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Abstract:

Well-formed deposits of modern debris flows and talus were studied in Sacajawea cirque, located in
the Bridger Range of southwestern Montana. Debris flows possess a wide range of sedimentologic
characteristics, particularly fabrics and sedimentary structures. These characteristics were examined in
the deposits in order to develop criteria to aid in the recognition of debris-flow deposits in the rock
record. As debris flows and talus often share similar fabrics and textures, these characteristics were
examined in both types of deposits to determine if there were differences which could then be applied
to differentiation of similar types of deposits in the rock record.

Study of debris-flow fabrics reveals clast-supported rather than the more common matrix-supported
fabric. This suggests that clast-supported fabric should also be recognized as a common debris flow
characteristic. Quantitative analysis of clast fabric by the eigenvalue method shows that clasts in levees
have a weak downstream orientation and also dip downstream, while lobes show no preferred
orientation of clasts.

Textural analysis of the debris-flow deposits shows that clasts larger than 64 mm are cobble- to
boulder-size and subrounded. Forty percent of clasts larger than 64 mm come from the Lodgepole
limestone, or the source of the talus, suggesting that the talus contributes clasts to the debris flow
source area. The large percentage of silt (54%) and clay (10%) in the matrix shows that less resistant
rock units in the source area (Three Forks and Sappington shale and siltstone and basal shale from the
Lodgepole) contribute to the finer matrix because these units are less resistant to weathering. The bulk
of the deposit is massive while the top is coarse-tail inversely graded.

Fabric analysis of the talus reveals a clast-supported framework and clasts alligned weakly parallel to
the slope direction and dipping downslope at steep angles. Textural analysis reveals the talus deposits
consist of angular, cobble- to boulder-size clasts of Lodgepole limestone.

Overall, the debris flow and talus deposits are similar sedimentologically because talus deposits
contribute clasts to the debris flow source area. Thus, sedimentologists should use caution in
identification of both types of deposits in the rock record.
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GLOSSARY

Eigenvalue Terminology

By gy r Apép Values representing the mean. absolute
er

ences between the orientation of Vl.and the local
flow direction. _.ian Shows whether clast long-axes are
aligned parallel to flow (values near 0 degrees) or
transverse to flow (values near 180 degrees). Ay,
shows if parallel clasts dip upflow (values near igo
degrees) or downflow (values near 0 degrees).

The mean dip of vi.

The mean dip of V.

A normalized eigenvalue which indicates the mean
strength of V. B larger S; value indicates strong

fabric.

A normalized eigenvalue which represents the mean
strength of V3 .

An eigenvector representing the axis of maximum
concentration of the clast long-axes.

An eigenvector which represents the axis of minimum
concentration of the clast long-axes. It is
perpendicular to V. '
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ABSTRACT

Well-formed deposits of modern debris flows and talus
were studied in Sacajawea cirque, located in the Bridger
Range of southwestern Montana. Debris flows possess a wide
range of sedimentologic characteristics, particularly
fabrics and sedimentary structures. These characteristics
were examined in the deposits in order to develop criteria
to aid in the recognition of debris-flow deposits in the
rock record. As debris flows and talus often share similar
fabrics and textures, these characteristics were examined in
both types of deposits to determine if there were
differences which could then be applied to differentiation
of similar types of deposits in the rock record.

Study of debris-flow fabrics reveals clast-supported
rather than the more common matrix-supported fabric. This
suggests that clast-supported fabric should also be
recognized as a common debris flow characteristic.
Quantitative analysis of clast’fabric by the eigenvalue
method shows that clasts in levees have a weak downstream
orientation and alsoe dip downstream, while lobes show no
preferred orientation of clasts.

Textural analysis of the debris-flow dep051ts shows
that clasts larger than 64 mm are cobble- to boulder-size
and subrounded. Forty petcent of clasts larger than 64 mm
come from the Lodgepole limestone, or the source of the
talus, suggesting that the talus contributes clasts to the
debris flow source area. The large percentage of silt (54%) -
and clay (10%) in the matrix shows that less resistant rock
units in the source area (Three Forks and Sappington shale
and siltstone and basal shale from the Lodgepole) contribute
to the finer matrix because these units are less resistant
to weathering. The bulk of the deposit is massive while the
top is coarse-tail inversely graded.

Fabric analysis of the talus reveals a clast- supported
framework and clasts alligned weakly parallel to the slope
direction and dipping downslope at steep angles. Textural
analysis reveals the talus deposits consist of angular,
cobble- to boulder-size clasts of Lodgepole limestone.

Overall, the debris flow and talus deposits are similar
sedimentologically because talus deposits contribute clasts
to the debris flow source area. Thus, sedimentologists
should use caution in identification of both types of -
deposits in the rock record. ‘




INTRODUCT ION

Importance of Study

- Debris-flow deposits exhibit complex and vériable
sedimentologic characteristics, particularly fabrics and
sedimentary structures (Smith, 1986). Matrix-supported
fabric. is cited as a common characteristic of debriﬁ flows
(Smith,‘lQBG; Costa, 1958; Eyles and Kocsis, 1988; Hubert
ﬁnd Filipov, 1989). However, élast-supportgd debris-flow
deposits have also beeﬁ recégnized (Rodine and Johnson,
1976; Lowe, 1982; Costa, 1984; Shultz, 1984); Orientations
of the long-axis of clasts aré-typicﬁlly described aé
parallel to the flpw direction (Johnson and Rodine, 1984;
Smith, 1986; Eyles and Kocsis, 1988); however, random
orientations haﬁe also been reported (La&Son, 1979a; Hubert
and Filipov, 1989). Sedimentary structures such as weak
inverse and normal grading have been documented‘by Eyfes and
Kocsis (1988), whereas Smith (1986) and Costa (1988) noted
" that sedimentary strucfures, ihcluﬂing str#tification, are
absent in debrig-flow deposits. This variability in
sedimentologic éhéracteristics'may cause difficulty in
recognizing ancient deposits\(Eyles et al., 1988). ’Further

study is desirable to explore the range of fabrics and -
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sedimentary structures which characterize modern debris-flow
deposits. |

Debris-flow deposits share similar fabrics and
structures with other types of flow deposits, sﬁch as
hyperconcentrated fiows and stream flows. This similarity
may cause difficulty'in distinguishing one type of deposit
from another (Smith, 1986; Costa, 1588). The eétabliéﬂment
of more precise sedimentologic criteria for recognition of
debris-flow deposits will enhance sedimentologic
differentiation of different types of flow deposits. This
knowledge of ;edimeniologic features may thén be applied to
the recognition and interéfetation of similar debris-flow
deposits in the rock record.

Deb;is-flow deposits appear similar to talus deposits
in the rock record. Both are coarse;grained and poorly
sorted. As a result, few ancient talus deposits have been
recognized (Taﬂner and ﬁubeft, 1991). The sedimentologic
characteristics of both modern debris-flow and talus
deposits maylbe similar because talus often contributes the
material for debris flows (nyxell and Horberg, 1943).. By
studying clast fabric and grain size of both modern debris-
flow and talus depogits, sédimentarf criteria may be
developéd to aid in the differentiation and recognition of
these typés of deposits in the rock record.

Sacajawea cirque, located in the Bridger Range of

southwestern Montana, contains excellent exposures of both
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modern debris-flow and talus deposits. The morphologigé of
debris flows, such as levees and lobes, are well preserved
and exposed, as are talus slopes. Documentation of fabrics
and structures in well developed debris-flow and talus
deﬁosits allows‘comparison.  Thus, Sacajawea cirque is a
iaeal éite for studying the geomorphic and‘sedimentolégic

characteristics of both debris-flow and talus deposits.

Questions

The questisns answered iﬁ this thesis are: (1) What are
the geomorphic characteristics and sedimentary fabrics,
textures, and structures of the debris-flow deposits in
Sacajaﬁea cirque? (2) What are the sedimentary fabrics and
textures of the talus deposifs in Sacaﬁawea ciréue? (3) bo’
the deposits éf‘debris flows and talus slopes in Sacajawea

cirque diffef sedimentologically? If so, what

vsedimentolagib criteria distinguish one deposit from

another?




STUDY AREA

Location of Study Site

Sacajawea cirque is in the Bridger Range of
southwestern Montana (Figure 1). The rénge is a small (40
km long), north-trending uplift of Archean and Proterozoic
basement rocks overlain by steeply gast-dipping Paleozoic
through Mesozoic sedimentary rocks (Lageson, 1989). The
steeply dipping strata (approximafely 65 degrees) are £he
gast limb of an asymﬁetric, north;blunging anticline that
formed during the late Paleocene to early-chege’and was
truncated by .a north-trending, down-to-the-west normal ‘fault
(Lageson, 1989). Nowhere’are those strata'better exposed
than in the walls of Pleistocene cirques, carved out on the
eastern side of the rénge (Locke and Lageson, 1989). vThe'
largest, most well—deﬁeloﬁéd cirque in‘the range is referred-
toias'Saéajawea'cirque. This cirque is just north of
Sacajawea Peak, the highest peak in fhe range (elévation
2947 m).

The floor of Sacajawea cirqﬁe lies at an glevation_of
2560 meters and is surrounded by steep rock walls thaE rise
180 ﬁeters above the floor. The cirque walls contain strata

H

that are younger at the mouth of the cirque and older at the

[y
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Figure 1. Location of Sacajawea cirque, Bridget Range,
Montana. Dashed lines indicate unpaved road.
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headwall.. The va%ious rock units are désc;ibéd in detail
iﬁ a diagrammatic stratigraphic colﬁmn (Figure 2). A brief .
descriptiqn of the units follows. ABeginning with the oldest
unit‘pre;ént in the ‘cirque, the Cambrian ?ilgrim Formation
consists of limestone-pebble conglomefate interbeddeq_with
green shale and bounded on the‘top and bottom by oolitic
limestoné.‘ fhe Cambrian Snowy Range Formation .consists of
two meﬁbers. The Dry Creek Shale membér contains gray-green
shale interbedded with caléareous siltstone and sandstone.
The Sage Pebble member .contains dense limestone and
-limestone pebble conglomerate. The Devoniaﬁ Maywood
Formation consists of thin-bedded calcafeous siltstone. The
Devonian Jefferson Formation contains dolomite and liﬁestone
interbedded with dolomitic siltstone. The Devonian Three_,
‘Forks Formation contains thiﬁ-bedded silty limesfone that
overlies breéciated-limestone~aﬂd a basal layef'of limonite
nodule shale and siltstqne.~'The Devonian Sappington
Formation is composed of fine-gfained calcareous siltstone
and sandstone bounded.on the top and bottom by shale. The
Mississippian Lodgepole Formation consists of thin- to
ﬁedium-bedded fossiliferous limestone overlying black shale.
The Mission Canyon Formation consists of massive limestone
(Mcﬁannis, 1955). These rock units contribute to the
landforms found on the floor of the cirque including rock
glaciers, protalus ramparts, talus slopes, and debris-flow

deposits (Locke and Lageson, 1989) (Figure 3).




Paleozoic

-VDisconf

Description

Light gray, massive or poorly bedded, resistant
limestone with solution breccias. Contains chert
nodules.  (430-9057)

Dark gray medium-bedded fossiliferous limestone.
Lower dark gray, thin-bedded limestone with chert
nodules. Black shale at base. (600-8101)

Buff-brown, thin- to medium-bedded, fine-grained
calcareous siltstone and sandstone. Basal, black
shale. (46-1007)

Upper gray, thin-bedded silty limestone. Middle
buff, medium-bedded brecciated limestone. Basal,
limonite-nodule shale, and siltstone. (100-150" )

Brown, thick-bedded dolomite and limestone,
containing stromatoporids. Intercalated
yellow-pale pink dolomitic siltstone beds.
(400-6207)

Yellow to brown, thin-bedded calcareous siltstone
with some dolomite. (39-927)

Fine-grained, thin-bedded, dense limestone and
limestone pebble conglomerate. (121-204%)
Gray-green shale with interbedded yellow
calcareous siltstone and sandstone. (50-76%)
Dark gray, medium-bedded, oolitic limestone.
Middle, gray to yellow-brown thin-bedded
limestone with limestone-pebble conglomerate
and iInter-bedded green shale.

Gray, massive oolitic, limestone. (363-4337)

Figure 2. Diagrammatic stratigraphic column of rock units present iIn Sacajawea

cirque (After McMannis, 1955).



Figure 3.

Scale
200 m

Talus

Gedlogy and geomorphic landforms of Sacajawea
cirque. Study sites for both debris flows and
talus are delineated. The symbol "ptr' indicates
protalus rampart. Areas marked with an "?" are
unidentified landforms mapped by Locke and Lageson
(1989). Rock units are Mississippian Mission
Canyon (Mmc) and Lodgepole (MI) Ilimestone and
dolomite; Devonian Sappington (Ds) shale and
calcareous siltstone; Three Forks (Dtf) silty and
brecciated limestone; Jefferson (Dj) limestone,
and Cambrian Pilgrim limestone and Snowy River
shale and limestone pebble conglomerate (Cp,S)-.-
Strike and dip symbols show the structural
orientation of the bedrock (After Locke and
Lageson, 1989).



9

The vegefation in the cirque reflects the alpine
environment. Krummholz, or defofmed-dwarfea shrub'trées,
occur on the windswept floor of the‘cirque (Ross and Hunter,
1976). Cushion plants such as moss campion and grasses such
as alpine bluegrass and sheep fescue are found on and among
rocks (Ross and Hunter;,l976).

The flqof of Sacajawea cirque is covered with modern
dgbris-flow deposits, including levees and lobes. These
debris-flow deposits have been dated by lichenometry and
tree~ring analysis and range ip age from less than 25 to
3QO—yearé old (Locke and Lageson, 1989). At the mouth o£
the cirque, debris-flow deposits are partially co@ered with
soil and vegetation and difficult to recognige. However,
below the headwall of the cirqué, six debris-flow‘channels
outlined by levees and lobes can be diffgrentiated. These
deposits were chosen for study because their well-developed
lobes and levees provide good exposures fér mapping of
'geomorphic features and study of sedimentologic |

!

characteristics.

Description of Study Site

The Sacajawéa cirq&e debris-flow deposits are on a
aebfis-flow fan. Debris-flow fans have‘an afea less than 2
km% a slope ranging from 5 to 20_dégre¢s, and are composed
of debris;flow depdsits (Ono, 1990;.Koche1, 1990; Whipple

and Dunne, 1992); The debris-flow fan in Sacajawea cirque

,
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has an area of 0.03 k™ and a slope ranging from 9 to 24
degrees. The fan surface is covered with overlapping
debris-flow deposits as evidenced by the well-developed

levees and lobes (Figure 4).

Figure 4. Debris-flow fan in Sacajawea cirque located
between arrows. Talus slopes are visible iIn the
upper right corner.

The fan extends from a small, steep drainage or gully
on the northwest side of the cirque. The gully extends to
the top of the cirque wall along the Three Forks Formation,
and i1s fTilled with a variety of clast sizes derived from the
surrounding bedrock exposures and talus slopes.

The fTan consists of a variety of debris-flow

morphologies which will be described in greater detail
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later. ‘The apex of the fan consists oﬁ abundantIOQerlapping
debris-flow deposits. In the mid-fan area, the faﬁ'is
incised by channels which extgnd the entire length of the
fan and are bordered by bouldery levees and scattered
lateral lobes. In-channei l'obes blﬁck some feaches of the .
.channels. At the distal part of the fan, thin terminal
lobes spread out from the mouths of the chanﬁels;

| Talus slopes are found on the northwest andgsoutheasf
walls of the ci;que. The talus s}ope; chosen for study are
located on the north side of the fan, in someAareas overlap
the gully, and extend from thé Lodgepdie and Miééioﬁ Canyon.

Formations. Figure 4 and Plate 1 show the talus slopes.
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- TERMIROLOGY

Debris Flows

: Debfis flows are gravity-induced mass-movements of
granular solids with minor amounts of clay, entrained in
water ahd air (Costa, 1984). The flows leave deposits that
are very éoorly sorted, lack infernal stratification,iand
support the largest clasts in a'finengrained matrix (Smith, -
1986). Debris'flows occur in mountainous areas in all
climates. Conditions required for debrié fiow initiation
include: an abundant source of unconsolidated fine-grained
rock and soil debris, steep slopes, spafse veggtation, and a
lﬁfge but intermittent souyde of moisture (Costa, 1984).

Other terms which have been used to identify the same or

h closely related processes are debris slidg, mudflow[ mud

slide; éarth,flow, mud;pate, tillflow, and lahar (Johnspn
and Rodine, 1984), ‘

Debris flowé‘are éome‘of the most threatening natural
phenomena in the world. Each year, debris flows claiﬁ |
hundreds of lives and cause millidné of dollars of property
damage worldwide (Costa, 1984). In Japah élone, an average
of 96 lives are lost annually from debris flowsl(Takahashi,
1981). In 1919, a volcanic ejection of water from a crater

lake created massive debris flows that killed 5100 people,
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destroyed 140 villages, and buried 130 km! of land in Java
(Johnson and Rodine, 1984). This worldwide destruction by
debris flows has led to their étudy in Japan, Brazil, New
Zealand, California, Utah, Alaska, Idaho, Arizona,
Pennsylvania, and Virginia (Costa, 1984; Johnson and Rodine,
1984). Debris flows have been moét widely stﬁdiéd in the
American southwest (Johnson and Rodine, 1984). _Alpiné
debris flows have been studied to a lesser extent in Canada

(Owens, 1973), the Yukon (Broscoe and Thomson, 1969),

Colorado (Curry, 196§), Wyoming (Fryxell and Horberg, 1943),

- and Scandinavia (Rapp and Nyberg, 1981).

Morphologic Characteristics

ﬁebris flows form distinctive landforms. The flows:
form their own chanﬁgls as particles pushed to the side form
linear ridges or levees (Sharp, 1942). Thé flow front moves
forward in successive waves\or surées; Thesg surges may be
deposited in the middle of the channel as medial‘deposits or
in~-channel lobes (Johnsdn and Rodine, 1984). Wﬁen the
debris flow stops,‘thg front of the flow_leaves a terminai
lobe with a steep front and sides.(Costa, 1984). Debris
flows may be blocked by in-éhannel lobes, diverted out of
the channel, ana deposited as latgral lobate projections or

lateral lobes (Sharp, 1942).
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Rheologic and Sedimentologic Characferistics

| Debris flows, hyperconcentrated flows, and stream flows
can be distinguished based upon rheologic or flow
deformation‘characteristics (Table 1). Debris flows have
70-90% sedimént by weight, and the sediment and water move
together as a viscoplastic body. Flow type is lahinar and
the dominant particle support mechanisms are cohesive matrix
strength, buoyancy, and dispersive pressure. Iﬁ contrast,
stream flows'are dilute, haQing 1-40% sediment by weightu
with the éediment énd water acting as two sepa:atéfphases;
As stream flows ére turbulent, turbulence serves as a
sediment support mechanismAaldng with electrosfatic_charées'
on small particles. Hyperconcentrated flows aré
intermediate\in nature, having 40-70% sediment by weight,
‘and are partially turbulent and partially laminar. Particle
support mechanisms are buoyancy and diépérsive stregs.-

Though each of these flow types'posséss distinct

rheologic characteristics, their'sedimentoioéic
éharacteristics may overlap (Table 1), and make distinction
between fiﬁw tyﬁés difficﬁft{ _For example, debris-fLow A
deposits may be ungraded, inversely graded, inversely-to-
normally graded, orhrarely coarse-tail nﬁrmal graded
throughout the unit kSmith; 1986). Hypencoﬁcentrated flows
and stream flows may also exhibit normal and inversely

‘graded deposifs. Matrix-suppofted fabric is cited as
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Table 1. Rheologic and sedimentologic characteristics. of.
debris Flows, hyperconcentrated flows, and stream

imbrication

flows (After Smith, 1986; Costa, 1988).
Characteristics Debris | Hyperconcen- Stream
Flows trated Flows Flows
Sediment 70-90% by 40-70% by 1-40% by
Concentration weight weight weight
Shear Strength present, present, but | absent
high small
Flow Type laminar turbulent to | turbulent
: laminar
Major Sediment cohesion, buoyancy, turbulence,
Support buoyancy, dispersive electro-
Mechanisms dispersive stress static
stress | charges,
Mode of en masse grain-by- grain-by-
Deposition grain, grain,
suspension - traction- -
and traction | dominated
Stratification none none or massive or
horizontal horizontal
stratifica- stratifica-
tion tion
Grading ' none; normal or variable'
inverse; inverse
inverse to
normal ;
coarse~-tail
normal
Clast Packing matrix- clast- clast-
supported; supported supported
rarely
clast-
supported
Clast long-axis parallel or transverse’ | transverse
orientation; transverse; | to flow; to flow;
imbrication parallel poor well- )
most imbrication imbricated
' common;
poor
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diagnostic of debris-flow deposits by many wérkers (Smith,
1986;.Cost;, 1988; Eyles and Kocsis, 1988; Hubert and
Filipov, 1989); however, some wofkers have recogﬁized clast;
supported debris-flow deposits (Curry, 1966; Rodine and ‘
Johnson, 1976; Lowe, 1982; Shultz, 1984; Blair, 1987).
These clast-suppﬁrted debris-flow deposits may look similar
to clast-supported h&pérconcentrated-flow or stream-flow

deposits.
Talus

Talus is an accumulation of rock debris of various
sizes transportéd from a ﬁoﬁntain valley wall by gra§ity,
runofflfrom rain or snow, or by avalanching snow to a valley
floor below (White, 1981). Modern talus accumulations
typically have slopes of 32 to 40 degrees with a concave-up
profile. The largest clasts are found at the base of the
slope, while the smaller ones are present higher on the
’slope (Rapp and Fairbridge, 1968). Talus deposits are
poorly sorted, clast-supported, angular, and pérticle siges
are édsitiveiy skewed towards the lafger claétsﬂ Clast
fabric is most often parallel to the depositional surface,
with plate-shaped clasts dipping at'approximately 34
degrees, often upslope.(Rapp and Fairbridge, 1968).' Talus
is then found in association with debris flows, as it may
contribute to or be the source of debris-flow deposits

(Fryxell and ﬁorberg, 1943).
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HMETHODS

Geomorphic Characteristics

In order to study the morphologic chérécteristics of
the channels and debris-flow deposits, the location of
channels and spatial distribution of differept types of
deposits were mﬁpped on oblique phdtos of the fan. Each
part of the deposit wés described and photographed.
Measurements of. channel length, width,'and aepth were made
to charactefize the sizes of channels present on the fan.
Thé gradients of th; degpest channels were meaéured with a
hand level and tape meashre every 5 meters‘in order to show

‘the step-like character of the chanﬁels.

Sedimentologic Characteristics

Fabric

Thé fabric of the debris-flow deposits was documented
.by studying both clast packing and ciast orientation on the
surface of the deposits. Clast packiné was described as
either matrix-supported.(the largest clasts are suspended in
a finer matrix of silt and clay-size particles) or clast-

supported (the largest clasts touch each other and there is
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little finer matrix). Matrix was defined as p;rticlgs <4 ﬁm
(Major and Voight, 1986). Clast packing was observed in
vertical sections. |

Clast orientation was documented in levees and lobes
for clasts >64 mm. Grids were set up at 20 meter intefvals
down the most continuous levees. Twenty-six sample sites
were examined on levees and lobes so as to'represent'éach
éart of the deposit (Plates lhand 2). The trend and plunge
of the long axis was measured for elongate and bladed‘
clasts. Elongate clasts are defined as those with a/b/c-
ratios of a/b>2 and b=c. Bléded clasts are thase'with
a/b/ec>3/2/1 (é; b, ana ¢ are the long, intermediate, and
short axes, respectivelf). Imbricated elongate/bladed
clasts were noted. The strike and dip of the ab-plane was
measured for imbricated platy clasts (thoseAwith a=b and
a/c>2). At each sample site, at leaét 15 clasts were
measured. Also measured at each site was the downstream
flow direction of the levee or lobe.

Usiqg thelprogram Spheristat by Frontenac Wordsmith;~
Inc., the trend aﬁd plunge of elongate/bladed clasts from '
each sample site were plotted on equal -area lower hemisphere
Schmidt netsi These data were then computer contoured with
a continuous Gaussiaq weighting function (kurtosis=100),

producing the same’expected count as a 1 percent counting

circle (Robin and Jowett, 1986). Sample sites along the

same levee that had similar flow directions (within 30
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degrees) were greuped together. Fabric'shape and strength
wefe elso described by the Spheristat program. Shape was
defined by girdles or clusters. Scattere&.plots with no .
preferred orientation indicated weak fabric, while weilf
formed girdles or clusters indieatea strohg fabric. -Anri
eigenvalue fatio graph wae coﬁstructed to show shape and
strength of the fabric. To summarize. imbrication, the
percent of the total number-of imbricated.elongate/bladed
" and platy clasts was calculated. Dip-angle freduencies for
.imbricated clasts were displayed graphicaliy for hoth
elongate/bladed and platy clasts.

"In order to obtain a quantitative analysis of the
stereonets, the three-dimeesional.eigenvalue method was
employed (Mark, 1973, 1974). The Spheristat program
produced three eigenvalues 77ﬁ§;7;eend their associated,
mutually perpendicular eigenvectors Vl{ vy, and v, (Stesky )
and Pierce, 1990). WV represents the axis of maximum
concentretion of the long axes and V, the exis of minimuﬁ
concentration.“ Mills.(1984) points out that V; is the pole:
fo tﬁe,preferred plane of theylong axis. According to Mark
(1973), stereonet patterns with non-orthorhombic symmetry
(axes that are not mutually perpendicular) may field
misleading results and should be interpreted Qith caution.

The Spheristat program indicated whether each stereonet was

non-orthorhombic. Non-orthorhombic nets were distinguished
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from orthorhombic nets in eiggnvalue analysis and
interpretation.

Eigenvector analysis produces the quantities Spsz>s3
that indicate the degree of clustering of the axes about the
eigenvectors V,, V,, and V;, and are computed by dividiﬁg the
‘eigenvalués by the total number af readings; N. The 8, and
S, values were produced for the debris-flow depbsits to
measure.their mean strength. Tables provided by Mark (1973,
1974) allowed S, and 8; values to be tested to determine
whether vy and V; are significantly different from the
values expected from a réndom sample of axeé*taken from a
uniform population. ' |

Mills (1991) analyzed the quantities AEN and Ay 4. the
mean absolute differences between the o?ientation of V; and
the local flow direction, in order to compare the
orientation of clasts from different studies. Bg.g 'shows
whether clast long-axes tend to be aliéned parallel to flow
(values near 0 degrees) or transverse to flow'(values near
90 degrees). Where clast long-axés are parallel to flow
(A0-90<20), Ay shows if they dip upflow (values ﬁear 180
degrees) or downflow (valges near 0 degrees) (Miils, 1591Y.
To determine if the fabric of the Sacajaﬁea debris-f1ow
deposits is oriented more parallel or transverse with
respect to flow direction, and whether parallel clasts
dipped upfiow or downflow, respective By g and Ry1g0 values

were computed, and then compared to By 90 and By_140 values
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from other published debris-flow studies. The mean dip of

Vi referred to by Mills (1984) as D;, was also computed.

Clast Size, Roundness, and Lithology

In order to characterize the coarser fraction of the -
deposits,,clasta larger than 64 mm (cobble-size) were
meaaured within grids on levees and lobes. Grids were.
placed every 20 meters along the most cqntinuous levees.
The length nflthe long-axis ﬁas.recorded for at least 15
clasts at eaqh site. The mean of tha iollargest clasts at
each site was calculated to produce an overall mean for
levees and each type of lobe.

Also recorded in each grid were rnundness and
lithology. Ronndness was visually astimated-ﬁsing a
roundness qhart (Lindholm, 1987, p. 111). Litnologies were'
lumped into three groups: (l)Lodgepole llmestone, (2)Thrae
Forks 511ty and brecciated’ 11mestone and Sapplngton
calcareous siltstone and sandstone; (3)Jefferson dolomite
and limestone.

Although the overall alze range was not studied, the
percent clay, silt, and sand were determined by sieve and
hydrometer analysis in order to characterize the finer
portion of the deposits. One éamplé‘of finer material was
collected from the bottom of a deposit, analyzed, and usad‘

to represent all of the finer material.
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Grading
The pfesenqe or absence of graded bedding in vertical
exposures was_noted.ﬂ If grading was present, ft was
determined to be either normal or reverse. Sketches were
made and photos taken in vertical exposures of the deposits
to-document the presence or absence of sédimentary '

structures.
Talus Deposits

Fabrics and textures were documented for talus debosits
in Sacajawea cirque. The surface of the depoéits was
" examined to distingnish those which were matrix- and clast-
supported. Three grids were set up oﬂ the talus in order to
document fabric and-clgst sizé on the upper, middle and
lower part of the slope}‘.A total of 150 clasts were
measured for orientation, according to the criteria
described previously. Slope direction was aisp recorded.
Three stereonets:were produced by the Spheristat program and
.analyzed by the eigenvalue method. - Thg 5, and S; values
were compﬁted for the talus, as well as the Ay g and RAgjy
Qalues. Dip angle and frequency of imbficated clasts were
also analyzed. The i50 clasts‘ﬁere measured for size and

roundness and lithology was recorded, following the;methods

.described previously.
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_DEBRIS-FLOW DEPOSITS

Geomorphic Characteristics

Plates 1 and 2 show the channeis-and types of deposits
mapped on oblique photos of the debris-flow fan. Many of
the same features are mapped on both Plates 1~and 2, bﬁt due
to the angle of the oblique photos, some. of the features
were mapped onl& on one or ‘the other of the plates. Tbere
were a total of nine channeis mapped; howevér, only six were
choéen,for‘geomorphic-and sedimentologic analysis because
they had distinct levees and the channels weré not partially
.covered with soil and vegetation. These channels were
numbered 1 through 6‘as indicated on Plates 1 and 2. Also
shown on Plates 1 and 2 are the‘rock units which éutcrop
above the debris-flow fan. The following section describes
and interprets the deposit types and channel characteristics

found.

Debris-flow Fan

. Description. Five of fhe six channels oﬁ the debris-
flow fan are fed by a main gully incised into bedrock above
'the fan apex. The area of this gully or drainage area is
0.006 km‘. The mouth of the gully (Plates 1 and 2) is steép

(29 degrees) and has walls as high as 2 meters. Further up
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the gully the steepness increases to approximately 35
degrees. The floor of the gully is covered with large
clasts alonb its entire leﬁgfh, and in some reaches in-

"channel lobes block the floor of the gullf.

Interpreﬁation. The.Sacajawea'cirque«fan is

representative of .fans in other alpine regions in thaf.it is
steep. The main gully ér drainage area is also steep.
Slopes ranging frém 10 to~30 degrees have been repofted'for
debris-flow fans in alpine regions of Scandinavia (Rapp and
Nyberg, 1981) and Canada .(Owens, 1973). Drainage areas
contributing to debris-flow fans in alpine regions have
siopes which are repﬁrtedlto range from 33 to 41 degrees
(Curry, 1966). in contrast; arid debris-flow fans inVOwens.
Valley, Cglifornia have slopes ranging from 3 to 5 degrees
and drainage areas that range from 6 to greater than 30
degrges (Whippleﬂand‘Dunﬁe, 1992). |

The small size of both the Sacajawea cirque fan and the
contributing main gully or draigage are smaller than other
‘debris flow systems-degcribed in the'literatu:e. Fans
studied in the Appalaéhians coverxas much as 1.0 kn@ in area
(Kochel, 1990), whereas drainage areas in Japan are larger
than 0.5 km? (Qno, 1990). -Harvey (1992) noted that when
climate and geology are held constant, small, steep drainagg
basins,tend_to produce debris-flow dominatedxfans and .

larger, lesé steép basins produce fluviaily dominated fans.

Thus, size of a drainage area . is an important factor which




25

appears to conf;ol the type ﬁf fap (Ono, 1550). -The size of
'the Sacajawea cirque drainage area is important because it
shows that a ﬁeli-formed fan with well-developed debris-flow
deposits can be constructed from a smaller drainage area
than has previously been reported. |

The main-gully contributing to the debris-flow fan is
'iocated within the Three Forks and Sappington Fofmations.
On its southwest side it is bounded by Three Férks
brecciated limesfone, while on its northeast side it is
bdunded'by talus slopes from the Lodgepole formation. The
brecciated limestone is a stripped structural surface whiqh
ﬁas been‘uncOvered by guily erosion. This éurface preﬁents
further erosion by the guliy‘because;it is resistant
limestone which dips towards the gully. Gully erosion has
thﬁs migrated in the direétion,qf the dip of the less
mechanically and chemically resistant calcareous siltstone
and sandstone and shale units. ‘It has undercut the basal
shale of the Lodgepole, resulting in talus slopes which-
cover huch of the Sappington unit. ’éully erosion hés alsol
deepéned'the gully, under which less resistant Three Forks
silty limestone and Sappingfon sbale are also found. Thus,
the presence of a stripped structural surface,. the dip
direction of this surface, and less resistant rock units in

the cirque wall determined the location of the debris-flow

drainage area.




26

Debris-flow Deposits

Description. Deposits can be subdivided into channel-

related (levees and lobes) andlopen fan (overlapping;
weatheredAlébate, and losate) typgs (Plates 1 and 2).

Levees are distinctively coarse textured and are continuous
along many of the channels (Figure 5). At the sasé of the
fan, the levees thin and spread ouf into terminal lobes
(Figure 6) which block the mouths of the channels.
Obgervation of terminal lobes shows they are thin, appear to
contain fewer large clasts, and are spr;ad out over a
greater areé than other gypes of lobes. Within some of fhe
channels are very coarse-grained in-channel lobes (Figure 7)
with steep lobate snouts.. Along some chanﬁel margins,
lateral lobes (Figure 8) have overtopped the leveesi These
lobes also have steep, lobate snouts.

Levees confain cobble-size clasts and their heights
average 0.5 meters while widths vary from 0.3 to i.2 meters
(Table 2j. Terminal lobes also contain predominatgly
cobble-size ciasts and are-usually less than 0.2-meters
thick. Some of the boulder-;ize élasts in in-channel 1obes
may be as large as i.3 meters in length. Lateral lobes
contain boulder-size clasts and may be as thick as 0.65
mefers.

Deposits found on the open fan surface and not

associated with the mapped channels include overlapping
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Figure 5. Two levees outlining Channel 3. View 1is upfan.
Arrows point to levees. Backpack for scale.

Figure s . Terminal Ilobe extending from a levee of Channel 3.
Arrow points to upfan edge of lobe. Backpack for
scale.
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Figure 7. In-channel [lobe blocking Channel 1. Arrow points
to lobe front. Backpack for scale.

- Hm-Hmmartw ... s, mzmemmum mm

Figure s . Lateral lobe that has spilled out of Channel 3 and
partial ly covered a bush. Arrow points to front
of lobe. Backpack for scale.
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Table 2. Deposit types, descriptions,

and interpretations.

Deposit Descriptionﬂ Interpretation
Levees Contain cobble-size Linear ridges
clasts, height of 0.5 | deposited along
m, width 0.3-1.2 m. sides of channels
as flow advances.
Terminal Contain cobble-size Lobate forms
clasts, deposits less ]| deposited at mouth

Lobes

than 0.2 m thick,
spread out laterally
at mouth of channel.

of channel by the
front of the flow.

In-channel
Lobes '

Contain boulder-size
clasts, lobes have
steep fronts and
sides, clasts are as
large as 1.3 m in
length.

Lobate forms -
deposited in the
channel by flows
that dewatered
before travelling
downfan. ‘

Lateral Contain boulder-size | Lobate forms
Lobes clasts, deposits as diverted out of
thick as 0.65 meters, | channel by in-
lobes have steep channel blockage
fronts and sides. and deposited off
the sides of the
channel.
Overlapping Thick deposits with Accumulations of
Deposits an undulating surface | lobes and levees at
that accumulated in | mouth of main gully
two areas on the fan. | and north of
‘ Channel 1.
Weathered Lobes with steep Older in-channel or

Lobate Forms

snouts and clasts as
large as 1 m in
length. Weathering
signs include pitted
appearance of. clasts,
presence of lichens
and partial burial of
deposit.

lateral lobes that
have become

- { partially buried by

successive flows
that built up the
fan surface.

Lobate
deposits

Lobate deposits ‘that
are not found on open
fan surface. Contain
cobble-size clasts.

Lobes that spilled
out of area of
overlapping
deposits onto- the
upper fan.
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deposits, weatheredilobate forms, and iébafe depésits
(Plates i and 2). Overlappiﬁg.deposits'were mépped at the.
mouth of the main gully feeding the fan and on the north
side of Channel 1. These deposits are termed 6ve:1ap§ing
degosits because individual leyees and lobes cannot be
distinguished in these deposits; They haﬁe a‘higher
surficial fopography relati&e to the other deposits on the
fan. This implies that many deposits'have accumulated at
these sites.

Weathered lobate forms are found between Channels 3 and
4 .and on the north side of phannel 1. These deposits have
distinctive lobate fofms wifh'steep snouts and ciasts as
large as i meter in length. Ther; are signs of weatheripg
such as the pitted appearance of the dolomite and limestone
clasts as well as the presgﬁce of lichens on the clasts.
Each weathergd iobate~form is also partially buried by '
subsequent levees and ldbes.l r

Lobate deposits are found on the upper fan surfacé
_between the channels (Plates 1l and 2). Because they show no
relation to the surrounding channeis; it is not clear what
type of lobe they are. Thus, théy were termed lobate

deposits because they are distinctly.lobate.

Interpretation. Levees, terminal lobes, lateral lobes,

and in-chahnel lobes are the most common types of debris-
flow deposits recognized (Sharp, 1942; Johnson and Rodine, .

1984; Costa, 1984). Overlapping deposits are écchmulatibns
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of lobes and/or,lgvees. They gccumulated at the‘ﬁoﬁth of
,the main‘gully because some flows stopped in this area and
did not trayel downfan. - Weathered lobate forms are older>.
in-channel or lateral lobes that have become partially
" buried by successive fldws that built up the fan'surface.‘
Lobate deposits represent lobes that spilled over‘the area
of overlapping deposits and were deposited on the upper fan
gurface between the channels. Deposits such as these show
-no association with the channels and are found on fhe.open
fan surface. Similar deposité have also been recognized by
Whipple and Dunne (1992) in Owens Valley, California, and
termed boulder fields. They are thought to represent
partially buried or morphologic&lly degraded overbank

debris-flow lobes (Whipple and Dunne, 1992).
Channéls

Desc;iption. The éhannels present on the fan vary in
Size'(Table.S),'shape, and the typesvpf deposits associated
with them. ‘The heads of all the chﬁnnels begin below the
afea of overlappiné deposits déscribed previously. - The area
of overlapping deposits blocks the main gully from .
connecting direqtly with any one channel.

Channel 1 is the lérgest and deepest channel (Table 3)
_present on the fan and has a well-developed U-shapéd cross-
‘section. DﬁringAsummer months, a constant stream flow runs

through this channel.. Channel 1 has the largest and most
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Table 3. Channel lengths, mean widths, and mean depths.

Channel Length |Mean Width | Mean Depth

(meters) (meters) {meters)
1 150 | 5.9+0.9 2.1+0.1
2 127 3.1+0.1 0.8+0.1
3 131 - 4,1+0,2 0.5+0.1
4 88 3.0£0.2 0.840.1
5 76 4.440.4 0.940.1
6 117 3.0+0.2 0.440.1

continuous levees (Plate 15. Along some stretches of the‘
chanﬂél, compound levees are found side-by-side. Three
distinct lateral lobes are found on\the‘sideé of Channel 1.
There are no terminal lobes found at the mouth of Channel 1.
Channel 1 contains‘three in:channel iobes at the top of the
fan. Two older-channgls exténd from the north side of
Channel 1. These two channels were not studied in detaii
because they are overgrown with vegetation and their levees
are very discontinuous and poorly preserved. Hoﬁever, they
cah be recognized morﬁhologically,and were included on
Plates 1 and'2. |

The floor of Chénnel 2 is shéllow (Tablev3) and covered‘
with vegetation similar to vegetafion found on the open fan’
surface. The center of the channel is incised and V-shaped.
Channel 2 has levees th?t are as narrow as 0.3 meters and
discontinuous in the mid-fan region.. Three lateral lobes

extend off the sides of the channel; There are no inf
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channel lobes. 'At the ﬁouth 6f Channel 2, a thin, terﬁinal
lobe spreadé out. The terminal lobe was deposited'on toé of
a bush, as .the bush can be seen poking up through the middle
of the lobe and on either side éf it. The lobe also covered
a ﬁiking trail.

Like Channel é, Channel 3 has vegetation‘on the channel
floor, with only the very center showing the V-shabed
incision. The levees on the sides of Channel 3 are
continuous and widen at the toe of the fan iqto-a terminal
lobe that is thin and adjoins the terminal lobe of Channel
2. There Are two lateral lobes associated with Chanﬁel 3,
one of wﬁich is deposited on top of part of a large bush in
the center of the fan. No in-channel lobes are present..

Channel 3 and Channel 4 begin from the same egtrénched
channel. ‘The channel floor is covered with vegetation; The
center is incised and V-shaped. The mosf distinctive
feature of Cpanne1,4 is the four inthannel‘lobes that plug ..
the narrow éhapnel and in some areas spread out ove£ the .
sides of the channel. Lévees are continuous where the in-~
" channel lobes'haQe not spilled_out of the channel.  Three
large lateral lobes extend'off the side qf the channel. At'
the mouth of the.chgnnel, thin terminal lobes aré found,
although their IAbate form is less conspicuous than the
terminal lobes of Channels 2 and 3. R

Channel 5 is well-defined only in ﬁhe mid-fan area. In

its upper reaches and at the base of the fan, tﬁe channel is
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partially overgrown with vegetation and difficulthto fqllow
.where there are no levees. 1Its most‘continuous reach is
narrow and shallow (Table 3). Channel 5 has well-défined
levees but no lobes of any type can be discerned. The floor
of the channei is U-shaped and covered with clasts. On the
west side oftchaﬁnel 5 is anothér channel, barely‘visiblg,
whiqh extends from a narrow gap between the Jefferson and
Three Forks Fdrmatiphs, and ﬁot from the main gully. This
channel was not studied in detail-because it is filled with
Vegetation and has very few .levees.

Channel 6 has its source in a small gully between
outcrops of Jefferson dolomite and limestone. Althoﬁgh
Channel é does not extend from the main gully, it was chosen
for study because it is p#oximal'to'the fan and has well-~-
formed and continuous levees. Channel 6 is the most narrow
and shallow channel (Table 3). Continuous léveés.outline
the shaliow but U-shapedcﬁannellfloor. A pronounced
terminai lobe is found at thg mouth of the channel.

However, no other types of lobes are present.

Interpretation. The channels on the Sacajawea cirque

fan are both U~ and V-shaped. Owens (1973) fouﬂd U-shaped"
channels to be more typical of alpine debris flows in
éanada, yet V-shaped channels were also feported. The
lengths of the channels on the debris-flow fén are,sho;ter
than those cited in the literature. The debris-flow

channels on the Sacéjawea cirque fan range from 88 to 150
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meters long, whereas in Scandinavia measured chanﬁel lengths
rangea from 181 to 1800 meters long (Rapp and Nyberg 1981).

The source érea'ofhchannel 6 is not a narrow gully
filled with largé'clasts, but rather a steep, smooth
hillslope between outcrops of the Jefferson Formation. A
gully was not able to form in the Jefferson Formation
because dolomite and limestone beds are resistant to- both
mechanical and chemical weatheriqg in the relatively arid
Montana climate (Locke and Lageson, 1989). Thus, debris
flows can be initiated on smooth, steeé hillslopes as well
as in narrow gullies, and still form the well-developed"
lobes and levees displayed in Channel 6. |

The greatér width and depth and number.of lobes along
Chénnel 1 than the other channels suggest it has 5een the
most active channel in the past; however, its large size may
also be due to inéision by running water during the spring
and summer.months. The most récently recognized fiows
occurred in 1987 (Jim Schmitt, personal communication), when
they formed Channels 2 and 3 and covered a hiking trail and
sevefal bushes. These were isolated events. There is no
evidence such as numerous lobes or compound léevees which
would indicate prior or subsequent flows‘had gone down these
channels. As the area of overlapping deposits b}ocks the
main gully_fromAconnecting with any one channelf which

channel the next flow takes appears random.
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Channel Profiles:

-

Description. Channels 1 and 4 possess in-channel lobes
blocking the channel at various stretches. The in-channel
lobes along a channel produce a step-like channel floor

(Figure 9).

Interpretation. The channel profiles illustrate the

step-like character of fhe chanhel floors whi'ch are created
by in-chaﬁnel lobes which.blﬁcﬁ cértéin reaches of the
channgi. Whipple and Dunne (1992) noted that on debris-flow
fans, in-channel lobes block'channels and at each lobe, a
new elevation of the channel floor is created. As a result,
subsequent flows moving down the channel are divértéd out of
the channel upon reaching the channel blockages. Though
what channelya flow takes is random, encountering an in-
channel lobe mayvdivert a flow out of a c¢hannel, thus

affecting the pattern of deposition on the fan.
Sedimentologic Charécteristics

Clast Packing

Description. The debris-flow deposits are clast-

supported (Figure 10), with particles pebble-size and lﬁrger
(>4 mm) touéhing and only the voidg filled with ﬁatrix.\
Sampling oi the matrix revealedlthat it is made up of
prédominately éranule-sizé particles (2 mm-4 mm) and less

finer material. Overall, there is little matrix. The
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Figure 9. Channel profiles of Channels 1 and 4. Arrows point to
location of channel blockages. Vertical exaggeration=4X.
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surface of the levees and lobes is coarse, with the matrix

observable only upon digging less than o..s meters beneath

the deposit surface.

Figure 10. Clast-supported framework of pebble and larger-
size clasts in an exposed vertical section of a
levee in the main gully. Pencil for scale.

Interpretation. Matrix-supported fabric is cited as a

common characteristic of debris-flow deposits (Smith, 1988;

Costa, 1988; Eyles and Kocsis, 1988; Hubert and Filipov,

1989). Though many debris-flow deposits are clast-

supported, this has not been recognized as a common

characteristic in the literature (Sharp and Nobles, 1953;

Curry, 1966; Lowe, 1979b; Shultz, 1984; Mills, 1984; Tanner

and Hubert, 1991). In many debris flows, the largest clasts
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are not actually suspended within a clay matrix, but remain
in contact witﬁ oné another while rolling, sliding, and
bouncing downslope (Lowe, 1932); The-clay matrix serves to
lubricate the grains rather than support them as in matrix-
supported debris flows. As a result, they leave deposits
that are clast-supported. Flows of this type have been
described bg Sharp and Nobles (1953), Curry (1966), Lowe
(1979b), Shultg (1984), Mills (1984), and Tanner and Hubert
(1991). The deposits of debris fiows with a clast-supported
framework include a small proportion of clay, sometimes as
little as 5% of the floﬁ by volume (Rodine and Johnson,
1976). Though the overall percgnt of clay in the deposits
in Ssacajawea could not be determined due to large samplgs
" needed for measurement, it most likely was small due tq the
lack of finer matrix in the deposits."Thus, clastjsupported
deposits should also be considered a‘common fabric
charaqteristic of debris-£IOW'deposits. |

The clast-support framework of the Sacajaweaydebris-
flow deposits is due to the relative abundance of large .
clasts (pebble-size and laréer) in ‘the source area. The -
larger clasts are‘primarily\célcareous siltstope and
limestone which are hard to break down into finer silt- and
clay-sizes. Also, Rappol (1985) noted that there is an _
abundance of pebbie through boulder sizes in bedrock-rich

alpine regions.
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Although the overall amount of fines in' the déposits
was determined by trenching to be small, during £low
initiatidn thgre was undoubtedly more finer material present
to lubricate the grains and initiate flow. This is-because'
the ﬁain gully is on top of Three Forks‘and Sappington
shale, calcareous siltétoné and sandstone, and silty
limestone which break down into finer materiais by
weathering in place. One explanation of where the finer
materials in the deposits went is washing of the clasté
after deposition. Curry (1966) and Blair and McPherson
(1992) observed this phenomena and suggested that‘the fine
material originally on the surface of the deposits drained
or washed away sometime éfter the flow came to rést and is
present beneath the surface boulders. This mechanism likely
explains the coarse surface of the deposits noted in this
study; however, it does not explain the lack of finer

material beneath the deposit surface.
Clast. Fabric

Description. Contoured. Schmidt nets reveal the
"orientation pattern of clasts in sampled levees (Figu;e 11).
Sample ‘sites are shown on Plateé 1 and 2. Because Channels
1 and 6 aré oriented in different directions'on the fan, the.
sample sites on the levees are also noted by different
difectioﬁs. Although there is scatter of data points,

according to the Spheristat program,.the stereonets for
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levees show weakly developed girdles, except for the Channel
6 east side b levee wﬁich shows a moderately developed
girdle and clustef. Clasts are oriented‘parallel to flow
and dipping downstream. Dip of the clasts ranges from 10 to
25 degrees. A few clasts have dips greater than 50 dggrees
(Appendix A). “

Six contoured Schmidt nets were createé for the‘in-
chanpel,"lateral, and terminal lobes that were sampled
(Figure 12). Sample sites are shown on Plateé 1l and‘2.
Scatter is greater in the lobes thén in the levees. The
stereonets for the lobes show weakly developed girdles and
clusters with clasts oriented parallel and oplique to flow
and dipping both up and downstream. There is a wider range.
of dips of clasts in lobes than in levees, ranging from 2 to
72 degrees (Appendix A). Dips are lower for terminal lobes
than for in-channel and lateral lobes.

Imbrication is more.prevalent in'platy clasts than in
elongate/bladed clasts. Overall, imbrication is minor in
the deposits, as less than fifty percent of clasts are
imbricated: twenty-five percent of'platy plasts are
imbricated, while onlf eleven pe;cent of elongatelbladed
clasts are imbricated. . Of all the different types of
deposits, lateral lobes have the greatest percentage of
_imbricated clas@s. Sixty-seven percent of the platy

imbricated clasts are from lateral lobes (Appendig B);




Channel | Levee
North Side

Channel 6 Levee
Eaat Side A

Channel 6 Levee

Weat Side a
N=SO
Figure 11.
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Channel | Levee,
South Side

Channel 6 Levee
East Side b/ f

N*28

Channel 6 Levee
Weat Side b

Contoured lower hemisphere Schmidt nets of
sampled levees showing orientation of clasts
respect to downflow channel direction (given
arrows).

with
by
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In-channel Lobe, In channel Lobi
Channel |

Channel 4 Vv

Terminal Lobe Terminal Lobe

Channel 4 / Channel 3/
N=19

Lateral Lobe Lateral Lobe
Channel 4 Channel |
N=27 N=23

Figure 12. Contoured lower hemisphere Schmidt nets of
sampled lobes showing orientation of clasts with
respect to downflow channel direction (given by
arrows).
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‘Dip-angle frequernicies for platy and elongate/bléd;d
clasts are shown in Figure 13. The.highest dip-anglé
) frequenc} for elongate/bladed clasts is for dips ranging
from 0 to 9 degrees. élafy clasts show high‘dip-ahgle

frequepcies for dips ranging from 20 to 29 and 40 to 49‘

degrees.

Interpretation. Comparison of these fabric patterns
with other published data shows thaf there are some common
characteristips of,débrié flow fabrics, including scafter of’
data points, weakly developed girdles, and a dominance of
parallel orientation. However, there is more variability of
dip arigle among debris flow studies. Many authors cite dips
less than 10 degrees (Eyles and Kocsis, 1988; Hubért and
Filipov, 1989; Tanner ana Hubert,.1991),'whi1e this study
and Oyens'(1973) fouﬁd dips were higher. 1In studies where
fabric of levees and lobes was discuésed, there were some
differences from this study. In debris flows studied in
Owens Valley, Califofnié, elongﬁté/bladed clasts in levees
showéd parallel orientations but upfiow dips of clast long-
axes, while in lobes clasts were éubparallel té flow with
steep upflow dips (Huberf_and Filipov, 1989). 1In alpine
debris flows in Canada, clasts in levees showed parallel
orientations and downstream &ips, while clasts in lobes
showed strong traﬁsverse orientations (Owens, 1973). A

quantitative'comparison between this study and others where
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Figure 13. Histogram of dip-angle frequencies for imbricated
elongate/bladed and platy clasts from levees and lobes.
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the eigenvalue method was eméloyedy(below) allows a more
rigorous"cdmparison of resuits.

Imbrication was found to -be minor in the Sacajawea
debris-flow deposits. Minor imbrication in debris flows has
also been recognized by Shultz (1984) who note@ that 15% of
elongate clasts were imbricated. Johﬁson and Rodine'k1984)
also noted more-platy clasts showed imbrication than did
eIongate/bladed clasts and that élaty clasts dipped away
from the edges of lobes at steep angles. TheAshalldw
inclination of elongate clasts has also been documénteé

elsewhere (Rappol, 1985; Eyles and Kocsis, 1988).

Eigenvalue BAnalysis

Description. The eigenvalue method (Mark; 1973, 19?4)
was uéed.to guantitatively analyze the twelve samples,
including six levees and six lobes (see Glossary for review
of eigenvalue terminplbéy). Table 4 summarizes the
\eigehvalue analysis of the twelve samples. Foﬁr of the
sampleé (those marked with an. asterisk) were detefminéd by
the Spheristat program to be,orfhorhqmbic. All six levees
have V, agimuths within 30 degrees of a downstream
orientation, while only two of éhe lobes show V, azimuths
wifhin 30 degrees of a downstréam orientation (Channel 4
lateral lobe; Channel 4 terminal lobes). Tw6 éf the lobes
have Vi azimuths within 30 degrees of an upstream direction

'or upstream imbrication (Channel 1 in-channel lobe; Channel - .
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" Pable 4. Summary of eigenvalue analysis of clast fabric for

the ‘Sacajawea cirque debris-flow deposits.

Sample .. Flow Vl Vl Sl ’ S3
‘Dir. | Azi. | Dip

Ch 6 Lev 31 141 144 29 0.47 | 0.17

West b

Ch 1 Lev 66 112 96 10 0.50 {0.23
South : .
Ch 6 Lev 54 140 | . 130 15 10.47 [0.15
East a 7

Ch 6 Lev 28 104 109 14 |0.61 |0.12
East b -
Ch 1 Lev 86 111 127 18 [0.47 |0.17
North * '

Ch 6 Lev 50 108 111 30 0.48 [0.11
West a*

T Lobe | 19 | 100 | 101 6 |0.70 | 0.04
Ch 4 ‘

T Lobe 25 109 299 15 0.44 10.23
Ch 3 * '
Lat Lobe 27 184 169 15 0.44 [ 0.25
Ch 4

Lat Lobe | 23 124 | ~ O 7 0.52 {1 0.21
ch 1 :

I-c Lobe | 20 129 90 5 10.44 |0.21
Ch 4

I-c¢ Lobe 40 98 266 34 0.44 {0.20
ch1l *% '

% Orthorhombic samples
Note: Values for flow direction, Vl‘azimuth
dip are in degrees.

and v,

3 terminal lobe). Finally, two lobes have V, azimuths

oblique to flow (Channel 4 in-channel lobe; Channel

lateral lobe).

1
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S) and S; valﬁes, which brovide a measure of mean
fabric strength, are also’displayed in'Tablé 4., Ovérali,
the deposits have weak fabric (Sr<0.60), except for the
Channel 6 east b levee and Channel 4 terminal lobe whigh
have stronger fabric. Fabric st;enqth of leveeslis stronger -
than thaﬁ of lobes. Figure 14 is an éigenvalué ratio graph
showing strength and shape of the twelve samples. This
graph confirms that the Sacajawea cirque debris flows are
characterized_bf weak fabric and girdle shape. Significance
tests show that only six of~twe1§e S, values and nine of
twglve Sy values are significantly different from random at
the 0.05 level (Table 5).

The Ay_q and Ry.jq vaiues determined for the Sacajawea
cirque debris-flow deposits are 15 and 47 degrees; '
respectivelyf The Ay_g value is close to 0, or 'a flow-
parallél orientation. However, the standard deviation is
16, suggesting that the orientation cah be gblique to flow
as well. The By.1g value, 47, is closer to 0 than 180,
suggesting that clasts oriented parallel to flow dip
downflow. However, the standard deviation is 65, suggesting
fhat_clésts may aip both up'and downflow. The ﬁean"dip of

the v, azimuth, D;,. is 17 degrees,

Interpretation. The orientations of the V; azimuths

show that there is a préferencé for downstream orientation
of clast long-axes, partlcularly in levees. The flow-

parallel orientation is weak, however, because the strength
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D 1levees

m lobes

In(S2/S3)

Figure 14. Eigenvalue ratio graph of normalized eigenvalues
and their relationship to shape and strength of
the debris flow fabric. Strength increases away
from the origin of the diagram. Clusters fall
above the center line, girdles fall below the
center line. Levees are represented by a-f
(a=Ch_.1 south, b=Ch. I north, c=Ch. s West a,
d=Ch. ¢ West b, e=Ch. s East a, f=Ch. s east b).
Lobes are represented by g-1 (g=Ch. 1 in-channel,
h=Ch. 4 in-channel, 1i1=Ch. 1 lateral, j=Ch. 4
lateral, k=Ch. 3 terminal, 1=Ch. 4 terminal).
After Woodcock and Naylor (1983).
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Table 5. Five percent significance levels (S.L.) for S and
S; from the debris flow samples relative to a
random distribution. ‘

Sample n 5 5% sig?- S; 5% Sig?
# S.L. |y or n S.L. |y or n
Ch 6 Lev | 50 0.48 | 0.46 y 0.11 | 0.22 y
West a
Ch 6 Lev | 31 0.47 | 0.49 n 0.17 | 0.18 Y
West b , '
Ch 1 Lev |86 |0.47 | 0.43 y -|0.17 |0.24 | ¥y
North ‘ : :
Ch 1 Lev | 66 0.50 { 0.44 Yy 0.23 | 0.24 y
South
Ch 6 Lev | 54 0.47 | 0.45 y . 0.15 | 0.22 Yy
‘East a ‘
Ch 6 Lev | 28 0.61 | 0.50 Y +0.12 | 0.17 y
East b
T Lobe . 19 10.70 | 0.54 y 0.04 | 0.15 | y
ch 4 '
T Lobe 25 0.44 { 0.51 n 0.2310.17 n
ch 3
Lat Lobe | 23 | 0.52 | 0.53 n 0.21 | 0.17 | ¥
Ch 1. ‘
Lat Lobe | 27 0.44 | 0.50 n 0.25 |1 0.17 n
Ch 4 '
I-¢ Lobe | 40 0.44 | 0.47 n 0.20 | 0.21 Y
ch 1
I-c Lobe | 20 | 0.44 | 0.54 n 0.21 | 0.15 n
ch 4 . , ‘
NOTE: A larger S; and a smaller S; indicate greater
strength. ' .

of the fabric is also weak. Clasts in lobes show more
variation in orientation and dip than levees but there is no
orientation unique to each type of lobe. Orientatiomns

parallel to flow are most commonly cited for debris flowus
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(Smith, 1986). However, debris flow depoeits reported in
the literature appear to show no preferred direction of dip
(Mills, 1984).

The flow-parallel orientation of clasts in levees
indicates laminar flow (Lindsaf; 1968; Hampton, 1575; Enos, .
1977; Smith, 1986). Innes (1983) and Owens (1973) found a
preferred orientation cf clasts in levees and no preferred
orientation in lobes. Owens (1973) attribufed ihe variable
orientation in lobes to either turbulent flow in the iobes
with fewer large clasts (such as‘terminal lobes) or
reworking by running'water of clasts in-channel lobesa
Also, pcst-depositional settling processes such as
solifluction might affect clasts in steep lobes, such as in-
‘channel and lateral lobes. | _

Although fabric strength is weak overall for tﬁe
Sacajawea cirgue debris—flow,deposite, the lobee are weaker
than the lewees as revealed by the 5 and ) valuee. As
previously mentioned, this may indicate turbulent flow
within lobes. Lindsay (1968) reported that where turbulent
flow occurs, a much weaker fabric. develops.

Table 6 shows the mean values of S5; and S, for the
Sacajawea cirque debris flows compared to other debris flow
studies where fhe eigeﬁvalue method was employed. The
Sacajawea cirque'debris flows have the lowest Sl values and
highest S; values, indicating the weakest fabric reported

for debris flows.
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Table 6. Comparison of S; and Sé values from selected
debris-flow studies. .

- Debris-Flow Study N 5 ‘ Sq
Sacajawea cirgque 12 0.50% 0.17
Debris Flows .
(all samples) 0.07%% 0.06
NF St. Helen's Lahars .6 0.57 0.15
(matrix-supported)

(Mills, 1984) 0.08 0.04
NF St. Helen's Lahars 5 0.56 0.13
(clast-supported) '
(Mills, 1984) 0.07 0.04
SW St. Helen's Lahars 12 0.52 0.14
(Major & Voight, 1986)

) 0.06 0.05
Alpine Debris Flows 12 0.62 0.11
Germany :
(Rappol, in Mills, 1991) . 0.07 - 0.05
Pleistocene Debris Flows | 3 0.55 0.13
Canada '

(Rappol, ;986) 0.03 0.02
Debris Flows, Sweden 3 0.55 0.14
(Nyberg, in Mills, 1991) : : - .

, 0.08 0.03
Alpine Debris Flows 84 0.61 0.10
Canada '

(Owens, 1972) - 0.08 . 0.04

¥ Sample mean **‘Sample standard deviation

"Table 7 shows the results of_significance tests
(p<0.05) on'Sl and Sy values. ,The 5, and S, values for the
Sacajawea cirque debfis flows differ significantly from
alpine debris flows in Germany (ﬁappol, 1986) and Canada
(Owens, 1973) but not'from North Fork St. Helen's lahars
(Mills, 1984), debris flows .in Sweden (Nyberg, in Mills,

1991), or Pleistocene debris flows in Canada (Rappol, 1986).
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Table 7. Significanf clast fabric differences between the
Sacajawea cirque debris flows and selected debris-
flow studies.

Debris-Flow .Study Sacajawea cirque Debris Flows

A,. B | Dy | S s

" NF St. Helen's Lahars 90 1% 1 ! !
(matrix-supported) . % %
(Mills, 1984)

NF St. Helen's Lahars

(clast-supported) - % - - - -
(Mills, 1984) ‘
SH St. Helen's Lahars % * * | NA | NA

(Major & Voight, 1986)

Alpine Debrls Flows ‘
Germany - ~NA NA NA * - *
(Rappol, 1986) :

Debris Flows, Sweden

(Nyberg, in Mills, 1991) ® - - - | -,
Pleistocene Debris Flows

Canada NA NA NA - -
(Rappol, 1986) : .

Alpine Debris Flows : .
Canada - - - * *
(Owens, 1973) | | -
~-= insignificant @ p<0.05 %= sgignificant @ p<0.05
NA= not available ’
. Note: The two-sample t-test was used to test the means of
the values. It was assumed that the variance of the two
populatlons represented by the samples were equal

Althpugh debris flows apéear to have é wide range of S
values (from 0.50 to 0.62) (Table:G), when compared to other
diamictons the range for debris flows is distinctive. ‘
Solifluction lobes in Alaskaxshowed a mean 8, value of 0.90
(Nelson, in Mills, 1991). Basal ice debris in Alaska was

0.85, while basal melt-out till had a mean S, value of 0.82
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(Lawson, 1979a). Thus, thg fabric strength of debris flows
ig noticeably weaker than the strength of diamictons such as
till and solifluction lobes.

The By.qg value for the Sacajawea. cirque debris-flow
samples, including both orthorhombic and-noﬁ-ortho:hombic
samples, is 15 and the By 180 value is 47. The large . standard -
deviations of these values are caused by the great spfead of
the data due to inclusion of stereonets with multimodal data
or non-orthorhombic symmetry in the calculations. When only
the four orthorhombic nets are analyied, the Ry gp value is
10 with a standard deviation of 5, 6r a‘flow-paréllel
orientation of clasts. The'Amdw value is 89 with a standard
deviation of 68. Ahcéording to Mills (1991), Ay gy Values
between 70 and 110 degrees and Ay qq values below 20 degrees
indicate that the samples are roughly divided between upflow
and downflow:orientations. The valués~show 46% of the data
from the four 6rthorhombié samples to be parallel to.flow
with half the clasts dipping downflow and half dipping
upflow. |

Table 8 shows AW% and Aw¢%.va1ues of the Sacajawea
cirque debris flows compared to those from other debris fléw
studies where a flow direction was given. The clast-
supported lahars of the North Fork of the Toutle River at
Mount St. Helens (Mills, 1984) show a strong transverse |
orientation, whereas fhe matrix-suppqrted lahars show a

parallel to oblique orientation. From these results, Mills
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(1984) suggests that orientation pattern may be related to
clasf‘packing. The values for the Sacajawea cirque debris
flows disprove this, as. the deposits are clast-supported but
show an overall parallel.qrientation of ciasts. Alpine
debris flows'in Canada (Owens, 1973) also show a parallel
orientatioﬁ of clasts but no'teference was made as .to
- whether the deposits were matrix- or clast-éupported.
Oblique orientations are shown for clasts in Swedish debris
£1ows (Hybgrg, in Mills, 1991), while lahars of the
Southwest Fork of the Toutle River at Mount St. Helens
(Majér and Voight,. 1986) exhibit parallei and oblique
orientations of clasts. HNeither study discussed clast
packing.

The By_gg value of the Sacajawea ciréue debris flows
differed significantly from North Fork St. Helen's matrix-
and clast-supported lahars (Mills, 1984), Soufhwest Qt. |
Helen's lahars (Majof and Voight, 1986){ and debris flows in
Sweden (Nyberg; in Mills, 1991) (Table f). The Ry 4 value,
on the other hand, diffe:ed only from the Nérth Fork St.
Heleﬁ's lahars (matrixjsupportedj.and the Southwest St.
Helen's lahars (Major and Voight, 1986).

According to Mills (1991), although By g9 and Ay_ja
values represent the mean orientation and dip direction of
all clasts from a Study, they are'useﬁul when comparing
orientations of clasts from différent studies. However; all

the By gp and Ry.180 values listed for the studies in Table 8
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Table 8. Comparison of Ay, Ry and D; values from
- selected debrxs low %udxes

Debris Flow Study- | K- | Ap.g Ry.180 D,
Sacajawea cirque { 12 15% 47 17
Debris Flous Youw 66 10
NF St. Helen's Lahars 6 37 | 143 13
(matrix-supported) 22 21 5
(Mills, 1984) _
WF St. Helen's Lahars 5 65 109 | 15
(Clast-supported) : 30 28 10
(Mills, 1984)
S St. Helen's Lahars 12 39 113 8
(Major and Voight, . 33 58 6
1986) . :
Debris Flows, Swedehu 3 59 - 121 11
(Nyberg, in Mills, 28 28 13
1991) :
Alpine Debris Flows - 84 21 35 15
Canada ‘ 21 47 8
(Owens, 1972)

“Sample Mean

#%*Sample Standard Deviation

Note: All values, except for N, are in degrees.
show large standard deviations, suggestlng that clast
~orientations in debris flows are varlable and that other
debris-flow studies may have included non—orthbrhombic
stereonets in calculations, as none of the éuthorg stated
" that non-orthorhombic stereonets ﬁere»discounted. Milis
(1991) used Ay g and Ayq vélues to coméare orientations of
different diamictons in studies where a slope or flow
direction was given and found that most of the studies
showed mean preferred origntations parallel or oblique to

the f£low or slope directidn. This suggests that diamicton
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are not well distinguished‘by fabric pattern. Rather, a
fabric characteristic that distingpishes diamicton is mean

fabric strength, or S; and 8; values. This is because the

variable orientation of clasts in a debris-flow deposit

results in weak fabric which can be differentiated from
diamicéoAs that exhibit preferred orientations or-étrong
fabric. |
Table 8 also shows the D; value, or the mean dip of the

\J eigenvector. The D} value for all the Sacajawea Samples
iz 17 degrees, and aithough it is the highést value of all
the debris flows, all the values for debris flows are low.
The D, value for the Sacajawea qirque debris flows differs

significantly only frdm the Southwest- st. Helen's lahars

(Major and Voight, 1986)'(Tabl¢ 7), According to Mills

(1991), most debris flow fabrics have dips less than 15
degrees. Diamictons with exceptionally steep dips include

basal-ice debris, talus, and rock glaciers (Mills, 1991).

Clast Size, Roundness,'and'nifhologz

Description. The mean size of c¢lasts larger than 64 mm

in levees is 215 mm with a standard deviation of 45 mm.

" Lateral lobes have a hean clast gize larger than 64 mm of

257 mm with a standard deviation of 21 mm, while in-channel
lobes have a mean clast size larger than 64 mm of 271 mm

ﬁith a standard deviation of 156 mmm. Thus, the mean size of

- .clasts larger than 64 mm in leveeé, lateral lobes, and,in-
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channel lobes‘ranges'f;om cobble to boulder-size. Terminal
lobes have a mean clast size larger than 64 mm of 174 mm
with a standard deviation of 36 mm and thus are in the
cobble-size range. Sample sites are shown on Plates 1 and
2.

The overall size range present in the deposits was not
étudied. The percentage of sand, silt,‘and clay in a sample
of the matrix was determined by sieve and hydrometer
analysis to be 36% sand, 54% silt, and iO% clay.

\Forty-three percent of the clasts larger than 64 mm are
subrounded. The remaindeé of the clasts are either
subangular (34%), angular (20%), or Qery angular (3%).

Lithology was determined for clasts in éach of the
chgnnéls. In Channels 1-5, the greatest percentage of
clasts are éappington calcareous siltstone and'sandgtone and
Three Forks silty and brécciated limestone (44%). The .
remainder of the clasts are Lodgepole limestone (40%), and
Jefferson dolomite, limestone, and dolomitic siltstone
(16%); Although clasts from the Jefferson Fofmation"
constitute only a small portion of clasts in Channels 1-5,
the percentage of Jeffersonrclasts increases f;om northeasf
to southwest, from less than 1% in Channel 1, to 26% in
Channel 5. Channel 6 has 100% dolomite,.liméstone, and
dolomitic siltstone clasts because its source area lies

entirely within the Jefferson Formation.
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Interpretation. Clast size in the Sacajawea cirque

dgposits, for clasts larger than 64 mm, is predominately -
boulder- and cobble-size, except for téfminal lobes which
have cobble-size clasts. The presence of the smallest
clastélin terminal lobes~may result from larger clasts being
deposited within in-channel lobes, lateral lobes, and |
levees. BAs large clasts are left’behind, a thinner more
fluid flow proceeds to the terminusland forms a finer
terminal lobe.

Thg large percentage of silt (54%) and clay (10%) in a
.éamble of the matrix suggest that the Three Forks and -
Sapbingtonishale and siltsfone éﬁd.the loyer_shale unit of
the Lodgepole Formation contribute to the finer mat;ix.‘
Shale and siltstone are fine grained sedimentary'rocks that
are less.chemically and mechanically resistant in an arid
climate thaq are carbonate rocks such as.liﬁestone and
' ‘dolomite. This is because shale and siltstone contain clay
minerals and feldspars which are readilf weathered (Garrels
and Maqkenzie, 1971, p. 145)..

Roundness of clasts in the Sacajawea deposits is ..
primarily‘debéndéﬁt on source rock and.we;thering. Distance
. of transport is short and would nof affect roundness. As a
majority_of the clasts are Sappington calcareous siltstone
and.sandétbne and Three Forks silty and brecciated

. limestone, the subrounded nature of these clasts suggest
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that these units_havé been extensively affected by chemical
weathering.

Lithology was also studied to determine if the talus
slopes adjacent to the debris-flow fan contributed clasts to
the debri; flows. Although none of the debris fléws
originate in the Lodgepole limestone, forty percent of
clasts in the depris-flow deposits are from the,Lodgépole
limestone, the source rock of‘the talus slopes. Thus, the
taius slopes are contributing clasts to the main gully where

debris flows are initiated.

Grading

Dgscription. In the vertical sections exposed on the '
fan; grading is absent except at the top of tﬁe section,
where the deposits are inversely graded.(Fiéure 15).
Boulders are'cén;entrated at tﬁe top of the section, making
the.deposit coa;se-tail inversely graded, while the rest of
the deposit is massive with séattered‘boulders. Also shown

in Figure 15 is the clast-supported framework.

Interpretation. The bulk of the Sacajawea cirque

deposits'are‘massive, with,only‘the upper por£ion being
c&afsg-tail inversely‘graded: The massive bedding is due to
the high concentration of clasts deposited rapidly en masse.
"Eyles and others (lQBé).stéte.that absence of grading
indicates short transport diétance frqm a proximal sediment

'source. The Sacajawea debris flows were transported only a
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Figure 15. Sketch of exposed vertical section in the main
gully showing no grading within the bulk of the
deposit and coarse-tail 1inverse grading at the
top of the deposit. Clast-supported framework 1is
also shown.

short distance before being deposited. The top coarse-tail

inversely graded portion is due to one or more of the

following mechanisms: dispersive pressure, kinetic sieving,
or large clasts carried on the top of the flow remaining
there after deposition. In poorly sorted sediment,
dispersive pressures acting on large colliding particles

force them upward into the zone of least shear (Boggs, 1987,

P. 62). Kinetic sieving occurs when smaller particles Tfall

through spaces between larger particles during collisions
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-and displace the larger particles ﬁpward. ﬁastly, coarse-
grained material may have fallen from the sides of the
channels- onto the top of the flow and remained there during-
tranéport-and subsequent depositién. The dominate process

is not known.
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TALUS DEPOSITS

Sedimentologic Characteristics

Clast Packing

Degscription. The deposits on the surface of the talus .
pile are clast-supported, with cobble- and-boulder-sige |
clasts touching. Avféw pebble-size clasts are present;
however, a finer matrix is not found on the surface of the
£alus pile. The clast-packing at the bottom of the talﬁs
pile was not observed in this study, as the talus clasts

were too large to remove from the surface of the talus.

Interpretation. Tanner and Hubert (1991) note that the

surface of talus deposits are clast-supported. This is
because the talus is usually very coarse-grained and finer
material falls in between spaces and-settles to the bottom

of the talus pile.
Clast Fabric

Description. - Figure 16 shows the three sfereoﬁets \
proddced for'the tﬂree talus‘gridsl According to the.
Spheristat prbgram, Grids 1 and 3 show wéakly developed
girdles aﬁd clusters, while Grid 2 shows a moderately

developed girdle and cluster. Clast long-axes are oriented
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Talus Talus
Grid 1 Grid 2
N-66
Talus
Grid 3
N-26

Figure 16. Contoured lower hemisphere Schmidt nets of
sampled grids from talus slopes showing
orientation of clasts with respect to the
downslope direction (given by arrows).

parallel to the slope direction and dip downslope.

Imbrication is more common in platy talus clasts (36%)

than in elongate/bladed talus clasts (< 1%). Dip angles in

platy clasts range from 2 to 79 degrees (Appendix B).
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Two of the three talus stereonets (Grids 2 and 3)
digplay orthorhombic symmetry; however, all three were
analyzed by the eigenvalue method (Table 9). This is
because. for all three talus stereonets, the V| azimuths are
wifhinAéo degrees of a direction parailel to the slope
‘direction and:dip downslope. The Sl'and S3 values are
significant at the OTOS level for Grids 1 and 2 but not.for-
Grid 3 (Table 9). All the S, mean strength.values are weak
(Sr<0;60). Figure 17 is an eigehvalue ratip graph showing
the shape and strength of the talus fabric. All tﬁfee grids
are near the origin of the graph, where weaker fabrics are
found (Mills, 1991). .

Table 9. Summary of eigenvalue analysis of clast fabric for
: Sacajawea talus. '

Sample n | Slope vy th 5 83
Dir. | Azi. . Dip

crid 1 | 48 | 130 149 | 30 |0.55 |0.13

crid 2% | 56 | 130 155 | 30 |0.60 {0.10

Grid 3% | 26 | 130 149 | 33 |0.49 |0.17

Orthorhombic samples ]
Note: Values for slope direction, V, azimuth, and V,
dip are in degrees. Bold Sl-and S, values =
significant at p<0.05. )
Both the By_q and By 140 values determined for the talus
deposit are 21 degrees with a standard deviation of 5

degrees, indicaiing parallel o;ieﬁtation and downslope dips.

The D; value of .the talus is 31 degrees.
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Grid 1
Grid 3

In(S2/S3)

Figure 17. Eigenvalue ratio graph of normalized eigenvalues
and their relationship to shape and strength of
the talus fabric. Strength iIncreases away from
the origin of the diagram. Clusters fall above
the center line, girdles below it. Grids 1, 2,
and 3 represent the three sample sites or grids
where orientation data was collected from the
talus slopes. After Woodcock and Naylor (1983).

Interpretation. The characteristics of the Sacajawea
talus fabric are similar to other talus fabrics. For
example, talus fTabrics noted in other studies (McSavaney, iIn
Mills, 1991; Albjar et a]., in Mills, 1991; Mills, 1991)
also show predominately girdle type distributions, weak

fabric strength, and steep dips.
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Platy clasts in the talus depoéits show ‘some
imbrication, as d6 a few of the elongate/bladed clasts. .
According to Rapp and Fairbridge (1968), talus clasts of
both shapes are often steeply imbricated.

Eigenvalue analysis'reveals parallel orientation of
clasts, which is commonly cited for modern talus_slbpes
(Tanner and Hubert, 1991). The mean 5 value of the
Sacajawea talus (0.55) is similar to talus in Colorado
(Sf0.56) (McSaﬁeney, in Mills, 1991), as well as talus ffom
both arid and periglacial ciimates combined (SFOﬂSS)
(Albjar et ai., in Mills, 1991). This result suggesfsAthat
fabric of talus deposits is weak.

The parallel o;ientation indicated by the Am%_vaiue of
the Sacajawea talus (21 degrees) is similar to other Byg
values: for Colorado talus (38:24 degrees) (McSaveney, in
Mills, 1991)'gnd for arid and periglacial talus combined (20 |
+11 degrees) (Albjar et al., in Mills, 1991). However, the
other studies show high standard deviations, suggesting‘tﬁat
there is variability of clast oriehtatioﬂ and/or inclusion
of ﬂon-orthorhombic'stereonets. Thus, as for the debris-
flow deposits, the A&-M and By 180 values are not as \;s‘eful as
S, and Ss‘vaiues for.comparing_talus studiés.

The By 180 value of the Sabéjawea talus sﬁggests a
downslope'dip of - parallel clasts and this has‘been confirmed
by other studies (McSaveney, in ﬁills, 1991; Albjar et al.,

in Mills, 1991). As mentioned previously, dips are steep
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for talus in general, and are also steép for this gtudy.
The mean value of 31 degrees suggests a strong controi on
the dip by the slope angle, which ranges from 30 to 54
degrees on the siope; where gfids were set up.: Mills (1991)
also found that séudy sites located'on steep slopes were

characterized by steeply dipping clasts.

Clast Size, Roundness, and Lithology

Deséription. The mean size of clasts larger thaﬁ.64 mm
on the taius surface is 274 mm with a sfaq&ard deviation of
59 mm, or cobble; to sou}der-size. The greatest percentage
of talus clasts are subangulaf (56%). The remainder of the
clasts are angular (21%), suﬁrounded (15%), and very ahgular-
(8%). By visual inspection, thg lithology of the talus
deposits is dominately Lodgepole limestone, with a minor

amount of Mission Canyon limestone.

Interpretation. The cobble- td boulder-size clasts

present on the surface of the télus deposit are the most
common clast-size for talus surfaces (Tanner an& Hubert,
1991). The ahgular shape of the élasts is due to the Shqrf
transport distance of the clasts from the outcrop £o.thé
talus slope Eglbw and laék of weafhering of the clasts. The
Lodgepole and Mission Canyon limestone clasts did not
weather as easily as the subrounded Sappington and Three
Forks clasts from the debris-flow deposifs.r This is becausé

the Lodgepole and Mission Caﬁyon limestone is dense,
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carbonate rock which is more resistant to weathering than
the more porous calcareous siltstone and silty limestone of

the Sappington and Three Forks Formations.
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DISCUSSION

Geomorphic Characteristics

This study of the Sacajawea éirque fan and the debris-

£low deposité on the fan has dbcdmented some important .

geomorphic characteristics. First, the area of the fan and
drainage area are smaller than other documented debris-flow

fans, and .the small, steep drainage produced a debris-flow

dominated rather than a fluvially-dominated fan. The more

easily weathered and eroded rock units in the éirque

determine the location of the drainage area and whether

. debris flows or talus will occur. This study also shows

-that a small drainage area can produce wéll-formed'debrisi

flow deposits in which continuous levees as well as three
types of debris-flow iobes are clearly recognizable. The
well-formed levees aﬂd lobes provided excelient exposures in
which to study and document the sediﬁentoiogic

characteristics of these debrig-flow deposits.

Sedimentologic Chatacteristics'

The study of‘the sedimentologic characteristics of the

Sacajawea cirque debris-flow deposits has contributed to the

range of fabrics and sedimentary structures that

' characferize debris-flow deposits. Deposits have a clast
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fabric framework and sedimentary structures that are not

cited as commonvcharacteristics‘for debris-flow deposits.
The Sacajawea cirque deposits are'clast-supported and -
display massive bedding. Inverse grading is present oﬁly at -
the top of the deposit.' These are characteristics also
found in hyperconceﬂtrated-flow deposits ﬁnd stream-flow
deposits of the lithofacies Gm from the code system
developed by Miall (1978). This study shows that debris-
flow deposits can often look very s;milar to both
hyperconcentrated-flow and stream-flow deposits and
sedimentologists should use greater caution in
interpretation of ancient deposits._

Clast-supported fabric has been cited by many authors
(8harp and Noblés, 1953; Curry, 1966; Lowe, 1979b; Shultsz,
1984; Mills, 1984; Tanner and Hubert, 1991), though never

recognized as common a characteristic, as has matrix-

.supported fabric (;nnes; 1983; Costa, 1984; Smith, 1986).

This gtudy reinforces the vieé that either clast- or matrix-

i

- supported fabrics can develop in debris flows and that

clast-supported fabric should also be recognized as a common
&ebris-flow characteristic. |

The sedimentologic characteristics of debris-flow
deposits provide insight into rheologic or flow
&haracteristics. Using both clast fabric framewofk and
presence or absence of sedimentary,gtructures, Shulﬁz (1984)

described four debris-flow regimes representing the entire
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flow spectrum, from flows with high yield strength, laminar
flow and viscous 6last interactions to flows with low yield
strength, turbglent ilow, andvco{lisional clast
interactions. ‘The Sacajawea~cirque debris-flow deposits do
not fit into anylflowdtype that Shultz (1984) described.
Rather, they share attributes of two'flow types: Clasf—rich
debris flows and psuedoélastic debris fl&ws;

Claét-rich debris flows;arp chéraéterized by deéosits
'that"are clast-supported and inversely graded. The flqws
have a high concentrétidn of clasts and only a few percent
clay. clasts aré supported by collisional clast
interactions and buoyancy rather than the cohesion of the"
clayey slurry (Shultz, 1984). As a resplt, dispérsivé
pressure is increased, producing inverse grading. Laminar
.flow ané high yield strength pfédominate, producing slow,’
viscous flows. However, clast-rich debris flows do ﬁot
leave massive deposits, whereas psuédéplastic debris flows
do.

Psuedoplastic debris flows héve a low yield strength
due fo the high water content. Laminar flow is dominant,
but turbulence may occur during high-velocity stages and aid
in suspending the largest‘clasts.‘ Matrix'strength supports
only the smallest clasts, and as a result, dispersivé-
pressure is dimihished and coarse flows produce ungraded
deposits (Shultz, 1984). The fiow characteristics of the

'Sacajawea cirque debris-flow deposits varied rheologically,




73
producing the clast-supported, massive to inverseiy graded’
deposits.

.Many‘recent debris flow studies use the eigenvalue
method to differentiate debris flows from other diamictons
(Mills, 1984, 1991; Rappol, 1985; Major and Voight, 1986).
This study sﬁpws that diamictons are better distinguished by
fabric strength than fabric pattern. Future comparative
studies usihg the‘eigenva1ue method should only use

orthorhombic samples and fabric strength as an indicator.

Talus Deposits

Overall, the S8acajawea cirque debris-flow and talus
deposits\arersimilar sedimentologically because talus
deposits contribute clasts to the main gully. These

materials are then deposited on the fan as debris flows.

..About 40 percent of clasts 1n the debrls flows are Lodgepole

limestone, the domlnant lithology of the talus slopes.
Talus clasts are generally cobble-size and larger, resulting
in the dominance of large clasts in the debris-flow

deposits. This comparison of modern deposits of‘deﬁris

- flows and talus has shown that céution shouid.be used in

identification of talus deposits in the rock record, as they
may appear similar to clast-supported, massive to inversely
graded debris-flow deposits.

This study shows that the llthology of rock un1ts which

. are the source for the debris flows is dlfferent than that
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for talus slopes. The talus slopes develop from thg
Lodgepole and Mission Canyon Formétiong (the Madison Group).
The Madison Group is massive and forms the crest of the
Bridger Range (Locke and Lageson, .1989). This stratigraphic
unit is relatively resistaqt to chemical and physical -
weathering and hénce“to gully formation. The more easily
weathered and erodible Three Forks and Sappington shaies.and
calcareoué siltstones produce debris flows. These rock
types are less resistant to erosion than the Madison Group,
their steep dip corresponds to the élope of the land
surface, and they are héavily jointed. These factors favor
gully formation in the Three Forks and Sappington
Formationé. Thué, thé juxtaposition of rock units of
varying relative erodibility produced debris-flow deposifs

.next to talus deposits in Sacajawea cirque.
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- CONCLUSION

The debris-flow fan in Sﬁcajawea cirque is steep and
small (0.03 kn@) with a very smal; drainage-éréa (0.006
ku@). The deposits_found on the fan are thin and have
coarse levees bordering channels with well-formed‘terminél
lobes, lateral lobes, and in-channel lobes both inside and
outside of the channels. These well-formed deposits can be

initiated in narrow, steep gullies or on smooth, steep

"hillslopes covered with unconsolidated clasts. Betwéen-

leveed chgnnels are overlappingldeposits, weathered lobate

forms, and lobate deposits: partially buried accumulations

~of overbank debris-flow lobes.

Thé six channels on the fan have both U- and V- shape
cross-sectional profiles and are shorter than channel
lengths cited in the literature. As the main gully does not

connect with anj,one‘channel,‘the channel future flows take

_appears ran&om. Profiles of'the channels show that in-

channel lobes bloék'some reaches of the channéls,
contributing to channel avulsion and to the pattern of
deposition on the fan.

Study of debris-flow fabrics reveals clast-supported
rather than matrix-supéorted fabric. This observation
suggests that clast-suppoft shpuld.be recognized as a common

characteristic of debris flows. Qualitativg compafisop of
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debris-flow fabric diagrams shows similarities in scatter of
data points, weak fabric, and dominance of parallél
orientation with differences in dip.ahgle and orientation of
clasts in levees and lobes:

Quantitative analysis of clast fabric by the eigenvalue
method shows that clasts in levees have a weak doﬁnstream
orientation and also dip downstream. This is due to laminar
flow.y Lobes, on the other hand, show no preferred
orientation, due to turbulent flow or reworking of the |
clasts by running water or post-dépositidnal settliing
processes such as solifluction. This'studj finds no
relation betweén clast packing and clast orientation.

Debris flows can be distinguished from other diamictons by
clast orientation studies.

The textures of the Sacajawea c¢irque debris-flow
deposits are cobblg- and boulder-sizes for clasts larger
than 64 mm; Forty perqent of these size clasﬁs come from
the Lodgepole limestone and thus the talus slopes'ére
contr1but1ng clasts to the main gully. The large
percentages of silt (54%) and clay (10%) in the matrix show
that the Three Forks and Sappington shale and siltstone and
the shale unit in the Lodgepole contributed the fiper matrix
because these units are less resistant to weathering. The
subrounded nature of cobble- and boulder-size clasts from
these units also sﬁggests they have beén,weathergd .

extensively.
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Sedimentary structures are absent in’lower portions of
the deposits. The depqsits‘are massive due to deposition en
masse and to the short transport distance of the flows.
However, the tops of the flows are coarse-tail inversely
graded due to one or more of the following processes:
dispersive pressure, kinetic sieving, or large cfasts
carried on the top of the flow remaining tﬁeré after
depositioh.

| The clast fabric of the talus deposits is characterized
sedimentologically by a clast-supported framework.and clast
fabric aligned parallei to the slope direction and dippihg
downslope a£ steep angles. Eigenvalue analysis reveals that
fabric is weak 6vera11 for the»talus. Textural analysis
reveals that the talus deposit consists of angular, cobble-
to boulder-size clasts of Lodgepole'limestone.

Ooverall, the debris;flow and talus deposits do not
differ significantly. Both deposits are.clast-;upported,
.-have weék fabric-wifh‘clast long-axes orientéd parallel to
flow or thé slope direction, and possess similar clast-

sizes.




78

REFERENCES CITED




79

Albjar, G., Rehn, J., and Stromquist, L., 1979, Notes on
talus formation in different climates: Geografiska
Annaler, v. 614, p. 179-185.

Blair, T. C., 1987, Sedimentary processes, vertical
stratification sequences, and geomorphology of the
Roaring River alluvial fan, Rocky Mountain National
Park, Colorado: Journal of Sedimentary Petrology, v.
57, p. 1-18. -

Blair, T. C., and McPherson, J. G., 1992, The Trollheim
alluvial fan and facies model revisited: Geological
Society of Rmerica Bulletin, v. 104, p. 762-769.

Boggs, 8. Jr., 1987, Prxncxples of sedimentology and .
stratigraphy: COIumbus, OH, Merrill, 784 p.

Boulton, G. S , 1971, Till genesis and fabric in Svalbord
Spitsbergen, in R. P. Goldwaite, ed., Till-a
Symposium: Columbus, Ohlo State University Press, P.
41-72.

-Broscoe; A, J., and'Thomson, S., 1969, Observatloné on an |
alpine mudflow, Steel Creek, Yukon Canadian Journal of
Earth Sciences, v. 6, p. 219-229..

Costa, J. E., 1984, Physical geomorphology of debris flows,
in Costa, J. E., and Fleisher, P. J., eds.,
Developments and Applications of Geomorphology: Berlin,
Springer-Verlag, p. 268-317.

1988, Rheologic, geomorphic, and .
sedimeritologic differentiation of water floods,
hyperconcentrated flows, and debris flows: in V. R.
Baker, R. C. Kochel, and P, C. Patton, eds., Flood
Geomorphology, Wiley, New Yo;k p. 113-122.

Curry, R. R., 1966, Observation of alpine mudflows in the
Tenmile Range, Central Colorado: Geological Society of
America Bulletin, v. 77, p. 771-776.

Desloges, J. R., and Gardner, J. S., 1984, Process and
discharge estimation in ephemeral channels, Canadian
Rocky Mountains: Canadian Journal of Earth Sciences, v.
21, p. 1050-1060. .

Enos, P., 1977, Flow regimes in debris flows: Sedimentology,
v. 24, p. 133-142,




80

Eyles, N., Eyles, C.H., and McCabe, A.M., 1988, Late
Pleistocene subaerial debris-flow facies of the Bow
Valley, near Banff, Canadian Rocky Mountalns
Sedimentology, v. 35, p. 465-480.

Eyles, N., and Kocsis, S., 1988 Sedimentology and clast
- fabric of subaerial debris flow facies in a glacially-
influenced alluvial fan: Sedimentary Geology, v. 59, p.
15-28.

Filipov, A. J., 1986,'8edimen£ology of debris-flow deposits,
west flank of the White Mountains, California: Master's.
Thesis, University of Massachusetts, 197 p.

Pryxell, F. M. and Horberg, L., 1943, Riplne mudflows in
Grand Teton National Park, Wyoming: Geologlcal Society
of America Bulletin, v. 54, 457-472.

Garrels, R. M., and Mackenzie, F. T., Evolution of
sedimentary rocks: N. W. Norton & Co., Boston, MA,

Hampton, M. A., 1975, Competence of fine-grained debris
flows: Journal of Sedimentary Petrology, v. 45, p. 834-
‘844, .

Harvey, A. M., 1992, Controls on sedimentary style on .
alluvial fans: 'in D. Billi, R. D. Hey, C. R. Thorne,
and P. Pacconi,; eds., Dynamics of Gravel-bed Rivers,
John Wiley and Sons, New York, NY., p. 519~535.

Hubert, J. F., and Filipov, A. J., 1989, Debris-flow
d69031ts in alluvial fans on the waest flank of the
White Mountains, Owens Valley, California, U.S.A.
Sedimentary Geology, V. 61, P. 177-205.

Innes, J. L., 1983, Debris flows: Progress in Physical
Geography, v. 7, p. 469-501.

Johnson, A. M., and Rodine, J. R., 1984, Debris f£low, in D.
Brunsden and D. B. Prior, eds., Slope Instability: John -
Wiley and Sons, New York, NY.,p. 263-277.

Kochel, R. C., 1990, .Humid fans of the Appalachian
Mountains: in A. H., Rachocki, and M. Church, ‘eds.
Alluvial Pans, John Wiley & Sons, New York, NY., p.
109-128.




8l

Lageson, D. R., 1989, Reactivation of a Proterozoic
continental margin, Bridger Range, Southwestern
Montana: in D.E. Prench and R. P. Grabb, eds., 1989
Field Conference Guidebook: Montana Centennial
Edition. Montana Geological Society, v. 1, p. 279-
298.

Lawson, D. E., 197%a, A comparison of the pebble
orientations in ice and deposits of the Matanuska
Glacier, AK: qurnal of Geology, v. 84, p. 629-645.

Lindholm, R., 1987, A practical approach to sedimentology:
Allen & Unwin, London, 276 p. _

Lin&séy, J. F., 1968, The development of clast fabric in
mudflows: Journal of Sedimentary Petrology, v. 38, p.
1242-1253. '

Locke, W. W., and Lageson, D. R., 1989, Trip 4 road iog:

Geology and geomorphology of the Rocky Mountains/Great
Plains transition: in D. E. French and R. L. Grabb,
eds., 1989 Field Conference Guidebook: Montana
Centennlal Edition. Montana Geologlcal Society, v. 1,
p. 462-476.

Lowe, D. R., 1982, Sediment gravity flows: II. Depositional
models with special reference to the deposits of high-
density turbidity currents: Journal of Sedimentary

Petrology, v. 52, p. 279-297. .

Major, J. J., and Voight, B., 1986, Sedimentology and clast
orientations of the 18 May 1980 Southwest-flank lahars,
Mount St. Helens, Washington: Journal of Sedimentary
Petrology, v. 56, p. 6921-705. :

Mark, D. M., 1973, Analysis of axial orientation data,
including till fabrics: Geological Society of America.
Bulletin, v. 84, p. 1369-1374.

1974, On the interpretation of t111 fabrics:
Geology, v. 2, p. 101-104.

McMannis, W. 3., 1955, Geology of the Bridger Range,
Montana: Geologlcal Society of hmerlca Bulletin, v. 66,

p. 1385-1430.

McSaveney, E. R., 1979, The surficial fabric of rockfall
talus: in M. Morisawa, ed., Quantitative geomorphology:
some aspects and applications, Proceedings of the
second annual geomorphology symposium series held at
Binghamton, N.Y., October 15-16, 1971: State University
of NY Publications in Geomorphology, p. 181-197.




82

Miall, A. D., 1978, Lithofacies types and vertical profile
models in braided river deposits: a summary: in A. D.
Miall, ed., Fluvial Sedimentology, Canadian Soc1ety of
Petroleum Geologists Mem01r 5, p. 605-625.

Mllls, H. H., 1984, Clast orlentatlon in Mount 8t. Helens
debris- flow deposits, North fork Toutle River,
Washington: Journal of Sedimentary Petrology, v. 54. p.
626-634.

1991, Three-dimensional clast orientation in
glacial and mass-movement sediments-~a compilation and
preliminary analysis: U.S. Geological Survey Open File
Report 90-128, 71 P.

Nelson, F. E., 1985, R preliminary investigation of '
solifluction macrofabricsg: Catena, v. 12, p. 23-33.

Nyberg, R., unpublished, Measurements from debris flows in
S8weden, in H. H. Mills, 1991, Three dimensional clast
orientation in glacial and mass-movement sediments-a
compilation and preliminary analysis: U.8. Geological
Survey Open File Report 90-~-128, 71 p.

Ono, Y., 1990, Alluvial fans in Japan and South Korea: in
Rachocki, A. H., and Church, M., eds., Alluvial fans: A
f;eld approach: John Wiley & Sons, p. 91-106.

Owens, I F., 1973, Alpine mudflows in the WNigel Pass Area,
Canadian Rocky Mountains: Master .8 thesis, University
of Toronto, 182 p. '

Pierson, P. C., and Costa, J. E., 1987, A rheologic
clagsification of subaerial sediment-water flows, in
Costa, J. E., and Wiecgorek, G. F., eds., Debris
flows/avalanches: process, recognition, and mitigationm;
Reviews in Engineering Geology, v. 7: Boulder, CO., .
Geological Society of America, p. 1-12.

' Rapp,.A., and Fairbridge, R. W., 1968, Talus fan or cone;

scree and cliff debris: in R. ®W. Fairbridge, eds., The
Encyclopedia of Geomorphology. Dowden , Hutchinson &
Ross, p. 1106-1109.

Rapp, A., and Nyberg, R., 1981, Alpine debris flows in
northern Scandinavia: Geografiska Annaler, v. 63A, p.
183-196. - o

Rappol, M., 1985, Clast fabric strength in tills and debris
" flows compared for different environment: Geologie en
Mijnbouw, v. 64, p. 327-332..




83

1986, Aspects of ice flow patterns, glacial
sediments, and stratigraphy in northwest New Brunswick,
in Current Research, part B: Geological Survey of
Canada Paper 86-1B, p. 233-237. :

Robin, P. F., and Jowett, E. C., 1986, Computerized density
contouring and statistical evaluation of orientation
data using counting circles and continuous weighting
functions: Tectonophysics, v. 121, p. 207-223.

Rodine, J. D., and Johnson, A. M., 1976, The ability of
debris, heavily freighted with coarse clastic
materials, to flow on gentle slopes: Sedimentology, v.
23, p. 213-234.

Ross, R. L., and Hunter, H. E., 1976, Climax vegetation of
Montana-based on soils and climate: Soil Conservation
Service, Bozeman, MT., 64 p.

Sharp, R.lP., 1242, Mudflow levees: Journal of
Geomorphology, v. 5, p. 222-227.

Sharp, R. P., and Nobles, L. H., 1963, Mudflow of 1941 at
Wrightwood, Southern California: Geological Society of
America Bulletin, v. 64, p. 547-560.

Schmitt, J. G., MS8U, personal communication, 17/10/92.

Shultg, A. W., 1984, Subaerial debris-flow deposition in the
upper Paleozoic Cultler Pormation, western Colorado:
Journal of Sedimentary Petrology, v. 54, p. 759-772.

Smith, 6. A., 1986, Coarse-grained nonmarine volcaniclastic
sediment: Terminology and depositional process:
Geological Society of America Bulletin, v. 97, p. 1-10.

Takahashi, T., 1981, Debris flow: Annual Review of Fluid
Mechanics, v. 13, p. 57-77.

Tanner, L. H., and Hubert, J. F., 1991, Basalt breccias and
conglomerates in the lower Jurassic McCoy Brook
Formation, FPundy Basin, Nova Scotia: Differentiation of
talus and debris-~flow deposits: Journal of Sedimentary
Petrology, v. 6l-p. 15-27. '

Whipple, K. X., and Dunne, T., 1992, The influence of
debris-flow rheology on fan morphology, Owens Valley,
California: Geological Society of America Bulletin, V.
104, p. 887-900. .




84

White, S. E., 1981, Alpine mass movement forms
(noncatastrophic): classification, description, and
significance: Arctic and Alpine Research, v. 13, p.
127-137. ‘

Woodcock, N. H., and Naylor, M. A., 1983, Randomness testing
in three~-dimensional orientation data: Journal of
Structural Geology, v. 5, p. 539-548.




.85

APPENDICES




86

APPENDIX A

TREND AND PLUNGE DATA




Table
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10. Trend (T) and plunge (P) data for debris-flow
levees.

T |P T P T P |T P T P
106 |55 [ 193 |26 | 227 272 |20 |123 |13
46 |36 | 94 22 (177 |31 |116 |12 | 297 |5
306 |14 [ 212 |35 | 203 |38 |98 |17 |314 |46
99 |36 |237 |17 |229 |20 |275 |42 | 208 |16
49 |54 |188 |13 |101 |14 |132 |38 |298 |16
52 |34 |6 28 |72 16 | 290 |14 |291 |4
86 |48 |107 |6 70 41 | 300 |6 364 | 15
87 |21 |114 |49 |322 |23 |104 |29 |238 |8
348 |83 | 96 34 {285 |52 | 101 |16 | 45 33
345 | 3 289 |20 | 297 |30 |129 |52 |234 |19
252 |54 | 170 |16 |82 62 | 284 |40 |55 6
237 |10 | 294 |26 |16 36 | 350 |8 249 |2
115 |36 | 113 |20 |367 |20 |82 |52 |e1 22
74 |13 {193 |17 |151 |22 |322 |11 |167 |26
73 |10 |70 25 | 110 |26 | 170 |18 | 356 |16
103 |13 | 94 15 |76 12 | 354 |14 | 281 |24
151 |12 | 36 51 | 226 |18 |203 |21 |136 |16
69 |16 |159 |17 | 64 36 | 251 [17 | 156 |79
114 {10 |55 32 [ 137 |29 |115 |32 |30 |55
44 |18 |57 40 | 282 |26 |276 |14 | 356 |20
107 |17 |118 |51 |105 |15 | 96 24 | 174 |32
329 [ 54 [ 139 |6 203 |10 | 314 |20 |43 20
76 |8 66 48 | 170 |20 | 240 |73 |3 2
335 {60 [ 136 |20 |66 30 | 171 |20 |229 |33
329 |28 | 187 |16 | 200 |40 |150 |46 | 333 |14
330 |22 | 317 |14 |8 2 102 |20 | 219 |2
119 |16 [ 114 |17 |104 |4 69 |20 |2 6
292112 |3 28 | 109 |34 |306 |2 |187 |81l




Table 10 (continued)
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104 |28 |107 |27 |180 |14 |22 |15 |141 |4
209 |66 |62 |30 |166 |15 |70 |36 |174 |2
160 |6 [110 |32 ]160 |6 |257 |51 |44 |44
80 |20 |98 |26|173 |18 {280 |12 |118 |44
188 |48 [270 |26 |90 |12 |150 |60 |76 |24
201 |16 | 227 |10 |124 |52 {187 |26 |72 |26
105 |34 |98 {36[73 [27]9 |27|s6 |9
129 |40 |51 [s3|20 |sa|s |32|70 |37
82 |42 | 308 |14 |7 19 | 169 |3 |124.| 25
215 |8 |166 |18 [355 |20 | 125 |19 |20 |82
166 |26 | 160 |58 |76 |2 |306 |10 |90 |34
98 |10 |5 8 |[210 |12 199 |26 120|028
321 |4 [199 |18 (73 |17 |156|6 |65 |5
97 |20 |34 |38 |190 |25 138 |16 {33814
160 {8 |152 |49 |138 |20 |186 |53 |308 |34
143 |8 [220 |22 |35 |14 3201521615
232 |3 |76 |16 |335 |40 |163 |10 |36 |29
192 |6 J108 {20077 |21]294 30107156
87 |21 173 |10 {286 |2 |136 {20 |104 |36
140 |45 {140 |45 196 |6 |132|30. 322 |7
344 |57 |148 |42 |88 |18 |315|8 |341 |6
174 |13 |170 |24 |38 |32 ]90 |2 |28 |30
53 |8 |160 |39 |140 |49 |98 |32 |158 |16
79 |26 | 300 |46 |135 |16 |99 |10 |154 |24
264 |8 |232 |2 |73 |38 |117 |11 ]242 09
268 |4 |110 |26 |66 |13 |165 |4 |173]4
111 |22 |101 |56 (286 |3 |64 |16 |286 |24
104 |13 |358 |15 (313 |2 |156 |16 |140 |10
179. |7 |129 |4 |108 |32 119 |10 |294 |14
204 |5 [192 |28 |0 37. | 380 | 18 25

178
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Table 11. Trend (T) and ~p1unge‘ (P) data for debris-flow

lobes.

T P| T P| T |P |T P |T P
5 26 | 166 | 46 | 263 | 50 | 239 |22 | 147 |31
140 | 10 {256 |72 | 183 | 22 | 166 | 42 |165 |10
81 |6 |281]6 260 | 54 | 290 |14 | 33 18
264 | 43 [ 320 |8 |324 |16 |130 |36 |1 37

134 | 10 | 245 |30 | 220 | 20 | 148 |2 | 200 |14
107 |18 | 97 |24 | 231 |38 | 193 |53 | 360 |28
40 |30 | 315 |34 | 210 |38 |180 |8 |240 |59
288 |57 |91 |29 |21 |36 {304 |4 |330 |6
344 |24 | 186 |4 [112 |6 |122 |28 |49 28
257 | 4 .| 300 | 22 | 264 | 40 | 296 |64 | 151 | 2.
25 | 24 | 145 |40 | 355 |8 |229 |34 |151 |2

83 |18 | 290 |30 {270 |8 |161 |10 |108. | 24
288 |5 | 113 {33 |30 |37 |234 |60 |136 |28
157 {27 [ 293 |6 |34 |4 183 |10 |210 |23
197 | 26 | 266 |12 | 293 |62 | 334 |40 | 160 |20
85 |54 [ 360 |12 | 195 |16 | 62 23 | 218 |19
28 |16 [ 190 |7 |230 |5 |124 |22 [352 |44
110-| 6 | 343 |10 | 338 |56 | 330 |72 | 306 |20
205 | 40 | 284 | 32 [ 222 | 60 | 31 43 | 340 |58
o |43 |20 |18 |315 |60 |106 |36 |215 |12
293 |40 | 206 |21 | 139 |4 |164 |14 | 222 |8

96 7 275 | § 104 | 4 | 246 10 | 55 16
125 {30 | 169 |16 | 262 | 15 | 106 3 140 38

130 | 6 124 | 12 | 96 4 97 |18 | 216 4
287 |17 | 105 [ 17 | 248 | 10 | 179 9 287 | 3
328 | 36 | 46 10 | 114 | 42 | 270 {35 | 245 53
90 44 | 186 | 26 | 324 | 30 | 339 57 | 271 12
220 | 43 | 232 | 64 | 158 | 46 | 51 68 | 43 le
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Table 12. Trend (T) and plunge (P) data for talﬁs slopes.

T P T P i T P T P

190 26 115 |20 144 [ 28 |182 |30

85 62 232 | 22 158 |58 ]193 |52
- 57 58 135 | 4 40 36 |197 |7

37 |22 17 21 214 |10 |178 |80
238 44 172 | 40 94 11 | 118 |14
32 12 |90 30 30 50 | 223. |14

344 |4 108 [34 [238 |2 |105 |25
145 |20 [120 |37 |188 |22 |148 |33
168 |2 87 |4 |162 |30 |180 |22
180 |22 112 |36 |356 |48 |270 |38
38 4 74 |10 172 |20 |354.|36

128 |32 |197 |10 |122 |26 294 |70
94 10 |225 |29 |116 |10 |240 |16
109 [14 [198 |58 |1s0 |58 [137 |60
144 |40 {98 |41 |154 |26 |120 |60
142 |34 |177 |8 135 |17 [313 |2

190 <[40 |284 |10 |368 |20 |166 |14
145 |43 [143 |34 [202 |40 [222 {11
177 |48 |97 |14 {205 |40 |251. |2

167 |52 |184 |32 {111 |20 |145 |27

347 |8 134 |39 {126 |50 |133 |10
1 2 201. |12 159 |40 [136 |6
‘167 | 52 66 | 4 136 |54 |65 |10

302 |10 |126 |24 168 |40 |162 |39
179 |38 [132 |30 [177 |26 |93 |42
100 |12 |123 |42 {188 {13 {81 |10
2 24 |140 |36 194 |8 [232 |22
160 | 2 324 | 4 136 |22 |135 |4
98 41 |104 |13 |200 |10 |94 |21
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APPENDIX B

PERCERT IMBRICATED CLASTS -
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Percent of imbricated clasts from debris-flow and

Table 13.
talus erosits.
Debris Clast Type of Total # £ of % of
Flows/ Shape Deposit of " Imbri- | Imbri-
Talus ' Clasts cated | cated
.Measured | Clasts | Clasts
Levee 326 31 9
Lateral 50 9 18
Lobe
Elongate/ | In- 60 8 13
Bladed channel
Lobe,
Terminal 45 5 11
Lobe
Total 481 53 1l
Debris Levee 64 16 25
Flows
Lateral 3 2 67
| Lobe
Platy 1 In- 8 1 13
g channel
Lobe
Terminal 8 2 25
| Lobe
Total 83 25 25
Elongate/ 131 3 1
Talus . Bladed ‘
Platy = |[~=-=--==-- 14 5 36
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