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Mountains, Yukon Territory". 

ABSTRACT 

Erosion rates on ten rqck walls in central Yukon over a 
10,000-14,000 year postglacial period range from 5 to 388 mm/l,OOO 
years, with a median of 50 mm/l,OOO 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 
~~observed occurrence, are quantitatively more important, however. 

Fall sorting on talus slopes occurs due 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 a~d cirque-floor rock 
glaciers. The latter appear to contain massive ice, and the former 
interstitial ice. The majority developed be~ween the culmination of 
the last glaciation and 1,000 years B.P., and exhibit maximu~ advance 
of only 0.1-0.4 m/year during the 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 periode 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 ~re 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 measurements and through indirect studies of 

talus slope form and surficial debris characteristics. 

Rock glaciers beyond sorne of the talus slopes are the end pro

d~cts of postglacial debris transport dO'Nn the steep rock ~alls. The 

variability in the distribution of these forms, their age, their pro-

bable ice content, their current rates of advance, and the informa-

tion they provide on ?ostglacial rock ~all recession are evaluated. 

1 
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2. OUl'LINE OF THEsIS 

In the remainder of chapter l, the location of the field 

areas, the~r 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, S, 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 forro 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 wal~is constructed. In chapter 5 the form 

and surficial characteristics of artificially built slopes are 



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 t~lus slopes in the Ogilvie and Wer

necke Mountains. The results are then compared with the theoretical 

and artificial models and explanations suggested for the major dif

farences. Processes other than rock-fall are responsible for sorne 

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 aIl aspects of the research 

are presented in summary forme 

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

cussed in Appendix 1. 

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

places in the texte 

3. LOCATION OF FIELD ~~S (Fig. 1.1) 

The Tombstone field area lies within the Ogilvie Mountains, 

56 km (35 ~i) north east of Dawson City. It WdS selected for detailed 

, 
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study on account of its high elevation 1,~OO-2,300 m (4,500~ 

7,500 ft) ab~ve sea level, its high steep roCk walls, varying 

from 450-775 m (1,500-2,500 ft) in elevat~on, and its marked con

trasts in rock wall morphology. 

Reconnaissance work was carried out in this area over 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 a1lowed access on foot from the Dempster 

Highway 16 km (10 mi) to the east. The party was able to land on 

several occasions by f10at plane and ski plane on Divide Lake 

(Plate 5) and a he1icopter 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 disp1ay 

an abundance of protalus rock glaciers in contra st to the Tombstone 

area. Therefore, in order to obtain a balanced picture of debris 

transport on and be10w mountain wa1ls in the central Yukon Territory, 

the field-work was extended to the Bear River area for the summers 

of 1967, 1968 and 1969. The sca1e of the rock walls and the e1eva-

tions of the peaks within the field area are similar to those of 

the Tombstone area. 

An airstrip in the Bear River va11e~ bui1t in 1966 by a mine-

raI exploration company Pacific Giant Stee~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 ~as taken in 

1 , . , 
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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 S; 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 ldrge 

elliptical stock of igneous intrusives of mid-Cretaceous age force

fully emplaced into a zone of folded and thrust faulted Lower Cre-

taceous orthoquartzites with minor slate and limestone. A previously 

intruded di.abase si1l is present in the basal zone of the orthoquart-

zites. 

The thrust fau1ts in the metasediments dip in a souther1y or . 
south easter1y direction. The strata between these fau1ts have been 

folded asymmetrically, the anticlines having steeply dipping norther1y 

and north westerly limbs and gently dipping souther1y and south 

easter1y 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 ',·lest. Consequent1y the high angle rock v/ails 

and talus slopes are m05t1y located on slopes with a norther1y or 
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TABLE 1.1 

FIELD-WORX ON TALUS CONES IN TOMBSTONE AREA. 1. 

Surface Slope S:Low 
Cone Cone Debris sediment angles & debris 
no. Lithology volumes Accretion analysis profiles shi ft 

6821 1 diabase x 1 x 1 

6822 1 n 1 x 1 .. -
1 
quartz~te 

1 1 6823 (slate) x 

6824 n 1 x x x x x 

6825 n x x x 

1 1 
slate 

1 1 6826 (diabase) x x 

6827 n 1 x 1 x 

6828 n x x 1 

6829 n 1 x 1 

6830 , syenite x 1 x x 1 x 1 x 

6831 nn 1 1 x 1 x 1 x 

6832 n 1 x 1 

6833 n 1 1 1 x 1 

6834 n 1 1 1 x 1 

6835 n 1 x 1 

! 6836 
quartz~te 

1 1 1 1 (slate) x 

6837 .n 1 1 x 1 1 

! 6838 syenite 1 1 x 1 

6839 n 1 1 1 1 x 1 , 
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TABLE J..2 

FIELD-WORK ON TALUS CONES IN BEAR RIVER VALLEY. 

·1 Surface SJ.ope Sl.ow 
Cone Cone Debris 1 sediment angles & debris 
no. LithoJ.ogy volumes 1 accretion anaJ.ysis profiJ.es shi ft 

quartz~te 

1 1 6801 (slate) x x x 

6802 dolomite 1 1 x 1 

6803 slate l 1 x 1 

6804 dolomite x 1 1 x 
s~ate 

1 1 1 6805 (quartzite) x x 

6806 " 1 1 1 x 1 x ., 
quartz~te 

1 1 1 1 1 6807 (slate) x 
. 

1 1 
1 6808 dolomite x x x 

quartz~te 

1 1 1 6809 (slate) x x x 

6810 dolomite 1 x 1 x 1 x 

68ll " 1 1 x 1 x 1 x 

68J.2 " 1 1 x 1 x 1 x 
quartz~te 

1 1 1 1 6813 (slate) x 

1 1 
t 

68J.4 " x 1 x 

6815 " x 1 1 x 1 

68J.6 1 " x 1 1 x 1 

1 
quartzl.te 

1 1 1 
1 

6817 (slate) x x 

6818 " 1 1 x 

1 
1 1 1 

1 
1 

6819 dolomite 1 1 x i 

1 " 1 1 
1 

1 6820 x 1 x 
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north westerly component, i ·.e. on the scarp slopes. The southerly 

and south westerly facing dip slopes generally have gradients of 

150 _300 , and are mantled with weathered debrisand frequently with 

skeletal soils and a vegetation mat. 

The'contact between the intrusives and the metasediments is 

very abrupt, dipping at angles greater than 600 (Tempelman-Kluit, 

1970, p. 40). This gives rise to a striking contrast in rock wall 

morphology (Piate 8). The smooth walls of the Tombstone intrusion 

are only occasionally interrupted by narrow joint controlled gullies 

and chi~~eys. They slope upwards at 600 _700 and culmina te in sharp 

pinnacles and towers joined together by narrow ar@tes (Plate 7). By 

contrast the rock walls in the metasediments are seamed at frequent 

intervals by large dendritic gully networks. They are of high rugo

~ity and slope upwards at 350 _45 0 to culminate in broad wedge shaped 

or pyramidal peaks. Local st"eepening of the basal sections of the 

rock walls in the' metasedimentary 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 infreque~t 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 ~nd pocket) 

Geologically the Bear River area consists of a Precambrian. 

series of slates, argillites 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 therefore the structure is rather complexe 

Scarp and dip slopes are not so consistent in direction as in the 

T6mbstone area but the roCk wallsand talus slopes studied are 

nearly aIl on east, west and north facing slopes as they are mainly 

associated with the steep cirque walls incised in the mountain 

ranges. 

5 • GLACIAL HISTORY OF THE FIELD ARBAS 

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 allows calculation of the rates of talus build-up 

and rock wall erosion. 

Vernon and Hughes (1966, p. 6) note a contrast in the gene

raI character of glaciation beo1een the Ogilvie Mountains in the 

western part of their field area, and the v1ernecke Hountains, in 

the eastern part of their field area, The former includes the 
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Tombstone area an4 the latter the Bear River area. 

"In 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) O~ilvie Mountains (Map 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 moraines 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 Mile 96 of the Dempster Highway lies at 1,070 m (3,500 ft) 

ab ove sea level and 230 m (750 ft) above the present river level. 

These erratics, consi~ting 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 atthis 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 bas not been demarcated yet but both the Tombstone 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 into 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 11,250 - 160 years B.P. was obtained for this mo-

raine (Lowdon and Blake, 1968; GSC 470, p. 231). The neighbouring 

valley of poxy 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 tributary 

valleys. 

During the intermediate and youngest glacial advances in 

the Blackstone valley, ice passed in a westerly direction down 

Tombstone valley and in an easterly direction down the North Klon-

dikevalley. 

The Chapman Lake moraine in the Blackstone valley is not 

matched by well defined moraines in the Klondik~ 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 an advance of the North 

Klondike Glacier contemporaneous with the North Pork advance or the 

Chapman Lake advance of the Blackstone Glacier a few miles to the 

north. Notable features in the vi.cinity 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 floo~which suggest a prolonged 

ice stand at that level vrith the front nearby (Hughes, pers. comm.). 

Above the big bend the lower slopes on both sides of the Klondike 

valley are plastered with ground moraine. This marges indistincly 

into the weathered mantle of the upper slopes. 
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The large nurnber of cirques at the head of Tombstone valley 

and the current existence of debris covered glaciers in sorne of 

these cirques, indicate that this valley bas undoubtedly been gla

ciated as recently as the North Klondike val1ey. Moraine evidence 

is scarce, however. A lateral moraine bas 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 valle ys 

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 - 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 TL1, 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 producing the North Fork 

moraine in the Blackstone valley it must have taken place prior 

to Il,250 years B.P., and if contemporaneous with that producing 

the Chapman Lake moraine it may have occurrèd a litt1e 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 reasonab1e outside lirnits for the period 

of retreat of the last valley glaciers in the upper North Klondike 

and Tornbstone valleys. 
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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 period of 

non-disturbance by glacier ice dates back to the recession of the 

valley glaciers in the upper North K1op~ike 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 to be the case on the 

outer neog1acia1 moraines of the Natazhat and Klutlan Glaciers in 

the southern Yukon, which are between 3,500 and 500 years old 

(Rampton, 1969, p. 79). The cirque moraines in the Tombstone area 

probab1y represent either a recessiona1 phase of the 1ast valley 

glaciation between 10,000 aûd 14,000 years B.P., or a subsequent 

minor readvance be~Neen 10,000 ëlnd 3,500 years B.P. In either case 

they have not affected the rock walls for which talus volumes and 

erosion rates have been ca1cu1ated. 

Severa! ice cored rock glaciers, described as debris-covered 

glaciers 'by Vernon and Hughes (1966) and termed cirq~e-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 occurzence of 

large hollows along the baCks of several of these forms, where 

talus is not beingactively 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 

east facing cirque below Mount Monolith, (Plate·lO), indicates a 

presently negative glacial regimen. It has retreated half a mile 

from a terminal moraine of very fresh appearance. Crustose lichens 

of Rhizocarpon geographicum 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 (l-1ap 4 in end pocket) 

In the eéstern region evidence for the oldest of three gla-. 

ciations exists only in the form of high level erra tics "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 mQn1mum ages based on lichen cover, see chapter 
3, p. 45 and chapter 8, p. 185. 

, 
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been deduced trom terminal and latera1 moraine limits in the Hart 

and Wind valleys. During these advances, 1arge·glaciers emanated 

from ice sheets in the Selwyn Mountains and the Backbone Ranges to 

the south east of the Wernecke Mountains, and pu shed north west down 

tributaries in the upper part of the Bonnet Plume and Stewart basins. 

Distributary lobes of ice then moved west from the Bonnet Plume 

valley, ~cross 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. During 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 limit of the Wernecke 

Mountains. A locally nourished glacier in the Bear River 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 mou th 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 - 140 years B.P. (Dyck and Fyles, 

1963; GSC 67-2, p. 8) has been established for the culminat;ion of 

the last major advances of the Hart transection glacier at Hart 

Lake (640 35' N, 1380 17' W). The Bear River valley is about 80 km 

(50 mi) to the east of Hart Lake and 50 correlation of the Hart 

Lake advance with the last major advance of the Wind and Bear Gla

ciers is somewhat tentative. 12,000 ~ 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 Pork of the Bear River (Locality BL1, 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 head\vall, (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 Ogi1vie and Wernecke Mountains have a Polar tundra climate 

according to KOppen's class~fication (Haurwitz and Austin, 1944, 

p. 153-155). They are.characterised by very cold winters, cool short 

summers and low annua1 precipitation. Dawson City and Mayo, two sta

tions on the southernperiphery of this mountain area at elevations 

of 340 m (1,100 ft) and 490 m (1,600 ft) respectively, have mean 

temperatures of -SoC and _30 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 annua1 temperature of about _lOoC. . 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 co1d climate most of the Ogilvie and 

Wernecke mountain region lies within the tundra zone, the treeline 

being located at 750-1,050 m (2,500-3,500 ft). Permafrost is wide

spread and is at 1east 120 m (400 ft) thick at comparable elevations 

in the Xeno Hill area about 160 km (100 ~ to the south of the field 

areas (Brown, 1970, p. 153). 
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Morphogenetical1y the region may be classed as perig1acia1 

because it is characterised by the presence of permafrost and by 

a tundra vegetation coyer and, above all, because it disp1ays in 

its 1andforms evidence of the importance of cryogenie processes, 

(Bird, 1967, p. 159). 



CHAPTER 2 

POSTGLACIAL ROCK WALL EROSION 

1. INTRODUCTION 

Several local rates of erosion by scarp recession have been 

ca1culated 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 usua1ly been given in ter~ 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 do~ wasting of complete river basins within 

glaciated mountain regions in alpine and arctic areas was noted by 

Rapp (1960a, p. 86-89). His rates of postglacial scarp retreat in 

Spitsbergen are in the order of either 120-370 mm/l,OOO yr, depending 

on whether the postglacial is taken as 30,000 years or 10,000 years. 

He quotes values of 400 to 2,000 mm/l,OOO yr for basins in continental 
, 
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Europe which were wh~lly or partially glaciated. Rappsuggests 

that the latter figures represent erosion of glacially derived over

burden rather than underlying bedrock. Comparisons between rates of 

erosion established for such diverse geomorphological systems as 

river basins and scarps is therefore not a very fruitful enterprise. 

Indeed it is obvious that study of variation in effectiveness of 

erosive processes on bedrock of different lithologies and in diffe

rent climatic environments will have to be based on the study of 

limited and well bounded areas of bedrock and not on large river 

basins which oontain varying thicknes~s and"sizesof 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 removal to the latter. Plate l illustrates the zone of bedroCk 

--'-
erosion and the zone of talus accumulation in such a system. The 

talus accumulations and their rock wall source . areas were usually 

very easy to delimit,and the y are also 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 aIl products of erosion from the same wall area 

throughout the postglacial periode It is therefore implied that 

the wall area has not changed, that aIl pre-existing products of ero-

sion were removed by the last glaciation, and that there has been no 

postglacial removal of dabris from the talus slope. The calculation 

and comparative assessment of rates of erosion, also supposes that 

the postglacial time interval is known and that it is the same for 

aIl examples considered. These assumptions are now discussed in 

turne 

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 aIl pre-existing talus debris during 
last glaciation. 

"The complete absence of boulder trains down valley from the 

talus slopes suggests removal of aIl or nearly aIl 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 periode 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 litt le 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 
, 
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minor fraction of the debris in the talus cones. (Table 2.1 and 

Pigs. 2.1 and 2.2). 

TABLE 2.1 

PROPORTION OP FINES ON THE SURFACE OF TALUS CONES. 

Cone 6805 

Cone 6808 

Cone 6809 

Cone 6810 

Cone 6811 

Cone 6812 

Cone 6824 

Cone 6825 

Cone 6830 

Average for 
aIl cones 

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

3.7 

6.0 

5.9 

18.3 

5.5 

4.6 

0.9 

0.3 

6.7 

5.8 

Tables 2.1 reveals that an average of only 5.8% of the 

surface area of ni ne talus cones is covered by debris whose 'b' 

axis is less than 12.5 mm. Mechanical analyses of fines sampled on 

cones 6808, 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 ëo the Wentworth classification of particle sizes 

(Wentworth, 1922). 
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If the supply of fines had exceeded that of coarse mate rial 

during the build-up of the surficial layer of talus,a much larger 

percentage of fines would be expected, near the surface. Penerra-

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 previous-

ly deposited fines fill the void spaces in the debris masse Thus 

the recently deposited fines can at the most only fi Il 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 masSe Loss of aIl fines which cou1d 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 Z011e, and since the rock types are not susceptible to rapid 

solut10nal loss 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) Assumption concerning postglacial interval 

. 
The evidence given in chapter 1 suggests that deglaciation 

in the Bear River valley and Tombstone areas occurred 12,000 ~ 2,000 

years B.P. It is practica1ly certain in the Eear River valley that aIl 
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the sites for which erosion rates were calculated were deglaciated 

within a few hundred years of each other, as they are on1y spread 

along a four mile stretch of the valley. Three of the four.criti

cal sites in the Tornbstone area, are within 3 km (2 mi) of each 

other in the North Klondike valley ana have also been deglaciated 

within an interval of a few hundred years. The fourth site, in the 

Tombstone area, is in Tornbstone valley but in a topographically simi

lar position to the other sites, inside limits of the last regiona1 

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

Although good reasons have been forwarded for considering 

the uncontrollable errors introduced by these assumptions as smal1, 

it is valid to indicate which of the errors would increase the a-

mount and rate ?f erosion, and which of the errors would decrease 

these values, (Table 2.2). 

TABLE 2.2 

EFFEéT 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 0 

b -ve 0 -ve -ve 

c +ve 0 +ve +ve 

d 0 0 
j 

0 -ve 1 

i 
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Assumption a gives negligible error; assumptions c 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 aIl the pre-existing talus debris. 

3. EQUATION FOR ROCK WALL EROSION 

Mean recession of present 
rock wall surface in ml 

Mean postglacial rate of re
cession of present rock wall 
surface (mm/l,OOO yrs) 

Net vol. in cu.m of debris on 
El = talus slope (VN) divided by 

Source are a in sq.m of rock
wall (R)() 

El x 106 
= 12,000 

The details of the method, the calculation of VN and R)( and 

an assessment of· the empirical errors introduced are presented in 

Appendix II. The maximum possible errors are accumulated through aIl 

the steps of the calculation, and the mean, maximum and minimum values 

for VN, R)( 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 metric. 
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4. RESULTS OF CALCULATIONS AND COMPARISON WITH OTHER ARCTIC AND 
ALpINE ËNVIRONMENTS. 

The resu1ts of the ana1ysis of amounts and rates of postg1a

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 1 Amount of recession Mean annua1 rate of recession 

Mean Max. Min •. Mean Max. Min. 
(m) (m) (m) 1 mm/1000 yr mm/1000 yr- mm/1000 yr 

6801 1 0.636 1.170 0.388 053 117 1 028 

6804 0.863 1.865 0.450 1 072 1 187 1 032 

6808 1 0.510 1.161 0.270 043 1 116 1 019 

6813 1 2.060 3.880 1.235 1 173 1 388 1 088 1 

6814 1 1.025 1.925 0.615 1 086 1 193 044 

6816 1 '0.271 0.620 0.144 1 023 062 1 010 

6821 1 0.085 1 0.160 0.051 1 007 1 016 004 

6824 1 1.245 1 2.340 1 0.748 1 104 1 234 054 ! 

6825 1 0.345 1 0.650 1 0.207 1 029 1- 065 015 1 1 . 
6830 1 0.358" 0.674 1 0.215 1 030 067 015 1 

The median value for amount of erosion in the postg1acia1 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/l,OOO yr. 

The values range from a maximum of 388 mm/l,OOO yr to a minimum of 

4 nun/l,OOO yr. 

The two igneous roCk walls for which values were derived, a 

syenite rock wall, and a diabase roCk wall, have lowe~ values -than six 

of the eightmetasedimentary walls. The substantive evidence from the 

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

wall height and the frequently fhin talus mantle, through which bedroCk 

can be observed in places, indicates in association with the quantita

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

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 sorne 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 a:1d 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 established by King, (1956) a:1d Freise, (in Rapp, 1960 a, 
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TABœ 2.4 

.IœG n:RM RlTfS OF BOCK WALL EROSION lN AJrIITC, AU'IRE AND TmPERATE ENyIRONMENTS WITHIN THE HOLOCENE PERlOn 

Erosion norma.L vere. receSS10n Hor1Z. 1'eCeSS10n 
Natul'e to wall surface equivalent equivalent 
of 

Pe1'iod of accUJIIU- No~ .of Amount Rate Amount Rate Amount Rate 
AlithOl' Locality erosion Bock type lation cases m mm/l,OOO m mm/l,OOO m mm/l,OOO 

yrs. yrs yrs. yrs 

Poser, Austl'ian 10,000 yrs gneiss 3 7-10 700-1,000 
1954 Alps scbist 

serpentine 

Bapp, Mt. Templet, 10,000 yrs lime stone talus 4 2.3-2.7 230-270 3.4-4 340-400 
3.959 Spitsbergen chert cones 

sandstone 80-90* 

o , 

Wahttliaftig Alaska Range 1,000- l'Ock 40 9.4 3,000-
'Cox, 3,000 yrs ~laciers 9,000 

1959 

Pearce, St. Hilaire, 13,000 yrs igneous talus 1 0.52 40 
1970 Q,lebec. breccia debris 

gabbl'O talus ~ 0.24 18 
cone 

Gray, Ogilvie & ~2,000 yrs quartzites talus 8 0.27-2.06 20-170 0.35-2.70 20-230 0.42-3.19 30-260 
~971 Wemecke Mts. dolomites canes 

Yukon Ten. • 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 

--- --- --

* E1'o!"ion rate if postglacial interval in Tempel.fjOl'd, Spitsbel'gen 1s 30,000 yrs. 

l.: 
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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 rates quoted by Wahrhaftig and Cox (1959, p. 430) for 

central Alaska are in the order of sixt Y times that of the median 

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 10,000 years in length in the central Alaska Range, 

(Wahrhaftig and Cox, 1959), these authors calculated rock wall ero

sion rates on·the basis 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 would be ten 

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 wa~ls above ta

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

Recent work by Pearce on postglacial rock wall recession at 

a low altitude site near Montreal, Quebec,indicates a rate of erosion 

of 40 mm/l,OOO 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. 

l ' 

f 
i 
1 

! , 
i 
1 

" 1 ; 



CHAPl'ER 3 

PRESENT DEBRIS ACCRETION ON THE TALUS SLOPlS 

1. INTRODUCTION 

There is a genera1 difficu1ty 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 difficu1ty in distinguishing between the effect of pro

cesses in removing debris from the rock walls onto the talus slopes, 

and their effect in transporting a1ready deposited debris furthe~ 

down the talus slopes. In this study t~e two distinct effects are 

iso1ated, remova1 of debris from roèk wa11s 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 ca1culated 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 reIativeIy 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 ~~-falls 
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snow avalanches, torrent avalanches, ephemeral run-off and slow 

debris shift, in transpor~ing 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 measurement 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 de~ivation of sorne 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 large 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 

surfa~e 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 measurernents 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 l8th; 1969, recently fa lIen debris was measured on 

the snow covered basal slopes of a high steep syenite wall, at the 

head.of the cirque above Moraine Lake in the Tombstone area (Plate 5, 

Locality TL4). At the time of measurement the snow on the basal 

slopes was deep and weIl packed. The rock wall averages 700 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 50 

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

debris for both zones. 

Zone A 

Zone B 

Total 

TABLE 3.1 

ROCK-FALL ACCRETION BEUXv SYENITE WALL IN 
LOCALITY TL4, TOMBSîONE AREA, SPRING, 1969.1 

Total weight Total volume 
1 
1 Rock wall area 

(kgm) (m3) 1 above ~one 
(m ) 

3,205 1.188 1 48,600 

950 0.352 t 534,500 

4,155 1.540 1 583,100 

Rock wall 
erosion 

(mm) 

.0240 

.0007 

.0026 

l Only slight errors in total volume result from a subjective deci
sion not to measure particles with ra r axis ~30 cm for top half 
of Zone A and ail of Zone B, and 'a' axis <.5 cm for lower half 
of Zone A. Haste was paramount in a zone of potential roc:k-fail 
danger. 
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It is clear from this table that erosion has been thirty 

tirnes more vigorous in the zone below the narrow gully at the f:lest 

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 periode 

The 'b' axis of the largest fa lIen parti cIe 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, (196Gb, p. 97) 

as small boulder and pebble falls, which occurred as fa Ils of indi

vidual or srnall 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~.')n covers an 

area of 40 rn (130 ft) in a horizontal direction by 5 m (16 ft) in a 

vertical direction, viz. 200 rn2 (2,100 ft2). Figure 3.2 is a gra

phical illustration of the vartical distribution of rock-fall volu

mes per unit area. 

The density of debris measured on the Tombstone s10pe is about-

ten times greater than that measured by Caine, (1969) in New Zealand. 

The strong negative correlation of debris volumes with distance down

s10pe observed by the latter is not noted in the Tombstone example. 

Apart from the possibility that this contrast is random, only one 

s10pe having beenconsidered in each study, several systematic fac

tors could be of importance, e.g. varying hardness of snow surfaces 

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



-43-

TABLE 3.2 

VERTICAL DISTRIBUTION OF ROCK-FALL ON SNOW IN ZONE A. 

Section Distance from S10pe Vo1~e Vol. ~n Comments 
top of slope angle Cm ) cc/m 

(m) 

43° 
Measurements on 

1 
1 0-25 0 0 bou1ders with 

'a' axis> 30 cm i 

2 25-50 40° 1 .003 1 3 " 1 , 
3- 50-55 0 1 0 " 
4 55-60 .034 170 " i 5 60-65 31° 

, 
.175 1 880 " 

Measurements on 

1 

6 65-70 .219 1100 partic1es with 
'a' axis >5 cm 

7 70-75 1 .146 1 730 " 
8 75-80 .174 870 " 
9 80-85 .116 1 580 " 

10 85-90 24.5° 1 .242 1 1210 " 
11 1 90-95 1 .026 

, 
130 " 

12 95-100 1 .053 f 270 " 
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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 have been 

smaller in size than those in the Tombstone example (Caine, 1969, 

p. 93). Many more measurements of debris accretion on snow surfaces 

are necessary before Caine's hypothesis conce~ning vertical distri-

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

o From Figure 3.2 the angle of 20 appears to be an approximate 

lower 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 370 in the New Zealand examp1e discussed by Caine, (1969). There

fore there seems to be a general 1imit of 370 _400 for debris accre-

tion on snow slopes. 

b) Rock-fal1 accretion on 1ichenous surfaces 

-
Be10w severa1 syenite walls the talus zone consists mere1y of 

a narrow fringe of large boulders and cobb1es interspersed with vege

tated patches of fine gravel. Because of the steep wal1s 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 fresh 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 



-46-

, 

cover. By measuring the 'a', 'b' and 'ct 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 fa lIen during 

a certain time interval prior to establishment of an extensive li-

chen coyer 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 

1argest lichen diameters on samp~e plots on the gold tai1ings in the 

• lower Klondike valley and its southern tributary va1leys. 

Dredging operations on the grave1s commenced in 1906 and con

tinued unti1 1966. Maps showing the loca1ities dredged on the Klon

dike tai1ings at different periods between 1906 and 1966 were made 

avai1ab1e by C.R. McLeod of the Geologica1 Survey of Canada. They 
2 were used in the selection of seven samp1e plots, each 200 ~ in 

area, on tai1ings dredged in 1907-1910, 1918, 1919, 1930-1933, 1932, 

1940, 1952. 

Crustose liChens of Rhizocarpon geographicum spp were the most 

easily recognised, and are use fuI age indicators for a longer period 

than the foliose liChens observed on the tai1ings. Therefore parti-

cu1ar attention was given to finding sufficient numbers of examples 

of Rhizocarpon geographicum spp to ca1cu1ate a mean value for the dia

meter of the largest five examp1es for each sample plot in addition 
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to thediameter of the largest single example. This approach avoids 

the possible danger of a sampling a single large lichen which has 

accidentally survived on a fresh surface (Stork, 1963). The results 

are compiled in Table 3.3 in which the measurements made on other 

lichen species have a1so been indicated. Growth curves for Rhizo-

carpon geographicum ssp have been p10tted in Figure 3.3 by 1inear1y 

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 1 1918 1919 1930-33 1932 1940 1952 

Rhizocarpon mean of 5 18 14 13 10 8.5 7.5 2 
geOgraPhiCuml 

3 spp max. 22 16 14 10 9 . . 8 

Xanthoria mean of 5 25 16.5 12 
e1egans spp 

max. 35 20 15 1 
. .. -

tlmbilicaria mean of 5 37 21 19 
spp 

max. 43 25 .22 

Parme lia mean of 5 31 6 
spp 

1 max. 55 8 

1 
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·R.G. , = Regression line for means of largest 5 thalli of Rhizo-.... 
carpon ~e02!aphicum spp against age. 

y = 0.35x - 2.86, r = 0.99, SXY = 0.77 

Rate 1 = 41 mm/century with 10 year colonisation periode 

R.G. 2 = Regression line for rneans of largest single thallus of 
Rhizocarpon ~e02!aphicum spp against age. 

y = 0.41x 3.96, r = 0.98, SXY = 1.46 

Rate 2 = 35 mm/century with 10 year colonisation periode 

. 
FIG. 3.3 LICHEN GRa-lTH CURVES FOR KLONDIKE <DLD 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 environments. (Besche1, 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 sorne 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 the large area of the sample stations and the precise dates 

placed on them give a high degree of confidence in the growth curves. 

Beschel (1961) has suggested a rapid .early growth phase for Rhizocar

pon geographicum spp before the lichen assumes ô lower more uniform 

long term rate of growth up to its maximum size of several hundred 

millimetres. Therefore the rates of 35 rmn and 41 rmn per century rnay 

become somewhat lower as growth continues. 

Bxamination of tailings surfaces exposed for less than fifteen 

years, did net revea1 distinguishable thalli of Rhizocarpon geogra-
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phicum spp. The lichen gro~~h curve in Figure 3.3 indicates that 

c~lonisation 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 100F and a longer annual snow coyer. 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-fal1s is the limited surface area of the 

fal1en 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 fal1en debris below two rock wal1s in the Tombstone 

intrusion 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-fal1s which have extended beyond the present talus base 

onto old debris. Thus it represents only very large rock-fal1s, not 
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the smaller scale events which lead to accumulation of debris within 

the bounds of the talus cone itself. The corr~cted 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 growth curve. 

TABLE 3.4 

ROCK-FALL DEBRIS ACCUMULATION BEYOND THE BASE OF CaNE 6830 

Knl.zocarpon 2:eograpnJ.cum ssp Sl.ze range 
Lichen Lichens Foliose ~mm} 
cover absent spp only 

1 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) 

i 
1 

Vol. of 4.36 5.24 
37.52

1 
debris ~ 

3.94 3.63 5.40 13.47 1.48 
(m3) 

No. of 
~articles 24 18 9 8 7 3 1 70 

A low total accumulation of 37.52 m3 over a minimum period of 

100 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/l,OOO years. This represents .078 m of erosion if 

extrapolated through the postglacial periode Extreme rock-fall va-



---_.-- - ---

-52-

riability is indicated 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 

problem is eliminated. The site is represented by Locality TL5, 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. Volumetrie measurements were madè on blocks, of 'a' axis 

> 30 cm, on which lichens were absent. 

A total volume of 37.56 m3 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 1east fifteen years before the present 

from a rock wall are a of approximate1y 130,000 m2 (ca1culated 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 periode 
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A very large rock-fa11 occurred near the top of a diagonally 

sloping crack "in this rock wallon Sept. 2nd, ~968. The operative 

process was frost bursting and thalrling, as indicated by be10w free

zing shade temperatures in the vicinity, and by the fact that the rock

fa11 occurred at 19:00 hours, short1y after ear1y evening insolation 

had commenced to raise the rock surface tempe rature at the source. 

This was the only major rock-fa11 occurrence on this wall in 

sixt Y da ys spent in the vicinity over parts of three summers. The 

magnitude of the event was estimated by measuring the fragments. They 

cou1d be readi1y identified by the texture and co10ur of the minera1 

assemblage, by their abrasions and powdered surfaces and by fresh bump

ho1es on the ~lopes. The total volume of the recovered debris was 

0.318 m3• At 1east ha1f the fragments from the fa11 must have been 

recovered and so the volume is not be1ieved to have exceeded 0.6 m3• 

These figures are on1y 0.8-1.6% of the rock-fa11 during a minimum 

period of fifteen years before the present. This suggests that the 

observed rock-fa11 is not as infrequent an event as three summers' 

observations indicate. that the non lichenous rock-fa11 debris on the 

slope accumulated over a much longer period than fifteen years, or 

else that one or a few rock-fa11s of very much greater magnitude have 

taken place wi thin this time interval. The latter is like1y in any 

case, since there are many non lichenous blacks 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 TC SNOW AVALANCHES 

The slopes below several rqck walls in the metasedimentary 

ang igneous intrusive zones in the Tombstone 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 DoC. The areal distribution of avalanches and their geomor-

phic significance were subsequently noted. In the metasedimentary 

. zone, the northerly and north westerly facing rock wails of Quart

zite Peak (Localities TL2 and TL3) and the northerly 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. 

. Mo~~ of the early spring avalanches which occurred on the north 

facing metasedimentary rock walls were debris free (Plate Il). This 

is accounted for by the fact 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 three or 

four avalanches down the same gully from different tributary gullies. 

A number of the later spring avalanches were-- ground avalanches, and 

did erode some debris from the rock walls, but by this time the snow 

caver on the talus slopes was disappearing and the avalanches picked 

up MOst of their debris load from the talus slope itself. (Plate 12). 
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.. A much smailer number of avalanche occurrences were obser-

ved on·othe rock wails in the Tombstone intrusion. These that did 

occur were usual1y localised falls of fresh fallen powder snow. 

Debris was not observed in the avalanche deposits. 

Debris content of sample areas in sorne of the most debris 

1aden avalanche deposits in the metasedimentary zone was assessed 

(Table 3.5). The information was co11ected 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 ca1cu1ated tram the 'a', 'b' and 'c' axes of the individual par-

tic1es using the appropriate equation in Appendix III. 

TABLE 3.5 

AVALANCHE DEBRIS CONTENT ON FOUR SLOPES IN METASEDIMENTARY ZONE 

Area of Area Vol. debrl.s Vol. estl.mate 
Loca1ity Date ava~nche sam~led for sam~led for a~a1anche 

(m ) (m ) are a (m ) (m ) 
420 0.031 -

Loc. TL2 1,890 0.084 
Tombstone 6/67 36,000 :2,310 O.ilS 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 9tf O.O9O 0.60 

Loc. &.4 
Bear River 6/68 5-10,000 44 0.0017 0.17-0.34 
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AlI 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 m3 is evident for aIl individual samp1e areas within the ava

lanche deposits. In northern Sweden, for the year 1953, Rapp (1960 b, 

p. 133) estimated from a study of seventy-five examp1es that the ave

rage dirty avalanche contained 0
0

.3 m3 of debris, although one unusual-

1y dirty avalanche contained 10.3 m3• Table 3.5 shows that the vo

lumes of debris brought down from the rock wa11s by the most debris 

laden avalanches 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 wa11s of the Ogilvie and Wernecke 

Mountains. 

s. ACCRETION BY TORRENT AVALANCHES AND EPHEMERAL RUN -OFF 

The south facing slope of Tombstone valley has a general incli

nation of 360 • It is not strictly 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 inclination with the structural clip. It hasbeen subject to 

gullying, however, with associated removal of large volumes of 
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weathered debris. At intervals the slope is marked by long straight 

gashes where incision has taken place down to the unweathered bedrock. 

These are very conspicuous by.their lack of a lichen cover compared 

with the inte~~ening expanses (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 by almost vertical leyées 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 gu1l.y. The minimum bulk volume of this tongue was 

estimated as 225 m3• If 30% is assumed for the porosity, the mini-

mum volume of debris moved from higher up the slope, by the associa-
3 ted debris flow, was 158 m • 

The debris tangue 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 therefore 

appears that subsequent to an initial debris flow the associated ero-

sional Channe1 bas been used probably several times by snow or torrent 

avalanches or by ephemeral run-off. Indeed the presence of .sorne fine 

gravel and sand on exposed surfaces indicates that sufficient time 

bas ~ot e1apsed since the last erosional event for the fines to be 

washed ioto the crevices. 
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The mechanism associated with the debris flow may s1mply have 

been very heavy summer rainfall, but is more li~ely to have been a 

torrent avalanche on the steep slope. In spring ~,der special condi

tions, a snow and ice dam in a previously existing gully probably 

.dammed up a considerable volume of melting snow which saturated the 

surrounding area of weathered 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 are small in scale and were associated with slopes not deeply 

mantled with weathered debris. If torrent avalanches have caused 

debris flows ante the talus cones below the rock walls in the past, 

the evidence, in the form of tongues and large levées, has been des

troyed by subsequent snow avalanches. Small levées are present among 

gravel sized slate particles n~ar the apices of ~ones 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 s~turated debris flow~ are found on a number of talus 

slopes below low angle rock walls, but are associated with oruy two 

of the high steep 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 TC 'IWO TALUS SLOPES 

Measurement of debris accretion on snow surface and in avalan-

che deposits does not give information concerning the effective morph~-

logical activity on the rock wall during the la te spring or summer 

after the talus slope has lost its snow cover, and lichenometry could 

only be used to measure maximum volumes produced 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 resùlting from most processes during the fall to spring 

period and during the summer period. The following procedures were 

used in install~tion of the nets on the slopes. 

a) Installation of nets 

Cone 6820 in a zone of thin bedded dolomites in the Bear River 

area and cone 6830 in a zone of syenites in the Tombstone area were 

selected for sample coverage as 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 

3 km (2 mi) from the a.irstrip in the Bear Ri ver area. It bas 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 caver would prote ct 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 stretqhed out on the slop~ 

the mean mesh size in a downslope direction is 2.5 cm and in a di-

rection across the slope 0.7 cm. Since only a small proportion of 

particles finer than the mesh size are present on the talus cone sur-

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

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 weight 

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 that 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 cane. The_narrow zone covers the steep sections 

in the lower middle part of the cane. These sections trapped such a 

tiny proportion of debris that the smaller area of net was considered 

ta be of slight significance when vertical distribution of the debris 

accretion was examined. The total sample area for cane 6820 is 

222.5 m2 i.e. 12.4% of the cane areaj for cone 6830 it is 1,435 m2 

i.e. 12.8% of the cane area. The nets and associateà painted zones 

therefore provide channel samples running from the apex ta the base 

of each of the canes. 
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CONE 6820 

80m. 

'4m. 

Area covered by netting and point = 320 sq.m (approll.) 

•...... Zone covered by nets 

• . . • .. Painted zone 

CONE 6830 

8 m. 

160m. 

Ar. covered br nettill9 and paint = 1280 ICI- m (opprOIl.) 

FIG. 3.4 DEBRIS AœRETION NETS ON TALUS CONES 
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The principal assumption of the method, invalid for small iso

lated 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 

betwen 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 ône 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 happened 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 

1ines remained undisturb~d and indicate that none of the debris was 

derived in this manner. In the summer of 1969 1ines were painted 

a10ng the edges of the netting on cone 6820 for future reference. 

b) Resu1ts 

The net on cone 6830 which was installed on August 22nd, 1968 

was re-examined for debris ·àccretion after the winter of 1968-69, on 

June 20th, 1969. The net was sub-divided a10ng ·its 1ength into 
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sixteen 10 m (38 ft) sections and the weight distribution of the 

fa11en debris measured and tabulated (Table 3.~). The net was then 

c1eared of debris and left until August 14th, 1969 when it was re

exaffiined. The weight distribution of debris accumu1ated as a result 

of rock-fa11 over the two month period in the summer of 1969 was 

measured and is a1so shown in Table 3.6. Most of the debris in 

sections 15 and 16, may be regarded, h~~ever, .as a residue from the 

1968-69 fa11,winter and spring period, which cou1d not be measureq 

in June 1969 due to a deep cover of snow. 

A total weight of 336 km (0.124 m3) of debris was added to the 

net in the annua1 period August 1968-August 1969, of which between 

152 and 275 kgm (0.056 and 0.102 m3) was derived in the fa11, winter 

and spring periods, andbetween 61 and 183 kgm (0.022 and 0.068 m3) 

was derived 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 who1e 

cone, then the debris transported from the rock wall above cone 6830 

over the annua1 period is 2,620 kgm (0.97 m3). But this is a1most 

certainly an overestimate because the net covers the who1e of the 

tal.us cone apex, which receives the bulk of the debris reaching the 

cone. A corrected estimate of 0.43 m3 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 accumul.ation of tal.us from the same rock wall 
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TABLE 3.6 

DEBRIS ACCRETION ON NET INSTALLED ON CaNE 6830. 

Section Weight of debris (kgm) Total 

August 22/68- June 20/69-
June 19/69 August 13/69 

1 

2 , 

3 

4 10.450 2.490 12.94 
1 

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 

II 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 10.2~0 63.090* 73.31 
- -

16 4.150 59.27Ott 63.42 

Total 152.250 183.440 335.69 

* Host of the debris is 15 and 16 on August 14th, 1969 may be rega:'d;d 
as a residue from the 1968-69 period as i t could not be measured in 
the spring due to a :::leep cover of snow. As a result the maximum de
bris accretion for winter period August 1968-June 1969 may have be~n 
274.61 kgm and the maximum debris accretion for the sunmer period 
June-August 1969 may bave been 61.08 kgm. 
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throughout the postglacial periode The latter value is between 1.18 

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

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 calcu1ated 

for the Il month period, July 21st, 1968-June 26th, 1969 and the 23 

day period, June 27th, 1969-July 20th, 1969, respective1y. These 

figures represent a total accretion of 320 kgm (0.119 m3) for the 

one 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 su~~er of 1969 relative to that derived during the pre

ceeding fall, winter and spring. If the net covers a fraction of the 

cone representative of the whole cone with regard te 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 aPex and base of both cones, with 

hard1y any debris located in the middle sections • 
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TABLE 3.7 

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

Section . 
A 

1 

2 

3 

4 

5 

6 

7 
. . 

8 

TCYl'AL 

Summary of rock-fa Il data. for cone 6820 
for a period of 1 year 

Ju1y 20/68- June 27/69-
June 27/69 . Ju1y. 20/69 

1 
Weight. kgm .. Weight kgm 

1 

.. '1 · .. - ..... 

1 B C 

1l0.0 0.905 1 
.. 

28.2 0.059 

19.95 0.116 1 
.. 

1 4.55 0 

1 
· . .. 

3.62 0.43 
.. 

1 0.95 2.58 
.. . . 
13.95 7.06 

. . '. · .. -
. 28.65 0.79 

. . . ... . . 

210.0 1l.9 

Total 

Weight kgm 

D 

110.9 

28.26 

20.07 

4.55 

4.05 

3.53 

21.0 

29.44 
- . 

221.9* 

* 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 Ju1y 1968-June 1969. ~is 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. 

1 

1 
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FIG. 3.5 DEBRIS ACCRETION ON NETS FOR 1968-1969 
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The debris apcretion peak at the apices of both of the 

talus cones results from the rapid reduction o~ velocity of falling 

particles when they arrive on the rough talus surface, during the 

laté spring, summer and fall. The mean angles on the upper parts of 

cones 6820 and 6830 are 35.80 and 32.30 respectively. Therefore the 

reduction in velocity 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 sorne impor-

tance on the weIl dissected dolomite rock wall above the cone. It 

may also be partially the result of spring rock-fall debris sliding 

on a ha rd snow surface at an angle of about 360 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 accretion 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, there is sorne indication that the currently 

observed level of operation of geomorphic processes is insufficient 

to account for the postglacial talus accumulations. Large scale 

evants, of more infrequent occurrence than those for which observa

tions or measurements have been made in the field areas, are probably 

responsible 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 

Tl in the Tombstone area. The roCk glacier surface is covered with 

boulders, which have been entirely derived from the rock wallon the 

south side of the cirque. A traverse, from the largest tributary 

talus cones to the front of the rock glacier, revealed a zone in the 

m:ïdd1e of the roCk glacier, where the boul.ders are of unusually large 

size (> 10 m in length) as compared with the boul.ders around it 

(Plate 18). These blocks are clearly the product of ~e or several 

unusually large scale roCk-faUs 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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'fABLE 3.8 

RECENT DEBRIS ACCRETION ON THE BASAL PARTS OF ROCK WALLS IN THE OGILVIE AND WERNECXE MOUNTAINS, YUXON TERRITORY 

!JeDrl.S t'reCl.Sl.on 
Rock, wall Date Accretion volume Erosion rate of erosion 

Process Technique Locality lithology measured period estimate mm/1000 yrs rate Conunents 
mm/1000 yrs 

. Rock-falls 

1 

1 measurement loc. TL4 . sytnite & 18/6/69 1-6 mths 1.54 3 1-6 .Complete slope 
on snow Tombstone monzonite sampled '" . surface 

2 lichenometry loc. TL5 n 8/8/69 >10 yrs 37.56 ~19 <19 n n 

Tombstone 

3 lichenometry cone 6830 n 24/8/68 .HO yrs 37.55 <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 n 10c. BL4 n n 12/6/6B 1-4 wks 0.17-0.34 9-17 3-30 
BeaI' Rivel' 

3 n loc. BL3 n n 4/6/68 1-4 wks 0.60 3 ? 
cone 6801 -
BeaI' Rivel' 

Slow debris 
Shl.tt 

1 measurement cone 6B20 dolomite 20/7/69 lyr 0.36 1 0-2 
on net BeaI' Rivel' 

Debris flow 

1 vol. measure- loc. TL6 syenite & 9/6/67 lB yrs 15B - - Special loca-
ment of de- Tombstone 
bris ton~e 

monzonite lities only 

~ processes 

1 measurement cone 6820 dolomite 20/7/69 1 yI' 1.148 44.3 10-100 12 :5% of cone 
on net BeaI' River are a samp1ed 

2 n cone 6830 14/B/69 1 y~ 0.428 8.8 . 3-30 n n 
Tombstone 
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suggests that these very large scale rock-falls occurrèa 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 (19603, 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 aIl rock-falls 

~nd dirty avalanches. But in the Ogilvie and Wernecke Mountains 

-evidence of debris flows on the slopes was limited only to modera-
. 

tely inclined slopes on the north side of Tombstone valley, covered 

with deeply frost weathered bedrock, and to weIl dissected rock 

walls of relatively 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 intrus ives of the Tombstone area, avalanching 

is considered to be of minor importance as compared with rock-falls. 

Ava1anche deposits were not noted on the snow covered syenite talus 

s10pes in this zone. Indeed the rock walls are too steep to permit 

the bui1d-up of a snow pack which could release spring ava1anches, 

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 they 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 m3 of debris, which corresponds to mean erosion rates two to ten 

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

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

Frequent small rock-falls have been observed in the gullies 
, 

above the talus cones after summer 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 importance 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 total 

is about 1/30th of the total estimated accretion for the talus cone 

for that year, which suggests that debris shift may be a process of 

only slight importance to debris accretion. 



CHAPTER 4 

THEORETICAL MODEL OF TALUS DEVELOPMENT BY ROCK-FALL 

1. INTRODUCTION 

The purpose of this chapter 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 the term used to de scribe downslope 

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

mented 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 its motion, and on various characteristics 

of the particle and the surface over which it travels. The nature of 

motion of the particles with which the model is concerned is transla

tional 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 counteractc1 by air resistance when the particle is falling 

through the air medium and by friction when the particle is in contact 

.1 



-74-

, 

with the slope itself. Velocities acquired by a parti cIe under the 

different forms of motion may now be considered. 

a) Free fall 

The general Newtonian equation describing the velocity (v) 
./ 

of free fall of a particle from rest, after a given distance (5) 

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

°2 v . = .J2gs 

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

of the distance it falls. 

Air resistance cannot be neglected, however. Its precise 

effect on any individual parti cIe cannot be readiIy determined for 

many reasons. Among these are variation in the size of the component 

of angular motion (spinning) which is Iargely a function of shape, 

the different types of motion by which a parti cIe can travel down a 

rock wall, and the variation in the coefficient of drag for particles 

of different sizes and shapes falling 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 fram a rock wall i5 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 aIl the time by 

sorne 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 fallin~ 

through air at velocities up to about 250 rn/sec (800 ft/sec), the 

retarding force R is approximately proportional to the second power 

of the velocity. The resistance R is then given by the following 

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

equation 1 

where df = mass d~nsity of the fluid medium (in this 
case air) 

a = maximum horizontal projection plane of the 
falling particle 

v = velocity of the particle 

C = coefficient of resistance 

Timoshenko and Young suggest that C be taken as an approxi

mate constant of 1.12 for motion of short, blunt, sharp edge~ bodies 

or rough elongated blunt noseà bodies below the speed of sound. Talus 

particles approximate this slope description and this figure was 

applied to the equation for air resistance and to subsequent equations 

used to calculate the velocity of particles. 

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 coeffic"ient of resistance" to i ts 

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 particles. 

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 = ljCdfav2 

v (the terminal velocity) = j~dfa 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 , 

where ds is density of the sphere 

•••• equation 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). 

• ••• equation 4 

where e = 2.718 

x = distance particle moves from its starting point 
before it achieves velocity w 

v = terminal velocity previously calculated 

These equations were applied to approximately 'spherical parti-

c1es, of 1 cm, 5 cm, 10 cm, 50 cm and 250 cm radius falling through 

distances of 100 m (325 ft), 500 m (1,625 ft) and 1,000 (3,250 ft) 

respectively, in order to determine the possible magnitude of varia

tion in velocity achieved under natural rock-fall conditions. The 

values chosen for the size of .falling parti cIe and their height of fall 

are quite realistic. The rock walls of the Ogilvie and Wernecke Moun

tains are usu~lly between 500 m (1,625 ft) and 1,000 m (3,250 ft) in 

height, and nearly all the particles on the talus slopes lie within 

the range of 1 cm ta 250 cm radius. The following approximate values 

were inserted into equation 3 

Particle density ds = 2.6 gm/cc 

Air density 

The results of the calculations for C = 1.12 and 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 visua1 forme 
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TABLE 4.1 

VELOCITIES OF FREE FALLING PARTICLES 

WITH HIGH AIR RESISTANCE COEFFICIENTS. 

C = 1.12 

Parti cIe size Terminal Velocities of fa1ling particles rn/sec 
(radius in cm) Velocity 

1 

5 

la 

50 

250 

rn/sec At 100 m" At 500 m 

36.8 32.1 36.8 

82.2 41.3 71.8 

116.3 42.7 83.5 

260.0 . 42.7 95.6 

581.4 44.3 97.3 

TABLE 4.2 

VELOCITIES OF FREE FALLING PARl'ICLES 

WITH LOW AIR RESISTANCE COEFFICIENTS. 

C = 0.2 

At 1,000 m 

36.8 

80.0 

101.7 

130.5 

137.5 

Particle size Terminal Ve10cities of fa11inq particles ml sec. 
(radius in cm) velocity 

rn/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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In Table 4.1 and Figure 4.1 an increase in velocity with height 

of fall is conspicuous for aIl particle sizes but particularly for 

the larger ones. For spherical particles of"l cm or less there is on

ly a very slight increase in velocity after a particle has fallen 100 m 

(325 ft). 

An increase in velocity as parti cIe size increases is also evi-

dent but for drops of 100 m or less the differences fo~ parti cIe sizes 

ranging from 5 cm to 250 cm are hardly measurab1e. Greater differen

ces are evident for bigger fa1ls, but even after a fal1 of 500 m a 

partic1e of radius 10 cm has almost 90% of the ve10city of a particle 

of radius 50 cm. In weight terms the former is 1/125th of the weight 

of the latter. 

Reduction of the coefficient of resistance to its probable mini-

mum value does not alter the direct relationship between velocity and 

distance of fall (Table 4.2). It does reduce the effect of particle 

size differences on velocity differences, however. It can be seen that 

at a distanc"e 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 50 cm. For rock-faUs from very high rock waUs, e.g. rock 

walls in excess of 1,00Q m velocity differences for particles of dif

ferent sizes may become significant. But for rock-faUs of the magni

tude noted on rock walls in MOst mountain areas the notion that the 

large particles faU much faster than the smaU 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. 
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b) Bounding motion 

Motion of partic~es on the rock wa~~s is rarely by free fa~~ 

for ~ong distances since the rock wal~s are se~dom vertica~. Bounding 

with a strongly developed rotational component replaces free fa~. 

The ve~ocity model devel9ped above is still valid for bounding moti~n, 

however, with some modification. 

Figure 4.2 is a diagrammatic representation of a rock-fall 

down a steeply sloping wa~ after an initial free fall. 

When the parti cIe strikes the slope surface at B it rebounds 

with a new velocity and new direction. The velocity after impact is 

calculated from the fo~owing Newtonian equation (Loney, 1906, p. 146), 

assuming negligible frictional retardation at the time of impact. 

where V2 

VI 

c( 

e 

= 
= 
= 

= 

V2 = Vl Js;n2o-L + e2 .. cos2 e><:::. 

velo city of particle on rebound after impact 

velocity of particle prior to impact 

angle made by incoming parti cIe with normal to 
the plane 

the coefficient of restitution of the bodies upon 
impact. It is dependent on their elastic properties 
and ~es between 0 and 1. 

If the two bodies are perfectly e~stic, e = l 
then V2 = Vl. J sin2

c( + cos2 c<. = V~ 

i.e. there is no overa~ velocity loss 
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A 

FIG. 4.2 PARTICLE TRAJECTORY zn.m A ROCK WALL 
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The direction of the particle after impact is calculated 

from the equation 

Cot 0 = e cotd.... 

where 0 = angle made by rebounding particle with the normal 
to the plane. 

For perfectly elastic impact e = 1 

then, cot 0 = cot e:<. 

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 motion 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 fal1 prior to bounding, and for a number of 

different values of the coefficient of restitution e. This coefficient 

is likely to be qui te low, and therefore the angle made by the particle 

with the normal to the plane is greater than the angle between the path 

of the incoming parti cIe and the normal to the plane. After each bounce 

on a uniformly sloping rock surface the particle trajectory tends to 

become more nearly paral1el to the rock surface. 

Alter leaving B the parti cIe moves with a known initial trajec

tory and a known vel.ocity V2• 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

tians of motion and the para11el1ogram 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 slope that the roughL~ess of bot~ the particle and the 

slope surface cause frictional retardation of the particle. The boun

ding motion then changes to rol1ing or sliding motion and the accelera

tion of the parti cIe is governed by differ~nt equations which take 

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

The velocity which a partic1e has a~~ieved at the point C where 

the bounding.motion ends, is a direct fonction of the height of ini

tial free fall, length of slope over whiCh bounding occurs, slope an

gle and elasticity of impact. The relationship between parti cIe size 

andvelocity achieved at C is cansidered insignificant for the range 

of particle si~es and heights of fall normal for rock walls. 

c) Rolling motion 

The more spherical a partic1e is, the greater is the chance that 

bounding motion will be succeeded by ro11ing motion on the rock surfa

ce. If a particle is perfectly translated downslope by rotation i.e. 

undergoes perfect rolling ~tion, a very slight, but significant, fric

tional retarding force is actually induced at the point of contact of 

the particle with the surface. 'lhis force, in conjunction with a gra

vi tational force, imparts an angular acce1eration to the parti cIe and 

it rolls downslope gaining speed as it traveIs. In Figure 4.2 a rolling 

particle theoretically continues to acce1erate from C unti1 it reaches 

D2 where the angle of slope is zero ~wtd the gra'".fÏtational 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 = 5/7gsinG, where G = slope angle and g = gravitational 

constant, (Mendenhall, Eve, Keys and Sutton, 1956, p. 84). From this 

it is clear that the velocity achieved by a rolling parti cIe varies 

directly with the slope angle. 

But the velocity also varies with the degree of sphericity of 

a particle. As sphericity decreases, the aceeleration in a downslope 

direction of a rolling particle decreases (e.g. for a rolling solid 

cylinder this aceeleration is 2/3 gsinG). Indeed the parti cIe spheri

city may even be too low for rolling to take place after bounding has 

ceased and sliding motion would then oceur instead. If particles are 

of low sphericity but are disc shaped, rolling can oceur after boun

ding has ceased provided the 'Cf axis of the particles bits the slope 

first and is oriented at right angles to the downslope direction 

(Fig. 4.3). 
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d) Sliding motion 

For angular particIes, sliding is the principal means of 

translation downslope after bounding has ceased. If-friction between 

the parti cIe and the surface is completely absent, acceleration of 

the parti cIe in a downslope direction is gsinG, which is greater than 

for a rolling sphere or cylinder. But friction is éalled_into play 

due to the lack of perfect smoothness of the area of contact between 

the parti cIe 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) Forcecaused by downslope component 
of gravitational acceleration = mgsinG 

ii) Force of friction = F 

= tan~R (where \= angle of kinetic 
friction) 

= tan .>.. mgcosG 

These two forces oppos.e one another 

The resultant force 
acting dO'llnslope 

= mgsinG tan À mgcosG) 

= mg (sinG - tan À cosG) 

••• Acceleration downslope = g(sinG - tan À cosG) 

From this equation it is evident that if the slope angle G 

exceeds the angle of kinetic friction À , the particle moves down

slope with positive acceleration (i.e. its velocity increases). If 

g =À, the acceleration of the particle fs zero (i.e. its velocity 

remains constant). If g is less thanÀ, the parti cIe moves downslope 

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

tends to come to rest). 

If it 1s assumed that there are no major irregularities in 

the surface topography,·other than normal roughness 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. 
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3. EFFECT OF SURFACE ROUœNESS 

So far in the dynamic model it has been assumed that there 

are no major topographie irregularities on the rock walls other than 

the gen.eral surface roughness which calls friction into play. It is 

clear, however, that rock walls in all mountain areas possess topo

graphie 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 v~rious 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 particles 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 proportional to the ratio. of size 

of the debris alrea1y on the slope to the size of the particle. This 

relationship is exemplified in Figure 4.5. 

A B 

FIG. 4.5 
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In case A the sliding or rolling parti cIe travels by a more irregular 

path and is retarded more than in case ~. 

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 haIt. In other words a selective checking 

mechanism operates which encourages the development and maintenance 

of fall sorting on the debris slopes. A particular 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 velo city component enables parti-

cles to avoid impact with the top of the debris slope, and they then 

travel further.downslope. 

4. EFFECT OF TRANSFER OF MOMENTUM BE'lWEEN PARTICLES UPON IMPACT 

Apart from the effect on surface roughness, a loose debris 

coyer 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 parti cIe and causes sorne 

movement of the loose debris. 

The ac~red 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 masse 

Since the momentum transfer is usually distributed among many parti

cles the latter only ac~re low velocities and move short distances. 
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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 

transferis affected then small impact craters may be formed and the 

falling particle continues with a reduced velocity downslope. At 

pOints- where many impacts occur-, viz. the top of the 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. 

s. SUMMARY OF FACTORS AFFECTING VELOCITY OF A PARTICLE FALLING roYN 
A ROCK WALL. 

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

Air resistance reduces the acceleration of free fàlling and

bounding partic1es, whereas surface friction is the main retardational 

factor for rol1ing and sliding particles. Retardation is relatively 

high for sliding particles and relati vely low for rolling, bounding or 

free falling partic1es. 

b) Distance traversed by particle 

For free fa11 and bounding motion the velocity of particles in-

creas es with distance traversed due to gravitational acceleration. 

For rolling motion the ve10city 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 onl.y 

increases with distance so long as the slope exceeds the angle of kinetic 
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, 

friction for sliding particles. 

c) Slope angle 

On vertical or overhanging rock walls motion is by free fall. 

On very steep slopes a parti cIe 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 angle 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 he of 
. 

importance in the distance a particle can move over ? debris surface 

on the lower slopes of the rock wall before being frictionally retar

ded orten impact. 

d) Size and weight"of particles 

For debris in the range of sizes found on talus slopes and for 

the heights of faU noted on most rock walls the size of the particles 

bas 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 weight of the particles do DOt 

appreciably affect their velocities. Of course larger and therefore 

heavier particles have greater momentum when they arrive at the talus 

slopes than· smaller particles but it is an increase only linearly 

related ta particle weight. The greater momentum of larger partic1es 
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may cause greater disturbQnce 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 achieved 

by bounding particle is to a large extent determined by its shape. The 

type of motion induced in a falling parti cIe after bounding has ceased 

also depènds on the shape of the particle. Sphericalparticles tend 

to roll, downslope whereas tabular particles tend to slide downslope. 

f) Slope roughness 

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. 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 particl.es differentially. Large particles tend to roll or 
-

slide over a debris surface until they reaCh debris of their own size 

and then they quickly come to reste This process of differential re-. 
tardation is the main reason for fall sorting of sliding, rolling, or 

even,bounding part~cles. 

" , 
.~ 
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g) Momentum transfer upon impact 

As a result of momentum transfer the velocity of a parti cIe 

is reduced upon impact and the particles formerly at rest on the 

slope acquire slight acceleration. The parti cIe 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 ~cquired surface roughness. 

The angle of the debris slope will tend to build up to sorne 

undetermined limiting angle below the angle of internaI friction of 

the debris. If falling particles are of low sphericity, e.g. tabular 

or needle shaped, the slope ang1e achieved is steeper than for a·de-

bris slope where partic1es are of high sphericity, e.g. cuboid. In 

the latter case fal1 sorting is expected to be 1ess wall developed 

than in the former case due to the fa ct that frictional retardation 

for rol1ing partic1es is less than for sliding partic1es. 

The concavi ty of the debris s10pe may remain for some time 

until a sufficiently thick debris caver eveptually 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. 



( 

CHAPT ER 5 

FORM AND SURFACE CHARACTERISTICS OF ARTIFICIALLY BUILT SLOPES 

1. LABORATORY SIMULATIONS OF ROCK-FALL 

Sma11 sca1e rock-fal1 experiluents were conducted in the 1abo-

ratory, using cru shed grave1 and sand separate1y and in a 1:1 mixture. 

Figure 5.1 is a three dimensiona1 model of the apparatus used in the 

experiments. 

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

through a hopper attached to a wall. 

The cru shed gravel and sand used in the experiments were 

fairly uniformly sized as indicated by the cumulative size frequency 

distributions in Figure 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 se"e 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 wasto 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 grave1 mixed in a 1:1 ratio was dropped slowly but 

continuously through the hopper onto the floor. The retaining walls 

for the resultant debris slope were made of plexiglass so that the 

distribution of gravel and sand could be observed at the lateral· 

edges throughout the build-up of the slope. Retaining walls may 

unduly influence the ~vement of" the particles, and therefore a se

cond techni~e was adopted to examine the sorting pattern on the slope. 

When the slope had.~ached a height of 90 cm (36 in), horizontal 

slices 15 cm (6 in) th;ick 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 
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pattern established (Fig. 5.3). 
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FIG. 5.3 FALL SORl'ING IN LABORATORY ROCK-FALL MODEL 

Figures refer to percentages of gravel 

100 cm' 

Pail sorting with a rapid transition fram sand to gravel in 

the middle of the slope is evidently a ~aracteristic of the slope 

throughout the debris build-up. In chapter 4 the effects of original 

and acquired slope roughness were demonstrated as the reasons for ;all 

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 etfect of surface rough-

ness is clearly the reason for the creatiOn and maintenance of the 

fa Il sorting pattern illustrated in Figure 5.3. 

b) Slope angles and profiles 

The angle of repose is defined as the siope 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). 

Repose 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 falling particles and on chara·:::teristics of the parti-

cles in aggregate on the developing debris slope. For natural and 

artifical slopes composed of these relatively cohesionless materials 

characteristic angles of repose of 30-40o .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 were made with gravel, sand and the gravel 

sand mixture in order to note the effëcts 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 1arge discrete ~ntities of debris 

through the hopper. In this way rock-fa11 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 debris build-up commenced the horizontal floor caused 

scattering of particles outwards from the 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 gently on the slope. In the case where debris slopes 

were built up by slow centinuous accretion, slumping periodically 

reduced the mean slope angle 20 _40
• Therefore the slope angles re

corded were those reached just prier to a slump. The results of 

the exparimants are summarised in Table 5.1. 

A large difference i~ 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 

sand slopes. It is probably associated with the dissipation of 

kinetic energy. The impact of large discrete 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 

ANGLES OF DEBRIS SLOPES BUILD BY LABORATORY ROCK-FALL SIMULATION1 

Mean repose angles ·for Mean repose angles for 
Grade of large discrete drop~ smal1 cont.inuous drops 
debris (in degrees) (in degrees) 

Mean S. Dev. 1 No. in Mean S. Dev. No. in 
samp1e samp1e 

Grave1 36.2 0.2 5 39.9 0.8 10 

Sand 1 30.0 0.5 7 34.8 0.4 9 

Grave1 and sand 36.5 0.9 21 

1 The top 15 cm (6 in) in each profile is not included in the ca1-
cu1ation of angles because of the pronounced f1attening observed 
due to impact. 

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

angle. The sma11er quantities of kinetic energy, associated with the 

sma11 continuous rock-fa11s., are more readi1y dissipated through the 

mass of the debris a1ready on the slope, by slight shifting 1eading 

to closer packing rather thari by the complete destruction of the 

mutua1 arrangement of the partic1es 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. 

1 

1 
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Por both maximum and minimum disturbance situations, the sand 

slopes assume a lower angle than the gravel slÇ>pes., 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 obse!ved for sand and those observed for 

gravel. The overall mean angle for these mixed debris slopes is 

36.50 , a figure very close to the average rep~se 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 weIl with the transition from sand to gravel (Pig. 5.4) • 

A highly significant correlation coefficient of 0.50 was computed 

for the relationship between the slope angle and the percentage 

of gravel present, and substantiates the previou~ observations from 

·the separate gravel and sand slopes. 

Previous literature on the subject of particle size and the 

angle of repose for cohesionless debris slopes suggests that the re

lationship between the two variables bas yet to be properly evaluated. 

Recent experiments with smooth glass spheres suggest that no correla

tion exists at al! between particle size and the angle of repose 

CDuckworth, 1969). But experiments with natural sands and gravels 
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over the last fifty years have produced widely divergent opinions 

concerning this relatlonShip (van Burkalow, 1945 p. 672). This may 

be because 50 many external factors are involved e~g. particle shape, 

size sorting, surface roughness, specifie gravit y 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 

dis~ribution due to slight gullying, soil creep and soil wash has 

occurred, but the coarse nature of the debris supplied 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 

over the edge trom trucks. It is therefore influenced only by rock

fall processes. 

On each sampling traverse the 'a' 'b' and 'c' axes of fi ft Y 

particles were measured at five equally spaced points downslope. Sta

tistical analysis of the 'b' axis, including an"analysis of variance 

and a logarithmic transformation of the values, indicated that particle 
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size is correlated with distance downs1ope at a 99% level. of si

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

TABLE 5.2 

SLOPE ANGLES AND FALL SORTING ON MINE DUMPS IN THE SUDBURY BASIN 

Height of 1 Correlation coeffts. 
Location Traverse traverse i Slope angle log lb' axis and 

(m) (degrees) dist. downslope 
ErrJ.ngton 

1 1 mine dump 1 15 35.4 0.63 

2 " . 1 34.0 0.35 

3 ft 1 34.5 0.14* 

4 ft 1 34.6 0.52 

5 1 ft J 34.4 1 0.51 

6 1 ft 1 34.4 1 0.73 

1 1 1 
. 

7 7 33.5 0.53 

8 1 ft 1 32.0 1 0.50 

1 9 1 " 1 33.0 1 0.51 
CJ.ara Be~le 

J 1 !!1Î!le 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 partic1e size variation. It can be conc1u

ded that the fall sorting pattern established in the theoretical and 

small scale 1aboratory models is substantiated for medium scale 

~--

1 
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rock-fall built slopes. But the influence of uncontrolled factors, 

such as variations in particle shape for aIl 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 aIl ten mine dump slopes are also plotted 

in Table 5.2. The overall mean is 34.20 with a range of ~ 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 convexe This' suggests 

tbat fall sorting bas only a sligbt 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 Corporation Ltd. 

These slopes consist of rock waste of talus sized particles, varying 

in size from 15 cm (6 in) to 180 cm ('72 in). The mean angles for the 
. 0 0 

three slopes are 35.50
, 35.5 and 36 quite similar to the a~gles 

observed for the recently dumPed rock waste near traverse 10 in the 

Sudbury Basin. Ali three slopes exhibit fall sorting and are gene

rally rectilinear in profile. 

3. SUMMARY OF RESULTS 

The study of rock-fall on laboratory êL"ld mine dump slopes res

.u1ted 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 twelveof thirteen mine dump 

slopes. 

The artificial slopes built of sand or gravel ware rectilinear, 

save for impact flattening at the top of the slope. The mixed debris 

slopes on the mine dumps were rectilinear and those i~ the laboratory 

were slightly convexe Statistically, 95% of the repose angles of 

mixed debris ?lopes, developed in the laboratory under minimum distur

bance accretion, lie between 34.70 and 38.30 with a mean of 36.5°. 

The thirteen mine dump slopes have mean angles ranging from 320 to 

36.50 with an overall mean of 34.70
• 
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CHAPTER 6 

RELATIONSHIP OF TALUS MORPHOLOGY TC 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 variations in the downslope di

rection 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 slopes. Other variables, are introduced into 

the discussion, however, because they necessarily influence the rela

tionship between particle size and distance downslope. 

The characteristics of ~alus 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 s1ope. Clear1y this does not enab1e the true popu1ation 
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mean of a conica1 surface to be determined, although it does permit 

the analysis of population variations with distance from the source 

of the pop~lation (i.e. from the talus apex). Whilst the latter is 

the main aim of the research a large bias is possible by samp1ing 

only on the central fall-line of the slope. 

A stratified random sampling pattern was adopted 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. 

ii) The spreading of observations within a stratum to a few random

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 

~thod of proportional division into zones it is easily possible to 

compare results from cones of different siies. 

Properties of 100 particles were examined for each zone on the 

~alus cones. This is a number calculated from pilot sample data on 

canes 6824, using methods described by Cochran (1963). It is 
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FIG. 6.1 SAMPLING PATTERN ON TALUS SLOPES 

sufficiently l.arge 50 that the true popuJ.ation mean of the parti cIe 

'b' axes for each samp~e zone can be estimated to limits within ! 20% 

of the true mean with on1y 5% probability of errer. One hundred mea-

surements in each of the ten zones a~so ~ows downs~ope variation 

of all measured particle variab~es to be accurate~y assessed since 

the number of samp~e groups and the number of samp1es within each 

group are ~arge enough for an accurate comparison of within samp~e 

and between samp1e variance. 
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Rather than sampling 100 particles at a single spot on the 

central fall-line of the cones random selection of four sample sta

tions, referr~d to as points within e~ch 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 st rata 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 ~nclination 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 o~ partic1es were measured according 

to the intercept method described by Xrumbein (1941, p. 65-66) and 

the 'b' axis used to represent particle size in the subsequent statis

tica1 anà1ysis. In Xrumbein' s technique the 'a' axis is the largest 
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possible axis through the particle, the 'br axis is the longest axis 

in the maximum projection pLane perpendicular t~ the 'a' axis, the 

TC' axis is then the 10ngest axis which is mutually perpendicular to 

the ,oa' 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 particle size and other attributes on talus par

ticles is greatly complicated by the wide particle size range. The 

technique of triaxia1 measurement applied to debris ïn the cobble or 
. 

boulder range of sizes is not applicable to the fi~er fraction of 

debris on the slope surface and an arbitrary lower limit °to the size 

of particles measured triaxially had to be estab1ished. This limit 

is 1 cm for the 'b' axis. 

If a particle finer than this was randomly selected at a sample 

station, a record was made, bu~ particle Characteristics were not 
.. 

measured. After sampling 25 coarse particles the number of fines se-

l.ected but not measured is then known. From· this the percentage of 

fines on the tal.us sl.opes cou1d be calculated. A grab sample of 

fines was col.lected for mechanical analysis from every sample station 

on whiCh a fine partic1e vas randomly selected. In this way the effect 

of the fine fraction of debris could be assessed al.ong with the coarse 

fraction. 
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ii) Shape of partic1es 

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

city·which may be defined by the following equation 

3 
Sphericity 1f = r-~----~-p-a-r~t~i-c~l-e--~--~---------

the circumscribêd sphere 

where the volume of the particle is expressed in terms of a sphere 

having the same volume • 

. If the particle is nearly spherical, then y closely approaches 

the maximum limit of 1 (Pig. 6.2a). If the volume of the partic1e 

.. -

becomes very small relative to the volume of the circumscribing sphere, 

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

FIG. 6.2 

Operationally sphericity was calculated by Xrumbein (1941) on 

the assumption that parti cIe 5 approxima te tri axial ellipsoids. He 

cal.culated particle volume as ~ abc, where a; bande are the 

previously discussed partic1e axes. When this value is inserted 
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into Wadell's equation the following expression for sphericity is 

obtained. 

iii) Lithology 

3 
=fbC ,,-;1 

Of the four cones for which detailed an~lysis 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 co"es 6812 and 6824 are located within the zone of metasedimenta-

ries and consist predominantly of dolomite and orthoquartzite respec-

tively. 

iv) Lichencover and sizes of Rhizocarpon geographicum spp 

For aIl 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) Ang1e of slope at sample stations 

These were measured by Abney level over ten metre long sections 

of slope centred on each sample station and a.ligned towards the apex 

of the slope. 
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vi) Distance downslope 

The distance downslope in percent age 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 ~ormally 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). 

Partic1e size represented by the 'b' axis was not norma11y 

distributed but responded for all samp1e zones to a logarithmic trans-
_. 

formation. In this case loglO was used a1though the data could also 

have been subjected to the ~ transformation described by Xrumbein 

(1936). Particle sphericity only met the requirements for normality 
-

when a transformation to sphericity squared was applied. Figure 6.3 

illustrates the effects of transformation of 'b' axis and sphericity 

on the frequency histograms of a single samp1e 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 this 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 aIl 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 analysis 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 fundamental1y on whether 

the fines form a significant percentage of the talus cone surface, and 

to a lesser extent on whether they are largely composed of gravel, 

sand, silt or clay fractions. 



-118-

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 

andpresented 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 talu~ 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 Yb' axis 

for aIl points and sections where fines were recorded. 

The mean Yb' axis of the fines was readily calculated from the 

mechanical analysis data. For the fines sampled on the slopes in the 

igneous intrusives it is 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 Yb' axis were 

replaced by the newly calculatedmean Yb' axis of the fines. The 

number removed depended on th~ percent age of fines at the point and 

were of course the last few coarse particle measureme~ts made. 

New sample means and standard deviations for the Yb' 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 Yb' axis (Table 6.1). 
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TABLE 6.1 

EFFEcr OF INCLUSION OF FINES ON MEAN DEBRIS BIZE 

1,000 particles with 1,000 partic1es inc1uding 
lb' 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. 

c) Stati.stical evidence for fa Il sorting from simple correlation and 

regression modeI. 

Simple correlation of particle size represented successively 

by the 'b' axis and logl.0 'b' axis against distance downslope" was 

conducted for 1,000 individual. particles on cones 6812, 6824, 6830 

and 6831. The val.ues for the correlation coefficients (r) and the 

percentages of variance in particle size explained by distance down

slope (r2 x l.00) are given in Table 6.2 
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TABLE 6.2 

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

'b' axis log 'b' axis 

r r 2 x 100 r r 2 x 100 

Cone 6812 0.50 25 0.51 1 26 

Cone 6821:1- 0.47 22 0.47 22 

Cone 6830 0.45 20 0.47 22 

Cone 6831 0.41 17 0.61 37 

A high1y significant leve1 of association (i.e. with 99% confi

dence was found between the 'br axis of partic1es 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% °A'hen 

particle size is logarithmica11y transformed. 

These results indicate that fall sorting occurs on the four 

talus cones. Table 6.3 illustrates the actual size ranges for debris 

in different zones. 
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TABLE 6.3 

PARTICLE SIZE VARIATIONS ON TALUS CONES (in "cms) 

Zone Cone 6812 1 Cone 6824 1 Cone 6830 1 Cone 6831 

Mean S.dev. 1 Mean S .dev. l Mean S.dev. 1 Mean S.dev. 

1 22.7 (14.6) 1 
19.1 (10.9) 53.2 (30.2) 65.4 (62.6) 1 

1 

2 16.0 "(8.6) 1 18.5 ,(9.3) 32.9 (29.1) • 51.5 (38.0) 
1 

3 15.6 (7.7) 11.0 (6.4) 23.3 (30.8) 45.9 (79.7) 

4 9.8 " (5.9) 8.7 (3.7) 15.1 (11.4) 
1 

45.6 (53.4)" 

5 
1 

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) 

-

1 
10 6.2 (5.4) 8.4" (6.l) " 8.8 (5.1) 1l.5 (8.5) 
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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 

grouped into fort y sample means for each cone. 

In order to determine whether a significant relationship between 

particle size and distance downslope holds generally for aIl talus 

cones for which field data was collected, the 'br axis and 10glO Tb' 

axis means were calculated for aIl 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 f~r aIl 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 

Although the simple 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 

moved downslope by falling particles. The following addi tional in

fluences were noted, either from the theoretical rock-fall model or 

from observations of rock-fall on the slopes. 

1) Parti cIe shape 
-

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

3) Angle of rock wall above the talus cones 
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4) Distance of rock-fa11 

5) Frequency of occurrence of rock-fa11s in àifferent size 
ranges. 

6) Coefficient of re~titution e for bounding p&rtic1es 

7) Coefficiènt of kinetic friction À for sliding partic1es 

8) Momentum transfer upon impact 

9) Other processes. 

Partic1e shape and slope angle variations on the talus cone 

surfaces were measured a10ng with partic1e size in the samp1ing pro

cedure and can be statistica11y re1ated to distance downs1ope, in the 

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

rock-fa1l and the frequency of occurrence of rock-fa11s in different 

size groups are then assessed qua1itative1y from the 1imited eviden

ce availab1e in talus environments. The coefficient of restitution 

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

tant and therefore unimportant in variation of partic1e ve10city and. 

distance trave11ed on an individua1 talus slope. Momentum transfer 

is of unknown significance in moving debris downslope through impact. 

Other processes may have an influence in remova1 of debris downslope 

but consideration of their importance is withheld unti1 chapter 7. 

i) Effect of inclusion of partic1e shape and slope angle variations 
_ in falI sorting mode! 

A ste~~se correlation and regression model was used for all 

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

effects of each of the variables of parti cIe size, parti cIe shape 
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, 

and slope angle as they interact to produce the downs1ope variation. 

This mode1 then becomes a superior statistica1 exp1ànation of the re-

1ationship between particle size and distance downslope to that previ-

ously proposed by a simple two variable correlation and regression mode1. 

Table 6.4 1ists correlation coefficients and the degree to 

which the independent variables of particle size, partic1e shape and 

talus slope angle influence the distance moved downs1ope by particles. 

Cone 
No. 

6812 

6824 

6830 

6831 

TABLE 6.4 

STEPWISE CORRELATION RELATING PARl'ICLE 5IZE; 
SHAPE A .. ID SLOPE ANGLE TC DISTA.f't~NSLO~ 

Data non norma1ised 1 Data norma1ised 

Dependent'Indep. 
r 2(100) 

Ind~p. 
variable ,VariableS r variables r 

added added 
1 

distance !SlOpe ange 0.851 73 slope ange 0.851 

downs1ope' 'b' axis 0.86 74 log lb' a~s 0.87 
1 sphericity 0.87 75 sphericity 0.87 

" s10pe ange 0.851 73 slope ange 0.851 
lb' axis 0.86 74 log lb' a1s 0.87 
sphericity 0.86 74 sphericity 0.87 

" sl.ope ange 0.651 42 slope ange 0.651 
lb' axis 0.69 47 log lb' a,s 0.69 

.-

sphericity 0.69 47 sphericit 0.69 

" sl.ope ange 0.681 47 slOpe ange 0.681 
lb' axis 0 • .71 50 log lb' a1s 0.75 
sphericity 0.71 50 sphericity 0.75 

r 2(lOO) 

73 
76 
76 

73 
75 
75 

42 
48 
48 

47 
56 
56 

l r is an inverse coefficient of correlation between slope angle 
and distance downs1ope. 
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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 dist~ibution on the slope. But it was shown in the 

theoretical model that the downslope acceleration due to gravit y does 

not affect large particles any different~y from small particles for 

all types of motion and 50 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 existe This will be ela-

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. 

Log10 'b' axis variations account for 2~-37% of the variation 
-

in distance downslope according to the revised model, but particle 

sphericity hardly increases the percentage explanation at all. 



Cone 
No. 

6812 

6824 

6830 

6831 
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TABLE 6.~ 

STEPWISE CORRELATION RELATING PARTICLE SIZE 
AND SPHERICITY Tb DISTANCE îXMNSLOPE. 

1 Data non normalised f Data normalised . 
Dependent Indep. Indep. 
variable variables r r 2(100) variables r 

added added 

distance 'b' axis 0.50 25 1 J.og 'b 'axi~ 0.57 
downslope sphericity 0.52 27 sphericity 0.57 

n 'b' axis 0.47 22 log 'b'axi~ 0.51 1 

sphericity 0.47 22 sphericity 0.51 1 

n 'b' axis '0.451 21 1 J.~ 'b 'axi~ 1 0.48 
spherici ty 1 0.46 1 21 . spherici ty 0 .• 48 

n Tb' axis 0.41 16 i log 'b 'axi~ 1 0.61 1 
sphericity 0.41 17 • •• 1 0.61 1 1 spher~c~ty ; 

r 2(100) 

33 
33 

26 
26 

23 
23 

37 
37 

A simple correlation and regression model for the 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) dl. Sphericity indices on cones 6812, 6824 6830 
- ... . . 

and 6831 tend to cover a relatively limited part o.f the possible range 

between 0 and l (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 Sk~PLE 

ZONES ON CONES 6812, 6824, 6830 AND 6831. 

Range 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 the y only partially 

influenc~ the distance moved downslope by particles. 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 angle of rock wall 

The velocity attai~ed by a falling particle when it arrives at 

the talus cone is directly related to the rock wall angle. Therefore, 

aIl el se being equal, particles falling from the steep ~alls in the 

igneous intrusives possess higher velocities than particles falling 

from the more gently graded metasedimentary gullies and walls, and 



-130-

"might be expécted to travel further and have their motion arrested 

at lower slope angles than in the case of the m~tasediments. 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 ~lopas. Where talus 

slopes are poorly developed, surface roughness has less of a reta~

dational effect and this accounts for low angle talus aprons below 

sorne steep syanite 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, whose only affect would 

be to reduce the degree to which all the other variables explain the 

distance moved downslope by particles. In the short term rock-fa Il 

may be concentrated at a few points which result in bias of particle 

velocity upon arrivaI 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 c~e 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 wa11s in the Ogilvie 

and Wernecke Mountains,shattering of large falling particles upon orie 

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 
-
relationship between the volume of rock-fall debris on the lower slopes 

and the size of the individual particles is therefore predicted. 

Evidence for the validity qf 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,rock-falls in the smaller size ranges 

may have been more frequent than rock-falls in the larger size range~. 

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 

ranges but Figure 6.6 shows that, even when this factor is all~~ed for, 

there is still a pronounced logarithmic decrease in percentage of 

area covered as particle size increases. 

Figure 6.6 was constructed in t~e-foll~~ng manner. Each sam

p1e zone on a cone surf~ce was assigned its correct percentage of the 
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o 10 20 30 40 50 
Sample zone means of "b" alles of parti cl •• In cms. 

FIG. 6.6 SIZE FREQUE ... ~CY DISTRIBUTION FOR DEBRIS ON CONES 
6805, 6806, 6810, 6811, 6812, 6824, 6825 and 6830 
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total cone area. These percentages were then plotted against the 

mean size of the Yb' 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) Field measurements 

Apart from the measurements of slvpe angle at 40 sample stations 

on ten talus cones, slope angles and fall-line profiles of twenty-one 

other talus slopes were obtained. Thus eight slopes in the igneous 

intrusive zone and twenty-three slopes in the metasedimentary zone were 

were measured. 

Mean slope angles and the angles of the steepest 30 m (IOO·ft) 

intervals were then determined for aIl talus cones. 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 

(~968). His method for assessing talus profiles not only expresses 

the overa~l form but it also takes account of minor deviations from 

this forme 

An exaggerated hypothetical example wil~ i~ustrate the steps 

in Stock '5 method. Profi~e indices wil~ he derived for the talus 

cone whose hypothetica~ profi~e is i~ustrated in Figure 6.7. 
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A 

Concavity indicated thus: 

Convexity indicated thus: 

F 

B~~ ________________________________________ -JC . 

FIG. 6.7 

AB is the straight line trom 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 degree of overall concavity is calcula-

ted by measuring the area between the curve and the straight line AB. 

To remove the varying effect of slope length on total concavity this 

are a 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 subtends the convexi ty. The values for the 

convex and concave elements ~re then summ-od and if the total devia-

tion from perfect uniformity (i.e. froID a value of 0) is less than 

.03 (an arbitrary figure) the slopes are defined as uniform or 
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recti1inear. If the total departureo exceeds .03, then the ratio 

of the sum of all the values for the convexities to that for the 

major concavity determines hO\'l the slope is defined(Tab1e 6.7). 

TABLE 6.7 \ 

CLASSIFICATION OF NON-UNIFO&~ SLOPE PROFILES 

Ratio of areas ofo convex to concave 
Description of profile segments (corrected for length of s1ope) 

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 theslope curve had crossed the line AB in Figure 6.7, the 

total convexities and concavities would have been examined for each 

major slope segment in turn and then summed for the whole slope. This 

would have given indices for total deviation from rectilinearity and 

the nature of this deviation would have been determined from convexity 

concavityratios as before. 
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b) Analysis of the data 

The overall mean slope angle for thirty-one talus cones in the 

two field areas is 27.00 • Individual values vary from 23.10 to 32.10 • 

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 bï

modality of the distribution in Figure 6.8 a) appears at first sight 

to be caused by the inc~usion of mean angles from two groups of talus 

slopes developed in different lithologies. The histograms in Figure 

6.8 prompted the testing of the hypothesis that talus slope angles 

below the igneous intrusives are steeper than those below the metase-. 

diments. A chi-square test was preferred to a Student's t test since 

one of the groups of data was not normally distributed. 

The results indicated that there 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 se~ts of the talus cone profiles were 
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°analysed instead of the mean slope angles. This is especially impor-

tant, because the small amount of very larg~ rocks, accumulated post

glacially at the base, may have prevented the whole talus accumulation 

fro~ achieving an angle entirely inde pendent of the underlying bedrock 

profile Q 

The overall mean for the angles of the steepest segments of aIl 

thirty-one cones is 32.00
• Individual values ~ary from 270 to 380

• 

1 
The frequency distribution for the steepest segments is plotted in 

Figure 6.9 a). The data is very irregularly distributed and even 

when the metasedimentary and igneous intrusive groups are considered 

separately (Fig. 6.9 b) and c), the distributions do not become any 

more regu1ar.A chi-square test indicates that there is a 0.3 to 

0.5 probability that ~he 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 lithologies. 

Because the mean slope angle of the labo rat ory built debris 

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

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

slopes might he due to different degrees of debris build-up at the 

base of the slopes. But correlation of the length of the talus slopes 

along the fall-line with mean slope an~les and the angl:es of the 

steepest segments revealed that no significant relationship exists 

hetween the length of the talus slopes (which expresses their size) 

and their steepness. 
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The results of the ana1ysis of talus cone profiles are pre-

sented in Table 6.8. The values for total deviation 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 

Tal.us Total. dev~at~on Convex./concav. Descr~pt~on 01" 
cone no. from uniformity ratio slope profile . 

1 6801 0.060 < 0 .. 1250 concave 

6804 1 0.131 n n 

68051 1 0.061 1 n 1 n 1 

6806 1 0.062 1 n 1 n 

6807 0.035 n 1 n 

68081 0.037 n 1 n 

6813 0.024 1 - 1 uniform 
1 

1 6814 0.000 1 
' ~ n -' -

6815 0.029 1 - n 

6816 0.057 < 0.1250 concave 

·6821 0.120 ft n 

6822 0.063 1 " n 

68251 0.050 l, " n 

6830 0.085 " " 
·6836 0.103 " n 

6837 0.135 " 1 " 
6838 0.101 ft 1 " 

1 The forms of these ta1us cones a10ng with seven others net inc1u
ded in Tab1e 5. 7 are illustrated graphic:ally 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 he of equal lengths enahling a visual impression 

of the general nature of the slope profiles to he obtained. 

Table 6.7 indicates that most of the talus cones in the field 

areas are concave in long profile, with no prominent convexities and 

that the remainder are uniforme 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 the slope. 

FIG. 6.10 LONG ~ROFILES ON TEH TAUS CONES 
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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. 
1 

The theoretical analysis of rock-fall suggested that the larger 

particles could be expected to travel further down the talus slopes 

than the small~r 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 correlations between parti cIe size and distance down-

slope suggests that several variables other than particle size, and 

processes.other than roCk-fal1 influence both the artificia~ slopes 

and 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 sl~pe angles 

for the mine dump slopes and the laboratory mode1s, using X2 tests. 

The mean angles of the talus slopes, and the angles of their steepest 
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segments, were found to be lower than.the angles of the artificial 

slopes with less than .001 probability that the differences occur by 

chance. If aIl talus slopes are compared with aIl artificial slopes 

the average differences in mean angle and angle of steepest segment 

are 80 and 30 , respectively. 

It was initially thought that this difference might have resul~ 

ted from a contrast in the 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 
1 

result of~the greater distance of fall, might have resulted in slopes 

achieving stability at lower angles than in· the case of the artificial 

debris piles, where particles 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 metasedimentary 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 two litho

logical groups was found, however. Therefore other reasons have to 

be sought to expIa in the reduction in talus slope angles as compared 

with the artificial slopes. Pracesses other than rack-fall which are 

operative on the talus slopes might be responsible agents. This possi

bility is considered in chapter 7 when aIl 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 conveXe The talus slopes 

are generally slightly concave throughout most of their length, and 

have a pronounced basal concavity. 

The conspicuous ba~a1 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 large particles 

from high on the rock walls aIl the way downslope to the very low 

angle basal section of the concave bedrock.slope where after a suffi

cient length of time a fringe of very large boulders accumulates. 
1 

Smaller debris usually cornes 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 aIl 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 has 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 in~ependent of the underlying low angle 

be~rock slope. 

Therefore 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

faU continues to build up the debris slope, the basal concavi ty 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. 



, 

CHAP'fER 7 

EROSIONAL MODIFICATION OF TALUS SLOPES 

Geomorphic processes other than rock-fall that might ~nfluence 

the talus forms through redistribut~on of the surficial debris are: 

1. Spring snow avalanches 

2. Torrent avalanches 

3. Ephemeral ·stream flow 

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

1. SPRING SNCM AVALANCHES 

Avalanches have been cited as important agents of debris re

distribution on coarse debris slopes in New Zealand (Caine, 1969) 

and in Scandinavia (Rapp, 1959). Rapp in fa ct 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 bculder ton-

gues are their concavity, their relatively low angle as compared with 

talus cones, and 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 

immedi.ately upslope. They have also been noted by Gardner (1968) 

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

bas noted the presence of avalanche derived debris superimposed on 
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the surfaces of large boulders as the snow and ice in the avalanche 

deposits melted. 

Caine (1969) developed a model which suggested that avalanches 

play an important role in the build-up of markedly concave debris 

slopes in a mountain environment. According to the model, avalanches 

redistribute debris from the tops to the lowerparts of the talus 

slopes. Since the avalanches prevent the talus slopes 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 band, 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 

tal.us sl.opes, 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 perched boulders and fine debris on the top 

surface of large boulders, are conspicu6usly rare or absent in the 

basal zones of the fort y 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 sampled 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 from 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 large st 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/lOO yrs for Rhizocarpon geographicum 

spp, calculated in chapter 3 ~or the Klondike gold tailings, was then 

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

The minimum period since moderate disturba~ce 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 degree of fall sortingon 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 they tend to incorpora te 

a mixture of coarse and fine particles in their passage 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 ~re shawn in Table 7.1. They reveal 

that fall sorting occurs in both cases. The correlation coefficients 

are reduced, however, when the data from the basal zone is excluded 
--

and this suggests that fall sorting is less well developed where ava-

lanche redistribution 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 

Cane 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 near the base of five talus cones were accura

tely surveyed for movementin successive 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. 

Al! this indirect evidence is supported by direct observations 

of avalanches on the talus slopes in the Tombstone area in the spring 

of 1967 and in the Bear River are a in the spring of 1968. Avalanches 

in the early spring occasionally extended to the base of the talus 

slopes but the surfaces of the talus slopes were still frozen and 

protected by a mantle of bard snow. In the late spring many avalan

ches occurred on partially snow free talus slopes but, with one excep

tion, they were aU observed to come to a halt in the upper two thirds 

;, 
1 , 
1 
1 

! 
j 
l 
; 
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of the talus cones. 

Although avalanches are· of slight sjgnificance in the basal 

sections, they are rather'important in the upper two thirds of the 

talus slopes. Late 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 0 of 1 t~ 20 m (3-65 ft) over a b~o 

year period also sugge~ts frequent redistribution of debris on th: 

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 alone would not likely 

be able to prevent nearly aIl particles on the upper slopes fr9m 

developing a lichen cover. It is probable that avalanches have been 

important in causing disturbance of aIl 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 years (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 existence of large embed

ded boulders striated in a downslope direction by the repeated passage 

of debris laden avaianches, by the occurrence of lobate rims of very 
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coarse debris on two of the talus slopes (Plate 22) and by sorne 

resemb1ances between a number of the talus slopes and the avalanche 

bou1der tongues described by Rapp.(l959). 

The bu1l-dozed rims of coarse debris on the talus cones are 

rather rare indicators of avalanche erosion. The coarse debris was 

probab1y deposited initially by rock-fall, at the apices of talus 

slopes which are wel1 below the angle of repose of fa1ling particles. 

It then became available for incorporation in large late spring ava

lanches, and was probably bull-dozed dowhslope to form 10bate,rims 

in the terminal zone of these avalanches. On most of the slopes ava

lanches opera te frequently but on a lesser scale. They prevent any 

really large build~up of rock-fa1l debris near the apices of the cones 

but they cannot erode the talus to any great depth, since the active 

layer on the latter is only a few centimetres thick during the period 

of avalanche aativi~J. 

A number of talus slopes in the metasedimentary zone resemble 

in some ways the avalanche boulder tongues of the 'road-bed~ type 

(Rapp, 1959). They consist of embankments whose si de slopes lie at 

angles of 300 - 360 and whose crestal slope lies at 250 - 300 • 

Figure 7.3 illustrates the form three dimensionally. 
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Angle between A and B ~ 260 

Angle between C and B = 360 

FIG. 7.3 SIDE VIEW OF CONE 6825 

The side slope Be, 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, 196B; Luckman, 1971). In the 

Ogilvie and Wernecke Mountains the avalanches are probably of great 

importance in reducing talus angles in the 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 probable avalanche modification of talus slopes. Avalanches 
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STAGE 1 Initial rock-foU built slope. 

STAGE 2 Debris cover affer avalanche redistribution. 

STAGE 3 Repeated rock-foI! accretlon and avalanche redistribution. 

FIG. 7.4 HYPOTHETICAL MODEL OF EROSIONAL MODIFICATION OF TAL\JS SLOPES 
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and rock-falls are undoubted1y concurrent processes in the build-up 

of the talus slopes, but, for the sake of clarity, an initial debris 

slope is assumed to be built by rock-fa11 alone on a concave bedrock 

slope (stage l in Fig. 7.4). Avalanche 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 slope 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 ~he size of debris reaching the slope. Due 

to retardationa1 effects of surface roughness,and the fact that most 

of the rock-fal1 volume is in the small boulder rather than the large 

boulder range,a greater quantity 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 readjus~nt by small debris slides, for which 

no evidence is visible, it is suggested that frequent redistribution 

of debris by avalanches and rock-fall impact prevents oversteepening 

of the slopes. In stage 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 result 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 bas built 
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~ to the point where the basal concavity inherited from the bedrock 

slope is restricted t~ a small fringe zone. Above this is a zone 

of frequent rock-fall accretion and avalanche redistribution where a 

slightly concave slopes i~ maintained at an angle of about 300
• 

Spring snow avalanches occur much more frequently on slopes in 

the mètasedimentary 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 

chi.mneys 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 avalanche 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 gullies during the spring melt. Occa

sionally, late in the melt season, they flow onto snow free talus 

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. 

iAo-.-.._ 
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In the field areas, the debris flows appear to have been of 

much greater significance on one moderately inqlined slope, mantled 

with deeply frost weathered syenites and monzonites, on the north 

side of Tombstone valley, than on any of the fort y talus slopes 

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, ~as 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 cha~nels and large terminal lobes. This evidence suggests 

that debris flows are of so~e importance below low angle rock walls 

in the field areas (e.g •. Plate 6, Locality BL6). Furthermore, the 

partly vegetated surfaces of the talus cones bel6w these low angle 

rock walls indicates that large avalanches 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 FIDN 

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. 
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Usually these streams flow for the 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, wi th fe\'l exceptions, whereas 

stream grav~ls tend to be somewhat rounded and smoothed as a result 

of impact and abrasive action associated with fluvial transport. 

There 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. SLCW!mSS MOVEMENT 

Frontal 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 deve10pment of protalus rock glaciers. They 

indicate sorne displacement of talus debris by processes of slow mass 

DIOVement, variously referred -to by Sharpe (1934) and Rapp (1960 b) 

as talus creep, by ~rdner (1969) as talus shift, and in thesis as 

slow debris shift. 
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Slow debris shift on talus slopes in sorne arctic areas is 

very slight or non-existent (Rudberg, 1963; King, 1969). Never

theless, its possible significance in the development of protalus 

rock glaciers in the field areas suggested that it shpuld be evalua

ted quantitatively. Therefore, embedded and surficial Doulders were 

marked and surveyed in 1967 on five talus cones contributing debris 

to rock glaciers, and on five talus cones without basal rock glacier 

development. Resurvey of all the marked boulders in i968 and of 

those on one talus cone in 1969 indicated movement of sorne of the 

embedded and surficial boulders several centimetres downslope, but 

the maximum possible measurement error involved suggests that definite 

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 talusslopes, to the valley floors. Vernon and Hughes (1966) 

have mapped the majority and sub-divided them on the basis of surfi

cial characteristics, and on the basis o~ occasionally observed 

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

glaciers. 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

tive1y minor 1enses. Thè latter were grouped by 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). 

Outca1t and Benedict (1965) sub-divided rock g1aciers in the 

Co1orado Front Ran~ into cirque-floor rock g1aciers and va11ey~all 

rock g1aciers. Ana1ysis of air photographs indicated that the great 
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majority of aIl rock glaciers in the Ogi1vie and 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 wére 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 bedrock bench. 

This initial classification, based on morphology and topo-

graphie position, is preferable to one based on the presence or 

absence of an ice core,since the latter must usually be inferred 

indirectly. A minor number of the forms studie~were difficult to ... 

categorise however. Some are multiple forms due to either 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). ethers are 

lobate forms which line the headwalls of a number of cirques and 

have been classified as 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 character1stics of twenty-eight 
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rock glaciers in the Bear River field area. Eighteen valley-wall 

rock glaciers vary from 50 to 350 m (160-1,150 ft) in length, with 

a mean of 225 m (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-l,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 Ameri·G!"a ür elearly a response to climatic conditions (Thompson, 

1962) •. Most rock glaciers occur in mountain areas which receive a 

moderate or small quantity of winter snowfall, insufficient to cause 
C-

the development. of large ice fields and glaciers. These mountain 

areas must also be sufficiently high, in latitude or altitude, for 

the moi sture from the snowmelt and the summer precipitation to pene

trate coarse debris accumulations and become permanent1y 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 1imit of the prevailing west winds in winter, and 
perhaps near the southern 1imit of the dominant wast wind in 
the Sierras. In the alpine zone of the interior Cordillera, 
tram the Brooks Range to southern Colorado and inc1uding the 
1ess glaciated parts of the Wrangell and Alaska Ranges, which 
are she1tered by the Chugach, theyare apparent1y numerous, 
except possib1y in a zone of southern interior British Colum
bia and south-western Alberta which has heavy snowfall and 
many glaciers". 
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The Ogilvie and Wernecke Mountains, in the alpine zone of the in-

terior Cordillera, are within Thompson's zone of numerous rock g1a-

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

Vernon 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 ffii2) in the Tombstone 

area and for an identical area in the Bear River area (Table 8.+). 

TABLE 8.1 

DENSITY OF DISTRIBUTION OF ROCK GLACIERS IN THE FIELD AREAS 
0--

No. of rock glaciers Densit~ Mean elevation 
in 1,000 km2 area per km of area (m) 

Tombstone 24 0.024 l,52O 

Bear River 187 0.187 1,455 

Rock glaciers are evident1y more abundant in the Bear River 

area than in the Tombstone area. Approximate mean e1evations in the 

two areas, calcu1ated from two gm ups of 100 randomly chosen spot 

e1evations for each area, indicate that the increase in frequency 

of rock. glaciers is not re1ated to an increase in altitude. The 

Bear River area has, in fact, a lower mean elevation than the Tomb-

stone area. 
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2. FIELD WORX 

Field studies were designed to evaluate the regional distri-

bution of the rock glaciers, the probable, role of ice in their growth, 

their postglacial and present deyelopment, 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 ~laciers BI - B28 are located in the valley of the Bear 

River South Fork and its western tributaries. Their fundamental 

type, dimensions, orientation, altitude, lithology and surficial cha

racteristics were examin~d trom air photographs, supplemented by de

tailed ground work on BI, B9, B14, BIS, ~ and B20. Long ter~ 

studies of motion were commenced on Bl4 and B18. Results are avail-

able for a two year period on B14~ Detailed exam;nation of perma

frost leve1s and ice content was made on B20. Rock glaciers B29-

B64 are located further to the south, in the basin of the southward 

flowing McC1usky Creek. Thei_r orientation was examined to correct 

for a possible northward bias in the orientation of the rock glaciers 

in the valley of the northerly flowing Bear River South Pork. Most 

of the roCk 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. 1'beir surficial features were examined on the ground. 
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Longterm studies of motion were commenced on Tl and some results 

are available for a two year period. Direct evidence concerning 

ice content was drawn from T2 and T3. T4 and TB are valley-wall 

rock glaciers in metasediments whose surficial features were exami

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

3. REGIONAL DISTRIBUTION OF ROCK GLACIERS 

Sorne distinct relationships between lithology and rock glacier 

development h~ve been noted in the Alaska Range, (Wahrhaftig and Cox, 

1959, p. 415; Foster and HOlmes., 1965). According to these authors 

. rock glaciers in the Alaska Range consist mainly of co~rse blocky 

fragments resulting from.the weathering of granites, greenstone, 

prophyry, 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 blocky weathering 

roc~ the large voids encouraged the growth of considerable ~tities 

of interstitial ice which caused the development of rock glaciers by 

semi-viscous flow. 

.. 
Porter (1966) has noted a striking relationship between two 

c1rque-floor rock glaciers in the Anaktuvuk district of the central , 
Brooks Range, Alaska and the occurrence of brecciation along fault 

zones. Neighbouring cirques, al.ike in l.ithology, 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 lithologie influence in their development, the distribution of 

rock glaciers in the Ogilvie and Wernecke Mountains was examined 

in sorne detail. 

In the Bear River area, one valley wall rock glacier (B20) 

is much larger in proportion to the area of its source wall, than 

neighbouring valley wall rock glaciers (B21 and B22) with a similar 

elevation and aspect. It may reflect the influence of brecciation 
. 

along a dolomite quartzite contact on the rock wall source area. 

Breccia is indeed a major constituent of the debris in the rock gla-

ciers. 

ether than this example, the valley. wall and cir~ue-floor 

rock glaciers in the region have· no obvious relationship to zones of 

structural weakness. Indeed ~ven on bedrock of differfng lithologies 

such as dolomites and quartzites (with minor slate) the rock glaciers 

occur with similar frequency. Neither debris characteristics, nor 

rates of supply from the rock walls differ much in these two rock 

types. They weather to form similar sized blocks on the talus slopes, 

and the.postglacia1 erosion rates observed in chapter 2 for quartzite 

cones 6801, 6813, 6814 and 6816 and dolomite cones 6804 and 6808 are 

not sufficient1y different to induce differentia1 rock glacier deve-

10pment at the base of the talus cones. 
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In the Tombstone area, six cirque-floor rock glaciers were 

noted in the intrusives, but valley-wall rock glaciers 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 0.5-1.5 m (1.5-5 ft). 

These blocks are separated by large voids. The majority of the cir-

ques in the intrusion do not p'ossess rock glaciers, however and it 

is probable that the cirque-floor rock glaciers which are present 

conta in only a moderate volume of postglacially derived debris. 

In the orthoquartzites of the Tombstone area cirque-floor 

rock glaciers and valley-wall rock glaciers occur but, for sorne 

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) • 

. 
Rock glaciers 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 fourteen rock. g1aciers and debris 

covered glaciers. CUrsory examination of the air photographs of ·the 

central Ogilvie Mountains and limited ground checking in the vicinity 
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of the Dempster Highway between mile 78 and mile 102 fai1ed to re-

veal any rock glaciers. This area is composed.predominantly of 

limestones interbedded with shales, but local climate rather than 

lithology 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 

summits rarely exceed 1,500-1,800 m (5,600-6,0,00 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-
, -

lit Y 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 Pork thrust 

fau1t noted by Green and Roddick (1962) and Tempelman-Kluit (1970). 

The presently inactive rock glacier T5, 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 subsequent to a 

large rock silde. 

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 cirque

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, 
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, 

especia11y in the Bear River area, cannot be readi1y exp1ained as 

yet. Detai1ed studies of the bedding and joint spacing and direc

tion, minor shear zones· and overa11 strength characteristics of the 

rock wa11s are definitely needed to solve these prob1ems. 

4. ROLE OF ICE IN ROCK GLACIER DEVELOPMENT 

I~ is difficu1t and expensive to drill into rock glaciers, 

and so detai1s of the interna1 structure and composition of on1y 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 orientat~on, topographic situation, shape, minor surface 

forms and hydro10gic characteristics of rock glaciers were used to 

supplement the limited evidence on probable ice content offered by 

exposures. 

Xnowledge of the ice content is of great importance in esta

b1ishing whether rock glaciers have originated as ice glaciers or 

through penetration of moisture into the interstices of the. basal 

talus whère it freezes and inauces rock glacier development. 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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veneered 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 large waterfall 

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

Analysis of the orientation of sixt y-four rock glaciers in 

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

glaciers in the Tombstone area and surrounding mounta~n ar~a from 

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. In 

the Tombstone area some possible bias exists since the structural 

dip is mainly towards th~ south. But 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 

accumu1ated debris on north facing slopes. Alternatively they May 

be associated with the lingering of glaciers in north facing cirques 

since the last regional glaciation, or with their postg1acia1 regene

ration, these glaciers. being subsequent1y buried with debris. Both 

of these climatic effects May he operative, the first being of greater 

~rtance in the case of the valley-wall rock glaciers and the second 

being of greater importan~e in the case of the cirque-floor rock 

glaciers. '!'he lower altitudina1 limit of approximate1y 1,400 m 

(4,500 ft) for presently active rock glaciers in the Ogilvie· and 
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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 fine and coarse debris and perched 

mounds of glacial debris isolated by downwasting of an ice surface 

(Plate 24) should occur over the surface. Furthermore concentrations 

of debris along the margins of the rock glaciers shou1d reflect late-

" raI moraines of the glacier surface. Wahrhaftig and Cox (1959) and 

Vernon and Hughes (1966) have described longitudinal furrows, mean-
-

dering furrows, transverse ridges and occas~onal 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 

infer a 75% minimum ice content for the"entire feature. Surficia1 

phenomena such as these, were counted for the cirque-floor and 

valley-wall rock glaciers in the Bear River area and are summarised 

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 conditions, gullies: and the upper parts of the zone of talus 

accumulation became uncovered for part of the summer and 50 debris 

reaching the ice surface by roc;:k-falls and avalanches increased. 
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TABLE 8.2 

SURFICIAL CHARACTERISTICS OF 28 ROCK GLACIERS 

Il> of ~O cuque-floor % of ~8 va~~ey-~la~~ 
Characteristics rock glaciers with rock glaciers with 

characteristics characteristics 

Large snow beds at 
back of rock glaciers 100% 60% 

Depression at back 
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% 
cy in number/100 m (5.2) .. (2.6) 

Longitudinal ridges 80% 70% 
and average width (17 m) (19 m) 

Longitudinal ridges 
ri th origins in ... 60% 65% 
talus cones 

As glacier flow continued the whole glacier eventually became debris 
- . 

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

~ying ice from the considerable differential melting which would have 

~ed 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 (BIS) is a good example of a rock glacier deve

loped in this way (Plate 25). Along its margins are two ridges 

which are probably Iateral moraines indicative of the maximum extent 

of the glacier. As climatic conditions moderated the glacier ablated 

slightly. The lateraI moraines are only 8-15 m (25-50 ft) above the 

level of the rock glacier and so frontal recession was probably mini

mal. The rock wal1 at the back of the glacier started to feed debris 

onto the glac~er at an increased rate and eventually, through conti

nued gla~ier motion, the whole surface became debris covered. Small 

transverse ridges on the surface may be associated in some way with 

this glacial motion. ~t the pre~e~t 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 permafrost condition only 1-2 m (3-6 ft) below 

the surface, on a talus cone in the vicinity. 

Whilst val1ey-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 the fronts of the 

valley~all rock glaciers occur in front of feeder talus cones sug

gesting that the suppIy of debris is of paramount importance to the 

forme When considered along with their topographie location on 

straight valley sides this evidence suggests that ice occurs as an 

interstitial component of the active valley~all rock glaciers in 

the region, rather than as a massive core of glacier ice. 
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A.rare opportuni~y to observe the internal characteristics 

of a well devëloped valley-wall rock glacier iQ 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 hydrologie 

characteristics of this rock glacier immediately after the rainstorm. 

A springline 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 wa~er, 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 

a calibre coarse enough to encourage rapid drainage. Within an hour 

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

turned to its normal flow. 

A l.ight snowfall, a few days later, gave an opportunity to 

confirm the existence of the springl.ine. Pl.ate 26 shows the front 

of the rock gl.acier when the snow had begun to mel.t. A very conspi

cuous and l.evel. snowline is noted 9 m (30 ft) below the rock gl.acier 

l.ip in the quartzites. It is terminated abruptly at the junction with 

the breccias. Bel.ow the snowline there is a completely snow free 

zone and then the snow mantl.e increases at the base. It is evident 

that the 9 m (20 ft) of debris above the springl.ine retained i ts snow 
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FIG. 8. 2 ROCK GLA~IER B21J, WER"lECKE MQlNTAINS 

j 

'1 
1 

1 
î 
i 

1 
î 
J 
! 



-179-

cover longer than the section below, because the latter suffered 

disturbance and melting, from the seepage of meltwater down the 

f~nt 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 percolation of meltwa'ter down the front, 

the surficial debris is coarser than in the case of the quartzites, 

and suffers less from disturbance due to seepage. 

The topographie position of the rock glacier along a straight 

valley wall, the absence of collapse 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 of the cirque-floor rock glaciers are 

definitely ice cored whereas the valley-wall rock glaciers appear tQ 

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 uppe~ third of its thickness. One of the 

, ' 

important indications that valley-wall rock glaciers have probably 

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 ~unds 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. 

5. POSTGLACIAL DEVELOPMENT OF THE ROCK GLACIERS 

_ .. -.. _. 
1. Short term measurements 

Paint marks on bou1ders on two cirque~floor rock glaciers and 

one valley-wall rock glacier were surveyed in 1967 with a Wi1d T2 

theodolite,reading to one second. Theodolite stations were 10cated, 

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 ho.rizontal and vertical displacement of other 

moving points surveyed fram 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 t 5 cm 

for points surveyed from theodolite stations on the moving points. 

Ca1cu1ated movement for one year, however, was only of the order of 

a few centimetres. Therefore a second re-survey in 1969 was 1imited 

to one cirque-f1oor rock glacier (Tl) and one valley-wall rock gla

cier (B14) and results presented from lines of points whose horizon

tal and vertical displacement error is known to be onl.y t 2 cm. 

These are transverse lines close to theodo1ite stations, located on 

large stable boulders off the edge of the rock glaciers. 
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. . 
Figure 8.3 a) represents the horizontal disp1acement of the 

points a10ng the·base of the front of rock glacier Tl in the Tombstone 

area over the period 1967-1968, 1968-1969 and 1967-1969. This is a 

cirque-f1oor rock glacier, about one mile long, which is advancing 

slow1y into a sma11 1ake bounded at the far end by 1ate or postglacia1 

moraines. Maximum advances of 5.4 cm ànd 5.0 cm were observed for 

1967-1968 and 1968-1969. 

Figure 8.3 b) represents advances of embedded bou1ders at 

higher elevat~ons in the 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 1967~1969. 

The mean advance a10ng the basal line for the 1968-1969 pe-

riod for seven values was 2.2 cm compared with 3.4 cm for six values 

on the higher line for the same period. This is an indication that 

the rate of movement"decreases with ~pth as predicted by Wahrahft~g 

and Cox (1959). 

Hovement values are small, but because there are no readings 

- suggesting backward motion, and because the maxinwm possible error 
0" • 

is t 2 cm, it is suggested that they demonstrate movement exceeding 

the sca1e of errors invo1ved. 

A transverse profile of movement in the relative1y steep (20°) 

Middle section of rock g1acier (B14) in the Bear River area is pre-

sented in Figure 8.4 for the periods 1967-1969, 1968-1969 and 1967-
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1969. A maximum two year advance of 4.8 cm was noted. Reduction-of 

rate of advancetowards both edges due t"(:> frictional retardatio~ is 

evident from the movement profiles. 

Rock glacier Bl4 is a v~lley-wall roCk glacier, but with its 

tongue shape it resemblesa cirque-floor rock glacier. It descends 

from talus filled rock-wall gullies for 300 m (1,000 ft) at a modera

tely steep angle, varying from 150 to 200 , levels off ~rief+y and then 

plunges down to the valley floor in a steep front about 90 m (300 ft) 

high. This lo~g profile is related to lithological conditions in the 

vicinity. The rock wall above the transition from the talus zone to 

the gully zone consists mainly of qua~tzites (with a 15 m (50 ft) cap

ping of dolomite). From ~he commencement of the rock glacier to its 

frontal z~ne, the bedrockconsists of slates and phyllites whose rela

tive erodibility has caused the enlargement and reduction of angle of 

a roCk wall gully. The latter has since become occupied by a rock 

glacier supplied with debris from the quartzite zone above. Below 

the slate -phylli te zone, quartzite beds are repeated, and correspond 

with a steepening of the angle_, which causes -the rock glacier to tum

bl.e over an inferred bedroCk l.edge ta the valley below. Plate 27 is 

a frontal view of the rock wall and the existence of similarly shaped 
- -

rock glaciers can be noted at points A, B, C,D. In all cases the 

sharp transition tram the top surface to the frontal surface corres-

ponds with the transition tram slate beds to underlying quartzite beds. 
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Tl and B14~~ere both considered to be among the most 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 sparse lichen 

cover, and by a sharp demarcation at its lateral margins, 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 may be 

very slow moving at present. 

Indeed, the rates 9f recent movement-have been sa slow that ana

lysis of their variations· on different parts of the rock glacie~ 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 moyement of two roCk glaciers over the last few 

- hundred years. These rock glaciers are Tl in the Tombstone area and . 

BIS in the Bear River area. 

For the calcul.ations, lichen growth rates ware needed. The 

probable maximum and the absolute maximum growth rates for Rhizocar

pan geographicum spp on the lUondike gold tailings were established 
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as 35 mm and 41 mm per century. These were then extrapolated to the 

rock glacier sites 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 periods 

were required for the movement of originally non liche nous debris 

from the zone of talus accretion~o their present positions. By 

measuring the distances from the sample plots to the talus zone 

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

Apart from the problem of extrapolating lichen growth rates 

from the gold tailings to the rock glacier sites,there is the possi

bility of disturbance of the 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 development 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 trom rock glacier BIS 

Lichenometrical sampling across the surface of rock glacier 

Bl8 trom the base of its feeder talus cones to its front revealed 

that the largest Rhizocarpon geographicum 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 ~ximum lichen factor of 41 rnm/ century 

derived from the gold tailings is used in conjunction with the lar~

est single lichen in each sample plot ~f400 m2 (4,200 ft 2) to com

pute rate 1. Rate 2 is computed by using the mean lichen factor of 

35 rnm/century in conjunction with the five 1argest 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 ca1culated by 

application of the maximum and mean lichen factors to the change in 

size of the largest thallus and the five largest thalli over the 

narrow strip 0-20 m (0-65 ft) from the talus base. These are 0.09 ml 
year and 0.33 m!year respectively and are also maxima. 

It is therefore sugge~ted thatOthe maximum rate of· advance 

for the last few decades for rock glacier B18 has been roughly similar 

to that for the 1ast few hundred years, i.e. 10-30 cm/yr. This mass 
.-

movement has been insufficient to cause much rupture of ~e surface 

material as indicated by observations of minimal disturbance of the 

compone nt oparticles of 1arge shattered blocks of dolomite on the rock 

g1acier surface. 
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FIG. 8.5 LIœEN DIAMETER ON ROCK GLACIER Bl.8 
A.tiD !)ISTANCE FROM TALüS SOURCES 

50 100 /50 200 
Distance trom toi .. source towards rock glacier front in metres. 
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Cal.culation of movement rate l. 
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• • • Movement rate 1 80/550 = = 

Calculation of movement rate 2 
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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 

Max. lichen growth rate 

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

and Max. rate of advance of boulders from source 
wall 

= 170 mm 

= 41 mm/lOO yrs 

.- 170 x 100 yrs 
4I" 

= 400 yrs (app.) 

= 0.375 m/yr 

This 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 gla~iers in the field areas are 0.1-0.4 m/yr. 

The mean advance of the frontal zone of roCk glacier Tl from 1967 

ta 1.969 was 0.09 ID and the mean advance of the middle zone of roék 

glacier B14 for the period 1967 ta 1969 was 0.03 m. These rates of 

advance are much slower than the values of 0.48-0.72 ml yr quoted by 

Wahrhaftig and Cox (1.959) for a rock glacier in the central Alaska 

. Range, and the va1.ue of 2.0 m/yr quoted by Hughes (l966) for the 

Cantung rock glacier in south east Yukon. They are comparable, 

however, ta values of .005 .007 and .0lO· 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 
". 

moved along most of the high tributary valleys containing valley-

wall rock glaciers, as weIl as along the main Bear River valley. 

It must have removed or considerably deformed pre-existing, rock gla

ciers. We1l p~'eserved striae on a bedrock rib crossing the head of 

one such valley in the Bear River area, (Plate 6, Loca1ity BL.2) 

testify to the passage of ice during the glaciation. Some of the 

rock glaciers near the upper surface of valley glaciers were pro-

bably 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 on1y 50-100 m (160-325 ft) wide. The 

rocks in the front appear to be compacted as if they nad 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 distai edge of the valley. 
. ~ ~ 

The latter caused streams to be diverted from the valley centres to 

incised courses al.ong the valley ed~ (Fig. 8.2 and Plate 28). The 

ice cored cirque-floor rock glaciers, are thought to be initially 

a product of the late stages of the last regional glaciation or' subse-

quent re-advance within the cirque zone, with one or several phases 

of renewed activity in the debris covered state. The lichen caver 
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on most of the rock glaciers of the cirque-floor and the valley-

wall type suggests a minimum age ofseveral hupdreds 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 movement for the 

rock glaciers for the period dating from the time of incorporation 

into the rock glaciers of boulders to the pre~ent 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 period of 

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

for rock glacier (Tl) in the Tombstone are a gives a suggested mini

mum age of 1,100-4,000 years B.p.·por rock glacier 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 Bl8 has a minimum calculated age of 800-3,000 years 

B.P. 

The low rates of movement relative to sorne other areas in the 
_. 

Western Cordillera suggests that optimal conditions for rock gla-

ciers development in the field areas may not exist at present. In 

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 valley-wall rock glaciers they 
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may be deficient in this respect at the present day. 

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

The horizontally projected area of twenty-eight rock glaciers 

and their rock wall sources were measured 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 variables suggests that 

the mean ratio of rock wal1 are a 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 Wahrhaftig and Cox (1959) for fort y rock gla

ciers by the same method, and suggests that_the rock glaciers in the 

Ogilvie and WerneCke Mountains represent much lower erosion rates 

than those in the Alaska Range. 

Despite the high ratio of the horizonta1ly projected rock wa1l 

area to the rock glacier area in the Wernecke Mountains (and still 

higher ratio of actua1 rock wa11 area to rock glacier area), the 

val1ey~a1l rock glaciers clear1y 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 front the rock wall. to forro rock glacier B20. 

This represents a rate of erosion of 340 mmtl,OOO 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 than the median 

rate of erosion calculated for all ten rock walls above talus cones. 
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• 
• 

• 

• • 

Re~ession of rock wall areas 
against rock glacier areas:-

y = 8.95x 12,000 

y = 0.52 

• 

80.00 110.1»0 0.00 S20.00a .00.00 
GLACIER RREA IN sa.". MIO 

FIG. 8.7 ROCK GLACIER AREAS PLOl'TED 
AGAINST SOURCE WALL AREAS 



CHAPTER 9 

SUMMARY OF CONCLUSIONS 

This thesis has examined the nature and rate of operation of 

the processes involved in the postglacial and prèsent day transport 
. 

of debris trom mountain walls to valley floors in selected areas of 

the Ogilvie and Wernecke Mountains, central Yukon Territory. These 

areas were subjected to at least three episodes of glaciation, the 

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

The processes have been considered as they acted on the rock 

walls, on the talus slopes and on protalus rock glaciers. These 

morphological zones proved to be an excellent unit for a study of 

debris transport, because they °form a s~stem that can be considered 

essentially closed within the relatively sho~ postglacial periode 

It is reasonable to assume tbat valley 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 accllmJ]ated wastes bas been found to be of insignifi-
o· 

cant importance during the 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 asse~sed 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 cones. 

The median value for the mean thickness of rock removed from the 

rock walls during the postglacial period of 10,000 to 14,000 years 

lies between 0.636 and 0.510 m. The range of values is from a pos

sible maximum of 3.88 m for the most 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/l,OOO yrs. 

The largest possible range of values for the ten rock walls is from 

388 mm/l,OOO years to 5 mm/l,OOO years. 

In the igneous intrusives o~ 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 erüaion on syenites and monzoni-

tes has been much less than in the metasediments of both the Tombstone 

and the Bear River areas. ~antitative 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 oouched in 

mathematical probability ter~. For two igneous intrusive rock walls 

a mean erosion rate of 19 mm/l,OOO years was established. The corres

ponding mean rate for eight metasedimentary rock walls bas been 

73 mm/l,OOO years. 

An additional erosion rate of 313 mm/l,OOO years was calcula

ted in Appendix V for a roCk wall, which has suppliedsufficient debris 

to create a relatively"large rock glacier in the postglaci~l periode 

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 periode 

. 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 Spitsbergen~ it can be firmly 

concluded that postglacialrock 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. The 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 for 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 individua1 processes of transport 

suggest that rock-fa Ils 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

ly, and certainly form a conside~able 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 ona 

large wall in the Tombstone intrusion (Plate 5, Locality TL5). 

Spring snow avalanches are of much less significance to debris 

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 removing sorne of the debris accumulated in the gully 

beds but certainly not on an annual basis. In the syenite zone, ava-

lanching is of mdnor importance by comparison with rock-falls, the 

rock walls being tao steep to permit the build-up of an avalanche 

prone snow cover. 

Torrent avalanches, otherwise known as slush avalanches, have 
-

been of some significance in removing debris from moderately graded 

rock 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 bath the 

metasedimentary and igneous intrusive zones. 
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In chapters 4, S, 6 and 7 the processes by which the talus 

slopes are er~sionally modified received attention. Theoretical 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 characteristics sùch 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 alpine 

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 indica~es that fall sorting on debris slopes is 

the natural result of rock-fall of mixed siz~s from steep walls onto 

low angle basal bedrock slopes. For particle sizes and distance of 

fall similar to ~hose encountered on rock walls and talus slopes the 

really significant factors in fall sorting are the original rock wall 

roughness and acquired roughness of the basal slopes as a debris man

tle develops. 

The artificial slopes at small and medium scales, and the talus 

slopes studied in the ~eld areas displayed moderately well developed 

fall sorting. In a laboratory rock-fall model,fall sorting characte

rised the debris slope throughout build-up. 

~er factors than parti cIe size, e.g. pa~~cle 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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Other processes than rock-fall have also been erosionally 

effective on the talus slopes and by redistributing debris on the 

slope may have affected the relationship between parti cIe size and 

distance downslope. 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 
. -

avalanches have undoubtedly redis~ributed 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 

sl1ghtly affected the basal areas of the talus slopes, however. A 

hypothetical model was.presented 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 èliminated. 

Debris flows resulting from torrent avalanches and/or violent 

rainstorms have caused erosional channels to be developed on the talus 

sl.opes, below relatively low angle, well dissected rock walls. The se 
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erosional channels are succeeded downslope by depositional forms, 

such as levées and tongues with distributary lo~es. These forms are, 

however, only occasionally developed on the talus slopes below the 

high"angle rock walls. 

Slow mass movement of debris may have been of sorne 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 the end product of coarse debris 

transport down the steep mountain walls. In a numner 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 Be~edict (1965) as cirque-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 for the 

absence of rock glaciers beloW the fine weathering shales and phyllites 

surrounding the Tombstone area, and their relative abundance in the 

bloCky weathering quartzites and dolomites of the Bear River area. 

A few rock glaciers in the Tombstone~orth Klondike area have deve

loped tram 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 

quartzites and slates in the Bear River area are obscure, however. 

Furthermore it is not completely clear why a'few of the cirques in 

the Tombstone intrusion have nurtured large cirque~floor rock glaciers 

when the rate of postglacial weathering of most of the syenite and 

monzonite rock walls is very slow. 

The banded 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 bodies. Ice exposures suggesting an ice core 

were obse~~ed 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 morphologie evidence suggests that at least 

a moderate number of the cirqtie-floor rock glaci~rs are ice cored. 

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

ice only interstitially or in lenses. 

-
MOst of the valley-wall and cirque-floor rock glaciers in the 

field areas have originated subsequent te destruction or truncation 

by"ice during the last regional glaciation. Lichenometric evidence 

for two of the active rock glaciers indicates that they did not ori

ginate in the last millenium. 

MOst of the roCk glaciers in the field areas are advancing rela

tive1y slow1y as compared with roék glaciers in certain other regions 

in westel.'ll Iforth 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 0.4 m/year. Advance of the front of one of these 

rock glaciers over the two year period, 1967-1969. is petween 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 need for highway protection from. 

rock-falls and avalanches is evident. Avalanche zones have been reco

gnised and localised defences installed to protect highways, but rock

fa'll control appears to be at a less advanced stage, i.n some mountain 

regions at least. 

The theoretical rock-falls model in this thesis is ooly an 

initial one and needs much elaboration, but it does point out many of 

the factors which govern the nature of rock-fall motion and the hori

zontal and vertical velocity components under various conditions. 

Nets for channelli~g rock-fall to the base of the slope by rolling or 

sliding motion, foot slope roughness, inclination and Iength, and rock

fall fences, can be designed .to prevent ralling rocks from reaching roads 

providing the dynamics of rock-fall are properly eva1uated, using âd

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

DEFINITION OF TERMS FOR FORMS AND PROCESSES 

l,. 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 900 according to the nature of the bedrock structure and li

thology. In the syenites of the Tombstone area the average rock wall 

angles are 600 to 70~ and several overhanging sections occur. In the 

metasediments the rock wallsrecline at angles of 350 to 450
• 

The rock walls are dissected to varying degrees by gu!li:s. 

When dissection is slight shallow grooves described as rock wall chu-

tes (Markgren, 1964) are formed. These chutes are defined by Markgren 

(p. 51) as, "usually narrow and shallow elongated gullies or scars 

often arranged in consequent series a10ng the mountain walls". 

Chute!? have a1s.o been identified and described by Matthes (1938) in 

the Sierra Nevada ~n 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 topographie pattern in plan view. 

On rock walls consisting of strata of varying resistance many 

gullies consjst 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 sorne variations in gully form 

to structural control e.g. he notes th~ complete lack of chutes in 

places where the slopes parallel steeply dipping cleavage or bedding 

planes. 

The rock wails in the Ogilvie and Wernecke Mountains are 

scarred ~th gullies both of the chute form and of the funnel forme 
. 

Chutes tend to occup more frequently on the steep dip slopes of meta-

sedimentary rock walls characterised by Iithological homogeneity and 

on occasional slopes withi~ ehe Tombstone intrusion where the jointing 

pattern bas given relativel.y Iow angle slopes (i.e. between 300 and 

SOO), and where the l.ithology is also fairly homogenous over the 

whole area of the rock wall. The funnel forro predominates on scarp 

slopes in the metasediments where thick dolomite and quartzite beds 

alternate with l.ess resistant slates phyllites and thin bedded dolo

mites. Igneous intrus ive walls whose slope angles exceed 500 are not 

seamed with chutes, but isolated vertical or sub-vertical. joints 

have been widened and deepened to form narrow gullies deeply inset 
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in the roCk wall. Most of these are better termed rock chimneys. 

Despite the obvious topographie variety all gully forms 

will henceforth he known in this thesis as rock wall gullies. Diffe-

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

could not he examined in detail in this study. 

b) Talus slopes 

One of the earliest descriptions of talus slopes, known 

also as taluses, and as seree slopes, was that of Lyell, (in Glossa-

ry of Geology and Related Sciences, 1960, p. 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 mate rials 

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 he the source of colluvial debris, but. such ins

tantaneous accuDI]ations are-clearly not included in Lyel1's defi-

nation of talus. Furthermore, although there are rock slide deposits 

in the Ogilvie and WerneCke Mountains they are not associated'with 

the high roCk wa11 facets observed on scarp slopes and around cirque 

headwa11s. They occur main1y on dip slopes below pronounced bedrock 

scars and are readily differentiated fr.om 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. 
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If water has been the chief agency of transport of the 

weathered debris down the gullies in the rock~all 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 lubri~ated 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. Sorne 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 

-by avalanche erosion into avalanche boulder tongues, and implies that 

·the term talus cone should be used to refer to features produced and 

modified by rock-falls alone. But it is difficult to decide prima 

fade whether avalanche or rock-fall activity plays the major role 

in debris accretion on a particular colluvial debris form, or in 

the erosiona1 modification of this forme Nearly all of the rock 

walls studied in the Ogilvie and Wernecke Mountains have gull.ies which 

contribute avalanches or small ice falls to the debris slopes. 
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Although debris forms may differ depending on the importance or 

othe~~se 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 aIl col-

luvial debris accumulations which have been derived directly from 

ro~~ walls arid which are neither fluvial nor rock slide deposits. 

The talus slopes may be grouped into ~~o categor~es in the 

field areas. 

i) Talus 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 escarpments in both field areas. The meta

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 i.ncised gu11ies which form the source of the talus cones. 

Talus cones are by contra st very infrequent in the igneous 

intrus ives of the Tombstone area, where gu1ly networks are 
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infrequent and poorly developed. A few large talus cones do 

exist, however, belownarrow, joint-contr0lled 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. 

Tal~s aprons rather than talus cones characterise the basal 

slopes in the Tombstone intrusives (Plate 2). 

c) 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 glaciers of this form result trom the accumulation of 

talus on the basal. parts of the mountain walls, and its subse-

quent IIIOvement over cirque floors. Ultimatel.y they may occupy 
. 

the entire cirque basin (Plates l.~, 25 and 28). Cirque-floor 

rock glaciers occur at the heads of many of the v~lleys in the 

Bear River area and, to a lesser extent, in the Tombstone area. 
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Most of these rock glaciers are tongue-shaped in plan view 

and may corres~ond to the tongue-shaped rock glaciers described 

by Wahrhaftig and Cox (1959) in Alaska: 

ii) Valley-wall rock glaciers 

These rock glaciers are located be+ow the side walls of valleys 

and around the headwalls of cirques, mainly-in the Bear River 

area (Plate 3). Their form in plan view is usually lobate and 

thus they may be related to Wahrhaftig and Cox's lobate rock 

glaciers. 

2) PROCESSES 

The processes defined ara those which transport weathered 

debris from rock walls to talus slopes or which modify these talus 

slopes. 

a) Rock-fall 

·Sharpe (in Glossary of Geology and Related Sciences, 1960, 

p. 14) has given the following definition for rock-fall under the 

heading debris fall. 

~e relatively free falling of a newly detached segment of 
bedrock of any size from a cliff, steep slopes, cave or arch ft • 

This definition in the writer's view is not complete, since 

relative free fall is a vague terme 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 from the 

rock wall facet to the talus facet. 

Dislodgement of a block from a gully wall may cause the 

block 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 ~t may even cause other weathered particles in the 

rock wall gullies to start moving, thus inducing secondary rock-

falls. 

Rapp (1959), in Spitsbergen, 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 

concluded that there is .a much greater frequency of pebble falls than 

·boulder fa Ils 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

gy, and so this classification of rock-falls by size is considered to 

be a 900d one. 

b) Snow avalanches 

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 gravit y 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 Pair

bridge, 1968). Prom 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 ·fnstability 

known as depth hoar layers through constructive metamorphism in the 

~ower 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 the snowpack. Minor events such as a person 

skiing across the slope or bigger events such as a series of fresh 

snowfalls may then trigger·large avalanches. 

Wïnter avalanches have a minimal geomorphic influence in the 

field areas. When they occur the talus slopes and the debris mantle 

on the rock wa11s are trost congealed and also possess a protective 

covering of early winter snow which is hardened by the assumed pre

sence of ice layers. Even when winter avalanches involve tl1e sliding 
. . 

of the entire snow pack as in the case of ground avalanches (La Chapelle, 

in Fairbridge, 1968, p. 1021) they do not appear to erode much debris 

for the rock walls. 

Spring avalanches resu1t trom 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 release (La Chapelle, 

in Pairbridge, 1969, p. 1024). 

If the sliding layer is heavily lubricatéd by meltwater the 

avalanche may exhibit semi~viscous. flow and descend like a pascade 

of water (Allix, 1924, p. 533). On a large scale and on relatively 

. low angle slopes this type of wet . warm avalanche is associated with 

the ponding of large quantities of meltwater behind içe barriers and 

has been described as a slushflow (Washburn and Goldthwait, 1958) 

or slush avalanche (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 late spring avalanches in the Ogilvie and Wer-

neCke Mountains have geomorphic significance. Prequently parts of 

~he talus slope~ are snow free while there is still sufficient snow 

on the roCk wall s10pes for avalanching to continue. Then the talus 

slopes. undergo sorne avalanche modification for a week or two in the 

late spring· (Plate 12). The late spring avalanches are also able to 

remove debrls from parts of the rock wall zone which are no longer 

protected by basal layers of hardsnow and ice and which are no longer 
.. 

frost congealed. If a .snow avalanche contains a high but undefined 

proportion of debris it is known as a dirty avalanche (Rapp, 1960b, 

p. 127). 

c) Fluvial processes 

These are processes of abrasion of bedrock or loose debris, 
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and transport of the latter by rainwash, rills and streams in the 

rock wall gu1lies and on the talus slopes. 

d) - Slow debris shift 

This general term embraces the complex group of processes 

inducing slow gravitational mass movement from the rock wall ~llies 

down the talus slopes and over the basal slopes. 

The term talus creep has been widely used to characterise 

slow mass movements of relatively coarse debris on relatively steep 

·slopes. Sharpe (1938, p. 30) define~ talus creep as "the slow down

slope movement of a talus or seree, or of any of the material of a 
. 

talus or seree". It is not usually possible to clearly separate 

the effects of rock-falls, avalanches and fluvial processes from 

_other processes.i~ducin~ slow mass movements in the rock wall gullies 

and on the talus slopes. Thus a variety of different processes may 

cause the slow transfer of debris downslope, e.g. slight dis1odge

ment of partic1es by avalanches or by rock-fall impact, loca1ised 

sha110w debris s1ides and downslope transfer of debris due to 

freeze thaw processes in the presence of moisture and due to thermal 

changes. For this rea~on and for the reason that these processes 

operate in the rock wall. gul.lies as well as on the talus slopes the 

1ess connotive term slow debris shift adapted from the term talus 

-sMft (Gardner, 1969) is preferred to the term talus èreep. 
. -

Ho special term has been given for the slow mass movement 

on low angle basal slopes wIlich leads to the development of protalus 

j 

1 

l 
1 
1 
j 

1 
! 
1 

1 

i 
J 

1 



-216-

rock glaciers but its nature and importance may be exarrdned under 

the heading of rock glacier motion. 
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APPENDIX II 

CALCULATIONS . OF TALUS VOLUMES AND ROCK WALL AREAS 

l.. CALCULATION OF NET VOLUME OF TALUS (VN) 

. . 

For his calculations Rapp (1960a) assumed that the tal.us 

slope represented a geometrical cone bisected along its length. He 

then used topographie maps with the small. contour interval. of 20 m 

(65 ft) to measure the length of the talus slope and the basal arc 

which he considered as a semi-circle. The talus volume was then 

found by appl.ying these measured values toa modification of the 

formula for the volume of a cone. --....,..--. 

In the fiel.d areas being considered in the present study, 

the contour interval on the largest scale topographie maps is 155 m 

(500 ft). This is obviousl.y totall.y inadequate. to indicate either 

the length of the talus sl.ope or the l.ength and curvature of the ba

sal. arc. Purthermore all the tal.us sl.opes possess bulges and irre

gularities of areal. outline to a considerable degree, and a bisected 

cone does not represent the true form of the tal.us slope. 

Therefore it was considered more'accurate to divide the tal.us 

canes along the l.ength of the fall ~ne into component cross sectional. 

sl.ices as in Figure n.l.. The bu1k vol.umes for the individual. sllces 

were than cal.culated and integrated ta obtain the bu1k vol.umes of the 

ta1us cones. The total. porosities were then ca1cu1ated and the net 

vo1umes . of the ta1us cones derived. 
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s 

FIG. . II.1 

a) ca1cu1ation of bulk volume of talus cone slice 

The bulk volume of each slices in Figure II.1 was derived 

by mu1tip1ying the surface aréa of the slice by its mean depth. Both 

of these variables had first to be calculated. 

i) Ca1cu1ation of area of top surface of slice· 

The fall line distance BQ a10ng the 1ength of the talus cane 

vas measured initially by photogrammetry for aU cones, and later by 

tape traverse for çones 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 then ~alculated using the 

formula for a trapezoid figure. 

e.g. area ACFD = BE (AC + DF) 
24 

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 a10ng the curved 

cross sectional surface of the talus cone. In order to illustrate 

this the slice DFIG is constrocted three dimensionally in Figure II.2. 
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. 
Strictly speaking the slice volume is the planar area DFIG multiplied 

by(h2 + hl)/2 and not the curvilinear area DEFIRG multiplied by 

(h2 + hl)/2. 

The difference in the ~ength of DEF and DF is 50 slight that 

DEF readily approximates the values of DF calculated independently. 

Table II.1 lists values for the curvilinear length and planar length 

for all cross sections, on cone 6801. 

TABLE II.1 

COMPARISON OF LENGTH OF CURVILINEAR AND PLANAR 
CROSS SECTIONS OF CONES 6801 (IN METRES) 

Cross section Planar length Curvilinear 

AC 30 30 

DP 152 153 

GI 159 161 

JI, ll5 ll7 

HO 70 71 

PR 48 48 

length 

1be maximum error in the surface area of any cross sectiona1 

slice is that for GILJ. It is of the arder of 1. S% which is conside-

red negligib1e. Resul.ts fram the other tal.us canes 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 oh both sides 

of the talus cone. 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 tape. 

Ali three traverses were begun and completed at precisely the 

same elevations, and are illustrated in plan view by BQ, VX and SU 

in ~igure II.1. For each talus cone three profiles were constructed 

on graph paper starting fram 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 cone 6801. The maximum depths fram the talus surface at 

points B, E, H, X, N and Q along the centre line of the cone to the 

assiuned 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 ta1us cone is fairly triangular in plan view as in 

Figure n.l, 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

su1ts in an erroneous graphical plot of the forrn shawn in Figure II.4. 
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- -Sedrock Profile 1 

- - - - Sedrock Profile 2 

- _ .. -- -- _._-

FIG. II.4 

. Theoretically ~ese profi~e traverses must be exact~y paralle~ as 

well as starting and finishing at the same e~evations before one can 

prepare an accurate graphica~ p~ot as in Figure II. 3. ST and VW in 

Figure II.~ represent such idea~ profi~e traverses. A prob~em is in

troduced, however, because the further the top of the bedrock traver-· 

ses are from the apex of the·cones the more ~ab~e is the extrapo~

tion of the bedrock surface beneath the cone to gross errors. There.

fore before graphing the data, each ·interva~ W~ on the bedrock tra

verse for which an ang~e was read must be shortened to W2 so that 

the tota~ ~ength of this traverse is equal to that of the traverse 

a10ng the centre line of the ta1us cone. This corrected va~ue is 

achieved by use of the following formu~. 

The net effect is that the mean overall profil.e is shortened and 

steepened but the rel.ative height of the top as compared with the 

base remains unchanged. 
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The corrected graphs of bedrock and talus profiles were simi

larly prepared fo~ a~l 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 depths at"B and Q are theoretically zero although 

a small closing error usually existed on the profile Qiagrams. . . " 

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.S in which the circle circumscribing points D, E 

and F on the talus cone is also drawn. 
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The l.ength of ~ curved surfaces DE and EF is a1ready known, 

and ~. the maxilllWll depth of talus bas just been derived. 
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, 

Because of the high radius of curvature of the circle circums

cribing b.. DEF, chords DE and EF ~ arcs DE and EF. 

The mean height of ~ 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 ~ean depth of:the circular cross section let 

the area of this cross section known as the segment DEF be equal to a 

slightly larger b. DElF with the same base DF and a new slightly greater' 

height ElY. Thenthe mean height of this triangle is the corrected 

mean depth for the circular cross section. 

The mean height of Â DElF = ElY/2 

From the formula, for area of triangles 

• 
· '. 

• 
• • 

.. ' 

• • 

area of b. DEF = DF (EY/2) 

area of b. DElF = DF (ElY/2) 

area of 1::::. DE~F = 
area of A DE • 

(ElY/2)/(EY/2) 

El.Y/2 = EY/2 (aNa of Â DE~F)' 
area of ADE ' 

corrected mean = mean height of ~ DEF' x (area of D. DElF) 
depth area of li DEF 

= lJ (max. depth read) x (area of 2~nt DEF) 
off Fig. II.3 J area of b 
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where KI = area of segment DEF 

~ = area of ~DEF 

hl = maximum depth of talus 

••••• equation II.l 

h2 = corrected mean depth of talus cross section 

The area of the segment DEF (KI) can be determined once the 

radius of curvature (R) of the cirele circumscribed through D, E and 

F is obtaiI1ed. R is calculated fram the follow:Lng equation (Ayr-es, 

1954, p. 112) 

R = EF/2sinEDP 

= (EFx Î)'E)/2EY .... eq~tion II .. 2 

EF, DE and EY are aIl known and R is obtained. 

Now the area Xl = area of sector OOF - area of ~.DOF 

•••• equation II.3 

where 9 in radians is angle subtended by DOF" (Ayres, 1954, p. 114) 

and e = arc DEF ~ DE + ·EF 
R R 

• • • X1 = R2 ~DE + EF\ - sin (DE +" EF~ 
r~· R 1 \-" R ~ 

DE ~ EF, R are aU known and 50 X1 15 obtained. 

.... equation II.4 
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Area of K2 = DF(EY/2) 

= (DY + YF) (EY/2) 

= . (,/nE2 - EY2 + jEF2 - Ey2) x (EY/2) ... equation II.S 
EY, DE, EF are all known and so K2 is obtained. 

The valués of Xi and ~ can now be fitted into equation II.l 

and the mean 'depth h2 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.l; 

II.2, II.3, II.4 and II.S. 

The mean depth for each of the five horizontal cone slices 

was taken as the mean o~ adjacent cross sectional mean depths. For 

example, referring back 'to Figure II.l 

the mean depth of ACFD = (0 +2hE2) 

where hE2 is the corrected Mean depth of the cross section at E 

and the mean depth of DPlG = (hE2 + h2H ) 2 ' 

where h2 H is the corrected mean depth of the cross section at H 

ihe mean depths of GILJ, JUIf and MORP were similarly calculated. 

The bulk volume of each slice was then calculated by nul.ti

plying the newly.derived figure for .the mean depth of the coneslice 

by the already derived surface areas of the sllces. '!'he values for 

the five sUces were then integrated and a total gross volume of de

bris in the COlle 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 trom the rock wall zone. 

This necessitated knowledge of the porosity of the talus cones. 

Graton and Fraser (1935, p. 805) used theoretical conside

rations to derive the porosities of assemblages of uniform spheres 

under various packing structures. But many factors in nature alter 

the hypothetical values. In the first place a deposit such as a 

talus cone, which is laid down or subsequently modified by several 

different processes, is made up of assemblages of different packing 

structure~ 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 mostdense arrangement (rombohedra1 packing). Grain size 

is theoretically of no significance in itself but, because of greater 

adhesion of small particles and bridging effects, porosi~1 increases 

as the size of the particles decreases. The shape of the grains is 

al.so undoubtedly of some importance, increasing roundness and sphe

ricity tending to 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 sthe.ri

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 partic1es must be 0.158 for the smaller particles. 
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, 

to enter the voids between the larger 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,l935, p. ~l9). Figure II.6 

from Fraser (p. 924) shows the rela~ionship between porosity and the 

percentage of large to small particles in a two component system 

for bothcritical ratios. 
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Obvious1y the ta1us.consists of a muCh more comp1ex assort

ment of partic1e sizes and at the moment there is no way to predict 

the porosity direct1y trom knowledge of the size frequency distribu

tion. EmpiricaUy, however, through the use of one, two and three 

component systems built in the laboratory, and through assessment of 

natura1 deposits Fraser suggests that a uniformly sized gravel may 

have poros~ties up to about 40% whereas a poor1y sized gravel may 

have porosities as 10w as 20% (Fraser, p. 992). A mean va1ue of 30% 

' .. with error 1imits of ! 10% is considered acceptab1e for porosities of 

the ta1us cones for whiCh estimates of the net vo1umes are required. 

Using this va1ue the net volumes of the ta1us cones were then calcu-

1ated as foUows: 

Net vo1ume (VN) = Bulk volume x 7/10· 

c) Errors in the calcu1ation of net vo1umes of talus cones (VN) 

Two major sources of error exist in the calculation of VN 

i) errer in mean depth of each horizonta1 slice 

ii) error'in porosity 

i) Errer in mean depth 

This is a compound error based on the fol1owing assumptions 

and instrumenta1 errors. 

a) the assumption that the bedrock surface beneath the talus 

cone is a planar surface whiCh can be extrapolated from bed

reck on one side of the cone to bedrodk on the other sidej 

(--
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b) the error in angle readings with the Abney level. 

a) 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 

c 
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 terms to the net 

volumes for all other cones. 

. . 
A theodolite was fixed at the base of cone 6801, and precise 

readings of angles to points on the three Abney level traverses were 

made. Figure II.8 shows errors discovered when the heights at these 

points, obtained from t~eodolite and Abney level readings, are compared. 
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These figures permit the calculation 9f maximum error limits for the 

angles in each of the three profiles. 

Error band (1) for talus profile = :. 20' 

= + 30' ft 

ft ft 

(2) 

~3) 

ft 

ft 

bedrock profile to south 

ft ft ft north = ± 40' 

The three profiles were then re-graphed in such a way as to obtain 
-thé absolute minimum and maximum depth value~ for the talus up the 

centre of the cone, based purely on the maximum possible angular 

errors. (Fig. II.9). 

C 

" . 

• 

A 
• FIG. II.9 

In section AB of the talus profile ABC, i.e. the lo"wer half 

of the profile, the individual angles were aU decreased by 20'. In 

the section BC they were aU increased by 20'. In this way the over

aU mean value for the angle of the slope, and correspondingly the 

position of C with respect to A does not change. The converse 

1 
·1 r 
j 
l 

1 , 
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operation was done on the bedrock profiles ADe and AEC. The angles 

in sections AD and AE were increased by 30' and 40' respectively. 

Sections ne and EC were correspondingly decreased. Thus the termi

naIs of the profilès are unchanged but the mean depth at aIl points 

between is diminished. 

Table II.2 gives the mean, maximum and minimum values for 

depth of talus at five equal intervals along the cent~e line of cone 

6801 and the possible error in depth at these points that results from 

angle measurement error. The percentage error in the mean depth of 

each horizontal slice of talus is then obtained by averaging the per-

centage error in the mean depth of each adjacent pair of cross sections • 

Po:i.nt 

B 

È 

H 

x 
N 

Q. 

. TABLE II.2 

POSSIBLE ERRORS IN DEPTH OP TALUS IN CONE 
6801 mE TO INsTRtiMËNTAt VARIATION (in m) 

Mean 
depth 
h~ 

Max. Min. 
value value 
for h? for h2 

o o o 

4.65 5.07 4.23 

8.65 10.75 6.29 

7.73 9.27 6.19 

4.25 4.81 3.69 

% pOSe er
ror in h2 

1) 

! 9% 

!19% 

!2Q% 

Cone 
slice 

ACPD 

EFIG· 

JLOM 

% error in 
mean depth 
of cone·slice 

i: 4.5% 

! 14% 

-: 19.5% 

! 16.5% 

MORP ± 6% 
o o o o 
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Assumption of a perfectly sphepical boundary for the hori

zontal cross sections of the talus cones is also likely to give an 

error in the mean talus depth. Figure II.lO a), b), c) and d) are 

r~presentations of theoretical cross profiles. The profiles in Figu

res II.IOa) and II.IOb) give an increased mean depth as· compared with 

the assumed profile in Figure II.IOc), whereas the profile in Figure 

II.lOd) gives a reduced mean depth. Profiles of the form shown i~ 

Figure II.IOd) have not been noted on the talus slopes and it is 

therefore suggested that assumption of a circular cross section as 

in Figure II.lOc) can only give an under estimate of the true.value. 

If Figure II.lOa) represen~ed the cross profile it would give 

an absolute maximum value for the mean ·height of the talus cross sec

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 sorne 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 forme Therefore 

the interrnediate profile in Figure II.lOb) is postulated as giving 

the smallest radius of curvature likely to occur. A maximum value 

for the rnean depth of each of the cross sections is then assumed to 

lie between the calculated mean depth (h2) 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 rnean depth of each cross section and each cone 

slice are also tabulated. 
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___ . _L 
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(b) 

(c) 

- (d) 

FIG. n .10 THEORETlCAL CROSS PROFILES OF TALœ COtŒS 
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TABLE II.3 

POSSIBLE ERRORS IN DEnH OF TALUS DUE TO 
CROSS SECTIONAL SHAPE VARIATION (in m) 

Mean Max. Meix. poss. Max. poss. 
depth. depth value for % error in Cone 
h2 h, h? h2 Slice 

0 0 . 0 0 
ACFD 

4.65 6.88 5.77 + 24% 
DFIG 

8.52 11.72 10.12 + 19% 
GILJ 

7.73 Il.10 9.42 +22% 
JLOM 

4.25 6.40 5.33 + 25% . MORP 
0 0 0 0 

% poss. error 
ia depth of 
cone slice 

+12% 

+ 21.5% 

+ 20.5% 

+ 23.5% 

+ 12.5% 

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 

ACCUMtnATED POSSIBLE ERRORS IN DEPTHS FOR caNE 6801 (in m) 

Talus slice Mean depth Max. poss .. Min. poss. % pass.· 
depth deDth error 

ACPD 2.3 2.7 2.2 + 16.5% - 4.5% 
... . .. + 55.!)~ 

DPIG 6.6 8.9 5.7 - 14% 
.. . .. +~ 

·GILJ 8.1 1l.4 6.6 - 19.5% 
- +~ 

JLOM 3.0 8.4 5.0 - 16.5% 

!«lRP 1.1 2.5 2.0 + ~S% - 6 
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It is suggested that +40% and ~20% of the mean value be 

taken as the maximum error limits for the depths of aIl sliées and 

this is ~onverted directly to +40% and -20% maximum possible error 

for the bulk volume of the cone 6801,the errors in the surficial 

areas of the slices being negligible. This percentage error is then 

applied to aIl 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 t 10% 

of the bulk volume were indicated. Thi·s gives net volume of solids 

of 70% ± 10% of the bulk volume. Thus the possib1e percentage error 

in the ca1cu1ated-net volume due to porosity variation is ± 15% 
+ . 

(- 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 va1ues are derived for the net volume 

of cone 6801. 

For cone 6801 the resu1ts of these ca1culations are as follows: 

• . . 
net volume of solids = 142,000 cu.m +60%-31% 

max. volume of solids = 227,000 cu.m 

and min. vo1ume of solids = 97,980 cu.m 

1 

1 
1 



-239-

The mean, maximum and net volumes of the ~emainder of the. 

cones were ca1éu1ated using the error 1imits thus derived and the 

values are indicated in Table II.5. 

Cone no. 

6801 

6804 

6808 

6813 

6814 

6816 
-

6821 

6824 

6825 

6830 

TABLE II.5 

MEAN, MAXIMUM AND MINIMUM NET 
VOLUMES OF TALûS'·CONËS. (in cu.m) 

Mean vol. Maximum vol. 

142,000 . 227,000 

164,500 263',000 
. 
101,000 161,500 

320,000 512,000 

14,350 23',000 

78,000 125,000 

135 155 

90,800 145,000 

4,810 7,700 

17,150' 27,400 

2. - CALCULATION OF ROCK WALL SUPPLY AREA 

Minimum vol. 

98,000 

113,000 

69,700 

222,000 

9,900 

53,900 

115 

62,600 

3,320 

11,800 

. 

Topographie maps of aufficient accuracy for determination of 

the area of the gully and buttress system above individua1 talus cones, 

vere not availab1e. Therefore photogrammetry and field traverse methods 

were used. 

1 
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a) Photogrammetrie method 

Air photographs taken'in 1951 at a he~ght of 6,250 m (20,000 

ft) a~d 10,700 m (35,000 ft) above sea level were available for the 

,Bear River valley and Tombstone area respectively. The focal len~h 

of the camera in both cases was 15 cm (6 in). Average' elevation of 

the base of the rock walis is 1,400 ± 150 m (4,500 t 500 ft) 

in both areas. The average elevation of the top of the rock walls is 
. 

1,800 ± lsO,m (6,000 ± 500 ft). The average elevation of the rock 

walls as a whole is therefore 1,600 ± 150 m (5;250 ± 50'0 ft). The 

mean horizontal scale of the rock walls in the air photographs can 

then be calculated from the following formula. 

Horiz. scale. = focal length ofcamera'(F) 
ht. of airera ft above terrain CH; 

where F and H are in same length uni ts 

Por the Bear River valley photographs the mean sçale 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 gocxi photogranunetric measurements of 

rock wall area would only be obtainable fram 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 he outlined 

accurately. The mean· scale of theenlarged 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 séale is taken as 1:15,000 and 

the maximum horizontal scale error is included as ± 5%. 

Stereopairs were then set up under a Delft scanning stereo-

scope, flight lines bei~g chosen so that the rock wall areas of inte

rest were fairly c~ntral on the photographs. This procedure minimi

ses normal scale distortion.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 disadvantage of this preliminary method is that the 

IOck wall has not only a general ~lope trend towards the valley but 

also minor trends towards the gully bottoms. Therefore the qua lit y 

of a value based on' a simple conversion of a horizontally projected 

area to the actual area, using only the mean angle of incli~ation 
. . 

towards the valley, is poor. Different parts of the rock wall lie 

on plane inclined at varying angles in a number of different diree-

1;io~s. 

This p'roblem can Only be resolved by recourse to a more sophis

ticated method, based on sub-division of the rock wall area into a 

* O~tained by measurement of horizontal distance between apex of 
cane and peak of rock wall and by photogrammetrie ealeulation of 
relative height between the two points. 
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group of simple geometrical forms and Qn calculation of sufficient 

parameters to solve equations for the area of each forme As a 

working ~xample the rock wall are a above cone 6801 is considered. 

Figure II.II is a simplified diagram of the rock wall designed to 

illustrate the mode of analysis. 

A 
FIG. II.U 

This area is considered fairly accurately as being composed 

of two triangles, ABC and ACE. In order to calculate the actual sur

face ârea, 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 be~ points at differing eleva-

i 
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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) 

~s; 

h = LlP x ·H 
b 

formula 1 

where h = relative height of one point above the other point 

H = height of airplane ab ove mean terrain 

b = photobase (average of distances between the centre and 
conjugate centre of each photograph of the stereopair). 

~p = parallax difference 

band .Ap must be in the same units, either nun or in 

h and H must be in tbe same units; either mor 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 = ÂP X Hf 
-a"'b-+-A~P 

•••• formula 2 

where Hf = 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
ried 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 .ll. The results using the corrected 

and uncorrected formuIae are shawn in columns land 2 in Table II.G. 
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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.6. 

The slope distance between points is then readily calculated 

as follows: 

Slope distance = Jhoriz. distance2 + vert. distance2 

The appropriate values' for cone 6801 are given in column 4 in Table II.6. 

·.TABLE II.6, 

PHOTOGRAMMETRIC DISTANCES ON ROCK WALL ABOVE CaNE 6801 (in m) 

Vert. dist. Vert. dist. Horiz. dist •. Slope dist. 
(formu1a 1) (formula 2) 

AC 420 433 915 1,0~2 

D,B ~02 ~06 246 267 

D2E ~3S ~40 ~OO ~72 

The rock w~ area is then ca~cu1ated as the sum of Â ABC 

andAAEC. 

Area of ÂABC = CDJ.B x AC)/2 = ~35,000 m2 

Area of L:l ABC = CD~ x AC)/2 = 87,000 m2 

• Area of rock w~ above cane 680~ = 222,000 m2 . . 
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The measurable errors in.this value are the horizontal scale 

. error, and measurement errors in horizontal and vertical distances 

1?etween points. 

i) Horizontal scale error 

This has already been determined as ! 5% 

ii) Measurement errors in horizontal and vertical distance between 
points · 

The maximum horizontal distance measurement error is 1 mm 

at each ruler mark. Thus a total linear error of 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 t 5 mm (determined from five readings 

at each point). This gives maximum errors in height for AC, 

D1B and D2E of ± 30 m. 

To calculate the maxilIlUJlÏ and minimum possible values of the rock 

wa12s area resulting from these errors the maximum and minimum values 

for all vertical and horizontal distances must be calculated. 

Max. vert. distance = mean vert. distance + 30 m 

Min. " ft = ft ft " 30 m 

Max. horiz. distance = (mean horiz. distance + 25 m) x 1.05 

Min. " " = ( " ft " 25 m) x 0.95 

(the factors 2.05 and 0.95 take acçount of the horizontal 
scal.e error) 
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The maximum and minimum possible rock wall areas are then.de

termined in the 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 m2 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 cones6804, 

6808 and 6816 (Table II.7) and represents the caiculated error resul

ting from the photogrammetrie 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 photogrammetrie problems resulting trom scale and sha

dow. calcu1ations for the syenite 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 wa2l above cone 6801 is again used as the illustra

tive example. A foot traverse was carried out by ~o 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 byintegrating 30 m tape intervals. Height differences 

between points were calculated trigonometrically from angle and dis-

tance measurements. They were then checked against the photogramme

tically determined height differences. 

Figure II.12 is a polygonal dia gram which was graphically 

constructed from the measurements of the ground distances between 

points arid the angles between the legs of the traverse measured direct-

ly off the air phc:>tographs. An indication of the high CIla.lity of the 

field data is the very small closing error AAl. 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. 

l. 

2 

• . . 

Area of polygon ABCn! = 135,000 m2 

Area of polygon AlEcn2 = 2 59,000 m 

Rock wall area = 1.94,000 m2 

Considered in Figure .II.ll for photogrammetrie method as approxi
mate1.y the Â ABC. . 

Considered in Figure· II.ll for photogrammetrie method as approxi
matel.y the À ACE. 
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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 photogrammetrie 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. 

Por 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 ± 15%.* 

ii) Special method of calculation of rock wall area above cone 6830 

Plate 13 is a ground view of the rock wall are a above cone 

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 photograrmnetric method. 
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The east wall may be considered.in plan section (Fig. II<~3). 

c 

8 

FIG. II.13 

. 
AB, along the.incl~ned gul1y bottom, is·readily calculated trigonome-

trical1y, the he!ght difference between A and B having been obtained 

by aneroid barome~er, and the slope angle from Abney level measure-

ments. Be 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

~ical formula (Ayres, 1954, p. 109) 

Area of ABe = (Be x AB x sin ABC)/2 

• 
Similarly the area of the west wall is found and the total wall area 

calcu1ated. 
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For the rock walls above cones 6801, 6813, 6814, 6821, 6824, 

6825 and 6830, 'thé'mean areas derived by the ground traverse method 

have bee~ used in calculating erosion rates, because they are more 

accurate than photogrammetrically derived values. For the rock wall 

ab ove cone 6801 the area was obtained using a special adaptation of 

the general ground.traverse method. For the rock wall areas above 

cones 6804, 6808 and 6816 the values derived by photogrammetry have 

been used since ground traverses were not made. The ~ean, maximum 

and minimum values for all rock wall areas are indicated in Table II.7. 

TABLE II.7 

MEAN, MAXIMUM AND MINIMUM ARBAS OF ROCK 
WALLS, ABOVE TEN TALUS CONËS (in m2) 

Ident~!'~catJ..on 

by associated Mean area Maximum area 
cone 

6801 223,000 252,000 

6804 190,800 . 248,000 

6808 198,000 258,000 

6813 155,000 195,000 

6814 ~4,000 15,800 

6816 288,000 375,000 

6821 ~,590 1,820 

6824 73,00.0 82,000 

6825 ~3,960 ~5,780 

6B30 48,000 54,000 

Minimum area 

194,000 

141,000 

139,000 

134,000 

12,100 

202,000 

l,37O 

63,000 

12,140 

42,000 
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3. CALCULATION OF RATES OP 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 following equations: 

Max. amount of erosion = max. net volume of talus 
i rock wall are a mJ.n. 

Min. amount of erosion = min. net volüme of talus 
max. rock wall area 

,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 erosi.on based on a 12,000· year time interval. The 

minimum and maximum amounts of rock wall recession are converted 

into the minimum and 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/l,OOO yrs are presented in 

Table 2.3. 

\ 
î 

1 
! 
1 

\ 
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APPENDIX III 

EMPIRICAL EQUATIONS FOR AGGREGATE PARTICLE 

VOLUMES IN TERME OF 'a', lb' and 'Cf AXES. 

" -
The volumes of a small number of sampled talus particles 

of dolomite, orthoquartzite and syenitè lithology were calculated 

from the product of ~he density of the particles and their accu-

rately measured weight. Rock densities for dolomites, quartzites 

and syenites range from 2.5 gm/cc to 2.9 gm/cc (Clar~,1966). 

The figure of 2.7 gm/cc approximates the density of aIl three rock 

types. Linear regress~on models were then derived relating the 

particle volu~es to the product of the three axes as follows: 

1) Syenite particles from cone 6830 (no. in sample = 73) 

Volume = 0.537 ('a' x lb' x 'Cf) + 15.3 

2) Orthoquartzite particles fram co ne 6824 (no. in sample = 100) " 

Volume = 0.504 ('a' x lb' x 'Cf) + 25.4 

3) Dolomite particles trom cone 6812 (no. in sample - 147) , 

Volume = 0.602 ('a' x lb' x 'Cf) + 6.9 

In ail cases the intercept constant is so smail 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 samples 

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~ 

1 
1 
i 
1 

1 
l 
1 

l 

i 
J 

1 
1 
1 
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) 
gression equations had to be 1imited" to <15 cm for the sake of· 

convenience in co11ecting and weighing the partic1es. 

) 
, 
j , 
t 
l 

1 



APPENDIX IV 

MODEL TO ILLUSTRATE EFFECT OF SURFACE ROUGHNESS 
ON pARTICLËS SLIDING AND ROLLING DOWNSLOPE 

1. INTRODUCTION 

The s1iding or r01l.ing of partic1es whose diameter is about the 

same as or sma11er than the diameter of the debris aIready on the $ur-

face, and the sl.iding or rol.l.ing of a particle whose diameter is seve-

raI times l.arger than the debris on the surface, is represented dia

grammaticaI1y in Figure 4.5. 

2. HYPOTHESIS 1· 

Hypothesis 1 states that on a s10pe assumed to be composed of 

frictionles5 debri5, acce1eration in the downs10pe direction i5 1ess 

for A than for B in Figure 4.5 due to the di~ference in the path tra

ve~sed by the partic1e. 1 

• 

This is proved by considering a segment of any rough slope in 

isol.ation (Fig. IV .1). 

·A 

~c----------------~~~~~, , , , , , 

FIG. IV.1 

, , , , , , 

". " 

E ..... ----- ---------
D 

\ 

';, 
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AB and ACB can be regarded as small sections of the direct 

and indirect paths - followed by particles in Figure 4.5'. In order to 

find the .velocity at B in the downslope direction after travel by 

either path, use is made of: 

i) equation of motion: 

v2 = . il 2 +' 2 gs ••••• equation l 

where v = fina1 velocity of a particle in the direction of 
motion 

u = initial velo city of a particle in the direction 
of motion 

5 = distance traversed 

g = gravitational acceleration 

ii) parallelo~am of velocities, which resolves velocities into 

vector components. 

r-~---~ vc:ose 

Vaine 
v 

FIG. IV.2 

In Figure N. 2 the horizonta1 and vertiea1 components of velo

city v are gi ven as follows: 

vttoriz = vcosO 

Vvert = vsinO 

.... 

.... 
equation 2a 

equation 2b 

! 
1 

1 

t 

1 
l 
1 
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Let it be assumed that in Figure IV.I a parti cIe starts to slide at 

A. Then the components of gravitational acceleration in the directions 

AB, AC and CB are, respectively, gsinQ, gsin~ and O. 

,i) For a parti cIe sta~ting from rest and moving by the direct 

route AB, velocity at B = 0 +I?JŒ gsinQ 

= V 64.4 x AB' sinQ 

(from equati"on 1) 

••• equation 3 

ii) For a particle moving by indirect route ACB the velocity at 

B is calculated in two steps. 

Velocity at C = '12 JCgsin~ (from equation 2) 

. 
But acceleration in direction CB = 0 

•• • ~ing èqns l' & 2 velocity at B = J2 ACgsin ~ cos2 ~ 
'. . •••• equati.~ 4 

By giving sample values to AB and angles Q and ~ , the final veloci

ties at B for particles travelling by paths AB and ACB can be ca1culated 

Let g = 400 , ~ = 600 , AB = 10 feet 

. . . By elementary trigonometry 

AC = 10 'sin 400 = 7.42 feet 
sin 600 

and CB = 10 sin 200 = 3.95 feet 
sin 600 

i) Path AB 

Velocity at B for parti cIe taking direct route AB 

= J64.4 x sin 400 x 10 (from equation 3) 

- . 20 .. 35 ft/sec. 

, 

1 

l 
1 ; 
1 
1 
1 
l 
i 
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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 partic1e taking indirect route ACB 

= J2 x 10sin 400 x 32.2 x cos2 600 (from equation 4) 

= Il.74 ft/sec· 

The component of this velocity which can- now act in a down

slope direction as the parti cIe continues down the next slope 

section = 11.74 cos 600 (from equation 2a) 

= 5.87 ft/sec 

- Thus the effective velocity at B for a parti cIe taking the 

path ACB is only·about one quarter of that for. a particle taking the 

direct path ~ and so the hypothesis is proved. 

The same reasoning can be applied in the case of rolling motion 

except that the component of velocity in the downslope direction for 

a rolling solid sphere is 5/7 gsinQ instead of gsinQ (Mendenhall, Eve, 

Keys and Sutton, 1956, p. 84). 

-3. BYPOTHESIS 2 

Hypothesis 2 suggests that if frictional retardation is now 

introduced into the model. the dowrisl.ope veloci ty at ! will al.so he l.ess 

for a partie le starting from ·rest at A and travêlling by path ACB. 



• 
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Let the angles of static and kinetic friction have values 

less than the gradient of AB, e.g. 380 and 300 respectively so that· 

a parti cIe can be set in.motion on the surface. Let Àrepresent the 

angle of kinetic friction. 

In order to find the velocity at B after a parti cIe has fol

lowed path AB or ACB the ~esultant of the downslope component of the 

gravitational acceleration due to gravit y a~d the retardation due to 

friction must be calculated. 

i) Path AB 

Resultant acceleration in direction AB 

= g( si~Q - tan À. cosQ) (see Fig. 4.4 and p. 87) 

. . . 

= g(sin 400 - tan 300 cos 400
) 

= 6.45 ft/sec2 

·Velocity at B = J2 x 6.45 x AB 

= 11.36 ft/sec 

ii) Path ACB 

Section AC 

Resultant acceleration in direction AC 

= g( sin cp - ta~ À cos ~ ) 

(from equation 1) 

= 32.2 (sin 600 - tan 30° cos 60°) 

= 18.56 ft/sec2 

• • • VeJ.ocity at C = J2 x 18.56 x AC 

= .Ji x 18.56 x 7 .• 42 

= 16.6 ft/sec 

(tram equation 1) 

..... 

'. 

i 
i 

1 
1 
t 
i 

i , . 
l 

1 , , 
i . 
~ 
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Section CB 

The component of velocity ·of the particle in the horizontal 

direction CB 

= 16.6 cos 60° (from equation 2a) 

= S.3 ft/sec 

Gravitational acceleration in this direction is z~ro but retar

dation due to friction = tan 300 

. . . Velocity at B in horizontal direction CB (from equation 1) 

= J(S.3)2 - 2 tan 300 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.ll ft/sec 

T.hus the downslope velocity at B for a particle taking the indi

~ct route ACB is about one third of that at B for a particle taking 

the direct route AB and hypothesis 2 is proven. The same hypothesis 

is also true for a rolling particle although frictional retardation is 

IlUch l.ess than for a sllding part;icle. 

:In conclusion, roJ.l.ing or sllding particles travelling by the 

indirect path ACB have a lower net acceleration downslope than parti

cl.es travelling by the direct path AB with or without frictional re

tardation. Table J)J.l stlDlDarises the results of the given example. 



.--_ ....... _ ...... _ ... _. __ .-- ._-----_._-_._._ .. -.--_._-_ .. _------_ .. _-_._----_ .. _--_ .... _-----~ 

--261-

TABLE IV.l 

. VARIATION IN VELOCITIES WHICH PARTICLES ATTAIN BY 
TRAVELLING BY DIRECT AND INDIRECT PATHS ON A SLOPE .. 

.. ~ Velo city at B after Velocity at B after 
. dir.ect. path AB . indirect path ACB 

fo11owed ft/sec followed ft/sec 
-

Smooth surface '4' •• . . ' .. 
(frictionless) 20.35 5.87 

. 
Rough surface - " .......... . -_ ..... - .' ... - . 
(inducing f~iction) 11.36 4.11 



APPENDIX V ;-

AMOUNT AND RATE OF ROCK WALL EROSION ABOVE ROCK GLACIER B20 

B 

·FIG. V.1 

1. VOLUME OF DEBRIS IN ROCK GLACIER 

The rock glacier is represented diagrammatically in Figure V.l. 

Bulk vol. of section l = trapezoid area ABCD x r~ + 
~ 2 



Bulk vol. of section 2 

• 

Bull< vol. of section 

Total. bull< vol. of 
rock glacier B20 

3 

Total net vol. of rock 
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= 29 ,600 (12 + 13.6) cu. m 
-2 

:; 379,000 cu.m 

= area DCFE "\-DE ; heF) 

= 16,900 (26.5 + 11) cu.m -2 

= 318,000 cu.m 

= area &PGHx(hEH ·+ bpG) 
2 . 

= 1? ,100 (22 _; 12) cu. m 

= 172,000 cu.m 

= 869,000 cu.m 

glacier B20 (assuming = 608,300 cu.m 
30% porosity) 

2. ROCK WALL AREA 

Ronz. rock wall area = 869,000 cu.m 

Rock wall angle = o -35 (approximately) 

• Actual wall area = secant 350 x 132,800 m2 • • 

- . 1.22 x 132,800 m2 

= 162,000 m2 

-j 
1 
1 
i 
1 
l 
! 
T 

1 
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3. AMOUNT AND RATE OF POSTGLACIAL RoCK WALL REcEssION 

Amount of erosion = 608,300 
162,000 m 

= 3.75 m 

Rate of erosion over = 3.75 x 10
6 

postg1acial period 12;000 mm/l,OOO yr 
(i.e. 12,000 yrs approx.) 

= 313 mm/l,OOO yr 
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Plat. 1 Rock wâl1 p111 •• aD4 klua OOllH iD .t.
•• 41MDt., aonb o~ B.ar R1.-r aiat1'1p. 
ose 156927. 

-_. _ .. _._------_._ .. _- .. _- - .. _----

Plate 2 'l'alua aproaa beDeatil a.TeDl te rock wall .t 
1'alua Lüa, 'l'OIIbatoae VaUq. LooIdJIc HlltIl _t. ose 156998. 

r 
! 
1 
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"ock "aIl gullics and ta.lus c<..nes in meta
Dedim"nt:l, no!'th of "'ear :,iver airstrip. 
I}-;r; 15692? 

-3.:".!'1 !\.~r",::"".P'I :'er.f:&-:'':-. n::~:"'.:~~ :-:'1: 'fI1.:: 1.-

- .> ... ~ :. ,,"", -':.~:.:: r.~ '; .. :.1- .~. '-!o" : ... .0; .~:. 
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Plate 3 Vall-.r-vall rock 81acier B20 two ~11e8 we8t 
ot Bear River, South "orlc. N'ote the _en 
ore8te4 ricleee in the background. Lookine; 
eut. G3C 156911. 

nate 4 ~talus raapans below the south wall or 
Jet. Yru1k Rq, 'l'Olibstone Vallq. 



Phte 3 

Fla!. 4 
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Valley-vall rock el~cier ~2C t~o miles ~est 
of !lear . iver, :50uth "ork. ~:ote the ev en 
crested ridgea in the b~ck~ound. Lookine 
eaat. ~~~ 156911. 

Frotalu3 r,.;:,a:-ts oelov :h8 aO-.Hn lIall -;.!" 
~t. ",'r:u:.k ::>:J3. :'onbll:-:ne 7&11.;(. 



Plate 1 

Plate 8 
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V1e. Yeatvar4 aoro._ Toab_tone .7en1t1c iD
trua1on. Wote the aarrow jagced arêt ••• 

Contaot sone behMII _taa~U on Idt 
c4 18D8OWl iDtrua1-na on r1.;tat near the 1wa4 
or the .onb Doa41te Ta11q, '!'oëat ___ 
Pon. PIIotoçapb talteD iD ".14"'" 1567, 
look1D.! .ClQth ... t. OSt; 6-2-61. 
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r-------------- ----------... -
1 

Plate 10 s.11 o11'que paolG' b.l_ ... t wall fJJf 
lit. XoaolUh, ""wu "cl--
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P1.~e 10 S .. U ol1oque glao1er be10w ... ~ _U rd 
J1~. MOD01Uh, 'l'ollbatol1e "81011. 
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Pla.te 11 Debria trae avalanche on north tacing alate 
and quartzite vall, Landalide Valler, rocb
atone ragion. 1he avalanche occurred at the 
end ot 1::13 1961. c~c 9-1-61. 

rhte l' ~br1. la4Ml aYalUlChe on talus cone belov 
noroth taci:'lp' vall ot La.ndalide Vall.,.. 4Y&
l3nche occu~d in =id-June 1967. 
-;-:-: 16-1-67. 
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·'.-oris fr'~f! :J.v.::l~-Ilc:J! on r.CI:-t!. :.~acin~ sl1.'te 
~:i ~'.lar~~lt~ 11:111, :."J.!:i:illdt:: ',":'1l1 i'?l, ~c.."'o
!'l~·Jr.f:o !"·.~,;l')n. .'h~ av~1,1.: ... c!,e c...:,:u:~€sd rlt !.:.~ 

"'.! cf .' ,f 1~67. "~';-7-67 • 

:- .. : . 
- . --: . 

. :".:3::.'!r. -; 1:1'! •. •• 
~C," :~'5'. 
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Plate 13 1I'et tor debri. colleotioD CD talua OODe 6830 
abOYe 'l'alU8 Lake, ~ollb8toDe Valley. 1I'orth 
taclDg rook vall 18 oOllp08ecl ot 8.1_1 te. 
roc 157051. 

Plate 14 C1oaB-Up ~ clabr1a 4epoal ~ed. CD the DBt pla
oecl CD -taaed.1.-eDtU7 CODe 6620, Bear Rl-..r 
Yallq. GSC 157026. 
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Pl.tel: Net for debrie collection on talus cone 6630 
above 7alu3 Lake, Tombstone Valley. ~orth 
f'acin.~ rock vall 1s COClposed of 81eni te. 
";"~ 157051. 

llate 14 êl03e-u~ of deb~a de;c~lted O~ tbe net ;la
ce! or. ::<!tasecii:er.t1-J ccr. .. 6<:2(., ?ear :'1ver 
V&!le7. ~ - 1~7C_6. 
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Plat. 15 SJ'aa1 t. rook Va11 south .. st ot mYida WJra. 
'l'olibetone zoagiOD. '1'ha 4ebri.s t1'Oll zoec_t 
larp J'OoJcta11s wu .asur.cl along th. bue 
ot tJa1a wall. ose 1-5-67 • 

. .. 

l'bu 16 Slope iD weatJaez0a4 .~tae CIl tM lIOftIl ri
da f4 -ro.II8toDe .,all.,. n3I11tU1Dc Z'&CMÛ -
.1aD iD tM to~ f4 lazop _"10&1 ........ 
me 157056. 
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Plate 15 Syenite rock wall south west or Divide Lake, 
~ombstone region. ~he debris trom recent 
large roc~1alls was me~-ured along the base 
ot this wall. G3r. 1-5-67 • 

. -. ----.--------._--- -_·-t 

~l,te 16 Slape in vea:hered a,eni:ea on t~ narth ai
de of ;oabatone 7alley exhioi:1nc recent .ra
aion le the r~rc or lar~ T.r:ical gaah ••• 

l;:cc-6. 
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Plat. 17 'roD8\l. of a Ncsat 4ebria fiow OD the Dorth 
.1ope of 'l'ollb.ton. Val1.,.. ose 13-1-67. 

"---

",-";'". , ; 
, .' ~~' ,,' .. 

- ~.~." ... - ~, •• :'. 1 

.~; ...... - ...... ~ ".-'"' --.. ...:. " . ,~ ,av 
~-:-~, 

~' 

- o~' - - --: _. _ _ ""--l . 
Plat. 18 J(01.JW.a1 te Book Olao1er ('1'1). 'l'oIIIIe kilo 

VaU.,.. A looal.l .. cl &Na of ____ 1M4 
Qa1 t. boulclara lncl1cat.. .. aB:I8I&&l17 
larse rooItrall iD hi.tonoal t~. l'boto
lftlIb t.ua iD 1Ii.~..,. 1967, 100kiDg ... t. 
ose 4-8-61. 



-273-

Plate 17 ~oneue of a recent debris f10w on the north 
slope ot ~oClbstone Van .. ,.. G.~': 13-1-67 • 

- . J6. -- - -
"l::e 1t ~ol.T~denite "oele ~lac1or '-:"1;, :'oeb8:~ne 

Vil! l'ty. À loc~l! 8e1 a..-.a ,,! h,..,..;ae-s:.. .A~ 
lII;"enl ~~ ~c·...:ld.~!""'1 : - "':.~a.~"~ ::o.r. t;.r.":8U-1. ~ 1:r 
la;~- ~o~Yr&l~ ln ~i~~~r~~~! ~l~e.. ~~~~~
gra:c ~~.r. 1r. -i~_v~~ lC~-. lo~'i~L ~~~. 

4~-'<;7. 
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Plate 19 Fall aorting on aTenite talua cone 6631, 
Toabatone reglon. Note the blookT angular 
nature ot the debria. Vieil aouthward. 
G!';C 156978. 

Plate 20 rall aort1n6 OD alate aDd quartsite talus 
CODe 6829, Luldal1de Ttllq, 'l'oabltoa. 1"8-

slOD. )rote tu platT an4 angular natur. ot 
the ûbria. CSC 18-9-67. 
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?13ta 19 '"a11 sorting on syenitc talus cone 6f: 31, 
:'ombstone relrion. ':o~e the blocY.;r "Uleular 
na~ure of the debria. 'lie.., south"",rd. 
r;"~ 15697 fo. 

: l:l~e 2C aIl Bor~l!""i: on sl:l~e az;1 ,,'L:'tZl te ~al" .. a 
cor.e 6t2S, ~1S:~=e 7alle7, 7ocba~cr.e re
~en. ~o':.e ~!:.e ~lat7 ~~ a.r~c"Ula.!" !'.a.:~e c!" 
~~ .. <1e":>:-18. -": It-S-6"'. 
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Plate 21 Apex ot talus cone 6824, l'forth K1oncl1ke 
Valle,., Tomb.tone region. Note the variabi

lit,. in aebris size vithin a narrov vertical 

sone. "l'he ll&in rock t;rpe i. «uartzite. 

OSC 14-1-67. 

Plate 22 Lobate zaD. or tin. clebrio tringed b,. co ........ 
4elarb (1ft .~thva.r4 tacing do1~te talus 

CODe. Viev tro. rock glaci.r !!l~, B.ar "iv.r 

Valle,.. (if. 156904. 
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': : "\":.e-. 1 Ap~x of ~:l.l·lS CV:".~ 6; 4, '~or~h ~·l-::~.iit:e 
.,.: :~:J, ~r~m·us~"'Jr.~ !"~r;io~. .~~:~ ~=.r; 73::a:':
::":.; in debri3 SlZ~ Il":. .. i~ a ~a~~~~ 7~~::~~: 
zo~~. ·~e m~~~ rcc~ tYr~ i5 .u~~~~~":.~. 

-: r: H-l-€7. 

_~. 1:· ... ·.:" . .1 ~~: :-.-:'-'" ::._':.~:: ... . -
- $ - • 

:" ..... ::. .-. J :.;- - _. -.... ~. - - :'''':-

. : : ~. ~." . 
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Hat. 23 '1'al_ t.b 1look Olaoift (~), '1'o •• tou 
Val1q. la "aliV tlûe le • c1Hri.
.-..n4 slaGier. 'l'M .tntUioaUoa le 
obanOterieUo at SlMift lM. ose 15698S. 

nat. 2' l1»1&ti_ ~ pa .... _ ~ _ hlu8 
IAJDI look· cn.at.ezo. œc 1S$87. 
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Plate 23 Talus Lake Rook 01ao1er (T2), Tombatone 
Va11e7. In rea11t7 th1a 1a a debria
Taneerad glacier. Tbe atrat1r1oation 1a 
eharacteristie or glac1er 1ee. G3C 156985. 

Plate 24 Ablation debria perc~ed on bouldere on ~alua 
:&ka ~oek Glacier. ~ 1)6967. 

,. 



-277-

Pl&te 25 A1ntrip 300k Olacier, Beu B1nr Vallq. 
'l'hi. 1. & o1rque-floor l'OOk slac1er. Jr ote 
the t1'llD8ftne ri •• GD the 8U1'faoe, u4 
the probable lat.raI 80ra1De H.10D4 the' ~ar 
eclge. OSC 156961. 

Plate 26 SItoIrl1_ COft'Npall4tnc wiUl çr1ncU_ GD tlle 
huat f4 rock slaoier B20. look alaoier 111 
plaD riew 18 ÂOWa 111 plate 3. ose 157011, 
157012. 
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"~~ -," 
'C .... a • 

.. ,,'" oc.. ......... ~ 

~<." ~ .• 
;'" ~ ~ .. , .... "- ' .. "'- '.; . .~. 

-~". ~ "" """. ._.-"; . ." ._ ..... ~-
Plate 25 Airatrip :lock Glacier, l!ear R1Yer Van.,-. 

?hi. 1. a cirque-tloor ~ok glacier. ~ote 
the truSTerae rides=- on the surtace, aile! 
the probable lateral moraine beyoD4 the far 
edee. OSC 156967. 

Pla~e 26 ';nov11n. corresponcl1rIB witb srrine11ne GD ~!M 
front or rock glacier !2C.. ;lock glacier iJl 
plaD Ti.", la shown in plat. 3. ~>C 157011, 
151012. 
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Plate 27 Rook glacier B14 OD eastem 814.- of 3ear Ri
yer VaU.,., Soath Fork. lfote the 4ietriba
tiOD at .&., :B, C lIDCl D of other 1'Ook glaciera 
&lODS the ... a11.,. wall. OSC 156895, 156896, 
156891. 

Pl".te 2S 3tre&:l di_raioD due :0 Donh .. 8terl.1 a4'YaD
ce of c1r",ue-rloor rock ;lacier B18, Bear 
Rbe: Valle,.. O:;C 156f!91. 



rl"lte 21 
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Rock glacier 1114 on eastern side ot 3ear ::i
ver V~11ey, South ~ork. Note the distribu
tion st A, 11, C and D ot other rock glaciers 
along the v~lley val1. G~C 156&95, 156096, 
156897. 

"'~rea.:: d.l.T@,:"':'11Cr. !up. :-:. r.or~h il8o~erl_r adva,n-
ceo o~ Cl.:'" u~-~lcor !"("~-:~.. 13.Cl@r ?lt, "'car 
"'i·la.· ·hlley. r; r: 1;&-5-1. 
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