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i ABSTRACT

Erosion rates on ten rock walls in central Yukon over a
10,600-14,000 year postglacial period range from 5 to 388 mm/1,000
years, with a median of 50 mm/1,000 years. They are lower in igneous
intrusives than in metasediments. '

Of observed debris accretion processes, rock-falls are most
important, followed by spring snow avalanches, torrent avalanches and
slow debris shift. Medium and large scale events, of infrequent and
unobserved occurrence, are quantitatively more important, however.

Fall sorting on talus slopes occurs dues to surface roughness
effects. Several factors, including erosion by other processes, re-
duce correlations between particle size and distance downslope. Ava-
lanches redistribute debris and reduce upper talus slopes without
affecting basal zones,

Some talus cones feed into valley-wall and cirque-floor rock
glaciers. The latter appear to contain massive ice, and the former
interstitial ice. The majority developed between the culmination of
the last glaciation and 1,000 years B.P., and exhibit maximum advance
of only 0.1-0.4 m/year during tha last few centuries.
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CHAPTER 1

INTRODUCTION

1. SCOPE OF THE INVESTIGATION

The present study evaluates the effectiveness of mass wasting
- processes on.steep bedrock slopes in the Ogilvie and Wernecke Moun-
tains, central Yukon Territory, in the Holocene period. These pro-
cesses have transported weathered debris down the steep upper slopes
and have deposited it in the form of talus accumulations and rock

glaciers on the more gently inclined basal slopes.

Mean rates of postglacial rock wall recession were established
from ten mountain slopes and are important in adding to the limited
information available, mainly from Scandinavia, on rates of rock

wall erosion in periglacial regions.

The nature and relative role of individual mass wasting proces-
ses of rock-fall, snow avalanches, torrent avalanches, debris flows
and slow debris shift, and of fluvial processes, are assessed through
direct observations and m2asurements and through indirect studies of

talus slope form and surficial dsbris characteristics.

Rock glaciers beyond some of the talus slopes are the end pro-
ducts of postglacial debris transport down the steep rock walls. The
variability in éhe distribution of these forms, their age, thair pro-
bable ice content, their current rates of advance, and thz informa-

tion they provid= on postglacial rock wall recession are e2valuated.

e m e e ae . wie eatme e tga———— st v oS
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2, OUTLINE OF THESIS

In the remainder of chapter 1, the location of the field
areas, their bedrock geology and topography, their glacial history

and their present climate are assessed.

In.chapter 2 the postglacial rates of transfer of debris from
rock walls to talus slopes are determined for ten slopes in the field

areas,

Chapter 3 assesses the relative importance of rock-falls,
avalanches, debris flows and debris shift in transporting debris from
the rock walls to the talus slopes'over recent short time periods of

a few weeks to a few years.

In chapters 4, 5, 6 and 7 the-long term erosional modification
of the talus slopes is indirectly assessed from the characteristics
of the surficial sediments and from the slope form itself. Since
these slopes are obviously a response to a group of sub-aerial pro-
cesses acting together in a somewhat complex manner, a series of
models was introduced to aid understanding of the real world situa-
tion. The discussion progresses through a series of stages, from
relatively simple hypothetical and artificial debris slopes developed
under the influence of rock-fall alone, to the complex talus slopes
of the Ogilvie and Wernecke Mountains developed by multiple processes.
In chapter 4 a theoretical model of debris build-up by rock-fall,on
a basally concave rock wall, is constructed. In chapter 5 the form

and surficial characteristics of artificially built slopes are
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analysed. The latter are small scale slopes built by rock-fall

in the laboratory and medium scale mine dump slopes.

In chapter 6‘the slope form and characteristics of the sur-
ficial debris‘are analysed for talus slopes in the Ogilvie and Wer-
necke Mountains. The results are then compared with the théoretical
and artificial models and explanations suggested for the major dif-
fe?ences. Processes other than rock-fall are responsible for some

of the differences and these processes are discussed in chapter 7.

Discussion of the protalus rock glaciers in chapter 8 com-
pletes the picture of postglacial debris transport on the rock walls

of the Ogilvie and Wernecke Mountains.

In chapter 9 the conclusions on all aspects of the research

are presented in summary form.

The terms used for forms and processes in this thesis are dis-

cussed in Appendix I.

Appendices II, III, IV and V are referred to at appropriate

places in the text.

3. LOCATION OF FIELD AREAS (Fig. 1.1)

The Tombstone field area lies within the Ogilvie Mountains,

56 km (35 mi) north east of Dawson City. It was selected for dztailed
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study on account bf its high elevation 1,400-2,300 m (4,500-
7,500 ft) above sea 1level, its high steep rock walls, varying
from 450-775 m (1,500-2,500 ft) in elevation, and its marked con-

trasts in rock wall morphology.

Reconnaissance work was carried out in this area ovér a ten
day period in the summer of 1966, and was followed by detailed re-
search in the summers of 1967, 1968 and 1969. Several modes of
access to the area were used during the research. Game trails up
the North Klondike valley allowed access on foot from the Dempster
Highway 16 km (10 mi) to the east. The party was able to land on
several occasions by float plane aﬁd ski plane on Divide Lake

(Plate 5) and a helicopter was also used to get into the area.

The Bear River area lies within the Wernecke Mountains,
160 km (100 mi) north east of Mayo. The Wernecke Mountains display
an abundance of protalus rock glaciers in contrast to the Tombstone
area. Therefore, in order to obtain a balanced picture of debris
transport on and below mountain walls in the central Yukon Territory,
the field-work was extended to the Bear River area for the summers
of 1967, 1968 and 1969, The scale of the rock walls and the eleva-
tions of the peaks within the field area are similar to those of

the Tombstone area.

An airstrip in the Bear River valley built in 1966 by a mine-
ral exploration company Pacific Giant Steel, was used for access in
the summer of 1967 and 1968. After 1968 the airstrip was no longer

maintained, and in the summer of 1969 the field party was taken in
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by helicopter after landing equipment by float plane on Gillespie
Lake, 22 km (14 mi) to the east.

The research sites in the Tombstone area mentioned in the
text are located in Plate 5; those in the Bear River area are loca-
ted in Plate 6. Tables 1.1 and 1.2 summarise the work done on talus

slopes in the two areas.

4, BEDROCK GEOLOGY AND PHYSIOGRAPHY

a) Tombstone area (Map in end pocket)

The lithology and structure-of the area has been described in
detail by Tempelman-Kluit (1970). It consists essentially of a large
elliptical stock of igneous intrusives of mid-Cretaceous age force-
fully emplaced into é zone of folded and thrust faulted Lower Cre-
taceous orthoquartzites with minor slate and limestone. A previously
intruded diabase sill is present in the basal zone of the orthoquart-

zites.

The thrust faults in the metasediments dip in a southerly or
south easteriy direction. The strata between these faults have been
folded asymmetrically, the_anticlines having steeply dipping northerly
and north westerly limbs and gently dipping southerly and south
easterly limbs. Subsequent erosion has removed the tops of the anti-
clinal structures and the predominant dip of the exposed strata is
to the south and south west. Consequently the high angle rock walls

and talus slopes are mostly located on slopes with a northerly or
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TABLE 1.1

FIELD-WORK ON TALUS CONES IN TOMBSTONE AREA,

Surface | Slope Slow

Cone Cone Debris sediment | angles & | debris
no. Lithology | volumes | Accretion | analysis | profiles | shift
6821 | diabase x X
6822 " x

quartzite
€823 | (slate) X
6824 "o pd X X X X
6825 " 4 X X

slate
6826 (diabase) X X
6827 i X X
6828 " X X
6829 " X
6830 | syenite X x X X X
6831 nn X X X
6832 n X
6833 " X
6834 n X
6835 n X

quartzite
6836 | (slate) X
6837 " X
6838 syenite X
6839 " x
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TABLE 1.2

FIELD-WORK ON TALUS CONES IN BEAR RIVER VALLEY.

Surface | Slope Slow
Cone Cone Debris sediment | angles & | debris
no. Lithology |volumes ; aceretion ! analysis | profiles | shift
quartzite _
6801 (slate) X X X
6802 | dolomite X
6803 slate x
6804 | dolomite P4 x
slate
6805 (quartzite) : x x
6806 " ' : x x
quartzite ‘
6807 | (slate) X
6808 dolomite X X X
quartzite
6809 (slate) x x x
6810 dolomite X x x
6811 " X p x
6812 " x X pd
quartzite
6813 (slate) X
6814 " X X
6815 n X x
6816 " X X
quartzite
6817 (slate) X X
6818 v x
6819 dolomite x
6820 " X X




north weéterly component, i.e. on the scarp slopes. The southerly
and south westerly facing dip slopes generally have gradients of
159-30°, and are mantled with weathered debris and frequently with

skeletal soils and a vegetation mat,

The contact between the intrusives and the metasediments is
very abrupt, dipping at angles greater than 60° (Tempelman-Kluit,
1970, p. 40). This gives risg to a striking contrast in rock wall
morphology (Plate 8). The smooth walls of the Tombstone intrusion
are only occasionally interrupted by narrow joint controlled gullies
and chimneys. They slope upwards at 60°-70° and culminate in sharp
pinnacles and towers joinad together by narrow arétes (Plate 7). By
contrast the rock walls in the metasediments are éeamed at frequent
intervals by large dendritic gully networks. They are of high rugo-
sity and slope upwards at 359-45° to culminate in broad wadge shaped
- or pyramidal peaks. Local steepening of the basal sections of the
rock walls in the‘metésedimentary zone sometimes occurs, however,
where the diabase sill outcrops over vertical ranges of 15-60 m

(50-200 ft).

In the reconnaissance in 1966 it was noted that the debris
cones developed below the gully networks on the metasedimentary
rock walls are much larger than the debris aprons developed below
the rock walls in the igneous intrusive zone. In the latter case,
individual talus cones occur, but only at infrequent intervals

below joint controlled chimneys on the rock walls. Much of the
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subsequent research was devoted to examination of this observed

contrast. -

b) Bear River area (Map 2 in end pocket)

Geologically the Bear River afea consists of a Precambrian.
series of slates, argillités and quartzites which grade by inter-
bedding into an overlying orange weathering dolomite unit (Green
and Roddick, 1962, p. 2-3). Both units have been fractured and
folded considerably and theréfore the structure is rather complex.
Scarp and dip slopes are not so consistent in direction as in the
Tombstone area but the rock walls and talus slopes studied are
nearly all on east, west and north facing slopes as they are maihly
associated with the steep cirque wa%ls incised in the mountain

ranges.

5. GLACIAL HISTORY OF THE FIELD AREAS

Assessment of the late glacial events for the Ogilvie and
Wernecke Mountains enables a probable time span to be placed on the
postglacial interval during which the present talus slopes have been
developed. This allon calculation of the rates of talus build-up

and rock wall erosion,

Vernon and Hughes (1966, p. 6) note a contrast in the gene-
ral character of glaciation between the Ogilvie Mountains in the
western part of their field area, and the Wernecke Mountains, in

the eastern part of their field area, The former includes the



Tombstone area and the latter the Bear River area.

"Tn the western region, glaciation was characterised by suc-
cessive advances of valley glaciers originating in cirques
along the axis of the southern Ogilvie Ranges. For the most
part the ice flowed outward in the direction of modern drai-
nage and extended only short distances beyond the mountains,
thus leaving much of the western part of Dawson map area and
Taiga Valley unglaciated. The valleys of the eastern region
were filled by ice of a vast transection glacier system that
flowed generally northwesterly and westerly from sources
southeast of the three map areas. This ice was augmented by
local ice from cirques within the region".

a) Ogilvie Mountains (Maﬁ 3 in end pocket)

Evidence for three glaciations originating in the southern
Ogilvie Ranges has been found in the drainage basin of the East

Blackstone River.

There are no well defined méraines left to indicate the
limits of the earliest of these glaciation but the upper limit of
rounded glacial erratics in the Blackstone valley at Windy Pass
near Mjle 96 of the Dempster Highway lies at 1,070 m (3,500 ft)
above sea level and 230 m (750 ft) above the present river level.
These erratics, consisting of syenite and monzonite, were readily
recognised among the frost weathered limestone which forms the
country rock. Their source areas are the Tombstone and Brenner
intrusive stocks and this indicates movement of ice northwards
from sources in the southern Ogilvie Ranges, across the low relief
zone, described physiographically by Bostock (1948) as the Taiga
valley, and into the central Ogilvie Ranges. Judging by their

abundance, the erratics at Windy Pass represent a degraded lateral
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moraine of the ice sheet. The considerable elevation of the ice
sheet above the Blackstone River at this point suggests that the

terminus was several miles further north down the Blackstone valley.

The'limit of - this glaciation to the south of the Ogilvie
Mountains has not been demarcated yet but both the Tombstdhe and
North Klondike valleys must have been glaciated. The ice which
flowed down the latter may have reached the confluence of the North
and South Klondike Rivers in the Tintina Trench. No evidence of
glaciation has been found in the Tintina Trench north west of this
point, nor in the entire area of the Klondike Plateau stretching
westwards info central Alaska. Dawson City and the Klondike gold

fields are part of the unglaciated terrain.

No date has been assigned to this glaciation but the poorly
preserved lateral moraines and the lack of terminal moraines suggest

that it dates from at least as far back as Early Wisconsin,

A large end moraine at Chapman Lake, near Mile 74 of the
Dempster Highway, indicates a later less extensive glaciation in
the Blackstone valley. The minimum date for ice recession from
the Chapman Lake moraine, determined from a radiocarbon date on
organic material above till is 13,870 years B.P. (Dyck et al., 1966;

GSC 296).

The North Fork moraine, between mile 48 and mile 54,
Dempster Highway, forms the evidence for a still younger advance

of a glacier in the upper East Blackstone valley (Plate 9). A

&
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minimum date of i1,250 ¥ 160 years B.P. was obtained for this mo;
raine (Lowdon and BlaKe, 1968; GSC 470, p. 231). The neighbouring
valley of Foxy Creek has a terminal moraine with a minimum age of
13,740 years B.P, (Hughes in Ricker, 1968; GSC 515, p. 25A).

No evidence of later glacial advances.beyond the cirque zone were
found in the upper East Blackstone valley, or in its tfibutary

valleys.

During the intermediate and youngest glacial advances in
the Blackétone valley, ice passed in a westerly direction down
Tombstone valley and in an easterly direction down the North Klon-

dike,valley.

The Chabman Lake moraine in the Blackstone valley is not
matched by well defined moraines in.the Klondike valley. A weakly
developed terminal moraine (Plate 9 in end pocket) is developed at
the big bend in the North Klondike River 16 km (10 mi) from its
source. This moraine may mark the limit of anvadvance of the North
Klondike Glacier contemporaneous with the North Fork advance or the
Chapmaﬁ Lake advance of the Blackstone Glacier a few miles to the
north. Notable features in the vicinity are a series of sub-marginal
meltwater channels cut in debrock on the north side of the valley
just above the level of the valley floor, which suggest a prolonged
ice stand at that level with the front nearby (Hughes, pers. comm.).
Above thz big bend the lower slopes on both sides of the Klondike
valley are plastered with ground moraine. This merges indistincly

intb the weatherad mantle of the upper slopes.
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The large number of cirques at the head of Tombstone valley
and the current existence of debris covered glaciers in some of
these cirques, indicate that this valley has undoubtedly been gla-
ciated as rééently as the North Klondike valley. Moraine evidence
is scarce, however. A lateral moraine has been noted 13 km (8 mi)
down Tombstone valley on the south slope at 1,070-1,200 = (3,500-
4,000 ft),'and this feature may be contemporaneous with the moraine

at the big bend in the North Klondike valley.

The evidence from the North Klondike and Tombstone valleys
suggests that the last valley glaciers extended at least 13 km (8 mi)
and 16 km (10 mi) down the Tombstone valley and the North Klondike
valley respectively. A radiocarbon date of 9,650 b 200 years B.P.
(Gray, 1970; GSC 1172) was obtained for the organic material at a
depth of 5 m (16.5 ft), above inorganic silts in a palsa bog 3 km
(2 mi) below the cirque zone in the upper North Klondike valley,
(Locality TLl1l, Plate 5) and may be considered the minimum age for
this valley glaciation. If the glacial advance in the North Klondi-
ke valley was contemporaneous with that ﬁroducing the North Fork
moraine in thé Blackstone valley it must have taken place prior
to 11,250 years B.P., and if contemporaneous with that producing
the Chapman Lake moraine it may have occurred a little prior to
13,870 years B.P. The dates 9,650 years B.P. and 13,870 years B.P.
may therefore be taken as reasonable outside limits for the period
of retreat of'the last valley glaciers in the upper North Klondike

and Tombstone valleys.



In these two valleys the details of the glacial history
assume great relevance to the present study, for volumes of talus
accumulation and rates of erosion of the rock wall supply area
have been assessed for three talus cones (cones 6821, 6824 and |
6825) in the North Klondike valley between the cirque zone and the
palsa bog from which the dated sample was obtained. The pefiod of
non-disturﬁance by glacier ice dates back to the recession of the
valley glaciers in the upper North Klondike valley. i.e. between
9,650 and 13,870 years B.P. To simplify the calculations the
assumed postglacial period of the sites of the cones will be taken

as 12,000 £ 2,000 years.

Small well formed moraines are located at the lips of many
of the cirques in the Tombstone area. They possess a better deve-
loped vegetation and soil cover than appears tb be the case on the
outer neoglacial moraines of the Natazhat and Klutlan Glaciers in
the southern Yukon, which are between 3,500 and 500 yeérs old
(Rampton, 1969, p. 79). The cirque moraines in the Tombstone area
probably represent either a recessional phase of the last valley
glaciation between 10,000 and 14,000 years B.P., or a subsequent
minor readvance between 10,000 and 3,500 years B.P. In either case
they have not éffected the rock walls for which talus volumes and

erosion rates have been calculated.

Several ice cored rock glaciers, described as debris-covered

glaciers'by Vernon and Hughes (1966) and termed cirque-floor rock

glaciers by the writer, may be found inside these moraine limits.
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They probably represent a readvance subsequent to the deposition
of the cirque moraines. A minimum age of 1,000 years for the
advance of one of these rock glaciers is suggested from the present

state of its lichen coverl.

The ice core in the cirque-floor rock glaciers may be pro-
gressively melting today. This is deduced from the occurrence of
large hollows along the backs of several of these forms, where

talus is not being actively supplied to their surfaces.

Only three small debris free glaciers exist in the Tombstone
region today. A detailed examination of one glacier located in an
eastvfacing cirque below Mount Monolith, (Plate '10), indicates a
presently negative glacial regimen, It has retreated half a mile
from a terminal moraine of very fresh appearance. Crustose lichens

of Rhizocarpon gebgraphicum spp attain maximum thalli diameters of

10 mm on the moraine, suggesting glacial recession from this moraine

limit within the last 50-100 years.

b) Wernecke Mountains (Map 4 in end pocket)

In the e:stern region evidence for the oldest of three gla-.
ciations exists only in the form of high level erratics found in
widely scattered localities (Camsell, 1905, p. 187-188; Vernon

and Hughes, 1966, p. 12). Two subsequent glacial advances have

1. For discussion of minimum ages based on lichen cover, see chapter
3, p. 45 and chapter 8, p. 185,

s
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been'deduced from terminal and lateral moraine limits in the Hart
and Wind valleys. During these advances, large glaciers emanated
from ice sheets.in the Selwyn Mountains and the Backbone Ranges to
the south east of the Wernecke Mountains, and pushed north west down
tributaries in the upper part of the Bonnet Plume and Stewart basins.
Distributary lobes of ice theﬁ moved west from the Bonnet Plume
valley, across a low divide into the Wind valley; and north from
the Stewart basin up the Beaver valley and across another low divide
into the Hart valley. Duriﬁg the earlier of these two advances the
transection glaciers were joined by tributary glaciers from valleys
heading in cirques in the Wernecke Mountains, and moved northwards
onto the Peel Plateau well beyond the northern iimit of the Wernecke
Mountains. A locally nourished glacier in the Bear Ri&er valley
probably coalesced with the Wind valley transection glacier during

this advance.

During the last major glacial advance, the transection gla-
ciers in the Wernecke Mountains did not extend so far to the north-
west. The glacier in the Wind River valley terminated about 13 km
(8 mi) north of the confluence of the Bear River and the Wind River.
Lateral moraines of the Wind River glacier deposited during this
advance curve continuously around into the re-entrant created by
the lower Bear River valley, in one case blocking off a tributary
of the Bear River and impounding a lake. It is therefore suggested
that the Bear Glacier was not coalescent with the Wind Glacier,
but’ that a lobe from the latter moved into the ice free lower Eear

River valley.
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The locally considerable thickness of outwash deposits 7 km
(4 mi) above the mouth of the Bear River marks the probable terminus
of the Bear Glacier at the time of this advance, although morainal
deposits were not noted. There is no evidence between this point
and the cirque zone at the head of the Bear River valley of any sub-

sequent valley glacier readvance.

A minimum date of 12,120 pa 140 years B.P. (Dyck and Fyles,
1963; GSC 67-2, p. 8) has been established for the culmination of
the last ﬁajor advances of the Hart transection glacier at Hart
Lake (64°35' N, 138°17' W). The Bear River valley is about 80 km
(50 mi) to the east of Hart Lake énd so correlation of the Hart
Lake advance with the last major advance of the Wind and Bear Gla-
ciers is somewhat tentative. 12,000 gl 2,000 years B.P. is taken to
be a reasonable interval for the deglaciation of these valleys,
however. Knowledge of this interval enables calculations of the
rate of talus accumulation and rock wall erosion to be made for

the upper Bear River valley.

Vigourous glaciation in the upper Bear River valley during
the last regional glacial advance is attested by striae observed in
two localities on the metasediments of the region, (Plate 6). One
group occurs on quartzite 155 m (500 ft) above the floor of the
valley of the South Fork of the Bear River (Locality BLl, Plate 6),
and has a trend parallel to the valley. The second group occurs on
a dolomite rock bar crossing the floor of a tributary valley 1.5 km

(1 mi) from the headwall, (Locality BL2, Plate 6). The scarcity
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of striae evidence is due to the rapid destruction of the outcrop
surfaces on the metasediments especially in the dolomites. The
latter rapidly acquire a rough, orange weathering crust upon expo-

sure to the atmosphere.

6. PRESENT CLIMATE

The Ogilvie and Wernecke Mountains have a Polar tundra climate
according to Kdppen's classification (Haurwitz and Austin, 1944,
P. 153-155). They are characterised by very cold winters, cool short
sumners and low annual pfecipitation. Dawson City and Mayo, two sta-
tions on the southefn'periphery of this mountain area at elevations
of 340 m (1,100 ft) and 490 m (1,600 ft) respectively, have mean
temperatures of -5°C and -3°C and mean annual precipitation values
of 29.5 cm (11.8 in) and 28 cm (11.2 in). The mountain zone is
950-1,900 m (3,000-6,000 ft) higher than these stations and probably
has a mean annual temperature of about -10°C. ' The mean annual pre-
cipitation in the mountain zone probably ranges between 50-75 cm
(15-30 in). The relative aridity is the principal reason for the

presently insignificant glacier cover in this cold climate region.

In response to the cold climate most of the Ogilvie and
Wernecke mountain region lies within the tundfa zone, the treeline
being located at 750-1,050 m (2,500-3,500 ft). Permafrost is wide-
spread and is at least 120 m (400 ft) thick at comparable elevations
in the Xeno Hill area about 160 km (100 mi) to the south of the field

areas (Brown, 1970, p. 153).
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Morphogenetically the region may be classed as periglacial
because it is characterised by the presence of permafrost and by
a tundra vegetation cover and, above all, because it displays in
its landforms evidence of the importance of cryogenic processes,

(Bird, 1967, p. 159). : }



CHAPTER 2

. POSTGLACTAL ROCK WALL EROSION

1. INTRODUCTION

Several local rates of erosion by scarp recession have been
calculated in recent years (Freise, 1933; Poser, in Rapp, 1960a,
p. 88; King, 1956; Rapp, 1960a; Wahrhaftig and Cox, 1959;
Pearce, 1970). Denudation on a larger scale has been assessed by
measuring the suspended, dissolved and bed load carried by rivers
from their drainage basins (Langbein and Schumm, 1958; Corbel, 1959;

Judson and Ritter, 1964).

Scarp retreat has usually been given in terms of the mean
retreat, in linear measure, of a vertical projection of the scarp.
Rapp's method entailed estimation of the volume of talus cones and
the area of the vertical projection of the rock wall source. Division
of the former by the latter gave the total retreat normal to a verti-

cal projection of the wall.

A discrepancy between the present rates of scarp retreat and
the rates of general down wasting of complete river basins within
glaciated mountain regions in alpine and arctic areas was noted by
Rapp (1950a, p. 86-89). His rates of postglacial scarp retreat in
Spitsbergen are in the order of either 120-370 mm/1,000 yr, depesnding
on whether the postglacial is taken as 30,000 years or 10,000 years.

He quotes values of 400 to 2,000 mm/1,000 yr for basins in continental

s
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Europe which were wholly or partially glaciafed. Rapp suggests

that the latter figures represent erosion of glacially derived over-
burden rather thaﬁ underlying bedrock. Comparisons between rates of
erosion established for'such diversevgeomorphological systems as
river basins aﬁd scarps is therefore not a very fruitful enterprise.
Tndeed it is obvious that study of variation in effectiveneés of
erosive précesses on bedrock of different lithologies and in diffe-
rent climatié environments will have to be based on the study of
1imited and well bounded areas of bedrock and not on large river
basins which oontain varying thicknesses and sizes of unconsolidated

material.

The present study of the rate of postglacial scarp retreat
in the Ogilvie and Wernecke Mountains was undertaken partly to aug-
ment the limited evidence of erosion rates in periglacial regions
and partly to test the superficial observation that the rate of ero-
sion of the igneous intrusives in the Ogilvie Mountains.is slower than
that of the metasedimentaries. An advantage of the study regions in
the Yukon as compared with Rapp's escarpment in Spitsbergen is that
the postglacial interval can be estimated more precisely from the

available evidence.

2, BASIC ASSUMPTIONS

The system must be clearly divisible into the zone of erosion,
viz. the bedrock wall, and the zone of deposition, viz. the talus

slope. The former supplies debris through processes of weathering
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and rémoval to the latter. Plate 1 illustrates the zone of bedrock
erosion and the égne of talus accumulation in such a system. The
talus accumuiations and their rock wall source: areas were usually
very easy to delimit, and they are aiso of dimensions small enough

to be amenable to measurement by means of field traverses.

Erosion of the rock wall is considered to include both
weathering-of the bedrock and transportation of the weathered pro-
ducts to the major zone of accumulation within the postglacial period,
i.e. to the talus slope below the rock-wall. Thus temporary accumu-
lations of debris in the gullies on the rock walls are not included

in the calculations of talus volumes.

The method necessitates that the bi-zonal system be conside-
red closed both in space and time. The talus accumulation is assu-
med to represent all products of erosion from the same wall area
throughout the postglacial period. It is therefore implied that
the wall area has not changed, that all pre-existing products of ero-
sion were removed by the last glaciation, and that there has been no
ﬁostglacial removal of dsbris from the talus slope. The calculation
and comparative assessmant of rates of erosion, also supposes that
the postglacial time interval is known and that it is the same for
all examples considered. >These assumptions are now discussed in

turn.

a) Assumption of unchanging rock wall area.

The only’ way the areal bounds of the rock walls in the Ogil-
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vie and Wernecke Mountains could have appreciably changed postgla-

cially is by the operation of erosional processes on the rock walls

“

themselves. The measured volumes of talus accumulated below the
rock walls (Appendix II, Table II.5) indicate that change in the

rock wall areas postglacially is negligible, however.

b) Assumption of removal of all pre-existing talus debris during
Tast glaciation. i

'The complete absence of boulder trains down valley from the
talus slopes suggests removal of all or nearly all pre-existing ta-
lus by the last valley glaciers. The talus cones presently observed
are fairly symmetrical in form and are clearly undisturbed by the
passage of glacial ice. They must have been formed during and
since the disappearance of the valley glaciers from the two field

areas.

c) Assumption of zero loss of debris from the toe of the talus
slope.

Little debris appears to have been removed from the toes of
the talus slopes during the postglacial period. Streams issue from
the talus only during the period of the spring snow melt and during
occasional heavy summer rain storms. Even at these times, however,
they are remarkably clear, and obviously transport little debris
in suspension. No debris aprons were observed in the protalus foot-
slope which would indicate the washing out of fines during heavy

precipitation, and in any case the fines appear to constitute a

s
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minor fraction of the debris in the talus cones., (Table 2.1 and

Figs. 2.1 and 2.2).

TABLE 2.1

PROPORTION OF FINES ON THE SURFACE OF TALUS CONES,

% of cone area covered by par-
ticles with 'b' axis < 12.5 mm

Cone 6805 3.7
Cone 6808 6.0
Cone' 6809 5.9
Cone 6810 18.3
Cone 6811 5.5
Cone 6812 4.6
Cone 6824 0.9
Cone 6825 0.3
Cone 6830 6.7

Average for
all cones 5.8

Tables 2.1 reveals that an average of only 5.8% of the
surface area of nine talus cones is coverad by debris whose 'b?
axis is less than 12.5 mm. Mechanical analyses of fines sampled on
cones 6805, 6809 and 6830 in Figure 2.1 and fines sampled on cone
6811 in Figure 2.2 reveal that only 5 to 45% of the fines by weight
are less than gravel sized, and only 0 to 5% are less than sand
sized according to the Wentworth classification of particle sizes

(Wentworth, 1922).
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If the supply of fines had exceeded that of coarse material
during the build-up of the surficial layer of talus,a much larger
peféentage of fines would be expected, near the surface. Penetra-
tion of fines into the frozen talus 1-2 m (3.25-6.5 ft) below the
surface is unlikely since ice lenses, .interstitial ice and previbus-
ly deposited fines fill the void spaces in the debris mass. Thus
the recéntiy deposited fines can at the most only fill the voids
between the coarse particles in-the surficial layer. Similar condi-
tions could be applied to the accumulation of former surficial
layers throughout the postglacial period and hence to the entire
debris mass. Loss of all fines which could be present in the talus
mass would give a potential porosity increase of about 20% (Fraser,
1935, p. 992), and so the net loss of solids from the cone could

theoretically reach 20%. The actual loss of solids in fluid sus-

pension is probably much less than this, however.

Solutional loss is insignificant since the rock surfaces
are wetted only emphemerally, since there is no percolation in the
frozen zone, and since the rock types are not susceptible to rapid
solutional losé with the possible exception of the dolomite which
forms the talus particles in two of.the cones for which volumes

have been calculated, (cones 6804 and 6808).

d) Asshmption concerning postglacial interval

The evidence given in chapter 1 suggests that deglaciation
in the Bear River valley and Tombstone areas occurred 12,000 t 2,000

years B.P. It is practically certain in the Bear River valley that all
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the'sites for wﬁich erosion rates were calculated were deglaciated
within a few hundred years of each other, as they are only spread
along a four mile stretch of the valley. Three of tﬂe four criti-
cal sites in the Tombstone area, are within 3 km (2 mi) of each
other in the North Xlondike valley and have also been deglaciated .
within an interval of a few hundred years. The fourth site, in the
Tombstoﬁe area, is in Tombstone valley but in a topographically simi-
lar position to the otherlSites, inside limits of the last regional

glaciation and outside the zone of the later cirque glacier advance.

Although good reasons have been forwarded for considering
the uncontrollable errors introduﬁed by these assumptions as small,
it is valid to indicate which of the errors would increase the a-
mount and rate of érosion, and which of the errors would decrease

these values, (Table 2,2).
TABLE 2.2

EFFECT OF UNCONTROLLABLE ERRORS IN EROSION MEASUREMENTS

Assumption | Direction of possible change in values
Talus vol.] Rock wall area !Erosion amount | Erosion rate
a 0 0 0 o
b -ve 0 -ve -ve
c +ve 0 +ve +ve
d 0 0 0 -ve
] |
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Assumption a gives negligible error; assumptions ¢ and d give

errors believed to be of slight significance as compared with assump-
tion b which probably gives the most important residual error. Thus
the volume of talus accumulated postglacially and the amount of ero- -
sion are probably overestimated, due to the fact that the glaciers

may not have removed all the pre-existing talus debris.

3, EQUATION FOR ROCK WALL EROSION

Mean recession of present Net vol. in cu.m of debris on

rock wall surface in ml El = talus slope (VN) divided by
Source area in sq.m of rock-~
wall (RK)

Mean postglacial rate of re- E1 x 10°

cession of present rock wall
surface (mm/1,000 yrs)

?

The details of the method, the calculation of VN and RK and
an assessment of the empirical errors introduced are presented in
Appendix II. The maximum possible errors are accumulatea througﬁ all
the steps of the calculation, and the mean, maximum and minimum values
for VN, RK and the postglacial interval are finally fitted into the
above equations. The mean values for the amount and rate of postgla-

cial erosion are therefore bounded on either side by maximum and mini-

mum values.

1. The units used in calculation of erosion rates in this thesis
are ma2tric.
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4, RESULTS OF CALCULATIONS AND COMPARISON WITH OTHER ARCTIC AND
TS.

The results of the analysis of amounts and rates of postgla-
cial rock wall recession are presented in Table 2.3, These values
are for recession on the sloping wall, and not the vertical projec-

tion of the rock wall,

TABLE 2.3

AMOUNTS AND RATES OF POSTGLACIAL RECESSION OF ROCK WALLS

Cone | Amount of recession Mean annual rate of recession
Mean Max. Min. Mean Max. Min,’
(m) (m) (m) mm/1000 yr | mm/1000 yr- mm/1000 yr
6801 | 0.636 1.170 0.388 053 117 028
6804 0.863 1,865 J.450 072 187 032
6808 0.510 1.161 0.270 043 116 019
6813 | 2.060 3,880 1.235 173 388 088
6814 1,025 1.925 0.615 086 193 044
6816 | 0.271 | 0.620 | 0.144 023 062 010
6821 0.085 0.160 0.051 007 016 004
6824 | 1,245 | 2.340 | 0.748 104 234 054
6825 ! 0.345 ' 0.650 0.207 029 ' 065 015
6830 ! 0.358°] 0.674 0.215 030 067 015

The median value for amount of erosion in the postglacial period is
between 0.636 and 0.510 m. The values range from a maximum possible

amount of 3.88 m above one cone to a minimum of 0.051 above another cone,
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The median rate of erosion is between 53 and 43 mm/1,000 yr.
The values range from a maximum of 388 mm/1,000 yr to a minimum of

4 mm/1,000 yr.

The twé igneous rock walls for which values were derived, a

- syenite rock wall, and a diabase rock wall, have iﬁwer values than six

of the eight metasedimentary walls. The substantive evidence from the

zone of syenites, in the form gf the low ratio of talus height to rock

wall height and the frequently Ehin talus mantle, through which bedrock
can bevobserved in places, indicates in association with the quantita-

tive evidence that the rate of weathering in the intrusives is much

slower than in the metasediments.

Table 2.4 compares the figures derived above for mean amount
and rate of rock wall retreat under postglacial conditions with those
derived by other workers for rock walls in periglacial, alpine and

temperate environments, -

In order to achieve comparability with some of the results of
other workers,the values for the amount and rate of erosion of the
sloping rock walls in the field areas had to be converted approximately
to their vertical and horizontal equivalents. The latter were calcu-
lated by multiplication of the values for the sloping wall by the se-

cant and cosecant respectively of the mean rock wall angle.

The erosion rates derived from the Ogilvie and Wernecke Moun-
tains are lowest of four detailed analyses in mountain areas of Europe
and north west North America. They are also very much lower than the

rates astablished by Xing, (1956) and Freise, (in Rapp, 1960 a,
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TABLE 2.4

LONG TERM RATES OF ROCK WALL EROSION IN ARCTIC, ALPINE AND TEMPERATE ENVIRONMENTS WITHIN THE HOLOCENE PERIOD

Wmm'
Nature to wall surface equivalent equivalent
of
Period of accumu- No, .of { Amount Rate Amount Rate Amount Rate
Author Locality erosion | Rock type | lation | cases m mm/1,000 m mm/1,000 m mm/1,000
yrs, yrs yrs. yrs
Poser, Austrian 10,000 yrs | gneiss 3 7-10 700-1,000
1954 Alps schist
serpentine
Rapp, Mt. Templet,|10,000 yrs |limestome |talus 4 2,3-2,7| 230-270 3.4-4  |340-400
1959 Spitsbergen chert cones
sandstone 80-90%
Wahrhaftig |Alaska Range | 1,000- rock a0 9.4 3,000-
& Cox, 3,000 yrs glaciers) 9,000
1959 ’
Pearce, St. Hilaire, |13,000 yrs | igneous talus 1 0.52 40
1970 Quebec. breccia debris
gabbro talus 1 0.24 18
cone
Gray, Ogilvie & 12,000 yrs| quartzites] talus 8 0.27—2.06 20-170 0.35-2,70 20-230 0.42-3,19 30-260
1971 Wernecke Mts. dolomites | cones :
Yukon Terr. & slates
12,000 yrs] syenite 2 0.08-0,36 7-30 0,24-1,05 20-90 0.08-0.38 7-320
diabase :

* PErosion rate if postglacial interval in Témpelfjord, Spitsbergen is 30,000 yrs.
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p. 88) for scarp recession in tropical regions, and emphatically
indicate that rock wall recession in periglacial zones is relatively

slow.

- The fates quoted by Wahrhaftig and Cox (1959, p. 430) for
central Alaska are in the order of sixty times that of the<ﬁedian
value for the central Yukon. The regions are climatically not dissi-
milar and so other reasons must be sought for the disparity in the
rates. One of the reasons may be that although the postglacial pe-
riod was 10,060 yeérs in length in the central Alaska Range,
(Wahrhaftig and Cox, 1959), these authors calculated rock wall ero-
sion ratés on the basié of a maximum erosion interval of only 3,000
years, i.e. the maximum interval allowed by them for postglacial rock
glacier development. This is thought to be erroneous since it is
likely that debris was being accumulated in considerable volumes
prior to being involved in the activation of rock glaciers. If the
rates were derived for a 10,000 year period the values Qéuld be fen
times that of the median value in the central Yukon, A second reason
for the discrepancy in rates may be that several of the rock glaciers
used by Wahrhaftig and Cox in their calculations headed in cirques,
and an ice core,rather than simply interstitial ice,may have been
present. If the ice content were higher the figure for the volume
of debris and hence the rate of erosion would be correspondingly
reduced. A third possible reason for the very high rate of erosion
quoted by Wahrhaftig and Cox is the possibility that many of the
larger blocks eroded from the rock walls were not removed far from

the source areas by the last glaciation and were re-incorporated
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by subsequent rock glacier movement. Despite these considerations -
erosion rates on rock walls above rock glaciers are probably an order
of magnitude greater than the erosion rates of rock walls above ta-

lus slopes. This topic is discussed further in chapter 8.

Recent work by Pearce on postglacial rock wall receséion at
a low altitude site near Montreal, Quebec, indicates a rate of erosion
of 40 mm/1,000 yr for a cliff composed of igneous breccia and 18 mm/
1,000 yr for a cliff composed of gabbro. These values are near the
low end of the range of values found for ten rock walls in the Yukon.
They are in fact remarkably close to the mean values for the two rock

walls composed of igneous intrusives.

e - o g~ 3 At ot e e A v+ m s+ m o



CHAPTER 3

PRESENT DEBRIS ACCRETION ON THE TALUS SLOPES

1. INTRODUCTION ’ - - -

There is a general difficulty common to most of the previous
studies of mass wasting on steep mountain slopes, e.g. by Rapp,
(1960a, 1960b); Gardner, (1968); Stock, (1969); Luckman, (1971).
This is the difficulty in distinguishing between the effect of pro-
cesses in removing debris from the rock walls onto the talus slopes,
and their effect in transporting élready deposited debris further
down the talus slopes. In this study the two distinct effects are
isolated, removal of debris from rock walls to the talus slopes is
discussed in this chapter whereas the present transport role of
processes on the talus slopes and within the protalus rock glaciers

is examined in subsequent chapters.

Short term rates of erosion can be calculated from recent
debris accretion measurements and compared with mean postglacial ero-
sion rates. The problem of assessing the frequency of erosional
events of different magnitudes (Wolman and Miller, 1960) is a se-
rious drawback to such a comparison and plagues even relatively long
term studies such as Rapp's seven year study in northern Sweden

(Rapp, 1960b).

For this reason the emphasis has been placed on the evalua-

tion of the probable role of different processes, viz rock-falls
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snow avalanches, torrént avalanches, ephemeral ruﬁ-off and slow
debris shift, in transporting debris from the rock wall zone to the

talus zone.

2. MEASUREMENT PROBLEMS

The chief problems encountered in the measurement of debris
volumes transported onto talus slopes are the large size of these
slopes, the frequent disturbance of the surfaces, and the potential

hazards from rock-fall during the measurement process.

Freshly accreted debris must be adequately differentiated
from old talus. A lichen cover exists on the little disturbed debris
near the base of the talus slopes and so, freshly accreted debris can
be measured if it reaches the basal zone of the talus slopes. But
this method is useless for méasurement of debris accretion over the

frequently disturbed upper zones of the talus slopes.

Mats on nets placed on the talus surface have been used to
differentiate freshly fallen debris from old debris (Rapp, 1960b,
. Gardner, 1968; Caine, 1969; Stock,.1968; Luckman, 1971). Limita-.
tions of this method have been the negligible fractions of the talus
surfaces covered, the derivation of some of the debris on the mats
from higher on the talus slopes, rather than from the rock walls,

and their susceptibility to natural destruction.

The most valuable measurements of short term debris accretion

have probably béen obtained by measurements of debris on continuously
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snow covered talus surfaces (Caine, 1969) and on 1arge‘elevated
boulders (Luckman, 1971), although the limitations of these methods

are that only winter and spring debris accretion can be measured.

Debris accretion due to the following processes or groups of
processes was measured at suitable sites on talus slopes in the Ogil-
vie and Wernecke Mountains, using techniques designed to minimise

these previously encountered difficulties.

1. Rock-falls

2, Snow avalanches

3, Torrent avalanches and ephemeral storm run-off

4, Combination of rock-falls, snow avalanches and slow debris

shift.

3. ROCK-FALL ACCRETION

a) Rock-fall accretion on a continuous snow surface

In his work on talus slopes in the southern Alps, New Zealand,
Caine, (1969, p. 94) measured debris accumulation on a continuous
surface of undisturbed snow below a rock wall. He found a regular
increase in debris accretion from the base to the top of the slope,
with successive values of 0, 6, 48 and 61 cc/m2 for four 100 m2
quadrats., Gardner, (1970) also made measurements of debris on snow
surfaces but his results are difficult to assess as the snow cover

was not continuous and much of the debris is probably derived from

a higher point on the talus itself.
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On June 18th, 1969, recently fallen debris was measured on
the snow covered basal slopes of a high steep syenite wall, at the
head.of the cirque above Mopaine Lake in the Tombstone area (Plate 5,
Locality TL4). At the time of measurement the snow on the basal
slopes was deep and well packed. The rock wall averages 70° in in-
clination and is too steep to sustain the build-up of a thick snow
cover. Avalanching is therefore of insignificant importance, and

the debris on the snow slope was entirely derived by rock-fall,

Figure 3.1 is a diagrammatic view, from the north, of the
main features of the rock wall and sampled snow slope. The snow
slope was divided into zone A, situated below a steep chimney on
the north wall and zone B, situated between this chimney and a deep

cleft on the west wall at the head of the cirque,

In zone A the slope was divided into vertical segments so
that the vertical distribution of the rock-fall debris on the 'slope
could be ascertained and compared with the results obtained by
Caine, (1969) in New Zealand., In zone B the total rock-fall accu-

mulation was directly measured for the whole zone.
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FIG. 3.1 ROCK WALL AND SNOW SLOPE AT
LOCALITY. TL4, TOMBSTONE AREA
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In detail the method involved measurement of the 'a', 'b'

and 'c' axes of fallen particles and conversion to volumes using

empirical equations relating particle volume to the product of the

three axes. Derivation of these equations for syenite, dolomite and

orthoquartzite particle in Appendix III suggests that, in the aggre-

gate, the volume of particles is approximately 0.5 to 0.6 times the

product of the three axes.

The weight of the particles is then cal-

culated as the product of the volume and the assumed density of

2.7 gn/cc. Table 3.1 shows the total volume and weight of accreted

debris for both zones,

TABLE 3.1

ROCK-FALL ACCRETION BELOW SYENITE WALL IN

TY TL4,

M E ARER,

3 [

Total weight | Total volume | Rock wall area Rock wall
(kgm) (m3) above zone erosion
(m<) (mm)
Zone A| 3,205 1.188 48,600 .0240
Zone B © 950 0.352 534,500 .0007
Total 4,155 1.540 583,100 .0026
1

Only slight errors in total volume result from a subjective deci-

sion not to measure particles with 'a' axis <30 cm for top half
of Zone A and all of Zone B, and 'a' axis <5 cm for lower half
of Zone A. Haste was paramount in a zone of potential rock-fall

danger.
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It is clear from this table that erosion has been thirty
times more vigorous in the zone below the narrow gully at the west
end of the wall section than in the large zone below the smooth walls.
This is a clear indication of the strongly localised erosion of the

rock walls by small rock-falls over a short term period.

The 'b' axis of the largest fallen particle was 0.64 m. The
total volume of particles finer than 5 cm in 'a' axis was slight.
Therefore the rock-falls may be classified, after Rapp, (1960b, p. 97)
as small boulder and pebble falls, which occurred as falls of indi-

vidual or small groups of particles.

In Table 3.2 the rock-fall in Zone A is classified according
to its vertical distribution on the slope. Each sect’on covers an
area of 40 m (130 ft) in a horizontal direction by 5 m (16 ft) in a
vertical direction, viz, 200 m2 (2,100 ft2). Figure 3.2 is a gra-
phical illustration of the vertical distribution of rock-fall volu-

mes per unit area.

The density of debris measured on the Tombstone slopé is about’
ten times greater than that measured by Caine, (1969) in New Zealand.
The strong negative correlation of debris volumes with distance down-
slope obserQéd by the latter is not noted in the Tombstone example.
Rpart from the possibility that this contrast isArandom, only one
slope having been considered in each study, seyeral systematic fac-
tors could be of importance, e.g. varying hardness of snow surfaces

which retard particle movement to a varying degree (Gardner, 1970)



TABLE 3.2
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VERTICAL DISTRTBUTION OF ROCK-FALL ON SNOW IN ZONE A,

Section | Distance from | Slope | Volume | Vol. %n Comments
top of slope angle (m>) cce/m
(m)
o ] Measurements on
1 0-25 43 0o 0 boulders with
fa' axis > 30 cm
2 25-50 40° .003 3 n
3 50-55 0 0 n
4 55-60 .034 170 n
5 60-65 31° .175 880 "
‘Measurements on
6 65-70 .219 1100 particles with
'a! axis>5 cm
7 70-75 .146 730 n
8 75-80 174 870 "
9 80-85S .116 - 580 n
10 85-90 24 ,5° .242 | 1210 n
11 90-95 .026 130 n
12 95-100 .053 270 "
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Angles of snow slope
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FIG. 3.2 DISTRIBUTION OF ROCK-FALL ACCRETION
ON SNOW SLOPE AT LOCALITY TL4
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and differences in frequency distribution of particle size which
mean that particles have varying initial momentum on otherwise
similar slopes. The particles contributing the greater part of

the debris to the slope in the southern Alps appear to ﬁave been
smaller in size than those in the Tombstone eiample (Caine, 1969,

p. 93). Many more measurements of debris accretion on snow surfaces
are necessary before Caine's hypothesis concerning yertical distri-

bution of rock-fall debris on talus surfaces can be widely validated.

From Figure 3.2 the angle of 20° appears to be an approximate
lowe; limit for debris accretion as a result of small boulder and
pebble falls‘on snow surface. Debris accretion does not occur on
the Tombstone snow slope above but does occur on snow at an angle
of 37° in the New Zealand example discussed by Cainé, (1969). There-

fore there seems to be a general limit of 37°-40° for debris accre-

tion on snow slopes.

b) Rock-fall accretion on lichenous surfaces

Below several syenite'walls the talus zone consists merely of
a narrow fringe of large boulders and cobbles intérspersed with vege-
tated patches of fine gravel. Because of the steep walls and lack
of gullies there are no avalanche processes to redistribute this
coarse talus, and lichen cover has a chance to become established.
Occasionally there are frésh rock-falls onto these slopes and if
rock-fall has occurred within the last few decades the large parti-

cles involved can be identified by their sparse or non-existent lichen
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cover. By measuring the fa', 'b' and 'c' axes of such debris below
a known rock wall area, and converting them to volumes using the
appropriate empirical relationship in Appendix III, a reasonable
estimate can be made of the volume of debris which has fallen during
a certain time interval prior to establishment of an extensive 1li-

chen cover on the fallen particles.

This estimate, however, is predicated on the fact that an ave-
rage lichen free period and an early rate of lichen growth can be
established in this environment. Lichen growth rates were studied
in the central Yukon for several lichen species by measuring the
largest lichen diameters on sample plots on the gold tailings in the

lower Klondike valley and its southern tributary.valleys.

Dredging operations on the gravels commenced in 1906 and con-
tinued until 1966. Maps showing the localities dredged’on the Klon-
dike tailings at different periods between 1906 and 1966 were made
available by C.R. McLeod of the Geological Survey of Canada. They
were used in the selection of seven sample plots, each 200 m2 in
area, on tailings dredged in 1907-1910, 1918, 1919, 1930-1933, 1932,

1940, 1952,

Crustose lichens of Rhizocarpon geographicum spp were the most
easily recognised, and are useful age indicators for a longer period
than the foliose lichens observed on the tailings. Therefore parti-

cular attention was given to finding sufficient numbers of examples

of Rhizocarpon geographicum spp to calculate a mean value for the dia-

meter of the largest five examples for each sample plot in addition



to the diameter of the largest single example.
the possible danger of a sampling a single large lichen which has
accidentally survived on a fresh surface (Stork, 1963).
are compiled in Table 3,3 in which the measurements made on other

lichen species have also been indicated.
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Growth curves for Rhizo-

This approach avoids

The results

carpon geographicum ssp have been plotted in Figure 3,3 by linearly

regressing the series of mean values and maximum values against the

age in years since the surface was exposed to the colonisation pro-

cess.
TABLE 3.3
LICHEN DIAMETERS (IN MM) ON KLONDIKE GOLD TAILINGS
SPECIES 1907-10 | 1918 | 1919 | 1930-33 | 1932 | 1940 | 1952
Rhizocarpon |{mean of 5 18 14 13 10 8.5 7.5 2
geographicum
spp max. 22 16 14 10 9 8 3
Xanthoria mean of S 25 16.5 12
elegans spp
max. 35 20 15 1
Umbilicaria |mean of 5 37 21 19
Spp
max. 43 25 .22
Parmelia mean of 5 31 6
spp
max. 55 8




Lichen diameter (mms)
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+ Largest lichen in each pilot . p Vg
Ve ®
® Mean of largest 5 lichens in each plot s
15
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Age in years
‘R.G, 1 Regression line for means of largest 5 thalli of Rhizo-
carpon geographicum spp against age.
Rate 1 41 mm/century with 10 year colonisation period.
R.G. 2 Regression line for means of largest single thallus of
Rhizocarpon geographicum spp against age.
y = 0.41x - 3.96, r = 0.98, S,y = 1.46
Rate 2 35 mm/century with 10 year colonisation period.

FIG. 3.3 LICHEN GROWTH CURVES FOR KLONDIKE GOLD TAILINGS
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The mean and maximum rates of 35 mm/century and 41 mm/century
are much greater than the rates quoted for most of the studies in
arctic and alpine ehvironments. (Beschel, 1958, 1965; Andrews and
Webber, 1964; Benedict, 1967; Rampton, 1969). They are in reasona-
ble accord, however, with Reger's long term growth rate of about
45 mm/century from the Gulkana Glacier moraines in the central Alas-

ka Range (Reger, 1968),.

Benedict (1967) and Andrews (1969) have discussed some of the
objections to lichenometry based on the problems of variability of
lichen growth due to differences in substrates and microclimates.
(Jochimsen, 1966). The reliance on indirect dating of exposure of
fresh substrates in many cases and the fact that lichens may occa-
siona;y survive burial by ice (Goldthwait, 1966) can lead to gross
errors in lichen factors. The present study was done on the surfa-
ces of pebbles that have been dredged from beneath frozen muck,
however, and definitely possessed no initial lichen cover. Further-
more fhe large area of the sample stations and the precise dates
placed on them give a high dggree of confidence in the growth curves,
Beschel (1961) has suggested a rapid early growth phase for Rhizocar-

quggeographicum spp before the lichen assumes & lower more uniform

ldng term rate of growth up to its maximum size of several hundred
millimetres. Therefore the rates of 35 mm and 41 mm per century may

become somewhat lower as growth continues.

Examination of tailings surfaces exposed for less than fifteen

years, did not reveal distinguishable thalli of Rhizocarpon geogra-
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phicum spp. The lichen growth curve in Figure 3.3 indicates that
cplonisation may have commenced as recently as ten years after expo-
sure of the surfaces, but if so, the lichens are too small to be iden-

tified positively in the field.

The lichen growth curve may be applied to the talus cones below
the rock walls in the Tombstone area with certain reservations. The
increase in altitude of 1,075 m (3,500 £ft) means an average reduction
in temperature of 10°F and a longer annual snow cover. The former may
not significantly diminish the rate of lichen growth (Benedict, .1967),
but the latter certainly reduces the growth season by about two months.
Although the more frequent wetting of the talus surface due to summer
showers in the mountains may compensate somewhat for this, it is
valid to regard the growth rate established for the gold tailings as

a maximum for the talus environment.

A second problem in the utilisation of the technique to calcu-
late the age of recent rock-falls is the limited surface area of the
fallen blocks examined for lichen cover. Thus random factors may dic~
tate the presence or absence of lichens on individual rocks. Since
many blocks were examined, chance error, which can give an overestima-

te or underestimate of age, was ignored.

Recently fallen debris below two rock walls in the Tombstone
intfusion was measured. The results from the base of talus cone 6830
are presented in Table 3.4 which includes only the proportion of
large rock-falls which have extended beyond the present talus base

onto old debris. Thus it represents only very large rock-falls, not
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the smaller scale events which lead to accumulation of debris within
the bounds of the talus cone itself. The corrected volume of the

| debris fragments are calculated and the volume totals placed into
groups according to the lichen cover. Minimum ages are assigned to

each group on the basis of the lichen gro&th curve,
TABLE 3.4

ROCK-FALL DEBRIS ACCUMULATION BEYOND THE BASE OF CONE 6830

Rhizocarpon geographicum SSp sSize range |
Lichen Lichens|Foliose (mm)
cover absent |spp only

2-7 8-12 | 13-17 | 18-23 | 24-35 | 0-35
Min. age
of debris; 0-15 15-30 | 30-45 | 45-60 | 60-75 | 75-100 | 0-100
(yrs) : :
Vol. of 4,36 5.24 :
debris —_— 3,94 3.63] 5,40 |13.47 | 1.48 | 37.52
(m3) 9.60
No. of
articles 24 18 9 8 7 3 1 70

3 over a minimum period of

A low total accumulation of 37.52 m
iOO years is noted. The rock wall from which the debris is derived
has an approximate area of 48,000 m2 (see Appendix II, Table II.7).
The maximum rate of rock wall erosion resulting from very large rock-
falls, over a minimum period of 100 years before the present, is

therefore 8 mm/1,000 years. This represents .078 m of erosion if

extrapolated through the postglacial period. Extreme rock-fall va-
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riability is ;ndicated throughout the 100 year minimum period in

Table 3.4.

The inherent weakness in the data from below talus cone 6830
is that no account can be taken of large recently fallen fragments
which did not reach the base of the slope, a problem especially
serious if they fell on a soft snow surface and became arrested in

their progress down the slope,

In the second basal slope examined in the syenite zone this
probtem is eliminated. The site is represented by Locality TLS5, in
Plate 5. The rock wall from which the debris fell is illustrated in
Plate 15. Gullies and associated talus cones are absent along a wall
length of 750 m (2,450 ft). The basal slope is covered with large
lichenous blocks, interspersed with vegetated zones of fines indica-
tive of the lack of regular disturbance by spring avalanches or fre-
quent pebble falls. Several recently fallen blocks, distinguished by
their lack of a lichen cover, lie scattered among the older lichenous
debris. Volumetric measurements were made on blocks, of 'a' axis

>30 cm, on which lichens were absent,

i A total volume of 37.56 m> was calculated over a basal fringe
400 m (1,300 ft) long by 100 m (325 ft) wide. This is the rock-fall
accretion over a period of at least fifteen years before the present
from a rock wall area of approximately 130,000 m2 (calculéted photo-
grammetrically). This represents a rate of erosion of 19 mm/1,000 yrs
and would represent 0.19 m of recession if extrapolated through the

postglacial period.
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A very 1érge rock-fall occurred near the top of a diagonally
sloping crack in this rock wall on Sept. 2nd, 1968. The operative
process was frost bursting‘énd thawing, as indicated by below free-
zing shade temperatures in the vicinity, and by the fact that the rock-
fall occurred at 19:00 hours, shortly after early evening insolation

had commenced to raise the rock surface temperature at the scurce.

This was the only major rock-fall occurrence on this wall in
sixty days spent in the viéinity over parts of three summers. The
magnitude of the event was estimated by measuring the fragments. They
could.be readily identified by the texture and colour of the mineral
assemblage, by their abrasions and powdered surfaces and by fresh bump-
holes on the $lopes. The total volume of the recovered debris was
0.318 m3, At least half the fragments from the fall must have been
recovered and so the volume is not believed to have exceeded 0.6 m3.
These figures are only 0.8-1.6% of the rock-fall during a minimum
period of fifteen years before the present. This suggests that the
observed rock-fall is not as infrequent an event as three summers'
observations indicate, that the non lichenous rock-fall debris on the
slope accumulated over a much longer period than fifteen years, or
else that one or a few rock-falls of very much greater magnitude have
taken place’within this time interval. The latter is likely in any
case, since there are many non lichenous blocks whose size exceeds

that of the largest fragment derived from the rock-fall observed on
Sept. 2nd, 1968.
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4, DEBRIS ACCRETION DUE TO SNOW AVALANCHES

The slopes below several rgck walls in the metasedimentary
ang igneous intrusive zones in the Tombstoné area were observed from
May 9th until June 23rd, 1967. Spring avalanches commenced on May 20th,
shortly after the mean diurnal air temperature in the area had risen
above 0°C. The areal distribution of avalanches and their geomor-
phic significance were subsequently noted. In the metasedimentary
. zone, the northerly and north westerly facing rock walls of Quart-
zite Peak (Localities TL2 and TL3) and the noftherly facing rock wall
of Landslide valley were observed most closely. In the igneous intru-
sive zone, the rock walls between Divide Lake and Moraine Lake recei-

ved the greatest attention.

.AMosp of the early spring avalanches which occurred on the north
facing metasedimentary rock walls were debris free (Plate 11). This
is accounted for by the faét that, when conditions were favourable for
release of avalanches from the exposed parts of the rock walls, the
gullies, in shadow for most of the day, possessed a basal layer of
hard snow which protected the underlying debris from removal., This
basal layer of snow would often remain after the passage of threé or
four avalanches down the same gully from different tributary gullies,
A number of the later spring avalanches were-éround avalanches, and
did erode some debris from the rock walls, but by this time the snow
cover on the talus slopes was disappearing and ths avalanches picked

up most of their debris load from the talus slope itself. (Plate 12),
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’

_A much smaller number of avalanche occurrences were obser-
ved on.the rock walls in the Tombstone intrusion. These that did
occur were usually localised falls of fresh fallen powder snow.

Debris was not observed in the avalanche deposits.

Debris content of sample areas in some of the most debris
laden avalanche deposits in the metasedimentary zone was assessed
(Table 3.5). The information was collected from two of the slopes
studied in the Tombstone area in 1967 and from two slopes studied
in the Bear River area in 1968. The debris volumes in the table
were calculated from the 'a', 'b' and 'c' axes of the individual par-

ticles using the appropriate equation in Appendix III.

TABLE 3.5

AVALANCHE DEBRIS CONTENT ON FOUR SLOPES IN METASEDIMENTARY ZONE

Area of Area Vol. debris Vol. estimate
Locality Date | avalanche samgled for samgled for agalanche
(m€) (m<) area (m~) (m”)
j 420 0.051
Loc. TL2 1,890 0.084
Tombstone 6/67 36,000 2,310 0.115 1.79
Loc. TL3
Tombstone 6/67 400 - 0.013
Loc. BL3 80 0.057
cone 6801 10 0.033
Bear River | 6/68 600 50 0.0%0 0.60
Loc. BL4
Bear River 6/68 5-10,000 44 0.0017 0.17-0.34
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All measurements were necessarily made on surficial debris.
The estimated volumes of debris are therefore subject to possible
error from neglect of buried debris. Three pits were dug at points
where the surface was fairly debris laden, but debris was not observed

at depth.

From Table 3.5 a mean range of 0.25 to 1.79 m3 is evident for
debris content in the sampled avalanches. An extreme range of 0.17
to 2.66 m> is evident for all individual sample areas witﬁin the ava-
lanche deposits. In northern Sweden, for the year 1953, Rapp (1960 b,
P. 133) estimated from a study of seventy-five examples that the ave-
rage dirty avalanche contained 0.3 m> of debris, although one unusuai-
ly dirty avalanche contained 10.3 m3. Table 3.5 shows that the vo-
Jumes of debris brought down from the rock walls by the most debris
laden avalanche§ in the field areas are close to Rapp's average
figure. This is‘a good indication of the minor erosive importance

of the avalanches‘on the rock walls of the Ogilvie and Wernecke

Mountains.

5. ACCRETION BY TORRENT AVALANCHES AND EPHEMERAL RUN-OFF

- The south facing slope of Tombstone valley has a general incli-
nation of 36°, It is not strictiy a free face but a slope covered
with deeply weathered coarse detritus judged to be in situ or
creeping slowly downslope, because of conformity of the general an-
gle of inclinétion with the structural dip. It has been subject to

gullying, however, with associated removal of large volumes of
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weathered debri%. At intervalé the slope is marked by long straight
gashes where incision has taken place down to the unweathered bedrock.
These are vary conspicuous by.their lack of a lichen cover compared

- with the intervening expansés (Plate 16). From the bed of these
gullies the weathered mantle can be seen to reach a depth of up to

6'm (20 £ft).

At the base of one of these gullies (Plate 5, Locality TL6) a
large fresh debris tongue was examined in detail (Plate 17). It is
formed at the lower end of a large channel in debris, laterally boun-
ded gy almost vertical levées 1.5 m (5 ft) high and 4.5 m (15 ft)
wide. The channel continues for 100 m (325 ft) upslope before grading
into the bedrock gully. The minimum bulk volume of this tongue was
estimated as 225 m3. If 30% is assumed for the porosity, thelmini-
mum volume of debris moved from higher up the slope, by the associa-

ted debris flow, was 158 m3.

The debris tongue was formed at least 17 years prior to 1968
since it is visible on the 1951 air photographs of the region, and
yet its surface is completely bare of moss or lichens. It tﬁerefore
appears that subsequent to an initial debris flow the associated ero-
Sional channel has been used probably several times by snow or torrent
avalanches or by ephemeral run-off. Indeed the presence of some fine
gravel and sand on exposed surfaces indicates that sufficient time
has not elapsed since the last erosional event for the fines to be

washed into the crevices.
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The mechanism associated’with the debris flow may simply have
been very heavy summer rainfall, but is more likely to have been a
torrent avalanche on the steep slope. In spring under special condi-
tions, a snow and ice daﬁ in a previously existing gully probably
.dammed up a considerable volume of melting snow which saturated the
surrounding area of weathsred detritus. Upon release of the dam

under pressure a debris flow occurred,

Several torrent avalanches without associated debris flows were
observed during the spring of 1967 on the metasedimentary slopes but
they ;re small in scale and were associated with slopes not deeply
mantled with weathered debris. If torrent avalanches have causad
debris flows onto the talus cones below the rock walls in the past,
the evidence, in the form of tongues and larg= levées, has been des-
troyed by subsequent snow avalanches., Small levées are present among
gravel sized slate particles near the apices of cones 6826 and 6827
in the Tombstone area but are believed to be caused merely by spora-
dic surficial run-off in the early spring when the frost line is near
the talus surface. Tongue-like termini and distributary lobes charac;
teristic of saturated debris flows are found on a number of talus
slopes below low angle rock walls, but are associated with only two

of the high éteep rock walls and talus slopes examined in the field

areas,
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6. ACCRETION BY ROCK-FALLS, SNOW AVALANCHES AND SLOW DEBRIS SHIFT
ON NETS ANCHORED TO TWO TALUS SLOPES

Measurement.of débris accretion on snow surface and in avalan-
che deposits does not give information concerning the effective morphe-
logical activity on the rock wall‘during the late spring or summer
after the talus slope has lost its snow cover, and lichenometry could
only be used to measure maximum volumes produéed by large rock-falls
on certain slopes in the Tombstone intrusion. Therefore in the
summer of 1968, nets were installed on two slopes to examine debris
accretion resulting from most processes during the fall to spring
period and during the summer period. The following procedures were

used in installation of the nets on the slopes.

a) Installation of nets

Cone 6820 in a zone of thin bedded dolomites in fhe Bear River
area and cone 6830 in a zone of syenites in the Tombstone area were
selected for sample coverage aé they were accessible enough for nets
to be air-dropped near the cone‘apices and as they were small enough
for a reasonable proportion of their surface area to be covered by
the nets. Cone 6820 is located at the south west corner of a cirque
3km (2 mi) from the airstrip in the Bear River area. It has an east
north easterly aspect. Cone 6830 is located on the south side of
Tombstone valley and has a northerly aspect. Insolation received
in the spring by both cones is of short diurnal duration and it was
predicted that a late snow cover would protect the netting from dis-

turbance by avalanches from the rock walls.
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The netting itself was made of cotton,heavily creosoted to
resist rotting in damp conditions. When stretched out on the slope,
the mean mesh size in a downslope direction is 2.5 cm and in a di-
rectioﬁ across the slope 0.7 cm, Since only a small propor;ion of
particles finer than the mesh size are present on the talus cone sur-

faces the debris filtered through the net mesh may be neglecfed.

The nets were anchored firmly to bedrock at the apices of the
cones by means of rock bolts and cables, and to several points on the
talus surface by attachment to large embedded boulders. The waight
of the net, itself, tended to hold it in place in any case. When
stretched out, the nets covered a rectangular strip extended down
the talus cones from their apices. The areal coverage by the netting
is illustrated in plan view for the two cones in Figure 3.4. The
debris near the base of cone 6830 is of such large calibre fhat it
was easier to spray paint the talus surface than to stretch the net
across the large voids between the blocks. In the case of cone 6820
sufficient netting was not available to have an even width along the
full length of the cone. The narrow zone covers the steep sections
in the lower middle part of the cone, These sections trapped such a
tiny proportion of debris that the smaller area of net was considered
to be of slight significance when vertical distribution of the debris
accretion was examined. The total sample area for cone 6820 is
222.5 m2 i.e. 12.4% of the cone area; for cone 6830 it is 1,435 m2
i.e. 12.8% of the cone area. The nets and assoéiated painted zones

therefore provide channel samples running from the apex to the base

of each of the cones.
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CONE 6820

80 m.

4 m.

Area covered by netting and paint = 320 sq.m (approx.)

- ...... Zone covered by nets

- ..... Pginted zone

CONE 6830

160 m.

e
“~8m.

Area covered by netting and paint = 1280 sq.m (opprox.)

FIG. 3.4 DEBRIS ACCRETION NETS ON TALUS CONES



-62-

The principal assumption of the method, invalid for small iso-
iated squares of sacking and plastic, is that the debris on the nets
has been'derived from the rock wall zone. The nets had to be of
sufficient width to preclude avalanches from acquiring debris from
the talus surface and depositing it on the net at a lower point,

Thus, the nets were designed to fill the narrow sections of the cones
betwan the buttresses guarding the entrances to the rock wall gullies.,
The net on cone 6820 has a width of 3 m (10 ft); that on cone 6830

has a width of 8 m (26 ft). It is still possible for avalanches to
move downslope at a slight angle from the fall line, strip debris

from the uncovered talus on one side of the net and deposit it on the
net itself. Then the debris on the net would give a false indication
of debris accretion on the cone. In order to establish whether or not
this ﬁappened over the period 1968-69,'25 cm wide bands of talus.were
painted down the edge of the netting on cone 6830 in 1968, with the
aim of assessing upon re-examination of the slope, if any disturbance
of debris at the edge of the net by avalanches had occurred. These
lines remained undisturbed and iﬁdicate that none of the debris was
derived in this manner. In the summer of 1969 lines were painted

along the edges of the netting on cone 6820 for future reference.

b) Results

The net on cone 6830 which was installed on August 22nd, 1968
was re-examined for debris accretion after the winter of 1968-69, on

June 20th, 1969, The net was sub-divided along-its length into
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sixteen 10 m (38 ft) sections and the weight distribution of the
fallen debris measured and tabulated (Table 3.6). The net was then
cleared of debris and left until August 14th, 1969 when it was re-
examined. The weight distribution of debris accumulated as'a result
of rock-fall over the two month period in the summer of 1969 was
measured and is also shown in Table 3.6. Most of the debris in
sections 15 and 16, may be regarded, however, as a residﬁe from the
1968-69 fall,winter and spring period, which could not be measured
in June 1969 due to a deep cover of snow.

A total weight of 336 km (0.124 m>) of debris was added to the
net in the annual period August 1968-August 1969, of which between |
152 and 275 kgm (0.056 and 0.102 m3) was derived in the fall, winter
and spring periods, and between 61 and 183 kgm (0.022 and 0.068 m3)

was defived during the summer of 1969.

If the debris accretion on the area of the cone covered by the
net can be regarded as representative of debris accretion on the whole
cone, then the debris transported from the rock wall above cone 6830
over the annual period is 2,620 kgm (0.97 m3). But this is almost
certainly an overestimate because the net covers the whole of the
falus cone apex, which receives the bulk of the debris reaching the
cone. A corrected estimate of 0.43 m> for debris accretion on cone

6830 takes this bias into account.

| The corrected estimate of 0.43 and the maximum estimate of
0.97 m3 are relatively low figures when compared with that for the

average annual accumulation of talus from the same rock wall
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TABLE 3.6

DEBRIS ACCRETION ON NET INSTALLED ON CONE 6830.

Section Weight of debris (kgm) Total
August 22/68- Juns 20/69-
June 19/69 August 13/69
1
2 ¢
3
4 10.450 2,490 12,94
5 1.009 0.933 1.94
6 17.860 0.054 17.91
7 0.749 0.263 - 1,01
8 0.010 0.271 0.28
9 0.007 0.045 0.25
10 0.013 0.019 0.03
n 44,130 2,155 , 46,29
12 30,010 25.080 5.09
13 16.200 4,330 20.53
14 35.340 | 25,710 61.05
15 10.220 63.090% 73.31
16 4,150 59,270% 63.42
Total 152.250 183.440 335.69

* Most of the debris is 15 and 16 on August l4th, 1969 may be regardzd
as a residus from the 1968-69 period as it could not be measured in
the spring due to a deep cover of snow. As a result the maximum de-
bris accretion for winter period August 1968-June 1969 may have bean
274.61 kgm and the maximum debris accretion for the summer period
June-August 1969 may have been 61.08 kgm,
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throughout the postglacial period. The latter value is between 1.18

and 2.74 m3 (Appendix II, Table II.5).

The net on cone 6820 was installed on July 20th, 1968 and
was re-examined on June 26th and again on July 20th, 1969. The net
was divided into eight 10 m (33ft) sections along its length and the
weight distribution of the accreted debris assessed (Table 3.7).
Totals of 309 kgm (0.115 m3) and 12 kgm (0.005 m3) were calculated
for the 11 month period, July 2lst, 1968-June 26;h, 1969 and the 23
day period, June 27th, 1969-July 20th, 1969, respectively. These ‘
figﬁres represent a total accretion of 320 kgm_(0.119 m3) for the
Sne year period July 1968-July 1969. A notable feature for cone
6820 is the small amount of debris derived during a period of one
month in the summer of 1969 relative to that derived during the pre-
ceeding fall, winter and spring. If the net cévers a fraction of the
cone representative of the whole cone with regard to its debris accre-
tion then the maximum value for a year's debris accretion is 0.96 m3.
But due to the complete coverage of the top quarter of the talus cone
it was necessary to prepare a corrected estimate as for cone 6830,

_ The revised estimate for debris accretion on cone 6820 is 1.15 m3,

only a little different from the uncorrected estimate.

The vertical distribution of debris on the nets is plotted
on Figure 3.5 for talus cones 6820 and 6830, The graphs indicate accu-
mulation concentrations at the abex and base of both cones, with

hardly any debris located in the middle sections,
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TABLE 3.7

DEBRIS ACCRETION ON NET PLACED ON CONE 6820, BEAR RIVER.

Summary of rock-faii data for cone 6820
for a period of 1 year

July 20/68- June 27/69-
June 27/69 - July 20/69 Total
Section Weight kgm Weight kgm Weight kgm
) = EE R _ _
1 1100 |  0.905 110.9
2 28,2  0.059 28,26
3 19.95 | 0.116 20.07
4 4,55 0 B 4.55
5 362 |  0.43 4.05
6 0,95 2,58 3.53
7 1395 |  7.06 21.0
8 28065 | 0.79 | 29.44
coran | 2000 | me T 201.9%

* A 2 m wide section at top of net showed an accumulation of
98.5 kgm by slow debris shift from the gully zone during the pe-
riod July 1968-June 1969. This gives a grand total of debris
accumulation on the net on cone 6820, for the period July 1968
to July 1969, of 320.4 kgm.
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The debris agccretion peak at the apices of both of the
talus cones results f;om the rapid reduction of velocity of falling
particles when they arrive on the rough talus surface, during the
late spring, summer and fall. The mean angles on the upper psrts of
cones 6820 and 6830 are 35.8o and 32.3o respectively. Therefore the
reduction in velocify due to a lessening of the slope angle would
tend to be more appreciable on cone 6830 than on cone 6820, and this
may explain why the debris accretion peak at the top of cone 6820

is less pronounced than on cone 6830,

At the base of cone 6820 there is a second and more impor-
tant debris accretion peak not exhibited by cone 6830. It may be
partially the'result of avalanche erosion, which is of some impor-
tance on the well dissected dolomite rock wall above the cone. It
may also be partially the result of spring rock-fall debris sliding
on a hard snow surface at an angle of about 36° to the base of the

slope.

Cone 6830, on the other hand, is little affected by ava-
lanche activity and, unlike cone 6820, snow does not linger on the
slope till late in the spring to form a smooth surface for the sliding

or rolling of spring rock-falls.
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7. DISCUSSION OF RESULTS

The principal results of the debris accrétion measurements are
collated in Table 3.8, Rates of rock wall erosion are derived by di-
viding the volumes of debris accretion by the respective rock wall
areas. Although it is difficult to compare the rates of erosion,
represented by short term accretion, with the rates derived over the
entire postglacial period, thefe is some indicétion that the currently
observed level of operation of geomorphic processes is insuffiecient
to acqpunt for the postglacial talus accumulations. Large scale
events, of more infrequent occurrence than those for which observa-
tions or measurements have been made in the field areas, are probably
regponsible for an increase in the mean rate of postglacial rock wall

erosion of talus development.

This view is supported by evidence contained in rock glacier
71 in the Tombstone area. The rock glécier surface is covered with
boulders, which have been entirely derived from ths rock wall on the
south side of the cirque. A traverse, from the largest tributary
talus cones to the front of tﬁé rock glacier, revealed a zone in the
middle of the rock glacier, where the boulders are-of unusually large
size (>10 m in length) as compared with the boulders around it
(Plate 18). These blocks are clearly the product of one or several
unusually>1arge scale rock-falls in the postglacial period. The

distance of the boulders from the base of the source wall and the

sizes of lichen thalli of Rhizocarpon geographicum spp on the surfaces
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TABLE 3.8

AND WERNECKE MOUNTAINS, YUKON TERRITORY

Debris : Precision
Rock wall Date Accretion | volume Erosion rate| of erosion
Process Technique Locality lithology | measured period | estimate | mm/1000 yrs | rate ° Comments
mm/1000 yrs
Rock-falls
1 measurement loc. TL4 | syenite & | 18/6/69 1-6 mths 1.54 3 1-6 Complete slope
on snow Tombstone monzonite sampled \,\~
surface ' ’
2 lichenometry | loc. TLS " 8/8/69 >10 yrs 37.56 <19 <19 " "
Tombstone
3 lichenometry | cone 6830 " 24/8/68 >10 yrs 37.56 <8 <8 Very large
Tombstone rock-falls
only
Snow
avalanches
1 debris in loc, TL2 quartzite 21/6/67 1-4 wks 1.79 57 20-200
avalanche Tombstone minor slate
deposits
2 " loc. BL4 n n 12/6/68 1-4 wks 0.17-0.34 9-17 3-30
Bear River .
3 " loc. BL3 nooon 4/6/68 | 1-4 wks 0.60 3 ?
cone 6801 B
Bear River
Slow debris
shift
1l measurement cone 6820 dolomite 20/7/69 1yr 0.36 1 0-2
on net Bear River
Debris flow
1 vol, measure-| loc. TL6 | syenite & | 9/6/67 | 18 yrs 158 - - Special loca-
ment of de- Tombstone monzonite lities only
bris tongue
kll processes
1 maasurement cone 6820 dolomite 20/7/69 1yr 1.148 44,3 10-100 12,5% of cone
on net Bear River - area sampled
2 " cone 6830 14/8/69 1yr 0.428 8.8 . 3-30 " "
Tombstone ) - :
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suggests that thesé very large scale rock-falls occurréed at least
400 years B.P. The distribution of debris sizes on the rock gla-
cier surface indicates that there was a long time span before and
since the deposition of this very large debris; during which lesser

rock-falls occurred.

The data in Table 3.8 indicate the much greater geomorphic
significance of a single debris flow as compared with more frequent
events such as avalanches and rock-falls. .Rapp (19605, p. 185)
concluded for a mountain zone in northern Sweden that slush ava-
lanches on gentle slopes and torrent avalanches on steep slopes
are far more effective as agents of transport than all rock-falls
and dirty avalanches. But in the Ogilvie and Wernecke Mountains
‘evidence of debris flows on the slopes was limited only to modera-
feiy inclined slopes on the north side of Tombstone valley, covered
with deeply frost weathered bedrock, and to wéll dissected rock
walls of relative19 low inclination in the Bear River area. The
processes leading to debris flow, viz. torrent avalanches and
ephemeral run-off are not considered to be significant on the steep

rock walls when compared with rock-falls and snow avalanches.

In the igneous intrusives of the Tombstone area, avalanching
is considered to be of minor importanée as compared with rock-falls.
Avalanche deposits were not noted on the snow covered syenite talus
slopes in this zone. Indeed the rock walls are too steep to permit
the build-ﬁp of a snow pack which could relesse spfing avalanches,

or to permit the accumulation of a potential debris load for such
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avalanches as do occur.

Even in the metasedimentary zone, where éhey are of frequent
occurrence in the spring, most of the observed avalanches were de-
bris free. The dirtiest avalanches contained between 0.17 and
1.79 m> of debris, which corresponds to mean erosion rates two to ten

times slower than the mean postglacial rate of erosion by all proces-

ses for metasediments (see chapter 2, Table 2.3).

Frequent small rock-falls have been observed in the gullies
above ‘the éalus cones afteflsummer rain showers and these certainly
augment debris accretion on the talus slopes. On the basis of one
year's measurements on cones 6820 and 6830, the summer of 1969 has
been of less iﬁportance than the previous fall, winter and spring for

debris accretion resulting from small scale events,

Slow shift of debris from the gully zone, amounting to 0.036 m3
in one year, has been observed at the top of cone 6820. This fotal
. is about 1/30th of the total estimated accretion for the talus cone
for that year, which suggests that debris shift ﬁay be a process éf

only slight importance to debris accretion,



CHAPTER 4

THEORETTICAL MODEL OF TALUS DEVELOPMENT BY ROCK-FALL

1. INTRODUCTION

The purpose of this chaptef is to predict the effect of all
possible variables on the velocity and distance of travel of parti-
cles falling down-a rock wall. The probable theoretical pattern of
distribution of surficial debris on the talus slopes and the general
form of the latter are then predicted. Particular attention is paid
to theoretical evaluation of the phenomenon of fall sorting on the
talus slopes. Fall sorting is thé term used to describe downslope

increase in size of rock-fall derived particles, and has been docu-

mentéd from many mountain regions (e.g. Rapp, 1960a; Gardner, 1968).

2. DYNAMICS OF A FALLING PARTICLE ON A ROCK WALL

The velocity acquired by a particle falling down a rock wall
depends on the nature of itsghbtion. and on various characteristics
of the particlé and the surface over which it travéls. The nature of
motion of the particles with which the model is concerned is transla-
tibnal and may be in the form of free-fall, bounding, rolling or
sliding. The basic force acting on the particles and tending to cause
their downslope acceleration is a component of the gravitional force.

It is counteractel by air resistance when the partidle is falling

through the air medium and by friction when the particle is in contact
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with the slope itself. Velocities acquired by a particle under the

different forms of motion may now be considered.

a) Free fall

The general Newtonian equation describing the velocity (v)
. v
of free fall of a particle from rest, after a given distance (s)

" has been travelled, momentarily neglecting air resistance, is:-

Thus, the velocity acquired by the free falling particle is a function

of the distance it falls.

Air resistance caﬁﬁoﬁ be neglected, however, Its precise
effect on any individual particle cannot be readily determined for
many reasons. Among these are variation in the size of the component
of angular motion (spinning) which is largely a function of shape,
the different types of motion by which a particle can travel down a
rock wall, and the variation in the coefficient of drag for particles
of différent sizes and shapes fallihg through the air at different

velocities.

Nonetheless, its approximate effect on an aggregate of falling
particles can be determined for several hypothetical free fall situa-

tions.

The velocity achieved by a spherical particle at the end of
its free fall from a rock wall is calculated from the knowledge that

a particle can only accelerate until the gravitational force is balanced
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by the force of air resistance which is increasing all the time by
some power of the velocity. When this balance is achieved the par-

ticle moves with a constant limiting or terminal velocity.

Loney (1960, p.114) suggested that for projectiles falling : i
through air at velocities up to about 250 m/sec (800 ft/sec),vthe g ]
fetarding force R is appfoximately proportionél to the second power
of the velocity. The resistance R is then given by the foliowing

expression (Timoshenké and Young, 1948, p. 25-26).

R = %Cdfav2 o ceeeen equation 1
where df = mass density of the fluid medium (in this
case air)
a = maximum horizontal projection plane of the
falling particle
v = velocity of the particle
¢ = coefficient of resistance

Timoshenko and ?oﬁng suggest that C be taken as an approxi-
mate constant of 1.12 for motion of short, blunt, sharp edged bodies
or rough elongated blunt nosed bodies below the speed of sound. Talué
particles approximate this slope description and this figure was
applied to the equation for air resistahce and to subsequent equations

used to calculate the velocity of particies.

If the particles were relatively smooth spheres C values of
as low as 0.5-0.2 are indicated for high Reynolds Number dynamic si-
tuations such as exist for particles falling down rock walls

(Wieselsberger in Prandtl and Tietjens, 1936, p. 100). In order to
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note the effect of reducing the coefficient of resistance to its
probable minimum of 0.2, the latter value was applied to the equation
for resistance and to subsequent equations used to determine the velo-

cities achieved by falling particleé.

Now the gravitational force F causing downward motion in a par-

ticle of mass m can be expressed in the following terms
F = mg

When the particle has reached its terminal velocity the force of resis-

tance is equal to the gravitational force

i.e. F = R

.. mg = %Cdfav2
. : 2m
e v (the terminal velocity) = Cafa ..... equation 2

if the falling particle is assumed to be approximately spherical,
although angular at the corners and rough surfaced, then the equation

can be simplified as follows:

v‘ = /3 Sng
: ﬁ rf: r b

where “ds is density of the sphere

= [8rd
I.Ia X af' : .... €quation 3
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Now the velocity w at any point between the starting point
of the falling sphere and the point at which it achieves its termi-
nal velocity can be calculated from the following equation (Norris

and Legge, 1950, p. 253),

2
w? = v2 (1 - e~20%/v% .... equation 4
where e = 2,718
x = distance particle moves from its starfing point
before it achieves velocity w
v = terminal velocity previously calculated

These equations were applied to approximately spherical parti-‘
cles, of 1 em, S cm, 10 cm,'SO em and 250 cm radius falling through
distances of 100 m (325 £t), 500 m (1,625 ft) and 1,000 (3,250 ft)
respectively, in order to determine the possible maghitude of varia-
tion in velocity achieved under natural rock-fali condifions; The
values chosen for the size of falling particle and their height of fall
are quite realistic. The rock walls of the Ogilvie and Wernecke Moun-
tains are usually between 500 m (1,625 ft) and 1,000 m (3,256 ft) in
height, and neérly all the particles on fhe talus slopes lie within
the range of 1 em to 250 em radius. The following approximate values

<

were inserted into equation 3

Particle density dg 2.6 gm/ce

1.3 x 1073 gm/cc

Air density dg

The results of the calculations for C =1.12and C = 0.2 are pre-
sented in Tables 4.1 and 4.2 respectively. Figure 4.1 expresses the

data in Table 4.1 in a visual form.
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TABLE 4.1

VELOCITIES OF FREE FALLING PARTICLES

WITH HIGH AIR RESISTANCE COEFFICIENTS,

c = 1.12
Particle size Terminal Velocities of falling particles m/sec
(radius in cm) | Velocity .
m/sec At 100 m’ At 500 m At 1,000 m

1 36.8 32,1 36.8 36.8

5 82.2 41.3 71.8 80.0

10 116.3 42,7 83.5 101.7

50 260.0 : 42,7 95.6 130.5

250. 581.4 44 .3 97.3 137.5
TABLE 4,2

VELOCITIES OF FREE FALLING PARTICLES

WITH LOW ATR RESISTANCE COEFFICIENTS.

C =0.2
Particle size Terminal Velocities of falling particles m/sec.
(radius in cm) | velocity
m/sec At 100 m At 500 m At 1,000 m
5 197 44.0 93.0 124.4
10 279 44 .1 96.2 131.4
50 625 44 .1 100.7 142.5
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FIG. 4.1 RELATIONSHIP BETWEEN PARTICLE RADIUS, DISTANCE FALLEN AND

VELOCITY FOR FREE FALLING PARTICLES SUBJECT TO AIR RESISTANCE
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In Table 4.1 and Figure 4.1 an increase in'velocity with height
of fall is conspicuous for all particle sizes but particularly for
the larger ones. For spherical particles of ‘1 cm or less there is on-
ly a very slight increase in veloqity éfter a particle has failen 100 m

(325 ft).

An increase in velocity as particie size incfeases is also evi-
dent but for drops of 100 m or less the differences for particle sizes
ranging from 5 cm to 250 cm are hardly measurable. Greater differen-
ces are evident for bigger falls, but even after a fall of SO0 m a
particle of radiﬁs 10 cm has almost 90% of the velocity of a particle
of radius 50 em. In weight terms the former is 1/125th of the weight

of the latter.

.Réduction of the coefficient‘of resistance to its probable mini-
mum value does not alter the direct relationship between velocity and
disténqe of fall (Table 4.2); It does reduce the effect of particle
size differences on velocit§ differences, however. It can be seen that
at a distance of 100 m and 500 m from the source there are velocity
differences of only 0% and 3% for particles of radius 5 cm and these
of radius SO cm. For rock-falls from very high rock walls, e.g. rock
walls in excess of 1,000 m velocity differences for.particles of dif-
ferent sizes-may become significant. But for rock-falls of the magni-
tude noted on rock walls in most mountain areas the notion that the

1afga particles fall much faster than the small particles does not

appear to be correct. The former acquire greater momentum because of

their great mass, but not appreciably greater velocities than the latter.

RSP SRR TS L
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b) Bounding motion

Motion of particles on tﬁe rock walls is rarely by free fall
for long disfances since the rock walls are seldom vertical. Bounding
with a strongly developed rotational component replaces free fall,

The velocity model developed above is still valid for bounding motion,

however, with some modification.

Figure 4.2 is a diagrammatic representation of a rock-fall

down a steeply sloping wall after an initial free fall.

When the particle strikes the slope surface at B it rebounds
with a new veloéity and new direction. The velocity after impact is
calculated from the following Newtonian equation (Loney, 1906, p. 146),

assuming negligible frictional retardation at the time of impact.

Va =  Vi\[sin?s4+ e2 cos? =<
where Vs = velocity of particle on rebound after impact
V3 = velocity of particle prior to impact
o{ = angle made by incoming particle with normal to
the plane
e = the coefficient of restitution of the bodies upon

impact. It is dependent on their elastic properties
and lies between 0 and 1.

If the two bodies are perfectly elastic, e =1

then V2 = V; \/sin2°( + cos?x = vy

i.e. there is no overall velocity loss
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FIG. 4.2 PARTICLE TRAJECTORY DOWN A ROCK WALL

[T S
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The direction of the particle after impact is calculated
from the equation
Cot © = e cotol
where © = angle made by rebounding particle with the normal
to the plane, ,
For perfectly elastic impact e = 1

then, cot © = cot<(

Thus the angle made by the moving particle with the normal to the plane
prior to impact equals the angle made by the particle with the normal

to the plane after impact.

The velocity and the direction of métion of a particle after
impact at B can be obtained by these equations for a number of incli-
ned plane angles, for a number of incoming velocities which would de-
pend on the height of free fall prior to bounding, and for a number of
different values of the coefficient of restitution e. This coefficient
is likely to be quite low, and therefo;e the angle made by the particle
with the normal to the plane is greater than the angle.between the path
of the incoming particle and the normal to the plane. After each bounce
on a uniformly sloping rock surface the particle trajectory tends to

become more nearly parallel to the rock surface.

After leaving B the particle moves with a known initial trajec-
tory and a known velocity V,. The point C at which it again hits the
plane, the velocity at impact and the angle of the particle with the
plane at impact are all readily calculated using the Newtonian equa-
tions of motion and the parallellogram of velocities, with appropria-

te modifications for air resistance.
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After several bounces the particle has such a low trajectory
relative to the slopé fhat the roughness of both ths particle and the
slope surface cause frictional retardation of the particle. The boun-
ding motion then changes to rolling or sliding motion and the accelera-
tion of the particle is governad by different equations which take

account of friction. In Figure 4.2 this stage is reached at C.

The velocity which a particle has achieved at the point C where
the bounding motion ends, is a direct function of the height of ini-
tial free fall, length of slope over which bounding occurs, slops an-
gle an& elasticity of impact. The relationship between particle size
and velocity achieved at C is considered insignificant for the range |

of particle sizes and heights of fall normal for rock walls.

¢) Rolling motion

The more spherical a particle is, the greéter ié the chance that
bounding motion will be succeeded by rolling motion on the rock surfa-
ce. If a particle is perfectly translated downslops by rotation i.e.
undergoes perfect rolling motion, a very slight, but significant, fric-
tional retarding force is actually induced at the point of contact of
the particle with the surface. This force, in conﬁunction with a gra-
vitational force, imparts an angular acceleration to the particle and
it rolls downslope gaining speed as it travels. In Figure 4.2 a rolling
particle theoretically continuas to accelerate from C until it reaches
Do where the angle of slope is zero and the gravitational force ceases
to affect its motion. Then the small retarding force of'friction cau-

ses the particles to come to rest.
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The acceleration in a downslope direction for a rolling solid
sphere = 5/7gsin@, where @ = slope angle and g = gravitational
constant, (Mendenhall, Eve, Keys and Sutton, 1956, p. 84). From this
it i§ clear that the velocity achieved by a rolling particle varies

~ directly with the slope angle.

But the velocity also varies with the degree of sphericity of
a particle. As sphericity decreases, the acceieration in a downslope
direction of a rolling particle decreases (e.g. for a rolling solid
cylin@er this acceleration is 2/3 gsin@). Indeed the particle spheri-
city may even be too low for rolling to take place after bounding has
ceased and sliding motion would then occur instead. If particles are
of low sphericity but are disc shaped, rolling can occur after boun-
ding has ceased provided the 'e'! axis of the particles hits the slope

fipst and is oriented at right angles to the downslope direction

(Fig. 4.3).

FIG. 4.3
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d) Sliding motion

For angular particles, sliding is the principal means of
translation downslope after bounding has ceased. If -friction between
the particle and the surface is completely absent, acceleration of
the particle in a downslope direction is gsin@, which is greater than
for a rolling sphere or cylinder. But friction is called into play
due to the lack of perfgct smoothness of the area of contact between
the particle and the slope, and this reduces the downslope accelera-
tion of the sliding particle. The forces acting on a particle sliding

on a bedrock slope are illustrated in Figure 4.4.

FIG., 4.4
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i) Force caused by downslope component
of gravitational acceleration = mgsin®

ii) Porce of friction F

tan AR (where A= angle of kinetic
friction)

tan ) mgcoso

These two forces oppose one another

mgsin® - tan A mgcosO)

The resultant force
acting downslope

= mg (sin® - tan A cosoO)

.*. Acceleration downslope = g(sin@ - tanA cosQ)

From this equation it is evident that if the slope angle ©
exceedé the ahgle of kinetic friction A , fhe par;icle moves down-
slope with positive acceleration (i.e. its velocity increases). If
e =uK, the acceleration of the partiéle is zero (i.e. its velocity
remains constant). If O is less thanuk, the particle moves downslope

with negative acceleration (i.e. its velocity becomes less and it

tends to come to rest).

If it is assumed that there are no major irregularities in
the surface topography, other than normal rﬁughness of particle and bed-
rock surfaces then the angle of kinetic friction and the slope angle
determine the acceleration of a sliding particle and the distance

travelled by the latter.



-58-

3. EFFECT OF SURFACE ROUGHNESS

So far in the dynamic model it has been assumed that there
are no major topographic irregularities on the rock walls other than
the general surface roughness which calls ffiction into play. It is
clear, however, that rock walls in all mountain areas possess topo-
graphic irregularities such as low angle rock ledges and small reverse
_ slopes. The degree of rugosity varies from one mountain wall to ano-
ther depending on such factors as lithology, structure and degree of
gullying by various subaerial processes. On an individual mountain
wall surface roughness becomes particularly significant near the base
of the slope as a debris cover builds up. The resultant irregular
surface has a marked effect on the velocity of the partiéles arriving
at the top of the slope. A model is developed in Appendix III to
establish the retardational effect of surface roughness on a particle
arriving on the debris slope and travelling subsequently by sliding,
rolling or bounding motion on the latter. The model demonstrates that
the retardation of the particle is proportiocnal to the ratio of size
of the debris already on the slope to the size of the particle. This

relationship is exemplified in Figure 4.5.
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‘ In case A the sliding or rolling particle travels by a more irregular

path and is retarded more than in case B.

Theoretically particles will move down the debris slope until
they reach particles of their own size or larger and then they will
be quickly brought to a halt. In other words a selective checking

mechanism operates which encourages the development and maintenance

of fall sorting on the debris slopes. A partiéular effect of irregu-

larities on the rock walls above the debris slopes is the component
of horizontal velocity which they impart to falling particles. If
sufficiently large, this horizontal velocity component enables parti-
cles to avoid impact with the top of the debris slépe, and they then

travel further downslope.

4. EFFECT OF TRANSFER OF MOMENTUM BETWEEN PARTICLES UPON IMPACT

Apart from the effect on surface roughness, a loose debris
cover on the lower slopes causes momentum transfer when a falling
particle strikes the slope surface. This momentum transfer upon
impact reduces the velocity of the falling particle and causes some.

movement of the loose debris.

The écquired velocity of the loose debris formerly at rest
on the slope is directly dependent on the mass and velocity of the
particle causing the impact and inversely dependent on its own mass.
Since the momentum transfer is usually distributed among many parti-

cles the latter only acquire low velocities and move short distances.

L L TR R NP SEIe S S
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If the particle strikes debris particles whose size is several times
smaller than the size of the particle, and if only a partial momentum
transfer is affected then small impact craters may be formed and the
fallihg particle continues with a reduced velocity downslope., At
points where many impacts occur, viz. the top of fhe debris slope,
many impact craters may be formed and this may lead to flattening of
the apex of the debris slope. This effect has been noted by Crompton

(1968) on talus slopes in Baffin Island.

5. SUMMARY OF FACTORS AFFECTING VELOCITY OF A PARTICLE FALLING DOWN
A ROCK WALL.

a) Type of motion i.e. free fall, bounding, rolling or sliding.

Air resistance reduces the acceleration of free falling and.
bounding particles, whereas surface frigtion is the main retardational
factor for rolling and sliding particles. Retardation is relatively
high for sliding partlcles and relatively low for rolllng5bound1ng or

free falling particles.

b)  Distance traversed by particle

For free fall and bounding motion the velocity of particles in-
creases with distance traversed due to gravitational acceleration.
For rolling motion the velocity also tends to increase with distance
travelled as long as there is a slight angle of slope in order to
overcome frictional retardation. For sliding motion the velocity only

increases with distance so long as the slope exceeds the angle of kinetic
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friction for sliding particles.

¢) Slope angle

On vertical or overhanging rock walls motion is by free fall.
On very steep slopes a particlé tends to bound and on gentler slopes
it tends to roll or slide. Furthermore, the acceleration downslope
of the bounding, rolling or sliding particle varies directly With the
slope angle, whether this slope angie is greater than or less than

the angle of kinetic friction.

The slope angle of the rock wall may also influence the amount
of horizontal velocity imparted to a particle. This factor may be of
importance in the distance a particlé caﬁ move over a debris surface
on the lower slopes of the rock wall before being frictionally retar-

ded often impact.

d) Size and weight of particles

For debris in the range of sizes found on talus slopes and for
the heights of fall noted on most rock walls the size of the particles
has little effect on the velocities of particles arriving at the top
of the debris slopes, after free falling and bounding down a relatively
smooth rock wall. Correspondingly the wéight of the particles do not
appreciably affect their velocities. Of course larger and theréfore
heavier'particles have greater momeﬂtum when they arrive at the talus
slopes than smaller particles but it is an increase only linearly

related to particle weight. The greater momentum of lardger particles
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may cause greater disturbance and re-arrangement of particles already
on the slope but it does not in itself explain the fall sorting pattern

observed on talus slopes.

e) Particle shape

The coefficient of air resistance and hence the velocity achieQed
by bounding particle is to a lérge extent determined by its shape. The
type of motion induced in a falling particlg after bounding has ceased
also depends on the shape of the particle. Spherical particles tend

to roll downslope whereas tabular particles tend to slide downslope.

f) Slope roughnesé

Slope roughness results in continuously varying slope angles
which on the rock wall have an important effect on the trajectory of
particles in bounding motion in that considerable horizontal velocity
is imparted to the particles.l The most important effect of slope rough-
ness'is on the lower slopes of a rock wall once a debris cover has de-
veloped. The topographically.irregular debris slope surface retards
falling particles differentially. Large particles tend to roll or
slide over a debris surface until tﬁey rgach debris of their own size
and then they qyickly come to rest. This process of differential re-
tardation is thé main reason for fall sorting of sli&ing, rolling,or

even,bounding particles.
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g) Momentum transfer upon impact

As a result of momentum transfer the velocity of a particle
is reduced upon impact and tﬂé particles forme;ly at rest on the
slope acquire slight acceleration. The particle either stops dead
or continues downslope at a reduced velocity. Impact craters (bump-
holes) or slight flattening of the top of the debris slope can result

from this momentum transfer.

6. CONCLUSIONS

It is predicted that on a smooth basally concave bedrock slope,

a debris cover will initially form at the base of the slope.

- As more particles arrive on the basal slope they become fall

sorted as a result of the newly acquired surface roughness.

The angle of the debris slope will tend to build up to some
undetermined limiting angle below the angle of internal friction of
the debris. If falling particles are of low sphericity, e.g. tabular
or needle shaped, the slope ahgle achieved is steeper than for a de-
bris slope where particles are of high sphericity, e.g. cuboid. In
the latter case fall sorting is expected to be léss wall developed
than in the former case due to the fact that frictional retardation

for rolling particles is less than for sliding pérticles.

The concavity of the debris slope may remain for some time

until a sufficiently thick debris cover eventually eliminates the
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effect of the underlying bedrock slope. A convexity may exist near
the top of the debris slope where frequent rock-fall impacts tend to

crease slight flattening of the slope.
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CHAPTER 5

=
o

FORM AND SURFACE CHARACTERISTICS OF ARTIFICIALLY BUILT SLOPES

1. LABORATORY SIMULATIONS OF ROCK-FALL

Small scale rock-fall experiments were conducted in thes labo-
ratory, using crushed gravel and sand separately and in a 1:1 mixture.
Figure 5.1 is a three dimensional model of the apparatus used in the

experiments.

FIG. 5.1
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The debris was dropped onto a floor from a heigﬁt of 1.5 m (5 ft)

through a hopper attached to a wall.

The crushed gravel and sand used in the experiments were
fairly uniformly sized as indicated by the cumulative size frequency
distributions in Pigure'5.2. The intermediate diameter of the gravel

is about ten times larger than that of the sand.

The main purpose of the experiments was to see whether the
fall sorting of debris, suggested in the theoretical model, can be
expected to occur in practice, given a simple small scale rock-fall
situation, A second purpose was to obtain information on the angles
and profiles of debris slopes at varying stages of build-up by the

single process of rock-fall.

a) Size sorting

Sand and gravel mixed in a 1l:1 ratio was drdpped slowly but
continuously through the hopper onto the floor. The retaining walls
for the resultant debris slope Qere made of plexiglass so that the
distribution of gravgl and sand could be observed at the lateral-
edges throughout the build-up of the slope. éetaining walls méy

unduly influence the movement of the particles, and therefore a se-

cond technique was adopted to examine the sorting pattern on the slope.

When the slope had‘rgached a height of 90 cem (36 in), horizontal
slices 15 cm (6 in) thick were successively removed from the slope
and photographs taken of the truncated surface. The distribution of

gravel and sand on each surface was then assessed and the following

PR TACT O IENSC PEROWIRE S S E M
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pattern established (Fig. 5.3).

100 cms

FIG., 5.3 FALL SORTING IN LABORATORY ROCK-FALL MODEL

Figures refer to percentages of gravel

Fall sorting with a rapid transition from sand to gravel in
the middle of the slops is evidently a characteristic of the slope
throughout the debris build-up. In chapter 4 the a2ffects of original
and acquired slope roughness were demonstrated as the reasons for fall

sorting in the theoretical model. In the small scale laboratory
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" model the air resistance is even less significant due to the slight
distance of fall. Therefore the differential effect of surface rough-
ness is clearly the reason for the creation and maintenance of the

fall sorting pattern illustrated in Figure 5.3.

b) Slope angles and profiles

The angle of repose is defined as the slope at which any given
deposited material will come to rest under a given set of physical
conditions (Glossary of Geology and Related Sciences, 1960, p. 243),
Reposé angles on sand and gravel slopes have been found to be sub-
ject to considerable variation depending on the precise interplay of
forces on the faiiing particles and on characteristics of the parti-
cles in aggregate on the developing debris slope. For natural and
artifiéal slopes composed of these rela;ively cohesionless materials
characteristic angles of repose of 30740°,have been noted by many
authors e.g. Leblanc, (1842); Piwowar, (in Rapp; 1960a); Poser
(in Rapp 1960a); Behre, (1933); van Burkalow (1945); Young, (1955);
Rapp, (1960a); Melton, (1965).

Experimental drops weré made with gravel, sand and the gravel
s;nd mixture in order to note the effects of the different grades of
| debris on the angles of repose of debris slopes, under different
conditions of accretion. Sand slopes and gravel slopes were first
built up by the addition of large discrete quantities of debris
through the hopper. In this way rock-fall accretion with maximum

disturbance of the developing slope was simulated. Then, the
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sand slopes, gravel slopes and mixed sand and gravel slopes were
built up by the addition of debris slowly and continuously through
" the hopper, in order to simulate rock-fall accretion with minimum

disturbance of the debris slope.

As debfis build-up commenced the horizontal floor caused
scattering of particles outwards from fhe point of impact. This effect
is gradually eliminated as build-up continues. Eventually the mean
slope angle becomes independent of the height of the slope and angles
can then be recorded and profiles observed. This stage was reached

when the slopes reached a height of about 60 cm (24 in).

The individual angle measurements were made by laying an
Abney level géntly on the slope. In the case where debris slopes
were built up by slow continuous accretion, slumping periodically
reduced the mean slope aﬁgle 2°.4°, Therefore fhe slope angles re-
corded were those reached just prior to a slump. The results of

the experiments are summarised in Table 5.1.

A large difference in slope angle under different conditions
of accretion is noted in Table 5.1. Using Student's t test this
difference was found to be highly significant for both gravel and
sénd slopes: It is probably associated with the dissipation of
kinetic energy. The impact of large diécrete drops of debris at
the top of the slope necessitates the rapid dissipation of a great
quantity of kinetic energy and this is only partially achieved
through heat production. The rest is dissipated through destruction

of the packing arrangement of particles already present in the debris
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TABLE 5.1

ROCK-FALL SIMULATIONY

Mean repose angles for Mean repose angles for
Grade of large discrete drops small continuous drops
debris (in degrees) (in degrees)
Mean | S. Dev,! No., in | Mean | S, Dev, | No. in
sample sample
Gravel 36.2 0.2 5 39.9 0.8 10
| sand 30.0 0.5 7 34.8 0.4 9
Gravel and sand 36.5 0.9 21

1 the top 15 cm (6 in) in each profile is not included in the cal-
culation of angles because of the pronounced flattening observed

due to impact.

slope. This destruction causes the debris to shift to a lower

angle. The smaller qpantities'of kinetic energy, associated with the

small continuous rock-falls, are more readily dissipated through the

mass of the debris already on the slope, by sliéht shifting leading

to closer packing rather than by the complete destruction of the

mutual arrangement of the particles on the slope.

This suggests that one of the reasons for the considerable

variation of repose angles on talus slopes is probably the variation

in frequency and intensity'of the processes which create impacts on

the talus slopes viz. rock-falls and snow and torrent avalanches.
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For both maximum and minimum disturbance situations, the sand
slopes assume a lower angle than the gravel slopes, the difference
being highly significant according to the t test. The mean angles
of the mixed gravel and sand slopes for the minimum disturbance accre-
tion lie between the angles observed for sand and those observed for
gravel. The overall mean angle for these mixed debris slopes is
36.5°, a figure very close to the average repose angles of debris
slopes built almost exclusively by rock-fall processes (Rapp, 1960a,
p. 53). It is also close to the‘values noted later in this chapter
for slopes in coarse debris at mine dumps at Sudbury, Ontario and

Asbestos, Quebec.

Profiles for different conditions of rock-fall and particle
size were rectilinear with one exception. The profile of the fall
sorted debris slope built up by the slow continuous addition of

mixed sand and gravel displayed a slight convexity which.correlated
quite well with the transition from sand to gravel (Fig. 5.4) .

A highly significant correlation coefficient of 0.50 was computed
for the relationship between the s}ope angle and the percentags

of gravel present, and substantiates the previous observations from

the separate gravel and sand slopes.

Previous literature on the subject 6f particle size and the
angle of repose for cohesionless debris slopes suggests that the re-
lationship between the two variables has yet to be properly evaluated.
Recent experiments with smooth glass spheres suggest that no correla-
tion exists at all between particle size and the angle of repose

(Duckworth, 1969). But experiments with natural sands and gravels
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FIG. 5.4 CORRELATION BEIWEEN SLOPE ANGLE AND PARTI-
. CLE SIZE IN LABORATORY ROCK-FALL MODEL
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over the last fifty'yeérs have produced widely divergent opinions
 econcerning this relationship (van Burkalow, 1945 p. 672). This may
be because so many external factors are involved e.g. particle shape,
size sorting, surface roughness, specific gravity and packing arran-

gement,

2. MEDIUM SCALE MINE DUMP SLOPES.

Nine sampling traverses were made at one of the Errington
mine dumps and one at the Clara Belle in the Sudbury Basin, northern
Ontario. The former mine dump is about 40 years old, and is 6-20 m
(20-65 ft) in height. Its slope consists mainly of small boulders
and coarse gravel, and is a good example of a slope built by minimum
velocity rock-falls. Disturbance of the pattern of particle size
distribution due to slight gullying, soil creep and soil wash has
occurred, but the coarse nature of the debris sﬁpplied to the slope,
the infrequent spacing of the gullies, and the relatively short time
interval since dumping suggest that this effect is minimal. The tra-
verse on the Clara Belle dump was on a slope 25 m (80 ft) high pre-
sently being built by the dumping of large and medium size boulders
6ver the edge from trqcks. It is therefore influenced only by rock-

fall processes.

On each sampling traverse the 'a' 'b' and 'c' axes of fifty
particles were measured at five equally spaced points downslope. Sta-
tistical analysis of ths 'b' axis, including an analysis of variance

and a logarithmic transformation of the values, indicated that particle

e e et e T e ST
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size is correlated with distance downslope at a 99% level of si-

gnificance for nine out of the ten slopes (Table 5.2).

SLOPE ANGLES AND FALL SORTING ON MINE DUMPS IN

TABLE 5.2

THE SUDBURY BASIN

Height of Correlation coeffts.
Location Traverse | traverse Slope angle | log 'b' axis and
(m) (degrees) dist. downslope
Errington : ]
mine dump 1 15 35.4 0.63
2 " 34.0 0.35
3 " 34.5 0.14%
4 n 34,6 0.52
5 " 34.4 0.51
6 " 34.4 0.73
7 7 33.5 0.53
8 i 32.0 0.50
9 i 33.0 0.51
Clara Belle
fine dump 10 25 36.5 0.51

* Not significant

From the table it is apparent that distance downslope ex-

plains about 20% to 50% of particle size variation. It can be conclu-

ded that the fall sorting pattern established in the theoretical and

small scale laboratory models is substantiated for medium scale




-106-

rock-fall built slopés. But the influence of uncontrolled factors,
such as variations in particle shape for all traverses, and the
washing of fines doWnslope for the first nine traverses, prevent a

very high correlation between particle size and distance downslope.

The mean angles of all ten mine dump slopes are also plotted
in Table 5.2. The overall mean is 34,2° with a range of t 2,30,
The most reliable slope angle is from traverse 10, since this is a
.Slope adjusted only to the process of current rock-fall by dumping
from its crest. Four profiles were measured on this slope and these
were found to be rectilinear or very slightly convex. This suggests
that fall sorting has only a slight effect on the profiles of the

mine dump slopes.

Information was provided on the slope angles and profiles for
three rock dumps at Asbestos, Quebec, by Asbestos Corporétion Ltd.
These.slopes consist of rock wasté of talus sized particles, varying
in size from 15 cm (6 in) to 180 cm (72 in). The mean angles for the
three slopes are 35.5°! 35.5° and 36° quite similar to the angles
observed for the recently dumped rock waste near traverse 10 in the
Sudbury Basin. All three slopes exhibit fall sorting and are géne-

rally rectilinear in profile.

3. SUMMARY OF RESULTS

The study of rock-fall on laboratory and mine dump slopes res-
ulted in the following conclusions that are of potential significance

to the study of talus slopes in the Ogilvie and Wernecke Mountains.
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Fall sorting was found to be a normal phenomenon'at every
stage in the build-up of mixed debris slopes in the laboratory. It
was also observed on the surfaces of twelve of thirteen mine dump

slopes.

The artificial slopes built of sand or gravel wsare réctilinéar,
save for impact flattening at the top éf the slope. The mixed debris
slopes on the mine dumps were rectilinear and those in the laboratory
were slightly convex. Statistically, 95% of the repose angles of
mixed debris slopes, developed in the laboratory under minimum distur-
bance accretion, lie between 34.7° and 38.3° with a mean of 36.5°.

The thirteen mine dump slopes have mean angles ranging from 329 to

36.5° with an overall mean of 34.70.



CHAPTER 6

RELATIONSHIP OF TALUS MORPHOLOGY TO ROCK-FALL

1. INTRODUCTION

In order to assess the similarities and differences between the
talus slopes and the theoretical and artificial models, certain funda-
mental characteristics of the former are examined. These include the
distribution of particle attributes over the talus surface, and the

actual form of the talus slope.

Among the former, particle size variétions in the downslopevdi-
réction were chosen for study and comparison with the model situations,
because the phenomenon of fall sorting is an indicator of the importan-
ce of rock-fall on talus slopés. Other variables, are ihtroduced into
the discussion, however, because they necessarily influence the rela-

tionship between particle size and distance downslope.

The characteristics of talus form that receive attention are

mean angles, maximum angles and overall slope profiles.

2. PARTICLE SIZE VARIATION

a) Sampling pattern

In previous studies sampling has generally been done in small
groups of particles evenly spaced at intervals down the central fall

line of the slope. Clearly this does not enable the true population
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mean of a conical sufface to be determined, although it does permit
the analysis of population variations with distance from the source
of the population (i.e..from the talus apex). Whilst the latter is
the main aim of the research a large bias ié possible by sampling

only on the central fall-line of the slope.

A stratified random sampling pattern was adobted and is illus-

trated in Figure 6.1. It fulfills the following needs:-

i) A primary stratification in accordance with subjectively ob-
served fall sorting. Variations in debris characteristics
other than size were not obvious enough to invite a conflic-

ting pattern of stratification.

The spreading of observations within a stratum to a few random-

e
e
o’

ly chosen stations, to combine randomness and speed of data

collection.

iii) Random measurement of a large number of particles at each

station.

The cones were divided along the length of their central fall-
line into ten horizontal strata, described here as zones. Using this
method of proportional division into zones it is easily possible to

compare results from cones of different sizes.

’

Properties of 100 particles were examined for each zone on the
talus cones. This is a number calculated from pilot sample data on
coneé 6824, using methods described by Cochran (1963). It is
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FIG. 6.1 SAMPLING PATTERN ON TALUS SLOPES

sufficiently large so that the true population mean of the particle
'b' axes for each sample zone can be estimated to limits within ¥ 20%
of the true mean with only 5% probability of error. One hundred mea-
surements in each of the ten zones also allows downslope variation

of all measured particle variables to be accurately assessed since
the number of sample groups and the number of samples within each
group are large enough for an accurate comparison of within sample

and between sample variance,
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Rather than saﬁpling 100 particles at a single spot on the
central fall-line of the cones random selection of four sample sta-
tions, referred to as points within each zone was made. Then 25

particles were randomly chosen for-measurement at each point.

-

Thus, the sampled population of the cone can be considered

at three different levels:-

1) 1,000 individual particles
2) 40 sample stations or point means (25 particles at each point)

3) 10 strata or zone means (100 particles in each section)

Due to the large volume of data a complete statistical analy-
sis could only be done for four of the talus cones. A summary analy-
sis of the data collected for the other six talus cones was also

carried out, however,

b) Measured characteristics

Size, shape, lithology, lichen cover and lichen sizes were mea-
sured for all particles. The inclination of the slope at the sample
station and the distance of the latter from the top of the slope were

also measured.

i) Particle size

The 'a', 'b' and 'c' axes of particles were measured according
to the intercept method described by Krumbein (1941, p. 65-66) and

the "' axis used to represent particle size in the subsequent statis-

tical analysis. In Krumbein's technique the *a' axis is the largest
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" possible axis through the particle, the 'b' axis is the longest axis
in the maximum projection plan= perpendicular to the 'a' axis, the
'e! axis is then the longest axis which is mutually perpendicular to

the 'a' and 'b' axes.

The particle axes were measured to the nearest 1 cm. The consi-
derable error in the correct selection of axes due to irregularity of
particle shapes and the large size of most of the particles did not

justify more refined measurement.

. Measurement of éarticle size and other attributes on talus par-
ticles is greatly complicated by the wide particle size range. The
tecﬁniqpe of triaxial measurement applied to debris iﬁ the cobble or
boulder range of sizes is not applicable to the finer fraction of
debris on the slope surface and an arbitrary lower limit to the size
of particles measured triaxially had to be established. This limit

is 1 cm for the D' axds.

If a particle finer than this was randomly selected at a sample
station, a record was made, but particle characteristics were not
measured. After sampling 25 coarse particles thé'number of fines se-
lected but not measured is then known. From this the percentage of
fines on the talus slopes could be calculated. A grab sample of
fines was collected for mechanical analysis from every sample station
on which a fine particle was randomly selected. In this way the effect
of the fine fraction of debris could be assessed along with the coarse

fraction.
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ii) Shape of particles

Wadell (in Krumbein, 1941, p. 71) derived an index of spheri-

city which may be defined by the following equation

3
Sphericity lif = olume of particle
volume of the circumscribed sphere
where the volume of the particle is expressed in terms of a sphere

having the same volume.

" If the particle is nearly spherical, thehTiJ closely approaches
the maximum limit of 1 (Fig. 6.2a). If the volume of the particle
becomes very small relative to the volume of the circumscribing sphere,

then Y closely approaches the minimum limit of 0 (Fig. 6.2b).

(o) ' (b)

' FIG. 6.2

Operationally sphericity was calculated by Krumbein (1941) on

the assumption that particles approximate triaxial ellipsoids. He

calculated particle volume as T abe, where a.b and ¢ are the

6
previously discussed particle axes. When this value is inserted
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" into Wadell's equation the following expression for sphericity is

obtained.

iii) Lithology

Of the four cones for which detailed analysis of the sampled
data was made, cones 6830 and 6831 are located in the igneous intru-
sive zone and consist entirely of syenitic and monzonitic debris, where-
as cones 6812 and 6824 are located within the zone of metasedimenta-
ries and consist predominantly of dolomite and orthoquartzite respec-

tively.

iv) Lichen’ cover and sizes of Rﬁizocarpon geographicum spp -

For all particles the extent of the lichen cover was assesed
qualitatively in terms of absence, sparseness and abundance. The sizes

in millimeters of the largest thalli of Rhizocarpon geographicum spp

. were measured. In this manner the relative disturbance of the talus
could be assessed. This data is used in chapter 7 when avalanche

influences on the talus slopes are discussed.

.v) Angle of'slope at sample stations

These were measured by Abney level over ten metre long sections
of slope centred on each sample station and aligned towards the apex

of the slope.
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" vi) Distance downslope

The distance downslope in percentage terms was measured for
each sample station as part of the locational procedure in the

sampling.

c) Data analysis

The analysis of the field data involved several steps which

are now described.

i) Test of normality and required transformations

Moment measures were used in the analysis and so the data must
be reasonably normally distributed; The third and fourth moments of
the distribution i.e. the skewness and kurtosis gave a measure of the
departure of the distribution from a normal 'bell shaped' curve. If
the distribution departed too far from a normal curve successive trans-
formations were applied to.reduce skewness and kurtosis to values
acceptable for normal distributions, using methods described by Snede-

cor (1956, p. 201-203).

Particle size represented by the 'b' axis was not normally
distributed but responded for all sample zones to a logarithmic trans-
formation. In this case 1o§i0 was used although the data could also
have been subjected to the ¢ transformation described by Krumbein
(1936). Particle sphericity only met the requirements for normality
when a transformation to sphericity squared was applied. Figure 6.3
jllustrates the effects of transformation of 'b' axis and sphericity

on the frequency histograms of a single sample zone.
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The other variables considered in the statistical analysis,
slope angles at sample points and percentage distance of each sample
point from the apex of the cones, were not subjected to thié normality
test, since there is only one value for each point and only four va-
lues for each zone. It must be assumed that if a sufficient number
of readings of slope angle were taken within a section, distribution

would be reasonably normal.

ii) Analysis of variance

Simple one way analysis of variance was carried out on the 'b’
axis, and sphericity, both transformed and untransformed, for each
of the four talus cones. The data for this‘variance analysis was
grouped successively by points (25 particles to each point) and by
zones (100 particles to a zone). In all cases the estimate of varian-
ce between groups is greater than the estimate of variance within
groups, although the calculated F statistic is reduced for the trans-
formed data. The analyﬁis of variance suggests that there is consi-
derable variation between values at different points and sections on
the slopes which cannot simply'be explained by variation within the

sample groups.

iii) Test of bias resulting from exclusion of fine particles

The magnitude of this problem depends fundamentally on whether
the fines form a significant percentage of the talus cone surface, and
to a lesser extent on whethar they are largely composed of gravel,

sand, silt or clay fractions.
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The low percentage of the talus surface covered by fines was
noted in chapter 2 (see Table 2.1). The cumulative frequency distri-
butions prepared from mechanical analyses of the grab samples of fines
and presented in Figures 2.1 and 2.2 indicate that less than 50% of
the fines are below the size of gravel and less than 5% are in the

silt-clay size range.

Despite the low percentage of fines on the talus slopes and the
fact that they fall mostly within the coarse sand or gravel range, it
was considered advisable to compute corrected means for the 'b' axis

for all points and sections where fines were recorded.

The mean 'b' axis of the fines was readily calculated from the
mechanical analysis data. For the fines sampled on the slopes in the
igneous intrusives it 1is 3.5 mm and for those sampled on the slopes in

the metasedimentary zone it is 7 mm,

A number of coarse particle measurements of the 'b' axis were
replaced by the newly calculated mean 'b' axis of the fines. The
number removed depended on the percentage of fines at the point and

were of course the last few coarse particle measurements made.

- New sample means and standard deviations for the 'b' axis were
then calculated and normalisation and analysis of variance tests
carried out on the new data. Inclusion of the fine fraction on the
surface of the talus cones was found to make a negligible difference

to the mean and standard deviations of the 'b' axis (Table 6.1).
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TABLE 6.1

EFFECT OF INCLUSION OF FINES ON MEAN DEBRIS -SIZE

1,000 particles with 1,000 particles including
'hb? axis > 1 cm those with 'b' axis <1 cm
Mean S. Dev. Mean S. Dev.
Cone 6812 107 93 105 94
Cone 6824 106 78 106 79
Cone 6830 198 225 193 227

Since the required transformations for normalising the distributions
and results of the analysis of variance also remain unchanged, the
original data was restored and.the analysis continued without further
consideration of the relatively unimportant fine'gravel and sand frac-

tions on the cone surface.

e¢) Statistical evidence for fall sorting from simple correlétion and
regression model. :

Simple correlation of particle size represented successively
by the 'b' axis and logyq 'b! axis against distance downslope' was
conducted for 1,000 individual particles on cones 6812, 6824, 6830
and 6831. The values for the correlation coefficients (r) and the
percentages of variance in particle size explained by distance down-

slope (r2 x 100) are given in Table 6.2

NS SRR CEE
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TABLE 6.2

CORRELATION OF 'b' AXIS & LOG 'b' AXIS AGAINST DISTANCE DOWNSLOPE

'b' axis log 'b' axis
T r? x 100 T r2 x 100
Cone 6812 0.50 25 0.51 26
Cone 6824 0.47 22 0.47 22
Cone 6830 0.45 20 0.47 22
Cone 6831 0.41 17 0.61 37

A highly significant level of association (i.e. with 99% confi-
dence was found between the 'b' axis of particles and distance down-
slope using a Student's t test (Fisher, in Snedecor, 1956, p. 173-174),
both for transformed and untransformed values of the particle 'b' axis.
The correlation coefficients and percentages of explained variance
increase only slightly from about 0.45 and 20%, to 0.50 to 25% when

particle size is logarithmically transformed.

These results indicate that fall sorting occurs on the four
talus cones. Table 6.3 illustrates the actual size ranges for desbris

in different zones.
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TABLE 6.3

PARTICLE SIZE VARTATIONS ON TALUS CONES (in -cms)

Cone 6824

Zone Cone 6812 Cone 6830 Cone 6831
Mean S.dev. Mean S.dev, Mean S.dev. | Mean S.dev.
1 22,7 (14.6) | 19.1 (10.9) | 53.2 (30.2) | 65.4 (62.6)
2 16.0 '(8.6) | 18.5 :(9.3) | 32.9 (29.1) {*S51.5 (38.0)
3 15.6  (7.7) | 11.0 (6.4) | 23.3 (30.8) | 45.9 (79.7)
4 9.8 (5.9) | 8.7 A(3.7) 15.1 (11.4) | 45.6 (53.4)
5 7.0 (4.6) | 10.1 (6.1) | 12,7 (11.3) | 20.4 (12.9)
6 8.6 (8.2) 8.8 (5.4) |12.0 (9.4) | 14.5 (12.6)
7 7.5 (5.8)- 8.4 (4.3) |15.5 (8.9) | 14.9 (29.3)
8 6.7 (5.9) | 6.9 (6.0) {11.6 (11,5){ 11.4 (9.6)
9 6.6 (4.6) 6.0 (3.6) |13.0 (10.4)| 10.2 (8.7)
10 6.2 (5.4) | 8.4 (6.1) | 8.8 (5.1)| 11.5 (B.S5)

ey ey e 4 et s = ime am nn
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The logarithmic relationships between particle size and dis-
tance downslope are illustrated in Figures 6.4a), b), c¢) and d)
for the four talus cones., For diagram clarity the data had to be

groubed into forty sample means for each cone.

In order to determine whether a significant relationship between
particle size and distance ddwnslope holds generally for all talus
cones for which field data was collected, the 'b' axis and logyy 'b'
axis means weré calculated for all ten sections on the ten talus cones
for which sample data was available, and were then correlated with
the distance downslope. The correlation coefficients are 0.46 and
0.56 respectively. These values are highly significant and indicate
fall sorting for all sampled talus cones, although not so accurately

as the values given in Table 6.2, This is because the former result

from the correlation of summary measures from several populations.

e) Influence of other variables

Althouéh the éimple correlation and regression model indicates
that fall sorting occurs on the talus slopes, it cannot in itself indi-
cate whether particle size is the dominant influence in the distance
ﬁoved downslope by falling particles. The following additional in-
fluences were noted, either from the theoretical rock-fall model or

from observations of rock-fall on the slopes.

1) Particle shape

2) Slope angle variations over the surface of the talus cones

33 Angle of rock wall above the talus cones
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DiStance of rock-fall

Frequency of occurrence of rock-falls in different size
ranges. :

Coefficient of restitution e for bounding particles
Coefficiént of kinetic friction A for sliding particles
Momentum transfer upon impact

Other processes.

Particle shape and slope angle variations on the talus cone

surfaces were measured along with particle size in the sampling pro-

cedure and can be statistically related to distance downslope, in the

present study. The effects of the rock wall angle, the distance of

rock-fall and the frequency of occurrence of rock-falls in different

size groups are then assessed qualitatively from the limited eviden-

ce available in talus environments. The coefficient of restitution

e and the coefficient of kinetic friction A\ may be considered cons-

tant and therefore unimportant in variation of particle velocity and.

distance travelled on an individual talus slope. Momentum transfer

is of unknown significance in moving debris downslope through impact.

Other processes may have an influence in removal of debris downslope

but consideration of their importance is withheld until chapter 7.

i) Effect of inclusion of particle shape and slope angle variations

. 1n rall sorting model

A stepwise correlation and regression model was used for all

data from cones 6812, 6824, 6830 and 6831, in order to compute the

effects of each of the variables of particle size, particle shape
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and slope angle as they interact to produce the downslope variation.

This model then becomes a superior statistical explanation of the re-

lationship between particle size and distance downslope to that previ-

ously proposed by a simple two variable correlation and regression model.

Table 6.4 lists correlation coefficients and the degree to

which the independent variables of particle size, particle shape and

talus slope angle influence the distance moved downslope by particles.

STEPWISE CORREIATION RELATING PARTICLE SIZE,
SHAPE AND SLOPE ANGLE TO DISTANCE DOWNSLOL

TABLE 6.4

D
Data non normalised Data normalised
Cone | Dependent Indep. o Indep.
No. variable :variables r |{r©(100) | variables T r2(100)

added . | added
6812 | distance |slope ang. 0.851 73 slope ang. 0.85l 73
downslope: 'b*' axis {0.86 74 log 'b' axjis | 0.87 76
Isphericigy 0.87 75 sphericity 0.87 76
6824 " slope ang. 0.851] 73 slope ang. 0.851f 73
'b' axis }0.86 74 log 'b' axjs | 0.87 75
sphericity; 0.86 74 sphericity 0.87 75
6830 " slope ang. 0.651| 42 slope ang. 0.651| 42
'b' axds {0.69 47 log 'b! axis | 0.69 48
sphericity| 0.69 47 sphericit 0.69 48
6831 " slope ang.|0.681| 47 slope ang. | o0.681| 47
b' axds |0.71 S0 log 'b' axjs | 0.75 56
sphericity{0.71 50 sphericity 0.75 56
1 r is an inverse coefficient of correlation between slope angle

and distance downslope.
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Slope angle shows a high negative correlation with distance
downslope, and is an important determinant of the downslope compo-
nent of gravitational acceleration of a particle. For this reason it
would be only too easy to assume simplistically that the downslope
change in slope angle is the factor of greatest importance in the
pattern of debris distyibution on the slope. But it was shown in the
theoretical model that the downslope acceleration due to gravity does
not affect large particles any differently from small particles for
all types of motion and so slope angle variations are not the cause of
fall sorting. Furthermore fall sorting was observed on artificial
slopes which are rectilinear or even slightly convex in profile,
Indeed, the pattern of debris distribution,'itself, is partly respon-
sible for the slope angle variations that exist. This will be éla—

borated fully when talus form is discussed.

Since slope angle is not a factor causing fall sorting it is
now excluded from the regression model since it obscures a true
assessment of the fall sorting relationship. The results of the

new stepwise correlation model are presented in Table 6.5.

Log,, 'b' axis variations account for 23%-37% of the variation
in distance downslope according to the revised model, but particle

sphericity hardly increases the percentage explanation at all.
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TABLE 6.5

STEPWISE CORRELATION RELATING PARTICLE SIZE
AND SPHERICLTY TO DISTANCE DOWNSLOPE,

A simple correlation and regression model for the

Data non normalised Data normalised
Cone | Dependent |Indep. Indep.
No. |wvariable |variables | r |r2(100) | variables r | r2(100)
added . | added
6812 | distance |'b' axis 0.50 25 log 'btaxig| 0.57 33
downslope|sphericity | 0.52 27 sphericity“| 0.57 33
6824 " 'b' axis 0.47 22 log 'b'axig| 0.51 26
sphericity | 0.47 22 sphericity“| 0.51 26
6830 " 'b' axis | 0.45 21 log 'b'axig; 0.48 23
sphericity | 0.46 21 sphericity“<| 0.48 23
6831 " 'hb? axis | 0.41| 16 log 'blaxig! 0.61 | 37
sphericity| 0.41 17 sphericity“, 0.61 ' 37

four cones

~ revealed that sphericity increases in a downslope direction on cones

6812 and 6824 but shows no significant trend on cones 6830 and 6831 .

(Fig. 6.5a) b) c) d).

Sphericity indices on cones 6812, 6824 6830

and 6831 ténd-to.co§er a relatively limited part of the possible range

between 0 and 1 (Table 6.6) and this may partly account for the rela-

tive unimportance of this variable.
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TABLE 6.6

RANGE OF SPHERICITY MEANS FOR ALL SAMPLE

ZONES ON CONES 6812, 6824, 6830 AND 6831,

Rangs of means of zonal
groups of 100 particles,
Cone 6812 0.37 - 0.57
Cone 6824 0.53 - 0.65
Cone 6830 0.64 - 0,70
Cone 6831 0.61 - 0,69

The fact that particle size and shape are far from perfectly
correlated with distance downslope indicates that they only partially
influence the distancé moved downslope by particies. The other in-
fluences which reduce the degree of correlation are measurement and
sampling errors, and the other variables listed on p. 122. The
careful sampling procedure suggests that these other variables are

of greatest importance.

ii) Mean angie of rock wall

The velocity attained by a falling particle when it arrives at
the taiﬁs cone is directly related to the rock wall angle. Therefore,
all else being equal, particles falling from the steep walls in the
igneous intrusives possess higher velocities than particles falling

from the more gently graded metasedimentary gullies and walls, and

TRy P S
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might be expected to travel further and have ths=ir motion arrested
at lower slope angles than in the case of the metasediments. Measu-
rements of talus cone angles on the two rock types do not indicate

a lesser slope angle for the talus below the steep rock walls in the
Tombstone'intrusion, than for the talus in the metasedimentary zone.
Therefore this is a factor of minor importance in the distance tra-
velled by rock falling particles on the basal slopes. Where talus
slopes are poorly developed, surface roughnesé has less of a retar-
.dational effect and this accounts fér low angle talus aprons below

some steep syenite walls.

iii) Distance of rock-fall

If retreat is parallel,as suggested for at least several rock
walls above talus slopes (Rapp, 1960b, in Bird 1967), distance of
fall should be a statistically random factor, whbse only effect would
be to reduce the degree to which all the other variables explain the
distance moved downslope by particles. In the short term rock-fall
may be concentrated at a few points which result in bias of particle
velocity upon arrival at the apex of a talus cone. Obviously, if a
large .number of particles of all sizes fall from only a few metres
above the talus cone none of them may have acquired the necessary
velocity to travel far over the talus surface. Even large particles
may come to rest high on the talus slopes,especially if they have not

developed bounding or rolling motion.
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iv) Frequency of occurrence of rock-falls in different size ranges

When rock-falls were observed on the rock walls in the Ogilvie
and Wernecke Mountains,shattering of large faliing paréicles upon one
or more of their impacts with bedrock was noted. It occurred more
readily in the closely bedded and jointed metasediments than in the
massively jointed igneous intrusives, and had the effect of rapidly
reducing the size of the falling particles. An inverse logarithmic
ielationship between the volume Qf rock-fall debris on the lower slopes

and the size of the individual particles is therefore predicted.

BEvidence for the validity of this prediction was found on the
talus slopes. The foregoing statistical assessment of the fall sorting
pattern on ten talus slopes clearly indicated that the increase of
particle size downslope is exponential rather than linear. This sug-
gests that,in the recent past,fock-falls in the smaller size ranges
may have been more frequent than rock-falls in the largsr size ranges.
But in calculating proportions of recently derived debris of various
sizes on the cone surfaces allowance must be made for the larger area
of the sample zones near the base of the talus cones (see Fig. 6.1).
This undoubtedly raises- the proportion of debris in the coarse size
rangss but Figure 6.6 shows that, even when this factor is allowed for,
there is stillﬁé pronounced logarithmic decrease in percentage of

area covered as particle size increases.

Figure 6.6 was constructed in the following manner. Each sam-

ple zone on a cone surface was assigned its correct percentage of the
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total cone area. These percentages were then plotted against the
mean size of the 'b' axis of particles for each .zone. The resultant
histograms for eight cones were then superimposed to give a composite

histogram (i.e. Fig. 6.6).
3. TALUS FORM

a) PFPield measurements

Apart from the measurements of slope angle at 40 sample stations
on ten talus cones, slope angles and fall-line profiles of twenty-one
otheriéalus slopes were §btained. Thus eight slopes in the igneous
intrusive zone and twenty-three slopes in the metasedimentary zone wefe

were measured,

Mean slope angles and the angles of the steepest 30 m (100 ft)
intervals were then(determined for all talus conés. The.degree of
concavity or convexity of the profile down the central fall-line of
seventeen talus cones were determined using indices derived by Stock
(1968). His method for assessing talus profiles not only expresses
the 6§era11 form but it also takes account of minor deviations from

this form.

An exéggerated hypothetical example will illustrate the steps
in Stock's method. Profile indices will be derived for the talus

cone whose hypothetical profile is illustrated in Figure 6.7.

L A AL - R R T S o e
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Concavity indicated thus:

Convexity indicated thus:

AB is the straight line from the top to the base of the talus cone,
The slope profile does not intersect this line. Therefore the slope
is generally concave and the dagree bf overall concavity is calcula-
ted by measuring the area between the curve and the straight line AB.
To remove the varying effect of slope'léngth on total concavity thi§
area is divided by the area of the right angled triangle ABC, whose
hypotenuse AB subtends the major concavity. The minor convex element
is then defined, its area measured and divided by the area of triangle
DEF, whose hypotenuse DE sﬁbtends the convexity. The values for the
convex and concave elements are then summed and if the total devia-
tion from perfect uniformity (i.e. from a value of 0) is less than

.03 (an arbitrary figure) the slopes are definad as uniform or
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rectilinear. If the‘total departure axceeds .03, then the ratio
of the sum of all the values for the convexities to that for the
major concavity determines how the slopa is defined (Table 6.7).

TABLE 6.7 \

CLASSTFICATION OF NON-UNIFORM SLOPE PROFILES

i Ratio of areas of convex to concave
Description of profile segments (corrected for length of slope)
Concave > 0.125
Concave, minor convexity 0.1250 - 0,750
Concavity and convexity 0.750 - 1.250
equal
Convex, minor concaVity 1.250 - 8,750
Convex < 8.750

If the slope curve had crossed the line AB in Figure 6.7, the
total convexities and concavities would have been examined fér each
major slope segment in turn and then summed for the whole slope. This
woﬁld have given indices for total deviation from rectilinearity and
the nature of this deviation would have been determined from convexity

concavity ratios as before,
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b) BAnalysis of the data

The overall mean slope angle for fhirty-one talus cones in the
two field areas is 27.0°, Individual values vary from 23,1° to 32,1°,
When plotted on a histogram (Fig. 6.8a), the distribution is found to
be bimodal. When the mean slope angles were divided into twenty-three
observed on metasediments and eight observed on igneous intrusives,
the two distributions become unimodel (Fig. 6.8b) and c), although
that for the metasedimentary cones is positively skewed. The bi-
modality of the distribution in Figure 6.8 a) appears at first sight
to be caused by the inclusion of mean angles from two groups of talus
slopes developed in different litﬁologies. The histograms in Figure
6.8 prompted the testiﬁg of the hypothesis that talus slope angles
below the igneous intrusives are steeper than those below the metase-
diménts. A chi-square test was preferred to a Student's t test since

ona of the groups of data was not normally distributed.

The results indicated that tﬁere is a 0.2-0.3 probability that -
the observed differences between the groups can occur by chance.
Therefore it is not possible to make the inference that the mean an-
gles of talus slopes developed in metasediments differ from those of

talus slopes in the intrusives.

Andrews (1961) has indicated from studies in northern'England
that considerable variation in angle below the angle of repose may
occur on individual slopes. Therefore perhaps it would be more re-

vealing if the steepest segments of the talus cone profiles were
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.-analysed instead of the mean slope angles. This is especially impor-
tant, because the sﬁall amount of very large rocks, accumulated post-
glacially at the base, may have prevented the whole talus accumulation
from;achieving an angle entirely independent of the underlying bedrock

profile,

The overall mean for the angles of the éteepést segments of all
thirty-one cones is 32.0°. Individual values vary from 27° to 38°,
The frequancy d&stribution for the steepest segments is plbtted in
Pigurg 6.9 a). The data is very irregularly distributed and even
when the metésedimentary and igneous intrusive groups are considered
separately (Fig. 6.9 b) and c), the distributions do not become any
more regular. A chi-sdpare test indicates that there is a 0.3 to
0.5 probability that the steepest angles on the igneous intrusive ta-
lus slopes differ from those on the metasedimentary talus slopes by

chance. Therefore the statistical evidence provides no proof of a

significant difference in angles of talus cones in the two lithologiés.

Because the mean slope angle of the laboratory built debris

slopes increased as they grew in size ﬁntil a certain limiting angle

was reached, it was thought that differences in the angles of the talus

slopes might be due to different degrees of debris build-up at the
base of the slopes. But correlation of the leﬁgth of the talus slopes
along the fall-line with mean slope angles and the angles of the
steepest segments revealed that no significant relationship exists
between the length of the talus slSPes (which expresses their size)

and their steepness.
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The results of the analysis of talus cone profiles are pre-
sented in Table 6.8; The values for total dsviation from uniformity

(rectilinearity), the ratio of convexity to concavity, and appropria-

te verbal descriptions are given.

TABLE 6.8

FORM OF FALL LINE PROFILES OF TALUS CONES

Convex,/concav,

Talus Total deviation ‘Description of
cone no, from uniformity ratio slope profile
680i 0.060 < 0.1250 concave
6804 0.131 n "
68051 0.061 " "
6806 0.062 " "
6807 0.035 " "
6808t 0.037 " "
6813 0;024 - uniform
6814 0.000 =" "
6815 0.029 - "
6816 0.057 < 0.1250 concave
- 6821 0.120 . n
6822 0.063 " "
68251 0.050 " "
6830 0.085 i "
- 6836 0.103 | " "
6837 0.135 " "
6838 0.101 " "

1 ' The forms of these talus cones along with seven others not inclu-

ded in Table 5.7 are illustrated graphically in Figure 6.10.
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Figure 6.10 shows a composite profile of the ten talus cones
whose surficial debris was analysed statistically. They have been
scale adjusted to be of equal lengths enabling a visual impression

of the general nature of the slope profiles to be obtained,

Table 6.7 indicates that most of the talus cones in the field
areas are concave in long profile, with no prominant convexities and
that the remainder are uniform. Figure 6;10 indicates that the con-
cavity of most of the cones is more strongly pronounced near the base

than along the rest of ths slope.
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' 4. CONCLUSIONS ON THE IMPORTANCE OF THE ROCK-FALL PROCESS ON THE
TALUS SLOPES,

It is appropriate at this stage to compare patterns of debris
distribution and angles of slope for the theoretical and artificial
rock-fall models with those observed on the talus slopes of the field
areas. Differences between the models and the real world situation
can then be attributed either to fundamentally different conditions
controlling the rock-falls, or else to the operation of additional

processes in the rock wall, talus slope environment,
_ /

The theoretical analysis of rock-fall suggested that the larger
particles couid be expected to travel further down the talus slopes |
than the smaller particles due mainly to slope roughness, which is
induced at an early stage in talus build-up. This fall sorting pat-
tern was substantiated in the laboratory model, on mine dump slopes
and on the talus cones in the field areas. It is evident that rock-
falls are a very important agency in the transfer of weathered debris
to the lower slopes. The relatively large percentage of unexplained
variance in the correlatiéns betweeh particle size and distance down-
slope suggests that sevéral variables other than particle size, and
processes -other than rock-fall influence both the artificial slopes
an& the talus'slopes.

The mean angles and the angles of the steepest segments of the
talus slopes (Figs. 6.8 and 6.9), were compared with the slope angles
for the mine dump slopes and the laboratory models, using X2 tests.

The mean angles of the talus slopes, and the angles of their steepest

e mear bt e
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segments, were found‘to be lower than.the angles of the artificial
slopes with less than .00l probability that the differences occur by
chance. If all talﬁs slopes are coméared with all artificial slopes
the average differences in mean angle ana angle of steepest segment

are 8° and 3°, respectively.

It was initially thought that this difference might have resul-
ted from a contrast in fhe conditions controlling rock-fall on the
talus slopes and on the artificial slopes. The much higher veloci-
ties possessed by particles arriving at the talus cone apices, as a
result of :the greater distance of fali, might/have resulted in slopes
achieving stability at lower angles'than in the case of the artificial
debris piles, where particies were dropped over the crest of the slopes
with only slight initial velocity. If this is valid reasoning, then
the particles falling down the steep igneous intrusive walls should
accumulate as talus at lower angles than those falling down the more
gently graded metasedimentéry walls, since the downslope component
of gravitational.acceleration is less in the latter case. No signi-
ficant difference between the talus slope angles below the tﬁo litho-
logical groups was found, however. Therefore other reasons have to
be_sought to explain the reduction in talus slope angles as compared
with the artificial slopes. Processes other than rock-fall which are
operative on the talus slopes might be responsible agen%s. This possi-
bility is considered in chapter 7 when all processes other than rock-

fall are discussed.

Profiles of artificial slopes built of debris of mixed sizes
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were found to be rectilinear or slightly convex. The talus slopes
are generally slightly concave tﬁroughout most of their length, and

have a pronounced basal concavity.

The conspicuous basal concavity on the talus slopes may be
explained in the following manner. The high initial velocity of
falling particles tends to encourage the movement of larges particles
from high on the rock walls all the way downslope to the very low
angle basal seétion of the concave bedrock .slope where after a suffi-
cient length of time a frihge of very large boulders accumulates. ,
Smaller debris usually‘comés to rest above this basal fringe due to,
the initial effect of bedrock slope roughness and the subsequent
effect of debris slope roughness. Only the very large boulders can
travel all the way to the basal zone. These boulders do not comprise
a large proportion of the total talus volume? due in part to their
tendency to shatter as they fall, Purthermore; accumulation of de-
bris hqs not proceeded for long enough during the relatively short
postglacial period for large boulders to build up the basal fringe

into a foot-slope entirely independent of the underlying low angle

bedrock slope.

Theréfore the basal debris slope still exhibits the low angle
of the latter, and this results in a marked concavity by comparison
with the rest of the debris slope. It is predicted that, as rock-
fall continues to build up the debris slope, the basal concavity will

tend to be replaced by a wholly rectilinear slope, assuming of course

that other processes do not complicate the model. The slight concavity
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of the upper parts of the talus slopes cannot be similarly explained
and its relationship to other processes is examined in the next

chapter.
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CHAPTER 7

EROSIONAL MODIFICATION OF TALUS SLOPES

Geomorphic processes other than rock-fall that might influence

the talus forms through redistribution of the surficial debris are:

Spring snow avalanches

1.

2. Torrent avalanches

3. Ephemeral stream flow
4

. Slow mass movement of debris, i.e. debris shift

\

1. SPRING SNOW AVALANCHES

Avalanches have been cited as important agents of debris re-
distributioﬁ on coarse debris slopes in New Zealand (Caine, 1969)
and in Scandinavia (Rapp, 1959). Rapp in fact differentiated coarse

debris slopes below rock walls into talus slopes or avalanche boulder

tongues on the basis of whether rock-falls or avalanches are the
dominant processes. Characteristics of these avalanche bailder ton-
gues are their concavity, their relatively low angle as compared with

talus cones, ahd debris tails below prominent boulders on the slopes.

Debris tails suggested to Rapp (1959) that small areas of these
slopes were protected from avalanche erosion by large boulders lying
immediately upslope. They have also been noted by Gardner (1968)

on slopes in the southern Canadian Rockies. Luckman (1971, p. 96)

has noted the presence of avalanche derived debris superimposed on
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the surfaces of largé boulders as the snow ahd ice in the avalanche

deposits melted.

Caine (1969) developed a model which suggestéd that avalanches
play an important role in the build-up of markedly concave debris |
slopes in a hountain environment, Acéording to the model, avalanches
redistribute debris from the tops to‘tﬁe 1ower'part§ of fhe talus
slopes. Since the avalanches prevent the talus slopeé from attaining
steep angles, most of the rock-fall derived debris tends to accumu-
late near the apices of the talus cones to await later removal down-
slope by avalanches, Thus the slope angles never have an opportunity
to build up to the angle of repose of debris slopes built by rock-
fall alone.

An exponential increase in the quantity of recently accreted
debris towards the base of the‘slope'was observed by Gardner (1968)
for several talus slopes in the Lake Louise area and by Caine (1969),
for talus slopes in New Zealand. Field evidence of this nature tends

to support Caine's model of redistribution of debris by avalanches.

The evidence from the talus slopes in the Ogilvie and Werne-
cke Mountains, on the other hand, does not favour the redistribution
of‘debris by'avalanches from the top to .the base of the slope. Ava-
lanches have contributed to the build-up and modification of the

talus slopes, but in a more limited way.

Many of the characteristic indications of avalanche activity

found at the base of talus slopes in other mountain areas, e.g. debris
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tails, precariously berched boulders and fine debris on the top
surface of large boulders, are conspicuously rare or absent in the
basal zones of the forty talus cones examined in the Ogilvie and

Wernecke Mountains.

The well developed lichen cover on the debris of the lowest
one third to one fifth of ten sampléd cones indicates that many of
the boulders in the basal parts of the talus slopes must be very in-

frequently turned over or buried by freshly accreted debris(Fig. 7.la).

The degree of lichen cover is somewhat underestimated in
Figure 7.1 a) because of the inclusion of data fg?m three dolomite
cones on which lichen growth is inhibited for chemical reasons, and
from three cones which debouch onto rock glaciers. Figure 7.1 b)
divides the data on lichen cover into that observed on the seven
normal cones (A) and that observed on the three-cones ending in rock
glaciers (B). The percentage of boulders covered with lichens in the
basal third of group A averages between 40% and 70%. The percentage
of boulders with lichen cover in the basal third of group B averages
between 0% and 8%. This suggests that the rock glaciers may remove

debris from the basal zones of the three talus cones in group B before

they acquire an abundant lichen cover.

In order to assess the probable minimum recurrence period for
such disturbance in the basal parts of the slopes, the sizes of the

thalli of the largest five Rhizocarpon -geographicum spp at each of

40 sample stations on the talus cones were averaged. Figure 7.2
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shows the plot of the mean of the largest five lichens at each of

the sample stations against distance upslope for cone 6824,

The growth rate of 35 mm/100 yrs for Rhizocarpon geographicum
spp, calculated in chapter 3 for the Klondike gold tailings, was then

applied, as a maximum rate, to cones 6804, 6824 and 6825,

The minimum period since moderate disturbance of the debris |

on various parts of the talus slope was then computed. It varies

from 63-85 years in the basal tenth of the talus cones to 15-25 years

at one quarter of the distance up the talus cones. : . -

The significant degreé of fall sorting on four talus slopes
examined in detail suggests that avalanches cannot be of sufficiently | :
great importance in redistribution of debris to obliterate the pattern
established as a result of rock-fall, since tﬁey tend to incorporate ;
a mixture of coarse and fine particles in their bassage downslope.
Values for coefficients of correlation between particle size and
distance downslope when the basal third of the talus cones is succes-
sively included and excluded are shown in Table 7.1. They reveal
that fgll sorting occurs in both cases., The correlation coefficients
are reduced, however, when the data from the basal zone is excluded
an& this sugéésts that fail sorting is leés well developed where ava-
lanche gedistribution is most frequent, i.e. in the upper two thirds

of the talus cones.
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TABLE 7.1

FALL SORTING ON LENGTH AND UPPER ZONE ONLY

Correlation coefficients and level of
significance, log 'b' axis and distance
downslope for 40 sample station means.
whole cone upper 7/10 of cone
Cone 6812 0.85  (99) 0.55 99 -
Cone 6824 0.79  (99) 0.42 95
Cone 6830 0.68 99 0.25 not signif.
Cone 6831 0.89 99 0.70 99

" Marked boulders néar the base of five talus cones were accura-
tely surveyed for movement in suiccessive years. The lack of distur-
bance of these boulders indicated the probable negligible avalanche
influence in the basal zone of these talus cones in the interval

between the surveys.

All this indirect evidence is supported by direct observaéions
of avalanches on the talus slopes in the Tombstone area in the spring
of 1967 and-in the Bear River area in the spring of 1968. Avalanches
in the early spring occasionally extended to the base of the talus
slopes but the suffaces of the talus slopes were still frozen and
protected by a mantle of hard snow. In the i;te spring many avalan-
ches occurred on partially snow free talus §lopes but, with one excep-

tion, they were all observed to come to a halt in the upper two thirds
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of the talus cones.

Although avalanches are’ of slight §ignificance in the basal
sections, they are rather important in the upper two thirds of the
talus slopes. Léte spring avalanches are quite effective in picking
up debris from the snow free talus surfaces (Plate 12), Displacement
downslope of several of the marked boulders above the basal
slopes of the talus by distances of 1 to 20 m’(3—65 £ft) over a two
year period also suggests frequent rediétripution of debris on the

talus surfaces,

Lichens are sparse or non-existent on the rock surfaces in the
upper two thirds of the talus slopes (Figure 7.1). This indicates
frequent overturning of the boulders already on the surface, or else
their frequent burial by debris arriving from higher on the talus
slopes and from the rock wall. Rock-falls aloné would not likely
be able to prevent nearly all particles on the upper slopes from
developing a lichen cover. It is probable that avalanches have been
important in causing disturbance of all debris on the upper parts of
the slope, except that very close to the lateral margins, at a recur-
rence interval of less than about five to fifteen-yeafs (assuming this
" to be a reasonable interval for colonisation by-lichens, at least for

foliose species).

Supportive evidence of the role of avalanches on the upper
parts of the talus slopes is offered by the exdistence of large embed-
ded boulders striated in a downslope direction by the repeated passage

of debris laden avalanches, by the occurrence of lobate rims of very
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coarse debris on two of the talus slopes (Plate 22) and by some
resemblances betwesen a number qf the talus slopes and the avalanche

boulder tongues described by Rapp .(1959).

The bull-dozed rims of coarse debris on the talus cone; are
rather rare indicators of avalanche erosion. The coarse debris was
probably deposited initially by rock-fall, at the apices of talus
slopes which are well below fhe angle of repose of falling particles.
It then became available for incorporsation in large late spring ava-
lanches, and was probably bull-dozed downslope to form lobate, rims
in the terminal zone of these avalanchés. On most of the slopes ava-
ianches operate frequently but on a lesser scale. They prevent any
really large build-up of rock-fall debri§ neér the apices of the cones
but they cannot erode the_talus to any géeat depth, éince the active
layer on the latter is only a few centimetres thick during the period

of avalanche activity.

A number of talus slopes in the metasedimentary zone resemble
in some ways the avalanche boulder tongues of the 'road-bedf'type
(Rapp, 1959). They consist of embankments whose side slopes lie at
angles of 30° - 36° and whose crestal slope lies at 25° - 30°,

Pigure 7.3 illustrates the form three dimensionally.
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Angle between A and B = 26°
Angle between C and B = 36°

FIG. 7.3 SIDE VIEW OF CONE 6825

The side slope BC, which is developed by rock-fall from the crest of
the talus slopes, is much steeper than the crestal slope AB, which is

modified by frequent avalanche erosion.

The reduction in.the angle of talus slopes and their overall
concavity has been attributed by several writers to avalanche erosion
(Rapp, 1959; Caine, 1969; Gardner, 1968; Luckman, 1971), In the
Ogilvie and Wernecke Mountains the avalanches are probably of great
importance in reducing talus angles in th= upper part of the talus
cones, but the pronounced basal concavities were explained in chapter
6 by factors other than the redistributive role of avalanches. A
hypothetical model is presented in Figure 7.4 to illustrate the

degree of prébable avalanche modification of talus slopes. Avalanches

.
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STAGE | Initial rock-fall built slope.

STAGE 2 Debris cover after avalanche redistribution.

STAGE 3 Repeated rock-fall accretion and avalanche redistribution.

FIG. 7.4 HYPOTHETICAL MODEL OF EROSIONAL MODIFICATION OF TALUS SLOPES
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and rock-falls are undoubtedly concurrent procesées in the build-up
of the talus slopes, but, for the sake of clarity, an initial debris -
slope is assumad to.be built by rock-fall alone on a concave bedrock
slope (stage 1 in Fig. 7.4). Avalanché redistribution is then assu-
med to modify the slope as shown in stage 2. The present stage of
development:of the talus slopes in the.field areas is indicated in

stage 3.

In stage 1 the small total quantity of large debris near the
base of the s;ope means that the debris slope surface maintains the
basal concavity of the bedrock slope for a long interval. Rock-fall
build-up commences at A and proceeds both downslope and upslope from
that point depending on the size of debris reaching the slope. Due
to retérdational effects of surface roughness,and the fact that most
of the rock-fall volume is in the small boulder rather than the large
boulder range,a greater quéntity of debris tends to accumulate between
A and B than elsewhere on the slope. Eventually this results in over-
steepening of the debris slope which ought to result in small debris
slides. Instead of readjustment by small debris slides, for which
no evidence is visible, it is suggested that frequent redistribuéion
of debris by avalanches and rock-fall impact prevents oversteepening
of.the slopés. In stadge 2 the exaggerated effects of avalanche redis-
tribution are indicated. The basal concavity is still evident and now
an upper concave segment has developed, as a resulf of avalanche re-
distribution. Continuing rock-falls maintain the fall sorting pattern
but avalanche disruption tends to reduce the correlation between dis-

tance upslope and particle size. In stage 3 the talus cone has built



-158-

up to the point where the basal concavity inherited from the bedrock
slope is restricted to a small fringe zone. Above this is a zone
of frequent rock-fall accretion and avalanche redistribution where a-

slightly concave slopes is maintained at an angle of about 30°,

Spring snow avalanches occur much more frequently on slopes in
the métasedimentary zone than on slopes in the zone of'igneous intru-
sives. The main reason for this is that the steep, smooth walls of
the Tombstone intrusion do not encourage the accumulation of great
quantities of avalanche prone snow, and when the snow does avalanche
it tends to fall in curtains rather than being channelled down the few
chimneys and narrow gullies that exist above the talus slopes. Further-
more, by the time the talus slopes have become snow free and poten-
tially susceptible to ava}anche erosion, the snow on the steep rock
walls lingers only in narrow hard beds in the chimneys and does not

avalanche,

2. TORRENT AVALANCHES

Torrent avalanches consist of a mixture of snow, ice and melt-
water which flow down rock wall éullies during the spring melt. Occa-
sionally, late in the melt seaéon, they flow onto snow free ta;us
cones, and they may erode narrow channels near the apices of these
cones, If they pick up large quantities of talus debris they conti-
nue in their progress downslope as debris flows. Eventually the de-

bris is deposited in the form of frontal tongues and lateral levées.
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In the field areas, the debris flows appear to have been of
much greater significance on one moderately inclined slope, mantled
with deeply frost weathered syenites and monzonites, on the north
side of Tombstone valley, than on any of the forty talus slopas

studied in detail. Only three of the latter display evidence of de-

bris flows. A relatively large erosional channel, ending in a frontal

tongue with several small distributary lobes, was observed on cone
6801. Small channels and levées were noted near the apices of cones

6826 and 6827,

Many talus cones, which are developed below rock walls of
gentler gradient and lower elevation than those studied in detail,
displayed channels and large terminal lobes. This evidence suggasts
that debris flows are of some importance below low angle rock walls
in the field areas (e.g. Plate 6, Loca;ity BL6). Furthermore, the
partly vegetated surfaces of the talus cones beldw these low angle
rock wails indicates that 1ar§§ avaianches and rock-falls are not
of frequent occurrence on these slopes, and may have less geomorphic
significance at the present day than the debris flows resultant from

torrent avalanches.

3. EPHEMERAL STREAM FLOW

During the melt season every year, tiny streams run from
patches of snow in the gullies onto the apices of the talus cones.
These streams quickly disappear into the talus debris and their re-

emergence at the base of the talus slopes can only rarely be traced.

Soatein
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Usually these streams flow for ths first two or three weeks of
summer only, and then they dry up as the snow patches in the gullies

melt.

Streams do not play an important role in the transfer of
-talus debris downslope. The rounding and surface smoothness of the
talus particles and stream gravels are in marked contrast. The talus
particles are angular and rough surfaced, with few exceptions, whereas
stream gravels tend to be somewhat rounded and smoothed as a result
of impact and abrasive action associated with fluvial transport.
Theré are no forms typical of regular fluvial erosion or deposition
on the talus slopes. Also, in the rare instances where streams

could be observed emerging from the base of talus slopes onto low

angle protalus slopes, alluvial fans and cones were not present.

Whilst ephemeral run-off does not normally have a significant
effect on the talus slopes, occasional violent summer storms may have
resulted in a few of the debris flows, although the process responsi-'

ble for most of them is probably torrent avalanches.

4, SLON MASS MOVEMENT

Pronéél bulges have been observed on several talus cones in
‘the metasedimentaries of the Bear River valley. These bulges.may be
the initial stage in the development of protalus rock glaciers. They
indicate some displacement of talus debris by processes of slow mass
movement, variously referred to by Sharpe (1934) and Rapp (1960 b)
as talus creep, by Gardner (1969) as talus shift, and in thesis as
slow debris shift. '

ey b b
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Slow debris shift on talus slopes in some arctic areas is
very slight or non-existent (Rudberg, 1963; Xing, 1969). Never-
theless, its possible‘significance in the development of protalus
rock glaciers in the field areas suggested that it should be evalua-
ted quantitatively. Therefore, embedded and surficial bouiders were
marked and surveyed in 1967 on five talus cones contributing debris
to fock glaciers, and on five talus cones without basal rock glacier
development. Resurvey of all the marked boulders in 1968 and of
those on one talus cone in 1969 indicated movement of some of the

embedded and surficial boulders several centimetres downslope, but

the maximum possible measurement error involved suggests that def1n1te

conclusions on the importance of processes resulting.in slow mass

‘movement must await resurvey after an interval of a few more years.
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CHAPTER 8

THE DISTRIBUTION AND NATURE OF ROCK

GLACIERS BELOW THE TALUS SLOPES.

1. INTRODUCTION

a) Classification of forms

Rock glaciers occur below many of the talus slopes in the
southern Ogilvie and Wernecke Mountains. They appear to be the end
products of coarse debris transport from the rock walls, by way of
the talus slopes, to the valley flooré. Vérnon and Hughes (1966)
have mapped the majority and sub-divided them on the basis of surfi-
cial characteristics, and on the basis of occasionally observed

exposures of ice, into debris-covered glaciers and "true" rock

glaciefs. The former consist mainly of banded glacial ice veneered
with 0.15-3 m (0.5-10 ft) of debris, whereas the latter are masses
of debris, which contain ice interstitially or in the form of rela-
tively minor lenses. The latter were grouped ﬁy Vernon and Hughes
(1966, p. 17) into the three categories of tongue shaped, lobate and
spatulate rock glaciers, according to a morphological classification
first used by Wahrhaftig and Cox (1959);

Outcalt and Benedict (1965) sub-divided rock glaciers in the
Colorado Front Range into cirque-floor rock glaciers and valley-wall

rock glaciers. Analysis of air photographs indicated that the great
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majority of all rock glaciers in the Ogilvie an& Wernecke Mountains
can be classified as cirque-floor or valley-wall rock glaciers
whether they are ice cored or debris cored. In plan view most of
the cirque-floor and valley-wall rock glaciers conform to Wahraftig
and Cox's tongue shaped rock.glaciers and lobate rock glaciers, res-
pectively. Spatulate rock glaciers were rarely observed in the Bear
River and Tombstone field areas and are in any case a special form
of either cirque-floor rock glaciers or valley-wall rock glaciers,
caused by the lateral spreading of a rock glacier after passing

over a bedroék bench,

This initial classification, based on morphology and topo-
graphic position, isvpreferable to one based on the presence or
absenée of an ice core,since the latter must usually be inferred
indirectly. A minor numbep of the forms studied-were difficult to
categorise however. Some are multiple forms due to eithef the amal-
gamation of tongue shaped rock glaciers originating at the heads of
cirques with lobate rock glaciers lining the lateral walls, or
occasionally due to the overriding of older rock glaciers by’
younger ones (see Vernon and Hughes, 1966, Plate 1). Others are
lobate forms which line the headwalls of a number of cirques and
. have been ciassified aé valley-wall rock glaciers rather than cir-

que-floor rock glaciers since they consist of a series of bulges

generally related to individual talus cones.

The following dimensional limits were observed during air

photograph interpretation of the characteristics of twenty-eight
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rock glaciers in the Bear River field area. Eigﬁteen valley-wall
rock glaciers vary from 50 to 350 m (160-1,150 ft) in length, with

a mean of 225 ﬁ (725 ft), and from 100 to 900 m (325-3,000 ft) in
width, with a mean of 270 m (900 ft). Ten cirque-floor rock glaciers
vary from 150 to 1,300 m (500-4,300 ft) in length with a mean of

650 m (2,100 ft), and from 75 to 300 m (250-1,000 ft) in width, with

a mean of 200 m (650 ft).

b) The rock glaciers of the Ogilvie and Wernecke Mountains in a
continental setting.

The presence of rock glaciers in the Western Cordillera of
‘North Ameriea i$ elearly a response to climatic conditions (Thompson,
1962). . Most rock glaciefs occur in mountain areas which receive a
moderéte or small quantity of winter snowfall, }gsufficient to cause
the development. of large ice fields and glaciers. These mountain
areas must also be sufficiently high, in latitude or altitude, for
the moisture from the snowmelt and the summer precipitation to pena-
trate coarse debris accumulations and become permanently frozen,
thereby inducing mass flow of the debris.
The following distribution was noted by Thompson (1962, p. 218):
"In moutains facing the Pacific in North America, rock glaciers
seem to be absent, except on the Alaska Peninsula near the
northern limit of the prevailing west winds in winter, and
perhaps near the southern limit of the dominant west wind in
the Sierras. In the alpine zone of the interior Cordillera,
from the Brooks Range to southern Colorado and including the
less glaciated parts of the Wrangell and Alaska Ranges, which
are sheltered by the Chugach, they are apparently numerous,
except possibly in a zone of southern interior British Colum-

bia and south-western Alberta which has heavy snowfall and
many glaciers”. '



-165-

The Ogilvie and Wernecke Mountains, in the alpine zone of the in-
terior Cordillera, are within Thompson's zone of numerous rock gla-

ciers, and are characterised by only a few small ice glaciers.

Vérnon and Hughes (1966, p. 17) have noted that rock glaciers
are far more frequent in the Wernecke Mountains than in the Ogilvie
Mountains. To test this statistically, the density of rock glaciers
was calculated for an area of 1,000 km2 (400 miz) in the Tombstone

area and for an identical area in the Bear River area (Table 8.1).
TABLE 8.1

DENSITY OF DISTRIBUTION OF ROCK GLACIERS IN THE FIELD AREAS

[ -
No. of rock glaciers Densits Mean elevation
in 1,000 km2 area per km of area (m)
Tombstone 24 0.024 1,520
Bear River 187 0.187 ' © 1,455

Rock glaciers are eviden;ly more abundant in the Bear River
area than in the Tombstone area. Approximate mean elevations in the
two areas, calculated from two groups of 100 randomly chosen spot
elevations for each area, indicate that the increasé in frequency
of rock glaciers is not related to an increase in altifude. The
Bear River area’has, in fact, a lower mean elevation than the Tomb-

stone area.
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2.  FIELD WORK . ' ' o

Field studies were designed to evaluate the regional distri-
.bution of the rock glaciers, the probablevr6le of ice in their growth,
théir postglacial and present development, and their relationship
to the talus cones and rock walls from which they were derived. The

following programme was carried out in the two field areas.

a) Bear River area

Rock glaciers Bl - B28 are located in the valley of the Bear
River South Pork and its western tributaries. Their fundamental '
type, dimensions, orientation; altitude, lithology and surficial cha-
racteristics were exémingd from air photographs, supplemented by de- i
tailed ground work on B, B9, B14, B1S, B18 and B20. Long term
studies of motion were commenced on Bl4 and B18. Results are aQail-
able for a two year period'on Bl4; Detailed examination of perma-
frost levels and ice content was made on B20. Rock glaciers B29-
B64 are located further to the south, in the basin of the southward
flowing McClusky Creek. Their orientation was examined to correcf
for a possible northward bias in the orientation of the rock glaéiers
in the valley of the northerly flowing Bear River South Fork. Most
of the rodk“glaciers studied in the Bear River valley are located
in Plate 6.

b) Tombstone area

Rock glaciers Tl - T3 are cirque-floor rock glaciers in the

syenite zone. Their surficial features were examined on the ground.
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Long .term studies of motion were commenced on T1 and some results
are available for aitwo year period. Direct evidence concerning
ice content was drawn from T2 and T3. T4 and T8 are valley-wall
rock glaciers in metase&iments whose surficial features were exami-

ned on the ground. Rock glaciers Tl - T4 are located in Map 3.

3. REGIONAL DISTRIBUTION OF ROCK GLACIERS

Some distinct relationships betweeh lithology and_rock glaciér
development have beén noted in the Alaska Range, (Wahrhaftig and Cox,
1959, p. 415 ; Foster and Holmes, 1965). According to these authors
~rock glaciers in the Alaska Rénge consist'mainly of coarse blocky
fragments resulting ffom_the weathering of gﬁani?es, greenstone,
prophyfy, conglomerates and gabbro. They are rare in zones of argil-
lites, slates, phyllites and schists whose weathering products are
generally platy and of finer texture. Wahrahftig and Cox considered
that the talus composed of the latter rock types moved downslope by
solifluction but that in talus composed of the bloéky weathering
rocks the large voids encouraged the growth of considerable quantities
of interstitial ice which caused the development of rock glécier; by

semi-viscous flow.

Porter (1966) has noted a striking relationéhip between two
cirque-floor rock glacier§ in the Anaktuvuk district of the central
Brooks Range, Alaska and the occurrence of brecciation along fault
zones. Neighbouring cirques, alike in lithology, orientation, alti-

tude, but without fault traces on the cirque headwalls, do not possess
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rock glaciers. It is implied that rapid erosion'during the post-
glaéial period has caused the accumulation of large quantities of

debris in the valley floors which in due course become rock glaciers.

In order to determine if there is a significant structural
and lithologic influence in their development, the distribution of
rock glaciers in the Ogilvié and Wernecke Mountains was examined

in some detail.

In the Bear Rlver area, one valley wall rock glacier (B20)
is much larger in pr0port10n to the area of its source wall, than
neighbouring valley wall rock gléciers (B21 and B22) with a similar
elevation and aspect It may reflect the influence of brecc1at10n
along a3 dolomite qpart21te contact on the rock wall source area.
Breccia is indeed a major constituent of the debris in the rock gla-

ciers,

Other than this example, the valley wall and cirque-floor
rock glaciers in the region have- no obvious relationship to 2ones of
structural weakness. Indeed even on bedrock of differing lithologies
such as dolomites and quartzites (with minor slate) the r.ock glaciers
occuf with similar frequency. Neither debris characteristics, nor
réées of suébly from the rock walls differ much in these two rock
types. They weather to form similar sized blocks on the talus slopes,
and the.postglagial erosion rates observed in chapter'2 for quartzite
cones 6801, 6813, 6814 and 6816 and dslomite cones 6804 and 6808 are

not sufficiently different to induce differential rock glacier deve-

lopmenf at the base of the talus cones.
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In‘the Tombstone area, six cirque-floor_rdck glaciers were
noted in the intrusives, but valley-wall rock glacieré are conspi-
cuously absent due to the slow rate of postglacial-erosion and the
non-availability of large masses of pre-existing debris because of
glacial erosion. Surficially, the three cirque-floor rock glaciers

examined consist of relatively coarse blocks, whose long axis occa-

sionally exceeds 10 m (33 ft) and averages about 0.5-1.5m (1.5-5 ft).

These blocks are separated by large voids. The majority of the cir-
ques in the intrusion do not possess rock glaciers, however and it
is probable that the cirque-floor rock glaciers which are present

contain only a moderate volume of postglacially derived debris.

In the orthoquartiites of the Tombstone area cirque-~floor
rock glaciers and valley-wall rock glaciers occur but, for some
unexplained reason, are relatively infrequent by comparison with

those in a similar lithological zone in the Bear River area.

The slate and phyllite belt surrounding the quartzites is
conspicuous for the total absence of rock glaciers. This accords
well with extensive observations on the slates and phyllites of the

Alaska Range, (Wahrhaftig and Cox, 1959).

' Roc£ glaciefé are very rare in the mountains to the north of
the Tombstone area. On the Dawson map sheet, north and north west of
the belt of orthoquartzites surrounding the intrusion, Vernon and
Hughes (1966) have mapped only fourtéen rock glaciers and debris
covered glaciers. Cursory examination of the air photographs of the

_central Ogilvie Mcuntains and limited ground checking in the vicinity
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of the Dempster Highway between mile 78 and mile 102 failed to re-
veal any rock glaciers. This area is composed .predominantly of
limestones interbedded with shales, but local climate rather than
1ithblogy may account for the absence of rock glaciers, since the
mountains to the north and west of the Tombstone area, on the Dawson
and Ogilvie River map sheets;‘are'of lower elevation. Their mountain
sumnits rarely exceed 1,500-1,800 m (5,600-6,000 ft) as compared with

2,000-2,300 m (6,500-7,500 ft) for the Tombstone area.

Within the Tombstone-North Klondike area, certain rock gla-

ciers appear to be related to fault zones or to zones where instabi-
lity has resulted in rock slides. The valley-wall rock glaciers |
(T6 -T8 in Map 3) on the east side of the North Klondike valley at
mile 30 are developed in close proximity to the North Fork thrust
fault noted by Green and Roddick (1962) and Tempelman-Kluit (1970).
The presently inactive rock glacier TS5, at the North Klondike bridge
at mile 42 has developed subsequent to a slide of quartzites along a
failure plane in underlying phyllites. Rock glacier T4, in Land-
slide valley in the Tombstone area also developed subseqpentAto a

large rock siide.

Thus, lithological reasons probably explain the general absen-
ce of rock glaciers below the fine weathering slates and phyllites
surrounding the Tombstone area, and their presence only as-cirqpe-
floor rock glaciers below the slow weathering syenites of the intru-
sion itself. But the fact that many occur selectively within similar

lithologies and the dimensional variations in rock glaciers,

AR e
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especially in the Beér River area, cannot be readily explained as
yet, Detailed studies of the bedding and joint spacing and direc-
"tion, minor shear zones-and overall strength characteristics of the

rock walls are definiteiy needed to solve these problems.

4, ROLE OF ICE IN ROCK GLACIER DEVELOPMENT

It i§ difficult and expensive to drill into rock glaciers,
and so details of the internal structure and composition of only a
few of these features have been studied so far, e.g. Brown (1925);
Johnson (1969, pers. comm). In the present study indirect evidence
such as orientation, topographic situation, shape, minor surface
forms and hydrologic characteristics of rock glaciers were used to
supplement the'limited evidence on probable ice content offered by

exposures.

Knowledge of the ice content is of great importance in esta-

blishing whether rock'glaciers have originated as ice glaciers or

through penetration of moisture into the interstices of the basal

talus where it freezgs and induces rock glacier deveiopment. The

calculations of volumes of debris accumulated in rock glaciers and
rates of rock-wall erosion represented by this debris, are also

very dependent upon the ice content.

In the southern Ogilvie and Wernecke Mountains, Vernon and
Hughes'(1966) have observed exposures of ice in four cirque-floor
rock glaciers. In one closely examined case they found 11 m (35 ft)

of exposed ice. This ice contains parallel dirt bands, and is
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veneergd by a few centimetres to more than 13 m (10 ft) of debris.
In the present study large exposures of banded ice were noted in
rock glaciers T2 and T3 in the Tombstone area. A lafge waterfall

has been cut down to the ice level at the front of the latter.

Rnalysis of the orientation of sixty-four rock glaciers in

the Wernecke Mountains from air photographs, and thirty-nine rock

glaciers in the Tombstone area and surrounding mountain area from

e it e e e S

one of the surficial geology maps in Vernon and Hughes (1966),

(see Map 3 in end pocket), indicates a strongly marked preference
for northerly, northwesterly and northeasterly orientations. 1In
the Tombstone area some possible bias exists since the structural
dip is mainly towards the éouth. Buﬁ no such bias exists in the
data from the Wernecke Mountains which is plotted on a rose diagram

in Figure 8.1.

Rock glaciers may therefore be associated with permafrost
conditions, leading to increased interstitial ice content in the
accumulated debris on north faciﬁg slopes. Alternatively they may
be associated with the lingefing of glaciers in north facing cirques
since the last regional glaciation, or with their postglacial regene-
ration, these glaciers being subsequently buried with debris. Both
of these climatic effects may be operative, the first being of greater
importance in the case of the valley-wall rock glaciers and the second
being of greater importance in the.case of the cirque-floor rock
glaciers. The lower altitudinal limit of approximately 1,400 m

(4,500 ft) for presently active rock glaciers in the Ogilvie'and
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w27o°,

FIG. 8.1 ORIENTATION OF ROCK GLACIERS IN BEAR RIVER AND
MCCLUSKY CREEK REGION, WERNECKE MOUNTAINS
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Wernecke Mountains, lends support for the role of ice in rock glacier

development,

If any of the cirque-floor rock glaciers are in reality abla-
tion moraines on the surface of stagnant glaciers, then collapse
pits, irregular assortments of fing and coarse debris and perchad
mounds of glacial debris isolated by doﬁnwasting of an ice surface
(Plate 24) should occur over the surface. Furthermore concentrations
of debris along the margins of the rock glaciers should reflect late-

‘ral m?raines of the glacier surface. Wahrhaftig and Cox (1959) and
Vernon and Hughes (1966) have descfibed longitudinal furrows, mean-
dering furrows,'transveise ridges and occasional pits on cirque-floor
rock glaciers, A large collapse pit on one rock glacier 16 km (10 mi)
north east of the Bear River area was used by the latter authors to
Ainfer a 75% minimum ice content for the entire feature. Surficial
phenomena such as these, were counted for the cirqus-floor and
valley-wall rock glacierg in the Bear River area and are summnarised
in Table 8.2. Ablation pits and mounds occur only infrequently and
the tranverse and longitudinal ridges possess a certain rhythmic re-

gularity which is not characteristic of ablation moraine ridges.

- The following hypothesis is suggested for the cirque-floor
rock glaciers which are ice cored. During slight moderation of gla-
cial conﬁitions, gullies’ and the upper parts of the zone of talus
accumulation became uncovered for part of the summer and sd debris

reaching the ice surface by rock-falls and avalanches increased.
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TABLE 8.2

SURFICIAL CHARACTERISTICS OF 28 ROCK GLACIERS

% of 10 cirque-Floor

~ % of 18 valley-wall

talus cones

Characteristics rock glaciers with rock glaciers with
characteristics characteristics

Large snow beds at

back of rock glaciers 100% 60%

Depression at back v

of rock glaciers 70% 45%

Collapse pits and

average number on . 90% 85%

each rock glacier (3.5) (2.6)

Transverse ridges

and average frequen- - 40% 5%

¢y in number/100 m (5.2) - (2.6)

Longitudinal ridges 80% 70%

and average width (17 m) (19 m)

Longitudinal ridges

with origins in . 60% 65%

As glacier flow continued the whole glacier eventually became debris

covered. The debris cover was sufficiently thick to protect the under-

lying ice from the considerable differential melting which would have

led to the production of collapse pits. Then aided by a permafrost

regime the debris covered glacier was able to retain its ice core

for a period of several hundreds, and perhaps several thousands of

years.
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Rock glacier (B1l5) is a good example of a rock glacier deve-
loped in fhis way (Plate 25). Along its margins are two ridges
which are probably lateral moraines indicative of the maximum extent
of the glacier. As climatic conditions moderated the glacier ablated
slightly. The lateral moraines are only 8-15 m (25-50 ft) above the
level of the rock glacier and so frontal recession wés probably mini-
mal, The rock wall at the back of the glacier started to feed debris
onto the glacier at an increased rate and eventually, through conti-
nued glacier motion, the whole surface became debris covered. émall
transverse ridges on the surface may be associated in some way with
this glacial motion. At fhe present time, this rock glacier is vege-
tated, but cracks in the cover indicate some motion. No collapse
features are apparent, and it is evident that the ice is very well
protected from ablation by the vegetation and debris cover, and by
the existence of a permafrosf condition only 1-2 m (3-6 ft) below

the surface, on a talus cone in the vicinity.

Whilst valley-wall rock glaciers generally have a northerly
orientation there are more exceptions than in the case of cirque-floor
glaciers. Surficial irregularities are less common than on cirque-
floor rock glaciers. Nearly all the bulges in tﬁe fronts of the
valley-wall rock glaciers occur in front of feeder talus cones sug-
gesting that the supply of debris is of paramount importance to the
form, When considered along with their topographic location on
straight valley sides this evidence suggests that ice occurs as an
interstitial component of the active valley-wall rock glaciers'in

the region, rather than as a massive core of glacier ice.
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A .rare opportunity to observe the internal characteristics
of a well devéloped valley-wall rock glacier in the Bear River area
(B20) was presented, when a violent rainstorm occurred on July l6th,
1969. Figure 8;2 is a sketch map showing the form and hydrologic

characteristics of this rock glacier immediately after the rainstorm.

A spfingline was noted at point X, 9 m (29 ft) below the sur-
face of the rock glacier and 17 m (55 ft) above the toe. A surface
stream also emerged from the base of the rock glacier at point Y.

The evidence suggests a permafrost level about 9 m (29 ft) below the
rock.glacier surface. Several depressions 1,5-3 m (5-10 ft) deep
were noted on the rock glacier surface and the fact that none of
these held water, even temporarily, is supportive evidence that ice
was at a depth of greater than 3 m (10 ft) over the entire rock gla-
cier. It also suggests that above the'frozen zone the debris is of
é calibre coarse enough to ehcourage rqpid drainage. Within an hour

.after the storm, the rock glacier run-off carried by stream P re-

turned to its normal flow.

A light snowfall, a few days later, gavé an opportunity to
confirm the existencevpf the springline, Plate 26 shows the front
6f the rock glacier when the snow had begun to melt. A very conspi-
cuous and level snowline is noted 9 m (30 ft) below the rock glacier
1lip in the quartzites. It is terminated abruptly at the junction with
the breccias. Below the snowline there is a completely snow free
zone and then the snow mantle increases at the base. It is evident

. that the 9 m (20 ft) of debris above the springline retained its snow
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cover longer than the section below, because the latter suffered
disturbance and melting, from the seepage of meltwater down the.
front below the springline. The increase in the snow mantle at the
base is due to an accumulation of coarse boulders, through fall sor-
ting at the front, which are.not affected by the seepage of meltwater
beneath them. The breccias do not have a clearly defined snowline,
probably'because, despite percglation of meltwater down.the front,
the surficial debris is coarser than in the case of the quartzites,

and suffers less from disturbance due to seepage.

The topographic position of the rock glacier along a straight
valley wall, the absence of collabse pits,meandering furrows and
transverse ridges support the inference that the frozen zone of this

rock glacier contains interstitial ice rather than an ice core.

In summary, a number 6f the cirqpe-flobr rock glaciers are.
definitely ice cored whereas the valley-wall rock glaciers appear to
contain only interstitial ice. Indeed, one valley-wall rock glacier B20
with a relatively high elevation of 1,600 m (5,200 ft) does not
contain ice at all in the upper_thifd of its thickness. One of the
important indicafions that valley-wall rock glaciers have prob§b1y
been characterised by interstitial ice during their development is
that despite the very considerable altitudinal range of the features,
from 1,200-1,900 m (4,000-6,000 ft), the lower ones do not show any
more evidence of the expected ablation mounds and pits, associated
with the melting out of an.ice core, than do the higher ones. On

the other hand differential melting of interstitial ice in rock
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glaciers at different altitudes need not result in great differences

in their surficial appearance.

S. " POSTGLACIAL DEVELOPMENT OF THE ROCK GLACIERS

1. Short term measurements

Paint marks on boulders on two cirque-floor rock'glaciers and
one valley-wall rock glacier were surveyed in 1967 with a Wild T2
theodolife,reading to one second. Theodolite stations were located,
if possible, on bedrock or large stable boulders beside the rock
glaciers. Several were necessarily located on moving points on the
rock glaciers and their change in position has to be determined with
respect to bedrock points. This change in position is then applied
as a correction to the horizontal and vertical displacement of other
moving points surveyed from the stations. A re;survey of the fea-
tures was carried out in 1968, The horizontal and vertical scale of
error varies from £ 2 cm for points surveyed from bedrock to tsem
for points surveyed from theodolite stations on fhe moving points.
Calculated movement for one year, howeder, was only of the order of
a few céntimetres. Thérefore a second re-survey in 1969 was limited
to one cirque-floor rock glacier (T1l) and one valley-wall rock gla- |
cier (B1l4) and results presented from lines of points whose horizon-
tal and vertical displacement error is known to be only £ 2 cm,
These are transverse lines close to theodolite stations, located on

large stable boulders off the edge of the rock glaciers.

o as AL S b
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Figure 8.3 a) represents the horizontal &isplaceﬁent of the
points along the base of the front of rock glaciér Tl in the Tombstone
area over the period 1967-1968, 1968-1969 and 1967-1969. This is a
cirque-floor rock glacier, about one mile long, which is advancing
slowly into a small lake bounded at the far end by late or postglacial
moraines. Maximum advances of 5.4 cm and 5.0 cm were observed for

1967-1968 and 1968-1969.

Figure 8.3 b) represents advances of embedded boulders at
higher elevations in fhe front, varying between one third to two
thirds of the depth from the surface to the base of the rock glacier.
These varied from a minimum of 2.7 cm to a maximum of 14.3 cm for

the two year period 196711969.

The mean advance‘along the basal line for the 1968-1969 pe-
riod for seven values was 2.2 cm compared with 3.4 cm fér six values
on the higher line for the same period. This is an indication that
the rate of movement decreases with &epth as predicted by Wahrahftig

and Cox (1959).

Movement values are small, but because there are no readings
suggesting backward motion, and because the maximum possible error
is ¥ 2 em, it is suggested that they demonstrate movement exceeding

the scale of errors involved.

A transverse profile of movement in the relatively steep (20°)
middle section of rock glacier (B14) in the Bear River area is pre-

sented in Figure 8,4 for the periods 1967-1969, 1968-1969 and 1967-

i bk i
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1969, 1A max1mum two y=ar advance of 4, 8 cm was noted Reduction.of
rate of advance towards both edges due to frictional retardation is

evident from the movement profiles,

Rock glacier B14 is a valley-wall rock glacier, but with its
tongue shape it resembles a cirque-floor rock glacier, 'It descends
. from talus filled rock-wall gullies for‘300 m (1,000 ft) at a modera-
tely steep anglé, varying from 15° to 200, levels off briefly and then
piunges down to the valley floor in a steep front about 90 m (300 ft)
high. This long profile is related to lithological conditions in the
vicinity. The rock wail above thezfransition from the talus zons to
fhe gully zone consists mainly-of quartzites (with a 15 m (50 ft) cap-
ping of dolomite). From the commencement of the rock glacier to its
ffontalvzpne, the bedrock-consisté of slates and phyllites.ﬁhose rela-
tive erodibility has caused the enlargement and reduction of angle of
a rock wall gﬁlly. The latfer has singe become occupied by a rock
glacier supplied with debris from the quartiite zone above, Below
the slate-phyllite zone, quartzite beds are repeated, and correspond
with a steepehing of the angle, which causes the rock glacier to tum-
.ble over an inferred bedrock ledge to the valley below, Plate 27'is
- a frontal view of the rock wall and the existence of similarly shaped
rock giaciers can be noted at points A, B, C,D. In all cases the
sharp transition from the top surfage to the frontal surface corres-

ponds with the transition from slate beds to underlying quartzite beds.
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T1 and Bl4 -wvere both considered to 5e amonglthe moéf active
rock glaciers of the Ogilvie and Wernecke Mountains. They do not
- possess collapse features, and their fronts sharply intersect their
top surfaces. Rock glacier Bl4 is characterised by a spérse lichen
cover, and by alsharp demardation at its lateral maréins, between
rock glacier debris and locally derived felsenmeer. But their pre-
sent rate of advance of only a few centimetres per year in a horizon-
tal direction, (increased by a small proportion when converted to the
component of forward movement in a direction parallel ‘to the slope),
suggests that most of the rock glaciers in the field areas ﬁay be

very slow moving at present.

Indeed, the rates of recent movement have been so slow that ana-
lysis of their variations on different parts of the rock glacier sur-
faces will have to await resurvey after a time interval of at least

five years.

ii) Long term measurements

A lichenometrical method was used to establish the maximum
rates. of surface movement of two rock glaciers over the last few
- hundred years. These rock glaciers are Tl in the Tombstone area and

B18 in the Bear River area.

For the calculations, lichen growth rates were needed. The
probable maximum and the absolute maximum growth rates for Rhizocar-

pon_geographicum Spp on the Klondike gold tailings were established

RN
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as 35 mm and 41 mm per century. These were then.extrapoiated to the
rock glacier §ites With the proviso that true growth rates for the
rock glacier environments are almost certainly lower. The diameters
of the largest single lichen and those of the largest five lichens
were measured on sample plots on the rock glaciers and minimum .

time intervals since the boulders had fresh non lichenous surfaces
were thus established. If undisturbed growth of lichens took place

as the boulders rode along on the rock glaciers, certain minimum beriods
were required for the movement of originally non lichenous debris |
from the zone of talus accretion to their present positions. By
measuring the distances from the éample plots to the talus zone

minimum rates of mass movement were calculated for each sample plot.

-' Apart from tﬂe problem of extrapolating lichen growth rates
from the gold tailings to the rock glacier sites,there is thé possi-
bility of disturbance of tﬁe lichen growth by rock glacier motion.

If disturbance by rock glacier motion destroys the lichens and subse-
quent regeneration takes place, then lichen thalli of a given size

represent a longer period of devélopment than suggested by the growth
rate. This is a second important reason for using lichenometry on the

rock glaciers only to establish a maximum rate of advance.

—

Results from rock glacier B1S

Lichenometrical sampling across the surface of rock glacier
B18 from the base of its feeder talus cones to its front revealed

that the largest Rhizocarpon?ggggfaphicum Spp increase to a maximum

size within 80 m (260 ft) of the talus base and thereafter remain
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large but irregularly variable towards the front'(Fig. 8.5). Thus
only the first 80 m (260 ft) can be feasibly used to determine pos-

sible rates of advance,

In Figure 8.5 a) the maximum lichen factor of 41 mm/century
derived from the gold tailings is used in conjunction with the larg-
est single lichen in each sample plot 6f'400 m2 (4,200 ft2) to com-
pute rate 1. Rate 2 is computed by using the mean lichen factor of
35 mm/century in conjunction with the five lérgest lichens in each
plot. The derived rates of 0.28 m/annum or 0,15 m/annum are probable

maxima,

In order to check these calculations over a shorter and
more recent period, rates 3 and 4 in Figure 8.6 were calculated by
appliéation of the maximﬁm and mean lichen factors to the change in
size of the largasst thallus and the five largest thalli’over the
narrow-strip_O-ZO m (0-65 ft) from the talus base. These are 0.09 m/

yeér and 0.33 m/year respectively and are also maxima.

It is therefore suggested that the maximum rate of advance
for the last few decades for rock glacier B18 has been roughly similgr
to that for the last few hundred years, i.e. 10-30 em/yr. This mass
ma;ement has been insufficient to cause much rupture of the surface
material as indicated by observations of minimal disturbance of the

component particles of large shattered blocks of dolomite on the rock

glacier surface.
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FIG. 8.5 LICHEN DIAMETER ON ROCK GLACIER B18
AND DISTANCE FROM TALUS SOURCES

= : .1
50 100 150 200

250

Distance from talus source towords rock glacier front in metres.

Calculation of movemen: rate 1

Increase in diam. of largest thallus
of Rhiz, geog. spp,from Aj to By

Max. growth rate (rate 1 on gold tailings)

«°. Min, time for 10 m advance from A; to By

«*. Movement rate 1 = 80/550

Calculation of movement rate _2_

Increase in diam., of mean of S largest
thalli of Rhiz, geog. spp, from A to B

Max. growth rate (rate 2 on gold %ailings

. Min, time for 10 m advance from A to B

‘. Movement rate 2 = 70/250

223 mm
41 mm/century
550 yrs

0.14 m/yr

838 mm
35 mm/century
250 yrs

0.28 m/yr
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FIG, 8.6 LICHEN DIAMETERS AND DISTANCE FROM NON-
LICHENOUS TALUS SOURCE FOR ZONE 1 OF FIGURE 8.5
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The maximum rate of movement on rock glacier Tl in the

Tombstone area was calculated for one sample plot as follows.

Max. size of Rhizocarpon geographicum Spp
on boulders on rock glacier 150 m from
source wall

170 mm

1

Max. lichen growth rate 41 mm/100 yrs

.*. Min. age of boulders since incorporation
into rock glacier as fresh rock-fall debris

170 x 100 yrs
=T

400 yrs (app.)

and Max. rate of advance of boulders from source
wall : = 0.375 m/yr
Jhis rate is two to three times the most rapid advance of a frontal

boulder over the two year period 1967-1969.

iii) Summary of results of movement studies

The maximum rates of advance over the last few hundred years
for two active rock glaciers in.the field areas are 0.1-0.4 m/yr.
The mean advance of the frontal zone of rock glacier T1 from 1967
to 1969 was 0.09 m and the méén advance of the middle zone of rock
glacier B14 for the period 1967 to 1969 was 0.03 m. These rates of
advance are much slower than the values of 0.48-0.72 m/yr quoted by
Wahrhaftig and Cox (1959) for a rock glacier in the central Alaska
" Range, and the value of 2.0 m/yr quoted by Hughes (1966) for the
Cantung rock glacier in south east Yukon. They are comparable,
however, to values of .005 .007 and .010 m/yr quoted by White (1969)
for three rock glaciers in the Colorado Front Range. |
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b) Age of the rock glaciers

During‘the last glaciation in the Bear River area, ice
movgd along most of the hiéh tributary valleys containing valley-
wall rock glaciers, as well as along the é;in Bear River valley.

It must bave removed or considerably deformed pre-existing. rock gla-
ciers., Well preserved striae on a bedrock rib crossing the head of
one such Galley in the Bear River area, (Plate 6, Locality BLZ2)
testify to the bassage of ice during the glaciation. Some of the
rock glaciers near the upper surface of valley glaciers were pro-
babli'only truncated, as a result of being submerged by only a thin
ice cover., An example in the upper Bear River valley, has a steep
front 18 m (60 ft) high and is only 50-100 m (160-325 ft) wide. The
rocks in the front appear to be compacted as if they had previously

been in the interior of a large deposit. It appears to be a form

partially destroyed, rather than a form in the process of being built.

Advance of the valley-wall rock glaciers has taken place
since truncation or removal by glacial ice, In several surfaces
the rock glaciers have advanced to the centres of the valley floors
and, in two cases,B18 and B20, right to the diitai edgg of the valley.
The latter caused streams to be diverted from the valléy centres to
incised courses along the valley'edgg (Fig. 8.2 and Plafe 28). The
ice cored cirque-floor rock glaciers, are thought to be initially
"a product of the late stages of the last regional glaciation‘db'subse-
quent re-advance within the cirque zone, with one or several phases

of renewed activity in the debris covered state. The lichen cover
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on mbst of the rock'giacier§ of the cirque-floor and the valley-
wall type suggesté'a minimum age of several hundreds of years for

' their development. A maximum long term rate of movement of 0.1-0.4 m
per year for the last few hundred years was derived for two cirque-
floor rock glaciers., This gives a maximum rate of movehent for the
" rock glaciers for the period dating from the time of incorporation
into the rock glaciers of boulders to the present time when they are
150 metres.and 80 metres respectively from the source wall. To
.extrapolate this rate a further distance of several hundred metres
to the present fronts and thereby assign a minimum age for the fea-
tures is predicated on the intangible assumption that the rate of

movement has remained constant throughout the entire peridd of

development of the rock glaciers. Such an extrapolation through 300 m

‘for rock glac1er (T1) in the Tombstone area gives a suggested mini-
mum age of 1,100-4,000 years B.P. 'For rock g1a01er B18 in the Bear
River area the maximum long term rate of movement was calculated as

- 0.10 to 0.40 m/yr, and the distance from source wall to front is

320 m, Therefore BiB has a minimum-calculated age of 800-3,000 years

B.P.

The low rates of movement relative to some other areas in the
Wéétern Cordillera suggests that optimal conditions for rock gla-
ciers development in the field areas may not exist at present. 1In
one of the highest valley-wall rock glaciers permafrost is about 9 m
(29 ft) below the surface. If interstitial ice content is indeed an

important factor in the development of vailey-wall rock glaciers they
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may be deficientvin this respect at the present day.

6. ROCK GLACIERS AS INDICATORS OF ANOMALOUS RATES OF ROCK WALL
EROSION,

The horizontally projécted area of twenty-eight rock glaciers
and their rock w&l} sources were measurea from air photographs,and
the ratios of rock wall to rock glacier area plotted on Figure 8.7.
The equation of linear regression of the.two vafiableé suggests that
the mean ratio of rock wall area to rock glacier area can be predic-
ted as approximately 9:1. This mean ratio is much greater than that
of 1.4:1 calculated by Wahrhaftié and Cox (1959) for forty rock gla-
ciers by the same method, and suggests that the rock glaciers in the
Ogilvie and Wernecke Mouﬁtains represent much lower erosion rates

than those in the Alaska Range.

Despite the high ratio of the horizontally proﬁectéd rock wall

area to the rock glacier area in the Wernecke Mountains (and still °
higher ratio of actual rock wall area to rock glacier area), the
valley-wall rock glaciers clearly represent more rapid postglacial

rate of erosion than is represented by the talus cones.

- Calculations in Appendix V reveal that an average of 4.1 m
of rock were removed from the rock wall te form rock glacier B20,
This represents a rate of erosion of 340 mm/1,000 yrs if averaged
throughout the postglacial period. This rate is two times greater
than the mean rate of erosion calculated for the most rapidly eroded
rock wall above a talus cone and seven times higher thah the median

rate of erosion calculated for all ten rock walls above talus cones,
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CHAPTER 9

SUMMARY OF CONCLUSIONS

This thesis has examined the nafure and rate of opération of
the processes involved in the postglacial and'présent day transport
of debris from mountain walis to valley floors in selected areas of
the Ogilvie and Wernecke Mountains, central Yukon Territory. These
areas were subjected fo at least three episodes of glaciation, the

later of which appears to have culminated 10,000 to 14,000 years B.P.

The proéesses have been considered as they acted on the rock
walls, on the talus slopes and on profalus rock glaciers. These
morphological zones proved to be an excellent unit for a study of
debris transport, because they form a system that can be considered
essentially closed within the relatively short postglacial period.
It is reasonable to assume that vélley glaciers removed most of the
pre-existing debris from the lower slopes of the mountain walls, and
that the present debris accumulations are derived postglacially from
] the steep upper slopes. At the other end of the system, comminution
and removal of accumulated wastes has been found to be of insignifi-
cant importagée duringvthe postglacial interval. In effect; the post-
glacial products of rock wall erosion are the talus slopes and the

rock glaciers at the foot of the rock walls.

The postglacial rate of removal of weathered bedrock from ten

rock walls, was assessed in chapter 2 by measuring the  quantities of
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debris accumulated in ten talus cones, and relating these values to
the measured areas of the rock walls tributary to the talus éones.
The median value fof the mean thickness of rock removed from the
rock walls during the postglacial period of 10,000 ta 14,000 years
lies between 0.636 and 0.510 m, The rangs of values is from a pos-
sible maximum of 3;88 m for the moét.rapidly eroded rock wall area
to a possible minimum of 0.0651 m for the least rapidly eroded rock
wall area. The median rate of erosion has been 43-53 mm/1,000 yrs.
The largest possible range of values for the ten rock walls is from

388 mm/1,000 years to 5 mm/1,000 years.

In the igneous intrusives of the Tombstone area, the low ratio
of talus height to rock wall height and the thin talus mantle indicate
that the average rate of postglacial erosion on syenites and monzoni-
tes has been much less than in the metasediments of both the Tombstone
and the Bear River areas. Quantitative studies tend to support this
conclusion, although the fact that only two erosion rates were avail-
able from the igneous intrusives prevents it from being couched in
mathematical probability terms. For two igneous intrusive rock walls
a mean erosion rate of 19 mm/1,000 years was established. The corres-
ponding mean rate for eight metasedimentary rock walls has been
73~mm/1,000 years. . |

An additional erosion rate of 313 mm/1,000 years was calcula-

ted in Appendix V for a rock wall, which has supplied sufficient debris

to create a relatively large rock glacier in the postglacial period.

This rate is about seven times the median rate of erosion esta-
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" blished above, but still represents only 3-4 m of bedrock removal

during the postglacial period.

This is believed to be the largest and most detailed evidence
on rock wall recession ever assembled from a mountain region. In
view of the fact the mean rates of erosion agree to within an order
of magnitude with .those calculated by Rapp (1960a) for rock walls in
limestones, cherts‘and sandstones in Spitsbergén, it can be firmly
concluded that postglacial rock wall retreat in metasedimentary and
in some sedimentary lithologies in the periglacial zone has not been

nearly so rapid as used to be commonly believed.

The present effectiveness of processes transporting weathered
debris from the rock walls to the talus slopes was studied directly
by measuring debris accretion on the talus slopes over short time
intervals, varying from one month to one year. fhe results of this

work were presented in chapter 3.

Difficulties in comparing the rates of bedrock erosion repre-
sented by short term debris accretion on talus slopes with long term
rates are noted. Still, there is some indication that the currently
observed level of operation of geomorphic processes is insufficient
to account féf the postglacial talus accumulations. Medium and large
scale erosional events, of more infrequent occurrence than those for
which observations or measurements have been made in the field areas,

may account for most of the postglacial transport of debris from the

rock walls to the talus slopes.
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The direct observations of individual procésses of'transport
suggest that rock-falls and avalanches are the most significant pro-
cesses of frequent occurrence, "Small scale rock-falls associated

both with the spring thaw and with summer rains occur quite frequent-

1y, and certainly form a considerable proportion of the annual debris

accretion on the talus slopes. The only moderate to large scale rock-

fall observad, during three summers' observations, took place on a

large wall in the Tombstone intrusion (Plate 5, Locality TLS).‘

Sbring snow avalanéhes are of much less significance to débris
accretion. In the metasedimentary‘zone, where they occur on an almost
annual basis, they are relatively debris free. They may have a signi-
ficant role in removiﬁg some of the debris accumulated in the gully
beds buf certainly not on an annual basis. In the syenite zone, ava-
lanching is of minor importance by comparison with rock-falls, the
rock walls being too steep éo permit the build-up of an avalanche

prone snow cover,

Torrent avalanches, otherQise known as slush avalanches, have
beén of some significance in removing debris from moderately graded
roék walls with many gullies, They have been especially effective in
the removal of weathered bedrock from the north slope of the Tombstone
valley, and in its deposition as colluvial debris tongues. But tor-
rent avalanches have been of minor overall significance in adding
debris to the talus slopes below the steeper rock walls of both the

metasedimentary and igneous intrusive zones.
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In chapters 4, 5, 6 and 7 the proceéses By.which the talus
slopes are erosionally modified received attention. Theoreticai and .
artificial models of talus slopes were constructed and compared with
the real talus slopes, in order to ascertain the probability that the
latter were modified by processes other than rock-fall. The distribu-
tion of particle characterisfics such as size, shape, lichen cover

and lichen sizes, and of morphologic characteristics such as long

profiles and gradients were used in this analysis.

Fall sorting on talus slopes has been documented in many alﬁine
and arctic environments, and is a good indication of the importance of
rock-fall on these slopes. The theoretical model of rock-fall deve-
loped in chapter 4 indicates that fall sorting on debris slopes is
the natﬁral result of rock-fall of mixed sizes from steep walls onto
low angle basal bedrock slopes. For particle sizes and distance of
fall similar to those encouﬁtered on rock walls ana talus siopes the
realiy significant factors in fall sorting are the original rock wall
roughness and acqyired roughness of the basal slopeé as a debris man-

tle develops. .

-

The artificial slopes at small and medium scales, and the talus
slopes studied in the field areas displayed moderately well developed
fall sorting. In a laboratory rock-fall model,fall sorting characte-

rised the debris slope throughout build-up.

__Other factors than particle size, e.g. particle shape, variation

in distance of fall, shattering of particles, momentum transfer upon

impact,have a significant influence in reducing the degree of fall
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sorting on the talus slopes,

Other processes than rock-fall have also been erosionally %
effective on the talus slopes and by redisfributing debris on the
slope may have affected the relationship between particle size and
distance downslops. These processes include spring snow avalanches,

torrent avalanches and slow debris shift.

The concavity of talus slopes in certain other high mountain
zones has been attributed to the redistributive role of snow or torrent
avalanches Gardner, (1968);_ Caine; (1969); Luckman (1971). Snow
a&alanches have undoubtediy redisgributed'debris on the upper parts of
the talus surfaces in the Ogilvie and Wernecke Mountains, and have
thereby reduced the overall talus slope angles. They have only
slightly affected the basal areas of the'talus slopés, however. A
hypothetical model was.presentéd in chapter 7, in order to illustrate
the probable relative roles of rock-falls and avalanches in the deve-
lopment of the talus slopes. The marked basal concavity of the slopes
is attributed to the pre-existing, concave bedrock slopes, and to the
small number of boulders which remain large enough to reach the base
of the talus slopes. Given a sufficiently long period of talus build-
up before disturbance by glaciation, this basal concavity would be

reduced and perhaps almost éliminated.

Debris flows resulting from torrent avalanches and/or violent
rainstorms have caused erosional channels to be developed on the talus

slopes, below relatively low angle,'well dissected rock walls. These
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'~ erosional channels are succeeded downslope by depositional forms,
such as levées and tongues with distributary lobes. These forms are,
howaver, only occasionally developed on the talus slopes below the

high angle rock walls.

Slow mass movement of debris may have been of some importance

on the talus slopes, particularly on those which feed onto rock gla-

ciers, But conclusions on the present importance of slow debris shift

on talus slopes must await the resurvey of marked boulders after a

sufficient time interval has elapsed.

Most of the talus slopes are thes end product of coarse debrié
transport down the steep mountain walls. In a number of instances,
however, the talus has been transported relatively slowly as rock
glaciers towards the valley centres. These rock glaciers may be clas-
sified after Outcalt and Benadict (1965) as cirqﬁe-floor'rock glaciers
and valley-wall rock glaciers. The selective occurrence of rock
glaciers within apparently homogeneous lithologies and their varia-

bility in size were noted. Lithological reasons account fob the

absence of rock glaciers below the fine weathering shales and phyllites

surrounding the Tombstone area, and their relative'abundancé in the
biocky weathering quartzites and dolomites of the Bear River area.
A few rock glaciers in the Tombstone-North Klondike area have deve-
loped from debris produced by rock slides along zones of structural
and lithological weakness.
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The reasons for the relative scarcity of rock glaciers in the !

orthoquartzites of the Tombstone area by comparison with the zone of

FRNURPRIRPSREY

quartzites and slates in the Bear River area are obscgre, however.
Furthermore it is not completely clear why a few of the cirques in
the Tombstone intrusion have nurtured large cirque-floor rock glaciers
whéh the rate of postglacial weathering of most of the syeni%e and

monzonite rock walls is very slow.

The bandad ice exposures observed at a few points in two of
these rock glaciers may partially solve this problem, by indicating
that the observed debris incorporated in these rock glaciers may me-
rely veneer glacial ice bodiesf Ice exposures suggesting aﬁ jce core

were observed by Vernon and Hughes (1966) in three other cirque-floor |

rock glaciers in the Ogilvie and Wernecke Mountains., This direct evi-
dence along with indirect morphologic evidence suggests that at least
a moderate number of the cirque-floor rock glaciérs are ice cored.

By contrast, many of the valley-wall rock glaciers appear to contain

ice only interstitially or in ienses.

Most of the vélley-wéli and cirque-floor rock glaciers in the
field areas have originated subseqﬁent to qestruction or truncation
by ice during the last regional glaciation. Lichenometric evidence
for two of the active rock glaciers indiéates that they did not ori-

ginate in the last millenium.

Most of the rock glaciers in the field areas are advancing rela-
tively slowly as compared with rock glaciers in certain other regions

in western North America. The maximum rates of advance over the last
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* few hundred years for two relatively active rock glaciers have been
between 0.1 and 0.4vm/year. Advanée of the front of‘one of these
rock glaciers over'the two year period, 1967-1969, is between 0.05
and 0.07 m/year, and of the middle zone of a third rock glacier,

between 0,01 and 0.03 m/year,.

In conclusion, a few comments on the practical potential of
these studies may be made. Highways construction in mountainous re-
gions has to cope with many problems due to the vigorous mass wasting
that goes in these environments. The néed for highway protection from
rock-églls and avalanches is evident. Avalanche zones have been reczo-
gnised and localised defences installed t6 protect highways, but rock-

fall control appears to be at a less advanced stage, in some mountain

regions at least.

The theoretical rock-falls model in this fhesis ié only an
initial one and needs much elaboration, but it does point out many of
the factors which govern the nat&re of rock-fall motion and the hori-
zontal and vertical velocity components under various conditions,

Nets for channelling rock-fall to the base of the slope by rolling or
siiding motion, foot slope roughneés;inclination aﬁd length, and rock-
fgll fences, can be designed to prevent falling rocks from reaching roads
providing the dynamics of rock-fall are properly evaluated, using ad-

vanced theoretical models, suitably backed up by controlled experiments.
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APPENDIX I

DEFINITION OF TERMS FOR FORMS AND PROCESSES

1. LANDFORMS

Scarp slopes, slopes where the strata dip very steeply, or
slopes steepened by cirque development, can be sub-divided into two

major facets (Plate 1). These comprise an upper facet referred to

as a rock wall and a second facet below this, referred to as a talus
slope. In some cases a protalus rock glacier forms a third facet .

below the talus slope.

a) Rock walls .

Rock walls in the field areas are usually at least three times
as high as the talus slopes, and are inclined at mean angles between
350 and 90° according to the nature of thé bedrock structure and li-
thology. In the syenites of the Tombstone area the average rock wall
angles are 60° to 76° and several overhanging sections occur. In the

metasediments the rock walls recline at angles of 35° to 45°,

The rock walls are dissected to varying dégrees by gullies.
When dissection is slight shﬁllow grooves described as rock wall chu-
" tes (Markgren, 1964) are formed., These chutes are defined by Markgren
(p.51) as, "usually nairow and shallow elongated gullies or scars
often arranged in consequent series along the mountain walls®”,
Chutes have also been identified and described by Matthes (1938) in

the Sierra Nevada in California.
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The gullies may deeply dissect the rock Walls, however, and
may have tortuous courses and interruptions due to rock steps. They
may be joined by tributary gullies near the head of the rock wall

giving a generally dendritic topographic pattern in plan view,

On rock walls consisting of strata of varying resistance many
gullies consist of large amphitheatre shaped hollows alternating with
narrow gorge sections. These have been described by Rapp (1960a,

p. 4) as rock-fall funnels,

- Markgren (p. 142) attributes some variations in gully form
to structural control e.g. he notes the complete lack of chutes in
places where the slopes parallel steeply dippihg cleavage or bedding

planes.

The rock walls in the Ogilvie and Wernecke Mountains are
scarred with gullies both of the chute form and of the funnel form.
Chutes tend to occur more frequently on the steep dip slopés of meta-
sedimentary rock walls characterised by lithological homogeneity and
on occasional slopes within the Tombstone intrusion where the jointing
pattern has given relatively low angle slopes (i.e. betwgen 30° and
SO°), and where the lithology is‘also fair19 homogenous over the
whole areaA;f the rock wall. The funnel form pfedominates on scarp
slopes in the metasediments where thick dolomite and quartzite beds
alternate with less resistant slates phyllites and thin bedded dolo-
mites. Igneous intrusive walls whose slope angles exceed 50° are not
seamed with chutés, but isolated vertical or sub-veptical joints

have been widened and deepened to form narrow gullies deeply inset

N N e 4 A
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in the rock wall. Most of these are better termed rock chimneys.

Despite the obvious topographic variety all gully forms

will henceforth be known in this thesis as rock wail gullies, Diffe-

rentiation is not very important in this study since the rock walls

could not be examined in detail in this study.

b) Talus slopes

One of the earliest descriptions of talus slopes, known
also as taluses, and as scree slopes, was that of Lyell, (in Glossa-
ry of Geology and Related Scienées, 1960, pP. 291)

"when fragments are broken off by the action of the weather
from the face of a steep rock, as they accumulate at its
foot they form a sloping heap, called a talus",

Not all colluvial debris slopes, whose component materials

have been derived by processes of weathering and transportation from

the rock wall zone above, may be described as talus slopes, however,

Rock slides may be the source of colluvial debris, but such ins-

tantaneous accumulations are clearly not includéd in Lyell's defi-
.hation of talus. Furthermore, although there are rock slide deposits
in the Ogilvie and Wernecke Mountains they are not associated with
the high rock wall facets observed on séarp slopes and around cirque
headwallé. They occur mainly on dip slopes below pronounced bedrock
scars and are readily differentiated from the talus slopes described
by many geomorphologists since Lyell. The rock slides of the region
were not part of the study, and do not receive further attention in

this thesis.

S oL
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If water has been the chief agency of transport of the
weathered debris down the gullies in the rock wall the resultant

accumulation at the foot of the wall is known as an alluvial cone

or an alluvial fan. Water transport by itself plays a minor role

in the development of talus slopes, however, the chief agent of
transport of the weathered debris being a gravitational force acting
alone or in association with avalanches lubricated in varying degrees
with water. The particular form of talus, known as a talus cone,
sometimes resembles an alluvial cone at a distance, but the latter
invariably has a lower slope angle and a more continuously concave
profile. Its component rock particles are rounded or sub-rounded

by contrast with the angular talus particles,

In arctic and alpine regions, where winter snow cover is
significant, avalanches assume an important role along with rock-
falls in the production of coarse debris accumulations. Some confu-
sion is evident in the literature over the use of the term talus in
such cases. In a study in northern Sweden, Rapp (1959, p. 47), has

suggested that both talus cones and alluvial cones may be transformed

‘the term talus cone should be used to refer to features produced and
m;dified byurock-falls alone. But it is difficult to decide prima
facie whether avalanche or rock-fall activity plays the m&jor role

in debris accretion on a particular colluvial debris form, or in

the erosional modification of this form. Nearly all of the rock
walls studied in the Ogilvie and Wernecke Mountains have gullies which

contribute avalanches or small ice falls to the debris'slopes.




-209-

Although debris forms may differ depending on the importance or
otherwise of avalanches, the predominant process is not the only
factor which creates the form of the debris slope. Through its
effect on particle size and shape the lithology of the rock walls
debris may influence the debris slope morphology. The bedrock
profile beneath the debris cover may also affect the form of the
latter. Therefore it is considered prudent and expedient to use
the term talus in a broad sense in this thesis, to include all col-
luvial debris accumﬁlations which have been derived directly from

rock walls and which are neither fluvial nor rock slide deposits.

The talus slopes may be grouped into two categories in the

field areas.

i) ialus cones are developed below gullies in the bedrock with

their apex at the point where the gully debouches from the rock
wall facet onto the basal slopes. In plan view they are irre-

gularly triangular (Plates, 1, 13, 22).

Talus cones are the-principal colluvial debris forms below
the metasedimentary eécarpments in both field areas. The ﬁeta-
sediments are thinly bedded and well jointed and are therefore
very fissile. The rock walls have therefore been subjected to
considerable erosion and are seamed at frequent intervals by

deeply incised gullies which form the source of the talus cones.

Talus cones are by contrast very infrequent in the igneous

intrusives of the Tombstone area, where gully networks are
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infrequent and poorly developed. A few large talus cones do
exist, however, below narrow, joint-contrelled gullies and

" chimneys.

ii) Talus aprons or sheet taluses consist of thin veneers of coarse

blocks spread over a narrow zone at the base of the rock walls.
Talus aprons rather than talus cones characterise the basal

slopes in the Tombstone intrusives (Plate 2).

¢) Protalus rock glaciers

Rock glaciers have been recognised and described over a
period of at least seventy years. They have been defined by Capps
(1910) as "™tongue-like bodies of angular boulders resembling a small

glacier, generally occurring at high altitudes in rugged terrain"”.

The following two-fold classification of rock glaciers is
considered relevant for the Bear River and Tombstone areas. It was
proposed by Outcalt and Benedict (1965) in their description of

rock glaciers in the Colorado Rocky Mountains.

i) Cirque-floor rock glaciers

- Rock Qlaciers of this»férm result from the accumulation of
talus on the basal parts of the mountain walls, and its subse-
quent movement over cirque floors. Ultimately they may occupy
the entire cirque basin (Plates iB, 25 and 28). Cirque-floor
rock glaciers occur at the heads of many of the valleys in the

Bear River area and, to a lesser extent, in the Tombstone area.

T ol i
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Most of these rock glaciers are tongue-shaped in plan view

and may correspond to the tdngue-shapéd rock glaciers described

by Wahrhaftig and Cox (1959) in Alaska.

ii) Valley-wail rock glaciefé

These rock glaciers are located below the side walls of valleys

and around'thé headwalls of cirqges, mainly ‘in the Bear River
area (Plate 3). Their form in plan view is usuaily lobate and

‘thus they may be related to Wahrhaftig and Cox's lobate rock

glaciers.

2)  PROCESSES
The processes defined are those which transport weathered

debris from rock walls to talus slopes or which modify these talus

slopes.
a) Rock-fall

-Sharpe (in Glossa;y of Geology and Related Sciences, 1969,
P. 74) has given the following definition for rock-fall under the
heading debris fall.
"The rélatively free falling of a newly detached segment of
bedrock of any size from a cliff, steep slopes, cave or arch".
This definition in the writer's view is not complete, since
relative free fall is a vague term. Rock-fall may occur both as
free fall from a rock face and by bounding or rolling motion of a
particle along a steeply inclined rock surface. It results in the
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immediate or delayed removal of newly weathered debris ffom the

rock wall facet to the talus facet.

Dislodgement of a block from a éully wall may cause the
bl&ék to bound into the gully bottom and then to change angle and
bound and roll down the gully onto the.talus slope below. It may
also shatter or stop on sudden impact with a projecting surface in
the gully, or it may even cause other weathéred particles in the
rock wall gullies to start moving, thus inducing secondary rock-

falls.

Rapp (1959), in Spitsbergén, divided rock-falls into three

categories - large boulder falls which comprise particles greater

2 m (6.5 ft) in diameter; small boulder falls and pebble falls. He
conclﬁded that there is a much greater freqpeﬁcy of pebble falls than
Jboulder falls and that these pebble falls were of much greater quan-
titative'significance throughout the period of build-up of the talus.
In the Ogilvie and Wernecke Mountains the relative importance of
large and small rock-falls may be dependent on the rock wall litholo-
gys and so this classificatioh of'iéck-falls by size is considered to

be a good one,

b) Shbﬁ é&éianchég

The following description by Page, (1859, in the Glossary of
Geology and Related Sciences, p. 81) is one of the earliest.
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"Avalanches originate in the higher regions of mountains and

begin to descend when the gravity of their mass becomes too

great for the slope on which they rest or when fresh weather

destroys its adhesion to the surface”.

Since Page's description there have been several classification
of avalanches (Allix, 1924; De Quervain, 1966; La Chapelle,in Fair-
bridge, 1968). From the point of view of geomorphic effects of snow

avalanches in the field areas a fundamental distinction may be made

between winter avalanches and spring avalanches., Winter avalanches

tend to be associated with the creation of layers of instability
known as deptﬁ hoar layers through constructive metamorphism in the
lower layers of the snow pack. Age densification of overlying layers
of snow, aided by wind action,results in the creation of extremely
unstable conditions in tﬁe snowpack. Minor events such as a person
skiiné across the slope or bigger events such as a series of freéﬁ

" snowfalls may then trigger large avalanches.

Winter avalanches have a minimal geomorphic influence in the
field.areas. When they occur the talus slopes and‘the debris mantle
on the rock walls are frost congesaled and also bossess a protect;ve
covering of early winter snow which is hardened by the assumed_pre-

sence of ice layers. Even when winter avalanches involve the sliding

of the entire snow pack as in the case of g?buhd avalanches (La Chapelle,

in Fairbridge, 1968,_p. 1021) they do not appear to erode much debris
foi the rock walls.

Spring avalanches result from the penetration of meltwater

into the snow pack. The water reduces the snow strength and may
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provide a good lubricating layer for avalanche rélease (La Chapelle,

in Pairbridge, 1969, p. 1024).

If the sliding layer is heavily lubficatéd by meltwater the
avélanche may exhibit semizviscous flow and descend like a cascade .
of water (Allix,.l924, p. 533). On a large scale and on relatively
~low angle slopes this type of wet ~warﬁ avalanche is éssociated with
the ponding of lafge quantities of meltwater behind ice barrier§ and
has been described as a slushflow (Washburn and Goldthwait, i958)

or slush avaianche (Nobles, 1959)., When these avalanches'occur on

steep slopes in individual gullies in the rock walls or on the talus

slopes, they may be termed torrent avalanches (Rapp, 1960b, p. 138).

- Some of the 1atefspring avalanches in tﬁe Ogilvie and Wer-
necke'Mountains have geomorphic significance. Frequently pérfs of
the talus slopes are snow free while there is still sufficient snow
 on the rock wall slopes'for'avalanching to continue, fhen the talus
slopes undergo some avalanche modification for a week or two in the
late springf(Plate 12). The late spring avalanches are also able to
remove debfis.from parts of the rock.wall zone which are no longer
protected by basal layeré of hard snow and ice and which are no longer

frost congealed. If a snow avalanche contains a high but undefined

pfoportion of debris it is known as a dirty avalanche (Rapp, 1960b,
p. 127).

¢) Fluvial processes

These are processes of abrasion of bedrock or loose debris,




[EwS—

~215-~

~and transport of the latter by rainwash, rills and streams in the

rock wall gullies'and on the talus slopes.

d) - 'Slow debris shift

This general term embraces the compiex group of processes
inducing slow gravitatibnal mass movement from the rock wall gullies

down the talus slopes and over the basal slopes.

The term talus dreep has been widely used to characterise

slow mass movements of relativély coarse debris on relatively steep
‘'slopes. Sharpe (1938, p. 30) define; talus creep as "the slow down-
slope movement of a talus or scree, or of any of the material of a
talus or scree®™, It is not usually possible to clearly separate

the effects of rock-falls, avalanches and fluvial procesées from

other processes.inducing slow mass movements in the rock wall gullies

o~

and on the talus slopes. Thus a variety of different processes may
cause the slow transfer of debris downslope, e.g. slight dislodge-
ment of particles by avalanches 6r by rock-fall impact, localised
;hallow debris slides and.dodhslopé transfer of debris due to

freeze thaw processes in the presence of moisture and due to thermal
changes. For this reason and for the reason that these processes.
operate in the rock wall gullies as well as on the talus slopes the

less connotive term slow debris shift adapted from the term talus

-shift (Gardner, 1969) is preferred to the term talus creep.

No special term has been given for the slow mass movement

on low angle bésal slopes which leads to the development of protalus
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rock glaciers but its nature and importance may be examined under

the heading of rock gladiervﬁdtion.




'APPENDIX II

CALCULATIONS OF TALUS VOLUMES AND ROCK WALL AREAS

1. CALCULATION OF NET VOLUME OF TALUS (VN)

For his calculations Rapp (1960a) assumed that the talus
slope represented a geometrical cone bisected along its length. He
then used topographic maps with the small contour interval of 20 m
(65 ft) to measure the length of the talus slope and ;he basal arc
‘which hé considered as a semi-circle. The talus volume was then
found by applying these measured values to a modification of the

formula for the volume of a cone. TN

In the field areas being considered in the present study,
the contour interval on the largest scale topographic maps is 155 m
(500 ff). This is obviously totally inadequate to indicate either
the length of the talus slope or the length and curvature of the ba-
sal arc. Furthermore all the talus slopes possess bulges and irre-
gularities of areal outline to # considerable degree, and a bisected

cone does not represent the true form of the talus slope.

—

Therefore it was considered more accurate to divide the talus
cones along the length of the fall line intoAcomponent cross sectional
slices as in Figure II.1l. The bulk volumes for the individual slices
were than calculated and integrated to obtain the bulk volumes of the
talus cones. The total porosities were then calculated and the net

volumes of the talus cones derived.
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PIG.; - II.1

a) Calculation of bulk volume of talus cone slice

~ The bulk volume of each slices in Figure II.l was derived
by multiplying the surface area of the slice by its mean depth. Both
of these variables had first to be calculated.

i) Calculation of area of top surface of slice-

The fall line distance BQ along the length of the talus cone
was measured initially by photogrammetry for all cones, and later by
tape traverse for cones 6801, 6813, 6814, 6821, 6824, 6825 and 6830.
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This length was divided into five sections and horizontal distances
to both edges of the cones were measured from points B, E, H, K, N
and Q on the fall line. The lengths AC, DF, GI, JL, MO and PR are
then calculated as the~sum of each pair of distances to the talus

edge.

The area of each of the slices was than calculated using the

formula for a trapezoid figure.

e.g. area ACFD = BE (AC + DF)
N

where BE, AC and DF are known.
The other areas DFIG, GILJ, JLOM, MORP are similarly calculated.

A slight error is introduced into the volume calculations
however by measuring the lengths DF, GI, JL and MO along the curved
cross sectional surface of the talus cone. In order to illustrate

this the slice DFIG is constructed three dimensionally in Figure II.2,

FIG. II.2 -
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Strictly speaking the slice volume is the planar érea DFIG multiplied
by(h2 + h1)/2 and not the curvilinear area DEFIHG multiplied by
(h2 * hyy/2, '

The difference in the length of DEF and DF is so siight that
DEF readily approximates the values of DF calculated independently.
Table II.l lists values for the curvilinear length and plénar length

for all cross sections, on cone 6801.
TABLE II.1

COMPARISON OF LENGTH OF CURVILINEAR AND PLANAR
ECTIONS OF CONES 6801 (IN METRES

' Cross section Planar length Curvilinear length

ac . 30 30
DF 152 153
eI 159 - 161
JL 115 117
MO " 70 n
PR a8 48

The maximum error in the surface area of any cross sectional
slice is that for GILJ. It is of the ofder of 1.5% which is conside-
red negligible. Results from the other talus cones show even smaller

errors, -
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' ii) Calculation of mean depth of talus in a slice

Applying the assumption that the bedrock slope on either
side .of the talus cone may be extrapolated as a planar surface beneath
the talus, angle traverses were made on adjacent bedrock on both sides
of the talus éone. These were parallel or sub-parallel to a third
traverse up the centre of the cone. Angles were read with an Abney

level at intervals defined precisely using a tépe.

All three traverses were begun and completed at precisely the
same elevations, and ére illustrated in plan view by BQ, VX and SU
in Figure II.l. For each talus cone three profiles were constructed
on graph paper_séarting'from the same basal point, S, B and V all
being at the same height., Figure II.3 is an illustration of the tech-
nique for cone46801. The maximum depths from the talus §urface at
points B, E, H, K, N and Q along the centre line of the cone to the
assumed bedrock surface beneath the talus cone, were obtained by
dropping approximate perpendiculars to the means of the two bedrock

profiles at each point.

Where the talus cone is fairly triangular in plan view as in
Figure II.1, the bedrock profiles SU and VX have of necessity a greater
length than the profile up the centre line of the cone BQ. This re-

sults in an erronecus graphical plot of the form shown in Figure II.4.
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' Theoretically ‘these‘profile traverses must be exactly parallel as

well as starting and finishing at the same elevations before one can
prepare an accurate graphical plot as in Figure II.3. ST and W in
Figure II.l represent such ideal profile traverses. A problem is in-
troduced, however, because the further the top of the bedrock traver-:
sesAare.from the apex of the cones the more liable is the extrapola-
tion of the bedrock surface.beneath the cone to gross errors. There-
fore before graphing the data, each interwval VV; on the bedrock tra-
verse for which an angle was read must be shortened to W, so that
the total length of this traverse is equal to that of the traverse
along the centre line of the talus cone. This corrected value is

achieved by use of the following formula.

Wy = W, (%‘
J

The net effect is that the mean overall profile is shortenz2d and
steepened but the relative height of the top as compared with the
base remains unchanged.
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The corrected graphs of bedrock and talus.profileé were simi-
larly prepared for all talus cones. The maximum?talus depths at one
fifth intervals are read off the appropriate graph for each cone as
in Figure II.3. The depﬁhs at B and Q are theoretically zero although

a small c;osing error usually existed on the profile diagrams.

Using the maximum depths of the talus at E; H, K and N the
mean depth was calculated for the horizontal cross sections of the ta-
lus cone at these points. The cross section at point E is illustra-
ted in Figure II.5 in whicﬁ the circle circumscribing points D, E

and F on the talus cone is also drawn.

E,
D\ F
/ Y LN
/ ‘\s I’, \
.~ L \
I “\\ ,I’ \
’e)l

| S !

FIG. II.S5

The length of the curved surfaces DE and EF is already known,
and E¥ the maximum depth of talus has just been derived.
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Because of the high radius of curvature of the circle circums-

cribing A DEF, chords DE and EF « arcs DE and EF.
The mean height of A DEF = EY/2 = % max. depth

But the true mean depth of the cross section DEF is greater on account
of the additional areas enclosed by arc and chord DE and arc and chord

EF. -

To find the true mean depth of :the circular cross section let
the area of this cross section known as the segment DEF be equal to ‘a |
slightly larger ADElP with the same base DF and a new slightly greater
height E;Y. Then the mean height of this triangle is the corrected '

mean depth for the circular cross section.

The mean height of ADEF = E1¥/2

From the formula for area of triangles

area of /\ DEF

= DF (EY/2)
area of ADE;F = DF (E;Y/2)
) = (EY/2)/(EY/2)

.o area of A DEJF
. Srea of ADEF-

- Ej¥/2 = EY/2 [area of ADE F\
. : ' area of ZD'E%

. .: corrected mean = mean height of ADEF x [area of A DB]_P)
depth area o

= % (max. depth read)x (area of s nt DEF
off Fig. II.3 } area of L. DEF
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e . h2 = (hl/2)X(K1/K2) ‘ eees. quation II.1

where X3 = area of segment DEF
'Kz = area of /A DEF -
hy; = maximum depth of talus

ho

It

corrected mean depth of talus cross section

The area of the segmerit DEF (X;) can be determined once the
radius of curvature (R) of the cirele circumscribed through D, E and
F is obtained. R is célculated from the following equation (Ayres,

1954, p. 112)

R EF/2sinEDF
= (EF x DE)/2BY " .... equation II.2

EF, DE and EY are all known and R is obtained.

Now the area X; = area of sector DOF - area of A DOF

= R2§/2 - R%sin@/2 .... equation II.3
where © in radians is angle subtended by DOF ‘(Ayres, 1954, p. 114)

and @ = arc DEF ., DE + EF
‘ - R - R

—

»—
DE, EF, R are all known and so X; is obtained.

. X = R2 (DB + EF)- sin (DE + EF .... equation II.4
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Area of Ko DE(EY/2)

(DY + YF) (EY/2)

(,/DE2 EY2 ,/ - EY2) x (EY/2) ... equation II.S

EY, DE, EF are all known and so Ko is obtained.

The valués of Ki and K, can now be fitted into equation II.1l
and the mean depth ho, of the circular cross section DEF of the talus -
at the point E obtained., The calculations of the mean depth of all
the cone cross sections were then computed using equations II.i;

II.2, II.3, IT.4 and IL.S.

The mean depth for each of the five horizontal cone slices
was taken as the meah of. adjacent cross sectional mean depths. For
examplé, referring back to Figure II.l
' the mean depth of ACFD = (0 + hEQ)

where th is the corrected mean depth of the cross section at E

. ’ E H
and the mean depth of DFIG = (h o + ho )

where hza is the corrected mean depth of the cross section at H

The mean depths of GILJ, JLOM and MORP were similarly calculated.

The bulk volume of each sli?e was then calculated by multi-
plying the newly derived figure for .the mean depth of the cone slice
by the already derived surface areas of the slices. The values forA
the five slices were then integrated and a total gross.volume of'de;
bris in the cone was obtained.
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b) Calculation of net volume of talus cones

This total bulk volume included void spaces and had to be
corrected to the net volume of rock eroded from the rock wall zone.

This necessitated knowledge of the porosity of the talus cones.

Graton and Praser (1935, p. 805) used theoretical conside-
rations to derive the porosities of assemblages of uniform spherzss
under various packing structures. But many factors in nature alter
the hypothetical values. In the first place a deposit such as a
talus ;one, which is laid down or subsequently modified by several
different'processes, is made up of assemblages of different packing
structures and may be characterised as a system of chance packing.
For spherical.particles the porosity of such a system lies between
47.64% for the least dense arrangement (cubic packing) and 25;95%
for the most. dense arrangement (rombohedral packing). Grain size
is theoretically of no significance in itself but, because of greater
adhesion of small particles and bridging effects, porosity increases
as the'size of the particles decreases. The shape of the grains is
also undoubtedly of some impdrtance, increasing roundness and sphe-

ricity tending tb_decrease the porosity under conditions of chance

packing.

The varying sizes of the debris on the talus cones probably
reduces the overall porosity of the latter,'although this effect may
be counteracted by the high angularity and low to moderate spheri-
city of the particles. In randomly packed assemblages comprising
two grades of debris, the ratio of diameter of the smaller particles to
that of the larger particles must be 0.158 for the smaller pafticles.
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to enter the voids between the lafger particles, and less than
0.433 for the smaller particles to occupy these voids without
disturbing the packing arrangement between the larger particles.
These ratios are known as the critical ratio of entrance and the
critical ratio of occupation (Fraser, 1935, p. 919). Figure II.6
from Fraser (p. 924) shows the relationship between porosity and the
percentagé of large to small particles in a two component system

for both critical ratios.
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Obviously the talus.consists of a much more coﬁplex assort-
ment of particlé sizes and at the moment there is no way to predict
the porosity directly from knowledge of the size frequency distribu-
tion. Empirically, however, thrdugh the use of one, two and three
component systems built in the laboratory, and through assessment of
natural deposits Fraser suggests that a uniformly sized gravel may
have porosities up to ébout 40% whereas a poorly sized gravel may
have porosities as low as 20% (Fraser, p. 992). A mean value of 30%
with error limits of ¥ 10% is considered acceptable for porosities of
| the talus cones for which estimates of the net volumes are required.
Using this value the net volumes of the talus cones were then calcu-
lated as follows: '

Net volume (VN)' = Bulk volume x 7/10°

c¢) Errors in the calculation of net volumes of talus cones (VN)

Two major sources of error exist in the calculation of VN
i) error in mean depth of each horizontal slice

ii) error-in porosity

i) Error in mean depth

This is a compound error based on the following assumptions

and instrumental errors.

a) the assumption that the bedrock surface beneath the talus
cone is a planar surface which can be extrapolated from bed-

rock on one side of the cone to badrock on the other side;
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b) the error in angle readings with the Abney level.

e¢) the assumption that the cross section of a talus cone appro-

ximates the arc of a circle.

Unfortunately the first type of error cannot be quantified
but it probably causes a slight underestimate of the true volume of
talus, Figure II.7 shows the probable bedrock form beneath the talus
cone, i.e. a mostly planar surface with a narrow rock wall gully run-

ning from the apex to the base,

B

FIG. II.7

During successive deglaciations, prior to accumulation of large quant-
tities of protective debris, ephemeral run-off in the rock wall gully

had ample opportunity to erode a water course to the base of the slope.

The amount of error in net talus cone volumes resulting from

error in angle measurements with the Abney level was calculated in
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detail for cone 6801 and then applied in percentage ferms to the nét

volumes for all other cones.

A theodolite was fixed éﬁ the base of cone46801,‘and precise
readings of angles to points on the three Abney level traverses were
made. Figure II.8 shows erfors discovered when the heights at these

points, obtained from theodolite and Abney level readings, are compared.

(3)
3.0 _ e

Deviations in height moimremem in metres.

T T T
0 100 200 300 400
Distance from base of slope in metres.
® points on talus cone profile
© points on bedrock profile to south of cone

®  points on bedrock profile to north of cone

FIG, II.8
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These figures permit the calculation of maximum error limits for the

angles in each of the three profiles.

Error band (1) for talus profile . = + 20!
n m (2) " bedrock profile to south = % 30¢
" 3 " " " " north = t 40°

The three profiles were then re-graphed in such a way as to obtain
the absolute minimum and maximum depth values for the talus up the
centre of the cone, based purely on the maximum possible angular

errors. (Fig. II.9).

® FIG. II.O

In section AB of the talus profile ABC, i.e. the ldwer'half
of the profile, the individual anglés were all decresased by 20'. In
the section BC they were all increased by 20'. In this way the over-

all mean value for the angle of the slope, and correspondingly the

position of C with respect to A does not change. The converse
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operation waé done on the bedrock pr&files ADC and AEC. The ;ngles
in sections AD and AE were increased by 30! and.40' respectively.

Sectioﬁs DC and EC were corresbondingly decreased. Thus the termi-
nals of the profilés are unchanged but the mean depfh at all points

between is diminished.

Table II.2 gives the mean, maximum and minimum values for
depth of talus at five edpal intervals along the centre line'of cone
6801 and the possible error in depth at these points that results from
angle measurement error. vThe percentage erfor in the mean depth of
each horizontal slice of talus is then obtained by averaging the per-

centage error in the mean depth 6f each adjacent pair of cross sections.
TABLE II,2

POSSIBLE ERRORS IN DEPTH OF TALUS IN CONE

T in m)
PPoint Mean Max, Min, % pos. er-} Cone % error in
depth | value | value ror in hy slice | mean depth
ho for hsy | for ho . of cone .slice
B 0 0 o 0 .
ACFD t 4,5%
E 1 4.65 5.07 4.23 T 9% N
EFIG’ - 14%
H 8.65 |10.75 6.29 ¥ 19y _
GILJ -+ 19,5%
X 7.73 9.27 6.19 T 20% -
JLOM ¥ 16.5%
N 4,25 | 4.81 369 | *t i3y
_ MORP t 6%
Q 0 0 0 0
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Assumption of a perfectly spherical bouﬁdary for the hori-
-gontal cross sections of the talus cones is also likely to give an
error in the mean talus depth. Figure II.10 a), b}, ¢) and d) are
representations of theoretical cross profiles. The profiles in Figu-

res II.10a) and II.10b) give an increased mean depth as compared with

the assumed profile in Figure II.10c), whereas the profile in Figure

II.10d) gives a reduced mean depth. Profiles of the form shown in
Figure IT.10d) have not been noted on the talus slopes and it is
therefore suggested that assumption of a circular cross section as

in Figure II.l0c) can only give an under estimate of the true value.

;f Figure II.10a) represented the cross profile it would give
an absolute maximum value for the mean height of the talus cross seé-
tion which would correspond to the depth of talus along the central
profile of the cone. A tendency towards this cross section is seen
in some talus slopes which have been labelled avalanche boulder ton-
gues by Rapp (1959). None of the cones for which calculations have
been made in the central Yukon are of this extreme form. Therefore
the intermediate profile in Figure II.10b) is postulated as giQing
the smallest radius of curvature likely to occur. A maximum value
for the mean depth of each of the cross sections is then assumed to
lie between the calculated mean depth (hp) of the circular cross sec-
tions and the maximum height at the centre lines of the talus cones.
_ These values are indicated in Table II.3 for cone 6801. The percen-
tage errors for the mean depéh of each cross section and each cone

slice are also tabulated.
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(a).

(b)

(¢_:j

- (d)

FIG. II.10 THEORETICAL CROSS PROFILES OF TALUS CONES
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" TABLE IT.3

POSSIBLE ERRORS IN DEPTH OF TALUS DUE TO
CROSS SECTIONAL SHAPE VARIATION (in m)

Mean Max. Max. poss. Max. poss. poss. error
Cross depth | depth | value for % error in | Cone | iu depth of
Section| h» h4 h, ha Slice | cone slice
ABC 0 0 0 0
ACFD + 12%
DEF 4.65 6.88 5.77 + 24%
DFIG + 21.5%
GHI 8.52 | 11.72 10.12 + 19% '
GILJ + 20.5%
JKL 7.73 | 11,10 9.42 + 22%
. ‘ JLOM + 23,5%
MNO 4,25 6.40 5.33 + 25%
MORP + 12.5%
PQR 0 0 0 0 :

This possible error may now be added to the possible error quoted in

Table II.2 for each cone slice to give accumulated possible errors for

the mean depth of each talus slice (Table II.4).

TABLE II.4

ACCUMULATED POSSIBLE ERRORS IN DEPTHS FOR CONE 6801 (in m)

Talus slice Mean depth | Max. poss. Min, poss. % poss.
. depth depth error
ACFD 2.3 2.7 2.2 + 16.5%
- 4.5%
. T ) T + 35.5%
DFIG 6.6 8.9 5.7 - 14%
. ‘ ) + 40%
-GI1d 8.1 11.4 6.6 - 19.5%
- + 40%
JLOM 3.0 8.4 5.0 - 16.5%
MORP 1.1 2.5 2.0 * P
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It is suggested that +40% and -20% of tﬁe mean value be
taken as the maximum error limits for the depths of all slices and
this is gonverfed directly to +40% and -20% maximum possible error
for the bulk volume of the cone 6801,the errors in‘fhe surficial
areas of the slices being negligible. Thié percentage error is then

applied to all other talus cones.

Error in porosity

The newly derived error in the bulk volumes of talus cones
is increased in the calculation of net volumes due to variations in
porosity from the assumed value of 30%. Possible variations of tio%
of the bulk volume were indicated. This gives net volume of solids’
of 70% £ 10% of the bulk volume. Thus the possible percentage error
in the calculated -net volume due to porosity variation is T 15%

(t 10/70'of net volume).

If these possible errors in porosity are applied to the lar-
gest and smallest possible bulk volumes derived in the previous sec-
tion, then maximum and minimum values are derived for the net volume

of cone 6801.

For cone 6801 the results of these calculations are as follows:

142,000 cu.m +60% -31%

net volume of solids

e*e Mmax. volumé of solids 227,000 cu.m

and min. volume of solids 97,980 cu.m
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The mean, maximum and net volumes of the remainder of the.
cones were calculated using the error limits thus derived and the

values are indicated in Table II.S.
TABLE II.S

MEAN, MAXIMUM AND MINIMUM NET
vOLUMES OF TALUS CONES. (in cu.m)

Cone no. Mean vol. Maximum vol, Minimum vol.
6801 142,000 . 227,000 98,000
6804 164,500 263,000 113,000
6808 '101,000 | 161,500 69,700
6813 320,000 512,000 222,000
6814 14,350 © 23,000 ' 9,900
6816 78,000 125,000 53,900
6821 135 155 115
6824 90,800 145,000 62,600
6825 4,810 7,700 3,320
6830 17,150 27,300 11,800

2. - CALCULATION OF ROCK WALL SUPPLY AREA

Topographic maps of sufficient accuracy for determination of
the area of the gully and buttress system above individual talus cones,
were not available. Therefore photogrammetry and field traverse methods

were used.

[
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a) Photogrammetric method

Air photographé taken in 1951 at a height of 6,é50 m (26,000
ft) and 10,700 m (35,000 ft) above sea level were availabie for the
-Bear River valley and Tombstone area respectivély. The focal length
of the camera in both céses was 15 em (6 in). Average elevation of
the base of the rock walls is 1,400 * 150 m (4,500 * 500 ft)
in both areas. The average elevation of the top of the rock walls is
1,800 £ 150.m (6,000 ¥ 500 ft). The average elevation of the rock
walls as a whole is therefore 1,600 t 150 m (5,'25'0 t 500 £ft). fThe
mean horizontal scale of the rock walls in the air photographs can
.then be calculated from the following formula.

Horiz, scale. = foecal length of.camera'(P) .
ht., or aircraft above terrain (RH)

where F and H are in same length units

For the Bear River valley photographs the mean scale of the rock walls
is calculated as 1:29,500 and the range of scale as 1:28,500 to
1:30,500. For the Tombstone area the mean scale of the rock walls

- 1:59,500 and the range of scale is 1:58,500 to 1:60,500.

The photographs were enlarged to twice these scales for both
areas but it was evident that good photogrammetric measurements of
rock wall area would only be obtainable from the Bear River valley. .
In-the Tombstone area the scale of the photographs is.too small and
too much shadow is present for the rock wall areas to be ohtlined
accurately. The mean scale of the enlarged photographs for the Bear
River area becomes 1:14,750. The range of this mean is 1:14,250 to
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1:15,250, For convenience, the mean scale is taken as 1:15,000 and

the maximum'hopizpntai scale error is included as % 5%.

étereopairs were tﬁén set up under a Delft'scanning stereo-
scope, flight lines being chosen so that the rock wgli areas of inte-
rest were féirly déntral on the photographs. This procedure minimi-
ses normal scale distqrtion.which becomes very serious near the cor-

ners of the photographs.

The rock wall areas were clearly outlined and the area of the

horizontal projection was measured. When divided by the cosine of the

mean slope angle*, a crude measure of the actual rock wall area is

obtained.

A major éisadvantage of this preliminary method is that the
roék wall has not 6nly a general slope trend fowards the valley but
also minor trends towards the gullyAbottoms. Therefore the quality
of a value based on a simple conversion of a horizontally pfojected
area to the actual area, using only the mean angle of inclination
towards the valley, is poor., Different parts of the rock Qall lie
on plane inclined at varying angles in a number of different direc-

tions. ' .

This problem can_énly be resolved by recourse to a more sophis-

ticated method, based on sub-division of the rock wall area into a

® Obtained by measurement of horizontal distance between apex of
cone and peak of rock wall and by photogrammetric calculatlon of
reldtive height between the two points.

e Aot e ' ot w2 g e e e e
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group of simple geometrical forms and on calculétion of sufficient
parameters to solve equations for the area of each form. As a
working gxamplé the rock wall area above cone 6801 is considered.
Figure II.1l is a simplified diagram of thg rock wgll designed to

illustrate the mode of analysis.

FIG. II.11

This area is considered fairly accurately as ﬁeing composed
of two triangles, ABC and ACE. In order to calculate the actual sur-
face drea, the base and height of the two triangles are required. To
obtain these values along inclined surfaces, vertical and horizontal

distances between the points must be calculated.

i) Calculation of vertical distances between points

A parallax bar was used in conjunction with the stereoscope

to determine parallax differences between points at differing eleva-
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tions. The basic formula for relative height calculation from pa-

rallax differences between two points is given by Ray (1960, p. 53)

as:
h = Ap xH ' ee.. formula 1
) e
wherg h = relative height of one point above the other point
H = height of airplane above mean terrain |
b = photobase (average of distances between the centre énd

conjugate centre of each photograph of the stereopair).
Ap = parallax difference '
b and Ap must be in the same units, either mm or in

h and H must be in the same units, either m or ft.

This formula is only valid for terrain which possesses low

relief. A corrected formula is suggested by Ray for areas of high

relief.
h = Ap x H' ece. formula 2
35+Ap
where H' = height of airplane in feet above the lower of the two
‘ points between which the parallax difference was measured.
ab = photobase adjusted to the lower of the two points whose

parallax difference has been measured; commonly determi-
ned by measuring the distance between the ‘photograph cen-
tres and subtracting from it the distance between conju-
gate image points at the lower altitude. (units same

as Ap).

Relative heights between points were therefore obtained for the
triangles ABC and AEC in Figure II.1l. The results using the corrected

and uncorrected forimulae are shown in columns 1 and 2 in Table II.6.

AR b e 8 S
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ii) Calculation of horizontal distance between points,

Distances on the photographs were measured‘with a ruler gra-

duated to 0.5 mm., The results are indicated in column 3 in Table III.S6.

The slope distance between points is then readily calculated

as follows:

) 5

Slope distance = J%oriz. distance® + vert. distance

The appropriate values for cone 6801 are given in column 4 in Table TI.6.

" TABLE II.6

PHOTOGRAMMETRIC DISTANCES ON ROCK WALL ABOVE CONE 6801 (in m)

Vert. dist. Vert., dist, Horiz, dist. Slope dist.
(formula 1) (formula 2)
AC 420 433 915 1,012
D,B 102 106 246 267
DoE 135 140 100 172
‘ The rock wall area is then calculated as the sum of A ABC
and A AEC.
Area of ABABC = (DyB x AC)/2 = 135,000 m?
Area of AAEC = (D,E x AC)/2 = 87,000 n?

. Area of rock wall above cone 6801

222,000 m?
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The measurable errors in .this value are the horizontal scale
- error, and measurement errors in horizontal and vertical distances

between points.

i) Horizontal scale error

This has already been determined as % 5%

ii) Measurement errors in horizontal and vertical distance between

Eoints

The maximum horizontal distance measurement error is 1 mm
at each ruler mark. Thus a total linear error 6f 2 mm exists
for each measured distance. At a scale of 1:15,000 this gives

a possible error of 30 m (100 ft).

A vertical distance measurement error results from a maximum
parallax variation of £ 5 mm (determined from five readings
at each point). This gives maximum errors in height for AC, !

D;B and D3E of = 30 m,

To calculate the maximum and minimum possible values of the rock
walls area resulting from these errors the maximum and minimum values

for all vertical and horizontal distances must be calculated.

Max. vert, distarice = mean vert., distance + 30 m

Max. horiz. distance = (meap horiz. distance + 25 m) x 1.05 i
Min. " b = (" i " - 25 m) x 0.95

(the factors 1,05 and 0.95 take account of the horizontal
scale error)
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The maximum and minimum possible rock wall areas are then de-

termined in thé same manner as the mean rock wall area.

Max. rock wall area = 289,000 m2

Min. rock wall area 162,000 m2

These values differ by 67,000 m? from the mean value and correspond to
a maximum possible deviation of 32% from the latter. This is rounded
off to t 30% for calculations of rock wall areas above cones 6804,
6808 and 6816 (Table II.7) and represents the calculated error resul-

ting from the photogrammetric method.

b) Ground traverse method

In the summer of 1969 it was decided to check the photogramme-
trically measured rock wall area above cone 6801 in Bear River valley
by ground traverses with measuring tape and Abney level. In the Tomb-
stone area ground traverses were used for two rock wall areas of meta-
sedimentary composition and one rock wall area of diabase composition
on account of photogrammetric problems resulting from scale and sha-
dow. Calculations for the syehite rock wall above cone 6830 were also
made on the ground but because of the steepness of the wall a special
method had to be employed. The general method of calculation of rock
wall areas with ground traverse information and the special method

used for the rock wall above cone 6830 are discussed separately.
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i) General method

The rock wall above cone 6801 is again used as the illustra-
tive exaﬁple. A foot travéfse was carried out by two men with a tape
and an Abney level, (Fig. II.12). Angles were measured between adja-
cent points on the traverse and the distances between these points
obtained by integrating 30 m tape intervals. Height differences
between points were calculated trigonometrieally from angle and éis-
tance measurements. They were then checked against the photogramme-

tically determined height differences.

Figure II.12 is a polygonal diagram which was graphically
constructed from the measurements of the ground distances between
points and the angles between the legs of the traverse meaéured direct-
ly off the air photographs. An indié;tion'of the high quality of the
field data is fhe very small closing'e:ror AR;. The polygon encloses
the actual area of the rock wall, not a horizontal projection of it.

This area was then measured directly off the diagram.

Area of polygon ABCDY = 135,000 m?
Area of polygon AlECD2 = 59,000 m2
= 194,000 m?

.. Rock wall area

1 cConsidered in Figure II.ll for photogrammetric method as approxi-
mately the A ABC.

Considered in Figure II.1ll for photogrammetric method as approxi-
mately the A ACE.




.Note small horizontal error of closure at A. The vertical
ierror of closure was found to be only 4m., although such

'a low error is probably fortuitous. ; ' i
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This value is 28,000 m2 less than the mean area determined
_photogrammetically. This deviation is 13% of the latter value and is

well within the scale of error for the photogrammetric method.

It is suggested that the values derived for all rock wall
areas by this method are minimum values, as it was necessary to sim-
plify the areas into triangles and rectangles which were in all cases

slight under estimates of the true areas.

For all rock wall areas where ground traverses were used

instead of photogrammetry the calculated values increased by 15% are

taken as mean values for the rock wall area and the scale of error

suggested for the method is t 15%.*

ii) Special method of calculation of rock wall area above cone 6830

Plate 13 is a ground view of the rock wall area above cone i
6830, It is composed approximately of two massive triangular walls,

on either side of a narrow joint controlled gully.

*  Although not precisely determined except in relation to the photo-
grammetrically determined values, the error in the case of the
traverse method is for obvious reasons much less than in the case
of the photogrammetric method.
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The east wall may be considered. in plan section (Fig. II.13).

FIG. II.13

AB, along the inclined gully bottom, is readily calculated trigonomé-
trically, the height differ;nce bet&éen A and B having been obtained
by anéroid barometer, and the slope angle from Abney level measure-
menté. éc the distance along the rim of the cliff is similarly cal-

culated. Angle ABC is obtained by summation of Abney angle readings
from B to C and B to A.

Then, the area of ABC can be found from the following trigonome-
trical formula (Ayres, 1954, p. 109)

Area of ABC = (BC x AB x sin ABC)/2

Similarly the area of the west wall is found and the total wall area
calculated.

wp———

(Rl
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For the rock walls above cones 6801, 6813, 6814, 6821, 6824,
6825 and 6830,'thé'meén areas derived by the ground traverse method
have been used in calculating erosion rates, because the& are more
accurate than photogrammetrically derived values. For the rock wall
above cone 6801 the area was obtained uéing'a special adéptatibn of
the general ground.traverse method. For the rock wall areas above
cones 6804, 6808 and 6816 the values derived by phofogrammetry have

been used since ground traverses were not made. The mean, maximum

and minimum values for all rock wall areas are indicated in Table II.7.
TABLE II.7

MEAN, MAXIMUM AND MINIMWM AREAS OF ROCK
A s ABOVE TEN TALUS CON. in m

Identification

by associated Mean area Maximum area Minimum area

cone
6801 223,000 252,000 194,000
6804 190,800 - 248,000 141,000
6808 198,000 258,000 139,000
6813 155,000 195,000 134,000
6814 14,000 15,800 12,100
6816 288,000 375,000 202,000
6821 1,590 1,820 1,370
6824 73,000 82,000 63,000
6825 13,9607 15,780 12,140
6830 48,000 54,000 42,000

Araaipiab Wt
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3, CALCULATION OF RATES OF EROSION

The mean amount of erosion of the whole rock wall surface was
"then calculated by dividing the mean net volume of talus by the mean
rock wall area. The maximum and minimum amounts of erosion are cal-

culated using the follcowing equations:

max. net volume of talus
min,. rock wall area

Max. amount of erosion

min. net volume of talus
max., rock wall area

Min. amount of erosion

.The mean maximum and minimum values for rock wall erosion are pre-

sented in Table 2.3 on p. 31.

The mean rock wall recession is then converted into the mean
annual rate of erosion based on a 12,000 year time interval. The
minimum and maximum amounté of rock wall recession are converted
into the minimum ;nd.maximum rates of recession based on a possible
14,000 year and a possible 10,000 year time interval respectively.
These rates of erosion expressed in mm/1,000 yrs are presented in

Table 2.3.




APPENDIX III

EMPIRICAL EQUATIONS FOR AGGREGATE PARTICLE

VOLUMES IN TERMS OF 'a', 'b' and 'c' AXES.

The volumes of a small number of sampled'talus particles
of dolomite, orthoquartzite and syenite lithology were calculated
'from the product of the density of the particles and their accu-
rately megsured weight. Rock densities for dolomites, quartzites
and syenites rénge from 2.5 gm/cc to 2.9 gm/cc (Clark, 1966).

The figure of 2.7 gm/cc approximétes the density of all three rock
types. Linear regression models were then derived relating the
particle volumes to the produét of the three axes as follows:

1) Syenite particles from cone 6830 (no. in sample = 73)

Volume = 0.537 ('a' x 'b' x 'e') + 15.3

2) Orthoquartzite particles from cone 6824 (no. in sample = 100)
Volume = 0.504 ('a' x 'b' x 'ec') + 25.4

3) Dolomite particles from cone 6812 (no. in sample - 147)
Volume = 0.602 ('a{ x 'b' x 'e') + 6.9

In all cases the intercept constant is so small relative to the pro-

" duct 'a' x 'b' x 'c' that it may be neglected.

Limitations of these equations, when applied universally to
debris volume calculations in the field areas, are that the samplies
are very small in relation to the total population of a talus cone

and also that the 'a' axis of the particles used to derive the re-

TSP
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gression equations had to be limited to <15 cm for the sake of-

convenience‘in collecting and weighing the particles.

Rk e A A AR O 2 e



APPENDIX IV

MODEL TO ILLUSTRATE EFFECT OF SURFACE ROUGHNESS
N PARTICLES SLIDING AND ROLLING SLOPE

1. INTRODUCTION

The sliding or rolling of particles whose diameter is about the
same as or smaller than the diameter of the debris already on the sur-
face, and the sliding or rolling of a particle whose diameter is seve-
fal times larger than the debris on the surface, is represented dia;

grammatically in Figure 4.5,

2, HYPOTHESIS 1’

Hypothesis 1 states that on a slope assumed to be composed of
frictionless debris, acceleration in the downslope direction is less
for A than for B in Figure 4.5 due to the difference in the path tra-

versed by the particle. ;

This is proved by considering a segment of.any rough slope in
isolation (Fig. IV.1).

- A

FIG. IV.1

A it A et 2
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AB and ACB can be regardgd as small sections of the direct
and indirect paths followed by particles in Figure 4.5. In order to
find the wvelocity at B in the downslope direction after travel by

either path, use is made of:

i) equation of motion:

v2 = u2 4+ 2gs ..... equation 1
where v = final velocity of a particle in the direction of
motion ) : .
u- = dinitial velocity of a particle in the direction
of motion : -
s = distance traversed
g = gravitational acceleration

ii) parallelogram of velocities, which resolves velocities into

vector components.

Vcos®

Vsin®
FIG., Iv.2

In Figure IV.2 the horizontal and vertical components of velo-

" city v are given as follows:

Vhoriz = Vecos@ «... €quation 2a

Vyert = Vsino .... equation 2b
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-

Let it be assumed that in Figure IV.1l a particle starts to slide at

A. Then the components of gravitational acceleration in the directions

AB, AC and CB are ,' respectively, gsin@, gs:i.n(p and 0.

1)

ii)

For a particle starting from rest and moving by the direct

route AB, velocity at B = 0 +V2AB gsin® (from equatior 1)
= V' 64.4 x BB sin@ ... equation 3

For a particle moving by indirect route ACB the velocity at

B is calculated in two steps.

Velocity at C = \‘[2 ACgsin( (from equation 2)
But acceleration in directibn CB =0

.*. using eqns 1 & 2velocity at B = v2 ACgsin¢cosz¢

.... equation 4

By giving sample values to AB and angles © and ¢ » the final veloci-

ties at B for particles travelling by paths AB and ACB can be calculated

et © = 40°, ¢ =60°, BB =10 feet

By elementary trigonometry

AC = 10 sin 40° = 7.42 feet
sin ¢ .
and CB = 10 sin 20° = 3.95 feet

sin

i) Path AB

Velocity at B for particle taking direct route AB

= J64.4 x sin 40° x 10 (from equation 3)
* 20.35 ft/sec. |

a0 s i

PPN
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This is now the initial velocity of the'particle in a down-
slope direction for the next slope segment BD. .
ii) Path ACB

Velocity at B for particle taking.indirect route ACB

= Jgrx 10sin 40° x 32.2 x cos? 60° (from equation 4)

= 11.74 ft/sec

The component of this velocity which can now act in a down-
' slope direction as the particle continues down the next slope

section = 11.74 cos 60° " .- (from equation 2a)

= 5,87 ft/sec
Thus the effective velocity at B for a paréicle taking the ’

path ACB is only ‘about one quarter of that for a barticle taking fhe

direct path AB and so the hypothesis is proved.

The same reasoning can be appliéd in the case of rolling motion
except that the component of velocity in the downslope direction for
a rolling solid sphere is 5/7 gsin@ instead of géinO (Mendenhall, Eve,
Keys and Sutton, 1956, p. 84).

3.  EYPOTHESS 2

Hypothesis 2 suggests that if frictional retardation is now
introduced into the model the downislope velocity at B will also be less

for a particle starting from rest at A and traveélling by path ACB.
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Let the angles of static and kinetic friction have values
less than the gradiént of BB, e.g. 38° and 30° respectively so thatf_
a particle can be set in.motion on the surface. Let )\represent the

angle of kinetic friction.

In order to find the velocity at B after a particle has fol-
lowed path AB or ACB the resultant of the downslope component of the
gravitational acceleration due to gravity and the retardation due to

friction must be calculated.

i) Path AB

Resultant acceleration ;n direction AB

g(sin® - tanAcose) (see Fig. 4.4 and p. 87)
.= g(sin 40° - tan 30° cos 40%)

= 6.45 ft/sec?

e -Vblocity at B  J2 x 6.45 x AB - (from equation 1)

ii.Sé ft/sec

ii) Path ACB
Sééf{oﬁ Aé

Resultant acceleration in direction AC

g(sin® - tan A cos ¢)

32.2 (sin 60° - tan 30° cos 60°)
18.56 ft/sec? '

ﬂ x 18.56 x AC (from equation 1)

= 2 x 18.56 x 7.42
16.6 ft/sec

.*. Velocity at C
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Section CB

The compoﬁent of velocity of the particle in the horizontal

direction CB

16.6 cos 60° . " (from equation 2a)

8.3 ft/sec

Gravitational acceleration in this direction is zero but retar-

dation due to friction = <tan 30°

e Velocity at B in horizontal direction CB {(from equation 1)
\/(8.3)2 - 2 tan 30° x cB
8.21 ft/sec

The component of this velocity in the new downslope direction BE
.= 8.21 cos 60° ' (from equation 2a)
= 4,11 ft/sec .

Thus the déwnslope velocity at B for a particle taking the indi-
rect route ACB is about one third of that at B for a particle takihg
the direct rdute AB and hypothesis 2 is proven. The same hypothesis
is also true for a rolling particle although frictional retardation_is

much less than for a sliding particle.

In conclusion, rolling or sliding particles travelling by the
indirect path ACB have a lower net accelerationAdownslope than parti-
cles travelling by the direct path AB with or without frictional re-

tardation. Table IV.1l summnarises the results of the given example,
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TABLE IV.1

' VARTATION IN VELOCITIES WHICH PARTICLES ATTAIN BY

TRAVELLING BY DIRECT AND INDIRECT PATHS ON A SLOPE

Smooth surface
(frictionless)

Veibcity at B after

. direct path AB .

followed ft/sec

Velocity at B after
indirect path ACB
followed ft/sec

20,35

5.87

Rough surface
(inducing friction)

.‘11,36

4,11

e $ait e
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AMOUNT AND RATE OF ROCK WALL EROSION ABOVE ROCK GLACIER B20

FIG. V.1

1. VOLUME OF DEBRIS IN ROCK GLACIER

The rock glacier is represented diagrammatically in Figure V.1.

Bulk vol. of section 1 = trapezoid area ABCD xC'AD + hBC\
—

/




Bulk vol., of section 2

Bulk vol, of section 3

Total bulk vol, of
rock glacier B20

Total net vol. of rock
glacier B20 (assuming
30% porosity)

ROCK WALL AREA

Horiz. rock wall area

Rock wall angle

".*. Actual wall area
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3

!

a

a

1

8

= b

29,600 (12 + 13.6) cu.m
1% 3 37,0

79,000 cu.m

rea DCFEx{hDB + hop
e CF

16,900 {26.5 + 11\ cu.m
2

318,000 cu.m

h,.\

rea EPGHX(?EH'+ FG

10,100 (22 + 12) cu.m
: —_—

72,000 cu.m
69,000 cu.m

08,300 cu.m

8

3

69,000 cu.m
5° (approximately)
ecant 35° x 132,800 m2

- 1.22 x 132,800 m2
162,000 m2

[,

b e AR e B
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AMOUNT AND RATE OF POSTGLACIAL ROCK WALL RECESSION

Amount of erosion =

Rate of erosion over =
postglacial period
(i.e. 12,000 yrs approx.)

608,300 m
162,000

3.75 m

3.75 x 106
12,000 mm/1,000 yr

313 mm/1,000 yr
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Plate 1 Rock wall gullies and talus cones in meta-
sediments, north of Bear River airstrip.
G3C 156927,

Plate 2 Talus aprons beneath syenite rock wall at
Talus Lake, Tombstone Valley. Looking south
west. CSC 156998,

ST
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Valley-wall rock glacier B20 two miles west
of Bear River, South “ork. Note the even
orested ridges in the background. Looking

east, G3C 156911.

Flate 4 Protalus ramparts below the south wall of
Xt. ‘rank Ray, Tombstone Valley.

e ——
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K.Y

Plate 3  Valley-wall rock glacier R2C two miles west
of Bear -iver, 3outh “ork. Iote the even
crested ridges in the backsround, Looking
east. 77 156911.

Flate 4 Frotalus ras;arts below the gsoutn wall of
¥¢. “rark a7y, Tonbsicne 7alley.



Plate 7

Viev westward aoross Tombstone lycni.tio in-
trusion. Note the narrow jagged aretes.

Plate 8

Contact sone between metasediments on left
and igneous intrusives on ri ht near the head
of the ¥orth Flondike Valley, Tombstone re-
gion. Photograph takem in Vid-Nay 1567,
lookin. south east. GSC 6=-2-67.
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Tlute 7 Viev ¢estward across Tombatone syenitic ine-
srusion. ote the narrow Ja ,red arates,
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Plate 10 Small oirque glacier below east wall of
Mt. Nonolith, Tombstone region.
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Plate 10 Small oirque glacier below east wall of
Ht. Monolith, Tombstone region.
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Plate 11 Debris free avalanche on north facing slate
and quartzite wall, Landslide Valley, Tomb-
stone region. The avalanche occurred at the
end of lay 1967. GC-C 9=7-67.

Tlate 1° Debris laden avalanche on talus cone below
nor:k facins wall of Landslide Valley. Ava-
lancke occurred in zid-June 1967.

70 16=-7-67.
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*l:te 11 "wbris free avzlanche on norti Tacin, slate
and uarszate well, lanislide Vallay, Terb-
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ernd of Uy 1467, 7T G-7-67.
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Plate 13 Net for debris collection on talus cone 6830
above Talus Lake, Tombstone Valley. Korth
faoing rock wall is composed of syenite.

G3C 157051.

Plate 14 Close-up of debris deposited on the net pla-
ced on metasedimentary cone 6620, Bear River
Yalley. GSC 157026,
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Plate 12 Net for debris collection on talus cone 68630
above Talua Lake, Tombastone Valley. Yorth
facin.- rock wall is composed of syenite.

70 157051,
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Flate 14 ~lose-up of debris derca:ted on tke net ;la-
cei or. natasedizertary ccne 6¢2(, Fear “iver
Yalley., 5 ~ 1:7C.6.
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Plate 15 Syenite rock wall south west of Divide Lake,
Tombstone region. The dedbris from recemt
large rockfalls was measured along the base
of this wall. GSC 1-5-67.

Plate 16 Slope in weatbered syenites on the north si-
de of Tombstone Valley exhibiting receat ero-
sion in the form of large vertical gashes.
a3C 157056,
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Plate 15 Syenite rock wall south west of Divide Lake,
Tombstone region. The debris from recent

large rockfalls was measured along the base
of this wall, G530 1-5-67.

“lite 16 Slope in veathered ssenites on the north si-
de of Toumbstone 7alley extibiiing receant ero-
sion ir the fcrm of large vertical gasbes.
T°° 137C76,
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Plate 17 Tongue of a redent debris flow on the north
slope of Tombstone Valley. GSC 13-1-67.
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Plate 18 Nolybdemite Rock Olacier (T1), Tosbstone
Valley. A localised area of house-siszed
syenite boulders indicates an umisually
large rockfall in historioal tiass. Photo~
grsph taken in mid-¥ay 1967, looking esst.

GSC 4-8-67. .
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Plate 17 Tongzue of a recent debris flow on the north
slope of Tombstone Valley. 5.7 13-1-67.

*1:te 1&¢ Yolybdenite Tock Slacizr /71, Tombsinne
7allay. A localimed area of house~siva?d
arenite tculdersy :-J:icates = unusu:ly
larse rockfall in hisc-rical tices. thotie

1

-
srast takern in =id-Vas 1C£7, lonvin. eanc,
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Plate 19

Fall sorting on syenite talus cone 6631,
Tombstone region. Note the blocky angular
nature of the debris. View southward.

GSC 156978,

Plate 20

Tall sorting on slate and quartzite talus
cone 6629, Landslide Valley, Tosbsione Te-
gion. FKote the platy and angular nature of
the dedris. GSC 18-9-67.
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Flate 15 “all sorting om syenite talus conas 6t31,

Tombstone region. “ote the blocky wngular
nature of the debrigs. View southward.
ne 15697¢,

Tlaze 2C all sorting on slate and gu.rtzite talus
core €25, Larisi:de 7alley, Tombaicre re-
ien. Tote the platy and anular nasure ¢f
tze dedris, 777 1€-%-67,
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Apex of talus cone 6824, North Klondike
Valley, Tombstone region. Note the variabi-
1ity in debris size within a narrow vertical
sone. The main rock type is quartzite.

GSC 14-1-67.

Tlate 22 Lobate zone of fine debris fringed by coarse
debris on southward facing dolomite talus
cone. View froa rock glacier 31k, Bear “iver
Valley. G3C 156904.



“late 1 4pex of talus cone 6+ 4, orih Floniire
T-lley, Trmostore region. ‘icte toe
Tit, in debris size «1:.in a narrow
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Tr l4-1-47,
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Plate 23 Talus lake Rook Glacier (T2), Tosbstone
Valley. In reality this is a dedris-
veneered oT. The stratification is

oharsoteristio of glacier ice. OSC 156565,

Plate 24 nuuummumuum
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Plate 23 Talus Lake Rock Glacier (T2), Tombstone
Valley. In reality this is a debris-
veneered glacier. The stratification is
characteristic of glacier ice, G3C 156985,

Plate 74 Aiblation debris perched on boulders on Talus
Lake Zock Glacler. 735 156587,
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Plate 25 Airstrip Rock Glacier, Bear River Valley.
This is a oirque-floor roock glacier. Note
the transverse ridges on the surface, and
the probable lateral moraine beyond the far :
edge. GSC 156967. !

R IOV L

Plate 26 Snowline corresponding with springline on tbe
front of rock glacier B2C. Rock glacier in
plan view is showm in plate 3. G3C 157011,
1571012,
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Plate 25

Airstrip Rock Glacier, Bear River Valley.
This is a cirque-floor rook glacier. Xote
the transverse ridges on the surface, and
the vrobable lateral moraine berond the far
edge. GSC 156967.

Plate 26

Snowline corresponding with springline om the
front of rock glacier 32C. 2ock glacier in
plan vies is shown in plate 3. G3C 157011,
157012,
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Plate 27 Rock glacier Bl4 on eastern side of 3ear Ri-
ver Valley, South Fork. Note the distridbu~
tion at A, B, C and D of other rock glaciers
along the valley wall, OSC 156895, 156896,
156897«

Plate 28

Strean diversion due to north westerly advan-
ce of circue=floor rock :lacier B18, Zear
River Valley. G3C 156€91.
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Tlate 27 Rock glacier Bl4 on eastern side of 3ear "i-
ver Va2lley, South *ork. Note the distridbu-
tion at A, B, C and D of other rock glaciers
along the valley wall. G3C 156695, 156656,
156897.

1 te ¢

“erea= diveridicn ue :2 north wes<terls advan-
ce of cir ue=flcor rnor  lacier TlE, “ear
Sive. Valley. G 7 136451,
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