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The mineralogy of soils involved in mass movement in Oregon's

coast range was examined to determine relationships between clay minera-

logy and landscape instability. The objectives were: 1) to determine

what kind of materials constitute the less than 2u fraction of soils in-

volved in different categories of mass movement, and 2) to determine how

the composition of the mineral suite varies; at an individual site as a

function of depth or slope position, and between sites as a function of

parent material.

Field evidence was used to assign each site to one of the follow-

ing categories: debris avalanche, creep and slump, and earthflow.

Although no sites were specifically identified as being stable, a number

of samples were taken at varying distances laterally away from actively

failing sites. The clay fractions were characterized by X-ray diffrac-

tions, selected samples were analyzed by differential thermal analysis,

and transmission electron microscopy.

Field and laboratory data indicate that the kind of mass movement

and the mineralogy of the materials involved vary with the parent

material.

The clay fraction of debris avalanches consisted primarily of



nonexpanding layer silicates that characteristically have large particle

sizes and small water holding capacities. Dehydrated halloysite,

chloritic intergrade, and mica were the common minerals in those areas

underlain by sandstones and siltstones of the Tyee Formation as well as

the massive basalt flowrock of the Siletz River Volcanic Series. The

clay fraction of soils derived from other Tertiary sandstones (Galice

and Lookingglass Formations) consisted of chloritic intergrade, chlorite,

mica, and kaolinite. Serpentine, chlorite, and mica were the soil clays

associated with debris avalanches on serpentinite of the Otter Point

Formation. Expandable layer silicates, or those with high charge or

water holding capacity were not major constituents although smectite and

vermiculite commonly occurred in a thin layer of soil above the under-

lying support material.

The clay fraction of samples from sites undergoing failure by

creep and slump did not vary with depth and consisted primarily of

smectite. Smectite, chloritic intergrade, dehydrated and hydrated halloy-

site, and mica were the minerals commonly associated with soil creep and

slump on slopes underlain by siltstones of the Tyee Formation. Mont-

morillonite (smectite) was the major constituent of a large rotational

slump at the contact between the Nye Mudstone and Astoria Formation.

Hydroxy interlayered smectite, chlorite, and serpentine were identified

in sites undergoing creep and slump which are underlain by the serpen-

tinite of the Otter Point Formation.

The mineralogy of soils involved in earthflow consisted predomin-

antly of hydrated and dehydrated halloysite, amorphous material, and

chloritic intergrade. No difference in mineralogy could be detected

between sites underlain by siltstones of the Tyee and Nestucca Formations



and tuffaceous siltstones and tuff of the Siletz River Volcanic Series.

Surface samples were more poorly crystallized than samples taken at

greater depths. Hydrated halloysite, however, was more evident in

lower horizons. Electron micrographs reveal an abundance of amorphous

gels, and "coatings" on the surface of mineral grains. The abundance of

"pores" may account for the fluid behavior of these materials during

failure.

On all bedrock units, the mineralogy did not vary between actively

failing sites and sites on the same slope considered to be "stable." The

kind of mass movement and the mineralogy of sites underlain by serpen-

tinite did depend on slope position. Creep and slump were common in

poorly drained toeslope positions and contained smectite; debris

avalanches were common in well-drained uplands, these soils contained

serpentine and chlorite.
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CLAY MINERALOGY IN RELATION TO LANDSCAPE INSTABILITY
IN THE COAST RANGE OF OREGON

I. INTRODUCTION

Mass soil movement is considered an important geomorphic process

in many areas of the world. In the mountain ranges of western Oregon,

where forest soils rarely experience overland flow, it is the dominant

form of soil erosion. Large quantities of soil and fractured and

weathered rock are continually moving downslope, often damaging roads

and other structures. The slope left behind is badly scarred and sub-

ject to further erosion resulting in decreased soil productivity. Mass

movement delivers sediment and other organic debris to valley floors

where it can initiate a sequence of stream channel processes resulting

in very high sediment discharges and degraded water quality downstream

(Youngberg et al., 1971; Swanson and Lienkaemper, 1977).

Mass movement is a natural phenomena occurring throughout geologic

time. Historical records and tree-ring analyses indicate that indivi-

dual landscapes may have histories of movement of several hundred years

or more (Swanson and Swanston, 1977). Certain land management activities

however, especially deforestation and roadbuilding, can initiate or

accelerate movement, an effect which may persist for several years

following treatment (Swanson and Dryness, 1975; Swanston and Swanson,

1976).

At present, it is not possible to make reliable estimates of the

stability of most natural slopes. Uncertainty is caused by variations

in soil properties and soil water conditions. Although the methods of

soil mechanics have been applied with some success, the limiting factors
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in predicting the behavior of a natural slope are i) knowledge of the

characteristics of the soil material, including its variability, and

ii) an accurate description of the processes responsible for failure.

The resistance of a material to sliding is termed its shear

strength (Wu, 1976). The shear strength of soils is extremely variable

and depends not only on the size and shape of the particles present but

on a number of environmental factors which are subject to change with

time (Terzaghi and Peck, 1967). When a stress is applied, the soil tends

to resist movement by the interlocking of soil particles and by inter-

granular friction. The presence of even a small amount of clay can

create additional forces involving volume changes and interparticle bond-

ing. The strength and character of the bonds is a function of the

surface charge density of the particles and the concentration and species

of electrolytes in the soil solution. Although it is generally recog-

nized that the clay fraction is important in determining a soils response

to stress, the role of specific minerals in initiating or modifying the

failure process is less clear. Certain broad relationships are generally

recognized.

Smectites (particularly montmorillonite) are most often associated

with the slow mass movement processes of creep and slump (Booy et al.,

1973; Borchardt, 1977; Whalstrom, 1969). Absorbed water appears to re-

duce friction within the soil mass as the clay particles expand. As a

result, the soil is transformed into a quasi-viscous fluid capable of

moving downslope in response to gravitational stress. The obvious con-

trast between clays of low water holding capacity (such as kaolinite) has

also been made (Paeth et al., 1971; Grim, 1962). Although the engineering
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properties of kaolinite are considered more favorable than smectite, the

presence of smectite in stable soils and kaolinite in unstable soils

also occurs (Prior and Ho, 1972).

Laboratory and field work on "quick clays" indicate that at cer-

tain water contents mica and chlorite can exhibit the property of rheo-

tropy, the change to a more fluid consistency upon disturbance (Berry

and Jorgensen, 1971; Crawford, 1968; Kerr and Drew, 1968). These soils

are also described as "sensitive" (Sowers and Sowers, 1970). Floccula-

tion in a marine environment produces a deposit of high porosity.

Following geologic uplift, the electrolyte concentration of the soil

solution is reduced by leaching, rendering the structure unstable. If

these soils are disturbed, some of the interparticle bonds are broken

leading to a change in internal structure and a decrease in shear

strength.

These two descriptions of slope failure, the progressive strain

and ultimate failure of soils containing smectite, and the rapid loss of

strength in "quick-clays" are useful but not entirely satisfactory for

a number of reasons. Soils contain earth materials which are often

layered and weathered to varying degrees. The clay fraction in most

soils represents more than one kind of phyllosilicate in addition to

other minerals, the mineral suite often showing variability with depth

or landscape position.

The shear strength, Atterburg limits, and shrink-swell properties

of smectites depend on the degree to which the interlayer space is

filled with hydroxy cation polymers (Davey and Low, 1971; Tamura, 1957).

The chemical composition of hydroxy interlayered minerals is variable
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and is a dynamic function of the environment in which ,they form. The

charged hydroxy-cation polymers may inhibit collapse but not expansion.

This is apparently the case in some "swelling chlorites" involved in

landslides in California (Post and Janke, 1973).

Because of structural similarities, soil clays frequently occur in

a mixed order of stacking referred to as interstratification (Sawhney,

1969). More than one type of interstratification may occur in a soil,

and the resulting mineral assemblage may have properties distinctly

different from individual components present in a simple mechanical

mixture (Jackson, 1963).

The behavior of mineral systems is also influenced by organic

matter as well as amorphous material which can coat and alter the

physical properties of crystalline clays (McKeys et al., 1974). The

poorly crystallized clays such as allophane and imogolite, which are com-

monly associated with the volcanic parent materials of the Pacific North-

west, can form secondary aggregates or structural units capable of hold-

ing large quantities of water. With the release of this loosely held

water, the moisture content for these clays (and the soils which contain

them) can exceed the liquid limit for the material (Warkentin et al.,

1974; Warkentin and Maeda, 1974). This suggests that these clays can

also become quick (Wells and Furkert, 1972). The drying history of these

materials is important in defining their behavior under a given set of

conditions. Samples of allophane that have been kept in a field moist

condition have high plastic and liquid limits. These values show large

nonreversible decreases if the samples are allowed to air dry. Wada

(1977) compiled data to show that this effect is greater than the layer
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silicates and suggested that allophane contributes to a "nonreversible

bonding" between soil particles upon drying.

Tuskey (1978) found smectite, hydrated halloysite and the poorly

crystalline clays allophane and imogolite to be important constituents

of the unstable soils of the western Cascades of Oregon. The soils he

worked with weathered from a layered sequence of rock, basaltic collu-

vium overlying weathered ignimbrite. The ignimbrite (welded ash flow

tuff) had altered to a smectite type clay which supported a perched

watertable in the weathered basalt. The influence of this water in

addition to the change in the chemical composition of the overlying

basaltic colluvium led to the formation of hydrated halloysite and

poorly crystalline clays above the discontinuity. Slope failure was

attributed to the mechanical properties of the upper assemblage and the

positive pore water pressures induced by the restrictive layer.

The occurrence of hydrated halloysite above a restrictive layer

has been observed by others (above a truncated paleosol, Dudas, 1973;

a textural B horizon, King, 1978; Harris, 1973). Hydrated halloysite

forms only in an environment of high humidity and if exposed to a drying

atmosphere dehydrates irreversibly with a change in basal spacings

(Bates, 1952). These properties can be measured by X-ray diffraction

and raise the question of the use of hydrated halloysite as an index

mineral in identifying areas which may be prone to mass movement.

The objective of this study is to extend the survey approach taken

by Taskey (1978) into the central coast range of Oregon with the aim of

determining if the relationships he observed are typical of a larger

area than one he studied. Earlier research in the area (see, for
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example, Beaulieu and Hughes, 1975) indicates that the kind of mass move-

ment common to a particular landscape varies as a function of slope posi-

tion and the composition and structure of underlying bedrock units.

Therefore, in order to investigate the relationship between clay miner-

alogy and slope stability it is necessary to consider the mineralogy of

the study sites with respect to particular geomorphic and geologic con-

ditions. The two primary questions asked at the beginning of this study

were:

1) Which clay minerals constitute the less than 2p fraction of

soils involved in different categories of mass movements, and

2) How does the composition of the mineral suite vary, both at an

individual site as a function of depth or slope position and between

sites as a function of parent material.
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II. METHODS

Field Methods

Samples from over 30 sites were collected for this study. A

small-scale map of the study area with the approximate locations of the

site is shown in Figure 1. A more precise set of maps is given in

Appendix I. Sites were located largely from information provided by

knowledgeable individuals but geologic and topographic maps as well as

aerial photographs were also used. The steepness of the terrain and the

high percentage of rock fragments limited sampling methods to a shovel

and bucket auger. For this reason, the distribution of sites is biased

towards small landslides (generally less than a few hectares) although

the presence of deep headwall scarps and recent roadcuts permitted the

investigation of several larger slides. All soil samples were taken at

depth increments by digging a soil pit, making a fresh exposure on a

scarp, or by hand coring with the auger. All samples were placed in

double plastic bags, sealed, and refrigerated until analyzed.

Soil series and rock names were located on published soil and

geologic maps where possible or were identified on the basis of field

properties. During sampling, particular care was taken to include any

observable discontinuities in the soil profile. These included tex-

tural changes, "moisture boundaries" produced by emergent springs flow-

ing parallel to bedding or by perching of the watertable over a less

permeable layer, and contacts with bedrock. In the case of volcanic and

igneous materials, samples were also taken within and between "relict"

structures formed from breccia, basalt pillows, etc. In shallow slides
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WESTERN
CASCADES

Figure 1: Location of the sampling sites in relation to the
physiographic provinces of western Oregon.
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where a definite failure plane could be observed, bulk soil samples were

taken both above and below the glide surface. Where the soil was deeper

or had no observable failure plane, samples were taken at regular inter-

vals until bedrock, rock fragments, or soil depth made augering

impossible. Sampling sites were not selected on the basis of land

management criteria and included a wide range of land uses from recent

suburban development to old-growth forest.

Although no sites were specifically identified as being stable, a

number of samples were taken at varying distances laterally away from

actively failing sites. These usually consisted of a surface sample ana

a sample immediately above the soil-bedrock interface.

Laboratory Methods

All soil samples were dispersed in a dilute (1 g/ 9 liters) solu-

tion of cold sodium carbonate. The less than 2;1 clay fraction was

separated from the sample by a combination of wet seiving and gravity

sedimentation (Jackson, 1956). Samples of the clay suspensions were Mg

or K saturated by three washings with normal chloride solutions followed

by three washings with distilled water. Slides for X-ray diffraction

(XRD) were prepared by the paste method (Thiesen et al., 1962) and iden-

tified according to criteria given in Chichester (1967) and Taskey

(1978). XRD was performed on a Phillips Norelco X-ray Diffractometer.

CuKa radiation was used with the generator operating at 35KV and 25ma.

The detector was a scintillation tube fitted with a focusing monochro-

meter.

In order to characterize the mineral suite further, selected

samples were analyzed by differential thermal analysis (DTA) and



10

transmission electron microscopy (TEM). DTA was performed on a Dupont

Model 900 differential thermal analyzer heating at a rate of 20°C per

minute in a nitrogen atmosphere with Al2 0
3
as the reference material.

For DTA, the Mg saturated clay sample was freeze-dried, lightly ground,

and pre-equilibrated with a 54% relative humidity atmosphere. Interpre-

tations were made according to criteria given in Mackenzie (1970). To

prepare a sample for TEM, a dilute suspension of clay (not salt satur-

ated) was drop mounted and allowed to dry on a 300 mesh copper grid

coated with Formvar. The grids were examined on a Phillips EM 300

operating at 40-100KV. Select area electron diffraction (SAD) at 100KV

was used in an attempt to identify the clay minerals imaged by the TEM.
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III. CLAY MINERALOGY OF THREE TYPES OF MASS M)VEMENT

Several different factors control the occurrence and character of

mass erosion processes. In order to interpret clay mineral data with

regard to the nature and properties of soil materials, it is necessary

to consider the specific geologic and geomorphic setting of each of the

sampling locations. For example, in areas of soft, structureless bed-

rock and deep fine-textured soils, slope failures often exhibit distinc-

tive characteristics and involve soils with different mineralogies than

failures in areas of coarse-textured soils derived from massive bedrock.

To develop these relationships further, I find it convenient to discuss

the study sites in groups according to categories of mass soil movement.

Although several classification schemes have been proposed (see, for

example, Varnes, 1958) only three categories of mass movement will be

differentiated here. They are: 1) debris avalanche, 2) soil creep and

slump, and 3) earthflow. For clarity, the clay mineralogy of only a few

representative sites will be discussed in detail. XRD and DTA patterns

and electron micrographs of samples from additional sites are presented

in Appendix II. A brief summary of the important clay mineral relation-

ships is presented in the introduction to each section. Detailed dis-

cussion is given under each sub-section.

Debris Avalanches Involving Various Geologic Materials

The debris avalanche
1
is the dominant form of mass movement in

Oregon, and is most common in those areas where shallow, cohesionless

1 The term "debris avalanche" is used here to indicate any rapid, shallow-

soil mass movement along a planar failure surface.
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soil overlies steeply dipping, competent bedrock (Dyrftess, 1967;

Swanston, 1969, 1970). Debris avalanches frequently occur during periods

of intense rainfall which can saturate an otherwise well-drained pro-

file for a short period of time. The soils shear strength and stability

are decreased by increasing pore water pressures as the water table

rises (Young, 1972). The failure process is envisioned as a simple

downslope slide of the soil mantle with little or no plastic deformation

of the failing material (Bishop and Stevens, 1964; Swanston and Dyrness,

1973).

Debris avalanches from several widely separated localities were

sampled for this study. In each case, the clay fraction consisted pri-

marily of nonexpanding layer silicates that characteristically have

large particle sizes and small water holding capacities. Dehydrated

halloysite, chloritic intergrade and mica were the common minerals in

areas underlain by sandstones and siltstones of the Tyee Formation and

the massive basalt flowrock of the Siletz River Volcanic series. The

clay fraction of soils derived from other Tertiary sandstones (Galice

and Lookingglass Formation) consisted of chloritic intergrade, chlorite,

mica, and kaolinite. Serpentine, chlorite and mica were the soils clays

associated with debris avalanches on serpentinite of the Otter Point

Formation.

In addition to these minerals, various combinations of gibbsite,

zeolite and amorphous material were also present at the various sites

although usually in relatively minor amounts. Expandable layer silicates

or those with high charge or high water holding capacity were not major

constituents although smectite clays were sometimes found in a thin

layer of soil above the underlying support material.
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Sandstone of the Tyee Formation

The Tyee Formation is the most widespread geologic formation in

the central coast range and consists of rhythmically interbedded sand-

stones and siltstones. Most of the soils developed in areas of extensive

sandstone are classified as Haplumbrepts and on smooth, steep mountain

slopes tend to be shallow, well-drained and stony loam textured (Corliss,

1973). Often the more massive sandstone layers will have a dip com-

ponent with the slope which acts as a glide surface for blocks of soil

and rock. Sites A, L, K, and S (Appendix I) are all shallow-soil failures

(less than 1.5 m) over bedrock. The clay fractions of the failing soil

and the underlying rock were similar and consisted of chloritic inter-

grade and dehydrated halloysite with relatively small amounts of mica.

Site A is a small (about 2 ha) debris avalanche. Medium-grained

sandstone forms the failure plane dipping with the slope at 34°. The

soil is a Bohannon gravelly loam. Sample A-5 was taken from the failing

material at the foot of the slide and sample A-4 is from the underlying

weathered bedrock surface. XRD shows both samples to consist of

chloritic intergrade and dehydrated halloysite with a trace of mica

(Figure 2). Chloritic intergrade minerals can exhibit a rather wide

range of behavior with respect to the seven characterization treatments

used in this study. In this case, its presence is indicated by a d
(001)

0
spacing of about 14A which is invariant with respect to cation satura-

0
tion or solvation but decreases to about 10 to 12A when heated to 550

o
C

for two hours. Criteria for dehydrated halloysite is a broad peak

corresponding to a d
(001)

spacing of about 7.4A which is invariant, but

disappears (due to dehydroxylation of the mineral structure) when the



Mg + 54% RE

Mg + glycerol

Mg + ethylene

glycol

K+ 105°C +

54% RH

+ 105 °C +

dry air

K + 300 °C +

dry air

K + 500°C +
dry air

14

7. 4 9. 8 14.7 A 7. 4 9. 8 14. 7

1,1 ,,itti.
14 12 10 8 6 4 14 12 10. 8 6 4'

024.

Figure 2; XRD patterns from site A, a debris avalanche on sandstone

of the Tyee Formation. Sample A-5 (left), failing material;
sample A-4 (right), underlying weathered bedrock
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0
sample is heated to 550

o
C. The weak 10A spacing with Mg saturation and

solvation is indicative of mica. These same components are indicated by

DTA (Figure 3). Both samples have an endotherm due to dehydroxylation

of dehydrated halloysite at 530 -550 °C and an exotherm at 920-950°C

attributed to either dehydrated halloysite or chloritic intergrade

(McKenzie, 1970). The presence of a broad endotherm at 140-150°C is

attributed predominantly to the dehydration of amorphous material.

TEM shows the halloysite morphology to be essentially tubular

(Plate 1). Individual particles vary somewhat in appearance although

commonly they have smooth, wavy edges with little evidence of coating or

etching of the mineral surface. Evidence of etching or pitting of the

surface is visible, however, in the tubular halloysite particle in the

lower micrograph of Plate 1. The thin, diffuse plates in Plate 1 are

interpreted to be chloritic intergrade although a distinctive morphology

for these clays is not generally recognized (Beutelspacher and Van Der

Marel, 1968). Amorphous material appears to be abundant in both samples

although the indistinct morphology of chloritic intergrade often makes

identification difficult.

Select area electron diffraction (SAD) was of limited usefulness

in distinguishing between crystalline and amorphous components in these

samples. For example, none of the objects in the two micrographs of

Plate 1 produced a diffraction pattern when exposed to the undeviated

electron beam, even though the characteristic morphology of the halloy-

site particles indicates their presence. This is because a particles

mass and orientation as well as its crystallinity influence its electron

scattering behavior (Gard, 1971).
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Figure 3: DTA of soil clays from site A. Sample A-5 ( above ) from

failing material at foot of slide. Sample A-4 (below) from

underlying weathered bedrock surface.
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Plate 1: Electron micrographs of clay samples from site A. Sample

A-5 (above), sample A-4 (below).
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XRD patterns from site L (Figure 4) show the c1.4y fraction of both

the failing soil and weathered rock surface to be identical with soil

clays from site A. DTA patterns of clay samples from site L as well as

XRD and DTA patterns from the clay fraction of sites K and S are given

in Appendix II.

The clay fraction of soil samples taken at distances of up to 50 m

(along the contour) from sites A, K, L, and S were found to have similar

mineralogies with samples from within and beneath the failure surface.

In each case soil samples from debris avalanches developed over sand-

stone of the Tyee Formation were found to have similar mineralogies, the

composition of the mineral suite varying little with either depth or

landscape position.

Basalt of the Siletz River Volcanic Series

A lower member of the Siletz River Volcanic Series underlies a

portion of the steep terrain north of Corvallis, including the entire

eastern flank of Vineyard Mountain. Field evidence (Schroeder and

Swanston, 1975) indicates a thick basaltic flow rock below an elevation

of approximately 274 m. Above this elevation, the deposit consists of a

series of pillow basalt flows and thin bedded, well stratified tuffaceous

siltstones and tuff. The rock sequence has a southeasterly dip of about

25° producing a series of parallel benches dipping at a shallow angle

with the slope. Three sampling sites (T, U, and V) were on two benches

at approximately 290 and 320 m elevation and involved soils underlain by

the more resistant basalt layers.

*Dixonville silty clay loam is the soil mapped at site T (Knezevich,
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Figure 4: XRD patterns from site L. Sample L-1 (left) within

failing material at 50-60 cm depth. Sample L-2 (right)
above contact with massive sandstone at 70-80 cm depth.
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1975). Massive basalt flowrock forms the failure surface at an average

depth of about 1.5 m below the original soil surface. XRD indicates that

both the surface sample (T-1) and the sample adjacent to the basalt

saprolite (T-2) contain dehydrated halloysite and chloritic intergrade

(Figure 5). The presence of chlorite is indicated in sample T-1 by the

small XRD peak at about 6°28 (Figure 5). Sample T-2 appears to have more

"smectite character," having both more asymetry in the d
(001)

peak upon

solvation (indicating a partial expansion of the lattice) and a greater

tendency to collapse with K saturation and heat treatments. The larger

size of the 150°C endotherm in the DTA pattern from sample T-2 (Figure 6)

indicates that this sample has more absorbed water than sample T-1. Less

hydroxy interlayer material in sample T-2 (which would result in a

greater specific surface) would explain this behavior but the presence

of amorphous material could result in a larger low temperature endotherm

as well. The broad exothermic peak between 200 and 400°C on the DTA

pattern of sample T-2, and the small endothermic peak at 300°C are attri-

buted to amorphous iron and gibbsite, respectively (McKenzie, 1970).

Chlorite cannot be identified in sample T-2 although a small peak would

be lost in the large background scatter on the pattern from the K satur-

ation, 550°C treatment.

The soil at site U is also mapped as a Dixonville silty clay loam

(Knezevich, 1975). The failure surface consists of basalt at an average

depth of about 1.0 m. XRD (Figure 7) indicates that both the failing

soil (sample U-1) and the soil adjacent to the saprolite failure surface

(sample U-7) contain dehydrated halloysite and chloritic intergrade,

similar to samples from site T. Sample U-1 has less tendency to collapse
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Figure 5: XRD patterns from site T. Sample T-1 (left) surface 15 cm
of failing soil. Sample T-2 (right) soil adjacentto
basalt saprolite at a depth of 1.5 m.
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Figure 6: DTA patterns from site T. Surface material, sample T-1
(above); weathered basalt failure surface, sample T-2
(below).
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Figure 7: XRD patterns from site U, a debris avalanche on basalt of
the Siletz River Volcanic Series. Sample U-1 (left) surface

material. Sample U-7 (right) soil adjacent to basalt
saprolite at a depth of 1.3 m.
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with heat than sample U-7 indicating a greater organilation of the inter-

layer hydroxy material in the former. Other samples (XRD patterns not

shown) from depth increments within and around site U showed a similar

trend as samples U-1 and U-7 with greater collapse with heat treatment

in the subsurface samples.

DTA patterns of all samples from site U showed a rather large and

broad dehydrated endotherm at 130°C (Figure 8). This may be a reflection

of the "smectite character" of the chloritic intergrade but may also be

indicative of amorphous material (which would be expected to have a

large water holding capacity). TEM examinations did not reveal the

presence of allophane spheres or imogolite strands distinctive morpho-

logies although amorphous material appeared abundant. Material visible

in electron micrographs of sample U-1 (failing soil) have numerous

patches which are less dense to the electron beam (Plate 2). These

objects are interpreted as "pores" within an amorphous gel It is not

known, however, if these "pores" are a product of dessication under the

electron beam or if they were initially present in the sample.

Site V is located about 100 m east of site U. The soil is mapped

as a Dixonville silty clay loam but field evidence indicates that the

correct classification is a Philomath silty clay. XRD patterns reveal

the surface sample (V-4) to consist of chloritic intergrade, dehydrated

halloysite (or perhaps kaolinite) and mica. Sample V-1 was taken above

the basalt failure plane at a depth of 1.0 m. The mineralogy consists

of vermiculite, mica and possibly zeolite (Figure 9). The criteria for

vermiculite is a d
(001)

spacing of 14A with Mg saturation which does not

0
expand with solvation but which collapses to 10A with K saturation. The
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Figure 8: DTA patterns from site U, a debris avalanche on basalt
of the Siletz River Volcanic Series. Sample U-1 (above)

surface material. Sample U-7 (below), soil adjacent to
basalt saprolite at a depth of 1.3 m.
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Plate 2: Electron micrograph of sample U-1, surface material at site

U a debris avalanche which failed over basalt. Arrow

indicates "pores" within amorphous material.
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Figure 9: XRD patterns from site V, a debris avalanche on basalt
of the Siletz River Volcanic Series. Sample V-4 (left)

surface soil (0-15 cm), sample V-1 (right) soil-bedrock
interface at a depth of 1.0 m.
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presence of zeolite is inferred from the sharp peak at about 13°26.

The DTA pattern from sample V-4 (Figure 10) contains a small low

temperature (130°C) endotherm attributed to dehydration of zeolite or

amorphous material. Exotherms at 300 and 350°C are attributed to amor-

phous iron and vermiculite, respectively. The small endotherm at 530°C

is attributed to dehydroxylation of a kaolin mineral.

Additional samples from sites T, U, and V gave XRD and DTA patterns

which were similar to those presented in Figures 4 through 10. The clay

fraction of these soils was homogeneous with respect to landscape posi-

tion.

Sandstones of the Galice and Lookingglass Formations

Three debris avalanches were sampled which involved shallow soils

underlain by sandstones of the Galice (Sites W and AA) and Lookingglass

Formations (Site AB). The sites were located in southwestern Oregon

near the town of Powers
1

. The mineralogy of samples from the three sites

was similar and consisted of chlorite, mica, and kaolinite. Vermiculite,

smectite, and dehydrated and hydrated halloysite may be present as well.

Interstratification of some of these components is indicated although

the exact combination of layer silicates could not be determined.

Site W is a small (less than 0.5 ha) failure underlain by massive

sandstone of the Galice Formation which dips with the slope at an angle

of 50 to 55°. The soil is not mapped but consists of a shallow (about

60 cm to bedrock) gravelly loam with weak profile development. The

"topography" of the bedrock surface appeared to be channeling seepage

1 The assistance of Joel King in collecting these samples is grate-
fully acknowledged.
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Figure 10: DTA pattern from site V, sample V-4.
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from the surrounding soil into a small "stream" which flowed parallel to

the major axis of the slide.

Chlorite and mica are identified in the XRD patterns of both sur-

face and subsurface samples (Figure 11) although the intensities of re-

felctions in sample W-1 are much less. Vermiculite may be present but

can not be identified in a chlorite-mica mixture. The presence of kao-

linite can not be confirmed from XRD alone but individual particles of

kaolinite (which have a characteristic hexagonal morphology) were fre-

quently observed with TEM (upper micrograph Plate 3). The presence of

dehydrated halloysite may be inferred from the broadness of the XRD peak

(at 12°28) in sample W-1 (Figure 11) and from TEM observations (lower

micrograph, Plate 3). The large amount of scatter in the region 8 to

12°28 with Mg saturation and solvation treatments would mask the presence

of hydrated halloysite in sample W-1. The presence of a large low tem-

perature (150°C) endotherm on the DTA pattern from sample W-2 (Figure 12),

however, is evidence of hydrated halloysite. The sharp peak (sample W-2)

and broad plateau (sample W-1) in the region 7 to 8°28 with the Mg

saturated, 54% RH treatment and the low-angle shoulder with solvation is

attributed to a random interstratification of chlorite and smectite. The

sharp peak at 5°28 in the pattern from sample W-2 (K saturation, 105°C +

54% RH) can not be explained by interstratification with smectite, and

since there is no evidence of larger lattice spacings which could give

rise to a peak in this region the nature of this component remains un-

known.

Samples from the two other sites on Galice and Lookingglass material

(AA and AB) appear to have the same mineralogy as those from site W. In
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Figure 11: XRD patterns from site W. Surface soil(0-15cm) sample W-1

(left), sample W-2 (right), saturated soil adjacent to

sandstone bedrock (60-70cm).
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Plate 3: Electron micrographs of kaolinite (above) and possible

halloysite (below) in failing soil at site W (sample W-l).
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Figure 12: DTA patterns of failing soil ( sample W-1 above) and

saturated soil adjacent to bedrock ( sample w-2 below).
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each case, samples from the soil-bedrock interface haVe sharpter XRD

peaks with larger peak intensities (attributed to greater crystalline

order) and indications of interstratification similar to those in XRD

patterns from sample W-2.

Serpentinite of the Otter Point Formation

Serpentinites, occurring as an alteration product of peridotite

and dunite are widely distributed throughout the Klamath Mountains of

southern Oregon. Generally the serpentinite is composed mainly of ser-

pentines but with magnetite and other iron-oxide minerals present as

impurities (Baldwin, 1976). Where the soils developed on these rocks

are well-drained, they are typically shallow with only weak profile

development. Sites H and X are two debris avalanches which involved

unmapped soils in the Siskiyou National Forest at the extreme southern

limit of the Coast Range. In both cases serpentinite bedrock formed the

failure surface at a depth of less than 1 m. The slope of the original

soil surface was between 50 and 60°.

The clay fraction of samples from all depths at site H and X were

found to be similar and to consist primarily of serpentine with some

chlorite. Sample H-1 was taken at a depth of 0 to 10 cm and sample H-5

was taken from soil adjacent to the serpentinite bedrock at a depth of

60 cm. The criteria for serpentine is an invariant d
(001)

spacing of 7.3

to 7.4A which persists with K saturation and heating to 550
o
C for two

hours (Figure 13). Chlorite is indicated by a d
(001)

spacing of about

0
14A following K saturation and heating at 550

o
C.

DTA patterns of both sample H-1 and H-5 (Figure 14) show a large

sharp dehydration endotherm at 140°C, a dehydroxylation endotherm at
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Figure 13 XRD patterns of samples frot site H. Sample H-1 (left)

surface soil. Sample H-5 (right) soil above failure
plane at a depth of 60 cm.
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Figure 14: DTA patterns of samples from site H. Sample H-1 (above)

surface soil, sample H-5 (below) soil above failure plane

at a depth of 60 cm.
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650 °C, and a sharp exotherm at 850 °C. Both the dehydroxylation endo-

therm and high temperature exotherm are typical of chrysotile
2
or a

chrysotile-lizardite mixture (Faust and Fahey, 1962). The origin of the

low temperature endotherm on the DTA patterns is not known. Neither

serpentine or chlorite would be expected to have significant water loss

below 500°C (water may be released from the hollow interior of serpentine

fibers but this mechanism has not been studied). In the absence of

another crystalline phase this peak is attributed to amorphous material.

Electron micrographs of clay samples from site H (Plate 4) show

the presence of tubular serpentine particles (variety chrysotile) and

plates of chlorite. In general amorphous material does not appear abun-

dant although there is some evidence of a gel-like material in the lower

micrograph in Plate 4. The amount of amorphous material in these

samples is hard to estimate accurately because of the diffuse nature of

the chlorite plates. Examinations of individual serpentine fibers at

higher magnifications, however, reveal what appear to be coatings on the

mineral surface (indicated by an arrow in Plate 5). These coatings, if

abundant would be expected to alter the physical properties of these

clays and may account for the low temperature endotherm observed with

DTA.

Creep and Slump Involving Various Geologic Materials

The mass erosion processes of creep and slump are related in that

each involve a slow, progressive failure of the soil mantle. In the case

of creep, movement is by quasi-viscous flow whenever shear stresses are

2
Chrysotile and lizardite are the names given to specific minerals
within the class of minerals known as serpentines.
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Plate 4: Electron micrographs of clay sample from site H (sample H-5).

C=chlorite, Sserpentine (variety chrysotile), Gspossible

amorphous gel.
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Plate 5: Electron micrograph of sample H-1, failing soil at site H.

Arrow indicates "coatings" on serpentine particle.
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sufficient to produce deformation of the material (Cai.son and Kirkby,

1972; Terzaghi, 1953). In areas where shear stresses are great enough

to result in discrete failure, slumping can occur as a rotational move-

ment over a curved failure surface (Wu, 1976). Absorbed water is thought

to contribute to movement by expanding the clay mineral layers, thus,

reducing the shear strength (Mitchell, 1976).

In the coast range, creep and slump are most common on deep, co-

hesive soils in areas of soft sedimentary rocks, notably siltstones of

the Tyee Formation and the siltstones and shales of the Nyee Mudstone.

Slumping is also common on deep, poorly drained soils underlain by ser-

pentinite of the Otter Point Formation. Samples were collected from un-

stable landscapes underlain by each of these geologic formations.

Smectite, chloritic intergrade, dehydrated and hydrated halloysite, and

mica were the minerals most commonly associated with both soil creep and

slump on slopes underlain by siltstones of the Tyee Formation. Smectite

(montmorillonite) was the major constituent of a large rotational slump

within the Nyee Mudstone. Hydroxy interlayered smectite, chlorite, and

serpentine can be identified in samples from sites undergoing both creep

and slump which are underlain by serpentinite of the Otter Point Forma-

tion.

Gibbsite, amorphous material, and amphibole were also present in

small amounts in some samples from the various sites.

Siltstone of the Tyee Formation

Siltstone beds of the Tyee Formation are semi-friable and poorly

consolidated. They range in thickness from a few centimeters to 3 meters
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or more (Baldwin, 1976). Soils underlain by thick siitstone deposits

tend to be deep, somewhat poorly drained to poorly drained, and have a

texture of silty clay to clay (Corliss, 1973).

Landscapes undergoing failure by both creep and slump are repre-

sented by sites D, E, and F. The mineralogy of soils involved in the

two processes was similar and consisted of smectite, chloritic inter-

grade, and dehydrated and hydrated halloysite. Mica and gibbsite were

also present although usually in small amounts.

Site D represents a large area of deep soils undergoing creep. The

surrounding terrain also contains several definable rotational slumps.

The slopes are small (10 to 150) and have a hummocky appearance due to

continued instability. The soil is mapped as Peavine silty clay loam

(Knezevich, 1975). The surface 50 to 70 cm has a silty clay loam tex-

ture; a clay textured subsoil extends to a depth of 2 to 2.5 m or more.

At the time of sampling (August, 1978) water was observed to be perched

above the clay subsoil. The water surfaced as springs in roadcuts and

soil pits. The restrictive layer, however, was found to be 1 meter or

more above the failure surface (where the latter could be identified).

Soil depth generally prevented smapling of the soil-rock interface. The

mineralogy of all samples of the upper 2.5 m was similar, however, and

consisted of smectite, chloritic intergrade, mica, and dehydrated halloy-

site.

Sample D-4 is from a layer of soil above the clay layer at a depth

of 50 to 60 cm. Sample D-1 was taken with an auger at a depth of about

2.5 m. XRD patterns of both samples reveal the presence of smectite,

chloritic intergrade, dehydrated halloysite (or possibly kaolinite) and
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mica (Figure 15). The criteria for smectite is a d
(00 )

spacing of about

0
15A which expands with solvation with glycerol and ethylene glycol to

about 17A and collapses to 10A with K
+

saturation. The large, broad

dehydration endotherm at 170°C on the DTA patterns of both samples is

also attributed to smectite (Figure 16). Endotherms at 550 to 560°C are

attributed to the dehydroxylation of halloysite. TEM (Plate 6) reveals

the presence of abundant tubular halloysite particles, and thin plates

interpreted as smectite. Spherical objects in sample D-4 (lower micro-

graph, Plate 6) may be hydrated halloysite; its presence, however, cannot

be confirmed by XRD or SAD. The presence of hydrated halloysite at a

depth of 50 cm would be additional evidence of high soil moisture con-

tents at site D for long periods of time.

XRD and DTA patterns from sites E and F also indicate a relatively

uniform clay fraction at all depths (Appendix II). Site D, however, was

the only site where the spherical morphology of hydrated halloysite was

observed by TEM.

Mudstones and Siltstones of the Nyee Mudstone and Astoria Formation

The area north of Newport (along the central Oregon coast) contains

several large rotational slumps. Here, dark-gray, carbonaceous silt-

stones of the Astoria Formation overlie the medium to dark-olive-gray,

organic rich mudstones and siltstones of the Nyee Mudstone. Both forma-

tions dip seaward and are being undercut by wave erosion. Site R is a

large landslide block located near the site of "Jump-off-Joe." The block

occupies a large depression surrounded by tension cracks. Field evidence

suggested that the contact between the two formations may act as a glide
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Figure 15: XRD patterns from site D, a large slump developed in

siltstone of the Tyee Formation. Sample D-4 (left)

50-60 cm, sample D-1 (right) approximately 2.5 m.
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Figure 16: DTA patterns from site D. Sample D-4 (above) 20-30 cm,
sample D-1 (below) about 2.5 m.
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Plate 6: Electron micrographs of sample D-4, from a depth of 50-

60 cm at site D.
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plane, permitting blocks of Astoria material to slide'over rocks of the

Nyee. To determine if mineralogical differences would support these

observations, samples were taken at increments of 15 to 20 cm for appro-

ximately 1 m on either side of the geologic contact (the pit was in the

center of the landslide block).

XRD indicates that all samples from site R contains montmorillonite

(a smectite). Criteria include expansion of the d
(001)

spacing of 15A

to 17A with organic solvation, partial rehydration of the K+ saturated

0
samples and collapse to 10A with heat treatments (Figure 17). Addition-

ally, samples from within the Nyee contain kaolinite or dehydrated

halloysite and mica. Sample R-5, within the Astoria Formation contain a

trace of mica. A small peak at about 9.5°28 in the patterns from both

samples is attributed to an amphibole mineral. DTA was not performed on

samples from site R and electron micrographs were of poor quality so are

not presented.

Serpentinite of the Otter Point Formation

Sites Y and Z are small rotational slumps which involved unmapped

colluvial soils underlain by serpentinite of the Otter Point Formation.

Both sites occupied toeslope positions and had each entered small streams.

The two soils display similar horizonations with a dark-colored, shallow,

surface soil overlying a lighter-colored, weakly developed, subsoil.

The soils are deeper and finer textured than soils involved in debris

avalanches in the area and were near saturation at the time of sampling

(March, 1980).

Serpertine, chlorite, and smectite can be identified in the XRD
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Figure 17: XRD patterns from site R. Sample R-1 (left) within the
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patterns of all samples from site Y (Figure 18). Serpentine and

0 0
chlorite are indicated by the invariant 7.3 to 7.4A and 13 to 14A lines,

respectively. The presence of smectite is strongly indicated by the

shoulder on the low angle side of the diffractogram with Mg saturation

0
which expands to approximately 18A with ethylene glycol solvation and

0
collapses to 10A with K

+
saturation. The d

(001)
spacings (based on aver-

age values for the first three orders of d
(001)

lines) of both samples

shown in Figure 18 are slightly larger (15.8 to 16.2A with Mg saturation-

0
54% RH, 18.5 to 19A with ethylene glycol solvation) than would be ex-

pected for pure smectite. In addition, the K saturated samples show a

broad, poorly defined peak at approximately 7 to 8°26 which decreases

0
sharply in intensity (with attendant increase in intensity in the 10A

line) when the sample is heated to 550°C for two hours. Both of these

criteria indicate the presence of hydroxy interlayers within the smectite.

A broad and weak peak at approximately 10°26 with ethylene glycol solva-

tion is interpreted as a second order reflection from the d
(001)

spacing

of smectite. It is not possible to identify which smectite mineral is

present on the basis of XRD alone. Expansion with ethylene glycol but

not glycerol is a frequently used criteria for beidellite, but nontronite

may also exhibit this behavior. In addition, the presence of hydroxy

interlayers make interpretations based on properties of expansion and

collapse invalide. With a mixture of chlorite and smectite, kaolinite

and vermiculite may also be present. The slightly larger d
(001)

spacing

0
of serpentine (7.3 to 7.4A) is a useful criteria for identification how-

ever, as the second order reflection of the d
(001)

spacing of chlorite

occurs at slightly larger values of 20.

DTA patterns from site Y contain a low temperature endotherm
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Figure 18: :MD patterns from site Y. Sample Y-1 (left) 0-10 cm,

sample Y-7 (right) soil-rock interface at a depth of 140cm,
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attributed to smectite and a small trough at 860°C similar to those ob-

served on serpentine patterns obtained by Faust and Fahey (1962) (Figure

19).

The mineralogy of samples from the two sites were similar and did

not vary significantly with depth. However, the mineralogy and kind of

mass movement of sites underlain by serpentinite depended on slope posi-

tion. Creep and slump were common in poorly-drained toeslope positions;

debris avalanches were common in well-drained upland positions (see sec-

tion on debris avalanches). These differences can be attributed to the

influence of wetness on soil formation and clay mineral genesis. It

appears that serpentine is easily weathered in a wet environment and

rapidly alters to a smectite clay when the soil is poorly drained.

Earthflows Involving Various Geologic Materials

When the material involved in a mass soil movement is transported

by a flowage mechanism, the movement may be termed "earthflow" (Varnes,

1958). Earthflows are usually slow-moving and deep seated features. The

rate of movement and the distance of travel are controlled in part by the

moisture content and degree of cohesiveness of the material.

In the coast range, earthflows occur on areas of extensive silt-

stone of the Tyee and Nestucca Formations and on tuffaceous siltstones

and tuff of the Siletz River Volcanic Series. The soils are deep, fine

textured, and are often poorly drained. The slopes are frequently gentle

(10 to 20°) and often show evidence of long-term instability including:

hummocky terrain, tension cracks, "jackstrawed" trees, and pressure

ridges.

The mineralogy of these soils consisted of hydrated and dehydrated
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360°C

140°C

Figure 19: DTA pattern from site Y. Sample Y-7, soil-rock interface

at a depth of 140 cm.
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halloysite, amorphous material, chloritic intergrade, 'and gibbsite. In

general, surface samples were more poorly crystallized than samples

taken at greater depths and amorphous material, although abundant, did

not have the distinct morphology of either allophane or imogolite.

Siltstones of the Tyee and Nestucca Formations

Siltstone beds of the Tyee Formation are predominantly micaceous,

arkosic, basaltic, and poorly-consolidated. The Nestucca Formation con-

sists of tuffaceous clayey siltstones with some ash (Schlicker et al.,

1973). Soils developed on these rocks tend to be light-colored, poorly

drained clays.

Sites Q and G are earthflows underlain by weakly indurated silt-

stones of the Tyee and Nestucca Formations, respectively. The mineralogy

of samples from both sites was similar and consisted of hydrated and de-

hydrated halloysite, chloritic intergrade, amorphous material and gibb-

site.

The soil at site Q is mapped as Slickrock gravelly loam (Corliss,

1973). Sample Q-1 is from the center of the earthflow at a depth of 1.4

m. Sample Q-2 is from a layer of soil which appeared to have a much

higher clay content at a depth of 1.6 m.

XRD indicates the presence of hydrated and dehydrated halloysite

and chloritic intergrade in both samples (Figure 20). The criteria for

hydrated halloysite is a broad peak at about 10°26 with Mg saturation.

The decrease in the d
(001)

spacing with solvation is attributed to par-

tial dehydration during the heating process used to solvate the samples

with ethylene glycol or glycerol. Hydrated and dehydrated halloysite

have similar XRD patterns with K
+

saturation and heat treatments. The
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Figure 20: XRD patterns from site Q, an earthflow underlain by
siltstone of the Tyee Formation. Sample Q-1 (left)
depth: 1.4 m, sample Q-2 (right) depth: 1.6 m.
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DTA pattern of sample Q-1 shows a sharp dehydration endotherm at 130°C

due to water loss from hydrated halloysite and amorphous material, a

gibbsite endotherm at 310°C, and an endotherm due to dehydroxylation of

halloysite at 540°C (Figure 21). Sample Q-2 appears to have a greater

proportion of dehydrated halloysite although increased scatter in the

region 9 to 11°20 is attributed to the hydrated form (Figure 20). A

similar indication is given in the DTA pattern for sample Q-2 (Figure 21)

which has a smaller low-temperature (120°C) endotherm. Electron micro-

graphs of sample Q-1 confirm the XRD and DTA results (Plate 7). Although

the morphology of hydrated and dehydrated halloysite is not often defin-

itive, spherical objects in Plate 7 are attributed to the hydrated form.

No distinctive morphology however, is attributed to the dehydrated form

of halloysite. The mineralogy of additional samples from site Q are

identical with that of samples Q-1 and Q-2. The mineralogy did not

change with slope position as long as the parent material did not change.

Site G is an earthflow underlain by tuffaceous siltstone of the

Nestucca Formation. The large distance of travel (200 m, or approximately

4 times the length of the failure scar) and gentle slope (less than 10°)

indicate that the material had great fluidity at the time of failure.

Sample G-1 was taken at a depth of 0.9 m from a large pressure ridge of

failing material at the toe of the slide. Sample G-4 was taken at a

depth of 3.2 m below the original soil surface in material which appeared

to have acted as the failure plane. Amorphous material and chloritic

intergrade are indicated in the XRD patterns for both samples (Figure 22)

and for additional samples taken within and around site G (patterns not

shown). Halloysite may also be present (especially in sample G-4) but
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Figure 21: DTA patterns from site Q. Sample Q-1 (above) depth: 1.4 m,

sample Q-2 (below) depth: 1.6 m.
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Plate 7: Electron micrographs of sample Q -1 from an earthflow
developed in siltstone of the Tyee Formation.
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intensities are weak and peaks are broad which preclude identification

by XRD. The presence of an endotherm at 530°C in the DTA patterns con-

firm the presence of a kaolin mineral although the specific mineral is

uncertain (e.g. kaolinite, hydrated and/or dehydrated halloysite)

(Figure 23). Broad dehydration endotherms at 160 to 170°C are attri-

buted to amorphous material although the width of the peaks would sug-

gest a mixture of minerals possibly including hydrated halloysite. A

sharp gibbsite endotherm at 320°C and a weak high temperature exotherm

(attributed to a kaolin mineral or chloritic intergrade) are also pre-

sent in the DRA patterns from site G (Figure 23).

Electron micrographs of sample G-4 illustrate the abundance of

amorphous material observed in samples from site G (Plate 8). Particles

with an indication of crystalline character (i.e., crystal symmetry)

were rarely observed. Attempts to obtain SAD patterns from these samples

were unsuccessful even though a large number of objects with great

apparent density (dark in the TEM field) were examined. "Spherical,"

"diffuse," and "porous" describe sample G-4. The general appearance of

the material was of a continuous film, with an irregular boundary, con-

taining numerous patches of less dense material. The abundance of

"pores" reflect the large water holding capacity of these materials even

though the size of the pores is small. A large water holding capacity

would explain the fluid character of these soils during failure.

Tuffaceous Siltstones and Tuff of the Siletz River Volcanic Series

Interbedded with the basalt flows and breccias of the Siletz River

Volcanic Series are a number of deposits of thick, dark-greenish-gray,
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Figure 22: XRD patterns from site G. Sample G-1 (left) depth: 0.9 m,
sample G-4 (right) depth: 3.2 M.
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Plate 8: Electron micrographs from site G, sample G-4. Arrows

indicate "pores" in amorphous gels.
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tuffaceous siltstones and tuff. These rocks contain appreciable quanti-

ties of glass (Snavely et al., 1968). The soils are frequently deep

with a clay loam or loam texture (Corliss, 1973). Although normally

well-drained, soils which overlie highly fractured and faulted bedrock

have a high soil moisture status during much of the year.

Sites B, 0, and C are earthflows on the flanks of Mary's Peak in

Benton County. The soils involved have developed from tuff of the Siletz

River Volcanic Series. The slope at site B is about 15° while at sites

0 and C slopes range from 30 to 40°. Hydrated and dehydrated halloy-

site, and amorphous material are present in all samples from sites B, 0,

and C. Gibbsite is often present in minor amounts. In addition,

samples from site C contain chioritic intergrade and a trace of mica.

The soil at site B is mapped as Blachly silty clay loam (Knezevich,

1975). Average depth to bedrock exceeds 4 m from the original soil sur-

face. A series of high angle faults parallel to the major axis of the

slide result in several seepage zones at the site. Movement was

apparently slow but the material was very fluid at the time of failure

(D. N. Swanston, personal communication). The XRD pattern of sample B-3

is typical of the character of the clay fraction of material within 2 m

of the original soil surface (Figure 24). Amorphous material, and per-

haps hydrated halloysite and chloritic intergrade are present in sample

B -3. The absence of dehydroxylation endotherms in the DTA pattern of

sample B-3 (Figure 25) are evidence against the presence of halloysite or

chioritic intergrade, however. The endotherm at 140°C is attributed to

water loss from the non-allophanic amorphous clay constituents.

Samples from depths greater than about 2.5 m were generally better
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Figure 24: XRD patterns from site B. Sample B-3 (left) depth:

50-60 cm. Sample B-1 (right) depth: 3.0 m.
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Figure 25: DTA patterns from site B. Sample B-3 (above) depth:

50-60 cm, sample B-1 (below) depth: 3.0 m.
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crystallized and consisted of hydrated and dehydrated halloysite (sample

B-1, Figure 24). The DTA pattern of sample B-1 contains a broad endo-

therm at 170 °C attributed to the dehydration of both amorphous material

and the hydrated form of halloysite (Figure 25). Halloysite is further

indicated by a 550°C endotherm. Gibbsite is also present in this sample

(endotherm at 320°C).

Electron micrographs reveal an abundance of "porous" gels in con-

junction with tubular particles of halloysite (Plate 9). The halloysite

tubes appear "ropy" (lower micrograph) indicating either surface coating

or pitting and etching (indicative of weathering). The concentric

"spheres" of halloysite were not observed although aggregates of amor-

phous material somewhat approximated their appearance (upper micrograph)

and may be coating individual halloysite particles.

The soil at site 0 is Klickitat gravelly loam. XRD and DTA

patterns from this site also indicate the presence of hydrated and de-

hydrated halloysite and gibbsite in samples from all depths (Figures 26

and 27). Electron micrographs again reveal the clay fraction to consist

primarily of gels with dehydration pores or vesicles (Plate 10). Halloy-

site particles were generally tubular and had the same appearance as

those in sample B-1.

The soil at site C is also a Klickitat gravelly loam. Samples from

this site are generally similar with those from site B, although samples

from a layer of soil just above the apparent failure plane (sample C-3)

contained chloritic intergrade and a trace of mica in addition to halloy-

site (Figure 28). Electron micrographs of sample C-3 (Plate 11) contain

tubular halloysite particles (upper micrograph) and what appear to be a
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Plate 9: Electron micrographs of soil clays from site B. Sample B-3.



Mg + 54% RH

Mg + glycerol

Mg + ethylene
glycol

K + 105 °C +
54% RH

K + 105°C +
dry air

K + 300°C +
dry air

K + 550 °C +

-dry ai.r

7. 4 9.8 14. 7 A 7. 4 9. 8 14. 7oilltittIlitt itIiiit.. I ,,
14 12 10 8 6 4 14 12 10 8 6 4

4)-

66.

Figure 26: XRD patterns from site 0, an earthflow underlain by the
Siletz River Volcanic Series. Sample 0-1 (left) depth: 1.0 m,
sample 0-3 (right) depth: 3.1 m.
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Figure 27: DTA patterns from site 0. Sample 0-1 (above) depth: 1.0 m,

sample 0-3 (below) depth: 3.1 m.
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Plate 10: Electron micrograph from site 0. Sample 0-3.
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Figure 28: XRD patterns from site C, an earthflow underlain by the
Siletz River Volcanic Series. Sample C-1 (left) depth:
10-20 cm, sample C-3 (right) depth: 1.0 m.
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Plate 11: Electron micrographs of soil clays from site C. Sample

C-3, H=possible spherical halloysi:e particle.
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spherical halloysite particle (lower micrograph). AmOrphous material,

although not as abundant or as "porous" as samples from sites 0 or B is

also present (arrow, lower micrograph, Plate 11).
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IV. SUMMARY OF IMPORTANT CLAY MINERAL RELATIONSHIPS

Soils involved in debris avalanches in the coast range are assumed

to be cohesionless (Harr and Yee, 1975). The term "cohesionless"

implies that the shear strength of the soil is not dependent on inter-

particle bonding, and that volume changes upon wetting are negligible

(Sowers and Sowers, 1970). The failure process is envisioned as a

simple downslope slide of the soil mantle (Bishop and Stevens, 1970).

The results obtained here are in general agreement with this model.

Debris avalanches commonly occurred in areas of well-drained soils under-

lain by steeply sloping, well-indurated bedrock. The mineralogy of the

clay fraction varied, depending on the bedrock type, but in each case

consisted of minerals which characteristically have small surface

charges, large particle sizes, and small water holding capacities. How-

ever, the presence of amorphous material both as mineral coatings and as

discrete masses would be expected to reduce the shear strength and in-

crease the fluidity of the failing soil. Thus, in some cases, flowage

may be an important transport mechanism in debris avalanches. Addition-

ally, the presence of a thin layer of smectite clay adjacent to the

failure plane was often observed. This may be important in lubricating

the failure surface and in reducing the lateral flow of water. Decreased

drainage in a saturated zone along the bedrock surface would contribute

to a rapid increase in pore water pressure during periods of high inten-

site rainfall.

In the coast range, creep and slump are most common in poorly

drained landscape positions on soft sedimentary rock. The resulting

soils are usually deep and have a homogeneous clay fraction which consists



73

in part of smectite clay. The occurrence of smectite In unstable soils

is well known (Whalstrom, 1969). The high charge characteristics of

smectite are thought to give the soil sufficient strength to resist

rapid shallow movements. Smectite, however, was only one component of

the clay fraction of the soils in this study. The significance of hydroxy

interlayers, mixtures with chloritic intergrade, and interstratification,

which were also present, is not known. Hydroxy interlayers would be ex-

pected to decrease the surface charge (inhibiting shrink-swell, water

holding capacity, etc.). Mineral mixtures and interstratification with

low charge clays may also act to reduce the smectite "character" of the

clay fraction by "dilution." In any case, it is clear that descriptions

of soil creep and rotational slump on cohesive soils must consider the

inhomogeneous composition of the clay fraction.

Earthflows are most common in areas of tuffaceous sedimentary rock

and on soft, structureless volcaniclastic rock. These rocks weather

easily and result in deep soils and gentle slopes. Water is collected

and retained in these soils most of the year which results in a mineral

assemblage consisting of amorphous material and hydrated and dehydrated

halloysite. This most important finding of this study is related to the

abundance of hydrated halloysite and amorphous gels in all soils involved

earthflows. Electron microscopy suggests that water may be held within

"pores" of amorphous gels as well as between halloysite layers. These

pores appear to be abundant and could result in a large water holding

capacity even though the size of the pores is small. Theoretically, this

water could be released by disturbance (excavation, etc.) and may account

for the fluid behavior of earthflow materials during failure.
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Deatils of structure and possible mechanisms of,water retention in

these soils is largely unknown. Taskey (1978) suggested that amorphous

material can form "balloons" which contain water within fragile films.

Generally, the "pores" in amorphous material in the coast range appeared

less regular and not necessarily spherical. The concept is basically

the same, however; large water holding capacities may result from

secondary structures involving amorphous gels.

Clay mineralogy, of course, is not the only factor which must be

used in assessing the stability of a natural slope. Indeed, in this

study, the location of a failure appeared to be strongly related to local

bedrock structure. Faulting, folding, and geologic contacts commonly

influenced water movement at the various sites. This generally resulted

in wetter soils than the surrounding terrain. Field and laboratory evi-

dence in this study, however, indicates that clay mineralogy is another

important factor. It should be useful in predicting the susceptibility

and kind of mass movement which would be expected in a given situation.

These results are summarized in Table 1.



Table 1. Clay mineralogy of three kinds of mass movement.

Bedrock type Debris avalanche Creep and slump Earthflow

Tyee formation

Galice and
Lookingglass
Formations

Serpentinite of
Otter Point
Formation

Nye Mudstone
and Astoria
Formations

Siletz River
Volcanic Series

Nestucca
Formation

CI, DH, M

CI, M, K, CH

SP, CH, AM

CI, DH, M

SM, CI, DH, M HH, DH, AM, CI

SM, SP, CH

SM, M

SM, CI, DH HH, DH, AM, CI

HH, DH, AM, CI

Legend:

CI = Chloritic Intergrade
DH = Dehydrated Halloysite
M = Mica

SM = Smectite
HH = Hydrated Halloysite
AM = Amorphous Material

SP = Serpentine
CH = Chlorite
K = Kaolinite
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APPENDIX I

Location of the sampling sites
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APPENDIX II

XRD and DTA patterns from additional samples
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Figure 29: XRD patterns from site K, a debris avalanche. Surface

soil (right), soil-bedrock interface (left)
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Figure 30: XRD patterns from site S. S-1 (left) 0-10 cm, sample
S-7 (right) 60-70 cm.
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Figure 31: XRD patterns from site X, a debris avalanche. Sample

X-1, 0-20 cm.
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Figure 32: XRD patterns from site E. Sample E-3 (left) 60-80 cm,
Sample E-2 (right) 140-150 cm.
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Figure 33: Additional DTA patterns from the various sites.


