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FRONTISPIECE: Overview of the study site, July 1988. Note the ice margin, the stream deltas,
and the ice-cored moraine area. See the camp located at the lower right for scale.



ABSTRACT

The formation and drainage of glacier-dammed lakes are a very dramatic element of the
hydrological regime of a glacierized region. The objective of this research is to contribute to
the undersianding of the hydrological and sedimentological processes operating in a glacier-

dammed lake in the St. Elias Range, Yukon Territory.

The thesis addresses three major components of ice dammed lake research, the water
balance of the lake, some aspects of glacier ice dynamics, and sedimentary sequences formed

under conditions of changing water levels.

A systems approach was utilized to study input, storage and output using standard
hydrological and sedimentological techniques. Ice dynamics were monitored by survey

techniques and by photographic records.

The results indicate that the lake is no-t completely sealed, but leaks continuously
throughout the season. The rates of leakage increase from 0.50 m3sec to 8.61 msec!
during thé summer. Drainage is initiated by connection of the lake to the internal f.lrainage
newwork of the Kaskawulsh Glacier, and not by floating of the ice margin. Floating increases
both the storage capacity and the leakage rate of the basm but does not cause the Ionset of
drainage. The length of time required to drain the lake completely was 7 days, during which
time the rate of drainage increased at an exponential rate, to a maximum value of 78.89
m3sec’l, However', the time frame in whic.:li drain.;xge occurs is known to vary from early in

August until mid-September.

The study of the ice ma;gin provided information on the vertical movement during both
the filling and draining stages. The ice was found to have lifted during the preceding fall
- season as well as during the summer season. 'I"he amount of lift of the ice margin decreased .
with increasing distance away from the ice face. Radio-echo §ou1_1ding quantified the assumed

-jii-



shape and thickness of the ice margin, confirming that it is a re-entrant of the Kaskawulsh

Glacier intruding into a hanging valley.

The analysis of the sedimentary processes operating within a basin and the resulting
deposits provided information on the changes caused by fluctuating water levels and annual
drainage. The most noticeable factors are that the deltas are constructed in a step-wise
fashion moving upstream, with each set in part overlying the previous one, and that the date
of drainage affects the amount of erosion and redeposition which occurs. 1f drainage occurs
while discharge is still high, then a reverse set of deposits may be established. Finally, deep
water areas are sediment starved during part of the season, since fall drainage removes all
fine material, and annual rhythmite deposits therefore do not form. The only material

deposited is from summer density-induced underflows.

~jv-



RESUME

La formation et le drainage de lacs de barrage glaciaire sont des éléments spectaculaires
du régime hydrologique d'une région glaciaire. i.'objectif de cette recherche est de contribuer
a la connaissance des processus hydriques et sédimentaires d' un lac de barrage glaciaire situé

dans Ia chaine des monts St. Elie.

La these comprend (rois parties majeures: le bilan hydrique du lac, quelques aspects de
la dynamique du glacier, et I'analyse des dépots mis en place sous des conditions de niveau

d'eau variable.

Une approche d’étude de systémes a été utilisé pour lraiter le régime des gains et des
pertes en cau et la capacité de retenue du réservoir naturel. Les techniques classiques d'étude
hydrique ¢t sédimentologique ont été utilisées. Les mouvements verticaux de la glace ont &té

surveillés en utilisant des techniques de levés et I'étude de photographies.

Les résultats indiquent que le lac n'est pas complétement scellé, mais s'écoule
continuellement. Les vitesses d'écoulement augmentent de 0,50 mIsec] a 8,61 m3sec’! au
cours de F'été. Le drainage est initié par la connection du lac avec le rééeau interne du glacier
Kaskawulgh. Le flottement de la marge glaciaire augmente la capacité de retenue du bassin et
la vitesse d'écoulsment des eaux mais n'amorce ﬁas le drainage. Le texﬁps néces@ﬁe pour la
vidange compléte du lac..'fut de 7 jdurs, duraﬁlt lesquels la vitesse du drainage augmenta de
fagon exponentielle jusqu'a une valeur maximale de 78,89 m?sec‘l. Ce drainage peut survenir

du débu@/du mois d'aoilt jusqu’a la fin de septembre.

L'étude di: la marge glaciaire a fourni de Vinformation sur le mouvement vertical du
glacierlen font:tion-du chz;n'gement dn niveau d’eau du lac du}ant la saison esti\}ale.' La marge
“'a connu une élévauon durant lautomne précédant, ainsi que durant 1'été méme. La valeur du

- ‘rehaussement de la marge dumnue en s'éloignant du lac. L'unhsanon ‘d'un radar a penms de

'.'V; ’
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connaitre la forme et I'¢paisseur de la glace, confirmant que c'est un lobe du glacier

Kaskawulsh dans un bassin d'appoint.

L'analyse des processus sédimentaires et des dépdls qui en résultent a fourni des
connaissances sur les changements provoqués par un niveau d'eaun variable et par le drainage
annuel. Les aspects les plus remarquables sont que I'ensemble des deltas forment des paliers
a altitude croissantes construits successivement vers I'amont qui se recouvrent particllement,
et que la date du drainage affecte I'intensité de I'érosion et de re-déposition qui se produit. Si
le drainage a lieu quand le débit est encore trés haut, une série de dépots inversés peut se
produire. Les sections d’eau profonde sont privées de sédiments pour une partie de la saison,
parce que le drainage en automne enléve tout les matériaux fins, et les dépdts rythmiques ne

se forment pas. Le seul maiériel qui est mis en place provient des courants denses estivaux.

-vi-
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NOTE

The toponyms 'Surging Glacier’, Non-Surging Glacier’ and ‘3rd Glacier’ as applied to the
glaciers, the streams or the meteorological stations are not official geographic designations.

They are used only for convenience.
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CHAPTER 1
INTRODUCTION AND PROJECT DEFINITION

1.1 INTRODUCTION

Ice-dammed lakes are an important part of the hydrology of every major glacierized area
in the world. An ice-dammed lake may be defined as a substantial body of standing water,
located in, on, under or at the margin of a glacier, such that its existence is in some way
dependant on damming by glacier jce (Blachut & Ballantyne, 1976). Ice-dammed lakes arc by
nature relatively transitory and highly dynamic features of a glaﬁia! landscape. These bodies
of water,_whether they are ephemeral surface ponds or large lakes, serve as storage basins.
" Hydrologically, some of these lakes are important because of the sudden, rapid draining of a
large part or all of the stored volume of' water after a slow filling. This sudden drainage (or
. jokilhlaup) can have serious -repercussions in the area into which these lakes drain.
Documented cases attest to the destructive force of these sudden discharges: entire a]pinc‘
valleys have been laid waste, and bridges, roads, other engineering structures, as well as

agricultural land and housing have been destroyed.

Ice-dammed lakes are gbod general indicators of climatic alleration and glacier
oscillation. They can form under conditions of general climatic warming z;nd glacier retreat,
or they may fo:;m as a result of rapid glacier advance. A recent exa.inplc of a lake created

~due to a glébier surge-i§ 'Russell Lake', formed by the advance o‘fl the Bubbard Glacier in
Southeast Alaské. (Anﬁerson,i'1985). This glacier blpcked‘ a fjord for a period qf two
" months; during which ﬁrﬁe the volume pf water behind the ice dam rose dramatically. This

lake drained over a period of hours, after rapid failure of the ice dam due to hydrostatic
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pressure. Other lakes formed under similar conditions are Lake Donjek, Lake Alsek and
‘Hazard Lake’ in the Yukon. On the continental glaciation scale, a few examples of lakes
contained 1o some exient by an ice margin are Lake Missoula and Lake Agazziz. At present,
the majority of ice-dammed lakes form due to glacier downwasting and retreat, and these will

be the focus of this research.

Ice-dammed lakes formed due to glacier downwasting are thought to go through three
phases, one of semi-permanent existence, one of frequent drainage, and one of permanent
drainage. Each of these phases is thought to be associated with varying conditions of the.
damming margin. Each phase also has certain sedimentary processes which correspond with
the hydrological conditions. The most critical phase of the existence of thése ice-dammed
lakes, hydrologically speaking, is during the period of frequent drainage, since 'frequent’ can

range from several times per summer to annually, bi-annually or less often.

The rate of filling of these lakes depends upon a number of factors such as drainage
area, topographic limits of the lake itself, effectiveness of the ice barr%er, and source of
water. The maximum levél 1o which these lakes will fill is dictated by the height of the ice
dam. Once full, drainage may be initiated. The exact mechanism of drainage is still unknown,

but there are a number of h}%olheses which have been proposed.

Sedimentary deposition in proglacial lakés is well documented, and many of the
processes operating therein also apply in glacier-dammed lakes. However, the annually
draining. characteristic of their hydfologicai regime alters the sedimentary selquenc‘es. These
lakes drain partially or fully, which interfupts a noﬁnal,l _year;round depositional schedule.
Thg rising and fal!ing water level duriné filling and drmmng also affects the formation of the

delaic sedimentary sequences.



1.2 OBJECTIVES

The objective of this research is to contribute to the evaluation of extremes of
hydrological systems in alpine areas through the study of a glacier ice-dammed lake with an |
annuai drainage characteristic. Establishing the triggering mechanism for drainage of one
particular lake will contribute to a greater understanding of the range of drainage mechanisms
operating in these lakes. Furthermore, definition of the role of varying hydrological processes
affecting sediment deposition will assist in the modelling of idealized sequences forming under
similar conditions. Application of these theoretical sequences to other lakes (present or

former), could then help to re-interpret sequences of uncertain genesis.

1.3 HYPOTHESES

1. Drainage of the ice-dammed lake occurs as a result of floating of the ice dam. The'
water level must reach 9/10ths the height of the ice barrier to initiate flotation, and thus
trigger drainage. The floating of the ice margin before drainage occurs indicates a
secondary triggering mechanism must also be implicated. Possibilities for this
secondary mechanism are:
(A) glacier movement along the bed exerts strain 6n the ice, and plant.s of
weakness can be opened to provnde an escape route for the lakc water. ‘
(B) hydrostatic pressure on the base of the ice forces open a tunnel in the ice.
(© warmer, denser bo'ftom-hugging currents provide enough heat 16 exploit plnln.es

of weakness in the ice and develop a tunnel.

' 2. Thelakeis Jfilled primarily by drainage aff the Kaskawulsh Glacier. Maintenance of lake

water temperature at less than 1°C will indicate a dominance of the cold water supply.
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3. The basin inflow moves as a high densiry underflow. Thermal density stratification of
the lake water ensures that most of the suspended sediment load will be deposited in

topographically low areas. .

4 The late summerlearly fal! drainage of the lake will cause the deep water sedimentary

sequence 10 be missing the fine clay layers usually deposited during the winter months.

5. A high degree of variability in the sedimeniary sequence is caused by daily variations of

discharge and sediment input from glacial feeder sireams.
1.4 THE STUDY AREA

Thc lakc is situated at 60°46'N, 139°07'W, on the north side of the Kaskawulsh Glacier in
the St. Elnq Moumams Yukon Territory (figure 1). The lake is located at an altitude of 1600

'm abmc sea level, wuh the surrounding peaks nsmg 10 3100 m a.s. I

. The size: of the basin is approximately 48 km<, that is about 10 km long and 5 km wide,

and is fed by three small tributary glaciers. These glaciers occupy 34% of the basin area.

Thc area was complclel\ covered by ice as ‘recently as 1865 (Denton & Stuiver, 1966)
Smce then, general chmauc amehorauon has led to glacier downwastmg, and gradual
“expaosure of thc valley. This basin is mostl) free of ice, since it is south-facmg, and receives
large amounts of meolauon (mean for July 1965: 514 1 langleys) (Gra\' 1985) The stud\ area
is below the equilibrium lme for the I\askawulsh Glacxer, so that all snow melts each summer.
On the three small glac:ers which feed into the jake, most of the surface snow melts in the
summer Only the upper cirques (or accumu]anon zones) of these glacxers remain sno“"

 covered. Two of the glaciers are in states of general retreat, and the tlnrd is surging at
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present.

The geology of the basin is composed of Paleozoic age rocks. The eastern half of the
basin is characterized by volcanics, greywackes and carbonates of the late Cambrian fo
Permian age, intruded by diorite and granodiorite plutons. The western half of the basin is
mostly low grade metamorphosed sedimeniary rocks such as sandstones, shales and slates.
Quartz veins, found in conjunction with these metasediments, contain galena and iron pyrite
(Gray, 1985). Devonian carbonates, located higher in the icefields, are found as erratics in
the basin near the ice margin. They were transported by the Kaskawulsh Glacier and
deposited in the basin by the re-entrant ice tongue. The whole of the bedrock assemblage in
the basin has been deformed at least three times, once prior to the intrusion (late Paleozoic
time (270-290 my) to Tertiary), a sccond at unknown time, and the latest in late Miocene time

during the St. Elias uplift (Campbell & Dodds,1978; Gray, 1985).

The climate of the region is highland subarctic, with orographic precipitation on the
coastal side of the range, and a tendency towards semi-aridity on the east.em side of the
icefields. The temperature is moderate, with the mean daily ma.xirnum temperature being
.abuw. 0°C from March to October. The daily mean temperalure is usnally in the range of
15-20°C in July and August. The temperamre range (both mean and extreme) in this area is
moderated, since strong, constant katabatic winds do not allow temperature extremes to

develop (Taylor-Barge, 1969).

The total annual precipitation for the site .is approximﬁely 800 mm (water eguivalent),
with 200 mm from thé summer and 600 mm from the winter (Gray, 1985). The Atmospheric
~ Environment Service (A.E.8.) records for Fhe pearest stations show that the average amount
of snowfall forlthis area ranges from 76-138 cm/yr (bé.sed on 1982-1986 data for Burwash

Airport and Haines Junction).

Winds in the area are mostly controlled by the topography. These winds may be ‘part of
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the regional weather systems, but they are mostly ‘glacier winds’. The prcdominant wind
direction at this site is down-glacier; from the south-west, thus from within the iceficlds
(Taylor-Barge, 1969). These winds have speeds which may vary through the day, reaching
maximum velocities on summer afternoons when the air/ice temperature difference is greatest
(Gray, 1985). These winds bring a lot of cloud, however, most of the precipitation is

associated with N.W. winds (Taylor-Barge, 1969).

There are almost no plants or vegetation in the basin. What there is is confined to small
patches located on the shoulders of the surrounding ridges. The predominant types of plants
seen are Dryas spp., Carex spp., Oxytropis spp. and Artemisia spp. (Roy, personal
communication, 1987). In general, since there is little soil development, the material remains

loose and extremely mobile.

The lake is cold monomictic, meaning it has a limited ice-free period, restricted
circulation, a small thermal gradient, little or no thermocline and surface temperatures which

are constantly near, at, or below 0°C (Hutchinson, 1957).

The basin (figure 2) is ﬁlied with glacial depdsits, ranging from moraines to fluvioglacial
deltas to glaciolacustrine va'rved sequences. Some of tl;e till deposits are ice-cored at present,
‘while others show melt-out and coﬂaﬁge features. The east side of the basin is the most
active, having been recently renewed by a surge of the cirque glacier. Well defined lateral
moraines and push ridges are also present. The western side of thé basin shows many
stagnant ice features such as kénle-typg depregsions, mudﬂows' over ice cores and contorted
lake sediments overlying till. There are glaciolacustrine's'equences at several locations within
_ the basin, often perched atop till moﬁnds and moraine ﬁdges. In addition, with three smali
cirque éhciers feeding into the lake, there is a large amount of ﬂuviajllféreworked material. -

There are extensive areas of braided channels, and some quite large deltaic features.



Figure 2: Aerial photograph of the study site.
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1.5 SCOPLE OF THE INVESTIGATION

The investigation will focus on the drainage basin of the ice-dammed lake. Threc major
topics will be emphasized, the water balance of the lake, the drainage mechanism and the role

‘of the ice margin, and the sedimentary sequence developed under current hydrological

conditions.

Information to be included in the investigation are data collected over two consecutive

summer field seasons on :

(1) the size, shape and depth of the lake;
(2) the rate of filling and draining of the lake;
(3) the volume and rate of water input into the basin;
(4) ice margin flotation and drainage mechanisms;
(5) influent stream water temperature and suspended
sediment concentration;
(6) sediment dispersal processes;
*(7) sedimentary sequences (of current lake deltas); and

(8) general climatic information.

In addition, aerial photographs (A13132, A13133, A22999, A24763), topographic maps
(1:250,000), geological maps (G.S.C. map 1134A) and A.E.S. climatic data will ‘provide a

- fuller understanding of the hydrology of the basin.

The research ‘wil‘l be presented in the following format. A discussion of previous
documentation on many aspects of the research will be follo_wed by a description and 'analysis
of the methods and techniques used. Chapter four will contain an in-deptil analysis of the

laké water balance, including the field results, calculations and conclusions. Chapter five will
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examine the ice movement and margin behavior. The sixth chapter will concentrate on the
sedimentary research, both the processes operaling within the basin, and the sedimeniary
sequences formed by these. Subsequently, any general conclusions and suggestions for further

rescarch will be elucidated.



CHAPTER I

BACKGROUND RESEARCH

2.1 INTRODUCTION

Research on glacier ice-dammed lakes has shown that the earliest records of the drainage
of such a lake are from 1201 A.D. in an Icelandic parish record. Most of the earliest work
was carried out by Icelandic researchers, since this was one of the first glaciated areas
inhabited. Their work was mostly descriptive, concerned with qualitative narratives of
destruction by the catastrophic drainage of these lakes (Thorarinsson, 1939). Following the
emergence of the glacial theory in the 1840's, investigations into the subject of ice-dammed
lakes were- centered on imérprelation of landforms and sediments left by now-cmpty

Pleistocene lakes (Blachut & Ballantyne, 1976).

The emphasis in recent research has been on more quantitative aspects of these lakés.
Contemporary workers are using detailed observations and :hcasurcmcnls to construct
hypotheses on lake drainage mechanisms. Studies have been conducted with the intention of
establishing general criteria, such as the nature of the retaining ice wall, lake temperature
regimes (Campbell, 1968, 1973) water inputs, parameters of subglacial ‘drainagc conduils
(Rothlisberger, 1‘9?2; Nye, 1976), form and frequency of lake drainage, drainage triggering
mechanisms, presence of strandlines {Sturm, 1986), evidence of flotation, and detection of
Ieﬁqe prior to drainage (Fisher, 1973). Reséarchers are now combining physica! theory with
accurate measurements of such parameters in aitempts to model lake behavior (Clague &
Mathews, 1973; Blachut & Ballantyne, 1976; Clarke, 1980,1982; Clarke &' Mathews, 1981;
Clarke, Mathews & Pack, 1984; Clarke & Waldron, 1984).



2.2 DRAINAGE MECHANISMS

There are several concepts which have developed as a result of research into the
drainage mechanisms of ice-dammed lakes. Hypotheses on drainage of ice-dammed lakes can
be placed into four basic categories: 1) barrier flotation (Thorarinsson, 1939); 2) temperature
induced tunnel melting (Liesloi, 1956) or tunnel enlargement due to pressure deformation
{Glen, 1954); 3) geothermal or geophysical factors (tectonic activity)(Thorarinsson, 1953;

Tryggvason, 1960; Bjornsson, 1975); and 4) supraglacial overtopping (Maag, 1969).

One of the carliest hypotheses was that of ice margin flotation (Thorarinsson, 1939).
The concept supposes that the contained body of water will eventually lift the retaining ice
wall away from the lake bed, allowing the water access to subglacial or englacial passageways
through which drainage can take place. This mechanism requires the water level to have
attained 9/10ths the height of the ice face (Thorarinsson, 1939; Marcus, 1960), and is based
on the density differences between ice and water. Several corollaries have been added to
supplement this idea. Lindsay (1965) and Whalley (1971) concluded that some extra
.undcﬁncd amount of force was necessary to overcome cohesion of the ice margin to the
- bedrock, and Thorarinsson (1939) included in his calculations a correction factor for
trc\'assing. This is necessary as it is often evident that the critical zone of the ice barrier is
probably some distance back from the ice margin (figure 3) (Aitkenhead, 1960; Marcus, 1960;

Howarth, 1968).

Glen (1954) alternatively suggested that margin flotation was a respo:ise to a change in the

equilibrium of hydrostatic and glaciostatic pressure.

The sagging and fracturing of ice dams after drainage due to the removal of the buoyant

support of ‘the water is consistent with a floating mechanism. Marcus (1960) and Sturm &

Benson (1985) suggested that the post-drainage ice surface most likely reflects the general
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CRITICAL ZONE

_GEOGR REV. JAN..1900

Cross section of the ice barrier. In the upper view, the lake is filled with
water, and heavily crevassed ice foats beyond the critical barrier. Afier drinage (lower
view), the fluating mass collapses. This accounts for extreme ice breakage in a zone of
slight bed disturbance. Note the assumed position of the ice plug.

Figure 3: Ice margin flotation (Marcus, 1960).

shape of the bottom of the basin when the lake has drained.

Another series of hypotheses is concerned with drainage by tunnel opening in response
to pfessure and temperature factors. Liestol (1956) suggested that movement of a glacier over
an uneven basal surface will cause small cavities to open, which can then be exploited by lake
water. He proposed that heat avaﬂable in the water would be transferred to the ice by
friction, leading to melting and widehing of the drainage passageway. Rothlisberger & Lang,
(1987) also stated t‘hai the necessary heat for en]arlging conduits could be provided by :
advection from the reservoir and dissipation of potential eﬁergy. The source of the heat m
the basin may be the influent stream water, which has often been f‘ound to be several degrees

warmer than the ambient lake water temperature. Gilbert (1972) concluded. that warm water
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is necessary for the onset of the drainage in order to enlarge the tunnel at a more rapid rate
than that of tunnel closure from ice overburden pressure. This may be one reason for the
timing of many of these lake drainage evenis. Tufnell {1984) collected results of studies from
the Alps, the United States and Norway. These show that a very large percentage of drainage
events occur between the beginning of June and the end of September when the water will

-

attain its highest temperatures.

Rothlisberger (1972) quantified the temperature/pressure imbalance within the drainage
tunnel. During drainage, frictional melting of the tunnel by turbulent water flow occurs faster
than plastic deformation due to pressure by the overlying ice. Mathews (1965, 1973)
calculated that the heat transfer to the tunnel walls is nearly 100% in the early stages of the
drainage event, but drops off to 35% as drainage progresses. These results from Summit
Lake, B.C. are in accordance with Liestol's (1956) findings. Hence, the tunnel opening rate

outstrips the closing rate, and drainage can occur.

The closing of conduits depends on the pressure difference between overburde;t pressure
of the ice and water pressure. Rothlisberger (1972) suggested that the time required to close
conduits can range from several days to several years. Liestol (1956) concluded from his work
in Norway that outlets stay open permanently when' the ice dam is less than 50 m thick, as
this ice thickness provides insufficient ice overburden pressure to close conduits. This idea

has major implications for glaciers in recession.

Glen (1954) approache'd the problem from a different perspective. He prop@;sed that
tunncl opening was brought about by 'press'ure deformation at the base of the ice face. This
, mecﬁanism requires fairly large water depths in order to invoke the shear stress between the

water and ice necessary to open a tunﬁel in the ice margin. However, very few ice-dammed
lakes ‘achieve the necessary depths (Glen, 1954; Whalley, 1971). Furthermore, the rate of
"chahngl enlargement is too slow to'form all of a pﬁssagewﬁy by this mechanism alone

(Marcus, 1960), since the rate of enlargement by pressure deformation is not in agreement

J
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with the observed rapid release times of some lakes.

Another possibility for the development of a subglacial channel is scepage through
permeable material below the glacier sole. When the temperature of the water rises in

summer, ice melts at the sole and an initial channel can then develop at the contact

(Rothlisberger & Lang, 1987).

Stenborg (1968) discussed the idea of the development of internal drainage systems both
vertically downwards and laterally as part of a main drainage network within a glacier.
According to Whalley (1971), the breaching of the ice dam and tunnel enlargement arc
insufficient to initiate drainage. Rothlisberger {1972) proposed that contact must be made
between the lake and the general glacier drainage system before the ponded water can escape,
Weertman (1973) outlined how a water-filled crevasse in a zone of tensile stress could widen
downward to the point where such a connection is made with the glacier's main drainage
system, initiating drainage. He explained that the terminal region of an ice dam would
contain the necessary water, and would be subject to the high tensile stress levels required to
widen a crevasse to such an undefined depth. This, coupled with the increasing carrying
capacity of the drainoge system as the summer progresses, indicates that this may be a
possible explananon for lake drainage (Wha]]ey, 1971) However, other factors are known to

‘affect where the water actually flows, such as the flow rate and stress pattern of lhe damming

glac:er (Whalley 1971), local 1opography, ice conditions and sediment load (Rothlisberger, -

1972).

Some ideas on geothermal and geophysica] triggers for lake drainage were developed in

| Iceland where there is a conetanl interaction between glacioloéy and I:v‘olcanilsm Bjorr:sson
(1975) believed that subglae:a] volcamc aetmty melts some of the overlymg ice, and lava
' 'subsequemly mﬁlls the resulting cav:ty Thrs buxlds up the hydrostanc pressure, provxdes""
abundant heat to melt tunnels,and forces drainage. However, other researchers ' have

suggested that the glacier bursts determine the moment of eruption and not vice versa .

e
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(Thorarinsson, 1953). This would be possible as a result of the flood suddenly releasing
weight from the earth’s surface, therefore inmitiating earth tremors and volcanic activity
(Tryggvason, 1960). Tryggvason (1960) proceeded to establish five possible relationships
between tectonic activity and jokulhlaups, \rhich'range from one side of the debate to the
other. The correlation between tectonic activity and the drainage of ice-dammed lakes is still
a matter of controversy. However, Post (1967) showed from h:s work in Alaska that 38 ice-
dammed lakes showed no evidence of disturbance after the 1964 earthquake. Furthermore,
regular time intervals between eruptions, which ckor.respond with the r}'pical eyclic behavior of
an ice-dammed lake, tend to give more weight to the idea of the glacier burst being the

initiation mechanism for the tectonism rather than vice-versa (Bjornsson, 1975).

The last major idea developed is that of ice-dammed lakes draining by supraglacial
overtopping and marginal drainage. This hypothesis seems to be most applicable 10 subpolér
or polar glaciers :(Blachut & Ballantyne, 1976). This is because lhelélaciers are usually frozen
to their bed, making flotation unlikely. This hypothesis involves' the water level rising be_\'ond
' lilc rc;tcmion capacity of the basin, overflowing onto the ice or between the ice and the rock
nlinrgin,:and incisihg channels or decp gorges in‘!cifthe i_ce. A different set of triggering factors
are involved in this type of drainage mechanislm. Heavy precipitation, strong wi.nds, or calving
- icebergs causing waves, avalanches or landslides into the lake, or the outflow of lakes in a

chain sequence further upstream have all been proposed (Stone, 1963; Maag, 1969).

.

One method of determ:mng how dramage occurs is through examination of the resultam ‘
dncharge paucm seen on 2 hydrograph 'Lakes overflowing through supraglacial or marginal
routes will show an initial sharp rise in the d:scharge record, followed by a gradual drop in
the rate of flow. Subglac:al or englac:al dramage systems on the other hand generally show a
sharp rise and a sharper, sudden fall in the hydrograph (figure 4) (Thorarinsson, 1939; Maag,
1969; Blachut & Ballantyne, 1976; Young, 1981).
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Figure 4: Generalized Jjokulhlaup hydrograph (Young, 1981).

Tﬁere is no general consensus on the sequence of events which leads Ilo drainage of ice-
dammed lakes. Most workers haﬂré, after setting out their own ideas, stated that other fa_clor§
and/or mechanisms may be partially responsible for drainage. Blachut and Ballantyne (1976)
prepared a comprehensive Ireviéw of the subject, and go so fa:. as to differentiate between
factors whick ;ﬁggér the éommencement of drainage and the actual mechanism by ‘which
water is released from the lake. They aésign ice dam flotation, volcanic eruptions and barrier

overtopping to the first category and Glen's pressure deformation and Liestol's tunnel melting

to the second.



2.3 SEDIMENTATION

Most research on ice-dammed lakes has concentrated on individual case studies rather
than gencral research into this particular environment. These studies were divided fairly
cvenly between Pleistocene or lateglacial lakes (Fulton, 1965; Ashley, 1975; Shaw, 1975;
Shaw & Archer, 1979; Atwater, 1986), and contemporary ice-dammed lakes {Gilbert, 1975;
Gustavson, 1975; Smith, 1978,1981; Bradbury & Whiteside, 1980; Gilbert & Shaw, 1981;

Weirich, 1985,1986; Liverman, 1987).

The emphasis of most of the work was on the examination of sequences, and subsequent
environmental reconstruction for particular locations. Foremost among the techniques used
for dating these glaciolacustrine deposits was counting varves. For example, Atwater (1986)
used this method to successfully date a section in Northeastern Washington. His results
indicated that late-glacial Lake Columbia existed between 15,550 { 450) yrs BP and 13,050 (&
650) yrs BP. However, as more information on sedimemary processes emerged, it became
apparent that the couplet-type deposit did not necessaril)' represent an annuai sequence. For-
example, turbidity currents also deposit a gradational sequence, referred to as a Bouma
sequence (Middleton & Hampton, 1976). These sufge current deposits aiso have an apparent
rhythmicity due to the repetition of a randomly occurring process. The time they represent is
usually only a few minutes (Ashley, Shaw & Smith, 1985). There are a few distinguishing
chall'ncleri’slics between annual rhythmites (varves) and surge rhythmites, but these are often

not readily observable.

As a result of these types of problems with differentiation of sediment genesis, the
. emphasis ef sedimelitary research in glaciolacustrine envﬁonments shifted towards identifying '
processes and their resultant depos:ts There are a few authors who have clearly outlmed the
'processes actmg in these sed:meutary environments, the factors which control these

processes, and the resulting continuum of possible sequences (Middleton & Hampton, 1976;
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Selley, 1982; Ashley,Shaw & Smith, 1983).

Glaciolacustrine environments are-characterized by a wide range of physical processes,
and a related range of depositional sequences reflecting these processes. The deposits usually

represent a continuum of processes, since more than onc process may be operating at the

- same time.

There are some general physical factors which control the rate and pattern ol depaosition
in ice-dammed lakes. These include water density, suspcnded‘sedimcm concentration, water
temperature (both of the lake and the influent stream), current velocity, wind speed and
direction as well as the morphometry and topography of the lake basin (Ashley, Shaw &
Smith, 1985). The combination of these factors, their individual and collective influence, and

changes to any or all of them give rise to the range of processes occurring and the resultant

depositional sequence.

Some of the processes operating in ice-dammed lakes are suspension flows
(overflow/interflow/underflow)(Ashley, Shaw & Smith, 1985), and sediment gravity fows

(turbidity currents, grain ﬂows, debris flows and fluidized sediment flows)(Middleton &

Hampton, 1976).

Suspension flows play a‘ major rofe in sediment dispersal in glacial lakes. Density
differences between the lake water and the influent stream water will determine whether the
influent plume will travel as a surface current or ‘overflow’, an ‘interflow’, or a near-bottom
"underflow’. Inflow density is determined by three variables, temperature, suspended
sediraent concentration and salinity. Sediment concentration is usually the most important
cause of 'density in glacial streams because it _typiéa]ly varies more rapidly and over wider
ranges than rtemperature or salinity (Ashley, Shaw & Smith, 1985). The greater the density
difference between the two water masses, the more energy must be expe.-'nded in order to mix

them. This enhances the tendency of the inflowing plume to be maintained as a discrete



density current throughout the Jake.

Overflows are the least effective and important sediment dispersal mechanism, since they

are easily disrupted by wind or wave action. The method of deposition from an overflow is

slow settling out of suspension. Interflows occur where the density of the influent water

matches that of some midpoint in the water column. The sediment-laden water sinks to that

point and disperses from there. Deposition occurs by slow settling out of suspension.

Underflows , however, are one of the dominant distribution mechanisms operating in glacial

lakes. These dense currents flow at the base of the water column, and deposit material solely

in topographic lows (figure 5)(Ashley, Shaw & Smith, 1985).

-  QVERFLOW

-  {NTERFLOW

T NDERFLOW
’7///7// P Ll

Stipled pattern represents turbid inflowing river water whose density
is different from all or part of the basin water.

Figure 5: Stratified inflow (Ashley, Shaw & Smith 1985).
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Sediment gravity flows are defined as sediment transport in which movement parallel 1o
the bed is provided by the pull of gravity (Middleton & Hampton, 1976). There are four flow
types distinguished by the grain supp(;rt mechanism. These four classes and their support
mechanisms are as follows: 1) turbidity currents, supported by fluid turbulence: 2) grain
flows, supported by grain to grain interaction; 3) fluidized sediment flows, supported by
upward intergranular flow; and 4) debris flows, supported by a matrix made ap of fine

sediments and fluids (Middleton & Hampton, 1976).

Each of these processes deposits material in a different way which reflects the mode of
transportation. Turbidity currents deposit a layered sequence over an crosional basal surface.
Each of the layers reflect a drop in competence of the flow, with a decrease in grain size and
current structures (Connybeare & Crook, 1968; Middleton & Hampton, 1976; Selley, 1982).
Grain flows deposit material by mass emplacement once the stress driving the flow stops.
Thus the deposit is usually a massive and ungraded layer of material (Middlcton & Hampton,
1976). Fluidized sediment flows deposit material from the bottom up as the pore water is
expelled, resulting in dewalering structures being formed (Selley, 1982). Debris flows move
material as a massive body, depositing the debris on a non-abraded basal suri'qcc. The
deposits al;e massive and ungraded (Selley, 1982). These are the general characteristics of

each of these processes if they were 10 operate independently.

However, sedimentary deposits -cannot be divided with ease according to genesis.
_ Firstly, deposits majr be formed by several procésses acting concurrently, which would tend to
either obliterate distinguishing characteristics of any one proces§ or mix all the characteristic
featu.fes&ogether. Secondly, several types of deposits appear to be very similar, but have
markedly different methods of formation. An example of this is rhythmite type deposits,
ﬁhich caﬁ either be formed by settling of material from over, inter or underflows in a yea{f
long time span (varves), or by rapid‘ deposition of material from slump—generﬁted surge

currents in a few minutes (surge deposits)(Ashley, Shaw & Smith, 1985)." Further, structures
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which are generally classified as being syngenetic or post-depositional in temporal origin when
associated with onc sediment dispersal mechanism, can also be syndepositional when
associated with a different mechanism. Thus, it is important to keep in mind th-at each

deposit is a part of a range of deposits, formed by a continuum of processes.



CHAPTER Il

METHODS AND TECHNIQUES

3.1 INTRODUCTION

There are one main and two subordinate concepts which act as foci for this research
project. The main one of these is the concept of the water balance within a glacierized basin.
This concept is broad in scope, including all inputs, outputs and storage capacity for the
system. The lake is a very important element of the water balance cquation for the basin,
since it &:1s as a storage unit as well as an output regulator. This major scction of the water
balance concept can be elaborated upon through studies of the concept olf varying controls on
sediment dispersal and deposition, and, because the lake drains annually, through the concept
of ice-dammed lake drainage. Thus, one of the subordinate concepts is ihe drainage of the
ice-dammed lake through a combination of the flotation of the ice margin and the opening of
a subglacial drainage conduit by frictional heat. The other concept is-the effect of the lake
water on the sediment dispersal mechanisms and sediment deposition in an annually draining

lake, ia terms of its variable level, its temperature, and its movement patterns.

3.2 WATER BALANCE APPROACH

The concept of studying a glacierized basin in terms of its water balance is important in
that measuring all sources of input into the system permits the determination of the maximum
possible output. The storage capacity of the system is also a very important element, as it has

the ability to regulate the rate of output of the system. In addition, understanding the
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significance of the contribution of each source of input allows the determination of the effect

of each of these on the hydrological system as a whole.

This approach required the measurement of all contributing hydrological factors within
the glacierized basin. The main areas of concern were stream flow inputs from three small
feeder glaciers, climatological inputs (precipitation) and ablation from the retaining glacier.
Storage capacity and lake volume, as well as the rates of filling and draining of the lake were
also recorded. Several techniques were used to quantify these aspecis of the basin water

balance.
3.2.1 STREAM INPUT

There are three streams feeding into the lake whose sources are small cirque glaciers in
the basin. These glaciers and their proglacial sireams are nominally designated the Surging
Glacier (S§.G.) and Surging Glacier strcam; the Non-Surging Glacier (N.S.G.) and Non-

Surging Glacier stream; and the 3rd Glacier (3rd G.) and 3rd Glacier stream.

A major source for the stream water is the ablation from the three small cirqﬁe glaciers.
This was measured by using ablation stakes drilled into the surface of the N.S. Glacier along
its length and width. The amount of snow and ice melt at each location was recorded and
converted to water equivalences (using measured densities). The amount melted was
extrapolated over the whole glacier surface, depending on the snow conditions and surface
material (ice vs moraine). This amount was then calculated as a total for runoff from the

glacier.

Problems associated with this technique are due to the ea;irapolation of results from 12
point locations to the whole glacier surface. It is possible that sections of the glacier may not
‘experience the same average amount of melt as do the measured locations, due to

microtopographic or exposure considerations, and as such an error margin may be built in to

the calculations.
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The amount of ablation calculated for the S.G. using these techniques was extrapolated

i¢ the other two cirque glaciers, based on snow conditions and surface material. Calculations

were not based on sampling, since each of the other two glaciers had a particular

characteristic which made direct measurement impossible.

- The total contribution of each of the 3 streams was measured using stage recorders, time-
lapse cameras and stream gauging. Ott mechanical stage recorders were set up 1o monitor the
fluctuations in water level of the streams in accordance with the procedures outlined in
Church & Kellerhals (1970). Two of the streams were equipped with this instrumentation
during the 1986 field season (N.S.G. and S.G. streams), and the 3rd G. stream was thus
monitored during the 1987 field season. The 1986 field season demonstrated clearly that using
a stage recorder system on the S.G. siream was impractical due to the pulsating nature of the
discharge. The water level varied by as much as 30 cm within a few minutes, which often
endangered the equipment. A 30 cm fluctuation in a stilling well of maximum length 1.2 m
could exceed the bounds of the recorder’if the water level was high. Further, the stream
channel was made up of unconsolidated boulders, which were easily transporied with
increases in discharge. As a result, the stream frequently migrated by 3-5 m in a few hours,

leaving the stage recorder on dry land. Thus, a useful, stable location for the stage recorder

was usually short-lived.

The N.S.G. stream presented different problems. The stream flowed out from beneath
ice-cored moraines, and tunngl collapses led to major shifts in the location of the main
channel. In the space of a few hours, the siream migrated over distances of 200 m. or more.
Further downstream, the channe! was composed of unconsolidated gravels overlying ice
corés. These grayels‘ were extremely rﬁobile due 10 erosion by the stream channel or melting
of the ice core. Thus a stable site for the stage recorder was difficult to locate. The gauging

site was moved at least three times during the 6 week field season, so the data collection was

interrupted several times.
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In order to circumvent these types of problems, a different technique was employed in
1987. Remote sensors in the form of time-lapse cameras were used. These 8 mm cameras
were focused on graduated stakes (1 ft. graduations) in the stream channel. The water level
was recorded with exposures al 5 minute intervals throughout the 11 week field season. The
accuracy of the data collected using this technique is much reduced as insufficient lighting
conditions for several hours each night did not permit recording of the water level. Also,
distance from the stake (25-30 m) reduced the accuracy of the observation of the level on the

gauging staff.

To supplement the water level data acquired with either a stage recorder or a time-lapse
camera, stream discharge was measured on a frequent but irregular basis. Discharge readings
were taken during lower flow conditions (mid-morning), rising flow conditions (mid-
afternoon) and peak flow conditions (early evening) throughout the season. These discharge
readings spanned the seasonal variations from snowmelt to icemelt within the basin. in 1987,
for the N.S.G. stream, there were 16 days on which data were collected, for a total of 35
readings. For the S.G. stream, there were 15 days and 30 readings, and for the 3rd G. stream,
17 days and 36 readings in total. Stream gauging was carried out ‘mo'ét often by wading,
according to the sland;ard technique outlined in Church & Kellerhals (1970). During the
seasonal peak runoff period, however, salt dilution techniques were used as wading was too

dangerous. Thus data acquisition on stream input employed several techniques.

The discharge data was acquired for use jointly by Dr. P.G. Johnson, as part of an
ongoing study of discharge regimes from proglacial streams, and by the author for application

to this section of the study.
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3.2.2 CLIMATOLOGICAL INPUTS

The second aspect of the water balance studied was the climatological inputs
(precipitation). The equipment used was standard M.R.I. meteorological recording stations
with tipping bucket rain gauges. These machines recorded continually throughout the 1986
field season in 3 locations; at camp, in the S.G. valley and in the N.S.G. valley. In 1987, a
fourth site was added in the 3rd G. valley, in order to obtain a more representative data sct
concerning climatological conditions thronghout the basin. The data set acquired was more or

less continuous, with a few breaks due to temporary equipment malfunctions.

The data acquired by this equipment provides spot locations for precipitation input, and
this is then extrapolated over the basin. This may lead to erroneous calculations, since

precipitation is not always of equal intensity and duration everywherc in a basin of 48 km=

size.

Temperature data was also collected by the M.R.1. stations. This information was used
to give a general indication of the amount of melt-days experienced through the scason. This
informatiﬁn is considered as indirect, since it does not provide a measurable amount of input
into the water l;alance equation. However, it was used 1o support the ablation data, and to

confirm trends seen during the melt season.

3.2.3 ABLATION INPUTS FROM RESTRAINING GLACIER

The third contribution to the hydrq!ogical'bala‘nce‘ is the ablation from the Kaskawulsh
Glacier. The technique used to gain an indication of the amount of input was the following.
10 stakes were drilled into the ice surface of the Kaskawulsh glacier. The distance from the
top of the stake to the ice surface was recorded on a regular bﬁsis throughout the field
season. The thickness 61" the ice lost from the surface at the 10 stakes was averaged in order

to negate any microclimatological factors which might have enhanced or prevented meit at
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any of the locations. This averaged ice thickness loss was multiplicd by the surface area of the
Kaskawulsh glacier which dips lowarfis the lake. This area was delineated from a2erial
photographs (A13132-1951; A13133-1951; A22999-1972; A24763-1977). This was in turn

converted into water equivalent data.

The accuracy of this data is reduced due to several factors. The first factor is that the
stakes used to measure ablation were concentrated within a small area, rather than spread out
over the approximately 4 km? area of ice surface which appears to drain into the lake, A
second factor is that the stakes were moved to be redrilled throughout the season, which can

supplement measurement errors.

Further problems associated with the measurement of this data were generated by
environmental factors. Sinkholes on the surface of the Kaskawulsh connected to englacial
conduits may not feed into the lake but rather into the Kaskawulsh Glacier's main drainage
system. There was no way of ascertaining where these conduits drained to in the field. This
could result in the loss .of, a large volume ot: meltwater being generated by ablation. Some
volume of watcr may also have entered the basin from elsewhere on the Kaskawulsh, for
example marginal up-glacier runoff. This addition would also affect the accuracy of the data.
Furthermore, the overall surface area of the glacier draining into the laké was determined
from acrial pholbgfaphy, so some error may also have been built in through the measurement

of this arca.
3.2.4 STORAGE CAPACITY AND LAKE VOLUME

To quantify the water balance of a g}acielrized basin, the storage capacity must be
measured. The rates of filling and draining of an ice-dammed lake, when compared to the
amount of input into the system, will provide information on the regulating function of the

lake on the output from the basin.
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There were several techniques used to quantify the water level and lake volume. The
water level measurements were collected in the following manner. Two slopes were marked at
1 meter intervals, and the slope angle over each interval was recorded. One site was located
on a steep shoulder, where the average slope angle was 32.3°, while the other was located on
the shallow slope near camp, where the a.\{eragc slope angle was 10°, ‘The water level was
monitored al‘ two siles'kin order to provide a compariébn i;or the results from either one of the
sites. The water level was recorded on a regular basis at both sites up to the maximum filling
level, aﬁd as long as possible after the onset of drainage. There were problems with the
accuracy of the results obtained by using this technique. The most important was the fart that

at one site, there were a large number of readings taken, many of these slope angles were

fairly small, and the possibility of introduction of error into the calculations increases with the

number of entries.

The volume of the lake basin was calculated from the results of a post-drainage survey
of the basin. This provided the aerial extent of the basin as well as topographic relief of the
lake bed. A map of the basin was drawn from the surveying data and the lake volume
calculated. The map was also compared to photographs of the lake at various stages in the
filling/draining cycle. This provided a check of the ex.tent of the topographic relief underwater

at any given point, since the corresponding water levels were known.

The lake played a major role in the determination of the water balance of the basin. The
lake itself was further studied in terms of the stratigraphic and sedimentary controls, and the

physical controls leading to drainage. These two major aspects are examined in the following

sections. -
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3.3 CONCEPT OF ICE-DAMMED LAKE DRAINAGE

The drainage of an ice-dammed Jake is brought about by a combination of two (or more)
factors; a triggering mechanism and a drainage mechanism. With respect to the lake under
study, it was thought to be the flotation of the ice dam which acted as a triggering
mechanism, while the opening of a subglacial channel by heat transference was the actual
drainage mechanism. To study these two, several techniques were employed, but the

emphasis of the field work was placed on the flotation of the ice margin.
3.3.1 ICE MARGIN FLOTATION

‘The first technique used to quantify any vertical movement of the ice margin was
surveying. A set of ten stakes were located on the ice surface in a linear pattern of gradually
increasing distance from the ice front. These were surveyed from two fixed points on a
former ice-contact delta located on the valley side. The surveying was carried out at 4 day
'inlcn'als during the first 6 weeks of the 1987 field season, then at 3 day intervals thereafter.
As drainage of the lake was initiated, more frequent surveymg was carried out in order to
cahbrale the total amount of movement of the ice face The prohlems encountered in the
surveying were instrument limitations, and difficulties with access:ble and stable survey

points.

A second technique used to establish the vertical displacement of the ice margin was the
use of photography. Panoramas were taken §f the iqe front at frequent though irregular
intervals during lhe season. These showed the progression of the lifting of the ice face during
the filling and draining of the lake. Since not all of the pai;oramas were taken with the same
éame:a nor from the same location, there was some difficulty in quantifying any chaoges in
the ice face from the photoéraphs.‘ The best results oﬁtained from the use bf these

photpgraphs was the qualitative agreement of this visual evidence with the calculated resuits .
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from the surveving data.

A third technique used was time-Japse photography. During the 1986 field season, an 8
mm time-lapse camera recorded the filling sequence of the lake at 50 second intervals. During
the 1987 field season, the camera was set up 5 days before drainage was initiated. Filming was
done at 2 minute intervals before drainage started, and at 1 minute intervals during drainage,
These two film sequences provided further visual evidence of the vertical displacement of the
ice face. Quantifying the displacement of the ice face from these films was not possible due o

the distances involved between the ice margin and the location of the instrument.
3.3.2 TUNNEL MELTING

The second section of this concept, that of tunnel development due to heat transfer, was
based on the ideas put forward by Liestol (1956), Mathews {1965, 1973), Gilbert (1972) and
Rothlisberger (1972). The concept is that heat is transferred from a standing body of water to
the ice, leading to the widening and lengthening of a plane of weakness in the ice. This would

develop into a subglacial drainage conduit which must eventually connect with the main

drainage system of the damming glacier.

wh
The technique used to attempt to confirm this mechanism of drainage was the fbllowing.
Temperature profiles were drawn up from measurements of the water column taken at
numerous points within the lake. The temperature was recorded at .5 m intervals to the lake |
bottom by an Endeco digital thermometer. The temperature conditions at the base of the
water column in location.s near the ice face were of particular interest, indicating pockets of
warm water flowing at depth. The continui_ty of these warm i;ows to the area proximal to the
ice face indicated he#l available to be transferred for tunnel enlarging at the basé. of the ice -
. face. ‘However, heat for tunnel melting can also be generated by friction from turbulent water
passing through an enlarging tunnel during drainage (Drewry, 1986). However, only 2/3 of the

frictional heat becomes available for melltin'g (Rothlisberger, 1972); The amount of tunnel
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melting may be quantified by mathematical formulae. Since many of their variables could not
be quantified within the scope of this research these mathematical calculations will not be

carried out.

An attempt was made using another method to ascertain whether there were detectable
drainage tunnels within or beneath the ice face. A digital impulse radar was utilized in order
1o scan the lower contact of the ice margin, to try to detect tunnels located there, and to give

an indication of the shape and basal conditions of the ice margin.

3.4 SEDIMENT DISPERSAL AND DEPOSITION

There ure scveral ways in which sediment entering a lake from a stream may be
dispersed throughout the body of water. Proglacial streams generally exhibit varying densities
on both a diurnal and a seasonal basis, which affects the dispersal mechanism. The dispersal

mechanism(s) and subsequent lake stratification affect the deposition of sediment throughout

" the lake basin.

To gain a proper understanding of the processes operating and the resultant depositional
sequences, several aspects were monitored: first, the sediment input into the lake; second,
the movement of the water within the iake; and third, the depositional results investigated

after drainage.
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3.4.1 SEDIMENT INPUT

The sediment input from the three tributary streams was quantified through the use of
Cygnus automatic liquid samplers and hand sampling. The size of the samples coliected was
1 litre for hand samples and one of the Cygnus samplers, and two litres for the second
Cygnus sampler. In the case of the 2 litre samples, only 1 litre of the sample was retained in
order to maintain a standard volume of water used for filtration. The S.G. siream was
sampled hourly during the 11 week field season with a few minor breaks in the data record.
The N.S.G. stream was also sampled hourly for the first 6 weeks of the field season, and then
from 7:00 hrs to 22:00 hrs for the remaining 5 weeks. The 3rd G. stream was sampled hourly
from 08:00 to 21:00 hrs, at approximately 4 day intervals, for a total of 16 times during the
season. All three streams were also sampled at 15 minute intervals for an 11 hour period in
order to closely monitor the sediment fluctuations in the stream load during one day. This

sampling was carried out at the peak runoff period for the season (20/7/87- 3rd G.; 21/7/87-

S.G.; 22/7/87- N.S.G.).

There were problems associated with lthis technique of data collection. The first of lﬁcsc
was an environmental problem, in which the rﬁachine often froze overnight, due to dropping
water and air temperatures. The second of these was the fact that the automatic liquid
samplers only collected samples from within the water column, therefore the sediment carried
as bedload is not accounted for. Thirdly, there were many problems with maintaining the
rﬁachines in working orderl. The vacuum system by which these machines function was not
always operating to fu]ll capacity, thus only partial samples. could be collected. In addition,
ofxe of the machines broke down c?ompleiely during the 1987 field season, so that sampling
had to be carried oﬁt by hand thereafter. This eliminated the ovem‘iglil section of the 'recorld

‘for the latter part of the summer. Fourthly, some sediment was lost during the filtration
process, which employed pressure filters of the type designe& for the Norwegian Hydro

Elebtﬁc Board. The filters used Whatman 42 and 44 ashless filter papers, which have a 98%
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retention capacity for 2 micron and 2-3 micron particle sizes respectively. Despite this high
retention capacity of the filter papers, when too much pressure was applied to the filters, part
of the sample could run out along the sealing ring. In this way, some of the sediment could be

lost,

The samples collected were to be analyzed using standard grain size analysis techniques,

to diffcrentiate the sizes of material by percentage of weight.

This segment of the research was carried out by Dr. P.G. Johnson as part of an ongoing
mvestigation of discharge and sediment regimes from proglacial streams. Some of his results
were used by the author. The information on the suspended sediment load was used to gain
an understanding of the size ranges of material being carried in suspension by the three
strcams. This would help to predict which size of material was most likely to be deposited in
the deltaic areas. However, the information on the suspended load had to be tempered with

some comprehension of th;: amount of bedload also being transported.
3.4.2 WATER MOVEMENT AND SEDIMENT DISPERSAL

The tracing of movement of the water within the lake basin was carried out by the use of
a Marsh McBirney lake current meter. The water current velocity ﬁras recorded at .5 m
intervals to the bottom. Profiles were drawn from data acquired 2t numerous locations
throughou} the basin. These profiles presented a general picture of the locatiqn of flows
within the water column, and indicated the general stratification of the water column in teﬁns ‘
of flowing vs stillstanding water. The location of these flows within the water column gave an
indication of the dispersal inechanisnil fdr the éedimenfs, hinting at i:tossible depositional

patterns after drainage,

‘Problems experienced with this technique ranged from accuracy of the data (in some
cases negative velocities were recorded), to sampling error (in some cases it was impossible to

tell where the bottom wa's).' Also, sampling sites were chosen on a random basis due to
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iceberg distribution. In addition, changes in sampling locations were necessary as the lake
filled, to compensate for the changing water depth. If the readings were taken at the same
site through the season, then the water level would be different each time, rendering
comparison impossible. Furthermore, the equipment oniy registered the magnitude of the
current velocity and not the direction in which the flow was moving. This made it impossible
to distinguish between currents originating from the streams, ones originating from subglacial
tunnels feeding into the lake, and those resulting from water movement outward beneath the

ice margin resulting from constant leakage.

Sediment dispersal within the lake was not easy to document. A few sediment samples
from within the lake water were collected, but these were fairly random and could not be
considered to be representative of the whole lake. These were collected in an attempt to
determiite the concentration of sediment at higher flow points within the water column, and
to give an indication of the amount of sediment moving in suspension to the various parts of
thg lake basin. No definitive conclusions can be drawn as to the effectivencss of any
technique of dispersal. The only clear indication that sediments were being moved came from
photographs of the lake from higher altitudes. These displz_ty variations in water color in the

lake, which correspond to varying densities in the sediment-laden water.
3.4.3 DEPOSITION OF SEDIMENTS

A post-drainage &amination of the lake basin showed which arcas contained the lgrcalcr
thickness of lacustrine deposits. These were sampled in order to provide some basic
information 613 the dispersal patterns of the lake. Very detailed information on the exact
source of the deposits could be obtained by rnineralogical analysis, since the various sections
of the basin were characterized by markedly different rock types. Analysis of the lake bottom
, ‘depqsits would ‘allow the determination of tﬁe source of these sediments, which would in turn
provide evidence of the effecﬁveness of the dispersal ‘mechanisms of the three streams..

However, temporal and financial constraints rendered this analysis beyond the scope of this
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The major cmphasis of this component was put on the deltaic deposits of the three
feeder streams. After drainage, the deltaic arcas were studied to gain an understanding of the
processes operating within deltaic areas, and how these were affected by a changing water
level. All 3 stream valleys were photographed to illustrate the sections exposed by the 1986
drainage. Detailed diagrams were drawn, containing information on the grain size, structure
and depositional sequence reflecting the filling and draining cycle. The same process was
repeated after the 1987 drainage, when a new set of sections was exposed. While specific
seclions were photographed and recorded for detailed aialysis, the deltas were photographed
and surveyed in a panoramic format. This permitted not unly the cxamination of specific
sections containing structures of interest, but also allowed for the interpretation of the dehtaic

formation as a whole.



CHAPTER IV

LAKE WATER BALANCE

4.1 INTRODUCTION

The measurement of the water balance of the basin provides the basis for interpreting
the dynamics of the lake, and is a first step towards the prediction of lake drainage. It also

provides the base data for the assessment of the evolution of the lake if the Kaskawulsh

Glacier coniinues to downwaste.

The three basic components of the water balance, input, output and storage, can each be

expressed as an equation for application within the basin,

" Input= basin ablation + basin snow melt + precipitation + Kaskawulsh melt............ SO,
Output= f(leakage, evaporation, drainage) .............. S astesateetetiesentn e s e st an et ssane 2
Storage= INPUL - ORLPUL.....eciiiviiiiniiieriiesiiirtie st tre s s sesaasaasasasssseseasasasesssensanssnns 3

+

The results of the quantification of all sources of input, cutput and the holding capacity of the

basin will be analyzed and discussed in this chapter.‘



4.2 INPUT

There are three major sources of water input into the Jake basin. These are: 1) three
glacierized basins (combination of basin snowmelt and glacier snow and ice melt); 2)
precipitation; and 3) the Kaskawulsh Glacier. These can be broken down into a number of

compenents which provide a relatively accurate figure of their contribution to the system.
4.2.1 BASIN ABLATION AND SNOW MELT

Basin ablation and snowmelt quantify the amount of water input into the system from the
three sub-basins. Three daia sets were collected, ablation measurements from the cirque
glaciers, discharge readings and stage records (using both charts and time-lapse films from the
streams). Measurement of the ablation gives an estimate of the amount of water which is
derived strictly from glacier meit. The stage and discharge records permit the quantification
of the input from sources such as snowbank melt, ice-cored moraine melt and water released

from subglacial or englacial storage areas.
The input from the sub-basins can be expressed by:
Q= AR+ M) + P E cooeeiiieerererereineseie e ssssesesebssessnssnsssnesereseassssessssssesssses 4

where Q = discharge, P =precipitation, E = evaporation, A(g) = glacier ablation and M(b) =
basin snow melt. No measurements of evaporation were taken as evaporation was assumed to

be negligeable, and the equation simplified to:

Q= AR+ M) + Pt nisesessrarssasrasssastesantasesasarasaresanaas sverarenses ..5
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{A) ABLATION FROM CIRQUE GLACIERS

Basin ablation provides a large proportion of the water generated. It is measured by
monitoring the thickness of snow or ice lost from the glacier surface throughout the season,
and by converting this thickness into its water equivalent. This loss can then be applied to the

area of the glacier, providing a measure of the volume being input into the hydrological

system,

Twelve stakes were drilled into the surface of the Non Surging Glacier in a pattern

spanning the length and width of the ice mass (figure 6).

The only section of the glacier not measured was the upper part of the cirque. It was

inaccessitle due to a large ice fall, and was also avalanche fed, making measurement of

surface snow thickness difficult and dangerous.

~ The surface conditions into which the stakes were placed \;aried with each location. At
stakes 14, there was snow over the glacier ice until Aug. 1st. Stakes 511 (except 6 & 8) were
snow covered on June 9th but were successively uncovered by June 29th (table 1). Stakes 6,8
and 12 were located on the lateral moraines, #6 on the east side and #8 and 12 on the west
side of the glacier. The debris thickness on the ice cored moraine varied down the length of
the glacier. The debris cover at stake 8 was very thin (1 cm), while at stake 12 it was thicker,
in the range of 3-5 cm. The debris cover on the moraine on the east side was mucﬁ thicker;

at stake 6, approximately 15-25 cm thick.

The amount of melt at each stake varied considerébly over the length of the glacier. At
some stakes, the majority of the material melted was show, while at others it was ice. The

water equivalent of the icemelt was calculated using a standard d;-.nsity of .9 for glacier ice.
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Figure 6: Stake distribution pattern, Non Surging Glacier, 1957. .
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Table 1: SURFACE CONDITIONS OF THE NON SURGING GLACIER, SUMMER 1987

stake 1 2 3 4 5 6 7 8 9 10 11 12
date

09/06 S S S S S S S S S ) S S
15/06 S S S S S S S S S S S S
20/06 S S S S S M |S S S S I/s M
25/05 S S S S S M 1S S/s 1S/s  |Us I M
29/06 S S S S I/s M |S S 1 1 I M
03/07 S S S S I M (I/s M 1 1 1 M
05/07 S S S S 1 M |Us M I 1 1 M
09/07 S S S S 1 M |I M i 1 1 M
16/07 S S S S I M I M 1 1 1 M
23/07 | S S Sts |8 1 M |1 M 1 1 I M
01/08 1 | | I S 1 M I M 1 1 I M
07/68 - I 1 1 S 1 M |1 M 1 I 1 M
13/08 1 I 1 1 1 M |1 M 1 1 1 M
S=snow cover I=bare ice

M=moraine surface /s=slush on surface

Snow density measurements were recorded during the season, and water- equivalent values

calculated from these densities. These measurements accounted for water storage in the snow

before runoff occurrf';d.
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The net mass loss due to ablation was calculated by dividing the glacier into three zones
and determining average ablation figures for each zone. The division of the glacier was made

along the line of stakes 2-3-4, which were oriented cross-glacier {figure 6).

The upper section enclosed the area of the main glacier from the dividing line to the icc
fall, the whole upper cirque and the two small tributary glaciers on the east side of the valley
wall. The conditions at stake 1 were assumed to be representative of the conditions in the
upper cirque and on the tributary glaciers. This may have introduced errors in the calculation
of the ablation volume. The lower section of the glacier included the zone of glacier surface
below the dividing line at stakes 2-3-4. This section was very limited in size due to the
presence of cxtensive moraines along each side which occupy a large area of the narrow
valley. The third section contained the extensive ice-cored.moraines which extend along both

the cast and west sides of the glacier.

| The arca of the N.S.G., including its tributaries and ice-cored moraines was calculated to
be 5.19 x 108 m2. These figures were based on the 1977 aerial photographs (A-24763-18 &
19). It was divided into three areas: 1) upper.arca including tributaries - 3.51 x 106 m2; 2)
lower arca : 0.66 x 106 m>; and 3) moraines - 1.01 x 106 m2. ﬁe calculations of area were
made using a planimeter. A small error may have been introduced by the use of the 1977

imagery.

The water equivalence of the ablation, when averaged for each section and multliplied by
the arca, prqvided an estimate of the tolai volumetric input into the system by the
N.S.Glacier. The wa'ler equivalent average for the upper section of the glacier was 1.04 m;
for the low¢-:r section, 2.56 m jand for tﬁlé moraine “section;- 1.48 m. Thus, the totai
volumetric addition from the N.S.Glacier into.the lake was 6.85 x 106 mS. Beéat;se

evaporation and sublimation were not calculated, this figure is taken as input to-the lake.

The ablation data from the N.S.G. were used to ,estimat'e the contribution from the
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Surging Glacier and the 3rd Glacier. These estimations were based on the calculated average
snow and icemelt from the upper section of the N.S.G. This *..was employed because the other
glaciers were located in the same altitude as the upper N.S.G. Also, snow conditions
appeared similar, although no sampling of snow conditions was carried out. The volumetric
input estimated by this method for each of the two glaciers was approximately 5,28 x 10% m?3
of water each, since the areas of the two glaciers, based on measurements from 1977 air
photos, were very similar. The S.G. at that point was downwasting and retreating, whercas in
1985 it began to surge. This made it difficult to accurately determine the.size of it during the
1987 field season, therefore possibly introducing an error factor into the calculations. The
3rd Glacier was slightly smaller in 1987, since this glacier appeared to be slowly retreating and
downwasling. No calculations of meltout from moraines were included in either of these two
estimates, since the S.Glacier had no ice—cdred moraine and the 3rd Glacier's moraines were
poorly defined, non-continuous, and seen only on the south side of the valley. ‘This rendered
it impossible to estimate their actual extent. Therefore, ihe measurements of contribution
from the other 2 glaciers are less reliable than the N.S.Glacier calculation. However, they

provide a reasonabie approximation which can be used in the water balance equation

calculations.

Hence, the total amount of contribution from the 3 cirque glaciers was estimated at 1.74
x 107 m3 of water. This does not take into account any error margin, but provides a

reasonable figure for the breakdown of the stream input totals into the glacier ablation vs

basin snowmelt figures.

(B) DISCHARGE

Discharge measurements provide information on the amount of water being supplied by
the streams into the lake. It is measured near the confluence of the streams with the lake to

ensure ,the maximum possible water volume is recorded. The formula used to calculate the



discharge for the basin is the following:
Q= A(R) + M(D) + Poeenrniiiiiiiicce et reeetesessesese st s s s e s e e s aee e e e e s aaresannnnns 5
This formula takes into account all variables which provide water to the lake from the sub-

basins.

Scasonal discharge was calculated by taking point discharge readings at random, and
maintaining continual stage records. The random discharge values were equated with the
corresponding times on the stage records, and the discharge values for the rest of the season

were calculated from the stage-discharge relationship.

Discharge readings were taken by wading. This involved measuring the stream channel
depth at 0.5 m intervals across the width, recording the velocity of the stream flow in each 0.5
m clement and calculating the discharge V x A. Cross sections were measured with each
velocity measurement duc to the mobile nature of the channel. Readings were taken
throughout the 1987 summer on an irregular basis. During June, discharge readings were
taken only ence a day, usually in the mid-afternoon. During July and August, whenever
possible, readings were taken 3 times a day (table 2). These times were midmorning (10:00 -
11:30 hrs), midafternoon (13:30 - 17:00 hrs) and early evening (19:00 - 22:00 hrs), and
correspond to low, medium and high stage levels. These three time periods allowed the
calibration of the daily runoff curves for different times throughout the season, such as the
snowmelt and main icemelt peaks. For the N.S.G., 37 readings were taken on a total of 17
days; for the S.G., 30 readings over 15 days; and for the 3r'd‘ Glacier, 36 readings over 17
days. One of the problems with this t;:chxiique was that with very high discharge, readings
were not taken due to safety considerations. Thus, there are no discharge records for péak

flow conditions.

Stage records were taken using two different techniques. The 3rd Glacier stream was

monitored by a mechanical water level fgcorder. This extended from June Sth to August
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Table 2: DISCHARGE READINGS, SUMMER 1987

9/6 10/6 t11/6 (12/6 |14/6 |24/6 |25/6 [27/6 128/6 |30/6

NSG-m X X x
NSG-a X b X X X X x
NSG-e % x X
SG-m X x
8G-a X x X X X x
SG-e X X
3rd-m X by

3rd-a X X X x X X X
3rd-e X X b

317 717 11/7 |19/7 (23/7 |1/8 5/8 8/8 12/8

NSG-m |(x X X X X X X
NSG-a X X x X X X X X x
NSG-e % X X X X X %X X
SG-m x X p X e X X X
S$G-a x X X X x X X
SG-e - Ix X X X X x
3rd-m X X X p 4 X X X
3rd-a X X X x X X X X
3rd-e X X X p 4 X X X X

m-morning reading, 10:00 - 11:30 hrs
a-afternoon reading, 13:30 - 17:00 hrs
e-evening reading, 19:00 - 22:00 hrs

20th, with a o‘he‘week period of data interruption from August 3rd 1o August 10th, There
were several other short periods of discontinuity of the record due to equipment malfunction.
These occurred throughout the season, but the record in general wés reasonably complete.
The N.S.G. and S.G. stréams were. monitp;-ed by remote time-lapse cameras, since suitable'
locations for placement of other recording equipment were not available. Their records were
unreliable before the 1st of July, bec.;mse night-ﬁme temperature at or below 0°C caused

malfunctions in the cameras. However, ﬁ'om July 1st onwards, the records were relativély‘



46

reliable, except for late evening or overnight hours due 1o insufficient light.

The stage and discharge records provided an idea of the discharge regimes from the
basin. The discharge curve for the 3 streams followed the normal pattern seen in a
glacierized basin, that of diurnal and seasonal variation (figure 7). The diurnal fluctuation
was virtually non-existent during minimum flow in late ‘winter, but began to appear in early
summer. In the early part of the season, a slow rise in discharge was initiated by enough
insolation and sufficiently high daily maximum temperatures to promote ablation. During this
time, the variations in stage for most days were of the order of magnitude of 2-3 ¢cm. The
discharge which this represented was between 0.15 and 0.5 m3sec’], or on average 4.5 x 10
m3day‘1. The initial delay in the runoff of the early summer melt occurs for a variety of
reasons. The subglacial and englacial tunnel network had decayed by closure and freezing,
and had to be reactivated before sufficient discharge could take place. In addition, the first
rain and snowmelt ﬁ'as retained in the firn either as superimposed ice or as slush. Stenborg
(1970) estimated that this phase can store about 25% of the melted runoff before releasing it

later in the summer.

After the 18th of June when the temperature rose sharply, the stage also increased. The
daily variation in water level increased to 4 cm, and the discharge rose 1o between 0.6 and 0.8
m3sec (6.5 x 10% m3day’1). The evening of June 20th showed a marked increase in stage by
10 cm. This may have corresponded with the temperature peak on that day, but changes in
weather conditions are more likely to induce fluctuations on the order of days (Sugden &

John; 1976). Small scale fluctuations lasting seconds or minutes are thought to be related to
" the taﬁping and draining of pockets of water in the glacier. During the last ten days of June, |
the stage record began showing pulses on a relatively' frequent tho@ u'regular basis. The :
| magnitude of the pul;sations varied, from as little as 1 c:ﬁ (June 27(1:) to as much as 10 cm
(June 24th, ;".7th). Thése p!xlsés were probably due to opening of reservoirs within the glaciér :

and flushing of the ice surface of retained snow/slush.
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From the base flow level during the early part of the season, the discharge rose to a first
peak on June 30th. This varied from 2.8 m3sec] for the 3rd G. Stream to 2.0 m3sec’} for
the N.S.G. Stream to 1.5 m3sec™! for the S.G. Stream. This first main peak was associaied
with the loss of the majority of surface snow from the previous winter, a phase of rapid

discharge due to the release of water temporarily stored in the snow (Sugden & John; 1976).

After the snowmelt peak, discharge responds 1o climatic conditions influencing ablation
and precipitation (Sugden & John; 1976). This can be seen by matching the discharge curve
with the mean temperature curve. The precipitation events recorded during the summer were

of such small magnitude that they had no effect on the discharge curve.

From July 1st onwards, the diurnal fluctuations of the stream became more marked. It is
well documented that the amplitude of the diurnal fluctuations tends 1o increase towards late
summer when ablation rates are highest (Sugden & John; 1976). A maximum of 16 cm
difference in water level between low flow conditions (10:00 hrs) and peak flow conditions
(18:00 hrs) was recc;ried. Discharge also increzsed correspondingly, ﬁsing to between 1.5
and 3.0 m3sei:'.1. The average daily discharge during the first 15 days of July was 2.0 x 10°

m3day1 (3rd G. Stream).

In addition to normal diurnal fluctuations, some pulse-type events were recorded on the
 slage cﬁarts; The evening of July 11th showed an increase of stage of 140 cm. This was not
just increase in water level, but reflected a rélatively large increase in stage coupled with the
filling of the stilling well with debris. The filling of the stilling well with gravel was
Symptomqtic,of 'a rise in ‘lhe bed of the stream. This resulted in an accoméanying rise of the
water level being récorded. 'i‘he overall result of ti;e sudden increase in discharge and stage
céupled Qith a chapnel shift was the dislocation of the recorder. Thus, it was impossible to
- quantify the actual amount of 'wz-ater ievel. and discharge increase during this flash flood.
. However, the stage record illustrated the reality of rapid and high magnitude fluctuations in’

stage and discharge which can damage equipment and render the record unreliable.
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From July 15th (when the equipment was recalibrated) until July 25th, there were no
more major fluctuations in the stage beyond the normal diurnal variation of 10-12 em. The
discharge rose during this time period. July 25th marked the beginning of a warming period,
which was not reflected in the discharge. For the 3rd G. Stream, the discharge had been
dropping since the 22nd, and dropped by more than 5.0 x 104 m:‘lday‘1 o 2.4 x 10° m3day‘1
on July 27th. It began to rise agam after the 27th in response to the period of warmer
temperatures which began on July 25th. The lag time of two days between the rise in
temperature and the corresponding rise in discharge could not be accounted for by the
distance of travel, since the glacier was only 8.5 km long. Reasons for the lag time could be
that a lot of snow still on the upper glacier would have retained water, and transit time. The
temperature peak in the days around the 25th of July resulted in the icemelt peak for the
N.S.G. and S.G. streams, near the 23rd of July. These correspond much morc closely to the

temperature peak than does the 3rd G. Stream.

On Jﬁly 28th, another large pulse of 20 cm of stage occurred during a 1 hour period.
This corres:ponded with a temperature peak on that same day. The pulse was possibly caused
by several days of 1melt being temporarily ponded on the glacier, then suddenly released, or a
stream relocation event. The discharge curves for all three streams show a slight rise on that
day. July 30th showed another disruption on the stage record, but since it resulted in severe
damage to the equipment, it was impossible to tell if it represented a channel shift or a

genuine pulse in discharge. The rest of the season’s stage records were unreliable due to the

damage the equipment sustained.

The 3rd G. Stream’s discharge curve rose to its icemelt pt%.ak on August 1st. This
followed 10 days after the main temperature peak of thg season and 2 days after a lesscr'
tempelrature peak For thjs stream, discharge peaked with the main temperathre peak, but

then rose higher again ten day§ -later. For the other streams, there were lesser peaks

corresponding to the main peak for the 3rd G stream. Following the icemelt peak, the
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discharge declined rapidly for the last days of the record. The rest of the season would have
secn a continuing decline in the discharge to baseflow once the mean temperature dropped to

necar or below 0°C.

Problems associated with using a mechanical stage recorder originated from the nature of
the stream bed and channel. The stream ran through a gravel outwash area, and tended to
migrate in multiple channels over the outwash plain until ice-cored moraines restricted the
flow into one channel. As the stream did not completely fill the area between the banks, the
main flow often migrated laterally over unconsolidated material, which was easily eroded and
redeposited elsewirere. These shifts in the location of the main flow made it difficult to

record the stage since the recarder location would be left dry.

There weie also problems associated with recording stage using time-iapse photography:.
The time-lapse camera record was restrictegl to daylight hours. The cameras and timing
devices malfunctioned at cold temperatures so the June record is not sequential. A more
continuous record was obtained from July Ist to August 20th. Quantitative data from this
record is limited because of channel shifts, destruction of the caiibratior; staff and camera

relocation. Drainage puises and rapid channel migration, however, were obvious on the films.-

The evalu.z-uion of these records was very subjective. Their main use was the
confirmation of similar and different behavior by the 3 streams. The discharge data used for
the calculation of the water balance equation came from the 3rd Glacier streamn, which was
‘monitored by a mechanical water level recorder. Extrapolation of the 3rd Glacier stream data
_to the S.G. stream was based on the equal. area and altitude range of the two glaciers. The
N.S.G. was smaller than the S.G. or the 3rd G., but the difference m size was small and the
glacier extended into a ‘lowler altitude range.,Thus, the discﬁ'é:gg for the 3rd stream was also
extrapolated ts the N.S.G.l strleam. Errors are -acknoﬁ.vledged for these calculations bul; as is

indicated below, even a large percentage error would not affect the general conclusions.
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To conclude, discharge from the basin can be expressed by formula 5: Q = A(g) + M(b)
+ P. As seen in the preceding section, the total inpui from ablation of the three glaciers was
estimated at 1.74 x 10’ m® of water, and the total discharge for the summer was estimated at

3.51 x 10’ m>. Thus, the amount of input measured in the discharge value but not accounted

for by ahlation can be calculated as follows:
M(b) + P = Q- A(g) = 1.76 x 107 m3.
Slightly more water than that supplied by ablation was added to the basin's discharge by other

melt in the basin, and by precipitation.

4.2.2 CLIMATIC CONTRIBUTIONS

There are two main components of climatic data relevant to studies of water balance
within a glacierized basin. One of these components’ contribution is dircct, the other indirect.
Precipitation ( P in equation 4) is measurable as water added directly to the system.

~ Temperature has an indirect effect in promoting or retarding sncw and ice melt.

(A) PRECIPITATION

Precipitation is measured at point locations, and the data recorded is extrapolated for the

whole basin.

It was recorded at three stations during the 1986 field season and at four staliogs during
the 1987 field season. One of the rain gauges used in 1§87 malfunctioned, so the data set for
1987 was based only on three stations. The main emphasis was placed on the 1937 data, sincé
the water balance was caicdated for .that season. The data for 1986 is presented 1o

demonstrate the variability of the summer precipitation input.

The three stations at whick data were collected in 1987 were the Camp station, the $.G.

station, and the 3rd G; station. Figure 8 presents the precipitation record for 1987. Gaps in
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the data were due to equipment problems at the N.S.G. and $.G. stations. These problems

are insignificant in the calculations of the waler balance because precipitation was very low.

During June 1987, only two precipitation events were recorded. The first one of these
recorded .2 mm per day for four days, the 14th to the 17th, for a total of .8 mm. However,
this precipitation registered only on the 3rd G. station, no trace of this precipitation reached
the Camp station. The event of June 21-22, however, was of a higher magnitude and
recorded at both stations. The total input over the two days was 14.8 mm for Camp station

and 13.6 mm for 3rd G. station,

July had more precipitation days, but all the events were of low magnitude. There were
two multiple-day cvents, the 14-15th and the 24-26th, as well as three other single days. Of
those 3 single days, only one was of sufficient magnitude to record at all three stations. Camp
station reported a total input during July of 6.4 mm, 3rd G. station, 7.0 mm, and S.G. station
5.2 mm (between July 17th and 31st) Thus, in July, less precipitation was recorded than in

the 2 day event of June 21-22 1987.

In August, precipitation was recorded at 2 time periods. A one day event .of magnitude
1.2 mm registered only at the S.G. station on Augustl 2nd. The second period, August
14-18th, which was the major precipitation event for the season, lasted five days and included
both rain and snow. The snow component was mostly the mght-tlme contnbuuon, and would
accumulate until the temperature rose in late morning, then meit and record. a large
volumetric input over a short time span. In the upper reaches of the basin, most of “this
precipitation fell as snow and persisted for a number of days. Hence, between Aug. 14th aﬁd
Aug 18th, the total precipitation recorded was: 1)Camp station - 54.2 mm; 2)3rd G. station -
524 ﬁun; and S.G. staﬁon - 51.2 mm. Howevecr, sincel the lake had drained completely by
Aug.12th, this major precipitaﬁon. event does not contribute to the calculation of the

precipitation input to the lake water balance for 1987.
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Figure 8: Precipitation, 3 stations, 1987.
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‘The total amount of precipitation added to the system before Aug. 12th was determined

by averaging the amount from the 3 stations. The totals for the three stations were: 1)Camp
station - 21.2 mm; 2)3rd G. station - 21.4 mm; and 3)S.G. station (July 15-Aug.13) - 6.4 mm.
Taking into account the lack of data from the S.G. station for the first 6 weeks of the field
scason, the average was obtained by dividing the season into 2 segments and averaging each
of the two segments, then adding these averages. Thus, the average of 2 slation; from June
8th to July 16th was 18.3 mm, and the average fbr 3 stations from July 17th to Aug. 12th was
4.3 mm. Adding these gave an average for the whole 1987 summer season of 22.6 mm

precipitation input into the system.

The volume of input which the precipitation represents was calculated by multiplying the
amount of precipitation by the total area of the catchment basin, 48 km2. An approximation

of the volumetric input by precipitation during the 1987 field season is 1.08 x 105 m3.

Despite the fact that the majority of the basin was underlain by either permafrost or old
glacier ice, most of the precipitation probably infi‘l.trated into the ground throughout the
basin. This is because there was relatively little precipitation and this was of very IO\IN
intensity. Thus, precipitation had.a negligeable effect on the stream discharge regimes. The
only exception' to this might have been the June 21-22 rain or snow event which might have

temporarily slowed the rate of snow melt.

A compurison of the 1986 and 1987 data shows the variability of precipitation (table 3).
In 1986, 'dala was collected'only during the month of July except for 4 days into both June
and August as start and end boints. The average amount of precipitation during July 1986 was
51.5 mm, as compared to the same month in 1987, which had an average of 6.2 mm. Two
seasons data’ can not be used for any general coamclusions, but Johnson (personal
comthunication) has found extreme variations betwéel; seasons since 1970 and large variations

over short distances within seasons.
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Table 3: PRECIPITATION INPUTS (mm) 1986 & 1987

Station June July August Total
Camp 86 n/r 551 n/r 55.1
NSG 86 n/r 32.8 n/r -32.8
5G 86 n/r 66.6 n/r 66.6
Camp 87 14.8 6.4 542 75.4
SG 87 n/r 5.2 524 57.6
3rd G 87 144 7.0 524 73.8
n/r= no record from the time period

(B) TEMPERATURE

Temperature is an indirect indicator of water input into the system, since in general
warmer temperatures mean higher ablation rates. The temperature, recorded at scveral

locations, provides information on the general temperature regime for the basin. This can be

used to estimate the number of melt days.

Témperatures were recorded at 4 stations during the 1987 field season. (figure 9 and
Appendix A). The gaps in the data at N.S.G. and 3rd G. stations were caused by ‘equipment

malfunctions. Trends in the data are demonstrated by using 3 day running averages which

damp daily fluctuations.
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From June 8th until June 13th, the mean temperature for the basin remained low. For
both the N.S.G. and Camp stations, the minimums for this period dropped to below the

freczing point while the mean was just above 0°C. For the $.G. station though, the mean

stayed below 0°C.

From the 18th of June until August 22nd, the mean temperawre at all four stations
remained above 0°C but there were a number of fluctuations. The temperature started to rise
on June 18th, peaking initially on June 2Ist at 7°C (Camp) and 4.5C (N.S.G.). A scecond
peak occurred on June 30th, with values of 8°C (S.G ) to 11°C (N.S.G.). ‘This was followed
by a 13 day peﬁod of steady decline. Between July 14th and August 12th, the temperature
fluctuated over 3-5 day periods with a range of 4°C. The most exireme variations were
experienced at the N.S.G. station, and the icast extreme variations at the 5.G. station. The
S.G. station’s mean temperature was the lowest overall. Between July 14th and August 12th,
with the exception of July 19-22nd, the S.G. station’s mean temperature stayed between 4°C
and 8°C. The N.S.G. station’s mean was the highest throughout the summer. Between July
14thland August 12th, the temperature ranged from 5°C to 14°C, but stayed mostly between
7°C and 12°C. Both the Camp station and the 3rd G. station ranged between 6°C and 10°C
during this same time period. Following August 12th, there was a general decrease in
temperature with a four-day period of snow and rain. The mean temperature for all four

stations was between 0°C and 4°C for the remainder of the field season.

Temperature trends at all four stations were the same but there were differcnces of a
number of degrees between stations. The S.G. station’s mean temperature was the lowest due
to the proximity of the met station to the Surging Gl;cier itself. The N.S.G. station data was
the highestjsince the recorder was located on a‘moraine surface which radiates some hcal.‘
The 3rd station recorder waS also located on a mprgine surﬁce, but was in shﬂow most of
the day due tql the morphology and orientation of the ‘valley. The Camp station recorder was

subject to ‘glacier winds’ blowing almost constantly off the Kaskawulsh and across the lake.
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This near-constant cool wind neutralized the effects of hipher temperatures due to the

location of the recorder on a moraine surface.

Although the temperature on the surface of the glaciers was probably lower than at the
recorder locations, the temperatures recorded at the 4 stations give temperature trends in the
basin. The mean temperature curves provide an estimate of the number of days in which
melting was likely to occur. Since the mean temperature for all stations was constantly above
0°C after June 18th, some melting occurred on a daily basis throughout the summer season.
It must be acknowledged, however, that melt can also occur with temperatures below 0°C

under certain circumstances.
4.2.3 KASKAWULSH ABLATION

Input from the retaining glacier is an important factor in the water balance of a system
containing an ice-dammed lake. Measurement of the surface ablation only provides an
approximated possible value for this input variable, since there are mahy other non-
quantifiable aspects to be considered. The entire glacier does not feed the lake, only an area
including the re-entrant ice tongue and surrounding parts of the main ice body topographiéall)'
depressed towards the lake. Water may be added through the ;:nglacial or subglacial drainage
network, as well as via marginal channels. Topographic considerations influence glacier
surface drainage patterns, but not all water melted off the surface drains into the catchment
basin. Glacial drainage networks are very complex, and surface streams can be diverted by
crevasses and moulins to flow in a completely different direction. It is impossible to
detenhine exactly how much water is being input from the retaining glacier, but' the

measurement of ablation may provide a ballpark figure.

Kaskawulsh Glacier ablation was:estimated from measurements taken at 10 stakes. These
stakes were located in close pi-oxi_mity to 'the margin of the lake. They were set up'in a patiern

moving away from the ice edge at 50 m intervals (figure 10). The stakes were drilled into the
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ice, and the distance from the top of the pole to the ice surface was recorded approximately

every four days throughout the season for a lotal of 21 readings.

~
Sl

Main Crevaase

» STAXE LOCATIONS BHOULLER

1cms0.1km

Figure 10: Stake distribution pattern, Kaskawulsh Glacier.

Af the end of the summer, the total amount of ice melt was calculated for each of the |
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ten stakes. This ranged from 2.33 m (stake 5) to 3.83 m (stake 9), with an average of 3.09 m.
There was no snow cover at any of the stakes during the field season. All the stakes were
located on the ice surface, not near either a valley wall or a moraine, and had a similar debris
cover. There was no major topographic or slope orientation difference which could affect ice

melt to any significant extent,

The water equivalent of the ice melt was calculated using a standard density of .9 for
glacier ice. Thus, the average amount of ice melt was equal to 2.781 m of water loss. This
amount was then multiplied by 18.2 km2, the area of the glacier determined from aerial
photographs which should, under normal topographic considerations, drain into the lake.
Thus, 5,061 x 10* m3 of water was the maximum possible contribution of the Kaskawulsh
Glacier in terms of melt from the immediate area. However, some of this volume may have
been lost due to evaporation or lost into the glacier’s main drainage system, and water from
further up-glacier may have been added through either marginal channels or eaglacial tunnels.
These volumes were impossible to quantify. Thus the ablation figure calculated could only be

used as an estimate of the volume of Kaskawulsh contribution to the lake.

At the beginning of the research project, it was assumed that the contribution from the'
Kaskawuiéh Glacier could be quantified by measin’ing the basins’ input and subtracting this
volume from the stored volume in the lake. Any amount not accounted for by stream input
| could then be assigned as input from the Kaskawulsh Glacier. However, as will be seen later,
the input exceeds the stored volume of water, rendering this quantification of the contribution
from the Kaskawulsh Glacier impossible. Thus, while it was acknowledged that there was
some contribution from the Kaskawulsh Glacier, it seemed more reasonable to not include it

'in the water balance calculation.
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4.2.4 SUMMARY OF INPUT

A(g) was caiculated from the measured ablation of the N.S.Glacier, and was then

extrapolated to the other two cirque glaciers. The contribution to the water balance from the

glaciers was calculated to be 1.74 x 107 m3,

The precipitation, P, for the basin was calculated by measuting the amount of rainlsnm\.-
fall at 4 stations and extrapolating this over the area of the basin. This was calculated to be
1.08 x 105 m3 of water. However, most of the precipitation does not reach the streams. It is
absorbed into the ground or evaporated back into the atmosphere. As a result, the

precipitation input figure is somewhat deceptive.

The input from the Kaskawulsh Glacier (based on ablation alone) was found to be 5.06 x
107 m3. However, as was stated previously, this volume will not be included in the final

water balance calculation, so the variable Ab{Kask) is not quantified in the formula.

The variable M(b) is the amount of melt from the basin not attributable to melt off the

glaciers. This encompasses snowbank and ice-cored moraine melt. This variable is quantificd

using a second equation, as follows:
M(b) = Q- {A(g) + P}

where Q is the discharge, measured over the summer as 3.51 x 107 m3. This equation then

solves as follows:
M(b)= Q- {Al) + P}
M(b)= 3.51 x 107 - {1.74 x 107 + 2.08 x 106}
M(b)=3.51 x 107 - 1.85 x 107
M(b)~= 1.66 x 107 m3
Therefore, the cénm'buﬁﬁn of the snowmelt from the rest of the basin is almost as Iar‘ge.' as

the contribution made by ablation of the cirque glaciers.
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Putting this into our original equation, the input component of the water balance equation is:

I=A(g) + M(b) + P+ Ab(Kask) .c..crueiriiiiiiiiiniiiiiciiiniiniere e rssse e s ne e e e e 1
and Q = A(R) + M(D) + Poorrrrrrriiiiiiiiiiiiinitiisnsiir e ssssssneassstanssss e s sannsssnnssssnnoes 5
thus I = Q + AB(KaSK). ceocreeiiiiimmiiiiiiiiiireti e cceeneree st anes s rretses e st as s an s snn s 7

For the basin, input is 3.51 x 107 m3 plus some non-determined amount contributed by

the Kaskawulsh Glacier.
4.3 STORAGE CAPACITY OF THE BASIN

The holding capacity of the lake basin is important, since it establishes the storage
capacity of the system, and provides a maximum‘volume which may be released once lake
drainage has been initiated. The three main points to be addressed are the volume of the

lake, the rate of water input, and the volume retention in the basin.
SIOTAZC = INPUL - OIEPUL co.ecectetereteienetiestesessasseenesssssebaseseastes e st ananst et e s s s e sannasasasss 3

with output being the continuous loss through either evaporation or leakage.
4.3.1 VOLUME OF LAKE BASIN

The topography of the iake basin was determined by post dfainage surveying (figure 11).
From this map, maximum volume and rate of volume increase were calculated ﬁSing a
planimeter. The total volume for the lake was calculated as 1.46 x 107 m3. This, however,
did not include lixe volume of water beneath the floating ice margin which was impossible to
quantify accurately, but an estimate of 1.00 x 105 m3 was made from the topography. This
was determined from the assumption that the collapsed ice‘mzlugin after drainage reflected the

topography of the basin floor (Marcus, 1960§ Sturm & Benson, 1985). An overall figure for
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the storage capacity of the lake was approximately 1.56 x 107 m? of water.

4.3.2 INPUT RATE

Input = Q + AD(KASK).....uiiiiiiiimmrneeeeetiitieeieseerenanienseresressesesenssesanessaseesrnsasenasanes 7

where Q = {A(g) + M(b) + P}......ceen eeeetetereraetstatereenttttenennrartesananansrannnsnrnsrrnntn 5

The rate of input is the change in the amount of any or all of the above variables with
time. All of the variables change in magnitude over the course of the season. The factors
which control the changes for these variables will be outlined briefly and an analysis made of

the changes in all of the variables on a weekly basis.
(A) KASKAWULSH

The input rate for the contribution from the Kaskawulsh Glacier is expressed as the
ablation rate. Variations in the amount of insolation control the ablation of the Kaskawuish
surface, and this is directly related to fluctuations in temperature. The melt rates were
calculated from the measuremems' taken at 3 or 4 day intervals throughout the scason.
Hence, the ablation figures give an indication of the possible amount of iﬁput from this

source if the entire volume of meltwater actually entered the lake.

(B) PRECIPITATION

The input rate for precipitation into the basin is relatively small. Because of this, the

rate will be examined as totals per week as well as averages.
(C) STREAMS

The stream input rate or discharge rate varies throughout ‘the season, and is' directly
* related to the temperature. Variations in mean temperature in the basin lead to variable

discharge rates of the 3 proglacial streams.
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Preliminary calculations of stream input were based on the data from the 3rd G. stream

stage records and extrapolated to the other 2 streams. This was possible since point discharge

readings taken indicate similarities in discharge for the 3 streams.

(D) WEEKLY ANALYSIS

This section examines the changes in the variables on a weekly basis. The numerical

values which these changes represent are summarized in table 4.

JUNE

~ During the first week, June 10-16th, the rate of ablation on the Kaskawulsh was low, with
a water equivalent of 3.24 x 10% m 1otal. During this same week, the total precipitation input
rate was 1.4 x 10% m3, which equals 0.023 m3sect average. The stream input rate was also
relatively low during most of June, averaging only 1 14 m3sec} during this week. This is in
response to the relatively low mean temperatures during this period, mostly below 4°C. The

overnight temperature dropped below the freezing point, and the daytime highs never

exceeded 7°C.

The week of June 17-23 saw an increase in the ablation on the Kaskawulsh to 5.38 x 100
m water equivalent. The precipitation input during this jSériod totalled 6.87 x 10° m3,
occurring over 2 days, June 21-22nd. This was the largest amount of water added during any
one week by precipitation during the 1987 season (before Aug. 12th). The stream input
nveraged 1.87 m‘:"'se:c‘1 during this week. The mean temperature rose to peak at 7°C, then
dropped back to 4°C with the 2 day rainy period. However, the early weck tcmpt;ralurc

increase led to greater ablation of the Kaskawulsh and the small basin glaciers.

During the week of June 24-30th, the ablation on the Kaskawulsh increased to 7.45 x 106
- m water equivalent. There was no pfecipitation during this week. The stream input was

increasing, averaging 3.30 m3sec’l during this period. The high ablation and runoff rates were
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due to the increase in the mean temperature during this period to a peak at 11°C on the 30th.

JULY

The week of July 01-07 showed less ablation on the Kaskawulsh, totalling 5.82 x 10° m
water cquivalent ior the weck. There was 4,805 m?> of water added by means of precipitation
and 4.05 x 100 m? of water added by the sireams at a rate of approximately 6.70 m3sec’t. The
drop in the ablation rate followed a steady drop in the temperature during the week from 9°C
o 7°C. However, the increase in volume being discharged by the streams is probably due 10
the flushing off of the surface of the small cirque glaciers. This can be seen in table 1, where
all but stakes 14 were by this time snow-free. Another possibility could be the opening of

some subglacial reservoirs and channels.

Between July 8th and 14th, the mean temperature in the basin continued to decline.
However, the ablation rate on the Kaskawulsh increased to account for 7.28 x 108 m water
‘equivalent, and there was 6.2 x 10* m3 of walér added by precipitation at a rate of 0.1
m3sec’l, Overall, the input rate increased despite the décreasing temperature. Thi; was
probably due to Jag times between higher temperatures and high melt rates. However, the
mean icmperature stayed above 4°C and the night time lows never went below 0°C. Hence, it

was still warm enough to promote melting within the basin.

Tﬁc pcridd of July 15-21st brought a marked increase in the mean temperature of the
basin. The rate of runoff from tﬁe 3 basins rose to 9.43 m3sec‘1, and there was 1.08 x 10° m3
of wlaler input during one day as precipitation. However, the ablation’ of the Kaskawulsh
dropped to only total 5.83 x 108 m water equivalent. Hence, the overall rate of input rose.

" slightly during this time.

The mean temperature for the basin fell and then rose again during the July 22-28th
week. This is reflected partially by the drop in both the ablation and runoff rates. There was

some precipitation, but the overall rate of input was down slightly during this period.
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AUGUST

The following week, that of July 29-Aug. 4th, showed a slight drop in the mean
temperature but a sharp rise in the ablation of the Kaskawulsh to 6.62 x 10® m water
equivalent. The rate of input from the streams also rose during this time to 10.04 m¥scel.
The precipitation input totalled 9.1 x 10* m3. The increased rates of ablation and runof(

appeared to be delayed reactions from the temperature peak of J uly 27-29th.

August 5-11th was a relatively stable week in terms of temperature, with a slight drop
mid-week which was recovered before the week’s end. The ablation on the Kaskawulsh
dropped to 4.22 x 108 m water equivalent. The stream input also dropped to 7.30 m¥sec).
There was no precipitation input during this period. The drop in rates of ablation and runoff
while the temperature remained virtually constant reflected a shortening in the length of day,

the number of daylight hours and therefore the amount of insolation received.
4.3.3 LAKE FILLING RATE

The filling rate for the lake was established from the recorded changes in the water level
throughout the season, and proved to be variable. During the early part of the season, the
filling rate slowly increased to 3.47 m3secl. on the 28th of June. This preceded the
snowmelt runoff peak by 2 days. This peak rate of filling lasted for 3 days, then dropped as
the discharge dropped on July 1st, down to less than a 1.16 m3sec’l. This paralleled the
discharge curve until July 7th when the discharge once again began to risc. The lake ﬁlling
rate did not start to climb again until July 13th, when the rate of filling rose again to almost
3.47 m3sec’] by the 21st. This high filling rate corresponded to a preceding peak in _
discharge. This was followed by _another very sharp drop in the rate of filling lasting three
days, then a four-day increase to peak at 3.85 m3sec’! on the 28th of July. This peak,
however, dici not cotrespond with a discharge peak, since the discharge was at a low point.on

that day. From July 28th until the 5th of August when drainage was initiated, the rate of



Tahle 4: INPUT RATES - 1987

WEEK STREAMS| PRECIP. KASK.GL. " TOTAL RATE
m3sec’! m3sec] m w.equ.* msec]

10-16/06 104 0.02 3.24 x 100 6.51
17-23/06 1.87 1.14 5.38x 108 ' 10.77
24-30/06 3.30 — 7.45 x 10° 15.62
01-07/07 6.70 0.008 5.82 x 106 16.32
08-14/07 6.27 0.10 7.28 x 100 18.32
15-21/07 9.43 0.18 5.83x 106 19.07
22-28/07 9.18 0.19 5.03 x 108 17.50
29-04/08 10.04 0.15 6.62 x 106 20.99
05-11/08 7.30 — 4.22 x 105 14.28

* Kaskawulsh ablation figures are water equivalents.
'N.B. Total figures include Kaskawulsh ablation data

converted to daily flow equivalent rate,

filling decreased very rapidly.

The variable rate of filling was reflected in the rate of increase of the lake volume. The
‘periods of high rates of filling are marked by more rapid increases in the water volume, and

periods of low filling rate by slower volume‘inc'reases, as would be expected.

The rate of filling curve reflects the changes in the rate of input. When companng the

graph of the lake filling rate with the graphs of each of the other input vanables. it is noted
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that the shapes are similar, with peaks at generally the same times. Most noticeably similar
are the filling curve and the stream input curve (figure 12). Some peaks are delayed or
advanced by a factor of 2 or 3 days though. However, there is a wide gap between the actoal

curves on the graph, showing that much larger volumes of water are being input than are

being stored in the lake, which indicates a large loss 1o the system:.

A series of computer-generated 3-dimensional diagrams were prepared to illustrate the
spatial extent of the lake at 1 week intervals during the filling sequence. The initial diagram,
drawn up for June 8, 1987 shows the lake concentrated in the deep area up against the eastern
half of the ice margin, and not extending into the stream channels or into the western part of
the basin. By July 5th, the lake extended well up into the stream channels and across the
western part of the basin against the ice face. However, the majority of the water body is still
concentrated in the deep section of the basin. By Aupust 4th, the maximum volume and
spatial extent were achieved. The lake extended far up into the stream channels, 1o the point
where a large part of their length was drowned. The lake also covered the majority of the
western part of the bagin towards the 3rd G. slreﬁm. and drowned most of the land from the

eastern ice face extending back almost to the S.G. stream. A full set of diagrams are

contained in Appendix B.

4.3.4. SUMMARY OF STORAGE

. 'When pomparing the lake filling rate with the input rate from the streams (Q), it became
very apparent that there were major discrepancies between the 2 rates. It was assumed that as
the rate of input increased, the rate of filling would increase accofdiﬁgly, but this did not

occur. The rate of input was higher than the rate of filling from the 28th of June onwards.
The difference between the two curves ranged from 3.47 to 9.26 m3sec’l. The n;:o curves
mirror each other in terms of high and low points, but it is the magnitude which differs. At
the snowmelt peak (June 30th) the discharge is around 7.75 m3sec’, while the lake filling rate

is only at 3.47 m3sec'1 The lake filling rate stays below or at 3.47 m3sec™ for the remainder-
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of the season, while the input rate continues to rise 1o a maximum of 11.57 mYsee’! on
August 1st. While the discharge is rising to this peak (the icemelt peak), the lake filling level

is in fact dropping from the 28th of July uniil the end of the season.

Some of the volume of water being input but not being measured as retained was in fact
contributing to the floating of the ice margin. However, as was seen earlier. the estimated
total volume of water retained under the ice face at the highést floating point was 1.00 x 106
m3. This does not uccount for the difference between the volume input and the volume

retained.

4.4 OUTPUTS

The outputs from the basin fall into three categories, leakage, evaporation, and drainage.

The formula which establishes this is the following:

Output = f(Leakage, Evaporation, DIAIDage).......ceeeesrernnsiinsesseensenescsessssesessssnssnsaseons 2

Evaporation obtained as a residual in a water balance equation is usually less accurate than if
monitored by some independent technique such as a form of evaporimeter (Ferguson &
Znamensky,1982). In this study, the evapoﬁtion was not monitored, so this variable cannot
be accurately quantified, and as such is acknowledged as a contribution but discounted in the

water balance calculations.

The leakage and drainage are both quantifiable, however. The amount of drainage is the
stored volume in addition to the volume still being input during drainage. The leakage was
calculated by the formula: '

- Output = Input - Stored Volume e eamme e bRt Rea e aee st n e e ememrem et e ss e setens 3
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4.4.1 LEAKAGE FROM BASIN

"The amount of water being input (seen in section 4.2.4) from the streams was 3.51 x 107
m? of water during the season. The maximum volume of the lake was 1.56 x 107 m3. Using
equation 3, the amount of water being lost to the sysiem before drainage can be calculated as

1.95 x 107 m3.

It is necessary 1o mention herc again that in addition to the volume input from the
streams, there was some further amount of water input from the Kaskawulsh Giacier. Thus,
the amount of input, and, as a result the amount of output before drainage, is in fact higher
than portrayed here. The actual volumetric difference is not calculable, but this provides a

minimum figure.

The rate of leakage varied during the season. The rate per week was calculated using the

formula:

Output (12 - t1) = Input (12 -11) - S10raE (12 “11) . urerereierirneisiirnraeessessssssseesosassessesaens 8

where 11 and 12 are defined as different time frames. From tbe weekly rate, this figure was
reduced to a rate of leakagé per second (figure 13). The rate of leakage was very low during
-lhc first two weeks of recording, that iS the second\ 2 weeks of June. The rates were 0.50 and
0.61 m3secl respectively. These figures, though l;)w enough to be experimental error, have
been included in the overall evaluation of the leakage. By the last week of June, the rate of
leakage had risen to approxiﬁlately 5.55 m3sec”l, where it stayed for the next two weeks. The
last 2 weeks ;>f July saw an ihcrease to appfoximately 6.95 m3sec’l, The final week before

drainage of the lake was initiated exhibited an increase in the rate of leakage to 8.61 m3sec-1.
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4.4.2 DRAINAGE

fA) TIMING OF DRAINAGE

The drainage of the lake occurs in late summer to early fall according 1o observer reports
from the late 1960's onwards. Drainage is assumed to commence when there is a decrease in
the water level. However, it must be noted that a drop in water level is recorded only when
the leakage rate exceeds the input rate. In 1986, the drainage occurred between Sept 3rd and
10th. It was first noticed that drainage had begun Sept. 5th, 1986. The onset of drainage was
obscrved by one of the local pilots on a regular flypast. During the 1987 drainage, it was
noted that drainage had begun 2 days before it was noticeable from the air. It was therefore
assumed that the 1986 drainage had also begun 2 days prior to it becoming apparent from the
air. Thus, it is assumed that the 1986 drainage actually began on Sept 3rd. Further, the
volume of water in the lake basin was roughly equivalent to that stored in 1987, so a similar

iength of time for drainage can be expected.

In 1987, drainage began on the 5th of August. This was not detectable from the air until
the 7th . The lake was completely empty by early morning on the 12th, so a 7 day draihage

period is concluded. This coincides with the 1986 information.

{B) VOLUME DRAINED

The total volume stored in the lake was 1.56 x 107 m3. This included the measured
volume of tﬁe basin of 1.46 x 1_07 m3 and the estimated volume of 1.00 x 106 m3 stofed
beneath the ﬂoatiﬁg ice Iface; However, during drainage, a further volume of wﬁler was being

| input even as drainage was taking place. The input volume from the 3 streams fof that week
w'as calculated to be 2.38 x 10° m3. The Kaskawulsh Glacier was also contributing some

amount of water during this time, but again this volume was impossible to quantify. Thus,



5.
the total knrown volume 1o have drained during the period of Aug 5th to August 12th was 1.79

x 107 m3.

(C) RATE OF DRAINAGE

The rate of drainage of the lake is exponential (figure 14). From the rate of 11.11
m3sec! on the 5th of August, the rate climbed relatively slowly over the first five days,
reaching only 41.67 m3sec] by the 10th. This resulted in only one third of the standing
volume of lake water being drained. The increments of increase were small and fairly regular
during this time. August 5-6 saw an increase of only 0.97 m3sec’l, Aug.6-7: 4.44 m¥sec!,

Aug. 7-8: 5.55 m3sec], Aug. 89: 8.33 m3sec], and Aug. 9-10: 11.94 m¥secl.

The remaining two thirds of the lake water volume drained in the final two days, as the
rate of drainage climbed to 62.50 ﬁ:3sec'1 by the 11th (an increase of 20.00 m3sec! from the
10th), and to 78.89 m3sec] by the 12th (another 16.67 m3sec™! increase). The progressive
inlcrease in the rate of drainage is a result of the constant widening of the tunnel by fficlionul
melting (Mathews, 1973; Drewry, 1986). It was impo‘ssible to measure the size of the tunnel
after drainage, since a 10 m wide section of the ice face co!lapsed' into the basin. In addition,
since the‘ tunnels would have been located further back under the section of the ice face

which was floating, they would not have been visible after the collapse of the ice face.
4.4.3 SUMMARY AND DISCUSSION OF QUTPUT

. The drainage of the lake is the final stage in the apparently continual process of output
from the basin'. As a result of drainage and ice face collapse at the end of ti]e season, the
escapé routes become blocked. The conduits within the Kaskawulsh Glacier continually
deform and close under ice overburden pressure due to.t‘.he forward movement of the glacier.
This would be particularly effective after drainage, since very little or no water would be

flowing through the passageways to maintain melting. As a result, the early part of the ‘
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DRAINAGE RATE, SUMMER 1887
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Figure 14: Rate of drainage, summer 1957.
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following season is devoted to the slow exploitation of former or new channels. The presence
of a slow leak bypasses the problem of initiating and forming a new tunnel each year (Blachut
& Ballantync,1976). It is suspected that the drainage system is a combination of Nye and

Rothlisberger channels, supplemented by marginal floating and englacial tunnels.

The basal conditions are hypothesized as follows. A N.yc channel exists in the bedrock
beneath the ice face. This channel may be open year-round, or perhaps freezes up during the
winter, or gets blocked by ice debris after the drainage. The channel, however, has a limited
capacity, which restricts the amount of water passing through it and escaping the basin (figure

15a). This would correspond with the low rate of leakage experienced until the 20th of June.

A Rothlisberger éhannel develops above the Nye channel as the season progresses and
warmer water is input into the lake. This allows a larger volume of water to pass out of the
basin (figure 15b). This channel would be cut by the warmer water flowing along the base of
the water column tb the ice face. The increase in the size of the opening through which water
can escape would correspond to the increase in the rate of leakage after June 20th, up to

approximately 5.5 m3sec’] from the previous 0.5 msecl.

In addition to the tunnel's continual enlargement due to the heat of fricticn from the
draining water, the ice margin then begins to lift as the lake fills. This allows a larger amount
of water access to the drainage passageway (figure 15c). It is also possible that this initial
lifting detaches the ice margin from the bedrock. This lifting may be sufficient to allow the
water to pass over a rock lip at the edge of the hanging valley inlp which the ice re-entrant
flows (see radiol echo sounding results; chap 5). This ice seal with the rock lip may have been |
reslncung the water. This conclusion is supported by the increase of the leakage rate up to

approxunately 7.0 m3sec‘1 in the later part of the summer.

The final stage in this process is thought to be the point at which a connection is made

between the passageways and cavities through which the water is draining and thc main
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channel network of the Kaskawulsh Glacier (Blachut & Ballantyne, 1976). Once this
connection has been made, large volumes of water can be evacuated rapidly from the entire
system. The opening would then be widened by the volume of water subsequently able to
flow through. Thus, the opening of channels which connect 10 the main drainage network may
be part of the triggering mechanism which initiates drainage, and drainage may finally be

initiated by the connection being made.

The rate of increase of drainage is exponential (figure 14). The increased amount of
water flowing through widens passageways cut through ice, since the larger volume of water
passing through the channels means more accessible heat for melting. If the channels are cut
through bedrock, some erosion may occur, but the rate of enlargement of the channel would

be very slow, insufficient to account for the increasing rate of leakage throughout the season.

The configuration of the lake and retaining ice margin, a re-entrant tongue of ice, imply
that while channels may be of the Nye type close to or just under the ice face, most of the
length of the channels are cut directly into the ice. It is likely that the drainage conduits

conneet somewhere into the main glacier drainage network of the Kaskawulsh Glacier.
4.5 GENERAL DISCUSSION AND CONCLUSIONS

Input, output and storage all vary throughout the season. The iﬁput rate Va!ries with the
temperature and precipitation, since melting requires energy input. Storajge is related to the
rates of input and output as well as the size of fhc retain.ing. basin. Outﬁh!:_is a function of
input and some othér fac.lors, thought to be size of the drainage channel, the fﬁie of flotation

of the ice margin and the tumng of the connection with englacial channels.



CHAPTER V
ICE MOVEMENT AND MARGIN BEHAVIOR

5.1 INTRODUCTION

The retaining ice margin plays an important role in the processes of filling and draining
of an ice-dammed lake. It is required in order for the lake to form, and it must be breached

for the lake to drain. The drainage process is often tied in with movement and/or

disintegration of the ice face.
5.2 GENERAL ICE MARGIN CHARACTERISTICS

The rela.iniﬁg ice wall, a re-entrant of the Kaskawulsh Glacier, is approximately 2.5 km
long. The thickness of the ice varies across its length in relation to the topography of the
hanging vallgy into. which the ice intrudes. The ice is thicker at the castern side of the ice
margin, as the topography dips to form the deepest point of the lake. This area of the ice
margin is marked by a series of arcuate crevasses extending back into the ice with a slightly
south-east orientation.’ When the lake is empty, the sections of ice divided by the arcuaie
crevasses appear as a series of dropping steps (figure 16). As the lake fills, these sections
f]oat seqﬁentiallir, until the front-most sections are elevatled to the height of the back ones.
The sections behind and to the si.des of the crevassed zone are subject to high stress, as
hydrostatic pressure forces th? flotation of the front of these sections. If the ice does not
break or crevasse, then the whole section flexes SIightly until the volume of water can no

longer exert enough lifting pressure (figure 17). |
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Figure 16: Dropped ice face, June 5, 1987.

The western side of the ice margin is generally thinner, except for isolated sections
(figure 18). Most of it remains grounded throughout the filling sequence. There is little
stress-induced {racturing of the margin in this section except for a few long crevasses running

_perpendicular to the ice !‘ace: These have their origin in the stresses induced by the flow of

ice into and out of the basin as the Kaskawulsh Glacier flows downvalley.

The floaﬁng of the margin depends on hydrostatic pressure, and a water depth equal to
9/10ths the height of the ice face is hecessary in order to initiate flotation. In the western

section, there is not enough water even at lake-full to float the face. In the eastern section



Figure 17: Uplifted ice face , July 1986,

‘where the deepest part of the lake is located, the ice face is approximately 60 m high, thus
" requiring 54 m of water to float it. This depth of water is atiained very late in the fall
preceding drainage. At lake-full in 1987, the water depth at that. point was 110 m deep, anﬁ
only 15 m of that water ‘depth was added between June 1st and August 4th. This cxempliﬁcs
that the water depth needed to initiate flotation of at least the front sections is reached in the
late fall preceding drainage. The volume of water needed to exert sufficient hydrostatic
pressure to float ﬁe area thought to contain the "seal’ of tht; ice \.with the bedrock does not

accum_uiaie until well into the summer melt season.



Figure 18: Western ice margin.

5.3 RADIO ECHO SOUNDING

A digital impulse radar was used 1o obtain data on the thickness of the ice and the basal
condilions The work was carried out by F.H.M. Jones of the Unfversity of British
Columbia. Three profiles were traced across the jce re-entrant (figure 19). These proﬁles do
not change much when adjusted for surﬁc:al topography, since this varies only slightly.
Profile A (ﬁgure 20) shows a gradual increase in thickness from 125 m near the ice margin to
_300 m at 800 m along the'proﬁle where the signal was lost. This loss ‘of the signal is 5 result
of the ioe thickening beyond the design capacity of the instrument. Profile B (ﬁgure-"z.“O) runs

pirallel (relatively) to the ice face, and shows a depression in basal .topography close to the
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Figure 20:

Radio echo sounding data prbﬁl’e.s';
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area where the drainage channels are thought to be located. The ice thickness in this arca is
approximately 200 m at its maximum point. The profile then shallows near the valley side to
less than 100 m ice thickness (figure 20). The double signal seen on the oscilloscope trace in
this shallower section may be caused by a water-rich basal zone (Jones, pers. comm.
1987)(figure 21). Water at the base of the ice would distort the return signal. This ‘fuzziness’
of the basal signal is also seen on profile C in the same area, which emphasizes the
probability of a discrete water layer existing between the ice and the underlying bedrock. The
third profile also extends beyond the signal identification poiential of the equipment. The

rapid thickening of the ice in profiles A and C at 800 m and 400 m distance from the ice face

demonstrates that the ice margin is merely a re-entrant of the Kaskawulsh Glacier, extending

into a hanging valley.

The radio echo sounding work was also performed to investigate if there were any
Rothlisberger or Nye channels detectable at the base of or within the ice which could
accommodate the evacuation of a large amoun! of water. The 50 m distance between
soundings dictated by the nature of the survey brecluded detailed resolution of the bedrack
form. It had been planned to conduct the radio-ccho sounding survey prior to lake drainage
to assist in the determination of the water depth beneath the ﬂoéling ice margin. This was
preventéd by early drainage and logistics problems. In addition, the ice margin‘was severely
weakened by the dminage, rendering the ice face hazardous to work near. As a result, the ice
thickness readings wére taken back beyond the front section, and an estimate of the water

depth trapped beneath the frontal section of the ice margin is not possible.
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5.4 VERTICAL ICE MOVEMENT

Ten stakes were drilled into the Kaskawulsh Glacier in a pattern extending back from the
ice face (figure 10, Ch 4). These were re-surveyed every three days to monitor any lifting of
the ice margin. Two of these stakes were positioned on the heavily crevassed section near to

the ice face. The remaining eight stakes extended towards the center of the Kaskawulsh

Glacier beyond the main dividing crevasses.

The survey showed a rise of the ice during lake filling and collapse and setiling during’
and after lake drainage. Indirect evidence of movement was also provided by photography
and observations. At the start of the 1987 field season, ihe winter lake ice was frozen to the
ice face. By June 1dth, the ice uplift was evident in the slight deformation of the winter ice
frozen to the margin. On June 19th, the amount of lift of the winter ice off the lake water
surface was approximate]y 1.5 m (figure 22). The greatest uplift and fall of the ice margin was
expected and recort:led at stakes 9 and 10. The total amount of uplift between June 11 :mci
Aug 4 was 25.7 m at stake 9 and 24.0 m at stake 10. The drop of the ice margin during and
. after drainage was 25 m at stake 9 and 34 m at stake 10. Itis deduceable from this that some
of the early uplift of the ice margin occurred during the initial refilling slage.s. of the lake in

the late fall before freeze-up, since the total summer’s rise is less than the amount of collapse.

It was hypothesized that the major arcuate crevasse system separated a section of the
glacier margin which floated freely from the main mass of the glacier which may or may not
have remained in contact with the bed. The survey of stakes 1-8 demonstrated that this
section does rise and fall with the filling and draining of the lake. Tllle. total amount of
displacement decreases with the disfa.nce away from the ice face. Stake 8, located at the top
of the arcuatel crevasse, rose 15 m and' fell 10 m. ‘ Stake 1, located between 250 and 300 m -

"back from the ice face, was measured to rise 7.0 m and fall 2.25 m.



Figure 22: Uplift of winter ice off lake surface, June 19, 1987.

However, when examining the graphs of the ice uplift (Appendix C) it is apparent that
the first big increase in the height of the ice is possibly experimental error. This is thought to
be because the 6-8 m rise shown on tlte 18th of June is standard aer'pss all stakes, which
~ would seem 10 indicate some amount of equipment placement error rather than sttictly actual’
” movement. The problem of equipmertt placeniem error is caused by the survey locetion. Due
to the nature of the area, it was impossible to find a ‘bedt;ock base en which to establish a
permanent sui'vey point. Instead a set point was delineated on the gravel surface of the
moraine, which was reasonably stab!e. Nonetheless, the non-permanent surface of the survey -

location tended to cause minor shifts in the placement of the eqmpment which registered as
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changes in the height of the stakes being surveyed. Uplift of the margin later in the season is
gradual, and the amount differs with distance from the ice face. Thus, any identical amount
of change registered at all stakes is progabl_v an error. Some of the fluctuations in the curves
may also be designated as error. Small errors in the instrument set-up can falsely record large
amounts of change. However, the graphs do indicate a general trend of ice uplift, more

pronounced close to the ice edge. Close examination of some of the graphs permits the

interpretation of the dynamics of various parts of the ice face throughout the scason.

The section of the margin on.which stakes 9 and 10 are located is disconnectied from the
main ice mass for the most part, except for seasonal freeze-up of the crevasses and along the
margins of the arcuate area. In the early part of the season, the front section floats as a
whole, and entrains the back section with it. Disconnection of the winter frozen sections is
thought to occur around the 20th of June, after which the front section floats nearly
independently throughout the rest of the season. These sections are predominantly distinct
masses of ice, separated by multiple crevasses and fractures, and they respond individually to |
hydrostatic pressure, according to their own mass/density balances. Because these blocks are
fully ﬂatalional during the whole season, they were immediately responsive to the onset of

" drainage and began collapsing. Stake 10, the furthest forward of the stakes, collapsed to a
point 10 m below the height at which it was originally surveyed. This is an indication that a

fair amount of uplift had occurred in the previous fall, prior 10 winter freeze-up.

Stake 8 is located immediately above the xﬁajor crevasse. The graph of its movement
shows an early increase then settling of this section of the ice margin. As previously stated,
this rise is probably a combination of measuremient error and entrainment of this section of
the ice mérgin by the floating of the frontal sections. Beyond July ist, the graph demonslrates
the slow and steady uplift of the margin induced by ihcréasing‘ water level and incréased
'hycirostatic pressure. A certa.inlam.ount of collapse is evident dﬁring and after drainage, but

the stake does not return to the measured starting point, assumed to be the point of
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grounding. This can be explained in two ways. The first explanation could be that an amount
of water and ice debris was trapped beneath the margin, impeding the full settling of the ice
onto the bedrock hase. However, since the ice thickness in this area was found to be 125 m,
a considerable amount of overburden pressure would have been being exerted, which puts

into question the validity of this explanation.

A sccond, more likely explanation, could be that the ice in fact did ground post-
drainage, and the 5 m diffcrence is a mathematical accounting for the error in the original
rise, mentioned earlier. This would suggest that the original uplift, measured (perhaps
crroncously) as 8 m (stake 8) may have been only 3 m. If this is the .case, then the graph of

movement becomes more realistic (see corrected lines, Appendix C).

Stakes 1-6 show a reasonably smooth uplift through the season, with an increase in
magnitude with greater proximity to the lake. Stakes 6-8 show clearly the effect of the
increase in Jake flling rate between July 20th and 30th, whereas further back into the glacier

(stakes 1-5), this effect is mostly damped.

The coincidence of the stake mo.vement with the lake fiiling and draining indicates that
this is a lake-driven effect, rather than ;a seasonal thickening of the Kaskawulsh Glacier below
(he confluence of the North and Cen;ral Arms. The comparison was carried out using stake
8, since this location was thought to be indicative of the dynamics of the margin, without |
being either damped by being too far into the margin, or being not representative because of
partial or ‘lotal disconnection. The filling rate and the ice face'movement generally mirror
each other (figure 23). The most noticeable part of the season for this is from July 15th to
30th. Both the filling rate and the ice rﬁovelﬁent increase rapidly and fairly dfamalically. The
ice movement cui'vg also follows the forﬁ: of the lake water level rise curve (figure 24). The |
-difference between these-two is that the water level rises so:ﬂewhat faster tha:; does the ice.
This is to be expected, since the stake being used for comparison is not ﬂoaliﬁg freely, but is

attached to the main ice mass, and thus is not free to respond as readily to increased
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hydrostatic pressure. Examination of the movement of stakes 9 and 10 in comparison with
the water level curve would have shown aimost identical movement. This is proof that the ice

movement is driven by the lake level dynamics rather than seasonal thickening of the margin.

Some small amount of uplift can be explained by summer thickening of the ice mass,
since this is a known occurrence with movement of a glacier below an icefall. However, this
effect would be most prominent in the stakes farther out into the main ice stream (stakes 1 -

5), and would not have affected the stakes experiencing the most movement.

5.5 PHOTOGRAPHIC EVIDENCE

For a qualitative check on the ice margin behavior, a series of photographic panoramas
were taken througﬁout the season (;'Lppcndix D). They demonstrate very clearly the ice
margin uplift. The sunken appearance of the amphitheater like section of the margin (June
5th) was modified slowly until there was a minimal height difference across the crevasses by
July 23rd. A photograph taken on August 12th after drainage shows the collapsed ice margin.
The front sections of the margih can float easier than the back sections because they are

mostly disconnected from the main ice mass, which has to deform as the margin floats.

The annual floating and collapsing dcle of the ice margin produces stress fractures in
the ice, resuiting in the bréakup of the glacier. Icebergs in the lake in 1986 indicat;:d some.
.margin breakup in 1985. Photographic evidence after the 1986 drainﬁge shows very little ice
calving (figure 25), which was confirmed by the presence of only a few icebérgs in 1987. The
drainage in 1987 was characterized by the bxe@g of large sgctions of the icelmargin. A large
section broke off on July 22nd; prior to drainage, and the ice face retreated by disintegration
by more thanllo m during drainage. The bottom of the basin was not aécessible after &rainag;e

due to the amount of ice lying in the lake bed, and the very unstable nature of the face itself
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Figure 25: 1986 Drained lake bed - little ice in basin.

(figure 26). The lake in 1988 was choked with icebergs.

The loss of sections of the ice face due 1o repeated stressing from several years of
floating and collapsing is evident in the air photographic record. Air photos taken post-
drainage in 19'*1 (A13._‘53-37) show the empty lake basin filled with xcebergs. The amount of
ice is similar to the amount in 1987. Post 1972 drainage coverage (A2_2999-48)‘ shows very
linlg iqe lying in the empty lake bed; slightly ﬁ:ore than in 1986 but much less than in 1987.
 The 1977 air photos (A24763-19) show the lake pre-drainage, sg no information can be

derived from them. Information provided by a local pilot concurs with the idea of a pattern of |



Figure 26: 1987 Drained lake bed - major ice face disintegration.

years of little break-up intermixed with years of major ice face disintegration. Thus it is
apparent that more than one cycle of lifting and falling are necessary to render the ice margin

unstable enough to disintegrate substantially during drainage.

The cyclic panf:m' of years with major ice margin dfsinlegration 'followc;d by years with
 little or no calving is most likely attributable to the movement of iée into the valley. The
margin, a re-entrant of ihé Kaska\‘mlsh Glacier, is constantly being replenished by that
glacier. Surface flow rates for the Kaskawul;h Glacier reach a maximum of 152'mlyr for the

Central Arm and 215 m/yr for the North Arm (Anderton, 1967). Anderton (1967) found an
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accelerating velocity profile measuring 137 m/yr at a point 1800 m downglacier from the
nunatak along the longitudinal axis of _the medial moraine {Loomis, 1970; after Anderton
1967). This point is close to being directly across from the lake, though approximately two
miles out. The flow rates for the center of the Kaskawulsh Glacier are relatively high. Those

near the margins weuld be reduced due to friction with the valley sides.

Following two or three years in which ice is being thrust into the basin by the movement
of the Kaskawulsh Glacier, a large aniount breaks off during drainage. This event is theﬁ
succceded by further pushing of ice into the basin. This constantly renews the volume of ice
extending into the basin. In accordance with this, there is little evidence of general retreat of
the glacier margin. The air photos taken in 1972 and 1977 plaqe the margin at virtually the
same position it occupied in 1931, On-site examination indicates that the present location of

the ice re-entrant is the same as that delineated by the 1977 air photos. ‘
5.6 CONCLUSIONS

The floating of the ice margin has been found to be only partially responsible fér the
onset of drainage, (as discussed il'; chapter 4) since the surveying demonstrates the date of
initiation of .ﬂmntion as being early in June, and the lake does not begin draining until August
4th. Marcus (19560} atiributed the retaining of water 1o a seﬂ just at the edge of the heavily
broken zone. On the Kaskawulsh Glacier, this would be aﬁproximately at the locatioﬂ of
stake 8, just beyond the major arcuate crevasse. Howeyer‘,.the data demonstfates that the ice
lifts beyond this point long beforg &rainage takes place. ’I‘lns does not mea:m that thg ice does
not play some role in the iniliatioﬁ of dﬁnage,, rat.her .lhat it 'méy not be the sealing

“mechanism. As discusSed in chapter 4, it is thought that the lifting -does 'accqunt f(_')rl an
increase in the ralte of leakage during the filling. sequence’ (appi'ox June !24th). It is

-hypothesized that drainage is initiated by a connection being made with the. Kaskawulsh



Glacier’s drainage system.

The amount of collapse of the ice face after drainage affects the preservation of the
tunnel openings beneath and within the ice face. If the tunnels are completely destroyed
and/or infilled with debris, the possibility of their being exploited and re-used is reduced.
However, leakage throughout the season seems to indicate that some conduits are established
early. These channels must be jocal only, that is leading into the surrounding ice mass, since
they do not connect to the main glacier's network. If they did, drainage would be occurring
throughout the season, since the water would flow directly out of the basin. The process of
tunnel widening, which allows the drainage rate 1o increase exponentially, would take place in
these channels as well, and the basin would not retain any water. The high rate of ice
movement in the main part of the Kaskawulsh Glacier ensures that its drainage network is
deformed and closed due to siress and overburden pressure.  This suggests that the
connection of tunnels within the ice mass to the glacier's main drainage network is the trigger
for the lake drainage. The conneclion‘ to the méin drainage network is important, since it is
unlikely that the water funnels down the rock wall and below a recorded thickness of
approximately 1000 m of ice at this point of the Kaskawulsh Glacier (Dewart; 1968).
However, this is ilmpossib"le to test, since the Kaskawulsh Glacier is 30 miles Jong from the

lake to the resurgence point at the terminus, and the main drainage network is subglacial.

The ice is significant to the mechanics of the lake, in that it does affect the retention of

the water. However, studies of the ice margin could be better used to unde;sland the
dynamics of such a bodyjof ice. Thé exgminalion of the ice margiﬁ has helped to undersiand
the interactions between the ice margin aﬁd the lake, in addition to providing information on

the thickness of the ice, which allows the confirmation of the nature of the ice re-entrant. -



CHAPTER VI
SEDIMENTATION: PROCESSES AND DEPOSITS
6.1 INTRODUCTION

In a periodically or annually draining ice-dammed lake, the sedimentation pattern is
different from that of a normat proglacial lake. One of the major factors which affects the
depositional regime is the fluctuating water level. Several other factors may affect the
processes of sediment distribution throughout the lake, either directly or indirectly. The ice
mass in contact with the lake adds large volumes of water at 0°C to the lake, which controls
the thermal regime and in turn affects the density conirasts at the inflc;w positions of the
strcams. Secondly, sediment input via englacial or subglacial passageways is deposited in
different patterns from that of non-contact stream deltas. The currents generated in these
pa;ssagcs also produce flows in different direftions within the water column, often disrupting.
lhé flow patterns of subaerially originating stream underflows. Thirdly, iceberg§ éalving off
the ice margin can carry sediment across the lake basin, can disrupt the flow pattéms'within
the water column,' and can destroy faéies by scouring if they run aground. LaStI}, the
. ephemeral nature cl)f ice-contact lakes often means that a large amount of sediment gets
‘redis'lribuled, sedimentary sequences form incompletely and any deposits found are often

distorted due 1o the fluctuating water levels (Ashley, Shaw & Smith, 1985).
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6.2 SEDIMENT INPUT

The sediment input from glacier streams is extremely variable, depending on such factors
as time of day, time of season, bedrock type beneath the glacier, amount of movement of the
glacier, amount of morainic debris the stream must travel through, and others. These factors
combine to ensure thal the amount of sediment being carried by the streams cannot be

accurately predicted, but may be monitored so that general trends may be delincated.

The sediment input from the three streams was measured during the summers of 1986
and 1987, as part of an ongoing research project being carried out by Dr. P.G. Johnson. The
technique used to collect the samples was outlined in chapter 3. Samples from a few days
were chosen to provide data on diurnal variations and seasonal changes. These samples
include ones from the peak runoff period, as well as early season (low flow). In total, 3 days
were highlighted for analysis for the Surging Glacier stream with two of these having both
morning and evening samples, anc-l four days were selected for both the Non Surging Glacicr'
stream and the 3rd Glacier stream with two days including morning and .cvening samples.
Bar-gfal;hs illustrating these results are contained in appendix 'E, but the data is also

presented in tabular form (table 6).

The author acknowledges that 5 or 6 samples are statistically insignificant in order to
draw any firm, accurate conclusions as to changes in.sediment concentration patterns on a
seasonal or diurnal basis. However, these samples provide an indication of conditions at

several different stages of the seasonal discharge, which allow some basic observations to be

made,

Results from the sampling program show that the predominant size range of materials
carried by the Surging Glacier stream is less than 63 microns, the silt and clay size range.

The next most important is the 125-250 micron size range, or the fine sand size range.
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Table 5: SEDIMENT CONCENTRATIONS BY WEIGHT FROM STREAM WATER
SAMPLES

Surging Glacier Stream, 1987
Size 717187 717187 2211487 5/8/87 5/8/87
Range 10:00 18:00 16:00 07:00 20:00
<63pm 40% 44% 34% 50% 31%
63-90um 13% 16% 11% 17% 16%
90-125pm 15% 12% 10.5% 18% 12%
125-250pm 23% 2% 20% 1% 23%
250-500pm 10% 6% 17% 4% 12%
>500pm - 2% 3% - 6%

Non Surging Glacier Stream, 1987
Size 13/6/87 717187 7/1/81 2717187 4/8/87 4/8/87
Range 19:00 10:00 19:00 16:00 10:00 18:00
<63pm 46% 52% 29% 17% 51% 34%
63-90um 16% 8% 6% 15% 7% 7%
90-125m 16% 12% 5% 23.5% 5% 28%
125-250pum 1% 14% 28% 21% 14% 17.5%
250-500;m 4% 10% 28% 18% 18% 5%
>500pm 3% 0.5% 2.5% 3% 1% -

3rd Glacier Stream, 1987
Size - 13/6/87 717187 7/7/87 20/7/87 - 4/8/87 4/8/87
Range 19:00 10:00 18:00 16:30 10:00° 18:00
<63pm 25% 18% 37% 61% 52% 51%
63-90um 27% 18% 10% 8% 6% 10%
90-125um 28% 32% 9.5% 9% 4% 7%
125-250pm 9% 10% 13% 14% 13% 19%
250-5001m 10% 21% 15.5% 6% 17% 5%
>500pm - - 10% 1% 4% 1%

The trends which these samples seem to delineate are as followS: the materials in the

coarse and ven coarse sand size range are found in higher percentages both later in the day

as well as later in the season. These samples were taken at times of higher fow eondmons,

which means that the water has the capacity to carry larger amounts of materials,

and larger
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size materials. The main size range seen throughout all samples is the silt and clay sized
particles. This is expected, as there was a large amount of very finec material being carried by
this stream. The presence of material in the very fine sand (63-90 pm) and fine sand size
range (90-125sm) in reasonable quantities in all samples leads to the expectation that the

_material in these size ranges should be present in the post drainage deposits.

The Non Surging Glacier stream is much more variable in the range of material. Resulis
of sample analyses show a much greater presence of the larger maierials through all the
samples analyzed. The medium sand size range (125-500 pm) and the coarse to very coarse
sand size range (>500 um) are seen in sufficiently large quantities throughout the season. The
amount of medium sand sized material increases through the season, as expected due to
higher flow velocity, but is variable on a diurnal basis. The evening sample taken early in the
season (07/07/87) shows an increase in the percentage by weight of the material in these size
ranges from earlier in the day, but the sample taken later in the season (04/08/87) shows a
decreasg from its morning percentage. The silt and clay size materials (<63 pm) are once

agnih very dominant throughout all samples, with the lowest amount being 17% (27/07/87).

'f'he 3rd Glacier stream samples are generally heavily oriented towards the <63 pm size

range. The results of the analyses of the samples from this stream show some changes
| through the season. In the early part of the season, the second most important size range was
the very fine and fine sand size panicle;s (63-125 pm). The 125-500 pm (medium sand size)
range increased in importance as the season progressed and discharge rose. The silt and clay
size range (<63 pm), which made up an average of 26% early in !he season, increased
dramatically as the season prbgressed to account for an average of 54% fclxr the latter part of
the ﬁummer. Thé >500 pm (coarse to very coarse sand size) range was prcgent in‘al'l sahaples

except for the early season (13/06/87), when the flow velocity would have been insufficient 1o

_ mobilize this size of particles.
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In general, the high concentration of fine material (<63um) being input into the lake by
all three streams can be confirmed through other sources. The changes in the sediment
plumes and the definition of the plungt; lines reflect the observed increase in importance of
the silt and clay size range throughout the season. The concentration of other size ranges is

also reflected in the deposits associated with each of the streams.
6.3 DELTAIC DEPOSITIONAL SEQUENCES

The shallow water scquences, in particular the deltas, are of special interest to this study.
Changes 1o the deliaic deposits are associated with changing water levels during the filling and
draining of a proglacial lake. A typical delta contains very coarse topset beds, less coarse
angled forescl beds, and distally-fining bottomset beds (figure 27) situated in a static location.
With the changing water level, a delta is not constructed in one location, but migrates slowly

upsiream as the water level rises,

Al. the lowest level, the typical pattern of topset, foreset and bottomset beds is
established. As the water level rises, a critical point is reached, and the location of the break
between topset and foreset beds retreats rapidly up—delta. The factors controlling the location
of this critical point arc thought to be a combination of slope angle, water velocity and
-carrying capacity. As this critical point is reached, the coarser bedload making up the topéet
beds is deposited further upstream, foréing the formation of a new set of foreset beds. The
distally-fining bottomset bed material now drapes the ‘lower’ delta. This patteﬁl is répc;ated as

. o _ A
the lake fillls. The end result is a series of overlying steps on the delta (figure 28). As thg
water depth increases, lﬁe lower sections of the delta are covered with deep water lacustrine
deposits. The thickr;ess of these depbsils is a function of time and sediment input‘ to the

basin.
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Figure 27: Typical delta form (Ashiey, Shaw & Smith, 1976).

‘Thé typical depositional sequence seen at any point in the deltaiq area is crudely
la:ﬁinated coarse gravels overlain by beds ﬁning upwards which exhibit a variety of currént
structures. The fining sequence contains im_‘allel laminar section overlain by wavy
laminaﬁons, in turn overlain by ripples and climbing ripplesl of type A and B'(a.ftérl Jopling
and Walker, from Ashley, Shaw & Smiih; 19&‘5).. This is usually capped by another v}avy
lammar section overlain by a. planar laminar section. Through.o'u‘tl this entire sequepqé, the

material is fining upwhrds. The top part of the section is usually very fine material associated
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Figure 28: Step delta form.

with ‘distal’ deposition, containing no current structures. Deep water materials are usually
deposited in a conforming layer which overtops the whole sequence (figure 29). This typical

depositional sequence can be seen throughout tﬁe delta.

When drainage is initiated, changes occur in the deltaic area. Drainage is rapid though
still long term (7 days). The first change associated with the drop in water level is the
alteration in carrying qapacity of the stream. Changes in sﬁeam gradient allow re-entrainment
of suspended load and bedload whicil is redeposited downstream. The top deltaic sequenges
are truncated, whﬂe the lower sections may have a coarscning upwards sequence overlying the

earlier-deposited fining sequence.
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Figure 29: Typical deltaic sequence

.The volume of material which is re-entrained and redeposited during drainage depends |
" on the stream itself. If drainage occurs early in the season, the stream velocity and discharge
ere still high, and the cai)acity for erosion and transport is much greater. As a result, much
cbannel migration will occur; resulting in disturbance to most or all of the upper delta
sections, md larger amounts of metenal being deposited m the lower sections. If dmnnge
occurs late in the season, then stream velocity and dnscharge are lower, and the erosion and

transportation capacities are lower. The result is usually downcutting with little lateral stream -
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migration. This leaves the upper sections undisturbed, and the lower sections have very litile

capping of the coarsening-upwards deposits.

The two different patterns can be seen in the deposits. In 1986, drainage occurred in
early September (3-10), when discharge was Jow, so there was litile disturbance of the filling
scquence deposits. In 1987, dréinagc occurred much earlier (Aug 4-12), which resulted in
upper sequence truncation and lower sequence reversed deposition. In 1986, very few sections
were exposed, since only a narrow central area was cut by the stream during drainage ({igure
30). In 1987, however, a very wide area was affected (figure 31), aﬁd remnants of deposits

from several years (not necessarily sequential) were exposed.

The geological and glaciological contrasts in the basin are reflected in the composition of
the stream sediment loads. The NSG and 3rd‘streams carry large amounts of material, with
bedloads predominantly in the gravel size range. This means that small scale current
structures are mostly indistinguishable or absent. Larger scale divisions between topset and
foreset beds, and distinctions between fluvial and lacustrine deposits are, however, ciearly
visible. The deltaic areas from these two streams \\Irill be de;scribed in general, but only a few

scctions will be analyzed in detail.

The SG stream transports sediments ranging from cobble and boulder size 10 silt and
sand size. However, the suspended material outweighs the bedload. Deposition on the delta
proper is mﬁinly the sand sized or larger material. Small scale current structures are readily
scen, as are changes in maFeria] size within ﬁe depositional sequences. Most of the
sedimentary sequences examined in detail will be from this stream. Howéver, the general |

structure of this delta will also be examined and compared to the others,

The following seqtiou will concentrate on the SG sections, and will first distinguish
‘classes’ of material size and associated structures in order to facilitate the analysis of the

individual sections. These facies are based on units set out by Liverman iz his work on-



Figure 30: S.G. & N.S.G. deltas, 1986: little disturbarice during drainage.
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Figure 31: 5.G. delta, 1987: large area affected by drainage.

Hazard Lake (1980, 1987).

' 6.3.1 SEDIMENTARY FACIES

Facies I: Gravels

)

‘This facies is characterized by generally poorly sorted, well rounded clasts. These vary in |
size from boulders to medium to coarse sand matrix. Structures are hard to discerm, but

horizontat -bediiing is sometimes visible. These units are usually associated ivith high velocity,
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high capacity stream flow and shallow water.

Facies 2: Cross Bedded Sands

This facies is rare, and is characterized by tabular cross bedding, seen in well sorted,

medium grained sands.
Facies 3: Planar Bedded to Massive Sands

This unit contains material in the fine gravel to very fine sand range, and is usually well

sorted. This unit is most often devoid of internal structure.

Facies 4: Cross Laminated Sands

This unit is composed of well sorted materiai in the fine sand to silt size range.
Structures found in this unit are draped wavy laminations (after Gustavson et al, 1975), and

ripples of types A and B (after Jopling & Walker, 1968).

_Facies 5: Graded Sands and Silts

Normally graded beds of coarse sand to silt sized material make up this facies. The

materials are generally well sorted.
Facies 6: Graded Parallel Laminated Silts

These beds either drape other structures or clasts, or lie flat on top of sedimentary units.

Each lamination is normally graded.
Facies 7: Massive Silts

This unit is usually found on top of a normal graded sequence, and the units are often

massive (1-3 cm).
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6.3.2 S.G. STREAM DEPOSITS

11 sections along the east side of the Surging Glacier delta were analysed after the
drainage of the lake in 1987. These range in location from the top of the delta to close to the
junction with the N.S.G. delta. The thickness of the sections varies from 1 m to almost 5 m.
Some sections contain only a fining upwards sequence (higher level), while others contain
deep water deposits and reverse sequences overtopping the normal deposits. Some of the

sections contain multiple deep-water silt layers, indicating more than 1 year of deposition.

The gravels (facies 1) and the graded sands and silts (facies 5) are the most frequently
accurring facies The massive silts (facies 7) are only seen from section 7 to 11, and a reason
for the lack of these deposits further upstream is that underflows moving along the delta
would have disrupted any settling fine materials. Facies 2, the cross-bedded sands, is only
scen in section 2 since’ lhis. section was cut across the channel flow direction. Facies 1, the
gravels, is the basal unit in all sections, and is also the capping unit in all sections except for
2,4,6 and 10. These gravels are deposited very rapidly, since they require a fairly high current
velocity to move them. They indicate a proximity 1o the source, shallow water and rapidly
" dropping current. These units are usually deposited in the stream channel up from the laké,
~or in the shallow deltaic area, forming the topset beds. Figure 32 contains the diagrammatic

representations of the following sections.

Section 1 shows a déepening water sequence, overlain by a reversed, shallowing deposit.’
The gravels, allemating with the cross-laminated sands at the base of the section indicate
stream flow shifting and channel infilling. As thg water deepengd, 40 cm of ‘gr.adec_l sands
were layed down. This unit fines upward, showing a decre;se in thé stréam's carrying capacity
wnth the increasing water depth This then grades into a massive sand unit 20 cm thick. This .
-sand unit is the deepest water, lowest ﬂow condmon deposn of th:s section, as the unit above
shows a reversal in the flow ‘conditions and water depth. The overlying 40 cm of graded and

cross-laminated sands contain ripples, indicating shallowing water and increasing velocity
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conditions. The capping unit is the fluvial gravels.

Scction 2 was located transverse to the direction of stream flow, and was bounded by
two large boulders. The lower unit of the section is gravels, which fine gradually upwards into
a 50 cm thick massive sand unit. Immediately above this is a gravel unit, which is a result of a
channel shift and the first drop in the water level. This is overtopped by cross-bedded sands,

which indicate higher velocity and shallowing water conditions and a cross-current location.

Section 3 is 2.5 m thick, with basal gravels fining upward over 1.2 m. This is capped by
graded sands containing ripples and overlain by wavy laminations. Next are massive sands
showing faint Jaminations, and then a graded parallel laminated silt unit. The presence of
facies 6 in this section probably indicates that the main current had shifted far enough away
for reasonably still water conditions to be established, and for the fines to begin se'ttling out
of suspension. These conditions do not last long, éince this unit is only 10 cm thick. Thisis a
fairly classic deepening sequence, showing the progression of various types of current
structures and grain sizes. An unconformity at the top shows the change in conditions. The
next unit is a 60 cm thick massive sand unit. This unit indicates slightly deeper water by the
grain size, but does not show much increase in current velocity, since there are no current
structures visible within the unit. Moving up the sequence, the next unit is a gra&ed sand unit,
dipping downstream with a 10° slope angle. This is a foreset bedding type unit. Overlying the

section is a shallow water, high current velocity gravel deposit.

‘Scction 4 is fairly standard in its lower half. The sequence fines upwards from the fluvial
gr;weis at the base, through graded sand beds into a maSs'g\ze sand unit. Above tﬁis is a 30 cm
thick section of cross-laminated sands containing ripples, cljmbing ripples; and overlﬁng wavy
flamina;ions. This unit is truncated, and overlain by graded sands and ;ﬁts dipping lékeward
at 23°. This 50 cm thick unit is also abruptly @cated on its upper bounda.rf by sumlar
material deposited horizoﬁtally rather than at an angle. The presence of the dipping units is

an indication of the foreset beds of one of the original set of step-deltas..
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Section 3 is a fairly small sequence, measuring 1.14 m in thickness. The lower 40 cm of
the section is gravel, gradually fining upwards, but containing isolated lenses of cross-
laminated sands. The gravels eventual.ly fine out into a massive sand layer 10 cm thick,
containing lenses of fine gravels. These lenses are most likely the result of sediment pulses in
the stream flow. Overlying this is a section of cross-laminated sands containing first ripples,
then climbing ripples, then finally wavy laminations. This gradual change in the structure
represents a deepening of the water and a slowing of the current. Overtopping this
concordantly is a unit of graded laminated silts, which is wavy at the base to conform with the
underlying sand structures, but gradually smooths out until it is horizontal. This is the first
major silt unit (25 em thick), which indicates that water depths necessary for silt deposition
are being achieved. The abrupt transition at the top of this silt unit into a gravel layer shows
iwo posibilities. The first is that the site was isolated from shifting channel deposits with the
onset of drainage and thus no reverse sequence was deposited. The sccond possibility is that

when the water was shallow enough, the current removed the shallowing deposits, then

replaced them with bedload gravels.

Section 6 is 4.0 m thick, and is mostly foreset bed deposits. The section is mainly graded
sand beds, dipping lakeward at 33-35°. Interbedded between theése thick units (70 cm - 130

- cm) are 10 cm thick gravel layers. These probably originated as debris flows further up the

delta.

Section 7 is only 1.5 m thick, and is bottomset-type deposits. The basal unit is gravel,
ovgrlain unconformably by 14 cm thick massive structureless silt unit. The rest of the section
is a reverse section of deep to shallow water deposits. The section is mainly cross-laminated
~ sands containing current structures. The structures change from wavy laminations to ripples
_to major climbing ripple sequences. Massive san'd units in between the rippled sequence seem
- to indibate a shift in the water current location rather than a'change in water depth. The top .

40 cm of the section is a massive sand unit deposited under fairly high current 'conditions,
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coarsening upwards into a 15 cm thick capping gravel laver.

Scction 8 contains a full normally graded sequence, overlain by silt deposits, and topped
by a reverse sequence ending in gravels. The lower section is made up of 2 m of gravels
containing isolated lenses of graded coarse sands. This is conformably covered by 70 cm of
graded sands, containing lenses of gravels and very fine sands. An abrupt transition leads into
a reverse graded silt unit, which then coarsens into a cross-laminated sand unit containing
many climbing ripples. The upper boundary marks an abrupt change into deep water massive
silt deposits 40 cm thick. The basal part of the silt unit contains some wavy laminations due
tv the material draping the underlying rippled sand unit. The silt unit gradually coarsens into a
massive {ine to medium sand unit containing some wavy laminations, indicating a change in
water depth and current velocity. This grades conformably into a unit of cross-laminated
sunds entirely made up of climbing ripples. This unit is conformably topped by a massive
sand unit dipping lakeward at 12°, and containing lenses of fine gravels (turbidity flow

indicators). The capping unit is the fluvial gravels.

Section 9 resembles section 8 in that the lower 2 m of the section is a gradually fining
upward gravel unit containing lenses of sands. The upper tranmsition is gradual as the
sequence moves into an 80 cm thick massive coarse sand unit, containing gravel lenses ;md
dipping lakeward at 27°. This is in turn overlain by a 20 cm thick cross-laminated sand unit
contain ripples. Above this is a massive sand unit whose lower 3 cm are wavy in response to
the underlyipg structures. This sand layer is unconformably overlain by a 10 cm thick sand
unit dipping lakeward at 32°. This unit is part of a set of poorly developed for%et beds. The
next unit is a 40 ém thick massive silt layer, which.is the deep water deposit for this section.
Tht; silt unit coarsens gradually into a sand unit, indicating the switch in ﬂi_rection of water
level change. This is unconformably topped by another dipping sand layer (25°), and capped |

by a gravel layer.
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Section 10 is the most complex of the sections on the east side of this dela. It contains 4
separate silt units within the sequence, as well as 3 separate gravels units. The section has a
gravel base, overlain unconformably by a 30 cm massive silt layer containing wavy
laminations. This unit grades slowly into a massive sand layer, then into a second gravel
layer. This appears to be one year's deposits, both the filling and the draining stages.
Unconformably overlying this gravel unit is another massive, unstructured silt layer 10 em
thick. This unit is neither underlain nor overlain by conforming deposits. A possibic
explanation for this may be that an iceberg was grounded on the gravel surface, and did not
float until the water was deep enough to also support deposition of fine materials. This would
explain the lack of a deepening water sequence, while also accounting for the presence of tﬁc
deep water silt laver. A 25 cm thick massive sand layer is positioned between this silt layer
and another silt 'unit, with abrupt upper and lower boundaries. The third silt layer is 20 cm
thick, and gradually coarsens upwards into a 170 cm thick section of graded silts and sands.
This large unit coarsens until fine gravel lenses are included near its upper boundary. The
boundary at the top of this unit is abrupt, indicating a major break in the depositional
sequence.‘ The reverse gfading is the result of a shallowing phase, as the lake drains. The
overlying unit is very coarse gravel, which fines slowly into 2 graded sand bed‘conlainiqg fine
gravel lenses. This unit grades in turn into a cross-laminated sand unit cqmnining‘climbing
ripples. This ﬁning upwards pattern is the indication of another filling phase, since the
current gradually drops, the grain size decreases, and the structures are present intermittently.

" This set of deposits is overlain by a 25 cm thick massive silt layer, which drapés the
underlying structures. This silt layer is the current year's deep water deposit, and the others
are from former years. However, the past deposits are nof necessarily from concurrent years,
since the stream channel is not always cut infp the same area, which leads to selective

preservation of various years' deposits.

Section 11 is only 3 m thick, but it contains 2 silt units. The basal unit is gravel, overlain

by a thin sand layer, then another thin gravel layer, then another thin cross-laminated sand
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layer containing climbing ripples. This alternation between gravel and sand units is an
indication of shifting channel Iocation§. This set of deposits is draped by a 20 cm thick
massive sill laver, whase wavy forms are determined by the lower unit's structures. This silt
layer grades up into a massive fine sand body, then into another ripple-filled cross-laminated
sand unit. This is a shallowing phase set of deposits. What should follow is_a gravel layer,
which fines back out with the following season’s filling sequence. However, this section
moves direct'y into the next decp water deposits, then grades back up into another shallcwing
sequence, as follows: The sand layer is overlain by a second 15 ¢m thick silt layer, theught to
be the 1987 deposit. This silt layer reverse grades up into a cross-laminated sand and silt layer
containing ripples, then into a massive sand layer, then back into a cross-laminated sand unit
containing ripples and lamination. This unit is gradually truncated by a coarse sand unit

containing a few laminations, which is in turn capped by a fluvial gravel unit.

6.3.3. N.§.G. STREAM DEPOSITS

The deposits found in the N.S.G. delta are different from. the S§.G. deposité. They are
predominantly fluvixl gravels and deep-water silis and sands. Thel photographs of the delta
after the 1986Adrainagc season show lhei contact between the two facies {figure 33). After the
1987 drainage, some secticas with sands and fine gravels were exposed on this delta (figure
34). The facies of which these units were composed were mostly cross laminated and massive
- sands. Macro structures seen in this section were the topset. foreset and bottomset beds of

one of the delta steps.

The majority of the deltaic sections in’ the N;S.G._\__(lella are characterized by massive
beds of course to fine gravels, exhibifing traces of line#tion (figure 35). 'I't;e only variation is
the pteéence of thin beds of fine gravels interspersed within the massfve éectidn's of very
coarse gravels. These thin laminations are probably the result of a reduction in flow

conditions lasting long enough for some of the finer suspended material to be deposiied.
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Figure 33: N.S.G. delta: gravel and silt deposits clearly differentiated.

Another possibility is that ltheré is.a slight drop in the sediment concentration of the stream '
water. Such sudden changes in the sediment load are‘ well documented through the

measurement of the sediment concentration carried out on the streams during two
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Figﬁre K H N.5.G. delta: 1987 panorama.

consecutive seasons.

The decp water silts contain current structures identical to the ones seen in the S§.G.
dcposi'ls.' These are wa;rl_\' laminations, ripples and c]irubiﬁg ripples, in a normal sequence
sho\-\'ing a decreasing flow velocity. The upper layers of this deposit have littie or no
structﬁre. being laid doﬁ}u.peyoud the current flow. Thin layers of fine to coarse gravels

interbedded within the silts were caused by underflow pulses off the delta front.

Some of the current structures in parts of the delta deposits may have been caused by

reverse currents induced b) grounded icebergs or by the grounding of icebergs into the delta

b
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Figure 35: N.S.G. deltaic gravel deposits.

sediments.

Figure 36 contains a diagrammatic representation of two depositional sequences which
typify this delta. The two units are the cbarse gravels and the massive silts. Both section 1
and section 2 have the massive silts with a maximum thickness of 0.5 m. This thickness
exceeds that seen on the S.G. delta, since there 1s more of & transition between fhe coarse
materials on that delta. The predominance of this size mageria.l was predicted by i'tls-' high
concentration in’ the gram size analysis of the strea:th water. On the N.S.G. delta, since there

is generally an absence of medium to fine material within the water column, the deposits go
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from coarse gravels almost directly into fine lake silts. Thus, the silt unit is of greater

thickness than if other fine depositional units were present.

6.3.4. 3rd G. STREAM DEPOSITS

The deposits from this stream are very similar to the N.S.G. sequences. This is due 10

similar material size and resulting deposition patterns. The post-1986 drainage deposits are

Figure 37: 3rd Glacier deltaic deposits: post 1986 drainage.
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mostly coarse gravels overlain by thick units of silts (figure 37). Sections which contain
intermediate size range materials are concentrated in a sharp elbow of the channel. The
channel has a 90° turn close to the Iocat}on of maximum lake level which seems to have acted

as a sediment trap. This turn results in turbulence in the stream flow, which affects the

depositional pattern. Some of the sedimentary structures are deformed by slumping (figure

Figure 38: 3RD Glacier sequence: note deformed sand & silt structures.

38). The post 1987 drainage sections v;rere mostly coarse gravels overlain by'a thick silt layer.
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Figure 36 presents a diagrammatic illustration of two sections studied after the drainage in
1986. They contain large amount of coarse and fine gravels. Section 1 is characterized by a 2
m thick silt unit with ripples and wavy laminations, the typical current structures which were
established in the sand-sized range of materials on the $.G. delta. The absence of the sand-
sized material on this delia, as on the N.5.G. delta, forced the deposition of greater
thicknesses of the silts, and resulted in their containing the shallowing water current
structures. This was predicted by the very high percentage (ave 54%) of material in this size
range in the latter part of the season. Section 2 was located in the turn of the stream channel
mentioned earlier. This area acted as a sediment trap, which can be seen from the presence
of sand sized materials. This unit contains the current structures, which were apparently

missing from the silt layer capping this depositional sequence.
6.3.5. GENERAL ANALYSIS

The dehaic deposits reflected the suspended and bed loads of the streams. The former
was recorded and the latter was assessed generally by observation in the field. These two

factors combine to determine the type of structures and the size of material seen on the

deltas.

All three deltas contain a step-type pattern, with the characteristic multiple sets of
fofeset beds along their length. This indicates that the processes which cause the formation
of this type of delta are not dependant on the sfze of material. The creation of step-lype
- deltas is therefore linked to the water level change, not the material size. The size of material
| carried by the streams only affects the type of deposits which will form, either containi'ng only
: tﬁe very coarse anci very _ﬁne materials, gr'th_e whole range of sizes. 'I’he'slruc‘tures arc' a
function of the velocity of the stream, and will form in whatever sizé of material is present.
This is shown byl the formation of. current structures in the sand size materials on thé Surging

Glacier stream délta, and in the silt size materials on the other twa deltas.
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The general pattern of deposition on any of the steps of the deltas is that of a fining
upwards sequence layed down during the filling stage of the lake, and a partial or whole
coarscning upwards sequence put in piace during the drainage stage. The completeness of
cither or both of these sequences depends on the location of the section on the delta, since
the depositional rate is affected by the time under water, as well as the time of drainage in the

hydrological season.

6.4 DEEPER WATER PROCESSES

6.4.1. INTERFLOWS AND UNDERFLOWS

The differentiation of influent streams into discrete plumes is caused by density contrasts
determined by differences in temperature, salinity and sediment concentration. The
relationship between the densities of the streams and the lake determines which type of inflow

patiern is likely to occur,

Interflows are a’'common sedimem‘ distribution mechanism ir ice-dammed lakes during
périods of lower influent density. These low density pﬁriods may be: 1) early or very late in
the melt and runoff seasun; and 2) early in the day before daily mﬁoff starts to pick up. This
is based on the gencral assumption that there is a close correlétion between discﬁarge and

,sﬁspcnded sediment, which may not always be the case {Collins, personal communication).
Interflows occur where the inﬁow density is inlenn;:diale between high density bottom water
and low density s;urface water (Ashley, Shaw & Smith, 1985). The stream water enters the
!ake, moves towards a ’piunge line’, sinks into the water column _until it reaches density
equilibrium, then spreads Ithrought')ut thé lake at th.at level along a constant-density surface.

' The plunge line is the convergence point of the dense 'lakeward-movinglsurface plume and the
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less dense shoreward-moving countercurrent (Ashley, Shaw & Smith, 1985). The location of
this point changes with the magnitude of the density difference between the stream and lake
water. For example, the plunge line will move closer towards the stream month with an

increase in the density difference (Weirich, 1986).

Underflows are thought 1o be the dominant mechanism for introducing and distributing
sediment in glacier-fed lakes (Ashley, Shaw & Smith, 1985; Weirich, 1986). Underflows are
high density (relative to the lake water) plumes which operate similar 1o interflows, entering
the lake then sinking at a plunge line to flow a]bng the lake bottom. For these flows, density
differences depend more on sediment concentration than on thermal differences. These flows

have been documented both by direct observation and by interpretation of sediment records.

Two different types of underflows have becn identified, density-induced underflows and
turbidity currents. The term 'density induced underflow’ refers mainly to high density
currents generated by underflowing sediment-laden river water which‘ prodﬁcc quasi-
continuous currents (Ashley, Shaw & Smith, 1985). The lcnﬁ 'lurbi.dily current’ refers mainly
10 episodic surge-type currents formed by subaqueous slumping. With the density-induced
underflows, all three components (thermal, dissolvcd sediment, ‘suSp:endcd sediment)
combine to produce the density difference. Wilﬁ the turbidity currents, the suspended
sediment component is the dominant source of the density difference (Weirich, 19865.
Continuous feeding underflows have generally lower sediment concentrations 'ﬁnd relatively
stable rates 6f input of material. Surge-type underflows are usually associated wifh a rapid

disturbance event such as slumping, which provides a high -initial sediment concentration

(Weirich, 1986).

Surge-type underflows usually only last for a very short period of time. Continuous
feeding underflows, however, have been known to continue for hours or days (Gilbert &
Shaw, 1981). However,lthe' current velocity during these extended flows is highly variable.

Underflows have also been found to travel long distances (Gilbert, 1975). Red.uétion of the
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density (by sediment deposition and mixing with overlying water), and a drop in velocity (due
to friction with the lake bottom and low slope angles) leads o the eventual loss of integrity of

the flow. However, this can take quite a long time.

6.4.2. FIELD RESULTS

One of the objectives of the data collection program was to determine whether interflows
and/or underflows could be detected within the lake by using relatively simple techniques.
Data was collecled during both the 1986 and 1987 field seasons, concentrating mainly on the
stream delta arcas and close to the ice margin. The two main types of data collected were
water temperature and current velocity measurements. However, supplementary information
was used to support the data recorded, such as photographic records of plunge lines as well
as thermal and sediment concentration differences between the influent stream water and the

lake water.

Evidence pathered indicated that both interflows and underflows occurred. First, there
wis o lcmpcraldrc difference between the influent stream water and the lake water. The lake
is cold monomictic, meaning that it has a limited annual ice-free period, a small thermal
gradient, ‘liulc or no thermocline and surface temperatures which rarely exceed 0°C
(Hutchinson, 1957). The preservation of the cold monomictic régime is aided by rapid
drainage, high winds, large scale calving, and input of near freezing meltwater (Blachut &
Ballantyne, 1976). The lake water rarely exceeded 1.5°C except in the shﬂlow deltaic areas.
The influent stream water temperature ranged from 2.7 to 4°C. This accounted for the
warmer temperatures recorded in the deltaic zones, since some mixing did océur. Since the
‘po.im of maximum density for water is 4°C, it was evident that, based solely upém thermal
characteriSIic;, tixe stream water would be denser than the lake water. This therma!ly-iﬁduced ‘
density ' difference is one of the main factors which trigger and maintain interflows and

underflows.
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Secondly, there was a difference in sediment concenlrglion between the stream and lake
water. The sediment load carried by the strcams was highly variable, both on a seasonal and
diurnal basis. During the early part of the season, suspended scdiment concentration was

usually < 1 g/l, while later in the season it reached as high as 10 ¢/1 (Johnson, unpublished

data).

The Surging Glacier stream’s discharge was characterized by pulsations in both the water
volume and sediment load, éorresponding to shifts in the drainage system of the glacier. The
sediment carried by this stream was supplied mainly from englacial and subglacial sources.
There was a component of very fine material (glacier flour) in the water which had a very

slow settling rate. Samples left to sit for 5-10 days still maintained a milky characteristic, and

the filter papers used became clogged very casily.

Both the 3rd Glacier stream and the N.S.G. stream discharges were more constant,
without the frequency 'of pulses of the S.G. stream. Their discharges did vary both seasonally
and diurnally, as expected. The 3rd Glacier strear’s sediment load originated mainly from
mudflows off the valley walls. The Non Surging Glacier stream acquired its sediment iond by

travelling under and through ice-cored moraines, which often colla;ised when parts of the ice

core melted.

The difference in suspended sediment concentration between the stream and lake water
also creates denéity differences, which lead to the formation of interflows and underflows.
The lake water itself had almost no suspended sediment except at the base of the water
column in some of tﬁe central areas. This may have been the remnants of dispcrscd'
underflows. The only area of the lake with noticeable sediment concentrations was whc;;-g
plumes-feeding into the lake Qhowed the apprdximate location of either englacial or subglacial

passageways from the Kaskavmish Glacier.

Thirdly, there were well-defined plunge lines at all three deltas during most of both
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summers. Plunge lines are usually seen only at the convergence point of two water masses of
diffcrent densities. During the summer of 1986 large numbers of icebergs were trapped in the
delta arcas by onshore winds. These caused interruptions in the normal flow patterns and
disruption of the formation of plunge lines. The presence of the icebergs led to a high degree
of turbulence and a higher than normal rate of deposition in the deltaic areas, with a slight
sediment ‘starvation” for the lower rcaches of some of the deltas since the icebergs blocked
the progress of the stream water into the lake (figure 39). This was most readily observed on
the N.S.G. stream delta and the 3rd Glacier stream delta, and only rarely seen on the S.G.
stream delta (figure 40). There were few icebergs trapped in the lake basin during the 1987
ficld season, and normal flow conditions dominated. The plunge lines were either weakly
defined or absent during the ecarly part of the 1987 season (early June), because of small
sediment concentrations and densily differences. As the seasor progressed and the thermal
and sediment concentration differences between the two water masses became more marked,

the plunge lines became more distinct (figure 41).

Mecasurements of current velocities at various locations within the lake basin indicated
the presence of interflows and underfiows within the water column. In the slightly deeper
deltaic séquences, many of the profiles showed very marked current velocity increases at the
base, confirming that a large amount of the malerial coming off the ;ieltas was being moved
via turbulent underflows. Near the ice margin, maximum velocities were in the 12-15 cm/s
range, while closer to the deltas, velocities of up to 20 cm/s were common. Most of the
profiles taken near the ice face indicated an incfease in velocity at the base of the profile,
consislcﬁt with underﬂows. This is possible, since underﬂ’ows n;avelling quite ]orllg' distances
'havé been recorded elsewhere (Gilbert, 1975), and the m.aximum distance these flows Iwoul'd
have to travel is approximately 1 km Peaks on the \félocity profiles were also seen at se\;'eril

points within the water column, ipdicating interflows (figure 42).

One problem associated with the water current meésure‘ments was the lack of indication



Figure 39: Cibse-up of turbulence in the N.S.G. deltaic area due to ice.

of direction of flow. At the deiizs, this was less important, since the direction was assumned
to be away from the source. However, in the areas closer to the ice front, some idea of

direction of ﬂow would have helped to distihgui'sh between influent currents originating from
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Figure 30: Overview of N.5.G. and 3rd G. deltas, with ice blockage.

the ice face, remnants of currents flowing from the deltas, and currents formed by water
leaving the basin by subglacial leakage. -However, this was impossible with the equipment -
used. The only indicatior of the possibility of a flow from the ice mamgih was a sharp changé
in a temperature profile in an area where se_diment plumes could be seen. Unfortunately, a
technical problem arose, and the velocity coulci nol be measured to .supplenie‘nt the

temperature data and confirm the presence and strength of the suspected current.

Lake temperamre profiles showed results fairly consistently around 0.5°C. Temperatures

* tended to stay at or below 0.5°C until mid July, then increased siightly to between 0.5°C and
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Figure 41: Plunge line on the Non Surging Glacier delta.

1.0°C after that. The profiles taken close to the ice'margin tended to stay at 0.5°C, with very
 lindle variation. Tempcrature profiles taken closer to the deltas exhibited noticeable warm

'peaks at the base of the water co[dmns (figure 43). These were caused by underflows moving
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Figure 42: Representative lake current profiles.

into the lake. On a few of the profiles taken near the ice margin, temperature peaks
registered close to the surface. These were thought to be caused by inflowing water from

supraglacial and englacial streams.
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Figure 43: Representative lake temperature profiles.

6.4.3. LAKE BASIN TOPOGRAPHY

The basin can be divided into 2 sections, and the dividing line is the main stream channel
leading to the i'ce face (figure 44). On the east half of the basin there is relatively little relief,
with the area sloping down from a terminal moraine ridge south of the Surging Glacier stream
and from the eastern boundary shoulder towards the ice face. The lake floor slopes gently, if
a bit irregularly, towards the ice ‘tace, and deepens rapidly close to the Iace

The other half of the basin lies west‘olf the main stream channel and the 3rd Glacier

stream. There are several relatively large kettle lakes in the north part. The eastern edge is
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marked by a 15 - 20 m escarpment running along the edge of the main stream channel. The
section adjacent to the ice face is relatively flat, without any major depressions. This results
in a fairly shallow zonc when the lake is full. The only variation in this flat area is a
depression in the southwest corner. It is 15 m. deeper than the surrounding area. The

western section adjacent to the shoulder is gently undulating, with most of the topographic

relief downscaled by ice core melt.

6.4.4. DEEP WATER DEPOSITS

In normal glacier-fed lakes, the deposits in the deeper parts of the lake would be
stratified. Rhyithmites would combine the coarser material added by wrbulent underflows
during the summer with the very fine material settled out of suspension during the winter
when the lake was frozen over and the inpu! minimal. Lake bottom deposits are mostly
multilaminated beds. The closer the lake bottom deposits are to the sediment input source,
the more likely they are to contain coarser laminae deposited by underflows, whercas the
distal deposits would only contsin the finer material deposited out of suspeasion from
overflows and interflows. In deposits where both the coarser and the finer materials are both .
present, a sharp contact between the 2 units shows the abrupt change in the method of
deposition. However, this sharp contact is more likely to be present in proximal arcas where

large amounts of input occur during the summer.

A factor which must be taken into account when examining lacustrine deposits is the fact
that there are rhythmic deposits of similar appearance but of different genesis. These scts of
similar deposits are anﬁuai rhythmites and slump-generated rhythmites. Annual rhythmites are
produced bsr ‘irregular deposition extending éver a year. The comad between the silt and clay
beds is sharp, and isolated ienses of silt or clay may be found incorporated within the o}hcr
material. The silt beds may ve‘l.ry in thickness, but the clay beds are relaliveiy constant. The

thickness of Ithe silt beds is dependant upon the mechanism transporting sgdiments to any
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location, while the clay beds depend upon basin size and settling time (Ashley, Shaw &

Smith, 1985).

6.5.3. DEEP WATER SEDIMENTARY SECTIONS

The deep water sequence, which normally consists of fine winter and coarse summer
alternating layers, is disrupted. The fine material carried in suspension would normally settle
out once the lake froze over for the winter, and input dropped to almost nil. However, with
the drainage occurring in late summer to early winter, this material is lost from the basin.
Thus, the thickest layer of clay-sized particles, normally deposited during the winter, would
be absent. Any decp-water sequences would probably only contain the coarse summer
deposits. The exception to this would be in areas of topographic depressions, where the water
would be calm enough to promote some settling during the summer, or which remained as
ponds once drainage had occurred. An example of this is a few kettles, annexed during lake-

full conditions but containing water year round.

Scveral decp-water cores were collécted after the lake drained. ‘They were taken in
topographically isolated basins to either side of the main channel (figure 45). Because of the
onset of drainage, and the subsequent downcutting of the streams in the empty lake basén,
any deposits located near the main channel were eroded. Thus, the only locations where deep

water sediments were preserved were in isolated depressions within the basin.

Five gcctions collected after dyainage in 1987 exhibit a pattern of altemating.‘ﬁner and
coarser matérial._ The. maxilﬁum, thickness of the deposits rangéd from. 14 to 255 cm.
Theaoretically there would be little coarse material in these cores, since these locations would
be fed solely by overflows and iﬁterﬁows. Any coarse material found within thesé cores
should b;e of local on'gin, probabiy from small siumps off ti;g slopes of the isclated kettle-type

depressions. A seasonal limit cannot be assigned to any of the 'layers’ (figure 46).



Figure 45: Sediment distribution. post-drainage & deep water sample sites.

Sample 4 contains alternating layers of light and dark sediments. The size range of
material involved is the very fine sand and silt sizelrange. The thickness of the layérs ranges
"from 0.4 to 2.6 cm. There is most probably a seasonal explanation for the aitematmn of light
and dark bands, but there is no way of ascertammg the val:dlty of such a conclusion, There is
a slight dlfference in the material size between the coloured bands, but since grain size
analysis was not carried out, it is iﬁxpossible to accurately quantify the difference in the grain

sizes.
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Figure 46: Deep water sample 4 - post drainage 1987.




CHAPTER VI
CONCLUSIONS AND IMPLICATIONS

7.1 LAKE HYDROLOGY AND THE ICE FACE

There are a number of conclusions which may be drawn from the study of the hydrology
of this ice dammed lake. Several hypotheses outlined at the beginning of this research paper

have been invalidated in light of the research results.

The lake was assumed to be a closed storage container which, in response to some
triggering device, would drain rapidly on a yearly basis. As the system was thought to be
closed, it was assumed that a reasonably accurate calculation of all contributions 10 the water
bal.ancc of the basin could be made. Measuring the amount of input from the streams, and
calculali'ng the volume of water 'storcd in the lake would allow the qﬁan!iﬁcaliuu of 1he
contribution from the retaining glacier, since this was thought to be responsible for a maju;
part of the lake's volume. The results of the water balance study showl that this is not
possible, since this is not a closed system. Based solely on the input from the streams, a loss
to the system can be calculated. No accounting can be made for any input from the
Kaskawulsh Glacier. Some contribution can be inferred by measurement of ablation of its
surface. This cannot be used in the water i)alance equalion,‘ ;ince there was no way of

measuring the extent of this volume which-actually entered the lake.

It was hypothesized that the lake water was supplied primarily by the retaining ice mass.
The maintenance of the water temperature at less than 1°C was deemed to indicate this. It
was found, however, that the streams can themselves account for more than the amount of

water being retained in the basin. The temperature of the water remains below 1°C, but this
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is due to the proximity of the ice margin and 10 the presence of large numbers of icebergs in

the lake.

The floating of the ice margin was hypothesized to be fully or partially responsible for
the initiation of drainage. Contrary to this, results indicate that while it may erhanc: the
ability of the water to access subglacial tunnels or cavities, it was found not to be solely
responsible for the onset of drainage. The floating of the ice margin occurs progressively

through the scason, merely enhancing leakage, until drainage is initiated.

Possibilities for secondary mechanisms associated with drainage were passageways being
opened on the sole of the ice margin due to glacier movement, hydrostatic pressure along the
base of the ice margin forcing cracks to open, and thermal exploitation of planes of
weakness. Evidence suggested that all of these mechanisms méy contribute to some extent.
There was movement of the ice margin both into and out of the basin, in response to the
general pattern of movement of the Kaskawulsh Glacier. There was enough water
accumulated in the basin. to exert hydrostatic pressure on the base of the ice face. There was-
also cnough of a temperature difference recorded at the base of the water column to initiate
melling in any planes of weakness or cracks formed by either of the first two secondar}f

mechanisms.

The results of the research indicate that the mechanism which is responsible for the
initiation of drainage is the establishment of a connection between the local subglacial
network and the main drainage nétwork in the Kaskawulsh Glacier. The local subglacial
ncn\"ork. which is lfespunsible for the seasonal leai:age, is established dui; to the formerly
stated mcch'anisms, hydrostatic pressure, ice movement, and thermal heat transference. The
establishment of 2 connection betweén the two drainage netﬁorks is a result of the

Kaskawulsh Glacier’s internal drainage network reaching maturity.
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7.2 SEDIMENTATION

The sedimentation research carried out during this project has led to sonie conclusions
about the type of deposition in a deltaic area associated with a changing water level. Deltas
form as a result of a change in water conditions from a moving water body such as a stream
into a standing body of water such as a lake. Normally, the position of this transition point is
static, and the delta is then constructed in one Jocation. However, in ice clnmméd lakes,
where the level of the \;x'ater in the lake is variable, the transition point becomes mobile. As
the lake water level rises, the transition point migrates upstream, which then causes the delta

to also migrate upstream. This movement results in a particular form of delia being created.

The distinctive set of step-type deltas overlying one another in a sequential fashion are
indicative of a rising water level during deposition. The complete reversal of deposits on top

of a typical fining upwards sequence is indicative of a rapidly dropping water level.

The micro-structure of the delta levels are similar to most delta forms, since the process

of deposition of materials due to loss of carrying capacity is the same in these deltas as in

static deltas.

There is a major difference betwzen the lake bottom deposits in annually draining lake
bottoms and in non-ephemeral lakes. This difference is that there are no sediments déposi:c.d
during part of the seasoh. Partial or complete drainage wili remove most of the fine grained
suspended material from the basin, which means that there c#n not be the deposition often
associated ' with winter still water conditions. The diéruption to the normal .depositiqnal
se‘quénce‘ié dependant upon the time when drainage occurs. If drainage occurs early in the
* season, fhen some of the summer ‘deposits will aiso be lost. In the lake uﬁder study, drainage ’
usually occurs in late summer to early fall. Sinc;: the _lak'e only partially refills during the late

fall and early winter period, there is little chance of depdsilion, because most water being
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input into the basin at this time of vear from glacial streams is sediment poor. There is little

material in suspension to be deposited under still water cenditions.

This diffcrentiates bottom deposits of these lakes from other proglacial lakes. Non-
draining proglacial lakes will charzcteristically contain rhythmite deposits, some of scasonal
origin, and some formed from variable sedimeni input rates. Ice dammed lakes will only
have rhythmite-ype structures formed from variable sediment input rates, such as pulses in

sediment load, turbidity flows or slumps off the delta fronts.

Possible further research which would aid in the complete interpretation of all processes
operating in this basin is the petrographic analysis. of the lake bottom sediments. This would
make possible the establishment of the direction of water movement .ithin the lake. With the
geojogical contrasts in the basin and a third geological type transported into the basin by
entrainment by the Kaskawulsh Glacier, there should be sufficient differences in the
sediments to make conclusive statements about the patterns of movement and the source of
the matcrigl. This would cnable a full assessment of dispersal mechanisms 1o be made, and an
estimate of the amount of materiul being contributed by the .Kaskawulsh Glacier. Sediment is
being input via englacial and supraglacial streams, but subglacial sources are also a possibility.
'I‘hc. input of sediment from supraglacial stréams is visible in photographs, but is usUaily 100
small a quantity 1o be recorded in a sampling program. However, a comprehensive recording
program, using very sensitive recording equipment, set up at a known input site would help to

discover how much material is being input from one of these streams.
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7.3 IMPLICATIONS FOR THE: FUTURE

To conclude this research paper, this next section wili focus on changes to the
hydroloyical and glaciological controls which will affect the processes operating in this basin.
There are several factors which wili remain constant, yet others will change over timne, taking

inio account the present climatological conditions.

The sources of input are constant, bui the magnitude of the contribution from ecach
source varies. 1he storage capacity of the basin remains constani, but the volume contained
changes in response to factors such as the rate of input, the rate of leakage, and the initiation
time for the drainage. The main factor which controls the amount nf water being stored is
the rate of leakage. This varies in response to the rate of input, the accessibility 1o open
tunnels, the temperature at the base of the water column, and the rate of lifting of lhlt: ice

margin.

The amount of 'input from the 3 cirque glaciefs and the ice-cored mo?aincs will change
significantly over tiﬁe. The 3rd Glacier is already stagnant and downwasting. Over time, wilh
the present climatic trends, this process will continue, leadingllo the disappearance ol the
entire ice mass. Thp N.S. Glacier is slowly relrealmg as well, but at a lesser rate than the 3rd
Giacxer The Surging Glacler is ol‘ a cyclic surging type, but the maximum exlcnt of the glacier

at the peak of the present surge is much less now than in past surges.

.

This wend indicates an overall decrease in the amount of water available to contribute to
-the system. Eventually, these_ glaciers will disappear, unless a2 major climatic reversal occurs.
The ice-cored moraines will be slower to dxsappear, since their debns cover acts as insulation.

However, meltout is already, occumng in the southwest comer of the basm, evidenced by the

number of mudflows, slumps and collapsed slopes.
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The contribution from the Kaskawulsh Glacier will probably increase, since it too is
downwasting. With the present trends towards general global warming. the retaining ice
margin will downwaste to the point nl-which it can no longer retain water in the tributory
basin. By the time that sufficient melting has occurred to bring the ice margin 1o this point,
perhaps one or more of the cirque glaciers will have disappeared, leaving only very limited

output from the tributary basin.

At this point in time, any meliwater will flow directly out of tiie basin to become
incorporated into the glacier's main drainage network. The ice cored basin will be exposed to
insnlaiinn,_nnd without the insulating water body will melt out rapidly. The strecam channels
will adjust permanently down to the base level they attain after the lake drains. It is also

expected that they will zut down through any deposits sitting on the lip of the hangiag valley.

The starage capacity of the basin is relatively constant. There is evidence that in the past
the basin's storage volume was greater than at present. This is seen by strandlines located
higher up on the valley shouldcrs than those gcncraléd at present. However, this was probably
synchronous with a much thicker ice margin. Evidence to support this idea is provided by the

ice contact deltas suspended on the main valley wall 50 m above the present ice level.

In the recent past, the volume appears to have remained relatively constant. Only three
vears of monitoring are the basis for this observation. The water level from 1986 was only 1.2
m higher than in i387. The amoum of water which this represents is relatively insignificant.

since there was a full month's difference in input between the two years.

The ‘re-...émranl ice margin appears to be relatively stable, fed by movement of the glacier
-down frﬂ;m the St. Elias Icefields. The maximum extent of “th.e re-entrant has been noted by
the presence of erratics brought in ffom further up the Kaskawulsh Glacier. The rate of loss
‘or retreat of the ice face due to calving hés bzen between 20 and 40 m per year since 1951,

However, the re-entrant is also’ being pushed forward into the basin by the dynamics of
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movement of the Kaskawulsh Glacier itself. A comparison of the 1951 and 1977 air

photographs shows very little change in the location of the ice face.

The preservation of the tunnel openings beneath and within the ice face depends on the
condition of the ice margin after drainage. Large amounts of collapse most likely indicate tha
the tunnels are completely destroved and/or infilled with debris. This reduces tive possibility
of their being re-used in consecutive seasons. However, if the leakage occurring at present
continues on a permanent basis, it may be that the retention of wuter within the basin may
soon not be possible. Permanently established drainage conduits would ensure a continuous
cutflow from the basin. However, ‘unlil significant downwasting of the Kaskawulsh Glacier
has occurred, this should not be possible. The Kaskawulsh Glacier, while downwasting
slowly. is still dynamic. The high flow rate in the main part of the glacier cnsur-cs that any
channels are defornied and closed due to stress. This reinforces the idea that maturity of the
Kaskawulsh Giacier's drainage syslem, meaning the opening of the glacicf’s main drainage

network, is necessary for the tripgering of drainage.

The study of the water balance of a glacierizzd basin and all controls on its behaviour
can provide information on present conditinns, but can also be used to predict changes
expected in the future. Many aspects must be monitored over time 10 properly interpret
trends being established. However, studying .a basin over a single season provides a general

picture of the processes occ(m'ing and the factors involved in the dynamics of the hydrology

of a glacierized basin.
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APPENDIX A

TEMPERATURE CURVES FOR ALL STATIONS
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APPENDIX B

WEEKLY DIAGRAMS OF EXTENT OF LAKE, 1987
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APPENDIX C

GRAPHS OF VERTICAL ICE MOVEMENT, STAKES 1 - 10
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CUMULATIVE ICE MOVEMENT (m)

STAKE 2, 1987
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22_. ...... ORIGINAL DATA Frrrmmrrmremm e e

STAKE 3, 1987

Legend

CORRECTED DATA
e —d

1 1 i I L] 1. 1 I ] 1 i ]
6 11 18 21 28 31 & 10

‘ ‘ 1
JUNE JuLy AUQUST




174-

CUMULATIVE ICE MOVEMENT (m)
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CUMULATIVE ICE MOVEMENT (m)

STAKE 5, 1987

-----------------------------------------------------
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CUMULATIVE ICE MOVEMENT (m)

STAKE 6, 1987
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CUMULATIVE ICE MOVEMENT (m)

STAKE 7, 1987
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CUMULATIVE ICE MOVEMENT (m)
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CUMULATIVE ICE MOVEMENT (m)

STAKE 9, 1987
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STAKE 10, 1987

CUMULATIVE ICE MOVEMENT (m)
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APPENDIX D

PHOTOGRAPHIC PANORAMAS OF THE ICE MARGIN, 1987.
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June 6, 1987
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July 8, 1987
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July 15, 1987
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 August 5, 1987
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August 9, 1987
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APFENDIX E

RESULTS OF SELECTED SEDIMENT CONTENT ANALYSES - 3
STREAMS, 1987
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