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Abstract

The northern terminus of Emerald Glaciler (51031'N; 116032'W)

in the Ycheo Valley, British Ceclumbia was bordered by a small,
actively forming frontal moraine during summer 1979. Strati-
graphic and morphological contrasts exlsted round the ice front
which primarily resulted from a contrast in the distribution

of supraglacial debris,

Sedimentologlical and geotechnlcal technliques were utllised
to determine the origin of stratigraphic units within the

moraine ridge.

Moraine A, at the margln of heavlly debris covered 1ce,
exhibited a complex stratlgraphy. At most sites a lens of
subglacially derived tl1ll was evident, between unlts of supra-
glacially derived material. It is proposed that the morailne
forming process 1nvolved the initlal development of an ice-
front talus apron, which was subsequently pushed and over-
ridden. A plastlic subglaclal tl1ll was squeezed from beneath
the supra-moralinal ice margin, and overlaln by a sorted
supraglaclal unit during glacier retreat. The moraine was
actively advancing during the field season due to the main-

tenance of glacier-moraine contact resulting from the

retardation of ice-melt afforded by the supraglacial debris cov
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Moraline B 1s located at the margin of debrls-free 1lce.
The stratligraphy 1s less complex, although an upper unlt repre-
senting a younger deposltional phase was observed. The process
of formatlion involved the melt-out of subglaciél depocsits
durlng the summer months (July to August), which were bull-
dozed 1into a ridge durlng winter advance. Successlve accretlons
of £t1l1ll onto the proxlmal moraiée slde, perhaps on an annual

baslis, are supggested.

Deterioration of climéte, resulting in positive mass
balances 1s the main cause of glacler advance. Peositive
balances have been recorded from nearby glaclers between 1973
and 1976. Thils suggests that:'small glaclers are sensltive

indicators cof periods of cllimatic deterioration.

The thesls concludes that more than one moraline formling
process may be observed a?ound a single 1ce margin, one of
whlch may be 'annual! 1n nature; and that complex moraines
may be formed by depositional processes operating at the margin
of a temperate glacler, If complexlitlies exist 1n presently
forming moraines, then such a posslbility must be consldered

when examlining deposits of past glaclations.
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Chapter 1

Introductlion -

1.1 Rationale for Research

Withln the last decade an increasing number of glaclers
in Western Canada have been advanclng or are at least stationary
followlng some 30 years of rapld recession (Gardner 1972). Thils
condition may reflect cllimatlec deterloration or a better mass
equlllbrium, with reduced glacler size and higher ablatlon

zone elevatlons.

Where condltions are sultable at the terminl of such
glaclers, contemporary moralnes may be developing, and the
opportunlty to study actlve termlinal moralne formation therefore
exists. In such locatlons, 1t should be possible to observe
preclse formative processes and the resultant sedliments,
Structures and morphologles, rather than assume process from
the characteristics of long abandoned moraines. This latter
approach has typified muech previous work (e.g. Clayton and

Moran 1974).

Contemporary research in glaclal geomofphic processes has
been primarily led by Boulton (e.g. Boulton 1967, 1968, 1970a,

1970b), although 1t has largely centred on sub-polar and polar



glaciers, and highlighted complex depositlonal processes.
Temperate glacler depositional environments were considered

to be 'simpler', resulting in simple moralne types.

At the northern terminus of Emerald Glacler in the
Yoho Valley, British Columbia however, a sltuation exists which
negates a simple depositlonal model. Most of the terminal
ice surface is dominated by a supraglacial till cover, at the
margin of which a small, yet complex moralilne was observed to
be forming in 1978 (Rogerson, personal communication): The
south-eastern section of the glacler has no supraglaclial till
element, yet also possesses an active terminal moraine; one

contrasting in structure from the other moralne.

A situztion exists where contrasting morphological and
sedimentary environments both produce a moraline, but wlth
some substantlal differences in component sediments, mor-

phologles and perhaps formative processes.

It is the objJective of thlis thesis to quantify, describe
and analyse these components. In achleving this end the study
wlll contribute to knowledge on the depositional processes

of temperate glaciers.



1.2 Definltion of Terms

Conslderable confuslon and amblguity of terminology exlsts
within glaclal geomorphologlcal lliterature. A discusslon of
terminology to be incorporated withln this thesls 1is therefore

a necessary component.

The term 'moralne' 1s often assigned both morphologlcal
and sedimentological meaning (e.g. by Hewitt 1967, Minnel 1977,
Ahmed 1979, Nakawo 1979), with a consequent loss of precision
(Price 1973, Worsley 1974, Boulton and Eyles 1979). To avoild
such confuslion 'moralne' will possess a purely morphological

slgnificance 1n thils thesils.

The composing material or sediment of moraines is tlll;
"an aggregate whose components are brought together by the
direct agency of glacler ice, which though it may suffer
deformatlion by flow, does not undergo subsequent dlsaggrega-

tion and re-deposition" (Boulton 1972).

Prepositives to the term 'till' abound in the literature
(Boulton 1976, Boulton and Eyles 1979), most of which lack any
genetic significance. The schema proposed by Boulton (1976)
will therefore be utilised here i.e. a subglacial component
comprising lodgement, melt-out, flow and lee-slde tlll elements;
and those deposits aggregated from supraglaclally derived
debris for whlch the term 'supraglaclal till' will be used.
Detailed characteristics of each type are described by Boulton

(1976).



1.3 Classification of Moraines

"Classificatlon and termlnology are primarilily tools in
communication, not an end in themselves" (Aario 1977). A
classification system often reflects the state of sclentific
knowledge and as such must be contlinually reflned and modifled.
Nevertheless, classificatlion systems have become entrenched
in the literature, inevitably leading to a breakdown 1n the

'ecommunication'! system (Stromberg 1965).

-

The final goal of classification should be a schema which
1s 'explanatory', based upon geneslis. Often though, terminology
is descriptive rather than genetlic, and indeed one descriptive
term may characterise a polyéenetic landform. Alternatively,

one moralne type may be described by more than one term.

Embleton and King (1975) for instance, sub-dlvide moraines
on the basls of their state of actlivity into active, lce-cored
and lnactive moraines. As such, a single moraine type (e.g.

a push moralne) could be included under all three headlngs,
although position and mode of formation may remaln essentially

the same.

L

In reaction to the confusion that classification systems
Instil, several new schemas have recently been developed,
most notably by Aario (1977). He attempts to attach genetic

adjectives to his terms e.g. 'hummocky disintegration moraine'



and 'hummocky squeezed-up moraine'!. Genetically similar forms
are regarded as 'associations' e.g., Rogen moraine, flutes and
drumlins, whereas forms of no genetic similarity within an

area are termed 'complexes',

Alternatively, Borgstrgm (1979) proposes a classification
based on poslitlional influences, and considers a four fold
subdivision into frontal and sub-glaclial subaqueous, and
frontal and sub-glaclal supraaqueous features. The classifi-
cation 1is essentially a modification of Prest's (1968) system,
which conslders position relative to the ice front, independent

of further genetlc implications.

The Prest classification of unitary nomenclature is the
least ambiguous, if not the most satisfactory system to use.
It leaves process open to investlgation and refinement without
subsequent reclassification, and has thus become widely accepted
(e.g. Sugden and John 1976) as well as providing a core for
Boulton's sediment/landform assoclations. A slightly modified

version of Prest's system will be utilised in this thesis

(Fig 1-1).

Sedimentary and geomorphlc feature varliation in terrestial
glacial environments can be explalned within one of three
principal sediment/landform associations (Boulton 1976, Boulton
and Paul 1976). The supraglacial, and subglacial/proglacial
sediment/landform associatlons are distinguished by their mode

of deposition manifest in distinct sediment differences



Linear features

Non-linear features

Parallel to ice flow
(controlled deposition)

Transverse to 1ce flow
(controlled deposition) (controlled or uncontrolled

Lacking consistent orientation

deposition

Subgiacial forms with streamlining:

a) Fluted and drumlinized ground-
moraine

b) Drumlins and drumlinoid ridges

c) Crag and tall ridges

Ice-pressed forms:
Longlitudinal squeezed rildges

Ice marginal forms:
lateral and medlal moraines,
some interlobate and kame
moraines

Subglaclal forms: Subglaclal forms:

a) Low-relief ground moralne
b) Hummocky ground moralne

a) Rogen or ribbed
moralne

b) De Geer or wash
board morailne

¢) Kalixpinnmo hills

d) Subglacial thrust
moralnes

e) Sublacustrine
moralnes

Ice-pressed forms:
minor transverse
squeezed ridges
and corrugated
moralne

Ice-pressed forms:
random or rectilinear
squeezed ridges

Ice front forms: Ice surface forms:
a) End moraines a) Disintegration moraine (con-
b) Push moralnes trolled)
¢) 1lee thrust/shear b) Disintegration moraine {uncon-
d) Some kame and trolled)

delta moralnes

Figure 1-1

Classification of moraines modified after Prest (1968)



Fleld is located withln the Kicklng Horse Valley, a major
east-west Lrending valley which 'funnels' predomlnant westerly
alrflows, and therelfore cyclonlc depressions.affecting the,
region. Althouph the Little Yoho valley l1ls also orientated
eastl-west, 1€ 1s sufficlently removed both alt;tudinally and
laterally Crom the mailn vallgy to be less influenced by major
sLorm eventis, Simllarly, the valley at Fleld rises to the
east, whereas the Little Yoho valley declines to the east,
Westerly airstreams therefore subslde down the Little Yoho
valley becomling 1lnecreasingly stable, Perlods of less intense

ralnfall, but of longer duratlon tend to characterlse the area.

]

Winter 1s dominated by Continental Arctic and Maritilime
Polar air masses and consequently climatic condltlons are
harsh. The lowest mean monthly temperatures at Fileld are
recorded 1n January (-11°C), although this masks daily
variations which may be extreme, 1n the -30 to ~-40°¢ range,
The variation of temperature with altltude 1s less marked
durlng the winter months; approxlimately 3,5°C/1000 metres.
Temperatures of =48 to -54°C at the 1500 to 3000 metre levels
L§re possible, but qulte rare (Janz and Storr 1977), although
wind chlll may conslderably 1lncrease heat loss. The 1rifluence
ol the wind c¢hlll lfactor lincreases with elevatlion. No winter

climatic data are avallable lTor Peytoc Glacler.

Inverslons are common due to the ponding of cold Arctic
air In major valleys, dilsplacling milder alr to higher

elevations.



1.4 Frontal Moraines: A discussion of their genesis.

Ice front depositional forms have been deseribed by Prest
(1968). However, the process of deposition, although implicit
within some of his termlnology 1s not a prime consideration.
This apparent shortcoming requires resolutlion in order to under-
take any discussion on the genesis of frontal moraines. As such,
Prest's classificatlon system will be augmented by that of Price
(1973) who recognises 3 processes as being dominant in the for-
mation of moralnes: dump, push and squeeze mgchanisms.

a)l Simple 'Dump' Moraines.

These 'dump' moraines (Okko 1955) are proglacial con-
structs of supraglacially transported (although not necessarily
supraglaciélly derived) materilal. They are essentially ice

front talus slopes (Hewiltt 1967, Whalley 1974, and Eyles 1979).

Supraglacially derived debrilis is characteristic of valley
glaclers or ice-caps with nunataks. Debris falllng onto the
ice Surfacé in the accumulation area from extraglaclal sources
(e.g. valley sides and headwalls), 1s transported passively in an
englaclal layer, termed a 'bed-parallel debris septum' (Boulton
and Eyles 1979). Materlal collected below the flrn line 1s trans-

ported supraglaclally.

Upon melt-out in the ablation zone these englaclial septa
toncentrate as supraglacial morainiec till (Boulton 1976, Eyles
1979). The thickness of this deposit increases towards the
terminus, as a result of ablation and 1lncreasling longltudinal

Compressive strain (Eyles and 'Rogerson 1978a).

Deposition at the lce margin may be as a small dump moralne

POssessing no internal structure (Facles A, Boulton and Eyles

B 8



1979), or as a larger feature with a well defined coarse
clast fabric and crude internal bedding (Facies B, Boulton
and Eyles 1979). Within sub-polar moraines melt-out and flow

ti1ll elements may also be present (Boulton 1967).

b} Complex 'Dump' Moraines.
Characteristic of cold-based glacliers, complex
'dump' moraines have been described under a wide variety of
terms: 1ice-cored moraines, shear moralnes, Thule-Baffin moraines,
ablation cones and ice-moraine ridges. The term Thule-Baffin
is preferred here, since it offers no genetic implications,

simply being in recognition of the type sites.

The genesis of Thule-Baffin moraines fundamentally differs
from simple 'dump' moraines in the mechanisms bringing material
to the glacier surface; processes which are the centre of
considerable debate. Three separate mechanisms have been
proposed: the influence of shear planes; basal freezing and
compressive flow; and the incorporation of a frontal apron,

or possibly a combination of factors.

The shear plane hypothesis, supported by Goldthwait (1951),
Bishop (1957), Swinzow (1962) results from the shearing of
active over stagnant ice. Bed material is most actively eroded

at the stagnant/active ice inter-face and is subsequently



transported to the surface. A series of upwarplng shear planes
may develop up-glacler of the original shear. Opponents to
this mechanism however, clte sorted and stratified units found
within debrils laden bands, plus the non-sliding character of
the formative ice as belng evlidence against such a concept

(Weertman 1961; Hooke 1970, 1973; Drozdowskl 1977).

Instead, a 'freezing—on; of debris in near termlnal ice
1s proposed. Ice melt, through geothermal and frictional heat
at the glacler sole, is forced toward the ice marglin under
exlsting pressure gradients, where it refreezes. Basal debrils,
whlch previously contained unfrozen water 1s now incorporated
into the ice by the expansion of interstitlial water as 1it
f'reezes. Thils 1s simllar fo the 'large scale block inclusion'
process of Moran (1971). Subsequent transportation of debris
to the 1ce surface, rather than the result of shearing, is facili-
tated by ablatlon and_compressive strain within the terminal
zone. This tendency for flow lines to return to the surface
near the terminus has been described by Boulton (1970b),
Hooke (1973), Drozdowski (1977) etc. Shear structures may

be associated with upwarping debris bands (Souchez 1967, 1971).

A third method of debris entralnment is proposed by Shaw
(1977a, 1977b), who considers overrlding of a frontal debris
apron by advancing glacler ice as an effectlive mechanilsm.
Sorting processes wlthin the apron itself explain sorted units
within debris bands. Agaln, englaclal flow patterns return

material to a supraglaclial position.



Once the composing material arrives at the 1ce surface, the
development of Thule-Baffin type moraines is little disputed (Price
1973, Embleton and King 1975, Sugden and John 1976). It 1s a

process outlined by Goldthwait (1951) (Fig. 1-2).

Formation of the trough (see Fig. 1-2) 1s a critical factor,
with 1ts subsequent development resulting in a complete separation
of a debris covered ice-core from the glacler. Initiating processes
are due to differential ablation between areas of thick debris
cover on near terminal 1ce and the discontinuous cover ('black
ice' (Goldthwailt 1951)) on the proximal glacier side. The
influence of a debris cover on ablation rates is to enhance
melting where the sediment cover 1s thin (Ward 1952, Boulton
1967), whereas thick debris layers retard the melt rate (@strem
1964, Carrara 1975, Eyles and Rogerson 1978b). Embleton and
King (1975) report ablation rates of 32.5 cm/week for 'dirty!
ice (a debris thickness of less than 0.5 c¢m.), compared to
20 em/week for clean ice. Rates of less than 5 cm/week were
recorded under a greater than 20 cm. debris cover. Such a
retardation of melt explains the steep 1lce front of debris

covered termini

Once initiated, the trough is deepened by a variety of
Processes; Lhe warming of air due to protection from katabati:
Winds (Goldthwailt 1951); and perhaps of more importance, by

Supraglacial stream action (Kozarski and Szupryczynski 1973).
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Development of Thule-Baffin moraines (after Goldthwait 1951)




Upon detachment from the maln ice body, destruction of
the lce-core begins, through the development of thermokarst

(@strem 1959, Clayton 1964, Johnson 1971, Driscoll 1974,

Healy 1975).

The morphological expression of Thule-Baffintype moralnes has
been discussed by @strem (1964), and @strem and Arnold (1970).
In thelr formative stage, the moraines are characterised as
'misfit' features when compared to the size of the forming
glacier. This results from the magnitude of the ice-core
rather than the overlylng debris thickness, which 1s often

small (Bishop 19857, Johnson 1971, Souchez 1971, Carrara 1975).

A range of 0.01 to 1.10 metres is common,

Upon eventual melt-out of the 1lce-core, the resultant
morailne may possess little relief, although 1t may be of considerab le
lateral extent. Composing sedliments are subject to conslderable
post-depeosltional modification and will exhiblt little internal

Structure or fabric.

c¢) Push Moraines
Push moralnes have been defined by Chamberlain (1894):
"A glacier pushes matter forward mechanlically, ridging 1it' at

lts edges, forming what may be termed a push moraine'.

Although push moralines have been considered small,
insignificant features of the glacler terminus, and unlikely
to survive a prolonged period of pushing (Flint 1971, Price

1973, Whalley 1974a) large contrasts of scale are evident.

13



Kdlin (1971) describes a push moraine on Axel Heilberg Island

as 2.1 kilometres long; 700 metres wlde and at a mean helght

of 45 metres above the outwash plain. Simllarly, Rutten (1960)
reports moralnes 50-200 metres high and 10~106 kllometres long
on the North-West European Plain. The composlng sediments,
which are derived from previously deposited till or glacilal
outwash deposits, were described 1n each case as being, or
having been wlthin zones of permafrost. The mode of formation
was thus iInferred as belng due to the bulldozing of permanently
frozen detritus. Indeed, Haeberlli (1979) stated that "there

1s no doubt that push moralnes are morphological expressions

of the deformation of permafrost",

Horizontal and vertical stresses 1mposed by advancing ilce
cause the structurally weakened permafrosted soll to deform
and buckle into large blocks, which are subsequently thrust
upwards, often 1n a stacked sequence. This 1s similar to

processes described by Moran (1871).

The thermal characterlstic of the forming glacler 1s
regarded as belng polar or sub-polar, to faclilltate the ploughing
Process (Embleton and King 1975). Tectonle structures are often

w !

evident within push morailnes.

In contrast to the large-scale features described above,
Small moraines often less than 5 metres high, have been observed
in many areas e.g. Norway (Worsley 1974, Matthews et P 1879),
Tukon (Bayrock 1967, Johnson 1972), Argentina (Rabassa et al.

1979), Antarctica (Birnie 1977) and the Himalayas (Hewitt 1967).
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In each case, Interstitial water was unfrozen. Material
therefore deforms more readlly, precluding the dislocation of
large blocks of sediment that so characterise the larger push

moralne features.

The pushlng mechanlsm may not be a contlnuous process,
and Hewitt (1967) stresses the importance of the seasonal
effect in moraine construction. Summer is dominated by a
recesslion of the glacler snout, when glacier melt 1s greater
by volume than the supply of i1ce through glacler movement.
Surface l1ce-melt ceases with the Tirst significant fall of snow,
while downglacler movement continues long after. A readvance
of the glacler terminus results 1n the bulldczing of summer
deposited material into a moraine ridge. The precise formative
period has been suggested as being late in the accumulation
season (Worsley 1974, Birnie 1977), but would depend on when, if

at all, the glacier terminus became frozen to its bed.

d) Squeeze Moralnes
Similar i1n morphology and genesls to washboard moralres
(Elson 1969, Neilsen 1970), frontal squeeze moraines have been
described by Gravenor and Kupsch (1959), Thorarinsson (1967),
Price (1969, 1970) and Birnie (1377). Formation 1s the resul=:
of the migration of water-scaked till developed within the
high pressure subglacial environment, towards areas of low

pressure l1.e. the 1ce margilin.
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Andrews (1963) comments that temperate glacier seepage
pressures are toward the margin, whereas under arctic glacier
conditions they are directed away from the ice front. This
fact may explain the variability 1in position of squeeze
developed moralnes l.e. between washboard morailnes formed in
near terminal crevasses, and the small frontal moraline features

that are evidenced from temperate environments.

Confining pressures are towards the proximal side of the
moraine, whereas the distal slde 1s free of overburdening ice
pressures. As such, a distinct asymmetric proflle characterises
squeeze moraines. Similarly, confining pressures result 1in a
strong abric, normal to the moraine crest on the proximal face
wlith an upglacler imbrilication pattern, compared to the weakly

developed fabric of the distal side (Price 1970).

Squeeze moralnes are small In size. Price (1970) describes
Fjallsjokull moralnes as belng up to 5 metres in height, but
generally smaller values have been recorded. The pattern of
deposition follows crenulations 1n the ice margin, although
similar patterns have also been described for dump moraines

(Boulton and Eyles 1979) and push moraines (Matthews et.al. 19279).

1.5 'Annual' Moraines

It has been suggested that some moralnes are 'annual'
features of the ice front (e.g. Hoppe 1959, Thorarinsson 1967,
Price 1970, Kucera 1972, Mickelson and Berkison 1974, Worsley
1974) .,
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Push moraines and squeeze moralnes have been described as
annual resulting from winter readvances of the terminus, often
superimposed on a general recesslon. The moralnes form part
of a recessional sequence and direct correlatiéns between the
number of moraines and the length of the recession period have
pbeen found. Kucera (1972) on Athabasca Glacler for instance,
evidences a seriles of annual phétographs. However, absolute proof
of this type 1is lacking for other areas (Stromberg 1965 , Embleton
and King 1975), and often correlatlons are regarded as lncon-
cluslve evidence for an 'annual' term to be applled. Varve
analysis undertaken by Stromberg (1965) in Sweden shows that
a suggested 'annual' moralne sequence over a conslderable time

span was an 1nvallid characterisation of the sltuation. 'Annual'’

moraines may however be identifiable over the short term.

The relative size and number of recessional moraines
has been considered a function of the geomorphlc setting,
rather than glacler behaviour (Luckman and Osborn 1979).
Gently sloping proglacial areas reveal a serles of recessional
units, whereas short, steep or heavily debris covered glaclers
exhibit only one, larger moraine. Accretions to these moraines

would be the 'annual' event. |

1.6 The Emerald Glacler Moraine: Introductlion

The small, actively forming moraine at the terminus of
Emerald Glacler has developed within the Rocky Mountaln alpine
gElacier system. The temperate thermal regime negates the Thule-

Baffin moraine type formation as a primary mechanlsm.
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However, the remaining moraine formlng processes are all
potentlally applicable i.e. a push, squeeze or dump genesis

(Fig. 1-3), or possibly a combination of processes.

Conflrmation or rejection of these models 1s dependant

upon tJacier dynamles and sediment characteristics, as well
as Lthe structure and morphology of the moraline i1tself. Small
'dump' moraines characterise inactive glaclers (Boulton and

iyles 1979), while push moralnes suggest frontal movement, if
only on a seasonal basls. Dump morailnes are composed of
supraglacial dehrls whereas squeeze moralnes comprise sub-
glacial material. Push moralnes may be formed of either

debris sulte, as well as proglacial sediments within an

appropriate setting.

It 1s the applicablility of each of these modes of genesis

that will be the focus of subsequent chapters.

18



C Squeeze

Ilce

Flpure 1-3

A summary of possible moraine forming processes



Chapter 2

Emerald Glacler: The Physical Setting

2.1 Location

Emerald Glacier 1is situated on the north-eastern slope
of the President Range in Yoho National Park, British Columbia
(51°31'N, 116°32'wW) (Fig. 2-1). 1In general it may be described

as a mountain-shelf type glacier, with a2 high breadth-length ratio

(about 6.3: 1).

The small (less than 1 km2) northern section of Emerald
Glacier is the area towards which research was directed. It is
a shallow c¢irque with the terminus at an altitude of 2286 metres
(7495 feet) a.s.l. this northern section is seperated from its

south-easterly extension by a narrow ice-fall (Fig. 2-2).

2.2 Geology
Emerald Glacier is perched con a topographic shelf, which

is an expression of the Wapta Mountain Thrust (Cook 1975).
The shelf is located on the eastern downthrow side of the
Cathedral Crags Anticline, and is bounded on its scouth-western

slde by a steep aréte rising to President Peak (3140 m.a.s.l.),
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ar.d to the north-east by slopes dipping towards the Little

Yorno and Yoho valleys.

Stratigraphically, four major formatlicns of Cambrian age
outerop in the Emerald Glacier area (Fig. 2-3). The oldest,
the Pika formation is an argillaceous limestone, composed of
thin bedded to flaggy limestone with argillaceous partings.
Contact with overlying sediments is sharp, with the more
resistant dark grey Pika contrasting with the varicoloured
Arctomys formation. This is a lamlnated, platy shale, siltstone
and dolomite with ripple marks, mudcracks and scattered salt
casts (Cook 1975). The Arctomys becomes progressively inter-
bedded with the massive dolomites of the Waterfowl formation.
The contact 1s largely arbitrary and of a type which has been
deseribed as part of the Sullivan-type Grand Cyecle (Aitken

1278).

Tnis Cambrian devositional cycle represents increments

Lo stable-shelf, low-latitude depositional platform that

o

wos bounded by a wide, practically unbreached carbonate-

hoal complex which had high tidal energy (Aitken 1978, p. 515

i

and p. 519),

[SH

Thne VWaterfowl formation 1z composed of bedded limestone
and dolomite with some silty laminac and shale interbeds near
the bzze, and characterlised by alternating yellow and brown

voeathering beds.,
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Filgure 2-2

Ice-fall demarking the south-easterly boundary of
North Emerald Glacler. The geologlical stratigraphy
can be noted along the backwall of the glacler.

President
Range

Emerald
Glacier

Wapta Mountain Thrust

Kilometres Above Sea Level

P

E

T —— l
1 2 3
Kilometres 3 *

Figure 2-3

Cross section through the Presldent Range showlng the
geologlical formations (Su = Lower Sullivan, Wa = Waterfowl,
Ar = Arctomys, Pi1 = Pika, E1 = Eldon, St = Stephen,

Ca = Cathedral, Go = Gog, Su_ = Middle Sullivan).
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The Lower Sullivan formation is Upper Cambrian in age,
and is a shale unit with calcareous interbeddings. It has

an abrupt contact with the underlying Waterfowl formation.

Emerald Glaclier itself rests on bedrock of the Pika and
Arctomys formations. These define the parent material for the
subglacial component of the glacier's sedimentary system. The
Pika, Arctomys, Waterfowl and Lower Sullivan formatlions are
exposed subaerially in the backwall of the shallow cirque,
and constitute the supraglacial debris component. The broad
differentiation of a limestone dominant subglaclial unit and a

shale/limestone supraglacial deposit can thus be made.

3.3 Climatic Regime

Emerald Glacier is dominated by a mid-latitude mountailn
climatic regime, one exhlibiting both great temporal and spatial

variations (Janz and Storr 1977).

The summer climate 1s characterised by three air masses:
Maritime Arctic and Maritime Polar, which are introduced to
the area by the predominating westerly airstream; and Continental
Tropica2l air originating from South-Western North America,
and penetrating British Columbia along southerly and south-

westerly upper winds.

Average monthly temperatures during the summer (June to
August) range from 12°C (June) to 15°C (July) at Field (1240

m.a.s.l.); the nearest meteoroclogical station to Emerald Glacier.
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Lowever, vertical lapse rates of 7-8°C/1000 metres,considerably
reduce temperatures at Emerald Glacier itself. Average

monthly temperatures would therefore range between about 5

and 7°C for the summer months. Local micro-climatologlcal
variztions however, of which aspect and slope are the most
significant in mountainous areas will produce daily figures
widely departing from the mean values. Similarly, in the
immedizte near-glacler environment, the influence of katabatic
winds will be to reduce temperatures by 2390, Nevertheless,
elevation is the principal contrcl on average temperatures

(Janz and Storr 1977).

At Peyto Glacler (2200 m.a.s.l.), a meteorologlcal
station is run by the Snow and Ice Division of the Water
Resources Branch. The similar terminal elevation to Emerald
Glacizr means that average monthly temperature and precipitation
data may correspond to the Emerald Glacier situatlion. Mean
monthly summer temperatures of between 4.6°C (June) and 7.3°C
(July) have been recorded, averaged over a 13 year period

(1966-1978) (Young, in press).

“ean monthly summer precipltation reaches a peak 1n June

August vzlues fall to 2.3 mm and 1.5 mm at Peyto Glacier and
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I"'ield 1s located within the Kicking Horse Valley, a major
easlt—-west Lrending valley which 'funnels' predominant westerly
airflows, and therefore cyclonlc depressions-affecting the,
replon. Although the Little Yoho valley is also orientated
east-west, 1t 1s suffiliclently removed both alt;tudinally and
1atcra11; from the main vallgy_to be less 1Influenced by major
sLtorm events., Simllarly, the valley at Fleld rises to the
east, whereas the Little Yoho valley decllnes to the east.
Westerly airstreams therefore subslide down the Little Yoho
valley becomling increasingly stable. Perlods of less intense

ralnfall, but of lonpger duration tend to characterlise the area.

Winter 1s domlinated bj Contlinental Arctic and Maritime
Polar air masses and consequently climatic condltlons are
harsh. The lowest mean monthly temperatures at Fleld are
recorded in January (-11°C), although this masks daily
variations which may be extreme, 1n the -30 to -40°C range.
The variation of temperature with altitude 1s less marked
during the winter months; approximately 3.500/1000 metres.
Temperatures of -U8 to -54°C at the 1500 to 3000 metre levels
are possible, but aquite rare (Janz and Storr 1977), although
wind chilll may conslderably increase heat loss. The iﬁfluence
of the wlind chill factor 1ncreases with elevation. No winter

climatlie data are avallable for Peyto Glacler,

Inverslons are common due to the pondlng of cold Arctilc
_air in major valleys, displacling milder alr to hilgher

elevations.



Solld precipitation 1s directly related to varlations
in altitude. Field receives a mean total snowfall of 0.24
metres (water equilvalent), with peaks in December/January
of 0.063 metres (water equivalent). At Peyto Glacler perhaps
the best 1ndicator of winter precipitatlon can be obtalned
from the net specific winter glacler accumulatilon. Average
figures for 1lncreasing altitude range from 0.63 metres (water
equlvalent) at the 2100 to 2200 m.a.s.l. level to 2.44 metres

(water equivalent) between 3100 to 3200 m.a.s.l. (Young, in

press).

The Emerald Glacier firn baslin reaches an altitude of
less than 2800 m.a.s.l., and thus a mean net accumulation of
about 1.64 metres (water egqulvalent) might be anticlpated,
according to correspondling Peyto Glacler data. Averagiling
for the 2100 to 2800 m.a.s.l. range, a value of 1.2 metres
(water equilvalent) may be expected for Emerald Glacler as a

whole, about flve times that of Fleld.

In direct response to both winter and summer climatilc
conditions, a glacler's mass-balance 1s a reflectlon of 1ts
‘health'. Mass balance data is avallable for Peyto Glacler
over a perlod of 13 years from 1966 to 1978 (Young and Stanley

1976, Young 1in press).

Results suggest that the position of the mean equilibrium
line at Peyto Glacier may be filxed at approximately 2630 m.a.s.l.
On thls basils positive mass balances have been recorded in

1966, 1967, 1968, 1973, 1974 and 1976. On each occaslon net
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mass balances were small, ranging from 0.01 metres (water
equlvalent) (1967) to 0.64 metres (water equivalent) (1976).
In contrast, large negative balances have been recorded e.g. -1.70

metres (water equivalent) in 1970 and -1.05 metres in 1977.

The altitude of the Emerald Glacler firn basin backwall
is approximately 2750 m.a.s.l.,.and should therefore exhibit
strongly negative mass balances. However, the exlstence of
the glacler at the base of cliffs rising up to approximately
3109 m.a.s.l. willl have aﬁéirect affect on accretions of snow
to the glacier surface, through the development of leeside

snowdrifts and avalancing. Mass balance figures may therefore

be comparable to the Peyto Glacler situation.

Clearly however, climate/glacler relationships are very
complex and as such the transposling of Peyto results directly
to Emerald Glacier may be a dubious practice (Young, personal
communication). Although conclusions are of a guarded nature,
the least to be expected 1s that the trends exhlbited at Peyto
Glacler may be evident at Emerald, although absolute values

may differ.

2.4 Vegetation

Vegpetation 1s sparse 1n the near terminal area, beilng
developed 1n till exposed since the neoglaclal maximum
150 - 270 years B.P. (see section 2-5). Bray (1964) conducted

a vegetation study on President Glacler, approximately
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5 kilometres to the west of Emerald, within the area defined

by the last 1ice advance. Picea engelmanniji Parry, Ables

lasiocarpa Hook, and several varieties of mosses and flowering

plants of which Dryas drummondii Richards, Dryas hookeriana

Juz and Salix arctlica Pall dominated, were 1dentified.

Due to the proximity of President Glacier and the similarity
of aspect and climate, it 1s assumed that the succession of

colonising specles wilill be similiar at Emerald Glacler.

The area 1mmedlately outside the Neoglacial limit 1s one
of alpine meadow, which 1s gradually coleonising the outer
moraines. The meadows lie above the tree line, which is at
2280 m.a.s.l. on the south facing slopes of the Little Yoho
valley and 2160 m.a.s.l. on north facing slopes. Below it 1s
an interior subalpine forest type (Rowe 1977). Western White
Spruce, Engelmann Spruce and thelr intermediate forms coexist
with minor stands of larch and Alpine Fir, which increase 1in

abundance at higher altitudes and is dominant at treeline.

2.5 Recent Glaclal History

Final retreat of late Wisconsinan ice from the main
ranges of the Rocky Mountains has been assigned a date of 9390
+ 170 years B.P. (Westgate and Dreimanis 1967). The age was
derived from a charcoal deposit overlying till at Saskatchewan
Crossing located between Yoho National Park and the Columbia
Icefield. However, this may be regarded as a minimum date,
since Harrison (1976) provides evidence for the Kananaskis

Valley being 1ce free since 12000 years B.P..
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In the Holocene, 2 major readvances have been evidenced:
the Crowfoot and Cavell Advances (Luckman and Osborn 1979).
AlLhourh others are suggested e.pg. a Chateau Lake-Louilse
advance (llarris and Howell 1977), and 4 advances 1in the
Cataract lirook Valiey in Yoho Natlonal Park (Fox .1674),
evidence 13 refutable or inconelusive (Luckman, Osborn and -

King 1978, Luckman and Osborn-1979).

The placlinge of the major advances wlthin a temporal frame-
work has hecn lacilitated by tephro- and dendro-chronology. The

older Crowfoot Advance has been assigned an age cof greater than

6600 years B5.P., based on the Mazama Ash fall which overlies

Crowfoot deposlts.,

Morpholopilcal evidence has come from till deposits underlying
Lthe later Cavell Advance deposlits, rock placlers and moraines
where they lle outside the Cavell Advance, and vegetation and/

or lichen contrasts between the older and younger deposits.

The Cavell Advance 1s characterised by well-developed,
I'resh moralnes close to present day l1ce margins, sueh as
thhose at Fmerald Glacler (Fig, 2-4). Dendrochronology has
provided cemporal llmits e.g. Bray (1964) on President Glacler
dated the ovutermost moraine at 1714 A.D., and the innermgst

i

at 1832 A.D., These data correlated well with those from other
areas (lleusser 1956, Bray and Struick 1963, Gardner 1978)

vwhlech sugrest several periods of major advance, or advance

and readvance: late 17th to early 18th Century; early to mid
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Emerald Glacier as viewed from Whaleback
Mountaln. The extent of the Cavell neo-
glaclal advance can be seen in the form
of large frontal moralnes. The extent
of debris covered ice on the current
glacler surface 1s also visible.
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19th Century; and Late 19th to early 20th Century. These
periods of actlivity may be expressed either as a series of
closely spaced relatively small terminal moraines (e.g.
president Glacier) or one, single massive moraine (e.g.
Emerald Glacier), depending on the geomorphic setting

(Luckman and Osborn 1979).

The last century has been characterised by general glacier
recession, although fluctuations have occur¥®(gardner 1972).
The pre-1930 period was marked by gradually increasing
recession rates (between 5-15 metres/year', which peaked
between 1930 and 1950 at 30-50 metres/year. Since the 1950's
a general decrease in recesslion rates 1is reported (Gardner
1972). Meler and Post (1962) recorded that 52% of glaciers
they studied were retreating, 43% active (i.e. uncertain),

5% stagnant and 0% advancing.

Since then, recent estimates have suggested that up to
50% of Rocky Mountain glaciers are now stationary or advancing.
Indeed, 5 out of the last 7 years have recorded increasing or
stationary values for mean net specific annual balance at
Peyto Glacier (Young in press). Similarly, the contemporary
nature (see p. 99) of the Emerald Glacier moraine suggests a

current stillstand or readvance of glacier ice.

Fluctuations in glacier activity have been explained in
terms of mean annual temperature and precipitation variations

(Heusser 1956).
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Chapter 3

Investipative Procedures and Methodology

Field Research

Field oriented studles were conducted over a 33 day
period from July 24 to Aupgust 25 1979, although some time
prior to this was spent in reconnalssance. A programme of
Intensive, as well as extensive data collection was initiated,
with 1ndlvidual components focusiling on particular aspects of

Lthe Emerald Glacler terminus and environs.

Contrasts between debris covered 1ge to the west of the
proglacial lake and the clean ice surface to the south were of

speclal interest (See Fig. 3-1).

3.1 Morphological Descriptlon

The terminal region was the subjJect of a plane-table
3urvey wilh a self-reducling alidade on August 15. Although
the intentlon was to survey ice slopes, the ice marglin and
moraine morphology, poor weather conditlons during thils stage

of the fleld season allowed only the position of the moraine

to be established (Fig 3-1). The morphology of the proximal



o

1-9  Stratigraphic Sites * Fabric Taken
S48 ‘Suals. Manbars — Transect Line {(not to scals) depth
T=Z Ice Movement Sites 1 9cm
2 25
a=0 Debris Movement Sites 3 50
depth 4 90
i=ii  Ice Melt Sites 24 9cm 5120
45“;;“ 23 35% 6 150
cm depth ||22 60 7 180
depth p
46 100 21 100 8 210
47 62cm|| 44 150 43 95cm »
48 140 ‘ 20 140 9 240
depth e S /
31 50cm f
30 104 _ 28 i
depth L I::;:.;ngm 29 Proglacial
15 45cm i Transect ‘/
14 1154 o Length: 75m Lake
13 155 " t"(’“m‘?“'
12 185, 30 Tramml:t 5 o 35—
11 21§ Length: 14m : :g; 37‘{2
10 245 c 186 8
4 _ d 170 X
distance ° 158
' from { 138
9 terminus g 11:2 depth
' — I 59 T vw| [42 110c
6 Transect 2 m  12.9 ] 0 :
25 Length: 16m g 90,0 U 227 \( 4?
4
27 Transect 3 g 27 &v;uncha 9 “:90 2?0 33
Length: 150 lopes tres
Pt 16 17 18 19 49

Figure 3-1 Map showing the position of the glacler margin and sample, stratigraphic,
f1ce and debris movement, and ice melt sites.



ice surface was described from field sketches and ground

photographs.

Morphologlical mapping of the moraines themselves was
completed using a Brunton compass and graduated tape. Since
the debris free area was.one of constant terminal fluctuatlon,
mapplng was not attempted until late 1n the fleld season.
Contrasts of moraine form led to the proposition of the names
Moraine A, for that sectlion west of the proglacial lake, and

Moralne B to the south. Moraine A i1s the most extensive.

Stratlgraphlc sectionling was undertaken at 9 polnts in
the moralne; 7 1n Morailne A and 2 in Moralne B. Vertical
sections were cut normal to the moralne axis, and extended
laterally into the moralne to negate any disturbances as a
result of slumping. Stratigraphic units were noted and des-
cribed according to thickness, colour (Munsell solil colour
chart), pH (portable pH kit) and the general textural appearan
Including the slze and angularity of component clasts. Any

obvious fabric orilentation or imbricatlion was alsc recorded.
3.2 Fabric

Five detailed fabrilc dlagrams were constructed, from
within Moraine A and Moraine B stratigraphic units. Imbrica-
Tion and orientatlion of clasts were measured by a Brunton
compass. Avoldance of any stratigraphic unit margins was

malntalned to minlmise disturbance. Fabric was taken within
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q small area (approximately 15 cm square) to reduce in-site
variability (Young 1969, Andrews 1971). For each three-
d imensional fabric, 50 clasts with an 'a' axls longer than

1.5 cm, and with an a:b axis ratio of greater than 3:2 were

gelected.

Results were plotted on a Wulff net and contoured on a
stereonetl, following the procedures outlined by Ragan (1968).
The statistical significance of each fabric was tested using

the Poisson test agalnst randomness (Briggs 1977).

3.3 Ice Movement and Ablatlon

In order to establlish the rate and pattern of ice move-
ment and longltudlinal strain, seven stakes were positiloned
in the near terminal area; two proximal to Moraine A and
five proximal to Moraine B (constralints on the sampllng procedurc
are discussed 1n Appendix D). Measurement was by a 30 metre
tape relative to a flxed marker (e.g. a boulder) in the
proglacial area. Rapid ablation meant that stakes had to be con-
stantly resurveyed, but several days' measurements were lost as
a result of melt-out. Data was collected on a daily basls whenes
Posslble, from July 29 to August 25 inclusive. Direction of

+

movement was conslstently normal to the 1ce slope.

Accompanying the ice movement studies, contrasts in the
rate of surface ice-melt between debris-rich and debris-free
ice were also measured. Two sites were selécted, one 1n each

area (Fig 3-1). Measurement was agalinst a fixed stake.



3.4 Supraglacial Sediment Investigations

Measurements of supraglacial sediment movement were
made along two transects, one proximal to stratigraphic site
8 (transect I), and the other proximal to site 2 (transect II)
(Filg. 3-1). Both transects were normal to the ice slope,
and involved the marking of clasts of varlable shape and size
at increasing distance (up to 25 metres) upglacler of the
moralne. Thelr movement was monitored relative to a filxed
marker outslde the glacier margin. In total, eleven clasts
were selected along transect I and four along transect II,
included in which were clasts slituated on the moraine crest.

An 1ce movement stake was also surveyed along each transect.

The depth and stratigraphy of supraglacial sediments

were measured along three transects; proxlimal to slite 2
(transect III), site 4 (transect IV) and site 5 (transect V).
Each traverse was normal to the 1ce slope, and continued up
to where the supraglaclal debris cover became discontlnuocus.
This occurredat approximately 150 metres along transect III
and 75 metres along transect 1IV. Transect V was terminated
at a distance of 14 metres upglacier of the moraine, due tco

the unstable condition of the supraglacial debris mantle.

Vertlical sections were cut at 2 metre intervals within
the first 20 metres proximal to the moralne, and subsequently
at intervals varying from 5 to 20 metres. Within each rectic

the depth of sediment was measured and any stratigraphic urits
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noted and descrlbed on the baslis of texture. Surface slope
was measured using a Brunton compass, as were 1imbrications

of surface clasts.

Increasing downglacler deviatlon of clast Imbrilcation
away from the angle defined by the surface slope was noted
within the 10 metres immediliately proximal to the moralne.
Clast imbrication was therefore measured at 1 metre intervals
from the moraine crest to a position about 10 metres up the
lce slope. Twenty clasts were selected along a horlzontal
plane delineated by a tape and their Imbrications measured

by a Brunton compass.

3.5 Sedliment Sampling

Each stratigraphic unlt wlthin the moraine was carefully
examined and sampled. The procedure involved the clearing
of a face in order to limit the influence of slumping, the
identification and descriptlon of component units and the
removal of approximately 0.5 kilograms of till matrix.
Samples were stored withlin double sealed plastic bags and
carefully labelled. In several cases, a series of samples
were extracted vertically through a single stratlgraphlic unit
Any variation 1n texture through the profile could therefore

be determined.

Similarly, a series of sedlment samples were taken from

various glacler sedlment/transport environments. In situ



supraglacial samples were not only extracted along transects
III to V, but also from avalanche slopes located along the
vackwall of the firn basin (Fig. 3~2). Samples from thls
active sedimentary environment could be compared with the

near-~terminal debrils.

In situ subglaclal samples were collected from locatlons
proximal to Moraine B, where the ice had decoupled from the

moralne during the melt season.

Lavoratory Analyses

Techniques centred on a variety of tests undertaken on
the forty-nine collected samples. In the laboratory, Samples
were split leaving approximately 300-400 grams for graln-size

anelysls.

3.6 Grain-size analysis

Analyvsis involved dry sieving of the coarser than h o
fraction and plpette analysis of the finer than 4 ¢ fractlon,
following standard techniques outlined by Griffiths (1967)

and Bowles (1978) (Appendix A).

The total grailn-size distribution was plotted on a Hewlet
Packard desk top calculator-plotter using a programme devised
by Slatt and Press (1976). Plots of a grain-sige dlstrilbutlor
histogram and cumulative curve were made, as well a8 the

computing and printing of statistical parameters outlined
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Figure 3-2 Avalanche slopes located along the
backwall of the firn basin, July 1979.
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by Folk and Ward (1957) (Mean, standard deviation, skewness,
kurtosls and normalised kurtosis). Percentages of gravel
(-8 # to — 1 @), Sand (-1 @ to 4 @), silt (4 @ to 8 @) and

clay (finer than 8 @) were also presented.

Although a potential range of values from -8 g to finer
than 9 ¥ could be measured, only the finer than -2.5 @ range
was consldered. Several reasons for this exlst : firstly,
the character of glaclal sedlments 1s best exemplified by
the texture of the composling matrix, and as such the very
coarse fraction 1s largely superfluous; secondly, when
sampling a matrix in which large clasts are 1ilncluded,
bilasing by 1ncluding eithér too much or 1insufficient of the
coarse fractlion can occur, A large coarse fraction has the
effect of masking any subtle varlations of texture 1n the
fine size ranges; and thilrdly, the practical consideration
that inclusion of a large coarse fractlon would necessitate
a large sample to be collected and subsequently carried from
the fleld area. As such, the slze range examined was -2.5 @

to finer than 9 d.

Standard statistical parameters of the graln-size dis-
tributlion curve were analysed according to the 'method of
moments' (Friedman 1961). Friedman's four moments are mean
(I'irst moment), standard deviation (second moment), skewness
(third moment) and kurtosis (fourth moment). A graphical

combination of these moments was observed to differentlate
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petween the deposltlonal environments of sand (beaches and
dunes), although the technlque has been appllied to the 1nvesti-
gation of glaclal deposits e.g. Schlucter (1977), Vorren

(1977) and Eyles and Rogerson (1978). It is 1in an attempt to

differentliate between glacler sub-environments that this

method wlll be used.

2 e | Atterberg Limlts

Investigations 1nto these geotechnical parameters were
prompted by Boulton and Paul (1976), who characterised glacier
sub~enviromments by thelr Atterberg limits. Thils follows
from the conslderatlion that different glacial environments
e.g. supraglacial versus subglacial, are characterised by
different proportlions of clay-slized materlal and will there-

fore exhlblt contrasting Atterberg limit values.

Atterberg proposed.five states of soll consistency
(Terzaghi and Peck 1967), of which three are most used: the
liquid 1imit, which may be described as the 'water content
above which the soil behaves as a viscous liquid' (Bowles
1979): the plastic limit, defined as 'the water content below
which the scoil no longer behaves as a plastic material but
as a solid' (Bowles 1979); and the plasticity 1ndex, 'the
range of water content within which a soll possesses plas-
ticity' (Terzaghl and Peck 1967), which 1s defined by the

difference between the liquld and plastic l1limits.
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Atterberg limits were calculated using the standard

technlques outlined by Bowles (1978) (Appendix B).

3.8 X-Ray Diffraction

Analysis of the finer than 4 ¢ fraction of ti111 and

artificlally crushed parent rock samples using X-ray diffrac-

tion was completed for two prime reasons. Firstly, the type

of clay mineral affects the plasticity of a soll (Seed et al.
1964, Wu 1976, Bowles 1979), and therefore the identification
of clay minerals would be a useful asset; and secondly, 2
study by Rieck et.al. (1979) differentiated till from twoO

Seperate 1ce lobes on the basis of the intensity of the TA:

o

10A peak ratio. It was thus considered plausible that some

differentiation of glacler sub-environments could be made on
thls basis. The potential for releasing clay-minerals, as well

a4s clay-sized material, would presumably differ between a sub-—

glacial and supraglacial environment.

The analysis of eclay minerals was facilitated by a

Ph1llips diffractometer and followed the procedures outlined

(1972) (Appendix C).

by Grim (1962), carroll (1970) and Brown
presence of kaolinite,

Slides were heat treated to test for the

and glycolated to detect the presence of montmorillonite.

r

The 1identification of elay minerals followed the crliteria

outlined by Carroll (1970).
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The laboratory analyses presented above do not represent
the sum total of possible tests. Often 1t was considered
that additional procedures would not add to the characterisa-
tions already inferred, but simply be 'noise'. Nevertheless,
certain potentially useful techniques were not utilised and

thus an explanation 1s warranted.

Clast shape analysls, although undertaken to a minor
degree 1n the field was not expanded in the laborator§ to
include further samples. It was consldered that shape,
although a useful descriptive aid, would carry few genetlc
implications for the short-transported (approximately 1
kilometre) material characteristic of Emerald Glacler.
Dreimanis and Vagners (1972) note the 1important effect of
transportation on clast shape, as does Boulton (1978) but
other aspects are equally important. Lithology 1s especially
signlflicant in the Emerald’Glacier situation, where a large
proportlon of the source rock is shale, which dlsaggregates
into platy clasts. They are prone to a sliding rather than
a rolling process of movement in both subglacial and supra-
giacial transport systems. Glven these conditions clast shape

was considered not to be a silgnificantly wvariable factor between

glaclier sub—environmentsmto be 1ncluded in this investigation.

Scanning Electron Microscopy (SEM) of quartz grains has
been used in attempts to characterlise glacial sediments

(e.g. Whalley and Krinsley 1974, Eyles 1978, Whalley 1978).
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However, although certain characteristics can be attached to
a 'glacial' grain and a differentiation between supraglaclal,
high—level and basal, low-level transport systems may be
possible (Eyles 1978), the technique was considered as per-
haps a tool for corroborating data derived by other means.
Simllarly, the short transport distance of grains within

the Emerald Glacler system may not be sufficlent to reveal a
distinct 'texture' on grains. Furthermore, quartz 1s present,
but scarce in the lithologles studied. The inclusion of SEM

analysls was therefore consldered unwarranted.

The calculation of the shear strength of Emerald Glaciler
deposits was a proposed measure. Indeed, a differentiation
between supraglaclal and subglacial deposlts on the basis of
preconsolidation pressures may be expected. However, the
unavailability of field shear test Instrumentation, and
the impracticality of conductling shear tests on disturbed

samples, meant that this investigatlion could not be undertaken
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Chapter 4

The Characterisation of the Ice Margiln

4,1 Morphology

The margin of Emerald Glacler can effectively be subdivided
into two distinct units. To the west of tre proglacial lake, the
ice surface is covered by a continuous mentle of supraglacial
debris. To the south, a discontinuous cover or no cover at
all was noted. Similarly, contrasts in moraine morphology were
evident, the proglacial lake belng situated approximately at
the Jjunction between the two areas. The lake accounted for
a 50 metre moraine-free section in 1979, where calving of
the ice margin occury.q although this had decreased to less

than 5 metres in 1980 (Rogerson, personal communication).

In 1979, Moraine Al(Fig. 4-1) ranged from 1.7 to 2.7 metres
in height measured from the distal base to the crest. Immedizte
Proglacial slopes were slight between sites 4 and 8 (9°),
1ncreasing to 23° further to the south-west. At its maximum,
Moraine A was 67.8 metres (site 2) above the level of the

Proglacial lake. Glacler ice consistently lay immediately

1

See Page 35 and Figure 3-1 for location of Moraine A and
Oraine B,
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Figure 4-1 Moraine A and heavily debris covered proximal
ice. This margin had advanced by several
metres in summer 1980.
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proximal to Moraine A throughout the field season. Moralne A
exhiblted pronounced asymmetry with distal slopes of about 500
compared with proximal slopes of only 170-300. Ice proximal

to Moraine A was debris covered, with surface slopes of 25° - 30°.

In 1979, Moraine B (Fig. 4-2) was 1.8 to 2.4 metres high
and increasingly separate from the proximal, debris-free glacier
margin, throughout the field season. The moraine possessed

abnormally steep slopes (maximum 69°), although no asymmetry

was encountered. Oversteepened slopes of this type are often
noted as characteristic of moraines (e.g. Whalley 1975).
Total rellef above the proglacial lake was less than for
Moraine A, reaching only 17 metres. The southern end of
Moraine B is marked by an 1ce cliff resting on a topographic

shelf; an expression of the Wapta Mountain Thrust.

4.2 Stratigraphy

Sections cut in Moraine A revealed distinct stratifi-
cation (Fig. 4-3). Four major units were ldentifled on the

basls of colour and textural variation.

A thick (19-90 em), dark grey (5Y/4/1) to light olive
grey (5Y/6/2) coarse to fine gravel deposit, lacking any
vlisually obvious fabric overlay a thin (9-19 cm) olive grey
(5Y/4/2) sandy-silty lens. This in turn rested on a 25-82 cm

light brownish grey (2.5Y/6/2) to pale olive (5Y/6/3) silt-clay
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Figure 4-2 Moraine B at the margin of debris free
proximal ice. The ice cliff marks the
southern end of the moraine.



Fine Gravelly Till
Sand-Silt Unit

Progiacial

Figure 4-3 Map showing the moraine stratigraphy and proxlimal ice debrls cover.



deposit. A distinction on the basis of inherent fabric and
particle shape could also be made, with preferred imbrication
and roundness being exhiblited by the silt-clay layer, whereas

the upper two deposits possessed no such characteristics.

The lowermost horilzon was a 40-136 cm dark grey (5Y/4/1)
to 1light olive grey (5Y/6/2) coarse to fine gravel. It
graded downwards 1into large clasts (many greater than 0.5
metres in diameter), which created large cavities at the
base of the moraine's distal slide. These were often fllled

with snow-bank 1lce and snow.

Moraine B exhlibited an essentially simple stratigraphy.
A colour change from olive (5Y/5/3) tc pale yellow (5Y/7/3)
was however evlident 1n the upper 17 cm of site 3 and the
upper 33 cm of site 1. Component clasts within Moraine B
showed no significant preferred roundness but a strong fabric,
©on the basis of visual interpretation. No snow was found
at the base of the stratigraphlc units, although evidence of
Srow accumulation within the moraine itself exlsted, in the

form of small scale thermokarst features.

Stratigraphic sectioning was also undertaken within
sSupraglaclial debris proximal to Moraine A. The possibility
Of stratigraphic divisions within supraglacial debris has
been emphasised by Eyles (1279), who outlined a washing process
Whereby fines are concentrated immediately above the ice

Surface as a 'skeletal soil'. The exlistgnce of such an
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values of' 3,58 cm/day and 3.44 cm/day were recorded for stakeg
proxlmal to Moraine A, whllst increased rates were measured
on debris-free 1ce (6.90, 6.65, 6.50, 5.64 and 5.77 cm/day

for stakes V to Z respectively).

Debris movement results proximal to sites 2 and 8 1ndica g
decreasing movement towards thehmargin. Veloclties decreaseq
from 3.0 cm/day at 22 metres upglacler of the proximal'side
of the moraine, to 0.8 cm/day on the moraine crest itself,

The similarity of debris and ice movement results suggests
that surface clasts do not move lndependent of glacler 1lce.
As such, debris movement data may be consldered as minimum
ice movement rates, since 1lce veloclty cannot exceed that of
overlylng debris. Increasing compressive longitudinal strailn

towards the terminus 1s thus confirmed.

.4 Graln-Size Distributions

Comparison of the textural characterlistlcs of In situ
deposlits with those composing the moralnes should provide
inslghts 1nto possible formative processes, or at least

genetical environments.

a) In situ supraglacial debris i

In general, samples may be characterlsed as poorly
to very poorly sorted, very positively skewed and leptokurtiq
Mean size 1s coarser than 0 @ and the silt/clay content 1s

less than 11% (Fig 4-6 and Table A-2).
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Eyles (1979) compounds descriptions (rom various authors
and deflines a supraglacial moralinic till as possessing "......
a unlform particle~size dilstributicon wlith the mode generally
at about -7 @, a coarse mean size, poor sortiné, fine skewness,
a silt-clay content generally below 15%, predominance of
angular oxidised clasts that lack preferred crientation,
glacial shaping and striations". These characteristics have
been described by Flint (1971), Knighton (1973), Boulton
(1978), Gardner (1978), Boulton  and Eyles (1979), Nakawo
(1979) etc. Considering the constraints placed upon the
sampling procedure (Appendix A), supraglaclal debris found at

Emerald Glacier encompasses many aspects of the definltion.

The graln-size distributicon of supraglacial morainic
t11ll 1s derilived from its mode of origin and subsequent
transpertatlion. Within temperate glacier systems, supra-
glaclial material 1is generally derived from valley sides or
headwalls. Transport, either supraglaclally or as englaclal
debris septa, entails minimal inter-particle activity and
thus little comminution (Eyles and Rogerson 1978b, Boulton

and Eyles 1979).

L8

Nakawe (1979) however, working on the G2 Glacier, Nepal
notes decreasing particle-size downglaciler. This he explains
by the addition of fines contained withln glacier 1ce to the
overlying supraglacial mantle upon melt-out. Essentially,
this 1s the same process outlined by Andersén and Sollid

(1971) and Boulton (1977), who evidence the outcropping of

|~



debris—-rich thrust planes near the terminus following marginal

freezing, of the glacier to its bed In winter,

Nevertheless, the gralin-size dlstribution of supragla-
cially derived and en- or supra-glacially transported material
remains that of the parent rockfall. Eyles and Rogerson
(1978b) and Slatt (1971) consider this to be independant of

lithology, although it is disputed by Mills (1977a).

Boulton (1978) has suggested a crushing to abrasion
({C/A) ratio to differentiate between material which has
undergone a glacial tractive phase and that which has not.
Crushing derivatives are coarser than 1 @, while abraded
material dominates finer than 1 g. Thus, the higher the
ratio, the greater the crushing and the more likely is the
materiazl to have teen supraglacially transported, Values
are in the range zero to Infinity. Results from Sdre
Buchananisen and Breidamerkurjokull (Iceland) and Glacier
d'Argentliére (French Alps) however, suggest values of 0.5
to 4.2 characterise tractive phase material (peaks at 3.0,
0.9 and 1.4 respectively), whilst 2.0 to 10 1is representative
of high level transport (peaks at 5.3, 3.1 and 5.7 respectively)
(Boulton 1978 p. 793~-794). 1In situ supraglacial samples

from Emerald Glacler ranged from 3.6 to 12.0.

An anomaly in the supraglacial grain-size distribution
curves is sample 25, which has a mean size of 0.39 g and an
11.3% silt/clay content. This sample corresponds to the

Tskeletal so0il' doscribed earlier.
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b) In Situ Subglacial Debris

These deposits may be characterised as very positiyely
skewed, very poorly to extremely poorly sorted, and platy-
kurtic to mesokurtlec. They have silt/clay contents ranging

from 18.4 to U44.9% and an average mean size of 1.5 @ (Filg. 4.7

and Table A-2).

Characteristics of subglacial tllls are a result of theip
patterns of transport and depositilion. Within temperate
glaclers sub-glacial transport is by a thin (10-20 cm) layey
Immedlately above the glacler sole and deposition 1is normaljy
by a lodgement process (Boulton 1976). This occurs "when the
frictlional drag between clasts in traction and the bed over
which they move 1s such that the force lmposed on them by the

moving ice 1s insufficient to maintalin them in motilon"

(Boulton 1975).

In contrast to the unimedal distribution of supraglacig)
debris, 1n situ subglaclal deposits from Emerald Glacler alj
illustrate poorly developed blmodal or multimodal tendencieg.
A major peak occurs between 6 and 7 #, and minor ones are

wecasionally evlident at about -2 @ and 3 d.

Bimodality in tills has been dlscussed by Drelmanls ang
Vagners (1971, 1972) and Elson (1961) as belng a function orf
the nature and distance of transport, and the structure of

the parent rock. They note for instance, that llmestone
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and dolomite derived tills have a silty matrlix; predominantly
calcite (7-10 @) and dolomite (4-6 @) minerals (Dreimanis
1969). Shale derived tills have a silt-clay matrix. Slatt
(1971) however, de—emphaslses the importance of lithology
wilth respect to tills from small valley glaclers, and asserts
the transportatliconal environment provides the major control.
Eyles and Rogerson (1978b) in general support this finding

with respect to the coarser than 4 @ fraction.

Concentration of minerals around the 'terminal grades'
is an ongeing process from incorporation i1nto the glacier
system (Dreimanis and Vagners 1971). Distance of transport
and thus traction, is an important factor. Nonetheless, the
breakdown of soft sedimentary rocks under conditions of basal
sliding may be rapid, as suggested by Rogerson and Kodybka
(1980). Thus, even the Emerald Glacier tractive system,
which is only approximately 1 kilometre in length may produce

initial terminal grade concentration and thus blmodality.

An anomaly in the in situ subglacial deposits 1s the
regelation layer sample. Although 1t has very simllar gralin-
size distribution characteristics to other subglacial deposits |
the regelation sample only contains 0.25% clay-slzed material,

at least 10 times less than any other 1n situ subglacial sample.

Regelation ice 1n temperate glaclers is a seasonal

phenomenon, @cCurring during the accumulation season. It thus
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contrasts with polar and sub-polar ice masses in which rege-
jation ice exlsts as a spatial zone. The mechanism of
regelation has been described as a freezlng-on process (Boulton
1975, Sugden and John 1976), effective only for small par-
ticles. Graln-size analyses have, to the author's knowledge,
not been presented. As a constituent of cold based ice, rege-
latlion materlal is presumably assoclated with melt-out till, bu
as a distlinct unit of temperate glaciers this element has

recelved llttle attention.

Regelatlon material 1s derived from underlylng sub-
glaclal debris, and thus the question must be posed as to why
the regelation layer clay-size proportions are far less than
those of other subglacial debris samples. In response,
Rogerson (personal communication) suggests the transfer of
the winter freezing plane intoc underlying dégris may have
the effect of 'repelling' fine particles, eventually expelling

them. However, untll this proposal has been confirmed it

remains tentative.

¢) Moraine A

Grain-size distributions correspond to the four
distinct stratigraphic units noted in section 4-2 (Fig. 4-8

and Table A-3).

The lower coarse gravel unit is a poorly sorted, very
poslitively skewed, very leptokurtic deposit. It has a mean
size of about -1.4 @, a silt/clay content of 6.9% and a C/A

ratio of 6.4. This will be termed facies a.
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In marked contrast, the slit-clay lens is extremely
oorly sorted, very positively skewed and platykurtic. It
as a mean size of 2.1 @, a silt/clay content of 28.6% and
¢/A ratio of 1.05. Since it exhibits a character signi-
jeantly different from other units in the section, it 1is

esignated as a separate facies: Tfacies b.

The overlying coarser deposlit can be sub-divided into
two; a lower sandy-silty lens (facies ¢) with a mean size of
-0.26 @, a silt/clay content of 9.2% and an average C/A ratio
of 2.91; and an upper coarse gravel deposit with characteris-
tics similar to faclies a. This upper unit will therefore be

termed facies al.

Detailed analysis of sites 2 and 4 was undertaken. Both
were stratigraphically very similar, although contrasts in
corresponding faclies units were evident. Facles a was more
finely skewed and more poorly sorted at site 2 compared to the
corresponding unit at site 4. A higher mean size (average 1.05 ¢
greater silt/clay content (average 28.8%) and a lower C/A ratio
(average 1.97) were recorded from site 2. Similarly, facies b
is finer textured within site 2, although facies c shows
little between site variability. Nevertheless, the within
Site variability maintains the facies distinctions outlined
above. In no case were progressive variations down through

a& single facies unit noted.
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d) Moraine B

Sedimentologically two distinct units are evident
(Fig. 4-9 and Table A-3). Both are very poorly sorted and
very positively skewed, but the upper (0-70 cm) unit is
mesokurtic to leptokurtic, with a mean size of 0.91 @, a
silt/clay content of 27.8% and a C/A ratio of 1.41., The lower
unlt, although not distinet in the field is platykurtiec,
with a coarse mean size (-0.3 @), lower silt/clay content
(10%) and a higher C/A ratio (3.01). The lack of a complete
separation however, necessitates the sub-division of a single
facles., Thus, facies d and d, will denote the upper and lower

1
units respectively.

e) Synthesis

Distinct and sepsrate distributlons are evident for
ln situ supraglacial and 1n situ subglacial deposits, based

on the method of moments (Friedman 1961).

Kurtosis (third moment) and sorting {(second moment)
reveal 1ncreasing kurtosis with decreasing sorting (Fig. 4-10).
The generally platykurtlic and very poorly sorted (2-4 g)
subglacial sedlments are discrete from the essentilally
leptokurtic and poorly sorted (1-2 @) supraglaclal sediments.
This difference 1s related to the enrichment of fines due
to subglacilal comminution, compared to the lack of fines and
predominance of sand and gravel-sized material in the supra-

glacial environment, where comminution is minimal. Kurtosis

and mean (first moment) show a simillar differentlation (Fig. u4-I
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However , the clearest relationshlp was found between
sorting and mean size (Fig. 4-12), In situ supraglacial
deposlts show relatively better sorting and coarser mean
sizes, compared to the poorer sorted and finer mean sizes of
subglaclal samples, Again, differentliation 1s related to the

mode of transportation within the glacler system.
Skewness (fourth moment) was insensitive to environment.

Moraine A samples were wldely scattered, encompassing
both in situ subglaclial and supraglaclal elements. Thls may

provide an insight into a complexity of genesis.

Alternatively, Moraine B samples exhlbited a smaller
range of values, generally falling between the discrete 1in situ

subglaclal and supraglaclial deposit distributions.

A similar differentiation of environments can be noted
from the crushing-to-abrasion ratio results (Fig. 4-13). In
situ subglacial deposits have ratios less than 2.6, whilst
supraglacial elements are generally greater than 3.6, although
the 'skeletal soll' appears as an outlier., Moraine A samples
reveal a wide range of values from 0.6 to 11.0, extremes
representlng facles b and facies a/al deposlts respectively.
Moraine B deposits have a much smaller range of values (0.9
to 4.8), although skewed towards the finer, subglacial

elements.
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4,5 X-Ray Diffractlon

Clay minerals were identl fied as chlorite and illite/
mica (e.g. Fig. U4-14 to 4-17).
o) o) 'S &
Peaks at 14 A, 7 A, 4.7 A and 3.5 A represent chlorite

o o
miner'als, of which 7 A and 3.5 A were ma‘jor: peaks. Carroll

(1970) recognises these strong second and fourth order
reflectlons as corresponding to iron-rich chlorite minerals;

an  expected sltuation in view of the parent rock (Pettijohn

1975) .,

0 o o o
Peaks at 10 A, 5 A, 4.4 A and 3.7 A correspond to 1llite/mi

Thils composite term 1is preferred because of the difficulty of
differentiating the two. T1lllte 1s often used as a fileld term
for mica (Carroll 1970), and possesses a very similar 4iff-

raction pattern to mica, which 1s mainly muscovite.

Detalled examinatlon of the characteristics of chloritic
and mlcaceous clay minerals 1s presented by Grim (1962) and

Brown (1972) chapters 6 and 5 pespectively.

Glycolatlon and heat treatment showed that no kaolinite

Lor montmorillonite was present in any of the samples.

o)
Non-clay mlnerals were also identified. Quartz (4.2 A
Q 0
and a major 3.3 A peak ) and dolomite (2.9 A) were present in
large quantities, dominating the samples. On average, com-

bined quartz and dolomite peaks were between 2.4 and 4.6
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times larger than clay mlneral peaks. Smaller percentages
of feldspar (3.2 i) and calclte (3 i) were also detected.
Analysls of crushed bedrock samples revealed that most
clay minerals were derived from the local shale (Fig. 4-14).
Very minor peaks for chlorite and 11lilte/mlca were present 1n
limestone (Flg. 4-15) and dolomite/mudstone samples. Quartz
dominated the non-clay element from shale, whllst dolomlte
dominated calcareous bedrock types. The findlngs are 1n
keepling with the mlneraloglcal analysis of bedrocks presented
by Pettijohn (1975). Kodybka (personal communlcation) also
concurs wilth thls characterisation, based on thlin sectlons

from bedrocks adjacent to Yoho Glacler.

Emerald Glacler is withln a cold, mountainous area wlth
minimal organic matter. Under such condltions, Millot (1979)
notes that hydrolysls would be generally insignificant and
that fragmentatlon is the domlnant weatherlng process, except
in an active glaclo-fluvial envlironment, where chemical leachln
may be important (Reynolds 1971). The clay mineral content wil
therefore be predomlinantly composed of disintegrated and
slightly decomposed micas and chlorites. This is substantiated
by Carroll (1970), who notes that mica commonly found in solls
and unconsolidated sediments 1s mostly 1l1lite, and that chlorit
1s detrital i1n sedlimentary environments, especlally related to

glaclal activity.
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Rieck et al. (1979) successfully differentiated between
ti1ills of the Saglnaw and Huron-Erle glaclal lobes in Michlgan
on the basls of 7 i/lO i diffraction ratios. It was thus
hoped that such a differentliation could be made between glacler
sub—environments, based on the varylng productlion of clay
minerals in the subglaclial compared to supraglacial environ-
ment. However, results showed that no differentiation on the
basis of clay mineral ratio values was forthcoming. This

indicates the long time span required for clay mineral

alteration.

Nevertheless, a differentiation between in situ supra-
glaclal and subglaclal deﬁosits was made, on the basis of the
proportlions of major non-clay minerals (i.e. major dolomlte
and quartz peaks) and clay minerals (i.e. 10 i 1llite/mica
and 7 i chlorite peaks). Ratio values averaged 0.42 for
supraglaclal samples and 0.22 for subglaclial deposits.
Furthermore, Moralne A samples showed a wide range of values

(0.14 to 0.91), whereas Moralne B had a very narrow scatter

(0.11 to 0.18) (Table C-=1).

Based on the results of the bedrock analysis however,
thls may merely reflect different proportions of bedrock
types withln each environment: shale domlinating the supra-
glacial environment (Filg. 4-16), whille lacking subglaclally
(Fig. 4-17). Nevertheless, the derived ratio pattern accords
with those evidenced by other means and may therefore be

silgnificant.
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4.6 Atterberg Limits

Several authors have discussed the geotechnical proper-
ties of tills (e.g. Easterbrook 1964, Kazi and Knill 1969,
Boulton 1975b, Boulton and Paul 1976, Millegan 1976). Most
used these properties to characterise tills of different

ages or merely as an aid to description.

Boulton and Paul (1976) however, noted the possibility
of utllisling geotechnlcal parameters to distinguish between
glacler sub-environments. They proposed the 'T-1line', which
represented a direct relationship between the liquid 1limit and
the plasticity 1index. It 1s located to the left of Casagrande's
'A' 1line, which was constructed from values derived from
sedimentary clay deposits, and thus takes into account the poorer
sorting of glacial tills. Coheslionless deposlts possess a
ligquid 1limit less than 10.5 on the T-line, compared to 20 for
the 'A' line (Terzaghi and Peck 1967). The percentage of
clay-minerals and thus cohesion, increases from left to right
along the T-line, and therefore position reflects the nature

of the grain-size distribution (Boulton and Paul 1976).

The liquid 1limit versus plasticity 1ndex plot for Emerald
Glacier deposits is presented in Fig. 4-18. It reveals a
distinct sep@ration of Moraine A and Moraine B samples.

Moraine A deposits are located to the right of those from
Moraine B, and therefore reflect a higher average clay content.

Facles b samples are close to the T-line, as is one in situ
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Bubglacial deposit (#33). Samples from other facles units,

plus subglacial deposlts are located to the right of the

T-1ine.
by post-deposltional processes (Boulton and Paul 1976) .

These correspond to deposits that have been modified

A wide range of factors 1Influences the Atterberg limits
of any sample. The liquid 1limit for instance, 1s dependent
upon the mineral constituents of the parent deposlt, which
affect the intenslity of surface charges and the thickness of

attached water layers (Meéﬁs and Parcher 1964). Increases

in the non-clay mineral fraction will have the effect of

| reducling liquld limits.

|ﬂ The plasticlity 1index deﬁends on the cohesive properties
of clay minerals, related to physlochemical forces acting
between particles (Yong and Warkentin 1966; Baver, Gardner
and Gardner 1972; Carson and Kirkby 1972). Coheslon 1s a
concept restricted to clay minerals (Carson and Kirkby 1972),
although some confusion in its usage 1s evident. Fo? instance,
when Boulton (1975) notes that ".... 1f the clay concentration
1s high the till will tend to develop high cohesion", a
C%gy—size or clay-mineral meaning 1s not apparent, although
one infers clay-mineral concentration. Similarly, cohesion
will vary considerably with the type of clay mineral involved.
Direct comparisons between areas of wildely differing spatial

location are therefore dubious, unless similar lithology

and weathering processes can be proven.
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Erosion of 1lgneous or metamorphlc rock produces rock-
flour of a clay-slze range, whilst some sedimentary rocks
break down largely into clay-minerals, The relationship
between clay-size percentages and plasticlty will vary
considerably with lithology and may be expressed by the

lactivity' of a deposit.

Activity i1s defined as the "relatlonship between water
sorption on one hand and mineralogy and silize dist}ibution on
tne other" (Boswell 1961). Means and Parcher (1964) suggest
‘that values less than 0.75 denote relatively 1lnactive solls,
0.75 to 1.50 normally active, and greater than 1.50 actlve soils
Swelllng type eclays (e.pg. montmorlllonlte) possess high
activitlies. Of those samples analysed 81% were relatively
inactive and 19% normally actlve (Table B-1). In general,
the hilghest actlvlty values were recorded for in slitu supra-

glaclal, facles ¢ and facles d deposlits.

Relatilve inactivity may be the result of 1lnecreases 1in
the non-clay mineral proportions (Dumbleton and West 1966a,
1866h). They have the effect of 'diluting' Atterberg limit
values (Boulton and Paul 1976) by lowering the liquild limit
and plastilielty 1ndex. A decrease of values down the T-1line

from right to left 1s expected.



w y,7 Fabric

Three dimensional till fabric results are presented 1n
Fig. 4-19. They 1ndicate moderate to strong upglacler imbri-
cation in three samples and weak downglacler imbrication in
two. All fabriecs were significant at the 95% level according

to the Poisson test against randomness.

The strongest fabrle was at site 3, within facles dl.

Azimuth was normal to the moralne crest and i1mbrication was

distinctly upglacler (average 27°).

Facles b at slte 2 revealed a strong fabric with both

upglacler dip and an aximuih normal to the moralne crest.

Fabric has been wldely used as an indicator of formative
processes (e.g. Holmes 1941, Andrews and Smithson 1961,
Kruger 1970, Mills 1977). Price (1970) used fabric as a
basis for hls squeeze hypothesls for moralnes In Iceland.
Similarly, Walker (1973) used fabric as a tool to differentlate

between possible origins of ridges 1n the Bow Valley, Alberta.

At Emerald Glacier, fabric contrasts exist betlween facles a
and facles ay s b and dl. Facles a possesses a weak fabric and
downglacler i1mbricatlon whille ay b and dl’ possess a stronger,
upglacler fabric. Similarly, facles a, and dl exhiblt a mean
azilmuth orlentation normal to the moraine crest, while facies a
and b record an azimuth value oblique to the moraine axls. On

thls basls a contrast 1n formatilve processes may be suggested.
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4.8 Summary

The main focus of thls study is the contrasts between
gsubglaclially and supraglaclally derived tills. A number of

different technlques have been used to distingulsh between them.

Particle slize has been the main differentlating criterion
and has confirmed the contrast between a passively transported
supraglacial t1l1ll element where 1little or no comminutlion occurs
along a flow line and subglacial till which 1s characterised by
rapid comminution and a decrease in mean particle size along

a flow line.

These environmental differences manifested themselves in
terms of contrasting sorting and kurtosis values within the grailn
size distribution curves. Similar contrasts were noted from
the mean size values of debris, ranging from -0.8 @ 1n the supra-
glacial to 1.5 @ in the subglacial environment. This is a fune-
tion of the low silt-clay content of in sltu supraglacial deposits

(0.7% to 3.5%) compared to in situ subglacial tills (18.4% to

44.9%).

Deposlts composing the moralnes also revealed distinect graln-
size dlistributions. Facles units withlin Moraine A illustrated
between facles varilation, with distributions encompassing those
values recorded by both 1n situ supraglacial and in situ sub-
glaclal deposits. Moraine B samples however, were conflned to a
narrow range of values, although resembling the 1in situ subglzclal
elements in character rather than thelr supraglacial counterparts.
Such a differentliation between moraine deposits may polnt to a

contrast in formatlve processes.
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These contrasts between 1ln situ subglacial and in situ
supraglaclal deposits, anﬁ between Moraine A and Moraine B unlts
was confirmed by X-ray diffraction analysis. Although no d4if-
ferentiation between glacier sub-environments was observed
on the basis of 72/102 peak ratios as Reich et al. (1974) had
found, contrasts were noted on the basis of non-clay mineral:
clay mineral ratio values. 1In situ supraglaclal and in situ
subglaclal deposits again revealed discrete distributions (average
0.22 and 0.42 respectively). Similarly, Moraine A deposits were
widely scattered, encompassing both in situ supraglacial and 1in
situ subglacial values, whilst the distribution of Moraine B
gsamples was confiqed wlthin a narrow range located adjacent to
in situ subglacial till values. The use of X-ray diffraction
analysis as a method of differentiating between glacler sedimentary
systems 1s a novel one, and 1ts potential for reveallng dlagnostic

characteristics of glaclier sub-environments can only be evaluated

on the basis of further research.

Further evlidence of contrasts between Emerald Glacler
sedimentary environments was provided by the assessment of
Atterberg Limit values. Moraine A samples recorded a wide scatter
for liquid 1limit and plasticity index values, compared with a
narrow dlstribution of Moralne B deposits. No 1n situ supra-
glacial deposit values were recorded because of the insufficiency

of fine sized materizal.
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These contrasts between 1n situ subglaclal and in situ
supraglaclal deposits, an& between Moraine A and Moraine B unlts
was confirmed by X-ray diffraction analysls. Although no dif-
ferentlatlion between glacier sub-environments was observed
on the basls of 73/103 peak ratios as Relch et al. (1974) had
found, contrasts were noted on the basls of non-clay mlneral:
clay mineral ratio values. In slitu supraglaclal and 1n situ
subglaclal deposits agaln revealed discrete distributions (average
0.22 and 0.42 respectively). Simllarly, Moralne A deposits were
wldely scattered, encompassing both 1n situ supraglacial and in
situ subglaclal values, whllst the distribution of Moraine B
samples was confiqed wilthin a narrow range located adjacent to
in situ subglaclal ti1ll values. The use of X-ray diffraction
analysis as a method of differentlating between glacier sedimentary
systems is a novel one, and 1ts potential for reveallng dlagnostic

characterlistics of glacler sub-environments can only be evaluated

on the basls of further research.

Further evidence of contrasts between Emerald Glacler
sedimentary environments was provided by the assessment of
Atterberg Limit values. Moraine A samples recorded a wlde scatter
for liquid 1limit and plastlclity 1ndex values, compared with a
narrow distributlon of Moralne B deposits. No in situ supra-
glacial deposit values were recorded because of the insufficiency

of fine sized material.



The distinction between 1n situ supraglaclal and in situ
gsubglacial tills which has been demonstrated by several sediment-
ologlical and geotechnlcal techniques 1s entlrely in keeping with
the contrastling manner in which the material has been transported
and deposlited. The difference between samples derived from
Moraine A and Moralne B may however, be of greater significance
to this research thesis. The wide scatter of Moralne A wvalues
recorded by each technlque encompass elements of both the
discrete in situ subglacial and in situ supraglacial distributions,
and may suggest a complexity of origin. Moraine B deposits
on the other hand exhibit a narrow scatter of values which

may point towards a common genesis for these deposits.
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Chapter 5

Discussion and Syn-hesis

5.1 Characteristics of the near terminal area: a discussiocon

Distinct morphelogical and sedimentologilcal differences
are cevident between Moraine A and Meoraine B, and are the
direct result of contrasting proximal 1ce, debris-cover

conditlions.

Supraglacial debris retards pglacier-melt proximal to
Meraine A, In conseguence, the glacier is coupled to the
moraing througshout the ablation season. Compressive strain
should thercefore increase towards the terminus; and this is
confirmed by a decrease in both 1ce and sediment movement
rates., The increased strain culminates 1n a forward movement
of the moraine itself, at a rate of between 0.8 and 0.9 cm/day
during July/Ausust. Downglacier decrease in glacier velocity
is related to the distance from the glacier margin, which

similarly reflects increases in debris thickness (Fig 5-1).

An effect of Increasingly compressive flow downglacier
can perhaps be seen in the chanping imbrication of surface

clasts, They evidence a gradual divergence away from the
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surface slope, until clasts are almost vertical immediately
ppoximal to the moraine (Filg. 5-2). It appears the condition
arises from the greater movement rates of glacier 1ce com-
pared to the sliding veloclity of surface clasts. The effects
are progressively accentuated downglacler as the platy clasts
are 'rotated' by the faster moving ice (Fig. 5-3). As far

as the author 1s aware no report of this phenomenon exlists
within the glaciological literature, and 1t may therefore
represent a further characteristic of the effects of com-

pressive strain at a glacler terminus.

The source of supraglaclal debris has been iInferred as
clrque headwalls with subsequent englaclal transportation.
The simllarity of avalanche slope and near termlinal supra-
glaclal debris grain-size distributlons adds weight to thils
argument. However, l1lce surface observations in late August
1979 (Fig. 5-4) suggest that simple incorporation of material
i1nto the glacler system on a yearly basis may not be an
accurate characterlisation. The exlist€ence of crevasses
suggests that surface accumulation of debrils is unlikely,
and leads to the concluslion that materlial may be collected

in crevasses to be exposed below the firn line by ablation

(Flg. 5-5).

However, factors such as the finer texture of crevasse
f111 deposits compared to terminal supraglaclal debris and
the predominance of primary stratification withln 1ice cliffs

(Fig. 5-6), suggests that a purely crevasse-fill origin for
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Fizure 5-5 Crevasse fill located upglacier of the
area of heavy surface debris cover.
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Figure 5-6 Terminal ice c¢liff showing predominantly
primary stratification. Minor secondary
features are also evident.
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supraglacial debris 1s a dublious conclusion.

The existence of abundant supraglaclal material along
the north-west c¢irque walls suggests this may be a potential
source area. Materlal from this area probably contributed to
the supraglacial debris suite through mass-wasting processes and

was subsequently transported to the glacler terminus.

Supraglacial debris 1s reflected in the Moraine A
stratigraphies by facies a/al and ¢. This conclusion 1s
based upon the similarity of both sedimentology and X-ray
diffraction patterns with the 1n situ supraglaclial debris
samples. Eyles (1979) however, considers that a skeletal
soll (1.e. facies ¢) ".... never survives final till deposition..
often belng mechanically remixed with the till ...". Never-
theless, the stratigraphic position of facles ¢ immediately
below a coarse textured supraglacial deposit, and the tex-
tural similarity with the in situ skeletal soll, suggests a
common genetlec environment. Facles a contains no such skeletal

soil.

In contrast, the sedlmentologlcal characteristics of
facies b are far removed from those of a supraglaclally
derived till, and as such a subglacial origlin 1s proposed.
Facles b however is finer than the in situ subglacial material,
which 1s proximal to, and which appears to comprise Moraine B.
It may thus be suggested that facies b 1s in a less dist,ybed

sState.
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The area proximal to Moraine B was observed as an actively

glaciofluvial environment, with a serles of small outwash

streams evident. In such an environment washing of material

occurs, resulting in the removal of fine grained material.

The washed debris collects immediately behind the moraine
barrier or migrates through 1t, in suspension within melt-

water channels. Comparison of facles d and dl deposits

reveal that the latter is considerably richer in fines,

although not in the relative proportions of clay minerals

which are easlly removed by glaciofluvial action., The role

of lithology 1n controlling the cglay-mlneral content must

also be considered however.

Facles 4 may represent a concentration of washed debris,

and 1ts emplacement upon the moralne itself would represent

a more recent depositional phase.

On the whole, Moraine B possesses a greater percentage

of fine gralined material than Moraine A; a reflection of

the contrasting dominant genetlc environments. Although all
facles units within Moraine A have proportionally greater

«clay mineral content per unit welight than Moraine B, this
ls offsel by the lower percentage of clay-sized material

within Moralne A as a whole, dominated as 1t 1s by supra-

glaclally derived debris,

The concretlon effect of flnes being washed over the

moraine surface may explain the steeper moraine slopes of

Moralne B. The process of interparticle quartz cementation



outlined by Whalley (1974b) may be of relevance here.
Moraine A oOn the other hand, 1s consolldated solely by the
existence of the facies b unit, and the steepness of slopes
Ihere can be considered a reflectlion of the active nature of

the moraine ltself.

A washlng process may also explaln the anomalous site
2 facles a, and the skeletal soil which develops within Moraine
both of which reveal relatively large proportions of clay
minerals as well as clay-sized material. It 1s suggested
ithat whereas depletion of flnes occurs proximal to Moralne B,
'washing processes in the supraglacial environment have the
reffect of concentrating fines, and therefore clay minerals
‘Immediately above the glacier surface, which acts as an
impermeable layer. Any movement of material is downglacier
Within the unit itself, to be concentrated still further
proximal to the glacier termlinus. The exlstence of thé
skeletal soil layer is a result of, and is dependent upon,
glaclofluvial activity. Proxlimal to site 2, debris thick-
Nesses were less than further east. Glacier melt was there-
fore Ppronounced, which enhanced the washing process. This
,mﬁy €Xxplain the poor upglacler extension of the skeletal soil;
Washing transporting fine material downglacier more rapildly,

~fompared to the less glaciofluvially active site 4 area.

The downward migration of fines through the moralne due

Y0 washing, especially at site 2 where glaclofluvial activity
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was conslderably more intense than further round the ice
margin, may explain the anomalous graln-slze distributilons,.

The downwashed materlal may have been elther supraglacially
derived or have been washed from the Facies.b lens. Similarly,

the lateral migration of ines through the moraine itself

(Fir. 5-7) may be cited as a further explanation.

Moraine A 1s thus characte?ised by complexity, resulting
from the interstratiflcatlon of supraglaclal and subglaclal
till elements, whlich would thus explain the wlde scatter of
results derived from grain-size and X-ray diffraction analyses.
The Influence of the supraglacial cover is to 1nduce glacler-
moraine contact throughout the ablation season, thus increasing
compressive straln and generally providing the moraine wilth

forward momentum.

Moraine B has no proximal supraglacial debris cover and
a subglacial till element predomlinates, although units of
different depositional phases may be identified. The lack
of supraglacial cover results in ice decoupling from the
moraine during the summer. In 1979, decoupling had occured
by July 24 and was continuing on August 25. Marginal retreat
would presumably be reversed with the first significané fall
Of sncw, which stops ablation and allows the ice to advance
to the moraine. Longitudinal compressive straln will thus
Probably increase to a level similar to that experienced

behind Moraine A.
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Figure 5-7 The washing of fine material from
beneath Moraine A.
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The Emerald Glacier moralne 1s a contemporary feature
of the 1ce margin, with initial development occurring within

the last decade. This 1s suggested by a series of flactors.

Firstly, Moraine B 1s within 4 metres of a gently sloping
(approximately 10°9-15°) bedrock surface exposed in the subglacial
environment. There was no vertical height change at its termina-
tion within the proglacial debris proximal to Moraine B. Water
from summer ice-melt was observed to wash this surface clear of
debris deposited during the subglaclial melt-out process. Material
from thilis washing process collected proximal to Moraine B. No
ridging of this washed debris was noted and therefore glacial
rather than fluvioglaclal actlivity seems likely to have constructed
the moraine. The rate of ice movement and the length of the
winter accumulation season when ablation is halted and readvance
of the ice occurs, suggest a short time period for a maximum
moraine advance of 4 metres. Indeed, Moraine A advanced at 0.8
to 0.9 em/day during the summer 1979 and sectlons of it were 2-3
metres further forward 1n the summer of 1980 (Rogerson, personal
communication). Winter snowfall would act as a supraglacial

debris cover in the case of Moralne B.

Secondly, withln Moraine A no development of 1lluviated or
gluvlated horizons was noted 1ln any of the facles units in which
detalled sampling was undertaken. Washing of flnes from facles
_b down through facles a units may be expected, and the fact thst
no such process has occurredmay point to the recent develonment

of the moraine stratigrapvhies.
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The discussion on the characterlstics of the near termnal

rea 1s summarised by Rogerson and Batterson (1980).

- 2 Formation of the Emerald Glacler moraines: A synthesls

Possible modes of formation were discussed 1n section 1.4.

seyveral mechanisms were considered plausible to account for

mall moralnes exlstent along the margins of temperate glaclers
.e. a dump (e.g. Boulton and Eyles 1979), push (e.g. Rabassa

et al. 1979) or squeeze (e.g. Price 1970) process.

The applicability of these models to Emerald Glacler can

je reviewed on the basis of the preceding discussion.

a) Moraine A

The complex stratigraphy and existence of supra-
laclal debris, suggests a simple sgueeze mechanism 1s not a
itisfactory explanation for the formation of this moraine.
ndeed, the continual forward motion of the moraine is more
keeping with a pushing process. However, the emplacement
of a subglacial deposit above its usual stratigraphic position
boulton 1976, Sugden and John 1976) does not correspond to

4 8imple push elther. As such, a composite genesis 1s suggested

flg. 5-8).,

Initial stable conditions resulted in the formation of a
US slope at the ice margin, as material was 'conveyor-
$8lted' ofr the 1ce front (Fig. 5-8a). This corresponds to
: minor dump moraine (Hewltt 1967; Whalley 1974a; Boulton and

¥2€s 1979, facies Aj). Material sliding off the glacier
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A Talus Apron
Forms At Margin
Of Inactive
Glacier.

Ice _ i __

Fall
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B Advance Causes
Initial Pushing Of
Talus Apron Which
Is Eventualiy

Overrididen.
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ey ol ) _.,.‘.-‘.“
b =%
RO 3 C Compiets Over-
NS0 Riding Of Talus
L7 Followed By
QG Deposition Of
Subgiacial Debris.

Glacier Retreats
But Moraine
Contact Maintain-
ed By Overlying
Debris. Advance
Continues.

Figure 5-8 Model of the formatlion of Moralne A.
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surface in thls manner will possess downglacier imbrication
i1.e. the fabric possessed by facies a. Predomlinance of large
clasts at the base of the talus apron due to fall-sorting will

be expected (Whalley 1974a, Eyles 1979).

A change in glacier equilibrium leading to a reactivation
of the ice front, will have the .lnltial affect of ice pushing
against the talus slope. This wlll continue until the shear
strength of the pushed debris 1is greater than 1 bar (Whalley
1974a, Haeberli 1979); the approximate yield strength of ice.
At such time the talus slope will be overridden (Fig. 5-8b).
Compressive strain in the terminal area is a component factor

in this process. /

Subglacial deposition occurs as overrlding takes place
(FPig. 5-8c¢c). The emplacement of subglaclal debris as a result
of overriding rather than for instance, intrusion .-through the
moraine is suggested by deposlitlion well above the present glacier
sole. The fabrics recorded from facles b also concur with thils
process. The thickness of the facles b unit ranges from 25-80 cm,
éonsiderably thicker than expected (Boulton 1975), especlally
sipce the moralne has only been actilivated wlithin the last 10 years.
A squeezing out of material due to pressure release as the
subglacial unit 18 exposed to a subaerial environment, 1s

suggested to account for this.

Whilst the overriding process was active, supraglacilal
debris was continually belng suppllied to the glacler terminus.

Sorting through washing 1s an ongoing process, and it is
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suggested that upon glacler recesslon a sorted stratigraphilc
ynit was deposited over the subglacial, facies b lens (Fig.
5-8d). This 1is further evidence for the rejection of a

subglacier lens intrusion hypothesis.

The distinct Jjunction between the subglacial unit, and
over and underlying deposits testiflies to 1ts plasticity.
I1f thls were not the case, a general downwashing of fines from
the wastage of basal 1ce would be expected, nullifying the

effects of overriding.

Although ice receded from a supra-morainal position as
a result of ablation, contact with the moraine is maintained.
Indeed, pushing continues. Subsequent overriding 1s possible
if reactivation continues, but unlikely due to the relative
helght of the moraine above the glacler sole and the con-

straining effect of an extensive supraglacial debris cover.

b) Moraine B

Conditions proximal to Moraine B differ from those
adjacent to Moraine A, and it may thus be presumed that the

mode of formation will differ too.

A supraglacial debris cover is largely absent and there-

fore the 'dump' mechanism of moraine formation may be rejected.

However, fabric recorded at site 3 corresponds to that
recorded within squeeze moraines (Price 1970) i.e. normal to

the moraine crest.
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Moraine B deposits are also fine textured; 20% finer than
y @, compared to 5-10% for Fjallsj®kull moralne sediments (Price
1970).Sim11arly, the 1mmedlate proglaclal area of Emerald Glacier
1s actively fluvioglacial, conduclve to the development of a
gaturated till body for subsequent squeezing. Nevertheless,

a push mechanism to account for Moralne B 1s suggested.

This conclusion 1s based upon a serlies of observatlons
in the terminal area. On July 12, at least two distinct
ridges were noted in the vicinity of site 3 (Fig. 5-9), with
ice in contact with the ridges. By July 24 the ice had
decoupled from the moralne and only one ridge was evident
(Fig. 5-10). Simlilar multi-constructional units have been
described for lateral and neog%acial moraines (Humlum 1978,

Osborn 1978, Ahmed 1979, Luckman and Osborn 1979).

Squeeze moralnes are developed by the flowage of water soaked
till towards the ice margin (Worsley 1974). However, Moraine
B is within 4 metres of a subglacial bedrock surface that was
observed to be washed clear of debris during the fleld season.
Thus, the only avallable material potentially suitable for
8queezing 1s located within this 4 metre area. It therefore
Séems unlikely that moraines 2 metres in height could have resulted
from the 1ice pressures and squeezing processes acting on such
8 limited debris cover, especlally as 1t would have been

Considerably lesser extent during previous seasons.

As such, the squeezing hypothesis for the formation of

Moraine B is not acceptable.
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Figure 5-9 Two ridges evident at Moraine B

on July 12, 1979. The ice axe
divides the two deposlts. Glacier

ice l1s immedlately proximal to the
upper ridge.
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Figure

5-10

One ridge evident at Moraine B on
July 24, 1979. An overriding of the
moralne 1s suggested. The junction
noted within the moraine 1is the
result of slumping rather than the
boundary of 2 depositional phases,
This latter bounda¥y is indistinct.
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The proposed push formatlon depends upon the production
of debris in the summer months (July to September), to be

remolded during the winter/spring period (Fig. 5-11).

Initial conditions 1nvolve the melt-out and washing from
the subglacial environment of regelation debris (Fig. 5-12)
and glacler sole material (Fig. 5-13), 1lnto the proglacial

area {(Fig. 5-1la).

During winter reactivity, the ice front which may be
frozen to its bed in marginal areas, bulldozes material 1into
an initial ridge, which may be partially overridden (Fig. 5-11bh),.

Compressive strain in the termlnal areas enhances thils process,

The lack of a protecting mantle of supraglacial debris
results 1n ahlatlion rates exceedling forward movement in the
summer, and the decoupling of glacler ice from the moraine
oceurs. Material 1s again derived from the melt-out of sub-

glaclal deposits, to collect proximal to the moralnes (Fig. 5-11c)

Winter reactivlty again bulldozes material, but the
previously formed ridge impedes forward movement and causes
Overriding. Materlal is therefore accreted to the proxlmal
Slde of the moraine (Fig. 5-114 and Fig. 5-14), The over;-
rlding process is similar to that suggested for Morailne A,
but in this case may occur as an 'annual' process; a 'pulse!

Mechanism.
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A Initial Summer
Malt-Out Of

Debris
Ice

Winter Advance
Causes Bulldozing
And Over-riding Of
Meit-Out Debris
Into A Moraine

C ice Melis And
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Loose Meilt-Qut
Debris

SN

Winter Advance
Pushes Debris Onto
Proximal Side Of
Exiating Moraine

Flgure 5-11 Model of the formatlon of Moralne B.
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Regelation ice beneath Emerald Glacier.
Banding wilithin the deposit can be noted.
Thls layer contributes to the melt-out
material that subsequently comprilses
Moralne B.

109




Figure 5-~13 The glacier sole. Melt-out debris of
this kind collects proximal to Moraine
B in the ablation season to be accreted

to the moraine during winter advance of
the termlinus.
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*igure 5-14 Deposition of till during overriding
of Moraine B. The moraine is to the
left of the photograph.
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Under condltlons of renewed winter activity, the moraine
may be pushed forward prior to overriding, much in the same
way as the continual pushing of Moraine A occurs. in this
case however, the overburden is snow rather than supraglacial

debrils.
5.3 Summary

Moraine A i1s characterised by complexity of stratigraphy
and origin. Initial deposition was 1iIn the form of an ice-
front talus apron, whereas subsequent pushing and overriding
moulded the moraine's present morphology. The squeezing/
plastering of a plastlic subglacial till over a short perilod

as overriding occurred produced the distinct facles b unit.

In contrast, Moraine B exhiblts a less complex strati-
graphy and origin, that of winter pushing and coverriding.
Formative processes continued until July in 1979, although
the precise time of winter advance to the moralne is uncertain.
Birnie (1977) suggests the moraine forming period to be late
in the accumulation season for Antarctic glaciers, and based
upon glacier flow rates and the distance of glacier retreat,

4 similar situatilon may be expected for Emerald Glacier.

The contrast between the two areas stems from the
€Xist®nce of a heavy supraglacial debrilis cover proximal to

Moraine A and its absence proximal to Moraine B.
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Chapter 6

Coneclusions

The type of winter reactivated push moralne character-
ising Moraine B 1s a not uncommon feature of temperate
glaclers (e.g. Worsley 1974, Birnie 1977, Matthews et al.
1979, Rabassa et al. 1979). Similarly, minor dump moralnes
have been described at temperate glacler termini (Okko 1955,
Boulton and Eyles 1979, Eyles 1979), although not exhibilting

complexity in the form of an Interstratliflied subglacial unit.

However, the exlsténce of two moraine types, one of a
Possibly 'annual' nature around a single lce margin 1s a
distinctly uncommon feature. It is one directly related to
the existence or not of a supraglacial debris cover on proxi-
mal i1ce, and thus combines elements of both facies Al and B

ty¥pe moraines (Boulton and Eyles 1979).

Classically, complexity within moraines typifies sub-
Polar or polar glaciers (Boulton 1967, 1970a, 1972), with a
tripartite division of flow, melt-out and lodgement till

elements representing a single depositional phase. In the
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case of Emerald Glacler however, complexlty results from more
than one formative process; the development of a talus apron
and 1ts subsequent pushling and overriding. Thils process has
peen described by Hewitt (1967) and Whalley (1974a), but in
both cases only an essentially simple stratigraphy was evi-

denced.

Complexlity at Emerald Glacler suggests several important
facets of the depositlional process, On the one hand a com-
plex supraglaclal stratigraphy observed within the in situ
environment, 1s shown to have survived deposlitlion within
the moraine itself. Perhaps thils testifies to the thickness
of supraglacial debris, thus limitling washing and the
potential removal of the fine layer. In any event, the
existernce of a supraglacial 'skeletal so0il' within the moraine

itsel contradicts the assertion of Eyles (1979) that such

3

a unit would never survive final deposition.

Simlilarly, the existence of a subglaclial unit within the
moraine suggests 1t possesses characteristices that have con-
tributed to its survival as a distinct unit. The plastic
nature of the lens 1s the major consideration and attests
Peérhaps to a near terminal subglacial environment little
influenced by glaciofluvial processes. The steep slopes
Surrounding the ice margin may result in a sub-glacial
drainage system normal to the slope, rather than towards the
terminus. Agailn, the protecting mantle of supraglacial

debris limiting glacier melt may be a contributory factor
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in the maintenance of the subglaclal unlt, in that an active
supraglaclofluvial environment would probably result 1in 1ts
removal by washlng. Nevertheless, the emplacement of a sub-
glaclal unlit well above 1ts usual stratigraphlec posltion 1s

an unusual feature of moralne stratlgraphy, but which confirms

an active overriding process.'

The study as a whole suggests that the moralnes at
Emerald Glacier cannot be simply characterised as dump or
push type features. The predominance of one type of deposi-
tional process does not preclude others from cccurring around
a single 1ce margin. Similarly, the development of a supra-
glaclal debrls cover and a talus apron does not necesslitate
stagnation of the ice marglin. Indeed, depositional processes
may vary from year to year depending on glacier and sediment

dynamics.

Although the depositlional processes leading to the
development of the Emerald Glacler moraines may be complex,

the factors influencing a readvance of the 1ce front are

equally complex.

The 1960's and early 1970's have been characterised by
recession rates gradually moving toward a still-stand
POsition, following the relatively warm trend of the previous
30 to 40 years (Gardner 1972). Minor osclllations of the
€lacier snout are the result of a direct response to annual

Climatic oscillations (Sugden and John 1976). Periods of
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retreat may be evident within one season and have a more
profound affect on the morphology of the ice front than

advances, in which a lag is 1involved (Young, 1n press).

Data from Peyto Glacler over the past 13 years suggests
two perlods of posltive mass balances, superlimposed on a
general trend of glacier retreat. The years 1966-68, and 1973-H4
and 1976 recorded positive balances, and corresponded to years
of heavy winter snow accumulation. Similar trends may be

expected 1n the Emerald Glacler situatilon.

Emerald Glacler 1ls a considerably smaller glacler than
Peyto (0.7 and 13.4 km2 respectively). Similarly, Emerald
Glacler has a less than 330 metre decrease 1n altitude between
the backwall of the firn basin and the termlnus. Based on
the assumption that similar mass balance trends are evident
between the two areas, 1t 1s suggested that positlive changes
in mass at Emerald Glacier willl be reflected in a terminal
advance within a short perliod of time, If the beglnning of
the most recent poslitive mass balance phase was 1973, it would
be expected that 1t would affect the termilinal area within a
few seasons. This agrees with the recent initliatlion of

moraine formative processes.

Similarly, Emerald Glacler has steep surface slopes
(average 17.50 from backwall to terminus), and therefore
negative mass balances wilill be poorly recorded by retreats

of the glacier margin, compared to a glacler confined within
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a gently slopling valley situation e.g. Peyto Glacler. Also,
a supraglacial debris cover protects the surface from large

losses of mass through surface ice-melt.

In contrast, there will be a short response time for
posltive mass balances to be evidenced at the termlnus,

agaln as a result of steep slopes.

As such, small steep sloped clrque type glaclers llke
Emerald Glacier, gspecially with a supraglacial debris cover,
may be sensitive lndicators of perlods of climatic deterio-
ration. Valley glaclers on the other hand, are more sensitive

to perlods of climatlic amelloration.

However, the unanswered questlion 1s whether readvance 1s
climatically induced by deterloration, or whether past re-
cesslion has established a more appropriate slze/climate
equlilibrium. A long term measurement programme would be

required to respond to such a questilon.

In any event, the conclusions reached at Emerald Glacler
may be applied to areas of both present and past moraine
formation, 1n two majJor respects. Flrstly, more than one
moralne forming process may be observed around a single
ice margin, one of which may be 'annual' in naturej; and
secondly, complex moraines can be the result of temperate
glacier deposition, and such a possibllity must be consldered

when examlning deposits of past glacler depositlonal phases.
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Appendlx A

Graln-Size Anélysis

Sediment samples were collected from both constructlonal
forms and 1n situ deposits, and analysed In the laboratory.
Forty-nine field samples were split, leaving a residue of
approximately 300-400 grams per sample. Each was soaked
within a marked basin for a period ranging from 1 to 24 hours,
dependlng on the amount of clay-size material present. With
large amounts of clay a small quantity (5 ml.) of Calgon was
added to ald dispersion, otherwise agltation by hand was
sufficient. No organlcs were.found wlthin any of the samples

and so no peroxlde or HC1l treatment was required.

Wet sieving was conducted through a 4 @ sleve and the
superlatent collected 1n a 4 litre beaker. This was flocu-~

lated wlith between 5 and 20 ml. of a O0.5N MgCl, solutilon,

2
depending on the amount of filnes. After settling, the clean
water was syphoned off. The resldue was transferred to a 1
litre settling tube and dispersed 1n de-ionised water wilth

20-30 ml. of a 25 gram/litre Calgon solutilon.



The finer than 4 @ fractlion was analysed by the plpette

method , whose recordling lntervals were determined by:

2

(ds s dw) &=
N

O

where, v = veloclty (em/sec); ds = speciflic density (= 2.65);
dw = density of water (0.99825); g = gravity (9.81m 5“2);
n = atmospheric pressure (10.05 X 10“3 at 2000); and r = radlus

of partilcle. s

Readings were therefore taken at:

hr m [ hr m 5

A : D 28 5 @ - O ¢« 28 :» 31 8 9

O & A v N 6 @ 1. ¢ 5% : D5 g g

a +.7 : 08 7 2 T = 36 + 20 Finer than 9 @

At each recording interval 20 ml of materlial was extracted
at a 10 em. depth, and placed in a pre-welghed welgh boat,
dried and then reweighed on a chemical balance. Welght correc-
tions were made for the admixture of floecculant and dilspersant,
and the decreasing percentage of 1 litre that each 20 ml.
Lsample represented. Volume was corrected by a welghting of
1.0204 for the 6 @ fraction, lnereasing to 1.1111 for finer
than 9 . Correctlons ranged from 1.455 grams for a 20 ml.
Mg012/20 ml, Calgon addition te 0.74 grams for 5 ml, MgCl2/20 ml.

Calgon.

P



The coarser than 4 @ fraction was oven dried after wet
sieving and sieved through a nest of sleves ranging from
-4 3 to 4 P, 1ncluding half-phli intervals. Six sleves could
be placed on the Rotap shaker simultaneously, and each nest
of sleves were shaken for a period of 15 minutes. The
separate fractlions were welghed on a sartorius top-locading
balance, whlich measured to one hundreth of a gram, and
lndividual weights were logged on a data sheet, Results were
plotted using the programme outlined in sectlon 3-6, and the

numerlc values for characterislng parameters are presented

coverleaf, in Tables A-2 to A-4.
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Table A=1

Descriptive Terms for Skewness; Sorting and Kurtosis
Measured on the Phi scale

(from Briggs 1977)

Skewness (Sk)

Very Nepatlively skewed -1.0 - =0.3
Nepatively skewed -0.3 - =-0.1
Normal - -0.1 - 0.1
FPositively skewed Q.1 - @3
Very Positively skewed _ B3 = 1,0
Sorting (O)

Very well sorted <0.35
Well sorted 0.35 - 0.50
Moderately well sorted 4 0.50 - 0.70
Moderately sorted 0.70 - 1.00
Poorly sorted 1.00 - 2.00
Very Poorly sorted 2.00 - 4,00
Extremely Poorly sorted >4 .00
Kurtosis (K)

Very Platykurtic <0,67
Platykurtic 0.67 - 0.90
Mesokurtilc 0.90 - 1.11
Leptokurtic 113 = 1350
Very leptokurtlc 1.50 - 3.00
Extremely leptokurtic >3.00
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LET

Tahle A-3

Graln Size Distribution of

Moralne A Samples

_#  Location Gravel Sand Silt Clay m sk o k Nk C/A
10 Site 2 a .8 27«5 1.2 8.5 0.68 .70 11 1.15 .54 227
1l &ive 2 a 41,4 29.5 13.4 15.7 1.80 .59 .00 0.78 LUy 1.40
12 Slite 2 a 5.3 A41.0 23,2 1.7 1.19 .63 U5 1.00 .50 1.82
13 Silte 2 a 51,7 30.1 9.8 8.4 0.54 .67 . 04 1.25 «55 2.39
14 Site 2 b 25.6 30.4 20.3 24.0 3.36 27 .12 0.70 A1 0.72
15 &Site 2 c 52.5 39.4 5.9 2.2 -0.53 .49 .49 1.11 i 3.13
20 B8ite 4 a 73.7 19.4 4.6 2.3 -1.50 .61 87 2.05 .67 7.01
21 Site 4 a 67.3 25.8 4.6 2.4 -1.21 57 .10 1.77 .64 5.83
22 Site U4 a 2.1 32.1 3.4 2.4 -1.07 52 .04 1.49 .60 5.57
23 Site 4 b 30.3 41.0 15.4 13.2 2.14 U5 «51 0.86 U6 1.05
24 Site 4 ¢ §3.8 46.2 7.k 2.7 0.01 .49 AT L3255 2.70
30 Site 5 @& T2v2 25,3 1/7 0.8 -1.54 45 239 129 .58 10.89
31 @&ife 5 a 72.0 24.5 2.3 1.3 -1.50 46 .51 1.40 .58 9.97
32 Blte § a 73.6 22.1 2,7 1.6 ~1.57 .59 .64 1,52 .60 8.84
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Table A-=R

{continued)

#  Location Gravel Sand Silt Clay m sk O k Nk C/A
43 Site 6 34,2 4o0.1 17.9 7.8 1.3 81 3,83 O0.8% U8 L.65
by Site 7 42.6 33.0 12.6 11.8 1.30 .61 4.3 0.98 .50 1.69
45 Ssite 7 39.9 43.8 10.3 6,1 g8 AT 336 185 .56 2.00
46 site 7 62,1 28.0 5.4 4.4 =81 . B2 2,61 171 .63 4,u1
47 sSite 8 42.9 34,1 13.3 9.7 1.09° .58 d:18 ©.97 .49 1.61
48 Site 8 BT«8 280 Tl 8,7 -0.26 .67 3.25 1.61 .62 3.28
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Appendix B

Atterberpy Llimicts

Atterberg limits are conducted on samples which pass
through the U,S. standard sileve No., 40 (about 1.25 f) 1.e.
medium-fine sand. Approximately 100 grams of sample 1s
needed for the completlon of the Atterberg tests, and there-
fore only 31 out of 49 samples were analysed. The major
omlissions were supraglaciél samples whlch have a low silt-

clay content.

Tests completed were the determination.of the plastic
limit and liquid 1limit. In the former a small quantity
(=20 grams) of sample 1s wetted and rolled, until the
resultant thread crumbles at a diameter of 1/8 inch. The
process 1s repeated three tlimes, and after drying the

averare water content deflines the plastic limit.

The liquid 1imlt 1s arbitrarlly defined by the water
content at which 25 blows (a 1 cm. drop each) of a liquild
limlt device (Casagrande 1932) closes a standard (11 mm. long)
groove cut 1n a soil pat. Experimentally, the position of
the 25 bump water content 1s calculated from a plet of 3
separate determinations of water content ranging either side

of 25 bumps.
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Water
Content

Determinatioq of

Liquid Limit (WL)

25 Log Bumps

The plasticity index 1s defined as the difference

between the llquld and plastic limits.

Results are presented in Table B overleaf. Values for
the activity ratio are derived from the relationship between
the plasticity 1Index and the percentage of clay-size material
(Means and Parcher 1964). Relatively inactive (RI) soils are
characterised by values of 0-0.75, normally active (NA) solls

by 0.75-1.50, and active (A) soils over 1.50,
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Table B
Atterberg Limit Values from In Situ Subglacial,

Moraine A and Moraine B Deposits

In Situ Subglaclal Deposlts

Liquid Plastic Plastlcity % Clay Activity Ratilo

# Location Limit Limit Index Size
33 Decoupling 14.00 11.32 2.68 T &3k D37 RI
35 Decouplling 15.20 13.04 2.16 7.74 0.28 _RI
36 Washed Thro.

Mor. A 14,80 12.50 2.30 24,16 .10 RI
37 Decoupling 14.65 13.421 1.24 6.62 0.19 RI
38 Decoupling 14,55 12.19 2.36 5.45 0.43 RI
40 Decoupling 14.98 14.29 0.69 2.66 0.26 RI

Moraline A Deposits

Liguld Plastic Plastlcity % Clay Activity Ratlo

# Location/Facies Limit Limit Index Size

10 Site 2 / a 16,42 13.15 3.67 9.54 0.38 RI
11 Site 2 / a 16.85 13.42 3.43 15,73 0.22 RI
12 Site 2 / a 16.55 14,42 2.13 11.68 0.18 RI
13 Bite 2 /7 & 16,58 13.48 3.10 8.41 0.37 RI
14 Bite 24 B 19.65 13.22 6.43 23.98 0.27 RI
15 Bite 2 / ¢ 18.62 15.48 3.14 2.18 1.44 NA
21 Site 4§ / = 3782 Akl 3.71 2437 1.57 A
23 SBite 4 / b 15.86 11.19 §.67 13.21 0.24 RI
24 Site 4 / c 17.90 15.14 2.76 2.68 1.03 NA
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Table B (continued)

Moralne A Deposits

Liquld Plastic Plasticlty % Clay Actlivlity Ratio

# Location/Facles Limlit Limit Index Size
30 Site 5 / a 19.90 16,24 3.56 1.26 1.80 A
31 Site 5 / a 19.89 18.93 0.96 0.82 F S iy NA
43 Site 6 / b TOIRF3 db.808 1.83 6.97 0.24 RI
by 8Site 7 / b 15.42 11.69 3.73 11.79 0.32 RI
U6 Site 7 / a, 16.95 12.40 4,55 b, uly 1.02 NA
48 Site 8 / b 14,48 12.09 2.39 6.65 0.36 RI
Moraine B Deposits
Liquid Plastic Plastlcity % Clay Activity Ratio
7 Locatlion/Facies Limit Limit Index Size
1 Site 1 / d1 13.45 13,67 0.28 5.02 0,06 RI
2 Site 1 / d, 16.36 15.43 0.93 5.68 0.16 RI
3 SBite 1 / d1 14.51 11.96 2.55 6.54 0.39 RI
h Site 1 / d1 15.08 14,10 0.98 1.65 0.59 RI
5 Site 1 7 dl 14.43 13.03 1.40 2.43 0.58 RI
6 Site 1 / d1 14.97 14.27 0.70 2.60 0.27 RI
T Site 1 / d1 15.07 13.84 1.23 3.54 0.35 RI
g8 Bite 1 J dl 14,77 12.47 2.30 3.54 0.65 RI
9 Site 1 / d1 15.22 14,55 0.67 2.71 0.25 RI
42 Site 3 / d 15.11 13.17 1.94 5.50 0.35 RI
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Appendix C

X-Ray Diffraction

Analysls of the finer than 4 @ fraction allows the relative
abundance of clay mineral and silt fraction to be determined,

as well as defining the type of clay mlinerals present.

Slides were prepared by making a smear of a solution of

the silt/clay component and allowing to dry.

A Phillips diffractometer with a 2 k.w. normal focus
copper anode tube was used, and results recorded by a propor-
tional detector with a modifled monochromator. Scan speed
was 1° per minute between 4° and 35° of 28, with a 1° diver-
gence slit and a 0.2 mm. recelving slit. Chart speed was

1l cm. per mlnute.

Three slldes were prepared for each sample, one being
run as an untreated sample. The presence of Kaclinite was
tested by heat treating a second sllide at 55000 for 1 hour,
analysing the resultant and comparing to the untreated.
Collapse of the 7 g peak, identifies kaoljnite (CGrim 1962,
Carroll 1970, Brown 1972). The third slide is placed within

a dessicator contalning ethelene glycol at 80°C for 1 hour.
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0
A characteristic swelling from a peak of about 15 A to one of

(o)
about 17-18 A 1is associated with montmorillonite~type clays.

After the random analyslis of 15 samples using heat
treatment and glycolation no kaolinite or montmorillonite-
type clays were found. Subsequent analyses were therefore

unidertaken on untreated samples alone. )

Results were presented 1n a chart form. Relative values
for clay and non-clay mineral peaks were characterised on the
basis of the helght of the peak measured by a scale on the

chart ltself:

Very low 48 g <10

Low (L) 10 - 40
Moderate (M) 40 -~ 70
High () 70 = 100

Very Higph (H+) >100

In the fellowlng tables majJor second and fourth order
chlorite peaks and first'and third order Illite/mica peaks are
recorded, as well as the major non-~clay mineral peaks of

‘quartzite (3.32), calcite (32) and dolomite (2;92). Other

o o)
ldentified diffraction peaks e.g. 14A and 4.7A chlorite,

o 0 (o} o} o
4,4A mica, 3.7A and 2.7A dolomite, 4.2A quartz, 3.2A feldspar
conslstently had very low or low peaks and are therefore not

recorded.

Lus



Tha elay: nen-clay ratio value is derived from a

nureric representat.ion of major chlorite and 1llite/mica
O o)
peaks, (7A and 10A respectively) ard the major quartz and
0 0
dolomite peaks (3.3A and 2.GA reznpectively).
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33
35
37
38
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Table C

X-Ray Diffraction analysis results:

In-Situ supraglacial and subglacial deposits.

In-Situ Supraglacial deposits

Clay:
Location Chlorite Mica/Tllite Quartz Dolomite Calcite Non-clay
(8] O (8] O (8] O O
74 3.5A 10A 54 3.3k 2.9A 3A
Avalanche
Slope H g H 1 Ht v L .79
Avalanche + + i
Slope L ™ 3R L H H L 13
Avalanche + +
Slope L 7 L b H H 5 .16
Avalanche + +
Slopa B 0w 5 L H H L N
Transecs 1 L~ L M L ut H L .20
Transect 1 L L' B M Ht M M 2
Transect 1 L~ = L e L M .56
Transect 2 L M L L H M L 42
Transect 2 M MM L 5 HY L 40
Transect 3 I M H L ut L L .78
In-Situ Subglacilal deposits
Clay:
Location Chlorite Mica/Illite Quartz Dolomite Calcite Non-clay
O ] O (0] O O O
78 3.5k 104 54 3.34A 2,94 3A
Decoupling L L L BE M H L .30
Decoupling L L M L M ut L .29
Decoupling L L M L M S L .30
- +
Decoupling L L L L H H M .18
Decoupling L~ L~ L 5 M H' b 14
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Table C

X-Ray Diffraction Analysis results:

Moraine A

Clay:
# Location Chlorite Illite/Mica Quartz Dolomite Calcite Non-clay
O O Q ®] (9] Q Q
7TA 3.5A 10A 584 .84 F.08 3A
11 Site 2 a M M M/H L gt M M .62
12 Site 2 a L 9 (R L i H M .30
13 Site 2 a M M H L ut H M .50
14 Site 2 b L i L L gt M/H M .28
15 Site 2 ¢ M M M 27, SRR - H L U5
20 Site 4 a L L. ® M it H' M .37
21 Site 4 a L L M L H' H 1 .33
22 @ige U a2 L h M L ut M H 37
23 Sdte 4 b L L H L H H L 58
ol Site 4 ¢ L 8 @l H gt H L .54
30 Site 5 a M M H M at - E 1T
31 Bite 58 H M H M il - L .67
32 Site 5 a M M H 7 ut 3 L 91
43 Site 6 b L~ il 5 M ut L/M .15
by site 7w L L & L nt a* M .20
45 Site 7 ¢ L L L L i ut M .14
46 Site 7 a, M MM L i il M .39
47 Site 8 b M M H M il ut L .39
48 Site 8 a M L M L ut nt L .28
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Table C

A-Kay Diffraction analysis resultus:

Moraine B

Locatlon CQ}oritecjMi%?/Iljitec)gparg% Dolom%;e Calcite Ng%%%iay
7A  3.5A 104 5A 3.3A  2.9A 3K
site 1.d, L7 LT L - L HY L .11
site 14, 17 L7 L L L H H .14
Site 1 d, L~ L. L L H H L .18
site 1 d LT LT L L H g L Y
Site 1d LT LT L L M HT L 17
2ite 1d LT LI” L L™ L HT i .16
site 1d L LT L L it H L 16
Site 1 d LT I” L L HY pt L 1
Giee 1d L L~ L L t Ht L .18
it 34 L7 LI” L L™ i Ht 1 17
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Appendix D

Sampling Procedure

The selection of sampling sites for botn continuous mea-
surement and stratigraphic sections was constrained by a series

of limiting factors.

The major constraint was that of time. The field season
was a short one, being further reduced by occasional adverse
weather condlitlons. Only a limited amount of data could there-

fore be accurately and efficiently collected.

The contlnuous measurement programmes were further hampered
by the need to find sultable datum points located away from the
lce margin.” A stratified random line sampling pattern (Cole and
King 1968) was therefore employed, with the aim of distributing

measurement slites around the ice margin as much as possible.

The fleld area was also sufficiently remote to warrant some
selectivlty in sediment sampling being employed. This factor is
also consldered on page 41, and partly explains the lack ofl

sedimentological data for the coarser than -2.5 @ fraction.

In general, the sampling procedure undertaken 1n the field
was considered the most effective means of collectlng data from
the 1ce margln area within the limitations imposed by time and

environmental conditions.

Reference: Cole, J.P. and King, C.A.M., 1968: Quantitative

oprapny , Wiley & Sons London
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