt was made to choose

streams in watersheds which had experienced minimal logging and road

construction. Wherever possible, the survey was done in conjunction

with the field investigation of selected mass-wasting features. A

rangefinder was used to determine the approximate upslope area

included in the survey. Streambank instability, debris dams, and

areas of geologic significance were noted.

Comparison between photo- and field-mapped failures indicated that

60% of streambank failures less than 200 m
2
were missed on the

aerial photo inventory. Many of these had been noted in the photo

investigation as areas of aggradation or streambank instability. Many

failures could not be accurately measured either on aerial photos or

in the field because of small size, secondary erosion or vegetation.

Streamside failures of 200 m 2
and greater, were reported with 100%

accuracy in the field-surveyed basins

Hydrologic Data

Discharge data for the Elk and Sixes Rivers are limited in

availability and continuity. Records of peak flows on the South Fork

of the Coquille River at Powers, Oregon, are complete from 1944 to

1979, and were used to index flood history (Table 2). Using these

records, peak flows over 20,000 cfs (excluding the large event of

1964) were ranked and recurrence intervals calculated. These results

were graphed (Figure 5).
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Table 2: Peak flows >850 cms, South Fork Coquille River, Powers,
OR: 1944-1980.

Year Date
Discharge
(cms)

Return
Period:

in years

1944 2-8 790 12.3

1950 10-28 690 4.1

1953 1-18 700 5.28

1953 11-22 690 4.5

1955 12-21 790 37.0

1955 12-26 710 7.4

1959 1-12 600 2.84

1964 12-22 1390 80-150

1965 1-19 580 2.31

1966 1-3 710 6.16

1966 1-6 680 3.7

1966 3-8 590 2.64

1969 12-21 590 2.46

1971 1-16 790 18.5

1972 1-21 630 3.08

1974 1-15 730 9.25

1980 12-2 640 3.36
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A database was generated for all recent debris slides and torrents

identified on Forest Service lands from information recorded on the

photo-data sheets. The database has been entered into the Total

Resource Inventory of the Siskiyou National Forest and is also on file

at the Pacific Northwest Research Station, Corvallis, Oregon. Age a:d

area of the failures, and management condition at the initiation site,

were determined from the aerial photo flight on which the failure was

first noted. An estimate of the percent of debris volume delivered to

a stream channel was also made from the aerial photos. Other

information recorded in the database was obtained from topographic

base maps, Soil Resource Inventory (Meyer, 1979), and the Total

Resource Inventory of the Siskiyou National Forest, which includes

general geologic mapping (Table A-1). Measurements of geologic units,

ancient or inactive landslide areas, and road miles were made using a

Hewlett Packard computer and digitizer. A grid system over a 1:12000

topographic map was used to establish 450 points for estimating the

percent of area within specific landform classes of slope, elevation

and aspect.

Information collected from both the photo- and field-data sheets

was entered onto a LOTUS 1-2-3 spreadsheet using an IBM PC computer.

A copy of the spreadsheet was entered into the TRI system of the
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Siskiyou National Forest for use in management planning, and is on

file at the USDA Forest Service Research Laboratory, Corvallis, OR.

Landslide frequencies were calculated, with rates expressed as

events/(area * time of photo interval).

Landslide Area-to-Volume Measurements

Maximum landslide length and width can be measured fairly

accurately from aerial photos. Regression analysis of the relation

between photo- and field-measured areas of slides yielded an r
2
of

0.94. Landslide depth was estimated in the field, and was used to

develop a relationship between field-measured volume (in cubic meters)

and photo-measured area (in square meters) (Table 3). A logarithmic

regression analysis with an r2
of 0.87 yielded the equation:

log10 (Field volume) = 0.87975 1og10(Photo area) + 0.72861

(1)

Regression analysis showed no significant difference in volumes

calculated when using either field-measured or average depth.

Equation (1), using an average depth of 2.25 meters, was applied to

all photo-measured areas in the database to produce an estimate of the

volume of soil moved by each landslide.

Correlations between photo-measured area and field-measured volume

have been used in previous research by Pillsbury (1976) and Furbish

(1981). Other authors have statistically compared the relationship

between field-measured area and field-measured volume (Simonett, 1970;

Pillsbury, 1976). The slope and intercept values, and the standard

deviation of the regression model of formula (1) are similar to those

developed in those studies (Figure 6). The r
2
value for the



Table Comparison between photo- and field-measured
relationships

PFFERFMCE LOCATION LITNOLOPY FOUATION

Furbish Hurdygurdy-Jones, Metamorphic log FLDVLM = 1.28585

(1981) N. California (Palice) [log (PTAREA)] - 0.51997

Pillsbury Little North Fork, Igneous log FLDVLM = 1.03734

(1976) California Intrusive [log (PTAREA)] + 0.23039

McHugh Nooksack River, Metamorphic, log FLDVLM = 1.14

(1985) N. Washington Sedimentary [log (PTAREA)] + 0.0695

McHugh Elk-Sixes River, Metamorphic log FLDVLM = 0.8795

(1986) SW Oregon (Falice), [log (PTAREA)] + 0.72861

Intrusive,

Sedimentary

Failure type 1 log FLDVLM = 0.5569

[10g (PTAREA) + 213.99]

Failure type 2 log FLDVLM = 1.7641

[log (PTAREA) + 13.855]

Failure type 3 loa FLDVLM = 2.1642

[log (PTAREA) - 38.3137]

34

n r
2

STANDARD DEVIATION

OF REPRESSION MODEL

16 0.947 0.1615

20 0.931 0.103

18 0.870 0.266

55 0.870 0.1758

0.743

0.894

0.994

FLDVLM = Field-measured volume (m3)

PTAREA = Planimetric photo-measured area (m?)
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regression analysis in the Klamath Mountains model was lower than that

in previous studies. Photogrammetric techniques, range in failure

size and shape, and diversity of rock types among the study areas, may

all be sources of variability.

Failure type and geometry varied depending on rock type and

geomorphic location. Analysis using a variable for failure type did

not significantly improve the correlation between photo area and field

volume, but could be used to assesssediment production and delivery to

streams. Differences in failure types are discussed in more detail in

the section on the effects of lithology on mass-wasting processes.

FAILURE RATES

Previous studies

Numerous studies have been conducted in the Pacific Northwest

comparing slide frequencies and slide-erosion rates between unmanaged

(forested) and managed lands (Table 4). The relative failure and

soil-transfer rates in clear-cut and road areas are compared to that

in forested (unmanaged) sites. All studies reported an increase in

failure rate for managed sites relative to forested sites.

For this report, a site which had not been previously harvested

was considered to be unmanaged, or forested. If the failure site

could be identified as within an area burned by wildfire within the

previous 100 to 150 years, this information was also noted on the data

sheet. However, since the timing of specific failures could not be

linked with catastrophic wildfires of the late 1800's, those slides

were included in the unmanaged catagory for failure-rate analysis.



Table 4: Comparison of failure rates from studies in the Pacific
Northwest, from Amaranthus (1985).

Reference Location

Area

Forest

(km2)

Harvest Road

Number of Failures
By land class

Forest Harvest Road

Failure Frequency
(No./km2/yr)

Forest Harvest Road

Failure Rate
Relative to

Harvest

forest

Road

Schwab, J.W. Oueen Charlotte Is. 138.6 10.9 1.2 82 108 20 0.6 9.9 16.7 16.5x 27.6x
(1983) B.C.

Rood, K.M. Oueen Charlotte Is. 166.7 16.4 1.44 807 963 97 0.12 3.9 9.2 32x lox
(1984) B.C.

Swanson, F.J.,
Swanson, N.M.

Coast Range
Oregon 5.3 57.1 1.6 42 317 89 0.53 1.03 8.2 1.9x 15x

Woods, C.
(1981)

Hicks, B. Cascade Range 47.1 12.4 0.91 7 6 10 0.006 0.018 0.42 3.4x 95x
(1982) Oregon

Morrison, P. Cascade Range 12.3 4.5 0.6 7 18 75 0.02 0.27 8.3 12x 366x
(1975) Oregon

Swanson, F. J.,
Grant, G.1

Cascade Range
Oregon 101.3 31.2 3.5 61 82 220 0.60 2.63 62.8 4.4x 105x

(1982)

Amaranthus, M. Siskiyou NY
et al. 483 57 12 100 216 328 0.01 0.19 1.37 19x 137x
(1985)

This study Klamath Mtns. 329 42 14 75 70 150 0.06 0.05 2.94 7x 48x
(1986) Oregon

1Includes Morrison data
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Failures in managed areas were identified as either harvest or road

related. Failures were not considered to be road related unless the

initiation site could be clearly photo identified as road related.

Any endeavor to correlate management activity and failure rate

embodies problems in interpretation. The effect of large storms on

slope stability is difficult to determine when photo analysis is

limited by less than yearly photo flights. It is also difficult to

assess the impact of changing timber-management methods.

Road-building techniques,especially, have improved in design,

placement, construction, and maintenance procedures, which should be

reflected as a decrease in road-related landslide frequency. The data

collected from the photo inventory were analyzed in several ways to

identify any prevalent trends.

Failure rate by rock type and site condition

To determine stability differences between the geologic terranes,

failure rates were analyzed separately for the three rock types found

in the study area (igneous intrusive, sedimentary and metamorphic) as

well as for all rock types (Figure 7, Tables 5, A-2, A-3, A-4).

Failure rates for this study were expressed as events/(area*year).

The unmanaged failure rate for all rock types is remarkably low,

considering the steep slopes and high precipitation rates in the study

area. Timber harvest increased the failure rate 5 to 19 times over

that of forested areas, and roads were responsible for rates 27 to 108

times the unmanaged rate. Terrain developed from intrusive

quartz-diorite was most sensitive to management-related activity.
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Figure 7: Failure rate by geologic terrane. Rates analyzed
by rock type and site condition.
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Failure rate by rock type, site condition and time

Landslide data was further sorted by time. Three time intervals

were analyzed, which incorporated seven aerial photo flights from 1943

to 1979. The periods cover approximately equal time intervals, and

include at least one storm event with a recurrence interval of more

than 6 years. Trends of failure rates by rock type, site condition,

and time are presented in Figure 8 and Table 6. A decrease in failure

rate in managed areas over time, which might be anticipated to result

from improved harvest methods, was not apparent in the data.

Failure rates increased both with amount of area managed and

entry into more difficult terrain. For example, mid-slope, sidecast

road-construction techniques in sedimentary terrane of the Butler

Creek area produced numerous road failures which are reflected in high

road-related failure rates during the second time period. Road

construction through thinly bedded, highly fractured metamorphic units

which underlie the steep headwaters of Blackberry Creek, produced many

failures during the third photo interval. Early timber harvesting in

the Pearse Peak area produced a high rate of road-related failures in

deeply weathered, non-cohesive grus. During the third time interval,

management on the steep slopes above Benson Creek was coincident with

high failure rates for igneous terrane.
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Table 5: Failure rate by rock type and site condition

Total Area: 38,420

Years 1943 - 1979

Unmanaged Harvested Roaded2/

Area 744C 1780 520
Metamorphic No. failures 23 32 44
Jg, Jv, Jc, Jur Failure rate 0.08 0.49 2.29

(events/(ha*yr)*1000)
Relative rate lx 6x 27x
(compared to unmanaged)

Area 15780 1460 540
Sedimentary No. failures 48 24 67
Kh, Kr Failure rate 0.08 0.44 3.35

(events/ha*yr)*1000)
Relative rate lx 5x 41x
(compared to unmanaged)

Intrusive
Area 2710
No. failures 4

440

12

200

32
di Failure rate 0.04 0.74 4.32

(events/ha*yr)*1000)
Relative rate lx 19x 108x
(compared to unmanaged)

Area 32860 4180 1380

All Rock No. failures 75 70 150
Types Failure rate 0.06 0.45 2.94

(events/ha*yr)*1000)
Relative rate lx 7x 48x
(compared to unmanaged)

1/1 mile = 3.24 ha
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Table 6: Failure rate for all rock types in study area,
calculated for three time periods

Failure Rate by Geologic Type

Geologic Type: Total Basin Total Hectares: 38,420

Includes: All Geologic Types

Years in time intervals 13 13 11

Photo years 1943 - 1955 1956 1968 1969 - 1979

Unmanaged

Area (in ha.) 32860 29330 27900

Number of failures 30 28 17

Failure rate
(events/(ha*yr)*1000

0.07 0.07 0.06

Relative rate
(compared to unmanaged)

lx lx lx

Harvested

Area (in ha.) 380 2700 1100

Number of failures 4 33 33

Failure rate
(events/(ha*yr)*1000

0.81 0.94 2.73

Relative rate
(compared to unmanaged)

12x 13x 49x

Road-Related

Area (in ha.)1 230 820 330

Number of failures 10 86 54

Failure rate
(events/hPkyr)*1000

3.34 8.07 14.88

Relative rate 48x 110x 269x
(compared to unmanaged)

11 miles = 3.24 ha
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Failure Response Time to Management Activity

A comparison of failure rate and management rate suggests a

predictable response time of landsliding to management activity, as

harvest- and road-related failures follow management activity into the

watersheds (Figure 9). A discernible pattern for storm response could

not be demonstrated. Many failures may have been initiated by storms;

however, the time interval between significant storm events and aerial

photo flights was too great to make any direct correlation between

storms and landsliding.

Response time of failure to timber harvest and road activity was

determined by graphing average failure rate and the amount of area cut

since the previous photo date by each geologic type against the years

in the study period. Failure timing could only be estimated from

appearance on aerial photos, but in general, each rock type showed a

definite landslide response to management. Metamorphic units showed

the most rapid response, with average failure rate reaching a peak

only one year after a peak occurred for new management area. Two

peaks of management activity occurred in sedimentary terrane, with two

corresponding peaks in average failure rate. Response time for both

episodes was five years. Terrane underlain by quartz-diorite had an

average response time to logging activity of 10 years.

Timing of Failure Response in Timber Harvest Units

Landslide timing within clear-cut units, excluding road related

slides, was bracketed by sequential aerial photos. Harvest time for

each unit was acquired from TRI, and was used to determine timing

between harvest and failure. Cumulative area in clear-cuts, storm
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events, and time intervals between harvest and failure were used to

examine failure response time (Figure A-3). Failure frequency

increased with the increase in area harvested. There also appeared to

be a high incidence of slides in response to the 1964 winter storm

event.

Failure timing was also represented by graphing the percent of

total failures against time elapsed between harvest and failure

initiation, as determined by photo bracketing (Figure 10). Within one

year after clear-cut harvesting, 25% of all failures identified on

photo investigation had occurred. Five years after harvest, this

figureapproached 65%, and after eleven years had elapsed, 95% of all

in-unit failures had occurred.

Failure Rate by Landform Classification

Geomorphic data were also collected for each failure site and

entered into the database. A random-grid count of 450 points was used

on 7.5-minute USGS topographic maps to develop theoretical frequency

distributions of slope gradient, elevation, aspect, and presence of

recent landslide activity within the study area. A chi-squared

analysis for goodness-of-fit was used to compare these theoretical or

expected distributions with observed failure frequency for each

landform class (Table A-5).

Comparisons of unmanaged, harvest and road-related failure rates

within each rock type were made within each landform variable.

Failure rate generally increased with higher elevation, steeper

slopes, and northerly and northeasterly aspects which may have greater

groundwater retention. Road-slide frequency responded more strongly
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FAILURE TIMING IN HARVEST UNITS
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Figure 10. Percent of failures which have occurred by years
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to aspect and elevation than did harvest-related slide frequency;

however, managementactivity greatly increased failure rates for all

site variables (Figure 11, Table 7).

Sedimentary terrane: Generally, failure rates in sedimentary terrane

increased with elevation and slope (Figure A-4). The unmanaged and

harvested rates are greatest for south-facing slopes, with

road-related failures concentrated on north- and east-facing slopes.

The natural tendency of the shallow, droughty soils to experience

debris slides and ravel is apparently accelerated by timber removal.

Road failures on north slopes are common at stream crossings. These

slopes generally have greater moisture retention and rapid storm

response in low-order drainages which may exceed road-drainage

design. The accelerated failure frequency for slope gradient and

elevation classes may represent recent roading and harvest activity in

steep, rugged terrain and commonly within older failure scarps.

Metamorphic terrane: Slopes at low elevations show the greatest

degree of instability for unmanaged sites in metamorphic rocks (Figure

A-5). This corresponds to the high frequency of streambank failures

in ancient fluvial and colluvial deposits. Many streambank failures

were noted directly downslope of areas burned by wildfires. Recent

wildfires occurred predominantly in areas underlain by metamorphic

rocks; therefore it is difficult to accurately assess the effects of

wildfire on slope stability. Failure rate was also higher for sites

with steeper slope gradients and at higher elevations. Many of the

ridge tops within the metamorphic terrane have been shaped by
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Table 7: Failure rate by landform classification and site
condition; adjusted by percent of total area
in landclass

Failure rates by landform classification

Adjusted by percent of area in land class

Site Condition Unmanaged Harvested Ruaded

Total Area (ha) 26230 3680 1260

Area Area Number of Failure Relative Area Number of Failure Relative Area Number of Failure Relative

(percent) (ha) Failures Rate
1)

Rate2) (ha) Failures Rate Rate (ha) Failures Rate Rate

Elevation

(40

<730 18 478? II I to 3576 5 I <lv 204 9 44 22x

230-380 23 5937 34 6 lx 162 18 24 4x 267 30 112 19x

380-530 27 /05/ 21 3 In 1022 19 19 6x 350 28 80 21x

530-685 24 6317 10 2 lx 929 I3 14 7x 315 53 168 84x

685 8 7032 5 3 to 369 9 24 Ax 117 21 180 60x

Slope

(percent)

<70 s 1774 4 lx 713 2 9 2x 67 0 0 --

20 -40 II 2162 6 2 Ix 426 4 9 2x 141 7 50 25x

40-60 72 51135 17 3 to 8/8 13 15 5x 291 30 103 34x

60-80 32 8268- 32 4 lx 1125 25 22 6x 390 65 167 42x

<80 M 8(151 19 2 lx 1037 18 17 8x 372 3/ 99 49x

Aspect

N 11 3014 3 1 lx 452 4 9 9x 153 14 92 92x

S II 2804 8 3 lx 392 5 13 4x 132 3 23 An

E b 1497 4 3 to 220 5 73 Ax 76 15 197 66x

W 16 4272 10 2 lx 557 8 14 lx 190 8 42 21x

NE 13 3365 11 3 In 477 10 71 7x 161 43 257 86x

NW 16 4153 II 3 to 594 13 22 7x 200 24 120 40x

SE 1893 15 8 lx 246 a 33 4, 67 7 83 10x

SW 19 5034 17 4 lx 729 9 12 3x 248 25 101 25x

11 (Events/Area)4100

2) Relative to unmanaged failure rate
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mass-wasting features, leaving failure scarps and headwalls which are

susceptible to reactivation. Aspect distribution suggests a higher

failure rate for sites with more northerly aspect, presumably because

these are more moist sites with deeper soils, and commonly correspond

with ancient landslide-debris deposits.

Igneous intrusive terrane: Distribution of failure rate by aspect in

areas of igneous intrusive bedrock is similar to that for sedimentary

terrane, with failures in unmanaged sites confined to southern aspects

(Figure A-6). Soils developed on igneous intrusive terrane are

shallow and poorly cohesive. Vegetation which might provide cover and

root strength is sparse on harsh, southern aspects, leaving slopes

susceptible to erosion by debris slides and surface ravel. Management

activity has increased failure frequency for all aspects, however.

Stream crossings on northerly-facing slopes seem especially sensitive

to road activity. There is no strong trend for the management-related

failures in elevation observed in the other bedrock types. Natural

failures are limited to slopes greater than 40%. The angle of

internal friction used for stability analysis of angular sand grains

is approximately 33 degrees (65%).

Landslide Volume Estimates

A visual estimate of percent of total landslide volume to reach a

stream channel was made during the initial photo survey. This percent

was applied to the debris volume computed using the photo-area and

field-volume relationship. The debris volume that directly impacted
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streams of third-order or greater was estimated for the various site

conditions and rock types.

Approximately 700,000 m
3
of debris was produced by landslides

in the Elk-Sixes area within the study time (Figure 12). An estimated

40% of all debris produced was directly delivered to streams of

third-order or greater. The volume of debris delivered to streams of

third-order or greater was also analyzed by time, rock type and site

condition (Figure 13). The percent of debris produced from each

geologic unit is proportional to the percent of area within each rock

type. The increase in the volume of management-related slide debris

to reach active streams, was proportional to the area of new

management in each time interval. Between 1943 and 1955, 1.6% of the

study area was harvested or roaded, with a corresponding 1.1x increase

in harvest-related debris over that from unmanaged sites. Between

1956 and 1969, 9% of the area came under new management. Debris

delivered to streams from management-initiated sites was 8 times

greater than from forested sites. Area harvested and roaded in the

third time period was 4%, with a 4x increase in stream sedimentation.

Although road-related failures produced the greatest proportion

of debris in all rock types, road failures were inefficient in

sediment delivery to streams of third-order and greater. Especially

in the latter part of the study period, road construction was

concentrated on the upper third and tops of ridges. Debris torrents

are an uncommon mass-wasting feature in the study area, so that direct

impact from road failures was most likely in lower-order channels.
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Figure 12: Volume of debris produced through time from land-
slides; classified by rock type and site condition.
Volume calculated from photo-measured area. Pie chart
shows percent of total area in rock type.
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Figure 13: Volume of landslide debris estimated to have reached
streams third-order or greater; classified by rock
type and site condition.
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Soil Transfer Rates: Soil transfer rate by mass-wasting events

was calculated for the entire study area, and for the dominant

geologic units. These figures are similar to soil transfer rates

observed elsewhere in similar mountainous terrain of the Pacific

Northwest (Table 8). Soil transfer rates for mass-wasting events in

the Elk-Sixes area increased by 8.5 times in harvested units, and by

63 times in roaded areas relative to the rate in forested terrain.

Sedimentary terrane had the highest slide erosion rate under forested

conditions.

Soils developed on igneous intrusive terrane were the most

sensitive to management activity. Landforms developed on decomposed

granitoid terrane are able to maintain steep, stable slopes, with soil

engineering properties similar to those of dense sand. However,

smallchanges in hydrologic regime or slope configuration can produce

unstable slope conditions. Metamorphic terrane has the lowest soil

transfer rate in forested areas, and the greatest increase in

management rate relative to forested sites.



Table 8: Comparison of soil transfer rates in the Pacific Northwest,
from Swanson (1981)

Reference Location

Failure Frequency

(events km-2yrI)

Soil Transfer Rate

(m3km-2yr-1)

Transfer Rate

Relative to Forest

Forest Harvest Road Forest Harvest Road Harvest Road

O'Loughlin, C.L. Cascade Mountains 0.004 0.021 0.88 11 24 282 2.2x 216x
(1972) British Columbia

Fiksdal, A.J. Olympic Peninsula 0.015 0 19.8 72 11,800 160x
(1974) Washington

O'Loughlin
et al.

Motown,
New Zealand

0.2 4.1 100 2,200 22 x

(1075)

Swanson, F.J.
and Dyrness,

Cascade Range
Oregon

0.025 0.097 1.38 36 132 1,770 3.7x 49x

C.T. (1975)

Swanson et al.,
(1977)

Coast Range
Oregon

0.533 1.03 8.23 28 111 3,500 4x I25x

This study
(1986)

Klamath Mountains,
Oregon

0.006 0.05 0.29 13 III 815 8.5x 63x

sedimentary 0.008 0.044 0.34 18 101 953 5.6x 53x
igneous 0.004 0.074 0.43 13 201 1,191 15.5x 107x
metamorphic 0.008 0.069 0.21 S 130 638 60 x 128x Ln

a,
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GEOMORPHOLOGY AND GEOLOGY

The complex mosaic of geologic formations which underlies the Elk

and Sixes basins has strongly influenced slope morphology. Recent,

and possibly ongoing, tectonic uplift is a major factor in the high

relief and steep slopes which have evolved in the area. The various

lithologies present in the area have produced characteristic soil

types which experience predictable modes and rates of slope failure.

INFLUENCE OF STRUCTURE ON MASS WASTING

Debris slides and surface ravel

Progressive weathering along joint and fracture planes in terrain

underlain by the Pearse Peak diorite produces rhythmically spaced,

parallel depressions. The swales are oriented parallel to slope, and

are filled with poorly-cohesive, permeable regolith. The permeability

difference which exists at the weathering front influences slope

stability by concentrating subsurface water. Apparent cohesion for

root-free, decomposed granitoid rock is zero for both saturated and

dry materials (Durgin, 1977). Shallow debris slides within

structurally controlled weathering zones expose bedrock which becomes

susceptible to accelerated erosion by surface raveling and slides.

Surface ravel in coarse-grained sedimentary rocks was examined in

some detail in the east fork of Butler Creek, because of good

exposures of bedrock and past slope stability problems. This area is
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underlain by interbedded sandstone and siltstone, with lenses of

granule to cobble conglomerate. The area studied is within the

gradational contact zone between the Humbug Mountain and Rocky Point

Formations. Extensive side-cast road construction and high lead

logging occurred in the area between 1960 and 1965, with escaped slash

burning in some units and adjacent forested areas. Debris slides are

common and related to harvest activity. Chronic surface ravel of

highly fractured rocks and skeletal soil has slowed revegetation and

created road maintenance problems. An adjacent area within the same

rock type was burned by wildfire in the late 1800's. The area is

immediately south of the Butler Creek clear-cut units, and north of

the Elk River. The slopes burned by wildfire have a southern aspect.

Debris slides and ravel chutes were not identified in photo

investigation, although poor revegetation and soil ravel are apparent.

Linear, pyramidal chutes formed by the intersection of major

joint sets occur as regularly spaced depressions perpendicular to

slope contour. These chutes appear to be both sources of ravel and

concentrating structures for surface ravel delivered from upslope

areas. Field measurements were taken of bedding attitudes, and of

trends of fault and major joint planes. These were mapped on an

aerial-photo overlay with active ravel chutes and photo-identified

lineations (Figure 14).

A pi diagram of twenty-nine bedding attitudes was contoured, and

suggests that bedding has been broadly folded along a non-plunging,

northeast-trending axis (Figure A-7). The west fork of Butler Creek,

which remains severely aggraded since harvest activity, follows the
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trend of a synclinal axis. Bedding planes do not appear to be

important to mass-wasting processes in the Butler Creek area, since

the intersection of bedding and joints does not correspond to the

trend of ravel chute lineations mapped from the aerial photos.

Beta and contour diagrams were constructed of the intersections

of the major joint planes and of the trends of photo-identified ravel

chutes (Figures A-8, A-9). The maxima produced by intersecting joints

planes formed two poorly defined concentrations (50, N5OW and 75,

N39E) which correspond with the N35-40W and N30-40E trends of the

ravel chutes. Although these limited data are not definitive, it

appears that the intersections of major joint sets control the

location of the ravel chutes.

The lineations formed by the intersections of the joint sets also

correspond with the trend of tributaries on the slopes of the adjacent

basin of the North Fork of the Elk River. Bedrock in the North Fork

basin is a fine-grained, thinly bedded facies of the Rocky Point

Formation. These tributaries show evidence of episodic debris torrent

activity, which may be related to differential erosion within chutes

created by the intersection of the joint planes.

INFLUENCE OF STRUCTURE ON STREAM MORPHOLOGY

Drainage patterns in the study basin are strongly influenced by

underlying geologic structures. Faults and folds shape and control

stream patterns, as streams follow zones of weakness or flow parallel

to structural trends. Several examples of structurally controlled

drainage patterns occur in the Elk and Sixes River basins.
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Faults

Panther Creek, a tributary to the Elk River, follows the trace of

the Mountain Well Fault, a major structural feature in the area

(Figure 3). The broad flood plain of the mainstem is underlain by the

phyllitic slates of the Galice Formation. The width, gentle gradient,

and linear expression of the mainstem are uncommon for other

tributaries of similar basin area which drain the rugged terrain of

the surrounding area. A combination of the fracture zone within the

poorly competent phyllite has locally developed a broad valley floor.

Near the mouth of Panther Creek, younger sedimentary units are in

fault contact with the phyllite. The trend of the stream remains

consistent with the trend of the Mountain Well Fault. However, the

flood plain narrows in width and locally steepens in gradient,

reflecting the change in lithology to a more resistant rock type.

Folds

Large-scale folding during Late Cretaceous time is most evident

in the Cretaceous sedimentary units. Several streams follow synclinal

axes: the east fork of Butler Creek, the North Fork of the Elk River,

and Dry Creek near its confluence with the Sixes River. The stream

segments which coincide with fold axes characteristically exhibit

anomalously gentle gradients, low sinuosity, and broad flood plains.

The North Fork of the Elk River is also influenced by dip-slope

failures. These occur where the dip of the folded beds on the flank

of a syncline closely conforms to the slope gradient.
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EFFECT OF LITHOLOGY ON MASS-WASTING PROCESSES

Failure types

Both aerial photo interpretation and field mapping of mass-wasting

events demonstrated that specific characteristics, such as failure

geometry, are consistent with specific lithologies in the study area.

A classification of failure type, based on bedrock geology and failure

geometry, was established and included in the database. Multiple

regression analysis including a variable for failure type did not,

however, significantly improve the correlation between photo area and

field volume, but could be used by forest managers to further define

sediment sources and estimates of sediment production rates.

Failure Type 1 is a debris slide which occurs in soil and grus

developed on dioritic terrane. A prismatic or pyramidal geometry is

common for both the body of the failure and associated scour channel

(Figure 15). Type 2 slope failures occur in metamorphic and

sedimentary terrane and are characterized by arcuate headscarps, and

failure planes which have translational and/or rotational components

of movement (Figure 16). Type 2 failures include both debris slides

and slumps. Streambank failures are classed as Type 3 failures, and

occur in all terranes on steep, coalescing deposits of colluvium and

alluvium along deeply incised streams with narrow valley floors.

Failure geometry is defined by width (along stream) greater than or

equal to slope length; movement occurs along a planar failure surface

(Figure 17).

Jurassic sedimentary terrane: The study area north of the Sixes River

is underlain by the highly sheared and incompetent rocks of the Otter
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Rock type: di

Volume equations:

field-measured: V = 1/3 lwh

field volume to photo area regression:

log FLDVOL = .75882 (log PHOTOAREA)+.594566

r2 = .822

Morphology:

length >> width

triangular gutted track

average depth: 2.44 meters

Characteristics:

typically initiated by debris slides
when sufficient water is present to
liquify the failure mass; the energy
of the resultant slurry can erode
and scour the slope and stream reach
contiguous to the initiation site.
Debris slide scars and bare, unstable
or scoured channels are indicative of
debris torrents.

Figure 15: Sketch and description of Failure Type 1.
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Rock type: Kh, Kr, Jg

Volume equations:

field-measured: V = 2/3 lwh

field volume to photo area regression:

log FLDVOL = .87615 (log PHOTOAREA)+.61244

r2 = .903

Morphology:

length > width
scarps arcuate in form
average depth: 2.33 meters

Characteristics:

occur on upper, mid and lower slopes with
downslope movement of unconsolidated
material along a relatively shallow,
linear failure plane. A component of
rotational movement is common for the
upper scarp area.

Figure 16: Sketch and description of Failure Type 2.
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Rock type: all rock types

Volume equations:

field-measured: V = lwh

field volume to photo area regression:

FLDVOL = 2.1642(PHOTOAREA) 38.3137

r2 = .994

Morphology:

length a width
arcuate head scarps
average depth: 2.0 meters

Characteristics:

streambank debris slide with failure
occurring off poorly consolidated
alluvial/colluvial deposits; failure
plane typically shallow and planar.
Failures characteristic features within
inner gorge areas.

Figure 17: Sketch and description of Failure Type 3.
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Point Formation. The landscape has been shaped by earthflow movement

into a smooth, rolling topography interrupted by knockers of resistant

rocks which stand out in sharp relief from the surrounding slopes.

Gully erosion is ubiquitous. Streams are commonly incised into steep

inner gorges which are sites of chronic instability. Rate of

earthflow movement is fairly slow (up to several meters/year); failure

forms are poorly defined and transient. Aerial photo identification

was also based on poor vegetation growth and irregular drainage

patterns.

The amount of area underlain by the Otter Point within the Forest

Service TRI grid is small relative to other rock types; earthflows are

found primarily in the Otter Point. The area was only recently traded

to the Forest Service, after having been extensively logged by private

companies in the earlier part of the century. This recent change in

ownership limited the historical information available for this

study. Earthflow and creep processes, which are the dominant slope

erosional forms in the Otter Point melange, were not mapped or entered

into the database unless they were associated with debris slides or

noticeable streambank instability.

Igneous Intrusive terrane: The largest intrusive bodies in the area

are located at Pearse Peak and Benson Creek (Figure 4). Streams

cutting through dioritic terrane are deeply incised and follow linear

joint and fracture patterns. Slopes average 70%, and are moderately

to highly dissected. Soils which develop from the diorite quartz

diorite bedrock are sandy gravelly loams. Soils are shallow and
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poorly cohesive; soil layers have high permeability and very high

surface-erosion potential (Meyer, 1979).

The shallow soils which are developed on dioritic bedrock fail as

debris slides of saturated, non-cohesive material. Failures have

arcuate head scarps and shallow failure planes. Downslope scour by

landslide debris typically produces a shallow, discontinuous channel

of prismatic shape. Slide length is many times that of its width.

Many torrent tracks intersect active stream channels. Debris levees,

debris piled high on standing trees, and channel scour are evidence of

debris torrents. Eight percent of the igneous intrusive terrane in

the area is within forms mapped as ancient, inactive failures.

Many failure sites are related to underlying zones of fracturing

and jointing within the intrusive bodies, and to faulted contact zones

between the intrusion and country rock. Weathering between joint

planes which parallel the slopes produces regularly spaced, linear

swales. A change in hydrologic or slope configuration can trigger

debris slides of marginally stable, detritus-filled swales. After the

initial failure, both the scarp and torrent track are susceptible to

chronic erosion from surface run-off and ravel.

Slope failures are concentrated along and below roads, commonly

initiated at headwater channel crossings. Higher-order stream

channels intersected by roads often become sites of streamside and

mid-channel failure initiation.

Jurassic metamorphic rocks: The study area contains three metamorphic

units; phyllitic slates and metasedimentary rocks of the Galice

Formation and the Colebrooke schist, and serpentinized ultramafic
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rocks. Topographic expression of areas underlain by both the

Colebrooke Formation and serpentine rocks is characterized by long,

moderately steep to gentle slopes, commonly interrupted by benches,

depressions and hummocky terrain. Slopes average 40% and are smooth

to moderately dissected. Soil types include gravelly to clay loams

which are moderately deep and moderately cohesive (slightly sticky and

plastic). Permeability is moderately high, and surface erosion

potential is moderate to severe.

Topography developed on bedrock underlain by the phyllitic slates

of the Galice Formation, which is the most extensive metamorphic unit

in the area, exhibits moderately to very steep slopes. Depending on

aspect, slopes are slightly to highly dissected by perennial drainage

channels. Slopes average 55%. Soils are moderately deep, cohesive

(slightly sticky and plastic) and have high permeability; surface

erosion potential is moderate to very severe.

Complex translational/rotational landslides are the dominant

mass-wasting form for deep, cohesive soils of metamorphic terrane.

Ancient, inactive failure forms are widespread and may individually

cover up to 100 hectares in area. These features, which were

identified on the basis of aerial photo interpretation, are plotted on

the base map, but not classified for database analysis. The

percentage of each terrane mapped as older, inactive failures is:

Galice Formation, 6%; Colebrooke Formation, 20%; ultramafics

(including serpentine), 40%.

Recent failures have an arcuate scarp and a somewhat conical

geometry. Torrent tracks are uncommon components of failures within

metamorphic terrane, but may occur on slopes where the failure site is
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adjacent to an active channel, or where failures initiated on a steep

slope intersect a stream at an upstream angle at least 30 degrees from

perpendicular. Headwall scarps, lateral scarps, and steep debris

deposits of older failures are common sites of reactivation by shallow

debris slides. Recent failures individually cover less than 2

hectares, and are concentrated in areas within older failure forms,

including areas which were burned in wildfires, and areas of

structural weakness. Structural control of landslide distribution is

shown by a high frequency of failures along major faults and faulted

geologic contacts.

Cretaceous sedimentary rocks: Sedimentary rocks in the study area

include the Humbug Mountain and Rocky Point Formations. The

geographic area encompassing both was combined for data analysis and

failure frequency rates, although lithologic and geomorphic

differences exist between and within the formations. The contact

between the Humbug Mountain and Rocky Point Formations is gradational,

making recognition and delineation difficult. Previous investigators

use similar lithologic descriptions of the two formations, but

dissimilar contacts between them (Koch, 1966; Lent, 1969; Dott,

1971). Field investigation along the contact zone by this author

revealed a conglomerate facies which matched descriptions of the

Humbug Mountain Formation, but which had been mapped as Rocky Point.

There are major differences in failure type between the facies of the

sedimentary formations. Failure form is similar, however, with the

exception of surface erosion by ravel. Because of questionable

contact relationships between the units, Failure Type 2 was assumed in
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estimating volume from photo-determined areas for all recent failures

occurring within Cretaceous sedimentary rock types.

Humbug Mountain Conglomerate: Slopes underlain by the Humbug Mountain

Conglomerate average 65% and are slightly to moderately dissected

(Meyer, 1979). Streams are deeply incised and have relatively steep

gradients; flood plains are narrow or absent. Soils are moderately

deep, poorly to non-cohesive, and have rapid permeability rates.

Surface soil erosion potential is high to very high. Ridge tops which

are underlain by conglomerate in the upper section of the formation

commonly form steep, rock outcrops and cliffs. The basal massive

boulder and cobble conglomerate grade into poorly-graded, pebble to

granule conglomerate. Failure form grades upsection as well, with

debris slides and rock falls becoming more common upsection.

Older, inactive failure forms encompass 8% of the area underlain

by the Humbug Mountain Formation. A significant erosional process

within the broad, indefinite gradational zone between the Humbug

Mountain and Rocky Point Formations is that of surface ravel. This

phenomenon is especially evident in the Butler Creek area, where

erosion of the rock-mulch soil has been accelerated by land

management. This erosional form is included as landslides in the

Elk-Sixes study, in part because sites of chronic ravel have the

appearance of debris slide scars on aerial photographs. Chronic ravel

can become a significant component of headward erosion for debris

slides, and can persistently contribute to the volume of sediment

delivered to streams.

Rocky Point Formation: The sedimentary Rocky Point Formation is the

most extensive of all formations in the study area. Lithologic



71

composition of the Rocky Point is relatively homogenous and competent,

with gradational facies changes. The topography is the most rugged in

the Elk-Sixes study area. Slopes average 80% and are moderately to

highly dissected. Soil depth and cohesion vary with slope and percent

of fine-grained constituents in the parent material. Soil

permeability rates are high, and surface erosion potential is high to

very high for all soil types (Meyer, 1979).

For expedience in volume calculations, all slope failures

occurring within Rocky Point terrane have been classified as Type 2

failures. However, failure types differ somewhat with facies

lithology and underlying geologic structure. Many large, ancient

features were formed by dip slope movement along bedding planes of

thickly bedded sandstone and mudstone. Seams of very plastic clay,

possibly failure plane gouge, were noted within deposits of two large

failures.

The north slopes of the North Fork basin show evidence of both

ancient and recent debris slides and torrents. Upper slopes grade

into thin, parallel interbeds of sandstone and mudstone and have

headwalls sculpted by repeated debris slides. Poorly differentiated

deposit forms were observed below extremely steep headwall areas.

These slope breaks may be temporary depositional sites for debris,

which can be reactivated as debris torrents by subsequent storm

events. Tributaries on the north flank of the North Fork have been

scoured to bedrock by debris torrents, with debris fans up to 10

meters in height deposited at the mouths of the scoured tributaries.

Charred snags are incorporated in the crudely graded sediments of the



72

debris fans, which suggests wildfire may have been an important

component of failure initiation.

Streambank failures: Streambank failures were classified as failure

Type 3 for database calculations. Average slope of the colluvium

deposited along stream reaches was gentle to moderate; failed slopes

had been undercut by stream erosion or were along abrupt slope breaks

and were very steep. Soils developed on the colluvium were moderately

deep and cohesive, with moderate permeability. Surface erosion rates

are variable, depending on slope.

Deeper, more cohesive soil mantle which has developed on toe

slopes and valley bottoms fails as slumps with a translational

downslope movement. Multiple head scarps were commonly arcuate, and

exhibited headward erosion by debris sliding. The width of the

failures measured along the stream is greater than the failure length.

Distribution of streambank failures is closely associated with

older failure forms and debris deposits within metamorphic and

fine-grained sedimentary terrane. Areas which were swept by wildfires

in the late 1800's and early 1900's show an increased density of

streambank failures. Much wildfire activity occurred in areas

underlain by fine-grained metamorphic and sedimentary rocks, however,

making correlations between geology, geomorphology and fire effects

obscure. Management activity can also be related to an increase in

the number of inventoried streambank failures. Because of their

position low on the slope, streambank failures also have high

potential for sediment delivery directly to the bedload of active

streams.
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EFFECT OF BEDROCK ON STREAM MORPHOLOGY

Stream morphology is profoundly influenced in the study area by

the underlying geology. Geologic structure, lithology and tectonic

history influence the degree of incision, sinuosity and gradient

within the stream reach. Because of the characteristics of the

underlying lithology, the morphology of many stream segments is a

persistent and long-term feature, unlike meandering and braided

alluvial stream systems.

Channel Incision and Sinuosity

Channel incision is controlled in part by the erosional

characteristics of the bedrock. Differential erosion between and

within rock units produces variation in the degree of stream incision,

stream constrictions, and diversions. For example, the Cretaceous

sedimentary formations in the area have competent, relatively

homogeneous lithologies. Stream channels are deeply incised and have

narrow or absent flood plains. The headwaters of Red Cedar Creek

(which flows into the Elk River) flow through narrow, bedrock channels

of sedimentary rock. Near its mouth, the stream flows through less

competent metasedimentary units. Immediately at the faulted contact,

stream gradient abruptly decreases, and the width of the channel and

flood plain increase significantly.

Channel sinuosity is also influenced by geologic structure and

the mass-wasting features which directly impact streams channels.

Faults, fractures and joints in resistant bedrock create deeply

incised, linear stream patterns. Bald Mountain Creek, a tributary of

the Elk River, shows many excellent examples of the effects of geology
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on channel sinuosity. In the upper reaches, the underlying dioritic

bedrock is deeply weathered along joint and fracture planes and has

low resistance to erosion. Stream reaches are long and linear, and

follow structural control. Further downstream, more resistant mafic

dikes cut the quartz-diorite intrusion and create deep, narrow stream

reaches which commonly culminate in bedrock falls and pools. Channel

sinuosity increases near the mouth of Bald Mountain Creek where

faulted contacts occur between rocks of widely varying competency.

Debris dams are coincident with channel constrictions; such

constrictions are common at contacts of more competent rock, or where

large mass-wasting features impinge upon the channel.

Channel Gradient

Local channel gradients in the study area are also closely

related to lithology and structure. Erosional characteristics of

bedrock may be secondary to structural control in determining channel

gradient for many streams. A shear zone which incorporates the Sixes

River fault has produced a wide, low-gradient reach in the lower Sixes

River. The lower part of the North Fork of the Elk River flows

through relatively competent, unfractured sedimentary rocks, but is

characterized by a gentle channel gradient. The stream trends along

the axis of a broadly folded syncline.

Large-scale mass movements which directly impact streams can also

affect channel gradient. Toes of earthflows or slump blocks deliver

debris of diverse size and composition to the channel, and can create

an increase in overall channel gradient where debris from large

failures creates stepped channel profiles. Stream constrictions by
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failure deposits can also increase gradients by forming debris dams or

falls. Upstream, a coincident decrease in stream energy and gradient

develop which cause channels to collect and store sediment.

Failure Type and Sediment Delivery

Size distribution of landslide debris, and the timing of its

delivery to a stream channel, can also be considered in relation to

geologic terrane. Debris slides and torrents are characteristic of

terrain underlain by igneous intrusive and coarse-grained sedimentary

rocks, including certain facies of the Rocky Point Formation. These

failures have shallow failure planes, and incorporate soil and

decomposed bedrock into a relatively homogeneous, fine-grained mass of

debris. Debris slides have the potential to move sediment rapidly

down steep slopes and to have a direct impact on perennial streams.

Debris torrents, often initiated by small debris slides, may scour

lower order channels before entering larger streams, and are capable

of remobilizing stored sediment and transporting it long distances

within a stream system.

Fine-grained sedimentary and metasedimentary bedrock within the

Galice and upper part of the Rocky Point Formations, and within the

ultramafic rocks in the area, develop soil mantles which are deeply

weathered and cohesive. Mass wasting of large, competent slide blocks

or earthflows impinge directly on many reaches of active stream

channels, adding both organic and inorganic debris of diverse size and

composition. Unstable debris deposits increase the frequency of

streamside failures and may overwhelm the transporting ability of the

stream. These large debris deposits represent a source of chronic
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sediment input to the stream. Stable deposits, however, help armor

the stream bank and bed against scour and bank erosion.

Stream morphology also controls timing of sediment delivery to

the system. The East and West Forks of Panther Creek are examples of

the difference in rate of sediment transport between creeks which flow

through different rock types. The East Fork lies within phyllitic

rock of the Galice Formation. Several large, natural failures have

created unstable debris deposits which episodically fail into the

stream, providing large organic and inorganic debris to the channel

and a stepped stream gradient. These deposits have created a high

degree of sinuosity in the channel. Multiple stream constrictions,

which are formed either by cohesive deposits, large woody debris or

boulders, are sites of long-term debris dams. Sediment is stored

behind the dams and periodically flushed during major storm events.

The East Fork does not have any extensive areas of open riparian

canopy or aggradation. Approximately 10% of the watershed has been

harvested or roaded.

The West Fork of Panther Creek flows through the coarse-grained

rocks of the Humbug Mountain Formation. Slopes are steep, but stable

in forested sites. Surface ravel is a common erosion process. The

stream course is controlled by the Mountain Well and related faults,

and is marked by long, linear reaches and a low degree of channel

sinuosity. The amount and timing of harvest activity in the East and

West forks is comparable. Harvest-related debris slides and torrents

have delivered pulses of fine sediment to the stream. Organic debris

is limited to small logging slash. Intermittent scour and aggradation

is typical of the West Fork of Panther Creek. Because the stream
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reach is relatively steep and straight, the stream channel and bank

are vulnerable to erosion from debris torrents during high flows.

Low-gradient Stream Reaches

Within several of the steep mountain streams in the study area,

there are reaches which are characterized by low gradients, wide flood

plains, and open riparian canopies. Aerial photo investigation shows

the wide flood plains in these reaches to be historically persistent.

Tree ring dates of 80 to 100 years from random tree boring of the

established riparian vegetation show the terraces and bars within

these wide areas to also be relatively stable. These reaches serve as

sites of sediment deposition and storage along the stream course.

Distribution of the low-gradient reaches is controlled by bedrock

lithology and structure. Five of these reaches have been identified

as sites of the highest salmonid production in the Elk River system

(Figure 18). Two of the sites, the mainstem of Panther Creek and the

North Fork of the Elk River, can be described as typical for both

cause and expression of low-gradient reach morphology.

Mainstem, Panther Creek: Morphology of the mainstem of Panther Creek

is controlled by the fracture zone of the Mountain Well Fault.

Phyllitic rocks exposed in the stream channel are fractured and

deformed. Debris from large, ancient slumps and slides common to the

Galice Formation, has formed multiple, historically long-term terrace

deposits bordering a wide flood plain. Old-growth timber was noted on

many of the terraces. The stream flows in a sinuous pattern,

deflected between the terraces and resistant bedrock, and is

characterized by shallow glides and riffles. Lateral scour pools are
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shallow; lateral and mid-stream gravel bars are common. Near the

mouth of the stream is a faulted contact between the Galice and Humbug

Mountain Formations. As the stream flows through the more resistant

conglomerate, the bedrock channel is constricted and develops a

bouldery, stepped gradient. Investigation of sequential aerial photos

showed an expansion in the extent of open riparian canopy and aggraded

stream reaches within the historically persistent, wide flood plain.

The expansion is coincident with timber-harvest activity in the

headwaters.

North Fork, Elk River: The North Fork of the Elk River flows within

the broad axial region of the Elk River Syncline (Dott, 1971), through

bedrock of the Rocky Point Formation. Large, ancient dip-slope

failures off the flanks of the syncline have delivered debris to the

wide, axial area. Debris deposits form multiple terraces up to 10

meters above the current stream surface. The highest terraces may

correspond to tectonically elevated Pleistocene marine terraces

located 30 kilometers to the west. Extensive wildfire in the basin

has created even-age (80-90 years) stands of timber; however, charred

old-growth snags were noted on the terraces suggesting the higher

terraces are more than several centuries old. Stream constrictions

and related debris dams are formed by reworked deposits from the

ancient failures, or where more resistant facies outcrop in the stream

channel. Several tributaries on the north slopes show repeated

erosion by debris torrents. Large debris fans at the mouths of the

tributaries are chronic sediment sources for the North Fork.

A steep gradient reach within the Humbug Mountain Formation is

immediately upstream of the Rocky Point terrane. Above the steep
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reach is a more gentle topography underlain by metamorphic rocks, in

which most logging activity in the watershed has been concentrated.

Debris from harvest-related failures has aggraded the upper reach, but

much of the sediment may have been transported through the steep

section and deposited in the flat, lower portion of the North Fork.

The earliest aerial photos show extensive areas of open canopy with

multiple debris dams and aggraded reaches. Sedimentation in the open

canopy reaches can be traced to large debris slides and torrents which

were probably wildfire-related. Between 1943 and 1960, debris dams

were dispersed, and riparian canopies were reestablished. After

timber-harvest activity in the headwaters, renewed aggradation in the

lower reach was evident on the photos by an increase in area of open

riparian canopy. These areas coincided with reaches of extensive

aggradation mapped by stream traverse.

Stable, low-gradient stream reaches are both valuable fisheries

resources and can be impacted from upslope land use activities. These

reaches can be predicted and delineated by geologic and geomorphic

mapping. Detailed geologic and geomorphic mapping could be done on

all five low-gradient stream reaches which have been designated as

areas of high salmonid production for use in preservation of high

production reaches in streams of similar morphology.
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SUMMARY

Interpretation of sequential aerial photos is a valuable tool for

identifying ancient and recent landslides, and management condition at

the site of mass-movement initiation. Regression analysis of photo

and field-generated data can be used to estimate the volume of debris

displaced by each failure. The amount and consequence of landslide

debris to reach a stream channel cannot be accurately quantified from

photo investigation, but can be estimated. Channel changes, involving

reaches of at least 100 meters in length, were also noted from

studying sequential photos.

Data collected from air photos can also be used to determine the

timing and frequency of landsliding in relation to geologic terrane

and forest management history. In the Elk and Sixes basins landslide

frequency is higher in both harvest and road areas than in forested

areas, with the most significant increase attributed to road

construction. Failure rates were proportional to the cumulative area

under managed conditions. In some cases, peaks in failure frequency

and rate could be correlated with logging in specific basins. Failure

rate for improved roading techniques did not decrease as expected,

but this may be either a reflection of road construction in

increasingly difficult terrain, or a lingering effect of roads

constructed with older techniques.

Using photo-bracketed landslide timing and harvest information

from the TRI of the Siskiyou National Forest, landslide timing could
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be determined within harvest units. By five years after harvest, 40%

of all debris slides had occurred; by ten years after harvest 95% of

debris slides identified had occurred. No distinct response peaks

could be seen for storm initiation of failures in harvest units, which

could be ascribed more to limited data than lack of storm effects.

Volume of landslide debris which was produced and transported to

a stream of third order or greater, was computed using a photo-area to

field-volume regression analysis and an estimate of the percent of

volume delivered to the stream. The increase in debris volume

delivered to the streams over time was directly proportional to the

amount of area undergoing roading and timber harvesting.

Failure rates were also analyzed in the sedimentary,

metasedimentary and igneous intrusive terranes in the area. Terrain

developed over each of these geologic units showed significantly

different responses to both unmanaged and managed conditions. The

lower one-third of slopes underlain by fine-grained metasedimentary

rock showed the greatest failure frequency under forested conditions.

These slopes are commonly formed by debris deposits from large,

ancient slumps and earthflows, and are sensitive to hydrologic changes

caused by stream undercutting and wildfires.

All rock types showed a significant increase in failure rate with

land use activity. Sedimentary terrane responded to logging

activities by an overall increase in failure rate of 15 times that of

undisturbed sites. Land use activity in metamorphic terrane increased

failure rate relative to forested sites by 11 times. Areas underlain

by igneous intrusive bedrock was the most sensitive to both harvest

and road-related activity. The overall increase for
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management-related failure rates over that of undisturbed sites was 47

times. Landslide failure rates calculated from other Pacific

Northwest studies could be compared by geologic type to determine

lithology-controlled patterns. Prediction of landslide frequency and

debris volume production would be a useful management tool.

Failure type and occurrence was related to lithology and

structure. Debris slides are common in igneous intrusive and

sedimentary terranes. The majority of debris torrents were mapped

within areas underlain by quartz-diorite and the fine-grained facies

of the sedimentary Rocky Point Formation. Slump/earthflows were the

dominant mass-wasting forms in metamorphic terrane. Approximately 65%

of the landscape underlain by Jurassic metamorphic formations was

mapped as ancient, inactive mass-wasting features. Both

quartz-diorite and coarse-grained sedimentary rocks were subject to

surface ravel of soil and weathered bedrock. A structural analysis of

recent (Miocene) deformational features strongly suggests structural

control of differential weathering and erosion along fracture-related

chutes, which subsequently fail as debris torrents and surface ravel.

Stream morphology is also strongly influenced by bedrock

lithology and geologic structure. Stream incision, sinuosity and

gradient reflect underlying bedrock, and are persistent features in

the stream profile. Channel constrictions form at outcrops of

resistant bedrock. Large mass movements in rock and soils developed

from fine-grained lithologies may constrict and deflect a stream

course. Streams with wide flood plains and low gradients are

characteristic of bedrock which is less competent, broadly folded or

sheared by faults. Sediment transport and deposition within the
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stream system is determined by the distribution of low-gradient

reaches.

Areas which need further study became apparent during this

study. Detailed geologic and geomorphic mapping should be done on all

five open stream reaches which have been designated as areas of high

salmonid production, so that this information can be compared to

streams with similar morphology. This mapping could help to define

the streams most worthy of investments in stream rehabilitation or

enhancement, and to design future management practices. Failure

frequency rates associated with land use activities, geologic units

and landform classifications can be integrated with the landslide

location maps to establish risk evaluation and hazard zonation for the

area.
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Table A-1: Database: table of codes

TABLE OF CODES
Sites of mass-wasting: Elk and Sixes River basins, SW Oregon

database analysis

ITEM

Compartment
COMPT

Landslide
NUMBER

CELL

GRID

Geology
GEO

Soil Resource
Inventory

SRI

Elevation
ELEV

Aspect
ASPCT

Average
Gradient (%)
AVGRAD

Field
Gradient (%)
FLDGRAD

Site

Condition
SITECN

SYMBOL

5604

17

2

A2

S

K

J

0

V

D

KJ
KD

JK

JD
DK
DJ

48

800

SE

60

60

W
C

B

R

RF
RS

U

REMARKS

TRI compartment identification number

number assigned specific landslide; corresponds
with landslide number on base maps

TRI cell number within compartment in which
landslide is located

TRI grid location within compartment in which
landslide is located

Tertiary sedimentary rocks
Cretaceous sedimentary rocks
Jurassic metasedimentary rocks
Jurassic metamorphic rocks
Jurassic metavolcanic rocks
Jurassic dioritic intrusives
KJ contact, failure in Cretaceous lithology
KD contact, failure in Cretaceous lithology
JK contact, failure in Jurassic lithology
JD contact, failure in Jurassic lithology
DK contact, failure in dioritic lithology
DJ contact, failure in dioritic lithology

Landtype unit number assigned by Soil Resource
Inventory (1979), Siskiyou National Forest, for
the cell in which landslide is located

elevation (in feet) of landslide scarp,
determined from photo and base map location

aspect of slope on which landslide is located

average gradient of slope on which landslide is
located, determined from TRI

field-measured gradient of failure slope

site condition listed in chronological order;
disregard wildfire if failure occurs more than
20 years after fire
wildfire
clear-cut
broadcast burn
road-related
road/landing fill failure
road cut-slope failure
unmanaged, forested
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Landslide landslide type; geometric shape of failure
Type 1 dioritic terrane; triangular shape
LSTYPE V = 1/3 area * depth

2 J and K; upper, mid and lower slope
V = 2/3 area * depth

3 streamside failure; J, K, di, planar shape
V = area * depth

Landform geomorphology associated with failure
LNDFORM U upper slope

mid-slope
L lower slope
S streamside
X slump or older failure component
T torrent track
R surface ravel

Date of Aerial first appearance of failure on sequential aerial
Photograph photo
PHOTO 1 pre 1943

2 1943-1951
3 1952-1955
4 1956-1963
5 1964-1968
6 1969-1972
7 1973-1979
8 post 1979

Date of 1964 date of site management from TRI data
management
MGMT

Field Area
FLDAREA

Field depth
FLDDPT

Area of failure (square meters) measured in field

Depth (in meters) of failure measured in field

Field Volume Volume (meters cubed) of failure using
FLDVOL field-measured dimensions and formula based on

LSTYPE

Photo area
PHOTAREA

Volume Percent
%VOL

Stream Order
ORDER

Stream Class
CLASS

Failure Volume
PHOTOVOL

Area (square meters) of landslide form computed
from aerial photo expression and appropriate scale

Estimate, from photos, of percent of landslide
debris to enter adjacent stream channel

Stream order (1-6) based on Strahler method

Stream class; fish habitat data supplied by
fisheries biologist on Siskiyou Nat'l. Forest

volume of landslide (meters cubed) computed using
photo-measured area and regression formula

Failure Volume volume of debris (meters cubed) estimated to
to Stream reach adjacent stream
SVOLUME PHOTOVOL * % VOL



LANDSLIDE PHOTO DATA

Photo Detail

Age: Photo
Post
Pre

Mangmt. History
Post
Pre

NOTES:

section
Photo Date
Slide No.
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Location: 1/4
Sec. ,T.

Set No.
Line
TRI Compartment
Geology
SRI:

Failure Type

SHALLOW, RAPID DEEP, SLOW
Hillslope, debris slide Earthflow

Headwall/concave Slump
Planar Streamside
Convex Single slide

STFiamside Unstable zone
Single slide
Multiple slides

rEiRnel, Debris Torrent

Site Condition

(U) Upper
(M) Middle
(L) Lower

, R.

Relationshi. to Assoc.Failu.

Activit y Year Reve.etation (C) Conifer (L) Logged
Influence area S Type (0) Deciduous (R) Roaded

(W) Wildfire (F) Burned
Failure (B) Slowdown

Topo-Geomorphology

Elevation Geometry: Len h Width
Aspect Scarp/Body
Slope Gradient Deposit

Deposition

Fate of Debris (S Volume)
Slope:
Upper
Middle
Lower

S To reach stream
Order Class

Transport zone Depositional
Slope

zone
ChannelSlope -Channel-

instance
Geometry
Changes

(S) Straight
(B) Bend
(J) Junction
(A) Aggraded
(C) Scoured
(I) Bank instability

Remarks/Sketches: (i.e. Contributing area, Transport zone, stream network)

Initials
Date

To be field checked:
No Yes Possible

Figure A-1: Landslide photo data sheet



LANDSLIDE FIELD DATA

Failure Type

SHALLOW, RAPID
Hillalope, debris slide

Headwall/concave
Planar
Convex

---7Ttreamside
Single elide
Multiple slides

Channel, Debris Torrent

Topo-Geomorphology

Elevation
Aspect
Slope Gradient
Scarp distance to ridge

DEEP, SLOW
Earthflow
Slump
Streamside

Single slide
Unstable zone

SURFACE RAVEL
Concave
Planar

Convex

Geometry: Length Width
Scarp/Body
Deposit

Land Use Activity

Logged
Roads
Drainage
Unmanaged

Other
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Section
TRI Compartment
Slide No.

Relationship to Assoc.Failures

Deposition

Depth Fate of Debris (% Vol.'
Slope:

Upper
Middle
Lower

% To reach stream

1

Anomalous tree growth:
Bent
Bowed
Leaning
Standing dead
Dead/down

Revegetation

% cover Age/diameter
Type Tree damage

Stream Changes

Distance
Geometry
Changes
4 1/3 size
1/3 - 2/3
>2/3 size

Transport Deposition

Stream Geometry (X-section)

(s)
(B)
(2)

(A)

(C)

(I)

( )

Water:
Springs
Sag ponds
Seeps

Straight
Bend
Junction
Aggraded
Scoured
Bank instability
Woody debris (> 10cm)
to channel width

Above failure Failure site Below failure

Channel Conditions

Junction angle

Bank instability

Toe saturation

Tension Cracks
Hummocky terrain

Geology

Rock type /description.

pensity Orientation
Fracture dl

Joints
Bedding
Foliatiod
Degree of weathering
Soil/regolith depth
Relationship to failure

Initials

Date

Figure A-2: Landslide field data sheet



93

Table A-2: Failure rate for sedimentary terrane; rates are
calculated for three time periods

Geologic Type: Sedimentary Total Hectares: 17,010

Includes: Kh, Kr

Years in time intervals 13 13 11

Photo years 1943 1955 1956 - 1968 1969 - 1979

Unmanaged

Area (in ha.) 16840 16290 15780

Number of failures 25 12 11

Failure rate

(events/(ha*yr)*1000
0.11 0.06 0.06

Relative rate
(compared to unmanaged)

lx lx lx

Harvested

Area (in ha.) 110 1000 350

Number of failures 2 15 7

Failure rate
(events/(ha*yr)*1000

0.40 1.15 1.82

Relative rate
(compared to unmanaged)

12x 20x 29x

Road-Related

Area (in ha.)1 60 320 160

Number of failures 2 49 16

Failure rate
(events/ha*yr)*1000

2.56 11.78 9.09

Relative rate 22x 208x 143x
(compared to unmanaged)

11 miles = 3.24 ha
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Table A-3: Failure rate for metamorphic terrane; rates are
calculated for three time periods

Geologic Type: Metamorphic Total Hectares: 9740

Includes: Jg, Jr, Jc, Jur

Years in time intervals
Photo years

13

1943 1955
13

1956 1968

11

1969 1979

Unmanaged

Area (in ha.) 9660 8220 7440
7440

Number of failures 4 14 5

Failure rate
(events/(ha*yr)*1000

0.03 0.13 0.06

Relative rate
(compared to unmanaged)

lx lx lx

Harvested

Area (in ha.) 50 1080 650

Number of failures 1 13 18

Failure rate
(events/(ha*yr)*1000

1.54 0.93 2.52

Relative rate
(compared to unmanaged)

48x 7x 41x

Road-Related

Area (in ha.)1 30 360 130

Number of failures 0 21 23

Failure rate
(events/ha*yr)*1000

0 4.49 16.08

Relative rate 0 34x 263x
(compared to unmanaged)

11 miles = 3.24 ha
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Table A-4: Failure rate for igneous intrusive terrane; rates
are calculated for three time periods

Geologic Type: Intrusive rocks Total Hectares: 3350

Includes: di

Years in time intervals
Photo years

13

1943 1955
13

1956 1968
11

1969 - 1979

Unmanaged

Area (in ha.) 3270 2830 2710

Number of failures 1 2 1

Failure rate
(events/(ha*yr)*1000

0.02 0.05 0.03

Relative rate
(compared to unmanaged)

lx lx lx

Harvested

Area (in ha.) 30 320 90

Number of failures 0 5 7

Failure rate
(events/(ha*yr)*1000

0.00 1.20 7.07

Relative rate
(compared to unmanaged)

Ox 22x 211x

Road-Related

Area (in ha.)1 50 120 30

Number of failures 6 14 12

Failure rate
(events/ha*yr)*1000

9.23 8.97 36.36

Relative rate 392x 165x 1084x
(compared to unmanaged)

11 miles = 3.24 ha
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between harvest and photo identification, cumulative
acres cut and large storm events are represented.



Table A-5: Chi squared test for goodness-of-fit for failure
frequency by landform classes

Chi Squared Test for Goodness of Fit

Failure Frequency by Elevation

Elevation (m)

Sedimentary

230- 380- 530-

<230 380 530 685 >685

Number observed 13 58 34 33 11

Number expected 34 40 37 33 6

X2(n 4) 9.49

EEL 25.48

Failure Frequency By Slope

Slope (percent) <20 70-40

Nmber observed

Number expected

2

4

8

15

Failure Frequency by Aspect

Aspect NSEWWWSE

40-60 60-80 80-100

30 63 43

29 48 50

SW

Metamorphic Intrusive

230- 380- 530-

<230 380 530 685 >685 <230

230- 380- 530

380 530 685

-

7 9

9 14

21

26

29 23

25 14

9.49

9.62

5

7

15 13 14

11 15 12

7.81

2.63

<20 20-40 40-60 60-80 80-100 <40 40-60 60-80 80-100

5

8

9.49

9.97

8

12

23 33 17

25 24 17

9.49

5.99

1 7 26

4 8 16

14

20

7.81

10.43

NSEWNEWSEW N S E W NE NN SE SW

Nmber
observed P 7 16 1? 25 29 19 30 8 4 7 11 26 14 7 9h 5 5 1 3 13 5 4 12

Number
expected 15 16 7 78 IP 23 1? 26 12 9 5 12 10 15 4 18 6 4 4 3 10 6 4 10

121n-11 14.10 14.10

in rx2
38.03 37.41

14.10

4.13
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Figure A-4: Failure rate in sedimentary terrane by landform
classification and site condition



Table A-6: Failure rates in sedimentary terrane by landform
classification and site condition; adjusted by
percent of total area in landclass

Failure rates adjusted by percent of area in land class

Adjusted Failure Rates in Sedimentary Rocks

Site Condition Unmanaged Harvested Roaded

Total Area (ha) 15780 1460 540

Area Area Number of Failure Relative Area Number of Failure Relative Area Number of Failure Relative

(percent) (ha) Failures Rated Rate2) (ha) Failures Rate Rate (ha) Failures Rate Rate

Elevation

(m)

01(1 23 3679 6 0.17 1.0x 336 0.89 5.4x 124 4 3,22 19.5x

210-380 76 4103 27 0.66 1.0x 380 2.90 4.4x 140 20 14.25 71.6x

380-510 25 3945 14 0.35 1.0x 165 1.37 3.9x 135 15 11.11 31.3x

530-685 72 3472 8 0.73 1.0x 321 3 0.93 4.1x 119 22 18.52 80.4x

>68c 4 631 2 0.3? 1.0x 58 3.42 10.8x 72 7 32.41 102.3x

Slope

(percent)

t20 3 411 7 0.42 1.0x 44 0.00 16 0

70-40 10 1578 5 0.32 1.0x 146 I 0.68 2.1x 54 2 3.7 1I.6x

40-60 10 1156 11 0.35 1.0x 29? 6 2.05 5.9x 108 13 12.0 34.3x

60-80 33 5707 25 0.44 1.0x 482 8 1.66 3.8x 178 32 18.0 40.9x

>80 34 5365 15 0.28 1.0x 496 8 1.60 5.7x 184 20 10.9 38.9x

Aspect

N 10 1578 3 0.19 1.0x 146 0 0.00 0.0x 54 5 9.26 48.7x

S II 1736 5 0.29 1.0x 161 0.62 2.2x 59 1 1.68 5.8x

E 5 789 4 0.51 1.0x 73 7.74 5.4x 27 10 37.04 73.1x

W 19 2998 5 0.17 1.0x 277 3 1.08 6.5x 103 4 3.90 23.4x

NE 17 1894 5 0.26 1.0x 175 0.00 0.0x 65 20 39.86 116.9x

NW 16 2575 II 0.44 1.0x 234 6 2.57 5.9x 86 12 13.89 31.9x

SF 1262 11 0.87 1.0x 117 5 4.28 4.9x 43 3 6.94 8.0x

SW 2840 17 0.42 1.0x 263 6 2.28 5.4x 97 12 12.35 29.2x

1) (Events/Area).100

2) Relative to unmanaged failure rate
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Figure A-5: Failure rate in metamorphic terrane by landform
classification and site condition



Table A-7: Failure rates in metamorphic terrane by landform
classification and site condition; adjusted by
percent of total area in landclass

Failure rates adjusted by percent of area In land class

Adjusted Failure Rates in Metamorphic Rocks

Site Condition Unmanaged harvested Roaded

Total Area (ha) 7740 1780 520

Area Area Number of Failure Relative Area Number of Failure Relative Area Number of Failure Relative

Rate2) Rate(percent) (ha) Failures Ratel) (ha) Failures Rate (ha) Failures Rate

Elevation

(m)

<230 10 774 4 0.52 1.0x 178 1 0.56 1.1* 52 2 3.85 1.4x

230-380 16 1238 4 0.32 1.0x 285 4 1.40 4.3x 83 1 1.20 3.7x

380-530 29 2245 6 0.27 1.0x 516 11 2.13 8.0x 151 4 2.65 9.9x

530-685 28 2167 2 0.09 1.0x 498 7 1.40 15.2x 146 20 13.74 148.8x

>685 16 1238 3 0.24 1.0x 285 6 2.11 8.7x 83 14 16.83 69.5*

Slope

(percent)

<20 9 697 3 0.43 1.0x 160 2 1.25 2.9x 47 0 0.00 --

20-40 14 1084 0.09 1.0x 249 3 1.20 13.3x 73 4 5.48 60.9x

40-60 29 2245 6 0.27 1.0x 516 5 0.9/ 3.bx 151 12 7.95 29.4x

60-80 28 2167 6 0.28 (.0* 498 10 2.110 7.1x 146 17 11.64 41.6x

>811 20 1548 2 0.13 1.0x 356 8 2.24 11.2x 104 7 6.73 51.8x

Aspect

N 14 1084 0 0.00 1.0* 249 3 1.20 73 5 6.87

S 11 851 1 0.12 (.0x 196 3 1.53 13.0x 57 0 0.00 0.00

E 6 464 0 0.00 1.0x 107 2 1.87 31 5 16.03

14 14 1084 5 0.46 1.0x 249 3 1.20 2.6x 73 3 4.12 8.9x

NE 12 929 6 0.65 1.0x 214 / 3.28 5.10 62 13 20.83 32.3x

NW 17 1316 0 0.00 1.0x 303 / 2.31 88 7 7.92

SE 5 387 2 0.52 1.0x 89 2 2.25 4.3x 26 3 11.54 22.3x

SW 21 1625 4 0.25 1.0x 314 I 0.27 1.1x 109 4 3.66 14.9x

1) (Eyents/Area).100

2) Relative to unmanaged failure rate
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Table A-8: Failure rates in igneous intrusive terrane by land-
form classification and site condition; adjusted by

Failure rates adjusted by percent of area in land class

Adjusted Failure Rates in Igneous Intrusive Rocks

Site Condition Unmanaged Harvested Roaded

Total Area (ha) 2710 440 200

Area Area Number of Failure Relative Area Number of Failure Relative Area Number of Failure Relative

(percent) (ha) Failures Rate 1) Rate2) (ha) Failures Rate Rate (ha) Failures Rate Rate

Elevation

(m)

<230 14 379 1 0.26 1.0x 62 1 1.62 6.2x 28 3 10.71 40.7x

230-380 22 596 3 0.50 1.0x 97 3 3.10 6.2x 44 9 20.45 40.7x

380-510 3? 867 1 0.12 1.0x 141 3 2.13 18.5x 64 9 14.06 122.0x

530-685 25 678 0 0.00 1.0x 110 3 2.73 50 11 22.00

>68S 6 163 0 0.00 1.0x 26 1 3.79 12 0 0.00

Slope

(percent)

<20 2 54 0 0.00 1.0x 9 0 0.00 4 0 0.00

20-40 7 190 0 0.00 Lox 31 0 0.00 14 I 7.14

40-60 16 434 0 0.00 I.O. 70 2 2.84 32 5 15.63

60-80 33 894 3 0.34 1.0x 145 7 4.82 14.4x 66 16 24.24 72.3x

>80 42 1138 2 0.18 1.0x 185 2 1.08 6.2x 84 10 11.90 67.8x

Aspect

13 352 0 0.00 1.0x 57 1 1.75 26 4 15.38

S 8 217 2 0.92 1.0x 35 1 2.84 3.1x 16 2 12.50 13.6x

9 244 0 0.00 1.0x 40 1 2.53 18 0 0.00

II 7 190 0 0.00 1.0x 31 2 6.49 14 1 7.14

NE 20 542 0 0.00 1.0x 88 3 3.41 40 10 25.00

NW 13 352 0 0.00 1.0x 57 0 0.00 26 5 19.23

SF 9 744 2 0.82 1.0x 40 1 2.53 3.1 18 I 5.56 6.8x

SW ?I 569 1 0.18 1.0x 92 2 2.16 12.3x 42 9 21.43 122.0x

11 avents/Areal100

21 Relative to unmanaged failure rate
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Figure A-7: Pi diagram of non-plunging, non-cylindrical fold
trending approximately N43E. Contour diagram of
projection of poles of perpendiculars to 29 bedding
attitudes measured in lower Butler Creek. Contour
intervals at 24, 10, 7 and 3 percent.
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Figure A-8: Beta diagram of joint intersection maxima. Contour
diagram of 35 intersections of joint planes in lower
Butler Creek. Contour intervals at 14, 9 and 3 percent.
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Figure A-9: Beta diagrams of ravel chute lineations. Contour diagram
of trend and plunge of 47 ravel chute sites in lower Butler

Creek. Contour intervals at 28, 11, 9 and 4 percent.


